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SUMMARY

Many studies emphasized epigenetic mechanisms as a third source of phenotypic variation on
arange of fitness-related phenotypic traits including animal behaviors. Investigating the origins
and patterns of epigenetic variation (e.g. epimutations) with an evolutionary point of view is
challenging as it requires natural (non-artificial) control of genetic variation among individuals
to avoid genetic interference. An emerging and valuable vertebrate model, the mangrove rivulus
Kryptolebias marmoratus, possesses a mix-mating reproductive strategy that allows us: (1) to
naturally produce isogenic lineages through self-fertilization and therefore to focus on
epigenetic origins independently from underlying genetic variation and (2) to generate a genetic
diversity gradient by controlling the balance between selfing and outcrossing rates and therefore
to investigate how epigenetic and genetic sources interact. By using this model species, this
thesis aimed to determine the role of DNA methylation in the adaptation and evolution of
mangrove rivulus Kryptolebias marmoratus by investigating its variation and sources
within and among mangrove rivulus populations from the wild or reared under
standardized laboratory conditions. We choose individual and consistent behavioral
variation (i.e. personality traits) as an endpoint to represent the capacity of DNA methylation

to generate phenotypic variability

Ecological epigenetics have mostly progressed with studies that investigate DNA methylation
variation under laboratory conditions, and later with population epigenetics studies on natural
plant populations. Now that this research has established a solid basis on the extent of epigenetic
variation and its dynamics over time and context, scientists are reaching the next level with
wild animal population epigenetics. The first article of this thesis is a review describing
epigenetic variation in wild animal populations encountering natural levels of genetic and
environmental heterogeneity. This field requires a review because it is fast moving research
area, and there is a set of recent advances that need to be brought together to provide new
insights in this domain. As insights from this review, DNA methylation diversity has been
found to be an important parameter to characterize natural animal populations. There was as
much obligatory (genome-dependent) as pure (genome-independent) epigenetic variation in
wild populations depending on the studies and the species of interest. These results contrast
with similar studies in plants that mainly show a strong correlation between patterns of

epigenetic variation and underlying genetic variants. Otherwise, as genetic variation can blur
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the role of epigenetic variation, studies in which the confounding effects of genetic variation
have been controlled or reduced may be useful for isolating the contributions of epigenetic

mechanisms in evolutionary processes.

Research focused on populations with a lack of genetic variation showed substantial epigenetic
diversity and habitat-specific methylome created by pure epimutations. The mix-mating
reproduction system of the mangrove rivulus Kryptolebias marmoratus can be used to go even
further into the analysis of epigenetic-genetic variations interaction. For the first time, this
question can be addressed in a species naturally found under genetically-diverse or isogenic
and homozygous populations, allowing us to cover a vast spectrum of genetic diversity
configurations of a single species. The second article of this thesis is a field experiment
comparing epigenetic and behavioral variation in four wild rivulus populations possessing a
gradient of genetic diversity, including a quasi-clonal population at Emerson Point Preserve
(EPP). We found similar level of epigenetic variation within all four populations, regardless of
genetic heterogeneity. Moreover, the functional enrichment analysis of genes where
differentially methylated cytosines occur within a population showed shared pathways between
the four populations, while a smaller proportion were population-specific. Another intriguing
result is that individuality (consistent among-individual behavioral variation) emerged in EPP

and another Floridan population, but not in the most genetically-diverse population from Belize.

Emerson Point Preserve is a very special population as we found almost no genetic diversity,
similar level of epigenetic diversity to other genetically-diverse populations, and significant
variation in personality traits i.e. individuality. We hypothesized that this significant phenotypic
variation could come from pure epimutations, including environmentally-induced and random
epimutations, but we cannot evaluate their contribution to the generation of individuality as
environmental variation in this field study is difficult to describe. It is therefore not possible to
link an epigenetic pattern to a given environment. The third article of this thesis is a
laboratory work investigating the question of random and environmentally induced
epimutations in an isogenic lineage of rivulus from EPP under standardized environment. We
ran an ecotoxicological experiment, with an exposition to methylmercury (MeHg) as it can
create permanent transgenerational effects on DNA methylation and behaviors in the zebrafish.
Thus, we aim to distinguish potential environmentally (MeHg)-induced epimutations in the

exposed groups, and natural rate of random epimutations in the control group of mangrove



rivulus, and to link them to gene expression and behavioral variation. We exposed rivulus larvae
to MeHg from 0 to 7 days post-hatching (dph), and evaluated immediate effects on DNA
methylation, gene expression and behaviors at the end of the exposure, but also delayed effects
in adults rivulus (90 dph). As results, MeHg exposures are associated with behavioral
alterations and gene expression changes in 7dph larvae, but none of those genes underwent
methylation changes in targeted CpGs. None of the significant behavioral and molecular
impairments observed in 7-dph larvae were found in 90-dph adults, which highlight a
distinction between immediate and delayed effects of developmental MeHg exposure.
Interestingly, we showed that behavioral variation arises in isogenic lineage reared in
standardized environments, but not individuality as shown in the previous field study with their

wild parents.

In our discussion, we compared results from the three articles to reach our main objective to
investigate the role of DNA methylation in the adaptation and evolution of mangrove rivulus
Kryptolebias marmoratus by studying its variation and sources of within and among
populations from the wild or reared under standardized laboratory conditions. The comparison
of our laboratory and field studies generated new insights to achieve this goal by helping us to
disentangle epimutations sources, to understand how behavioral individuality arises and what
could be the underlying adaptive and evolutionary strategies. It turns out that there is a
discontinuity between epigenetic and genetic distance among rivulus populations, and between
epigenetic and genetic diversity within populations, highlighting that pure epimutations
(environmentally-induced and/or random) do occur in wild rivulus populations. There is less
epigenetic variation under standardized experimental conditions than observed into the wild for
the same genotype, supporting the role of environmental variation, random (epigenetic drift)
and non-random (epigenetic clock) events in the generation of epimutations. However,
obligatory and facilitated epimutations are not excluded as genetic and epigenetic distances
match for some populations. Our results on individuality suggest that natural conditions
(environmental heterogeneity, selection pressure, epigenetic drift,...) may maintain
individuality in some rivulus population, while high intra-individual variation (plasticity and
predictability) could prevent the emergence of individuality in others. Mangrove rivulus can be
useful to investigate adaptive and evolutionary processes mediated by epigenetic mechanisms
such epigenetic buffering, phenotypic plasticity, bet-hedging strategies, the Baldwin effect,

phenotypic convergence, and genetic assimilation.



THESIS CONTEXT AND STRUCTURE

The current evolutionary biology theory primarily involves genetic alterations and random
DNA sequence mutations to generate the phenotypic variation required for natural selection to
act. This is the Modern Evolution Synthesis (MS) and has been the primary evolutionary theory
for nearly 100 years. Nowadays, many biologists feel that the foundations of the MS are
crumbling, and that the construction of a new evolutionary paradigm is underway. The winds
of change in evolutionary biology are blowing from many directions (from developmental
biology, behavior, microbial biology, ecology, and cultural studies) and highlight non-genetic
processes and non-genetic inheritance that can underwrite the development of organisms and
the inheritance of characters. Among them, epigenetics is an interesting target as it has been
demonstrated to generate heritable phenotypic variation independent of genetic sequence
alterations, in response to environmental changes or randomly, and hence can contribute to
evolutionary changes. Epigenetics mechanisms are included in the ‘extended evolutionary
synthesis’ (EES) which is characterized by the view that the direction of evolution does not
depend on selection alone, and need not start with mutation. This synthesis aims to extend,
rather than refute, the Modern Synthesis (Gilbert et al., 1996; Pigliucci et al., 2010; Skinner et
al., 2015; Skinner & Nilsson, 2021)

Recent studies emphasized the effect of epigenetic mechanisms as a “third source of phenotypic
variation” on a range of fitness-related phenotypic traits including animal behaviors, as
significant behavioral variation among individuals (i.e. personalities) arises in the absence of
genetic diversity and environmental variation (Bierbach et al., 2017; Laskowski et al., 2022).
Behavior constitutes the central core of the interactions between an organism and its
environment, and personality traits (individual behavioral differences that are consistent across
time and context) are phenotypes of particular interest for behavioral ecologists due to their
high influence on organisms’ fitness and therefore on ecological and evolutionary processes.
Investigating the role of epigenetic variation in the generation of behavioral variation under an
evolutionary point of view is challenging as it requires the natural (non-artificial) control of
genetic variation among individuals. An emerging vertebrate model, the mangrove rivulus
Kryptolebias marmoratus, presents a mix-mating reproductive strategy that allows us (1) to
naturally produce isogenic and homozygous lineages through self-fertilization and therefore to

focus on epigenetic sources of behavioral variability and (2) to generate a genetic diversity
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gradient by controlling the balance between selfing and outcrossing rates and therefore to
investigate how epigenetic and genetic sources interact in the generation of behavioral
variability. Beyond answering fundamental questions of the molecular bases of personality
traits, investigating how random and environmentally-induced (i.e. genetic-independent)
epigenetic variation generate phenotypic variation and how it balances with genetic variation
in this process will join the accumulating evidences supporting the construction of a new

evolutionary paradigm including non-genetic processes.

In this context, this thesis research project aimed to determine the role of DNA methylation
in the adaptation and evolution of mangrove rivulus Kryptolebias marmoratus by
investigating its variation and sources within and among populations from the wild or

reared under standardized laboratory conditions. This manuscript is separated in 6 chapters:

- Chapter 1: State of the art. A bibliographic synthesis presenting the general concepts
involved in this thesis. First, the place of epigenetic mechanisms in evolutionary
mechanisms is developed, with a description of epigenetic mechanisms and more precisely,
DNA methylation marks, their causes, consequences, and inheritance. Then, several
concepts of animal behavior as well as personality traits in the animal kingdom are
described. In this section, particular attention is dedicated to behavioral individuality
(among-individual variation) and to plasticity and predictability (within-individual
variation). Finally, the ecology, reproductive features, behavior and the genetic and

epigenetic characteristics of the model organism are presented.

- Chapter 2: Objectives. Based on the state of the art, this section develops the general and

specific objectives of this thesis, as well as our hypotheses and how we will test them.

- Chapter 3: Epigenetic variability in wild animal populations. This chapter aims to
describe epigenetic variation in wild animal populations encountering natural levels of
genetic and environmental heterogeneity. It is divided in two sections. Section 1 includes a
review on population epigenetics and the extent of DNA methylation in wild animal
populations, as no review has been written on this subject before (ARTICLE 1). Section 2

includes a field study of epigenetic, genetic and behavioral variation within and among four



wild populations of mangroves rivulus showing a selfing rate gradient, which generate

genetic diversity gradient (ARTICLE 2).

Chapter 4: Epigenetic variability in isogenic lineage reared under laboratory
conditions. This chapter aims to characterize the sources of DNA methylation variation
(named epimutations) in mangrove rivulus reared under controlled conditions and exposed
to an environmental stressor. It includes an ecotoxicological study on the effects of early-
life exposure to methylmercury on personality traits and the underlying mechanisms (gene
expression changes and environmentally-induced epimutations) in one isogenic lineage of
mangrove rivulus fish Kryptolebias marmoratus, which are offsprings of wild rivulus

involved in the previously described field study (ARTICLE 3).

Chapter 5: General discussion and perspectives. This chapter includes a synthesis of the
main results obtained during this thesis, new results arising from the comparison of our
different studies data, as well as a general discussion and proposes research perspectives to

this work.

Chapter 6: Conclusions.
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CHAPTER 1: STATE OF THE ART

1. Epigenetics: an underappreciated component of evolution

1.1 Embedding epigenetics in the Extended Evolutionary Synthesis

Understanding the processes that lead to between-individual phenotypic variation, on which
natural selection can act, is a central issue in biology. According to the Modern Evolution
Synthesis, evolutionarily significant phenotypic variation arises from genetic mutations that
occur at a low rate independently of the strength and direction of natural selection. This current
evolutionary biology theory has been challenged by the advances in developmental biology,
genomics and ecology. For example, the slow spread of genetic mutations does not explain all
of micro- and macroevolutions observed in natural populations, and they cannot keep pace with
the rapidly changing environment (Eva & Lamb, 2008; Huneman & Walsh, 2017; Laland et al.,
2015; Skinner & Nilsson, 2021). Quantitative genetic studies also pointed out some
inconsistency of this theory. By manipulating environmental factors and genotypic variation,
they confirmed that genotype, environment and their interaction contribute to phenotypic
variation, illustrated by the following equation: Vp = Vi + VE + VixE, where Vg is the genetic
variability (differences in alleles), Ve the environmental variability (differences in
environmental cues that modify gene expression) and Vgxe the variability of genetic x
environment interaction. Previous research tested this paradigm by using highly-inbred,
isogenic, monozygotic or clonal organisms reared in highly standardized environmental
conditions, and showed substantial amount of between-individual variation in morphological,
physiological and behavioral traits (Bierbach et al., 2017; James et al., 2018; Vogt, 2017; Vogt
et al., 2008). Arguments from evolutionary developmental biology (‘evo-devo’),
developmental plasticity, inclusive inheritance (beyond the transmission of traits by passing on
of genes) and epigenetics are particularly instructive, and points toward an alternative
framework labeled the ‘extended evolutionary synthesis’ (EES) as it will extend, rather than
refute, the Modern Synthesis (Gilbert et al., 1996; Pigliucci et al., 2010; Skinner et al., 2015;
Skinner & Nilsson, 2021). The EES is characterized by the view that the direction of evolution
does not depend on selection alone and need not start with mutation. The EES included
additional processes that generate novel variation (e.g. epigenetic effects, regulation of gene

expression, construction of internal and external developmental environments), processes that
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bias the outcome of natural selection (developmental bias and niche construction) and also
processes that contribute to inheritance (epigenetic, cultural and ecological inheritance) (Table
1), and thus provides a considerably more complex account of evolutionary mechanisms than

traditionally recognized by including non-genetic processes (Figure 1).

Table 1: Glossary of processes included in the extended evolutionary synthesis

Term Definition

Phenotypic accommodation Adaptive adjustment, without genetic change, of variable aspects of the phenotype
following a novel input during development.

Niche construction The process whereby organisms transform environmental states, and thereby modify the
selection pressures to which they, and other organisms, in current and subsequent
generations, are exposed.

Developmental bias The non-random generation of phenotypes by developmental systems, with variants
sometimes being channeled or directed by the processes of development towards
functional goals.

Inclusive inheritance Inheritance extends beyond genes to encompass (transgenerational) epigenetic
inheritance, ecological inheritance, social (behavioral) transmission and cultural
inheritance.

Ecological inheritance The accumulated environmental changes, and associated selection pressures, that
previous generations have brought about through their niche-constructing activity, and
which descendant organisms inherit.

Cultural inheritance Transmission of information by communication, imitation, teaching and learning from
members of a generation to the next generation, e.g. from parents and other members of
the population to which they belong.

Epigenetic inheritance Transmission of epigenetic markers from cell to cell, or to one organism to the next
(transgenerational epigenetic inheritance) that affects the traits of offspring without

altering the DNA sequence.
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Figure 1 The structure of the EES. The EES includes as evolutionary causes processes that generate novel variants, bias
selection, modify the frequency of heritable variation (including, but not restricted to, genes) and contribute to inheritance. A
variety of developmental processes (e.g. epigenetic effects, regulation of gene expression, construction of internal and external
developmental environments) contribute to the origin of novel phenotypic variation, which may be viable and adaptive (i.e.
‘facilitated variation’). In addition to accepted evolutionary processes that directly change gene frequencies, the EES
recognizes processes that bias the outcome of natural selection, specifically developmental bias and niche construction. All
processes that generate phenotypic variation, including developmental plasticity and some forms of inclusive inheritance, are
potential sources of bias. A broadened conception of inheritance encompasses genetic, epigenetic and ecological (including
cultural) inheritance. Arrows represent causal influences. Processes shown in red are those emphasized by the EES, but not a
more traditional perspective. § Mutation pressure refers to the population-level consequences of repeated mutation, here
depicted as dashed because mutation is also represented in ‘processes that generate novel variation’. }In the EES, this category
of processes will often need to be broadened to encompass processes that modify the frequencies of other heritable resources.
S$SDevelopmental bias and niche construction can also affect other evolutionary processes, such as mutation, drift and gene

flow. Figure from figure 2 Laland et al., (2015).

Epigenetics, one of the emerging non-genetic areas in the EES, is the focus of this thesis.
Epigenetics refers to the study of heritable changes in gene expression and function without
alterations in the DNA sequence (Richards, 2006). The three main epigenetic mechanisms that
have been well studied so far are (1) chromatin remodeling mainly by chemical modification
of histones, (2) RNA interference by non-coding RNAs, and (3) DNA methylation (Russo et
al., 1996; Stedman & Stedman, 1950) (Figure 2). The importance of these epigenetic
mechanisms has long been valued at the molecular level (e.g., its role in cellular differentiation,
metabolism and self-recognition), but their role in evolution and ecology is a more recent focus.

It turns out that epigenetic mechanisms interact with genetic, physiological, and morphological

14



systems and may play critical roles in phenotypic plasticity (Kilvitis et al., 2017; Schlichting &
Wund, 2014), soft inheritance (Burggren, 2016; Richards, 2006) and, more generally, in

organism-environment interactions (Angers et al., 2010; Richards et al., 2010).
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Figure 2: Three epigenetic mechanisms. (1) DNA methylation is the covalent modification of cytosine residues within gene
sequences, typically in CpG dinucleotides in animals. It leads most of the time to transcriptional silencing, with some exception
of transcriptional activating cases. (2) The N-terminal tails of histones can undergo a variety of post-translational covalent
modifications, including (de)methylation and (de)acetylation. Histone modifications can lead to either activation or repression
of gene transcription, depending upon which residues are modified and which modifications take place. (3) Noncoding RNAs
include microRNAs (miRNAs) that regulate gene expression through post-transcriptional silencing of target genes. Sequence-
specific base pairing of miRNAs with 3' UTRs of messenger RNAs results in target degradation or inhibition of translation.
Figure from (D Addario et al., 2013).

1.2 DNA methylation: mechanisms and distribution

This thesis focuses on DNA methylation, the most extensively characterized epigenetic
mechanism in both plants and animals (de Mendoza et al., 2020). It plays important roles in
diverse cellular processes such as DNA imprinting (Ferguson-Smith, 2011), X-inactivation
(Lyon, 1961), silencing transposable elements (Slotkin & Martienssen, 2007), and in response
to environmental stressors (Ardura et al., 2018). It is found across all taxa of life and refers to
the transfer of a methyl group (-CH3) from S-adenosyl-L-methionine (SAM) on the 5-
methylcytosine bases (m5C, the 5" carbon of the pyrimidine ring) in eukaryotes and

prokaryotes. The transfer of a methyl group predominantly happens on cytosine followed by
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guanine residues (CpG) in animals. Methylation of high-density CpG regions are called CpG
islands and has been extensively described as a mechanism associated with the regulation of
gene expression, mostly, with gene expression silencing. The methyl groups cause either a
modification of the DNA surface which disrupt its recognition by various proteins including
transcription factors, or allow the binding of methylated DNA binding proteins (MDBPs),
which bind to certain DNA sequences only when they contain m5C residues at specific
positions. This can create a chain reaction ending in recruitment of histone desacetylase
(HDAC) enzymes leading to chromatin compaction. MBPs can also lead to steric congestion
that inhibits the binding of transcription factors to DNA (Wu et al., 2011). The DNA
methylation of regulatory regions is thus generally associated with gene down-regulation or
silencing, but that is not always the case. Recent studies have showed that gene body
methylation is positively correlated with transcriptional activity in most animal species

(Rauluseviciute et al., 2020; Spainhour et al., 2019).

Three conserved DNA methyltransferases (DNMTs) responsible of DNA methylation have
been described in vertebrates: DNMT1, DNMT3a and DNMT3b (Figure 3) (Goll & Bestor,
2005). DNMTT1 is responsible of restoring DNA methylation after DNA replication, which
ensures the fidelity of this DNA methylation patterns across cell divisions. In line with this role,
it has a strong preference towards methylation of hemimethylated DNA. DNMT3a and
DNMT3b catalyze de novo methylation by targeting hemimethylated and unmethylated CpG
at the same rate. It is primarily responsible for the establishment of genomic DNA methylation
patterns and play an important role in processes such as DNA imprinting and X-inactivation.
Active and passive demethylation processes can also take place in the organism. This
reversibility of DNA methylation is essential as the erasure of epigenetic markers is required
for some processes including the proper development of embryo (He et al., 2017). Active
demethylation occurs through the oxidation of the 5-methyl group of cytosine by the TET
proteins (TET1, TET2 and TET3). The 5-hydroxymethylcytosine (ShmC) generated is further
oxidized into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) followed by base excision
repair resulting in unmethylated cytosine (Ito et al., 2011). The active process can also occur
through deamination of 5SmC and ShmC resulting in unmethylated cytosine (Jang et al., 2017).
Passive demethylation takes place in the absence of methylation of newly synthesized DNA
strands by DNMT1 during replication. Due to this impairment, SmC is progressively diluted

after DNA replication. Passive DNA demethylation has been shown to promote reprogramming
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(He et al., 2017). This mechanism occurs both in the germline and in the zygote immediately
after fertilization in animals and corresponds to an extensive erasing and remodeling of DNA
methylation during gametogenesis and embryo development. Its purposes include the erasure
and reestablishment of parental genomic imprints in germ cells, and the correct development of
the embryo through the generation of totipotent or multipotent cells. The reprogramming
process has been described in a species such as mice (Reik et al., 2001), zebrafish (Mhanni &
McGowan, 2004), killifish (Fellous et al., 2018), and medaka (Wang & Bhandari, 2019), and

show species-specific characteristics.
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Figure 3: DNA methylation and demethylation. DNA methyltransferases (DNMTs) deposit and maintain methyl-groups on
selected cytosines. TET enzymes successively oxidize 5SmC to 5ShmC, 5fC and 5caC. 5fC and 5caC are recognized, excised and
replaced via base excision repair. All modifications can be by a passive mechanism via dilution during DNA replication in the

absence of maintenance activity. Adapted from Ravichandran et al., 2017.

The distribution of DNA methylation across genome has been described in many clades of
animals, but there are some differences in how and where it occurs. In vertebrates, the pattern
of DNA methylation is well conserved across species; DNA methylation occurs nearly
throughout the entire genome, with 70-80% of cytosines in the CpG dinucleotides being
methylated (Feng et al., 2010). Gene bodies, including exons and introns, are typically
methylated, while CpGs in the gene promoter regions are often lowly methylated (Hon et al.,

2013; Suzuki & Bird, 2008). The idea that only vertebrates have a highly methylated genome
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has recently been challenged as this phenomenon has also been found in the sponge
Amphimedon queenslandica and an unicellular green alga from the genus Chlorella
(de Mendoza et al., 2019; Zemach et al., 2010). Regarding invertebrates, DNA methylation
patterns are extremely variable across taxa. Some invertebrate genomes lack cytosine
methylation such as the nematode Caenorhabditis elegans, the platyhelminth Schmidtea
mediterranea, the fruit fly Drosophila melanogaster, and the rotifer Adineta vaga (Glastad et
al., 2014; Rae & Steele, 1979; Simpson et al., 1986), while others are similar to plants as they
have a mosaic of heavily methylated DNA domains (predominantly in exons) that are
interspersed with domains that are methylation-free, such as the sea anemone, honey bee, and

sea squirt (Xu et al., 2019; Zemach et al., 2010).

1.3 DNA methylation variation: evolutionary relevance

To determine the implications of DNA methylation in evolution, a major concern is to identify
the degree of autonomy between epigenetic and genetic variation and ultimately, the degree of
phenotypic variation that can be explained only by genotype-independent epigenetic variation.
This is important because the effects of epigenetic variation on phenotypic plasticity and
evolution can be subsumed into the effects of genetic variation if epimutation is guided by
underlying genetic variation (Hu & Barrett, 2017). Another concern is to determine if epigenetic
marks variation (named epimutations) can be transmitted to the offspring through
transgenerational epigenetic inheritance (TEI). Laboratory studies on plants and animals have
shed light on some of the general features of epigenetics, with important evolutionary

implications related to these concerns.

Firstly, epimutations can be independent from the underlying genotype. Based on their degree
of autonomy from genome, epimutations are categorized into three types: obligatory, which is
completely dependent on the genetic variation; facilitated, which is directed or loosely
potentiated by the genotype; pure, which is independent of the genetic variation and is generated
by stochastic events or environmental changes (Richards, 2006). Random epimutations can
arise at any time in the lifespan of the organism, and they are not induced by environmental
factors. They were assessed to be up to five orders of magnitude more frequent than genetic
mutations were (10~ versus 10 per base pair and generation) in the model plant Arabidopsis

thaliana (Schmitz et al., 2011; van der Graaf et al., 2015). Random epimutations have been
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proposed to be among mechanisms underlying the diversified bet-hedging strategy, which is
based on the production of phenotypically variable offspring, irrespective of environmental
conditions. According to this evolutionary strategy, a single genotype produces a range of
phenotypes across offspring with the aim to increase the likelihood that, at least, some
individuals are well-adapted to the selection pressure of unpredictable environments. On the
other hand, environmentally-induced epimutations can create habitat-specific methylome and
has been proposed to mediate phenotypic plasticity, as they can shape phenotypic responses to
environmental variation, facilitating adaptation, speciation, and adaptive radiation (Angers et
al., 2010). The responsiveness of environmentally-induced epimutation can help populations
facing rapid, fluctuating environmental changes. This phenomenon is named epigenetic
buffering, and could facilitate evolutionary rescue through heritability of environmentally
induced phenotypes, reducing genetic loss and increasing the probability of genetic mutation,

all reviewed in (O’Dea et al., 2016).

Although the transfer of environmentally-induced epigenetic modifications through mitotic and
meiotic processes is relatively well established, research on multigenerational epigenetic
inheritance is considerably more challenging. It is important to distinguish between
intergenerational and transgenerational epigenetic inheritance (Figure 4) (Tuscher & Day,
2019). Intergenerational inheritance involves exposure of the parent generation (FO, male or
non-pregnant female) to an environmental factor that leads to epimutations in the parent and
likely the parental germline cells (F1; sperm or oocytes). Observation of similar epimutations
or phenotypic traits in offspring through this type of FO to F1 transmission would be considered
an intergenerational effect (Figure 4). Unlike intergenerational inheritance, transgenerational
inheritance relies strictly on germline transfer of epimutations in the absence of any direct
environmental exposure. As such, for an effect to be considered transgenerational, an inherited
epigenetic mark and corresponding trait would need to persist in the F2 generation. For pregnant
females that experience environmentally-induced epimutations, the pregnant female (F0), fetus
(F1), and fetal germline cells (F2) would all be exposed to the external stimulus. In this case,
intergenerational effects encompass transmission from FO to F2, and only persistence to the F3
generation would be considered a transgenerational effect. This TEI has been reported in many
plant and animal taxa such as mammals (Manikkam et al., 2012), birds (Guerrero-Bosagna et
al., 2018), fish (Bhandari et al., 2015), and invertebrates (Liew et al., 2020; Seong et al., 2011).

Moreover, pure epimutations can cause heritable environmentally-induced phenotypic
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variation through transgenerational epigenetic inheritance (Blanc et al., 2021; Casier et al.,

2019; Guerrero-Bosagna et al., 2018).
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Figure 4: Modes of epigenetic inheritance. Exposure of the F( germline to an environmental change can cause epimutations
that may or may not be inherited. (4) No inheritance: epimutations in the parental F( germline do not affect the offspring (F1).
Such epimutations are presumably corrected during F1 reprogramming. (B) Intergenerational inheritance: epimutations
transmitted through the FO germline escape reprogramming and alter development in the F1 generation. However, these
epimutations are corrected in the germline of F1 animals and are not transmitted to the F2 generation. (C) Transgenerational
inheritance: epimutations escape reprogramming in F1 and subsequent generations and affect development over multiple

generations. From Prokopuk et al., 2015.

From these relevant characterizations of epimutations under different laboratory settings, an
important step is now to examine the extent of epigenetic variation and the way that this
variation changes over time and across generations in wild populations that encounter natural
levels of environmental complexity, genetic structure and dynamics, and natural ecological
processes. This endeavor represents part of the field of population epigenetics. This topic is not
detailed here, as Chapter 3 includes a review on “Population epigenetics: The Extent of DNA
Methylation Variation in Wild Animal Populations”. This review brings together natural animal
population epigenetic studies to generate new insights into ecological epigenetics and its
evolutionary implications. We first provide an overview of the extent of DNA methylation
variation and its autonomy from genetic variation in wild animal population. Second, we

discuss DNA methylation dynamics which create observed epigenetic population structures by
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including basic population genetics processes. Then, we highlight the relevance of DNA

methylation variation as an evolutionary mechanism in the extended evolutionary synthesis.

2. Animal behavior: a relevant downstream phenotype

2.1 General concept of behavior

Ethology is the study of animal behavior and focuses on how animals interact socially, how
they move in their environment, how they learn about their environment, and how an animal
might achieve cognitive understanding of its environment (Breed & Moore, 2021). With this
definition, we understand how wide the panel of behaviors can be. Expanding our knowledge
on animals’ behaviors is crucial as behavioral change is one of the major mechanisms used by
animals to acclimate and adapt to their environment. It constitutes the interactive link between
the organism and the environment in which it lives and evolves (Sih et al., 2010). Moreover,
behavior is considered as the most plastic phenotype, preceding morphological and
physiological adaption. For a long time, change in behavior has been proposed as the first stage
in the process of speciation (West-Eberhard, 1986). By moving to another area or by expanding
their range, animals may need to change their behaviors to rapidly adapt to the new
environment. In doing so, animals are subject to new selection pressures that facilitate divergent

evolution and speciation processes.

The study of animal behaviors addresses four main questions: what are the mechanisms that
produced a behavior? How does a behavior develop? What is the survival value (utility) of a
behavior? How did the behavior evolve from an ancestral state (Tinbergen, 1963) ? Advances
in areas such as genomics, endocrinology, neurobiology and ecology provided countless
insights to these questions. At the same time, ethology has undergone a new shift from
considering individual behavioral differences as background noise to a key target for animal
behavior research (Réale et al., 2007; Wolf & Weissing, 2012). It is through model species such
as the nematode Caenorhabditis and the fruitfly Drosophila that the existence of individual
behaviors within a species as well as the effect of genetics and environment on behavior could
be highlighted (Carere & Maestripieri, 2013). Thus, ethology, which is used to target the study
of the behavior of entire populations or an entire species, is now focusing on consistent

individual behavioral differences, also called animal personality.
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2.2 Personality, plasticity, predictability: among and within individual behavioral variation

The study of animal personalities aims to fill a gap in our understanding of animal behavior, as
it studies the adaptive significance of behavioral differences among individuals. Understanding
why and how behavior differs among individuals, how personalities evolve over time, how
selection acts on it are important questions. Personalities (also called behavioral traits, or
temperaments) are individual behavioral differences that are consistent across time and context
(Stamps & Groothuis, 2010). There are five major personality categories: shyness-boldness,
exploration-avoidance, activity, sociability and aggressiveness. Shyness-boldness corresponds
to an individual’s reaction to any risky situation, but not new situations. Exploration-avoidance
corresponds to an individual’s reaction to a new situation. This includes behavior towards a
new habitat, new food, or novel objects. Activity refers to the general level of locomotor activity
of an individual. It is often quantified while measuring other personality traits, such as boldness
or exploration (Conrad et al., 2011; Réale et al., 2007). This activity variation is strongly related
to the resting metabolic rate of individuals (Nespolo & Franco, 2007). Aggressiveness
corresponds to an individual’s agonistic reaction towards conspecifics. Finally, sociability
corresponds to an individual’s reaction to the presence or absence of conspecifics (excluding
aggressive behavior) (Réale et al., 2007). Personalities strongly influence social relationships,
predator avoidance, food access and reproduction, and therefore organisms’ fitness (Figure 5).
For example, boldness of bighorn ewes Ovis canadensis was related to survival during years of
high predation but not during years of low predation by cougars Puma concolor (Réale & Festa-
Bianchet, 2003). In great tits Parus major, slow-exploring females had the lowest probability
of nest failure (Both et al., 2005). Studies on personality traits may help to understand if
selection favors plasticity or canalization of these traits, and also to find adaptive explanations
for the maintenance of variance in personality among organisms. Moreover, many species live
in temporally fluctuating environments, and it is an open question as to why some individuals
are relatively inflexible in their behavior instead of showing higher plasticity, which correspond

to intra-individual variation.
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Figure 5 : Flow diagram illustrating the links between the five main personality traits and organism’s fitness. Note that the

arrows do not represent all possible links between variables. Adapted from Réale et al. (2007).

A meta-analysis across 114 studies and 98 species (both in the laboratory and the wild) showed
that approximately 40% of the total behavioral variation observed can be attributed to consistent
differences between individuals (Bell et al., 2009). Thus, personality is an interesting trait to
investigate among but also within individuals, as most behavioral variation is due to intra-
individual variation. This remaining variation is often attributed to intra-individual variation
linked to behavioral plasticity (Figure 6). Behavioral plasticity corresponds to reversible
changes in behavior in response to biotic and abiotic environmental conditions within the same
individual (Dingemanse et al., 2010, reviewed in Stamps, 2016), which allow organisms to
adjust their behavior along environmental gradients or over time. For example, individuals have
been shown to differ consistently in their behavioral responses to food deprivation, predation
risk and temperature fluctuations (Biro et al., 2010; Mitchell & Biro, 2017). Previous studies
have indicated that behavioral plasticity is complex and likely to be dependent on the species
under investigation. Behavioral plasticity can depend upon an individual’s behavior, as bold
dumpling squid Euprymna tasmanica become increasingly bold whereas shy individuals
maintained a shy phenotype (Sinn et al., 2008). In contrast, bold three-spined sticklebacks
Gasterosteus aculeatus are less plastic than shy fish (Jolles et al., 2019). Another study on this
species showed that behavioral plasticity was dependent upon the population of origin (high

and low predation) (Bell & Stamps, 2004).

Personality and individual plasticity can be jointly quantified by adopting a reaction norm

framework. A reaction norm is defined as the range of behavioral phenotypes that a single
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individual produces along a given environmental gradient (Dingemanse et al., 2010). The
individual’s personality is the Y-intercept of the reaction norm while the slope is the individual
plasticity. Even after accounting for consistent among-individual variation (i.e. differences in
personality) and behavioral plasticity (i.e. responsiveness to environmental/temporal change),
there may still remain unexplained behavioral variability. This individual variation in residual
within-individual variance is the deviation from this reaction norm, corresponding to behavioral
predictability (Figure 6) (Westneat et al., 2015). Unpredictable individuals are characterized by
high variability around their average behavioral type and reaction norm slope. Predictable
individuals on the other hand have little residual variance around their behavioral type and
reaction norm slope. Among-individual variation in predictability may be evolutionarily
adaptive, e.g. diversification in bed-hedging (see review of Westneat et al., 2015 on the biology

of residual phenotypic variance).
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Figure 6: Partition of behavioral variation in among and within individual variation: a Personality: Among-individual
differences in mean behavioral expression over repeated measures. b Linear reaction norm plot: individuals differ in their
behavioral plasticity (slope) along an environmental gradient and there is a positive correlation between an individual’s
behavioral type (intercept) and its plasticity (slope). ¢ Predictability: individuals differ in within individual behavioral
variability from more predictable individuals (red ribbon) to less predictable individuals (purple ribbon). Adapted from Hertel
etal., (2020).

Some studies revealed correlations between behavior variation. Behavioral syndrome, i.e.
correlation of two or more personality traits at the individual level in repeated measures data,
is well described (Conrad et al., 2011; Dochtermann & Dingemanse, 2013). For example,
correlation between aggressiveness and boldness (the most studied behavioral syndrome) is
positive in many species such as in the European grayling (Thymallus- thymallus) or the

stickleback (Gasterosteus- aculeatus), but the syndrome can vary and/or disappear due to
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diverse factors such as predation pressure (Bell & Stamps, 2004). In the mangrove rivulus,
correlation between boldness and aggression was only expressed by secondary males
(hermaphrodites that turn into males, see the next section on the mangrove rivulus), indicating
potential differences between sexes (Edenbrow & Croft, 2012). The correlation between
personality traits can be adaptive but also maladaptive. On the one hand, the association of
behavioral traits can be linked to an adaptive process involving life history traits. In fact, bolder
and more aggressive individuals could experience a better growth and reproduction rate. This
concept is referred as the “pace of life” syndrome. On the other hand, a bold and aggressive
individual is more easily exposed to dangerous situations (predators, parasites) which greatly
increases the mortality risk. Moreover, behavioral syndrome enforces trade-offs that limit the
plasticity of each trait independently. Consequently, the ability of an individual to behave
optimally in a specific situation and/or to an environmental factor is limited, which impacts
individual fitness, species distribution and speciation rate and therefore ecology and evolution
of the concerned population (Conrad et al., 2011; Sih et al., 2010; Wolf & Weissing, 2012).
These examples picture how behavioral syndrome can be adaptive or maladaptive according to

the context and time.

Besides correlation between behavioral traits, studies highlighted evidence of correlations
between all three variance components, meaning that individual differences in personality,
plasticity and predictability can be linked. Research using the behavioral reaction norm
approach has revealed that personality and plasticity are correlated for a range of traits and
across different species (see Mathot et al. (2012)). For example, fast moving Caribou Rangifer
tarandus decreased movement speed more strongly with increasing resource aggregation than
individuals that moved more slowly (Webber et al., 2020). Bold individuals of different species
tend to show lower plasticity in their responses to risk (Cole & Quinn, 2014; Jones & Godin,
2010) and to changing social environment (Jolles et al., 2014; Magnhagen & Bunnefeld, 2009).
In the same manner, both personality and behavioral plasticity can be correlated with behavioral
predictability, as shown in wild-caught three-spined sticklebacks Gasterosteus aculeatus where
bold fish are less plastic and more predictable than shy fish (Jolles et al., 2019). Correlated
behaviors or traits can restrict a population’s capacity to adapt to changing conditions, as it can
enforce trade-offs that limit the plasticity of each trait independently (Dochtermann &
Dingemanse, 2013; Wolf & Weissing, 2012). Consequently, the ability of an individual to

behave optimally in a specific situation and/or to an environmental factor is limited, which can
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impact individual fitness. The occurrence of behavioral syndrome could be explained by
underlying mechanism shared by behavioral trait. For example, pleiotropy can facilitate
behavioral syndrome as the same genes influence different behaviors (Bell & Aubin-Horth,

2010).

2.3 Repeatability: Quantifying intrinsic behavioral variation

To quantify the extent of individual variation in a population, researchers commonly calculated
repeatability (R), where among-individual variance is standardized by the total phenotypic
variance, ranging from 0 to 1. Repeatability indicates the proportion of phenotypic behavioral
variance in a population that can be attributed to individual differences in behavioral
expression, also named individuality (Figure 7) (Bell et al., 2009). A significant repeatability
corresponds to individual intrinsic (non-reversible) variation, that is not driven by external

factors or internal state (i.e. reversible variation), creating individuality within a population.
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Figure 7: Repeatability R as a measure of individuality. Three individuals (“Ind”) each have personality measurements made
2 times (black and white dots). In the left panel, there is low within-individual variation and a high among-individual variation,
resulting in a high repeatability value and a significant individuality. In the right panel, there is a higher within-individual

variation, resulting in a lower repeatability value and no individuality.

This intrinsic variation is typically associated to differences in genetic sequences. Previous
research challenged this paradigm by investigating genetically identical individuals reared in
highly standardized environmental conditions, and showed substantial between-individual
variation in several behavioral traits (Bierbach et al., 2017; James et al., 2018; Vogt, 2017; Vogt
et al., 2008). These studies suggested that high repeatability and individual consistency can also

come from several other non-genetic sources: epigenetic mechanisms, maternal effects,
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experience and learning (Hertel et al., 2020). Thus, repeatability provides initial evidence that
among-individual variation is caused by factors intrinsic to the individual, but does not allow
for separation of the genetic and non-genetic components of the variance in personality, that is
individuality. Taking into consideration the previous section on epigenetics, DNA methylation
variation could be another source of behavioral individuality and could be consider as another
intrinsic variation among individual, as some DNA methylation marks can be irreversible and
can even be transferred to the next generation (Bhandari et al., 2015; Guerrero-Bosagna et al.,

2018; Liew et al., 2020).

3. Model organisms: the mangrove rivulus Kryptolebias marmoratus

3.1 Ecology

The mangrove rivulus, Kryptolebias marmoratus (Poey, 1880), is an oviparous teleost fish
belonging to the rivulidae family (order: Cyprinodontiformes) that lives in mangrove
ecosystems of the Caribbean, Florida, Central and South America. There are no data on the
longevity of fish in the wild, but K. marmoratus can be long-lived in the laboratory, with one
specimen noted to survive 8.2 years (D. S. Taylor, unpublished data). It has the widest
distribution of any inshore-dwelling coastal fish species in all of North, Central, and South
America (Taylor, 2012), as it colonizes the Florida peninsula and keys, almost the entire Central
American and northern South American coastline, and likely south to the mouth of the Amazon
River (Avise & Tatarenkov, 2015; Tatarenkov et al., 2012; Taylor, 2012). This species spends
its entire life cycle within mangroves, and more precisely in red mangrove forests Rhizophora
mangle. It occupies a wide range of microhabitats such as stagnant pools, crab burrows
(specifically, those of Cardisoma guanhumi, great land crab, and Ucides cordatus, mangrove
land crab), temporally flooded swales, inside/under logs and mangrove leaf litter and in
coconuts (Taylor, 2000) (Figure 8a). A common feature among these micro-habitats includes
their being either fossorial, intermittently dry, or having adverse water quality conditions that

preclude the establishment of other species of fish.

Physico-chemical conditions of mangrove ecosystems are highly variable due to the alternation
of tidal/rainfall flushing and drier periods through the day. Parameters such as dissolved
oxygen, ammonia, salinity, temperature and water level vary drastically on a seasonal and daily

basis (Taylor, 2000, 2012). A relevant example is salinity. In natural habitats, K. marmoratus

27



is euryhaline as it has been collected at salinities of 070 ppt (average salinity of seawater is
about 35 ppt) (Davis et al., 1995; Turko et al., 2011, 2018). Extremely high salinities are a
common feature of mangroves during drought or periods of reduced tidal inundation, while
salinities drop drastically following heavy rainfall. It seems that the mangrove rivulus has a
great tolerance to environmental variations as it has been collected over a wide thermal range
(7-38°C) and survives hypoxic conditions (<1.0 ppm) (Ellison et al., 2012). When
environmental conditions become extreme such as elevated concentration of hydrogen sulfide
(H2S) and oxygen depletion, the rivulus jump out of the water, behavior referred as emersion!
(Figure 8b). Their survival in terrestrial environment up to 2 months is possible through gill
and skin remodeling ensuring osmo- and iono-regulation (Costa et al., 2010; Taylor, 2012;

Wright, 2012).

Relatively little information exists on rivulus interactions (diet, predation, competition) with
other species living in the red mangrove. There are limited studies of the diet of K. marmoratus
in the wild, but this fish is clearly a predator, with various terrestrial and aquatic invertebrates
such as insects, arachnids, copepods, gastropods, polychaetes, and fish scales, but can also be
cannibalistic and commonly eats its eggs in captivity (LeBlanc et al., 2010; Taylor, 1990).
Regarding predation, given the extremely fossorial nature of rivulus, it is hard to envision
intense avian predation. During periods of heavy tidal flooding, estuarine predators (e.g.,
snapper, barracuda, and blue crab) do move into K. marmoratus habitat and there may be
incidental predation on K. marmoratus then. A more significant predator may be the mangrove
water snake, Nerodia fasciata. Regarding competition, other species of fish are not commonly
sympatric with K. marmoratus, presumably due to their preferred microhabitats. Only a few
other species (e.g., Gambusia spp., Poecilia spp., Fundulus spp., Cyprinodon spp., Adenia
xenica, and D. maculatus) have been collected in the intermittently flooded

swales/potholes/ditches where rivulus may be found (Taylor, 2012).

! See https://www.youtube.com/watch?v=DSRT-RPgU48 from Frédéric Silvestre.
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Figure 8: a Habitat of the mangrove rivulus in red mangrove forest. Small pound formed with rain and/or tide. b Rivulus Jump

and emersion behavior. Photo credits: a Frédeéric Silvestre, b Benjamin Perlman (top) and Andy Turko (down).

3.3 Reproduction

Rivulus populations are exclusively composed of hermaphrodites (Figure 9a) and a small but
variable proportion of males (Figure 9b). This reproductive strategy deprived of females is
called androdioecy (Taylor, 1990). The mangrove rivulus expresses a mix-mating system. On
the one hand, hermaphrodites produce eggs and sperm by meiosis and reproduces by self-
fertilization, meaning that each hermaphrodite fertilizes itself inside its body and lay fertilized
eggs (Figure 9c). It reproduces sexually contrary to Amazon molly or Chrosomus eosneogaeus
which are asexual species. Along with its close relative species, K. hermaphroditus, mangrove
rivulus are the only known self-fertilizing hermaphroditic vertebrates (Tatarenkov et al., 2010).
Consistent self-fertilization is an extreme form of inbreeding (J. C. Avise & Tatarenkov, 2015)
and it consequently naturally produces isogenic lineages. It has been suggested that selfing
would have possibly evolved to face low probability to meet a male in their complex
environment (Sakakura et al., 2006; Soto et al., 1992). On the other hand, and more rarely,
external cross-fertilization events occur when males drop sperm near unfertilized eggs produced
by hermaphrodites. This hermaphrodite-male outcrossing has only been observed in laboratory,
but population genetics studies of K. marmoratus have confirmed that this type of reproduction
exists in rivulus natural environment (Ellison et al., 2015). Genetic tests highlighted that cross-

fertilization between two hermaphrodites does not exist (Turner et al., 2006).
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Figure 9: The mangrove rivulus Kryptolebias marmoratus. a Hermaphrodite adult rivulus. b Male adult rivulus. ¢ Embryo of

rivulus at stage 32 according to Mourabit et al. (2011). Photo credits (a-b) Fréderic Silvestre, (¢) Valentine Chapelle.

Regarding rivulus gonads, the anterior part of the bilobed structure of gonads is made of ovarian
tissues that develop during the first days post hatching (dph). Then, testicular tissues develop
in the posterior part of gonads and constitute less than 10% of the gonads (Figure 10) (Sakakura
et al., 2006; Soto et al., 1992). Sexual maturity is generally achieved between 2 to 3 months (80
to 100 dph). The androdioecy strategy of rivulus presents two types of males. Primary males
exclusively present testicular tissues in their gonads and produce sperm throughout their entire
life. Depending on environmental conditions, about 60% of hermaphrodites can lose their
ovarian tissues and therefore become a secondary male (Harrington, 1971; Soto et al., 1992).
With time, the testicular zone of ovotestis increases progressively to the detriment of the ovarian
zone. When the ratio of testicular tissue to ovarian tissue exceeds a certain threshold, the testis
tissue proliferates and causes involution of the ovarian tissue to give a secondary male. Once
sexually mature, males and hermaphrodites are easily distinguishable according to external
characteristics. Males exhibit orange color, faded ocellus, and black margins on anal/caudal
fins, while hermaphrodites express silver to brown skin with a black ocellus on their caudal fins
(Harrington, 1971) (Figure 9a-b). Recently, cryptic males were discovered that subtly vary from

hermaphrodite phenotypes with absent orange colors (Marson et al., 2019).

Information about oviposition and hatching are still scarce due to difficulties of observing
rivulus in its natural environment. However, by combining natural and laboratory observations,
it appears that embryos will fully develop without standing water, provided they are kept damp
(Taylor, 1990). They can be laid in the terrestrial environment or at the water-air interface, enter
diapause when they are fully developed and hatch as autonomous larvae after flooding event

(Scarsella et al., 2018).
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Figure 10: a Dorsal view of hermaphrodite mangrove rivulus gonads. It is a bilobed structure, with the posterior tips of the
lobes fused and a common genital sinus (CGS). There are unfertilized eggs (UF) in the anterior part of the gonadal lumen
(GL), and fertilized egg (F) in the posterior part of the GL. b Fertilized egg with blastodisc (BL) and perivitelline space (PS).
¢ Cross section in the anterior part of gonad with a large ovarian region (O) and a smaller testicular region (T). d Cross
section in the posterior part of gonad with only testicular region (T). Arrow in d indicates the region where discharge of

spermatozoon into GL was observed. Bar a-b 1 mm; ¢ 200 um; d 10 um. Adapted from (Sakakura et al., 2006).

3.4 Behavior and personality variation

Living in fossorial microhabitat makes the mangrove rivulus behavior difficult to observe in its
natural environment (Taylor, 2012) although some field studies have described rivulus
behavior, such as emersion, habitat preference, and escape behavior (Taylor, 2000). Variation
in personality traits has been the focus of several laboratory studies on mangrove rivulus, which
showed considerable plasticity in boldness (Edenbrow & Croft, 2011, 2013; James et al., 2018),
aggressiveness (Edenbrow & Croft, 2012, 2013) and exploration (Edenbrow & Croft, 2011,

2013) in response to abiotic and biotic environmental changes. For example, adult fish decrease
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the intensity of aggression behavior in contact with kin and familiar individuals compared to
non-kin and unfamiliar individuals (Edenbrow & Croft, 2012). Rivulus aggressiveness is also
modulated by winning and losing experience, and by hormone levels, as aggressiveness
positively correlated with cortisol and testosterone level and individuals that received a winning
experience were quicker to display aggressive behaviors (Chang et al., 2012). Regarding
boldness and exploration traits in K. marmoratus, Edenbrow and Croft (2011) showed that these
behaviors scores correlated with genotype. These correlations emerged at 61 dph and were
maintained through 151 dph. Furthermore, they showed that these behaviors were not
repeatable. They suggested that developmental flexibility may be characteristic of this species,
as they showed a general age effect upon these behavioral traits and low repeatability estimates.
This highlights the importance of maturation in the covariance of behavioral traits. In another
study of Edenbrow and Croft (2013), the presence of conspecifics as well as low food intake
significantly decreased the exploration of K. marmoratus, whereas simulated predation risk
created no significant difference with controls. Like exploration, boldness of individuals also
decreases in the presence of conspecifics, with an interaction with age. Indeed, it is the presence
of conspecifics during ontogeny that most affected the boldness of rivulus. The presence of
conspecifics during ontogeny increased the aggressiveness of the individuals. A behavioral
syndrome between boldness and aggressiveness was described in adult rivulus with these traits
positively correlated to each other and to testosterone and cortisol levels (Chang et al., 2012).
Another study on boldness and exploration revealed that the intensity of these traits increased
during ontogeny and then stabilized at sexual maturity suggesting a developmental plasticity of
these behavioral traits (Chang et al., 2012). This plasticity could allow individuals to adapt to
the highly variable local environmental conditions in which rivulus evolves, and therefore
would be directly linked to temporal and spatial heterogeneity of the mangrove forests
(Edenbrow & Croft, 2011). Moreover, some studies suggest that behaviors forming a behavioral
syndrome could maintain flexibility at different degrees to respond to environmental variations

(Edenbrow & Croft, 2011).

By comparing personality traits among isogenic lineages, some studies highlighted genetic
influences upon behavioral traits with genotypes differing in their average behavior and varying
in the extent of environment-specific behavior plasticity. A relevant example is the study of
Edenbrow and Croft (2013) were they compared boldness, exploration and aggressiveness of 5

different isogenic lineages exposed to different environmental changes including conspecific
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presence, simulated predation risk and low food. Their findings highlighted genetic influences
upon behavioral expression, with genotypes differing in their average behavior and varying in

the extent of environment-specific boldness plasticity (Figure 11).
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Figure 11: Mean boldness reaction norms for each of genotype (1-5) in response to each of the experimental rearing

environments. From Edenbrow & Croft (2013).

3.5 Genetics: diversity in laboratory and wild populations

When conducting research on laboratory animals, researchers often try to maximize
replicability (low variation between measurements in a given test), repeatability (low variation
among replicate tests within a laboratory), and reproducibility (similar outcomes in comparable
experiments from different laboratories). To do so, one possibility is to use animals with
uniform genetic backgrounds. However, natural clonal reproduction in vertebrates is relatively
rare, and this fact has led researchers to develop artificial techniques and breeding schemes that

allow the clonal production of genetically uniform animals in several vertebrate taxa (Avise,

2008).

The unique selfing capacity of K. marmoratus to generate natural highly homozygous isogenic
lineage have made this species a model system for a variety of studies such as population
genetics (Avise & Tatarenkov, 2015; Tatarenkov et al., 2007, 2015), behavior (Edenbrow &
Croft, 2011, 2013; James et al., 2018), developmental biology (Mourabit et al., 2011) and
ecotoxicology (Carion et al., 2018, 2020; Voisin et al., 2021). Homozygosity level in rivulus
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lineages was first assessed with microsatellite analysis, but now has evolved to whole genome
sequencing coupled with single nucleotide polymorphisms (SNPs) analysis (Chang et al., 2012;
Kelley et al., 2016; Lins et al., 2018). This last method highlighted genetic variability within
inbred isogenic lineages initially described as 100% homozygous via microsatellite markers
revealing that genetic variability can occur within inbred isogenic lineages through de novo
mutations, but also residual heterozygosity (genetic variation retained and/or segregated from
variation in the ancestral wild progenitor), intermittent outcrossing within or between strains in
the laboratory, and any inadvertent mislabeling or misidentification of the genetic stocks (Lins
et al., 2018; Tatarenkov et al., 2010). Lins et al. sequenced whole genomes from 15 lineages
that were completely homozygous at microsatellite loci and used single nucleotide
polymorphisms (SNPs) to determine heterozygosity levels. They found missense
polymorphisms most often in genes associated with immune function and reproduction. Luckily
for researchers that justified the use of rivulus on its natural production of isogenic lineages,
this variation is rare, as most SNPs were found as singletons and were found mainly in
intergenic regions of the genome, with only 3.5% of the SNPs found in coding regions even

though 9.8% of the genome is made up of coding sequences (Lins et al., 2018).

The mix-mating system of K. marmoratus allows researchers to study populations with
different levels of selfing, supporting different levels of genetic diversity. Previous field works
established that each natural population of rivulus has its own genetic diversity generated by its
own selfing rate, and a variety of lineages with different levels of homozygosity, which
contrasts with the almost exclusive use of isogenic lines in the laboratory (Table 2). See
Tatarenkov et al. (2017) for a large screen of rivulus populations genetics from the northern
and southern distribution limits including 35 populations and 4 anterior studies (Tatarenkov et
al., 2007, 2010, 2012, 2015). The highest gene diversity (i.e. expected heterozygosity, Hg) is in
the Belizean populations, followed by the Florida Keys and Panama. The lowest Hg values were
observed in central Florida and Exuma Island in the Bahamas. All populations showed
significant deficiencies of heterozygotes, expressed as positive values of inbreeding coefficient
Fis. Rates of selfing are high in most of the populations (>90%), with the Belizean populations
having noticeably lower rates of selfing, ranging from 77% in Northern Caye (NC) to only 39%
in Twin Cayes (TC). A neighbour-joining tree based on the microsatellite data set of 33
populations shows that populations are split into two major lineages; one lineage (Northern

clade) includes populations from Florida, Bahamas, Belize and Honduras, while the other
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lineage encompasses populations from the rest of the Caribbean (southern Cuba, Puerto Rico,
Panama, Aruba, Bonaire) and Brazil. The second lineage is further divided into a Central clade

(Caribbean populations) and a Southern clade (Brazilian populations) (Figure 12)(Tatarenkov

etal., 2017).

Table 2: Examples of descriptive statistics of genetic variation at microsatellite loci in Kryptolebias

marmoratus (data from Tatarenkov et al., 2007, 2012, 2015, 2017, summarized in Tatarenkov et al. 2017).

Major area Population N Poo Na Ar  He Ho Fis S
Belize Twin Cayes (TC) 59 097 928 724 0.69 0.52 0.25 0.39
Long Caye (LC, BW) 40 094 578 5.17 0.61 0.24 0.62 0.76
Florida Keys,  Long Key (LK) 31 084 42 348 049 0.06 0.88 0.93
USA Dove Creek (DC) 26 0.91 438 354 045 0.08 0.84 0.91
Florida, USA  Tampa bay (TPB) 24 0.41 1.56 1.52 0.17 0.00 1.00 1.00
Honduras Utila Island (HONU) 20 0.81 397 3.55 0.50 0,01 0.99 1.00
Bahamas Exuma Island (EI) 12 0.34 1.38 136 0.14 0.00 1.00 1.00
Brazil Maracaipe River, Ipojuca (MPE) 17 0.66 328 289 037 0.00 0.99 1.00
Note: N, sample size; Poo, proportion of polymorphic loci (99% criterion); Na, average number of alleles; Ar, allelic
richness; Hg, expected heterozygosity; Ho, observed heterozygosity; Fis, coefficient of inbreeding; S, selfing rate.
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Figure 12: A neighbour-joining tree showing the genetic relationships of 33 populations of Kryptolebias marmoratus species

complex. The tree is based on allele frequencies of 33 microsatellite loci. Bootstrap support, shown at the nodes, is based on
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1000 replicates, only bootstrap values above 50% are shown. Colored thick lines outline populations forming three main

clades. Broken green lines delineate subclades of the Northern clade. From (Tatarenkov et al., 2017).

These population genetics studies provide us precious information on rivulus population
composition and dynamics. Based on these data, further studies can select specific populations
to investigate ecological and evolutionary questions such as sexual determinism, evolution of
mating system, inbreeding and inbreeding depression, effect of genetic diversity on a multitude
of traits by comparing populations with contrasted genetic diversity, phenotypic plasticity and
bet-hedging strategies, etc. Nowadays, the feasibility of advanced molecular analyses in the
mangrove rivulus is supported by the public availability of genome assembly and to current
efforts to improve the genome annotation. In this thesis, we used the ASM164957v2 genome

assembly which is it is the latest version (Dec 2020) (Table 3).

Table 3: Genome Assembly ASM164957v2 of Kryptolebias marmoratus

Assembly statistics

Genome size 680.6 Mb
Number of chromosomes 24

GC percent 40

Assembly level Chromosome

Annotation details

Genes 25206
Protein-coding 22200
Non-coding 2733

mRNAs 42,520
non-coding RNAs 4,079

Sample details

Dev stage Adult

Sex Hermaphrodite
Tissue Liver

3.6 Epigenetics

Characterization of mangrove rivulus DNMTs and TETs highlight conserved features with
vertebrates and mammals. In the K. marmoratus genome, one DNMTI1, two DNMT3a
(DNMT3al and DNMT3a2), three DNMT3b (DNMT3bl, DNMT3b2, DNMT3b3), and three
TETs (Tetl, Tet2, and Tet3) genes were identified. Compared with vertebrates DNMTs and

TETs, they contained all domains that are essential for their function of methylation and
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demethylation (Kim et al., 2016). Moreover, their expression is specific to tissue, sex and
developmental stages (Fellous et al., 2018). Regarding global CpG DNA methylation level,
Fellous et al., (2018) found consistency with other vertebrates as adult tissues were highly
methylated at CpG sites in males and hermaphrodites. A significant difference in CpG global
methylation of genomic DNA was observed among tissues of adult rivulus. The male testis was
hypermethylated compared to the hermaphrodite ovotestes (Table 4), which is in line with
Danio rerio where global CpG methylation is higher in sperm than in oocytes (Potok et al.,

2013).

Table 4: CpG global DNA methylation levels in different organs of Kryptolebias marmoratus using the LUminometric
Methylation Assay (LUMA). Adapted from Fellous et al. 2018.

DNA methylation % (Mean + SEM) Sidak’s multiple comparisons test
Tissue Males Hermaphrodite Male vs hermaphrodite Between tissues
Gonad 87.22+1.14 79.55+1.78 0.0058 A
Brain 78.22 +£0.84 75.88 +£3.68 0.8349 B
Liver 80.93 +1.53 81.67+2.35 0.9995 C
Gills 76.05+0.61 77.36+0.57 >0.9999 B
Muscle 73.71+1.28 73.73+7.32 0.9307 B
Skin 73.71 +1.28 74.15+1.96 >0.9999 B

Due to its unique mode of reproduction and the natural occurrence of isogenic lineages, this
new model species is of great interest for understanding epigenetic contributions to the
regulation of development and reproduction. Several studies investigated the role of epigenetic
mechanisms as regulatory system of embryonic development and sex-ratio modulation. Histone
modifications such as lysine acetylation/deacetylation (mediated by lysine acetyltransferases
(KAT) and histone deacetylases (HDAC)) and lysine methylation/demethylation (mediated by
lysine demethylases (Kdm) and methyltransferases (Kmt)) play an important role in embryonic
development. Twenty-seven KAT, seventeen HDAC, twenty-five Kdm orthologues and forty-
eight Kmt orthologues genes have been identified. Their conserved domains, expression
profiles and their phylogenetic analysis suggest that they might have important biological
functions in early and late development as well as in male/hermaphrodite gametogenesis and
adult neurogenesis, which raises questions about epigenetic regulation of these processes by
histone lysine modifications in K. marmoratus (Fellous et al., 2019a, 2019b). Besides histone
modifications, DNA methylation seems to have a central role in the regulation of rivulus

development and reproduction. Characterization of rivulus DNA methylation reprogramming
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highlights consistency with that of Mus musculus (Kim et al., 2004), Danio rerio (Mhanni &
McGowan, 2004) and medaka Oryzias latipes (Wang & Bhandari, 2019) reprogramming where
DNA undergoes global demethylation promptly after fertilization and then becomes
remethylated at specific loci and stages. However, reprogramming seems species specific as
rivulus reprogramming is later, deeper, and longer than zebrafish reprogramming at the same
embryonic stages (Figure 13). It has been suggested that this long and deep DNA methylation
reprogramming period could permit environmental signals to be assimilated at the epigenetic
level during embryogenesis and could consequently increase phenotypic diversity (Fellous et
al., 2018).Temperature seems to be an important environmental factor as Ellison et al. (2015)
found a significant interaction between sexual identity (male or hermaphrodite), temperature
and methylation patterns when two selfing lines were exposed to different temperatures during
development. They identified several genes differentially methylated in males and
hermaphrodites that represent candidates for the temperature-mediated sex regulation in K.
marmoratus including cypl9a and sox9a. Thus, DNA methylation can be a mechanism

regulated by temperature that modulates sexual identity in the mangrove rivulus.
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Figure 13: Dynamic of DNA methylation during early zebrafish and mangrove rivulus development. (MBT, Mid Blastula
Transition). From Fellous et al. 2018.

Using the mangrove rivulus as a model species help us to disentangle the source of epimutations
(obligatory, facilitated or pure), and ultimately, to investigate the transmission of
environmentally-induced epimutations and their possible role in generating phenotypic
variation. Berbel-Filho et al. (2019) analyzed DNA methylation patterns of two highly inbred

strains of rivulus reared in two rearing environments (with or without physical enrichment) to
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determine epimutations sources. They found higher methylation differentiation between
genotypes than between environments, with a genotype X environment interaction as most
methylation differences between environments common to both strains followed a pattern
where the two genotypes responded to the same rearing environment with contrasting DNA
methylation levels (facilitated epialleles). Later, they investigated the effects of environmental
enrichment on the behavior, metabolic rate and brain DNA methylation patterns of parents and
offspring of one isogenic lineage of mangrove rivulus. They identified significant physiological
(basal metabolic rate and cortisol levels), behavioral (neophobia, activity) and epigenetic
differences among parents reared under two different levels of environmental enrichment, some
of which influenced the offspring behaviors as offspring activity and neophobia were
influenced by the parental rearing environment. Regarding DNA methylation, most of their
results indicated a stronger effect of offspring rearing environment than that of their parents on
DNA methylation patterns. However, three differentially methylated cytosines between the two
rearing conditions maintained the same methylation patterns in both parents and offspring
independently to the offspring rearing conditions (Berbel-Filho et al., 2020). These results bring
new insights to the reversibility and the memory/erasure balance influencing the transmission
of environmentally-induced epimutations in the mangrove rivulus, as environmentally-induced

epimutations can be transmitted to the offspring to some extent.

3.7 Ecotoxicological studies and methylmercury as our environmental stressor

The mating system of the mangrove rivulus provides an ideal model for the identification of
true cause-effect relationships between the environment, the epigenome and the phenotype,
including the role of epigenetic mechanisms in toxicity and ecotoxicity. A growing body of
work supports its value as a new model species for studying the potential lasting effects of an
early life exposure to an environmental stressor through epigenetic modifications. Voisin et al.
showed that early life exposure of rivulus to an endocrine disrupting compound, 17-a-
ethinylestradiol (EE2), can induce delayed effects on the adult phenotype, proteome and
epigenome (Voisin et al., 2016, 2021). This study highlights some relevant genes to investigate
in long-term effects studies such as nipped-B-like protein B (NIPBL) where a methylation
change of + 21.9% was shown in NIPBL promoter region in rivulus exposed to 4 ng/L EE2.
Carion et al. highlighted immediate effects of the neurotoxin B-N-Methylamino-L-alanine

(BMAA) on rivulus larvae behaviors, and delayed effects of BMAA on expression of genes
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involved in glutamate turnover, intracellular dopamine levels and astrocyte protective
mechanisms (Carion et al., 2018, 2020). Another interesting characteristics of the mangrove
rivulus is its inter-individual variability in a large range of phenotypic traits. Although the
rivulus used in these studies are from the same isogenic lineage, they still display high
individual differences within each experimental condition. This inter-individual variation in
behaviors within an isogenic lineage reared in standardized environment could be due to non-
genetic factors such as epigenetic variation, as a recent study showed a methylation difference
of 40% between aggressive and non-aggressive fish in the Toll-interacting protein (Tollip)
coding gene controlling proinflammatory reaction in response to injury (Carion et al.,
unpublished data). As reviewed in Nikinmaa and Anttila (2019), variability should always be
included as an endpoint in data analysis as it would bring new information about the responses

of organisms to environmental contamination.

Although these studies show immediate effects of environmental stressor on rivulus behaviors
on one side, and delayed effects on epigenome on the other side, no studies show delayed
behavioral effects of an environment stressor through environmentally-induced epimutations.
However, it has been suggested that delayed and also transgenerational pollutant-altered
behaviors (including neurotoxicants) can result from epigenetic changes (Carvan et al., 2017;
Skinner, 2011). By using mangrove rivulus from one isogenic lineage, we can investigate if and
how their epigenome is modified by an environmental stressor, creating environmentally-
induced epimutations underlying immediate but also delayed behavioral alterations as they can
be permanent (Carvan et al., 2017; Skinner et al., 2015). To get all the odds on our side, we
chose one well-known neurotoxicant, the methylmercury. Methylmercury (MeHg) is a
neurotoxic contaminant generated through methylation of heavy metal mercury by anaerobic
bacteria in aquatic environments. It enters the aquatic food web through the consumption of
these bacteria by zooplankton, and undergoes bioaccumulation and biomagnification resulting
in high concentrations in large predatory fish and other top predators including humans
(Baeyens et al., 2003). It is established that MeHg crosses the blood-brain barrier and can induce
brain damages, impaired neurological development and behaviors. In fish, MeHg exposure
causes altered swimming activity and prey capture success (Mora-Zamorano et al., 2017;
Samson, 2001; Xiaojuan Xu, 2012; Zhu et al., 2020), visual deficit (Carvan et al., 2017; Weber
et al., 2008), learning and memory impairments (Smith et al., 2010; Xu et al., 2016). Several

cellular mechanisms have been proposed for MeHg-induced neurotoxicity including oxidative
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stress (Carvan et al., 2017; Farina & Aschner, 2019), alterations of neuronal differentiation
(Tamm et al., 2008), and disruption of glutamatergic and dopaminergic neurotransmitter

systems (Faro et al., 2002).

Most recent studies of MeHg neurotoxicity have focused on adverse outcome pathways and
behavioral effects of developmental and early-life stages exposure. MeHg exposure during
these stages can cause delayed effects that can be observed later in life, but also
transgenerational effects (Carvan et al., 2017; Xu et al., 2016). It has been suggested that
delayed and transgenerational MeHg-altered phenotypes result from gene expression
modification without changes to the underlying nucleotide sequence of DNA (i.e., epigenetic
mechanism) (Carvan et al., 2017; Skinner, 2011). Generally, MeHg alterations of epigenome
include downregulation of microRNA expression, reduced histone acetylation and increased
histone methylation, and global DNA hypomethylation in brain (reviewed in Culbreth and
Aschner, 2019). Even with this extensive compilation of cellular and molecular data, it is still
challenging to link MeHg-induced behavioral impairments to specific molecular alterations,
and to understand the underlying mechanisms of delayed behavioral effects of early-life stages
exposure. As such, MeHg has become an attractive neurotoxicant in the investigation of
reversible/permanent environmentally-induced epimutations underlying behavioral alterations

in one isogenic lineage of mangrove rivulus, reducing the genetic noise.

Furthermore, rivulus is subject to MeHg exposure in its natural environment since mangroves
are considered as potential MeHg hotspots due to their large amount of organic matter and their
physico-chemical characteristics (Figure 14) (detailed in Lei et al., 2019). Their location
facilitates pollutant accumulation, as showed in Florida where Hg levels were elevated in
mangrove transition zone compared to both the upstream canals and the open waters of Florida
Bay (Rumbold et al., 2011). Total mercury (THg) concentrations in freshwater ecosystems
range from 0.3 ng/L to 450 pg/L, with higher levels found downstream of pollution sources
including mines and industrial discharges (Kidd & Batchelar, 2011). There are fewer data
available on the distribution of mercury in mangrove waters, and even less on MeHg. THg
concentrations in mangroves water ranged from 0.04 to 110 ng/L, with large temporal and
spatial variations. MeHg transfer from water into the base of the food web (bioconcentration)
and subsequent biomagnification in the aquatic food web leads to most of the MeHg in higher

trophic levels (Wu et al., 2019). The mangrove rivulus is a predator and can accumulate MeHg
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through contaminated prey consumption including bivalves that showed 100 to 940 ng/g dw
Hg concentration (Saha et al., 2006) and polychaetes containing 50 to 280 ng/g dw Hg (Alam
et al., 2010) in mangrove ecosystems. To our knowledge, there is no available data on THg and

MeHg concentrations in mangroves rivulus.

Atmospheric
o, Hg 4

Anthropogenic disturbance

Anoxic & acidic environment@""',»' Decomposition

y

4/
e - Y,
; ; 4
X !

\Labile carbon

Hg microbial methylators

Figure 14: Factors controlling MeHg production in mangrove sediments. (1) Organic matters (OM) binds with inorganic
mercury (Hg?*) and changes its bioavailability; (2) OM acts as labile carbon source of Hg methylators, such as sulfate-
reducing bacteria (SRB), iron-reducing bacteria (FeRB), and methanogens; (3) OM decomposition often results in a low pH,
Eh, and DO environment, indirectly changing the Hg methylation rate; (4) tidal mixing changes the sulfate concentrations in
the sediments, altering SRB activity; (3) abundant inorganic sulfur species have significant effects on MeHg production; (6)
mangrove OM has different origins that differ in their roles in sedimentary MeHg formation. From Lei et al., (2019)

3.7 Summary of relevant features as model species

In its natural habitat, the mangrove rivulus shows exceptional plasticity to face the highly
variable physico-chemical conditions of mangrove ecosystems such as emersion behavior and
survival in terrestrial environment through gill and skin remodeling (see 3.2 Ecology). The wide
reaction norm of the mangrove rivulus is paradoxical considering its reproduction system. This
system alternates between the cross-fertilization of a male and a hermaphrodite on the one hand,
and self-fertilization (or selfing) of hermaphrodites on the other hand, which is a unique feature

among vertebrates (Figure 9a-b). Consistent selfing of wild-caught rivulus that are highly
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heterozygous produces isogenic lineages with offspring that are homozygous at all
microsatellite loci after approximately 5-10 generations, and heterozygosity decreased by
approximately 50% after one generation (Mackiewicz et al., 2006). This allows us to work with
natural highly homozygous and isogenic lineages and reduces genetic noise within lineages
(see 3.3 Reproduction). In opposition to artificial clonal lineages of other model species, the
mangrove rivulus and its unique reproductive system allow us to investigate adaptive and
evolutionary processes in a relevant way, including origins of phenotypic variation. Variation
in personality traits has been the focus of several studies on mangrove rivulus, which showed
considerable plasticity in boldness (Edenbrow & Croft, 2011, 2013; James et al., 2018),
aggressiveness (Edenbrow & Croft, 2012, 2013) and exploration (Edenbrow & Croft, 2011,
2013) in response to abiotic and biotic environmental changes (see 3.4 Behavior and personality
variation). In the last decade, there have been advances in genomic studies of mangrove rivulus
leading to an annotated genome assembly. Moreover, colossal efforts in populations genetic
studies showed that each natural rivulus population has its own genetic diversity generated by
its own selfing rate, and a variety of lineages with different levels of homozygosity, which
contrasts with the almost exclusive use of isogenic lines in the laboratory (see 3.5 Genetics:
diversity in laboratory and wild populations). More recently, the mangrove rivulus has become
the target of epigenetic studies. After investigating the basis of mangrove rivulus epigenetic
machinery, recent studies suggested that regulation of gene expression through DNA
methylation could play a role in its plastic response to environmental variation (see 3.6
Epigenetics). Many other advantages related to the use of this new valuable model vertebrate
species exist and the following list is probably not exhaustive: its short generation time (= 80
to 100 days), its simple rearing environment, the transparency of its embryos, its small size, and

its robustness (Figure 9c).

43



CHAPTER 2: OBJECTIVES

The present study aims to determine the role of DNA methylation in the adaptation and
evolution of mangrove rivulus Kryptolebias marmoratus by investigating its variation and
sources within and among mangrove rivulus populations from the wild or reared under
standardized laboratory conditions. We choose individual and consistent behavioral variation
(i.e. personality traits) as an endpoint to represent the capacity of DNA methylation to generate

phenotypic variability.

The state of the art highlights crucial points that need investigation: (1) In opposition to wild
plant populations, there is no review about population epigenetics in wild animal populations.
Our first step is to produce a review which will be used as a starting point for our field study
on mangrove rivulus. (2) Epigenetic variation as a source of phenotypic variation has been
explored in genetically diverse populations, or in clonal populations. For the first time, this
question can be addressed in a species naturally found under both configurations, allowing us
to compare populations covering a vast spectrum of genetic diversity. (3) Behavioral variation
has never been chosen as a phenotypic end point in these previous studies on epigenetic and
genetic diversity in wild populations. However, animal behavior mediates the interaction
between an organism and its environment, and constitutes the ultimate phenotype influencing
ecological and evolutionary processes. Thus, field work comparing epigenetic and behavioral
variation in populations with a gradient of genetic diversity, including an isogenic population

(Figure 15), would allow us to answer to new evolutionary relevant questions described below:

How epigenetic variation balances with genetic variation in wild populations of mangrove

rivulus encountering genetic diversity gradient?

e What are the origins of epimutations? Is there higher epigenetic variation in populations
with higher genetic variation (i.e. obligatory epimutations)? Is there epigenetic variation in
isogenic populations (i.e. pure epimutations)?

e Is there significant individuality in wild populations of mangrove rivulus? Are there
intrinsic parameters that maintain rivulus personality through the time (genetic of non-

genetic)?
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e What are the origins of individuality? Is there higher behavioral variation in population with

higher genetic variation? Is there no significant individuality in isogenic population?

Population 1 Population 2 Population 3 Population 4
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Epigenetic diversity?

Figure 15: Schematic design of field work investigating epigenetic diversity and consistent individual behavioral variation (i.e.
individuality) in wild mangrove rivulus populations with a gradient of genetic diversity. When selfing rate increases, genetic

diversity is expected to decrease within a population as it can create isogenic lineages.

As shown in our review (see Chapter 3), the relationship between genetic, epigenetic and
phenotypic variation can be species- and even population-specific. Depending on the different
levels of genetic, epigenetic and behavioral variation observed within and among population of
mangrove rivulus, several scenarios may emerge with different implications for the role of
DNA methylation in the adaptation and evolution of mangrove rivulus. (1) Populations with
high genetic diversity show high epigenetic variation (obligatory epimutations) and genetic
variation is the main cause of individuality. Populations with lower genetic diversity show
lower epigenetic variation and no significant individuality. This scenario implies that genetic
diversity is the main driver of epigenetic and behavioral diversity generation in rivulus
populations (Figure 16a). (2) Population with low genetic diversity show epigenetic variation
due to random or environmentally-induced epimutations, which corresponds to an epigenetic
buffering as detailed in the introduction. Briefly, this phenomenon can facilitate evolutionary
rescue of populations showing low genetic diversity by helping them facing rapid and
fluctuating environmental changes thanks to the responsiveness of environmentally-induced
epimutations. Population with higher genetic diversity show higher epigenetic variation due to
the addition of obligatory, facilitated and pure epimutations effects. Individuality occurs in all

populations from different sources and with different intensity (from pure epimutations in
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isogenic populations, and from genetic, obligatory + facilitated + pure epimutations in
genetically-diverse populations). This scenario implies that epigenetic diversity is crucial for
the adaptation and survival of some mangrove rivulus populations showing low genetic
diversity, while genetic diversity maintain phenotypic variation within genetically-diverse
rivulus populations (Figure 16b). (3) There is a phenotypic convergence between epigenetic
and genetic factors in the generation of individuality. In population with low genetic diversity,
environmentally-induced and random epimutations underlies individuality. In population with
high genetic diversity, obligatory epimutations and genetic variation underlie individuality. All
populations show similar level of individuality, which come from different sources (Figure
16¢). By comparing epigenetic diversity and individuality in mangrove rivulus populations with
different level of genetic diversity, we can investigate if DNA methylation is involved in
adaptation and evolution of mangrove rivulus populations, but also if this involvement varies

depending on the population.
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Figure 16: Possible relationship between individuality, epigenetic and genetic variation among wild mangrove rivulus. a
Genetic diversity is the main driver of epigenetic and behavioral diversity generation in rivulus populations. b Epigenetic
buffering helps populations with low genetic diversity to face environmental changes thanks to the responsiveness of
environmentally-induced epimutations. ¢ Phenotypic convergence between epigenetic and genetic factors in the generation of

individuality.

The main inconvenience of field studies is that environmental variation within and among a
population is difficult to describe and to include in the sources of phenotypic variation.
Environmentally-induced and random epimutations (pure epimutations) within population
cannot be discriminated. Thus, following this field work which investigate the balance between

epigenetic variation and genetic variation underlying behavioral variation, we explored the
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effects of a well-known pollutant, the methylmercury (MeHg), on the offspring of the
previously studied wild isogenic population. We aim to distinguish potential environmentally
(MeHg)-induced epimutations at targeted CpGs in the exposed groups, and natural rate of
random epimutations in the control group of mangrove rivulus, and to link them to gene
expression and behavioral variation (Figure 17). We exposed rivulus larvae to MeHg from 0 to
7 days post-hatching (dph), and evaluated immediate effects on DNA methylation, gene
expression and behaviors at the end of the exposure, but also delayed effects in adult rivulus
(90 dph). Early-life is recognized as a sensitive window during which the environment can have
long-lasting effects on the organism phenotype later in life. Discovering out how environmental
stressors influence epigenetic and possibly phenotypic variance is crucial to understand
animals’ ability to acclimate to new environmental conditions. This ecotoxicological study
would highlight the level of random epimutations and the potential alternations of
environmental changes on the methylation level of targeted genes related to personality in the
mangrove rivulus by using a methylation gene-specific approach. We do not necessarily intend
to study the effects of MeHg on the mangrove rivulus, but rather to study the effects of
environmental variation on epigenetic variation in one isogenic lineage of mangrove rivulus, if
these effects vary among rivulus, if they are reversible or permanent, which brings us to these

experimental questions:

Whether and how an environmental stressor (MeHg exposure) induces epimutations in

an isogenic lineage, and how behaviors and related genes expression are modified?

e Does an early-life exposure to MeHg (from 0 to 7 days post-hatching) create
environmentally-induced epimutations affecting the expression of genes related to
behaviors in rivulus larvae?

e Are the immediate effects on DNA methylation, gene expression and/or behaviors
maintained later in life in adults rivulus (90 dph)?

e Do random epimutations occur? What is the rate in control group and in exposed groups?

e I[s there significant individuality in exposed and/or control groups? How is it affected by an

environmental stressor?
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Figure 17: Schematic design of ecotoxicological study investigating immediate and delayed effects of methylmercury exposure
(represented as CH3Hg molecule) on DNA methylation and behaviors in mangrove rivulus Kryptolebias marmoratus. In
control group, DNA methylation variation (i.e. epimutations) can arise from random processes (represented as dices),
randomly modifying gene expression and resulting behaviors, creating consistent individual behavioral variation (i.e.
individuality). In methylmercury-exposed group, environmentally-induced epimutations can arise due to the exposure,

modifying gene expression and altering behaviors.

Different results may arise from this experiment, as the effects of methylmercury vary
according to the species (detailed in the introduction). (1) Immediate and reversible effects
of MeHg exposure: MeHg exposure can create DNA methylation changes in rivulus larvae
after 7 days of exposure. These environmentally-induced epimutations modify expression of
genes including behavior-related genes, which cause behavioral alterations. These epimutations
are reversible and disappear when the exposition ends. No effects of MeHg are observed in
adults rivulus. (2) Immediate and irreversible effects of MeHg exposure: Immediate effects
of MeHg on DNA methylation, gene expression and/or behaviors are maintained after the end
of the exposure, creating permanent effects in adults rivulus. (3) Delayed effects of MeHg
exposure: Early-life MeHg exposure does not create immediate effects on larvae, but delayed
effects are observed in adults rivulus. (4) No significant effects of MeHg exposure on our

targeted endpoints.

In addition to comparing experimental groups (control and exposed rivulus), the

characterization of epigenetic and behavioral variation within groups can provide us with
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crucial information on the basal variability of these parameters among rivulus from the same
isogenic lineage reared in standardized environment. These data will be useful in the
interpretation of results obtained in the field study, where environmental variation is not
controlled. By studying epigenetic and behavioral variation in control group, we can highlight
basal levels of random epimutation and intrinsic individuality among rivulus that do not come
from environmental or genetic variation. By studying epigenetic and behavioral variation
within exposed groups, we can also highlight differences in rivulus sensibility to an
environmental variation, and how an environmental stressor can induce higher phenotypic

variation within exposed group than control group.
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CHAPTER 3: EPIGENETIC VARIABILITY IN WILD ANIMAL
POPULATIONS

Ecological epigenetics mostly progressed with studies that investigated DNA methylation
variation under laboratory conditions, and later with population epigenetics studies on natural
plant populations. Now that this research established a solid data basis for the extent of
epigenetic variation and its dynamics over time and context, scientists are reaching the next
level with wild animal population epigenetics. Since the first wild animal populations
epigenetics study in 2010, more than thirty similar articles have been published on a wide
variety of animal species, from invertebrates to vertebrates. The field of population epigenetics
requires a review with a focus on wild animal population because it is fast moving research
area, and there is a set of recent advances that need to be brought together to provide new
insights in this domain. For example, most articles discuss the lack of field study focusing on
the transgenerational inheritance of epigenetic marks. Since 2021, there are several publications
on this topic. From a broader view, this review contributes to the construction of the extended
evolutionary synthesis, a theory which is still under debate. This review will form the basis for

our field study on mangrove rivulus.
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Abstract:

Population epigenetics explores the extent of epigenetic variation and its dynamics in natural
populations encountering changing environmental conditions. In contrast to population
genetics, the basic concepts of this field are still in their early stages, especially in animal
populations. Epigenetic variation may play a crucial role in phenotypic plasticity and local
adaptation as it can be affected by the environment, it is likely to have higher spontaneous
mutation rate than nucleotide sequences do, and it may be inherited via non-mendelian
processes. In this review, we aim to bring together natural animal population epigenetic studies
to generate new insights into ecological epigenetics and its evolutionary implications. We first
provide an overview of the extent of DNA methylation variation and its autonomy from genetic
variation in wild animal population. Second, we discuss DNA methylation dynamics which
create observed epigenetic population structures by including basic population genetics
processes. Then, we highlight the relevance of DNA methylation variation as an evolutionary
mechanism in the extended evolutionary synthesis. Finally, we suggest new research directions
by highlighting gaps in the knowledge of the population epigenetics field. As for our results,
DNA methylation diversity was found to reveal parameters that can be used to characterize
natural animal populations. Some concepts of population genetics dynamics can be applied to
explain the observed epigenetic structure in natural animal populations. The set of recent

advancements in ecological epigenetics, especially in transgenerational epigenetic inheritance
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in wild animal population, might reshape the way ecologists generate predictive models of the

capacity of organisms to adapt to changing environments.
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1. Introduction

Our understanding of an organism’s capacity to respond to environmental changes has
advanced, in a large way, through studies focusing on genetic variation and the manipulation
of environmental conditions. These studies confirm that genotype, environment, and their
interaction contribute to phenotypic variability, a fundamental prerequisite for evolution by
natural selection. The tremendous development of genetic knowledge during the 20" century
has led to the merge of Darwinism and the field of genetics into a modern synthesis. However,
we now admit that genetic variation is not the only source of phenotypic variation that can be
inherited across generations because only a small proportion of variance in complex traits can
actually be explained by genetic variance [1]. The concept of inclusive heritability has been
proposed to unify genetic and non-genetic mechanisms of heritability, which encompasses all
dimensions of inheritance such as the transmitted parental effect, ecological variation, social
variation, and transgenerational epigenetic inheritance (TEI) [2]. There is a growing consensus
that epigenetics and, in particular, TEI could be one of the missing factors for understanding
phenomena that cannot be explained by the DNA sequence alone, such as incomplete
penetrance (i.e., individuals of a given genotype expressing different phenotypes) and the
variance in expressivity (i.e., the degree/intensity to which complex trait expression differs
among individuals) [3,4]. These two phenomena result in an incomplete correlation between

genotype and phenotype, and these may be partly explained by epigenetic mechanisms.

Epigenetics has been narrowly defined as mitotically and/or meiotically heritable changes in
gene expression that cannot be explained by changes in the gene sequence [5] (see Table Al
for glossary). These changes include histone modification, DNA methylation, and small RNA
regulation, and these are involved in processes such as cellular differentiation, development,
diseases, behaviors, and metabolism [6]. Studies exploring phenotypic plasticity have showed
that epigenetic variation can play a significant role in the response that an organism has to
environmental variation, as epigenetic marks can be directly affected by the environment. In
other words, environmentally induced epigenetic variations have been proposed to mediate
phenotypic plasticity as they allow the organisms to adapt to the environmental conditions by
increasing the phenotypic options of a genotype with no genetic sequence modification [7-9].
Moreover, fitness-related phenotypes that are initially environmentally induced can be selected
to become genetically determined, and hence, heritable, a process that is named genetic

accommodation [10,11]. Genetic assimilation (i.e., the loss of or decreased plasticity [12]) and
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genetic compensation (i.e., the selection for similar phenotypes in different environments [13])
are different types of genetic accommodation. In other words, in addition to being another
source of phenotypic variation, epigenetic variation can precede genetic adaptation through
genetic accommodation, thus reversing the standard model of evolution from a genotype-to-

phenotype to a phenotype-to-genotype information flow [11,14,15].

Understanding the evolutionary implications of epigenetics and how epigenetic mechanisms
contribute to phenotypic variability is one of the current greatest challenges in evolutionary
biology. The importance of epigenetic variation in environmental adaptation and evolution has
been investigated much more in plants than it has been in animals [16,17]. Moreover, most
epigenetic data that are available on animals have been collected under laboratory conditions
in model organisms such as mice and insects and these studies have mainly focused on
epigenetic mechanisms and their responses to environmental stressors [17-20]. Laboratory
studies on plants and animals have shed light on some of the general features of epigenetics,
with important evolutionary implications. First, epimutations were assessed to be up to five
orders of magnitude more frequent than genetic mutations were (10~* versus 10~ per base pair
and generation) in the model plant Arabidopsis thaliana [21,22]. Second, some epigenetic
marks may be stably inherited across generations through transgenerational epigenetic
inheritance, as reported in many plant and animal taxa such as mammals [23], birds [24], fish
[25], and invertebrates [26,27]. Third, epigenetic variation that is associated with changes in

gene expression can be environmentally induced in plants and animals [28,29].

An important step is now to examine the extent of epigenetic variation and the way that this
variation changes over time in wild populations that encounter natural levels of environmental
complexity, genetic structure and dynamics, and natural ecological processes. This endeavor
represents part of the field of population epigenetics. Though the basic concepts of population
genetics from the 1930s are well described, these have been extended with the introduction of
the modern synthesis (MS), however, the body of knowledge concerning population epigenetics
remains largely scarce as it is a new research interest. As for laboratory studies, most of the
natural population, epigenetic research projects have been carried out in plant populations,
which have been reviewed elsewhere [16,30,31]. The first experimental work investigating
epigenetics in natural animal populations was published in 2010 on DNA methylation in

rainbow trout Oncorhynchus mykiss [32]. Since this study, there has been a growing number of
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studies focusing on natural population epigenetic variation, especially DNA methylation

variation in animals in terms of their phenotypic diversity generation and local adaptation.

As is the case for most of these articles, the present review focuses on DNA methylation, which
is the most extensively characterized epigenetic mechanism in both plants and animals [33].
DNA methylation is found across all taxa of life, and primarily occurs at the 5-methylcytosine
bases in eukaryotes and prokaryotes [34]. It involves the addition of a methyl group to cytosine
within the CpG dinucleotides in animals. The DNA methylation of regulatory regions is
generally associated with gene down-regulation or silencing, but that is not always the case
[35,36]. Recent studies have showed that gene body methylation is positively correlated with
transcriptional activity in most animal species [33]. The genomic distribution of DNA
methylation has been described in many clades of animals, but there are some differences in
how and where it occurs. In vertebrates, the pattern and extent of DNA methylation is well
conserved across species; DNA methylation occurs nearly throughout the entire genome, with
70-80% of cytosines in the CpG dinucleotides being methylated [37]. Gene bodies, including
exons and introns, are typically methylated, while CpGs in the gene promoter regions are often
lowly methylated [38,39]. The idea that only vertebrates have a highly methylated genome has
recently been challenged as this phenomena has also been found in the sponge Amphimedon
queenslandica and a unicellular green algae from the genus Chlorella [34,40]. Despite this
rather consistent DNA methylation pattern across vertebrate species, differences occur in terms
of the pattern establishment during early embryogenesis. Taking DNA methylation
reprogramming as an example, the demethylation of both parental genomes occurs in the mouse
embryo, whereas the paternal pattern of methylation is maintained in zebrafish, with a
reprogramming of the maternal DNA to correspond to the paternal template [41]. Regarding
invertebrates, DNA methylation patterns are extremely variable across taxa. Some invertebrate
genomes lack cytosine methylation such as the nematode Caenorhabditis elegans, the
platyhelminth Schmidtea mediterranea, the fruit fly Drosophila melanogaster, and the rotifer
Adineta vaga [42,43], while others are similar to plants as they have a mosaic of heavily
methylated DNA domains (predominantly in exons) that are interspersed with domains that are
methylation-free, such as the sea anemone, honey bee, and sea squirt [34,44]. Although the
DNA methylation pattern and its genomic distribution vary widely across animal taxa, it is
possible to draw general lines on its diversity and its responsiveness when it is facing natural

environmental conditions.
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Our discussion starts with a presentation of existing literature on DNA methylation variation
and genetic variation within and among natural animal populations. It then focuses on the
relationship between epigenetic and genetic variation, which illustrates a degree of autonomy
of DNA methylation variation from genetics, and ultimately, its additional value in evolutionary
mechanisms. The following section describes the epigenetic dynamics in natural animal
populations. Some ecological processes act on epigenetic variation and patterns, and others act
on both epigenetic and genetic structures. It is crucial to consider these processes to understand
the current patterns of genetic and epigenetic variation, but also the past and the future
populations’ epigenetic dynamics. Then, we discuss the extended theory of evolution, including
epigenetic variation as an evolutionary mechanism in natural populations. Epigenetic variation
may be involved in population microevolution (rapid evolutionary events that are adaptations
to a new environment during introduction and invasive events in fast-changing habitats and
when stressors are occurring), but also in population macroevolution, including radiation and
speciation. The review closes with a discussion on the directions of future studies on the
epigenetics of wild animal populations. Addressing these topics is essential to achieve a more
comprehensive understanding of the relevance and the roles of epigenetic mechanisms,
especially DNA methylation, in regulating phenotypic plasticity and facilitating evolution in

wild animal populations.

2. Epigenetic Diversity in Natural Animal Populations

DNA sequences are a succession of four different bases (A, C, T, and G), and each mutation
switches a base for another one. An allele is a variant of the same gene that is located at the
same genetic locus and is characterized by a specific sequence. Each diploid organism owns
two alleles at each locus, and it is qualified as heterozygous if the alleles are different, or
homozygous if they are the same. The situation is quite different for DNA methylation marks,
since a cytosine can only be methylated (M) or unmethylated (U), thus restricting to two the
number of possibilities that there can be at each cytosine. For the same allele, each CpG (and
at a lower level, each CHG and CHH-H for any base, except for G) can either be M or U, thus
producing a succession of single methylation polymorphisms (SMPs). SMPs can accumulate
in the DNA sequence, and they produce a specific methylation pattern, or epiallele. While
genetic variation refers to the different allele frequencies that there are among individuals or

populations, epigenetic variation corresponds to the presence or absence of epigenetic markers
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at specific loci that are studied among and/or within populations [45]. The amount of epigenetic
variation within a population is called epigenetic diversity, and it refers to SMP diversity [46].
SMP diversity is generated by epimutations, i.e., epigenetic modifications at a given position
or region, and its origins can be genetic, environmental, or stochastic [45,47]. Focusing on
cytosine methylation (5SmC), epimutations are heritable changes in the methylation status of a
single cytosine or of a region or cluster of cytosines [48]. To determine the DNA methylation
diversity in wild animal populations, most field studies have used methylation-sensitive
amplified polymorphism (MSAP or MS-AFLP) [49-51]. Next-generation sequencing is, more
rarely and most recently, the method that has been used among other such as reduced
representation bisulfite sequencing (RRBS) [52-55], MeDIP-Seq analysis [56,57], and whole-
genome bisulfite sequencing (WGBS) [58] (Table A2).

By comparing the epigenetic and genetic diversity in wild animal populations, it is possible to
estimate the relative importance of genetic and epigenetic variation in populations phenotypic
diversity, and to test the hypothesis that epigenetic divergence acts as the first step in speciation,
allowing for the expression of alternative phenotypes in response to environmental changes,
which are ultimately fixed by genetic accommodation or assimilation [11,15,59,60]. Many
studies have identified extensive epigenetic diversity that exceeds the genetic diversity between
natural populations of plants [61,62]. It was suggested that the epigenetic variation in natural
plant populations plays a major role for their transient and/or heritable adjustment to the
changing environments, as it may be stable and related to environmental variation [63]. This
implies that these environmentally induced epimutations may lead to the convergence of
individuals that are living in similar habitat conditions; this is a situation that may be
exacerbated by TEI. Even though studies on epigenetic variation in natural animal populations
are scarce when they are compared to plant studies, some discernible patterns have emerged
after we have reviewed them. As result of our review, regardless of whether we focused on
crustaceans, mollusks, fish, reptiles, birds, or mammals, the DNA methylation variation was
larger than the genetic variation was among and/or within wild animal populations [53,56,64—
68]. For example, Smith et al. studied the DNA methylation variation in fish (Etheostoma
olmstedi) using the MSAP technique. They investigated two North American river drainages,
wherein, each of them includes several closely related populations, to characterize the
epigenetic variation within and among the populations. They obtained results that demonstrated

that there is a significantly greater epigenetic diversity than there is genetic diversity within all
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of the populations in both the Patuxent and Potomac rivers. Regarding the diversity among the
populations, their analysis demonstrated that there is a substantial epigenetic structure, but no
genetic structure, meaning that E. o/mstedi populations are significantly different from each
other in terms of their DNA methylation patterns, but not in terms of their genomes [60]. They
assumed that the methylome is changing faster than the genome is in this species, which is in
accordance with the general hypothesis that epigenetic divergence can precede genetic

divergence in evolution due to its dynamics.

A larger amount of epigenetic diversity in comparison to the amount of genetic diversity can
also arise between populations of sister species. Skinner et al. measured the genetic mutations
(via copy number variation—CNV) and epimutations (via differential DNA methylation
regions—DMRSs) across five species of Darwin’s finches (Geospiza fuliginosa, G. fortis, G.
scandens, Camarhynchus parvulus, and Platyspiza crassirostris). As a result of these
measurements, they found that there were fewer genetic mutations than there were epimutations
among the five species, showing that the differences in the methylome are more related to
evolutionary relationships than they are differences in the genome. Moreover, they reported
that the differentially methylated genes were related to evolutionarily important pathways in
birds [65]. Vernaz et al. found a substantial methylome divergence between six Lake Malawi
cichlid species that show extensive phenotypic diversity despite having them extremely low
DNA sequence divergence. These DMRs were enriched in transposons and were associated
with the transcription changes of ecologically relevant genes that are related to energy

expenditure and lipid metabolism in the cichlid’s live [68].

An extreme situation can be observed in asexual species exhibiting a lack of genetic variation
due to their reproductive system. A study on epigenetic polymorphism in the clonal fish
Chrosomus eos-neogaeus from seven geographically distant lakes showed that they have an
interindividual DNA methylation variability. Moreover, individuals could be regrouped
according to their lake of origin based on their unique methylation profile, as individuals of a
given lake are epigenetically similar [69,70]. Thorson et al. measured the genome-wide DNA
methylation variation of asexual New Zealand freshwater snail Potamopyrgus antipodarum
from distinct habitats (two lakes versus two rivers). Those snails have significant methylation
signatures when one is comparing those of the lake versus those of the river populations [71].
Later, they examined the methylation variation among those in the lakes that differ in their

environmental disturbance and pollution histories. Using an MeDIP-Seq analysis, they showed
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the presence of site-specific differences in the DNA methylation between each of those lake
populations [57]. These studies raise the question of the environmental implications in

epigenetic variability, which is discussed later.

In most of the wild animal populations that have been examined to date, independently of the
studied organisms or the molecular analysis that is being used, the DNA methylation variation
is larger than the variation in allele frequencies within and among natural animal populations.
This should not be surprising as epimutations can happen randomly, such as mutations, but they
can also be triggered by environmental conditions and by the genotype itself. The epigenetic
diversity that is found in a population is therefore the result of the combination of these three
distinct sources. To determine the implications of the epigenetic processes in evolution, a major
concern is to characterize the degree of autonomy between epigenetic and genetic variation and
ultimately, the degree of phenotypic variation that can be explained only by the environmental

or stochastic epimutations [72].

3. Correlation between Epigenetic and Genetic Variation in Natural Animal

Populations

Based on their degree of autonomy from the underlying genotype, epialleles are categorized
into three types: obligatory, which is completely dependent on the genetic variation; facilitated,
which is directed or loosely potentiated by the genotype; pure, which is independent of the
genetic variation and is generated by stochastic events or environmental changes [73]. To
identify which epialleles categories are encountered in natural populations, the correlation
between the genetic and epigenetic profiles can be estimated, mostly by using a Mantel test
[50,63,74,75]. A significant (positive or negative) correlation suggests that the epigenetic and
genetic variations are interdependent, which corresponds to the presence of obligatory
epialleles. In contrast, the absence of a significant correlation suggests that the epigenetic
variation can autonomously impact the phenotypic variation, by being totally or partly

independent from genetic control.

Under laboratory conditions, epimutations are expected to be mostly obligatory. The lack of
environmental fluctuations in the laboratory housing conditions does not promote

environmentally induced epimutations and the selection of epimutation-sensitive alleles that
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are responsible for alternative phenotypes that occur while experiencing environmental changes
in natural conditions (see the Baldwin effect in “Section 5.2 Epigenetics and macroevolution of
natural animal population”). In this case, epigenetic variation can be viewed as a phenotypic
read-out downstream of the genotype, with a low environmental contribution. For example, Hu
and Barrett reviewed the epigenetically encoded thermal plasticity in animals. Of the 14 studies,
13 included a putatively obligatory epigenetic variation that was underlying phenotypic
plasticity, and only one was categorized as “unknown” [45]. In mice and humans, some studies
have evaluated the association between epigenetic and genetic variation with a narrow-sense
heritability, i.e., the ratio of additive genetic variance to the total phenotypic variance. It appears
that genetic variation can explain an average of 7-34 % of all methylation variation [76-78]. In
natural animal populations, although several studies have measured epigenetic and genetic
variation, only a few of them have estimated the relationship between those variations. Of the
26 reviewed studies, 12 did not calculate a correlation coefficient between the genetic and
epigenetic variation, eight studies found a non-significant correlation, and six studies obtained
a significant correlation (Table 1). Moreover, few authors have linked a calculated correlation
coefficient to Richards’ epiallele categories. For instance, Liebl et al. obtained a significant
negative correlation between the genetic and DNA methylation variation within seven
populations of house sparrows (Passer domesticus) [79]. However, they predicted that all three
kinds of epialleles could play a role in those populations as their design could not discriminate
between the three categories. Despite the lack of direct connection between these categories
and the genetic vs. epigenetic variation—correlation coefficient, calculating this coefficient can
still help to estimate the relative importance of the genetic and epigenetic variation in the
mechanisms that are facilitating population divergence, and to highlight the extent to which

epigenetic variation is under genetic control [67,73].

Table 1. Overview of studies focusing on genetic and epigenetic diversity and correlation in natural animal populations.

. Genetic Vvs. Epigenetic .

Species Correlation Epialleles Category Ref.
Clonal fish L . . -
(Chrosomus eos-neogacus) No significant correlation Putatively pure or facilitated [69]
Clonal fish .o . . -
(Chrosomus eos-neogacus) No significant correlation Putatively pure or facilitated [70]
Clonal fish No significant correlation Unknown [80]
(Chrosomus eos-neogaeus)
House sparrows . . .
(Passer domesticus) (Africa) Significant negative correlation Unknown [79]
House sparrows . .
(Passer domesticus) (Australia) No significant correlation Unknown [74]
Red grouse . No significant correlation Unknown [81]
(Lagopus lagopus scotica)
Bats Significant positive correlation Unknown [66]
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(Rhinolophus pusillus,
Hipposideros armiger and
Miniopterus fuliginosus)

South African (Gansbaii) sandhopper

(Talorchestia capensis) No significant correlation Putatively pure or facilitated [50]
South African sandhopper . . . . .

(Talorchestia capensis) Significant negative correlation Putatively obligatory [50]
Pacific oyster . .. . . .

(Crassostrea gigas) Significant positive correlation Putatively obligatory [67]
Crested anole o o, . . .

(Anolis cristatellus) Significant positive correlation Putatively obligatory [54]
Eastern oyster L No significant correlation Unknown [53]
(Crassostrea virginica)

Fish (Gobio occitaniae) Significant positive correlation Unknown [75]
Chinook salmon (Oncorhynchus No significant correlation Unknown [82]

tshawytscha)

Even though the obligatory epialleles’ relevance is questioned regarding its evolutionary
potential [69], an interesting new insight is that the epigenome can also influence the genome,
thereby creating a significant relationship between their variation. Firstly, the epigenetic
variation can regulate the active status of transposable elements (TEs). TEs are DNA sequences
that can change their position within a genome. The epigenetic control of gene expression
mostly originates from the regulation of TEs that are inserted near genes [83]. In fact, TEs are
the major carriers of epigenetic marks and are subject to almost all epigenetic regulatory
mechanisms in plants [84]. Interestingly, there is a great variability in the locations of the TEs,
not only between different species, but also within populations. More than 90% of the TEs that
are inserted at a specific genomic position are not present in all individuals within both animal
[85] and plant [84] populations. Transposon insertion polymorphism between individuals may
come from epigenetic variation and it results in genomic sequence variation. Secondly, DNA
methylation variation can influence the mutation rates in repetitive elements which are known
to regulate genome 3D folding and the establishment of heterochromatin, among other
regulation mechanisms [86]. These repetitive elements are patterns of nucleic acids that occur
as multiple copies in the DNA sequence, comprising TEs, simple sequence repeats (SSRs), and
microsatellites, and these represent a major fraction of vertebrate genomes [87]. Some studies
have highlighted the correlation between a decrease in the DNA methylation of specific
repetitive elements and an increase in the copy number variations (CNVs), thus showing
another possible epigenetic-to-genetic flow [88,89]. Finally, besides these specific genome
components, epimutations may alter the global genome stability and modify the mutation rate
of the DNA sequences throughout the genome. Methylated cytosines (mCs) in the CpG context
seem to have a higher mutation rate than non-methylated ones [90], and this is in part because

mCs are subject to spontaneous deamination [91]. This process, where an mC turns into a T,
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occurs at a rate that is 10- to 50-fold higher than any other mutation is in humans [92]. The
result of this hypermutability is a CpG depletion in the consistently methylated genomic
regions. Yet, the amount of CpGs in a genome partly determines its epigenetic potential, which
is defined as “the capacity for environmentally induced phenotypic change (i.e., plasticity) via
epigenetic modifications to relevant genomic elements” [93]. CpGs are considered as the
capacitors of phenotypic plasticity; the more CpGs an organism has, then the more facilitated

their acclimation is via DNA methylation and gene expression regulation.

In summary, epigenetic and genetic changes most likely work in concert to regulate the gene
expression and phenotypic variation of complex traits (Figure 1). The proportion of the
genotype-independent and -dependent epigenetic variation reflects the underlying mechanisms
of the natural animal population’s evolutionary pathways to promote phenotypic variation [65].
New insights that we would like to highlight is that even though there is a significant correlation
between epigenetic and genetic variation, epigenetic variation is not necessarily dependent on
genetic variation. As has already been explained, the epigenome can influence the genome in
different ways. Moreover, a significant correlation does not imply that there is a causal
relationship. Geographical and ecological processes may create parallel evolutions of genetic
and epigenetic structures, and thus, similar patterns that are without any functional link with
each other. To better understand these dynamics, it is important to consider the mechanisms
that are influencing both genetic and epigenetic diversity, and the processes that only act on

epigenetic markers in wild animal populations.
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Figure 1. Interactions between epigenetic, genetic, environmental, and phenotypic variations. Epigenetic variation can depend
upon the genotype (obligatory and facilitated epimutations), or it can be independent of the genotype (pure epimutations) and
be generated by environmental changes or stochastic events (random epimutation/epigenetic drift). Adapted with permission
from [47], 2022, Frédéric Silvestre.

4. Epigenetic Dynamics in Natural Animal Populations

4.1. Geographical and Ecological Processes Acting on Both Epigenetic and Genetic Diversities

If the epigenetic marks are stably inherited, similar processes that contribute to generating
patterns of the genetic structure in natural populations can also act on the epigenetic variation
[54,57]. Gene flow is an important mechanism for transferring alleles between populations,
thus resulting in increasing the homogeneity among populations, and in increasing the genetic
diversity within a population. Some factors can decrease the gene flow, thus generating genetic
isolation and in some case, speciation. The gene flow is reduced in the species with low
dispersal or mobility, that are living in fragmented habitats, are made of small populations, and
are separated by a long distance. This geographically limited dispersal creates genetic
differentiation, which is also called isolation by distance (IBD) [94]. Herrera et al. proposed a
similar approach to measure the epigenetic IBD among individuals or among populations, and
to use the spatial structure of their genetic diversity as a null model to investigate the processes
that are shaping epigenetic variation in natural populations [95]. The variable level of
transgenerational epigenetic inheritance and the capacity of epigenetic marks to be modified in
response to environmental variation are the two factors explaining the possible differences
between genetic and epigenetic diversity. In plants, this approach generally shows that there is
a greater level of epigenetic IBD than genetic IBD, and there is a higher epigenetic similarity
when this is compared to the amount of genetic similarity at the shortest distance, suggesting
that both a significant TEI and a high responsiveness to the environmental local conditions are

the major drivers of epigenetic spatial structure [95].

Besides the geographical distance, the ecological conditions are other landscape elements that
can influence gene flow. Temperature, precipitation, humidity, elevation, substrate type, and
vegetation density are all examples of the environmental factors that can also play a role in
evolutionary processes like isolation by environment (IBE). IBE is defined as a pattern in which
the degree of genetic differentiation increases with the environmental differences, independent
of the geographic distance [96]. A variety of processes can generate genetic IBE, including
natural and sexual selection against migrants from divergent environments and biased dispersal.

IBD and IBE, besides acting on genetic structure, can also act on epigenetic diversity as
63



epialleles should be transferred between populations with gene flow [95]. DNA methylation
divergence, genetic divergence, and reproductive isolation were investigated in eight pairs of
geographically isolated species Etheostoma (‘darters’), a diverse genus of North American
freshwater fish [60]. The strongest reproductive barrier among darter species seems to be the
behavioral reproductive isolation, i.e., a reduction in gene flow due to differences in mating
behavior [97]. They found a significant relationship between behavioral isolation and
interspecific epigenetic divergence, but not with genetic divergence. These results suggest that
the strength of the behavioral isolation among the eight allopatric, phylogenetically independent
species is predicted by epigenetic divergence [60]. Another study reported significant DNA
methylation differentiation that is consistent with short-distance dispersal among great
roundleaf bat populations in China [98]. These studies illustrate the strong relationship that may
exist between epigenetic and isolation mechanisms as gene flow reduction occurs due to sexual
selection or dispersal capacity, thus creating a higher epigenetic population structure than that
of the genetic structure. A recent study compared spatial genetic and epigenetic variation based
on single nucleotide polymorphisms (SNPs) and single methylation variants (SMVs) from eight
populations of the Puerto Rican crested anole Anolis cristatellus that occupies a diverse range
of habitats [54]. They found that the plots of the genetic and epigenetic IBD and IBE indicate
that they have similar slopes, suggesting that the genetic and epigenetic variation may have
shared responses to geographical and environmental factors. Interestingly, after controlling for
the effects of the underlying genetic structure, there is still a relationship between the epigenetic
and genetic structure, but they did find evidence for a strong pattern of genome-wide epigenetic
IBE. This significant epigenetic IBE suggests that the epigenetic variation in A. cristatellus is
not only attributable to the pattern of genetic variation, but that epigenetic differentiation is
strongly correlated with environmental divergence. This is the first study of its kind, as
the empirical demonstration of epigenetic IBE has been limited to only a few plant systems
[63,95]. This difference between genetic and epigenetic IBE probably arises from the ecological

processes that influence epigenetic but not genetic diversity.

4.2. Ecological Processes Increasing Epigenetic Diversity

Some processes can act on epigenetic but not genetic variation, thereby contributing to the
extensive epigenetic diversity that exceeds that of the genetic variance, as described above.
These pure methylation variations may be created by stochastic events (like random

epimutations or epigenetic drift) and are also induced by environmental variation.
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Random epimutations can arise at any time in the lifespan of the organism, and they are not
induced by environmental factors. Accurately setting, erasing, and reproducing methylation
patterns are complex processes involving a series of interconnected factors (reviewed in [47]).
A first possible mechanism sustaining random epimutation refers to the imperfect fidelity of
methylation replication. In eukaryotes, DNA methylation replication is catalyzed by the
enzymes of the DNMT (DNA methyltransferase) family. DNMTI, also named as “the
maintenance DNA methyltransferase”, has an accuracy rate of ~95%, despite its regulatory
mechanisms such as autoinhibition [47]. This defect of 5% inaccuracy can generate new DNA
methylation patterns, especially since replication is required over the entire genome. A second
mechanism underlying the random epimutations is de novo methylation during early-life stages.
Epigenetic marks are placed at very specific times during the organism’s development, namely
gametogenesis and early embryogenesis. The patterns are set by other members of the
methyltransferase family, namely DNMT3A and DNMT3B, which are also known as de novo
methyltransferases. Due to mechanisms such as the imprinting of primordial germ cells and
DNA methylation reprogramming, gametogenesis and early embryogenesis offer another
window of susceptibility for random epigenetic alterations. Studies focusing on quantifying the
epimutation rates have mainly focused on the model plant Arabidopsis thaliana [21,22,99]. The
forward and backward CpG epimutation rates (i.e., methylation is gained or lost, respectively)
were estimated to be 2.56 x 107* and 6.30 x 10* per generation per haploid methylome,
respectively [22]. These estimates are similar to the rate that has been provided previously (4.46
x 107 by [21]), but they illustrate that methylation loss at the CpG is globally three times as
likely as the methylation gain is. They also detailed the extent to which CpG epimutation rates

depend on the genomic context, with the highest rates being found in gene bodies (forward:
3.48 x 10 ' and backward: 1.47 x 10_3), and the lowest rates being found in transposable

elements (forward: 3.24 x 10 * and backward: 1.20 x 10_5). Interestingly, a spontaneous error
rate in methylation maintenance at the promoter CpG islands (both gains and losses) was
measured to be 107# to 107 in vitro [100], which means that even the genome regions that are
essential in gene expression regulation can be modified by random epimutations. This set of
results contrasts with the spontaneous genetic mutation rate of 7 x 10~ base substitutions per
site per generation in A. thaliana, 2.3 x 107 in C. elegans, 3.4 x 107'° in drosophila, and 5.0
x 107! in humans [101,102]. In other words, random epimutations can emerge at any time in

the lifespan of the organism, with rates that are expected to be higher than the genetic mutation
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rates. Some events have a high susceptibility for random epigenetic alterations including cell

division, gametogenesis, and embryogenesis.

Epigenetic drift corresponds to the gradual changes in epigenetic patterns, and it is due to
random epimutations. This neutral process is not directional as it creates both hyper- and
hypomethylation. Moreover, drift is not uniform across the genome, and is variable between
individuals of the same age. A meaningful drift example is age-related epigenetic drift. This
uncoordinated accumulation of methylation variation creates a global DNA hypomethylation
and degrades the transcriptional networks during aging [103]. This process is variable across
the genome, may not occur homogeneously in all cells, and is variable between individuals of
the same age. Thus, epigenetic drift leads to increased discordance between individual
epigenomes across the lifespan of the organism. Conversely, some programmed changes in the
methylation of specific CpG sites are consistently related to age between individuals of the
same species. This programmed aging-associated epigenetic modification refers to the
epigenetic clock [104]. The prevailing tendencies of these specific changes are the
hypermethylation of the promoter sequences that are associated with CpG islands and the
hypomethylation of CpG-poor genes. There is a strong correlation between the age and
methylation levels of multiple CpG sites in individuals of the same species [103], whereby,
their methylation status could be used as an epigenetic signature to estimate their biological
age. Until recently, this “epigenetic clock” had only been developed in mammals, including
humans, mice, whales, dogs, and wolves. A large international consortium recently compared
thousands of methylation marks among 59 tissues and constructed highly accurate universal
epigenetic clocks for 128 mammalian species [105]. Although very little is known about non-
mammalian vertebrates, recent studies have also relied on DNA methylation repatterning
during aging to develop such epigenetic clocks for a few fish species, including zebrafish,
Japanese medaka, European seabass, Australian lungfish, Murray cod, and Mary River cod
[106,107]. Thus, both epigenetic drift and the epigenetic clock contribute to time-related
changes in DNA methylation, but in fundamentally different ways. In both cases, gene
expression regulation by epigenetic mechanisms becomes gradually deregulated therefore
leading to a diminished responsiveness to environmental stimuli. Ultimately, epigenetic drift
could lead to a loss of cellular phenotypic plasticity [108]. Studies focusing on whether and
how drift influences epigenetic marks in wild animal populations are very scarce. Recently,

Venney et al. provided new evidence that drift could act on DNA methylation by highlighting
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the correlation between microsatellites (considered as neutral genetic markers of genetic drift)
and the differences in methylation among eight populations of Chinook salmon (Oncorhynchus
tshawytscha) [82]. Despite there being a lack of studies focusing on epigenetic drift and random
epimutations in wild animal populations, several field studies have explained the presence of
large amounts of epigenetic diversity in contrast with the presence of smaller amounts of
genetic diversity with the occurrence of mechanisms including stochastic epigenetic drift and

epimutations in a wide range of animals [54,57,60,65-67,71,81].

Beside these processes, which are similar to those of genetics (genetic/epigenetic drift and
random mutations/epimutations), another major mechanism can act specifically on epigenetics
markers: environmentally induced epimutations. Unlike genetic variation, DNA methylation
can be rapidly influenced by environmental variation, particularly when the organism is in the
early developmental stages [109]. Some studies have investigated the influence of the
environment in shaping the epigenome under different laboratory settings (e.g., temperature
[110], diet [111], behavior [112], and chemicals [113]. However, they may not reflect the
epigenetic processes that occur under field conditions with natural levels of environmental
heterogeneity and complexity. Field studies on plant populations have shown that there are
strong environmental effects on DNA methylation [30,63,95,114]. Similar results have been
obtained for animals as population epigenetic studies have provided evidence of habitat-specific
DNA methylation patterns in a wide range of wild animal species (e.g., [50,53,54]), especially
between ecotypes, such as freshwater vs. marine three-spined sticklebacks Gasterosteus
aculeatus [115], coastal vs. offshore common bottlenose dolphins Tursiops truncates [116], and
lake vs. stream ecotypes of clonal fish Chrosomus eos-neogaeus [80]. These observations of
environmentally induced epimutations are even more likely in habitats that are disturbed by
urbanization and/or pollution, wherein DNA methylation variation could be driven by a
variation in food availability and pollutant levels [55]. Guillette et al. have focused on the
potential alterations in the epigenome of the American Alligator Alligator mississippiensis that
live in contaminated (Lake Apopka—AP and Merritt Island—MI) and non-contaminated (Lake
Woodruff—WO) lakes in Florida. They identified 85 differential DNA methylation regions
between WO and AP, and 75 between WO and MI, showing that there are more epigenetic
alterations in the species in the contaminated lakes compared to those in the species in the non-
contaminated lake [109]. Similar results have been observed between asexual snails

Potamopyrgus antipodarum living in rural lakes vs. urban lakes [57], between hatchery and
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natural-origin steelheads Oncorhynchus mykiss [52], between baboons Papio cynocephalus that
forage naturally in a savanna environment vs. baboons that have access to spatially concentrated
human food scraps [117], and also between two closely related species of Darwin’s finch living
in rural vs. urban populations [56]. Regarding this last study, more interestingly, few of the
DMRs between the rural and urban populations were found in the same DNA sequence regions
in G. fortis and G. fuliginosa. This suggests that these species are responding to environmental
changes in different ways, which correspond to a species-specific sensitivity to environmental
variations, even when they were comparing the closely related species [56]. These studies show
habitat-, population-, or species-specific DNA methylation patterns in a wide range of wild
animal populations, indicating that local environmental factors may influence DNA
methylation patterns among populations. Thus, environmentally induced epimutations could
ultimately contribute to the extensive epigenetic diversity that is observed in the animal
populations studies that are reported in this review. Moreover, the environmentally induced
epigenetic variation between natural populations could be even greater in the case of isolation,
especially isolation by environment, as described above. Ultimately, environmentally induced

epimutations could lead to local adaptations if these marks are inherited across generations.

To date, we have found very few studies that evaluated the transgenerational inheritance of
DNA methylation marks in natural animal populations encountering different environmental
conditions. Wang et al. investigated the environmentally induced phenotypic variation, DNA
methylation, as well as heritable epigenetic variations between intertidal and subtidal Pacific
oysters (Crassostrea gigas) using WGBS. Their offspring F1 were produced and subjected to
a common environment. There was a clear DNA methylation differentiation between the
intertidal and subtidal oysters, as they identified 3012 differentially methylated genes (DMGs)
in FO, and 3090 DMGs in F1. Moreover, the 1238 DMGs that were found in the F1 oysters
were shared with those in the FO generation, meaning that about 41% of the DMGs between
the intertidal and subtidal oysters could be transmitted to the next generation. They also
investigated the variation tendency in the 1238 inherited genes. Nearly 70% of the heritable
DMGs had a consistent variation trend in response to the environments in the two generations.
Finally, these DMGs were annotated, and they appeared to be involved in phosphorus, lipid,
and protein metabolism, and in the regulation of GTPase activity, autophagosomes, and
apoptosis [58]. This study highlighted the inherited environmentally induced methylation

variation that may underlie the phenotypic divergence that is related to the heat stress between
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intertidal and subtidal oysters across generations. A second study that was carried out by Hu et
al. showed similar results by comparing the DNA methylation variation between marine and
freshwater ecotypes of threespine sticklebacks (Gasterosteus aculeatus) using an RRBS
technique. FO fish were collected in marine and freshwater locations and maintained in a
common garden. F1 and F2 subjects were generated by crossing the marine and freshwater
wild-caught parents to explore their stable epigenetic variation and its underlying genetic basis
across two generations of the marine-freshwater hybrid lines. Firstly, they identified 891
differentially methylated cytosines (DMCs) between the parental fish that were sampled from
the marine versus the freshwater habitats. Then, they investigated the levels of
intergenerationally stable methylation. They found that 94.8% (845 out of 891) of the DMCs
between the ecotypes were identified as stable across generations, suggesting that this
methylation divergence could play a role in facilitating their adaptation to different habitats.
They also found a narrow-sense heritability of these stable DMCs, ranging from 24% to 35%,
meaning that some of them are obligatory epimutations (under genetic control), while other are
pure epimutations. Finally, their functional analysis identified several DMC-associated genes
that are related to environmental variations such as salinity, osmosis, parasites, and diet [118].
Those two recent studies bring new insights into the extent to which variation in
environmentally induced DNA methylation is stably transmitted across generations in wild
animal populations, and they provide promising evidence for the adaptive mechanisms through

which these transmitted epimutations occur.

To summarize, a population’s epigenetic and genetic structures might be the consequences of
the combination of ecological mechanisms that are in common with or specific to genetic and
epigenetic dynamics (Figure 2). Gene flow can transfer both alleles and epialleles between
different populations, thereby dealing with barriers such as geographical, environmental, or
reproductive barriers. Stochastic events such as drift and mutations/epimutations also act on
both genetic and epigenetic divergence, with there being a possible greater impact on epigenetic
markers as the epimutation rates are expected to be higher than the genetic mutation rates are.
A specificity of epigenetic markers is their responsiveness to environmental variation. It can
create habitat-, population-, or species-specific DNA methylation patterns that may be
transmitted to the next generation, resulting in among-population but also within-population
variations, as individuals are likely to display different sensitivities to environmental stimuli.

Taking these processes into account, the observed greater amount of epigenetic variability that
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is seen when this is compared to the amount of genetic diversity might be caused by epigenetic
drift and random or environmentally induced epimutations, whose effects are exacerbated in
the situation of limited or insufficient gene flow to prevent divergence. This situation mainly
occurs in species with a low dispersal or mobility, those that are living in fragmented habitats,
are made of small populations, and are separated by a long distance, thus promoting genetic

and epigenetic drift.

(a) Limited gene flow due to isolation * No transfers of (epi)alleles via gene flow
by distance or environment + Increased (epi)genetic diversity due to random (epi)mutations

*+ Increased epigenetic diversity due to environmentally-induced epimutations
High habitat and population-specific epigenetic structure
Environment A Environment B

SDea-2eE

(b) Establishment of gene flow between populations Transfers of (epi)alleles via gene ﬂf’“{ .
Increased (epi)genetic diversity within populations

Decreased (epi)genetic variation between populations
* Low habitat and population-specific epigenetic structure

Population 1 Population 2

(Epi)alleles

(Epi)alleles
BN Genotypes @ Initial DNA methylation |:> Environmental changes |:> Gene flow effects
 I— ® Random epimutation Epigepetic.drift
— @ Environmentally-induced epimutation Genetic drift

Figure 2. Epigenetic dynamics: ecological and geographical processes and their consequences on (epi)genetic diversity within
populations and on (epi)genetic variation between populations. (a) Isolation by distance or by environment limits (epi)alleles
transfer by gene flow. Stochastic events such as drift and (epi)mutations increase (epi)genetic diversity within populations over
time. Environmentally induced epimutations create habitat and/or population-specific DNA methylation patterns that may be
transmitted to the next generation, resulting in strong epigenetic structures. (b) As consequences of gene flow, (epi)genetic
diversity increases within populations and (epi)genetic variation between populations decreases, thereby resulting in lower
epigenetic structure that distinguished populations.

5. Epigenetic Variation as an Evolutionary Mechanism in Natural Populations

Natural selection acts on an organism’s phenotypes to enhance their fitness. One of the basic
principles of evolution is that phenotypic variation in a population derives from the
accumulation of mutations in the DNA sequence which gradually accumulate over generations.
However, the slow spread of genetic mutations does not explain all of the observed micro- and

macroevolutions, and they cannot keep pace with the rapidly changing environment [66].
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Unlike that of genetics, epigenetic inheritance can rapidly affect the population. As described
above, epimutations can arise in response to an environmental modification on a much faster
time scale, within a single generation than a single de novo genetic mutation in a single
individual can. This neo-Lamarckian concept of acquired characteristic inheritance (also known
as “soft inheritance”; [119]) and that of the neo-Darwinian evolution should not be seen as
incompatible, but instead, they can form a unified theory for evolution which is named the
Extended Evolutionary Synthesis (EES) [120]. This theory involves environmentally induced
epimutations and an epigenetic transgenerational inheritance that alters the phenotypic
variation, on which natural selection can act [121], among other concepts that are illustrated in
Figure 3. Several studies on epigenetics in natural animal populations have showed
environmentally induced epimutations, but none of them have focused on their evolutionary
consequences, which could be the target of future studies. Despite this lack of evidence, the
extended evolutionary synthesis theory provides new insights into the microevolution
mechanisms for rapid evolutionary events such as an organism’s local adaption to a new
environment during introduction and invasive events in a fast-changing habitat, wherein
stressors occur intermittently [121], but also, it provides new insights for macroevolution,

including radiation and speciation [60].

EXTENDED EVOLUTIONARY SYNTHESIS

Evolutionary developmental biology

Epigenetic inheritance Plasticity and accommodation

Niche construction MODERN SYNTHESIS Learning and cultural

transmission

Gene mutation Micro- and macroevolution

Multilevel
selection

Evolvability
Mendelian genetics and inheritance

Population
genetics

Speciation

DARWINISM

Phenotypic Variation

Survival Inheritance
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Figure 3. Schematic representation of key concepts included in the Extended Synthesis, illustrating the continuous expansion
of evolutionary theories. Adapted with permission from [120], 2022, Massimo Pigliucci.
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5.1. Epigenetics and microevolution of natural animal populations

Microevolution corresponds to the processes that lead to intraspecific evolutionary changes that
occur over time within and among populations. Among these processes, local adaptation is
considered to be one of the major mechanisms that is used to explain how organisms adapt to
environmental variations or to a new habitat during introduction and invasive events [122]. It
is the process by which organisms of the same species evolve and adapt towards different
phenotypic optima depending on the local environment in which they live [87]. Studies on
plants populations have demonstrated local adaptations that are related to epigenetic variation,
close associations between epigenetic variants and environmental gradients in a variety of
natural plant systems, and the role of local epigenetic adaptation during biological invasions
(e.g., [63,123,124]). These studies have highlighted the importance of epimutations in local

epigenetic adaptations.

Focusing on how epimutations regulate phenotypic traits during local adaptation might shed
light on how animal species evolve and which evolutionary strategies they apply. On the one
hand, environmentally induced epimutations can be associated to a sense-and-response system
(i.e., phenotypic plasticity). As described previously in this review, recent studies have showed
habitat-specific DNA methylation patterns in a large panel of species. In the previously detailed
study of Wogan et al. on the DNA methylation variation in eight populations of the Puerto
Rican crested anole A. cristatellus, they detected 95 single methylation variants (SMVs),
thereby showing a significant relationship to climatic variables: 14 of these were significantly
linked to the maximum temperature of the warmest month, and 25 were linked with temperature
annual range. Moreover, all of the 95 SMVs were significantly correlated to precipitation
seasonality [54]. This study indicates that DNA methylation variation can occur across the
environmental gradients of the factors affecting methylation. Just like the plants’ systems,
environmentally induced epimutations could play an important role in the phenotypic plasticity,
thereby leading to the local adaptation of animals. This strategy seems to be the best if the
environmental variations are predictable. Baldanzi et al. investigated the levels of genetic and
DNA methylation variation within and among populations of the sandhopper Talorchestia
capensis from five localities along the South African coasts. Four populations showed

significant negative relationships between their epigenetic and genetic diversity (corresponding
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to a genome-dependent epimutation). The Gansbaai population, the exception, showed no
correlation between the two patterns. Interestingly, the Gansbaai population is the only
population that is found in a transition area with a high level of environmental changes.
Environmentally induced epimutations in the individuals from Gansbaai could be a mechanism

of their adaptation to these transitional environmental conditions [50].

On the other hand, random epimutations highlight the propensity to randomly diversify the
phenotypes and these are supposed to be more advantageous when organisms encounter
unpredictable environmental changes; a strategy that is referred to bet-hedging (i.e., organisms
suffering decreased fitness under their normal conditions, but increased fitness under
unexpected stressful conditions) [124]. Bet-hedging allows individuals of a population to
present a panel of phenotypes including some with high fitness, ensuring the survival of a
proportion of the population, whatever the current environmental conditions are. Most
incidences of bet-hedging that have been so far highlighted are for prokaryotes, chordates,
angiosperms, and arthropods (16 phyla, reviewed in [125]). To our knowledge, the only study
in which the methylome of multicellular animals has been studied from a bet-hedging
perspective is a study on a wild populations of clonal fish Chrosomus eos-neogaeus [80]. The
authors of this study analyzed the DNA methylation polymorphism in C. eos-neogaeus between
two types of environment: predictable (lakes) and unpredictable (intermittent streams) areas.
They showed that the contribution of environmentally induced and stochastic epigenetic
changes strongly differs between the predictable and unpredictable environments. Indeed,
clonal fish that are found in predictable environments display environmentally induced
epigenetic changes, whereas those living in unpredictable environments are characterized by a
high contribution of random epimutations. Thus, pure epigenetic variation (environmentally
induced or random) can be adaptive when the environment changes rapidly, thus being

predictable or not.

Epigenetic mechanisms can be associated with another central phenomenon in evolutionary
biology and population dynamics: the expansion of newly introduced populations, which is
considered as a genetic paradox. These populations succeed when they spread out in a new
environment, despite the fact that they are small, presumably not adapted to their new habitat,
and encounter a significant decrease in genetic diversity which is associated with passing

through a bottleneck [115]. Several natural animal population studies on invasive species have
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showed that when the genetic diversity is low, epigenetic processes can maintain a high
phenotypic variability via a compensatory mechanism between the epigenetic and genetic
variation, which could explain their expansion ranges. These studies include observations of
the asexual freshwater snail Potamopyrgus antipodarum [57,71], the pygmy mussel
Xenostrobus secures, the tubeworm Ficopomatus enigmaticus [49], the mussels Mytilus
galloprovincialis and Xenostrobus securis [126], and the house sparrow Passer domesticus.
Regarding this latter species, studies have screened for the DNA methylation of the introduced
house sparrows in Tampa (Florida) and the Nairobi (Kenya) populations [127], in several cities
in Kenya [79], and in the Middle East [128]. Those populations encountered a recent founder
effect, thereby reducing their genetic diversity. It turned out that each study obtained the same
results: an excess of DNA methylation variation which was relative to genetic variation. Liebl
et al. also identified a negative relationship between epigenetic and genetic diversity, which
corresponded to a compensatory mechanism for reduced levels of genetic diversity [79].
However, a more recent study on the levels of epigenetic and genetic diversity across 15 sites
in the introduced Australian house sparrow population failed to detect any correlation between
the two profiles [74]. It suggested that epigenetic diversity is likely to compensate for low
genetic diversity that occurs immediately after a bottleneck. A compensatory relationship may
have been stronger in the earlier stages of the introduction, but this is now obscured by the
genetic diversity recovery. Another insight involves the reversibility of the epigenetic markers.
Epigenetic markers are highly dynamic, suggesting that the extent to which DNA methylation
signatures are established and removed is variable over time. This study highlights the

importance of incorporating history into population-wide epigenetic analysis.

5.2. Epigenetics and macroevolution of natural animal population

Macroevolution corresponds to the processes that lead to interspecific (or higher-rank taxa)
evolutionary changes that occur over geologic time. For example, it includes adaptive radiation
which is defined by a process in which organisms diversify from an ancestral species into
multiple new forms, and this results in speciation. This process particularly occurs when new
resources, new environmental niches, or new disturbance arise. In these situations, epigenetic
variation is likely to play a role in the initial stages of ecological speciation by facilitating an
adaptation to novel ecological environments via phenotypic plasticity. On the one hand, a
significant environmental shift from a stable habitat to a novel, stable habitat should favour

genetic assimilation [ 129]. During this process, environmental changes induce the epimutations
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that are responsible for a new advantageous phenotype. This environmentally induced
phenotype and its underlying epimutations are maintained across generations and these are
subject to natural selection as an adaptive alternative. Over time, these environmentally induced
epimutations are incrementally replaced with multiple advantageous genetic mutations through
the process of natural selection. The epigenetic contribution to the phenotype decreases as the
genetic contribution increases. Ultimately, the environmentally-induced phenotype becomes
genetically encoded in the population due to the process of mutation selection, and the
environmental signal, as well as the epigenetic marks that are no longer required to produce it
[7]. It corresponds to a ‘mutational assimilation’ in which the mutations are facilitated by
epigenetics [ 14]. This process requires that environmentally induced epimutations are inherited
through generations and that the environment is stable for a period that is at least as long as the
organism’s generation time. This mechanism supports the theory that epigenetic variation
precedes genetic variation, as it has the potential to accelerate genetic evolution [11]. On the
other hand, a new habitat with fluctuating conditions selects for a high level of plasticity; a
process that is named the Baldwin effect [ 130]. In this case, individuals can express alternative
phenotypes due to an alternative methylation pattern established being on some sensitive
alleles. These genes that are required for flexibility are selected, and their frequency will
increase in the population. In this case, there is no inheritance of the DNA methylation marks.
In summary, it is the flexibility of the phenotype that is selected, rather than the result of the
flexibility itself. These two concepts of genetic assimilation and the Baldwin effect suggest a

role for DNA methylation in the initiation of species divergence and radiation.

Moreover, field studies have showed that DNA methylation is also involved in the maintenance
of species divergence. For example, Skinner et al. compared the epigenetic differences of five
closely related species of Darwin’s finches (Geospiza fortis, G. fuliginosa, G. scandens,
Camarhynchus parvulus, and Platyspiza crassirostris) and tested the hypothesis that DNA
methylation variation accumulates with phylogenetic distance. They obtained a significant
correlation between the number of epigenetic variations and phylogenetic distance between the
finches, but no significant between the genetic variants and the phylogenetic distance [65]. This
study showed that epimutations appear continuously and accumulate over long periods of time
(2-3 Myr). Another study on DNA methylation in fossilized steppe bison Bison priscus and
bison fresh tissue has showed that there are stable patterns of methylation between ancient and

contemporary DNA samples [131]. These findings suggest a role for DNA methylation, not
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only in the initiation of radiation, but also in the maintenance of species divergence over

evolutionary timescales, as epigenetic variations can persist over thousands of generations.

6. Future Research in Animal Population Epigenetics

The greatest challenge confronting populations epigenetics is to determine the role of natural
epigenetic variation in adaptive evolution. Experimental field studies that are investigating this
question in animals are in their first steps. Before considering epigenetics as an evolutionary
mechanism, some characteristics have to be investigated or confirmed. First, despite the fact
that epigenetic inheritance has been shown in laboratory studies, very few studies have focused
on it in wild animal populations [58,118]. Epigenetically induced phenotypes can be transmitted
to an organism’s offspring if the epigenetic marks can resist resetting between generations, i.e.,
epigenetic reprogramming. This mechanism corresponds to an extensive erasing of epigenetic
marks, and it occurs both in the germline and in the zygote immediately after fertilization in
animals. The reprogramming process has been described in a few species such as mice [132],
zebrafish [133], killifish [134], and medaka [135], but we still need to unravel the mechanisms
of epigenetic reprogramming in more species in the wild, given its species-specific
characteristics. Despite this barrier to transgenerational epigenetic transmission, emerging
evidence has shown that pure (random and environmentally induced) epimutation inheritance
may exist in animals. Considering the laboratory results, field studies such as those of Wang et
al. [58] and Hu et al. [118] would offer a deeper understanding of epigenetic inheritance across
individuals under natural conditions, particularly when exploring evolutionary scenarios in wild

populations that are facing environmental variation.

A second feature to investigate is to what extent epigenetic variation is under genetic control.
Unfortunately, the correlation between epigenetic and genetic variation in wild animal
population studies have not been systematically evaluated. Yet, estimating this correlation is
crucial to highlight the evolutionary relevance of epigenetic variation. Regarding studies that
have calculated it, there were as many non-significant correlation coefficients as there were
significant ones. These results contrast with similar studies in plants that mainly show a strong
correlation between the patterns of epigenetic variation and the underlying genetic variants [45].
Otherwise, as genetic variation can blur the role of epigenetic variation, experimental systems
in which the confounding effects of genetic variation have been controlled or reduced may be

useful for isolating the contributions of epigenetic mechanisms in evolutionary processes. We
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suggest that future studies could focus on a species with a known limited genetic variation.
Researchers have used populations with a lack of genetic variation resulting from clonal
reproduction (e.g., clonal fish, [69,70]) or bottlenecks following invasion (e.g., house sparrows,
[79,127]). The mixed-mating reproduction system of the mangrove rivulus Kryptolebias
marmoratus can be used to go even further into the analysis of epigenetic—genetic variations
interaction. This system alternates between the cross-fertilization of a male and a hermaphrodite
on the one hand, and self-fertilization (or selfing) hermaphrodites on the other hand, which is
unique feature among vertebrates [ 136]. Consistent selfing naturally produces isogenic lineages
[137]. Under laboratory conditions, a higher degree of methylation differentiation between
genotypes than that between environments has been reported in two highly inbred strains [72].
They also pointed out that methylation differences between environments that are common to
both strains mostly correspond to facilitated epialleles, suggesting the existence of a dynamic
interaction between the genotype and the environment. For future studies on this species, we
suggest the comparison of natural populations that exhibit a selfing rate gradient, and to
investigate how epigenetic diversity varies among those populations with a different level of

genetic diversity.

Thirdly, we suggest the use of concepts that have been developed in population genetics studies
in their application to population epigenetics, while considering the non-mendelian inheritance
and the environmental sensibility of epigenetics. The basic biostatistics of population genetics
can be transferred to populations epigenetics to inspire a new index of epigenetic diversity and
structure. Johnson and Kelly calculated the Psr, the methylation analogue of Wright’s Fisr, by
subtracting the total variance in the methylation in all populations of Eastern oyster Crassostrea
virginica from the variance within a single population and divided this by the variance that was
in all of the populations (Psr = (Variancerowl — Variancesw)/Variancerowl) [53]. To take the
analysis one step further, characterizing the total epigenetic variation is not sufficient to assess
the capacity of an organism to respond to environmental changes. Distinguishing the different
types of epimutations (i.e., randomly, genetically, or environmentally induced) might shed light
on how organisms evolve in terms of plasticity or diversified bet-hedging adaptations. Field
studies could analyse this partition of epigenetic variation as a population characteristic such as
those found in population genetics, thereby expanding the molecular tool list to assess the

evolutionary potential of populations.
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Fourthly, population epigenetics can be a useful tool in conservation biology. The epigenome
can be altered by biotic (e.g., parasitic or social) and abiotic (e.g., thermal or chemical) stressors,
thereby creating a permanent epigenetic “foot-print” that is known as epigenetic memory [138].
These environmentally induced DNA methylation patterns can be considered as biomarkers to
evaluate the past and present environmental stress events that are experienced by organisms, as
there is evidence for epigenetic memory to be transgenerational [139]. To determine the
chemical classes to which organisms have been exposed throughout their lifetime using
epigenetic memory, more efforts are required in the identification of specific epimutations that
are caused by these chemicals. Besides environmental toxicity safety assessments, a DNA
methylation variation analysis can be relevant for improving translocations [140] and for
studying the connectivity and clustering of wild populations [141]. As such, a DNA methylation

study appears to be a promising tool in conservation biology.

Fifthly, the role of DNA methylation in allelic-specific expression (ASE) should be investigated
in wild populations. In diploid organisms, genes are generally expressed from both alleles
(biallelic expression), but there are exceptions wherein it occurs only from one allele
(monoallelic expression), thereby creating an ASE at each involved gene locus. An ASE is the
consequences of an epigenetic process that silences one of the parentally inherited alleles of a
gene [142]. The most well-known examples of an ASE that is mediated by epigenetic
mechanisms are genomic imprinting and X-chromosome inactivation [143]. Interestingly,
random monoallelic expressions (RME) can also occur at the individual loci of autosomal
genes, independently of the gene families [144]. Studies have showed that RME patterns are
inherited during cell division [145,146], meaning that the earlier that this process occurs during
development, the more cells and tissues that will express similar ASEs, and vice versa. This
stochasticity that is provided by RME generates a wide diversity of gene expression and might
confer many advantages such as generating cellular diversity or regulating gene dosage, as is
observed in X-chromosome inactivation. As some cells could have advantageous combination
of ASE patterns, it can also enhance the adaptability of organisms to environmental changes
during development and throughout their life. Thus, the epigenetic regulation of allelic-specific
expressions could create an expression imbalance that contributes to the generation of

phenotypic variation among individuals.
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Finally, regarding future research on animal populations, epigenetics complexity is worth
noting. As detailed in the introduction, the genomic distribution of DNA methylation has been
found in many clades of animals, but there are differences in how and where it occurs.
Moreover, it is well established that different tissues have specific DNA methylation patterns
within the organism, that there is an epigenetic dysregulation with age, and also an interaction
between these two criteria as some studies show a tissue-specific effect of age on the epigenome
[147,148]. A comparison of the studies characterizing DNA methylation diversity should
therefore be interpreted with caution, although it is necessary to draw general lines on
epigenetic variation in natural populations. Epigenetics multiplicity is also worth noting; while
DNA methylation is the main studied epigenetic mechanism, RNA interference and histone
modification are further mechanisms that must be included in the discussion about gene

expression regulation generating phenotypic diversity.

7. Conclusions

DNA methylation diversity has been found to be a revealing parameter to characterize natural
animal populations. Further studies on its dynamics, emergence, and subsequent implications
in population fitness has become increasingly relevant, especially from evolutionary
perspectives. The recent progress in ecological epigenetics allows a more complete
understanding of how epigenetic diversity is modulated over time, which will be helpful for
generating predictive models of the capacity of populations to adapt to environmental variation.
Distinguishing random epimutations from environmentally induced ones and heritable
epimutations from non-heritable ones may allow us to characterize the responses of organisms
to environmental changes, as any variations in DNA methylation within a species might shed
light on how they evolve. Although epigenetic studies in natural animal populations are
relatively scarce and new, they highlight some important characteristics of DNA methylation
that can be used in future research to investigate the link between epigenetic variation and

phenotypic plasticity, and local adaptation and evolutionary mechanisms in the wild.
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Appendix A

Table Al. Glossary.

Term

Definition

Epigenetic mark

Chemical modifications to DNA, RNA, or proteins that influence chromatin state and gene
expression. It includes DNA methylation, noncoding RNAs, and protein modifications (e.g.,
acetylation, deacetylation, ubiquitination, and histone methylation).

Epiallele

Locus presenting distinct epigenetic profiles due to differences in methylation or chromatin
states.

Epimutation

Heritable change in gene activity that is not associated with a DNA mutation, but rather with
the gain or loss of DNA methylation or other heritable modifications of chromatin.

Single methylation polymorphism
(SMP)

Spontaneous variation in DNA methylation at base-pair resolutions that are due to errors in the
maintenance of methylation states. The rates of SMP formation is at least four orders of
magnitude greater than genetic mutations.

Epigenetic reprogramming

Erasure and remodelling of epigenetic marks such as DNA methylation during embryo
development. Its purposes include the erasure and reestablishment of parental genomic imprints
in germ cells, the erasure of epimutations, and the correct development of the embryo through
the generation of totipotent or multipotent cells.

Epigenetic variation

Variation in epialleles which is studied among and/or within populations.

Epigenetic diversity

The amount of epigenetic variation within a population.

Transgenerational epigenetic
inheritance (TEI)

Stable inheritance of epigenetic marks across multiple generations.

Epigenetic divergence

The process in which two or more populations of an ancestral species accumulate independent
epimutations through time.

Epigenetic drift

Gradual changes in the epigenome that is due to random epimutations. This neutral process is
not directional as it creates both hyper- and hypomethylation.

CpG island

Short CpG-rich region of the genome characterized by at least 500 bp of DNA with a GC
content > 55%.

Epigenetic potential

The genomic capacity for environmentally induced phenotypic change (i.e., plasticity) via
epigenetic modifications.

Phenotypic plasticity

Any change in an organism’s phenotype in response to an environmental signal.

Neo-Lamarckism or Lamarckian
inheritance

A theory of evolution based on the principle of soft inheritance, which refers to the inheritance
of variations that are the result of non-genetic effects. It includes inheritance coming from
evolutionary developmental biology, epigenetics, niche construction, and learning and cultural
transmission. This theory is part of the extended evolutionary synthesis.

Extended evolutionary synthesis

A set of evolutionary theories including the modern synthesis (combination of Darwinian view
of evolutionary change and Mendelian genetics) and soft inheritance (or Lamarckian
inheritance). This theory is still under debate.

Table A2. Commonly used molecular techniques to evaluate DNA methylation diversity in field studies.

Technique

Description, Advantages, and Limitations

Methylation-sensitive amplified
polymorphism (MSAP)

Modified from the amplified fragment length polymorphism (AFLP) technique, MSAP uses
EcoRI (rare cutter) with either one or two methylation-sensitive isoschizomer restriction
enzymes, Hpall and Mspl (frequent-cutter), which recognize the same restriction site (5'-
CCGG-3'") but have different cytosine methylation sensitivities. For each sample, MSAP
analysis is performed using both EcoRI/Hpall- and EcoRI/Mspl-digested samples. The
resulting DNA fragments are ligated with linkers and PCR amplified. Such amplification
produces a reduced population of fragments that are separated in denaturing polyacrylamide
gels in order to compare the respective band patterns. This technique is useful for non-model
species as it does not require a reference genome. It is one of the most commonly used methods
for assessing DNA methylation changes in plants. However, the main disadvantage of MSAP
is that it can only detect methylation on 5'-CCGG-3'.

Methylated DNA

MeDIP is an enrichment-based purification technique that involves antibodies directed against
mC or mCG to precipitate methylated DNA fragments. Differential DNA methylation regions

immunoprecipitation (MeDIP)-Seq are identified by comparing the coverage between groups of interest. Combining MeDIP with

next-generation sequencing, it provides methylomes at typically 100-bp to 300-bp resolution.
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With the appropriate antibody, MeDIP is also able to detect hmC. MeDIP limitations include
antibody quality and cross-reactivity, and relatively low-resolution level in comparison with
bisulfite sequencing methods.

Reduced representation bisulfite

sequencing (RRBS)

RRBS relies on digestion of genomic DNA with the enzyme Mspl, which produces DNA
fragments that begin and/or end with an informative CpG site (CpG-enriched genomic regions).
Then, genomic DNA is treated with sodium bisulfite, which leaves methylated cytosines intact
but converts unmethylated cytosines to uracil (and ultimately thymine after PCR).
Amplification fragments are sequenced, allowing for the identification of methylated cytosines.
This is an efficient and high-throughput technique due to its high definition since it produces
genome-wide methylation profiles with single-nucleotide resolution. Compared to WGBS, it
allows one to investigate larger numbers of individuals as it is more cost-effective, but it only
provides limited genome coverage (5—10%) and is CpG island and promoter region-centric.

WGBS combines the use of sodium bisulfite treatment and high-throughput DNA sequencing
to produce genome-wide methylation profiles with single-nucleotide resolution. Unlike RRBS,

Whole-genome bisulfite sequencingit estimates all cytosines methylation levels (including CpG and non-CpG) across the genome,

(WGBS

rather than CpG enriched genomic regions. This method is capable of testing approximately
90% of all cytosines in genomes studied to date but is cost prohibitive to sequence large

numbers of individual samples.
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Comments and transition

As insights of this review, DNA methylation diversity has been found to be a revealing
parameter to characterize natural animal populations. The recent progress in ecological
epigenetics allows a more complete understanding of how epigenetic diversity is modulated
over time by genetics and environments, which will be helpful for generating predictive
models of the capacity of populations to adapt to environmental variation. This review
showed that there was as many obligatory than pure epimutations in wild populations
depending on the studies and the species of interest. These results contrast with similar
studies in plants that mainly show a strong correlation between patterns of epigenetic
variation and underlying genetic variants (obligatory epimutations). Otherwise, as genetic
variation can blur the role of epigenetic variation, studies in which confounding effects of
genetic variation have been controlled or reduced may be useful for isolating the

contributions of epigenetic mechanisms in evolutionary processes.

Researchers focused on populations with lack of genetic variation resulting from clonal
reproduction or bottlenecks following invasion and showed substantial epigenetic diversity
and habitat-specific methylome created by pure epimutations. The mix-mating reproduction
system of the mangrove rivulus Kryptolebias marmoratus can be used to go even further into
the analysis of epigenetic-genetic variations interaction. For the first time, this question can
be addressed in a species naturally found under genetically-diverse or isogenic population,
allowing us to cover a vast spectrum of genetic diversity configurations of a single species.
The next article is a field work comparing epigenetic and behavioral variation in four wild
rivulus populations encountering a gradient of genetic diversity, including a highly isogenic

population.
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CHAPTER 4: EPIGENETIC VARIABILITY IN ONE ISOGENIC
LINEAGE REARED UNDER LABORATORY CONDITIONS

To investigate the question of random versus environmentally induced epimutations, we
collected fish offspring from the Emerson Point Preserve population, and we ran an
ecotoxicological experiment on it. We exposed them to methylmercury (MeHg) as it can create
permanent transgenerational effects on DNA methylation and behaviors in the zebrafish (more
detailed in the following article). Thus, we aim to distinguish potential environmentally
(MeHg)-induced epimutations in the exposed groups, and natural rate of random epimutations
in the control group of mangrove rivulus, and to link them to gene expression and behavioral
variation. We exposed rivulus larvae to MeHg from 0 to 7 days post-hatching (dph), and
evaluated immediate effects on DNA methylation, gene expression and behaviors at the end of
the exposure, but also delayed effects in adult rivulus (90 dph). Early-life is recognized as a
sensitive window during which the environment can have long-lasting effects on the organism
phenotype later in life. Discovering out how environmental stressors influence phenotypic
variance is crucial to understand animals’ ability to acclimate to new environmental conditions
during development and adulthood. This ecotoxicological study would highlight the level of
random epimutations and the potential alternations of environmental changes on the
methylation level of targeted genes related to personality in the mangrove rivulus by using a

methylation gene-specific approach.
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Abstract:

Methylmercury (MeHg) is a ubiquitous bioaccumulative neurotoxicant present in aquatic
ecosystems. It is known to alter behaviors, sensory functions and learning abilities in fish and
other vertebrates. Developmental and early-life stages exposure to MeHg can lead to brain
damage with immediate consequences on larvae behavior, but may also induce long term
effects in adults after a detoxification period. Epigenetic mechanisms are a possible explanation
for such delayed disruption. However, very little is known about developmental origin of
behavioral impairment in adults due to early exposure to MeHg. The aim of this study is to
assess whether early-life MeHg exposure induces immediate and/or delayed effects on
behaviors, related genes expression and DNA methylation (one of epigenetic mechanisms). To
reach this goal, newly hatched larvae of mangrove rivulus fish, Kryptolebias marmoratus, were
exposed to two sub-lethal concentrations of MeHg (90 pg/L and 135 pg/L) for 7 days, and
immediate and delayed effects were assessed respectively in 7 dph (days post-hatching) and 90
dph fish. This species naturally produces isogenic lineages due to its self-fertilizing

reproduction system, which is unique among vertebrates. It allows to study how environment
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stressors can influence organism’s phenotype while minimizing genetic variability. As results,
both MeHg exposures are associated with a decreased foraging efficiency and thigmotaxis, and
a dose-dependent reduction in larvae locomotor activity. Regarding molecular analysis in larvae
whole bodies, both MeHg exposures induced significant decreased expression of DNMT3a,
MAOA, MeCP2 and NIPBL, and significant increase of GSS, but none of those genes
underwent methylation changes in targeted CpGs. None of the significant behavioral and
molecular impairments observed in 7-dph larvae were found in 90-dph adults, which highlight
a distinction between immediate and delayed effects of developmental MeHg exposure. Our
results suggest implications of aminergic system and its neurotransmitters, redox/methylation
trade-off and possibly other epigenetic mechanisms in MeHg neurotoxicity underlying

behavioral alterations in rivulus.
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1. Introduction

Methylmercury (MeHg) is a neurotoxic contaminant generated through methylation of heavy
metal mercury by anaerobic bacteria in aquatic environments. It enters the aquatic food web
through the consumption of these bacteria by zooplankton, and undergoes bioaccumulation and
biomagnification resulting in high concentrations in large predatory fish and other top predators
including humans (Baeyens et al., 2003). It is established that MeHg crosses the blood-brain
barrier and can induce brain damages, impaired neurological development and behaviors. In
fish, MeHg exposure causes altered swimming activity and prey capture success (Mora-
Zamorano et al., 2017; Samson, 2001; Xiaojuan Xu, 2012; Zhu et al., 2020), visual deficit
(Carvan etal., 2017; Weber et al., 2008), learning and memory impairments (Smith et al., 2010;
Xu et al., 2016). Several cellular mechanisms have been proposed for MeHg-induced
neurotoxicity including oxidative stress (Carvan et al., 2017; Farina and Aschner, 2019),
alterations of neuronal differentiation (Tamm et al., 2008), and disruption of glutamatergic and

dopaminergic neurotransmitter systems (Faro et al., 2002).

Most recent studies of MeHg neurotoxicity have focused on adverse outcome pathways and
behavioral effects of developmental and early-life stages exposure. MeHg exposure during
these stages can cause delayed effects that can be observed later in life, but also
transgenerational effects (Carvan et al., 2017; Xu et al., 2016). It has been suggested that
delayed and transgenerational MeHg-altered phenotypes result from gene expression
modification without changes to the underlying nucleotide sequence of DNA (i.e., epigenetic
mechanism) (Carvan et al., 2017; Skinner, 2011). Generally, MeHg alterations of epigenome
include downregulation of microRNA expression, reduced histone acetylation and increased
histone methylation, and global DNA hypomethylation in brain (reviwed in Culbreth and
Aschner, 2019). As such, epigenetic modifications have become an attractive mechanistic target
for the impacts of environment on phenotypic variation. Even with this extensive compilation
of cellular and molecular data, it is still challenging to link MeHg-induced behavioral
impairments to specific molecular alterations, and to understand the underlying mechanisms of

delayed behavioral effects of early-life stages exposure.

In the present study we used the mangrove rivulus Kryptolebias marmoratus as model system
to determine immediate and delayed behavioral impairments and associated molecular

mechanisms following an early exposure to MeHg. Mangrove rivulus is a powerful emerging
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model vertebrate species in ecotoxicology due to its unique reproductive system: it is the only
known vertebrate capable of self-fertilization, for which hermaphrodites can naturally produce
highly homozygous and isogenic populations after a few generations (Costa et al., 2010). These
characteristics allow scientists to drastically minimize genetic variation between individuals,
and to focus on how epimutations and environment variation, such as pollutant exposure,
influence phenotype. This is made possible thanks to the expanding repertoire of genetic and
epigenetic data on mangrove rivulus (Kelley et al., 2016). Furthermore, rivulus is subject to
MeHg exposure in its natural environment since mangroves are considered as potential MeHg
hotspots due to their large amount of organic matter and their physico-chemical characteristics
(Lei et al., 2019). Their location facilitates pollutant accumulation, as showed in Florida where
Hg levels were elevated in mangrove transition zone compared to both the upstream canals and
the open waters of Florida Bay (Rumbold et al., 2011). Total mercury (THg) concentrations in
freshwater ecosystems range from 0.3 ng/L to 450 nug/L, with higher levels found downstream
of pollution sources including mines and industrial discharges (Kidd and Batchelar, 2011).
There are fewer data available on the distribution of mercury in mangrove waters, and even less
on MeHg. THg concentrations in mangroves water ranged from 0.04 to 110 ng/L, with large
temporal and spatial variations. In waters collected from mangrove in south Florida, USA,
Bergamaschi et al. (2012) recorded 26 ng/L MeHg. However, MeHg transfer from water into
the base of the food web (bioconcentration) and subsequent biomagnification in the aquatic
food web leads to most of the MeHg in higher trophic levels (Wu et al., 2019). Mangrove rivulus
is a predator and can accumulate MeHg through contaminated prey consumption including
bivalves that showed 100 to 940 ng/g dw Hg concentration (Saha et al., 2006) and polychaetes
containing 50 to 280 ng/g dw Hg (Alam et al., 2010) in mangrove ecosystems. To our
knowledge, there is no available data on THg and MeHg concentrations in mangrove rivulus.

Our objective is to assess whether an early exposure to sublethal MeHg of newly hatched
rivulus larvae exposed from 0 to 7 dph induces immediate and delayed effects on behaviors
including locomotor activity, thigmotaxis (used as index of anxiety) and foraging efficiency in
7 dph and 90 dph rivulus, and to unravel underlying mechanisms of these alterations by
investigating expression and methylation of related genes. We choose a long detoxification
period of 83 days after 7 days of exposure at high concentration of MeHg to highlight delayed
and potentially irreversible effects, and to reveal underlying mechanisms that could be too
subtle at lower MeHg concentrations. We hypothesize that MeHg exposure during early life

can induce lasting epimutations that could impact gene expression, leading to behavioral
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impairments in rivulus larvae but also in adults. This is the first set of experiments that aimed
to identify MeHg effects in mangrove rivulus, joining the restricted list of ecotoxicological

studies on this fish species.

2. Materials and methods

2.1.  Experimental fish procurement and methylmercury exposure

Mangrove rivulus used for this experiment are the 4th generation obtained from one single
hermaphrodite to reduce genetic variation between individuals. This ancestor was sampled in
2019 in South Florida (Emerson Point Preserve, Palmetto, Florida, USA; N27°31'56.8",
W82°37'46.4") by Kristy Marson, Ryan L. Earley, Frédéric Silvestre and Valentine Chapelle.
It was transferred to the University of Namur where it generated a stock population raised in
the laboratory of evolutionary and adaptive physiology (LEAP, University of Namur, Belgium),
housed in 12 + 1 parts per thousand (ppt) saltwater (Instant OceanTM sea salt), at 25 + 1°C,
12:12 light:dark cycle and fed every day ad libitum with living Artemia salina. These housing

conditions are kept for the rest of the experiment as control condition.

Eggs were collected and individually placed in plastic 24-wells microplates (Cellstar®) filled
with 2 mL of 12 & 1 ppt saltwater. Plates with eggs were housed in an incubator at 25 + 1 °C,
12:12 light:dark cycle. Water was changed every day until hatching. Newly hatched
autonomous larvae were randomly assigned and individually exposed to nominal
methylmercury concentrations of 0 (control), 90, or 135 pg/L for 7 days in 12-wells microplates
filled with 4 mL of exposure solution (Figure 1). Two of the twelve wells were dedicated to
internal control. A total of 114 0-day post-hatching (dph) autonomous larvae were split into

three exposure groups (Table 1).

Methylmercury solutions were obtained from lyophilized methylmercury chloride (CH3HgCl)
purchased from Sigma-Aldrich® (ref: 442534). A stock solution of 135 mg/L MeHg in
deionized water was kept for the entire experiment at 4°C in the dark. From this stock solution,
90 and 135 pg/L exposure solutions were newly produced every day. These two MeHg
concentrations were chosen based on pre-test results as they were the two lowest sublethal
MeHg concentrations having behavioral effects among 7 other concentrations (unpublished
data). Every day during the 7-days exposure, each larva was fed with one drop of their exposure

solution containing Artemia salina and half of the solution was renewed to maintain stable
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MeHg concentrations. At the end of exposure, all larvae took the two behavioral tests described
below. Then, they were separated in two different groups: 46 larvae were euthanized, measured,
and conserved at -80°C for molecular analysis and 58 larvae were kept until 90 dph to study
delayed effects of MeHg (Table 1). These 58 larvae were individually transferred into a «
cleaning bath » filled with salt water (12 + Ippt at 25 + 1 °C) and then to a glass jar filled with
200 mL of salt water and placed under the same physico-chemical conditions than control fish
until 90 dph. Mature fish took the same behavioral tests they took at 7 dph, then were

euthanized, measured and conserved at -80°C for molecular analysis.

All rivulus husbandry and experimental procedures were performed in accordance with the
Belgian animal protection standards and were approved by the University of Namur Local
Research Ethics Committee (UN 21 367 KE). The agreement number of the laboratory for fish
experiments is LA1900048.

Table 1: Total number of mangroves rivulus used per condition and analysis. MeHg immediate effects are
measured on 7-days post-hatching (dph) larvae, while MeHg delayed effects are measured on 90 dph adults.

Conditions Larvae Adults
Gene-specific . . Gene-specific
Behaviors Genes expression Behaviors Genes expression )
methylation methylation

Control 52 22 3 28 24 3
90 pg/L MeHg 31 12 3 16 13 3
135 pg/L MeHg 31 12 3 14 13 3
Total 114 46 9 58 50 9
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Figure 1: Experimental design: MeHg exposures, behavioral and molecular analysis timeline. Eggs were produced

by self-fertilization of hermaphrodite individuals from one single ancestor. Newly hatched autonomous larvae
were randomly assigned and individually exposed to nominal methylmercury concentrations of 0, 90, or 135 nug/L
for 7 days. At 7 dph, the locomotor activity and thigmotaxis were analyzed on all of the 114 larvae, directly
followed by the assessment of foraging efficiency. 46 larvae were euthanized, measured, and conserved at -80°C
for gene expression and DNA methylation analysis and 58 larvae were kept until 90 dph to study delayed effects
of MeHg.

2.2.  Methylmercury and inorganic mercury speciation analysis

Methylmercury and inorganic mercury concentration were measured at different levels and time
points. Firstly, newly prepared working solution of 90 and 135 pg/L of MeHg were sampled,
stabilized by acidification (1% hydrochloric acid 37%) and stored at -20°C to further assess the
actual MeHg concentrations to which larvae were exposed. Inorganic mercury (iHg)
concentration was also measured to evaluate MeHg demethylation rate. Secondly, 6 randomly
selected larvae of 7 dph were euthanized at the end of exposure to analyze MeHg and iHg

concentration in their whole body (2 individuals per condition).

MeHg and iHg concentrations in working solutions and in larvae were determined using
species-specific isotope dilution analysis and gas chromatography combined with inductively
coupled plasma mass spectrometry (GC/ICP-MS, Thermo Scientific). Water samples were
directly analyzed, following the methodology published elsewhere (Cavalheiro et al., 2016;

Monperrus et al., 2005) whereas larvae were first microwave digested in alkaline solution
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(Cavalheiro et al., 2014). Limits of detection (LOD) are 0.008 pg/L for MeHg and 0.011 pg/L
for iHg in water, and 0.005 pg/g for MeHg and 0.008 ng/g for iHg in larvae.

2.3.  Behavioral tests

At the end of MeHg exposure, all of the 114 rivulus larvae were transferred from 12-wells to
6-wells microplates to evaluate locomotor activity and thigmotaxis (the tendency to remain
close to the walls, used as index of anxiety), directly followed by the assessment of foraging
efficiency. Locomotor activity and thigmotaxis were monitored and analyzed by using
DanioVision (Noldus Information Technology, Wageningen, Netherlands). After 5 minutes of
acclimation, total distance moved and cumulative duration spent in wells center were recorded
for 10 minutes and calculated using EthoVision software version 15.0 (Noldus Information
Technology). After this behavioral test, we directly evaluated foraging efficiency by
introducing 10 Artemia salina nauplii per rivulus. They were allowed to feed for 10 min during
which the number of capture successes and fails were manually counted based on video-
records. Regarding 90-dph adult rivulus, similar tests were used to evaluate delayed effects of

MeHg but in bigger tanks filled with one liter of 12 ppt saltwater.

2.4. Tissue samplings for molecular analysis

After the first run of behavioral tests, 46 of the 114 larvae were immersed in 4 °C water for
euthanasia. Their standard length was measured, and whole larvae were snap-frozen in liquid
nitrogen and stored at —80 °C for subsequent molecular analyses. Regarding 90 dph adults, they
were immersed in 4 °C water for euthanasia directly after the second run of behavioral tests.
Their weight and standard length were measured. Death was ensured by decapitation. The brain
was removed, snap-frozen in liquid nitrogen and stored at —80 °C for subsequent molecular

analyses.

2.5.  Genes of interest

Expression and methylation of several genes of interest were analyzed to assess MeHg
immediate and delayed effects at the molecular level. Genes coding for Toll interacting protein
(Tollip), monoamine oxidase A (MAOA) and methyl CpG binding protein 2 (MeCP2) were
chosen for their roles in neuronal functions and/or personality traits (Baronio et al., 2022;
Newman et al., 2005; Oguro et al., 2011; Pietri et al., 2013; Sallinen et al., 2009). Genes coding
for DNA methyltransferase 3a (DNMT3a) and Nipped-B-like protein (NipBL) were chosen for
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their roles in epigenetic mechanisms (Bell and Felsenfeld, 2000; Gao et al., 2019). Finally, we
chose Glutathione synthetase (GSS) for its central role in glutathione biosynthesis pathway, and

response to stressor such as heavy metals (Farina and Aschner, 2019).

2.6.  Simultaneous DNA and RNA extractions

DNA and RNA were simultaneously extracted with the Quick-DNA/RNA™ Microprep Plus
Kit from ZYMO research (ref: D7005) following the manufacturer’s protocol. This purification
allows us to obtain relative expression data and DNA methylation levels in the same individual.
Briefly, whole larvae or adult brains were homogenized 2 minutes with bead beating, then
incubated with proteinase K at 55°C for 30 minutes (brains) or 1 hour (larvae bodies). The
supernatant was transferred to columns and washed multiple times to separately eluate
approximately 20 uL of DNA and RNA. DNA and RNA concentrations were measured using
the Nanodrop (Thermo Fisher, Waltham, MA), and their integrity was evaluated on a 1%
agarose gel. DNA and RNA samples were stored at —80 °C for subsequent molecular analyses,
respectively gene-specific DNA methylation analysis via pyrosequencing and relative gene

expression analysis via RT-qPCR.

2.7.  Gene expression by reverse transcription quantitative PCR (RT-qPCR)

DNase treatment was performed on RNA samples with Invitrogen DNA-free™ DNA Removal
Kit from Thermo Fisher Scientific (ref: AM1906) before converting 500 ng per RNA samples
into cDNA with the RevertAid RT Reverse Transcription Kit from Thermo Scientific™ (ref:

K1691). Samples were stored at =20 °C during primer design and tests.

Primers were designed with AmplifX 2.1.1 and Primer blast (NCBI genome: ASM164957v2)
using the exon-spanning method. Primers efficiencies were tested on cDNA pool of samples
made from all MeHg conditions. 2.5 pL of 50x diluted cDNA was added to 2.5 pL of primers
mix and 5 pL of SYBR green (Bio Rad®). Three technical replicates were established per
dilution. SYBR green quantitative PCR was conducted on a StepOnePlus Real-Time PCR
System® (Applied Biosystems). A melting curve and an end-point agarose gel electrophoresis
followed by SYBR safe (Thermo Fisher) staining were used to check for accurate amplification
of the target amplicon. Primer efficiencies were calculated according to the MIQE guidelines

and accepted between 90 and 110% (see RTgpCR primers in Table A.1).
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Relative expression of genes of interest was normalized with mean expression of two house-
keeping genes: ubiquitin-conjugating enzyme E2 A (ube2a) and selenoprotein 15 (SEP15).
These genes were selected after testing their overall stability value and their intragroup and
intergroup variation. The relative gene expression (RGE) is the gene of interest expression level

in comparison to the mean of housekeeping genes expression.

2.8.  Gene-specific DNA methylation by pyrosequencing

Pyrosequencing relies on bisulfite treatment of the genomic DNA, converting unmethylated
cytosine to uracil (thymine after PCR amplification) while methylated cytosines are refractory
to the treatment. Bisulfite treatment was performed on DNA samples with EZ DNA
Methylation kit from Zymo Research (ref: D5001). For optimized bisulfite conversion, we used
500 ng of genomic DNA and followed the manufacturer’s protocol excepted for the last step of
elution. We performed two elutions of 10 pL M-Elution Buffer instead of a single 10 puL elution

to double our final elution volume.

PCR amplification was performed using PyroMark PCR Kit from Qiagen (ref: 978703) in 25
pL reaction volumes containing 1 pL. of DNA template, 6 pL nuclease-free H20, 12.5 puL of
2x PyroMark PCR Master Mix, 1 L. MgClI2, 2.5 uL 10x CoralLoad Concentrate, 2 uL forward
and reverse primer mix (5 uM). We followed manufacturer’s protocol for PCR conditions.
Forward and reverse primers for PCR and sequencing primer for pyrosequencing were designed
with software PyroMark Assay Design SW 2.0 on selected DNA sequences. Firstly, we
highlighted CpG islands across each sequence including promotor region, exons and introns
using MethPrimer 2.0. Then, we used Match™ to highlight smaller sequences containing
binding sites of transcription factors (TF) whose functions are relevant to our study; central
nervous system and sensory organs development, neuronal plasticity, oxidative and cytotoxic
stress resistance. We selected sequences of approximately 150 bp, containing CpGs islands and
TF binding sites in different regions including promotors, exons and introns (see Table A.2).
Pyrosequencing was performed on the Pyromark Q24 instrument using PyroMark Q24
Advanced Reagents (Qiagen) according to the manufacturer's protocol, with a 15 pL input of
PCR products. Pyrograms were manually interpreted and evaluated using the PyroMark Q24

software.
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2.9.  Data statistical analysis

Statistical analyses were performed with the Prism™ 8.0.2 (GraphPad software, Inc.). The
normal distribution of standard length and molecular variables was analyzed with a Shapiro-
Wilk normality test, and the homogeneity of variances was tested with a Barlett’s test. If the
normality and homogeneity were proved, we realized an ordinary one-way ANOVA followed
by a Tukey’s multiple comparisons test. Otherwise, if normality and/or homogeneity couldn’t
be proved, a nonparametric Kruskal-Wallis test was performed, followed by a Dunn’s multiple

comparison test. For all statistical analysis, p value was fixed to 0.05.

Regarding behavioral analysis, these measurements cannot be considered as independent
because two measurements were collected per fish. As we have repeated measures, linear mixed
models (LMMs) were used on behavioral variables using “Imer” function from “lme4” R
package in R Studio (version 1.4.1103). MeHg condition and rivulus age were entered as fixed

effects and individuals as random effects.

3. Results

3.1.  Mercury speciation in water and larvae

Measured concentrations of MeHg in newly prepared working solutions of 90 and 135 pg/L
(nominal concentrations) were 75.17 + 2.17 and 120.24 + 6.18 pg/L respectively (mean + SD)
(Table 2). We also observed in both MeHg exposure conditions low concentrations of iHg.
MeHg content measured in the control group remains under the LOD of the GC/ICP-MS. In
whole larvae exposed during 7 days to 0, 90 or 135 ng/L MeHg, we measured <LOD, 29.16 +
0.86 and 47.62 £+ 0.95 pg/g dw, respectively (mean £+ SD). Significant concentrations of iHg
were observed under these experimental conditions. By comparing measured MeHg
concentrations in fresh working solutions and in whole larvae at the end of the exposure, we
obtained MeHg bioconcentration factors of 388 and 396 in 90 pg/L and 135 pg/L MeHg

conditions, respectively.
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Table 2: Methylmercury (MeHg) and inorganic mercury (iHg) concentrations in fresh solutions used for exposures
and in whole larvae at the end of the 7-days MeHg exposure. Limits of detection (LOD) are 0.008 ng/L for MeHg
and 0.011 pg/L for iHg in water, and 0.005 pg/g for MeHg and 0.008 pg/g for iHg in larvae. Mean + SD.

Fresh working solutions

Nominal MeHg Measured MeHg concentration — Measured iHg concentration
concentration (ug/L) (ug’L) (ug’L)

0 <LOD <LOD

90 75.17+2.17 393 +0.41

135 120.24 +£6.18 6.04+1.86

Whole larvae (7-dph)

Nominal MeHg Measured MeHg concentration  Measured iHg concentration
concentration (ug/L) (ug/g dw) (ug/g dw)

0 <LOD <LOD

90 29.16 £ 0.86 38.55+0.84

135 47.62 +0.95 40.95+£0.95

3.2.  Standard length

Rivulus standard length were measured at the beginning of the experiment (1 dph rivulus), at
the end of MeHg exposure (7 dph) and after the recovery period (90 dph). We didn’t show any
significant standard length differences between fish at the beginning of the experiment, and

also no significant immediate or delayed effects of MeHg exposure on standard length (Table
3).

Table 3: Data monitoring of fish standard length (mm) at different ages. Dph = days post hatching. No significant
differences were observed in 1-dph rivulus (Ncontrol = 52; N90 = 42; N135 = 43), 7-dph rivulus (Ncontrol = 24;
N90 = 14; N135 = 14) or 90-dph rivulus (Ncontrol = 26; N90 = 16; N135= 13). Mean + SD.

Age (dph) Control 90 pg/L 135 pg/L
1 4.79+0.26 4.65+0.27 4.61 £0.24
7 5.30 +£0.27 5.17+0.21 5.15+£0.27
90 222+1.12 21.5+£1.62 21+£1.87
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3.3.  Locomotor activity assessment

Linear mixed models (LMMs) showed a significant interaction between MeHg condition and
rivulus age (p < 0.01). All MeHg-exposed larvae exhibited lower locomotor activity relative to
control, with 250 + 99.8 cm travelled by control rivulus, 159 + 94.8 cm travelled by rivulus
exposed to 90 pg/L MeHg and 82.6 + 65.9 cm travelled by rivulus exposed to 135 pg/L MeHg
(mean + SD). We observed significant dose-dependent effect of MeHg, as activity was reduced
by a factor of 1.6 and 3.0 in fish exposed to 90 and 135 pg/L MeHg, respectively, in comparison
to controls larvae. On the opposite, no significant effect of MeHg was observed in 90 dph adults
that showed activity reduction as larvae, with 141 £ 111 cm, 157 + 106 cm and 174 + 138 cm

travelled by rivulus exposed to 0, 90 or 135 pg/L MeHg, respectively (Figure 2).
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Figure 2: Total distance moved during 10 minutes of activity assessment test in 7-dph larvae and 90-dph adults
exposed from 0 to 7 dph to different concentrations of methylmercury (MeHg). Linear-mixed models shows a
significant interaction between MeHg conditions and rivulus age, with a dose-dependent immediate effects of
MeHg in larvae (Ncontrol = 52; N90 = 31; N135 =31; *P <0.05; **P < 0.01; ***P < 0.001) and no significant
delayed effects in adult rivulus (Ncontrol = 26; N90 = 16; N135 =14; *P <0.05; **P < 0.01; ***P < 0.001). Bar
charts representing mean + SD.

3.4.  Thigmotaxis assessment

To evaluate thigmotaxis, we analyzed total time spent in arena central zone. All MeHg-exposed
larvae spent significantly more time in the center of the well in comparison to the control, with
62.2 +49.7s,107 £ 102 s and 131 £ 100 s spent in the center of the arena by control, 90 pg/L
exposed and 135 pg/L exposed rivulus, respectively (mean + SD). MeHg-exposed larvae

exhibit a lower thigmotaxis behavior than control larvae, corresponding to a less anxious state.
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On the opposite, no significant effects of MeHg were observed in 90 dph adults, as control, 90
ng/L and 135 pg/L exposed rivulus spent 40.7 + 58.4 s, 37.6 = 61.2 s and 40.9 £ 65 s in the

center of the arena (mean + SD) (Figure 3).
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Figure 3: Time spent in the center of the arena during 10 minutes of thigmotaxis assessment test in 7-dph larvae
and 90-dph adults exposed from 0 to 7 dph to different concentrations of methylmercury (MeHg). Results show a
significant immediate effect of MeHg in larvae (Ncontrol = 52; N90 =31; N135 =31; *P <0.05; **P <0.01; ***P
<0.001) and no significant delayed effects in adult rivulus (Ncontrol = 26; N90 = 16; N135 =14; *P <0.05; **P <
0.01; ***P < 0.001). Bar charts representing mean = SD.

3.5.  Foraging efficiency

The foraging efficiency test on 10 Artemia salina nauplii per 7-dph larvae showed a significant
decrease in the number of prey captures in both MeHg exposure groups, as control larvae caught
7.29 + 2.13 preys, 90 pg/L exposed larvae caught 4.45 + 3.42 preys and 135 pg/L exposed
larvae caught 3.61 + 3.17 preys in 10 minutes (mean + SD, p < 0.001) (Figure 4A). MeHg-
exposed larvae also tried less to capture preys in comparison with control, with 9.08 + 3.09,
5.65 + 3.57 and 4.84 + 3.56 prey capture tried by control, 90 pg/L and 135 pg/L larvae,
respectively (mean = SD, p <0.001). As exposed larvae caught less preys and also tried less to
capture preys in comparison with control, percentage of prey capture success (prey
capture/capture attempt) shows no significant differences between condition, with 83.1 & 18.2
%, 74.8 + 28.6 % and 69.6 + 30.8 % of capture success for control, 90 ng/L and 135 pg/L

larvae, respectively (mean + SD) (Figure 4B).
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Figure 4: Immediate effects of MeHg exposure on foraging efficiency on 10 Artemia salina nauplii per 7-dph
larvae. (A) Number of prey capture trials and (B) the prey capture success of rivulus larvae. A Kruskal-Wallis test
showed a significant decrease in the number of capture trials for both groups exposed to MeHg but not significant
effect of MeHg on prey capture success (NControl = 52; N90 = 31; N135 = 31; P <0.05; **P < 0.01; ***P <
0.001). Bar charts representing mean + SD.

3.6.  Gene expression

Relative expression analyses in whole larvae revealed a significant reduction in expression of
DNMT3a (p <0.05), NipBL (p <0.01), MeCP2 (p <0.01) and MAOA (p <0.01) in 90 and 135
ng/L MeHg-exposed groups compared to controls (Figure 5A). We also highlighted a
significant increased expression of GSS in larvae exposed to 90 and 135 pg/L MeHg, with a
relative expression in control, 90 pg/L MeHg and 135 pg/L MeHg groups of 0.97 + 0.32, 2.51
+ 1.36 and 2.57 £ 0.77 respectively (mean = SD, p < 0.001) (Figure 5B). Finally, we did not
show any significant effect of MeHg exposure on relative expression of Tollip. Relative
expression analyses in brain of 90-dph adults exposed to MeHg from 0 to 7 dph showed no

significant delayed effects of MeHg on expression of all genes of interest (Figure 6).
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Figure 5: Relative gene expression (RGE) in whole body of 7-dph larvae rivulus in response to MeHg exposure
from 0O to 7 dph. Results are presented as mean + SEM. Housekeeping genes used are Ubiquitin-conjugating
enzyme E2 A (UBE2A) and selenoprotein 15 (Sep15). (A) MeHg exposure creates a decreased expression of DNA
methyltransferase 3a (DNMT3a), Nipped-B-like protein (NipBL), methyl CpG binding protein 2 (MeCP2),
monoamine oxidase A (MAOA), and no significant effects on Toll interacting protein (Tollip). (B) MeHg exposure
creates an increased expression of Glutathione synthetase (GSS) (NControl = 22; N90 = 11; N135 = 11; P <0.05;
**P <0.01; ***P <0.001). Bar charts representing mean =+ SD.

1.5+
1.0 J_ 1 J_ J_ J_ J— 1 J_ L
w
(O]
(14
0.5+
O.C 1 | |} L L}
DNMT3a NipBL MeCP2 MAOA Tollip GSS
3 Control 1 90 ug/L Bl 135 ug/L

Figure 6: Relative gene expression (RGE) in brain of 90-dph rivulus in response to MeHg exposure from O to 7
dph. Results are presented as mean + SEM. Housekeeping genes used are Ubiquitin-conjugating enzyme E2 A
(UBE2A) and selenoprotein 15 (Sepl5). No significant delayed effects were observed in adults rivulus on
expression of DNA methyltransferase 3a (DNMT3a), Nipped-B-like protein (NipBL), methyl CpG binding protein
2 (MeCP2), monoamine oxidase A (MAOA), Toll interacting protein (Tollip) and Glutathione synthetase (GSS)
(NControl = 24; N90 = 13; N135 = 13; P <0.05; **P < 0.01; ***P < 0.001). Bar charts representing mean + SD.

3.7.  Gene-specific DNA methylation

Analysis of gene-specific methylation in whole larvae showed no significant effects of MeHg
on methylation of targeted CpGs in all genes of interest (Figure 7). We can observe a global
high level of methylation of DNMT3a and GSS targeted CpGs, as larvae showed an average of
71.08 & 2.58 % of methylation at targeted CpGs in DNMT3a, and 83.82 + 1.79 of methylation
at targeted CpGs in GSS. In the opposite, we can observe a global low level of methylation of
MeCP2 and MAOA targeted CpGs, as larvae showed an average of 2.21 + 0.82 % of
methylation at targeted CpGs in MeCP2, and 3.60 + 0.36 of methylation at targeted CpGs in
MAOA. Finally, NIPBL targeted CpGs showed intermediate levels of methylation, with 23.65
+ 2.25 % of methylation (mean + SD). The same analysis was performed on 90 dph adult brains
to search for possible delayed effects of MeHg on targeted CpGs methylation level. We showed
no significant effects of MeHg on targeted CpGs methylation in any genes of interest (Figure

8). As for larvae, we can observe a global high level of methylation of DNMT3a and GSS, a
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global low level of methylation of MeCP2 and MAOA, and an intermediate level of methylation

of NIPBL, with very similar values.
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Figure 7: Mean percentage of methylation at targeted CpGs in DNMT3a, GSS, NIPBL, MECP2 and MAOA in
whole body of 7-dph larvae rivulus exposed to MeHg from 0 to 7 dph (NControl = 3; N90 = 3; N135 = 3; P <0.05;
**P <0.01; ***P <0.001). Bar charts representing mean + SD.
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Figure 8: Mean percentage of methylation at targeted CpGs in DNMT3a, GSS, NIPBL, MECP2 and MAOA in
brains of 90 dph rivulus exposed to MeHg from 0 to 7 dph (NControl = 3; N90 = 3; N135 = 3; P <0.05; **P <
0.01; ***P < 0.001). Bar charts representing mean = SD.

4. Discussion

4.1.  Mangrove ecosystems and bioconcentration

Mangrove rivulus is a relevant model species to assess MeHg exposure consequences as
mangroves are considered as MeHg hotspots due to their large amount of organic matter and
their physico-chemical characteristics, so as other wetland ecosystems (Lei et al., 2019). MeHg
was found in water, sediments, and resident species of South Florida mangroves, as described
in the introduction section. Our dosimetry results showed bioconcentration factors (BCF) of
388 and 396 in 90 pg/L and 135 pg/L MeHg conditions, respectively. Comparison of BCF with
other studies is delicate as it is linked to bioavailability, which is influenced by different
environmental factors such as dissolved organic matter, salinity, dissolved oxygen
concentration and pH (Berzas Nevado et al., 2003; Kidd and Batchelar, 2011). BCF varies also
according to organisms that allow the entry of MeHg into the aquatic food web (Wu et al.,
2019). Mangrove rivulus are predators, with various terrestrial and aquatic invertebrates
forming the bulk of the diet including gastropods, various crustaceans, dipterans, formicids,
and juvenile fishes, sometimes from its own species (Taylor, 2012). In mangroves biota, the
reported THg levels were 100 ng/g dw in snails and crabs (Cheng and Yap, 2015), 50 to 280
ng/g dw in polychaetes (Alam et al., 2010), 100 to 940 ng/g dw in bivalves (Saha et al., 2006)
and 22 to 617 ng/g dw in fish from the Sundarbans mangrove systems in Bangladesh (Borrell
et al., 2016). Into the wild, mangrove rivulus is thus not an entry of MeHg into the aquatic food
web, but is rather at a higher trophic level where bioaccumulation occurs. It is worth noting that
MeHg concentration in whole 7-dph larvae bodies exposed from O to 7 dph is the results of
detoxification processes, as significant iHg concentrations were observed. Demethylation and

detoxification processes are discussed further.

4.2.  Immediate effects of MeHg on rivulus behaviors, physiology and ecology

We showed that MeHg exposures significantly decreased rivulus larvae locomotor activity in a
dose dependent manner. This hypoactivity is consistent with studies carried out on other fish
species such as zebrafish Danio rerio (Zhu et al., 2020), yellow perch Perca flavescens (Mora-

Zamorano et al., 2017) and grass carp Ctenopharyngodon idella (Baldissera et al., 2020)
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exposed to MeHg. In contrast to our results, MeHg can also create hyperactivity as observed in
6 dpf zebrafish exposed to 10 and 30 nM at < 2 hpf for 24 hours (Mora-Zamorano et al., 2016).
These differences in locomotor activity outcomes between but also within species may be
attributable to MeHg concentrations, way of exposure (waterborne, diet, etc.), exposure

duration and stages as some developmental stages are more critical than others.

Locomotor activity can influence foraging, dispersal and antipredator behaviors, which have
important consequences on individual’s fitness as it influences reproductive success, food
access, survival and social interactions (Réale et al., 2007). In our study, we highlighted a
significant decrease in the number of prey capture, but no significant effect on capture success
(prey capture/capture attempt) in rivulus larvae. It means that MeHg-exposed larvae tried less
to capture preys, but when they try, they succeed as well as the control ones. These results
interpretation is complex as feeding behavior depends on different factors such as visual acuity,
learning capacities, locomotor activity and growth. In our case, MeHg seemed to primarily
reduce prey capture by larval activity alteration, which has a direct influence on prey encounter
rates. As it has been reported that MeHg can create visual deficit (Carvan et al., 2017; Liu et
al., 2016) and learning impairments (Xu et al., 2016), these causes of decreased foraging

efficiency are not ruled out and should be deeper investigated.

Interestingly, MeHg reduced locomotor activity and prey capture in rivulus larvae, but has no
significant immediate or delayed effects on growth. These results could be explained by energy
allocation modification. MeHg induces detoxification responses that are energetically costly to
exposed organisms (Handy et al., 1999). This energetic alteration could modify the energy
allocation to other physiological processes, creating impairment of growth, reproduction,
development and locomotor activity. Studies have associated locomotor alteration of zebrafish
larvae (Andrade et al., 2016) and rainbow trout Oncorhynchus mykiss (Handy et al., 1999) with
the energy needed to detoxification of carbendazim and cooper, respectively. Our results
indicate that this possible energy allocation trade-off between MeHg detoxification processes
and locomotor activity occurs without concomitant reductions in growth. As detailed in Handy
et al. (1999), where they obtained similar results, locomotor activity of exposed fish could be
reduced as a metabolic ‘sparing effect’ to maintain growth, activity being the major component
of energy expenditure. This observed stable growth across MeHg conditions and time points is

consistent with other ecotoxicological studies on mangrove rivulus where exposure to 20 pg/L
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and 15 mg/L of B-N-Methylamino-L-alanine (BMAA) from 0 to 7 dph created no immediate
effects on growth at 7 dph (Carion et al., 2018) and no delayed effects on growth at 50 and 170
dph (Carion et al., 2020). In contrast, mangrove rivulus exposed to 4 and 120 ng/L of 17-0-
ethinylestradiol (EE2) from 0 to 28 dph were significantly smaller in standard length than the
control group at 28 dph, but underwent compensatory growth and reached a similar size as
controls at 90 dph (Voisin et al., 2016). These results provide insight into the diversity of energy

allocation by mangrove rivulus under chemical stresses.

In addition to locomotor activity and prey capture reduction, MeHg exposure also creates
thigmotaxis reduction in exposed larvae, as they spent significantly more time in the center of
the arena. Thigmotaxis (or “wall hugging”) is a validated index of anxiety that has been shown
in several fish species (Dadda et al., 2010; Schnorr et al., 2012; Sharma et al., 2009) but has not
yet been characterized in mangrove rivulus. Here we provide evidence that larval rivulus as
young as 7 dph show thigmotaxic behavior as control larvae strongly avoid the center of the
arena by spending most of their time close to the walls during the locomotor activity assessment
(89.64 + 8.29 %). These results are consistent with what was found in zebrafish larvae as they
spent 79.10 + 2.36% of the thigmotaxis test in the outer zone (Schnorr et al., 2012). These
findings suggest that thigmotaxis develops early in rivulus life and appears to be already
expressed in an adult-like manner in larvae as adults rivulus from our control group spent 93.22
+ 9.73 % of their time close to the walls during the locomotor activity assessment. We
characterized one innate behavior of mangrove rivulus, that have a natural tendency to remain
at the edge of its environment for shelter seeking, foraging and predator avoidance (Taylor,
2012). In our experiment, MeHg exposure decreased this anxiety-like behavior in rivulus
larvae, altering the normal preference of the periphery in favor of the central area. This change
induced by MeHg exposure may be a threat to the survival of these larvae in terms of predator
avoidance and prey capture. Compiled at reduction of locomotor activity and prey capture,

MeHg can significantly affect rivulus survival and fitness.

4.3.  Mechanisms underlying immediate phenotypic effects of MeHg
Besides MeHg effects on rivulus behaviors and growth, we investigated possible underlying
mechanisms by studying MeHg effects on expression of six genes and on their methylation

level at targeted CpGs. Our hypothesis is that MeHg could modify these epigenetic marks,
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creating environmentally-induced epimutations, which could explain gene expression

modification induced by MeHg exposure.

In our study, we showed that MeHg exposure significantly decreased DNMT3a, NIPBL,
MAOA and MECP2 expression, and increased GSS expression in larvae. However, there is no
significant effect of MeHg on DNA methylation of targeted CpGs located in those genes. On
the one hand, DNA methylation changes could occur at other locations in the genome, which
is supported by the observed downregulation of DNMT3a expression in MeHg-exposed larvae,
the enzyme responsible for de novo DNA methylation. One interesting perspective would be to
use a Reduced Representation Bisulfite Sequencing (RRBS) or Whole Genome Bisulfite
Sequencing (WGBS) for genome-wide analysis of DNA methylation modifications induced by
MeHg exposure. On the other hand, changes in gene expression could be due to other epigenetic
mechanisms altered by MeHg such as post-translational modification of histones, supported by
the downregulation of NIPBL expression in MeHg-exposed larvae. NIPBL initiates
deacetylation of lysine 9 of histone 3 (H3K9) and recruits histone deacetylases. This process of
histone deacetylation allows histones to wrap the DNA more tightly and creates a compaction
of nucleosome structure, preventing transcription (Gao et al., 2019). As MeHg exposure
decreased NIPBL expression in rivulus larvae, it could facilitate the dissociation of DNA and
relaxation of nucleosome structure, allowing various transcription factors to bind to DNA and
activate gene transcription. The observed DNMT3a and NIPBL downregulations are in line
with previous studies where MeHg exposure decreased histones H3 and H4 acetylation,
decreased global DNA methylation and DNMTs activity (reviewed in Culbreth and Aschner,
2019). The functional consequences of these epigenetic modifications are not entirely
understood. However, these examples show that epigenetic modifications are an attractive

mechanistic target and illustrate the potential of MeHg to impact the epigenome.

As mentioned above, we highlighted an increased relative expression of Glutathione synthase
(GSS) in MeHg-exposed larvae. MeHg is known to interact with either thiols or selenols groups
including glutathione (GSH; a major thiol antioxidant). This complex formation, GS-HgCH3,
is a common mechanism for MeHg metabolism and clearance from the body as it can be
transported out of the cell and excreted in the bile (Dutczak and Ballatori, 1994). Increased
MeHg exposure competes with redox buffering for available GSH, resulting in oxidative stress

(Farina and Aschner, 2019). Moreover, clearance of MeHg is delayed due to this competition
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for GSH, extending organism exposure duration. Pro-oxidative properties of MeHg could
explain the observed behavioral impairments, as recent evidence suggests the involvement of
brain oxidative damage in mercury-mediated motor dysfunction (Santana et al., 2019; Teixeira
et al., 2019). It is worth noting that, according to the redox/methylation trade-off hypothesis,
oxidative stress would result in global hypomethylation (Carvan, 2020; Farina and Aschner,
2019), as S-adenosylmethionine (methyl donor used by DNMTs to methylate DNA) and GSH

share a common synthesis pathway from homocysteine.

MeHg exposure also modified expression of genes involved in neuronal functions and
behaviors. MeHg-exposed larvae showed significant decrease of monoamine oxidase A
(MAOA) relative expression. In fish, monoamine oxidase regulates levels of monoamine
neurotransmitters such as dopamine, serotonin, and noradrenaline in the nervous tissue. These
neurotransmitters are involved in neurofunctional behaviors such as fight-or-flight response,
reward-motivated behaviors, attention, emotion, cognition and motor activity (Beyrouty et al.,
2006; Newman et al., 2005). Enzymatic degradation catalyzed by MAO is thus required for
proper neuronal development and behaviors (Beyrouty et al., 2006). It has been proposed that
MeHg disrupts these pathways by reducing brain MAO activity, leading to an increased
concentration of these neurotransmitters and ultimately creates neurotoxicity in various brain
regions (Bridges et al., 2017; Sallinen et al., 2009). Reduction in MAO activity due to MeHg
exposure has been associated with hyperactivity in fathead minnow Pimephales promelas
(Bridges et al., 2017), but also with hypoactivity in Atlantic salmon Sa/mo salar (Berntssen et
al., 2003). This implies that reduction in MAO activity could be a widespread mechanism of
MeHg neurotoxicity, and that the behavioral consequences vary across studies. A study of loss
of function in MAO supports the hypoactivity hypothesis, as mao—/— zebrafish showed
decreased locomotor activity, but also abnormal serotonergic and dopaminergic systems
(Baronio et al., 2022). An interesting perspective would be to evaluate dopamine, serotonin and
noradrenaline concentrations in brain of MeHg-exposed rivulus to determine if this exposure
would cause their accumulation in rivulus brain, which could be associated with the observed

hypoactivity and reduced foraging efficiency.

We also showed that there is significant decrease of Methyl-CpG-binding protein 2 (MeCP2)
relative expression in MeHg-exposed rivulus larvae. MeCP2 is a transcription factor that can

act as gene expression repressor or activator (Guy et al., 2011). Once bound, MeCP2 modulates
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gene expression by recruiting protein complexes involved in histone modification and
chromatin remodeling (Skene et al., 2010). MeCP2 is found in high concentrations in neurons
and is associated with maturation of the central nervous system and in forming synaptic contacts
(Guy et al., 2011). Consequently, MeCP2 dysfunction impacts brain anatomy and neuronal
structure and function, and can create several neurodevelopmental diseases associated with
autism spectrum disorders (ASD), including Rett Syndrome (RTT). Patients with RTT suffer
from pronounced alterations of their motor systems, learning disabilities and social behavioral
deficits (Sansom et al., 2008; Weaving, 2005). This can be associated with autistic-like features,
as dysfunction of the reward system and avoidance of tactile stimulation (Belmonte et al.,
2004). MeCP2 knockout zebrafish had decreased locomotor activity and velocity, and has an
impact on thigmotaxis as mutants tends to stay more in the arena center in comparison to wild
type (Pietri et al., 2013). In our experiment, MeHg-exposed larvae showed decreased MeCP2
expression, thigmotaxis and locomotor activity, which is consistent with RTT phenotypes
created in MeCP2 knockout zebrafish. Al-Mazroua et al. (2022) evaluated MeHg effects on
autism-like behaviors in BTBR autistic mouse model. MeHg administration aggravated
existing behavioral abnormalities in BTBR mice with increased stereotypic, repetitive, and
impaired social behaviors. Interestingly, studies on MeCP2 knockout mice highlighted other
dysfunctions, as defects in the different aminergic systems including the dopaminergic system
(Panayotis et al., 2011). This is in line with the hypothesis that one of the MeHg neurotoxicity
mechanisms involve aminergic system, by disturbing expression of genes regulating these
pathways including MAOA and MeCP2. Disfunction of the aminergic system could create the
observed behaviors alterations including autistic features (reduction of interest in environment

exploration, avoidance of tactile stimulation from the wall, etc.).

4.4.  Delayed effects and detoxification of MeHg

Immediate effects of MeHg on locomotor activity, prey capture, thigmotaxis and gene
expression in 7 dph larvae are no longer observed later in life, after 83 days of recovery. Several
studies evaluated reversibility of MeHg effects after a detoxification period in fish. MeHg
exposure during fish embryogenesis can create delayed impairments in the feeding behavior,
swimming activity, learning abilities, and a delayed mortality syndrome (Samson, 2001;
Xiaojuan Xu, 2012), but can also create transitory impairments at similar concentrations (Weis
and Weis, 1995). Post-hatching but still early developmental exposure can also have delayed

consequences on swimming activity and related dopaminergic neurons functionality in
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zebrafish (Huang et al., 2016). These studies highlight the complexity of MeHg effects that may
be reversible/transitient in some cases, and irreversible in others. The delay between MeHg
exposure and behavioral testing on 90 dph adults rivulus might have allowed time for protective
and repair mechanisms to operate despite a relatively high exposure concentration. MeHg

mechanisms of neurotoxicity could be countered later in life as the mercury is detoxified.

Detoxification of MeHg includes demethylation that takes place at different organs including
gut and liver (Wang et al., 2017). In our study, detoxification by demethylation process is
supported by our Hg species distribution, as 43 % and 54 % of THg (as the sum MeHg + iHg)
were in the form of MeHg in 90 pg/L and 135 pg/L MeHg exposed larvae, respectively. These
results are in line with the study of (Gonzalez et al., 2005) where MeHg represented 66% of
THg in the liver of zebrafish, and decreased to 36% after 63 days of MeHg exposure. Once
exposure ends, fish could enter in depuration stage and efficiently eliminate accumulated iHg.
Wang et al. (2017) showed that during depuration of 30 days in the marine fish Acanthopagrus
schlegeli, whole-body concentrations of iHg also decreased significantly to the same level to
the beginning of their experiment. Our study showed that there could be a considerable amount
of iHg generated from demethylation and accumulated by rivulus larvae during the exposure.
During the recovery period, rivulus possibly eliminate accumulated iHg, which could
progressively diminish MeHg toxic effects until significant effects observed in 7 dph rivulus

disappear.

4.5.  Mangrove rivulus as ecotoxicological model species

Mangrove rivulus is the only known self-fertilizing hermaphroditic vertebrate (Costa et al.,
2010). Consistent self-fertilization is an extreme form of inbreeding and it consequently
produces isogenic lineages. By naturally minimizing genetic noise in scientific studies,
researchers can investigate how the environment influences the phenotype (Kelley et al., 2016).
Moreover, this mating system provides an ideal model for the identification of true cause-effect
relationships between the environment, the epigenome and the phenotype, including the role of
epigenetic mechanisms in toxicity and ecotoxicity. A growing body of work on mangrove
rivulus supports its value as a new model species for studying the potential lasting effects of
environmental stressors through epigenetic modifications. Voisin et al. showed that early life
exposure of rivulus to an endocrine disrupting compound, 17-a-ethinylestradiol, can induce

delayed effects on the adult phenotype, proteome and epigenome (Voisin et al., 2021, 2016).
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Carion et al. highlighted immediate effects of the neurotoxin B-N-Methylamino-L-alanine
(BMAA) on rivulus larvae behaviors, and delayed effects of BMAA on expression of genes
involved in glutamate turnover, intracellular dopamine levels and astrocyte protective
mechanisms (Carion et al., 2020, 2018). These studies join ours in showing that the mangrove
rivulus seems more resistant to pollutants, at least in terms of its behavioral phenotype and
mortality compared to other fish species. In comparison, a delayed mortality syndrome was
observed in zebrafish larvae after 72h of exposure to 15 pg/l MeHg (Samson, 2001) while no
mortality was observed in our experiment. Mangrove rivulus may have more effective
protective mechanisms that could come from its high plasticity, an essential prerequisite for
adaptation to mangroves environmental conditions. At first sight, high phenotypic plasticity
would be paradoxical considering rivulus reproductive system. Consistent selfing is an intense
form of inbreeding and produces isogenic lineages with high homozygosity level, which
reduces fitness by increasing the risk that deleterious and recessive alleles are expressed and
exposed to selection or by reducing any benefits due to heterozygote advantage (Davenport,
1908). This phenomenon is known as inbreeding depression, and is often associated with an
increased vulnerability to environmental stress (Fox and Reed, 2011). Such inbreeding-by-
environment interaction might imply that inbred organisms have a lower capacity for adjusting
their phenotype to environmental variation, corresponding to a reduced phenotypic plasticity
(Reed et al., 2012). Several empirical studies showed alterations of developmental plasticity
(Auld and Relyea, 2010) and phenotypic plasticity of morphological or life history traits
(Schiegg et al., 2002; Swillen et al., 2015) due to inbreeding. This interplay between inbreeding
depression, phenotypic plasticity and environmental variation should be further investigated to
understand how declining natural populations respond to environmental stress. This paradox of
robustness and inbreeding makes the rivulus an interesting ecotoxicological model to consider,
as it can highlights protective mechanisms and phenotypic plasticity that are highly solicitated,
while showing MeHg phenotypic effects encountered in other species but with a low genetic

variability among individuals.

Another interesting characteristics of mangrove rivulus is its inter-individual variability in a
large range of phenotypic traits. Although rivulus used in this study are from the same isogenic
lineage, we still observe high individual differences within each condition. For instance, the
total distance moved by rivulus larvae during the activity/thigmotaxis test has a coefficient of

variation (CV) of 40 %, 60% and 80% in control, 90 pg/L and 135 pg/L MeHg group
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respectively, with a significant difference between variances in control group vs 135ug/L group
(F test, F =2.29, DFn = 51, Dfd = 30, p < 0.05). In comparison, total distanced moved by AB
line zebrafish exposed to 0 or 10 pg/L MeHg showed CV of 20% and 17%, respectively (Zhu
et al., 2020). Thus, there is greater behavioral variability between rivulus generated by selfing
from one unique ancestor than between zebrafish from AB line, which is known to have low
level of genetic variability (Coe et al., 2009). Two main observations can be drawn from these
rivulus activity data: there is a naturally high inter-individual variation in control group and this
variation increases with MeHg concentrations. The increase of variance could be the first step
in the adaptation of a population in a changing environment (Orlando and Guillette, 2001). As
reviewed in Nikinmaa and Anttila (2019), variability should always be included as an endpoint
in data analysis as it would bring new information about the responses of organisms to
environmental contamination. Therefore, mangrove rivulus is naturally suited to investigate
sources of phenotypic variation that are not genetic, as environmental influences, and

environmentally-induced or random epigenetic modifications.

5. Conclusion

We used a new vertebrate model species, the mangrove rivulus fish, to investigate immediate
and delayed effects of MeHg at different endpoints (behaviors, gene expression and DNA
methylation). We reported for the first time that MeHg exposure during early life stages can
significantly impair behaviors and gene expression in rivulus larvae, but we didn’t find these
effects after a detoxification period of several months. Although neurotoxic effects of MeHg
on brain have been extensively studied, their underlying mechanisms are not fully understood.
Based on our results, we suggested implications of aminergic system and its neurotransmitters,
redox/methylation trade-off and other epigenetic mechanisms. It should be kept in mind that no
single process can explain the multitude of effects observed in MeHg-exposed organisms. The
use of natural isogenic lineages of mangrove rivulus in ecotoxicological studies could help
overcome this challenge, as it permits explicit examination of environmental and epigenetic

effects on the phenotype by reducing the genetic variation in the experiment.
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APPENDIX

Table A.1: Newly designed primers for gene expression analysis via RTqPCR.

Gene Gene ID Forward primer sequence Reverse primer sequence Efficacity (%)
SEP15 108244479 TCAAGGGTCTTCAGATCAAGTACG TCGGTGTTCCACTTGAGGATG 92,46
UBE2a 108231206 ACACCTTTTGAAGATGGAACCTT GGTCGGACTCCAACGATTCTG 106,33
DNMT3a 108233456 TACACGAGATCAAAAAGAAGACCAGGA CATCGCTCCTACGAAGAGAGGAT 96,31
NIPBL 108231013 CAAACTCTACTGTCCATGAACCCCA CTGGGCTCCCATGAACTTGATTCT 91,76
TOLLIP 108251745 ACTGTCGGATCAGGCTGGGT CGTCCATCGAAAACGCTCTCTCA 99,64
GSS 108233054 AGACTTCCTGCAAGAGGCTTTAGC GTAGTCGGACCGATTGAGACCCA 108,63
MAOA 108241385 ACTGATACTCGAGGGAAAAGATCG GCTCCATGATATGCGTTTGTGTG 96,36
MECP2 108229207 TAAGATGCCCTTTGGCAAGACA GGACTTGGCAGGTGGAGTAG 99,40
Table A.2: Newly designed primers for gene-specific methylation analysis via pyrosequencing.
Gene Gene ID Forward primer sequence Reverse primer sequence Synthesis primer sequence Target regions
/5Biosg/ACTACTTCTACA
TGTGGATTATTTGGTTT ATTTGGTTTATGAGATAAT
CCAAATTTATACTCATT Promotor
ATGAGATAATAG A AGAT
AGGAAATTTGTTAAGTT  /5Biosg/AACTAACAACTA  TTTTTATTTTTTTGTTAAT | |
ntron
DNMT3a 108233456  TGATTTGTGTG CCCTAACACAAT AAATAT
TGATATTTGGAGTGTAT  /5Biosg/ACCAAAACTTCA  GGTAGTTAGGTATAAAGT | 5
ntron
ATTAGGTAGT ATCTACAACACAT TTTTA
GGTGGAATTTTGTTGTT /5Biosg/TCTCCCAACCAC  ATTTTTAGTTTTGTGTTTA
Intron 4 - Exon 5
ATAATGAGA ATCACCCA ATTAGG
/5Biosg/GGGATTAGTTGT = CCCTAAAATTTCTTCTTC TTTATTTACCTACACAAAC
NIPBL 108231013 Promotor
AAATTGATGATATAAA TTTTCTTTTAAC TA
GTTATAGTTATTTTTGA /5Biosg/ACAAAATCTATC
GSS 108233054 TTTTGAGATGGTAAAGGT Promotor
GATGGTAAAGG ACTTCCCACAAA
/5Biosg/AACCTTTTCCCT
GTGTTGTTTTTAGTTTTA GGGTTTAAGTTAATTTTTA
MAOA 108241385 CCAATATCAATATTTTC Exon 1
TAGAGGGTAATA A AT
/5Biosg/AATTTTATATTA
AAAAGGTAGTTGGTTTA GTTGGTTTAAGAAGTTTAT
AAAAAACTCCAAACATC Promotor
AGAAGTTTATATA T ATAT
MECP2 108229207 GGGGAGGTGTGTAGTAT CAACCAATTTTACTCAA  AAATTATTTATTTAAATAA | |
ntron
AGATGTTTG CAACAC AAATGG
GGGGAGGTGTGTAGTAT CAACCAATTTTACTCAA  GGGAATAAGTTATTAATT Exon 3
Xon
AGATGTTTG CAACAC TAGGG
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Comments and transition

Besides its ecotoxicological results, this study highlights some relevant characteristics of
offspring of wild rivulus from Emerson Point Preserve. Firstly, the level of DNA methylation
of studied genes of interest is extremely stable through time (7 dph larvae versus 90 dph
adults rivulus) and experimental groups (0, 90 or 135 pg/L MeHg). Secondly, there is
behavioral variation within experimental groups of offspring from Emerson Point Preserve

isogenic lineage, with higher variation in exposed groups than in control group.

It suggests that there is less epigenetic variation under standardized experimental conditions
than observed into the wild for the same genotype, supporting the effects of natural conditions
(environmental heterogeneity, selection pressure, (epi)genetic drif,...) on epimutations.
However, the major weakness of this study is the use of a gene-specific approach. The idea
was to make an a priori approach with genes of interest coming out of the RRBS results from
the field study. Unfortunately, due to delays in the RRBS analysis caused by the pandemic
and logistical constraints, we had to start this experiment before the acquisition of RRBS
results. This makes the comparison methylation results from the field and from this study to

be taken with caution.
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CHAPTER 5: GENERAL DISCUSSION AND PERSPECTIVES

The comparison of our three articles results can generate new insights to achieve our goal i.e.
to determine the role of DNA methylation in adaptation and evolution of mangrove rivulus

Kryptolebias marmoratus. Our discussion is based on three main points represented below.
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1. Disentangling epimutations sources: insights and perspectives

1.1 Genetic and epigenetic diversity in wild populations

For the first time, epigenetic diversity can be assessed in a species naturally found under
genetically-diverse and isogenic population, allowing us to cover a vast spectrum of genetic
diversity configurations of a single species. Even though genetic diversity has not been
evaluated with whole genome sequencing method, our microsatellites analysis allowed us to
confirm the genetic diversity gradient across the four studied wild populations. Regarding our
almost-clonal population, Emerson Point Preserve (EPP), we observed substantial epigenetic
diversity, which raises the question of the environmental implications in epigenetic variability.
This result is not unprecedented, as interindividual DNA methylation variability have been
found in the clonal fish Chrosomus eos-neogaeus (Massicotte et al., 2011; Massicotte &
Angers, 2012) and asexual New Zealand freshwater snail Potamopyrgus antipodarum (Thorson
etal., 2017, 2019). In these studies, individuals could be regrouped according to their lake/river
of origin based on their unique methylation profile, as individuals of a given site were
epigenetically similar. Rivulus from EPP do cluster together when analyzed with other rivulus
populations, joining this idea of site-specific methylome induced by environmental conditions.
Regarding the three other rivulus populations, which are more genetically diverse, the
distinction of genome-dependent and genome-independent epimutations is more complicated
as different genotypes could respond to the same environmental context with contrasting DNA
methylation levels. These facilitated epimutations have been shown in two mangrove rivulus
lineages reared in different environments (Berbel-Filho et al., 2019). However, by combining
data of genetic diversity, genetic distance, hierarchical clustering of rivulus methylome of the
four wild populations and the laboratory experiment on EPP rivulus, we can highlight some

interesting patterns that challenge the place of genetic sequence in epimutations sources.

One interesting result is that the level of epigenetic variation within all four populations is
similar, regardless of genetic heterogeneity. Moreover, functional enrichment analysis of genes
where high methylation differences emerge within each population (>70% diffmeth) showed
shared pathways between the four populations, while a smaller proportion were population-
specific. For example, among genes whose methylation varies considerably within all four

populations, we found genes involved in visual perception and in the response to external
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stimuli such as light. There are also genes involved in adult feeding behavior. This means that
within each population, there is variation in the DNA methylation of genes involved in these
pathways, regardless of genetic heterogeneity within population. This could be due to shared
environmental variation within these populations, affecting the methylation of shared genes. It
could also be due to epimutations affecting methylation-sensitive genes (see Baldwin effects in
last section), or to non-random epimutations such as the epigenetic clock. How and why do
populations with drastic differences in their reproductive and genetic characteristics show
methylation differences of similar magnitude and affecting shared pathways? This question is

addressed later under an evolutionary and adaptative point of view.

As detailed in the previous article (Chapter 3 section 2), there is a discontinuity between
epigenetic and genetic distance among populations, and between epigenetic and genetic
diversity within populations. For example, Emerson Point Preserve and Long Key have the
highest Fst and Gsr values, but still cluster together according to their epigenomes. These
results suggest that obligatory epimutations, dependent of the underlying genetic sequence, are
not the first driver of methylome patterns in the mangrove rivulus and that environmental
conditions or random events could play an important role in the generation of methylome
pattern. The substantial epigenetic diversity observed in EPP supports this hypothesis given its
extremely low genetic diversity. Unlike Belizean populations, individuals from EPP and LK
populations distinctly clustered according to their origin and could be regrouped according to
their population based on their unique methylation profile. Epigenetic variation measured
within EPP, as well as within the other populations, may result from plasticity due to the
heterogeneity of environmental conditions within a given site, but also to stochastic epigenetic

variation such as epigenetic drift.

As detailed in our review, epigenetic drift corresponds to the neutral and gradual changes in
epigenetic patterns. A meaningful age-related epigenetic drift is the epigenetic clock
(Hernando-Herraez et al., 2019). This uncoordinated accumulation of methylation variation
creates a global DNA hypomethylation and degrades the transcriptional networks during aging
(Ashapkin et al., 2019). This process is variable across the genome, may not occur
homogeneously in all cells, but is a good indicator of aging. There is potential for the
development of an epigenetic clock in fish as previous studies highlighted age-dependent

hypomethylation of CpG sites in zebrafish (Shimoda et al., 2014), in Chinook salmon
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(Oncorhynchus tshawytscha) (Venney et al., 2016) and in steelhead trout (Oncorhynchus
mykiss) (Gavery et al., 2019). Recently, an epigenetic clock has been constructed for zebrafish
Danio rerio (Mayne et al., 2020), medaka Oryzias latipes (Bertucci et al., 2021) and European
seabass Dicentrarchus labrax (Anastasiadi & Piferrer, 2020). One interesting perspective
would be to develop epigenetic clock to estimate age of wild caught mangrove rivulus, as age
is an important factor in ecology, affecting reproductive maturity, behavior, reproductive
success, demographic structure, species interactions and epigenome, among others. It would
allow us to estimate rivulus age, and to determine if the observed epigenetic variation within
and among wild rivulus populations is influenced by such non-random events, or mostly by

environmental changes.

1.2 Random and environmentally-induced epimutations

To investigate the occurrence of random and/or environmentally-induced epimutations, another
interesting perspective is to evaluate DNA methylation variation of EPP rivulus living in
standardized and contrasting environmental conditions. Although the study of the effects of
methylmercury (MeHg) on gene-specific methylation in the offspring of wild EPP rivulus
showed no significant effect, these data obtained can be compared with our field study by
focusing on methylation variation of the targeted genes with the same found in our RRBS
analysis. One relevant result is the low variation of DNA methylation of the targeted genes
(DNMT3a, GSS, NipBL, MeCP2, MAOA) across MeHg exposure groups and timepoints. No
matter if rivulus were exposed to 0, 90 or 135 pg/L. MeHg, and if it is at the end of the exposure
(larvae of 7 dph) or at the end of the detoxification phase (adults of 90 dph), the mean
differential methylation among genes is 6.40 + 1.63 % methylation (mean + SD) (Table 5). This
epigenetic variation detected under standardized conditions is expected to represent random

epigenetic modifications in the isogenic lineage, at least for the targeted genes.

Regarding the methylation data of these genes from RRBS analysis on wild EPP rivulus from
the same isogenic lineage, we investigated methylation differences of CpGs found in the same
genomic regions that the ones selected for the gene-specific analysis (however, not the exact
same CpGs as there were none in common in both experiments). We grouped our data from
RRBS according to location in each gene i.e. promotor region, exon 1, intron 1, etc. As results,
we found higher methylation differences in brains of rivulus from the field than in brains of

their offspring reared under standardized laboratory conditions. As a good example, CpGs
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found in DNMT3a exons show differential methylation level of 40.03 + 27.19 % among wild

rivulus, and 14.44 + 1.67 among laboratory-reared rivulus (Table 5).

The reduction in methylation variation observed between wild EPP rivulus and their offspring
(forming an isogenic lineage) reared in controlled conditions suggests that environmental
heterogeneity and epigenetic drift may account for the observed epigenetic variation within
natural environments. Such reduction in variation could be attributed to the reversibly of
environmentally-induced epimutations due to environmental homogeneity in laboratory, to the
absence of transgenerational epigenetic inheritance due to developmental events such as DNA
methylation reprogramming, or due to young age of EPP rivulus (7 and 90 dph) used in the
laboratory experiment limiting the effects of stochastic events including epigenetic drift. These
results are in accordance with the one obtained in similar studies on clonal organisms where
they observed an epigenetic variation reduction in individuals transferred from natural to
experimental conditions, which confirm the environmental influence on epigenetic variation
and highlight the rapid epigenetic response of individuals following changes in environmental
conditions (Leung et al., 2016). It is important to keep in mind that we compared offspring from
different wild parents to offspring from a single wild parent. Using a single isogenic lineage in
this comparison is essential as each genotype may have a different perception or interpretation
of environmental signals. A recent study showed that the epigenetic response to a given
environmental signal is influenced by the genotype in mangrove rivulus, corresponding to
facilitated epimutations (Berbel-Filho et al., 2019). Thus, this interaction between environment

and genotype can result in different environmentally induced epigenetic responses.

Table 5: Comparison of differential methylation of genes found in field and laboratory study on rivulus brains from Emerson

Point Preserve.

Field study (n = 20)! Laboratory study (n = 15)?
Genes DiffMeth in exons (%)  DiffMeth in promotors (%) DifftMeth in exons (%)  DiffMeth in promotors (%)
NIPBL 30.74 £ 12.16 7.46 = 7.40 NA 8.80 £2.82
GSS 46.20 +£25.01 NA NA 3.40 +0.89
DNMT3a 38.80 £26.33 15.16 £10.29 14.44 + 1.67 8.00 +2.45
MAOA 86.25 + 18.56 21.73 £16.07 NA 1.33 +0.87
MeCP2 NA NA NA 2.44 +1.06

Note: Data correspond to the mean + SD of differential methylation of CpGs among mangrove rivulus from EPP. CpGs are in exons

or promotors of genes found in both field and laboratory studies. CpGs analyzed with RRBS (field study) are different than CpGs
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analyzed with gene-specific approach of pyrosequencing (laboratory study), but in the same gene region. DiffMeth, differential
methylation; NIPBL, Nipped-B-like protein; GSS, Glutathione synthetase; DNMT3a, DNA methyltransferase 3 alpha; MAOA,
Monoamine oxydase A; MeCP2, methyl CpG binding protein 2.

! Field study: Data from 20 wild rivulus caught in Emerson Point Preserve (F0) from one isogenic lineage

2 Laboratory study: Data from 15 offspring of one wild rivulus caught in Emerson Point Preserve and analyzed in field study.

To go further in the analysis of epimutation origins, we suggest proceeding to a combination of
a field study followed by a common garden experiment with the same individuals, as previously
done for the asexual fish Chrosomus eos-neogaeus (Leung et al., 2016). 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).
Epigenetic variability can be measured on individuals reared in controlled conditions and
compared to individuals from their respective sampled sites. With the mangrove rivulus, several
lineages from the same population can be reared together, which can help us to distinguish if
the observed epigenetic diversity on the field come from the environment, the genotype of their
interaction. Moreover, comparing epigenetic diversity within an isogenic lineage on the field
and in the common garden allow us to investigate the rate of random epimutations. Contrary to
what has been done in our laboratory study, we strongly encourage investigating epigenetic
variation with Reduced Representation Bisulfite Sequencing (RRBS) or Whole Genome

Bisulfite Sequencing (WGBS).

Summary of “1. Disentangling epimutations sources: insights and perspectives”

There is a discontinuity between epigenetic and genetic distance among rivulus
populations, and between epigenetic and genetic diversity within populations.

e Pure epimutations (environmentally-induced and/or random) do occur in wild rivulus

populations.

e There is less epigenetic variation under standardized experimental conditions than
observed into the wild for the same genotype, supporting the role of environmental
variation, random (epigenetic drift) and non-random (epigenetic clock) events in the
generation of epimutations.

e Obligatory epimutations are not excluded as genetic and epigenetic distances match for

Belizean populations.
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e Perspectives to discern the proportion of obligatory, facilitated and pure epimutations:
o Recording environmental data from the field
o Experiment a common garden

o Development of epigenetic clock for mangrove rivulus

2. Behavioral individuality and ecology

2.1 Behavioral variation arises in isogenic lineage reared in standardized environments, but

not individuality

Variation in personality traits has been the focus of several laboratory studies on mangrove
rivulus, which showed considerable variation in boldness (Edenbrow & Croft, 2011, 2013;
James et al., 2018), aggressiveness (Edenbrow & Croft, 2012, 2013) and exploration (Edenbrow
& Croft, 2011, 2013) in response to abiotic and biotic environmental changes. In our study on
the immediate and delayed effects of methylmercury (MeHg), we confirm that behaviors or
rivulus from EPP can be affected by an environmental stressor as we observed a decreased
foraging efficiency and thigmotaxis, and a dose-dependent reduction in larvae locomotor
activity that were reversible. Although rivulus used in this study were from the same isogenic
lineage, we still observe high individual differences within each condition. For instance, the
total distance travelled by rivulus larvae during the activity test had a coefficient of variation
(CV) of 40 %, 60% and 80% in control, 90 ng/L and 135 pg/L MeHg group respectively. In
comparison, total distanced moved by AB line zebrafish (known to have low level of genetic
variability (Coe et al., 2009)) exposed to 0 or 10 pg/L MeHg showed CV of 20% and 17%,
respectively (Zhu et al., 2020). Two main observations can be drawn from these rivulus activity
data: there is a naturally high inter-individual variation in control group and this variation
increases with MeHg concentrations. The increase of variance could be the first step in the
adaptation of a population in a changing environment (Orlando & Guillette, 2001). As reviewed
in Nikinmaa and Anttila (2019), variability should always be included as an endpoint in data
analysis as it would bring new information about the responses of organisms to environmental
contamination, and about the variation among individual sensibilities to stress. Therefore,
mangrove rivulus is naturally suited to investigate sources of phenotypic variation that are not
genetic, as environmental influences and environmentally-induced or random epigenetic

modifications.
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As supplementary analysis, we calculated repeatability of activity (total distance moved, TDM)
and boldness (cumulative duration in internal zone, CDIZ) by comparing behaviors of rivulus
at 7 and 90 dph (n = 26, same fish) of control group, as we observed a significant interaction
between MeHg exposure condition and replicate (7 or 90 dph). There is no significant
individuality in activity and boldness (Table 6), meaning that there is no intrinsic among-
individual variation for these traits in these rivulus. However, the ancestors of these fish (FO,
from the wild EPP population) did show individuality in boldness. This loss of significant
among-individual behavioral variation is in line with the reduction in methylation variation
observed between wild EPP rivulus and their offspring (forming an isogenic lineage) reared in
controlled conditions. These results suggest that wild conditions (environmental heterogeneity,
selection pressure, (epi)genetic drift, etc) may maintain epigenetic diversity but also

individuality in rivulus population EPP, which is discussed in the next section.

Table 6: Linear mixed models for activity and boldness of mangrove rivulus from the control group of methylmercury

experiment. These rivulus are the F2, F3 and F4 generations from F0 wild mangrove rivulus caught in Emerson Point Preserve.

Activity (TDM) Boldness (CDIZ)
Fixed effects Estimates CIs (95%) df Estimates Cis (95%) df
(Intercept) 041" 0.00-0.81 48.65 0.33 -0.06 — 0.72 49.00
Length 0.04 -0.30-0.38 47.99 0.10 -0.23-0.43 49.00
7 dph Reference Reference
90 dph -1.77 -9.11-5.58 47.94 -2.95 -10.14-4.23 49.00
Random effects
o? 0.73 0.79
T00 FishD 0.12 0.00
ICC 0.14 0.00
N Fishin 26 26
Observations 52 52
Repeatability 0.14 0.00

Two linear mixed models with total distance moved (TDM) and cumulative duration in internal zone (CDIZ) as dependent
variable included ‘Replicate’ (7 and 90 dph) and Length as fixed effects, and Fish ID as random effects. Conditional
repeatability estimates the proportion of the total variance that is due to among-individual differences within control group

while considering fixed effects. * p<0.05 ** p<0.01 *** p<0.001.
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2.2 Individuality arises in isogenic but not in some genetically-diverse wild populations

Why and how consistent individual differences in behavior exist and persist in face of selection
are important questions that are far to be solved. Behaviors influence the ability of an individual
to act optimally in a specific situation and/or to an environmental factor, which makes it a
relevant phenotype to investigate in ecology (Hertel et al., 2020). Studying behavioral
individuality allow us to distinguish the part of total behavioral variance that is explained by
intrinsic among-individual variation and to reduce the effect of reversible factors
(environmental conditions, internal states) and intra-individual variation (behavioral plasticity
and predictability). Genome sequence is considered as the main factor driving this intrinsic
among-individual behavioral variation, but non-genetic factors have also recently been
proposed as important drivers of individuality including prebirth developmental stochasticity,
maternal effects and epigenetics (Bierbach et al., 2017; Laskowski et al., 2022; Vogt, 2015). In
our field study on behavioral individuality within four wild rivulus populations encountering a
genetic diversity gradient, we can investigate if individuality occurs in mangrove rivulus
populations, and if genetic diversity is the main intrinsic factor driving this individuality. We
found significant individuality of boldness in the almost-clonal population of EPP, meaning
that among-individual variation in boldness in this population are not only driven by external
factors or internal state (i.e. reversible variation), but also by non-genetic intrinsic variation
among individuals. This individuality was found in the other Floridan population LK where
there is more genetic diversity, but not in the most genetically-diverse populations in Belize.
These results are the opposite of what would be observed if the main intrinsic driver of

individuality in boldness was genetic diversity.

This individuality can arise from different sources. Firstly, rivulus can vary in their epigenetic
marks, as confirmed with the RRBS analysis and detailed previously. Our main hypothesis is
that epigenetic variation could be another source of behavioral individuality and should be
considered as another intrinsic variation among individuals, as some DNA methylation marks
can be irreversible and can even be transferred to the next generation (Bhandari et al., 2015;
Guerrero-Bosagna et al., 2018; Liew et al., 2020). The responsiveness of environmentally-
induced epimutations can help populations facing rapid, fluctuating environmental changes.
This phenomenon is named epigenetic buffering, and could facilitate evolutionary rescue

through heritability of environmentally induced phenotypes, reducing genetic loss and
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increasing the probability of genetic mutation, all reviewed in (O’Dea et al., 2016). This
phenomenon could help population with low genetic diversity such as EPP population to face
environment changes. Secondly, later-in-life individuality can be strongly shaped by factors
predating birth like maternal provisioning, epigenetics and pre-birth developmental
stochasticity (Laskowski et al., 2022). Previous study on rivulus boldness revealed that the
intensity of this trait increases during ontogeny and then stabilized at sexual maturity suggesting
a developmental flexibility of these behavioral traits in this species (Chang et al., 2012). This
flexibility could allow individuals to adapt to highly variable local environmental conditions in
which rivulus evolves and therefore would be directly linked to temporal and spatial
heterogeneity of the mangrove forests (Edenbrow & Croft, 2011). Recently, a study on
genetically identical fish Poecilia formosa reared in identical environment showed that
substantial behavioral individuality is already present at the very first day of life after birth and
that these early signatures of individuality gradually strengthened over ontogeny and predict
behavior up to at least ten weeks later (Laskowski et al., 2022). Thus, once individuality is
triggered, it could set the starting point for further behavioral differentiation. One interesting
perspective is to investigate if individuality is already present at the very first day of life after
birth in mangrove rivulus, and how it evolves through the lifespan. As explained in the previous
section, there is no individuality in boldness in the offspring of these fish reared under
laboratory conditions. Expressing individuality in their behaviors would give the mangrove
rivulus the capacity to survive in their highly complex and variable mangrove environment,
which constitutes an evolutionary benefit. Individuality could be irreversible among rivulus
within a generation, but reversible across generations (Kain et al., 2015). This is another
hypothesis to investigate to understand why and how consistent individual differences in

boldness exist and persist in face of selection.

On the opposite of Floridan populations, there is no individuality in genetically-diverse
populations of Belize. It could be due to intra-individual variability that prevents the
observation of consistent behavioral variation among individual. This variation is often
attributed to behavioral plasticity and predictability. Behavioral plasticity corresponds to
reversible changes in behavior in response to biotic and abiotic environmental conditions within
the same individual (Dingemanse et al., 2010, reviewed in Stamps, 2016), which allows
organisms to adjust their behavior along environmental gradients or over time. Even after

accounting for consistent among-individual variation (i.e. differences in personality) and
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behavioral plasticity (i.e. responsiveness to environmental/temporal change), it may still remain
unexplained behavioral variability. This individual variation in residual within-individual
variance corresponding to behavioral predictability (Westneat et al., 2015). One interesting
perspective would be to perform more temporal replicates of behavioral tests to investigate the
plasticity and predictability of mangrove rivulus behaviors with different genotypes to highlight
a possible interaction between test parameters and to characterize rivulus reaction norm.
Previous studies have indicated that intra-individual variation in behavioral traits can depend
upon an individual’s behavior, as bold three-spined sticklebacks Gasterosteus aculeatus are
less plastic and more predictable than shy fish (Jolles et al., 2019). Another study on this species
showed that behavioral plasticity was dependent upon the population of origin (high and low
predation) (Bell & Stamps, 2004). As rivulus from EPP were significantly bolder than TC, we
suggest testing the hypothesis that EPP rivulus are less plastic and more predictable than Twin

Cayes rivulus, allowing the emergence of individuality in EPP but not in TC.

The results obtained in our laboratory and field studies can be discussed under an evolutionary
and adaptive point of view. For example, among-individual variation in plasticity and
predictability may be evolutionarily adaptive, e.g. diversification in bed-hedging (Biwer et al.,
2020). In the next and last section, we discuss the insights that brought our epigenetic and
behavioral results in the understanding of mangrove rivulus evolutionary mechanisms, and their

possible variation across populations.

Summary of “2. Behavioral individuality and ecology”

e Behavioral variation arises in isogenic lineage reared in standardized environments.

¢ Individuality arises in wild isogenic population of rivulus (EPP), but not in their offspring
reared in standardized environments.

e Natural conditions (environmental heterogeneity, selection pressure, (epi)genetic
drift,...) may maintain individuality in rivulus population EPP.

e High intra-individual variation (plasticity and predictability) could prevent the
emergence of individuality in genetically-diverse populations of mangrove rivulus.

e The reasons why and how consistent individual differences in behavior exist and persist

in face of selection should be the focus of future studies.
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e Perspectives:
o Determine when individuality emerges in mangrove rivulus (already present at the
very first day of life?) and how it evolves through the lifespan.
o Investigate individuality inheritance and determine if individuality could be
irreversible among rivulus within a generation, but reversible across generations.
o Perform more temporal replicates of behavioral tests to investigate the plasticity
and predictability of mangrove rivulus behaviors and to characterize rivulus

reaction norm.

3. Different or shared adaptive and evolutionary strategies?

One interesting result coming from the field study is that the level of epigenetic variation within
all four populations is similar, regardless of genetic heterogeneity. Moreover, the functional
enrichment analysis of genes where differentially methylated cytosines occur within a
population showed shared pathways between the four populations, while a smaller proportion
were population-specific. How and why populations with drastic differences in their
reproductive and genetic characteristics show methylation differences of similar
magnitude and affecting shared pathways? Another result that makes us question the
evolutionary strategies of mangrove rivulus is that individuality in behaviors seems to be related
to the location rather than to the genetic diversity within a population, as it emerged in Floridan
populations encountering drastic genetic diversity (He) differences level (He in EPP = 0.04; He
in LK = 0.35), but not in Belizean populations (He in LC = 0.57; He in TC= 0.62). How and
why individuality persist in Floridan populations regardless of genetic diversity, but not
in Belizean populations? Different underlying adaptive and evolutionary strategies can help

us to explain these patterns.

3.1 Phenotypic plasticity and diversifying bet-hedging

Phenotypic plasticity and diversified bet-hedging are two ecological models developed to
describe how organisms maximize their fitness in changing environments (Philippi & Seger,
1989; Simons, 2011). Diversified bet-hedging strategy is based on the production of

phenotypically variable offspring, irrespective of environmental conditions. Conserving
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behavioral individuality across multiple generations even in the absence of considerable
environmental variations would maximize survival chances of a population in case of
environmental condition variation. In other words, diversified bet-hedging increases the
likelihood that, at least, some individuals are well-adapted to the selection pressure of
unpredictable environments. Through empirical studies, behavioral individuality has been
reported to possibly reflect bet-hedging strategy (Carter et al., 2017; Kain et al., 2015). Kain et
al. (2015) observed interindividual behavioral diversity (in light and temperature preference-
dependent behaviors) in fruit flies Drosophila melanogaster that generated interindividual
differences in survival and reproduction, reflecting a bet-hedging strategy. Moreover, this
individuality was not heritable, which remind us of our results obtain for FO and F2-F4 rivulus
from EPP population, where individuality was found in FO but not in their offspring. The
presence of inter-individual variation in boldness and activity levels in mangrove rivulus reared
under laboratory conditions could reflect a bet-hedging strategy to reduce risks and ensure the
survival of some individuals of the population in case of rapid change of their environment.
Random epimutations have been proposed to be among mechanisms underlying diversified bet-
hedging strategy and may increase when organisms are exposed to environmental stresses
(Rapp & Wendel, 2005). Furhter studies should investigate if random epimutations occur in
mangrove rivulus reared in homogenous conditions and investigate if these epimutations could
be the underlying mechanisms of behavioral variation among rivulus from the same isogenic

lineage.

Into the field, the scenario is quite different. Following the perception of an environmental
signal, specific genes may be epigenetically silenced or activated, resulting in a modified and
environment-specific phenotype (Orlando & Guillette, 2001; Skinner et al., 2015; Skinner &
Nilsson, 2021). Environmentally induced epigenetic variation has therefore been proposed to
mediate phenotypic plasticity as they can shape phenotypic responses to environmental
variation, facilitating adaptation, speciation, and adaptive radiation (Angers et al., 2010).
Phenotypic plasticity is one of the processes underlying the general-purpose genotype (GPG)
model (Stearns, 1989). It proposed that evolutionary success of organisms with low genetic
diversity (asexual, clonal,...) could be possible via generalist lineages selected for their flexible
phenotypes utilizing wide ecological niches. Such phenotypic flexibility enables a given
genotype to be successful in many different and variable environments. As epigenetic variation

potentially represents a molecular mechanism that can generate phenotypic plasticity, it can

174



also be part of the GPG model (Figure 18). Massicotte & Angers (2012) studied DNA
methylation polymorphisms of individuals belonging to a single genetic lineage of the clonal
diploid fish Chrosomus eos-neogaeus sampled in seven geographically distant lakes and
showed that DNA methylation is a relevant molecular mechanism that contributes to
phenotypic plasticity over variable environments in accordance with the GPG model.
Methylation profiles allow the clustering of individuals in two distinct groups of populations
among lakes, which was consistent with pH variation among the two epigenetic groups
(Massicotte & Angers, 2012). In our case, each mangrove rivulus from the same isogenic
lineage (mostly in EPP) presenting different epigenetic profiles could be seen as an acclimated
epigenotype. It thus seems that these lineages have the potential to respond via DNA
methylation variation when under variable environmental conditions. These lineages
potentially have the capacity to colonize different environments and/or the ability to adjust

following a perturbation in the environment.

Fitness

Ecological niche

Figure 18: Graphic representation of the general-purpose genotype (GPG) model. Environmentally induced epigenotypes
(grey distributions) extend the flexibility of a single genetic lineage (unfilled distribution), creating a wide ecological niche

and a high fitness under variable environmental conditions. Adapted from Massicotte and Angers (2012).

Theoretical studies demonstrated that phenotypic plasticity would be selected for dealing with
predictable environmental changes (Reed et al., 2010; Scheiner & Holt, 2012). Leung et al.
(2016) analyzed the DNA methylation variation in wild populations of asexual fish C. eos-
neogaeus between two types of environments: predictable (lakes) and unpredictable
(intermittent streams) areas. Clonal fish that are found in predictable environments display
environmentally induced epigenetic changes, whereas those living in unpredictable
environments are characterized by a high contribution of random epimutations. They revealed

that environmentally induced and random epimutations acts conjointly, while at a different
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extent according to environmental uncertainty, suggesting that plasticity and random processes
are complementary strategies. The difficulty of investigating this relationship between
environmentally-induced and random epimutations (or between phenotypic plasticity and bet-
hedging strategy) in wild populations of mangrove rivulus comes from the nature of its habitat.
As detailed in the introduction, physico-chemical conditions of mangrove ecosystems are
highly variable due to the alternation of tidal/rainfall flushing and drier periods through the day.
However, this does not tell us anything about its unpredictability. The mangrove rivulus could
have developed a phenotypic plasticity to face this extreme but predictable variability.
Characterization of rivulus habitat (its variability and predictability) in EPP, LK, LC and TC
would help us to understand how and why individuality persist in Floridan populations

regardless of genetic diversity, but not in Belizean populations.

3.2 Baldwin effects, genetic assimilation and phenotypic convergence

Another driver of phenotypic plasticity is the underlying genetic sequence, as some alleles are
more likely to encounter epimutations than others. Indeed, fluctuating environmental conditions
may lead to the establishment of alternative methylation patterns on certain sensitive allele
(Figure 19a). The frequency of advantageous methylation-sensitive alleles will therefore
increase in subsequent generations, thereby increasing the number of individuals apt to react to
environmental fluctuations. In this case, there is no inheritance of the methylation marks: it is
the flexibility of the phenotype that is selected, rather than the result of the flexibility itself, a
process named Baldwin effect (Simpson, 1953) (Figure 19b). DNA methylation modulates
gene expression in response to the environment, while the genetic background provides
heritability of the genes required for flexibility. The Baldwin effect could be advantageous in
unstable or highly heterogeneous environments, such as mangrove ecosystems. Although very
few different genotypes were found in the EPP rivulus population, these genotypes could have

selected characteristics to be flexible and sensitive to environmentally-induced epimutations.

On the other hand, if environmentally induced phenotype and its underlying epimutations are
maintained across generations, it can lead to genetic assimilation (Young & Badyaev, 2007)
(Figure 19c¢). During this process, environmental changes induce the epimutations that are
responsible for a new advantageous phenotype, on which natural selection acts. Over time,

these environmentally induced epimutations are incrementally replaced with multiple
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advantageous genetic mutations through the process of natural selection. The epigenetic
contribution to the phenotype decreases as the genetic contribution increases. Ultimately, the
environmentally-induced phenotype becomes genetically encoded in the population due to the
process of mutation selection, and the environmental signal, as well as the epigenetic marks
that are no longer required to produce it. It corresponds to a ‘mutational assimilation’ in which
the mutations are facilitated by epigenetics. This complex mechanism supports the theory that

epigenetic variation precedes genetic variation and is reviewed in Danchin et al. (2019).

(a) Change of methylation on sensitive alleles Survival and reproduction of

a favourable phenotype with

_El:]_ O —EI:}- O methylated allele
—7x +0 o - - -
X O T F Q Increased allele frequency in
—:l:]_ O _I:l]_ Q the next generation

(b) Next generation, no inheritance of the methylation

Environment A e O Baldwin effect: Selection of a

methylation-sensitive allele.

4—T1_ 1+ O Methylation and phenotype

then depend on the

Environment B _ﬁ_ O environmental conditions

(c) Next generation, inheritance of the methylation

Methylated allele Genetic assimilatio'n: Ona
and alternative long term perspective, the
e O phenotype are v T I+ O alternative pheqotype
transmitted across becomes genetically
generations determined. Methylation is

no longer required

[> Environmental change D Unmethylated : Methylated [J DNA mutation O Phenotype

Figure 19: Consequences of the inheritance (or not) of methylation marks following an environmental change. (a) As a
consequence of a given environmental change, the methylation of some alleles will be modified depending on their sensitivity.
If the resulting alternative phenotype is advantageous, the frequency of this allele will increase in the next generation as a
result of natural selection. (b) In the next generation, in the absence of inheritance of the new methylation marks, the initial
phenotype will be restored in environment A whereas the alternative phenotype may reappear in environment B (for the same
reason it appeared in A) because the selected allele is more sensitive to environmentally induced epigenetic variation. (c) In
the next generation, in the presence of inheritance of the new methylation marks, the alternative phenotype is maintained for

several generations until a mutation replaces the effect of methylation. From Angers et al., (2010)
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The fact that alleles and epialleles can create the same phenotype is an important concept to
include in our discussion. This process refers to phenotypic convergence and is mostly
described in medical biology. For example, a study on the implications of the GAD1 gene in
schizophrenia showed that there is a convergence between environmental and genetic factors
in methylation-related remodeling of the GAD1 gene regulatory region. Several environmental
factors (maternal stress during pregnancy, maternal immune activation during pregnancy, and
low postpartum maternal care) can cause hypermethylation of the GAD1 gene regulatory
region. Hypermethylation of the GAD1 gene regulatory region can also be caused by certain
genetic variants (e.g., rs3749034, a schizophrenia-risk single nucleotide polymorphism).
Together, these epigenetic changes have been associated with impaired neuronal
synchronization and inhibition and the subsequent emergence of behavioral and cognitive
deficits (Richetto & Meyer, 2021). Similar convergence of DNA methylation variation and
somatic mutations has been observed in brain tumors (Mazor et al., 2015). We can use this
concept of phenotypic convergence to explain why populations with drastic differences in

their genetic characteristics show methylation differences affecting the same pathways.
Considering all these concepts, the figure below groups the hypotheses to be tested to better

characterize the role DNA methylation variation in the adaptation and evolution of mangrove

rivulus Kryptolebias marmoratus (Figure 20).
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Figure 20: Summary of adaptive and evolutionary concepts to investigate to better characterize the role DNA methylation

variation in the adaptation of the mangrove rivulus Kryptolebias marmoratus. Lines color corresponds to different genotypes.
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CHAPTER 6: CONCLUSIONS

The extended evolutionary synthesis emphasized the effect of epigenetic mechanisms as an
additional source of phenotypic variation as it has been demonstrated to generate heritable
phenotypic variation independent of genetic sequence alterations, in response to environmental
changes or randomly, and hence can contribute to evolutionary changes. Along this thesis, we
addressed multiple questions on DNA methylation variation i.e. epimutations: what is the extent
of DNA methylation in wild animal populations? How epigenetic variation balances with
genetic variation in wild populations of mangrove rivulus encountering genetic diversity
gradient? What are the origins of epimutations in mangrove rivulus? Are they population-
specific? Whether and how an environmental stressor induces epimutations in an isogenic

lineage of mangrove rivulus?

The ecological and biological characteristics of the mangrove rivulus make it an attractive
model species to answer these questions. Our work furnished new hypotheses about the
epimutations sources in mangrove rivulus populations, how behavioral individuality arises
among rivulus and what could be the underlying adaptive and evolutionary strategies. DNA
methylation diversity has been found to be a revealing parameter to characterize wild
rivulus populations (strong epigenetic structure, and possibly population-specific
epimutations sources), the environmental conditions they face (complex/natural habitats
of standardized/laboratory conditions) and the evolutionary pathways they follow.
Mangrove rivulus can be useful to investigate adaptive and evolutionary processes mediated by
epigenetic mechanisms such as epigenetic buffering, phenotypic plasticity, bet-hedging

strategy, Baldwin effect, phenotypic convergence and genetic assimilation.

This thesis also reinforces the idea of studying behavioral variation and individuality in
mangrove rivulus as a targeted phenotypic output, as we have shown surprising and original
results in both field and laboratory studies. There is behavioral variation among fish from the
same isogenic lineage reared in standardized environment, individuality among fish from a wild
population with extremely low genetic diversity, but no individuality in more genetically-

diverse wild populations.
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This thesis provides a framework to further assess the potential of organisms to respond to
environmental changes. Future studies on the mangrove rivulus could confirm our results and
may provide deeper insights about the role of DNA methylation in organisms adaptation and
evolution including field study recording a maximum of environmental data, common garden
experiment with several isogenic lineages, transgenerational experiment and development of
epigenetic clock for mangrove rivulus. These results could bring new useful insights for
generating predictive models of the capacity of populations to adapt to environmental variation

through DNA methylation changes.
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