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Summary

The widespread existence of personalities across the animal kingdom suggests an
evolutionary relevance. The consistent between-individual differences in behavior over
time and across contexts, also called personality traits or behavioral individualities,
influence various parameters such as food access, social interactions, predator
avoidance and, ultimately, the fitness of organisms which corresponds to the ability to
survive to reproductive age, find a mate and produce offspring. Although animal
behavior constitutes the interactive link between an organism and its environment,
behavioral individualities are largely interconnected with ecological dynamics and
population evolution. Nowadays, organisms have to face (rapid) changing
environmental conditions mostly related to human impacts. 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 changes can
influence phenotypic variability is crucial to understand individual traits and animal’s
ability to acclimate to new environmental conditions during development and
adulthood. Hence, the general objective of this thesis was to investigate the
developmental plasticity of behavioral traits and the sequence of key molecular events
leading to behavioral modifications that permit the organisms to cope with new
environmental conditions. A unique vertebrate expressing very low to no genetic
variability between lineages was used in this thesis providing an incredible model to
identify the genetic and environmental sources of phenotypic variability.
Hermaphrodites of the mangrove rivulus fish, Kryptolebias marmoratus, can self-fertilize
and naturally produces highly homozygous and isogenic individuals within lineages.

The first chapter of this thesis aimed to characterize boldness and aggressiveness
personality traits and the non-genetic mechanisms generating between-individual
behavioral variability in hermaphrodites reared in the same controlled conditions.
Variability in behaviors expressed by fish was observed despite the absence of genetic
and environmental variations. The brain protein expression pattern and DNA
methylation landscape in adult fish, globally profiled using respectively label-free
quantitation (LFQ) and Reduced Representation Bisulfite Sequencing (RRBS) workflows,
provided a list of candidate genes that might be associated to variations in the bold/shy
or the aggressive/non-aggressive continuums, some through methylation changes.

Proteomic as well as RRBS results have shown no proteins/genes similar to both
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behavioral continuums indicating the implication of different pathways in the
settlement of boldness and aggressiveness. Proteomic results revealed that the bold/shy
continuum mostly impacted amino acid metabolic processes as well as structural and
cytoskeleton proteins. The aggressive/non-aggressive continuum mostly influenced
proteins involved in the central nervous system development, maintenance, plasticity
and neurotransmission. The most significant differentially methylated fragment (DMF)
between bold and shy fish was situated in the SKI gene body. The difference in
methylation level of this gene could indicate potential difference in neurogenesis
shaping boldness personality trait. With a methylation change of 40% between
aggressive and non-aggressive fish, the toll-interacting protein coding gene controling
proinflammatory reaction in response to injury supports, with other significant DMFs, a
correlation between the aggressive level and the fish immune response, as it has been
discovered in humans. Conserving 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 change. This concept is
known as the bet-hedging strategy, an evolutionary strategy in which a single genotype
produces a distribution 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.

The second chapter was dedicated to understand the developmental plasticity of
personality traits in K marmoratus submitted to environmentally relevant stimuli
during their development (the presence of a conspecific and low salinity environment)
by investigating as well the effects on life history traits (growth and reproduction) and
brain protein expression profiles. These two stimuli differentially affected fish growth
and reproduction as well as the expression of some proteins in their brain, although the
exposure stopped a long time before sampling. Social interactions during development
induced expression changes of 43 proteins among which, the reticulon 1, the syntaxin-
binding protein, the glutaminase, and the sodium-dependent neutral amino acid
transporter revealed impacts on vesicle transport and neuronal activity. Low salinity
exposure changed the expression of 15 proteins with the prothymosin alpha and the
lipoamide acyltransferase indicated that the low salinity increased the lipid metabolism
and modulated the immune response. However, no effects of stimuli were detected on

fish behaviors. The camouflage of stimuli effects on behavior by the elevated behavioral
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variability between individuals, the low environmental influence in the determinism of
behavior or the choice of stimuli not eliciting strong enough effects were amongst the
hypotheses raised and discussed in this chapter.

Those results led to the last experiments carried out during this thesis : exposing
fish to an expected more intense stress, a neurotoxin, highly suspected to impact fish
behavior, and investigate its immediate and delayed effects. This neurotoxin is the $-N-
methylamino-L-alanine = (BMAA), produced by cyanobacteria, diatoms and
dinoflagellates naturally present in K. marmoratus environment and related to the
development of neurodegenerative diseases in humans such as Parkinson’s,
amyotrophic lateral sclerosis’ and Alzheimer’s diseases. First, locomotion and prey
capture behaviors in the rivulus larvae were investigated after one-week exposure to 2
sublethal BMAA doses (20 pg/L and 15 mg/L) on newly hatched larvae. BMAA
significantly increased the maximum velocity as well as the number of failures and trials
for capturing preys revealing potential movement and synaptic signaling impairments.
Second, the delayed effects of 2-weeks BMAA exposure to both sublethal concentrations
were assessed on life history traits, behavioral traits and on the relative expression of 7
genes in fish brain known to be BMAA targets or involved in neurotransmission and/or
personality traits. Although no effects on growth, reproduction and behavioral traits
were detected, BMAA induced a significant increase of the expression of CaM and MAOA
genes at 20 pg/L BMAA compared to the control group. A significant decrease of
expression was observed between this lowest BMAA dose and 15 mg/L for DRD4, MAOA
and CaM genes. Our results suggest disruption of glutamate turnover, intracellular
dopamine depletion and the potential activation of astrocyte protective mechanisms
indicating potential long lasting effects of BMAA affecting phenotypic traits with aging.

According to the results gathered along this project, we could conclude that the
mangrove rivulus behavioral traits seem to be submitted to low environmental influence
even faced to neurotoxic compounds. Personality traits are possibly less plastic to
stimuli occurring during rivulus development due to their influence on organism fitness.
The hypothetic low environmental determinism of boldness and aggressiveness would
avoid trait homogeneity within population to ensure rivulus acclimation and adaptation
to new environmental conditions that may occur in adults, hypothesis highly plausible
knowing how extreme the environmental conditions in mangrove habitats can be. Our

results also suggest a bet-hedging strategy favoring the maintenance of traits diversity
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within isogenic population of the mangrove rivulus through epigenetic mechanisms

such as DNA methylation.
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Résumé (francais)

La présence répandue des traits de personnalité au sein du regne animal reflete
leur importance évolutive. En effet, les différences de comportement entre individus qui
sont constantes dans le temps et a travers différentes situations, aussi appelées traits de
personnalité ou individualités comportementales, influencent divers parametres tels
que l'acces a la nourriture, les interactions sociales, les comportements d’antiprédation
et in fine, le fitness des organismes qui représente la capacité d’'un organisme a survivre
jusqu’a maturité sexuelle, trouver un partenaire et produire une descendance. Bien que
tout comportement animal soit défini comme le lien interactif entre un organisme et son
environnement, les traits de personnalité sont largement interconnectés a I'écologie et a
I'évolution d’'une population. De nos jours, les organismes doivent faire face a des
changements (rapides) de leurs conditions environnementales suite, entre autres, aux
influences humaines. Le début de la vie d'un organisme est reconnu comme étant une
fenétre sensible au cours de laquelle I'environnement peut avoir des effets durables sur
son phénotype et ce, jusqu'a l'dge adulte. Découvrir comment les changements
environnementaux peuvent influencer la variabilité phénotypique est crucial pour
comprendre les traits individuels et la capacité des organismes a s’acclimater a de
nouvelles conditions environnementales pendant le développement et a 'age adulte.

L'objectif général de cette theése est donc d'étudier la plasticité développementale
des traits de personnalité et la séquence des événements moléculaires clés conduisant a
des modifications comportementales permettant aux organismes de faire face aux
nouvelles conditions environnementales. Un vertébré unique, exprimant une variabilité
génétique tres faible voire nulle entre lignées, a été utilisé au cours de cette these,
fournissant un modele incroyable pour identifier les sources génétiques et
environnementales de la variabilité phénotypique. Ce modeéle est un poisson appelé le
rivulus des mangroves, Kryptolebias marmoratus, comprenant des individus
hermaphrodites capables de s'autoféconder et produisant des lors des individus
hautement homozygotes et naturellement isogéniques au sein d'une méme lignée.

Le premier chapitre de cette these visait a caractériser les traits de personnalité
d’audace et d’agressivité, ainsi que les mécanismes non génétiques générant de la
variabilité comportementale entre des hermaphrodites élevés dans des conditions
environnementales identiques. De la variabilité comportementale a été observée malgré

I'absence de variations environnementales et génétiques entre les poissons testés. Les
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analyses des profils d’expression protéique et des profils de méthylation de I’ADN du
cerveau des poissons adultes (via respectivement les techniques de «label-free
quantification » (LFQ) et de « Reduced Representation Bisulfite Sequencing » (RRBS))
ont fourni une liste de genes candidats susceptibles d’étre associés a des variations
comportementales au niveau de I'axe audacieux/timide et de I'axe agressif/non-agressif,
via entre autre, des changements de méthylation. Les résultats protéomiques et RRBS
n'ont montré aucun(e) protéine/gene semblable aux deux continuums
comportementaux, indiquant l'implication de différents mécanismes dans
|'établissement de 1'audace et de 1'agressivité. Les résultats protéomiques ont révélé que
le continuum audacieux/timide affectait principalement les processus métaboliques des
acides aminés ainsi que les protéines structurelles et cytosquelettiques. Le continuum
agressif/non-agressif a quant a lui, principalement influencé les protéines impliquées
dans le développement, le maintien et la plasticité du systéme nerveux central ainsi que
la neurotransmission. Le fragment différentiellement méthylé (FDM) le plus significatif
détecté entre les poissons audacieux et timides était situé dans le corps du gene SKI. La
différence du niveau de méthylation de ce gene pourrait indiquer une neurogenése
différenciée déterminant le niveau du caractére audacieux. Avec un changement de
méthylation de 40% entre les poissons agressifs et non agressifs, le gene codant pour la
protéine toll contrdlant la réaction pro-inflammatoire en réponse a une blessure,
soutient, avec d’autres FDMs significatifs identifiés, une corrélation entre le niveau
d’agressivité et la réponse immunitaire du poisson, comme cela été découvert chez
I'homme. Conserver de I'individualité comportementale a travers plusieurs générations,
méme en l'absence de variations environnementales considérables, permettrait de
maximiser les chances de survie d'une population en cas de changement des conditions
environnementales. Ce concept est connu sous le nom de «bet-hedging strategy »,
stratégie évolutive dans laquelle un seul génotype produit une distribution de
phénotypes parmi les descendants dans le but d'accroitre la probabilité que certains
individus soient bien adaptés a la pression de sélection due a des changements
environnementaux imprévisibles.

Le deuxiéme chapitre fut consacré a comprendre la plasticité développementale
des traits de personnalité chez K. marmoratus soumis a des stimuli pertinents d'un point
de vue environnemental (présence d’'un congénere ou d'une faible salinité) au cours de

leur développement, en examinant également leurs effets sur les traits d’histoire de vie
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(croissance et reproduction) et profils d’expression protéique du cerveau. Ces deux
stimuli ont affecté différemment la croissance et la reproduction des poissons ainsi que
I'expression de certaines protéines dans leur cerveau, bien que l'exposition se soit
arrétée longtemps avant l'échantillonnage des cerveaux. Les interactions sociales au
cours du développement ont induit des modifications d'expression de 43 protéines,
parmi lesquelles le réticulon 1, la protéine de liaison a la syntaxine, la glutaminase et le
transporteur d'acide aminé neutre dépendant du sodium révélant des effets sur le
transport de vésicules et I'activité neuronale. L'exposition a une faible salinité a modifié
'expression de 15 protéines dont la prothymosine alpha et la lipoamide acyltransférase
indiquant qu’'une faible salinité augmente le métabolisme des lipides et module la
réponse immunitaire. Cependant, aucun effet des stimuli n'a été détecté sur le
comportement des poissons. Le camouflage des effets sur le comportement suite a la
variabilité = comportementale élevée entre individus, la faible influence
environnementale sur le déterminisme du comportement ou le choix des stimuli ne
produisant pas d'effets suffisamment forts font partie des hypotheses soulevées et
discutées dans ce chapitre.

Ces résultats ont conduit aux dernieres expériences menées au cours de cette
these: exposer les poissons a un stress plus intense, une neurotoxine dont I'impact sur le
comportement des poissons est fortement suspecté, et étudier les effets immédiats et
retardés de cette exposition. Cette neurotoxine est la [-N-méthylamino-L-alanine
(BMAA), produite par les cyanobactéries, diatomées et dinoflagellés, présente
naturellement dans l'environnement de K. marmoratus et liée au développement de
maladies neurodégénératives chez 'homme telles que la maladie de Parkinson, la
sclérose latérale amyotrophique et la maladie d'Alzheimer. Premierement, les
comportements de locomotion et de capture des proies chez le rivulus ont été étudiés
apres une exposition d'une semaine a 2 doses sublétales de BMAA (20 pg/L et 15 mg/L)
chez des larves fraichement écloses. La BMAA a significativement augmenté la vitesse
maximale de déplacement ainsi que le nombre d'essais et d’échecs de capture de proies
révélant de potentielles altérations du mouvement et de la signalisation synaptique.
Deuxiemement, les effets retardés d'une exposition des larves fraichement écloses
durant 2 semaines aux deux concentrations subléthales de BMAA ont été évalués sur les
traits d'histoire de vie, les traits de comportement et 1'expression relative de 7 genes

dans le cerveau des poissons adultes, génes connus comme étant la cible de la BMAA ou
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impliqués dans la neurotransmission et/ou les traits de personnalité. Bien qu'aucun
effet sur la croissance, la reproduction et les traits comportementaux n'ait été détecté, la
BMAA a induit une augmentation significative de I'expression des génes CaM et MAOA a
20 pg/L BMAA comparé au groupe controle. Une diminution significative d’expression a
été observée entre cette plus faible dose de BMAA et 15 mg/L pour les géenes DRD4,
MAOA et CaM. La perturbation du renouvellement du glutamate, 1'appauvrissement
intracellulaire en dopamine et I'activation potentielle des mécanismes de protection des
astrocytes sont les effets suspectés indiquant que la BMAA pourrait affecter les
caractéres phénotypiques sur le long terme, effets potentiellement visible avec le
vieillissement.

Selon les résultats recueillis au cours de ce projet, nous pourrions conclure que
les traits de comportement du rivulus de mangrove semblent étre soumis a une faible
influence environnementale, méme en présence de composés neurotoxiques. Les traits
de personnalité, en raison de leur influence sur le fitness des organismes, sont peut-étre
moins plastiques en réponse a des stimuli présents pendant le développement du
rivulus. L'hypothétique déterminisme environnemental faible des traits d'audace et
d'agressivité éviterait d’avoir une homogénéité comportementale au sein de la
population afin d’assurer l'acclimatation et l'adaptation du rivulus aux nouvelles
conditions environnementales pouvant survenir chez les adultes, hypothese hautement
plausible au regard des conditions environnementales extrémes rencontrées dans les
mangroves. Nos résultats suggerent également une stratégie évolutive de «bet-
hedging » favorisant le maintien de la diversité des traits au sein de la population
isogénique du rivulus des mangroves par le biais de mécanismes épigénétiques tels que

la méthylation de I'ADN.
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GENERAL INTRODUCTION

1. Context of the study

Behavior constitutes the central core of the interactions between an organism
and its environment. Behavior influences and is affected by development, physiology,
environmental factors, ecological dynamics and evolution (Sih et al, 2010).
Understanding these interactions is a major challenge of biology, particularly in the
actual context of rapid human-related environmental changes. Personality traits are
behaviors of particular interest for behavioral ecologists due to their high influence on
organisms fitness and therefore on ecological and evolutionary processes. Individuals
expressing their own behavior, concept commonly called behavioral individuality, is
known to develop from genetic sources, environmental influence and their interactions.
But recent studies emphasized the effect of a third “random” source generating
variability between individuals, whose epigenetic mechanisms are part of, even in the
absence of genetic diversity and environmental changes (Bierbach et al., 2017; Freund et
al., 2013). Identifying the origin of the random variability is a challenge regarding the
reduction of both genetic and environmental variability. A new valuable vertebrate
model presents a reproductive strategy that allows to naturally produce clones and
therefore to linger on molecular sources of behavioral variability, the mangrove rivulus,
Kryptolebias marmoratus. Beyond answering fundamental questions of the molecular
bases of personality traits, investigating how these behaviors respond to factors and
stressors occurring during their development is crucial to better understand the
developmental plasticity of personality traits and how organisms can cope with
environmental changes. Developmental period constitutes a sensitive window to
environmental clues such as social interactions, environmental physico-chemical
conditions or pollutants, particularly due to the vulnerability of the central nervous
system.

In this context, the first chapter was dedicated to assess the presence of
behavioral individuality among isogenic individuals and characterize the brain
molecular bases of boldness and aggressiveness personality traits in the mangrove
rivulus. The molecular mechanisms underlying their developmental plasticity after

exposure to social interactions or low salinity by combining measures of life-history



traits throughout the development and the brain molecular phenotype (proteome) in
the adults were assessed (Chapter 2). To go further in the investigation of
developmental plasticity of behavioral traits, a last experience was performed to
investigate the immediate and lasting effects of a neurotoxin on rivulus behavior
associated with changes of gene expression (Chapter 3). This neurotoxin is of great
interest due to its causal relation to neurodegenerative diseases in humans such as
Alzheimer disease, Parkinson disease and amyotrophic lateral sclerosis.

In this introduction, the general concepts of animal behavior as well as
personality traits in the animal kingdom will first be described (section 2). In this
section, particular attention will be dedicated to a concept known as behavioral
syndrome and the origin and evolution of personalities. Then, the concept of phenotypic
plasticity will be discussed from an historical point of view with the evolution of the
central dogma of molecular biology (section 3). The stakes of omic approaches to
investigate molecular bases of personalities and developmental plasticity will be
examined with a focus on LFQ proteomics and DNA methylation analysis (section 4).
Finally, the ecology, life cycle, reproductive characteristics, behavior and the genetic and
epigenetic characteristics of the model organism used as well as its potential for this

study will be presented (section 5).

2. Animals’ behaviors

2.1. General concepts

Animal behavior has always interested human populations. 30,000 years-old
prehistoric paintings of hunting scenes across the world testify of this widespread
interest of humans. This began with interest in animal behavior to understand preys
habits in the environment and therefore to improve their hunting. With the
development of agriculture animals were domesticated and used. The first scientific
descriptions of animal behaviors in the 19t century were using anecdotes and
anthropomorphic views. The first exception arrived in 1859 with Charles Darwin who
described animal behavior with an evolutionary point of view wondering how natural
selection might have shaped rudimentary behaviors into sophisticated ones (Wyatt,

2017).



Behavior 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). Animal behavior is a
complex concept which has been defined by Levitis et al. (2009) as “the internally
coordinated responses (actions or inactions) of whole living organisms (individuals or
groups) to internal and/or external stimuli, excluding responses more easily understood as
developmental changes”. With this definition, we understand how wide the panel of
behaviors can be. A meerkat standing straight above his burrow; an octopus changing
color for camouflage on a coral reef; a bee collecting nectar from a flower; all of these are
examples of animal behavior. The study of animal behavior referred as ethology, is a
discipline of biology (1859) expanded in the XXth century with, for example, the
biologist and ornithologist Nikolaas Tinbergen who developed four questions to
describe animal behavior or a simple animal feature (Wyatt, 2017): What is it for? How
did it develop during the lifetime of the individual? What mechanisms control this
behavior? How did it evolve over evolutionary time? These questions are still used in
ethology, but the study of animal behavior mainly expanded in the last two decades
when individual behavioral differences were considered as the target of animal behavior
research and not as a background noise anymore (Conrad et al., 2011; Réale et al., 2010;
Sih et al,, 2004; Wolf & Weissing, 2012). The magnitude as well as the ecological and
evolutionary importance of behavioral variation of non-human animals was increasingly
appreciated by researchers (Roche et al., 2016). Increasing progress has been recently
provided in the study of animal behavior in terms of genetic and molecular mechanisms
(Bell and Aubin-Horth, 2010). The development of new molecular tools providing
original approaches such as the study of proteomes, transcriptomes and genomes

revolutionized the study of animal behavior.

2.2. Individuality in behavior: personality traits

Each organism has to deal successfully with the constant changes of its
environment (spatial, temporal, social, physico-chemical, etc.) in order to survive and
reproduce. Especially in the actual context of (rapid) changing environment, it would be
essential for an organism to behave appropriately to new environmental conditions.
Factors that strongly influence organism’s fitness in a specific situation, which

corresponds to organism ability to survive to reproductive age, find a mate (or not
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necessarily...) and produce offspring, are highly submitted to natural selection (Brown
et al,, 2007). Behavioral phenotypes are obviously not an exception. Some particular
behavioral phenotypes strongly influence social relationships, predator avoidance or
food access, and therefore the organisms’ fitness (Figure 1) (Burns, 2008; Réale et al,,
2007). These behaviors are commonly called personality traits and are defined as
“individual differences in behavior that are consistent both across time and across
contexts” (J. A. Stamps and Groothuis, 2010). 5 common axes of personality traits have
been described in animals: aggressiveness, sociability, boldness, activity and
exploration. Consistent differences have been reported in many other behavioral
tendencies, such as cooperativeness, docility, impulsivity, responsiveness to
environmental stimuli, etc. (Gosling, 2001; Réale et al, 2007; A Sih et al, 2004).
Personality traits combination shapes the temperament of an individual and animal
personalities have been reported in many species across the animal kingdom (mollusks,
arthropods, amphibians, reptiles, birds, fish and mammals) (Conrad et al, 2011;
Courtene-Jones and Briffa, 2014; Gosling, 2001; Hulthen et al, 2014; Hurtado and
Mabry, 2017; Niemela et al., 2012a; Sih et al, 2004; Toms et al., 2010; Wolf and
Weissing, 2012b). Amongst personality traits, boldness and aggressiveness are the most

studied ones (Réale et al.,, 2007).

/ FIT?ESS \
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[ XL 1T\
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Figure 1 - Flow diagram illustrating the influence of the 5 main studied personality traits (red
boxes) on component and composite traits leading to consequences on organism fitness.
Adapted from Réale et al. (2007).



Boldness is described as the individual’s reaction to a situation perceived as
dangerous, the propensity of an organism to take risk in a given situation (Réale et al,,
2007). Within a population each individual expresses a behavior in the “bold to shy”
range and difference between individuals stays consistent across time and situations.

Aggressiveness is the propensity of organisms to be aggressive against an
individual. It helps to defend against predators, to protect resources and territory
(Ellison et al, 2013) and to maintain hierarchy in gregarious organisms allowing a
better access to food and mating for the dominant (Ang and Manica, 2010). Even if the
level of a behavioral trait such as aggressiveness can lead to a high energy demand or
risk of injuries/death, it also provides benefits such as a better food access and
reproductive success (Ruiz-Gomez & Huntingford, 2012).

Within a population, the amount and structure of variation between individuals
can influence ecological and evolutionary processes as well as their interaction
(Mcnamara and Leimar, 2010). Individual variation is also increasingly recognized by
ecologists as a clue affecting intra- and interspecific competition and therefore the
structure and dynamics of ecological networks (Sih et al.,, 2012). Adaptive personality
research tends to discover and characterize the processes explaining the emergence of
personality differences within and among species (Sih et al.,, 2015).

The study of animal personalities faces controversy and apprehensions from
some researchers due to the lack of terminological consistencies, strong conceptual
framework and empirical studies. The field research of animal personality is mostly
theory-driven even thought it is increasingly studied, and many terms describing closed
concepts are used generating general misunderstanding for non-specialists (Carter et al.,
2013; David and Dall, 2016). For detailed information about animal personality and

terms commonly associated, please refer to the commentary of Roche et al. (2016).

2.3. Behavioral syndromes

Behavioral ecologists have noticed that some behavioral traits are positively or
negatively correlated with each other in a range of animal taxa, including a variety of
invertebrates, amphibians, reptiles, fish, birds, and mammals (Bell, 2005; Gosling, 2001;
Kelleher et al,, 2018; A Sih et al,, 2004; Sih and Watters, 2005; Waters et al., 2017). Two
or more behavioral traits co-varying across contexts or situations form a behavioral

syndrome (Conrad et al., 2011; Sih et al., 2004). Behavioral syndrome of personality
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traits influences other behaviors such as foraging or reproductive behavior. However,
the correlation between personality traits 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.,, 2004; Wolf and
Weissing, 2012b). The early settlement of a behavioral syndrome during ontogenesis
also limits the evolution of the behavioral traits. They thus evolve together in the same
direction. The behavioral syndrome can thus be adaptive as well as maladaptive
throughout organism life depending on the ecological context (Bell and Stamps, 2004;
Sih and Bell, 2008).

For example, in the case of a positive correlation between boldness and
aggressiveness, some individuals tend to be more aggressive and bold than others along
time and across contexts within a population. These individuals are more likely to risk
intra-specific battles but also to face a predator (Wolf et al., 2007). 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. However, a
bold and aggressive individual is more easily exposed to dangerous situations
(predators, parasites, etc.), which greatly increases the mortality risk. This example
pictures how behavioral syndrome can be adaptive or maladaptive according the
context and time. The presence of trade-offs between behavioral traits defines the limits
of plasticity of each trait (Sih et al.,, 2004). Natural selection will thus select the most
suitable trade-off in a specific environment (Conrad et al., 2011).

Some behavioral syndromes are more extensively studied such as the
aggressiveness-boldness syndrome (A. Sih et al, 2004). The correlation between
aggressiveness and boldness 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 between populations due to diverse factors such
as the predation pressure (Bell and Stamps, 2004; Salonen and Peuhkuri, 2006). The
first study discovering a correlation between behavioral traits in fish dates from 1976,
where sticklebacks were used, with a special focus on their bold and aggressive

behaviors (Huntingford, 1976). Ann Huntingford described a positive correlation



between territorial aggression of fish and their boldness towards a predator, without
mentioning the term “syndrome”. Bell and Stamps (2004) described many years after a
negative correlation in sticklebacks indicating potential differences between
populations and/or experiments. Another study on the swordtail fish (Xiphophorus
multineatus) revealed that maternal investment influences the aggressive/bold
syndrome settlement of the offspring. Sons of mothers reared with high quality diet
expressed positive correlation within this syndrome while low quality diet did not. This
study revealed that environment can modulate the settlement of syndromes (D’Amore
et al,, 2015). A last example concerns the model fish used in this thesis, the mangrove
killifish (kryptolebias marmoratus). Edenbrow and Croft (2012) have found that
correlation between boldness and aggression was only expressed by secondary males
(hermaphrodites that turn into males - for more details, see the section 5 of the general
introduction), indicating potential differences between sexes. As mentioned in the
review of Sih et al. (2015), animal personalities and syndromes vary as a function of

ecology.

2.4, Origin and evolution of personalities

Some studies tried to characterize the genetic bases of personality in human,
model laboratory animals and domesticated species. They identified a few candidate
genes related to personality traits such as the dopamine receptor 4 (DRD4) or the
monoamine oxidase A (MAOA) (Table 1) (Checknita et al., 2015; Garamszegi et al,,
2014a; Newman et al,, 2005; Ni et al., 2007). Discovering the genetic architecture of the
natural variation of personality traits, which are often polygenic (one phenotypic trait is
governed by more than one gene) or submitted to pleiotropic effects (one gene
influences two or more phenotypic traits) led research to roll away from traditional
quantitative genetic approaches. In fact, personality traits raise many questions such as
why individuals behave consistently over time and situations, and what maintains
heritable variation in personality traits (Bell and Aubin-Horth, 2010). Whole genome
sequencing techniques allows to investigate those questions at the genetic level (Table
2).

Increasing number of studies over the past 20 years focused on non-genetic bases
of behavioral individuality. This research area emerged from observations of behavioral

variability among genetically identical individuals reared in the same
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laboratory/environmental conditions such as mice (Freund et al, 2013), insects
(Schuett et al,, 2011), pigs (Archer et al,, 2003), and fish (Bierbach et al., 2017; Millot et
al, 2014). The traditional equation representing the sources of phenotypic variability
(Vp): “Vp = Vg +Ve + Vgxe” with “Vg” and “Ve” respectively represent the genetic and
environmental contributions to the phenotypic variability and “Vgxe” their interaction,
seemed thus incomplete. Developmental variation such as maternal behavior,
environmental effect, mitochondrial background and methylation-associated variability
could induce accumulating differences over time potentially responsible of the
behavioral variability persistence with the absence of genetic and environmental
variability (Bierbach et al., 2017; Freund et al, 2013). Most of these studies used
artificial clones or organisms with specific mode of reproduction such as

parthenogenesis.



Table 1

Overview of genes implicated in boldness and aggressiveness personality traits (non-exhaustive list)

Genes (ID)

Aggressiveness

Species studied

References

Dopamine-receptor D4
(DRD4)

Monoamine oxidase A
(MAOA)

Calmodulin (CaM)

Ependymine (Epd)

y-Aminobutyric acid A
(GABAA)

Argininevasotocin (AVT)

Serotonin transporter
(SERT)

Major
histocompatability
complex Class | (MHCI)
Haemoglobin a4 subunit
(Hba4)

Brain derived

neurotrophic factor
(BDNF)

X

Other
personality
Boldness traits
X (exploration)
X
X X (exploration)
X X (exploration)
X
X
X
X
X
X
x (harm X
avoidance) (neurotiscism)

Great tit (Parus major)

Great tit (Parus major)
Hedge accentor
(Prunella modularis)

collared flycatche
(Ficedula albicollis)

Yellow-crowned
bishops (Euplectes afer)

Rhesus macaque
(Macaca mulatta)
Rainbow trout
(Oncorhynchus mykiss)
Rainbow trout
(Oncorhynchus mykiss)
Rainbow trout
(Oncorhynchus mykiss)
Rainbow trout
(Oncorhynchus mykiss)
Hedge accentor
(Prunella modularis)

Rainbow trout
(Oncorhynchus mykiss)

Rainbow trout
(Oncorhynchus mykiss)

Humans (Homo
sapiens)

(Verhulst et al., 2016)
(Korsten et al., 2010)
(Holtmann et al., 2016)

(Garamszegi et al.,
2014a)

(Mueller et al., 2014)

(Newman et al., 2005)
(Sneddon et al., 2005)

(Sneddon et al., 2005)

(Miczek et al., 2003;
Sneddon et al., 2005)

(Backstrom and
Winberg, 2009)
(Holtmann et al., 2016)
(Sneddon et al., 2005)

(Sneddon et al., 2005)

(Montag, 2014)

Table 2

Evolutionary questions about personality and the potential genetic mechanisms associated.
Adapted from Bell and Aubin-Horth (2010).

Evolutionary question

Genetic mechanism

Why do individuals behave consistently?

Pleiotropy; cost of plasticity

What maintains heritable variation in personality traits? Additive genetic variation underlying fitness-related personality traits

Can we compare personality axes across species?

How individuality in behavior can arise from natural ?
isogenic individuals and be heritable?

Homologous genes/pathways underlying personality traits




3. Phenotypic plasticity

3.1. Central dogma of molecular biology

In 1958, the fundamental theory of molecular biology referred as the “central
dogma of molecular biology” was presented by James Watson and Francis Crick,
explaining the conversion and utilization of the genetic information (Figure 2).
According to this dogma, DNA constitutes the stable and heritable genetic information
that defines the totality of organism’s biological functions; organism'’s interaction with
the environment, its reproduction, nutrition, behavior, etc. DNA can replicate
(replication) or be transcripted to RNA (transcription), both molecules constituted of
building blocs; the nucleic acids. RNA serves to translate the genetic information from
DNA into proteins (translation), build from amino acids. This dogma described this
relationship as unidirectional (from DNA to proteins) and biologists considered for a
long time that the organism’s phenotypes was exclusively dependent on the genes (Van

Holde and Zlatanova, 2018).
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Figure 2 - Schematic illustration of the central dogma of molecular biology developed by James
Watson and Francis Crick in 1958. The relationship between DNA, RNA and proteins is
described as unidirectional. Adapted from Khanacademy.org.
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3.2. Revised central dogma and implications for phenotypic

plasticity

With the discoveries and improvement of new molecular techniques, the central
dogma of molecular biology was implemented (Figure 3). The information flow was
described as multidirectional in the revisited dogma. The discovery of reverse
transcriptase enzymes revealed that RNA can be retrotranscripted into complementary
DNA (cDNA) and that information coming from RNA can be integrated into the DNA
sequence and replicated. This constituted the first violation of the central dogma in the
1970s (Coffin and Fan, 2016). The discovery of RNA viruses also went against the classic
central dogma. RNA from viruses can be directly translated to proteins by the host cell
machinery or serves as a template for another RNA strand that can be used for protein
translation (Kolakofsky, 2015). Later, epigenomics highlighted 3 main epigenetic
mechanisms that are able to generate various phenotypes from one genotype without
any changes of the DNA sequence. The discovery of unchanged genetic information
associated to phenotypic plasticity through molecular mechanisms such as DNA
methylation, histone modifications and non-coding RNAs shook for good the initial
thought of unidirectional flow of genetic information (detailed information about
epigenetic mechanisms is provided in section 4) (Kilvitis et al., 2017; Norouzitallab et al.,

2019).
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Figure 3 - Schematic illustration of the revisited central dogma of molecular biology. The
relationship between DNA, RNA and proteins is no longer described as unidirectional with the
discovery of reverse transcription allowing to incorporate information from RNA into the DNA
sequences as well as the presence of RNA viruses that can directly lead to proteins. DNA
methylation, histone modifications, non-coding RNA (ncRNA) constituting epigenetic
modifications can modify phenotypes as well, without interfering with the DNA sequence.
Adapted from Khanacademy.org.

However, the influence of epigenetic mechanisms on the phenotype of an
organism is absent of the commonly used equation to represent factors determining the
phenotype of an organism. Phenotypic plasticity refers to the capacity of one genotype
to produce more than one phenotype in response to different environments. The
phenotype of an organism is the outcome of its genotype (G), the environment in which
it lives (E) and the interaction between the genotype and the environment (GxE)
(Delcourt et al., 2017). If traits are not plastic, the phenotype is therefore exclusively
function of the genome (Figure 4-A)(Karp, 2018; Li et al., 2017). The set of phenotypes
expressed by an individual from a single genotype across a range of environments
represents its reaction norm (Figure 4-B). Various genotypes can express different
reaction norms even if they are exposed to the same environment. As well as individuals
with the same genotype can express various phenotypes if they are exposed to different

environment (Aubin-Horth, 2009).
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Figure 4 - Visualization of phenotypic plasticity. A schematic to demonstrate the effect of
phenotypic plasticity on an outcome measure. Each line with a unique color represents a
different genotype. (A) Behavior when there is no phenotypic plasticity showing an outcome
that depends on the genotype but is independent of the environment. (B) Behavior when there is
phenotypic plasticity showing that the outcome depends on the genotype, environment, and an
interaction between the genotype and environment. The observed phenotype for an organism,

for the majority of traits, is a function of the environment and the genotype. G, genotype; E,
environment; temp, temperature. From (Karp, 2018).

Phenotypic plasticity can be subdivided into developmental plasticity and
phenotypic flexibility (Figure 5). Developmental plasticity refers to the capacity of one
genotype to produce diverse lasting changes to an actual phenotype due to past external
experiences, stimuli or environmental conditions exposure during an individual's
development (Crispo, 2007). The developmental plasticity is therefore an irreversible
variation in the traits of individuals that results from environmental variation occurring
during development. On the opposite, phenotypic flexibility is a reversible phenotypic
transformation due to environmental influence over a shorter timescale than a lifetime
on the phenotype (Piersma and Drent, 2003). Developmental plasticity constitutes a
primordial part of the phenotypic plasticity by influencing organisms’ fitness and on a
broader scale population survival. During the early stages of development, the
organisms are highly flexible and influenced by the environment. This period constitutes
a sensitive window of organism life. Developmental plasticity drives many mechanisms
such as immune system adaptation or learning capabilities (Minelli and Fusco, 2010;

Nettle and Bateson, 2015) and leads to a persistent phenotype in adults (Beldade et al,,
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2011). It can be expressed at different levels of body organization (extern or intern)
such as morphology, behavior, changes of blood hormonal content, protein
concentrations, modification of epigenetic marks leading to changes in genes expression,
etc. A well-known example of developmental plasticity is the temperature-dependent
sex determination (TDS) such as in most turtles and all species of crocodilians. For TDS
species, the environment determines the sex after the fertilization, when temperature
during early development irreversibly settles the phenotypic sex and can impact the sex
ratio (Escobedo-Galvan, 2013; Gilbert, 2000; Valenzuela et al, 2019). In a changing
environment, developmental plasticity can be adaptive; leads the success of organisms
in novel habitats and therefore allows organism’s survival in the new environmental
conditions (Fusco and Minelli, 2010).

Within a population, the mean and variance of a phenotype can be influenced by
the plasticity expressed by individuals. The effect of plasticity on the phenotypic
variance and average phenotype of a population depends on the temporal scale, genetic
variability, and heterogeneity of environmental cues (Fordyce, 2006). The Figure 6
represents possible outcomes of plasticity on a population phenotype. An adaptive
phenotypic plasticity can potentially contributes to genetic differentiation and
speciation (Agrawal, 2001). When a population colonizes a new environment, plasticity
is essential to survive and persist, influencing the strength and direction of natural
selection, which impacts the phenotype frequency within the concerned population

(Price, 2006; Price et al,, 2003).
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Figure 5 - Schematic illustration of the phenotypic plasticity subdivision into developmental
plasticity and phenotypic flexibility. Phenotypic flexibility refers to reversible phenotypic
changes due to the influence of the environment that can occur during developmental stages or
in adult. On the opposite, the developmental plasticity is the irreversible variation in the traits of
individuals that results from environmental variation occurring during development.
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Figure 6 - Scenarios for change in mean and/or variance of a trait in a population between the
constitutive phenotype expressed prior to an interaction (blue) and the induced phenotype
following an interaction (red). (A) An increase in mean and variance of a trait. (B) Decrease in
variance, mean unchanged. (C) Increase in variance, mean unchanged. From Fordyce (2006).
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4. Omic studies

A recent concept representing "the large-scale study of all organizational levels
of biological systems (genomics, transcriptomics, proteomics, metabolomics, etc.) is
referred as the “system biology”." System biology aims to understand and predict the
functionning of biological systems as a whole (Moore and Weeks, 2011). “Omics”
consists of the system biology approaches that study all the components of a system
without a priori using high-throughput techniques. They revolutionized biology by
expanding and deepening our understanding of biological processes (Misra et al., 2018).
“Omics” tools generate large-scale datasets, which combined with bioinformatic tools,
provide the molecular signatures of an organelle, a tissue, an organ at a specific time or
under a specific condition (Shi et al.,, 2019; Sukardi et al., 2010). Although the recent
advances in “omics” techniques and associated data processing and analysis allow the
understanding of molecular phenotypic changes associated to a specific investigation,
integrated omics faces five main challenges with elevated amount of data to store and
handle as well as the interpretation of results with the actual biological knowledge are
among the biggest ones (Figure 7). Several “omics” tools exist that focus on specific
levels of biological organization: metabolomics (metabolites profiling), proteomics (cell-
and tissuewide protein expression), transcriptomics (genomic-scale mRNA expression)
and epigenomics (chromatin state and DNA chemical modifications). The combination of
one or many of these techniques to the observations at the organism phenotypic level

provides a deep picture of molecular bases of a particular phenotype.
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Challenges in Integrated Omics
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Statistical power

Figure 7 - Five challenges associated with integrated omics which encompass experimental
challenges, individual omics datasets, integration tissues and biological knowledge. From Misra
etal. (2018).

4.1. Proteomics

4.1.1. Proteomes: definition and stakes

Proteomics aims to characterize the proteomes; all proteins of a cell, an organelle,
a tissue, an organ or an organism at a specific time and under defined conditions
(Wilkins et al., 1996). The « proteome » was used and defined for the first time in the
1990s in order to have an equivalent concept to the « genome ». Proteomes are dynamic:
they vary according to several parameters such as environmental conditions, tissue,
developmental stages, etc. (Diz et al,, 2012; Silvestre et al., 2012).

It was commonly assumed according to the central dogma of molecular biology
that a direct correspondence exists between messenger RNA (mRNA) transcripts and
the abundance of the proteins generated (Haider and Pal, 2013). Although the study of
gene expression is very popular because it provides important information about gene
expression at the mRNA level, many factors and regulatory steps exist between gene

transcription and the resulting protein (Feder and Walser, 2005; Silvestre et al., 2012).
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Alternative splicing, mRNA stability, translation, post-translational modifications and
protein turnover can directly influence the protein abundance (Figure 8) (Diz et al,
2012). Following the different regulatory mechanisms involved between the
transcription of a gene and the final protein, the level of mRNA is not necessarily
correlated with protein abundance (Feder and Walser, 2005). In fact, the proportion of
variation in protein abundance that can be explained by the abundance of mRNA was
assessed at less than 0.5 (Feder and Walser, 2005). The expression of a same gene can
produce several different proteins depending on various parameters such as
environmental conditions. The proteome is more complex and larger than the
transcriptome (Zubarev, 2013); hence the interest in focusing on proteomics - key link
between the genotype and the organismal phenotype - which identify and quantify
proteins, determine protein-protein interactions and detect post-traductional
modifications (Figure 9) (Diz et al, 2012; Silvestre et al., 2012). The proteome is
considered as the cellular phenotype because the biochemical processes in cells relies
mainly on the optimal functioning of proteins in both normal and stressful
environmental conditions (Feder and Walser, 2005). "Cell fitness" therefore depends on
proteins (Pan et al., 2009). The use of a combination of both transcriptomics and
proteomics in several research fields of biology recently became very popular and
provides better insight into complex biological pathways related to specific phenotypes
(Schenk et al.,, 2019; Tica et al.,, 2018; Ye et al,, 2017; Zhao et al., 2019). Despite the
recent advances in proteomic technologies, actual proteomic techniques are limited and
cannot detect the entire set of proteins from a cell or a tissue due to the wide dynamic
range of the proteome that can reach 12 orders of magnitude such as in biofluids (e.g.
plasma) (Surinova et al., 2011). Moreover, technologies in the field of proteomics face to
the low detection issue of low-abundant proteins which therefore promotes the

additional use of transcriptomics in studies (Zubarev, 2013).
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Figure 8 - Possible regulation steps causing discrepancies between the expression of a mRNA
and its corresponding protein. First, the genome has to be ready to be transcribed. After
transcription, several processes can change the levels of such an mRNA, or even its translation.
Once the protein is synthesized, its expression levels can vary by interacting with other proteins
or suffering different posttranslational modifications (PTM), and its average half-life can be also
modified according the specific needs of the moment (see further details in Feder and Walser,
2005). In addition to these mechanisms, developmental processes and environment may cause
proteomic differentiation across tissues and organs, necessary to understand the full phenotype
complexity. Therefore, depending on which level we are working in, different relationships with
the phenotype will be found. For simplicity, the potential influence of nongenetic (although
inherited) mechanisms onto the phenotype (epigenetic, paternal effects, ecological inheritance,
cultural inheritance, etc.) have not been fully considered in this figure (reviewed in Danchin et
al,, 2011). (*) Notice that posttranscriptional modifications could be produced at both nuclear
and cytoplasmic levels. From (Diz et al.,, 2012)
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Figure 9 - Central position of the proteome within the genome to phenome continuum. Phenome

represents the totality of observed phenotypes of an organism. Environmental signals (not
shown) are integrated during each step along the genome to phenome continuum and
phenotypic outcomes represent the result of complex genotype x environment interactions (QC,
quality control; PDI, protein disulfide isomerases). From Kiiltz (2015).

4.1.2. Proteomic approaches

The present section about proteomic approaches aims to picture a panel of
proteomic techniques available, their characteristics and evolution. The shotgun
approach used in this thesis is described in more details at the end of the section.

The functional proteomics aims to globally profile changes in protein abundances
of biological systems, which requires sensitive and accurate tools; first, to identify
proteins and, secondly, to quantify their abundances from a complex mixture (Old et al,,
2005). Two major approaches of quantitative proteomics exist: label and label-free
techniques that are gel-based or gel-free (Neilson et al.,, 2011).

Gel-based approaches were traditionally used such as one-dimensional (1-DE)
gel electrophoresis, two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and
2D difference in-gel electrophoresis (2D-DIGE) (using a set of fluorescent dyes) where

protein abundance is determined by protein spot comparison followed by identification
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using mass spectrometry (MS) (Figure 10)(Neilson et al, 2011). However, the
technological advances in protein quantification at the MS level via gel-free shotgun
techniques associated to gel-based limitations regarding reproducibility, multiplicity of
proteins in a single spot, poor representation of low abundant proteins, highly
acidic/basic proteins, issues with hydrophobic and extra-large proteins of gel-based
techniques have reduced their use in proteomic studies depending on the biological

question investigated (Abdallah et al., 2012; Aebersold and Mann, 2003).
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Figure 10 - Basic workflow of gel-based proteomic approaches. In 2D-PAGE, protein samples are
separated according to their isoelectric point in a process termed isoelectric focusing, using gel
strips with a fixed pH range. Then, the focused strip is placed on top of a polyacrylamide gel to
allow proteins to separate according to their molecular weight during electrophoresis,
generating a gel with protein spots. In 2D-DIGE, proteins from up to three samples are labelled
with fluorescent dyes prior to their isoelectric focusing and subsequent gel electrophoresis. Gels
are scanned with different wavelengths revealing spots and differences in expression between
analysed samples. Protein spots of interest in both techniques are then excised, digested, and
identified by MS. From Lopez-Camarillo and Aréchaga (2013).
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Gel-free (MS-based) proteomic approaches allow both identification and
quantification of proteins. Several labeling techniques exist such as SILAC
(incorporation of stable isotope labels with amino acids in cell culture), iTRAQ
(modifying peptides with isobaric tags) or ICAT (using isotope-coded affinity tags) (Gygi
et al,, 1999; Ong et al,, 2002; Ross et al,, 2004). The common steps of both label-based
and label-free approaches through gel-free is the protein extraction followed by
proteolysis into peptides. The distinct labeling of samples allows analyzing a mix of
samples into the mass spectrometer in one run and calculates their relative
quantification on the same mass spectrum by comparing adjacent peaks. With the MS-
based label-free technique, each sample has to be individually MS analyzed, and
comparing each corresponding mass spectrums allows to calculate the relative protein
abundance (Figure 11). Both methods present pros and cons. Label-free requires high
reproducibility between runs to find out the same peptide signatures between samples.
Also, it provides higher quantitative proteome coverage and simpler sample
preparation. On the contrary, despite the possibility to run multiple samples on the
same mass spectrum with label-based methods, they are limited due to the labels
availably and higher experimental variability (Neilson et al., 2011). The choice of the
right proteomic tool depends on trade-off between the experimental design, the
biological question, the availability of biological samples, the techniques limitations, and

as usual, the price.
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Figure 11 - Schematic label-free proteomic workflow. (https://medium.com/@primebio/what-

you-should-know-about-quantitative-proteomics-653a4ddd5e81)
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Shotgun proteomics, also called the bottom-up strategy of data-dependent
acquisition (DDA) is a discovery method allowing the identification of proteins in
complex mixtures commonly using a combination of liquid chromatography (LC) and MS
(Figure 12). It provides a wider dynamic range and coverage, mostly for low-copy

proteins and hydrophobic ones, compared to 2D-DIGE for example (Yates, 2013).
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Figure 12 - Workflow of ‘bottom-up’ or shotgun proteomics. Protein extracts from cells, tissue or
biofluids are prepared by mechanical (e.g., glass bead or homogenization) or chemical-based
(precipitation, detergent solubilization) methods. Proteins are proteolytically digested into
peptides, usually with trypsin, that are separated by 1D or 2D chromatographic separation. The
final chromatographic step is performed in-line with the mass spectrometer. Two scan types are
acquired: MS1 spectra contain intact peptide mass to charge (m/z) values; MS2 or tandem MS
(MS/MS) spectra represent peptide fragment ion m/z values. Peptide MS1 and MS2 data are
correlated with theoretical peptide m/z values with database search programs that use protein
sequences as templates; parsimonious protein identifications with peptide matches are
reported. From (Bhargava et al., 2014).



Proteins are first extracted from samples and digested. The high/ultra
performance LC (HPLC/UPLC) permits to dissociate peptides before an electrospray
ionization step, which vaporizes the sample and electrically charges it. In fact, the mass
spectrometer sorts ions according to their mass to charge (m/z) ratio allowing to assess
the molecular weight of chemical compounds. Then, ionized peptides generated are
accelerated before passing through an electromagnetic field and ending their
trajectories on a detector. Tandem mass spectrometry (MS/MS) is commonly used in
gel-free proteomic analyses, which combines 2 analyzers in order to get a mass
spectrum for both peptides (MS1) and fragments from the previously separated
peptides (MS2). To obtain MS2, ionized peptides are individually selected by an
acquisition software, then fragmented by passing through collision cells. The second run
of MS provides a new spectrum of fragment ions. The MS-based peptide quantification
and identification of shotgun-proteomics can be approached in two ways: by spectral
counting (SC) or by calculating the area under the curve (AUC) from the mass spectrum
(Figure 13) (Abdallah et al., 2012).

In shotgun proteomics, the protein identification procedure has two main steps:
peptide identification and protein inference. The MS results allow to identify peptides by
comparison with existing protein databases. MS/MS, by comparing fragments and
peptides, permits to reconstruct the amino-acid sequence. The determination of original
protein components of the sample is then possible via the analysis of sequence
homology. Then, the quantification based on the spectral counting assumes that more
abundant a peptide is, more it will be selected for fragmentation and will produce a
higher abundance of MS/MS spectra (Liu et al., 2004). The signal intensities of individual
peptides can be used to compare the relative abundance of proteins between samples as
well. This measurement is linearly proportional to the concentration of the measured
peptide (Bondarenko et al., 2002; Chelius and Bondarenko, 2002). Shotgun proteomics
is a very good approach to get the most accurate picture of the proteome, and proteome
changes occurring under different conditions. However, this approach is limited to the
acquisition of differences in relative abundance. If the precise abundance of a smaller set
of proteins is needed, it is necessary to use targeted proteomics techniques. For
additional information about this technique and workflow, see Borras and Sabidg,

(2017).

24



As overviewed, a panel of methods exist in shotgun and targeted proteomics
mostly thanks to the tremendous progress in mass spectrometry over the last 100 years
(Yates, 2013). It is therefore necessary to first assess the biological question we want to
answer, then examining the pros and cons of each techniques, evaluate the need of time,
amount of samples, technology,... in order to choose the most suitable one (Graham et

al, 2005).
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Figure 13 - Schematic representation of the two main approaches to quantify proteins from
label-free proteomic workflow using 2 theoretical samples, A and B, expressing a two-fold
change in expression. The area under the curve (AUC) quantitation is performed at the MS level
and peptides found to have differential expression are identified by MS/MS either in a
simultaneous or subsequent fragmentation step. Spectral counting quantitation and
identification are performed simultaneously at the MS/MS level. Spectral counting computes
abundance values from the number of times a peptide was successfully identified by tandem
mass spectrometry (MS/MS) and compares these across experiments. Adapted from Neilson et
al. (2011).
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4.2. Epigenetics

4.2.1. History and concepts

With the tremendous increase of knowledge concerning molecular mechanisms
underlying regulation of gene expression in eucaryotes, the definition of epigenetics has
considerably evolved since its first use in 1939 by Conrad Waddington, when it referred
to the study of, "causal interactions between genes and their products, which brings the
phenotype into being" (Felsenfeld, 2014; Holliday, 1994). Today, epigenetics refers to the
science that studies epigenetic modifications: "mitotically and/or meiotically heritable
changes in gene expression that do not involve changes to the underlying DNA
sequence” (Deans and Maggert, 2015; Riggs and Porter, 1996). Epigenetics therefore
focuses on the regulation of gene expression independently of the genomic sequence.
This type of study can be extended to the entire genome and is then called epigenomic.
The complete history of epigenetics is available in the publication of Felsenfeld (2014).

The 3 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 RNA, and (3) DNA methylation (Chu et al,, 2011; Riggs, 1975;
Stedman and Stedman, 1950). New molecular aspects of epigenetic control have
recently been discovered such as hydroxymethylation of cytosine and topological
associated domains (TADs) that will be briefly described in the next paragraph as well

(Day et al,, 2013; Dixon et al., 2012).

4.2.2. Epigenetic mechanisms

4.2.2.1. Histone modifications

In eukaryotic cells, genomic DNA is hierarchically and dynamically arranged into
a structure called chromatin (Figure 14). The DNA compaction into chromatin allows to
fit the required genetic information into the cell nucleus (Hurd, 2010). The DNA (146
bp) wraps twice around the nucleosomal core particle; octamer made of 4 types of
histones: H2A, H2B, H3 and H4 (Fischle et al., 2003). One of the primary roles of histones
is to coil the DNA into a smaller volume. They are proteins with an amino-N-terminal tail
that protrudes from the nucleosome and interacts with the adjacent one (Bannister and
Kouzarides, 2011). The different nuclei are connected by a short extension of DNA. The

structure of the nucleosome is further compacted by the attachment of the linker
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histone protein H1 at the outside of the nucleosome forming the chromatosome. The
nucleosomes fold up to form a 30 nm chromatin fiber. This fiber forms loops and
condenses to finally give a chromosome (Hergeth and Schneider, 2015). Although the
primary role of histone proteins was considered to be DNA packing, histones are
mandatory to many biological processes such as the regulation of gene expression,
repair of damaged DNA, DNA replication and combination, and heritable epigenetic
regulation (Lennartsson and Ekwall, 2009; Norouzitallab et al.,, 2014; Siklenka et al,,
2015). Chromatin responds to external cues through histone modifications patterns
constituting a code that brings DNA to be compact (heterochromatin) or loose
(euchromatin). Heterochromatin refers to the DNA silent form while euchromatin refers
to the active one (Fischle et al., 2003).

Histones are commonly subjected to post-translational regulation taking place on
their N-terminal tails through the addition of a chemical group such as acetyl, methyl or
phosphate, which affects interactions between nucleosomes and therefore modifies the
overall chromatin folding (Figure 15). These groups can regulate the recruitment of
enzymatic complexes as well. The panel of histone modifications plays as a code
influencing gene expression. For example, acetylation of histones is commonly
associated with an increase in transcriptional activity and deacetylation with repression
but the consequences depend on which histone carries the chemical modification

(Norouzitallab et al.,, 2019).

27



1
At the simplest level, chromatin 2nm
is a double-stranded helical DNA double helix
structure of DNA. Y
PO Dm0 40 A A '[l' (ll‘
\ Uh AFh | | ! |
I
N ‘ \
\* \

,//;' R, Each nucleosome consists of

: eight histone proteins around
g\ which the DNA wraps 1.65 times,

DNA is complexed with histones

to form nucleosomes. - Nucleosome core of P
" eight histone molecules A chromato consists
' H1 histone ofa Qudeosome plus the
6 ‘ H1 histone.
... that forms loops averaging '
300 nm in length.

Chromatosome

5
The nucleosomes
fold up to produce
a30-nm fiber...

30nm
250-nm-wide fiber

3l

7 8 1400 nm
The 300-nm fibers are Tight coiling of the 250-nm
compressed and folded to fiber produces the chromatid
produce a 250-nm-wide fiber. of a chromosome.

Figure 14 - The role of histones in the DNA organization. Adapted from Annunziato (2008).
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Figure 15 - Histone tails post-translational modifications and their biological roles. These marks
can regulate gene expression through forming active regions (euchromatin formation) or
inactive regions (heterochromatin formation). From Norouzitallab et al. (2019).

4.2.2.2. Non-coding RNA

Non-coding RNAs (ncRNAs) are RNAs that do not encode a protein. ncRNAs
encompass many different types of RNAs such as small interfering RNAs (siRNAs),
microRNAs (miRNAs) or transfer RNA (tRNA). These small RNAs (20-30 nucleotides)
are generated by a Dicer enzyme from a larger double-stranded or pin-shaped sequence.
They associate with Argonaute proteins and form a silencing complex called RISC. This
complex targets complementary nucleic acid sequences, which induces inhibition of
gene expression (Vandegehuchte and Janssen, 2011). The occurrence and maintenance
of ncRNAs probably rise from a protection mechanism against invasive sequences such
as transposable elements and viruses (Zilberman and Henikoff, 2005). The majority of
mammals’ and other complex organisms’ genomes are transcribed into ncRNA but their

implications in genetic variation is far to be completely understood (Mattick, 2018).
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4.2.2.3. DNA methylation

The first epigenetic mark discovered was the cytosine DNA methylation (Riggs,
1975). In eucaryotes, DNA methylation refers to the transfer of a methyl group (-CH3)
from S-adenosyl-L-methionine (SAM) on cytosines at the fifth carbon of the pyrimidine
ring (5mC), reaction catalyzed by a group of proteins, the DNA methyltransferases
(DNMTs) (Figure 16-A) (Christman, 2002; Holliday and Pugh, 1975; Jang et al., 2017).
Highly abundant in the genome, 5mC is commonly referred as the fifth base of DNA. The
transfer of a methyl group predominantly happens on cytosine followed by guanine
residues (CpG). Three conserved enzymes responsible of this transfer have been
described in vertebrates: DNMT1, DNMT3a and DNMT3b (Campos et al., 2012; Goll and
Bestor, 2005; Li et al,, 1992). DNMT1 is responsible of restoring DNA methylation after
replication and DNMT3a and DNMT3b catalyze de novo methylation. Another DNMT
exist in vertebrates sharing strong sequence homology with the 3 other DNMTs
described above, the DNMT2. The role of DNMT2 in DNA methylation appears to be
absent. This enzyme is rather specialized in the methylation of cytosine 38 of transfer
RNAs (tRNAs) but has been shown to be involved in the methylation of other RNAs
favoring their folding and stability, which could provide a protective function
(Alexandrov et al., 2006; Goll et al., 2006; Jeltsch et al., 2006; Schaefer et al., 2010).

DNA methylation does not exclusively occur on CpG sequences and has been
found on cytosines followed by adenine, thymine and other cytosine. This type of
methylation is referred as non-CpG methylation and is catalyzed by the de novo
methyltransferases, but the exact mechanism is still poorly understood (Figure 16-B)
(Jang et al., 2017).

Methylation of high-density CpG regions (CpG Islands) has been extensively
described as a mechanism associated with the regulation of gene expression, mostly,
with gene expression silencing. In fact, the methyl groups cause either a modification of
the DNA surface disrupting its recognition by various enzymes or transcription factors,
or allow the binding of methylated DNA binding proteins (MBPs), which recruits 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). CpG islands are widely distributed across genome; in promoter, gene body and
intergenic regions. DNA methylation is a stable and heritable epigenetic state that plays

important roles in diverse cellular processes such as genomic imprinting,
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retrotransposon silencing, monoallelic X chromosome inactivation in females or the
maintenance of epigenetic memory (Bird, 2002; Heard, 2005; Martienssen et al., 2004)
(Bird, 2002). It seems that the methylation level of the promoter-associated CpG Island
of a gene is closely related to its expression level, with hypo-methylated signatures
tending to be expressed in more tissues and to have stronger expression (Du et al,
2012). But the association between hyper-methylated signatures and repression of gene
expression is increasingly questioned (Moarii et al., 2015). Hyper-methylated signatures
have been found to activate the transcription of some genes by preventing repressors
such as CTCFs (chromatin boundary element binding protein) to bind the DNA (Jaenisch
and Bird, 2003). CTCFs usually block the interaction between a gene promoter and its
enhancer when placed between the two elements and therefore inhibits gene expression
(Bell et al., 1999). Stimulation of gene expression through hyper-methylated CpG islands
would aim to maintain transcription of genes involved in essential biological
mechanisms and involved in the maintenance of basal cell functions, such as

housekeeping genes! (Foret et al., 2009).

1 Housekeeping genes are typically constitutive genes that are required for the maintenance of
basal cellular functions that are essential for the existence of a cell, regardless of its specific role in the
tissue or organism. From www.genomics-online.com.
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Figure 16 - DNA methylation and demethylation. (A) DNA methylation occurs at the fifth carbon of cytosine and leads to the formation of 5-
methylcytosine (5mC); (B) DNA methylation is predominantly found at CpG sites, and is much less commonly observed at non-CpG sites, such as CpA,
CpT, and CpC; and (C) 5mC can be demethylated by passive or active processes. Active DNA demethylation can occur either via oxidation or
deamination. The oxidation process is carried out by Ten-Eleven-Translocation (TET) proteins, including TET1, TETZ2, and TET3. TETs convert 5mC
into 5-hydroxymethylcytosine (5hmC), which is further changed into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5caC is excised and
replaced via base excision repair. 5mC and 5hmC can also be demethylated via deamination by activation induced cytidine deaminase

(AID)/apolipoprotein B mRNA editing enzyme, catalytic polypeptide (APOBEC). Adapted from Vandegehuchte and Janssen (2011) and Jang et al.
(2017).
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4.2.2.4. Hydroxymethylation

The 5-hydroxymethylation of cytosine (5-hmC) has been newly identified as an
epigenetic mark considered as the sixth base in mammalian tissues, which is abundantly
found in brain (0.3-0.7 % of all Cs) and embryonic stem cells as well as in many other
tissues in smaller proportions. (Pfeifer et al, 2013; Tognini et al., 2015; Zhao et al,,
2017). 5-hmC is produced from the oxidation of 5mC by the Ten-Eleven Translocation
(TET) family proteins. This mark, thought to be an intermediate of an active
demethylation process, is dynamically regulated by life experience and is implicated in
many biological processes such as DNA methylation regulation, gene control
mechanisms, and several diseases like cancers (Globisch et al., 2010; Guo et al,, 2011a,

2011b; Ye and Li, 2014).

4.2.2.5. Topologically associating domains (TADs)

Amongst epigenetic mechanisms, the latest discovered confirms how complex
organisms are and how the initial central dogma of molecular biology has evolved. The
epigenetic mechanism/mark recently discovered is the topologically associating domain
(TAD), which refers to genomic regions with distinct boundaries (Figure 17) (Dixon et
al, 2012). Chromatin is organized by regions/TADs within the nucleus. Within a TAD,
DNA sequences can physically interact with each other or more frequently than with
sequences situated in another TAD, promoting regulatory interactions (enhancer-
promoter) (Dowen et al., 2014; Schoenfelder et al., 2015). Genes located in the same
TAD seem to be co-regulated and expressed, seem to respond similarly to
transcriptional stimuli and share similar epigenetic marks (Dixon et al.,, 2012). TADs are
composed of thousands to millions of DNA bases and are described as the 3D
organization of chromosomes. 2 common proteins seem to intervene in TADSs’
boundaries: the CCCTC-binding factor (CTCF) and cohesines complexes but their exact
role in TADs is still unclear (Lazar et al., 2018). Interacting DNA areas generates small
loops called sub-TADs. Sub-TADs can interact together to form a bigger DNA loop called
TAD. TADs can isolate parts of the genome from each other to avoid any interaction or,
on the contrary, allow some parts to get closer from each other. TADs organization
inside the nucleus can change from a cell to another after division. The same TADs are
present but the geographical organization is different, generating again variability in the

regulation of gene expression. Genes situated on one TAD unlikely interact with genomic
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region of the next TAD unless a CTCF barrier is removed. The panel of possible
interactions generates diversity that can ultimately lead to evolution. TADs have been
studied in mouse, monkey and dog and are conserved between these species while sub-
TADs are different. This 3D organization balances the constraints of the crowded cell

nucleus with the functional dynamics of gene regulation (Rocha etal., 2015).
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Figure 17 - Structural organization of chromatin. (A) Chromosomes within an interphase diploid
eukaryotic nucleus are found to occupy specific nuclear spaces, termed chromosomal territories.
(B) Each chromosome is subdivided into topological associated domains (TAD). TADs with
repressed transcriptional activity tend to be associated with the nuclear lamina (dashed inner
nuclear membrane and its associated structures), while active TADs tend to reside more in the
nuclear interior. Each TAD is flanked by regions having low interaction frequencies, called TAD
boundaries (purple hexagon). (C) An example of an active TAD with several interactions
between distal regulatory elements and genes within it. Adapted from Matharu and Ahituv
(2015).
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4.2.3. Reprogramming:

Various cell types compose an organism. Each cell type has a function dictated by
specific molecular and physiological identity. Amongst cell types, several are highly
plastic and can change efficiently from one type to another along with the specific
associated functions. This change requires the loss of the initial molecular
characteristics to acquire totally new molecular signature without changes in the DNA
sequence. This process called epigenetic reprogramming is highly complex because it
involves many players cooperating temporally and spatially as well as changes in

chromatin state and transcription (Figure 18) (Krishnakumar and Blelloch, 2013).

Differentiated cell Pluripotent cell

Repressive histone methylation
DNA methylation
Heterochromatin
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Figure 18 - Key epigenetic changes during transition between differentiated and pluripotent
cells. ESC=embryonic stem cells; iPSC=induced pluripotent stem cells. From Krishnakumar and
Blelloch (2013).

DNA methylation in vertebrates ' establishes during two successive
reprogramming events, during gametogenesis and embryogenesis. The epigenome gets

globally reprogrammed each time, demethylation followed by remethylation, that makes

1 Invertebrate and vertebrate genomes express very divergent patterns of DNA methylation. DNA
methylation of the genomes of invertebrates mostly occurs on gene bodies while methylation is
ubiquitously present on the vertebrate geneome (promoter, gene body, intergenic regions) (Keller et al.,
2016).
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the gonadal cell and zygote particularly sensitive to environmental stimuli (Figure 19)
(Hill et al., 2018; Yauk et al.,, 2008). The erasure of the epigenetic markers required for
the proper development of the embryo allows the introduction of new methylation
profiles in the early individual. Active and passive demethylation processes can take
place in the organism (Figure 16-C). Active demethylation occurs through the oxidation
of the 5-methyl group of cytosine by the TET proteins (TET1, TET2 and TET3). The 5-
hydroxymethylcytosine (5hmC) 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 5mC and 5hmC resulting in unmethylated cytosine (Jang et al., 2017).
Mutations of TET genes, their reduced expression and the impaired activity of tet
proteins have been shown in various type of cancers which reveals their biological
importance against cellular transformation (Rasmussen and Helin, 2016). The impaired
process of de novo methylation simply results in passive demethylation process during
DNA synthesis. Therefore, 5mC is progressively diluted after DNA replication preventing
the stable inheritance of DNA methylation patterns. The passive DNA demethylation has
been shown to promote reprogramming (He et al., 2017).

Little is known about reprogramming in vertebrates except in mammals. In the
mouse, DNMT3a and DNMT3b enzymes remethylate the two parental genomes that
were actively and passively demethylated until early cleavage (Edwards et al,, 2017). In
fish, reprogramming have been described in 3 species : the zebrafish (Danio rerio)
(Fang, et al., 2013; Mhanni and McGowan, 2004), in the mangrove rivulus (Kryptolebias
marmoratus) (Fellous et al, 2018), and in the medaka (Oryzias latipes) (Wang and
Bhandari, 2019). It has been emphasized that DNA methylation reprogramming
represents a highly critical and sensitive period to environmental stress and its
characteristics can vary even among the same taxa such as it was described between

these two fish species (Dorts et al., 2016; Fellous et al.,, 2018).
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Figure 19 - Dynamics of DNA methylation erasure and reprogramming in primordial germ cells
and gametes (prior to fertilization) and early embryonic development of mammals and fish. Two
cycles of reprogramming occur; the first in primordial germ cells of the parental (FO) generation
(which will eventually become F1), and the second early in embryogenesis of the F1 individual.
The methylome is erased in primordial germ cells including on imprinted genes in mammals. (1)
The gametes then undergo de novo methylation followed by imprinting in mammals, which is
likely absent in fish. Genomic imprinting occurs in most mammals, but it is not yet clear whether
or not it occurs in other vertebrates. (2) The second cycle of demethylation/reprogramming
occurs after fertilization. In mice, the paternal genome is demethylated before the first
replication of DNA, whereas the maternal genome is only demethylated after replication has
occurred. (3) Imprinted genes are protected from the second cycle of demethylation and in other
species (e.g., zebrafish, some mammals), high levels of methylation of paternal DNA are
maintained throughout embryogenesis. Adapted from Brander et al. (2017) and Head (2014).
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4.2.4. Epigenetic inheritance

Initially, the biological inheritance through the genetic code was thought to be the
exclusive process of traits transmission from one generation to the next. This belief has
been shaken by the discovery of trans-generational epigenetic inheritance allowing
environmentally induced phenotypes to be transmitted and persist for several
generations via epigenetic marks, which influence gene expression (Lacal and Ventura,
2018). Epigenetic inheritance can thus be defined as the non-genetic inheritance of a
modified phenotype across generations, without focus on a specific mechanism
(Bonduriansky and Day, 2009; Jablonka and Raz, 2009). As epigenetic marks are known
to respond faster to environmental influences than the genetic code, epigenetic
inheritance and the associated phenotypes would contribute to evolution, but this is still
debated (Burggren, 2016; Jablonka, 2017; Lind and Spagopoulou, 2018). The
transmission of certain epigenetic marks to offspring can be divided in two concepts:
intergenerational and transgenerational epigenetic inheritance. Intergenerational refers
to the transmission to one generation to the next (FO to F1) while the transgenerational
epigenetic inheritance refers to the transmission over generations, from FO to F3
(Burggren, 2016). The information transmission over 2 generations is not sufficient to
confirm the transgenerational epigenetic inheritance because the germ cells or the
foetus (F1) and its germ cells (F2) could have been exposed to the same condition than
the parents (FO) Erreur ! Source du renvoi introuvable.(Lacal and Ventura, 2018).

Three types of epigenetic changes over time have been described as
consequences of environmental influences or stochastic variability (epimutations): the
direct form, the within and across indirect forms. The direct form of epigenetics refers to
changes that occur in the lifespan of the individual. When changes occur inside the
womb during gestation, we talk about the within indirect epigenetic changes. The last
one refers to the true transgenerational inheritance considered authentic exclusively if
the acquired phenotypes are still present at F3 generation (Lacal and Ventura, 2018;
Norouzitallab et al.,, 2019).

Epigenetic inheritance can occur through several epigenetic processes but the
more extensively studied mechanisms are methylation and non-coding RNA (Pang et al.,
2017). The best-understood system of chromatin inheritance is DNA methylation (Lacal
and Ventura, 2018). The inheritance of cytosine DNA methylation was partially
understood in 1975 (Jablonka and Raz, 2009). During DNA replication, the two strands
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separate and the new replicated strand forms, with its mirror image, an hemimethylated
duplex. This duplex is recognized by maintenance DNMTs that preferentially add a
methyl group on non-methylated C in the new strand (Holliday and Pugh, 1975). This
mechanism refers to cellular epigenetic inheritance (Figure 21). The rate of spontaneous
gain and losses of methylated sites of an organism (i.e. the epimutation rate) is
estimated to be higher than the genetic mutations. As these epimutations can be

heritable, this can ultimately lead to adaptation (Jablonka and Raz, 2009).
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Figure 20 - Transgenerational epigenetic inheritance. According to the classical definition of
transgenerational epigenetic inheritance, environmental triggers that hit pregnant female
individuals (FO) can affect “directly” not only the first new generation (F1), but also its germ
cells that represent the second generation (F2). For this reason, only changes in F3 can be due
“purely” to epigenetic inheritance. The male germline, instead, can be affected only for one
generation, allowing observing epigenetic inheritance already at F2. From Lacal and Ventura
(2018).
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Figure 21 - Drawing illustrating how DNA methylation is inherited in cell division on how it
could be involved in tissue differentiation. (a) The fact that the complement of a CpG is also a
CpG facilitates the inheritance mechanism. (b) This drawing illustrates how 2 cells can have the
same genomic sequence but a different methylation pattern. From (van der Graaf et al,, 2015).

4.2.5. Epigenetics in the study of phenotypic plasticity

Living organisms are constantly exposed to diverse environmental stimuli and
stressors along their life. To adapt and survive in their environment organisms have to
react appropriately by changing rapidly their physiology and/or behaviors, for example.
As described in the previous sections, phenotypic plasticity refers to the capacity of one
genotype to produce more than one phenotype in response to different environments.
The set of phenotypes expressed by an individual from a single genotype across a range
of environments represents its reaction norm. Within a population, the adaptive
response to environmental stimuli is associated to its genetic diversity, promoting
diversity in phenotypes expressed and therefore favoring its adaptive potential.
However, such as explained in the previous paragraphs, epigenetic marks and
mechanisms are highly sensitive to environmental cues. Through the regulation of gene
expression, epigenetic mechanisms have the potential to define and alter phenotypes of
organisms and therefore modify their reaction norms (Figure 22). Environment can thus
have significant influences on phenotypes. Epigenetics and phenotypic plasticity are
therefore inseparably linked together; epigenetic mechanisms are directly influenced by
the environment while the plasticity can be influenced by the epigenetic marks. The

assimilation of environmental cues across organisms’ life through epigenetic marks will
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allow the inheritance of acquired phenotypes to subsequent generations via diverse
mechanisms of epigenetic inheritance. Through selection, this assimilation can therefore
promote evolution (Aguilera et al, 2010; Jablonka, 2017; Norouzitallab et al., 2019,
2016, 2014).
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Figure 22 - Illustration of environmental cues integration into organisms’ phenotypes through
epigenetic changes. From Norouzitallab et al. (2019).
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5. Model organism : Kryptolebias marmoratus

5.1. Ecology

The mangrove rivulus, Kryptolebias marmoratus (Poey, 1880), is an oviparous
teleost fish belonging to the rivulidae family (order: Cyprinodontiformes) (Figure 23)
that lives in mangrove ecosystems of the Caribbean, Florida, Central and South America
(Figure 24-A) (Poey, 1880). More precisely, the mangrove rivulus colonizes a large
geographic area including the Florida peninsula and keys, Bahamas islands, Central
America and have been seen in some areas of Cuba and Puerto Rico (Avise and
Tatarenkov, 2015; Tatarenkov et al., 2011; Taylor, 2000). This species lives in red
mangrove forests (Rhizophora mangle) surrounded by brackish water where it occupies
a wide range of microhabitats such as crab burrows, ephemeral pools, inside or under
leaf litter or damp logs (Figure 24-B) (Avise and Tatarenkov, 2015; Tatarenkov et al,,
2011; D. S. Taylor, 2000). Mangroves physico-chemical conditions are highly variable
due to the wet-dry seasonal alternation along with semidiurnal tides with very low tides
in spring/summer and very high tides in fall. Oxygen, ammonia, salinity, temperature
and water level vary drastically on a seasonal and daily basis (D. S. Taylor, 2000). The
ecology of this euryhaline fish species is not well understood but it seems to tolerate
from 0 to 68 ppt of salinity as well as from 7 to 38°C (Ellison et al., 2012). Such large
range tolerance is suspected to allow fish to survive in seawater during dispersal as well
as during dry period in the mangroves (D. S. Taylor, 2000). When environmental
conditions become extreme such as elevated concentration of hydrogen sulfide (H2S)
inducing oxygen depletion, the rivulus express a particular behavior consisting of
jumping out of the water, behavior referred as emersion (Figure 24-C). Their survival in
terrestrial environment up to 2 months is possible through gill and skin remodeling
ensuring osmo- and ionoregulation (Costa et al., 2010a; Taylor, 2012). Considerable gill
remodeling reduces the effective surface area for gaseous exchange while the skin
contains a large population of ionocytes providing Na*, Cl- and H20 exchange across the
skin (Wright, 2012). Massive feeding during flooding events would allow rivulus to
survive during long emersion and low water conditions. This predator eats a variety of
aquatic and terrestrial preys/food such as insects, arachnids, copepods, polychaetes, and
fish scales, but can also be cannibalistic and commonly eats its eggs in captivity (Leblanc

et al, 2010; Taylor, 1990)(Huehner et al, 1985). Rivulus populations encounter
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predation from estuary fish and crustaceans, such as barracudas and blue crabs, mostly
during flooding events. In the mangrove forests of Florida and Belize, the water snake
Nerodia clarkii compressicauda has also been identified as a rivulus’ predator (D. S.
Taylor, 2000; Taylor, 2012). However they seem to experience a low predatory pressure
from birds due to their habitat selection in hidden microhabitats such as fossorial niches

(James et al,, 2018; Taylor, 1990).

Suborders Superfamilies Families Genera

Rivulidac

Nothobranchiidea (New World Rivulines)

Nothobranchiidae
(African Rivulines)

Rivulus etc.

Aplocheilidea Aplocheilidac
(Asian Rivulines)

Profundulidac

(M American killifishes)
Goodeidae

(goodcids)

Fundulidae
(topminnows)
Cyprinodontidac
(pupfishes)

Cyprinodontoidea Anablepiidac Leptolebias etc.
° (four-cyed fishes)

Kryptolebias
Funduloidea

Pocciliidac
(livebearers)

Figure 23 - Macro-phylogeny for cyprinodontiformes. From (Avise and Tatarenkov, 2015).
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Figure 24 - The mangrove rivulus characteritics: (A) Its living area (in green) located in coastal
regions of Caribbean, Florida, central and South America. (B) The red mangrove forest where
this killifish lives. (C) Its emersion behavior (photo credits: Ben Chapman and Andy Turko). (D)
An hermaphrodite individual. (E) A male. Photo credits: (B-D-E) Frédéric Silvestre, (C-left) Ben
Chapman, (C-right) Andy Turko.

5.2. Life cycle and reproduction

Rivulus populations are exclusively composed of hermaphrodites and a small
proportion of males (from 2 to 25%) (Figure 24-D and E). This reproductive strategy
deprived of females is called androdioecy (Taylor, 2012, 1999). The hermaphrodites are
qualified as sequential. The anterior part of the bilobed structure of gonads is made of
ovarian tissues that develop during the first days post hatching. Then, testicular tissues
develop in the posterior part of gonads and constitute less than 10% of the gonads
(Figure 25) (Sakakura et al, 2006; Soto et al, 1992). Sexual maturity is generally
achieved between 2 to 3 months (80 to 100 days post hatching). This species expresses
2 modes of fertilization. First, hermaphrodites perform an internal self-fertilization that
would have possibly evolved to face low probability to meet a male in their complex
environment (Sakakura et al., 2006; Soto et al., 1992)(Cole and Noakes, 1997; Kanamori
etal,, 2006). More rarely, external cross-fertilization events occur when male individuals

drop sperm near unfertilized eggs produced by hermaphrodites. This has only been
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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). It appears that predominant selfing shifted to outcrossing in populations
with elevated male rate (Mackiewicz et al., 2006b, 2006a). Genetic tests highlighted that

cross-fertilization between two hermaphrodites does not exist (Turner et al., 2006).

Figure 25 - (A) Dorsal view of the gonads, (B) eggs found in the gonadal lumen (GL), (C)
fertilized egg, (D) cross sections of the anterior part of the gonad and (E) zoom on this anterior
part of the gonad of Kryptolebias marmoratus. CGS: common genital sinus; F: fertilized egg; GL:
gonadal lumen; UF: unfertilized egg. Arrows indicate blastodisc (BL), micropyle (MP), and
perivitelline space (PS); Sb: swim bladder; I: intestine; O: ovarian region; T:testicular region.
Bars (A), (B) and (C)=1 mm; (d), and (e) = 200 um. Adapted from Sakakura et al., (2006).
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The androdioecy strategy of rivulus presents two kind of males whose
appearance depends mostly of the temperature. Primary males develop when their
incubation temperature does not exceed 20°C. This males exclusively present testicular
tissues in their gonads and produce sperm throughout their entire life (Furness et al,
2015). 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 (Harrington, 1971).

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 24-E and D). Recently,
cryptic males were discovered that subtly vary from hermaphrodite phenotypes with
absent orange colors (Marson et al., 2019).

Due to difficulties of observing rivulus in its natural environment, information
about oviposition is still sparse. However, by combining natural and laboratory
observations it appears that the fertilized egg is laid in the terrestrial environment or at
the water-air interface. This aerial spawning confers multiple advantages such as
increasing oxygen availability and providing protection against aquatic predators.
Embryos can enter diapause when they are fully developed and hatch as autonomous

larvae after flooding event (Scarsella et al., 2018; Soto and Noakes, 1994).

5.3. Behavior

Living in the mud, stagnant pools, crab burrows, emerged logs or under leaf litter
makes the mangrove rivulus behavior difficult to observe in its natural environment
(Taylor, 2012). However, some studies have described rivulus behavior such as
emersion, habitat preference, and escape behavior (D. S. Taylor, 2000). To focus on more
complex behaviors such as personality traits, the mangrove rivulus is a good laboratory
model due to its self-reproduction generating isogenic lineages (Abel et al, 1987;
Huehner et al, 1985; D. S. Taylor, 2000; Taylor, 1990). The rivulus is subjected to

develop social interactions, mostly during low water events. 26 individuals have been
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reported at the same time in a single crab burrow in 1990 (Earley et al., 2012b;
Edenbrow and Croft, 2012b, 2012c, 2012a, 2011b). Also, hermaphrodites can lay more
than 20 eggs in a single clutch all located in the same fossorial niche. Its reproductive
biology and the environmental conditions in which it thrives make rivulus highly
subjected to develop social relations during early life. However, K. marmoratus is
considered as a non-gregarious species that preferentially associates with members of
their own genotype (kin) (Edenbrow and Croft, 2012b). Commonly known as an
aggressive species in the field and in laboratory, the rivulus is able to modulate its
aggressive behavior to minimize potential injuries (Hsu and Wolf, 1999, 2001; Huang et
al, 2011). Adult fish decrease the intensity of aggression behavior in contact with kin
and familiar individuals compared to non-kin and unfamiliar individuals (Edenbrow and
Croft, 2012b; Taylor, 1990). Aggressiveness is modulated as well by winning and losing
experience in K. marmoratus (Huehner et al,, 1985; Taylor, 1990).

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 performed by Chang et al., (2012)
on boldness and exploration revealed that the intensity of theses traits increases during
ontogeny and then stabilized at sexual maturity suggesting a developmental flexibility of
these behavioral traits in this species. 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 and Croft, 2011). Moreover, some studies suggest that behaviors forming a
behavioral syndrome could maintain flexibility at different degrees to respond to

environmental variations (Edenbrow and Croft, 2011b).

5.4. Genetic and epigenetic characteristics

Even if self-fertilization is common in plants and invertebrates, K. marmoratus
and K. hermaphroditus are the only known self-fertilizing hermaphroditic vertebrates
(Chang et al,, 2012). K. hermaphroditus reproduces almost exclusively by selfing (97-
100%) while in K. marmoratus selfing rate varies with geographical localizations (39-
99%) (Tatarenkov et al, 2007). Hermaphrodites produce highly homozygous and
isogenic individuals only after a few cycles of exclusive self-fertilization (Avise and

Tatarenkov, 2015; Costa et al, 2010a; Mackiewicz et al., 2006a; Orlando, 2012;
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Tatarenkov et al, 2017). Although this reproduction mode is advantageous in the
complex mangrove ecosystem where chances to find a male are low, selfing is commonly
associated with inbreeding depression, the reduced survival and fertility of offspring of
related individuals (Costa et al., 2010a; Orlando, 2012). But no significant limitations of
inbreeding depression has been demonstrated in this species so far (Kelley et al., 2016).
Outcrossing generates heterozygous individuals, providing allelic diversity within
populations. The genetic characteristics of rivulus populations such as the level of
homozygosity and heterozygosity, indicate the portion of male presence in the
environment. For example, 25% of the rivulus population living in Belize mangroves is
constituted of males, and this number has been recently reported to reach 42%
(laboratory personal data), leading to a high rate of outcrossing and therefore of
heterozygous individuals as well (Stephen C. Weeks et al.,, 2006).

The unique selfing characteristics of K. marmoratus have motivated many
research teams from various fields of biology (behavior, population genetics, ecology,
ecotoxicology,...) to use it as animal model (Nakamura et al., 2008). Method initially used
to assess homozygosity level in diverse genetic lineages has recently evolve from
microsatellite to whole genome sequencing coupled with single nucleotide
polymorphisms (SNPs) analysis (Chang et al.,, 2012; Edenbrow and Croft, 2012c; Kelley
et al,, 2016; Mourabit et al., 2011; Tatarenkov et al., 2010). The recent technique made it
possible to discover some 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 (Lins et
al, 2017; Tatarenkov et al,, 2010). Hopefully for researchers that justified the use of
rivulus on its natural production of clones, most of the SNPs found were located in
intergenic regions with only 3.5% in coding regions (10% of the genome)(Lins et al,
2017; Tatarenkov et al., 2010).

Decribed by Lins et al,, (2017), the K. marmoratus haploid genome has a total
length of 680 Mb, encoded on 24 chromosomes with a CG content equal to 37.76 %.
20954 genes and 634 tRNAs have been predicted. This genome assembly was used for
bioinformatics analyses for the proteomic and methylation analyses described in
Chapter 1 and 2.

Although K. marmoratus are characterized by low genetic variability between

individuals of a same isogenic population, it has been noticed that they can express
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phenotypic plasticity. As described above, even isogenic individuals raised in the same
environment can express variation in their behaviors. They are able to survive in
extreme environmental conditions in mangroves as well. In addition to slight genetic
variation within population, epigenetic mechanisms such as DNA methylation could be
responsible of phenotypic diversity. They are therefore of high interest to disentangle
what generates phenotypic plasticity when the contribution of both genetic and
environment is considerably reduced (Fellous et al., 2018).

Information about epigenetic mechanisms in the mangrove rivulus is
accumulating. Rivulus DNA methylation reprogramming process was described and
compared to zebrafish, Danio rerio. It appeared that, at the same embryonic stage, this
reprogramming is later, deeper and longer than in the zebrafish (Figure 26). A global
DNA demethylation occurs directly after fertilization and then is remethylated at
specific loci and stages. Although different, this reprograming event is consistent with
the ones occurring in mouse (Mus musculus) and zebrafish genomes and seems
particularly important in vertebrate development (Fellous et al., 2018).

The time course expression of enzymes involved in epigenetic mechanisms has
recently been described in the mangrove rivulus during embryonic development and in
adult tissues: DNMTs, TETs, MeCP2 (Methyl CpG Binding Protein 2), Kdm (Histone
Lysine Demethylases), Kmt (Histone Lysine Methyltransferases), Kat (Lysine
Acetyltransferases), and HDAC (Histone Deacetylases) (Fellous et al, 2019a, 2019b,
2018). Among the multiple results obtained, the involvement of the histone methylation
machinery in the development, gametogenesis and neurogenesis in K. marmoratus was
discovered (Fellous et al.,, 2019a).

The sex ratio of K. marmoratus has been discovered to be modulated by DNA
methylation with the identification of several genes that were differentially methylated
between males and hermaphrodites. Temperature have been shown to interact with the
methylation patterns inducing modulation of the sexual identity in two rivulus lineages
(Ellison et al, 2015). Another example of environmental influence on rivulus DNA
methylation was recently published by Berbel - Filho and colleagues (2019). They found
that the parasite load can modulate DNA methylation, but differentially according to
isogenic lineages revealing an interaction between the parasites and the genotype of the
lineage on the methylation level. DNA methylation therefore appears to be one of the

mechanisms allowing the long-term persistence of self-fertilization in K. marmoratus,
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which counterbalances the low genetic variations within lineages. By influencing the sex
ratio as well, the selfing rate could be modulated by the environmental conditions and

therefore increase out-crossing events promoting the genetic diversity.

Short, but highly sensitive,
reprogramming step in a context
of high genetic diversity

Kryptolebias marmoratus
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Figure 26 - CpG DNA methylation levels during early zebra fish and mangrove rivulus
development. (MBT, Mid Blastula Transition). The developmental stages are indicated under the
x- axis. Adapted from Fellous et al., (2018).

5.5. K. marmoratus as a model species ?

Unlike the well-known and widely used zebrafish, Danio rerio, K. marmoratus
presents several disadvantageous characteristics, all related to egg production. The
spawning cannot be induced due to the absence of egg production synchronization.
Moreover, hermaphrodites produce low and inconstant amount of eggs (maximum 10
eggs per week) despite the maintenance of steady environmental parameters such as
temperature, salinity and food availability. The internal fecundation leads the embryos
to be laid at various developmental stages. Finally, the embryos produced can undergo a
diapause limiting the use of elevated number of biological replicates and making difficult
to synchronize in vivo studies. However, the mangrove rivulus presents advantages to

investigate many questions of biology from diverse field research thanks to its unique
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reproductive biology among vertebrates. Selfing allows rivulus to express very low
genetic variability within lineages (Fellous et al,, 2018; Mhanni and McGowan, 2004;
Razin and Shemer, 1995). This allows working with natural highly homozygous and
isogenic lineages and therefore, reducing genetic noise within lineages in experiments
(Fuller et al, 2010). Besides its low genetic diversity within lineage allowing to
exclusively focusing on the study of the true reaction norm (Stearns, 1989), rivulus is a
useful model to investigate environmental influence on developmental plasticity
because it is suggested to quickly acclimate to highly changing environmental conditions
directly after hatching. By comparing the numerous existing and described rivulus
isogenic lineages, scientists can focus on the genetic bases of phenotypes. Many other
advantages related to the use this new valuable model vertebrate species exist and the
following list is probably not exhaustive: its sequenced genome, its described DNA
methylation reprogramming, its short generation time (= 80 to 100 days), its simple

rearing environment, the transparency of its embryos, its small size, its robustness...
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OBJECTIVES

Animal behavior is the result of a series of physiological and molecular
mechanisms that can be modulated by the environment, the genotype of the organism,
and both the interaction between genes and the environmental conditions to which the
organism is exposed thorough his life. Behavior mediates the interaction between an
organism and its environment, and constitutes the ultimate phenotype influencing
ecological and evolutionary processes. 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 genetic and environmental variances, as well as their
interactions, influence phenotypic variance is crucial to understand individual traits,
suits of covarying traits, and animals’ ability to acclimate to new environmental
conditions during development and adulthood. We hypothesize that epigenetic
mechanisms can, at least partly, explain behavioral plasticity and delayed behavioral
response in the adults. Consistent individual behavioral differences across time and
contexts are particular behaviors known as personality traits that highly influence
organism essential behaviors such as social relationship, food access, reproductive
success and ultimately organism’s fitness. The present study thus aims to investigate the
developmental plasticity of behavioral traits and the sequence of key molecular events
leading to behavioral modifications that permit the organisms to cope with new
environmental conditions. We exclusively worked with self-fertilizing hermaphrodites
of mangrove rivulus fish (Kryptolebias marmoratus), providing after a few cycles of self-
fertilization, natural highly homozygous and isogenic individuals within lineages. This
unique vertebrate species with exceptional reproductive strategy thus expresses very
low genetic variability within lineages and therefore permits the precise identification of
the genetic and environmental sources of phenotypic plasticity.

To complete the general objectives, several specific objectives have been set up.
Increasing studies have discovered behavioral variations (individuality) among
genetically identical individuals reared in the same environmental conditions. The first
specific objective aims to characterize personality traits (boldness and aggressiveness)
of an isogenic lineage of the mangrove rivulus, how they co-vary as well as the non-
genetic mechanisms generating between-individual behavioral variability in the absence

of environmental variability (Chapter 1). To fulfill this purpose, behaviors of isogenic
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adult of mangrove rivulus have been tested using respectively the shelter and model
tests. Protein expression profiles as well as DNA methylation landscapes have been
investigated in their brains. The second objective consists to understand the
developmental plasticity of personality traits in the rivulus submitted to social
interactions and low salinity during their development and their impacts on life history
traits and protein expression profiles in the adult brain (Chapter 2). Those stimuli are
environmentally relevant considering rivulus natural habitat. The mangroves are
submitted to drastic variations of their physico-chemical conditions on daily and
seasonal bases, and the rivulus reproductive biology as well as the environmental
conditions in which it thrives make it highly subjected to develop social relations during
early-life. The last specific objective is the determination of this developmental plasticity
facing a neurotoxin exposure (BMAA), naturally present in rivulus living areas, well
known to disrupt proper brain functions leading to neurodegenerative diseases such as

Alzheimer, Parkinson or amyotrophic lateral sclerosis diseases in humans (Chapter 3).
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Chapter 3: Developmental plasticity of personality

traits: effects of a neurotoxin

In the previous chapters, protein expression profiles and DNA methylation
landscape were compared between bold and shy as well as between aggressive and non-
aggressive individuals. We identified the brain differentially expressed proteins and
differentially methylated fragments correlated to between-individual variability in
boldness and aggressiveness in isogenic individuals of mangrove rivulus reared in
identical environmental conditions. Also, the developmental plasticity of these
personality traits were investigated following the exposure to social interactions and
low salinity as well as the effects on life history traits and brain protein expression
profiles. It appeared that the applied stimuli differently affected fish growth and
reproduction as well as the expression of some proteins in fish brain, although the
exposure stopped a long time after the brain sampling. However, no effects of stimuli
were detected on fish behaviors. The camouflage of stimuli effects on behavior by the
elevated behavioral variability between individuals, the low environmental influence in
the determinism of behavior or the choice of stimuli not eliciting strong enough effects
were amongst the hypotheses raised in the discussion of the chapter 2 and potentially
explaining the absence of stimuli effects on fish behaviors.

In this third chapter, we tested the effects of another stress on fish behavior: a
neurotoxin, the p-N-methylamino-L-alanine (BMAA). This neurotoxin naturally
produced by cyanobacteria, diatoms and dinoflagellates is of increasing interest related
to its toxic effects and envrionemntal risk. Intensive farming put pressure on aquatic
ecosystems and leads to frequent bloom events due to water eutrophication. BMAA has
been reported in marine and freshwater ecosystems around the globe such as several
water bodies, including urban waters in the Netherlands, freshwater lakes and brackish
water body in Britain, South African freshwater impoundments, Florida bay, Baltic sea,
Mediterranean sea, Black sea, Adriatic sea, etc. (Brand et al,, 2010a; Lage et al,, 2015).
Presence and accumulation of BMAA has been detected in organisms ranging from
zooplankton, mollusks and fish. In fish, BMAA seems to particularly accumulate in brain

tissues. Concentrations recorded in the Baltic sea can reach up to 200 times higher
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concentrations of BMAA than did the cyanobacteria (from approximately 0.006 BMAA
ug/g dry weight in cyanobacteria of coastal regions of the Baltic sea, 0.033 BMAA pg/g
dry weight in zooplankton, and 0.775 BMAA pg/g dry weight in turbot fish brain)
(Jonasson et al., 2010).

In the first part of this chapter, the immediate effects of BMAA on locomotion and
prey capture behaviors in the rivulus larvae were investigated after one-week exposure
to 2 sublethal doses (20 pg/L and 15 mg/L) (Part 1). BMAA is highly suspected to induce
neurotoxicity and behavioral impairment as reported in humans. Neurotoxicants are
known to be involved in various human and animal diseases (Rey et al, 2013).
Environmental exposures to neurotoxic compounds can interfere with normal
development during multiple windows of vulnerability that can result in a wide range of
detrimental effects for the organism, with impacts on individual fitness and population
viability (Cox et al., 2018; Scott and Downing, 2017). This part paves the ground towards
a better understanding of the BMAA consequences on simplest behaviors, such as the
feeding behavior. Then, the second part of this chapter was dedicated to investigate the
developmental plasticity of behavioral traits after a two-weeks BMAA exposure to
sublethal doses on newly hatched larvae. Boldness and aggressiveness were recorded in
adults at 120 dph, more than 3 months after the exposure stopped. The expression of 7
genes were then measured in fish brain, genes chosen for their implication in
neurotransmission, personality traits or known to be BMAA targets.

To fully understand the long-term influence of neurotoxicant exposure on
organisms, it is necessary to determine the lasting and delayed effects observed during
later life, after exposure has ceased (Carion et al., 2018; Mason et al., 2014). Such long-
term effects can be linked to the development of neurodegenerative diseases (ND) in
human and support the Developmental Origin of Health and Diseases hypothesis
(DOHaD) developed by Baker in the 2000s (Chin-Chan et al., 2015). It is assumed that
adult disease states can be triggered by environmental exposure to neurotoxicants
earlier in life, or even during embryogenesis (Barker, 2004; Heindel et al,, 2017). BMAA
is one neurotoxicant hypothesized to cause NDs. It is known that the main mode of
action for BMAA is via excitotoxicity, a process that induces an overstimulation of
glutamanergic neurons, generating prolonged membrane depolarization, production of
reactive oxygen species (ROS) and activation of apoptotic mechanisms (Barouki et al,,

2018). However, little is known on its potential long term effects, beside the fact that
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BMAA is considered as a slow neurotoxin due to its association with proteins, storage
and slow excretion in its free form, causing a long latency between exposure and the
observation of initial symptoms (Chiu et al., 2012; Onselen et al., 2018), and has been
reported to induce developmental neurotoxicity in animal models (Banack et al., 2007;
Faassen, 2014; Murch et al., 2004).

The following paragraph coupled with the schematic illustration (Figure 45)
provide a complement of information about how BMAA can interfere at the synaptic
level (glutamatergic pathway) in the optic to better understand the choice of the 7
selected genes (in chapter 3-part 2) and the associated mechanisms.

In healthy neurons, extracellular glutamate activates ionotropic receptors
(NMDA, AMPA and GluR) and glutamate transporters (Xc-) that are mainly present on
astrocytes and postsynaptic neurons ensuring transport of 80 to 90 % of glutamate.
Activation of GluR/AMPA and NMDA receptors on postsynaptic membrane respectively
induces Na* and Ca?* entry into cell and a decrease of K* content that creates action
potential allowing signal transduction. Glutamate is then transported and recycled in
astrocytes to glutamine by glutamine synthetase, then transported outside the cell. This
amino acid is ultimately captured by a neural receptor and converted to glutamate to act
as a neurotransmitter precursor (Lobner et al., 2007; Platt, 2007). At the same time,
extracellular glutamate binds to the antiport cysteine/glutamate receptors to allow
entry of cysteine into the intracellular medium. This cysteine helps to form glutathione
(GSH), important cell antioxidant (Aniksztejn et al., 2005).

BMAA can interfere with glutamatergic pathway generating various detrimental
consequences such as excitotoxicity. In vivo, BMAA can bind to a carbonate ion to form
B-carbamate. With a similar molecular structure as glutamate, 3-carbamate can thus
compete for glutamatergic receptors (Figure). Activation of glutamatergic receptor by 3-
carbamate blocks the entry of glutamate but does not modify the ion exchange.
Extracellular glutamate and intracellular Ca?* concentrations increase and cause
prolonged cell depolarization (Aniksztejn et al., 2005; Forman et al., 2009). 3-carbamate
can also compete with glutamate and bind on the Xc- system inducing a dysfunction of
the transporter. That prevents cysteine assimilation and induces an excessive exit of
glutamate from cell. The absence of cysteine into cell leads to depletion of glutathione
that may induce oxidative stress (Bridges et al, 2012). In addition, B-carbamate

presence causes a continuous rise of extracellular concentration of glutamate that can
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link to ionotropic receptor bringing more and more Ca?* into cell. At higher
concentrations (> 100 nM) Ca?* is toxic (Bridges et al., 2012) leading to mitochondrial
dysfunctions and reactive oxygen species (ROS) release into cytoplasm that increases
cell oxidative stress. In reaction to oxidative stress mitochondria releases cytochrome c
causing cell apoptosis (Swulius and Waxham, 2008). This process caused by hyper
stimulation of neural cells through glutamate inducing cell death is called excitotoxicity
(Chiu etal., 2011).

Several thousand NCs are present in the environment but their risk assessment is
mainly focused on human populations althought it constitutes great risk for all living
organisms. Neurotoxicity assessment with an ecotoxicological view is therefore needed
and is described in the review of Legradi et al., (2018) co-written by our laboratory

whose abstract is given below.
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ABSTRACT

The numbers of potential neurotoxicants in the environment are raising and pose
a great risk for humans and the environment. Currently neurotoxicity assessment is
mostly performed to predict and prevent harm to human populations. Despite all the
efforts invested in the last years in developing novel in vitro or in silico test systems, in
vivo tests with rodents are still the only accepted test for neurotoxicity risk assessment
in Europe. Despite an increasing number of reports of species showing altered
behaviour, neurotoxicity assessment for species in the environment is not required and
therefore mostly not performed. Considering the increasing numbers of environmental
contaminants with potential neurotoxic potential, eco-neurotoxicity should be also
considered in risk assessment. In order to do so novel test systems are needed that can
cope with species differences within ecosystems. In the field, online-biomonitoring
systems using behavioural information could be used to detect neurotoxic effects and
effect-directed analyses could be applied to identify the neurotoxicants causing the
effect. Additionally, toxic pressure calculations in combination with mixture modelling
could use environmental chemical monitoring data to predict adverse effects and
prioritize pollutants for laboratory testing. Cheminformatics based on computational
toxicological data from in vitro and in vivo studies could help to identify potential
neurotoxicants. An array of in vitro assays covering different modes of action could be
applied to screen compounds for neurotoxicity. The selection of in vitro assays could be
guided by AOPs relevant for eco-neurotoxicity. In order to be able to perform risk
assessment for eco-neurotoxicity, methods need to focus on the most sensitive species
in an ecosystem. A test battery using species from different trophic levels might be the
best approach. To implement eco-neurotoxicity assessment into European risk
assessment, cheminformatics and in vitro screening tests could be used as first approach
to identify eco-neurotoxic pollutants. In a second step, a small species test battery could

be applied to assess the risks of ecosystems.
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ABSTRACT

Mangrove rivulus, Kryptolebias marmoratus, is a hermaphrodite fish capable of
self-fertilization. This particularity allows to naturally produce highly homozygous and
isogenic individuals. Despite the low genetic diversity, rivulus can live in extremely
variable environments and adjust its phenotype accordingly. This species represents a
unique opportunity to clearly distinguish the genetic and non-genetic factors implicated
in adaptation and evolution, such as epigenetic mechanisms. It is thus a great model in
aquatic ecotoxicology to investigate the effects of xenobiotics on the epigenome, and
their potential long-term impacts. In the present study, we used the mangrove rivulus to
investigate the effects of the neurotoxin f-N-methylamino-L-alanine (BMAA) on larvae
behaviors after 7 days exposure to two sub-lethal concentrations. Results show that
BMAA can affect the maximal speed and prey capture (trials and failures), suggesting

potential impacts on the organism’s fitness.
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1. Introduction

Pollution involving neurotoxic compounds (NCs) is one of the emerging issues for
human health but also for wild species and ecosystems. In wild organisms, the adverse
outcome of exposure to NCs is a change in behavior, which can affect an individual’s
fitness and potentially lead to population decline (Hellou, 2011). Moreover, it is well
established that embryonic development and early life stages (ELS) are periods during
which the organism is particularly sensitive to environmental stress, and consequently
to NCs exposure. In addition to immediate effects on ELS, developmental exposure at
relatively low dose can lead to adverse outcomes later in life, at the adult stage, an idea
accepted under the concept of Developmental Origin of Health and Disease (DOHaD)
(Heindel et al, 2017). However, even if experimental and epidemiological studies
support this concept, the mechanisms explaining long-term delayed effects of early life
NCs exposure remain largely unclear (Barouki et al., 2018).

Nowadays, an increasing number of people suffer from neurological
disorders such as Alzheimer’s, Parkinson’s or Amyotrophic lateral sclerosis (ALS)
diseases, which could be partly related to environmental influences during ELS. Such
diseases are triggered by a complex interplay between genes, ageing, and environmental
conditions plus a random component (Riancho et al., 2018). In this context, the need for
understanding the role played by exposure to NCs has been growing in importance
(Chin-Chan et al.,, 2015). Of particular interest is f-N-methylamino-L-alanine (BMAA), a
non-protein amino acid NC produced by the extremely ubiquitous cyanobacteria,
dinoflagellates and diatoms (Faassen, 2014). Although the first link between BMAA and
neurodegenerative diseases was established more than 50 years ago, evidence of BMAA
effects on human brain is still inconclusive and remains controversial (Nunn, 2017). On
the other hand, considering that BMAA can be found in aquatic food webs at high
concentrations (Brand et al., 2010a), further studies about BMAA risk assessment on
aquatic organisms are urgently required.

With this aim in mind, the present work has been developed using a strategic
model organism; the mangrove rivulus fish. Together with its sister species, the
mangrove rivulus (Kryptolebias marmoratus) is the only known vertebrate that
naturally reproduce by self-fertilization (Costa et al, 2010a). In nature, this

Cyprinodontiform oviparous fish is characterized by an androdioecious mixed-mating
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reproductive system, in which hermaphrodites coexist with a low proportion of males
(between 5 and 25%). While outcrossing with males is known to happen, it is much less
frequent than self-fertilization of hermaphrodites. Consistent self-fertilization is an
extreme form of inbreeding and it consequently naturally produces isogenic lineages
after a few generations (Tatarenkov et al., 2012). Additionally, despite its low genetic
variability, the rivulus displays a high level of phenotypic plasticity and it is capable to
efficiently acclimate to the highly variable environment of mangrove forests. These
features have recently put the mangrove rivulus in the spotlight of scientific research, as
it constitutes an innovative and valuable model for the identification of true cause-effect
relationships between the environment, the phenotype and the epigenome.

Impacts of NCs on the brain epigenome are one of the most often cited
mechanisms potentially explaining neuronal disorders and DOHaD (Barouki et al,
2018). Effects on the epigenome do not involve changes in the DNA sequence but can
modify gene expression patterns in a heritable manner through mechanisms such as
DNA methylation (DNAme), histone modifications, and non-coding RNAs. Together, the
emerging fields of neuroepigenetics and environmental epigenetics show that exposure
to environmental NCs can affect the brain epigenome and consequently lead to impacts
on behavior and/or cognitive faculties (del Blanco and Barco, 2018). In this context, the
rivulus constitutes an optimal model choice to investigate the role of epigenetic
mechanisms in DOHaD and in transgenerational inheritance via sexual reproduction,
while minimizing the confounding effects of genetic variation (Fellous et al., 2018;
Voisin et al,, 2016).

The main objective of this study was to determine the immediate effects of BMAA
exposure during ELS on locomotion and prey capture behaviors in the rivulus.
Moreover, this preliminary work paves the ground towards a better understanding of
the conspicuous consequences that NCs may have for populations of aquatic organisms
and their link with molecular mechanisms, such mechanisms including modifications of
the expression level of some key genes involved in behavior and in nervous cells

metabolism as well as potential variations in epigenetic mechanisms.
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2. Materials and methods

Rivulus larvae were exposed to 2 doses of BMAA directly after hatching for 7
days: 20 pg/L and 15 mg/L, plus a control unexposed group (n = 24). Larvae were fed ad
libitum with Artemia salina every day. The BMAA working solution was made from L-
BMAA Hydrochloride powder (Sigma-Aldrich®) mixed with 25 ppt (= 1) water. About
2/3 of water was renewed every day. During exposure period, mortality was assessed
and larvae were individually measured at 1, 3, 5 and 7 days post-hatching (dph) using a
Nikon Digital Camera USB3 7.5 15 IM/SEC mounted on a Nikon SMZ1270
stereomicroscope and the NIS-Elements® program. Larvae locomotion and thigmotaxis
(test adapted from Norton, 2012) were video recorded after 7 days of exposure (10 min
of acclimation followed by 5 min of test) in 6-wells microplate. Larvae behaviors were
analyzed using Ethovision® software. Afterwards, 10 nauplii of Artemia were provided
in each well to measure larvae prey capture ability during 5 min. Results are expressed
as the percentage of success and failure, calculated as the proportion between successful
capture or failed capture trials over the total number of trials.

Agostino and Pearson tests were performed to confirm data normality.
Accordingly, one-way ANOVA or non-parametric Kruskal-Wallis tests were applied
followed by Dunn’s multiple comparisons test in order to evaluate an effect of BMAA on
larvae locomotion, thigmotaxis or capability to capture prey. Percentages of success and
failure were arcsine square root transformed. Statistical analyses were performed using

GraphPad Prism 7 Software. Significance level was set at p < 0.05.

3. Results and Discussion

No effect of BMAA exposure was observed on larvae growth, body shape and
mortality. Locomotion test showed a significant effect-of 20 pg/L BMAA exposure on
larvae maximum velocity with a 61 % increase compared to group-controls (Table 16
and Figure 46-a), while no effect has been observed at the highest concentration. The
prey capture assay revealed significant effects of BMAA exposure on the percentage of
failure in prey capture and on the total trials expressed by larvae to capture prey (Figure
46-b and c). The 20 pg/L and 15 mg/L groups respectively expressed a 14 % and 17 %

increases in total trials compared to group-controls. Moreover, these two exposure
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concentrations respectively expressed a 13 % and 15 % increases in percentage of prey

capture failure compared to controls.

Table 16 Summary table including the number of biological replicates per treatment and results
of locomotion and prey capture tests. Mean = SD.

Number
of

Treatments replicates

Locomotion test

Prey capture test

Ctl 24
20 pg/L 23
15 mg/L 24

Distance moved

(cm)

Thigmotaxis (cm/s) Total trials

Maximum
velocity

Prey capture
success (%)

Prey capture
failure (%)

Maximum
velocity
(cm/s)

39.33+36.14
55.92 +39.13
49.45 + 25.30

0.83+£0.48 2.06 £1.46 10.08 £ 2.12
0.92+0.34 3.32+£1.90 11.52 £2.27
0.91+0.22 2.72+1.36 11.83+2.37
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Figure 46 - Immediate effects of 7 days BMAA exposure on newly hatched rivulus larvae
behaviors. (a) A significant effect at 20 ug/L BMAA was observed on larvae maximum velocity
(p-value = 0.035). (b) Larvae exposed to 20 pg/l and 15 mg/L. BMAA expressed significant
higher rate of failure during prey capture assay (p-value = 0.016 and 0.004, respectively) and (c)
significant higher trials to capture prey (p-value = 0.04 and 0.027, respectively) compared to

)
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controls. Results are expressed by mean =+ SD. Different letters (a-b) mean significant
differences (i.e., p-value <0.05) between conditions.

According to these results, BMAA exposure during development impacts larvae
locomotion and capabilities to behave appropriately to efficiently hunt their prey. BMAA
appears to mainly disrupt brain functions. Larvae maximum velocity was impacted by
BMAA exposure at lowest concentration (20 pg/L) while no effect was evident at higher
concentration (15 mg/L). This suggests that an environmentally relevant concentration
of BMAA applied during fish development can elicit changes in maximum velocity

possibly due to neuro-muscular effects and/or impairments in fish perception of its
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environment (Purdie et al., 2009a). However, these effects were not observed at a higher
concentration suggesting a possible activation of repair mechanisms limiting brain
damages (Zupanc, 2009). Interestingly, the total number of prey capture for larvae
exposed to BMAA did not differ from control group while larvae showed a higher rate of
failure since they tried more to catch a prey. This indicates that larvae exposed to BMAA
need more trials to achieve the same success in prey capture with probably more energy
expenditure. These observations support the assumptions of movement impairments
induced by BMAA exposure and are consistent with literature in behalf of assumptions
that BMAA can disrupt synaptic signaling (Frgyset et al., 2016). Effects observed on
larvae serve as a baseline to assess possible consequences later in life as movement
impairments can lead to lower food intake and consequently impact fish growth,
reproduction and therefore organism fitness. Epigenetics can explain long-term latent or

transgenerational effects. These hypotheses will be tested in future experiments.

4. Conclusions and perspectives

Overall, 7 days exposure of sub-lethal concentrations of BMAA on newly hatched
larvae of mangrove rivulus revealed significant effects on fish behavior. BMAA showed
non-monotonic effects, as 20 pg/L exposure increased maximum larvae speed, while 15
mg/L exposure had no effect. This emphasizes the need to test low concentrations when
assessing the environmental risk. Moreover, both concentrations under study increased
the number of trials necessary for the rivulus to catch the same amount of prey,
suggesting impairment in energy expenditure and possible impacts on animal’s fitness.
Further molecular analyses such as gene-specific DNAme and gene expression in brain
will provide new insights into the modes of action of BMAA. Further experiments on the
delayed effects in adults will afford a better understanding of long-term consequences of
BMAA presence in the environment and the putative roles of epigenetic mechanisms in
neurotoxicity. These preliminary findings stress the importance of ecotoxicological
studies about BMAA and other NCs on wild organisms, such as the mangrove rivulus, in
addition to studies on human neurodegenerative diseases, as its presence in the
environment could have consequences on populations’ survival even at environmental

concentrations, jeopardizing whole communities interconnected in trophic networks.
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General discussion and perspectives

Experimental designs performed, observed effects and related potential
perspectives raised at each chapter of the present thesis are illustrated in the following
layouts and will be discussed hereafter.

The way an organism behaves in its environment influences numerous
parameters and characteristics such as its physiology, reproduction, survival and
ultimately its fitness. Behaviors are thus extremely interconnected with ecological
dynamics and population evolution (Sih et al., 2010). The widespread existence of
personalities across the animal kingdom suggests an evolutionary importance. Until
recently, no particular reason was attributed to the presence of personalities in animals,
with individual differences in behavior considered to be random variation around an
optimal mean response. Many questions about animal personalities exist (Briffa and
Weiss, 2010). Why some individuals are more aggressive than others no matter the time
or the situation? Why is it not more optimal for an individual to show unlimited
behavioral plasticity? The exact answers are still unclear although increasing works in
behavioral genetics support that there is a heritable genetic contribution to personality
(Beekman and Jordan, 2017; Class and Brommer, 2015; Oers and Mueller, 2010) such as
for the exploratory behavior in Great tits (Parus major) (h? estimates = 0.22-0.41)
(Dingemanse et al., 2002).

The potential genetic determinism in animal personality raises questions about
the presence of behavioral individuality between isogenic individuals expressing
therefore very low to no genetic diversity. A recent study observed behavioral
individuality in exploration and activity in a clonal fish reproducing via parthenogenesis,
the Amazon molly (Poecilia formosa), despite near-identical rearing conditions
(Bierbach et al,, 2017). The first part of our work (Chapter 1) was dedicated to answer
the questions related to this topic: “Can behavioral individuality in personality traits
emerge from a natural isogenic population of the mangrove rivulus?” “What are the

sources of this individuality?”.
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Despite the use of isogenic individuals of K. marmoratus, behavioral differences in
boldness and aggressiveness were observed across the two experiments performed
among fish exposed to the same controlled environmental conditions. To distinguish the
presence of behavioral individuality/personality traits from random behavioral
variation, repeatability estimates (R) were calculated. Repeatability refers to the extent
to which individual differences in trait scores are maintained over time and therefore
constitutes a statistical parameter to assess the presence of a personality trait (Biro and
Stamps, 2015). It is commonly accepted by the scientific community that a R around 0.3
and over reveals behavioral individuality (Bierbach et al., 2017; Dingemanse et al,,
2002; Schuster et al.,, 2017). The repeatability estimates calculated for boldness and
aggressiveness in the mangrove rivulus were respectively equaled to 0.21 and 0.11.
Dingemanse et al. (2002) considered the presence of behavioral individuality in the
exploratory behavior of the great tits with a R = 0.27. The lower repeatabilities observed
in our experiments are caused by the drop of fish response with time suspected to come
from a habituation phenomenon. The between-individual variability was decreasing
with behavioral test replicates over time. This response change with time was stronger
with the model test, during which fish were exposed to a dummy. Considering that the
lower R observed are caused by the suspected rivulus’ learning and memory capacities
and that the 0.3 cutoff is a reference for non-isogenic individuals, we consider
behavioral individuality in boldness and aggressiveness are highly suspected to be
present in the mangrove rivulus. In this section, we will discuss about the potential
sources of behavioral individuality in the mangrove rivulus and how to improve
behavioral tests performed as well as the R estimates calculation to obtain stronger

conclusions.

1. Identifying the sources of behavioral variability leading to individuality of K.
marmoratus in the absence of genetic diversity within a population

[t is established that a third source of random variation, along with genes and the

environment, can shape the phenotype variation and is refered as the biological noise

(Richard and Yvert, 2014). If this stochastic variation occurs during organism’s

development at the cellular and molecular levels and generates differences in

phenotypic outcomes when genotype and the environment are fixed, it is called the
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developmental noise (Kiskowski et al, 2019; Vogt, 2015). The study of phenotypic
variation of a population is therefore extremely complex due to the interaction between

the three sources of variation: genotype, environment and stochasticity.

Unexpected genetic variations

The origin of the observed behavioral individuality could eventually come
from unexpected genetic variations between rivulus individuals due to an actual
lower level of isogenicity. Sporadic genetic events could be responsible of unexpected
genetic variation in the tested K. marmoratus lineage leading to phenotypic variations,
which could potentially explain the behavioral individuality observed for boldness and
aggressiveness. De novo mutations, transposable elements, variation of tandem repeats
could generate genetic variability between individuals (Barrick and Lenski, 2013;
Freund et al., 2013).

The spontaneous single mutation rate is generally very low but varies
between organisms (Barrick and Lenski, 2013). In bacteria and single-cell eukaryotes,
the rate is on the order of 10-19to 10 per base pair per replication, leading to one
mutation every few hundred to several thousand cell divisions regarding the genome
sizes of such organisms (from 10¢ to 107 bp) (Sung et al, 2012). In more complex
eukaryotes, this rate varies from 0.05 to 1.0 per generation across the whole protein-
coding portion of genomes (Barrick and Lenski, 2013; Lynch, 2007). Short tandem
repeats (STRs) of DNA sequences (also known as microsatellites) are considered as
dynamic sequences of the genome mainly present in intergenic regions. But when
occurring inside the coding sequence, some can lead to diseases and behavioral
impairments such as the fragile X mental retardation in humans due to the expansion of
intragenic triplet (CGG) repeats next to FMR1 promoter region on the x chromosome
(Jin et al,, 2004). Intragenic tandem repeats generate variability, such as in pathogens,
which favor their rapid adaptation to their environment and escape from their host
immune system by rapidly changing their cell surface antigens (Verstrepen et al., 2005).
As STRs are affiliated to the largest contributors of de novo mutations in humans and
regarding the low de novo mutation rate reported in complex eukaryotes, we can
consider that de novo mutations contribution to behavioral individuality observed in our
experiments should be low (Gymrek et al.,, 2017).
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K. marmoratus species is capable to reproduce by selfing. While it can be
advantageous not to have to find a mate in a complex muddy environment, it reduces
heterozygozity as well as genetic variability. The rate of out-crossing, likely driven by
male-hermaphrodite mating, has been shown to vary among populations of K
marmoratus (Mackiewicz et al.,, 2006d). Outcrossing events are reported to be rare in
most populations but it can considerably vary by sites such as in Florida populations
where the selfing rate is reported from 80 to 90% while in Twin Cayes population
(Belize), it reaches 40% with the sex ratio differences suspected to lead to these
outcrossing rate variations among populations (Mackiewicz et al., 2006b; Tatarenkov et
al, 2015; Turner et al., 2006). Low rate of heretozygosity within population has been
studied between various populations of K. marmoratus using 32 microsatellite loci
(Tatarenkov et al., 2010). Even if this study identified some variations within lineages
probably caused by de novo mutations, high level of homozygosity within lineages was
observed. A recent study used single nucleotide polymorphisms (SNPs) from whole
genome sequencing data to determine heterozygosity level in various lineages of rivulus
previously referenced by Tatarenkov et al. (2010) as completely homozygous at
microsatellite loci (Lins et al,, 2017). The assessment of the level of intra-individual
heterozygosity in lineages maintained from 1 to 11 generations in the laboratory
revealed more variation than previously, mostly due to the higher resolution of the
technique used. However, this study confirmed that this variation is rare with most of
the SNPs found as singletons mainly in intergenic regions of the genome (Lins et al,
2017). The high level of homozygosity among the DC4 lineage used in the present study,
as it was reported by the study of 32 microsatellites (with 31 homozygous, 1
heterozygous), seems thus reliable and low level of genetic diversity between

individuals is expected.

The non-genetic sources of behavioral individuality

In humans, it has been established that 40% to 50% of variation in all traits,
including personality traits, come from genetic differences (Kandler et al., 2017). This
was discovered from a meta-analysis of the genetic contribution to individual
differences in 17 804 human traits based on studies of twins (Polderman et al., 2015).
Working with humans, even with twins, can’t provide the complete isolation of the
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environmental influence in the settlement of individual variations. Some genetic
determinism has been discovered with the expression variation of a few genes related to
boldness and aggressiveness personality traits in diverse species (cfr Introduction). But
the genetic variants that influence personality are only beginning to be identified
regarding pleiotropic and polygenic effects (Sanchez-Roige et al., 2018). Recent findings
in human research have revealed that the genetic basis of personalities, as well as
neuropsychiatric diseases, is highly polygenic (Sanchez-Roige et al., 2018). Although
unexpected genetic changes such as de novo mutations could potentially create
variability, it is quite unlikely that a small rate of mutations could lead to behavioral
individuality in boldness and aggressiveness in the isogenic individuals of mangrove
rivulus as mentioned above. Other mechanisms that do not directly imply DNA coding
sequence would therefore create individual differences by impacting gene expression.
Our first chapter was dedicated to confirm this working hypothesis. RRBS analyses
performed revealed various DNA fragments that were differentially methylated in the
brain of individual expressing extreme behaviors in the bold/shy and aggressive/non-
aggressive continuums. Through those analyses, the investigation of potential
epigenetic sources of behavioral individuality and identification of target genes
correlated to a particular behavioral trait within a personality continuum were possible.
The observed methylation differences occurred at various locations of the genome with
most differentially methylated fragments (DMFs) located within intra- and intergenic
regions. No DMFs were similar to both behavioral continuums. For the bold/shy
comparisons, significant methylation level changes impacting the zinc finger protein
276, the ceramine kinase protein coding genes (both located in the promoter region) as
well as the ski oncogene and the NF-X1-type zinc finger protein coding gene (both
located in gene bodies) were discussed in the chapter 1. The observed changes
potentially revealed that differences in the production of sphingolipids, differences in
neurogenesis as well as in various cellular processes partially regulated by zinc finger
proteins would be responsible of individuality in the shy/bold continuum. The
methylation level of those genes can thus be correlated to the bold level determinism in
the mangrove rivulus. For the aggressive/non-aggressive comparisons, significant
changes of the methylation level of the promoter region of the Toll-interacting protein

and the platelet glycoprotein IX coding genes, both located in the promoter region, as
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well as the dihydrofolate reductase coding gene (with intragenic situation) were
discussed in the chapter 1. According to the literature, we concluded that the aggression
level seems to be modulated by the immune response, such as discovered in humans.
The study of gene expression would be further needed to support those results.

Results of the proteomic analyses, aiming to assess the actual state of the
molecular phenotype associated to individuality in boldness and aggressiveness
personality traits, revealed no significant protein common to both continuums. This
suggests the implication of completely different molecular mechanisms. The bold/shy
comparison mainly impacted structural proteins whereas the aggressive/non-
aggressive comparison seemed to have more effects on proteins directly implicated in
the nervous system development, maintenance and synaptic plasticity. However, the
structural proteins described in the chapter 1 for the shy/bold axis turned out to be
implicated in the modulation of neuron migration, nervous system development,
neurotransmission and synaptic plasticity. Although the protein coding genes implicated
in individuality in the bold and aggressive personality traits are different, they seem to
be involved in the same final goal, the maintenance of nervous system homeostasis.

Interpreting omics results and bringing out strong conclusions from the
processing of data coming from such proteome and DNA methylation analyses
techniques is difficult due to the numerous and various cellular and molecular
mechanisms impacted (Misra et al.,, 2018). Nevertheless, the identification of potential
target genes related to the establishment of behavioral individuality was possible thanks

to the use of omics techniques.

Past and actual environmental influences on behavioral individuality

Individual variation can affect intra- and interspecific competition, the structure
and dynamics of ecological network, and the degree of phenotypic variation can set the
direction and outcome of natural selection (Sih et al., 2012; Wolf and Weissing, 2012).
The reasons why consistent individual differences in behavior exist and persist in face of
selection are far to be solved. Behavior influences the environment choice through
dispersal tendency and migration, mating strategy, social interactions, predator
avoidance, feeding strategy, habitat choice and movement patterns. Therefore,

individuals can occupy different local environments submitted to various level of
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selection pressure due to differences in parasites, predators, competitors and resource
densities (Biro and Stamps, 2008; D. Réale et al., 2010; Wolf et al., 2007; Wolf and
McNamara, 2012). This variation in selection pressure can maintain variability in
behaviors between individuals of a same population.

The variability expressed by the mangrove rivulus in their bold and aggressive
behaviors can originate from their highly variable natural environment. The
environmental conditions of mangroves may force them to colonize various habitats
(emerged logs, leaf litter, crab burrows, stagnant pools,...). The selection pressure could
thus vary between these microhabitats leading to the maintenance of diversity in
behavior. This selection pressure would preferentially act on epigenetic mechanisms
due to the low genetic diversity between individuals of a same population. Consistent
individual differences in energy metabolism is also known to promote consistent
individual differences in behavior (Biro and Stamps, 2010). Local variations in food
supply may promote the development of differences in energy metabolism and
behavioral individuality as well. It was reported that populations expressing differences
in personality traits are expected to be less vulnerable to environmental changes
(Bolnick et al., 2011; McCann, 2000). 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.

Consistent individual behavioral differences seem often selected as part of a
“pace-of-life syndrome” which specifies that closely related populations or species
submitted to different ecological conditions should differ in a suite of physiological traits
(metabolic, hormonal and immunity) that have coevolved with the life-history
particularities of each populations or species concerned. Personalities can thus covary
with life-history and physiological differences within-populations as well as between
populations and species (D. Réale et al., 2010). For example, variation in the aggressive
and activity level in North American red squirrel (Tamiasciurus hudsonicus) females
showed contrasting reproductive success, the magnitude and direction of the effect
changed with the age and possibly food supply (Boon et al., 2007). However, this pace-
of-life syndrome can’t be generalized to all populations and species. Behavioral traits are
not always correlated to another trait forming a syndrome and the correlation with life

history traits is not always present (Bell, 2005; Dingemanse et al., 2007). Our results did

210



not show any behavioral syndrome between boldness and aggressiveness as well as no
correlation between behaviors and life-history traits. According to the environmental
conditions, the presence of a syndrome can impact individual fitness, can be adaptive or
maladaptive with consequences on species distribution and ultimately influencing
ecology and evolution of the concerned species (Conrad et al,, 2011; A Sih et al., 2004;
Wolf and Weissing, 2012). The absence of syndrome observed in the mangrove rivulus
would not limit the plasticity of each trait independently, which can be advantageous
when organisms have to face highly variable environments such as the mangrove
habitats. But syndromes such as behavioral syndrome can vary across
time/experiments performed, between sex, according to the environmental influence
and therefore are function of ecology (Bell and Stamps, 2004; D’Amore et al,, 2015; Sih
et al., 2015). The expression of a syndrome by the rivulus could thus be different across
time, context, and sex or vary with their developmental environmental conditions.

Environmental enrichments in the housing conditions of laboratory animals have
been proved to increase behavioral variability. This assessment was recently
investigated using five isogenic lineages of Drosophila melanogaster raised in various
enriched laboratory conditions. This study revealed that enrichment of fruit flies
environment increased the behavioral variability compared to non-enriched
environment, which was highly dependent on genotype and the interaction with the
particular applied enrichment (Akhund-Zade et al., 2019). The fish used in experiments
along this thesis are laboratory animals that didn’t experience any differences of their
environmental conditions across several generations. In the context of differences in
local environment shaping individual behavioral variation, maintaining fish in steady
laboratory conditions across generations could have smoothed the variability between
individuals along generations. However, we still observed variability in boldness and
aggressiveness behaviors, with shyer and bolder fish as well as aggressive and non-
aggressive fish within tested groups. Variability in behavior seems thus to be maintained
even in the absence of environmental variation. Some mechanisms could intervene in
the transmission of individual behavioral variation from one generation to another with
the potential low intervention of the genetic variability. Calculating heritability of these
behavioral traits would help to understand how behavioral variability is maintained

across generations. The non-genetic individuality (also referred as the intragenotypic

211



variability (Akhund-Zade et al., 2019; Kain et al., 2015)) in behavior has been observed
in many different organisms, even after experimentally homogenizing genotype and
environment, such as in mice (Freund et al., 2013; Kurikawa et al., 2018), crayfish (Vogt
et al, 2008), fish (Bierbach et al, 2017), nematodes (Stern et al, 2017), pea aphid
(Schuett et al,, 2011) and fruit flies (Kain et al., 2015). It can not be neglected that non-
genetic behavioral variability can rise from very small environmental changes occurring
during organism development as well. In laboratory conditions, these stochastic
microenvironmental effects can occur between individuals, even more considering the
rearing conditions of the mangrove rivulus (individually raised in small tanks)
(Willmore et al., 2007). Even if salinity as well as temperature and water level of each
rivulus tank were steadily maintained, it is quite difficult to monitor small changes
occurring between fish. The differentially methylated fragments discovered between
fish expressing extreme behaviors in the bold/shy and aggressive/non-aggressive
continuums could thus have been generated by local differences of their environmental
conditions in mangroves or even by stochastic microenvironmental differences in the
lab and transmitted from generations to generations maintaining behavioral variability
in the actual laboratory stocks. Mitchell and colleagues (2016) focused on mechanisms
underlying the propagation of symptoms of behavioral disorders across generation even
in the absence of plausible genetic factors. They discovered parrallel non-genetic
mechanisms responsible of propagating individual non-genetic traits of a complex
psychiatric disease-like phenotype across multiple generations in mice. Somatic
mechanism appeared to be responsible of the transmission of “anxiety” and
“hypoactivity” traits across generations, whereas gametic mechanism intervened in the

“

transmission of “increased stress-reactivity “ trait, traits found in depression and
comorbid generalized anxiety disorders in humans. The transmission of anxiety-like
behavior were accompanied by DNA methylation changes converging on the functional
network of lipid signaling as well as neurotransmission. The gametic transmission
occuring till the F2 generation revealed that the gametically programmed information
survived the DNA methylation reprogramming process and persisted till adulthood. But

this transmission can’t be considered as transgenerational because it was erased in the

F3 germline (Mitchell et al.,, 2016).
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Bet-hedging strategy

Conserving 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. This concept is known as the
bet-hedging strategy, an evolutionary strategy in which a single genotype produces a
distribution 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 (Honegger and de Bivort, 2018). Empirical evidence for bet-hedging is
scarce whereas ample theoretical models exist (Honegger and de Bivort, 2018; Kain et
al,, 2015). Behavioral individuality was recently empirically reported to possibly reflect
bet-hedging strategy (Carter et al., 2017; Kain et al., 2015). Kain and colleagues (2015)
observed interindividual behavioral diversity (in light and temperature preference-
dependent behaviors) in fruit flies (Drosophila melanogaster), which was not heritable,
that generated interindividual differences in survival and reproduction and reflected a
bet-hedging strategy. Vampire bats (Desmodus rotundus) have been shown to exhibit
social bet-hedging in food-sharing meaning that investing in quantity of social
relationship at the expense of relationship quality can reduce the risk posed by
unpredictable social environment. They observed that bats invested in cooperative
partnership with nonkin individuals by regurgitating food even if a kin relationship was
available (Carter et al., 2017). The presence of inter-individual variation in boldness and
aggressiveness levels in the mangrove rivulus may thus reflect a bet-hedging strategy in
order to reduce risks and ensure the survival of some individuals of the population in
case of rapid change of their environment. The red mangrove forests are highly variable
environments on a daily and seasonal bases (D. S. Taylor, 2000). With the wet-dry
seasonal alternation and the semidiurnal tides, rivulus are submitted to drastic
variations of the oxygen, ammonia, salinity, temperature and water level. Knowing the
characteristics of the red mangrove environment, it is highly possible that the bet-
hedging strategy was selected to optimize survival of rivulus populations where the

ratio of males can be very low, therefore limiting outcrossing and genetic diversity.
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2. Assessment of the environmental influence in the determinism of personality
traits

We observed behavioral variability between isogenic individuals raised in the
same environmental conditions leading to the hypothesis that rivulus behavioral
individuality comes from a bet-hedging strategy affecting epigenetic mechanisms (Cfr
discussion above). However, it is commonly assumed that an organism is the result of a
unique interaction between its genes and the environmental conditions to which it is
exposed during its life (Crispo, 2007). To assess this environmental influence on the
behavioral phenotype we investigated the developmental plasticity of boldness and
aggressiveness personality traits to various stimuli/stressors (Chapter 2 and 3). We
tested the effects of social interactions, low salinity and the exposure to a neurotoxin
applied during the development of the fish, known to be a sensitive window in the
organism’s life.

Social interaction was chosen as a stimulus because the mangrove rivulus has
been shown to differentially modulate its aggressive behavior with kin and nonkin
individuals (Edenbrow and Croft, 2012d). We initially individually exposed rivulus to a
kin or non-kin individual but the experiment failed with the non-kin exposure. Fish were
placed in the same tank than a kin or a non-kin individual separated by a flow-through
plastic divider allowing exclusively olfactory and visual contacts. However, it appeared
that fish in presence of a non-kin individual were highly motivated to jump on the other
part of the tank in order to change compartment and attack. We therefore observed high
mortality and could not pursue the experiment with the non-kin exposure. Although this
data was not used, this statement permits to confirm that the mangrove rivulus is quite
aggressive, can modulate its aggressive behavior according to kin and non-kin
individuals and is thus better raised individually per tank than in group, at least for the
laboratory stock. It should be interesting to perform this nonkin experiment again by
improving partition of the tank dedicated to this exposure.

Low salinity exposure was chosen as a stimulus because rivulus are naturally
exposed to drastic variations of salinity on a daily basis in the mangrove habitat. Rivulus
exhibit numerous adaptation to live and survive in such habitat (Ellison et al., 2012).
Social interactions and low salinity exposure are thus both stimuli that the mangrove

rivulus can encounter in its natural environment. The last stimulus chosen is a
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neurotoxin, BMAA, that rivulus can encounter as well in its natural environment.
However, evidence supports the excitotoxicity of this molecule naturally produced by
cyanobacteria, diatoms and dinoflagellates (Berntzon et al., 2015; Lage et al.,, 2018). This
stimulus can thus be seen much as a stressor and was expected to disrupt proper brain
development leading to behavioral impairments. Added to the assessment of
developmental plasticity of behavioral traits, our study aimed to characterize the brain
molecular phenotype as well as some gene expression variation in the brain of fish due
to the exposure to those 3 stimuli/stressors.

The chapter 2 was dedicated to characterize the developmental plasticity
of mangrove rivulus from the DC4 lineage to social interaction as well as low salinity.
This study revealed no effect of either stimuli on boldness and aggressiveness but had
distinct impacts on life history traits. Although both stimuli impacted some of the brain
protein expression implicated in neuroendocrine cell secretion, neuronal plasticity,
learning processes, energy metabolism and the immune response, the absence of
observable effects on fish behavior suggests various hypotheses.

First, the consequent behavioral variability between individuals may have
masked the stimuli effects on behavior. Boldness and aggressiveness in various species
have been shown to be influenced by diverse stimuli. To cite a few examples, in the
rainbow trouts (Onchorhyncus mykiss) the level of stress influences aggression with low
stressed individuals being more aggressive and dominant; losing a fight decreases
boldness in this species as well (Frost et al.,, 2007). In the mangrove rivulus, opponent
familiarity and contest experience influence contest decisions (Li et al., 2014). In hermit
crabs (P. bernardus), the contest outcome influences the boldness level with winning
enhances shyness (Courtene-Jones and Briffa, 2014). In the sea anemone (Actinia
equina), the same tendency was observed with losing a contest reducing boldness
(Rudin and Briffa, 2012). Improving the power of the analyses by increasing the number
of individuals tested would therefore be a perspective to test on the rivulus in future
behavioral experiments (Dingemanse and Dochtermann, 2013).

Second, both stimuli could have immediate effects rather than delayed ones on
behaviors. It was demonstrated that rivulus preferentially associate with and exhibit
less intense aggression towards members of their own genotype, tendency observed in

our lab as well (Edenbrow and Croft, 2012d). Experience of a predatory attack can
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modulate rivulus secondary males aggressive behavior (Edenbrow and Croft, 2012a).
Experiments focusing on salinity influence revealed the modulation of aggressive
behavior in the mangrove rivulus and some other fish species respectively (Edenbrow
and Croft, 2012d; Lopez et al, 2018; Lorenz et al, 2016). Measuring boldness and
aggressiveness right after the exposure and with a delay would help to better assess the
influence of the environment on those traits.

Third, it is plausible that the environmental determinism of these two behavioral
traits is very low in the mangrove rivulus, which could explain the absence of effects
observed in adults. Personality traits are possibly less plastic to stimuli occurring during
their development due to their influence on organism fitness. For example, it is
generally assumed that elevated temporal variance in life-history traits decreases
individual fitness and population growth (Doak et al., 2005). Melbinger and Vergassola,
(2015) investigated the impacts of environmental fluctuations on evolutionary fitness
functions. They noticed that reduced sensitivities to environmental changes
substantially increased organisms’ fitness. They concluded that it appeared evolutionary
successful to minimize the sensitivity to the environment rather than optimizing the
reproduction speed. We could therefore extrapolate the findings of Melbinger and
Vergassola, (2015) to behavioral traits, highly influencing organisms fitness through
reproduction, mating or food research. The hypothetic low environmental determinism
of boldness and aggressiveness would avoid trait homogeneity within population to
ensure its acclimation and adaptation to new environmental conditions that may occur
in adults. This hypothesis supports as well the potential bet-hedging strategy related to
personality traits that has been developed earlier.

The chapter 3 of this project focused on immediate effect of BMAA
exposure on rivulus larvae as well as delayed effcets on adult boldness and
aggressiveness. It can help to support one of the hypotheses settled above. BMAA is
highly suspected to impair fish behavior due to the induction of excitotoxicity of this
molecule that has been reported many times (Onselen et al., 2018). Although BMAA
impaired locomotor behavior in larvae right after the exposure, fish did not experience
any delayed effects on their bold and aggressive levels neither on growth and
reproduction. These observations therefore tend to support the low environmental

determinism of behavioral traits. BMAA has been shown to disrupt some genes
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expression implicated in key steps on neurotransmission or correlated to personality
traits a long time after the exposure period stopped. These observations suggest
potential detrimental effects of BMAA at the lower dose (20 pg/L) and repair/protective
mechanisms activation at higher BMAA dose (15 mg/L). BMAA can thus be detrimental
for the mangrove rivulus but this fish species seems particularly resistant compared to
other fish species with potential brain protection mechanisms against BMAA adverse
effects that lead to no influence in the adult behavior. We could thus conclude, according
to the results obtained along this project that the mangrove rivulus behavioral traits
seem to be submitted to low environmental determinism even faced to neurotoxic
compounds. However, this hypothesis need to be further confirmed with other
stimuli/stressors due to the long retention time of BMAA. The use of a variety of
stressors would also provide a better evaluation of the surprising elevated resistance of
the mangrove rivulus and the mechanisms associated.

The experimental designs of chapter 2 and chapter 3 aimed to detect
environmental effects on rivulus personality traits as well as the molecular proteomic
signatures and some genes expression changes of an early larvae exposure on adults.
These early-life exposure experimental designs measured the effects respectively with a
90 days and 106 days delay on behavior and with 175 days and 156 days delay on
proteomic and gene expression signatures. Proteomic results revealed subtle changes in
the protein expression associated to no behavioral changes. Proteomic analyses are
most often associated to a large number of significant proteins (Kiiltz et al., 2013, 2015).
The reasons that can explain the small number of significant proteins observed could
come from the long delay associated to low environmental stress exposure (kin, low
salinity). However, it is also possible that some processes could have created variability
in the molecular response assessed in the adults and therefore interferes with the power
of statistical analyses. The accumulation of epimutations in the epigenome (epigenetic
drift) could have been occurred stochastically or due to environmental influences
generating variability in transcription and protein abundance with age (Jones et al,,
2015). Phenotypic flexibility could also explain the effect reversibility and therefore low

significant protein detection.
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3. Adaptive effects of early experience

Two main models describe the adaptive effects of early experience. First, the
inoculation model considers an upside-down U-shaped relationship between the level
of stress during early life and the latter resilience. This means that, on the one hand, a
low early stress could leave the organism unprepared for future stressful conditions,
and on the other hand a high stress could overwhelm the organism letting him enable to
cope with it (Edge et al., 2009). Second, the adaptive tuning hypothesis considers that
the early environment is adaptive and successfully prepares the organism for its latter
environment. However, this model does not fit when the early environment is
catastrophically stressful (Bateson et al., 2004; Beery and Francis, 2011; Nettle and
Bateson, 2015; Sachser et al., 2011). These adaptive plasticity models can generate two
different outcomes, reversible and irreversible plasticity meaning that the phenotype
acquired is respectively plastic or stuck in adult. Three main factors can influence the
adaptive degree of plasticity. The ability of the organism to detect the changing
conditions will modulate the plasticity level. If the individual is not able to properly
detect variation of the environment, the phenotype adopted will not be optimal. The
accuracy of early cues is also highly influencing the degree of plasticity. If environmental
clues are not accurate they can thus not precisely predict future situations. The time
between environmental changes is one of the most important factors (De Jong and
Gavrilets, 2000; Sih, 2011). If the time between environmental changes is short, it might
not be adaptive to be plastic, depending on costs and benefits of the plastic response.
The study of real behavioral adaptive responses to stimuli or stressors applied during
the organism’s development, besides model preductions, could provide a better
understanding of variation in the response to rapid environmental changes that are and
will be increasingly human-induced (Sih, 2011). Varying the type and intensity of
stressors applied during rivulus development could therefore help to better assess the
effects on their behaviors and to which extend they can vary and ultimately better

understand behavioral responses to stress and associated ecological consequences.
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4. Limitations of the molecular techniques used to assess behavioral
individuality

Although the chapter 1 is quite innovative measuring personality traits in
naturally isogenic individuals raised in the same controlled environmental conditions
that allow to find out what intervenes in the behavioral variability observed that do not
involve genetic and environmental influences, some limitations were encountered. We
did not observe any similarities between proteomic and RRBS results limiting the
possible connections and strong conclusions. The shotgun proteomic technique used,
despite among the best, can’t screen the extremely large dynamic range of the proteome.
As most of the proteomic workflow, it can detect the most abundant proteins over 4 to 6
orders of magnitude, while in biological samples such as plasma, the range of protein
concentration can span 12 orders of magnitude (Surinova et al., 2011; Yates, 2013;
Zubarev, 2013). Added to this large dynamic range, sometimes, the most abundant
proteins account for a large part of the proteome such as in plasma where the most
abundant proteins represent about 90% of the total protein content. The LC-MS/MS
shotgun proteomic technique used to assess the brain proteome detected a dynamic
range of 6 orders of magnitude with the 25 most abundant proteins accounted for 23%
of the total proteins detected. Actual technical limitations can lead to the impossibility to
detect low-abundant proteins and therefore missing potential differences in expression
of low abundant proteins between conditions.

The RRBS technique used to assess DNA methylation landscape related to
boldness and aggressiveness personality traits also presents some limitations. With this
technique, DNA samples are treated with sodium bisulfite that converts unmethylated
cytosines to uracils, while methylated cytosines stay unchanged. Then, after PCR
amplification of libraries, all sites containing methylated cytosine remain cytosine while
unmethylated cytosines are displayed as thymines. The assessment of DNA methylation
level of a CpG site via high-throughput sequencing requires the comparison of the
relative number of reads containing a cytosine (meaning that it was initially methylated)
to the number of reads containing thymine (initially unmethylated). Contrary to the
“gold standard” of bisulfite sequencing- the whole genome bisulfite sequencing (WGBS)
approach - which sequences and maps the whole genome and evaluates methylation

status of every cytosine of the genome, RRBS only focuses on CpG-rich sequences due to
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the use of a restriction enzyme (Mspl) cutting at CCGG sites (Lea et al,, 2017; Olova et al,,
2018). The libraries generated are therefore enriched in CpG-rich sequences after a step
of size-selection of the resulting fragments. The measurement of DNA methylation is
limited to regions in proximity to the enzyme recognition sites, focuses therefore on a
smaller portion of the genome compared to results obtained with the WGBS technique
and miss the methylation of CpGs that are not situated in CpG-rich regions (CpG islands).
RRBS is reported to capture about 85% of CpG islands and 60% of promoters which
constitutes its biggest disadvantage compare to WGBS (Gu et al,, 2011). However, RRBS
is a very good compromise between sequencing costs, the coverage of the genome and
the information gathered with single-nucleotide resolution. A common challenge to
RRBS and WGBS techniques is the interpretation of the results due to the lack of
knowledge and consistency about how methylation level influence gene expression
according to its genomic location (Moarii et al., 2015). They also have limitations for
functional conclusions in species that lack a good reference genome (Paun et al., 2019).
[t is not surprising to observe no similar results with both proteomic and
epigenetic techniques used in regard of their respective limitations. The association of
proteomic and DNA methylation landscape analyses are rarely encountered in the
literature, with any related to personality traits. The first chapter of this manuscript is
innovative and among the first to use this approach to assess molecular bases of
personality traits. Future technical developments added to RNA sequencing techniques
will help to bridge the gap between proteome and methylome correspondences and
therefore provide new insights about other potential epigenetic mechanisms that are
responsible of behavioral individuality emergence. The Crispr-Cas9 approach would be
appropriate to confirm the results obtained. Crispr-Cas9 is described as the Swiss knife
of genetics for its capacity to modify DNA, and recently DNA methylation, of a wide
range of species. Cas9 protein is associated to specific RNA fragments. RNA recruits and
guides the Cas9 protein to its DNA homologue sequence. The endonuclease Cas9 cuts the
DNA sequence and deactivates the gene associated. The same method with a deactivated
Cas9 (dCas9) can be used for the locus-specific targeted manipulation of DNA
methylation by fusionning a DNA methylation modulating protein such as DNMT3A
(implicated in de novo methylation) to the Crisp-dCas9 complex (Urbano et al., 2019).

Crispr-Cas9 seems to be a promising method to confirm our results and identify genes
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responsible of particular behavioral traits as well as better assessing the role of their

DNA methylation in the establishment of behavioral individuality.

5. Retrospective pros and cons about the use of the mangrove rivulus

The mangrove rivulus was used in our study for its unique reproductive strategy.
Contrary to the widely used clonal lineages of zebrafish (Danio rerio), the capacity of
rivulus hermaphrodites to self-fertilize naturally produces highly homozygous and
isogenic lineages. It also limits the substancial inbreeding depression of artificial clonal
fish strains. The isogneic lineages have naturally evolved and were not selected by
human manipulations. These unique reproductive characteristics provide the
opportunity to reduce the genetic influence within lineages in the production of
organism phenotype. The identification of non-genetic and non-environmental sources
of between-individuals phenotypic diversity in experiments is possible through the
control of environmental conditions of this species. Rivulus is thus the perfect and only
vertebrate that could have been used to fulfill the first specific objective (chapter 1) of
this project, i.e. to characterize the brain proteomic molecular signatures and DNA
methylation landscape of personality traits. Using a same isogenic lineage submitted to
various environmental conditions provides the material to focus on the study of the true
reaction norm, isolating the exclusive environmental influence in the production of
phenotypes (chapter 2 and 3). We could also focus on the genetic influences in the
production of a phenotype by comparing different isogenic lineages of rivulus raised in a
same environment. In the context of personality traits, it would be particularly
interesting to compare boldness and aggressiveness across various lineages of rivulus in
order to better assess the genetic influence of personality traits.

We previously discussed about the potential effect of genetic mutations in the
emergence of behavioral individuality among isogenic individuals. Even if this effect is
expected very small due to the general low mutation rate, evaluating its implication
would provide a better understanding of key targets generating behavioral individuality.
For that purpose, the genotyping of individuals after assessing their personality traits
added to molecular analyses would give more information in future experiments about
the effects of unexpected genetic variability between individuals in the establishment of

behavioral variability. We could also use and analyze previous RRBS data and search for
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SNPs, even if this data does not include the totality of the genome and focus on CpG-rich
regions, it could provide an estimate of the genetic variability. Understanding the effects
of genome sequence variation on DNA methylation is needed to have a comprehensive
picture of the implication of DNA methylation in regulating key biological processes.
Tools to predict the impacts of non-coding variants on DNA methylation has been
developed in the last couple of years (Zeng and Gifford, 2017). The presence of a SNP in
a coding region can alter protein function. A SNP in non-coding regions can alter the
binding of transcription factors, the allele-specific DNA methylation pattern or the allele-
specific gene expression. SNPs constitute a potential cause of inter-individual
phenotypic differences and are therefore of high interest (Wang et al, 2019). A
bioinformatics tool called CpGenie takes high-throughput DNA methylation sequencing
data such as RRBS data as input and furnishes predictions of CpG methylation as output.
It also predicts the functional consequence of non-coding sequence variants. The
implementation of this tool on rivulus RRBS data could thus be interesting as future
research in our laboratory (Zeng and Gifford, 2017).

The small size of rivulus brain was also a disadvantage that we encountered
during this project. Proteomic and methylation analyses were performed on different
sets of individuals due to the technical limitations of extracting both proteins and DNA
of high quality from small organs such as the rivulus brain. The integration of various
omics data are mandatory to understand the complexity of biological processes but this
step is nowadays still challenging despite the amount of studies publishing large-scale
multiomics data (Noor et al,, 2019). Despite these difficulties, using data coming from
various individuals in integrating and interpreting results of different omics tools
constitutes a limitation.

In chapter 3, we assessed the delayed effects of the BMAA neurotoxin on life
history traits, behavioral traits and some gene expression in rivulus brain. Despite the
significant effects on gene expression, no delayed effect was observed on the bold and
aggressive levels of fish. We suspect BMAA to interfere with the aging process regarding
impacts on brain gene expression as well as the long retention characteristics of BMAA,
which could lead to even more delayed effects on fish behavior. To investigate the
delayed effects of BMAA exposure on personality traits it would therefore be judicious

to use another species with a shorter lifetime to assess the effects in older individuals.
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The lifespan of K. marmoratus can reach more than 8 years in captivity (Taylor, 2012).
The turquoise killifish (Nothobranchius furzeri) has been reported as a new valuable
model in behavioral ecotoxicology with its extremely fast maturation (<16 days) and
short generation time (<3 months) surpassing relatively slow maturation and long

lifespan constraints of other model fish species (Harel et al,, 2015; Thoré et al., 2019).
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Figure 51 - Decision diagram of best repeatability estimates calculation. Adapted from (Biro,
2012; Biro and Stamps, 2015; Nakagawa and Schielzeth, 2010)
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6. Future perspectives to assess personality traits

In the optic of improving our results, a particular attention needs to be provided
to the development of most suitable behavioral tests to the mangrove rivulus.
Behavioral results have shown a general drop or increase of fish response to both
behavioral tests performed. This made difficult the good estimation of the repeatability,
which refers to the extent to which individual differences in trait scores are maintained
over time and therefore constitutes a statistical parameter to assess the presence of a
personality trait (Biro and Stamps, 2015). Repeatability furnishes an estimation of the
proportion of total phenotypic variability that can be attributed to the between-
individual phenotypic variability. Fish became bolder and less aggressive with time
(across behavioral test replicates). However, it appeared that individual response across
time did not evolve the same way between individuals. According to the experimental
design as well as the responses of individuals to behavioral tests, various type of
repeatability can be calculated (Figure 51).

The agreement repeatability (Ra), refers to the proportion of the total
variability attributed to between-individual variability assuming that individual
differences in trait scores are maintained over time (Biro and Stamps, 2015). The
consistency repeatability (Rc) assumes that individual responses change identically
over time while the conditional repeatability (R/time) expects that individual
responses change differently over time. Both Rcand R/time refer to the narrow sense
repeatability (Biro and Stamps, 2015). However, added to these assumptions of
behavioral variation over time, an enhanced repeatability (Rg) can be calculated
including the variability of a fixed effect in the R calculation, such as a treatment effect
for example. According to our behavioral results (with fish response changed differently
over time), we should have calculated the enhanced conditional repeatability. However,
to have such an estimation, we should have tested each individual more that 3 times
over time in order to have a good estimation of the model slope (Bell and Peeke, 2012;
Biro, 2012). To avoid the constraint of repeating behavioral tests multiple times and to
properly estimate the presence of a personality trait, we should apply different context
to the behavioral test replicates, for example by changing the color of the test arena or

adding a new object between technical replicates. We did not expect the rivulus to
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express such increased/decreased behavioral response over time with the 20 days delay
between technical replicates.

The way an individual behave in a specific environment can change due to
acclimation, fatigue, sensory adaptation or habituation. Unlike the other, habituation is
an active basic learning process that helps animals to focus on important information
(Bell and Peeke, 2012; Raderschall et al., 2011). This critical adaptive behavior is a
relatively permanent decrease response/behavioral output as a result of repeated
stimulation (Park et al., 2018; Rankin et al., 2009; Thorpe, 1956). Habituation is thus a
process that optimizes energy expenditure enabling organisms to evolve in dynamic
environment (Bell and Peeke, 2012). Habituation can also be submitted to variation
between individuals and some studies suggest that individuality in habituation exists -
individuals do not learn in the same way - rates of habituation varies between
individuals (Bell and Peeke, 2012; Ellenberg et al., 2009).

The change of rivulus behavioral response with time indicates a potential
habituation phenomenon, the simplest form of learning, revealing that the mangrove
rivulus seems capable to learn from behavioral test and remember it over a long period
of time, from few hours to more than 10 weeks (laboratory personal data). Future work
will be dedicated to identify the presence of various trajectories of learning, potentially
indicating that, even among isogenic individuals, variability /individuality exists in their

learning performance as well.
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GENERAL CONCLUSIONS

Along this thesis, multiple questions have been addressed around animal
personalities: can personality traits appear in genetically identical individuals reared in
same environmental conditions? What are the molecular bases of animal personalities?
How animal personalities respond to stimuli applied during organisms’ development?
The interest in the study of animal personality traits rises from their ecological
relevance related to their influence on organisms’ fitness. Discerning how animal
personality traits can develop in the absence of genetic and environmental variability
and how they respond to environmental influence is a stake to better assess and
understand animal’s ability to acclimate and adapt in face of the major current concern
of rapid changing environment. To investigate those questions, genetically identical
individuals are required. Clones from several animal models exist and are widely used in
experiments but most of them were selected by human interventions and therefore did
not evolve by the action of natural selection. The mangrove rivulus fish used in this
thesis, Kryptolebias marmoratus, is a unique vertebrate with a reproductive strategy of
androdioecy. Hermaphrodites can self-fertilize and naturally produce, after a few cycles
of selfing, highly homozygous and isogenic offsprings. Males exist in a smaller
proportion than hermaphrodites whose ratio changes according to geographical areas
suspected to influence the out-crossing rate impacting the within-population genetic
diversity. The use of natural highly homozygous and isogenic individuals provides a
unique sexually reproducing model to isolate and identify genetic and environmental
sources of phenotypic plasticity. Working on an isogenic lineage reared in the same
environment therefore allowed to investigate molecular mechanisms creating variability
such as DNA methylation. The experiments performed during this thesis revealed that
between-individual variation in behavior (boldness and aggressiveness) appeared
between clones and was correlated to some differences in brain DNA methylation and
protein expression despite the absence of environmental differences. Our work
furnished new hypotheses about mechanisms underlying personality traits such as the
methylation level variation (>40%) of the Toll-interacting protein between aggressive
and non-aggressive fish revealing a link between the aggressive level and the fish

immune response. Future studies, combined to resolution improvement of molecular
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techniques, will confirm our results and may provide deeper insights about the
molecular bases of animal personalities. The investigation of the developmental
plasticity of rivulus exposed to environmental stimuli (social interactions, low salinity
and neurotoxin exposure) during their development have shown various effects on life
history traits, adult brain protein expression and gene expression but no delayed effects
on fish behavior. These results let consider a low environmental influence on
personality traits possibly linked to their considerable impacts on organism’s fitness. An
evolutionary bet-hedging strategy through epigenetic mechanisms was also envisaged
to explain behavioral diversity in the absence of both genetic and environmental
variability. The mangrove rivulus was the perfect and unique model to improve our
knowledge about the sources of phenotypic variability. Its genetic, epigenetic and
ecological characteristics make this incredible little fish an excellent new model species

to investigate various biological and evolutionary questions.

227



REFERENCES

Abdallah, C., Dumas-Gaudot, E., Renaut, ]., Sergeant, K., 2012. Gel-based and gel-free
quantitative proteomics approaches at a glance. Int. ]. Plant Genomics 2012,
494572, https://doi.org/10.1155/2012 /494572

Abel, D.C., Koenig, C.C., Davis, W.P.,, 1987. Emersion in the mangrove forest fish
<i>Rivulus marmoratus<i/>: a unique response to hydrogen sulfide. Environ. Biol.
Fishes 18, 67-72.

Aebersold, R.,, Mann, M., 2003. Mass spectrometry-based proteomics. Nature 422, 198-
207. https://doi.org/10.1038 /nature01511

Agrawal, A.A., 2001. Phenotypic Plasticity in the Interactions and Evolution of Species.
Science (80-.).321294, 321-326. https://doi.org/10.1126/science.1060701

Aguilera, O., Fernandez, A.F., Muioz, A., Fraga, M.F., 2010. Epigenetics and environment:
a complex relationship. J. Appl. Physiol. 109, 243-251.
https://doi.org/10.1152 /japplphysiol.00068.2010

Aiken, ]., Buscaglia, G., Bates, E.A., Moore, ].K,, 2017. The a-tubulin gene TUBA1A in brain
development: a key ingredient in the neuronal isotype blend. J. Dev. Biol. 5.
https://doi.org/10.3390/jdb5030008

Akhund-Zade, ]., Ho, S., O’Leary, C., de Bivort, B., 2019. The effect of environmental
enrichment on behavioral variability depends on genotype, behavior, and type of
enrichment. ]. Exp. Biol. 222, jeb202234. https://doi.org/10.1242 /jeb.202234

Al-Sammak, M.A., Hoagland, K.D., Cassada, D., Snow, D.D., 2014. Co-occurrence of the
cyanotoxins BMAA, DABA and anatoxin-a in Nebraska reservoirs, fish, and aquatic
plants. Toxins (Basel). 6, 488-508. https://doi.org/10.3390/toxins6020488

Aledo, ].C., Gdmez-Fabre, P.M,, Olalla, L., Marquez, J., 2000. Identification of two human
glutaminase loci and tissue-specific expression of the two related genes. Mamm.
Genome 11, 1107-10. https://doi.org/10.1007/s003350010190

Alexandrov, A., Chernyakov, L., Gu, W., Hiley, S.L., Hughes, T.R., Grayhack, E.J., Phizicky,
E.M., 2006. Rapid tRNA decay can result from lack of nonessential modifications.
Mol. Cell 21, 87-96. https://doi.org/10.1016/j.molcel.2005.10.036

Almamun, M., Kholod, O., Stuckel, A.]., Levinson, B.T., Johnson, N.T., Arthur, G.L., Davis,
JW., Taylor, K.H., 2017. Inferring a role for methylation of intergenic DNA in the
regulation of genes aberrantly expressed in precursor B-cell acute lymphoblastic
leukemia. Leuk. Lymphoma 58, 1-12.
https://doi.org/10.1080/10428194.2016.1272683

Ang, T.Z., Manica, A., 2010. Benefits and Costs of Dominance in the Angelfish Centropyge
bicolor. Ethology 116, 855-865. https://doi.org/10.1111/j.1439-
0310.2010.01798.x

Aniksztejn, L., Ben-Ari, Y., Milh, M., 2005. Les fonctions des transporteurs membranaires
du glutamate dans le systeme nerveux central : un réle essentiel dans le contrdle de
l'activité des réseaux corticaux en développement. Epilepsies 17, 185-194.

Annunziato, A.T., 2008. DNA Packaging: Nucleosomes and Chromatin [WWW
228



Document]. Nat. Educ. URL https://www.nature.com/scitable/topicpage/dna-
packaging-nucleosomes-and-chromatin-310/ (accessed 8.19.19).

Archer, G.S., Friend, T.., Piedrahita, J., Nevill, C.., Walker, S., 2003. Behavioral variation
among  cloned pigs. Appl. Anim. Behav. Sci. 81, 321-331.
https://doi.org/10.1016/S0168-1591(02)00272-1

Aschengrau, A., 2016. Long-term neurotoxic effects of early life exposure to
tetrachloroethylene-contaminated drinking water. Ann Glob Heal. 82, 169-179.
https://doi.org/10.1097 /SLA.0000000000001177.Complications

Ashpole, N.M., Hudmon, A., 2011. Excitotoxic neuroprotection and vulnerability with
CaMKII inhibition. Mol. Cell. Neurosci. 46, 720-730.
https://doi.org/10.1016/].MCN.2011.02.003

Ashpole, N.M., Song, W., Brustovetsky, T., Engleman, E.A., Brustovetsky, N., Cummins,
T.R., Hudmon, A., 2012. Calcium/calmodulin-dependent protein kinase II (CaMKII)
inhibition induces neurotoxicity via dysregulation of glutamate/calcium signaling
and hyperexcitability. J. Biochem. chrmistry 287, 8495-8506.
https://doi.org/10.1074/jbc.M111.323915

Askari, B.S., Krajinovic, M., 2010. Dihydrofolate reductase gene variations in
susceptibility to disease and treatment outcomes. Curr. Genomics 11, 578-583.
https://doi.org/10.2174/138920210793360925

Aubin-Horth, N., 2009. Genomic reaction norms : using integrative biology to understand
molecular mechanisms of phenotypic plasticity. Mol. Ecol. 1-18.
https://doi.org/10.1111/j.1365-294X.2009.04313.x

Avise, ].C., Tatarenkov, A., 2015. Population genetics and evolution of the mangrove
rivulus Kryptolebias marmoratus , the world’s only self-fertilizing hermaphroditic
vertebrate. J. Fish Biol. 87, 519-538. https://doi.org/10.1111/jfb.12741

Azuma, T., Dijkstra, .M., Kiryu, [, Sekiguchi, T., Terada, Y., Asahina, K., Fischer, U,
Ototake, M., 2005. Growth and behavioral traits in donaldson rainbow trout
(Oncorhynchus mykiss) cosegregate with classical major histocompatibility
complex (MHC) «class I genotype. Behav. Genet. 35, 463-478.
https://doi.org/10.1007/s10519-004-0863-6

Babbs, R.K,, Ruan, Q.T., Kelliher, ].C., Beierle, J.A., Chen, M.M,, Feng, A.X,, Kirkpatrick, S.L.,
Benitez, F.A., Rodriguez, F.A,, Pierre, ].J., Anandakumar, J., Kumar, V., Mulligan, M.K,,
Bryant, C.D., Author Camron Bryant, C.D., 2018. Cyfip1 haploinsufficiency increases
compulsive-like behavior and modulates palatable food intake: Implications for
Prader-Willi Syndrome. bioRxiv preprint v. https://doi.org/10.1101/264846

Backstrom, T., Winberg, S., 2009. Arginine-vasotocin influence on aggressive behavior
and dominance in rainbow trout. Physiol. Behav. 96, 470-475.
https://doi.org/10.1016/j.physbeh.2008.11.013

Bahi-Buisson, N., Poirier, K., Fourniol, F., Saillour, Y., Valence, S., Lebrun, N., Hully, M,
Fallet Bianco, C., Boddaert, N., Elie, C., Lascelles, K., Souville, 1., Beldjord, C., Chelly, J.,
Chelly, J., 2014. The wide spectrum of tubulinopathies: what are the key features for
the diagnosis? Brain 137, 1676-1700. https://doi.org/10.1093 /brain/awu082

Banack, S.A, Cox, P.A, Perl, D.P., Galasko, D. 2005. Biomagnification of cycad
229



neurotoxins in flying foxes: implications for ALS-PDC in Guam. Neurology 65, 387-
9. https://doi.org/10.1212/01.wnl.0000174523.62022.52

Banack, S.A., Johnson, H.E., Cheng, R., Cox, P.A., 2007. Production of the neurotoxin BMAA
by a marine cyanobacterium. Mar. Drugs 5, 180-96.

Bannister, A.J., Kouzarides, T., 2011. Regulation of chromatin by histone modifications.
Cell Res. 21, 381-95. https://doi.org/10.1038/cr.2011.22

Barker, D., 2004. The developmental origins of adult disease. ]. Am. Coll. Nutr. 23, 588S-
5958. https://doi.org/10.1097 /MOP.0b013e328326773b

Barlow, G. Rogers, W., Bond, A, 1984. Dummy-elicited aggressive behavior in the
polychromatic midas cichlid. Biol. Behav. 9, 115-130.

Barouki, R., Melén, E., Herceg, Z. Beckers, ]., Chen, ], Karagas, M., Puga, A, Xia, Y,
Chadwick, L., Yan, W,, Audouze, K., Slama, R., Heindel, ]J., Grandjean, P., Kawamoto,
T., Nohara, K., 2018. Epigenetics as a mechanism linking developmental exposures
to long-term toxicity. Environ. Int. 114, 77-86.
https://doi.org/10.1016/].ENVINT.2018.02.014

Barrick, J.E., Lenski, R.E., 2013. Genome dynamics during experimental evolution. Nat.
Rev. Genet. 14, 827-39. https://doi.org/10.1038 /nrg3564

Bateson, P., Barker, D., Clutton-Brock, T., Deb, D., D’'Udine, B., Foley, R.A., Gluckman, P.,
Godfrey, K., Kirkwood, T., Lahr, M.M., McNamara, J., Metcalfe, N.B., Monaghan, P.,
Spencer, H.G., Sultan, S.E., 2004. Developmental plasticity and human health. Nature
430, 419-421. https://doi.org/10.1038 /nature02725

Beekman, M, Jordan, L.A.,, 2017. Does the field of animal personality provide any new
insights for behavioral ecology? Behav. Ecol.
https://doi.org/10.1093 /beheco/arx022

Beery, A.K, Francis, D.D., 2011. Adaptive significance of natural variations in maternal
care in rats: A translational perspective. Neurosci. Biobehav. Rev.
https://doi.org/10.1016/j.neubiorev.2011.03.012

Beldade, P., Mateus, A.R.A,, Keller, R.A,, 2011. Evolution and molecular mechanisms of
adaptive developmental plasticity. Mol. Ecol. 20, 1347-1363.
https://doi.org/10.1111/j.1365-294X.2011.05016.x

Bell, A.C., West, A.G., Felsenfeld, G., 1999. The protein CTCF is required for the enhancer
blocking activity of  vertebrate insulators. Cell 98, 387-96.
https://doi.org/10.1016/s0092-8674(00)81967-4

Bell, A.M., 2005. Behavioural differences between individuals and two populations of
stickleback  (Gasterosteus aculeatus). ]J. Evol. Biol. 18, 464-473.
https://doi.org/10.1111/j.1420-9101.2004.00817.x

Bell, A.M., Aubin-Horth, N., 2010. What can whole genome expression data tell us about
the ecology and evolution of personality? Philos. Trans. R. Soc. 365, 4001-4012.
https://doi.org/10.1098/rstb.2010.0185

Bell, A.M., Peeke, H.V.S., 2012. Individual variation in habituation: behaviour over time
toward different stimuli in threespine sticklebacks (Gasterosteus aculeatus).
https://doi.org/10.1163/1568539X-00003019

230



Bell, AM., Stamps, J.A., 2004. Development of behavioural differences between
individuals and populations of sticklebacks, Gasterosteus aculeatus. Anim. Behav.
68, 1339-1348. https://doi.org/10.1016/j.anbehav.2004.05.007

Berbel-Filho, W.M., Rodriguez-Barreto, D., Berry, N., Garcia De Leaniz, C., Consuegra, S.,
2019. Contrasting DNA methylation responses of inbred fish lines to different
rearing environments. Epigenetics 2294.
https://doi.org/10.1080/15592294.2019.1625674

Berbel-Filho, W.M,, Garcia de Leaniz, C., Moran, P., Cable, J., Lima, S.M.Q., Consuegra, S.,
2019. Local parasite pressures and host genotype modulate epigenetic diversity in
a mixed-mating fish. Ecol. Evol. 9, 8736-8748. https://doi.org/10.1002/ece3.5426

Berntzon, L., Ronnevi, L.O., Bergman, B., Eriksson, J., 2015. Detection of BMAA in the
human central nervous system. Neuroscience 292, 137-147.
https://doi.org/10.1016/j.neuroscience.2015.02.032

Berry, ].P., Gantar, M., Gibbs, P.D.L., Schmale, M.C., 2007. The zebrafish (Danio rerio)
embryo as a model system for identification and characterization of developmental

toxins from marine and freshwater microalgae. Comp. Biochem. Physiol. C. Toxicol.
Pharmacol. 145, 61-72. https://doi.org/10.1016/j.cbpc.2006.07.011

Bhargava, M., Higgins, L., Wendt, C.H., Ingbar, D.H., 2014. Application of clinical
proteomics in acute respiratory distress syndrome. Clin. Transl. Med. 3, 3-34.
https://doi.org/10.1186/s40169-014-0034-1

Bierbach, D., Laskowski, K.L.,, Wolf, M., 2017. Behavioural individuality in clonal fish
arises despite near-identical rearing conditions. Nat. Commun. 8, 15361.
https://doi.org/10.1038/ncomms15361

Bird, A., 2002. DNA methylation patterns and epigenetic memory. Genes Dev 16, 6-21.
https://doi.org/10.1101/gad.947102.6

Biro, P.A., 2012. Do rapid assays predict repeatability in labile (behavioural) traits?
Anim. Behav. 83, 1295-1300. https://doi.org/10.1016/j.anbehav.2012.01.036

Biro, P.A., Stamps, J.A., 2015. Using repeatability to study physiological and behavioural
traits: ignore time-related change at your peril. Anim. Behav. 105, 223-230.
https://doi.org/https://doi.org/10.1016/j.anbehav.2015.04.008

Biro, P.A.,, Stamps, J.A.,, 2010. Do consistent individual differences in metabolic rate
promote consistent individual differences in behavior? Trends Ecol. Evol. 25, 653-
659.

Biro, P.A., Stamps, J.A., 2008. Are animal personality traits linked to life-history
productivity? Trends Ecol. Evol. 23, 361-368.
https://doi.org/10.1016/j.tree.2008.04.003

Birrer, S.C., Reusch, T.B.H., Roth, 0., 2012. Salinity change impairs pipefish immune
defence. Fish Shellfish Immunol. 33, 1238-1248.
https://doi.org/10.1016/j.fsi.2012.08.028

Bolnick, D.I., Amarasekare, P., Araujo, M.S., Biirger, R., Levine, .M., Novak, M., Rudolf,
V.HW., Schreiber, S.J.,, Urban, M.C, Vasseur, D.A,, 2011. Why intraspecific trait

variation matters in community ecology. Trends Ecol. Evol. 26, 183-192.
https://doi.org/10.1016/j.tree.2011.01.009

231



Bondarenko, P. V., Chelius, D., Shaler, T.A., 2002. Identification and relative quantitation
of protein mixtures by enzymatic digestion followed by capillary reversed-phase
liquid chromatography-tandem mass spectrometry. Anal. Chem. 74, 4741-4749.
https://doi.org/10.1021/AC0256991

Bonduriansky, R. Day, T. 2009. Nongenetic inheritance and its evolutionary
implications. Annu. Rev. Ecol. Evol. Syst. 40, 103-125.
https://doi.org/10.1146/annurev.ecolsys.39.110707.173441

Boon, AK,, Réale, D., Boutin, S., 2007. The interaction between personality, offspring
fitness and food abundance in North American red squirrels. Ecol. Lett. 10, 1094-
1104. https://doi.org/10.1111/j.1461-0248.2007.01106.x

Borras, E., Sabidg, E., 2017. What is targeted proteomics? A concise revision of targeted
acquisition and targeted data analysis in mass spectrometry. Proteomics 17, 17-18.
https://doi.org/10.1002 /pmic.201700180

Bowden, T.]., 2008. Modulation of the immune system of fish by their environment. Fish
Shellfish Immunol. 25, 373-383. https://doi.org/10.1016/].FS1.2008.03.017

Boyd, R., Richerson, P.J., 1985. Culture and the evolutionary process. University of
Chicago Press.

Brand, L.E., Pablo, ]J., Compton, A., Hammerschlag, N., Mash, D.C., 2010a. Cyanobacterial
blooms and the occurrence of the neurotoxin, beta-N-methylamino-l-alanine
(BMAA), in South Florida aquatic food webs. Harmful Algae 9, 620-635.
https://doi.org/10.1016/j.hal.2010.05.002

Brand, L.E., Pablo, ]., Compton, A., Hammerschlag, N., Mash, D.C., 2010b. Cyanobacterial
blooms and the occurrence of the neurotoxin, beta-N-methylamino-l-alanine
(BMAA), in South Florida aquatic food webs. Harmful Algae 9, 620-635.
https://doi.org/10.1016/j.hal.2010.05.002

Brander, S.M., Biales, A.D., Connon, R.E., 2017. The role of epigenomics in aquatic
toxicology. Environ. Toxicol. Chem. 36, 2565-2573.
https://doi.org/10.1002/etc.3930

Brenz Verca, M.S., Bahi, A, Boyer, F., Wagner, G.C., Dreyer, ]J.L., 2003. Distribution of a-
and y-synucleins in the adult rat brain and their modification by high-dose cocaine
treatment. Eur. ]. Neurosci. 18, 1923-1938. https://doi.org/10.1046/j.1460-
9568.2003.02913.x

Bridges, R.J., Natale, N.R,, Patel, S.A., 2012. System x c-cystine/glutamate antiporter: an
update on molecular pharmacology and roles within the CNS. Br. J. Pharmacol. 165,
20-34. https://doi.org/10.1111/j.1476-5381.2011.01480.x

Briffa, M. Weiss, A. 2010. Animal personality. Curr. Biol. 20, 912-914.
https://doi.org/10.1016/j.cub.2010.09.019

Briggs, D.I, Defensor, E., Memar Ardestani, P., Yi, B., Halpain, M., Seabrook, G., Shamloo,
M., 2017. Role of endoplasmic reticulum stress in learning and memory impairment
and Alzheimer’s disease-like neuropathology in the PS19 and APP Swe mouse
models of tauopathy and amyloidosis. eNeuro 4, e0025-1-26.
https://doi.org/10.1523 /ENEURO.0025-17.2017

Brodowicz, J., Przegalinski, E., Miiller, C.P., Filip, M., 2018. Ceramide and its related
232



neurochemical networks as targets for some brain disorder therapies
sphingolipids-metabolism and functions 33, 474-484.
https://doi.org/10.1007 /s12640-017-9798-6

Brosset, P., Lloret, ., Mufioz, M., Fauvel, C,, Van Beveren, E., Marques, V., Fromentin, ].-M.,
Ménard, F., Saraux, C., 2016. Body reserves mediate trade-offs between life-history
traits: new insights from small pelagic fish reproduction. R. Soc. open Sci. 3, 1-15.
https://doi.org/10.1098/rs0s.160202

Brown, A.E.X,, de Bivort, B., 2018. Ethology as a physical science. Nat. Phys. 14, 653-657.
https://doi.org/10.1038/s41567-018-0093-0

Brown, Culum, Burgess, F., Braithwaite, V. a., 2007. Heritable and experiential effects on
boldness in a tropical poeciliid. Behav. Ecol. Sociobiol. 62, 237-243.
https://doi.org/10.1007 /s00265-007-0458-3

Brown, C., Jones, F., Braithwaite, V.A.,, 2007. Correlation between boldness and body
mass in natural populations of the poeciliid Brachyrhaphis episcopi. ]. Fish Biol. 71,
1590-1601. https://doi.org/10.1111/j.1095-8649.2007.01627 x

Brown, C., Laland, K.N., 2003. Social learning in fishes: a review. Fish Fish. 4, 280-288.
https://doi.org/10.1046/j.1467-2979.2003.00122.x

Budaev, S. V, Zworykin, D.D., 2002. Individuality in fish behavior: Ecology and
comparative psychology. J. Ichthyol. 42.

Burggren, W., 2016. Epigenetic inheritance and its role in evolutionary biology: Re-
evaluation and new perspectives. Biology (Basel). 5, 24.
https://doi.org/10.3390/biology5020024

Burns, ].G., 2008. The validity of three tests of temperament in guppies (Poecilia
reticulata). ]J. Comp. Psychol. 122, 344-356. https://doi.org/10.1037/0735-
7036.122.4.344

Burre, J., Sharma, M., Tsetsenis, T., Buchman, V., Etherton, M.R., Sudhof, T.C., 2010.
Synuclein promotes SNARE-complex assembly in vivo and in vitro. Science (80-. ).
329,1663-1667. https://doi.org/10.1126/science.1195227

Bustin, S.A., Benes, V., Garson, J.A.,, Hellemans, ]J., Huggett, ]J., Kubista, M., Mueller, R,
Nolan, T., Pfaffl, M.W.,, Shipley, G.L., Vandesompele, ]J., Wittwer, C.T., 2009. The MIQE
Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR
Experiments. Clin. Chem. 55, 611-22.
https://doi.org/10.1373/clinchem.2008.112797

Caillard, O., Moreno, H., Schwaller, B., Llano, I., Celio, M.R., Marty, A., 2000. Role of the
calcium-binding protein parvalbumin in short-term synaptic plasticity. Proc. Natl.
Acad. Sci. U.S. A.97,13372-13377. https://doi.org/10.1073 /pnas.230362997

Caller, T. Henegan, P., Stommel, E., 2018. The potential role of BMAA in
neurodegeneration. Neurotox. Res. 33, 222-226. https://doi.org/10.1007 /s12640-
017-9752-7

Campos, C., Valente, L.M.P., Fernandes, ].M.0., 2012. Molecular evolution of zebrafish
dnmt3 genes and thermal plasticity of their expression during embryonic
development. Gene 500, 93-100. https://doi.org/10.1016/].GENE.2012.03.041

233



Carion, A., Hétru, ]., Markey, A., Suarez-Ulloa, V., Frédéric, S., 2018. Behavioral effects of
the neurotoxin f3-N-methylamino-L-alanine on the mangrove rivulus (Kryptolebias
marmoratus) larvae. J. Xenobiotics 8. https://doi.org/10.4081/xeno0.2018.7820

Carlin, RK., Grab, D.J. Siekevitz, P, 1981. Function of calmodulin in postsynaptic
densities IIl. Calmodulin-binding proteins of the postsynaptic density. ]J. Cell Biol.
89, 449-455. https://doi.org/http://jcb.rupress.org/content/89/3 /449

Carter, AJ., Feeney, W.E., Marshall, H.H., Cowlishaw, G., Heinsohn, R., 2013. Animal
personality: what are behavioural ecologists measuring? Biol. Rev. 88, 465-475.
https://doi.org/10.1111/brv.12007

Carter, G.G., Farine, D.R., Wilkinson, G.S., 2017. Social bet-hedging in vampire bats. Biol.
Lett. 13,20170112. https://doi.org/10.1098/rsbl.2017.0112

Cases, O., Seif, 1., Grimsby, ]., Gaspar, P., Chen, K., Pournin, S., Miiller, U., Aguet, M.,
Babinet, C., Shih, J.C., Maeyer, E. De, 1995. Aggressive behavior and altered amounts
of brain serotonin and norepinephrine in mice lacking MAOA. Science (80-. ). 268,
1763-6.

Cassandri, M., Smirnov, A., Novelli, F.,, Pitolli, C., Agostini, M., Malewicz, M., Melino, G.,
Raschella, G., 2017. Zinc-finger proteins in health and disease. Cell Death Discov. 3.
https://doi.org/10.1038/cddiscovery.2017.71

Chang, C., Li, C.-Y., Earley, R.L.,, Hsu, Y., 2012. Aggression and related behavioral traits:

the impact of winning and losing and the role of hormones. Integr. Comp. Biol. 52,
801-13. https://doi.org/10.1093/icb/ics057

Chatterjee, A., Ozaki, Y., Stockwell, P.A., Horsfield, J.A., Morison, I.M., Nakagawa, S., 2013.
Mapping the zebrafish brain methylome using reduced representation bisulfite
sequencing. Epigenetics 8, 979-989. https://doi.org/10.4161/epi.25797

Chatterjee, A., Stockwell, P.A., Horsfield, J.A., Morison, I.M., Nakagawa, S., 2014. Base-
resolution DNA methylation landscape of zebrafish brain and liver. Genomics Data
2, 342-344. https://doi.org/10.1016/].GDATA.2014.10.008

Checknita, D., Maussion, G., Labonté, B., Comai, S., Tremblay, R.E., Vitaro, F., Turecki, N.,
Bertazzo, A. Gobbi, G., Coté, G. Turecki, G, 2015. Monoamine oxidase a gene
promoter methylation and transcriptional downregulation in an offender
population with antisocial personality disorder. Br. ]. Psychiatry 206, 216-222.
https://doi.org/10.1192 /bjp.bp.114.144964

Chelius, D., Bondarenko, P. V., 2002. Quantitative profiling of proteins in complex
mixtures using liquid chromatography and mass spectrometry. Proteome
Ressources 1, 317-323. https://doi.org/10.1021/PR025517]

Chen, P.E,, Specht, C.G., Morris, R.G.M., Schoepfer, R., 2002. Spatial learning is unimpaired
in mice containing a deletion of the alpha-synuclein locus. Eur. ]. Neurosci. 16, 154-
158. https://doi.org/10.1046/j.1460-9568.2002.02062.x

Chernoff, N., Hill, D.J,, Diggs, D.L., Faison, B.D., Francis, B.M., Lang, ].R., Larue, M.M,, Le, T.-
T., Loftin, K.A,, Lugo, ]J.N., Schmid, J.E., Winnik, W.M., 2017. A critical review of the
postulated role of the non-essential amino acid, B-N-methylamino-L-alanine, in

neurodegenerative disease in humans. J. Toxicol. Environ. Heal. Part B 20, 183-229.
https://doi.org/10.1080/10937404.2017.1297592

234



Chiel, H.J., Beer, R.D., 1997. The brain has a body: adaptive behavior emerges from
interactions of nervous system, body and environment. Trends Neurosci. 20, 553-
557. https://doi.org/10.1016/S0166-2236(97)01149-1

Chin-Chan, M., Navarro-Yepes, J., Quintanilla-Vega, B., 2015. Environmental pollutants as
risk factors for neurodegenerative disorders: Alzheimer and Parkinson diseases.
Front. Cell. Neurosci. 9, 124. https://doi.org/10.3389/fncel.2015.00124

Chiu, A.S., Gehringer, M.M., Braidy, N., Guillemin, G.J., Welch, J.H., Neilan, B.A., 2012.
Toxicon Excitotoxic potential of the cyanotoxin b -methyl-amino- L -alanine ( BMAA
) in primary human neurons. Toxicon 60, 1159-1165.
https://doi.org/10.1016/j.toxicon.2012.07.169

Chiu, A.S. Gehringer, M.M., Welch, ]J.H, Neilan, B.A., 2011. Does a-amino-§3-
methylaminopropionic acid (BMAA) Ppay a role in neurodegeneration? Int. J.
Environ. Res. Public Health 8, 3728-46. https://doi.org/10.3390/ijerph8093728

Chiurchiu, V. Maccarrone, M., Orlacchio, A., 2014. The role of reticulons in
neurodegenerative diseases. NeuroMolecular Med. 16, 3-15.
https://doi.org/10.1007 /s12017-013-8271-9

Choi, K., Cope, W.G., Harms, C.A., Law, ].M., 2013. Rapid decreases in salinity, but not
increases, lead to immune dysregulation in Nile tilapia, Oreochromis niloticus (L.). ].
Fish Dis. 36, 389-399. https://doi.org/10.1111/j.1365-2761.2012.01417 x

Christman, J.K,, 2002. 5-Azacytidine and 5-aza-2'-deoxycytidine as inhibitors of DNA

methylation: mechanistic studies and their implications for cancer therapy.
Oncogene 21, 5483-5495. https://doi.org/10.1038/sj.onc.1205699

Chu, C, Qu, K, Zhong, F.L., Artandi, S.E., Chang, H.Y, 2011. Genomic maps of long
noncoding RNA occupancy reveal principles of RNA-chromatin interactions. Mol.
Cell 44, 667-678. https://doi.org/10.1016/j.molcel.2011.08.027

Churn, S.B., Limbrick, D., Sombati, S., DeLorenzo, R.]J., 1995. Excitotoxic activation of the
NMDA receptor results in inhibition of calcium/calmodulin kinase II activity in
cultured hippocampal neurons. J. Neurosci. 15, 3200-14.
https://doi.org/10.1523 /JNEUROSCI.15-04-03200.1995

Class, B., Brommer, J.E.,, 2015. A strong genetic correlation underlying a behavioural
syndrome disappears during development because of genotype-age interactions.
Proc. R. Soc. B Biol. Sci. 282. https://doi.org/10.1098/rspb.2014.2777

Coccaro, E.F, Lee, R, Coussons-Read, M. 2015. Cerebrospinal fluid inflammatory
cytokines and aggression in personality disordered subjects. Int. .
Neuropsychopharmacol. 18, pyv001-pyv001.
https://doi.org/10.1093/ijnp/pyv001

Coccaro, E.F., Lee, R, Coussons-Read, M., 2014. Elevated plasma inflammatory markers
in individuals with intermittent explosive disorder and correlation with aggression
in humans. JAMA Psychiatry 71, 158.
https://doi.org/10.1001/jamapsychiatry.2013.3297

Coffin, .M., Fan, H., 2016. The Discovery of Reverse Transcriptase. Annu. Rev. Virol. 3,
29-51. https://doi.org/10.1146 /annurev-virology-110615-035556

Cole, K.S., Noakes, D.L.G., 1997. Gonadal development and sexual allocation in mangrove
235



killifish, Rivulus marmoratus (Pisces: Atherinomorpha). Copeia 596-600.
https://doi.org/10.2307 /1447566

Collingridge, G.L., Lester, R.A., 1989. Excitatory amino acid receptors in the vertebrate
central nervous system. Pharmacol. Rev. 41, 143-210.

Conrad, J.L., Weinersmith, K.L., Brodin, T., Saltz, ].B., Sih, a, 2011. Behavioural syndromes
in fishes: a review with implications for ecology and fisheries management. J. Fish
Biol. 78, 395-435. https://doi.org/10.1111/j.1095-8649.2010.02874.x

Costa, W.J.E.M,, 2011. Identity of Rivulus ocellatus and a new name for a hermaphroditic
species of Kryptolebias from south-eastern Brazil (Cyprinodontiformes: Rivulidae).
Ichthyol. Explor. Freshwaters 22, 185-192.

Costa, W.J.E.M,, Lima, S.M.Q., Bartolette, R., 2010a. Androdioecy in Kryptolebias killifish
and the evolution of self-fertilizing hermaphroditism. Biol. ]. Linn. Soc. 99, 344-349.
https://doi.org/10.1111/j.1095-8312.2009.01359.x

Costa, W.J.E.M,, Lima, S.M.Q., Bartolette, R., 2010b. Androdioecy in Kryptolebias killifish
and the evolution of self-fertilizing hermaphroditism. Biol. ]. Linn. Soc. 99, 344-349.
https://doi.org/10.1111/j.1095-8312.2009.01359.x

Courtene-Jones, W., Briffa, M., 2014. Boldness and asymmetric contests: Role- and
outcome-dependent effects of fighting in hermit crabs. Behav. Ecol. 25, 1073-1082.
https://doi.org/10.1093 /beheco/aru085

Cox, P.A, Banack, S.A,, Murch, S.J.,, Rasmussen, U., Tien, G., Bidigare, R.R., Metcalf, ].S,,
Morrison, L.F., Codd, G.A., Bergman, B., 2005. Diverse taxa of cyanobacteria produce
beta-N-methylamino-L-alanine, a neurotoxic amino acid. Proc. Natl. Acad. Sci. U. S.

A.102,5074-8. https://doi.org/10.1073 /pnas.0501526102

Cox, P.A, Davis, D.A.,, Mash, D.C.,, Metcalf, ].S.,, Banack, S.A.,, 2016a. Do vervets and
macaques respond differently to BMAA? Neurotoxicology 57, 310-311.
https://doi.org/10.1016/].NEURO.2016.04.017

Cox, P.A,, Davis, D.A,, Mash, D.C., Metcalf, |.S., Banack, S.A., 2016b. Dietary exposure to an
environmental toxin triggers neurofibrillary tangles and amyloid deposits in the
brain. Proc. R. Soc. B Biol. Sci. 283, 20152397.
https://doi.org/10.1098/rspb.2015.2397

Cox, P.A,, Kostrzewa, R.M., Guillemin, G.J., 2018. BMAA and neurodegenerative illness.
Neurotox Res 33, 178-83. https://doi.org/10.1007/s12640-017-9753-6

Cox, R.M., Parker, E.U, Cheney, D.M. Liebl, A.L, Martin, L.B., Calsbeek, R, 2010.
Experimental evidence for physiological costs underlying the trade-off between
reproduction and survival. Funct. Ecol. 24, 1262-1269.
https://doi.org/10.1111/j.1365-2435.2010.01756.x

Crider, K.S., Yang, T.P., Berry, R].,, Bailey, L.B.,, 2012. Folate and DNA methylation: A
review of molecular mechanisms and the evidence for folate’s role. Am. Soc. Nutr. 3,
21-38. https://doi.org/10.3945/an.111.000992

Crispo, E., 2007. The Baldwin effect and genetic assimilation: Revisiting two mechanisms
of evolutionary change mediated by phenotypic plasticity. Evolution (N. Y). 61,
2469-2479. https://doi.org/10.1111/j.1558-5646.2007.00203.x

236



Critchley, D.R., Gingras, A.R.,, 2008. Talin at a glance. ]. Cell Sci. 121, 1345-1347.
https://doi.org/10.1242 /jcs.018085

Cruz-Aguado, R., Winkler, D., Shaw, C.A., 2006. Lack of behavioral and neuropathological
effects of dietary B-methylamino-l-alanine (BMAA) in mice. Pharmacol. Biochem.
Behav. 84, 294-299. https://doi.org/10.1016/].PBB.2006.05.012

Cuesta, A., Laiz-Carrio, R., Marti, M., R16, del, Miguel Mancera, J., Esteban, ngeles, 2005.
Salinity influences the humoral immune parameters of gilthead seabream (Sparus
aurata L.). Fish Shellfish Immunol. 18, 255-261.
https://doi.org/10.1016/j.fsi.2004.07.009

Curley, ]J.P., Branchi, I, 2013. Ontogeny of stable individual differences, in: Animal
Personalities. University of Chicago Press, pp- 278-316.
https://doi.org/10.7208/chicago/9780226922065.003.0011

Curley, ].P.,, Jensen, C.L., Mashoodh, R, Champagne, F.A., 2011. Social influences on
neurobiology and behavior: Epigenetic effects during development.
Psychoneuroendocrinology 36, 352-371.
https://doi.org/10.1016/j.psyneuen.2010.06.005.Social

D’Amore, D.M.,, Rios-Cardenas, O., Morris, M.R., 2015. Maternal investment influences

development of behavioural syndrome in swordtail fish, Xiphophorus multilineatus.
Anim. Behav. 103, 147-151. https://doi.org/10.1016/j.anbehav.2015.02.013

Dai, X.,, Zhang, W., Zhuo, Z., He, |, Yin, Z., 2015. Neuroendocrine regulation of somatic
growth in fishes. Sci. China Life Sci. 58, 137-147. https://doi.org/10.1007 /s11427-
015-4805-8

Danchin, E., Charmantier, A., Champagne, F.A.,, Mesoudi, A., Pujol, B., Blanchet, S., 2011.
Beyond DNA: integrating inclusive inheritance into an extended theory of evolution.
Nat. Rev. Genet. 12, 475-486. https://doi.org/10.1038/nrg3028

David, M., Dall, S.RX, 2016. Unravelling the philosophies underlying “animal
personality” studies: A brief re-appraisal of the field. Ethology 122, 1-9.
https://doi.org/10.1111/eth.12445

Davies, M.N., Krause, L., Bell, ].T., Gao, F., Ward, K.J., Wu, H., Lu, H., Liu, Y., Tsai, P.-C,,
Collier, D.A,, Murphy, T., Dempster, E., Mill, J., Battle, A, Mostafavi, S., Zhu, X,
Henders, A., Byrne, E., Wray, N.R, Martin, N.G., Spector, T.D., Wang, ], 2014.
Hypermethylation in the ZBTB20 gene is associated with major depressive
disorder. Genome Biol. 15, R56. https://doi.org/10.1186/gb-2014-15-4-r56

Day, ].J., Childs, D., Guzman-karlsson, M.C., Kibe, M., Moulden, ]., Song, E., Tahir, A,
Sweatt, ].D., 2013. DNA methylation regulates associateive reward learning. Nat.
Neurosci. 16, 1445-1452. https://doi.org/10.1038/nn.3504.DNA

De Jong, G., Gavrilets, S., 2000. Maintenance of genetic variation in phenotypic plasticity:
The role of environmental variation. Genet. Res. 76, 295-304.
https://doi.org/10.1017/S0016672300004729

Deans, C., Maggert, K.A., 2015. What do you mean, “epigenetic”? Genetics 199, 887-896.
https://doi.org/10.1534/GENETICS.114.173492

del Blanco, B., Barco, A., 2018. Impact of environmental conditions and chemicals on the
neuronal epigenome. Curr. Opin. Chem. Biol. 45, 157-165.

237



https://doi.org/10.1016/].CBPA.2018.06.003

Delcourt, J., Denoél, M., Ylieff, M., Poncin, P., 2013. Video multitracking of fish behaviour:
a synthesis and future perspectives. Fish Fish. 14, 186-204.
https://doi.org/10.1111/j.1467-2979.2012.00462.x

Delcourt, N., Claudepierre, T., Maignien, T., Arnich, N., Mattei, C., 2017. Cellular and
Molecular Aspects of the 3-N-Methylamino-l-alanine (BMAA) Mode of Action within
the Neurodegenerative Pathway: Facts and Controversy. Toxins (Basel). 10.
https://doi.org/10.3390/toxins10010006

Denoél, M., D’Hooghe, B,, Ficetola, G.F., Brasseur, C., De Pauw, E., Thomé, J.-P., Kestemont,
P., 2012. Using sets of behavioral biomarkers to assess short-term effects of
pesticide: a study case with endosulfan on frog tadpoles. Ecotoxicology 21, 1240-
1250. https://doi.org/10.1007 /s10646-012-0878-3

Denoél, M., Libon, S., Kestemont, P., Brasseur, C., Focant, ].-F., De Pauw, E., 2013. Effects
of a sublethal pesticide exposure on locomotor behavior: a video-tracking analysis
in larval amphibians. Chemosphere 90, 945-51.
https://doi.org/10.1016/j.chemosphere.2012.06.037

Dingemanse, N., Both, C, Drent, P.]., Van oers, K., Van Noordwijk, A.]., 2002. Repeatability

and heritability of exploratory behaviour in great tits from the wild. Anim. Behav.
64, 929-938. https://doi.org/10.1006/anbe.2002.2006

Dingemanse, N.J., Both, C., Drent, P.J., Van Oers, K, Van Noordwijk, A.J., 2002.
Repeatability and heritability of exploratory behaviour in great tits from the wild.
Anim. Behav. 64, 929-938. https://doi.org/10.1006/anbe.2002.2006

Dingemanse, N.J, Dochtermann, N.A, 2013. Quantifying individual variation in
behaviour: Mixed-effect modelling approaches. ]J. Anim. Ecol. 82, 39-54.
https://doi.org/10.1111/1365-2656.12013

Dingemanse, N.J.,, Wright, ]., Kazem, A.J.N., Thomas, D.K,, Hickling, R., Dawnay, N., 2007.
Behavioural syndromes differ predictably between 12 populations of three-spined
stickleback. ]J. Anim. Ecol. 76, 1128-1138. https://doi.org/10.1111/j.1365-
2656.2007.01284 x

Dixon, J.R. Selvaraj, S., Yue, F., Kim, A, Li, Y, Shen, Y., Hu, M,, Liu, ].S., Ren, B.,, 2012.
Topological domains in mammalian genomes identified by analysis of chromatin
interactions. Nature 485, 376-80. https://doi.org/10.1038/nature11082

Diz, A.P., Martinez-Fernandez, M., Rolan-Alvarez, E., 2012. Proteomics in evolutionary
ecology: linking the genotype with the phenotype. Mol. Ecol. 21, 1060-80.
https://doi.org/10.1111/j.1365-294X.2011.05426 X

Doak, D.F., Morris, W.F,, Pfister, C., Kendall, B.E., Bruna, E.M., 2005. Correctly estimating
how environmental stochasticity influences fitness and population growth. Am. Nat.
166, E14-21. https://doi.org/10.1086 /430642

Dolomatov, S.I., Zukow, W., Novikov, N.Y., Muszkieta, R., Bulatowicz, 1., Dzierzanowski,
M., Kazmierczak, U., Strojek, K., 2012. The regulation of osmotic and ionic balance in
fish reproduction and in the early stages of ontogeny. Russ. ]. Mar. Biol. 38, 365-
374. https://doi.org/10.1134/S1063074012050057

Dorts, J., Falisse, E., Schoofs, E., Flamion, E., Kestemont, P., Silvestre, F., 2016. DNA
238



methyltransferases and stress-related genes expression in zebrafish larvae after
exposure to heat and copper during reprogramming of DNA methylation. Sci. Rep.
6. https://doi.org/10.1038/srep34254

Dowen, ].M., Fan, Z.P., Hnisz, D., Ren, G., Abraham, B.J.,, Zhang, L.N., Weintraub, A.S,,
Schuijers, ]., Lee, T.I, Zhao, K., Young, R.A,, 2014. Control of cell identity genes
occurs in insulated neighborhoods in mammalian chromosomes. Cell 159, 374-387.
https://doi.org/10.1016/].CELL.2014.09.030

Du, X, Han, L., Guo, A.-Y., Zhao, Z., 2012. Features of methylation and gene expression in
the promoter-associated CpG Islands using human methylome data. Comp. Funct.
Genomics 1-8. https://doi.org/10.1155/2012/598987

Earley, R.L., Hanninen, A.F,, Fuller, A., Garcia, M.]., Lee, E. a, 2012a. Phenotypic plasticity
and integration in the mangrove rivulus (Kryptolebias marmoratus): a prospectus.
Integr. Comp. Biol. 52, 814-27. https://doi.org/10.1093/icb/ics118

Earley, R.L., Hanninen, A.F., Fuller, A., Garcia, M.],, Lee, E. a, 2012b. Phenotypic plasticity
and integration in the mangrove rivulus (Kryptolebias marmoratus): a prospectus.
Integr. Comp. Biol. 52, 814-27. https://doi.org/10.1093/icb/ics118

Earley, R.L., Hanninen, A.F,, Fuller, A., Garcia, M.],, Lee, E. a, 2012c. Phenotypic Plasticity
and Integration in the Mangrove Rivulus (Kryptolebias marmoratus): A Prospectus.
Integr. Comp. Biol. 52, 814-827. https://doi.org/10.1093/icb/ics118

Earley, R.L., Hsu, Y., 2008. Reciprocity between endocrine state and contest behavior in
the Kkillifish, Kryptolebias marmoratus. Horm. Behav. 53, 442-51.
https://doi.org/10.1016/j.yhbeh.2007.11.017

Earley, R.L., Hsu, Y., Wolf, L.L., 2000. The use of standard aggression testing methods to
predict combat behaviour and contest outcome in Rivulus marmoratus dyads
"(Teleostei: Cyprinodontidae). Ethology 106, 743-761.
https://doi.org/https://doi.org/10.1046/j.1439-0310.2000.00586.x

Edenbrow, M., Croft, D.P.,, 2012a. Sequential hermaphroditism and personality in a
clonal vertebrate: the mangrove Kkillifish. Behav. Processes 90, 229-37.
https://doi.org/10.1016/j.beproc.2012.02.001

Edenbrow, M. Croft, D.P., 2012c. Environmental and genetic effects shape the
development of personality traits in the mangrove Kkillifish Kryptolebias
marmoratus. J. Fish Biol. 80, 503-518. https://doi.org/10.1111/j.1600-
0706.2012.20556.x

Edenbrow, M., Croft, D.P., 2012d. Kin and familiarity influence association preferences
and aggression in the mangrove Killifish Kryptolebias marmoratus. J. Fish Biol. 80,
503-518. https://doi.org/10.1111/j.1095-8649.2011.03181.x

Edenbrow, M., Croft, D.P., 2011a. Behavioural types and life history strategies during
ontogeny in the mangrove Killifish, Kryptolebias marmoratus. Anim. Behav. 82,
731-741. https://doi.org/10.1016/j.anbehav.2011.07.003

Edenbrow, M., Croft, D.P.P., 2011b. Behavioural types and life history strategies during
ontogeny in the mangrove Kkillifish, Kryptolebias marmoratus. Anim. Behav. 82,
731-741. https://doi.org/10.1016/j.anbehav.2011.07.003

Edge, M.D., Ramel, W,, Drabant, E.M., Kuo, ].R,, Parker, K], Gross, ].]., 2009. For better or
239



worse? Stress inoculation effects for implicit but not explicit anxiety. Depress.
Anxiety 26, 831-7. https://doi.org/10.1002/da.20592

Edwards, ].R., Yarychkivska, O., Boulard, M., Bestor, T.H., 2017. DNA methylation and
DNA methyltransferases. Epigenetics Chromatin 1° - 23.
https://doi.org/10.1186/s13072-017-0130-8

Ellenberg, U., Mattern, T. Seddon, P.J., 2009. Habituation potential of yellow-eyed
penguins depends on sex, character and previous experience with humans. Anim.
Behav. 77, 289-296. https://doi.org/10.1016/]. ANBEHAV.2008.09.021

Ellison, A., de Leaniz, C.G., Consuegra, S., 2013a. Inbred and furious: negative association
between aggression and genetic diversity in highly inbred fish. Mol. Ecol. 22, 2292-
300. https://doi.org/10.1111/mec.12238

Ellison, A, Jones, J., Inchley, C., Consuegra, S., 2013b. Choosy males could help explain
androdioecy in a selfing fish. Am. Nat. 181, 855-62.
https://doi.org/10.1086/670304

Ellison, A., Rodri, C.M., Moran, P., Breen, ]., Swain, M., Megias, M., Hegarty, M., Wilkinson,
M., Pawluk, R., Consuegra, S., 2015. Epigenetic regulation of sex ratios may explain
natural variation in self-fertilization rates. Proc. R. Soc. B 282.

https://doi.org/10.1098/rspb.2015.1900

Ellison, A., Wright, P, Taylor, D.S., Cooper, C., Regan, K., Currie, S., Consuegra, S., 2012.
Environmental diel variation, parasite loads, and local population structuring of a
mixed-mating mangrove fish. Ecol. Evol. 2, 1682-1695.
https://doi.org/10.1002 /ece3.289

Elwood, RW,, Stoilova, V., McDonnell, A., Earley, R.L., Arnott, G., 2014. Do mirrors reflect
reality in agonistic encounters? A test of mutual cooperation in displays. Anim.
Behav. 97, 63-67. https://doi.org/10.1016/j.anbehav.2014.07.028

Escobedo-Galvan, A.H., 2013. Temperature-dependent sex determination in an uncertain
world: advances and perspectives. Rev. Mex. Biodivers. 84, 727-730.
https://doi.org/10.7550/RMB.32441

Esterhuizen-Londt, M., Downing, T., 2011. Solid phase extraction of 3-N-methylamino-L-
alanine (BMAA) from South African water supplies. Water 37, 523-528.
https://doi.org/10.4314/wsa.v37i4.10

Faassen, E.J., 2014. Presence of the neurotoxin BMAA in aquatic ecosystems: What do we
really know? Toxins (Basel). 6, 1109-38. https://doi.org/10.3390/toxins6031109

Faassen, E.J., Garcia-Altares, M., Mendes e Mello, M., Liirling, M., 2015. Trans generational
effects of the neurotoxin BMAA on the aquatic grazer Daphnia magna. Aquat.
Toxicol. 168, 98-107. https://doi.org/10.1016/].AQUAT0X.2015.09.018

Falconer, D.S., Mackay, T.F., Frankham, R., 1996. Introduction to quantitative genetics.
Trends in genetics.

Falisse, E., Ducos, B., Stockwell, P.A., Morison, I.M., Chatterjee, A,, Silvestre, F., 2018. DNA
methylation and gene expression alterations in zebrafish early-life stages exposed
to the antibacterial agent triclosan. Environ. Pollut. 243, 1867-1877.
https://doi.org/10.1016/j.envpol.2018.10.004

240



Fang, X, Corrales, ]J., Thornton, C., Scheffler, B. E., Willett, K.L., 2013. Global and gene
specific DNA methylation changes during zebrafish development. Comp. Biochem.
Physiol. Part B, Biochem. Mol. Biol. 166, 99-108.
https://doi.org/10.1016/j.cbpb.2013.07.007.Global

Fawcett, T.W., Frankenhuis, W.E., 2015. Adaptive explanations for sensitive windows in
development. Front. Zool. 12, S3. https://doi.org/10.1186/1742-9994-12-S1-S3

Feder, M.E, Walser, ].-C., 2005. The biological limitations of transcriptomics in
elucidating stress and stress responses. J. Evol. Biol. 18, 901-10.
https://doi.org/10.1111/j.1420-9101.2005.00921.x

Fellous, A., Anne-sophie, T.L.M.L., Ryan, V., Frederic, L.E., 2018. DNA methylation in
adults and during development of the self- fertilizing mangrove rivulus |,
Kryptolebias marmoratus. Ecol. Evol. 1-18. https://doi.org/10.1002/ece3.4141

Fellous, A., Earley, R.L., Silvestre, F., 2019a. The Kdm/Kmt gene families in the self-
fertilizing mangrove rivulus fish, Kryptolebias marmoratus, suggest involvement of

histone methylation machinery in development and reproduction. Gene 687, 173-
187. https://doi.org/10.1016/j.gene.2018.11.046

Fellous, A., Earley, R.L., Silvestre, F., 2019b. Identification and expression of mangrove
rivulus ( Kryptolebias marmoratus ) histone deacetylase ( HDAC ) and lysine
acetyltransferase ( KAT ) genes. Gene 691, 56-69.
https://doi.org/10.1016/j.gene.2018.12.057

Felsenfeld, G., 2014. A brief history of epigenetics. Cold Spring Harb Perspect Biol 6.
https://doi.org/10.1101/cshperspect.a018200

Feng, ., Chi, P., Blanpied, T.A., Xu, Y., Magarinos, A.M,, Ferreira, A., Takahashi, R.H., Kao,
H.-T., McEwen, B.S., Ryan, T.A., Augustine, G.]., Greengard, P., 2002. Regulation of
Neurotransmitter Release by Synapsin III. ]J. Neurosci. 22, 4372-4380.
https://doi.org/10.1523 /JNEUROSCI.22-11-04372.2002

Ferreira, A, Kao, H.-T., Feng, ], Rapoport, M., Greengard, P. 2000. Synapsin III:
developmental expression, subcellular localization, and role in axon formation. J.
Nueroscience 20, 3736-3744. https://doi.org/DOI:
https://doi.org/10.1523 /JNEUROSCI.20-10-03736.2000

Filice, F., Lauber, E., Vorckel, K.J., Wohr, M., Schwaller, B., 2018. 17- estradiol increases
parvalbumin levels in Pvalb heterozygous mice and attenuates behavioral

phenotypes with relevance to autism core symptoms. Mol. Autism 9, 15.
https://doi.org/10.1186/s13229-018-0199-3

Fischle, W., Wang, Y., David, A.C., 2003. Histone and chromatin cross-talk. Curr. Opin. Cell
Biol. 15, 172-183. https://doi.org/10.1016/S0955-0674(03)00013-9

Folkvord, A., ]Jgrgensen, C., Korsbrekke, K., Nash, R.D.M., Nilsen, T., Skjaeraasen, J.E.,
2014. Trade-offs between growth and reproduction in wild Atlantic cod. Can. J. Fish.
Aquat. Sci. 71, 1106-12. https://doi.org/10.1139/cjfas-2013-0600

Fordyce, J.A., 2006. The evolutionary consequences of ecological interactions mediated
through  phenotypic  plasticity. ]. Exp. Biol. 209, 2377-2383.
https://doi.org/10.1242 /jeb.02271

Foret, S., Kucharski, K., Pittelkow, Y. Lockett, G.A., Maleszka, R, 2009. Epigenetic
241



regulation of the honey bee transcriptome: unravelling the nature of methylated
genes. BMC Genomics 10.

Forman, H.J.,, Zhang, H., Rinna, A., 2009. Glutathione: Overview of its protective roles,
measurement, and biosynthesis. Mol. Aspects Med. 30, 1-12.
https://doi.org/10.1016/j.mam.2008.08.006

Fox, R.J., Donelson, ].M., Schunter, C., Ravasi, T., Gaitan-Espitia, ].D., 2019. Beyond buying
time: the role of plasticity in phenotypic adaptation to rapid environmental change.
Phil. Trans. R. Soc. B 374. https://doi.org/10.1098/rstb.2018.0174

Frankenhuis, W.E., Panchanathan, K., Clark Barrett, H., 2013. Bridging developmental
systems theory and evolutionary psychology using dynamic optimization. Dev. Sci.
16, 584-598. https://doi.org/10.1111/desc.12053

Freund, J., Brandmaier, A.M., Lewejohann, L., Kirste, ., Kritzler, M., Kriiger, A., Sachser, N.,
Lindenberger, U., Kempermann, G., 2013. Emergence of individuality in genetically
identical mice. Science (80-. ). 340, 756-759.
https://doi.org/10.1126/science.1235294

Frost, A.J., Winrow-Giffen, A., Ashley, PJ., Sneddon, L.U., 2007. Plasticity in animal
personality traits: does prior experience alter the degree of boldness? Proc. Biol.
Sci. 274, 333-9. https://doi.org/10.1098/rspb.2006.3751

Frgyset, AK, Khan, E.A., Fladmark, K.E., 2016. Quantitative proteomics analysis of
zebrafish exposed to sub-lethal dosages of 3-methyl-amino-L-alanine (BMAA). Sci.
Rep. 6. https://doi.org/10.1038/srep29631

Fuller, A., Dawson, T. Helmuth, B., Hetem, R. S. Mitchell, D., Maloney, S.K, 2010.
Physiological mechanisms in coping with climate change. Physiol. Biochem. Zool.
83, 713-20. https://doi.org/10.1086 /652242

Furness, A.L, Tatarenkov, A. Avise, J.C., 2015. A genetic test for whether pairs of
hermaphrodites can cross-fertilize in a selfing killifish. J. Hered. 106, 749-752.
https://doi.org/10.1093 /jhered/esv077

Fusco, G., Minellj, A., 2010. Phenotypic plasticity in development and evolution: facts and
concepts. Introduction. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 365, 547-56.
https://doi.org/10.1098/rstb.2009.0267

Galvin, J.E., Lee, V.M.-Y., Trojanowski, ].Q., 2001. Synucleinopathies. Arch. Neurol. 58,
186. https://doi.org/10.1001/archneur.58.2.186

Garamszegi, L.Z., Mueller, ].C., Marko, G., Szasz, E., Zsebok, S., Herczeg, G., Eens, M., Torok,
J. 2014a. The relationship between DRD4 polymorphisms and phenotypic
correlations of behaviors in the collared flycatcher. Ecol. Evol. 4, 1466-1479.
https://doi.org/10.1002/ece3.1041

Garamszegi, L.Z., Mueller, ].C., Mark¢, G., Szasz, E., Zsebok, S., Herczeg, G., Eens, M., Torok,
J., Aszl, L., Garamszegi, Z., Mueller, ]J.C., Abor Mark, G., Sz Asz, E., Ok, Z., Abor Herczeg,
G., Eens, M., Anos, & J., Or€ Ok, T., Garamszegi, L.Z., Mueller, ]J.C., Marko, G., Szasz, E.,
ZsebOk, S., Herczeg, G., Eens, M., Torok, J., Zsebok, S., Herczeg, G., Eens, M., Torok, J.,
2014b. The relationship between DRD4 polymorphisms and phenotypic
correlations of behaviors in the collared flycatcher. Ecol. Evol. 4, 1466-1479.
https://doi.org/10.1002/ece3.1041

242



Garcia, M ], Ferro, ].M., Mattox, T., Kopelic, S., Marson, K,, Jones, R., Svendsen, ].C., Earley,
R.L., 2016. Phenotypic differences between the sexes in the sexually plastic
mangrove rivulus fish (Kryptolebias marmoratus). J. Exp. Biol. 219, 988-997.
https://doi.org/10.1242 /jeb.124040

Gartner, K., 1990. A third component causing random variability beside environment
and genotype. A reason for the limited success of a 30 year long effort to
standardize laboratory animals?, Laboratory Animafs.

George, ].M,, Jin, H., Woods, W.S,, Clayton, D.F., 1995. Characterization of a novel protein
regulated during the critical period for song learning in the zebra finch. Neuron 15,
361-372. https://doi.org/https://doi.org/10.1016/0896-6273(95)90040-3

Gescher, D., Kahl, K.G., Hillemacher, T., Frieling, H., Kuhn, |, Frodl, T., 2018. Epigenetics in
personality disorders: Today’s insights. Front. Psychiatry | www.frontiersin.org 9,
579. https://doi.org/10.3389 /fpsyt.2018.00579

Gherardj, F., Aquiloni, L., Tricarico, E., 2012. Behavioral plasticity, behavioral syndromes
and animal personality in crustacean decapods: An imperfect map is better than no
map. Curr. Zool. 58, 567-579. https://doi.org/10.1093 /czoolo/58.4.567

Ghiglieri, V., Calabrese, V., Calabresi, P.,, 2018. Alpha-synuclein: From early synaptic
dysfunction to neurodegeneration. Front. Neurol. 9, 1-14.
https://doi.org/10.3389/fneur.2018.00295

Gilbert, S., 2000. Environmental Sex Determination, Developmen. ed.

Globisch, D., Miinzel, M., Miiller, M., Michalakis, S., Wagner, M., Koch, S., Briickl, T., Biel,
M., Carell, T., 2010. Tissue distribution of 5-hydroxymethylcytosine and search for

active demethylation intermediates. PLoS One 5, el5367.
https://doi.org/10.1371/journal.pone.0015367

Glover, W.B., Mash, D.C., Murch, S.J., 2014. The natural non-protein amino acid N-§3-
methylamino-l-alanine (BMAA) is incorporated into protein during synthesis.
Amino Acids 46, 2553-2559. https://doi.org/10.1007 /s00726-014-1812-1

Goll, M.G., Bestor, T.H., 2005. Eukaryotic cytosine methyltransferases. Annu. Rev.
Biochem. 74, 481-514.
https://doi.org/10.1146/annurev.biochem.74.010904.153721

Goll, M.G., Kirpekar, F., Maggert, K.A,, Yoder, J.A., Hsieh, C.L., Zhang, X, Golic, K.G,,
Jacobsen, S.E., Bestor, T.H., 2006. Methylation of tRNAAsp by the DNA
methyltransferase  homolog Dnmt2. Science (80-. ). 311, 395-398.
https://doi.org/10.1126/science.1120976

Gosling, S.D., 2001. From mice to men: what can we learn about personality from animal
research? Physiol. Bull. 127, 45-86.

Graham, D.R.M,, Elliott, S.T., Van Eyk, J.E., 2005. Broad-based proteomic strategies: a
practical guide to proteomics and functional screening. ]. Physiol. 563, 1-9.
https://doi.org/10.1113/jphysiol.2004.080341

Grandel, H., Kaslin, J., Ganz, ]., Wenzel, I, Brand, M., 2006. Neural stem cells and
neurogenesis in the adult zebrafish brain: Origin, proliferation dynamics, migration
and cell fate. Dev. Biol. 295, 263-277.
https://doi.org/10.1016/].YDBI0.2006.03.040

243



Greenwood, A.K,, Peichel, C.L., 2015. Social regulation of gene expression in threespine
sticklebacks. PLoS One 10, e0137726.
https://doi.org/10.1371/journal.pone.0137726

Gregorio, C. De, Delgado, R., Ibacache, A, Sierralta, |., Couve, A., 2017. Drosophila Atlastin

in motor neurons is required for locomotion and presynaptic function. ]. Cell Sci.
130, 3507-3516. https://doi.org/10.1242/]CS.201657

Griffiths, S.W., Brockmark, S., Ho Jesjo, ]J., Johnsson, J.I, 2004. Coping with divided
attention: the advantage of familiarity. Proc. R. Soc. Lond. B 271, 695-99.
https://doi.org/10.1098/rspb.2003.2648

Groh, KJ.,, Carvalho, R.N., Chipman, J.K., Denslow, N.D., Halder, M., Murphy, C.A., Roelofs,
D., Rolaki, A., Schirmer, K., Watanabe, K.H., 2015. Development and application of
the adverse outcome pathway framework for understanding and predicting chronic
toxicity: II. A focus on growth impairment in fish. Chemosphere 120, 778-792.
https://doi.org/10.1016/].CHEMOSPHERE.2014.10.006

Grone, B.P., Marchese, M., Hamling, K.R., Kumar, M.G., Krasniak, C.S., Sicca, F., Santorelli,
F.M. Patel, M., Baraban, S.C, 2016. Epilepsy, behavioral abnormalities, and
physiological comorbidities in syntaxin-binding protein 1 (STXBP1) mutant
zebrafish. PLoS One 11, e0151148. https://doi.org/10.1371/journal.pone.0151148

Gu, H., Smith, Z.D., Bock, C., Boyle, P., Gnirke, A., Meissner, A., 2011. Preparation of
reduced representation bisulfite sequencing libraries for genome-scale DNA

methylation profiling. Nat. Protoc. 6, 468-81.
https://doi.org/10.1038/nprot.2010.190

Guo, J.U,, Su, Y., Zhong, C., Ming, G., Song, H., 2011a. Emerging roles of TET proteins and
5-hydroxymethylcytosines in active DNA demethylation and beyond. Cell Cycle 10,
2662-2668. https://doi.org/10.4161/cc.10.16.17093

Guo, J.U,, Su, Y., Zhong, C,, Ming, G., Song, H., 2011b. Hydroxylation of 5-methylcytosine
by TET promotes active DNA demethylation in the adult brain. Cell 145, 423-434.
https://doi.org/10.1016/j.cell.2011.03.022.Hydroxylation

Gygi, S.P., Rist, B., Gerber, S.A., Turecek, F., Gelb, M.H., Aebersold, R., 1999. Quantitative
analysis of complex protein mixtures using isotope-coded affinity tags. Nat.
Biotechnol. 17, 994-999,

Gymrek, M., Willems, T., Reich, D., Erlich, Y., 2017. Interpreting short tandem repeat
variations in humans using mutational constraint. Nat. Genet. 49, 1495-1501.
https://doi.org/10.1038/ng.3952

Hagglund, M.G., Hellsten, S. V, Bagchi, S., Ljungdahl, A., Nilsson, V.C.,, Winnergren, S.,
Stephansson, O., Rumaks, J., Svirskis, S., Klusa, V., Schi6éth, H.B., Fredriksson, R,
2013. Characterization of the transporterBOAT3 (Slc6al7) in the rodent central
nervous system. BMC Neurosci. 14, 54. https://doi.org/10.1186/1471-2202-14-54

Haider, S., Pal, R., 2013. Integrated analysis of transcriptomic and proteomic data. Curr.
Genomics 14, 91-110. https://doi.org/10.2174/1389202911314020003

Haining, R.L.,, Achat-Mendes, C., 2017. Neuromelanin, one of the most overlooked
molecules in modern medicine, is not a spectator. Neural Regen Res 12, 372-375.
https://doi.org/10.1016/j.pneurobio.2015.09.012

244



Halder, S.K,, Ueda, H., 2012. Regional distribution and cell type-specific subcellular
localization of prothymosin Aapha in brain. Cell. Mol. Neurobiol. 32, 59-66.
https://doi.org/10.1007/s10571-011-9734-x

Halliwell, B., 2007. Inflammation biochemistry of oxidative stress. Biochem. Soc. Trans.
35,1147-1150. https://doi.org/10.1042/BST0351147

Hamilton, N.B., Attwell, D., 2010. Do astrocytes really exocytose neurotransmitters? Nat.
Rev. Neurosci. 11, 227-238. https://doi.org/10.1038/nrn2803

Hamilton, W.D., 1964. The genetical evolution of social behaviour. II. Biol 7, 17-52.
https://doi.org/https://doi.org/10.1016/0022-5193(64)90039-6

Han, K., Chen, H., Gennarino, V.A,, Richman, R,, Lu, H.C,, Zoghbi, H.Y., 2014. Fragile X-like
behaviors and abnormal cortical dendritic spines in Cytoplasmic FMR1-interacting
protein 2-mutant mice. Hum. Mol. Genet. 24, 1813-1823.
https://doi.org/10.1093 /hmg/ddu595

Harel, [., Benayoun, B.A., Machado, B., Singh, P.P., Hu, C.-K,, Pech, M.F,, Valenzano, D.R,,
Zhang, E., Sharp, S.C,, Artandi, S.E., Brunet, A., 2015. A platform for rapid exploration
of aging and diseases in a naturally short-lived vertebrate. Cell 160, 1013-1026.
https://doi.org/10.1016/j.cell.2015.01.038

Hariri, A.R,, 2009. The neurobiology of individual differences in complex behavioral
traits. Annu. Rev. Neurosci. 32, 225-247.
https://doi.org/10.1146/annurev.neuro.051508.135335

Harrington, RW., 1975. Sex determination and differentiation among uniparental
homozygotes of the hermaphroditic fish Rivulus marmoratus (Cyprinodontidae:
Atheriniformes), in: Intersexuality in the Animal Kingdom. Springer Berlin
Heidelberg, Berlin, Heidelberg, pp. 249-262. https://doi.org/10.1007/978-3-642-
66069-6_25

Harrington, R.W,, 1961. Oviparous hermaphroditic fish with internal self-fertilization.
Science (80-.). 134, 1749-1750. https://doi.org/10.1126/science.134.3492.1749

Harrington, RW.]., 1971. How ecological and genetic factors interact to determine when
self-fertilizing hermaphrodites of Rivulus marmoratus change into functional
secondary males, with a reappraisal of the modes of intersexuality among fishes.
Copeia 389-432. https://doi.org/10.2307 /1442438

Harris, J., Bird, D.J.,, 2000. Modulation of the fish immune system by hormones. Vet.
Immunol. Immunopathol. 77, 163-176.
https://doi.org/https://doi.org/10.1016/S0165-2427(00)00235-X

He, S, Sun, H,, Lin, L., Zhang, Y., Chen, Jinlong, Liang, L., Li, Y., Zhang, M., Yang, X., Wang,
X, Wang, F.,, Zhu, F,, Chen, Jiekai, Pei, D., Zheng, H., 2017. Passive DNA demethylation
preferentially up-regulates pluripotency-related genes and facilitates the
generation of induced pluripotent stem cells. ]J. Biol. Chem. 292, 18542-18555.
https://doi.org/10.1074/jbc.M117.810457

He, W, Ly, Y., Qahwash, I, Hu, X.-Y., Chang, A., Yan, R., 2004. Reticulon family members
modulate BACE1 activity and amyloid-f3 peptide generation. Nat. Med. 10, 959-965.
https://doi.org/10.1038/nm1088

Head, ]. a, 2014. Patterns of DNA methylation in animals: an ecotoxicological

245



perspective. Integr. Comp. Biol. 54, 77-86. https://doi.org/10.1093 /icb/icu025

Heard, E. 2005. Delving into the diversity of facultative heterochromatin: the
epigenetics of the inactive X chromosome. Curr. Opin. Genet. Dev. 15, 482-489.
https://doi.org/10.1016/j.gde.2005.08.009

Heindel, ].J.,, Skalla, L.A.,, Joubert, B.R, Dilworth, C.H., Gray, K.A, 2017. Review of
developmental origins of health and disease publications in environmental
epidemiology. Reprod. Toxicol. 68, 34-48.
https://doi.org/10.1016/].REPROT0X.2016.11.011

Heino, K., 2001. Evolution of resource allocation between growth and reproduction in
animals with indeterminate growth. J. Evol. Biol. 12, 423-429.
https://doi.org/10.1046/j.1420-9101.1999.00044.x

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F., Vandesompele, ]J., 2007. qBase
relative quantification framework and software for management and automated
analysis of real-time quantitative PCR data. Genome Biol. 8, 1901-1914.
https://doi.org/10.1186/gb-2007-8-2-r19

Hellou, J.,, 2011. Behavioural ecotoxicology, an “early warning” signal to assess
environmental quality. Environ. Sci. Pollut. Res. 18, 1-11.
https://doi.org/10.1007/s11356-010-0367-2

Hergeth, S.P., Schneider, R, 2015. The H1 linker histones: multifunctional proteins
beyond the nucleosomal core particlee EMBO Rep. 16, 1439-53.
https://doi.org/10.15252 /embr.201540749

Hesse, S., Thiinken, T., 2014. Growth and social behavior in a cichlid fish are affected by
social rearing environment and kinship. Naturwissenschaften 101, 273-83.
https://doi.org/10.1007/s00114-014-1154-6

Hill, P.W.S,, Leitch, H.G.,, Requena, C.E., Sun, Z., Amouroux, R., Roman-Trufero, M.,
Borkowska, M., Terragni, J., Vaisvila, R., Linnett, S., Bagci, H., Dharmalingham, G.,
Haberle, V., Lenhard, B. Zheng, Y. Pradhan, S. Hajkova, P., 2018. Epigenetic
reprogramming enables the transition from primordial germ cell to gonocyte.
Nature 555, 392-396. https://doi.org/10.1038 /nature25964

Hoglund, P.]., Adzic, D., Scicluna, S.J., Lindblom, J., Fredriksson, R., 2005. The repertoire of
solute carriers of family 6: Identification of new human and rodent genes. Biochem.
Biophys. Res. Commun. 336, 175-189. https://doi.org/10.1016/j.bbrc.2005.08.048

Holinstat, M., 2017. Normal platelet function. Cancer Metastasis Rev. 36, 195-198.
https://doi.org/10.1007/s10555-017-9677-x

Holliday, R. 1994. Epigenetics: An overview. Dev. Genet. 15, 453-457.
https://doi.org/10.1002/dvg.1020150602

Holliday, R., Pugh, ]J.E.,, 1975. DNA modification mechanisms and gene activity during
development, Science.

Holtmann, B., Grosser, S., Lagisz, M., Johnson, S.L., Santos, E.S.A., Lara, C.E., Robertson,
B.C., Nakagawa, S., 2016. Population differentiation and behavioural association of
the two “personality” genes DRD4 and SERT in dunnocks (Prunella modularis). Mol.
Ecol. 25, 706-722. https://doi.org/10.1111/mec.13514

246



Honegger, K., de Bivort, B., 2018. Stochasticity, individuality and behavior. Curr. Biol. 28,
R1-R16. https://doi.org/10.1016/j.cub.2017.11.058

Horzmann, K., Freeman, ], 2016. Zebrafish get connected: Investigating
neurotransmission targets and alterations in chemical toxicity. Toxics 4, 19.
https://doi.org/10.3390/toxics4030019

Hsu, Y., Wolf, L., 1999. The winner and loser effect: integrating multiple experiences.
Anim. Behav. 57,903-910. https://doi.org/10.1006/anbe.1998.1049

Hsu, Y., Wolf, L.L.,, 2001. The winner and loser effect: what fighting behaviours are
influenced? Anim. Behav. 61, 777-786. https://doi.org/10.1006/anbe.2000.1650

Htway, S.-M., Sein, M.-T., Nohara, K., Win-Shwe, T.-T., 2019. Effects of developmental
arsenic exposure on the social behavior and related gene expression in C3H adult
male mice. Int. J. Environ. Res. Public Health 16.
https://doi.org/10.3390/IJERPH16020174

Hu, H,, Gan, |, Jonas, P., 2014. Fast-spiking, parvalbumin+ GABAergic interneurons: From
cellular design to microcircuit function. Science 345, 233-5.
https://doi.org/10.1126/science.1255263

Huang, S.-P.,, Yang, S.-Y., Hsu, Y., 2011. Persistence of Winner and Loser Effects Depends
on the Behaviour Measured. Ethology 117, 171-180.
https://doi.org/10.1111/j.1439-0310.2010.01856.x

Huehner, M.K,, Schramm, M.E., Hens, M.D., 1985. Notes on the behavior and ecology of
the Kkillifish Rivulus marmoratus Poey 1880 (Cyprinodontidae). Florida Sci. 48, 1-7.
https://doi.org/10.2307 /24319873

Hulthen K, Chapman BB, Nilsson PA, Hollander ], B.C.,, 2014. Express yourself: bold
individuals induce enhanced morphological defences. Proc. R. Soc. 281, 20132703.
https://doi.org/doi: 10.1098/rspb.2013.2703

Huntingford, F.A., 1976. The relationship between anti-predator behaviour and
aggression among conspecifics in the three-spined stickleback, Gasterosteus
Aculeatus. Anim. Behav. 24, 245-260.

Hurd, P.J., 2010. The era of epigenetics. Brief. Funct. Genomics 9, 425-428.
https://doi.org/10.1093 /BFGP/ELQ039

Hurtado, G., Mabry, K.E., 2017. Aggression and boldness in Merriam’s kangaroo rat: An
urban-tolerant species? J. Mammal. 98, 410-418.
https://doi.org/10.1093 /jmammal /gyw199

Isik, A.T., 2010. Late onset Alzheimer’s disease in older people. Clin. Interv. Aging 5, 307-
11. https://doi.org/10.2147/CIA.S11718

Ito, S., Shen, L.L., Dai, Q., Wu, S.C,, Collins, L.B., Swenberg, A., He, C., Zhang, Y., Swenberg,
J.A., He, C.,, Zhang, Y., 2011. Tet Proteins Can Convert 5-Methylcytosine to 5-
Formylcytosine and 5-Carboxylcytosine. Science (80-. ). 333, 1300-1303.
https://doi.org/10.1126/science.1210597

Jablonka, E., 2017. The evolutionary implications of epigenetic inheritance. Interface
Focus 7. https://doi.org/10.1098/rsfs.2016.0135

Jablonka, E. Raz, G. 2009. Transgenerational epigenetic inheritance: Prevalence,

247



mechanisms, and implications for the study of heredity and evolution. Q. Rev. Biol.
84,131-176.

Jaenisch, R, Bird, A., 2003. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat. Genet. 33 Suppl, 245-54.
https://doi.org/10.1038/ng1089

James, W.R,, Styga, ].M., White, S., Marson, K.M., Earley, R.L., 2018. Phenotypically plastic
responses to predation threat in the mangrove rivulus fish (Kryptolebias

marmoratus): behavior and morphology. Evol. Ecol. 32, 453-468.
https://doi.org/10.1007 /s10682-018-9952-5

Jang, H.S., Shin, W.],, Lee, ].E., Do, ].T., 2017. CpG and Non-CpG Methylation in Epigenetic
Gene Regulation and Brain Function. Genes (Basel). 8.
https://doi.org/10.3390/genes8060148

Jedrychowski, W.A., Perera, F.P.,, Camann, D. Spengler, ]., Butscher, M. Mroz, E,
Majewska, R., Flak, E., Jacek, R, Sowa, A, 2015. Prenatal exposure to polycyclic
aromatic hydrocarbons and cognitive dysfunction in children. Environ. Sci. Pollut.
Res. 22,3631-3639. https://doi.org/10.1007/s11356-014-3627-8

Jeltsch, A., Nellen, W., Lyko, F.,, 2006. Two substrates are better than one: dual

specificities for Dnmt2 methyltransferases. Trends Biochem. Sci. 31, 306-8.
https://doi.org/10.1016/j.tibs.2006.04.005

Jin, P., Alisch, R.S. Warren, S.T., 2004. RNA and microRNAs in fragile X mental
retardation. Nat. Cell Biol. 6, 1048-1053. https://doi.org/10.1038/ncb1104-1048

Jobling, M., Wandsvik, A, 1983. Effect of social interactions on growth rates and
conversion efficiency of Arctic charr, Salvelinus alpinus L. J. Fish Biol. 22, 577-584.
https://doi.org/10.1111/j.1095-8649.1983.tb04217.x

Jonasson, S., Eriksson, J., Berntzon, L., Spacil, Z., llag, L.L., Ronnevi, L.-O., Rasmussen, U,
Bergman, B., 2010. Transfer of a cyanobacterial neurotoxin within a temperate
aquatic ecosystem suggests pathways for human exposure. Proc. Natl. Acad. Sci. U.
S.A.107,9252-7. https://doi.org/10.1073 /pnas.0914417107

Jones, C.E., Opel, R.A, Kaiser, M.E., Chau, A.Q., Quintana, ].R.,, Nipper, M.A,, Finn, D.A,,
Hammock, E.A.D, Lim, MM, 2019. Early-life sleep disruption increases

parvalbumin in primary somatosensory cortex and impairs social bonding in
prairie voles. Sci. Adv. 5, eaav5188. https://doi.org/10.1126 /sciadv.aav5188

Jones, M.J., Goodman, S.J., Kobor, M.S., 2015. DNA methylation and healthy human aging.
Aging Cell. https://doi.org/10.1111/acel.12349

Kain, ].S., Zhang, S., Akhund-Zade, ]J., Samuel, A.D.T., Klein, M., de Bivort, B.L., 2015.
Variability in thermal and phototactic preferences in Drosophila may reflect an
adaptive  bet-hedging strategy. Evolution (N. Y). 69, 3171-3185.
https://doi.org/10.1111/ev0.12813

Kanamori, A, Yamamura, A. Koshiba, S. Lee, ].-S., Orlando, E.F.,, Hori, H., 2006.
Methyltestosterone efficiently induces male development in the self-fertilizing

hermaphrodite fish, Kryptolebias marmoratus. Genesis 44, 495-503.
https://doi.org/10.1002/dvg.20240

Kandler, C., Richter, ]., Zapko-Willmes, A., 2017. Genetic basis of traits, in: Encyclopedia
248



of Personality and Individual Differences. Springer International Publishing, Cham,
pp. 1-13. https://doi.org/10.1007/978-3-319-28099-8_1473-1

Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y., Morishima, K, 2017. KEGG: New
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. 45,
D353-D361. https://doi.org/10.1093 /nar/gkw1092

Kanehisa, M., Sato, Y., Furumichi, M., Morishima, K., Tanabe, M., 2019. New approach for
understanding genome variations in KEGG. Nucleic Acids Res. 47, D590-D595.
https://doi.org/10.1093 /nar/gky962

Kanehisa, M., Susumu, G., 2000. KEGG: Kyoto Encyclopedia of Genes and Genomes.
Nucleic Acids Res. 28, 27-30. https://doi.org/https://doi.org/10.1093 /nar/28.1.27

Kao, H.-T,, Li, P,, Chao, H.M,, Janoschka, S., Pham, K,, Feng, ]., Mcewen, B.S., Greengard, P.,
Pieribone, V.A.,, Porton, B. 2008. Early involvement of synapsin III in neural

progenitor cell development in the adult hippocampus. J. Comp. Neurol. 507, 1860-
1870. https://doi.org/10.1002/cne.21643

Karamyan, V.T., Speth, R.C, 2008. Animal models of BMAA neurotoxicity: A critical
review. Life Sci. 82, 233-46. https://doi.org/10.1016/].LFS.2007.11.020

Karlsson, O., Lindquist, N.G., Brittebo, E.B., Roman, E., 2009a. Selective brain uptake and
behavioral effects of the cyanobacterial toxin BMAA (3-N-methylamino-L-alanine)
following neonatal administration to rodents. Toxicol. Sci. 109, 286-295.
https://doi.org/10.1093 /toxsci/kfp062

Karlsson, O., Roman, E., Brittebo, E.B., 2009b. Long-term cognitive impairments in adult
rats treated neonatally with 3-N-methylamino-L-alanine. Toxicol. Sci. 112, 185-195.
https://doi.org/10.1093 /toxsci/kfp196

Karp, N.A, 2018. Reproducible preclinical research—Is embracing variability the
answer? PLOS Biol. 16, e2005413. https://doi.org/10.1371/journal.pbio.2005413

Kelleher, S.R,, Silla, A.].,, Byrne, P., 2018. Animal personality and behavioral syndromes in
amphibians: a review of the evidence, experimental approaches, and implications
for conservation. Artic. Behav. Ecol. Sociobiol. 72-79.
https://doi.org/10.1007 /s00265-018-2493-7

Keller, T.E., Han, P,, Yi, S. V, 2016. Evolutionary Transition of Promoter and Gene Body
DNA Methylation across Invertebrate-Vertebrate Boundary. Mol. Biol. Evol. 33,
1019-1028. https://doi.org/10.1093 /molbev/msv345

Kelley, ].L., Yee, M.-C.,, Brown, A.P., Richardson, R.R., Tatarenkov, A., Lee, C.C., Harkins,
T.T., Bustamante, C.D., Earley, R.L, 2016. The genome of the self-fertilizing
mangrove rivulus fish, Kryptolebias marmoratus : a model for studying phenotypic

plasticity and adaptations to extreme environments. Genome Biol. Evol. evw145.
https://doi.org/10.1093 /gbe/evw145

Kilvitis, H.J.,, Hanson, H., Schrey, AW, Martin, L.B.,, 2017. Epigenetic potential as a

mechanism of phenotypic plasticity in vertebrate range expansions. Integr. Comp.
Biol. 57, 385-395. https://doi.org/10.1093/icb/icx082

Kiskowski, M., Glimm, T. Moreno, N. Gamble, T. Chiari, Y., 2019. Isolating and
quantifying the role of developmental noise in generating phenotypic variation,
PLoS Computational Biology. https://doi.org/10.1371/journal.pcbi. 1006943

249



Kolakofsky, D., 2015. A short biased history of RNA viruses. RNA 21, 667.
https://doi.org/10.1261/RNA.049916.115

Kolberg, L., Raudvere, U., 2019. Interface to the “g:Profiler” Toolset.

Korosi, A. Naninck, E.F.G, Oomen, C.A., Schouten, M., Krugers, H. Fitzsimons, C,
Lucassen, P.J., 2012. Early-life stress mediated modulation of adult neurogenesis
and behavior. Behav. Brain Res. 227, 400-4009.
https://doi.org/10.1016/].BBR.2011.07.037

Korsten, P., Mueller, ].C., Hermannstadter, C., Bouwman, K.M., Dingemanse, N.]J., Drent,
PJ., Liedvogel, M., Matthysen, E., Van Oers, K., Van Overveld, T., Patrick, S.C., Quinn,
J.L., Sheldon, B.C., Tinbergen, ].M., Kempenaers, B., 2010. Association between DRD4
gene polymorphism and personality variation in great tits: A test across four wild
populations. Mol. Ecol. 19, 832-843. https://doi.org/10.1111/j.1365-
294X.2009.04518.x

Koupenova, M., Mick, E., Mikhalev, E., Benjamin, E.]., Tanriverdi, K., Freedman, J.E., 2015.
Sex differences in platelet toll-like receptors and their association with
cardiovascular risk factors HHS Public Access. Arter. Thromb Vasc Biol 35, 1030-
1037. https://doi.org/10.1161/ATVBAHA.114.304954

Kozul-Horvath, C.D., Zandbergen, F., Jackson, B.P., Enelow, R.I, Hamilton, ] W., 2012.
Effects of low-dose drinking water arsenic on mouse fetal and postnatal growth and
development. PLoS One 7, e38249. https://doi.org/10.1371/journal.pone.0038249

Krishnakumar, R., Blelloch, R.H., 2013. Epigenetics of cellular reprogramming. Curr.
Opin. Genet. Dev. 23, 548-55. https://doi.org/10.1016/j.gde.2013.06.005

Krueger, F., Andrews, S.R., 2011. Bismark: A flexible aligner and methylation caller for
Bisulfite-Seq applications. Bioinformatics 27, 1571-1572.
https://doi.org/10.1093 /bioinformatics/btr167

Kiiltz, D., 2015. Physiological mechanisms used by fish to cope with salinity stress. J. Exp.
Biol. 218, 1907-14. https://doi.org/10.1242 /jeb.118695

Kiltz, D., Li, J., Gardell, A., Sacchi, R,, 2013. Quantitative molecular phenotyping of gill
remodeling in a cichlid fish responding to salinity stress. Mol. Cell. Proteomics 12,
3962-75. https://doi.org/10.1074/mcp.M113.029827

Kiiltz, D., Li, J., Paguio, D., Pham, T., Eidsaa, M., Almaas, E., 2015. Population-specific renal
proteomes of marine and freshwater three-spined sticklebacks. J. Proteomics 135,
112-131. https://doi.org/10.1016/j.jprot.2015.10.002

Kurikawa, T., Haga, T., Handa, T., Harukuni, R., Fukai, T., 2018. Neuronal stability in
medial frontal cortex sets individual variability in decision-making. Nat. Neurosci.
21,1764-1773. https://doi.org/10.1038/s41593-018-0263-5

Lacal, I, Ventura, R, 2018. Epigenetic Inheritance: Concepts, Mechanisms and
Perspectives. Front. Mol. Neurosci. 11. https://doi.org/10.3389/fnmol.2018.00292

Lage, S. Annadotter, H. Rasmussen, U. Rydberg, S. 2015. Biotransfer of [(-N-
methylamino-L-alanine (BMAA) in a eutrophicated freshwater lake. Mar. Drugs 13,
1185-201. https://doi.org/10.3390/md13031185

Lage, S., Strom, L., Godhe, A., Rydberg, S., 2018. Kinetics of -N-methylamino-L-alanine

250



(BMAA) and 2, 4-diaminobutyric acid (DAB) production by diatoms: the effect of
nitrogen. Eur. J. Phycol. 54, 115-125.
https://doi.org/10.1080/09670262.2018.1508755

Lai, M., Huang, L., 2011. Effects of early life stress on neuroendocrine and
neurobehavior: Mechanisms and implications. Pediatr. Neonatol. 52, 122-129.
https://doi.org/10.1016/j.pedneo.2011.03.008

Laity, ].H., Lee, B.M., Wright, P.E., 2001. Zinc finger proteins: new insights into structural
and functional diversity. Curr. Opin. Struct. Biol. 11, 39-46.
https://doi.org/10.1016/S0959-440X(00)00167-6

Lardenoije, R., latrou, A., Kenis, G.,, Kompotis, K., Steinbusch, H.W.M., Mastroeni, D.,
Coleman, P., Lemere, C.A,, Hof, P.R,, van den Hove, D.L.A,, Rutten, B.P.F., 2015. The
epigenetics of aging and neurodegeneration. Prog. Neurobiol. 131, 21-64.
https://doi.org/10.1016/].PNEUROBIO.2015.05.002

Laugeray, A., Oummadi, A., Jourdain, C,, Feat, J., Meyer-Dilhet, G., Menuet, A., Plé, K., Gay,
M., Routier, S., Mortaud, S. Guillemin, G.J., 2018. Perinatal exposure to the
cyanotoxin -N-methylamino-l-alanine (BMAA) results in long-lasting behavioral
changes in offspring—potential involvement of DNA damage and oxidative stress.
Neurotox. Res. 33, 87-112. https://doi.org/10.1007 /s12640-017-9802-1

Laughlin, R.E., Grant, T.L., Williams, R.W., David Jentsch, J., 2011. Genetic dissection of
behavioral flexibility: reversal learning in mice. Biol. Psychiatry 69, 1109-1116.
https://doi.org/10.1016/j.biopsych.2011.01.014

Lazar, N.H., Nevonen, KA., O’connell, B., Mccann, C., O’'neill, RJ., Green, R.E., Meyer, T.].,
Okhovat, M., Carbone, L., 2018. Epigenetic maintenance of topological domains in
the highly rearranged gibbon genome. Genome Res. 28, 983-997.
https://doi.org/10.1101/gr.233874.117

Lea, AJ., Vilgalys, T.P., Durst, P.AP, Tung, ], 2017. Maximizing ecological and
evolutionary insight in bisulfite sequencing data sets. Nat. Ecol. Evol. 1, 1074-1083.
https://doi.org/10.1038/s41559-017-0229-0

Leandro-Garcia, L.J., Leskeld, S., Landa, 1., Montero-Conde, C., Lopez-Jiménez, E., Leton, R,,
Cascon, A, Robledo, M., Rodriguez-Antona, C., 2010. Tumoral and tissue-specific
expression of the major human B-tubulin isotypes. Cytoskeleton 67, 214-223.
https://doi.org/10.1002/cm.20436

Leblanc, D.M., Wood, C.M., Fudge, D.S., Wright, P.A.,, 2010. A fish out of water: gill and
skin remodeling promotes osmo- and ionoregulation in the mangrove Kkillifish

Kryptolebias marmoratus. Physiol. Biochem. Zool. 83, 932-49.
https://doi.org/10.1086/656307

Lee, ]J.-S., Raisuddin, S., Schlenk, D., 2008. Kryptolebias marmoratus (Poey, 1880): a
potential model species for molecular carcinogenesis and ecotoxicogenomics. J. Fish
Biol. 72, 1871-1889. https://doi.org/10.1111/j.1095-8649.2008.01818.x

Lee, S.-T., Wiemels, J.L.,, 2016. Genome-wide CpG island methylation and intergenic
demethylation propensities vary among different tumor sites. Nucleic Acids Res. 44,
1105-17. https://doi.org/10.1093 /nar/gkv1038

Legradi, ].B., Paolo, C. Di, Kraak, M.H.S., Geest, H.G. Van Der, Schymanski, E.L., Williams,
251



AlJ., etal, 2018. An ecotoxicological view on neurotoxicity assessment. Environ. Sci.
Eur. 30-46. https://doi.org/10.1186/s12302-018-0173-x

Lennartsson, A., Ekwall, K., 2009. Histone modification patterns and epigenetic codes.
Biochim. Biophys. Acta - Gen. Subj. 1790, 863-868.
https://doi.org/10.1016/].BBAGEN.2008.12.006

Lev Maor, G., Yearim, A., Ast, G., 2015. The alternative role of DNA methylation in splicing
regulation. Trends Genet. 31, 274-80. https://doi.org/10.1016/j.tig.2015.03.002

Levitis, D.A., Lidicker, W.Z., Freund, G., 2009. Behavioural biologists do not agree on
what constitutes behaviour. Anim. Behav. 78, 103-110.
https://doi.org/10.1016/j.anbehav.2009.03.018

Lewerenz, ]., Maher, P., 2015. Chronic glutamate toxicity in neurodegenerative diseases-
What is the evidence? Front. Neurosci. 9, 469.
https://doi.org/10.3389/fnins.2015.00469

Lewis, E.L., 1980. The Practical Salinity Scale 1978 and its antecedents. IEEE ]. Ocean.
Eng. 5, 3-8.

Lewontin, R.C.,, Lewontin, R.C., 2000. The triple helix : gene, organism, and environment.
Harvard University Press.

Li, C.-Y, Yang, Y., Lee, P.-Y,, Hsu, Y., 2014. Opponent familiarity and contest experience
jointly influence contest decisions in Kryptolebias marmoratus. Front. Zool. 11, 1-
12. https://doi.org/10.1186/s12983-014-0092-7

Li, E., Bestor, T.H., Jaenisch, R., 1992. Targeted mutation of the DNA methyltransferase
gene results in embryonic lethality. Cell 69, 915-926.
https://doi.org/10.1016/0092-8674(92)90611-F

Li, H,, Lu, M,, Liu, X,, 2018. Zinc-finger proteins in brain development and mental illness.
Mini Rev. ]. Transl. Neurosci. Cit. 3, 1-4. https://doi.org/10.21767/2573-
5349.100017

Li, Y., Suontama, M., Burdon, R.D. Dungey, H.S., 2017. Genotype by environment
interactions in forest tree breeding: review of methodology and perspectives on
research and application. Tree Genet. Genomes 13, 60.
https://doi.org/10.1007/s11295-017-1144-x

Lind, M.I,, Spagopoulou, F., 2018. Evolutionary consequences of epigenetic inheritance.
Heredity (Edinb). 121, 205-209. https://doi.org/10.1038/s41437-018-0113-y

Lins, L.S.F., Trojahn, S., Sockell, A., Yee, M.-C., Tatarenkov, A., Bustamante, C.D., Earley,
R.L., Kelley, ]J.L, 2017. Whole-genome sequencing reveals the extent of
heterozygosity in a preferentially self-fertilizing hermaphroditic vertebrate.
Genome gen-2017-0188. https://doi.org/10.1139/gen-2017-0188

Liu, H., Sadygov, R.G., Yates, ].R., 2004. A model for random sampling and estimation of
relative protein abundance in shotgun proteomics. Anal. Chem. 76, 4193-4201.
https://doi.org/10.1021/ac0498563

Lobner, D., Piana, P.M.T., Salous, A.K,, Peoples, RW., 2007. 3-N-methylamino-l-alanine
enhances neurotoxicity through multiple mechanisms. Neurobiol. Dis. 25, 360-366.
https://doi.org/10.1016/j.nbd.2006.10.002

252



Lomax, ]J.L,, Carlson, R.E., Wells, ].W., Crawford, P.M., Earley, R.L., 2017. Factors affecting
egg production in the selfing mangrove rivulus (Kryptolebias marmoratus). Zoology
122, 38-45. https://doi.org/10.1016/].Z00L.2017.02.004

Lopez-Camarillo, C., Aréchaga, E. (Eds.), 2013. Oncogenomics and cancer proteomics -
Novel approaches in biomarkers discovery and therapeutic targets in cancer.
InTech. https://doi.org/10.5772/1745

Lopez, LK, Davis, AR, Wong, M.Y.L.,, 2018. Behavioral interactions under multiple
stressors: temperature and salinity mediate aggression between an invasive and a
native fish. Biol. Invasions 20, 487-499. https://doi.org/10.1007/s10530-017-
1552-8

Lorenz, O.T., Riccobono, S.A., Smith, P, 2016. Effects of salinity on the survival and
aggression of the invasive Rio Grande cichlid ( Herichthys cyanoguttatus ). Mar.
Freshw. Behav. Physiol. 49, 1-8. https://doi.org/10.1080/10236244.2015.1103957

Luco, R.F,, Allo, M,, Schor, L.E,, Kornblihtt, A.R,, Misteli, T., 2011. Epigenetics in alternative
pre-mRNA splicing. Cell 144, 16-26. https://doi.org/10.1016/j.cell.2010.11.056

Lynch, M., 2007. The origins of genome architecture. Associates, Sinauer.

MacDonald, K., 1985. Early experience, relative plasticity, and social development. Dev.
Rev. 5,99-121. https://doi.org/10.1016/0273-2297(85)90006-1

Mackey, S., Chaarani, B., Kan, K.-]., Spechler, P.A,, Orr, C., Banaschewski, T., Barker, G.,
Bokde, A.L.W,, Bromberg, U., Biichel, C., Cattrell, A., Conrod, P.]., Desrivieres, S., Flor,
H., Frouin, V., Gallinat, ]., Gowland, P., Heinz, A., Ittermann, B., Paillere Martinot, M.-
L., Artiges, E., Nees, F., Papadopoulos-Orfanos, D., Poustka, L., Smolka, M.N,, Jurk, S.,
Walter, H., Whelan, R., Schumann, G., Althoff, R.R., Garavan, H., IMAGEN Consortium,
2017. Brain regions related to impulsivity mediate the effects of early adversity on
antisocial behavior. Biol. Psychiatry 82, 275-282.
https://doi.org/10.1016/j.biopsych.2015.12.027

Mackiewicz, M., Tatarenkov, A., Perry, A., Martin, J.R,, Elder, ].F., Bechler, D.L., Avise, ].C,,
2006a. Microsatellite documentation of male-mediated outcrossing between inbred

laboratory strains of the self-fertilizing mangrove Killifish (Kryptolebias
marmoratus). J. Hered. 97, 508-513. https://doi.org/10.1093/jhered/esl017

Mackiewicz, M., Tatarenkov, A., Taylor, D.S., Turner, B.J., Avise, ].C.,, 2006b. Extensive
outcrossing and androdioecy in a vertebrate species that otherwise reproduces as a
self-fertilizing hermaphrodite.

Mackiewicz, M., Tatarenkov, A., Turner, B.]., Avise, ].C., 2006d. A mixed-mating strategy
in a hermaphroditic vertebrate. Proc. R. Soc. 273, 2449-52.
https://doi.org/10.1098/rspb.2006.3594

Marquez, ]., Lopez De La Oliva, A.R, Matés, .M. Segura, J.A., Alonso, F.J., 2006.
Glutaminase: A multifaceted protein not only involved in generating glutamate.
https://doi.org/10.1016/j.neuint.2005.10.015

Marquez, ]., Tosina, M., de la Rosa, V., Segura, J.A., Alonso, F.J., Matés, ].M., Campos-
Sandoval, J.A,, 2009. New insights into brain glutaminases: Beyond their role on
glutamatergic transmission. Neurochem. Int. 55, 64-70.
https://doi.org/10.1016/].NEUINT.2009.02.022

253



Marson, K.M.,, Taylor, D.S., Earley, R.L., 2019. Cryptic male phenotypes in the mangrove
rivulus fish, kryptolebias marmoratus. Biol. Bull. 236, 13-28.
https://doi.org/10.1086/700697

Martienssen, R, Lippman, Z., May, B, Ronemus, M., Vaughn, M., 2004. Transposons,
tandem repeats, and the silencing of imprinted genes. Cold Spring Harb. Symp.
Quant. Biol. 69, 371-379. https://doi.org/10.1101/sgqb.2004.69.371

Martins, C.ILM., Trenovski, M., Schrama, ].W., Verreth, J.A.]., 2006. Comparison of feed
intake behaviour and stress response in isolated and non-isolated African catfish. J.
Fish Biol. 69, 629-636. https://doi.org/10.1111/j.1095-8649.2006.01121.x

Mason, L.H., Harp, J.P., Han, D.Y., 2014. Pb neurotoxicity: neuropsychological effects of
lead toxicity. Biomed Res. Int. 1-8. https://doi.org/10.1155/2014 /840547

Matharu, N., Ahituv, N., 2015. Minor loops in major folds: enhancer-promoter looping,
chromatin restructuring, and their association with transcriptional regulation and
disease. PLOS Genet. 11, e1005640. https://doi.org/10.1371/journal.pgen.1005640

Mattick, J.S., 2018. The state of long non-coding RNA biology. Non-coding RNA 4.
https://doi.org/10.3390/ncrna4030017

McCann, K.S., 2000. The diversity-stability debate. Nature 405, 228-233.

Mcewen, B.S., Robinson, G.E., 2012. Brain on stress: How the social environment gets
under the skin. Proc Natl Acad Sci PNAS 109, 17180-17185.

McLean, P.J.,, Kawamata, H., Ribich, S., Hyman, B.T., 2000. Membrane association and
protein conformation of alpha-synuclein in intact neurons. Effect of Parkinson'’s
disease-linked mutations. J. Biol. Chem. 275, 8812-6.
https://doi.org/10.1074/]BC.275.12.8812

Mcnamara, J.M., Leimar, O., 2010. Variation and the response to variation as a basis for
successful  cooperation. Philos. Trans. R. Soc. B 365, 2627-2633.
https://doi.org/10.1098/rstb.2010.0159

Mehinto, A.C., Martyniuk, C.J., Spade, D.J., Denslow, N.D., 2012. Applications for next-
generation sequencing in fish ecotoxicogenomics. Front. Genet. 3, 62.
https://doi.org/10.3389/fgene.2012.00062

Melbinger, A. Vergassola, M., 2015. The impact of environmental fluctuations on
evolutionary fitness functions. Sci. Rep. 5, 15211.
https://doi.org/10.1038/srep15211

Mencarellj, C., Martinez-Martinez, P., 2013. Ceramide function in the brain: when a slight
tilt is enough. Cell. Mol. Life Sci. 70, 181-203. https://doi.org/10.1007/s00018-
012-1038-x

Mhanni, A.A., McGowan, R.A., 2004. Global changes in genomic methylation levels during
early development of the zebrafish embryo. Dev. Genes Evol. 214, 412-417.
https://doi.org/10.1007 /s00427-004-0418-0

Miczek, KA., Fish, EW.,, De Bold, J.F., 2003. Neurosteroids, GABAA receptors, and
escalated aggressive behavior. Horm. Behav. 44, 242-57.

Milanese, C., Sager, ].J., Bai, Q., Farrell, T.C., Cannon, ].R.,, Greenamyre, ].T., Burton, E.A,,
2012. Hypokinesia and reduced dopamine levels in zebrafish lacking 3- and y1-

254



synucleins. ]. Biol. Chem. 287, 2971-83. https://doi.org/10.1074 /jbc.M111.308312

Millot, S., Péan, S., Labbé, L., Kerneis, T., Quillet, E., Dupont-Nivet, M., Bégout, M.-L., 2014.
Behavior Genetics Assessment of Genetic Variability of Fish Personality Traits using
Rainbow Trout [sogenic Lines. Behav. Genet. 44, 383-393.
https://doi.org/10.1007/s10519-014-9652-z

Milosevic, 1., 2018. Revisiting the role of clathrin-mediated endoytosis in synaptic vesicle
recycling. Front. Cell. Neurosci. 12, 1-13.
https://doi.org/10.3389/fncel.2018.00027

Minelli, A., Fusco, G., 2010. Developmental plasticity and the evolution of animal complex
life cycles. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 365, 631-40.
https://doi.org/10.1098/rstb.2009.0268

Misra, B.B., Langefeld, C., Olivier, M., Cox, L.A., 2018. Integrated omics: tools, advances
and future approaches. J. Mol. Endocrinol. 62, 21-45. https://doi.org/10.1530/jme-
18-0055

Mitchell, E., Klein, S.L., Argyropoulos, K. V, Sharma, A., Chan, R.B., Toth, ].G., Barboza, L.,
Bavley, C., Bortolozzi, A., Chen, Q., Liu, B., Ingenito, ]J., Mark, W., Dudakov, J., Gross, S.,
Di Paolo, G., Artigas, F., van den Brink, M., Toth, M., 2016. Behavioural traits
propagate across generations via segregated iterative-somatic and gametic
epigenetic mechanisms. Nat. Commun. 7, 11492.
https://doi.org/10.1038/ncomms11492

Moarii, M., Boeva, V., Vert, ].-P., Reyal, F,, 2015. Changes in correlation between promoter
methylation and gene expression in cancer. BMC Genomics 16, 873.
https://doi.org/10.1186/s12864-015-1994-2

Modlmeier, A.P., Keiser, C.N., Wright, C.M.,, Lichtenstein, ].L., Pruitt, ].N., 2015. Integrating
animal personality into insect population and community ecology. Curr. Opin.
Insect Sci. 9, 77-85. https://doi.org/10.1016/].C0OIS.2015.03.008

Mommersteeg, P.M.C., Vermetten, E., Kavelaars, A., Geuze, E., Heijnen, C.J., 2008. Hostility
is related to clusters of T-cell cytokines and chemokines in healthy men.
Psychoneuroendocrinology 33, 1041-1050.
https://doi.org/10.1016/j.psyneuen.2008.05.007

Montag, C., 2014. The Brain Derived Neurotrophic Factor and Personality. Adv. Biol.
2014, 1-15. https://doi.org/10.1155/2014/719723

Montine, T.J., Li, K., Perl, D.P., Galasko, D., 2005. Lack of 3-methylamino-l-alanine in brain

from controls, AD, or Chamorros. Neurology 65.
https://doi.org/10.1212/01.wnl.0000174523.62022.52

Moore, ].B.,, Weeks, M.E., 2011. Proteomics and Systems Biology: Current and Future
Applications in the Nutritional Sciences 1. Adv. Nutr. 355-364.
https://doi.org/10.3945/an.111.000554.utilized

Mourabit, S., Edenbrow, M., Croft, D.P., Kudoh, T., 2011. Embryonic development of the
self-fertilizing mangrove Killifish Kryptolebias marmoratus. Dev. Dyn. 240, 1694-
1704. https://doi.org/10.1002/dvdy.22668

Mowles, S.L., Cotton, P.A,, Briffa, M., 2012. Consistent crustaceans: the identification of
stable behavioural syndromes in hermit crabs. Behav. Ecol. Sociobiol. 66, 1087-

255



1094. https://doi.org/10.1007 /s00265-012-1359-7

Mueller, ]J.C., Edelaar, P., Carrete, M., Serrano, D., Potti, |, Blas, ], Dingemanse, N.J.,
Kempenaers, B., Tella, ].L., 2014. Behaviour-related DRD4 polymorphisms in
invasive bird populations. Mol. Ecol. 23, 2876-2885.
https://doi.org/10.1111/mec.12763

Murch, S.J.,, Cox, P.A,, Banack, S.A., 2004. A mechanism for slow release of biomagnified
cyanobacterial neurotoxins and neurodegenerative disease in Guam. Proc. Natl.
Acad. Sci. U. S. A. 101, 12228-31. https://doi.org/10.1073 /pnas.0404926101

Murphy, D.D., Rueter, S.M. Trojanowski, J.Q., Lee, V.M., 2000. Synucleins are
developmentally expressed, and alpha-synuclein regulates the size of the
presynaptic vesicular pool in primary hippocampal neurons. J. Neurosci. 20, 3214-
20.

Myhre, O., Eide, D.M., Kleiven, S., Utkilen, H.C.,, Hofer, T., 2018. Repeated five-day
administration of L-BMAA, microcystin-LR, or as mixture, in adult C57BL/6 mice -

lack of adverse cognitive effects. Sci. Rep. 8, 2308.
https://doi.org/10.1038/s41598-018-20327-y

Nakagawa, S., Schielzeth, H., 2010. Repeatability for Gaussian and non-Gaussian data: A
practical guide for biologists. Biol. Rev. 85, 935-956.
https://doi.org/10.1111/j.1469-185X.2010.00141.x

Nakamura, Y., Suga, K., Sakakura, Y., Sakamoto, T., Hagiwara, A., 2008. Genetic and
growth differences in the outcrossings between two clonal strains of the self-
fertilizing mangrove killifish. Can. J. Zool. 86, 976-982.
https://doi.org/10.1139/7Z08-075

Neilson, K.A., Ali, N.A., Muralidharan, S., Mirzaei, M., Mariani, M., Assadourian, G., Lee, A.,
Van Sluyter, S.C., Haynes, P.A,, 2011. Less label, more free: Approaches in label-free

quantitative mass spectrometry. Proteomics 11, 535-553.
https://doi.org/10.1002/pmic.201000553

Nettle, D., Bateson, M., 2015. Adaptive developmental plasticity: what is it, how can we
recognize it and when can it evolve? Proc. R. Soc. B Biol. Sci. 282, 20151005.
https://doi.org/10.1098/rspb.2015.1005

Newman, T.K, Syagailo, Y. V., Barr, C.S., Wendland, ]J.R,, Champoux, M., Graessle, M.,
Suomi, S.J., Higley, ].D., Lesch, K.-P., 2005. Monoamine oxidase A gene promoter
variation and rearing experience influences aggressive behavior in rhesus monkeys.
Biol. Psychiatry 57, 167-172. https://doi.org/10.1016/].BIOPSYCH.2004.10.012

Newton, B.J., 1982. Early stress effects on growth and adult behavior in Poecilia
reticulata. Dev. Psychobiol. 15, 211-220. https://doi.org/10.1002 /dev.420150305

Ni, X,, Sicard, T. Bulgin, N. Bismil, R, Chan, K, McMain, S. Kennedy, ]J.L, 2007.
Monoamine oxidase A gene is associated with borderline personality disorder.
Psychiatr. Genet. 17, 153-157. https://doi.org/10.1097 /YPG.0b013e328016831c

Niemeld, P.T., DiRienzo, N., Hedrick, A. V. 2012. Predator-induced changes in the
boldness of naive field crickets, Gryllus integer, depends on behavioural type. Anim.
Behav. 84, 129-135. https://doi.org/10.1016/j.anbehav.2012.04.019

Noor, E. Cherkaoui, S. Sauer, U, 2019. Biological insights through omics data

256



integration. Curr. Opin. Syst. Biol. https://doi.org/10.1016/j.coisb.2019.03.007

Norouzitallab, P., Baruah, K., Biswas, P., Vanrompay, D., Bossier, P., 2016. Probing the
phenomenon of trained immunity in invertebrates during a transgenerational
study, using brine shrimp Artemia as a model system. Sci. Rep. 6, 21166.
https://doi.org/10.1038/srep21166

Norouzitallab, P., Baruah, K., Vandegehuchte, M., Van Stappen, G., Catania, F., Bussche, ].
Vanden, Vanhaecke, L., Sorgeloos, P., Bossier, P., 2014. Environmental heat stress

induces epigenetic transgenerational inheritance of robustness in parthenogenetic
Artemia model. FASEB J. 28, 3552-3563. https://doi.org/10.1096 /fj.14-252049

Norouzitallab, P., Baruah, K., Vanrompay, D., Bossier, P., 2019. Can epigenetics translate
environmental cues into phenotypes? Sci. Total Environ. 647, 1281-1293.
https://doi.org/10.1016/].SCITOTENV.2018.08.063

Norton, W.H.J., 2012. Measuring larval zebrafish behavior: locomotion, thigmotaxis, and
startle. Zebrafish Protoc. Neurobehav. Res. Neuromethods 66, 3-20.
https://doi.org/10.1007/978-1-61779-597-8_15

Nott, A., Meislin, S.H., Moore, M.J], 2003. A quantitative analysis of intron effects on
mammalian gene expression. RNA 9, 607-617.
https://doi.org/10.1261/rna.5250403

Nunn, P.B.,, 2017. 50 years of research on a-amino-f-methylaminopropionic acid (-
methylaminoalanine). Phytochemistry 144, 271-81.
https://doi.org/10.1016/].PHYTOCHEM.2017.10.002

O’Neil, J.M., Davis, T.W. Burford, M.A., Gobler, C.J., 2012. The rise of harmful
cyanobacteria blooms: The potential roles of eutrophication and climate change.
Harmful Algae 14, 313-334. https://doi.org/10.1016/].HAL.2011.10.027

Oers, K. Van, Mueller, ]J.C., 2010. Evolutionary genomics of animal personality. Philos.
Trans. R. Soc. B Biol. Sci. 365, 3991-4000. https://doi.org/10.1098/rstb.2010.0178

Old, W.M., Meyer-Arendt, K., Aveline-Wolf, L., Pierce, K.G., Mendoza, A., Sevinsky, ].R,,
Resing, K.A,, Ahn, N.G.,, 2005. Comparison of label-free methods for quantifying
human proteins by shotgun proteomics. Mol. Cell. Proteomics 4, 1487-1502.
https://doi.org/10.1074/mcp.M500084-MCP200

Oliveira, T.A., Idalencio, R., Kalichak, F., dos Santos Rosa, ]J.G., Koakoski, G., de Abreu, M.S.,
Giacomini, A.C.V., Gusso, D., Rosemberg, D.B., Barreto, R.E., Barcellos, L.J.G., 2017.
Stress responses to conspecific visual cues of predation risk in zebrafish. Peer] 5,
e3739. https://doi.org/10.7717 /peerj.3739

Olova, N., Krueger, F., Andrews, S., Oxley, D., Berrens, R. V., Branco, M.R,, Reik, W., 2018.
Comparison of whole-genome bisulfite sequencing library preparation strategies
identifies sources of biases affecting DNA methylation data. Genome Biol. 19, 33.
https://doi.org/10.1186/s13059-018-1408-2

Ong, S.-E., Blagoev, B., Kratchmarova, ., Kristensen, D.B., Steen, H., Pandey, A., Mann, M.,
2002. Stable isotope labeling by amino acids in cell culture, SILAC, as a simple and
accurate approach to expression proteomics. Mol. Cell. Proteomics 1, 376-86.
https://doi.org/10.1074/mcp.m200025-mcp200

Onselen, R. Van, Venables, L., Venter, M. Van De, Downing, T.G., 2018. § -N-Methylamino-
257



L-Alanine Toxicity in PC12: Excitotoxicity vs . Misincorporation 15-23.
https://doi.org/10.1007 /s12640-017-9743-8

Oosterom, N., Griffioen, P.H., den Hoed, M.A.H,, Pieters, R., de Jonge, R., Tissing, W.J.E,,
van den Heuvel-Eibrink, M.M., Heil, S.G., 2018. Global methylation in relation to

methotrexate-induced oral mucositis in children with acute lymphoblastic
leukemia. PLoS One 13, e0199574. https://doi.org/10.1371 /journal.pone.0199574

Orlando, E.F, 2012. Mangrove “killifish”: An exemplar of integrative biology:
Introduction to the symposium. Integr. Comp. Biol. 52, 721-723.
https://doi.org/10.1093/icb/ics103

Overli, O., Winberg, S., Pottinger, T.G., 2005. Behavioral and Neuroendocrine Correlates
of Selection for Stress Responsiveness in Rainbow. Integr. Comp. Biol. 45, 463-474.

Pagano, G., Ferrara, N., Brooks, D.]., Pavese, N., 2016. Age at onset and Parkinson disease
phenotype. Neurology 86, 1400-1407.
https://doi.org/10.1212/WNL.0000000000002461

Pan, C, Kumar, C., Bohl], S., Klingmueller, U., Mann, M., 2009. Comparative proteomic
phenotyping of cell lines and primary cells to assess preservation of cell type-
specific functions. Mol. Cell. Proteomics 8, 443-50.
https://doi.org/10.1074/mcp.M800258-MCP200

Pang, T.Y.C, Short, AK, Bredy, T.W. Hannan, AJ. 2017. Transgenerational paternal
transmission of acquired traits: Stress-induced modification of the sperm
regulatory transcriptome and offspring phenotypes. Curr. Opin. Behav. Sci. 14, 140-
147. https://doi.org/10.1016/j.cobeha.2017.02.007

Pantoja, C., Hoagland, A. Carroll, E. Karalis, V., Conner, A. Isacoff, E.Y., 2016.
Neuromodulatory regulation of behavioral individuality in zebrafish. Neuron 91,
587-601. https://doi.org/10.1016/j.neuron.2016.06.016

Park, C., Clements, K.N,, Issa, F.A.,, Ahn, S., 2018. Effects of Social Experience on the
Habituation Rate of Zebrafish Startle Escape Response: Empirical and
Computational Analyses. Front. Neural Circuits 12, 7.
https://doi.org/10.3389/fncir.2018.00007

Paun, O., Verhoeven, K.J.F., Richards, C.L., 2019. Opportunities and limitations of reduced
representation bisulfite sequencing in plant ecological epigenomics. New Phytol.
221,738-742. https://doi.org/10.1111/nph.15388

Pérez-Sanchez, ], Simo6-Mirabet, P., Naya-Catala, F., Martos-Sitcha, ]J.A., Perera, E,
Bermejo-Nogales, A., Benedito-Palos, L., Calduch-Giner, J.A., 2018. Somatotropic axis
regulation unravels the differential effects of nutritional and environmental factors
in growth performance of marine farmed fishes. Front. Endocrinol. (Lausanne). 9,
687. https://doi.org/10.3389/fendo0.2018.00687

Perlini, L.E.,, Benfenati, F., Cancedda, L. 2016. Synapsin IIl in brain development.
Oncotarget 7, 15288-9. https://doi.org/10.18632/oncotarget.8106

Pevsner, ]., Hsu, S.C., Scheller, R.H., 1994. n-Secl: a neural-specific syntaxin-binding
protein. Proc. Natl. Acad. Sci. U. S. A. 91, 1445-9.
https://doi.org/10.1073 /PNAS.91.4.1445

Pfeifer, G.P., Kadam, S, Jin, S., 2013. 5-hydroxymethylcytosine and its potential roles in

258



development and cancer. Epigenetics and Chromatin 6, 1-9.

Piersma, T., Drent, J., 2003. Phenotypic flexibility and the evolution of organismal design.
Trends Ecol. Evol. 18, 228-233. https://doi.org/10.1016/50169-5347(03)00036-3

Pinzdén-Olejua, A., Welte, C., Abdesselem, H., Malaga-Trillo, E., Stuermer, C.A.O., 2014.
Essential roles of zebrafish rtn4/Nogo paralogues in embryonic development.
Neural Dev. 9. https://doi.org/10.1186/1749-8104-9-8

Platt, S.R., 2007. The role of glutamate in central nervous system health and disease - A
review. Vet. J. 173, 278-286. https://doi.org/10.1016/].TV]JL.2005.11.007

Poey, F., 1880. Revisio piscium cubensium., Sociedad Espafiola de Historia Natural.

Polderman, T.J.C., Benyamin, B., de Leeuw, C.A,, Sullivan, P.F., van Bochoven, A., Visscher,
P.M.,, Posthuma, D., 2015. Meta-analysis of the heritability of human traits based on
fifty years of twin studies. Nat. Genet. 47, 702-709.
https://doi.org/10.1038/ng.3285

Popova, A.A,, Rasmussen, U., Semashko, T.A.,, Govorun, V.M., Koksharova, 0.A., 2018.
Stress effects of cyanotoxin (-methylamino-L-alanine (BMAA) on cyanobacterial
heterocyst formation and functionality. Environ. Microbiol. Rep. 10, 369-377.
https://doi.org/10.1111/1758-2229.12647

Powers, S., Kwok, S., Lovejoy, E., Lavin, T., Sher, R.,, 2017. Embryonic exposure to the
environmental neurotoxin BMAA negatively impacts early neuronal development
and progression of neurodegeneration in the Sod1-G93R zebrafish model of
amyotrophic lateral sclerosis. Toxicol. Sci. 157, kfx020.
https://doi.org/10.1093 /toxsci/kfx020

Price, T.D., 2006. Phenotypic plasticity, sexual selection and the evolution of colour
patterns. J. Exp. Biol. 209, 2368-2376. https://doi.org/10.1242 /jeb.02183

Price, T.D., Qvarnstrom, A., Irwin, D.E., 2003. The role of phenotypic plasticity in driving
genetic evolution. Proc. Biol. Sci. 270, 1433-40.
https://doi.org/10.1098/rspb.2003.2372

Purdie, Esme L., Metcalf, ].S., Kashmiri, S., Codd, G.A., 2009. Toxicity of the cyanobacterial
neurotoxin [3-N-methylamino-L-alanine to three aquatic animal species.
Amyotroph. Lateral Scler. 10, 67-70.
https://doi.org/10.3109/17482960903273551

Purdie, E L, Samsudin, S., Eddy, F.B., Codd, G.A., 2009a. Effects of the cyanobacterial
neurotoxin (-N-methylamino-L-alanine on the early-life stage development of
zebrafish (Danio rerio). Aquat. Toxicol. 95, 279-284.
https://doi.org/10.1016/j.aquatox.2009.02.009

Purdie, E L, Samsudin, S., Eddy, F.B., Codd, G.A., 2009b. Effects of the cyanobacterial
neurotoxin (-N-methylamino-L-alanine on the early-life stage development of
zebrafish (Danio rerio). Aquat. Toxicol. 95, 279-284.
https://doi.org/10.1016/j.aquatox.2009.02.009

Raderschall, C.A., Magrath, R.D., Hemmi, ].M., 2011. Habituation under natural
conditions: model predators are distinguished by approach direction. J. Exp. Biol.
214,4209-4216. https://doi.org/10.1242 /jeb.061614

259



Radley, ].J., Kabbaj, M., Jacobson, L., Heydendael, W., Yehuda, R.,, Herman, J.P., 2011.
Stress risk factors and stress-related pathology: Neuroplasticity, epigenetics and
endophenotypes. Stress 14, 481-497.
https://doi.org/10.3109/10253890.2011.604751

Radons, J., 2016. The human HSP70 family of chaperones: where do we stand? Cell
Stress Chaperones 21, 379-404. https://doi.org/10.1007 /s12192-016-0676-6

Rankin, C.H., Abrams, T., Barry, R.J., Bhatnagar, S., Clayton, D., Colombo, ]., Coppola, G.,
Geyer, M.A.,, Glanzman, D.L., Marsland, S., Mcsweeney, F., Wilson, D.A.,, Wu, C.-F,,
Thompson, R.F., 2009. Habituation Revisited: An Updated and Revised Description
of the Behavioral Characteristics of Habituation. Neurobiol Learn Mem 92, 135-
138. https://doi.org/10.1016/j.nlm.2008.09.012

Rao, K, Stone, M.C., Weiner, A.T., Gheres, KW., Zhou, C., Deitcher, D.L., Levitan, E.S., Rolls,
M.M,, 2016. Spastin, atlastin, and ER relocalization are involved in axon but not
dendrite regeneration. Mol. Biol. Cell 27, 3245-3256.
https://doi.org/10.1091/mbc.E16-05-0287

Rao, S.D. Banack, S.A. Cox, P.A., Weiss, ].H, 2006. BMAA selectively injures motor
neurons via AMPA/kainate receptor activation. Exp. Neurol. 201, 244-252.
https://doi.org/10.1016/j.expneurol.2006.04.017

Rasmussen, K.D., Helin, K, 2016. Role of TET enzymes in DNA methylation,
development, and cancer. Genes Dev. https://doi.org/10.1101/gad.276568.115

Rauk, A, 2018. BENEmethylamino@LPEalanine (BMAA) not involved in Alzheimer’s
disease. ]. Phys. Chem. 122, 4472-80.

Razin, A., Shemer, R., 1995. DNA methylation in early development. Hum. Mol. Genet. 4,
1751-1755. https://doi.org/10.1093 /hmg/4.suppl_1.1751

Réale, Denis, Dingemanse, N.J., Kazem, A.J.N., Wright, ]., 2010. Evolutionary and
ecological approaches to the study of personality. Philos. Trans. R. Soc. B 365,
3937-3946. https://doi.org/10.1098/rstb.2010.0222

Réale, D., Gallant, B.Y., Festa-Bianchet, M., 2000. Consistency of temperament in bighorn
ewes and correlates with behaviour and life history. Anim. Behav. 60, 589-597.
https://doi.org/10.1006/anbe.2000.1530

Réale, D., Garant, D., Humphries, M.M., Bergeron, P., Careau, V., Montiglio, P.O., 2010.
Personality and the emergence of the pace-of-life syndrome concept at the
population level. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 365, 4051-4063.
https://doi.org/10.1098/rstb.2010.0208

Réale, D., Reader, S.M,, Sol, D., McDougall, P.T., Dingemanse, N.J., 2007. Integrating animal
temperament within ecology and evolution. Biol. Rev. Camb. Philos. Soc. 82, 291-
318. https://doi.org/10.1111/j.1469-185X.2007.00010.x

Reiter, R.J., Manchester, L.C.,, Tan, D.-X,, 2010. Neurotoxins: free radical mechanisms and
melatonin protection. Curr. Neuropharmacol. 8, 194-210.
https://doi.org/10.2174/157015910792246236

Rey, S. Boltana, S., Vargas, R, Roher, N, MacKenzie, S., 2013. Combining animal
personalities with transcriptomics resolves individual variation within a wild-type
zebrafish population and identifies underpinning molecular differences in brain

260



function. Mol. Ecol. 22, 6100-6115. https://doi.org/10.1111/mec.12556

Rhee, ].-S., Choi, B.-S.,, Kim, J., Kim, B.-M,, Lee, Y.-M., Kim, 1.-C., Kanamori, A., Choi, L.-Y,,
Schartl, M,, Lee, ].-S., 2017. Diversity, distribution, and significance of transposable
elements in the genome of the only selfing hermaphroditic vertebrate Kryptolebias
marmoratus. Sci. Rep. 7, 40121. https://doi.org/10.1038/srep40121

Riancho, J., Bosque-Varela, P., Perez-Pereda, S., Povedano, M., de Munain, A.L., Santurtun,
A., 2018. The increasing importance of environmental conditions in amyotrophic
lateral sclerosis. Int. J. Biometeorol. 62, 1361-1374.
https://doi.org/10.1007 /s00484-018-1550-2

Richard, M., Yvert, G., 2014. How does evolution tune biological noise? Front. Genet. 5, 1-
8. https://doi.org/10.3389/fgene.2014.00374

Riggs, A.D.,, 1975. X inactivation, differentiation, and DNA methylation. Cytogenet.
Genome Res. 14, 9-25. https://doi.org/10.1159/000130315

Riggs, A.D., Porter, T.N,, 1996. Overview of Epigenetic Mechanisms, in: Epigenetic
Mechanisms of Gene Regulation. Cold Spring Harbor Monograph Archive, pp. 29-
45. https://doi.org/10.1101/087969490.32.29

Rocha, P.P., Raviram, R, Bonneau, R, Skok, J.A., 2015. Breaking TADs: insights into
hierarchical genome organization HHS Public Access. Epigenomics 7, 523-526.
https://doi.org/10.2217 /epi.15.25

Roche, D.G., Careau, V., Binning, S.A., 2016. Demystifying animal ‘personality’ (or not):
why individual variation matters to experimental biologists. ]J. Exp. Biol. 219, 3832-
3843. https://doi.org/10.1242 /jeb.146712

Roen, E.L, 2015. Bisphenol A exposure and behavioral problems among inner city
children at 7-9 years of age. Env. Res. 142, 739-745.
https://doi.org/10.1177/0333102415576222.1s

Romero, G., Giordana, C., Launay, M., Honnorat, J., Borg, M., Lebrun-Frénay, C., Thomas,
P, 2017. La maladie a anticorps IgLON5: une entité clinique nouvelle, forme
frontiere entre auto-immunité et neuro-dégénérescence. Rev. Neurol. (Paris). 173,
S179. https://doi.org/10.1016/].NEUROL.2017.01.348

Ross, P.L., Huang, Y.N., Marchese, ].N., Williamson, B., Parker, K., Hattan, S., Khainovski,
N, Pillaj, S., Dey, S., Daniels, S., Purkayastha, S., Juhasz, P., Martin, S., Bartlet-Jones,
M., Jacobson, A. Pappin, D.J, 2004. Multiplexed protein quantitation in
Saccharomyces cerevisiae using amine-reactive isobaric tagging reagents. Mol. Cell.
Proteomics 3, 1154-1169. https://doi.org/10.1074/mcp.M400129-MCP200

Rudin, F.S., Briffa, M., 2012. Is boldness a resource-holding potential trait? Fighting
prowess and changes in startle response in the sea anemone, Actinia equina. Proc.
R. Soc. B Biol. Sci. 279, 1904-1910. https://doi.org/10.1098 /rspb.2011.2418

Ruiz-Gomez, M. L.; Huntingford, F.A., 2012. Boldness and aggressiveness in early and late
hatchedthree-spined sticklebacks Gasterosteus aculeatus. J. Fish Biol. 81, 966-976.

Rust, M.B., 2015. Novel functions for ADF/cofilin in excitatory synapses - lessons from
gene-targeted mice. Commun. Integr. Biol. 8.
https://doi.org/10.1080/19420889.2015.1114194

261



Sachser, N., Hennessy, M.B,, Kaiser, S., 2011. Adaptive modulation of behavioural profiles

by social stress during early phases of life and adolescence. Neurosci. Biobehav.
Rev. 35, 1518-33. https://doi.org/10.1016/j.neubiorev.2010.09.002

Sakakura, Y., Soyano, K., Noakes, D.L.G., Hagiwara, A., 2006. Gonadal morphology in the
self-fertilizing mangrove Killifish, Kryptolebias marmoratus. Ichtyological Res. 53,
427-430. https://doi.org/10.1007/s10228-006-0362-2

Sakurai, M., Sekiguchi, M., Zushida, K., Yamada, K., Nagamine, S., Kabuta, T., Wada, K,
2008. Reduction in memory in passive avoidance learning, exploratory behaviour
and synaptic plasticity in mice with a spontaneous deletion in the ubiquitin C-
terminal  hydrolase L1 gene. Eur. J. Neurosci. 27, 691-701.
https://doi.org/10.1111/j.1460-9568.2008.06047.x

Salierno, ]J.D., 2005. Harmful algal bloom stressors alter behavior and brain activity in
the killifish, Fundulus heteroclitus. University of Maryland.

Salim, S., 2017. Oxidative stress and the central nervous system. J. Pharmacol. Exp. Ther.
360, 201-205. https://doi.org/10.1124 /jpet.116.237503

Salonen, A., Peuhkuri, N., 2006. The effect of captive breeding on aggressive behaviour of
European grayling, Thymallus thymallus, in different contexts. Anim. Behav. 72,
819-825. https://doi.org/10.1016/].ANBEHAV.2005.12.012

Sampaio, A.L., Bianchini, A., 2002. Salinity effects on osmoregulation and growth of the
euryhaline flounder Paralichthys orbignyanus, Journal of Experimental Marine
Biology and Ecology.

Sanchez-Roige, S., Gray, ].C., MacKillop, J., Chen, C.H., Palmer, A.A., 2018. The genetics of
human personality. Genes, Brain Behav. 17, 1-13.
https://doi.org/10.1111/gbb.12439

Santiago, M., Matarredona, E.R., Machado, A., Cano, J., 2006. Acute perfusion of BMAA in
the rat’s striatum by in vivo microdialysis. Toxicol. Lett. 167, 34-39.
https://doi.org/10.1016/j.toxlet.2006.08.005

Scarsella, G.E., Gresham, ].D., Earley, R.L., 2018. Relationships between external sexually
dimorphic characteristics and internal gonadal morphology in a sex changing fish. ].
Zool. 305, 133-140. https://doi.org/doi:10.1111/jz0.12546

Schaefer, M., Pollex, T., Hanna, K., Tuorto, F., Meusburger, M., Helm, M., Lyko, F., 2010.
RNA methylation by Dnmt2 protects transfer RNAs against stress-induced cleavage.
Genes Dev. 24, 1590-1595. https://doi.org/10.1101/gad.586710

Schenk, S., Bannister, S.C., Sedlazeck, F.J., Anrather, D., Minh, B.Q., Bileck, A., Hartl, M., von
Haeseler, A. Gerner, C. Raible, F.,, Tessmar-Raible, K, 2019. Combined
transcriptome and proteome profiling reveals specific molecular brain signatures
for sex, maturation and circalunar clock phase. Elife 8.

https://doi.org/10.7554/eLife.41556

Schoenfelder, S., Furlan-Magaril, M., Mifsud, B., Tavares-Cadete, F., Sugar, R,, Javierre, B.-
M., Nagano, T., Katsman, Y., Sakthidevi, M., Wingett, S.W., Dimitrova, E., Dimond, A.,
Edelman, L.B,, Elderkin, S., Tabbada, K., Darbo, E., Andrews, S., Herman, B., Higgs, A.,
Leproust, E., Osborne, C.S., Mitchell, J.A,, Luscombe, N.M., Fraser, P., 2015. The
pluripotent regulatory circuitry connecting promoters to their long-range

262



interacting elements. Genome Res. 25, 582-597.
https://doi.org/10.1101/gr.185272.114

Schofield, A., Bernard, 0., 2013. Tubulin polymerization promoting protein 1 (TPPP1): A
DNA-damage induced microtubule regulatory gene. Commun. Integr. Biol. 6,
e26316. https://doi.org/10.4161/cib.26316

Schreck, C.B., 2010. Stress and fish reproduction: The roles of allostasis and hormesis.
Gen. Comp. Endocrinol. 165, 549-556.
https://doi.org/10.1016/].YGCEN.2009.07.004

Schuett, W,, Dall, S.R.X.,, Baumer, J., 2011. &quot;Personality&quot; Variation in a Clonal
Insect Evolution of pace-of-life syndromes View project Evolution of sociality-

comparative and empirical evidence View project. Dev. Phsychobiology 53, 631-
640. https://doi.org/10.1002/dev.20538

Schuster, A.C., Carl, T., Foerster, K., 2017. Repeatability and consistency of individual
behaviour in juvenile and adult Eurasian harvest mice. Sci Nat 104.
https://doi.org/10.1007/s00114-017-1430-3

Scott, L., Downing, T., 2019. Dose-dependent adult neurodegeneration in a rat model
after neonatal exposure to 3-N-methylamino-L-alanine. Neurotox. Res. 35, 711-723.
https://doi.org/10.1007 /s12640-019-9996-5

Scott, L.L., Downing, T.G., 2017. A single neonatal exposure to BMAA in a rat model
produces neuropathology consistent with neurodegenerative diseases. Toxins
(Basel). 10, 18-23. https://doi.org/10.3390/toxins10010022

Seltmann, M.W., Helle, S., Htut, W.,, Lahdenpera, M., 2019. Males have more aggressive
and less sociable personalities than females in semi-captive Asian elephants. Sci.
Rep. 9, 2668. https://doi.org/10.1038/s41598-019-39915-7

Senner, N.R, Conklin, J.R, Piersma, T., 2015. An ontogenetic perspective on individual
differences. Proceedings. Biol. Sci. 282. https://doi.org/10.1098/rspb.2015.1050

Shaw, A.E., Bamburg, J.R.,, 2017. Peptide regulation of cofilin activity in the CNS: A novel
therapeutic approach for treatment of multiple neurological disorders. Pharmacol.
Ther. 175, 17-27. https://doi.org/10.1016/j.pharmthera.2017.02.031

Shi, W], Zhuang, Y., Russell, P.H., Hobbs, B.D., Parker, M.M., Castaldi, P.J]., Rudra, P,
Vestal, B., Hersh, C.P.,, Saba, L.M., Kechris, K., 2019. Unsupervised discovery of
phenotype-specific multi-omics networks. Bioinformatics.
https://doi.org/10.1093 /bioinformatics/btz226

Sih, A., 2011. Effects of early stress on behavioral syndromes: An integrated adaptive
perspective. Neurosci. Biobehav. Rev. 35, 1452-1465.
https://doi.org/10.1016/j.neubiorev.2011.03.015

Sih, A, Bell, A, Johnson, ].C., 2004. Behavioral syndromes: an ecological and evolutionary
overview. Trends Ecol. Evol. 19, 372-8. https://doi.org/10.1016/j.tree.2004.04.009

Sih, A, Bell, A, Johnson, ].C,, Ziemba, R.E., 2004. Behavioral syndromes: an integrative
overview. Q. Rev. Biol. 79, 241-277. https://doi.org/10.1086/516403

Sih, A., Bell, A.M., 2008. Insights for Behavioral Ecology from Behavioral Syndromes. Adv
Study Behav 3454. https://doi.org/10.1016/S0065-3454(08)00005-3.Insights

263



Sih, A, Cote, ]., Evans, M., Fogarty, S. Pruitt, ], 2012. Ecological implications of
behavioural syndromes. Ecol. Lett. 15, 278-89. https://doi.org/10.1111/j.1461-
0248.2011.01731.x

Sih, A., Mathot, K.J., Moir6n, M., Montiglio, P.O., Wolf, M., Dingemanse, N.J., 2015. Animal
personality and state-behaviour feedbacks: A review and guide for empiricists.
Trends Ecol. Evol. 30, 50-60.

Sih, A, Stamps, J., Yang, L.H., McElreath, R.,, Ramenofsky, M., 2010. Behavior as a key
component of integrative biology in a human-altered world. Integr. Comp. Biol. 50,
934-944. https://doi.org/10.1093/icb/icq148

Sih, A.,, Watters, J. V, 2005. The mix matters: behavioural types and group dynamics in
water striders, Behaviour.

Siklenka, K., Erkek, S., Godmann, M., Lambrot, R., Mcgraw, S., Lafleur, C., Cohen, T., Xia, ].,
Suderman, M., Hallett, M., Trasler, J., Peters, A.H.F.M., Kimmins, S., 2015. Disruption
of histone methylation in developing sperm impairs offspring health
transgenerationally. Science (80-. ). 350, 651-664.
https://doi.org/10.1126/science.aab2006

Silvestre, F., Gillardin, V., Dorts, ]J., 2012. Proteomics to assess the role of phenotypic

plasticity in aquatic organisms exposed to pollution and global warming. Integr.
Comp. Biol. 52, 681-94. https://doi.org/10.1093/icb/ics087

Singh, K., Lillevdli, K., Gilbert, S.F., Bregin, A., Narvik, J., Jayaram, M., Rahi, M., Innos, ].,
Kaasik, A., Vasar, E., Philips, M.-A., 2018. The combined impact of IgLON family
proteins Lsamp and Neurotrimin on developing neurons and behavioral profiles in
mouse. Brain Res. Bull. 140, 5-18.
https://doi.org/10.1016/].BRAINRESBULL.2018.03.013

Smith, V.H., 2003. Eutrophication of freshwater and coastal marine ecosystems a global
problem. Environ. Sci. Pollut. Res. 10, 126-139.
https://doi.org/10.1065/espr2002.12.142

Sneddon, L.U., Margareto, J., Cossins, A.R., 2005. The use of transcriptomics to address
questions in behaviour: production of a suppression subtractive hybridisation
library from dominance hierarchies of rainbow trout. Physiol. Biochem. Zool. 78,
695-705. https://doi.org/10.1086/432141

Sneddon, L.U., Schmidt, R., Fang, Y., Cossins, A.R,, 2011. Molecular correlates of social
dominance: A novel role for ependymin in aggression. PLoS One 6, e18181.
https://doi.org/10.1371/journal.pone.0018181

Snell-Rood, E.C,, 2013. An overview of the evolutionary causes and consequences of
behavioural plasticity. Anim. Behav. 85, 1004-1011.
https://doi.org/10.1016/j.anbehav.2012.12.031

Snyder, L.R.,, Cruz-Aguado, R., Sadilek, M., Galasko, D., Shaw, C.A., Montine, T.J., 2009.
Lack of cerebral BMAA in human cerebral cortex. Neurology 72, 1360-1.
https://doi.org/10.1212/WNL.0b013e3181a0fed1

Soto, C.G., Leatherland, ]J.,, G Noakes, D.L., Leatherland, ]J.F., D David L. G Noakes, A.N,,
histology, G., 1992. Gonadal histology in the self-fertilizing hermaphroditic fish
Rivulus marmoratus (Pisces, Cyprinodontidae) . Can. ]J. Zool. 70, 2338-2347.

264



https://doi.org/10.1139/292-314

Soto, C.G., Noakes, D.L.G., 1994. Coloration and gender in the hermaphroditic fish Rivulus
marmoratus Poey (Teleostei: Rivulidae). ). Icthyol. Explor. Freshwaters 5, 79-90.

Spangler, S.A., Hoogenraad, C.C., 2007. Liprin-a proteins: scaffold molecules for synapse
maturation. Biochem. Soc. Trans. 35, 1278-1282.

Spencer, C.M., Alekseyenko, O., Serysheva, E., Yuva-Paylor, L.A., Paylor, R., 2005. Altered
anxiety-related and social behaviors in the Fmr1 knockout mouse model of fragile X
syndrome. Genes, Brain Behav. 4, 420-430. https://doi.org/10.1111/j.1601-
183X.2005.00123.x

Sri Krishna, S., Majumdar, I, Grishin, N. V, 2003. Suvey and summary: Structural
classification on zinc fingers. Nucleic Acids Res. 31, 532-550.
https://doi.org/10.1093 /nar/gkgl61

Stamps, J., Groothuis, T.G.G., 2010. The development of animal personality: relevance,
concepts and perspectives. Biol. Rev. Camb. Philos. Soc. 85, 301-25.
https://doi.org/10.1111/j.1469-185X.2009.00103.x

Stamps, J.A., Groothuis, T.G.G., 2010. Developmental perspectives on personality:
implications for ecological and evolutionary studies of individual differences.
Philos. Trans. R. Soc. B Biol. Sci. 365, 4029-4041.
https://doi.org/10.1098/rstb.2010.0218

Stamps, J.A., Krishnan, V. V., 2014. Individual differences in the potential and realized
developmental plasticity of personality traits. Front. Ecol. Evol. 2, 69.
https://doi.org/10.3389/fevo.2014.00069

Stearns, Stephen C. 1989. The evolutionary Ssgnificance of phenotypic plasticity.
Bioscience 39, 436-445. https://doi.org/10.2307/1311135

Stearns, S C, 1989. Trade-offs in life-history evolution. Funct. Ecol. 3, 259-268.

Stedman, Edgar, Stedman, Ellen, 1950. Cell Specificity of Histones. Nature 166, 780-781.
https://doi.org/10.1038/166780a0

Stern, S., Kirst, C, Bargmann, C.I, 2017. Neuromodulatory control of long-term
behavioral patterns and individuality across development. Cell 171, 1649-1662.e10.
https://doi.org/10.1016/j.cell.2017.10.041

Stockwell, P.A., Chatterjee, A., Rodger, E.J., Morison, .M., 2014. DMAP: Differential
methylation analysis package for RRBS and WGBS data. Bioinformatics 30, 1814-
1822. https://doi.org/10.1093 /bioinformatics/btul26

Suarez, E.C.,, Lewis, ].G., Krishnan, R.R, Young, K.H., 2004. Enhanced expression of
cytokines and chemokines by blood monocytes to in vitro lipopolysaccharide
stimulation are associated with hostility and severity of depressive symptoms in
healthy women. Psychoneuroendocrinology 29, 1119-1128.
https://doi.org/10.1016/j.psyneuen.2004.01.002

Sukardi, H., Ung, C.Y., Gong, Z., Lam, S.H., 2010. Incorporating Zebrafish Omics into
Chemical Biology and Toxicology. Zebrafish 7.

Sun, Z., Gitler, A.D., 2008. Discovery and characterization of three novel synuclein genes
in zebrafish. Dev. Dyn. 237, 2490-2495. https://doi.org/10.1002 /dvdy.21569

265



Sung, W. Ackerman, M.S., Miller, S.F., Doak, T.G., Lynch, M. 2012. Drift-barrier
hypothesis and mutation-rate evolution. Proc. Natl. Acad. Sci. U. S. A. 109, 18488-
92. https://doi.org/10.1073 /pnas.1216223109

Surinova, S., Schiess, R., Hiittenhain, R., Cerciello, F., Wollscheid, B., Aebersold, R., 2011.
On the development of plasma protein biomarkers. ]J. Proteome Res. 10, 5-16.
https://doi.org/10.1021/pr1008515

Swulius, M.T., Waxham, M.N., 2008. Ca 2+ /Calmodulin-dependent Protein Kinases. Cell.
Mol. Life Sci. 65, 2637-2657. https://doi.org/10.1007 /s00018-008-8086-2

Takenawa, T., Suetsugu, S., 2007. The WASP-WAVE protein network: connecting the
membrane to the cytoskeleton. Nat. Rev. Mol. Cell Biol. 8, 37-48.
https://doi.org/10.1038/nrm2069

Tatarenkov, A., Earley, R.L., Perlman, B.M., Taylor, D.S., Turner, B.]., Avise, ].C., 2015.
Genetic Subdivision and Variation in Selfing Rates Among Central American
Populations of the Mangrove Rivulus , Kryptolebias marmoratus. J. Hered. 276-284.

https://doi.org/10.5061/dryad.528nm

Tatarenkov, A., Earley, R.L., Taylor, D.S., Avise, ].C., 2012. Microevolutionary Distribution
of Isogenicity in a Self-fertilizing Fish (Kryptolebias marmoratus) in the Florida
Keys. Integr. Comp. Biol. 52, 1-10. https://doi.org/10.1093/icb/ics075

Tatarenkov, A., Gao, H., Mackiewicz, M., Taylor, D.S., Turner, B.]., Avise, ].C., 2007. Strong
population structure despite evidence of recent migration in a selfing

hermaphroditic vertebrate, the mangrove Kkillifish (Kryptolebias marmoratus). Mol.
Ecol. 16,2701-11. https://doi.org/10.1111/j.1365-294X.2007.03349.x

Tatarenkov, A., Lima, S.M.Q., Avise, ].C., 2011. Extreme homogeneity and low genetic
diversity in Kryptolebias ocellatus from south-eastern Brazil suggest a recent
foundation for this androdioecious fish population. ]J. Fish Biol. 79, 2095-2105.
https://doi.org/10.1111/j.1095-8649.2011.03155.x

Tatarenkov, A., Lima, S.M.Q., Earley, R.L., Berbel-Filho, W.M., Vermeulen, F.B.M., Taylor,
D.S., Marson, K., Turner, B.].,, Avise, ].C., 2017. Deep and concordant subdivisions in
the self-fertilizing mangrove Killifishes (Kryptolebias) revealed by nuclear and
mtDNA markers. Biol. J. Linn. Soc. 122, 558-578.
https://doi.org/10.1093 /biolinnean/blx103

Tatarenkov, A., Lima, S.M.Q., Taylor, D.S., Avise, ]J.C., 2009. Long-term retention of self-
fertilization in a fish clade. Proc. Natl. Acad. Sci. U. S. A. 106, 14456-9.
https://doi.org/10.1073/pnas.0907852106

Tatarenkov, A., Ring, B.C,, Elder, ].F., Bechler, D.L., Avise, ]J.C., 2010. Genetic composition
of laboratory stocks of the self-fertilizing fish Kryptolebias marmoratus: a valuable
resource for experimental research. PLoS One 5, e12863.
https://doi.org/10.1371/journal.pone.0012863

Taylor, D.S., 2012. Twenty-four years in the mud: What have we learned about the
natural history and ecology of the mangrove rivulus, Kryptolebias marmoratus?
Integr. Comp. Biol. 52, ics062-. https://doi.org/10.1093/icb/ics062

Taylor, D.S., 2000. Biology and ecology of rivulus marmoratus: new insights and a
review. Florida Sci. 63, 242-255.

266



Taylor, D.S., 1999. Rivulus marmoratus status review: consideration for listing under the
endangered species act.

Taylor, S., 2000. Biology and ecology of Rivulus marmoratus: new insights and a review.
Florida Sci. 63, 242-255.

Taylor, S.D., 1990. Adaptive specializations of the cyprinodont fish Rivulus marmoratus.
Florida Sci. 53, 239-248.

Tecalco-Cruz, A.C., Rios-Lopez, D.G., Vazquez-Victorio, G., Rosales-Alvarez, R.E., Macias-
Silva, M., 2018. Transcriptional cofactors Ski and SnoN are major regulators of the
TGF-B/Smad signaling pathway in health and disease. Signal Transduct. Target.
Ther. 3, 1-15. https://doi.org/10.1038/s41392-018-0015-8

The Gene Ontology Consortium, Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler,
H., Cherry, .M., Davis, A.P., Dolinski, K., Dwight, S.S., Eppig, ]J.T., Harris, M.A., Hill,
D.P., Issel-tarver, L., Kasarskis, A., Lewis, S., Matese, ].C., Richardson, ].E., Rubin, G.M.,
Sherlock, G., 2011. Gene Ontology : tool for the unification of biology. Nat. Genet. 25,
25-29. https://doi.org/10.1038/75556.Gene

Thomson, ].S., Watts, P.C., Pottinger, T.G., Sneddon, L.U., 2012. Plasticity of boldness in
rainbow trout, Oncorhynchus mykiss: do hunger and predation influence risk-
taking behaviour? Horm. Behav. 61, 750-757.
https://doi.org/0.1016/j.yhbeh.2012.03.014

Thomson, J.S., Watts, P.C., Pottinger, T.G., Sneddon, L.U., 2011. Physiological and genetic
correlates of boldness: Characterising the mechanisms of behavioural variation in
rainbow  trout, Oncorhynchus mykiss. Horm. Behav. 59, 67-74.
https://doi.org/10.1016/j.yhbeh.2010.10.010

Thoré, E.S.J., Steenaerts, L., Philippe, C., Grégoir, A.F., Brendonck, L., Pinceel, T., 2019.
Improving the reliability and ecological validity of pharmaceutical risk assessment:

Turquoise Killifish (Nothobranchius furzeri) as a model in behavioral ecotoxicology.
Environ. Toxicol. Chem. 38, 262-270. https://doi.org/10.1002 /etc.4301

Thorpe, W.H., 1956. Learning and instinct in animals. Methuen, London.

Tian, G., Cowan, N.J., 2013. Tubulin-specific chaperones: components of a molecular
machine that assembles the a/f heterodimer. Methods Cell Biol. 115, 155-71.
https://doi.org/10.1016/B978-0-12-407757-7.00011-6

Tica, J., Bradbury, E., Didangelos, A., 2018. Combined transcriptomics, proteomics and
bioinformatics identify drug targets in spinal cord injury. Int. ]J. Mol. Sci. 19, 1461.
https://doi.org/10.3390/ijms19051461

Tognini, P., Napoli, D., Pizzorusso, T., 2015. Dynamic DNA methylation in the brain: a
new epigenetic mark for experience-dependent plasticity. Front. Cell. Neurosci. 9,
331. https://doi.org/10.3389/fncel.2015.00331

Toms, N. C., Echevarria, D. ], and Jouandot, D.J, 2010. Methodological review of
personality-related studies in fish: Focus on the shy-bold axis of behavior. Int. J.
Comp. Psychol. 23, 1-25.

Toni, M., Cioni, C.,, 2015. Fish Synucleins: An Update. Mar. Drugs 13, 6665-6686.
https://doi.org/10.3390/md13116665

267



Turner, B.J., Fisher, M.T., Taylor, D.S., Davis, W.P., Jarrett, B.L., 2006. Evolution of
maleness ’ and outcrossing in a population of the self-fertilizing Killifish ,
<i>Kryptolebias marmoratus<i/>. Evol. Ecol. Res. 8, 1475-1486.

Urbano, A., Smith, ]J., Weeks, R.J., Chatterjee, A., 2019. Gene-specific targeting of DNA
methylation in the mammalian genome. Cancers (Basel).
https://doi.org/10.3390/cancers11101515

Valenzuela, N., Literman, R., Neuwald, ].L., Mizoguchi, B., Iverson, ].B., Riley, ].L., Litzgus,
J.D., 2019. Extreme thermal fluctuations from climate change unexpectedly
accelerate demographic collapse of vertebrates with temperature-dependent sex
determination. Sci. Rep. 9, 4254. https://doi.org/10.1038/s41598-019-40597-4

van ‘t Padje, S., Engels, B, Blonden, L., Severijnen, L.-A., Verheijen, F., Oostra, B.A,,
Willemsen, R., 2005. Characterisation of Fmrp in zebrafish: evolutionary dynamics
of the fmr1 gene. Dev. Genes Evol. 215, 198-206. https://doi.org/10.1007 /s00427-
005-0466-0

van de Velde, H.J.K.,, Roebroek, A.J.M., Senden, N.H.M., Ramaekers, F.C.S., Van de Ven,
W.J.M,, 1994. NSP-encoded reticulons, neuroendocrine protein of a novel gene
family associated with membranes of the endoplasmic reticulum. J. Cell Sci. 107,
2403-2416.

van der Graaf, A, Wardenaar, R, Neumann, D.A., Taudt, A, Shaw, R.G., Jansen, R.C,,
Schmitz, RJ., Colomé-Tatché, M. Johannes, F. 2015. Rate, spectrum, and

evolutionary dynamics of spontaneous epimutations. Proc. Natl. Acad. Sci. 112,
6676-6681. https://doi.org/10.1073 /pnas.1424254112

Van Holde, K.E. (Kensal E., Zlatanova, ., 2018. The evolution of molecular biology : the
search for the secrets of life.

van Onselen, R,, Venables, L., van de Venter, M., Downing, T.G., 2018. 3-N-methylamino-
L-alanine toxicity in PC12: excitotoxicity vs. misincorporation. Neurotox. Res. 33,
15-23. https://doi.org/10.1007/s12640-017-9743-8

Vandegehuchte, M.B., Janssen, C.R., 2011. Epigenetics and its implications for
ecotoxicology. Ecotoxicology 20, 607-24. https://doi.org/10.1007/s10646-011-
0634-0

Vega, A, Bell, E.A,, 1967. a-Amino-B-methylaminopropionic acid, a new amino acid from
seeds of Cycas circinalis. Phytochemistry 6, 759-62.
https://doi.org/10.1016/S0031-9422(00)86018-5

Verhulst, E.C., Mateman, A.C., Zwier, M. V,, Caro, S.P., Verhoeven, K.J.F., Van Oers, K., 2016.
Evidence from pyrosequencing indicates that natural variation in animal
personality is associated with DRD4 DNA methylation. Mol. Ecol. 25, 1801-1811.
https://doi.org/10.1111/mec.13519

Verstrepen, KJ., Jansen, A. Lewitter, F. Fink, G.R, 2005. Intragenic tandem repeats
generate functional variability. Nat. Genet. 37, 986-90.
https://doi.org/10.1038/ng1618

Viberg, H., 2009. Exposure to polybrominated diphenyl Ethers 203 and 206 during the
neonatal brain growth spurt affects proteins important for normal
neurodevelopment in mice. Toxicol. Sci. 109, 306-311.

268



https://doi.org/10.1093 /toxsci/kfp074

Vlachos, LI, Barbatis, C., Tsopanomichalou, M., Abou-Assabeh, L., Goumas, K., Ginieri-
Coccossis, M., Economou, M., Papadimitriou, G.N., Patsouris, E. Nicolopoulou-
Stamati, P., 2014. Correlation between depression, anxiety, and polymorphonuclear
cells’ resilience in ulcerative colitis: the mediating role of heat shock protein 70.
BMC Gastroenterol. 14, 77. https://doi.org/10.1186/1471-230X-14-77

Vogt, G., 2015. Stochastic developmental variation, an epigenetic source of phenotypic
diversity with far-reaching biological consequences. ]. Biosci. 40, 159-204.
https://doi.org/10.1007/s12038-015-9506-8

Vogt, G., Huber, M., Thiemann, M., van den Boogaart, G., Schmidt, 0.]., Schubart, C.D.,
2008. Production of different phenotypes from the same genotype in the same

environment by developmental variation. J. Exp. Biol. 211, 510-523.
https://doi.org/10.1242 /jeb.008755

Voisin, A.-S., Fellous, A. Earley, R.L., Silvestre, F, 2016. Delayed impacts of
developmental exposure to 17-a-ethinylestradiol in the self-fertilizing fish
Kryptolebias marmoratus. Aquat. Toxicol. 180, 247-257.
https://doi.org/10.1016/j.aquatox.2016.10.003

Voisin, A.-S., Kiltz, D., Silvestre, F., 2018. Early-life exposure to the endocrine disruptor
17-a-ethinylestradiol induces delayed effects in adult brain, liver and ovotestis
proteomes of a self-fertilizing fish. ]. Proteomics 194, 112-124.
https://doi.org/10.1016/].JPROT.2018.12.008

Volpato, G.L., Fernandes, M.0O., 1994. Social control of growth in fish. Artic. Brazilian J.
Med. Biol. Res. 27, 797-810.

Wang, H., Lou, D, Wang, Z., 2019. Crosstalk of genetic variants, allele-specific DNA
methylation, and environmental factors for complex disease risk. Front. Genet.
https://doi.org/10.3389/fgene.2018.00695

Wang, X.-D., Cortés, M.R,, Arthur, M., Der Kooij, V., Takahashi, A., Flanigan, M.E., Mcewen,
B.S., Russo, S.J., 2018. Aggression, social stress, and the immune system in humans

and animal models. Front. Behav. Neurosci. | www.frontiersin.org 12, 56.
https://doi.org/10.3389/fnbeh.2018.00056

Wang, X, Bhandari, RK, 2019. DNA methylation dynamics during epigenetic
reprogramming of  medaka embryo. Epigenetics 14, 611-622.
https://doi.org/10.1080/15592294.2019.1605816

Waters, R.M., Bowers, B.B., Burghardt, G.M., 2017. Personality and individuality in reptile
behavior, in: Personality in Nonhuman Animals. Springer International Publishing,
pp. 153-184. https://doi.org/10.1007/978-3-319-59300-5_8

Weeks, Stephen C, Benvenuto, C. Reed, S.K, 2006. When males and hermaphrodites

coexist: a review of androdioecy in animals. Integr. Comp. Biol. 46, 449-64.
https://doi.org/10.1093/icb/icj048

Weeks, Stephen C., Benvenuto, C., Reed, S.K., 2006. When males and hermaphrodites

coexist: A review of androdioecy in animals. Integr. Comp. Biol. 46, 449-464.
https://doi.org/10.1093/icb/icj048

Wilkins, M.R,, Sanchez, ].-C., Gooley, A.A., Appel, R.D., Humphery-Smith, 1., Hochstrasser,
269



D.F, Williams, K.L, 1996. Progress with proteome projects: Why all proteins
expressed by a genome should be identified and how to do it. Biotechnol. Genet.
Eng. Rev. 13, 19-50. https://doi.org/10.1080/02648725.1996.10647923

Willmore, K.E. Young, N.M., Richtsmeier, ].T., 2007. Phenotypic variability: Its

components, measurement and underlying developmental processes. Evol. Biol. 34,
99-120. https://doi.org/10.1007/s11692-007-9008-1

Wilson, A.J., de Boer, M., Arnott, G., Grimmer, A., 2011. Integrating personality research
and animal contest theory: Aggressiveness in the reen swordtail Xiphophorus
helleri. PLoS One 6, e28024. https://doi.org/10.1371/journal.pone.0028024

Winberg, S., Thornqvist, P.O., 2016. Role of brain serotonin in modulating fish behavior.
Curr. Zool. 62, 317-323. https://doi.org/10.1093 /cz/zow037

Wohr, M., Orduz, D., Gregory, P., Moreno, H., Khan, U., Vorckel, K.J., Wolfer, D.P., Welzl, H,,
Gall, D., Schiffmann, S.N., Schwaller, B., 2015. Lack of parvalbumin in mice leads to
behavioral deficits relevant to all human autism core symptoms and related neural

morphofunctional =~ abnormalities. = Transl. = Psychiatry 5, e525-e525.
https://doi.org/10.1038/tp.2015.19

Wolf, M., McNamara, J.M., 2012. On the evolution of personalities via frequency-
dependent selection. Am. Nat. 179, 679-692. https://doi.org/10.1086/665656

Wolf, M., van Doorn, G.S., Leimar, 0., Weissing, F.]., 2007. Life-history trade-offs favour
the evolution of animal personalities. Nature 447, 581-4.
https://doi.org/10.1038/nature05835

Wolf, M., Weissing, F.J., 2012. Animal personalities: consequences for ecology and
evolution. Trends Ecol. Evol. 27, 452-61.
https://doi.org/10.1016/j.tree.2012.05.001

Wolf, M., Zimmermann, A.-M., Gorlich, A., Gurniak, C.B., Sassoe-Pognetto, M., Friauf, E.,
Witke, W., Rust, M.B., 2015. ADF/Cofilin Controls Synaptic Actin Dynamics and
Regulates Synaptic Vesicle Mobilization and Exocytosis. Cereb. Cortex 25, 2863-
2875. https://doi.org/10.1093 /cercor/bhu081

Won, E.T., Borski, R.J.,, 2013. Endocrine regulation of compensatory growth in fish. Front.
Endocrinol. (Lausanne). 4, 74. https://doi.org/10.3389 /fendo.2013.00074

Wong, M.Y,, Liu, C.,, Wang, S.S.H., Roquas, A.C.F.,, Fowler, S.C., Kaeser, P.S., 2018. Liprin-a3
controls vesicle docking and exocytosis at the active zone of hippocampal synapses.
Proc. Natl. Acad. Sci. U. S. A. 115, 2234. https://doi.org/10.1073/PNAS.1719012115

Wood, M.A, Kaplan, M.P., Brensinger, C.M., Guo, W., Abel, T., 2005. Ubiquitin C-terminal
hydrolase L3 (Uchl3) is involved in working memory. Hippocampus 15, 610-621.
https://doi.org/10.1002 /hipo.20082

Wright, P.A.,, 2012. Environmental Physiology of the Mangrove Rivulus, Kryptolebias
marmoratus, A Cutaneously Breathing Fish That Survives for Weeks Out of Water.
Integr. Comp. Biol. 52. https://doi.org/10.1093/icb/ics091

Wu, H., Caffo, B., Jaffee, H.A,, Irizarry, R.A., Feinberg, A.P., 2010. Redefining CpG islands
using hidden Markov models. Biostatistics 11, 499-514.
https://doi.org/10.1093 /biostatistics /kxq005

270



Wu, S.-F., Zhang, H.,, Hammoud, S.S., Potok, M., Nix, D. a, Jones, D. a, Cairns, B.R,, 2011.
DNA methylation profiling in zebrafish. Methods Cell Biol. 104, 327-39.
https://doi.org/10.1016/B978-0-12-374814-0.00018-5

Wu, X, Reddy, D.S., 2012. Integrins as receptor targets for neurological disorders.
Pharmacol. Ther. 134, 68-81. https://doi.org/10.1016/j.pharmthera.2011.12.008

Wyatt, T.D., 2017. Animal behaviour : a very short introduction. Oxford University Press.

Xie, M., Wu, X,, He, C., Zhang, Jiexia, Zhang, Jinjun, 2015. Ski is silenced by methylation
and acts as tumor suppressor in non-small cell lung cancer. Oncotarget.
https://doi.org/10.18632/oncotarget.6583

Yang, Y.S., Strittmatter, S.M., 2007. The reticulons: a family of proteins with diverse
functions. Genome Biol. 8, 234. https://doi.org/10.1186/gb-2007-8-12-234

Yates, J.R., 2013. The revolution and evolution of shotgun proteomics for large-scale
proteome analysis. J. Am. Chem. Soc. 135, 1629-1640.
https://doi.org/10.1021/ja3094313

Yauk, C., Polyzos, A., Rowan-Carroll, A., Somers, C.M., Godschalk, R.W.,, Schooten, F.]. Van,
Lynn Berndt, M., Pogribny, I.P., Koturbash, 1., Williams, A., Douglas, G.R., Kovalchuk,
0., 2008. Germ-line mutations, DNA damage, and global hypermethylation in mice
exposed to particulate air pollution in an urban/industrial location. Proc. Natl. Acad.
Sci. 105, 605-610. https://doi.org/https://doi.org/10.1073 /pnas.0705896105

Ye, C, Li, L., 2014. 5-hydroxymethylcytosine: A new insight into epigenetics in cancer.
Cancer Biol. Ther. 15, 10-15. https://doi.org/10.4161/CBT.27144

Ye, X.,, Wang, H., Chen, P., Fu, B, Zhang, M., Li, ], Zheng, X,, Tan, B., Feng, ]J., 2017.
Combination of iTRAQ proteomics and RNA-seq transcriptomics reveals multiple
levels of regulation in phytoplasma-infected Ziziphus jujuba Mill. Hortic. Res. 4.
https://doi.org/10.1038/hortres.2017.80

Yegambaram, M., Manivannan, B., Beach, T.G., Halden, R.U., 2015. Role of environmental
contaminants in the etiology of Alzheimer’s disease: a review. Curr. Alzheimer Res.
12, 116-46. https://doi.org/10.2174/1567205012666150204121719

Yousefian, M., Shirzad, E., 2011. The review of the effect of growth hormone on immune
system, metabolism and osmoregulation of fish. Aust. J. Basic Appl. Sci. 5, 467-475.

Zaia, K.A., Reimer, R.J., 2009. Synaptic Vesicle Protein NTT4/XT1 (SLC6A17) Catalyzes
Na+-coupled Neutral Amino Acid Transport. ]. Biol. Chem. 284, 8439-48.
https://doi.org/10.1074/jbc.M806407200

Zarranz, ].J., Alegre, ]., Gomez-Esteban, ].C., Lezcano, E., Ros, R, Ampuero, 1., Vidal, L.,
Hoenicka, J., Rodriguez, O., Atarés, B., Llorens, V., Tortosa, E.G., del Ser, T., Mufioz,
D.G., de Yebenes, ].G., 2004. The new mutation, E46K, of a-synuclein causes
parkinson and Lewy body dementia. Ann. Neurol. 55, 164-173.
https://doi.org/10.1002/ana.10795

Zeng, H., Gifford, D.K,, 2017. Predicting the impact of non-coding variants on DNA
methylation. Nucleic Acids Res. 45, €99. https://doi.org/10.1093 /nar/gkx177

Zhang, B., Sun, L., 2015. Tongue sole (Cynoglossus semilaevis) prothymosin alpha:
Cytokine-like activities associated with the intact protein and the C-terminal region

271



that lead to antiviral immunity via Myd88-dependent and -independent pathways
respectively. Dev. Comp. Immunol. 53, 96-104.
https://doi.org/10.1016/j.dci.2015.07.004

Zhang, ], Cai, T., Zhao, F., Yao, T., Chen, Y., Liu, X,, Luo, W., Chen, J., 2012. The role of a-
synuclein and tau hyperphosphorylation-mediated autophagy and apoptosis in

lead-induced learning and memory injury. Int. J. Biol. Sci. 8, 935-44.
https://doi.org/10.7150/ijbs.4499

Zhao, H., Chen, M., Valdés, A, Lind, S.B., Pettersson, U, 2019. Transcriptomic and
proteomic analyses reveal new insights into the regulation of immune pathways

during adenovirus type 2 infection. BMC  Microbiol. 19, 15.
https://doi.org/10.1186/s12866-018-1375-5

Zhao, J., Zhuy, Y., Yang, |, Li, L., Wu, H., Jager, P.L. De, Jin, P., Bennett, D.A., 2017. A genome-
wide profiling of brain DNA hydroxymethylation in Alzheimer’s disease.
Alzheimer’s Dement. J. Alzheimer’s Assoc. 13, 674-688.
https://doi.org/10.1016/].JALZ.2016.10.004

Ziegler, C., Richter, ]., Mahr, M., Gajewska, A., Schiele, M.A., Gehrmann, A., Schmidt, B,
Lesch, K.-P.,, Lang, T., Helbig-Lang, S., Pauli, P., Kircher, T., Reif, A., Rief, W., Vossbeck-
Elsebusch, A.N., Arolt, V., Wittchen, H.-U.,, Hamm, A.O., Deckert, ].,, Domschke, K,
2016. MAOA gene hypomethylation in panic disorder-reversibility of an epigenetic
risk  pattern by psychotherapy. Transl Psychiatry 6, e773.
https://doi.org/10.1038/tp.2016.41

Zilberman, D., Henikoff, S., 2005. Epigenetic inheritance in Arabidopsis: selective silence.
Curr. Opin. Genet. Dev. 15, 557-562. https://doi.org/10.1016/].GDE.2005.07.002

Zubarev, R.A., 2013. The challenge of the proteome dynamic range and its implications
for in-depth proteomics. Proteomics 13, 723-726.
https://doi.org/10.1002/pmic.201200451

Zucca, F.A., Basso, E., Cupaioli, F.A., Ferrari, E., Sulzer, D., Casella, L., Zecca, L., 2014.
Neuromelanin of the human substantia nigra: an update. Neurotox. Res. 25, 13-23.
https://doi.org/10.1007 /s12640-013-9435-y

Zupanc, G.K.H., 2009. Towards brain repair: Insights from teleost fish. Semin. Cell Dev.
Biol. 20, 683-690. https://doi.org/10.1016/j.semcdb.2008.12.001

272



ACKNOWLEDGMENTS

I would like to thank the FRS-FNRS (Belgian National Fund for Scientific
Research) for funding these 4 years of PhD (research grant N°T.0174.14 dedicated to
epigenetics in the mangrove rivulus and a PhD fellowship).

In the following lines, I would like to warmly thank people that [ didn’t thank in
the official aknowledgments of each publication. A thesis is a considerable personal
investment and it was possible thanks to many people who helped, advised and
supported me.

First, I would like to thank my advisor, Frédéric Silvestre, who gave me the taste
of scientific research during my master thesis. After being my professor and my master
thesis advisor, you helped me to write my FNRS project that [ am sure [ would not have
had without you. You are always enthusiastic about new scientific questions and
experiments to perform (sometimes too enthusiastic though :p), you share your passion
and the taste of research, you always push your team to work rigorously hard which is
mandatory when you are progressing in science. Thank you for giving me the
opportunity to participate to scientific congresses such as the ISBE conference in
Minneapolis (where we had a great time) or to go to Davis for a research stay to perform
proteomic analyses. Thanks for your trust, I learned a lot during these four years such as
how to build a behavioral laboratory starting from nothing, how to manage many
students and their own scientific projects at the same time, how to write a scientific
publication in english, how to properly share my results during talks or how to perform
research from A to Z. You are an excellent advisor and [ wish you to have more time to
do research with your team even if [ know that you love teaching.

I would like to thank my co-advisor, Mathieu Denoél, for the interest you
manifested in our research as well as showing us Ethovision, this amaizing tool to easily
analyze videos and get behavioral data in a reasonable time. Thank you for trying to be
present at most of the important steps of my PhD thesis and for your expertise in
behavioral studies that we were lacking of at the beginning.

The most important contributors to this project are the mangrove killifish, the
only smiling fish that I know! Therefore, thank you to all people who took care of them:
our students, Elodie, Anne-So, Alex, Enora, Antoine, Valentine, Victoria, Ivan and many
others. Thank you to Pr. Ryan L. Earley for providing the first fish of our lab allowing us

273



to start the Kkillifish colony of the University of Namur. Thanks Ryan for always being
available since the beginning of this project to advise me, responding to my numerous
questions and providing us the 3D rivulus dummies essential to measure rivulus
aggressiveness.

This PhD thesis was possible thanks to the help of “my students”, Toa, Valentine,
Mathilde, Angele, Julie and Nicolas whom I supervised during their master thesis and
who helped me answering questions through new experiments. I really liked to work
with you guys!

Thank you to my URBE colleagues, I will remember the good atmosphere during
the numerous Happy Hours that we had on Fridays and Christmas dinners. [ would
particularly like to thank Elodie Falisse, Anne-So, Victoria, Antoine, Valentine, Camille
and Ivan who became much more than colleagues through car-sharing, sushi lunch, killi
dissections, shopping hours, drinks, dinners, bioinformatics and statistics lessons or just
through simple talks in the office ©. You were amazing colleagues!

Thank you to my family who always supported me even if they did not quite
understand what I was doing. [ will miss the question asked during Sunday dinners
“what are you exactly doing?” (joking!).

A special thank to Matthias for our numerous biological talks and quizzes, for
listening to me during “PhD bad times”, encouraging me and supporting me till the end

even when I was full of hormones (thanks to Noa for that <3).

274



