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Abstract

We hypothesize that under the predicted scenario of climate change epigenetically mediated
environmental sex determination could become an epigenetic trap. Epigenetically-regulated
environmental sex determination is a mechanism by which species can modulate their breeding
strategies to accommodate environmental change. Growing evidence suggests that epigenetic
mechanisms may play a key role in phenotypic plasticity and in the rapid adaptation of species to
environmental change, through the capacity of organisms to maintain a non-genetic plastic memory of
the environmental and ecological conditions experienced by their parents. However, inherited
epigenetic variation could also be maladaptive, becoming an epigenetic trap. This is because
environmental sex determination can alter sex ratios by increasing the survival of one of the sexes at
the expense of negative fitness consequences for the other, which could lead not only to the collapse

of natural populations, but also have an impact in farmed animal and plant species.



Introduction

Environmental cues are key for organisms to make decisions regarding their life history and
behaviour, allowing them to anticipate environmental change and respond to it adaptively. This cue/
response correlation increases survival and reproductive success over evolutionary time, but can also
become an evolutionary trap under sudden environmental change or when natural cues do not produce
the expected outcomes, ultimately turning organisms’ responses into maladaptive changes [1]. For
example, changes in sex-ratios induced by climate change can result in common reproductive
behaviours (such as competition or harrasment) becoming maladaptive, with dramatic consequences
for the demographics and survival of the populations [2]. Some responses to environmental change
are mediated by epigenetic mechanisms, which have the potential to regulate gene expression in the
absence of underlying DNA mutations [3]. Environmentally induced epigenetic changes in response
to climate change can speed up adaptation to the novel environmental or ecological conditions, but
could also become epigenetic traps (i.e. epigenetic responses that arise in response to novel
environmental or ecological cues and that can have negative consequences for population fitness)
resulting in maladaptive phenotypes [4]. We hypothesise that epigenetically mediated changes in sex-
ratios in response to environmental change (e.g. in species with environmental sex determination;
ESD) could become an epigenetic trap in the long term, for example by increasing the survival of one
of the sexes at the expense of negative fitness consequences for the other [5].

Human activities are amongst the main drivers of ecological change [6] and understanding
how rapidly natural populations can adapt to human-mediated alterations has become essential for
anticipating the consequences of change for species persistence [7]. The predicted scenario of climate
change, with the associated loss of biodiversity, is probably the most alarming of the current human
mediated-changes. Species can respond to climate change with variations in abundance, distribution
and/or phenology (life cycle events). However, when environmental change is so rapid that
individuals/species cannot migrate or acclimatise physiologically, natural populations may face
extinction. Thus, the vulnerability of species to decline, genetic loss or extinction depends on their

degree of exposure to change, sensitivity and adaptive capacity [8]. Some species can evolve rapidly



in response to environmental change by gene flow, selection on de novo mutations, or on standing
genetic variation (pre-existing genetic variation) [9]. Standing variation is likely to lead to more rapid
evolution in novel environments than new mutations, because beneficial alleles are immediately
available and usually start at higher frequencies. In contrast, most de novo mutations decrease fitness
and even when beneficial, new mutations initially occur only at low frequency in the population.
Furthermore, traditional models of rapid evolution based solely on genetic mechanisms of inheritance
[10,11] do not explain all phenotypic changes driven by rapid environmental change observed in
contemporary populations, both when environment perturbations are induced by natural causes [4] or
by human influences [12]. Such mismatch between genetic and phenotypic diversity can be based on
the molecular diversity not being purely genetic in origin [13]. Therefore, non-genetic mechanisms of
phenotypic plasticity inheritance induced by environmental change such as parental effects, cultural
inheritance and epigenetic variation may also need to be considered as potential drivers of rapid
evolution [3,14].

Ever since Waddington first proposed the term epigenotype in 1942 as the interface between
genotype and phenotype [15] a plethora of interconnected mechanisms that function in complex and
interactive ways has been added to our knowledge of how information is stored and utilized within the
living cell [16]. Such mechanisms, which affect gene expression without altering their original
sequence, are key players in eukaryotic biology by governing the use of the information encoded in
DNA [3,14]. They underpin processes such as cell differentiation, development, suppression of
repetitive elements, X-chromosome inactivation and parental imprinting [17]. Moreover, we are
recently starting to understand how these mechanisms contribute to phenotypic variability and,
critically, to individual adaptation to fluctuating environments [18]. DNA methylation is probably the
most studied epigenetic mechanism. In humans, one-third of the DNA methylation differences are not
associated with an underlying genetic variability, suggesting that both types of variation can arise
independently [19]. Furthermore, recent studies show that variation in methylation patterns can be
subject to natural selection [20]. Therefore, epigenetic variation might provide an initial step for
selection during the course of evolutionary divergence [21]. Epigenetic modifications induced by the
environment can also arise simultaneously in different individuals in a population [15], potentially
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increasing the frequency of the adaptive phenotypes. Individual epigenetic differences have been
observed, for example, in the resistance of plants to bacterial attack [22,23] and herbivory [24], in
some cases involving correlated genotypic and epigenotypic responses [24] and suggesting that this
environmentally induced variability is at least partially directed. Furthermore, it is now widely
accepted that stress and developmental epigenetic variability can also occur in a random fashion [25]
and may be the source of unexplained variability [26]. Such random variability, far from being
deleterious, can increase the population resilience to stress by increasing the individuality of the

components of such populations as targets for selection [27,28].

Epigenetic inheritance can enhance adaptability to environmental change

Non-genetic mechanisms of inheritance occur in all taxonomic groups for a variety of phenotypic
traits [18], and epigenetic-mediated parental effects are known to influence phenotypic variation and
fitness in plants and animals [29,30]. Although some epigenetic marks are known to be inherited [31],
the ecological and evolutionary significance of epigenetic modifications in the adaptation of natural
populations to environmental change is still unclear [32], particularly the inheritance of epigenetic
changes induced by the environment [33]. For example, the role of adaptive epigenetic memory in
enabling organisms to adapt to temperature change is only starting to be recognised in animals and
plants [34]. Epigenetic variation can be inherited by the progeny in the form of epialleles (alternative
methylation states of a gene) that regulate patterns of gene expression. This epigenetic variation
should not be constrained by the limitations of genetic inheritance, and can act as a “surrogate” for
genetic diversity in populations with low variability [35,36]. For example, a recent analysis of
epigenetic differences between Caucasian-American, African-American, and Han Chinese-American
human methylomes showed that the methylation of only 439 CpG sites were enough to explain
phenotypic differences associated to their geographical origins, such as appearance, drug metabolism,
response to external stimuli, sensory perception, and disease susceptibility [19]. Furthermore,
epialelles can occur naturally as a consequence of genome rearrangements and can result in genetic

incompatibility. This is the case in Arabidopsis thaliana, where a transposition event induces de novo



methylation of a pair of duplicated genes that affects fitness and causes genetic incompatibility that is

maintained across several generations [37].

Epigenetic mutations can affect the pace and outcome of adaptation in several ways: on the
one hand they can generate phenotypic variation in the absence of genetic variation [38], allowing
populations to respond to environmental change even with low or no genetic diversity. Furthermore,
in the absence of gene flow between populations, different environmental conditions can ultimately
fix previously plastic epigenetic loci that will not be masked by genetic variability introduced by
sexual reproduction [13]. In fact, certain epigenetic modifications such as hypermethylation of DNA
can induce higher mutation rates of the underlying DNA backbone, which may be the basis of genetic
assimilation (translation of epigenetic modifications to actual changes in the DNA sequence) as
predicted by theory [18]. On the other hand, they can relax the selective constrains on genetic
variation, speeding up the accumulation of genetic changes and the pace of adaptation [39].
Epigenetic changes also play a central role in the persistence and evolution of some asexual linages,
particularly those that do not have mechanisms to generate genetic diversity [40]. In these species,
epigenetic variation in the form of methylation [35], histone modification [41] or RNA interference
creates phenotypic variation that is essential to survive environmental change [42]. However,
epigenetic variation and genetic variation can also interplay in adaptive walks (i.e. the adaptation of
populations suddenly placed in a new environment where they are poorly adapted, by fixing
sequential de novo beneficial mutations) [39]. The reduced fidelity in the replication of methylated
sites [43] and the ability of the epigenome to be altered by the environment, should make the
methylome likely to evolve faster than the genome [31]. The influence of epigenetic mutations on
adaptive walks seems to be determined by their reversibility (only those with relatively low
reversibility will have an effect in adaptation) and their fitness effects [5]. Epigenetic mutations with
fitness effects similar to those of genetic mutations can speed up the initial stages of adaptation but
reduce the end fitness of adapted populations; in contrast epigenetic mutations with smaller effects
relative to genetic mutations can slow adaptation down but increase end fitness, because in the initial

stages of the adaptation process the selective pressures will be higher in genetic than epigenetic



mutations [5]. Heritable epigenetic marks that increase fitness should increase their frequency in a
population, and their associated phenotypic variation in morphology, behaviour, or physiology can be
transmitted to the offspring without being disrupted by recombination [44]. In fact, epigenetic
divergence can be higher than genetic diversity and a stronger predictor of the strength of behavioural
reproductive isolation, as has been shown in darters (a freshwater fish species), where epigenetic
diversity could be influencing reproductive isolation among species [45]. Environmentally-induced
epigenetic variation enables previously exposed individuals to respond more rapidly and effectively to
a new stress event than those individuals not previously exposed [25]. Moreover, if inherited, it can
prepare the offspring to better accommodate not only to the same conditions experienced by their
parents [46], but also to other types of stress [47], facilitating the rapid response of populations to
environmental change. Although there is some evidence of inheritance of environmentally-induced
epigenetic marks, how common these events are still remains unclear, as does the role that they may

play on the evolution of populations, given their transient nature [48].

Epigenetic responses can be maladaptive

Not all the environmentally induced epigenetic changes seem to be necessarily adaptive. In some
cases, epigenetic mutations can speed up early adaptation but decrease the global fitness of the
population in the long term. Some maladaptive epigenetic responses may be due to ‘epigenetic traps’.
In the superb starling (Lamprotornis superbus) which lives in unpredictable environments, levels of
DNA methylation of the glucocorticoid receptor promoter, a key gene on the hypothalamic—pituitary—
adrenal axis (HPA) that controls stress response, are affected by climatic conditions prior to egg
laying, and can result in fitness advantage for males born after a harsh climatic season [49]. However,
maternal glucocorticoid stress hormones received during embryo development can also lead to
maladaptive responses if the changes they induce do not match the environment experienced by the
offspring, and these maladaptive responses could be exacerbated under climate change scenarios, as
with the predicted increase in extreme weather events [50]. Yet, maladaptive epigenetically-mediated
phenotypic plasticity could also enhance population evolution in response to environmental change,

even when the direction of the plasticity is opposite to the direction of the evolved changes [51]. For



example, in marine algae plastic phenotypic responses are good predictors for the evolution of the
population in response to increasing CO: levels, particularly for populations inhabiting unstable
environments, even if not for the direction of these changes in the long term [52]. Thus, even
apparently maladaptive non-genetic responses, particularly those which are inherited, might have
important evolutionary implications over longer time scales, although the extent of these implications
is unknown [4]. While the genetic effects of climate change have only been studied for a few species,
more is known about the physiological responses, especially for ectotherms, for which growth,
reproduction and even sex determination are influenced by temperature [53]. Changes in reproductive
behaviour and sex-ratios can impact population demography and ultimately viability [54], and
growing evidence suggests an important role of epigenetics in the regulation of reproduction sex-

ratios, both in plants and animals.

Epigenetic mechanisms can influence reproductive strategies

Increasing evidence suggests that epigenetic regulation of reproduction may be wide-spread among
plants and animals at different levels (for an extensive review see [55]). Geyer and collaborators
suggested that DNA methylation is key for the determination of phenotypic sexual differences and
reproductive success of the human parasite Schistosoma mansoni, by modulating major aspects of
ovary development and oviposition [56]. In some animals, epigenetic mechanisms can also affect
reproduction in more indirect ways, for example the exposure of mice to endocrine-disrupting
chemicals can result in epigenetic modifications that affect brain gene expression [57] and behaviour
[58] in a sex-specific manner and over several generations, ultimately affecting reproductive success.
In plants, epigenetic mechanisms have also been associated with the regulation of an array of traits
linked to floral induction and development such as: flowering time [59], flower colour [60], sex-
determination [61], floral symmetry [62], male sterility [63] and self-compatibility/self-
incompatibility [64]. Epigenetic modifications associated with floral initiation and development can
also occur indirectly, in pathways through which plants control stress tolerance [65]. In this way,
environmental stress could potentially affect flowering by indirect effects in other traits such as

reversion of male sterility under drought stress [66] or induction of pseudovivipary [67], which



ultimately influence the induction of dioecy from hermaphrodites. In fact, it has been hypothesized
that dioecy and sex chromosomes originated, both in plants [68] and animals [69], from ancestral
diploid hermaphrodites through the occurrence of a differentially methylated region near to a sex-
controlling loci between a pair of otherwise genetically identical autosomes. Hypermethylation would
then suppress the transcription of loci controlling gamete production, ultimately transforming
hermaphrodites into males or females. Therefore, environmental changes could potentially modify the
methylation patterns around sex-related loci ultimately determining the sex of individuals.

While plant biologists have extensively studied the evolutionary implications of asexual
propagation and self-fertilization, very little is known on how these reproductive pathways affect
metazoan adaptation and evolution [70]. Asexual lineages could be seen as having a limited capacity
to cope with fluctuations in the environment, because they lack the ability to generate genetic
diversity through recombination [71]. Similarly, the progeny of self-fertilising species can have
reduced fitness as a consequence of inbreeding depression [72], and it has even been suggested that
selfing should be an evolutionary dead end [73], a suggestion that remains contentious. However,
based on the strategy of the fungal parasite Verticilium dahlia, Seidl and Thomma proposed that for
animals that do not have conventional sexual reproduction, genomic rearrangements could be a driver
for adaptation [74]. These rearrangements could be potentially regulated, at least in part, by
epigenetics, i.e. methylation and/or histone modifications [74]. For species without a specific
mechanism to generate genetic variation, epigenetics could represent a short-term acting mechanism
that creates phenotypic diversity among genetically identical individuals [32], which can result in
fitness differences between individuals and ultimately be the substrate of selection [39], allowing

asexual and/or selfing lineages to face environmental change [42].

Mixed-mating species (species that alternate self-fertilisation and outcrossing) seem to
balance the main genetic consequences of selfing (i.e. accumulation of deleterious mutations,
inbreeding depression and loss of heterozygosity) with the relative advantages of outcrossing, such as
greater offspring plasticity and genetic variability [75]. Selfing rates are variable in natural

populations and are also influenced by non-genetic and ecological factors, such as mate availability



[76], although the regulatory mechanisms remains unclear [77]. The recently discovered relationship
between inbreeding depression and DNA methylation suggests that epigenetic modulation may
influence the magnitude of environment-dependent inbreeding depression [78,79], contributing to the
variability of selfing rates observed in nature (Figure 1). Morran et al. [80] used obligate selfing or
outcrossing mutants of Caenorhabditis elegans to demonstrate that while selfing populations declined
in fitness over generations under stressful environments, outcrossing populations displayed no
evidence of decline or even increased in fitness. This is similar to the situation observed in the
mangrove killifish, where outcrossed offspring displayed higher heterozygosity and lower parasite
loads than their selfed counterparts [81]. Interestingly, in this species, sex determination and
ultimately mating strategy are associated with epigenetic modifications induced by environmental
conditions. This plastic regulation of sex determination allows a mixed-breeding strategy, alternating
self-fertilization and outcrossing, that allows the species to reproduce when mate availability is low
while maintaining acceptable levels of genetic variability [82]. Taken collectively, these examples
highlight how environmentally induced epigenetic changes can affect the reproductive strategies of
both plant and animal species, and the potentially very profound effect of climate change on

populations, through the alteration of sex ratios and mating strategies.

Does ESD have an epigenetic basis?

For some plant and animal species, the population sex ratio often varies as a consequence of
environmental factors such as temperature [83], sexual selection [84], or human selective exploitation
[85]. Sex adjustment can be an adaptive response to environmental change. For example, in
polygynous species with sexual dimorphism such as ungulates, the Trivers—Willard model predicts
that mothers with more resources should bias maternal investment towards sons [86], by adjusting the
sex ratios at birth and/or providing differential maternal care of sons and daughters in order to
increase their reproductive success [87]. However, the amount of adaptive sex ratio adjustment can be
constrained by the mechanism of sex determination [86]. An array of different genetic sex
determining mechanisms have been conserved over the course of vertebrate evolution [88]. Although

sex determination is genetically determined in most species, ESD seems to be phylogenetically
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widespread, occurring in plants, worms, nematodes, fish, and reptiles [89]. In plants, fish, amphibians
and reptiles such mechanisms can range from purely genetic through to purely environmental, with
combinations in between [90]. Temperature is the most common sex determining environmental
variable in animal species with environmental sex determination [91]. For some of those, the
temperature experienced during development can determine the sex of the offspring (temperature-
dependent sex determination or TSD), and can be an adaptive response when the environment
differentially affects males and females, according to the Charnov-Bull model [92]. In the Atlantic
silverside (Menidia menidia), early-hatchlings grow larger before breeding and therefore offspring
produced early in the breeding season would have a fitness advantage if they become female. In
contrast, the offspring maximize their relative fitness by becoming males when they are produced late
in the breeding season, for which temperature provides a cue [93]. A similar situation is found in the
short lived lizard Amphibolurus muricatus, for which it was experimentally demonstrated that
incubation temperature differentially affected males and females in terms of reproductive success, the

fitness of each sex being maximized at its preferred temperature [94].

TSD has evolved independently multiple times in fish and reptiles [95]. In fish, small changes
in temperature (1-2 °C) can significantly alter the sex ratio from 1:1 (males:females) up to 3:1 both in
freshwater and marine species. As the rate of temperature change is expected to be higher in the ocean
than on land. Given that ocean-water temperatures predicted to rise by 1.5 °C or even more over this
century, the consequences of climate change could be particularly severe for marine species with
temperature-mediated sex-determination [83]. For example, the synergistic effects of overfishing and
climate change in sex ratios can result in range shifts and exacerbate fisheries declines. This decline
could be particularly striking in species with sexual dimorphism [96]. Furthermore, the ability to
control fish sex ratios is also critical for some aquaculture species (e.g. tilapia, bluegill, turbot), as
very often one of the sexes displays better performance in captivity than the other. Moreover,
monosexual populations are favoured since they avoid problems associated with unwanted

reproduction [97]. Although in a number of commercial species the techniques to produce only one
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sex are fairly developed and are widely applied [98,99], this is not the case for species that have not

yet reached large scale production [99].

An association between warm incubation temperatures and female-biased sex ratios has also
been widely reported in sea turtles [100]. Green, hawksbill and leatherback turtles typically produce
between 15% and 36% of males. It is predicted that such sex ratios could decrease to 0.4%-2.4% by
2030 [101] and that only sites with intact natural vegetation, which could provide enough shade, will
be able to offer conditions suitable for male hatchling [102]. Climate change can also exacerbate the
effect of endocrine disrupting chemicals (EDCs) on the sex-ratios of species with TSD, potentially
resulting in transgenerational epigenetic effects [58]. In zebrafish, clotrimazole, an antifungal
chemical that inhibits the enzyme CYP19 key for estrogen synthesis, has been shown to have a
synergic effect with high temperature that results in male skewed sex ratios [103], which are predicted
to lower population growth, an effect that may be more pronounced on inbred than outbred

populations [103].

The recent discovery of an epigenetic role in the regulation of a sex-determination related
gene expression in sea-bass [104] represented a breakthrough for understanding TSD, and since then
epigenetic regulation of sex-determination has been suggested for other fish and reptile species
[82,105,106]. Navarro-Martin et al. [104] showed that the exposure of sea-bass embryos to high
temperature resulted in male-based sex ratios, probably mediated by an increase in the DNA
methylation at the aromatase (CYP19a) promoter region. A similar mechanism was found in the red-
eared slider turtle, a species which displays temperature-dependent sex determination. In these turtles
lower methylation levels were observed in CpG sites located in putative binding sites on the 5’-
flanking region of the gonadal aromatase at the temperature where females are produced compared to
the temperatures that favour males [105], suggesting that a temperature-dependent epigenetic
mechanism could be acting in both cases. In the half-smooth tongue sole, a fish species with GSD and
TSD, the sex determination gene pathway is also the target of DNA methylation regulation during
sexual reversal in response to temperature [106]. In this sense, our own work suggests that
temperature-related variation in the sex-ratio of the self-fertilising fish Kryptolebias marmoratus is
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related to changes in methylation patterns between males and hermaphrodites. We examined
methylation in the brain of males and hermaphrodite fish incubated at different temperature as
embryos and found that methylation of at least two genes (cypl9a, sox9a) could be involved in
modulating K. marmoratus sex-ratios in response to environmental change during embryo
development [82]. As for other fish species, we found that the variation in proportion of males
occurring with temperature change seems to be the result of the influence of environmental and
genetic factors in sex regulation [83]. The epigenetic influence of increasing male ratios could be an
adaptive trait for this species, as males can outcross with hermaphrodites, hence increasing the genetic
diversity of offspring, and resulting in lower parasite loads compared to selfed offspring [81,107].
However, it is important to emphasise that although the observed epigenetic changes could result from

a direct environment/locus interaction, they could also be a consequence of the locus activation.

Transitions between mating systems also occur in plants [108], although the idea that sex
determination is fixed and genetically determined is prevalent in the current literature. Possibly the
most extreme cases of mating system change are the induction of pseudovivipary and sex reversion.
Pseudovivipary, which is more prevalent in perennial grasses, has been described as a functional form
of environmentally induced flower/inflorescence reversion (i.e. switch from floral development to
vegetative development) that leads to the formation of leafy shoots or bulbils [109]. Transitions
between pseudovivipary and sexual reproduction have been observed in both directions in
experimental set ups and in natural populations [110]. While flower reversion has been traditionally
explained by genetic causes, Wang et al. [111] showed that in rice pseudovivipary is, at least partly,
regulated by an epigenetic mutation. Moreover, Chiurugwi et al. identified a link between
unfavourable environmental conditions for flowering and the appearance of Festuca vivipara
(pseudoviviparous form) from genetically similar Festuca ovina (Flowering form) [67]. The lack of
genetic differentiation between both forms in wild populations suggests that the induction of
pseudovivipary could be of epigenetic nature and regulated by environmental conditions. In fact,

pseudovivipary has been previously seen as insurance of successful reproduction under extreme
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environments, such as high precipitation and humidity, strongly seasonal climates, high altitudes and
latitudes, late-thawing habitats, or arid/semi-arid areas [109].

While still a matter of debate, environmentally labile sex determination (sex reversion) in
plants is considered to be the result of the interaction between individual hereditary potencies and
environmental factors. Plausible reasons for sex reversion in plants are a decrease in pollinator or
mate availability [112], pollination intensity [113] and a female survival strategy under suboptimal
environments (injury, disease and physico/chemical characteristics of the environment (e.g., light
intensity, day length, temperature, soil fertility, relative availability of soil moisture and air chemistry)
to avoid bearing the cost of fruit production [109]. Such changes have been observed in over 50
species (25 families) reported to have sex chromosomes. In some of these species, sex reversion
seems to be mediated by epigenetic modifications (DNA methylation and histone acetylation) of
specific regions of the sex chromosomes (reviewed in [114]). For example, in the white campion
(Silene latifolia) genome hypomethylation induced hermaphrodites from genetically male plants
[115]. In melon, the transition from male to female flowers in gynoecious lines (with only female or
hermaphrodite flowers) takes place through epigenetic changes in the promoter of a transcription
factor (CmWIP1), that leads to carpel abortion and results in unisexual male flowers [61]. This change
seems to occur naturally through the insertion of a transposon and it has been deemed to be key for

environmental adaptation and evolution, because it affects such a critical trait for reproduction.

Epigenetically mediated changes in sex-ratios could be maladaptive under climate change

Given the effect that environmental conditions seem to have on the epigenetic make-up and ultimately
on mating systems and sex determination of certain species, it seems plausible that at least in some
animals and plants, ESD is an epigenetically regulated adaptive trait that contributes to the
adaptability and evolvability of populations under environmental stress. However, environmentally
induced sex-ratio imbalances can be problematic when reproduction requires both sexes, as lack of
suitable mates can negatively impact population growth and viability [54,83], an effect that may be
more pronounced on inbred than outbred populations [103]. The fact that the epigenetic signatures of

sperm (but not oocyte) are maintained in the embryos of zebrafish [116], suggests that the methylation
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profiles of environmentally induced males can be inherited by their offspring without the need for
subsequent temperature changes. Even if there is still scarce evidence of whether such temperature-
dependent epigenetic changes affecting sex determination have an impact on a single generation or
can be inherited, epigenetic variability can, nonetheless, contribute to adaptive changes over
thousands of generations [5]. Furthermore, sex imbalances can become even more extreme due to the
synergistic effect of ESD with sex-specific fitness payoffs shown previously both in plants [117] and
animals [118]. Potentially, under the predicted global warming conditions, some dioecious tree
species sex ratios would be male skewed not only by epigenetically regulated sex reversions but also
by an enhanced risk of female mortality [117], which could lead to the collapse of entire populations
due to the lack of available mates (Figure 2). Similarly, in animal species with environmental sex
determination the alteration of sex-ratios in response to climate change could impact on population-
level reproduction, challenging their long-term survival [83], an effect that can be, at least in part,
mediated by epigenetic modifications in response to temperature changes [104]. Such scenarios would
lend support to the model predictions by Kronholm and Collins [5], where epigenetic mutations can
speed up early adaptation (i.e. higher survivability of males) but could also result in lower final fitness
(collapse of population due to lack of females) in the long term, when their contribution to fitness is

high.

The dynamics of sex ratios in farmed organisms is particularly important for agriculture,
fisheries management, aquaculture and ultimately for food security. Understanding and controlling
reproduction is essential in agriculture and aquaculture, in order to synchronise growth and maturation
between sexes [97], as well as to maximise yield. In many farmed species sex selection is applied
when one sex performs better than the other in culture [119], to avoid unwanted reproduction or
simply in dioecious plants species because ultimately only females plants bear fruits. Environmentally
driven changes in population sex ratio are particularly problematic in small populations (such as those
of farmed species), where variation in reproductive success can have important consequences for the
loss of genetic diversity and fixation of deleterious alleles [120]. Understanding the mechanisms

underlying the role of the environment in sex-determination is particularly timely given the potential
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effects of climate change on sex ratios, and its synergistic effects on range shifts. It is therefore critical
to generate theoretical and empirical work to further understand the implications of environmentally
induced epigenetic variation in the generation of epigenetic traps under the predicted scenario of

climate change.

Conclusions and outlook

Given the overriding influence of sex-ratios and phenology for population persistence, epigenetic
mechanisms of adaptation could be particularly relevant in view of the fast pace of climate change.
Labile regulation of sexual expression can enhance an individual's genetic contribution to the next
generation under unfavourable conditions. Epigenetic mutations can reduce selection pressures on
genetic variation, while it is acting on the epigenetic variation [39], hence facilitating the survival of
novel genotypes. In addition, epigenetic mutations may have a greater contribution in evolutionary
response to many simultaneous environmental challenges [5], as predicted during global warming.
However, under the current climate change scenario, such environmentally induced sex imbalances
could become an epigenetic trap in the long term. Currently, most evidence of inheritance of
environmentally induced epigenetic changes is based on laboratory studies, which lack relevant
ecological conditions. In order to understand the importance of epigenetic inheritance on phenotypic
plasticity and its adaptive value, long term empirical studies in the wild are needed to provide an
environmental and ecological context. Only by studying animals in their natural environment will it
be possible to test for the adaptive or maladaptive consequences of epigenetic polymorphisms. To test
for the stability and functional relevance of epigenetic modifications, it would be particularly relevant
to compare the offspring of the same parents during consecutive years, under variable environmental
conditions, analysing the relation between the epigenome and the genome. This can be particularly
challenging in natural populations, and claims for the establishment of new models for epigenetic
research. Organisms which can alternate clonal and sexual reproduction such as Daphnia or
Arabidopsis, where natural and laboratory populations are available, have already proved useful for

this type of research. Furthermore, the mangrove killifish (K. marmoratus) is emerging as a promising
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new model for vertebrates, because of its mixed-mating system strategy that results in natural

populations with genetically very uniform lines living under variable environmental conditions [82].
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Figure legends

Figure 1. The influence of environmental heterogeneity and fluctuating inbreeding depression on the
evolution of mixed-mating (alternance between self-fertilisation and outcrossing). The space where
complete selfing, mixed mating, and outcrossing are evolutionarily stable is defined by the mean and
the variance of the inbreeding depression distribution, which can in turn be modified by the variable
selective pressures resulting from environmental heterogeneity. The relationship between inbreeding
depression and DNA methylation suggests that epigenetic modulation may influence the magnitude of

environment-dependent inbreeding depression contributing to the polymorphism of selfing rates.

Figure 2. Theoretical effect on short/long term population survivability of an epigenetic trap induced
by increased temperatures affecting sex ratios. Green arrows show effects supported with
experimental data. Red arrows show predicted effects without experimental data available to our
knowledge. (Figure adapted by authors from Tognetti, 2012 ; Kronholm and Collins, 2015 and O’Dea

et al, 2016).

18



References

10

11
12

13

14

15

16

17

18

19

20

21

22

23

24

Schlaepfer MA, Runge MC, Sherman PW. 2002. Ecological and evolutionary traps. Trends
Ecol Evol 17: 474-80.

Le Galliard J-F, Fitze PS, Ferriere R, Clobert J. 2005. Sex ratio bias, male aggression, and
population collapse in lizards. Proc Natl Acad Sci U S A 102: 18231-6.

Bossdorf O, Richards C, Pigliucci M. 2008. Epigenetics for ecologists. Ecol Lett 11: 106-
15.

O’Dea RE, Noble DWA, Johnson SL, Hesselson D, et al. 2016. The role of non-genetic
inheritance in evolutionary rescue: epigenetic buffering, heritable bet hedging and epigenetic
traps. Environ Epigenet 2.

Kronholm 1, Collins S. 2015. Epigenetic mutations can both help and hinder adaptive
evolution. Mol Ecol 25: 185668

Palumbi SR. 2001. Humans as the World's Greatest Evolutionary Force. Science 293: 1786-
90.

Chevin L-M, Lande R, Mace GM. 2011. Adaptation, Plasticity, and Extinction in a
Changing Environment: Towards a Predictive Theory. PLoS Biol 8: €1000357.

Dawson TP, Jackson ST, House JI, Prentice IC, et al. 2011. Beyond Predictions:
Biodiversity Conservation in a Changing Climate. Science 332: 53-8.

Bell G, Gonzalez A. 2009. Evolutionary rescue can prevent extinction following
environmental change. Ecol Lett 12: 942-8.

Jablonka E, Lamb MJ, Avital E. 1998. "Lamarckian" mechanisms in darwinian evolution.
Trends Ecol Evol 13: 206-10.

Orr HA. 2005. The genetic theory of adaptation: A brief history. Nat Rev Genet 6: 119-27.
Hendry AP, Farrugia TJ, Kinnison MT. 2008. Human influences on rates of phenotypic
change in wild animal populations. Mol Ecol 17: 20-9.

Rois AS, Lopez CM, Cortinhas A, Erben M, et al. 2013. Epigenetic rather than genetic
factors may explain phenotypic divergence between coastal populations of diploid and
tetraploid (Limonium sp.; Plumbaginaceae) in Portugal. BMC Plant Biol 13: 205.

Richards EJ. 2006. Inherited epigenetic variation - revisiting soft inheritance. Nat Rev Genet
7: 395-401.

Waddington C. 1942. Canalization of development and the inheritance of acquired
characters. Nature 150: 563-5.

Grant-Downton R, Dickinson H. 2005. Epigenetics and its implications for plant biology. 1.
The epigenetic network in plants. Ann Bot 96: 1143-64.

Richards CL, Bossdorf O, Verhoeven KJF. 2010. Understanding natural epigenetic
variation. New Phytol 187: 562-4.

Jablonka E, Lamb MJ. 1995. Epigenetic inheritance and evolution the lamarckian
dimension. Oxford, UK: Oxford University Press.

Heyn H, Moran S, Hernando-Herraez |, Sayols S, et al. 2013. DNA methylation
contributes to natural human variation. Genome Res 23: 1363-72.

Paun O, Bateman RM, Fay MF, Hedrén M, et al. 2010. Stable epigenetic effects impact
adaptation in allopolyploid orchids (Dactylorhiza: Orchidaceae). Mol Biol Evol 27: 2465-73.
Skinner MK, Gurerrero-Bosagna C, Haque MM, Nilsson EE, et al. 2014. Epigenetics and
the Evolution of Darwin’s Finches. Genome Biol Evol 6: 1972-89.

Dowen RH, Pelizzola M, Schmitz RJ, Lister R, et al. 2012. Widespread dynamic DNA
methylation in response to biotic stress. Proc Natl Acad Sci U S A 109: E2183-E91.

Yu A, Lepere G, Jay F, Wang J, et al. 2013. Dynamics and biological relevance of DNA
demethylation in Arabidopsis antibacterial defense. Proc Natl Acad Sci U S A 110: 2389-94.
Herrera CM, Bazaga P. 2011. Untangling individual variation in natural populations:
ecological, genetic and epigenetic correlates of long-term inequality in herbivory. Mol Ecol
20: 1675-88.

19



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40
41

42

43

44

45

46

47

48

49

50

Tricker PJ, Gibbings JG, Lépez CMR, Hadley P, et al. 2012. Low relative humidity
triggers RNA-directed de novo DNA methylation and suppression of genes controlling
stomatal development. J Exp Bot 63: 3799-813.

Rodriguez-Lopez CM, Wilkinson MJ. 2015. Epi-fingerprinting and epi-interventions for
improved crop production and food quality. Front Plant Sci 6: 397.

Vogt G. 2015. Stochastic developmental variation, an epigenetic source of phenotypic
diversity with far-reaching biological consequences. J Biosci 40: 159-204.

Soen Y, Knafo M, Elgart M. 2015. A principle of organization which facilitates broad
Lamarckian-like adaptations by improvisation. Biol Direct 10: 1-17.

Badyaev AV, Uller T. 2009. Parental effects in ecology and evolution: mechanisms,
processes and implications. Phil Trans R Soc B 364: 1169-77.

Rasanen K, Kruuk LEB. 2007. Maternal effects and evolution at ecological time-scales.
Funct Ecol 21: 408-21.

Jablonka E, Raz G. 2009. Transgenerational Epigenetic Inheritance: Prevalence,
Mechanisms, and Implications for the Study of Heredity and Evolution. The University of
Chicago Press. p 131-76.

Richards CL, Bossdorf O, Pigliucci M. 2010. What Role Does Heritable Epigenetic
Variation Play in Phenotypic Evolution? Bioscience 60: 232-7.

Iwasaki M, Paszkowski J. 2014. Identification of genes preventing transgenerational
transmission of stress-induced epigenetic states. Proc Natl Acad Sci U S A 111: 8547-52.
Whittle CA, Otto SP, Johnston MO, Krochko JE. 2009. Adaptive epigenetic memory of
ancestral temperature regime in Arabidopsis thaliana. Botany 87: 650-7.

Massicotte R, Whitelaw E, Angers B. 2011. DNA methylation: A source of random
variation in natural populations. Epigenetics 6: 421 - 7.

Lira-Medeiros CF, Parisod C, Fernandes RA, Mata CS, et al. 2010. Epigenetic variation
in mangrove plants occurring in contrasting natural environment. PLoS ONE 5: e10326.
Durand S, Bouché N, Strand EP, Loudet O, et al. 2012. Rapid establishment of genetic
incompatibility through natural epigenetic variation. Curr Biol 22: 326-31.

Schmitz RJ, Schultz MD, Lewsey MG, O’Malley RC, et al. 2011. Transgenerational
epigenetic instability is a source of novel methylation variants. Science 334: 369-73.
Klironomos FD, Berg J, Collins S. 2013. How epigenetic mutations can affect genetic
evolution: model and mechanism. Bioessays 35: 571-8.

Schon 1, Martens K. 2003. No slave to sex. Proc R Soc Biol B 270: 827-33.

Barth TK, Imhof A. 2010. Fast signals and slow marks: the dynamics of histone
modifications. Trends Biochem Sci 35: 618-26.

Castonguay E, Angers B. 2012. The key role of epigenetics in the persistence of asexual
lineages. Genet Res Int 2012: 9.

Zhao L, Sun M-a, Li Z, Bai X, et al. 2014. The dynamics of DNA methylation fidelity
during mouse embryonic stem cell self-renewal and differentiation. Genome Res 24: 1296-
307.

Bonduriansky R, Day T. 2009. Nongenetic Inheritance and Its Evolutionary Implications.
Ann Rev Ecol Evol Syst 40: 103-25.

Smith TA, Martin MD, Nguyen M, Mendelson TC. 2016. Epigenetic divergence as a
potential first step in darter speciation. Mol Ecol: n/a-n/a.

Tricker PJ, Lépez CMR, Gibbings G, Hadley P, et al. 2013. Transgenerational, dynamic
methylation of stomata genes in response to low relative humidity. Int J Mol Sci 14: 6674-89.
Tricker PJ, Rodriguez L6pez CM, Hadley P, Wagstaff C, et al. 2013. Pre-conditioning the
epigenetic response to high vapor pressure deficit increases the drought tolerance of
Arabidopsis thaliana. Plant Signal Behav 8: e25974.

Verhoeven KJ, Vonholdt BM, Sork VL. 2016. Epigenetics in ecology and evolution: What
we know and what we need to know. Mol Ecol 25: 1631-8.

Rubenstein DR, Skolnik H, Berrio A, Champagne FA, et al. 2016. Sex-specific fitness
effects of unpredictable early life conditions are associated with DNA methylation in the
avian glucocorticoid receptor. Mol Ecol 25: 1714-28

Combes C. 2008. The role of extreme events in evolution. C R Geoscience 340: 591-4.

20



o1

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71
72

73

74

75

76

Ghalambor CK, Hoke KL, Ruell EW, Fischer EK, et al. 2015. Non-adaptive plasticity
potentiates rapid adaptive evolution of gene expression in nature. Nature 525: 372-5.

Schaum CE, Collins S. 2014. Plasticity predicts evolution in a marine alga. Proc R Soc Biol
B 281: 20141486.

Bellard C, Bertelsmeier C, Leadley P, Thuiller W, et al. 2012. Impacts of climate change
on the future of biodiversity. Ecol Lett 15: 365-77.

Kokko H, Rankin DJ. 2006. Lonely hearts or sex in the city? Density-dependent effects in
mating systems. Phil Trans R Soc B 361: 319-34.

Piferrer F. 2013. Epigenetics of sex determination and gonadogenesis. Dev Dyn 242: 360-70.
Geyer KK, Rodriguez Lopez CM, Chalmers IW, Munshi SE, et al. 2011. Cytosine
methylation regulates oviposition in the pathogenic blood fluke Schistosoma mansoni. Nat
Commun 2: 424.

Kundakovic M, Gudsnuk K, Franks B, Madrid J, et al. 2013. Sex-specific epigenetic
disruption and behavioral changes following low-dose in utero bisphenol A exposure. Proc
Natl Acad Sci U S A 110: 9956-61.

Crews D, Gore AC, Hsu TS, Dangleben NL, et al. 2007. Transgenerational epigenetic
imprints on mate preference. Proc Natl Acad Sci U S A 104: 5942-6.

Zografou T, Turck F. 2013. Epigenetic control of flowering time. Epigenetic Memory and
Control in Plants: Springer. p 77-105.

lida S, Morita Y, Choi J-D, Park K-I, et al. 2004. Genetics and epigenetics in flower
pigmentation associated with transposable elements in morning glories. Adv Biophys 38: 141-
59.

Martin A, Troadec C, Boualem A, Rajab M, et al. 2009. A transposon-induced epigenetic
change leads to sex determination in melon. Nature 461: 1135-8.

Cubas P, Vincent C, Coen E. 1999. An epigenetic mutation responsible for natural variation
in floral symmetry. Nature 401: 157-61.

Amoah S, Kurup S, Lopez CMR, Welham SJ, et al. 2012. A hypomethylated population of
Brassica rapa for forward and reverse epi-genetics. BMC Plant Biol 12: 193.

Ferndndez i Marti AV, Gradziel TM. 2015. Methylation of the Sf Locus in Almond Is
Associated with S-RNase Loss of Function: poster.

Yaish MW, Colasanti J, Rothstein SJ. 2011. The role of epigenetic processes in controlling
flowering time in plants exposed to stress. J Exp Bot: errl77.

Elkonin L, Gerashchenkov G, Domanina I, Rozhnova N. 2015. [Inheritance of reversions
to male fertility in male-sterile sorghum hybrids with 9E cytoplasm male sterility induced by
environmental conditions]. Genetika 51: 312-23.

Chiurugwi T, Beaumont M, Wilkinson M, Battey N. 2011. Adaptive divergence and
speciation among sexual and pseudoviviparous populations of Festuca. Heredity 106: 854-61.
Gorelick R. 2003. Evolution of dioecy and sex chromosomes via methylation driving
Muller's ratchet. Biol J Linn Soc 80: 353-68.

Jablonka E. 2004. The evolution of the peculiarities of mammalian sex chromosomes: an
epigenetic view. Bioessays 26: 1327-32.

Jarne P, Charlesworth D. 1993. The Evolution of the Selfing Rate in Functionally
Hermaphrodite Plants and Animals. Annu Rev Ecol Syst 24: 441-66.

Fisher RA. 1930. The Genetical Theory of Natural Selection. Nature Publishing Group.
Charlesworth B, Morgan MT, Charlesworth D. 1993. The Effect of Deleterious Mutations
on Neutral Molecular Variation. Genetics 134: 1289-303.

Stebbins GL. 1957. Self Fertilization and Population Variability in the Higher Plants. Am Nat
91: 337.

Seidl MF, Thomma BP. 2014. Sex or no sex: evolutionary adaptation occurs regardless.
Bioessays 36: 335-45.

Prahlad V, Pilgrim D, Goodwin EB. 2003. Roles for Mating and Environment in C. elegans
Sex Determination. Science 302: 1046-9.

Eckert CG, Kalisz S, Geber MA, Sargent R, et al. 2010. Plant mating systems in a
changing world. Trends Ecol Evol 25: 35-43.

21



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92
93

94

95

96

97

98

99

100

101

Cheptou PO, Donohue K. 2012. Epigenetics as a new avenue for the role of inbreeding
depression in evolutionary ecology. Heredity.

Fox CW, Reed DH. 2011. Inbreeding depression increases with environmental stress: An
experimental study and meta-analysis. Evolution 65; 246-58.

Vergeer P, Wagemaker N, Ouborg NJ. 2012. Evidence for an epigenetic role in inbreeding
depression. Biol Lett 8: 798-801.

Morran LT, Cappy BJ, Anderson JL, Phillips PC, et al. 2009. Sexual Partners for the
Stressed: Facultative Outcrossing in the Self-Fertilizing Nematode Caenorhabditis elegans.
Evolution 63: 1473-82.

Ellison A, Cable J, Consuegra S. 2011. Best of both worlds? Association between
outcrossing and parasite loads in a selfing fish. Evolution 65: 3021-6.

Ellison A, Lépez CMR, Moran P, Breen J, et al. 2015. Epigenetic regulation of sex ratios
may explain natural variation in self-fertilization rates. Proc R Soc B 282: 20151900.
Ospina-Alvarez N, Piferrer F. 2008. Temperature-Dependent Sex Determination in Fish
Revisited: Prevalence, a Single Sex Ratio Response Pattern, and Possible Effects of Climate
Change. PLoS ONE 3: e2837.

Kokko H, Jennions MD. 2008. Parental investment, sexual selection and sex ratios. J Evol
Biol 21: 919-48.

Milner-Gulland EJ, Bukreeva OM, Coulson T, Lushchekina AA, et al. 2003.
Conservation: Reproductive collapse in saiga antelope harems. Nature 422: 135-.

West SA, Sheldon BC. 2002. Constraints in the evolution of sex ratio adjustment. Science
295: 1685-8.

Hewison AM, Gaillard J-M. 1999. Successful sons or advantaged daughters? The Trivers—
Willard model and sex-biased maternal investment in ungulates. Trends Ecol Evol 14: 229-
34.

Bachtrog D, Mank JE, Peichel CL, Kirkpatrick M, et al. 2014. Sex determination: why so
many ways of doing it? PLoS Biol 12: e1001899.

Janzen FJ, Phillips PC. 2006. Exploring the evolution of environmental sex determination,
especially in reptiles. J Evol Biol 19: 1775-84.

Sarre SD, Georges A, Quinn A. 2004. The ends of a continuum: genetic and temperature-
dependent sex determination in reptiles. Bioessays 26: 639-45.

Luckenbach JA, Borski RJ, Daniels HV, Godwin J. 2009. Sex determination in flatfishes:
Mechanisms and environmental influences. Semin Cell Dev Biol 20: 256-63.

Charnov EL, Bull J. 1977. When is sex environmentally determined?

Conover DO. 1984. Adaptive Significance of Temperature-Dependent Sex Determination in
a Fish. Am Nat 123: 297-313.

Warner DA, Shine R. 2008. The adaptive significance of temperature-dependent sex
determination in a reptile. Nature 451: 566-8.

Ospina-Alvarez N, Piferrer F. 2008. Temperature-dependent sex determination in fish
revisited: prevalence, a single sex ratio response pattern, and possible effects of climate
change. PLoS ONE 3: €2837.

Walker S, Thibaut L, McCormick M. 2010. Density-Dependent Sex Ratio Adjustment and
the Allee Effect: A Model and a Test Using a Sex-Changing Fish. Am Nat 176: 312-21.
Devlin RH, Nagahama Y. 2002. Sex determination and sex differentiation in fish: an
overview of genetic, physiological, and environmental influences. Aquaculture 208: 191-364.
Piferrer F. 2001. Endocrine sex control strategies for the feminization of teleost fish.
Aquaculture 197: 229-81.

Budd A, Banh Q, Domingos J, Jerry D. 2015. Sex Control in Fish: Approaches, Challenges
and Opportunities for Aquaculture. J Mar Sci Eng 3: 329.

Hays GC, Mazaris AD, Schofield G. 2014. Different male vs. female breeding periodicity
helps mitigate offspring sex ratio skews in sea turtles. Front Mar Sci 1: 1-9.

Laloé J-O, Esteban N, Berkel J, Hays GC. 2016. Sand temperatures for nesting sea turtles
in the Caribbean: Implications for hatchling sex ratios in the face of climate change. J Exp
Mar Biol Ecol 474: 92-9.

22



102

103

104

105

106

107

108

109

110
111

112

113

114

115

116

117

118

119

120

Esteban N, Laloé J-O, Mortimer JA, Guzman AN, et al. 2016. Male hatchling production
in sea turtles from one of the world’s largest marine protected areas, the Chagos Archipelago.
Scientific reports 6.

Brown AR, Owen SF, Peters J, Zhang Y, et al. 2015. Climate change and pollution speed
declines in zebrafish populations. Proc Natl Acad Sci U S A 112: E1237-E46.
Navarro-Martin L, Vinas J, Ribas L, Diaz N, et al. 2011. DNA methylation of the gonadal
aromatase (cypl9a) promoter is involved in temperature-dependent sex ratio shifts in the
European sea bass. PL0S Genet 7: €1002447.

Matsumoto Y, Buemio A, Chu R, Vafaee M, et al. 2013. Epigenetic control of gonadal
aromatase (cypl9al) in temperature-dependent sex determination of red-eared slider turtles.
PLoS ONE 8: e63599.

Shao C, Li Q, Chen S, Zhang P, et al. 2014. Epigenetic modification and inheritance in
sexual reversal of fish. Genome Res 24: 604-15.

Ellison A, Allainguillaume J, Girdwood S, Pachebat J, et al. 2012. Maintaining functional
major histocompatibility complex diversity under inbreeding: the case of a selfing vertebrate.
Proc R Soc Biol B 279: 5004-13.

Zhao Z-G, Liu Z-J, Conner JK. 2015. Plasticity of floral sex allocation within
inflorescences of hermaphrodite Aconitum gymnandrum. J Plant Ecol 8: 130-5.

Tooke F, Ordidge M, Chiurugwi T, Battey N. 2005. Mechanisms and function of flower
and inflorescence reversion. J Exp Bot 56: 2587-99.

Kellogg EA. 2015. Reproductive Systems. Flowering Plants Monocots: Springer. p 93-101.
Wang K, Tang D, Hong L, Xu W, et al. 2010. DEP and AFO regulate reproductive habit in
rice. PLoS Genet 6: €1000818.

Noél E, Chemtob Y, Janicke T, Sarda V, et al. 2016. Reduced mate availability leads to
evolution of self-fertilization and purging of inbreeding depression in a hermaphrodite.
Evolution.

Stehlik I, Friedman J, Barrett SC. 2008. Environmental influence on primary sex ratio in a
dioecious plant. Proc Natl Acad Sci U S A 105: 10847-52.

Vyskot B. 1999. The role of DNA methylation in plant reproductive development: Bios
Oxford.

Ming R, Wang J, Moore PH, Paterson AH. 2007. Sex chromosomes in flowering plants.
Am J Bot 94: 141-50.

Jiang L, Zhang J, Wang J-J, Wang L, et al. 2013. Sperm, but Not Oocyte, DNA
Methylome Is Inherited by Zebrafish Early Embryos. Cell 153: 773-84.

Tognetti R. 2012. Adaptation to climate change of dioecious plants: does gender balance
matter? Tree Physiol 32: 1321-4.

Hewison AM, Gaillard J. 1996. Birth-sex ratios and local resource competition in roe deer,
Capreolus capreolus. Behav Ecol 7: 461-4.

Baroiller JF, D'Cotta H. 2001. Environment and sex determination in farmed fish. Comp
Biochem Physiol C Toxicol Pharmacol 130: 399-409.

Stelkens RB, Wedekind C. 2010. Environmental sex reversal, Trojan sex genes, and sex
ratio adjustment: conditions and population consequences. Mol Ecol 19: 627-46.

23



