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Many behaviours vary in response to the environment (biotic or abiotic) and therefore represent an
interesting form of phenotypic plasticity. Behavioural plasticity, like other plastic traits, can evolve
through genetic assimilation or accommodation. However, little is known about the nature of changes in
gene expression plasticity that accompanies these evolutionary changes in phenotypic plasticity. We
know that variation in gene expression level, a first-order phenotype, underlies much behavioural
variation. Several studies have begun to document which genes show expression-level variation related
to plastic changes in behaviour as well as evolved changes in behaviour. Advances in sequencing tech-
nology allow us to address these questions on a genomic scale. By characterizing changes in gene
expression according to the concept of a norm of reaction one can describe the evolved patterns of gene
expression that accompany the evolution of behavioural plasticity. Here, we describe how genomic
approaches can help us understand changes in gene expression that accompany or underlie the evolution
of behavioural plasticity. To do this, we provide a framework of classification for the evolved patterns of
gene expression plasticity that could underlie genetic assimilation or accommodation of behaviour. We
provide examples of genetic assimilation from the animal behaviour and animal physiology literature
that have been, or can be, studied at a genomic level. We then describe the characteristics of an
appropriate study system and briefly address experimental design using the available genomic tools in a
comparative context. Studying the patterns of gene expression associated with genetic assimilation will
elucidate processes by which behavioural plasticity has evolved.

� 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd.
Because the development and expression of behaviour can be
remarkably flexible and often environmentally dependent,
behavioural plasticity should be considered a potentially impor-
tant form of adaptive phenotypic plasticity, in which the
reprogramming of the functional genome in response to the
environment allows an animal to maintain high fitness. Pheno-
typic plasticity implies that two or more distinct phenotypes can
be produced from a single genome through differential regula-
tion of gene expression for single genes or networks of genes.
While a plastic response to environmental change is not always
adaptive, there are a number of examples of behavioural plas-
ticity that show clear adaptive function, including novel foraging
behaviour (Price et al. 2003), learning (Dukas 2013), sex-role
(Forsgren et al. 2004), parental care behaviour (Itzkowitz et al.
logy, Reed College, Portland,

humer).
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2001), mate preference (Rodríguez et al. 2013) and integrated
phenotypes (Kasumovic 2013).

There is great interest in understanding how phenotypic plas-
ticity influences evolutionary processes, either by promoting
diversification or by buffering against it (Schlichting & Pigliucci
1998; Huey et al. 2003; Price et al. 2003; West-Eberhard 2003;
Schlichting 2004; Wund et al. 2008; Pfennig et al. 2010). Behav-
ioural plasticity has an unusual and especially intriguing potential
role in evolution in that behavioural modification provides a means
by which an organism can manipulate its own environment and
thereby alter the selective pressures to which it is subjected (e.g.
Odling-Smee 1988; Wcislo 1989; West-Eberhard 2003; Palmer
2011). Although behavioural plasticity has historically been stud-
ied on the phenotypic level, investigating the underlying molecular
mechanisms at the level of gene expression has the potential to
offer key insights into the processes bywhich behavioural plasticity
has evolved. In this review, we present a framework with which to
consider the evolution of gene expression plasticity to more fully
understand the evolution of behavioural plasticity. Recent advances
in genomic techniques allow us to survey virtually all expressed
by Elsevier Ltd.
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Figure 1. The concept of genetic accommodation depicted as norms of reaction. The
ancestral population (open symbol) initially inhabits one environment, A. Following a
shift in the environment to B (heavy black arrow), previously unrealized plasticity now
results in an alternate behavioural phenotype. The ancestral norm of reaction (thin
solid arrow) describes the phenotypic plasticity for this population. If the population
remains in environment B, allowing natural selection to act on existing or novel ge-
netic variation, the resulting derived genotype (black circle) will continue to produce
the alternate phenotype. Due to this natural selection, the phenotype produced by the
derived genotype may be different when the environment shifts back to A. The new
derived norm of reaction (dashed arrows) reveals altered plasticity. The alternative
phenotype may be fixed (assimilation) regardless of environment or may show altered
environmentally sensitivity (accommodation).
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genes, even in organisms for which few prior genomic and genetic
tools were available. Such genomic approaches provide powerful
comparative data sets with which to investigate the evolutionary
processes that accompany changes in phenotypic plasticity (e.g.
Aubin-Horth & Renn 2009; Beldade et al. 2011).

The degree of behavioural plasticity, just like developmental,
morphological or physiological plasticity, can evolve. Behavioural
plasticity can be represented through the concept of a norm of
reaction (Schlichting & Pigliucci 1998; Carroll & Corneli 1999;
Pigliucci & Murren 2003; West-Eberhard 2003; Dingemanse et al.
2010), in which the level or value of a behaviour produced by a
particular genotype can be depicted as it varies across environ-
ments such that the slope of the norm of reaction reflects the
magnitude of plasticity of that genotype. In other words, for a
simple norm of reaction evaluated in two environments, a steeper
slope reflects greater plasticity. When this slope is correlated with
fitness and there is genetic variation for plasticity, the degree of
behavioural plasticity can evolve adaptively. Quantitative genetic
models illustrate how plasticity (i.e. the norm of reaction) can
evolve under different selective pressures in different environ-
ments (e.g. Via & Lande 1985; Price et al. 2003). Mechanisms
through which this could be achieved include changes in neural
gene expression, as well as altered gene expression related to
hormone release, target sites and actions.

Here, we ask whether one should expect to see the evolution of
decreased plasticity in gene expression when decreased behav-
ioural plasticity is observed and, conversely, whether one should
expect to see the evolution of increased plasticity in gene expres-
sion when increased behavioural plasticity is observed. In this re-
viewwe establish a frameworkwithinwhich to consider changes in
gene expression that can accompany the evolutionary change of
behavioural plasticity. Although behavioural plasticity may in-
crease or decrease through evolution, we focus much of our dis-
cussion of gene expression plasticity to examples of evolutionary
change through a process known as genetic assimilation (discussed
below) because this process has been well characterized in the
literature and provides clear parallels that can be addressed at the
level of gene expression. None the less, the framework that we
present is sufficiently general to be applied to contexts including
both an increased and decreased degree of behavioural plasticity.
Background on Genetic Assimilation and the Study of Behaviour

The concept termed ‘genetic assimilation’ provides a structure
to describe divergent evolution of behavioural phenotypes
accompanied by loss of plasticity (canalization) for that phenotype.
Genetic assimilation is the process by which a phenotype, initially
produced in response to a specific environmental stimulus be-
comes, over evolutionary time, constitutively expressed and thus,
independent of the original evoking stimulus (Pigliucci et al. 2006)
(Fig. 1). The concept, as described in the 19th century (Spalding
1873; Morgan 1896; Osborn 1897), initially proposed plasticity as
a positive driving force of evolution, particularly in relation to
behaviour and learning (Baldwin 1896, 1902). However, during its
formalization as a genetic concept in the 1940s, Waddington (1942,
1952, 1953, 1961) and Schmalhausen (1949) moved the focus to
developmental plasticity rather than behaviour and learning.
Empirically, Waddington demonstrated genetic assimilation with
the morphological cross-veinless trait in Drosophila melanogaster.
Initially, this trait occurred at low frequency in response to a certain
developmental heat shock regime. After just a few generations of
artificial selection, this initially environmentally induced pheno-
type becamemore prevalent in the population, even in the absence
of heat shock. A modern interpretation of these results is that the
stimulus exposed cryptic genetic variation, allowing selection for
the constitutive expression of this trait (Rutherford & Lindquist
1998; Gibson & Dworkin 2004; Schlichting 2008). Waddington’s
findings have inspired further research on genetic assimilation in
natural populations, also leading to the more broadly encompassing
concept of ‘genetic accommodation’ (West-Eberhard 2003). The
term ‘genetic accommodation’ includes both genetic assimilation
and instances in which the evolutionary outcome for the plastic
phenotype, initially induced by either the environment or by genetic
mutation, may include either increased or fine-tuned plasticity
through accumulated genetic changes (for further discussion of the
distinction see Crispo 2007). Studies have confirmed these concepts
in many systems. Examples include adaptation to different eleva-
tions in plants (summarized in Pigliucci & Murren 2003), plante
insect interactions (Heil et al. 2004; Linsenmair & Boland 2004),
body size in snakes (Keogh et al. 2005), colour polymorphism in the
tobacco hornworm (Suzuki & Nihout 2006), among others (e.g.
Chapman et al. 2000; West-Eberhard 2003; Ghalambor et al. 2007;
Aubret & Shine 2009; Snell-Rood et al. 2010).

Recent studies have investigated the role of genetic accommo-
dation and assimilation in the evolution of behaviour (Badyaev
2005, 2009; Duckworth 2009; Ghalambor et al. 2010; Foster
2013). One such study demonstrated that plasticity in oviposition
preference in Drosophila can become heritable when selected over
multiple generations (Mery & Kawecki 2004). Another demon-
strated that Caenorhabditis elegans can imprint on its olfactory
environment and this odorant preference can become genetically
based (Remy 2010). While many such experiments rely on artificial
selection and laboratory-based model organisms, the questions
driving the research stem from observations of natural variation
and adaptive phenotypes. Other studies have capitalized on varia-
tion among natural populations by comparing ancestral-type
groups that show plasticity in a focal trait to derived groups for
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which that trait is fixed. The comparison of these two types of
populations (one plastic and one canalized) provides a model with
which to study of the genetic assimilation of behaviour. For
example, males of ocean-dwelling (ancestral) stickleback fish
perform a zigzag dance in response to females approaching their
nest. Unlike the situation in the oceanic form, the dance is no longer
inhibited by cannibalistic foraging groups in derived freshwater
limnetic fish, suggesting genetic assimilation (Shaw et al. 2007;
Foster 2013). These past studies demonstrate that genetic assimi-
lation and accommodation can play an important role in pheno-
typic evolution, including the evolution of gene expression
underlying the behavioural shifts (Bell & Robinson 2011).

Gene Expression Profile of Genetic Accommodation

Although genetic assimilation and accommodation may be
major mechanisms through which behaviour evolves (Carroll &
Corneli 1999; West-Eberhard 2003; Ghalambor et al. 2010; Bell &
Robinson 2011), we know next to nothing about the molecular
changes associated with these processes. The majority of studies of
these processes have addressed outwardly observable phenotypes,
referred to here as ‘higher-order phenotypes’. However, in order to
understand how genetic accommodation has occurred one must
also ask about changes in the molecular mechanisms that regulate
these phenotypes. According to this approach, gene expression can
be considered a ‘first-order phenotype’ and a norm of reaction can
depict the level of expression for each gene under different envi-
ronments that induce plasticity of the higher-order phenotype (e.g.
behaviour, morphology or physiology). Just as plastic phenotypes
can evolve increased or decreased levels of plasticity in response to
selection, the regulation of gene expression associated with a
plastic phenotype may also evolve. It is therefore interesting to
determine the extent to which the evolved patterns of gene
expression mirror the evolved phenotypic plasticity. In other
words, while one might observe genetic assimilation of the first-
order phenotype, gene expression, such that the expression level
of a gene that was initially sensitive to the environment becomes
fixed at one extreme or the other, that is not the only possible
evolved pattern of gene expression.

Although not directly related to behavioural plasticity, an
example from recent research in Daphnia melanica provides evi-
dence for genetic assimilation of gene expression as a molecular
mechanism for genetic assimilation of the higher-order phenotype.
These freshwater crustaceans respond plastically to the presence of
UV radiation by increasing pigmentation through down-regulation
of the dopa decarboxylase (ddc) gene and the interacting gene ebony.
In certain populations, even in the presence of UV radiation,
D. melanica remains unpigmented (Scoville & Pfrender 2010),
which is a key adaptation for this lineage in response to the recent
introduction of a predator that hunts visually. Candidate gene
studies revealed that the environmentally insensitive phenotype is
realized through invariant up-regulation of the both ddc gene and
ebony gene. This case of adaptation through canalization is partic-
ularly interesting because the genetic assimilation observed at the
level of the higher-order phenotype (constitutively reduced mela-
nization) involves genetic assimilation of gene expression (consti-
tutive up-regulation of ddc). This result demonstrates one case in
which evolutionary change has targeted the same molecular
mechanisms that orchestrated phenotypic plasticity of the ances-
tral phenotype.

While, as in the case described for Daphnia, it may not be sur-
prising to find that canalization of the molecular mechanism can
underlie genetic assimilation of the phenotype, it is also possible
that novel patterns of gene expression could be co-opted in this
process. Although we currently know little about the genome-wide
patterns of gene expression associated with genetic accommoda-
tion of behaviour, we are now well poised to study these complex
mechanisms. Advances in modern genomics allow us to survey
gene expression patterns in nonmodel organisms in a comparative
way (Ekblom & Galindo 2011). Because genetic assimilation or ac-
commodation of a higher-order phenotype is likely accompanied
by changes in gene expression plasticity across numerous loci (e.g.
Hodgins-Davis et al. 2012), a genome-wide approach is best suited
to answering questions about the mechanisms involved. Borrowing
terminology from ecological studies of phenotypic plasticity and
evolution (e.g. Latta et al. 2012) we provide a framework of clas-
sification for the types of evolved changes in gene expression that
could be associated with genetic accommodation of behaviour.

EVOLVED PATTERNS OF GENE EXPRESSION PLASTICITY
ASSOCIATED WITH GENETIC ACCOMMODATION

Given that many genetic mechanisms often underlie the pro-
duction of a single behavioural trait, genetic accommodation of a
behavioural phenotype is likely to involve many different patterns
of evolved changes in gene expression plasticity. By describing the
possible patterns or categories of evolved gene expression plasticity
we can ask to what extent plasticity of the first-order phenotype,
gene expression, mirrors evolved behavioural plasticity. While
evolution of behavioural plasticity can clearly result in increased or
decreased plasticity (i.e. genetic accommodation), we focus the
discussion of gene expression categories on example of reduced
phenotypic plasticity (i.e. genetic assimilation) because this
concept, in addition to being well studied at the phenotype level,
provides clear parallels that can be described at the level of gene
expression. When a higher-order trait becomes canalized, a num-
ber of possible changes in gene expression plasticity could be at
play. These patterns of gene expression range from a strict canali-
zation of gene expression level to the evolution of completely novel
expression patterns. The different patterns of evolved gene
expression plasticity can be categorized according to the relation-
ship between the slope of the norm of reaction for the ancestral
genotype and the slope of the norm of reaction for the derived
genotype (Fig. 2). It should be emphasized that the overall set of
evolved patterns for gene expression plasticity that underlie the
genetic assimilation of a complex trait (like certain behaviours) is
bound to involve multiple patterns of change at different loci.

Assimilated Gene Expression Plasticity

In the most extreme case, genes expressed plastically in
response to the environment may become fixed in their expression,
being constitutively expressed at a level equal to that previously
induced by one environment or the other (Fig. 2a). In this case, the
first-order phenotype, gene expression, appears to have itself un-
dergone genetic assimilation. Clearly fixation of previously plastic
gene expression could result in constitutive expression of the
previously plastic phenotype. In a broader definition, evolved
constitutive gene expression may be canalized at an intermediate
level, an increased level or a decreased level not previously asso-
ciated with induced ancestral phenotypic state.

Accommodated Gene Expression Plasticity

Gene expression plasticity may evolve such that the level of
gene expression is responsive to the environment in both ancestral
and derived genotypes, but the slopes of the norms of reactions are
different (Fig. 2b), having been enhanced or fine-tuned by natural
selection. Accommodation of gene expression plasticity may un-
derlie assimilation at the level of the behavioural phenotype in that
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Figure 2. Hypothetical patterns of gene regulatory evolution that may contribute to genetic accommodation of behavioural plasticity. (aef) Norms of reaction for gene expression in
the ancestral genotype (solid line) and derived genotypes (dashed lines). (b, c, e, f) Instances of up-regulation by environment (a positive norm of reaction) in the ancestral genotype.
A second set of individual plots could be drawn to represent a negative norm of reaction for the ancestral genotype. (a) Assimilated gene expression plasticity. These genes are
environmentally insensitive in the derived population, fixed at one extreme, or mid-level compared to the plastic ancestral expression. (b) Accommodated gene expression
plasticity. These genes are environmentally responsive in both genotypes. Generally one would expect these genes to show decreased responsivity (D) in the derived genotype but
increased responsivity (I), perhaps for negative regulators, should not be ruled out. (c) Novel constitutive gene expression in both ancestral and derived genotypes. These genes are
not responsive to the environment in either genotype. While the constitutive character (environmental insensitivity) of these genes is conserved, the absolute level of expression
has evolved to be different. Therefore, these evolved constitutive genes may contribute to a novel behavioral phenotype. (d) Conserved gene expression plasticity. The level of
expression of these genes is similarly sensitive to the environment in both genotypes. While plasticity is conserved, the overall level of expression may have evolved to be different
and may underlie a novel phenotype. (e) Evolved gene expression plasticity. These genes are sensitive to environment only in the derived genotype and not in the ancestral
phenotype. Here a novel molecular mechanism can responsible for establishing a novel or a canalized phenotype. (f) Reversed gene expression plasticity. The level of expression of
these genes is sensitive to the environment in both genotypes, but the direction of regulation is reversed.
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genes previously regulated by the environmentmay still respond to
the environment, but the degree of responsiveness is altered and
does not translate into plasticity in the higher-order phenotype,
thus producing a canalized behavioural phenotype.
Novel Constitutive Gene Expression

Genes that are not associated with producing the plastic trait in
the ancestral population may be co-opted to constitutively produce
the higher-order phenotype. The derived higher-order phenotype
is produced through a different molecular mechanism than the
outwardly similar ancestral phenotype (Fig. 2c). A new constitutive
level of gene expression may be necessary to buffer against, or
reduce sensitivity to, environmental induction. Some functional
classes of genes may be expected to evolve increased expression
level (buffering) while others might be expected to evolve reduced
expression (decreased sensitivity).
Conserved Gene Expression Plasticity

Genes for which the level of expression is similarly sensitive to
the environment in both ancestral and derived genotypes are said
to show conserved plasticity. However, for this category of genes,
while the slopes for the norms of reaction for the gene in the
ancestral and derived population are parallel, the absolute level of
expression (the Y intercept)may be different (Fig. 2d). In such cases,
this change in gene expression plasticity may contribute to genetic
assimilation at the level of the phenotype if the level of gene
expression now falls above or below some threshold necessary to
produce behavioural plasticity.
Evolved Gene Expression Plasticity

While the behavioural phenotype may show genetic assimila-
tion in that it no longer varies when the environment changes,
there may be novel biased gene expression induced by the envi-
ronment (Fig. 2e). This environmentally inducible gene expression
may be required to produce the canalized higher-order phenotype
in order to compensate for other evolved changes in components of
the gene expression network.

Reversed Gene Expression Plasticity

A more extreme case of evolved plasticity might manifest as a
complete reversal of gene expression regulation such that the
environment that previously caused up-regulation of a gene asso-
ciated with the plastic phenotype now causes down-regulation of
the gene in order to produce the invariant phenotype under these
conditions (Fig. 2f). Again, this pattern would indicate a compen-
satory mechanism and would imply additional changes elsewhere
in the gene network.

Potential Patterns

Within this framework, we can describe the evolutionary
change in gene expression plasticity during genetic accommoda-
tion or assimilation of a behavioural phenotype. We can address
how many and which genes have evolved expression changes that
mirror the observed pattern of change in phenotype and to what
extent various novel patterns of gene expression plasticity are
recruited when behavioural plasticity evolves. It is important to
keep in mind, however, that determining which of the above
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categories appropriately describes the evolved plasticity of each
individual gene may rely on a statistical threshold for significance.
Therefore, appropriate statistical tests of equivalence (Qiu & Cui
2010), or a hierarchical analysis (e.g. McManus et al. 2010) must
also be employed.

The categories described above provide guidelines for interpret-
ingevolvedgene expressionpatterns that are associatedwithgenetic
accommodation of a plastic behavioural phenotype (see below, for
examples from bees, cichlids, killifish and fruit flies). Currently, the
relative contribution of each category of evolved gene expression is
unknown formost cases of evolvedbehavioural plasticity. In a case of
genetic assimilation, if the assimilated behavioural phenotype was
produced in large part by the same molecular mechanisms as the
induced ancestral phenotype, the category of assimilated and/or
accommodated gene expression plasticity would predominate
(Fig. 3a). Alternatively, if the assimilated phenotypewas produced in
large part by novel molecular mechanisms, the categories of novel
constitutive or evolved plasticity of gene expression would pre-
dominate (Fig. 3b). It is possible that the relative importance of the
different categories will differ depending on the phenotype in
question. For example, the evolution of plastic social behavioursmay
rely more heavily on one evolved pattern, while the evolution of
plastic foraging behaviours may rely more frequently on another.
Similarly, whether the ancestral phenotype is developmentally
irreversible, restricted to a particular developmental stage, or
reversibly plastic even in adults, may favour evolution according one
or the other patterns described above. In addition, we may find that
different functional typesofgenes (e.g. secretedmolecules versuscell
surface receptors) or genes that occupy different gene network po-
sitions (e.g. central versus terminal nodes or pleiotropic versus single
function genes) will differ in their tendency to undergo specific cat-
egories of regulatory evolution. Finally, such tendencies may also be
influencedby structural characteristics of the genome.Here, thefield
of gene regulatory evolvability (Landry et al. 2007; Tirosh et al. 2009;
Rosin et al. 2012) should contribute to the studies of evolution of
behavioural plasticity.

EXAMPLES FROM THE LITERATURE

Several comparative studies in honeybees have examined the
molecular mechanisms for behaviours such as dance (Sen Sarma
(a) (b)

Figure 3. Representation of the potential relative contribution for each category of evolv
plasticity in either the ancestral or derived phenotype can be categorized according to th
plasticity will likely underlie a single case of behavioural genetic assimilation. The full set of e
gene expression plasticity. However, the relative contribution of each category may differ for
evolved gene expression plasticity include assimilated and/or accommodated gene express
same mechanisms as the previously plastic ancestral phenotype. However, when the catego
clear that the derived canalized phenotype is produced through novel molecular mechanis
different categories of regulatory evolution; for example, assimilated gene expression plastic
expression plasticity may be the predominant pattern for reversible plasticity (b). Furthermo
different types of regulatory evolution; for example, constitutive gene expression plasticity
expression plasticity may be the predominant pattern for metabolic enzymes (a). These a
patterns.
et al. 2009), sociality (Johnson & Tsutsui 2011), eusociality (Toth
et al. 2007; Bloch & Grozinger 2011) and aggression (Alaux et al.
2009). This last example explicitly looked for evidence of genetic
assimilation for gene expression plasticity. It compared two species,
one that showed a plastic aggressive phenotype and one with a
constitutive aggressive phenotype (Alaux et al. 2009). By first
identifying gene expression plasticity associated with a plastic in-
crease in aggression in European bees (either age-related or
pheromone-induced), Robinson and colleagues were able to then
ask whether canalized gene expression was seen in the constitu-
tively more aggressive Africanized bees. Based on principle
component analysis, the authors found strong evidence for genetic
assimilation at the level of gene expression plasticity. However,
additional analyses addressing the norm of reaction for individual
genes in this data set would be necessary to determine the relative
proportion of changes in gene expression regulation that fall into
each category described above. Instead the authors took a different
approach, analysing putative cis-regulatorymotifs (for methods see
Ament et al. 2012), to suggest that evolved patterns of gene
expression regulation may occur at the transcriptional network
level. Based on their results, the authors suggested that the plastic
aggressive response to alarm pheromone could be an evolutionary
antecedent to an increased baseline level of aggression in Afri-
canized bees (Alaux et al. 2009). This is an example of genetic
assimilation for behavioural plasticity mirrored in part by assimi-
lation of gene expression plasticity.

Similarly, although not specifically framed in the terminology of
genetic accommodation, recent comparative studies have
addressed gene expression changes that accompany the evolution
of behaviour in cichlids, such as mating strategy (Machado et al.
2009 ) and sex-biased behaviours (Schumer et al. 2011). Julido-
chromis marlieri and Julidochromis transcriptus have evolved
different sex-biased behaviour patterns. While J. transcriptus pre-
dominantly follows the ancestral pattern of male dominance, male-
biased sexual size dimorphism and territoriality, a minority of pairs
in the wild express a reversal of this sex-biased pattern. For
J. marlieri, the predominant sex-biased pattern is naturally
reversed, such that females show these male-typical behaviours
and morphology (Barlow & Lee 2005); these aggressive females are
less plastic than J. transcriptus individuals. Comparing gene
expression patterns associated with plastically aggressive
Assimilated

Accommodated

Constitutive

Conserved

Evolved plastic

Reversed

ed gene expression plasticity. While each gene whose expression is associated with
e framework presented in Fig. 2, a complex set of these changes in gene expression
volved changes may include several (possibly all) of the described categories of evolved
different instances evolved phenotypic plasticity. When the predominant categories of
ion plasticity (a), the derived canalized phenotype is orchestrates through largely the
ries of novel constitutive or evolved plasticity of gene expression predominate (b), it is
ms. Different forms of behavioural phenotypic plasticity may rely more heavily on the
ity may be the predominant pattern in irreversible plasticity (a) while constitutive gene
re, it is possible that different functional categories of genes are predisposed to undergo
may be the predominant pattern for transcription factors (b) while assimilated gene
re hypothetical distinctions, but empirical research should inform us about the true
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J. transcriptus females to stably aggressive J. marlieri females sug-
gests that genetic assimilation of gene expression patterns that
were previously plastic may have contributed to this behavioural
shift (Schumer et al. 2011; M. Schumer & S. Renn, unpublished
data). Julidochromis marlieri females naturally exhibit gene
expression patterns highly similar to J. transcriptus males, and
J. transcriptus females exhibit male-like expression patterns when
they are induced to plastically increase aggressive behaviour.

Other examples from the literature show recruitment of genes
not previously induced by the environment and novel patterns of
gene expression during evolutionary change in phenotypic plas-
ticity. Killifish have become a model system for plasticity in
ecological physiology (Whitehead 2012). While individuals of some
killifish species are highly flexible (e.g. salinity temperature, hypoxia
or pollutants), closely related species vary in the extent of plasticity
(e.g. Whitehead et al. 2011, 2012a). By using replicate pairs of pop-
ulations (Whitehead et al. 2012b) or multiple populations along an
environmental gradient (Whitehead et al. 2011), researchers have
been able to study the patterns of gene expression that evolved to
produce increased or decreased plasticity. One such study focused
on pollution tolerance (Whitehead et al. 2012a) and showed that
individuals from three polluted populations showed dissimilar
plastic gene expression responses to pollution, suggesting indepen-
dent evolutionary solutions. While the environmental pollutants
may also have differed among the three sites, this result suggests that
even for similar instances of genetic assimilation of a plastic pheno-
type, the co-opted genes and their evolved plasticity may differ.

An ecological physiology approach has also been applied to
study host specialization in the cactophilic fly Drosophila moja-
vensis, a North American desert species composed of four recently
diverged populations. Among these populations, each has special-
ized with regard to detoxification (physiology) and host preference
(behaviour). A pair of recent studies quantified gene expression for
two populations, one endemic to the ancestral host (Matzkin et al.
2006) and one endemic to a derived host (Matzkin 2012). Due to
advances in technology, a new microarray was used in the second
study, making it impossible to directly relate absolute gene
expression level across the two studies. None the less, 23% of host-
induced gene expression plasticity was shared between pop-
ulations, suggesting either conserved or accommodated gene
expression plasticity. Further quantification of gene expression
plasticity in the ancestral population is necessary to accurately
categorize the evolved patterns of gene expression plasticity.

While some of these studies provide strong support for a role for
genetic assimilation of gene expression plasticity, they also
demonstrate the importance of novel gene expression patterns in
the process of genetic assimilation for behavioural plasticity. Each
genome-wide study reveals a complex pattern of gene expression
evolution that can be addressed by the framework provided above.
With the study of additional systems, and a consistent framework
to classify the evolution of gene expression plasticity, a clearer
picture should emerge as to how many and which types of genes
have evolved plasticity changes that mirror the observed patterns
of change at the level of behaviour.

REQUIRED CHARACTERISTICS FOR APPROPRIATE STUDY
SYSTEMS

A consensus has yet to be reached about whether certain
evolved changes in gene expression are more or less likely to
accompany genetic accommodation, although some theoretical
studies suggest that assimilation of gene regulation may be com-
mon (Espinosa-Soto et al. 2011). To study the mechanistic changes
associated with genetic accommodation of the higher-order
phenotype, an appropriate behavioural and genomic system must
be selected. Outlined here are four conceptual and practical issues
to be considered in selecting an appropriate study system, followed
by a summary of current techniques that can be applied.

Ancestral and Derived Populations with Differing Degree of
Plasticity

To address the process of genetic accommodation of behaviour,
multiple species with the appropriate phenotypic and phylogenetic
relationships must be identified to establish a comparative frame-
work. The most basic studies of genetic accommodation require an
ancestral population/species with significant phenotypic plasticity
and at least one derived population with altered plasticity in that
trait. For many study systems, the true ancestral population is no
longer extant and a contemporary population most similar to the
hypothesized ancestor in the trait of interest must be used. More
complex comparisons including multiple parallel evolutionary
events (e.g. copepod: Lee et al. 2011; freshwater invasion killifish:
Whitehead et al. 2012a), multiple lineages with varying degrees of
phenotypic plasticity (e.g. Khaitovich et al. 2004) or multiple line-
ages/populations of known phylogenetic relationships, would
provide further power to eliminate spurious correlations as well as
to differentiate between neutral and adaptive changes in gene
expression regulation.

Quantifiable Phenotype

To identify the evolved patterns of gene expression that account
for adaptive evolutionary change in behavioural plasticity, the
behavioural phenotype(s) should be directly quantifiable, related to
the organism’s fitness and amenable to comparison across envi-
ronmental conditions and populations. Behavioural measures must
be developed that encompass the range of phenotypes for the entire
study (although not all populations will exhibit the full range of
phenotypes). Furthermore, when physiological measures, for
example hormone titre, are used as a proxy for behavioural mea-
sures, it is necessary to verify the validity of this measure across all
environmental conditions and populations included in the study.
Although seemingly obvious, this constraint on experimental design
makes meta-analysis of existing behavioural data sets difficult.

Ability to Induce Plasticity in a Controlled Setting

Given the goal to understand mechanisms that underlie plas-
ticity or loss of plasticity, one must control, to the extent possible,
additional developmental or maternal effects. Transplantation ex-
periments (Cheviron et al. 2008) and natural experiments in the
field (great tit, Parus major: Santure et al. 2011) are likely to be
technically more difficult than those in a controlled laboratory
setting due to greater variation. While individual variation can be
informative, gene expression studies should be designed to mini-
mize sampling and environmental variation.

Genomic Resources for Multispecies Gene Expression Studies

To investigate the mechanisms of genetic accommodation, re-
searchers face the challenge of not only establishing genomic re-
sources for a single species but also establishing tools that allow
comparison among multiple species or diverged populations. A
robust genomic study requires the ability to perform four com-
parisons. The first and second compare samples collected from two
environmental conditions, one within the ancestral population and
the other within the derived population, to quantify gene expres-
sion plasticity in each population. These two comparisons establish
a norm of reaction for each gene in each population. The third and
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the fourth comparisons must quantify gene expression differences
between the ancestral and derived populations within each set of
environmental conditions. These two comparisons quantify
evolutionary change in gene expression level for each gene and
place the ancestral and derived norms of reaction relative to each
other. These four comparisons are necessary to identify whether
genes that are plastically expressed in response to the environment
in the ancestral phenotype show altered expression in the derived
phenotype. Until recently, the availability of genomic resources
greatly constrained the choice of experimental systems, and
comparative studies present additional challenges in terms of
orthologue identification and sequence divergence.

Promising Systems for Future Study

While genome-wide approaches are now commonly applied to
address the genomic basis of organismeenvironment interaction
(Aubin-Horth & Renn 2009; Renn & Siemens 2010; Whitehead
2012), few behavioural studies have addressed plasticity in a
comparative context. None the less, there are several promising
systems that fulfil the first three criteria above and that are poised
to capitalize on the fourth. By applying the proposed framework to
promising systems such as these, we will advance our under-
standing of the evolutionary processes that underlie evolved
changes in behavioural plasticity.

The postglacial radiation of the threespine stickleback fish of-
fers an excellent opportunity to study the evolution of behavioural
plasticity and its genomic underpinnings (McKinnon & Rundle
2002; Kitano et al. 2010; Wark et al. 2011). Here, behavioural
phenotypes can be evaluated in the oceanic threespine stickleback
fish, which represent the ancestral condition, as well as for the
derived freshwater populations (Hohenlohe et al. 2010). Among
these fish, clear associations have been established between
ecological contexts and phenotypic attributes such as foraging
(McPhail 1994), antipredator behaviour (Foster 1994; Huntingford
et al. 1994), boldness (Huntingford 1982; Alvarez & Bell 2007;
Dingemanse et al. 2007), schooling (Wark et al. 2011) and court-
ship (Foster 1995; Foster et al. 1998). Many of these ecologically
correlated behaviours (reviewed in Bell & Foster 1994) are
retained under controlled experimental conditions (e.g. Lacasse &
Aubin-Horth 2012). Furthermore, a wealth of recently developed
molecular tools has made it possible to address genetic mecha-
nisms of adaptive differentiation in this system (Cresko et al. 2007;
Kingsley & Peichel 2007; Miller et al. 2007; Jones et al. 2012).
Although the evolution of behavioural norms of reaction have
been examined only to a limited degree in the species group
(Shaw et al. 2007; Foster & Wund 2011), there exists potential to
explore the patterns of gene expression plasticity that have
evolved in response to repeated, parallel patterns of selection (Bell
& Stamps 2004; Bell & Sih 2007; Bell & Robinson 2011; Yibayiri
et al. 2011; Sanogo et al. 2012).

Among the swordtails and platyfishes (genus Xiphophorus)
there are many well studied species that show plasticity in male
reproductive strategies (Rios-Cardenas & Morris 2011). This plas-
ticity is either developmental (irreversible) or context dependent
(reversible). Plasticity appears to be ancestral, and there are species
inwhichmale behavioural plasticity has been lost or reduced (Ryan
& Wagner 1987; Rauchenberger et al. 1990; Morris et al. 2001,
2005). Researchers are currently examining the hypothesis that
during the evolution of this clade (including Xiphophorus pygmaeus
and Xiphophorus continens), genetic assimilation of a previously
plastic reproductive strategy has occurred (M. Morris, personal
communication). In combination with related studies that identify
(Cummings et al. 2008) and localize (Lynch et al. 2012) gene
expression differences in female brains during mate choice, this
promises to be an exciting system formechanistic studies of genetic
assimilation.

In a more general sense, urbanization represents a major shift of
environment and is likely to favour behavioural phenotypes that
represent the extremes of a previously plastic behavioural
response. The effects of urbanization on behaviour have been
examined in birds in the context of foraging (e.g. Thomas et al.
2003), personality (e.g. Evans et al. 2010; Scales et al. 2011),
stress (e.g. Atwell et al. 2012) and communication (e.g. Slabbekoorn
& Ripmeester 2008; Slabbekoorn 2013), and some cases of altered
behavioural plasticity have been identified. For example, recent
research has found evolved changes in plastic communication
characteristics in some bird species (Hanna et al. 2011). Combined
with years of research on the neural circuitry involved in avian song
(Brenowitz et al. 1997) and recent genomic studies of this process
(London & Clayton 2010), a investigation of genetic accommodation
for plastic communication may be possible, especially as genomic
resources are further developed for certain avian species (e.g. finch:
Warren et al. 2010; great tit: Santure et al. 2011; junco: Peterson
et al. 2012).

These examples represent but a few of the many exciting pos-
sibilities. As genomic tools become available for emerging model
organism, we will be able to address questions about the evolution
of behavioural plasticity in a wide variety of taxa. For example, in
addition to those described above, genomic resources are being
developed for a range of taxa that have been previously studied at
the level of behavioural, developmental, physiological or ecological
plasticity, such as dung beetles (Snell-Rood et al. 2011), pea aphids
(Simon et al. 2011), butterfly groups (Beldade et al. 2008) and
pipefish (Mobley et al. 2011) to name a few.

TOOLS FOR EXPERIMENTAL GENOMICS

A number of techniques exist for characterizing gene expression
associated with plastic and constitutive behaviours. These tech-
niques allow us to consider the full transcriptome, the set of
expressed genes, for an individual. The expression level for each
gene in the transcriptome results from the interaction of the ge-
notype and the environment. Most current techniques available to
quantify gene expression provide a measure of the expression level
of mRNA transcripts that will be translated into protein (but see
Hackenberg 2012 for microRNA profiling) that ultimately influence
an organism’s phenotype.

Microarray analysis, although first developed in model organ-
isms, has provided a wealth of gene expression data for nonmodel
species, ranging from fish (Oleksiak et al. 2002; Cossins & Crawford
2005) to bees (Whitfield et al. 2002) to crustaceans (Stillman et al.
2006) to birds (Replogle et al. 2008), many of which were designed
explicitly for comparative studies (Bar-Or et al. 2007; Buckley
2007). Microarrays provided the first opportunity for researchers
to evaluate gene expression on a genome-wide scale in nonmodel
organisms. Because microarray platforms developed in one species
can be used in closely related species (‘heterologous hybridization’;
Renn et al. 2004) with appropriate controls (Machado et al. 2009;
Renn et al. 2010), these techniques greatly expanded the number of
species that could be investigated on a genomic scale and have
been successfully used to investigate diverse phenotypes such as
thermal tolerance in fish (Buckley et al. 2005), the molecular
mechanisms of complex social structure (Aubin-Horth et al. 2007;
Schumer et al. 2011), numerous studies in salmonids (e.g. Aubin-
Horth et al. 2005; Pavey et al. 2010; Hutchings 2011) and the mo-
lecular mechanisms involved in mating tactics (Machado et al.
2009).

While gene expression data on a genome level has, for the past
20 years, relied primarily on microarray hybridization techniques,
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advances in DNA sequencing technology have introduced RNA
sequencing as a technique that is quickly replacing microarrays in
many fields. Several excellent reviews cover the application of
these techniques to nonmodel organisms (Gibbons et al. 2009;
Ekblom & Galindo 2011; Ward et al. 2012).

The term ‘RNA-seq’ describes a variety of methods based on
deep sequencing and quantitative analysis (Wang et al. 2009;
Wilhelm & Landry 2009). RNA-seq involves direct sequencing to
produce short (50e100 base pairs) reads from a cDNA template
(reverse-transcribed from the RNA sample of interest) and
expression can be quantified by counting the number of reads
produced for each gene (Costa et al. 2010). This technique has many
advantages over microarray hybridization because it generates
large amounts of sequence information in addition to gene
expression information (Robertson et al. 2010; Grabherr et al.
2011). RNA-seq also offers a greater dynamic range (Wang et al.
2009) and thus the ability to quantify even genes with very low
expression level, as may be the case for behaviourally relevant
genes. However, some of these advantages come at a financial and
computational cost. While full transcriptome information has
become available for many nonmodel species (Fraser et al. 2011;
Santure et al. 2011), few studies have used RNA-seq to identify
condition-dependent or population-level expression differences
(but see: white fish: Jeukens et al. 2010; Wolf et al. 2010). Because
sequencing multiple individuals dramatically increases costs,
microarraysmay still present a cost-effective option for population-
level studies. Another limitation is that some analysis pipelines rely
on a well assembled and annotated reference genome to which the
reads can be aligned (Labaj et al. 2011). Alternate pipelines do not
require a fully assembled genome but instead use as reference a
transcriptome (Li & Dewey 2011) that can be assembled de novo
from the RNA-seq data collected for the particular experiment
(Zerbino & Birney 2008; Grabherr et al. 2011), While sequencing
approaches such as RNA-seq have many benefits, developing a
transcriptome without a genome sequence as a resource can be
challenging, particularly for diverged populations, due to ortho-
logues and paralogues, as well as the high level of polymorphism
found in some natural populations (Robertson et al. 2010; Harrison
2012; Yandell & Ence 2012).

In addition to microarrays and RNA-seq, researchers are using
combinations of tools to obtain comparative gene expression data at
low costs. Matz and colleagues (Meyer et al. 2011) used a restriction
digest-based procedure to reduce sequencing costs, but they still
provided counts of genes and used only a transcriptome assembly as
a reference. In another creative experiment investigating whether
genes with environmentally sensitive expression experience more
rapid sequence divergence, Pfennig and colleagues (Leichty et al.
2012) characterized expression bias and sequence divergence in
four species of frog using a creative combination of heterologous
hybridization to generate a candidate list, and transcriptome
sequencing to both characterize divergence and facilitate PCR-based
techniques to validate the evolution of gene expression. In this way
they revealed that increased rates of sequence divergence predated
the evolution of plasticity of gene expression level.

Of particular concern to researchers investigating the gene
expression mechanisms associated with behaviour is the total
amount of sequence data that may be required to obtain sufficient
information about genes that are expressed at low levels. For some
samples, over 75% of all RNA-seq data accounts for less than 7% of
the known transcriptome (Labaj et al. 2011); more sequence in-
formation (or ‘depth’) is required to accurately detect genes with
low expression levels. Often the most highly expressed genes will
not be the genes of interest in behaviour studies. Because of the
high cost of this technique, many early studies include inadequate
biological and technical replication or flawed experimental design,
limiting the biological inference that has been possible. However,
the increased sequencing depth required to investigate genes with
low levels of expression will become more feasible as sequencing
costs continue to decrease.

CONCLUSIONS

Understanding the gene expression plasticity associated with
behavioural plasticity and how it evolves relative to the behavioural
phenotype itself is a lofty but feasible goal. In this review, we
describe a framework including six categories for the gene
expression norms of reaction that could be responsible for genetic
accommodation at the level of behavioural phenotype. While ge-
netic assimilation of gene expression plasticity is one category that
could underlie canalization of behavioural plasticity, we emphasize
that many other categories, including those in which the evolved
gene expression is more plastic (i.e. evolved gene expression plas-
ticity or accommodated gene expression plasticity), may be
involved in producing an environmentally invariant behavioural
phenotype. Using modern genomic techniques and a carefully
chosen study system (e.g. case studies discussed above), it will be
possible to determine the relative importance of each of these norm
of reaction categories during the evolution of behavioural plasticity.
Based on theoretical models suggesting that co-option of complex
polygenic traits is a more likely evolutionary pathway than is the
evolution of new mechanisms to produce the same phenotype,
genetic assimilation of gene expression plasticity is predicted to be
prevalent (Espinosa-Soto et al. 2011). However, it will be interesting
to learn the degree to which this prediction holds for different
phenotypes or different functional and structural classes of genes.
For example, Snell-Rood (2013) differentiates between two types of
behavioural plasticity, ‘context-dependent behavioural plasticity’
and ‘developmental behavioural plasticity,’ the distinction being
that of timescale. Regardless of whether these definitions create a
dichotomous distinction or represent a timescale gradient, it is
interesting to ask to what extent the evolved patterns of gene
expression associated with these different types of plasticity are
shared versus independent.

The categories of evolved gene expression plasticity that we
present in relation to genetic accommodation of behavioural plas-
ticity apply broadly to any evolutionary change in behavioural
plasticity. We emphasize that the evolved patterns of gene expres-
sion plasticitymay ormay not mirror the reaction norms that can be
drawn for the evolved plasticity of behavioural phenotype. How-
ever, by determining the overall set of evolved patterns of gene
expression we can begin to elucidate the molecular processes that
accompany the evolution of behavioural plasticity. These categories
are not novel but rather are borrowed from theoretical and empir-
ical studies on the evolution of plasticity and the evolution of gene
expression. Here we have explained how these categories pertain to
the evolution of behaviour, and we have outlined approaches and
methodological issues. Although next-generation sequencing tech-
niques make such questions approachable, new model organisms
must be selected carefully, and, cost still presents a limitation for
experimental designs that require multiple comparisons and both
biological and technical replication. As animal behaviourists and
behavioural ecologists move to genomic techniques, it is essential to
retain rigour in experimental design and keep these methodological
concerns in mind.
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