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Abstract

Phenotypic plasticity is the development of different phenotypes from a single genotype,
depending on the environment. Such plasticity is a pervasive feature of life, is observed
for various traits and is often argued to be the result of natural selection. A thorough
study of phenotypic plasticity should thus include an ecological and an evolutionary
perspective. Recent advances in large-scale gene expression technology make it possible
to also study plasticity from a molecular perspective, and the addition of these data will
help answer long-standing questions about this widespread phenomenon. In this review,
we present examples of integrative studies that illustrate the molecular and cellular
mechanisms underlying plastic traits, and show how new techniques will grow in
importance in the study of these plastic molecular processes. These techniques include:
(i) heterologous hybridization to DNA microarrays; (ii) next generation sequencing
technologies applied to transcriptomics; (iii) techniques for studying the function of
noncoding small RNAs; and (iv) proteomic tools. We also present recent studies on
genetic model systems that uncover how environmental cues triggering different plastic
responses are sensed and integrated by the organism. Finally, we describe recent work on
changes in gene expression in response to an environmental cue that persist after the cue
is removed. Such long-term responses are made possible by epigenetic molecular
mechanisms, including DNA methylation. The results of these current studies help us
outline future avenues for the study of plasticity.
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Phenotypic plasticity: how ecology modulates
the genome

Introduction

Phenotypic plasticity can be defined as re-programming
of the genome in response to the environment. A trait
is plastic when the same genotype results in the devel-
opment of a different phenotype depending on the
environment the organism faces (Pigliucci 2001; West-

Eberhard 2003). Plastic responses range from morpho-
logical modifications to drastic changes in physiology,
life history and behaviour, and often involve changes in
a suite of traits (Pigliucci 2001; West-Eberhard 2003). In
many cases, it has been shown that not only is a plastic
response adaptive and allows individuals to meet the
challenges brought about by a variable environment,
but that it can also be costly compared to the constitu-
tive expression of the trait (Pigliucci 2001, 2005). Pheno-
typic plasticity can be illustrated with the concept of a
reaction norm, which is the representation of values
that a trait takes in each environment (Fig. 1). Different
genotypes may have different reaction norms, meaning

Correspondence: Nadia Aubin-Horth, Fax: 514 343 2293;
E-mail: n.aubin-horth@umontreal.ca

! 2009 Blackwell Publishing Ltd

Molecular Ecology (2009) doi: 10.1111/j.1365-294X.2009.04313.x



that they respond differently to the same environmental
conditions. Indeed, it is possible that one genotype
responds to a change in an environmental variable
while another does not change, or changes in another
direction (Cote et al. 2007). The presence of genetic vari-
ation for a trait, along with the force of selection, deter-
mines whether selection acting on that trait will result
in an evolutionary response. Therefore, if different
genotypes in a population produce different reaction
norms, and if the slope of the reaction norm is posi-
tively correlated with fitness, increased plasticity should
evolve in that population for that particular trait (Sch-
lichting & Pigliucci 1998). The amount of plasticity can
thus evolve differently in distinct populations and spe-
cies, depending on the selection pressures they each
face (for an experimental evolution example, see Suzuki
& Nijhout 2006). Furthermore, if certain genotypes are
plastic within a population and others are not, it is pos-
sible that genetic variation for the trait will be measured
as null in one environment (all genotypes develop the
same phenotype) and high in another (where plasticity
is expressed and genotypes differ in phenotypes, Fig. 1,
and see Landry et al. 2006). Therefore, the response to
selection on the same trait can vary among environ-
ments, for the same set of genotypes (Schlichting & Pig-
liucci 1998). Finally, it has been proposed that plasticity
can accelerate evolution by allowing individuals to
exploit a novel environment if they possess the capacity
to develop a new phenotype when faced with that
novel environment (Price et al. 2003; Yeh & Price 2004).
Implicit in this hypothesis is the idea that plastic indi-
viduals will be favoured over nonplastic ones by natu-

ral selection. Eventually, the new phenotype may
become fixed through genetic assimilation, or there may
be an evolutionary shift in the elevation or the slope of
the reaction norm, a process referred to as genetic
accommodation (West-Eberhard 2003; Pigliucci et al.
2006; Suzuki & Nijhout 2006; Crispo 2007).
Determining how plastic developmental changes that

occur in response to environmental conditions are coor-
dinated at the molecular and cellular levels is a chal-
lenge that combines ecology with developmental
biology (Gilbert 2005). Perhaps unsurprisingly, the his-
toric lack of interaction between these fields means that
the mechanisms that underlie the development of the
alternative phenotypes are still largely unknown for
many systems. In the few systems in which they have
been studied, the identified mechanisms include
changes in gene expression as well as changes in pro-
tein and hormone activity (Gilbert 2005). The mecha-
nisms by which an environmental cue is detected and
triggers a plastic response at the molecular and cellular
level are also largely unknown, especially in animals.
Although understanding which changes in gene expres-
sion are related to a plastic response would clearly
enlighten our comprehension of plasticity and its evolu-
tion, these changes are partially or completely unknown
in many cases.
Fortunately, novel genome-level molecular

approaches that have been developed in genetic model
organisms are increasingly available for nonmodel spe-
cies. These approaches come at an opportune time to
address many long-standing questions regarding the
processes and mechanisms of phenotypic plasticity.
These questions can be broadly categorized into three
groups: (i) determining the genomic make-up of plastic
traits; (ii) understanding the higher-level biological pro-
cesses involved and their conservation across species;
and (iii) determining the molecular machinery that
interfaces the genotype and the environment. For many
of these questions, the answers require molecular
studies of species that have served as models for spe-
cific questions, but have not been the focus of past
genetic analysis. These will be referred to as ‘nonmodel’
species.

Integrative biology

Until recently, there was a partition between the study
of plasticity from an ecological and an evolutionary per-
spective (using nonmodel species) and the study of
plasticity from a molecular and genetic angle (using
genetic model species). Recently, however, these dis-
parate fields have been united in the new discipline
of integrative biology. This discipline examines the
molecular and cellular mechanisms underlying traits of
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Fig. 1 A reaction norm, the representation of trait values in
relation to the environment, is used to define the level of plas-
ticity of that trait. The y-axis can also represent three time steps
in the development of a plastic phenotype. The red reaction
norm shows a progression in phenotype value from environ-
ments 1 to 3. The green reaction norm shows a difference in a
phenotype only in the intermediate environment. This could
also represent a phenotype such as a gene expression level that
is higher only during the transition phase of development of a
plastic phenotype. The blue reaction norm shows a phenotype
that changes during the transition and keeps the same value in
the endpoint step of development.
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interest in ecology and evolution, particularly in species
previously unstudied with molecular and genetic tools.
It also takes genetic model species out of the laboratory
and extends knowledge of these systems to include the
effects of their natural habitat. Integrative biology
employs techniques and approaches to study several
different levels of biological organization within a single
research programme. It often requires the collaboration
of several complementary researchers, each with spe-
cific disciplinary expertise, to tackle a unified problem
from many angles (Wake 2003). Several integrative biol-
ogy studies published in recent years have provided
insights on the molecular basis of interspecific variation
in phenotypes by borrowing concepts and tools from
the fields of functional genomics and systems biology
(Carleton & Kocher 2001; Toma et al. 2002; Reed &
Serfas 2004; Abzhanov et al. 2006; Derome et al. 2006;
Diz & Skibinski 2007; Jordan et al. 2007; Landry et al.
2007). In this review, we present the implementation of
this strategy for the study of plastic variation in pheno-
types. This discovery-driven approach that employs
high-throughput molecular tools to study genomic
reaction norms has proven to be a powerful approach
for uncovering hundreds of new candidate genes and
new biological processes.

Ecological annotation of genes

The integrative biology approach associates molecular
results with traits of ecological and evolutionary inter-
est. It gives us a better understanding of the function of
genes in relevant environments and therefore results in
ecological annotation for genes and processes. Further-
more, the relationship between molecular and ecological
knowledge is a two-way interaction. On the one hand,
molecular techniques promise to further our under-
standing of gene functions and molecular mechanisms
underlying ecologically important traits. On the other
hand, ecological studies are necessary for a comprehen-
sive understanding of functional genomics, as many
genes in genetic model species show no phenotype
when knocked out or manipulated in the laboratory
(Carroll & Potts 2006; Pena-Castillo & Hughes 2007).
For example, some genes may not have effects on sur-
vival in the laboratory, yet might be essential when
mounting a plastic stress response to an environmental
variable. Quantifying the contribution of genes to a phe-
notype in ecological (as opposed to laboratory) environ-
ments will allow an ‘ecological annotation of genes and
genomes’ (Landry & Aubin-Horth 2007) and will thus
fill gaps in our knowledge of gene function. Indeed,
studying how ecology modulates genome activity will
not only enhance our understanding of this pervasive
process, but also document the molecular functions and

biological processes with which a gene is associated
(Fig. 2).
However, to distinguish causation from consequence,

one must eventually go beyond simply correlating
phenotypes with gene expression patterns. Indeed, gene
expression is itself a trait that can be plastic (it is
affected by the genotype and by the environment) and
can be the result of a response to a change in the envi-
ronment (Cote et al. 2007). It is thus possible to repre-
sent the different levels of expression of a gene in
different environments as a reaction norm. Furthermore,
it has been shown that different genotypes can have dif-
ferent reaction norms of gene expression (Landry et al.
2006; Li et al. 2006). Distinguishing transcriptional
changes that are the cause rather than the consequence
of plastic development can be achieved using time ser-
ies that track the development of the plastic trait after
manipulating the internal and ⁄or external environment.
This time series approach reveals the progression of
transcriptional variation and allows the identification of
genes whose transcription changes early and potentially
transitively. Such early, transient changes are the most
probable triggers of the plastic phenotypic changes.
Below, we present examples of this type of develop-
mental series in the study of plasticity in animals.

The comparative method

Another means by which to study the relationship
between gene expression and phenotype is the compar-
ative method. For example, techniques to examine
expression profile changes have been developed for the
medical field and applied to comparative studies of
environmental stress (Gasch et al. 2000; Cossins et al.
2006; Gasch 2007; Reinius et al. 2008; Kassahn et al.
2009). The comparison may examine a given tissue for
several species, a response to different environmental
cues in the same species or a response to the same envi-
ronmental cue but in different tissues. Beyond under-
standing the molecular mechanisms of a particular
instance of plastic development, comparative studies

Molecular function

Biological processEcological annotation

Fig. 2 The three axes of information on a gene: molecular
functions, biological processes and ecological annotation.
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collectively draw a more complete picture of which
molecular networks are rearranged (and how they are
rearranged), which molecular networks are reused in
different species and how ecology modulates genome-
wide processes. We further discuss the comparative
approach in the second part of this review.
We also present how integrative biology has

answered, or has the potential to answer, the above
questions about phenotypic plasticity. We reveal how
newer techniques will grow in importance for the study
of these molecular processes. These techniques include
(i) heterologous hybridization on DNA microarrays; (ii)
new sequencing technologies applied to transcriptomics;
(iii) techniques for the study of small RNAs for gene
regulation and epigenetic effects; as well as (iv) proteo-
mic techniques. We also review recent studies in genetic
model systems that have uncovered mechanisms by
which the environmental cues that trigger different
plastic responses are sensed and integrated by the
organism and result in a plastic change. Finally, we
showcase a subset of the recent studies in order to dem-
onstrate that plastic changes in gene expression in
response to an environmental cue can persist after this
cue is removed and that this long-term response is
made possible by several epigenetic molecular mecha-
nisms, including DNA methylation. We finally outline
future advances that may arise through the study of
plasticity using the above approaches.

Genomic make-up of plasticity

Understanding plasticity requires first and foremost the
understanding of its genomic make-up. Can we define
genomic reaction norms of plastic traits (Fig. 1)? How
many and which types of genes vary in expression
between the different phenotypes of a plastic trait? Can
we determine which genes are up-regulated at each
step of development of the plastic trait and which genes
are only found up-regulated in the final phenotype?
Which genes are the ‘cause’ and which are the ‘conse-
quence’ of plastic development?

A genomic reaction norm defines the number and
nature of genes that vary in expression

Understanding the genomic make-up of plastic geno-
types requires establishing how the developmental or
physiological programme of an organism is modified as
it changes in response to the environmental cue. By
determining the differences in gene expression among
environments, we define a genomic reaction norm
(Fig. 1). The transcriptomes of various nonmodel organ-
isms have recently been probed using new molecular
tools such as custom-made DNA microarrays. By study-

ing a large portion of the genome, it is possible to esti-
mate how many genes are associated with plastic
responses to the environment. By incorporating gene
annotation based on studies in genetic model systems,
such as Drosophila, rodents and humans, it is also possi-
ble to know the molecular function, related cellular
component and associated biological process for the
genes involved. Finally, understanding the molecular
changes that are associated with different versions of a
plastic trait will direct research in novel directions by
allowing the manipulation of these genes for testing
ecological and evolutionary hypotheses, such as
examining the adaptive value of phenotypic plasticity
(Schmitt et al. 1999).

Ontogeny in honeybees. Decades of research on the
behaviour of social insects have shown that an individ-
ual honeybee (Apis mellifera) faces distinct environments
and novel tasks at each of its life stages. Therefore, hon-
eybees have different behavioural stages, posing the
interesting question: ‘What happens to a honeybee’s
brain during its life?’. Whitfield et al. (2003, 2006) have
answered part of this question by studying variation in
gene expression in the brain of a honeybee in the nurse
and the forager life stage. The nurse stage is character-
ized by life within the hive and the task of brood
caring, while the forager stage is spent outside the hive,
flying to find nectar and pollen (Whitfield et al. 2003).
In each life stage, the relative expression level for 5500
genes was determined. They defined genomic reaction
norms, showing that 39% of the genome was differen-
tially expressed between the nurse and forager stage.
This result suggests that a large rearrangement of gen-
ome activity is necessary to create important phenotypic
changes in physiology, behaviour and flight activity
that help an individual to face different environmental
challenges.
This pioneering study of individual gene expression

profiles in an insect that is already well characterized at
the behavioural, ecological and evolutionary level can
also help explain changes in behaviour. For example,
Whitfield et al. found differentially regulated candidate
genes for neural and behavioural plasticity based on the
function of the homologue found in genetic model sys-
tems such as the fruit fly (Drosophila). These genes were
involved in changes in brain structure (genes BM-40-
SPARC and fax) and onset of foraging behaviour (gene
foraging). The foraging honeybees leave the hive to col-
lect pollen, while nurses never leave the hive. There-
fore, the demands on the honeybees’ cognitive ability
and orchestration of behaviour are very much altered
throughout life. Linking these genes with ecologically
relevant phenotypes adds a new component to the
annotation of genes first studied in Drosophila.
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In nature, the nurse and forager life stages typically
occur at different ages (Whitfield et al. 2003). Could it
be that age is solely responsible for the difference in
expression between nurses and foragers? Whitfield
et al. eliminated this confounding factor of age by artifi-
cially selecting honeybees that were foragers at the
same age at which they are usually in the nurse stage
in nature. These results showed that the developmental
stage (nurse or forager) is responsible for a much larger
source of variation in gene expression than age.
Whitfield et al. (2003, 2006) also showed that individual
brain expression patterns are so dramatically different
between life stages that they can be used to classify an
individual honeybee as a nurse or as a forager with a
very high assignation rate. These experimental studies
on honeybees, combined with those of social behaviours
in other organisms, will allow for the construction of
conceptual models that describe the complex relation-
ships that connect genes, the brain and plastic behav-
iour on physiological, developmental and evolutionary
timescales (Robinson et al. 2008).

Alternative mating tactics in Atlantic salmon. Plasticity in
the development of reproductive phenotypes is found
in many species. Examples include numerous inverte-
brates and vertebrates (Taborsky 2001; Knapp 2003;
Tomkins & Hazel 2007). In Atlantic salmon, Salmo salar,
the life cycle of typical males includes hatching in a
river, followed by a seaward migration, growth in salt-
water and a homing journey to the birthplace to repro-
duce as a large fighting male. However, these large
males co-exist with males that develop as sneakers.
Sneaker males remain in freshwater and use an alterna-
tive reproductive tactic by ‘sneaking’ into the nest of a
migrating female. The mating tactic of males is plastic;
the development into one type of male or the other
depends on size attained and energy reserves accumu-
lated during a specific critical period before reproduc-
tion (Rowe & Thorpe 1990; Hutchings & Myers 1994;
Thorpe 1994; Thorpe et al. 1998; Aubin-Horth &
Dodson 2004). The threshold level of energy and size
that must be surpassed for the development of the
sneaker phenotype is genetically determined and varies
among genotypes and populations (Hutchings & Myers
1994; Aubin-Horth & Dodson 2004; Aubin-Horth et al.
2006; Piche et al. 2008). Thus, any male can become a
sneaker if the environment and internal conditions are
right, but some males are more likely to develop into
sneakers than others.
In a recent study of the molecular basis of this plastic

trait, males of the same age expressing one of the two
different tactics (sneaker males and immature males of
the same age that will eventually become large fighting
males) were compared in the first brain gene expression

study done in wild vertebrates (Aubin-Horth et al.
2005a, b). The genomic reaction norm for these alterna-
tive reproductive tactics was determined by quantifying
the gene expression levels for each male type. Aubin-
Horth et al. found that hundreds of genes vary in
expression between the two male types, equal to about
15% of the portion of the genome that was examined.
These include genes involved in the endocrine repro-
ductive pathway (gonadotropins) necessary for protein
synthesis and maturation, and also genes known to
function in processes of learning and memory. In accor-
dance with differences observed at the organismic level,
genes related to cognition (learning and memory) and
reproduction were up-regulated in sneaker males, while
genes related to cellular growth were up-regulated in
immature fighter males. Indeed, the sexually mature
sneaker phenotype is already fully developed by
autumn, and immature males grow faster than sneaker
males. However, the implicated differences in learning
and memory were unexpected, and suggest that specific
learning abilities become important when a male
becomes reproductive. This result thus provides a new
set of hypotheses to investigate. Currently, it is not
known whether this change in learning ability is related
to the sneaking reproductive tactic or to spawning-read-
iness in general. However, this hypothesis could be
addressed using complementary experimental
approaches in the laboratory, such as pharmacological
manipulations. It also remains to be tested if and how
the same genes could be involved in other salmonid life
stages, such as saltwater migration or reproduction as a
large anadromous individual.
Aubin-Horth et al. (2005a, b) found that immature

males have not merely reduced the expression of ‘snea-
ker’ genes, but have in fact up-regulated a suite of
genes related to many different biological functions.
These genes could be interpreted as genes that have to
be activated in order to repress maturation and its asso-
ciated changes in behaviour and morphology, and ⁄ or as
genes that are shut down in sneaker males to allow the
development of mature gonads. Prior to this genomic
study, models for the evolution of the salmonid life
cycle have proposed that development of a plastic alter-
native reproductive tactic in this species is the result of
an active repression of maturation (Thorpe 1994). Prob-
ing the genome at the mRNA level on a large scale has
therefore provided molecular evidence for this hypothe-
sis. This work also showed that samples collected from
natural populations showed individual expression pro-
files that were more similar among males of the same
tactics.

Larval development in fruit flies. In the cactophilic fly
Drosophila mojavensis, larvae develop on cactuses, and
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different populations use different cactus species as
hosts. Matzkin et al. (2006) raised larvae of an agria-liv-
ing population on two different cactus hosts to study
plasticity of transcription under the different rearing
environments. Flies descended from a population usu-
ally living on agria cactus were raised on their original
host and on an organpipe cactus, which is normally
used by another population of D. mojavensis. They
found that larvae showed extensive variation in gene
expression (almost 7%) between rearing environments,
and the genes involved mainly related to metabolism,
detoxification and defence, perhaps reflecting the very
different energy sources and microfauna environments
they face on either cactus. Matzkin et al. (2006) also
uncovered tens of genes that were differentially
expressed between the agria-raised and organpipe-
raised flies that have no homologues in D. melanogaster,
suggesting that they are specific to D. mojavensis and
potentially important for the evolution of adaptations
related to its cactophilic lifestyle. This type of study
identifies how organisms adapt to life in environments
that necessitate very specific responses, and also point
to the environmental cues and internal mechanisms
used to build the plastic molecular response appropri-
ate for its host plant. Furthermore, studying a species
with a unique lifestyle provides information regarding
molecular mechanisms related to plasticity that cannot
be obtained from studying a genetic model organism in
the laboratory.
The above work on these three different species sug-

gests that we can measure robust differences in gene
expression between alternative phenotypes resulting
from plastic development and thus define genomic
reaction norms. It also suggests that many genes are
involved in the development of plastic traits, either as a
cause of the plastic change or as a consequence. As
these identified genes have molecular functions and are
related to known biological processes, their identifica-
tion enlightens our knowledge of the plastic trait at the
organismic level. Studies from both honeybees and sal-
mon show that precise and repeatable measurements of
gene expression levels can be made on free-living indi-
viduals, even when they are the result of phenotypically
plastic development.

Molecular time series of the development of a plastic
trait

In each of the three previous examples, differential gene
expression was estimated at only one point in time. We
do not know the time point at which the differential
expression was induced, nor whether the same genes
were differentially regulated at various developmental
steps between the two end points. It is possible that

some genes are only differentially expressed during the
initial transition period when developmental change is
initiated, and not during the stable ‘maintenance’ phase
once the phenotypes become established (Fig. 1).
Furthermore, when focusing on the final phenotypes, it
is not possible to know whether the observed differen-
tial expression is a cause of the plastic change in pheno-
type or only a consequence of the new phenotype.
Studying the onset of the plastic development process,
through the use of a time series, such as those used in
developmental or cell cycle studies (Spellman et al.
1998), can address these questions. Time series experi-
ments have a unique set of challenges, but they offer an
amazing tool with which to uncover the genes that trig-
ger plastic development.

Social dominance in males of an African cichlid fish. The
African cichlid, Astatotilapia burtoni, offers a good model
system with which to study plastic change. In this spe-
cies, males can be found in two states: (i) dominant, ter-
ritorial and reproductive, with bright colouration; or (ii)
subordinate, nonterritorial and sexually inactive, with a
dull coloration (Fernald & Hirata 1977). The plastic
change of a male from a subordinate, nonreproductive
phenotype into a dominant, territorial and sexually
active phenotype is the result of phenotypic plasticity
that depends on the social environment. Males can be
induced to become dominant by removing all compet-
ing territorial males in the tank of a subordinate male.
Alternatively, they can also be induced to become sub-
ordinate and nonterritorial by surrounding them in a
social environment of larger territorial males (Francis
et al. 1993; White et al. 2002). This effect makes it a
good system to study changes at different organisation
levels. Accordingly, the numerous studies on A. burtoni
over the last 30 years have sketched the nature and tim-
ing of the changes at the behavioural, morphological,
physiological and hormonal levels. Dominant, territorial
and reproductive behaviours are more common in dom-
inant males than in subordinate males. Dominant males
also show greater gonad size and higher plasma levels
of androgens. In the brain, dominant males show
increased GnRH (gonadotropins-releasing hormone, a
neurohormone involved in the reproductive axis)
AR-alpha, AR-beta, ER-beta-a and ER-beta-b (androgen
and oestrogen steroid hormone receptors) expression,
as well as somatostatin and one of its receptor, sstR3 (tra-
ditionally known to be involved in the growth axis but
also related to aggressive behaviour). In the pituitary
there is increased expression of the GnRH receptor. On
the other hand, growth is higher in subordinate individ-
uals (Francis et al. 1993; Hofmann et al. 1999; White
et al. 2002; Au et al. 2006; Parikh et al. 2006; Burmeister
et al. 2007; Trainor & Hofmann 2007).
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These studies allow the definition of reaction norms
for behaviour, physiology, hormones and gene expres-
sion according to changes in the social environment
(dominance and subordinance) (Fig. 3). Recently, a
genomic picture was added to this wealth of informa-
tion when the two types of males of these plastic traits
were studied using a species-specific microarray con-
taining more than 2000 genes (Renn et al. 2008). In that
single study, 171 new genomic reaction norms were
defined by studying the genes varying significantly in
expression between dominant and subordinate males
(Fig. 3, see Gene modules of plastic traits section for
details) (Renn et al. 2008). However, all of the important
components of dominance may change at different
rates. For example, behavioural changes are much more
rapid than physiological ones (Fig. 3). The relative
time-course for each of these complex transitions is
related to specific set of underlying molecular changes.
In the first hours of becoming dominant, an immediate
early gene (egr-1, also known as zenk) is expressed spe-
cifically in the neurons that trigger the hormonal repro-
ductive axis, thus pointing to a link between the
perceived change in the environment (the male is freed
of challenges from the dominant opponents) and the
development of the dominant and reproductive pheno-
type (Burmeister et al. 2005). Importantly, this higher
expression of egr-1 is not found in stable dominant or
subordinate males (similar to the green reaction norm

in Fig. 1) and is thus specifically related to social ascen-
sion. In future studies featuring genome-wide analysis
of molecular changes, the time-course of change for
genes associated with the transition phase and mainte-
nance phase will provide clues on the characteristics of
the gene networks involved. The identity and connec-
tivity of these networks will vary according to the type
of plastic trait under study, but common features may
also emerge. These commonalities will aid in detecting
candidate genes for the initial development of the phe-
notype in other species.

Higher-order processes of the mechanisms of
phenotypic plasticity

Large-scale gene expression studies have given biolo-
gists the power to uncover patterns that can only
emerge from looking simultaneously at a large set of
genes that are related to different biological processes
(Ihmels et al. 2005). Indeed, there is often no single
gene whose change in expression has the power to
define a biological state. However, identifying several
genes that are up-regulated or down-regulated often
results in a unique gene expression pattern that reflects
the biological phenotype. Therefore, one of the advanta-
ges of using large-scale functional genomics tools to
study plasticity is that expression levels of thousands of
genes can be studied simultaneously, and the genes can
be classified according to their responses to specific
environmental variables. Genes that respond in the
same way to the environmental cue can be identified,
and their biological and genomic characteristics studied,
resulting in the analysis of higher-order biological pro-
cesses linked to phenotypic plasticity. Addressing
higher-order processes that comprise the mechanisms
of plasticity and identifying, its genomic make-up
may precede a thorough understanding of specific
mechanisms. Are there modules that are co-opted,
re-deployed, combined and ⁄ or deconstructed as a phe-
notype is altered? Does evolution conserve higher-order
mechanisms across species? What techniques and
approaches will allow us to quantify these patterns
within and between species?

Gene modules of plastic traits

The consideration of biological systems according to the
concept of modularity has gained popularity in the past
10 years. These concepts consider the functional and
structural heterogeneity of an organism at many differ-
ent levels. Analysis of gene expression data according
to modules can be used to identify functional enrich-
ment, to model gene regulatory networks, to reconstruct
metabolic networks (Ravasz et al. 2002), to study
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Fig. 3 Reaction norms of behaviour, physiology, hormones
and gene expression varying with the social environment and
dominance status development in Astatotilapia burtoni. Subordi-
nate males (Sub) develop into dominant males (Dom) and go
through a transition phase (Sub-Dom) in which the various
components of the dominant phenotype develop at different
rates. Solid green curve: dominance behaviour (White et al.
2002; Burmeister et al. 2005); solid blue curve: gonad develop-
ment (White et al. 2002), dotted green and blue lines: gene
expression (Renn et al. 2008).
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evolution of gene expression (e.g. Singh et al. 2008), to
screen for potentially useful biomarkers (Horvath et al.
2006; Wong et al. 2008) or to annotate novel genes
(e.g. Shiga et al. 2007). These useful modules may be
defined a priori by information external to the particular
experiment or may be defined by observed patterns
and associations internal to the particular study.

Modules provide information on the function of the genes
that compose them. We have long been aware that genes
interact to produce a phenotype. Even when a single
gene is responsible for a phenotype, it interacts with
the genomic background in which it is found. There-
fore, focusing a study on the combination of gene
expression patterns uncovers the varying molecular
interactions that lead to the observed phenotypes. It
also informs how the function of a gene is modulated
by the other genes that are co-expressed. This set of co-
regulated genes constitutes a molecular module (Segal
et al. 2004) that can be defined by information internal
to the particular experiment. Modules can be useful in
the study of plasticity in nonmodel species because we
can characterize the function of genes within a module
and thus annotate genes using ‘guilt by association’
(Shiga et al. 2007). The most basic internally defined
gene module from gene expression data is a gene list
that is based on a threshold applied to the rank list of
differential expression between two phenotypes. These
gross gene modules can then be further refined through
examination of the data according to additional pheno-
types. In the A. burtoni example reviewed above,
females are subordinate to the dominant males but
unlike subordinate males, the females do reproduce.
Including data on these females thus allowed us to sub-
divide the genes that were up-regulated in dominant
males into distinct modules, a super-male-dominance
module and a reproductive module (Renn et al. 2008).
Therefore, a potential confounding factor (whether an
individual reproduces) on the focal factor (dominance
or subordination) was removed by using this module
approach. This approach allowed genes associated
solely with plasticity of dominance behaviour to be sep-
arated from those involved in reproduction. Gene ontol-
ogy (Ashburner et al. 2000) classifies and annotates
genes according to molecular function, biological pro-
cess and cellular location (Rhee et al. 2008), such that
coordinated changes in expression can identify modules
in disease (Segal et al. 2004), ageing (McCarroll et al.
2004) and development (Arbeitman et al. 2002). Associ-
ating these externally defined gene modules with a par-
ticular phenotype provides a framework for assigning
gene function (Wolfe et al. 2005) through guilt by asso-
ciation to identify novel functions for orthologs in
diverse species. Therefore, the genes in the cichlid social

phenotype modules that were annotated to ‘unknown’
or to ‘predicted protein’ now obtain functional annota-
tion within this species by using their expression pat-
tern (e.g. expressed only in dominant individuals) as an
annotation.

Data reduction and the study of the molecular basis of
life history trade-offs. Modules also allow a reduced
dimensionality of data obtained in high-throughput
methods. This reduction is useful in order to relate gene
expression information to phenotype information on
other levels (Bochdanovits & de Jong 2004; Subramani-
an et al. 2005; Zahn et al. 2006; Zahn & Kim 2007). This
use of modules can be extremely successful in the study
of plasticity and trade-offs. A trade-off is manifested by
investment in one trait at the expense of another. For
example, a bird may have many offspring with low sur-
vival or a few offspring with a high survival probabil-
ity, or a fish may either invest in growth or invest in
gonads for reproduction. These life history trade-offs
are thought to arise at the phenotypic level because
there is a limited energetic resource available. Uncover-
ing the molecular basis of these trade-offs allows the
identification of gene expression that co-varies posi-
tively with some traits and negatively with other traits
(Stearns & Magwene 2003). In one of the few studies to
tackle this topic, correlations between modules of co-
expressed genes and life history traits that show a
trade-off at the organismic level (adult body mass and
larval survival) have been identified in Drosophila.
Bochdanovits & de Jong (2004) applied principal com-
ponent analysis to reduce a set of 34 co-expressed genes
to a single vector and correlated this vector with the life
history traits that show specific relationships between
survival and growth in wild populations of Drosophila
melanogaster (low juvenile survival and high adult
weight or vice versa). They found that the function of
these genes was in accordance with their expression
patterns, e.g. genes with biological functions likely to be
involved in enhanced larval survival but detrimental to
adult body size were highly expressed in populations
with high larvae survival and low adult body size and
vice versa. They concluded from the annotated compo-
nents of the gene expression modules that the observed
organismic trade-off between survival and growth is
the result of adaptive resource allocation resulting from
shifts in cellular metabolism, which in turn is controlled
by signalling at the molecular level (Bochdanovits & de
Jong 2004).

Comparative approach to studying plasticity. Modules that
are defined a priori based on external biological
information on genes [Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), Protein
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family (Pfam)] can be used to relate function across
large phylogenetic distance. This approach has been
applied most successfully to relate function between
genetic model organisms for functional analysis of stem
cells (Sun et al. 2007) and ageing (McCarroll et al. 2004;
Zahn et al. 2006). Sequence similarity and predicted
protein structure allow annotation across orthologs in
nonmodel organisms (e.g. Whitfield et al. 2002; Paschall
et al. 2004; Danley et al. 2007; Salzburger et al. 2008)
using available tools (Khatri & Draghici 2005; Schmid &
Blaxter 2008). A drawback to the definition of functional
modules in nonmodel organisms based upon sequence
similarity is that the potential for the evolution of novel
gene function is obscured. In an ecological context, this
approach can nevertheless be profitable for the identifi-
cation of functional modules across species with com-
mon life history strategies. For example, functional
modules related to temperature adaptation are possible
across a range of fish species (e.g. carp: Gracey et al.
2004; Williams et al. 2008; catfish: Ju et al. 2002; reef
fish: Kassahn et al. 2007; bluefin tuna: Castilho et al.
2007; goby: Buckley et al. 2006). Interestingly, GO analy-
sis of gene expression in Antarctic fish (Chen et al.
2008) suggests that evolutionary adaptation in this clade
has co-opted some of the mechanisms that underlie
physiological response to cold in temperate fish (Gracey
et al. 2004). Furthermore, one preliminary study (Wil-
liams et al. 2004) contrasted the cold response in carp
to expression changes in the squirrel liver during hiber-
nation, through the comparison of GO terms. The spe-
cies differences in the identified modules matched
differences in the overall cold-response strategy of the
two species. Carp sustain biological activity, while
mammals suppress biological activity during winter
periods. To carry the cross-species comparison farther,
Hudson et al. (2008) compared the metabolic depression
of aestivation in green-striped burrowing frogs to the
reduced oxygen consumption during hibernation and
showed a similar transcriptional silencing of skeletal
muscle bioenergetic genes. Comparisons of this sort are
not possible on a gene-by-gene basis and a module-
based approach is clearly critical.
Comparative microarray analysis allows validating

differentially expressed genes by combining results
from many studies, rather than by applying alternate
techniques to the same study. Furthermore, using com-
parative microarray analysis, new hypotheses can be
tested and fundamental patterns of gene regulation can
be discovered, such as modules that are common to
many species. Most studies of the molecular basis of
plastic traits focus on transcript levels. However, gene
expression measurement is a proxy for the quantifica-
tion of protein abundance in a cell or tissue. Being able
to directly determine variation in protein quantity

depending on the environment faced by an organism is
thus highly desirable, but often not feasible. Lefevre
et al. (2007b) used proteomics to understand the under-
lyingmechanisms that cause infected vector-hosts to act in
ways that benefit transmission of the parasite to the final
host. They found differences in metabolism, heat-shock,
transmitter signalling and other proteins in brains of
mosquitoes infected with Plasmodium, which is respon-
sible for malaria, compared to individuals that were not
infected. Similarly, the same group (Lefevre et al.
2007a) has addressed proteome changes in the tsetse fly
when infected with Trypanosoma brucei brucei, the try-
panosome responsible for sleeping sickness in humans.
Interestingly, they identified proteins similarly involved
in apoptosis, molecular chaperones and neurotransmit-
ter systems. The similarity in results between changes
due to infection in mosquito and tsetse fly presents the
testable hypothesis that phylogenetically distant para-
sites use the same proximate mechanism to alter the
behaviour of their host.

What methods can we use to study plasticity in a large
array of ecological model species?

Using heterologous hybridization to study the molecular
mechanisms of plasticity. We are faced with the problem
that most species with plastic traits of interest do not
have tools available to investigate gene expression
patterns. Fortunately, both technical reports and biologi-
cal findings support the feasibility of ‘heterologous
hybridization’ on DNA microarray as a means to obtain
gene expression profiles for nonmodel species. Heterol-
ogous hybridization is the study of changes in gene
expression for a species using a platform constructed
with sequences from another species (Renn et al. 2004).
Renn et al. demonstrated the feasibility of this tech-
nique for spotted cDNA arrays, by identifying similar
brain-specific and muscle-specific gene expression in
fish species ranging from the cichlids, guppies (poeci-
lids) and even salmon (salmonids) and zebrafish (cypri-
nids). As expected, successful gene identification
decreased with phylogenetic distance. The same
approach has produced biologically meaningful results
for questions concerning alternate life history tactics in
salmon (Aubin-Horth et al. 2005b), social dominance in
a cooperatively breeding cichlid (Aubin-Horth et al.
2007), early heat stress response in a coral reef fish
(Kassahn et al. 2007) and mate choice in female sword-
tails (Cummings et al. 2008). There are advantages and
disadvantages to using a given type of array for heterol-
ogous hybridization (Buckley et al. 2006) depending
upon the degree of sequence divergence between the
species of interest and the platform species. For exam-
ple, while the high-density oligonucleotide arrays
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provide greater genome coverage, their shorter probes
are more sensitive to single base-pair changes than
cDNA arrays. As microarrays become available for a
greater number of species, the possibility to identify the
appropriate tool for sister species of ecological interest
becomes a reality.

Using new sequencing techniques to study the molecular
mechanisms of plasticity. Throughout the last decade, a
number of advances have been made in high-through-
put technologies for DNA sequencing. The increase in
throughput has come at the cost of read length, which
at first, threatened to limit the applications to rese-
quencing projects focused on organisms for which full
genome sequence was available. While some tech-
niques, such as nanopore, single molecule sequencing
and sequencing by ligation, are still in the development
and testing stage (Ryan et al. 2007; Harris et al. 2008;
Pihlak et al. 2008; Shendure et al. 2008; Eid et al. 2009),
other techniques are finding application. Currently, the
array-based hybridization techniques for sequencing
appear to be most appropriate for resequencing a
focused set of genomic positions for projects such as
the assessment of single nucleotide polymorphisms
(Borevitz & Nordborg 2003). Pyrosequencing and multi-
ple variations of sequencing-by-synthesis (Margulies
et al. 2005; Turner et al. 2009) are finding utility in both
applied and basic research that may be applicable to
the study of phenotypic plasticity.
The novelty and benefit of most next-generation

sequencing strategies lies in the massively parallel
nature of the process, which produces hundreds of
thousands of individual sequencing reactions simulta-
neously. For example, pyrosequencing is a fundamen-
tally different sequencing methodology than traditional
Sanger sequencing. Standard cDNA library construction
and normalization provides an appropriate template for
transcriptome characterization using a heterologous
genomic sequence as a reference for assembly. When
100 000 Manduca sexta expressed sequence tags, gener-
ated by pyrosequencing, were assembled and compared
to Drosophila genome, 1178 homologues could be identi-
fied (Zou et al. 2008). Furthermore, EST analysis via
pyrosequencing was directly compared to traditional
sequencing techniques for RNA transcripts from venom
glands dissected from the parasitoid wasp Microctonus
hyperodae (Crawford et al. 2008). In this study, a single
pyrosequencing run provided data similar to that
obtained by the traditional methods in a fraction of the
time and at a fraction of the cost. The application of
sequencing-by-synthesis promises to provide similar
advantages for transcript sequencing (Rokas & Abbot
2009), though few of these studies have been published
for nonmodel organisms.

The drawbacks and limitations of most next-genera-
tion sequencing strategies lies in the reduced length for
each read from the individual sequencing reactions.
While the sequences generated by pyrosequencing are
considered short (<500 bp), through the use of new
algorithms and bionformatic tools, assembly of a full
genome sequence has been possible (Chaisson et al.
2004; Parker & Parker 2008), as demonstrated for the
barley genome effort that employed a combined strat-
egy (Wicker et al. 2006). Even more challenging, from a
bioinformatic standpoint, is the de novo assembly of
shorter individual sequences (25–75 bp) such as those
currently produced through sequencing-by-synthesis
and sequencing-by-ligation strategies. While algorithms
exist that perform well with small genomes (reviewed
by Rokas & Abbot 2009; Turner et al. 2009), either
longer sequence read length, better algorithms or clo-
sely related references genomes will be necessary to
tackle larger complex eukaryotic genomes with these
new technologies. Nonetheless, through ongoing
advances and the ever-falling cost of DNA sequencing,
genomic tools and even full genome sequencing may
become available for many of the species we wish to
study. Until then, these technologies can be used to
generate useful genomic information short of full
genome sequence.
The quality and coverage of sequence information

obtained by these next-generation sequencing tech-
niques provides sufficient information for the develop-
ment of high-density oligonucleotide microarrays. A
custom microarray was generated for the largemouth
bass (Micropterus salmoides) based upon cDNA library
sequence obtained by pyrosequencing, and then vali-
dated with an ecotoxicological study (Garcia-Reyero
et al. 2008). In a similar study, a custom microarray was
designed for the Glanville fritillary butterfly, Melitaea
cinxia, for a population biology model. In this study, the
sequence information was obtained from reverse tran-
scribed RNA rather than a cDNA library. While there
was no previous genomic data for this species, the
600 000 reads (!100 bp each) could be assembled and
compared to the predicted proteins from the Bombyx
mori genome, predicting 9000 unique genes, the majority
of which were then validated through the construction
of the high-density microarray (Vera et al. 2008).
Because the relative number of sequence reads pro-

vides an accurate and direct measure of the number of
transcript templates that were present in the sample
pool, next-generation sequencing techniques can be
used for the analysis of a complex unnormalized RNA
sample from a tissue or treatment of interest to provide
a gene expression profile without the construction of a
microarray. This technique is now known as RNA-seq.
When applied to nonmodel species, RNA-seq still
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requires the use of a heterologous reference genome in
order to assemble reads and identify genes. For the
analysis of protein-coding genes, however, the reference
genome may be that of a somewhat more distantly
related species. Robinson et al. have used this heterolo-
gous RNA-seq technique to explore the evolution of
behaviour in a primitively eusocial wasp species,
Polistes metricus, by comparing gene expression patterns
in the brain of workers, queens and gynes. Because lit-
tle genomic information existed for this species, the
genome of the honeybee was used as the reference gen-
ome. This heterologous reference enabled the identifica-
tion of more than 3000 genes (Toth et al. 2007). Rather
than relying on gene sequence counts with this heterol-
ogous strategy, quantitative-reverse-transcription PCR
was used to assay gene expression for 32 candidate
genes in this new species. A robust association between
individual gene expression patterns and behavioral dif-
ferences among particular groups supported the
hypothesis that the worker phenotype has evolved from
a maternal phenotype, thus illuminating the evolution-
ary history of eusociality. This example supports the
feasibility of using high-throughput sequencing tech-
niques to obtain transcriptome information for nonmod-
el organisms but also highlights the technical
difficulties introduced through the mandatory use of a
heterologous genome that restricts the accurate quantifi-
cation of gene expression profiles.
The fact that next-generation sequencing technology

does not require the samples to be cloned into a library
and propagated through phage or plasmid allows
researcher to avoid technical biases and overcome some
of the problems associated with metagenomics, the
sequencing of environmental samples without the prior
identification of the organisms. This high-throughput
approach to metagenomics has, for example, revealed a
more comprehensive metabolic and taxonomic snapshot
of microbes associated with reef-building coral (Wegley
et al. 2007); highlighted important differences in meta-
bolic potential in different deep mine environments
(Edwards et al. 2006); and quantified the relative occur-
rence of metabolic variation across nine biomes repre-
senting soil, water and animal associated communities
(Dinsdale et al. 2008). These entire communities can
now be investigated for plasticity.
The degree to which next-generation sequencing tech-

niques will supplant the microarray technique and het-
erologous hybridization for expression profiling is still
unknown, even for research using genetic model organ-
isms. However, it is clear that advances in sequencing
techniques will make possible functional genomic stud-
ies in a much wider array of organisms (Ellegren 2008)
and a broader range of molecular levels. Beyond its use
in expression profiling of protein-coding genes,

next-generation sequencing, in creative combination
with additional emerging genomics tools, will allow
investigation into the control of gene expression by
micro-RNA (Liu 2008), genome-wide DNA methylation
patterns (Tost & Gut 2007; Reinders et al. 2008; Pomra-
ning et al. 2009), chromatin structure (Owen-Hughes &
Engeholm 2007; Schones & Zhao 2008), DNA-binding
sites (Johnson et al. 2007) and allele-specific expression
(Doostzadeh et al. 2008). At this time, however, the
majority of the studies that have successfully applied
these techniques rely upon genetic model organisms,
although their potential application in other organisms
is recognized (reviewed in Rokas & Abbot 2009).

Future directions

Plastic changes are mediated by different mechanisms,
including signalling by neuroendocrine pathways that
affect transcription, or direct effects of the environmental
variable on hormonal axes and enzymes. Other epige-
netic changes come through alteration of transcription
capacity by mechanisms such as DNA methylation, his-
tone modification and interference by small RNAs, or
through changes in protein level and activity by post-
translational modifications such as ubiquination and
phosphorylation (Gilbert 2005; Garland & Kelly 2006;
Suzuki & Nijhout 2006; Gilbert & Epel 2009). Uncovering
the molecular machinery that interfaces the genotype
and the environment will help us understand how phe-
notypic plasticity is possible. But several questions still
stand regarding the molecular mechanisms of plasticity.
By which mechanisms is the change in environment
sensed, integrated and transformed into a response?
How are these response maintained in the long term?

Sensing, integrating and signalling environmental
changes that result in a plastic response

The environmental cues that trigger different plastic
responses must be sensed, integrated and then trans-
lated by the organism to result in the activation of the
different molecular pathways associated with the plastic
changes at the organismic level. There is still a great
deal to learn regarding the mechanisms that underlie
environmental signalling in the context of a plastic
response, especially in animals, as more recent progress
has been made for plants (Schmitt et al. 1999). While the
mechanisms that transform environmental cues into
organismic responses have not been often studied in the
framework of phenotypic plasticity, the sensing and sig-
nalling machinery has been studied for genetic model
systems within the context of a variable environment.
Methods used and signalling circuits studied in these
genetic model systems can help us outline future lines
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of research in the study of plasticity in ecologically rele-
vant species. These signals are varied and include,
among others, triggering of a neural response and acti-
vation of proteins by kinases. For example, in the fruit
fly, Drosophila melanogaster, rise in ambient temperature
to noxious levels is directly translated into a cellular
response by ion channels of the transient receptor poten-
tial family, which then trigger an increase of intracellu-
lar Ca2+ levels and membrane depolarization (Sokabe
et al. 2008). These ion channels are located in sensory
neurons, and thus this change in polarization activates
other neurons and allows monitoring of the thermal
environment (Hamada et al. 2008). As another example,
the nematode, Pristionchus pacificus, finds live beetles to
use as hosts and continues its life cycle after the host
dies. Host detection via the presence of host phero-
mones is crucial to this species. Populations in different
geographical regions are attracted to different host spe-
cies and thus vary in their attraction to specific chemi-
cals. This variation for attraction is associated with
genetic variation in a cGMP-dependent protein kinase,
Ppa-EGL-4, found in neurons (Hong et al. 2008). Hong
et al. (2008) used exogenous addition of cGMP to specif-
ically enhance the activity of EGL-4, in order to demon-
strate that EGL-4 directly triggers a higher attraction to
pheromones in the treated worms. Therefore, it was pos-
sible to directly manipulate the magnitude of the plastic
behavioural response by using an artificial signal that
mimicked the molecular change necessary for a worm to
detect a change in the external environment. The gene
coding for the EGL-4 kinase is the homologue of forag-
ing, found to be up-regulated two types of foraging tac-
tics in Drosophila (rovers and sitters) (Osborne et al.
1997) and in the brain of honeybee moving from the
nurse to the forager life stage (Ben-Shahar et al. 2003;
Whitfield et al. 2003; Ben-Shahar et al. 2005); see section
on Genomic make-up of plasticity).
Protein kinases function to transfer a phosphate

group to other proteins (i.e. to phosphorylate), a process
that usually modifies their function by different means.
Phosphorylation change triggers cell signalling net-
works and a cascade of cellular processes, which even-
tually lead to an organismic-level phenotype (Cohen
1992, 2000). This dynamic post-translational modifica-
tion of proteins is thus involved in the development
and maintenance of plastic traits. What the above stud-
ies exemplify is that it is not only essential to measure
differences in gene expression and in protein levels
between phenotypes that are the result of plasticity, but
that eventually it will become vital to study whether
proteins are in an active or an inactive state. The
description of the state of phosphorylation of all the
proteins in a cell is called the phosphoproteome or
phosphorylome (Nita-Lazar et al. 2008). The techniques

allowing such surveys are very recent additions to the
molecular toolbox and no truly quantitative study of
phosphoproteome variation with environmental
changes is yet available. One study gives insight as to
what the future may hold. A study of the phosphopro-
teome in the wine yeast (Saccharomyces cerevisiae) in
response to variation in pheromone levels in the envi-
ronment, a very-well studied signalling pathway in this
species, showed increased phosphorylation levels of
proteins related to the mitogen-activated protein kinase
signalling pathway and to transcriptional and cell cycle
regulation (Gruhler et al. 2005). This exemplifies the
type of experiment that could be used to study the
phosphorylome of plastic traits.

Beyond expression profiling for protein-coding genes

The additional applications available through high-
throughput sequencing should translate to novel organ-
isms well. When RNA-seq was first applied to, and val-
idated for, genetic model organisms (Liu et al. 2007;
Marioni et al. 2008), a large proportion of the tran-
scribed genome was revealed to be derived from
regions for which no predicted genes exist (e.g. mouse:
(Carninci et al. 2005); Arabidopsis: (Weber et al. 2007);
nematode: (Shin et al. 2008), suggesting that noncoding
RNAs are more widespread than previously appreci-
ated. This finding provides corroborating evidence in
support of the high number of ESTs in a study of a but-
terfly species for which there was no predicted gene
homologue in Bombyx mori (Vera et al. 2008). In combi-
nation with the suggestion that phenotypic diversity is
highly reliant upon noncoding RNAs, this evidence
suggests that ecological genomics must not overlook
these unconventional ‘genes’. Recent computational
work suggests the adaptive evolution of newly emerged
miRNA genes in Drosophila (Lu et al. 2008). Further-
more, recent experimental work demonstrates that
adaptation to salt tolerance involves regulation by
miRNAs for metabolic, morphological and physio-
logical adaptations of maize seedlings (Ding et al.
2009). Such regulatory, noncoding RNA molecules
are but one of the emerging areas of research regard-
ing the mechanisms and molecular make-up of
phenotypic plasticity allowed by advancing molecular
technologies.

DNA methylation and long-term maintenance of
plastic response

The studies presented above demonstrate that the envi-
ronment changes genomic expression. Ongoing work
provides insights into the mechanisms by which this
signal is transferred between the environment and
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genome interface. In some cases these changes in gene
expression can persist even after the environmental cue
is removed, through molecular mechanisms that are
independent of changes in gene sequences. These ‘epi-
genetic molecular processes’ that leave sequences intact
have been shown to be important for ecologically rele-
vant traits, such as behaviour in rodents, life history
determination in honeybees and environmental stress
response in plants (Meaney & Szyf 2005; Dalmay 2006;
Beck & Rakyan 2008; Bossdorf et al. 2008; Kucharski
et al. 2008). One of these epigenetic mechanisms is cyto-
sine DNA methylation, which is important in regulating
gene expression. In most cases, methylation of a DNA
site upstream of a coding sequence such as in the pro-
moter region of a gene alters the regulation of that gene
through various mechanisms, for instance by reducing
gene expression. This methylation is highly responsive
to environmental variations, and can thus be seen as a
long-term mediator of plasticity at the phenotypic level.
Again, advancing technologies will continue to open
new avenues of research in the area of epi-genetic regu-
lation (Pomraning et al. 2009).

Maternal care as a social environment. Variation in stress
responsiveness in adult rats has been linked to their
social (maternal) environment as pups. Rats with high-
caring mother that frequently licked and groomed her
pups have a less responsive hormonal stress response
as adults and vice versa (Liu et al. 1997). Pups from a
low-care mother cross-fostered to a high-care mother
have low stress responsiveness as adults, showing that
this trait is plastic and dependent on the early environ-
ment. The stress response includes a rise in the plasma
level of cortisol, a glucocorticoid hormone that mediates
its effect by binding to its glucocorticoid receptors that
are found in different tissues. By binding to its receptor
in the brain, cortisol activates a negative feedback loop
that results in a hormonal signal through the pituitary
to the adrenal glands to stop production of cortisol. It
has been shown that the 5¢-noncoding variable exon 1
region of the rat hippocampal glucocorticoid receptor
gene contains several potential alternate sequences,
including exon 17, a brain-specific promoter. Methyla-
tion of this specific alternate exon results in lower
expression of the glucocorticoid receptor. It has been
shown that this methylation pattern is absent in indi-
viduals with caring mothers, while it stays untouched
in rats with low-care mothers that are highly responsive
to stress as adults (Meaney & Szyf 2005). Having a low-
care mother as a pup results in a long-term lowering of
expression of the glucocorticoid receptor in the hippo-
campus, which in turn results in a faulty negative feed-
back loop and a highly reactive stress response. The
different social environments have carry-over effects,

mediated in the long term by DNA methylation, at the
molecular, hormonal and behavioural levels, well into
adulthood of the cared-for or neglected rats.

Queens and workers in honeybees. For honeybees, it has
been shown that workers and queens result from plastic
development following exposure to a particular envi-
ronment. The developmental trajectory of a larvae is
dramatically affected by food supplementation to the
‘future queen’ larvae and by the subsequent change in
levels of juvenile hormone (Hartfelder & Engels 1998).
The queen development pathway can be triggered with
pharmacological manipulations of juvenile hormone
levels (Elekonich et al. 2003). The two social castes
exhibit differential gene expression, and fully developed
workers have similar expression profiles to undeter-
mined earlier life stages, while queens show sup-
pression of the expression of certain specific genes
and up-regulation of others (Evans & Wheeler 2000).
This expression profiling suggests that the default
developmental pathway of a honeybee larva is to
develop into a worker. To become a fast-growing,
reproductive queen, large changes in gene expression
are necessary, which is in accordance with the differ-
ences in juvenile hormone levels that are necessary to
trigger the development of a larva into a queen. A
specific environmental cue thus results in the differ-
ential regulation of gene networks leading to the
queen phenotype. More recently, it has been suggested
that this environmental cue elicits a molecular response
and the methylation of specific genes in future workers
(Kucharski et al. 2008). When the gene responsible
for adding methylation patterns was shut down in
honeybee larvae using RNAi techniques, a majority of
larvae became queen-like. Recently, analysis of gene
methylation has been expanded to the genome-wide
level, revealing what has been dubbed the ‘epigenome’
of an organism. With such a genome-wide approach,
the overall level of methylation in the genome of honey-
bees has been shown to also change during develop-
ment, from the larval to the adult stage (Kronforst et al.
2008). It is clear from these reports, and other yet
unpublished studies, that the role that methylation
plays in variation in ecologically relevant plastic traits
will become increasingly apparent in the coming years.
Advancing technology to reveal epigenetic regulation
will allow new discoveries about how ecology modu-
lates genome activity.
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