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Abstract

Understanding how genes and the environment interact to shape phenotypes is of fundamental importance for resolving
important issues in adaptive evolution. Yet, for most model species with mature genetics and accessible genomic resources,
we know little about the natural environmental factors that shape their evolution. By contrast, animal species with deeply
understood ecologies and well characterized responses to environmental cues are rarely subjects of genomic investigations.
Here, we preview advances in genomics in aphids and waterfleas that may help transform research on the regulatory
mechanisms of phenotypic plasticity. This insect and crustacean duo has the capacity to produce extremely divergent
phenotypes in response to environmental stimuli. Sexual fate and reproductive mode are condition-dependent in both
groups, which are also capable of altering morphology, physiology and behavior in response to biotic and abiotic cues.
Recently, the genome sequences for the pea aphid Acyrthosiphon pisum and the waterflea Daphnia pulex were described by their
respective research communities. We propose that an integrative study of genome biology focused on the condition-
dependent transcriptional basis of their shared plastic traits and specialized mode of reproduction will provide broad insight
into adaptive plasticity and genome by environment interactions. We highlight recent advances in understanding the genome
regulation of alternative phenotypes and environmental cue processing, and we propose future research avenues to discover
gene networks and epigenetic mechanisms underlying phenotypic plasticity.
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Over the last decade, there has been an increasing awareness
of the importance of phenotypic plasticity in structuring
ecological interactions (Agrawal et al. 1999; Pohnert et al.
2007), in tolerating environmental fluctuations (Tollrian and
Harvell 1999), in adaptive evolution, ecological speciation
(Miner et al. 2005; Pigliucci 2005; West-Eberhard 2003), and
populations persistence and extinction in changing environ-
ments (Chevin et al. 2010). Yet, our understanding of the
molecular and cellular process by which a plastic response is
triggered by environmental cues is limited (Aubin-Horth
and Renn 2009). The concept of phenotypic plasticity
predates the modern evolutionary synthesis. Importantly,
early researchers discovered that changes in the phenotype
due to environmental effects result in context dependent
changes in fitness (e.g., Baldwin 1896; Woltereck 1909).
However, the role of plasticity in adaptive evolution

remained somewhat controversial for much of the last
century (Sarkar 2004). Beginning in the 1980’s, renewed
interest in plasticity motivated empirical studies, particularly
in plants, and the development of theoretical models
describing the evolutionary dynamics of phenotypic plasti-
city (Via et al. 1995; Berrigan and Scheiner 2004). These
models approached adaptive plasticity from a number of
different perspectives including quantitative genetics and
optimization models. Three important questions emerged:
1) Does substantial genetic variation for plasticity segregate
in natural populations?, 2) Is phenotypic plasticity an
adaptation to divergent selective regimes and 3) Do
‘‘plasticity genes’’ regulate the environmentally dependent
expression of plastic traits and at what cost. The first two
issues have largely been resolved by the numerous studies
demonstrating heritable variation and adaptive value for
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plasticity (Scheiner 1993; Via et al. 1995; Charmantier et al.
2008). However, the existence of plasticity genes is less well
demonstrated. Genome-wide association studies for detect-
ing genes linked to phenotypes strongly suggest that
complex traits are governed by many loci (Flint and Mackay
2009); therefore, plasticity genes are most likely to be global
regulators of gene products. A general understanding of
developmental genetics suggests that a broad array of
regulatory mechanisms involving epistatic interactions
among genes (Carlborg and Haley 2004), small RNA
molecules (Behura 2007), transcriptional factors or epige-
netic processes, may potentially be co-opted to mediate
phenotypic plasticity.

A significant outstanding issue is the relationship
between genome structure and adaptation. There is some
evidence that co-expressed genes tend to show a non-
random pattern of co–localization within eukaryotic
genomes (Hurst et al. 2002; Williams and Bowles 2004).
Yet, how selection and environmental context influence the
physical arrangement of the multiple genes and regulatory
elements that underlie polygenic adaptive traits remains a
poorly explored question (but see Gutteling et al. 2007). In
the context of phenotypic plasticity, the relationship
between environment and genome structure may be a
particularly relevant issue, since context dependent fitness
may be the direct result of the interaction between
environmental effects and a suite of multiple genetic factors.
An understanding of the genetic and developmental basis of
plasticity is also critical for the application of recent
theoretical models that allow for context-dependent evolu-
tion (e.g., Rice 2002, 2004; Wolf et al. 2004). The continued
development of ecological genomic model species such as
Arabidopsis and arthropods, including aphids and Daphnia,
with advanced genomic tools and well understood ecologies
is facilitating rapid progress in these areas. For example,
recombinant inbred lines have been developed in Arabidopsis

to examine the costs of plasticity (Callahan et al. 2005),
genome-wide patterns of gene expression have been
analyzed (Schmid et al. 2005), and a growing number of
Quantitative Trait Loci (QTL) studies in explicit environ-
mental contexts are being been conducted (Weinig and
Schmitt 2004). The emerging picture from studies in
Arabidopsis is that many QTL have environment specific
effects (reviewed in Mitchell-Olds and Schmitt 2006). QTL-
environment interactions appear to be common and highly
variable (Ungerer et al. 2003; Juenger et al. 2005) and
epigenetic variation can have a dramatic impact on the
plasticity of ecologically relevant traits (Johannes et al. 2009).

The traditional model organisms (i.e., Escherichia, Saccha-
romyces, Arabidopsis, Caenorhabditis, Drosophila, Danio, and Mus)
were selected for their utility in developmental and cellular
biology, and genetics. Unfortunately, these systems often
lack significant biological context outside of the laboratory.
Yet, one of the ultimate goals of biology is to understand
how genome structure and function evolve in response to
environmental change and how genetic constraints limit the
natural distribution and abundance of species and popula-
tions. In this paper, we review recent research on the

genomics and genetics of phenotypic plasticity in two groups
of invertebrates, aphids and Daphnia. These organisms are
model systems for integrative studies on phenotypic plasticity
spanning levels of organization from gene to phenotype to
ecological context.

Aphids and Daphnia as Model Systems for
Studies on Phenotypic Plasticity

Aphids and Daphnia show several discrete alternative
phenotypes produced in response to environmental
changes. This phenomenon termed polyphenism is a special
case of phenotypic plasticity defined as ‘‘the ability of
organisms with the same genotype to develop two or more
distinctly different alternative phenotypes without inter-
mediates’’ (Nijhout 1999). As developed in the next section,
aphids and Daphnia share the ability to generate, from the
same genetic background, alternative forms differing in
morphology, physiology, ecology and behavior. Also, their
shared cyclically parthenogenetic life cycle (i.e., regular
alternation of clonal and sexual generations) allows
propagation by cloning, selfing, or outcrossing, therefore
providing excellent opportunities for genetic analysis. Clonal
lineages allow the side-by-side measurement of phenotypes
produced by the same genome (in a fixed genetic
background) and partitioning of the genetic and environ-
mental components of phenotypic plasticity. Their labo-
ratory attributes are as compelling as those of other model
systems; they have short generation times when reproducing
asexually (;10 days in most aphid and Daphnia species at
20 �C), high fecundity (up to 100 daughters from a single
aphid and 10-100 per clutch for a single Daphnia), they
produce diapausing propagules for long-term storage, and
they are easy to maintain. In addition, all life stages can be
observed and studied in nature, and populations are easily
defined and readily sampled in large numbers. Aphids and
Daphnia have been recent targets for genomic studies. In each
group, a complete draft genome sequence is now available
for a representative species (the pea aphid Acyrthosiphon pisum

and the waterflea Daphnia pulex). Our scientific communities
have produced genomic resources for high-throughput
molecular biology, for functional genomic studies and
databases that initiate important research programs to
decipher the genetic, molecular, cellular, physiological basis
of several plastic traits.

The microcrustacean Daphnia has been subject to over a
century of study in the areas of limnology, life history,
physiology, nutrition, predation, parasitology, toxicology,
and behavior. There is a well-resolved phylogenetic frame-
work for the genus (Adamowicz et al. 2009; Colbourne and
Hebert 1996) allowing multiple levels of comparative
genomic investigation. Daphnia exist in diverse environ-
ments (e.g., permanent lakes and temporary ponds)
spanning a wide range of ecological conditions, including
heavily damaged ecosystems resulting from human activ-
ities. As a result, Daphnia are notable for rapid adaptive
evolution (Cousyn et al. 2001; Fisk et al. 2007) in response
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to changing environmental conditions. This ecological
diversity provides a unique opportunity to ask if Daphnia

evolve to meet environmental challenges the same way in
independent lineages (Colbourne et al. 1997; Pfrender et al.
2000; Scoville and Pfrender 2010).

Aphids, which comprise ;4,400 known species world-
wide, have been studied intensively mainly because of their
economical impacts on agriculture, reducing considerably
crop yields and transmitting a plethora of plant viruses.
Many areas of research have been explored in this insect
group from fundamental works in evolutionary biology,
ecology, symbiosis, developmental and reproductive biology
to more applied studies on pest control via the use of
chemicals, resistant plants and natural enemies (Dixon
1998). As for Daphnia, a solid phylogenetic framework exists
in aphids and advanced genomic resources are being
accumulated in multiple aphid lineages for use in com-
parative and evolutionary genomics (Ollivier et al. 2010;
Sabater-Munoz et al. 2006). Aphids also inhabit a wide range
of ecosystems from polar to tropical, interact with a huge
diversity of biotic (plants, micro-organisms, natural enemies,
human activities) and abiotic factors (climate, chemicals,
pollutants) and evolve rapid adaptive responses (e.g.
insecticide resistance, breakdown of plant resistance),
allowing studies on the evolution of biological adaptations,
including adaptive phenotypic plasticity (Le Trionnaire et al.
2008; Tagu et al. 2008; Brisson 2010).

Alternative Phenotypes in Aphids and
Daphnia—A Case for Comparative
Genomic Research

Aphids and Daphnia share a rare suite of multiple alternative
phenotypes allowing them to cope with environmental
changes and to anticipate deteriorating habitats and
resources. A successful approach to questions on the origin
and maintenance of adaptive traits is to study independently
derived features through comparative analysis (Brooks and
McLennan 1991). The spectacularly plastic phenotypes in
Daphnia and aphids are excellent examples of independent
convergence and provide an opportunity to examine the
commonalities of affected developmental pathways in
depth. The range of phenotypes and ecological context
within an aphid or daphniid species often rivals the variation
found between distantly related species (Petrusek et al.
2009), forming ideal empirical systems for a comparative
functional genomic approach to plasticity.

Alternative Phenotypes Involved in Reproduction

The dominant reproductive mode in animals is sexual
reproduction. Alternative reproductive modes include
obligate asexuals, which are fairly rare, and cyclical
parthenogens. Organisms with cyclic parthenogenic life
histories, including aphids and waterfleas, (De Meester et al.
2004), capitalize on the advantages of the two reproductive
modes by alternating between sexual and asexual reproduc-

tion in response to environmental conditions. The shift
between asexual and sexual development in aphids is
triggered by photoperiodic changes: clonal aphids perceive
the increase in night lengths via photoperiodic photo-
receptors at the anterior dorsal region of the protocerebrum
and respond over a transgenerational process by producing
sexual forms (Tagu et al. 2005). In addition, clonality is
associated with viviparity while sexuality is linked with
oviparity (Le Trionnaire et al. 2008). Viviparous forms are
frost-susceptible while oviparous ones lay cold-resistant and
diapausing eggs that hatch the following spring. Similarly,
during the growing season, Daphnia produce sizable broods
of genetically identical daughters that directly develop
through juvenile instars into adults (Berg 1934). In Daphnia,
as in aphids, environmental factors that include photoperiod
(Banta and Brown 1939; Stross and Hill 1965), crowding
(Carvalho and Hughes 1983), starvation and temperature
(Alekseev and Lampert 2001) stimulate the switch from
producing ameiotic diploid eggs to a pair of meiotic haploid
eggs requiring fertilization for development. Here, sexuality
is also linked with oviparity. In a state of diapause, the
embryos are encapsulated within a protective structure
called an ephippium, which is resistant to freezing and
desiccation, until environmental cues trigger development
(Davison 1969; Pfrender and Deng 1998). Importantly,
while the switch in reproductive modes and the termination
of diapause in Daphnia is largely precipitated by environ-
mental cues, there is substantial genetic variation within and
among populations and species for these plastic traits (De
Meester and Dejager 1993; Deng 1996; Pfrender and Deng
1998; Yampolsky 1992). The same applies to aphids which
show, within a single species, co-existing lineages with
varying levels of investment into the sexual phase i.e., from
complete loss of sex to regular alternation of clonal and
sexual phase with all intermediates in between (Simon et al.
1999, 2002).

Arguably, a more remarkable phenotypic transformation
related to reproduction is the switch from producing
genetically identical daughters to genetically identical sons.
Males differ from females in morphology, behavior,
responses to stimuli and life history. Moreover, gene
expression studies of insects suggest that 12-32% of the
genes in Drosophila transcriptomes are sex biased (Zhang
et al. 2007) and that gamete formation accounts for
approximately 30% of the transcriptional differences
between the sexes (Parisi et al. 2004; Ellegren and Parsch
2007). However, unlike Drosophila, sex determination in
Daphnia is triggered by environmental cues in a fashion
similar to the switch in reproductive tactics. Although the
same environmental factors may specify deteriorating
conditions for the start of sexual reproduction (Banta and
Brown 1939; Yampolsky 1992), the signaling pathways are
seemingly independent. Daphnia populations exhibit sub-
stantial variation in the onset of male production and the
onset of meiotic oogenesis, including isolates that either fail
to reproduce sexually or are unable to produce male
offspring (Innes and Dunbrack 1993; Innes and Singleton
2000). Recent studies implicate endocrine cascades at the
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head of the Daphnia sex-determination pathway, by the
action of the juvenile hormone methyl farnesoate in
signaling male production (Olmstead and LeBlanc 2003).
Interestingly, the same pathway also signals hemoglobin
production when D. pulex is starved of oxygen – another
significant plastic trait. Non-male producing clonal isolates
have varying defects along the signaling pathways, based on
observations that not all non-male producers fail to also
produce hemoglobin (Rider et al. 2005). Obviously, genetic
mapping studies using multiple isolates that differ in their
combined responses to hypoxia and environmental stress
signals will be necessary to disentangle the genetic
interactions for these traits.

In aphids, there also exists a difference in the cues
inducing males and those inducing meiotic oogenesis. Male
production requires specific photoperiodic and/or temper-
ature regimes leading to the loss of one of the two sexual
chromosomes (in aphids, sex determination is XX:XO
female:male). Sex determination seems to depend on the
concentration of juvenile hormone (JH) with high titers
leading to females and lower ones to males (Hales and
Mittler 1987). As for Daphnia, aphids encompass genotypes
differing in their capacity to produce males, this poly-
morphism being controlled by a limited number of genes
(Simon et al. 1999). A comparative approach of gene
regulation associated with male production within the same
genotype or between genotypes with varying investment in
the male function will certainly help to decipher the cascade
of molecular and cellular changes from perception of the
environmental signal by the neural system to its transduction
via the endocrine system to the reproductive track.

Alternative Phenotypes Involved in Defense or Dispersal

Aphids and Daphnia also show spectacular morphological
changes, such as individuals with or without wings in aphids
(Figure 1), and forms with or without defense structures
against predators in both aphids and Daphnia (Figure 2).
These plastic morphologies, forming complex reaction
norms, are adaptive responses in anticipation of changing
or deteriorating environmental conditions. Most aphid
individuals are wingless, feeding on plants and allocating
massively in reproduction by viviparous parthenogenesis.

However, aphids are also found as winged phenotypes able
to dispersal and occupy free habitats. Sexual forms, or their
precursors, produced in the autumn are usually winged,
allowing migration to mating sites (e.g., a specific host-plant
where sexual reproduction takes place) and preventing
inbreeding costs. In some species, males can be winged or
wingless depending on the genotype. This variation is
controlled by a biallelic locus (Braendle et al. 2006; Brisson
2010). Winged forms are also produced during the
parthenogenetic phase of the aphid life-cycle. In this case,
wings are induced when colony density is high and resources
limiting, or when plant quality is deteriorating. Interestingly,
variation in wing production in asexual females is linked to
that of wing male phenotypes, suggesting that the same set
of genes could be involved in both phenotypic plasticity and
polymorphism (Braendle et al. 2005; Brisson 2010). Since
the proximal cue for wing plasticity is the perception of
individual movements within the colony through antennal
contacts (Kunert et al. 2005), winged aphids are also
produced in greater numbers when colonies are attacked by
predators (e.g., ladybird beetles) or parasites (e.g., parasitoid
wasps). Also, like other social insects such as bees, ants and
termites, a few aphid species show caste determination with
soldiers and normal forms. Soldier morphs possessing
enlarged prehensile forelimbs and frontal horns, occur in
less than 1% of aphid species and in only two families, the
Hormaphididae and Pemphigidae (Stern and Foster 1996).
Phylogenetic analyses indicate that soldiers have independ-
ently evolved a minimum of 6-9 times. Soldier morphs are
sterile and show defense and attack behaviors to protect the
colony against predators. In the Asian aphid Tuberaphis

styraci, the colony develops within a gall on the tree Styrax

obassia and soldier morphs differentiate when colony reaches
high density. These soldiers are aggressive against enemies,
by inserting their mouthpart inside the intruder body.
Attacks are often lethal for the predator, even if its body size
exceeds 1,000 times that of the aphid.

The developmental program underlying the determina-
tion of alternative phenotypes in aphids is far from well
understood, but this biological system attracts increasing
attention from evo-devo researchers. Comparative analysis
of sexual and asexual development in the pea aphid has been

Figure 1. Inducible wing polyphenism in the vetch aphid Megoura viciae (A) wingless form produced in favourable conditions

(e.g. low density). (B) winged form produced in deteriorating conditions (e.g. crowding). Photos by Bernard Chaubet.
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conducted using anatomical, morphological and histological
approaches (Braendle et al. 2003; Miura et al. 2003). This
research indicates that sexual and parthenogenetic embryo-
genesis progress through two strongly contrasted pathways
(Le Trionnaire et al. 2008), from oocyte determination
(meiotic oogenesis in sexual females vs. mitotic division in
asexual ones) to body, reproductive, sensorial and neural
development. The developmental pathways of winged or
wingless phenotypes under the right conditions (crowded
vs. uncrowded, respectively) have been less well studied. A
recent anatomical analysis clearly indicated that embryos and
larvae, in both winged and wingless individuals, develop in
their early stages wing primordia responsible for wing
formation in insects (Ishikawa and Miura 2007; Ishikawa
et al. 2008). This work showed that the developmental
cascades that produce wings and flight muscles are switched
on during the first stages of future winged form, while the
degeneration process is launched in the early development
of future wingless form. The default genetic program in
aphids is thus wing development during embryogenesis (as
in other insects). This observation also suggests differences
in gene expression patterns in the wing primordial in early
stages and responsible for the wing plastic response in
aphids. Interestingly, winged and wingless phenotypes not
only differ in morphology but also in other traits, such as
reproduction, behavior, and sensory system (Dixon 1998).

Daphnia are famous for their phenotypic plasticity in
defensive traits. These small organisms exhibit an astonish-
ing repertoire of inducible defenses by modifying morpho-
logical, physiological or behavioral traits (Tollrian and
Dodson 1999). Morphological changes in most cases lead
to enlargements of different body parts, including a marked

elongation of the tail spine or the head and the development
of spiky or curved helmets or dorsal crests, or the size of the
compound eye. These changes often interfere with prey
capture or consumption and have a demonstrable fitness
benefit (Tollrian 1995; Petrusek et al. 2009).

Physiological traits lead to changes in life-history
parameters, including diapausing egg induction that allows
the prey to temporally avoid predators, or shifts in resource
allocation between somatic growth and reproduction (Stibor
and Luning 1994; Latta et al. 2007). These defenses usually
interfere with prey encounter or recognition if the predators
use visual cues to target larger Daphnia (e.g., fish) or with
prey handling if the predators use tactile cues and select
smaller individuals (e.g., invertebrates). Behavioral defenses
such as elevated alertness, modified swimming behaviors,
the formation of swarms or diel vertical migration may
reduce encounters or allow escape.

In nature, most prey species are threatened simulta-
neously by a variety of predators with different prey
preferences and different hunting strategies. Hence, many
prey species have evolved several inducible traits which
allow a flexible response to a changing predator regime.
Among Daphnia species, protective mechanisms differ even
against the same predator. For example, D. pulex generates
neckteeth primarily in the second instar in the presence of
Chaoborus larvae (the phantom midge, a voracious predator
of freshwater zooplankton), whereas D. cucullata shows
helmet formation during all life stages when faced with this
predator. This varied response is presumably due to
differing life-stage specific susceptibility to Chaoborus

predation. The smaller of the two species, D. cucullata, is
within the prey-size range of Chaoborus in all instars, while
the larger species, D. pulex, is vulnerable only during juvenile
instars. Furthermore the helmets in the small D. cucullata

form a ‘‘multitool’’ against different predators (Laforsch and
Tollrian 2004), while neckteeth are specific defenses against
a single predator species. The two morphological defenses,
exaggerated helmets and dorsal neckteeth, are repeatedly
found in independent lineages across the genus (Colbourne
et al. 1997).

The fitness benefit of inducible defenses depends on the
lag phase between the onset of the ecological pressure
promoting the utility of the induced phenotype and its
formation. This is true for wing induction in aphids as well
as for helmet and neckteeth formation in Daphnia.
Mechanisms which shorten lag phases have been reported
in the form of maternal induction of defenses, where
neonates already hatch with preformed defenses or
enhanced response to environmental cues, and finally reach
stronger defense expressions (Agrawal et al. 1999). Trans-
generational inductions are beneficial adaptations in sit-
uations where the maternal environment is a good predictor
of offspring environment. This is the case for wing
induction in aphids, where mother’s environmental experi-
ence influences the phenotype of her offspring, as she
contains already developing oocytes and embryos of the two
next generations (i.e., telescoping of generations). Different
inducible traits vary in their effectiveness, associated costs,

Figure 2. Inducible defense structures in Daphnia longicephala.

Identical genotypes showing the effect of waterborne chemical

cues from predators (kairomones). Non-induced morphology

on the left and induced morphology on the right. Image by Dr.

Christian Laforsch.
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and also in the response time between induction and
formation. The induction of behavioral traits might
generally be faster than the growth of morphological traits,
and shifts in life-history traits are likely to be slowest. Thus,
a combination of different inducible trait systems could help
to reduce the initial lag phases of each until effective
defenses are formed. While transgenerationally induced
defenses are adaptations to long-term fluctuations in the
environment, reversibility of induced traits is beneficial if
environmental changes are likely to occur within the life
time of an organism (Gabriel et al. 2005). Most behavioral
and morphological traits are reversible, while the slower
forming life-history changes often are not.

Despite the abundance of research on morphological
plasticity, the underlying genetic and cellular processes are
not well understood (Tollrian and Leese 2010). In Daphnia,
embryonic and juvenile induction occurs, corresponding to
the developmental stage where the defence is needed.
While it is documented that chemical cues (kairomones)
released by the predators are relevant for the induction,
neither signal perception nor transduction have been
analysed. Formation of helmets in Daphnia can also be
induced by sublethal concentrations of some pesticides,
including carbaryl and endosulfan (Hanazato 1991; Hana-
zato 1992) that affect the transmission of nerve impulses in
vertebrates and invertebrates. These chemicals may act as
acetylcholine esterase inhibitors, resulting in a permanent
activation of synaptic activities that stimulate the neuro-
secretory release of hormones involved in the formation of
morphological changes. The involvement of the nervous
system in the regulation of phenotypic plasticity has been
established for morphological changes in Daphnia (Barry
2002). Stimulation of the cholinergic neurotransmitter
system with acetylcholine agonist leads to an increased
formation of neckteeth. The morphologically plastic
tissues in Daphnia are characterized by endopolyploid cells
which are supposed to act as developmental control
centers governing the shape of the defensive traits (Beaton
and Hebert 1997). Thus, a working hypothesis is that a
concentration gradient of hormones in the hemolymph of
the animal may be responsible for enhanced cell division
rates in the target tissue when the titer exceeds a
threshold value. Observations favouring this hypothesis
include the number and distribution of polyploid cells in
Daphnia, which are strongly correlated to the size and the
form of the plastic feature across several species.
Additionally, mitotic activity in the cephalic epidermis
of a defensive trait has been found to be elevated in
regions surrounding these polyploid cells, suggesting the
release of a mitogen which triggers the development of
the modified trait.

The examples above show that aphids and Daphnia

combine extensive phenotypic plasticity with high evolu-
tionary flexibility in terms of genetic responses to changes
in ecological conditions. Such a pattern probably arises
from the combined effects of long-lived clones with short
individual generation times. These high levels of phenotypic
plasticity could be explained by the fact that individual

genotypes (genetic clones) often live for a long time (for one
to many years). As a result, the environment becomes fine-
grained at the level of the genotype, resulting in selection for
phenotypic plasticity tracking seasonal changes in environ-
mental conditions (De Meester et al. 2004).

Genomic Content and Structure—Early
Clues on the Regulatory Mechanisms of
Phenotypic Plasticity

Phenotypic plasticity is a consequence of environmental
cues that are perceived during ontogeny and the capacity of
the individual to integrate cues that influence development.
This process can be divided into three main phases: i) the
perception of an environmental signal (input), ii) signal
transmission and transduction towards the targeted organs,
tissues or cells, and iii) differentiation of the induced
phenotype (output) by modifying genetic developmental
programs. In animals, these steps are clearly dependent on
neuro-endocrine regulations (detection, transduction) and
other gene expression regulators (output). Discovering these
genes and pathways and elucidating their network relation-
ships is a formidable challenge.

Efforts that began in years 2002–2003 by two interna-
tional research consortia have produced important genomics
resources that facilitate molecular, genetic, evolutionary and
ecological studies in aphids (www.aphidbase.com) and
Daphnia (Colbourne et al. 2005; Legeai et al. 2010a). The
first descriptions of the genome structures and gene
contents from draft genome sequence assemblies are being
published (The International Aphid Genomics Consortium
2010; Colbourne et al. 2011). The 530 Mb genome of A.
pisum is assembled into 22000 scaffolds (contiguous DNA
fragment reads) covering 87% of the total genome, whilst
the modest 200 Mb genome of D. pulex is assembled into
5,000 scaffolds representing 80% of the total nuclear
content. The process of finishing these genome projects,
by filling gaps and reducing the scaffold numbers to match 4
haploid chromosomes for the pea aphid and 12 chromo-
somes for Daphnia is underway.

A most fascinating shared feature of these two divergent
genomes is their large gene counts. More than 30000 genes are
predicted in both species by automated gene calls and by the
empirical annotation of genes via their detected transcripts in
large scale cDNA sequencing projects and/or whole-genome
tiling path microarray studies. These tallies are double the
number of genes identified in the current set of sequenced
arthropods, such as Drosophila (fruitflies), Anopheles (mosqui-
toes), Apis (honey bees), Tribolium (flour beetles), Bombyx

(silkmoths) or Nasonia (minute parasitic wasps). A closer look
at the gene sets indicate a history of gene duplication that
accounts for 50% of their gene inventories, which is twice the
fraction of duplicate genes among Diptera (Gilbert 2008).
Moreover, empirical annotation of the Daphnia genome
suggests that more than 8,000 protein coding genes remain
undescribed, likely because of their lack of homology to
proteomes of other species and their condition specific
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expression, adding to the already large fraction of lineage
specific genes in the two genomes. It is still too early for
explanations as to why these two cyclical parthenogens —
which are also highly plastic in their responses to environ-
mental changes – should have an independent history of
elevated gene amplification. Is this commonality simply a
consequence of their shared unique life-cycles that have
periodic effects on the effective population sizes of aphid and
Daphnia populations? Cyclical parthenogenesis exposes the
genome to a more dynamic interplay between selection and
drift, which may facilitate the fixation of duplicates (The
International Aphid Genomics Consortium 2010). Alterna-
tively, does the genome structure and content reflect an
expansion of gene functions and regulations for developmental
and behavioral plasticity? As described above, one critical
feature of an adaptively plastic phenotype is a condition-
dependent specificity. In Daphnia, gene duplicates often have
divergent and condition-dependent regulation provocatively
suggesting that there may be a direct connection between the
maintenance of a large number of duplicate genes and
plasticity. For certain, the process of acquiring new genes by
duplication is ongoing and has persisted for long evolutionary
time in both lineages. Most duplicates in the Daphnia genome
are locally arrayed in tandem and therefore are not a
consequence of punctuated whole genome duplication events
(Colbourne et al. 2011). The nucleotide sequence divergence
among duplicate genes suggests that their birth and death rates
are more-or-less constant and three times greater than the
fastest evolving insect genome (Drosophila; Colbourne et al.
2011). At present, the scattering of aphid genomic fragments
into more than 22000 pieces impairs similar conclusions on
genome history. However, for both species, additional genome
sequence data from phylogenetically related taxa will help
determine when runaway gene duplication events began. If
lineage specific gene family expansions began at the root of the
aphid and waterflea (Cladocera) species radiations, then a
stronger case will be made for the link between their genome
structures and the shared biology of these two organisms.
Nevertheless, a first-pass look at shared gene family expansions
and loss produces valuable hypotheses for detailed inves-
tigations.

From a total of 27,500 identifiable clusters of homolo-
gous genes among 10 insects and a Chelicerate, Daphnia and
aphid share 5,436 clusters (Gilbert 2008); 119 gene clusters
are uniquely found in our two focal species. These
exclusively homologous gene clusters represent obvious
candidates for investigations into their roles in the biology
of both Daphnia and aphids. Interestingly, a number of
homologous gene clusters that are shared with well
characterized model systems, like Drosophila, are often found
amplified in our insect-crustacean duo compared to those of
other arthropods. For example, 78 clusters containing genes
that function in chromatin assembly, microtubule formation
and mitosis, mitosis kinases, RNA polymerase and binding,
plus transcription initiation and regulation, all have elevated
gene counts in aphids and Daphnia (on the order of 2-4
times the average number in insects. Clearly, DNA and
RNA management genes have jointly diversified, which may

be an important clue for understanding mechanisms for
altering phenotypes.

The production of active proteins relies on several steps
that can be all subjected to regulation: chromatin
accessibility (epigenetic marks), RNA transcription, RNA
stability and degradation, protein translation, protein
stability and degradation and protein modifications.
Among the several types of small non-coding RNAs,
microRNAs are small double-stranded RNAs encoded as
precursors by the genome of eukaryotes. They join a
nucleo-proteic complex and bind to targeted mRNAs by
base complementarities. The formation of mRNA/micro-
RNA duplex leads to either degradation or inhibition of
translation of the targeted mRNAs (Carthew and Son-
theimer 2009). Using available genomes, we annotated the
gene precursors of microRNAs in A. pisum (Legeai et al.
2010b) and in D. pulex (Colbourne et al. 2011). We found
161 mature aphid microRNAs by combining homology-
based, high throughput sequencing and genome scanning
methods. This number is greater than counts in other
sequenced insects, save Drosophila (Gerlach et al. 2009). By
contrast, only 50 mature Daphnia microRNAs are identi-
fied, which is the smallest recorded number among the
sequenced arthropods. All microRNA loci found thus far
in D. pulex have identifiable insect orthologs. By conduct-
ing microarray experiments on the pea aphid, we compared
microRNA expression profiles among different ecological
and developmental conditions. Interestingly, five micro-
RNAs were differentially expressed when comparing
parthenogenetic and sexual females produced by the same
aphid clone but under different photoperiodic regimes
(Legeai et al. 2010b). Three of these microRNAs have
unknown functions, whereas mir34 is known to be
regulated in Drosophila by ecdysone and juvenile hormones
(Sempere et al. 2002). This result suggests that the
transduction of the photoperiod signal might involve
microRNAs in the pea aphid.

Epigenetic modifications — that modulate chromatin
structure and therefore controlling access of the transcrip-
tional machinery to genes — may be an important
determinant of phenotypes in the pea aphid and Daphnia.
Both species have all three Dnmt gene subfamilies for DNA
methylation, and are therefore likely to share the same
epigenetic control system preserved in other eukaryotes
(Werren et al. 2009). Dnmt1 is the main enzyme for the
maintenance of cytosine methylation. Whereby Daphnia has
a single copy of this gene, the pea aphid has two copies.
Two copies of Dnmt1 are also found in the genome of the
honey bee, which has an impressive epigenetic repertoire
(Weinstock et al. 2006; Kutsukake et al. 2008). Both the pea
aphid and Daphnia have single copies of Dnmt2 and Dnmt3,
which typically methylate when no 5mC are found on either
DNA stands. Recently, Dnmt2 methyltransferase was shown
to have a higher level of expression in aphids that
experienced crowding, the main cue for wing morph
production (Walsh et al. 2010). The methylation status for
a gene encoding a JH binding protein is different between
winged and unwinged morphs, suggesting that epigenetic
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modifications of DNA might regulate hormone availability
and dispersal polyphenism.

As the two research communities pursue functional
genomic experiments to identify shared genetic pathways
between aphids and Daphnia responding to environmental
cues, the search for phenotypic plasticity genes will narrow
towards candidate loci for genetic confirmation of their
effects. Complicating this effort is the observation that a
large fraction of the total gene set in these two species is
composed of orphans; 36% of Daphnia genes and approx
40% of aphid loci have no known sequence homology to
proteins from other species. Experiments using whole-
genome tiling-path microarrays and EST sequencing of
RNA produced under defined environmental conditions
suggest that these unknown genes are often condition
specific in their expression and may be expressed only
under ecological situations that are unique to the organism
(Colbourne et al. 2011). Functional genomic studies that
target the identity of the regulators of plastic traits in both
species will determine to what extent genetic mechanisms
are species specific.

In the next section we review the results of earlier studies
making use of the genome data when comparing aphid and
Daphnia genes that may underlie phenotypic changes.

Early Functional Genetic Investigations of
Phenotypic Plasticity in the Light of
Genome Data

Caste Determination in Social Aphids—Implicating an
Expanded Gene Family

By comparing mRNA profiles between soldier and normal
morphs of the aphid Tuberaphis styraci, Kutsukake et al.
(2004) revealed that one of the most up-regulated genes in
the soldier morphs corresponded to a cysteine protease
identified as a Cathepsin B. They demonstrated that this
protease was produced within the gut of the soldiers and
injected in the predators. This protein, once injected, acts as
a toxin with insecticidal activity. Cathepsin B belongs to a
multigenic family in insects, and two forms were identified
in T. styraci: one specific to the soldier morph and one
ubiquitously expressed in other morphs. The soldier-specific
protein gene was shown to be under accelerated molecular
evolution because of positive selection. This gene duplica-
tion and expression pattern was detected in other social
aphid species, but the soldier specific form did not show
accelerated evolution in these other lineages (Kutsukake
et al. 2008). Close inspection of the pea aphid genome
reveals a large scale expansion of the Cathepsin B genes with
28 copies (Rispe et al. 2008). There is substantial rate
heterogeneity among gene copies with some evolving slowly
and close to genes of other insects like Drosophila, and other
copies evolving rapidly. There are clear indices for 16
paralogs of positive selection by the replacement of essential
amino-acids within the protease active site. This observation
suggests that these genes acquired new functions that

remain to be discovered, in an aphid species (A. pisum) that
do not develop soldier morphs.

Daphnia Plastic Response to Predators—Implicating Genes
with Unknown Functions

Genome-wide tiling-path microarray experiments compared
gene expression from second juvenile instars of D. pulex

which were exposed and not exposed to dipteran predators
(Chaoborus midges) (Colbourne et al. 2011). Significantly
differentially regulated genes are found in classes of genes
with, and without, protein homology. Examining the
genomic regions with predicted gene models and at
significant levels of differential expression, we detected
107 differentially regulated genes under the predator
treatment that did not show significant differential regu-
lation under other ecological treatments or life-history
comparisons (metal toxicity, male/female). Of these
candidates, 34 lack homology with proteins in other
arthropod genomes. As a consequence, a significant
proportion of the identified genes represent novel tran-
scripts that require detailed functional characterization.

Wing Polyphenism in Aphids—Implicating Duplicated
Genes with New Functions

Little (if anything) is known about the neuro-endocrine
regulation of the wing polyphenism in aphids. Juvenile
hormones are likely involved in the transduction events, but
their role is still largely debated (Braendle et al. 2006). The
genetic program responsible for wing development operates
fully in winged morphs, but is interrupted at the larval stage
of future unwinged morphs (Ishikawa et al. 2008).
Alternative phenotypes are thus regulated at early devel-
opmental stages through repression in the wing develop-
ment pathway. Not surprisingly, the principal genes
involved in wing development described in Drosophila, such
as apterous or decapentaplegic, were found to be duplicated in
the pea aphid (Brisson et al. 2010). Interestingly, differential
expression of these genes has been demonstrated between
winged and unwinged individuals at different developmental
stages reinforcing the observation from Daphnia that gene
duplication and condition dependent diversification of gene
regulation may play a role in the development of plastic
phenotypes.

Reproductive Plasticity in Aphids—Implicating a Complex
Gene Network

The alternation between asexual and sexual morphs occurs
in autumn and is driven by the length of the photoperiod.
More specifically, aphids sense the length of the night period
(scotophase). This environmental input is necessary and
sufficient for triggering a change in embryonic development
that orientates towards a sexual phenotype producing
gametes (males or females). Because of the telescoping of
generations (embryos developing within the mothers), the
adapted phenotype (sexual individuals) appears two or three
generations after exposure to the new scotophase, and
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embryos can directly sense photoperiod change while inside
the abdomen of the mother. The nature of the photo-
receptors is not known but early transduction of the
photoperiod signal is driven through neuro-secretory cells
located in the dorsal part of the pars intercerebralis (the region
between the two hemispheres of the brain) (Steel and Lees
1977). The nature of the neuro-secretory material released
after photoperiod shortening is not known. Recently, based
on the pea aphid genome and analysis of neuropeptides
from the central nervous system, several hypotheses have
been made for putative candidates responsible for neuro-
regulation of photoperiod (Huybrechts et al. 2010) such as
neuroparsin, insulins, eclosion hormone or GPA2/GPB5.
Unpublished data from our group showed a localization of
the SIFamide peptide in 4 cell bodies located in the same
area that the neuro-secretory cells transducing the photo-
period signal (Verleyen and Tagu, unpublished). SIFamide is
a neuropeptide ubiquitously found in insects (Nassel 2002)
and is probably not the primarily responsible for photo-
period response, but could be involved in driving several
inputs towards the thoracic ganglion mass or other
endocrine organs that regulate hormone production (e.g.,
corpora allata). Transcriptomic approaches identified genetic
programs in the head of aphids (containing central nervous
system (CNS) structures) regulated by photoperiod short-
ening and reproductive switch (Le Trionnaire et al. 2007,
2009). Few changes were noted in transcript profiling of the
grand-mothers of the sexual individuals, confirming early
studies showing the absence of grand-maternal effect in
reproductive polyphenism (Lees 1964). However, a large
number (about 10% of the analysed transcripts) of genes
were up- or down-regulated in heads of the mothers of the
sexual individuals. The putative functions of several of these
transcripts indicated the regulation of visual system, photo-
reception, neuro-endocrine signaling and regulation. For
instance, two genes involved in the insulin pathway (a
putative insulin receptor and a degrading insulin enzyme)
were regulated such a way that a down regulation of the
insulin pathway in aphids reared under long night might
occur. In Drosophila, a decrease in the insulin pathway is
correlated to a decrease in the JH pathway (Tu et al. 2005)
and, as in aphids, it has been demonstrated that juvenile
hormones regulate photoperiod signal transduction (Hardie
et al. 1985). It is tempting to hypothesize that insulin could
be an upstream regulator of juvenile hormones in short-day
reared aphids. Annotation of the pea aphid genome
identified an expansion of insulin genes (10 copies)
(Huybrechts et al. 2010) and further molecular analyses
are underway to check whether insulin genes are regulated
during the switch of photoperiod. The transcriptomic
approach also identified an unexpected genetic program
highly regulated by photoperiod shortening; the cuticular
proteins. These genes are among the most highly regulated,
particularly those cuticular proteins that contain chitin-
binding domains. This observation suggests that a softening
of the cuticular network between cuticular proteins and
chitin might occur in the heads of aphids reared under
short-days (Le Trionnaire et al. 2009). In parallel, we noticed

a down regulation of the pathway for the N-Beta alanine
dopamine (NBAD), a metabolite that is stored in the cuticle
and responsible for its sclerotization. The down regulation
of the dopamine pathway suggests a role of dopamine due
to photoperiod shortening (Gallot et al. 2010).

The targeted organs for photoperiod shortening are the
ovaries, more specifically the germ cells for oocytes located
in the germarium of the embryos of the future sexuals. In
parthenogenetic embryos, these germ cells do not undergo
meiosis and 2n oocyte-like cells directly enter embryo-
genesis in absence of male fertilization (Le Trionnaire et al.
2009). Annotation of the pea aphid genome for the genes
involved in mitosis and meiosis showed some lineage-
specific duplications of both mitotic regulators (e.g., Cdk1,
Polo, Wee) and mitosis-related genes such as Smc6

(Srinivasan et al. 2010). It is intriguing to notice that these
genes are single copies in other known insect genomes, and
some are duplicated in the pea aphid and Daphnia (Schurko
et al. 2009), both of which are capable of sexual and
asexual reproduction.

Reproductive Plasticity in Daphnia—Implicating Meiosis
Suppressor Genes

In Daphnia, sexual and asexual reproductive modes are
ecologically relevant alternate strategies responsive to a
variety of environmental cues. The genomic investigation of
these alternative reproductive modes has focused on the
annotation of genes involved with mitosis and meiosis and
on the genetic underpinnings of the loss of the sexual
reproductive mode. In an analysis of meiotic and mitotic
genes in Daphnia, (Schurko et al. 2009) documented a
pattern similar to aphids in lineage specific gene expansions.
In particular, genes involved in cell cycle regulation and
sister chromatid cohesion have expanded copy number
compared to other arthropods. While no significant differ-
ences in regulation between sexual and parthenogenetic
individuals were observed in this study, the expansion of
meiotic gene families like Recq2 (a homologous recombina-
tion suppressor) may be associated with the ability to
alternate between two reproductive modes. From an
evolutionary perspective, recent work has identified a
meiosis suppression factor responsible for the loss of the
sexual reproductive mode in at least some populations
(Lynch et al. 2008). Documenting the functional role of
these expanded gene families in the switch to asexual
reproduction in response to a cascade of cue detection and
transduction remains a priority area of investigation. Since
Daphnia are capable of switching from asexual to sexual
reproduction and back to asexual within the lifetime of a
single individual, a functional genomic approach will be
useful to illuminate the transitions and pathways involved in
alternate reproductive modes.

Environmental Sex Determination in Daphnia—Implicating
a Juvenile Hormone Analog Pathway

Like for aphids, research in environmental sex determi-
nation mechanisms in Daphnia has implications for
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understanding invertebrate endocrine systems, genetic and
epigenetic regulation of phenotypic plasticity, and crusta-
cean developmental genetics in general, because JH and
ecdysone pathways are linked (Mu and Leblanc 2004). Eads
et al. (2007) reviewed this research, which stems from a
discovery that sesquiterpenoid hormone methyl farnesoate
(MF) stimulates the parthenogenetic production of males
(Olmstead and Leblanc 2002). Molecular genetic studies
show that sex in Daphnia is determined prior to the first
embryonic cleavage (Olmstead and LeBlanc 2007) and that
MF regulates numerous proteins including hemoglobin
(Rider et al. 2005)—at least one of 7–8 genes arranged
within a tandemly arranged cluster (Colbourne et al. 2011)
containing an identifiable putative juvenoid response
element (Gorr et al. 2006) — and a pair of vitellogenin
genes that also contain a juvenoid response element in
their shared promoter region (Tokishita et al. 2006).
Access to the genome sequence enables a broader search
of all annotated promoter regions for juvenoid response
elements, which are indicative of potential targets for
regulation, and for hormone receptors, whose identity
serves to understand the extent of the upstream regulatory
network controlling at least two significant plastic traits.
So far, 25 putative nuclear receptors are annotated in the
D. pulex genome sequence based on conserved DNA-
binding domains (Thomson et al. 2009). An earlier study
painstakingly revealed that the retinoid X receptor is
differentially expressed in male and female Daphnia (Wang
et al. 2007).

Gene expression experiments identified 55 differentially
regulated genes when parthenogenetic females were exposed
to MF, of which half had sequence homology to known
proteins (Eads et al. 2007) that included hemoglobin,
polysaccharide metabolism genes and chitin metabolism
genes. The homologous gene sets underline a recurring
association with ecdysone pathways. Continuing work in our
laboratories make use of non-male producing isolates that
are shown to be defective at different intervals along the MF
signaling pathway (Rider et al. 2005).

Conclusion and Future Directions

We have shown here how ecologically relevant biological
systems showing a wide range of continuous and discrete
plastic traits could serve as models for studying the
regulatory mechanisms underlying environmentally-induced
developmental and physiological plasticity. Aphids and
Daphnia share the feature of producing extremely diverse
phenotypes from the same underlying genome. Ample
genetic variation within populations for these plastic traits
provides an opportunity to study the genomic under-
pinnings of plasticity and the ecological and evolutionary
forces shaping these traits. We presented early progress in
the understanding of the molecular, cellular and physio-
logical mechanisms accounting for phenotypic plasticity in
this duo, but recognize that these limited first steps
contributing to the development of hypotheses that will

form the basis of future investigations. We expect major
advances in the field of developmental plasticity and Evo-
Devo in aphids and Daphnia, enabled by the substantial
efforts to gather genomic resources for each type of
organism. The regulatory machinery of these two arthro-
pods is currently being documented and analysed under
ecologically relevant conditions leading to the production of
alternative phenotypes. One intriguing feature emerging
from comparative genomics of aphids and Daphnia is their
common massive gene duplications. Gene duplication is a
key mechanism for acquiring new functions since the
original copy can be kept as a functional gene while the
duplicated copy is free of selection pressure for sequence
evolution and could acquire putative new functions (Innan
and Kondrashov 2010). In Daphnia and aphids, gene
duplication could represent a powerful evolutionary mech-
anism – through sequence variation and/or gene expression
patterns - allowing enhanced genome functional flexibility
necessary for exploring new adaptive traits.

Early studies on the control of polyphenic traits of
aphids and Daphnia suggest a complexity of mechanisms
involving a cascade of process from the reception of
environmental stimuli triggering the development of alter-
nate or modified phenotypes through gene and hormonal
regulation. These modifications may involve regulation of
micro RNAs and epigenetic effects of maternal induction.
The regulatory mechanisms of phenotypic plasticity may not
rely on a few ‘‘plasticity or robustness genes’’ but may rather
involve complex gene networks organized in transcriptional
modules (Ayroles et al. 2009). Investigating the role of
epigenetics is one of the fastest growing fields in biological,
evolutionary and ecological sciences. Epigenetic variation
can be altered directly by the environment and has been
shown to be responsible for some plastic traits (Bossdorf
et al. 2008). The role of epigenetic process in controlling
phenotypic traits can be now studied at a more detailed,
functional level using QTL mapping or genome-wide
approaches based on the detection of methylation marks
on the DNA (Garfinkel et al. 2004). The generality of the
discoveries in Daphnia and aphids remains an open ended
question awaiting further investigation in other empirical
systems. Arguably, the genome structure of Daphnia and
aphids with their large gene content and high number of
duplicate genes are unique among the fairly limited sample
of arthropod genomes available. The number of additional
genome sequences and systems with functional genomic
tools will certainly increase dramatically in the next few years
providing ample opportunities to validate the discoveries in
Daphnia and aphids and generate additional hypotheses
linking genome structure to phenotypic plasticity.

Finally, although theoretical models have suggested that
polyphenism and polymorphism can evolve from each other
(West-Eberhard 2003), how exactly the two are related
evolutionarily or mechanistically and what are their
respective costs and constraints remain unclear (Brisson
et al. 2007). Gaining an understanding of the adaptive
evolution of plasticity in these organisms will require linking
genome structure with phenotype. Empirical investigation
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of the evolutionary and molecular bases of traits showing
environmentally-induced plasticity (individual level) and
genetic variation (population level), as defensive, reproductive
or dispersal phenotypes in aphids and Daphnia, will help to
clarify these issues and increase our understanding of why
adaptive plasticity is not more widespread (Hilary et al.
2005).
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