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Animals in the wild live in highly variable and unpredictable environments. This variation in
their habitat induces animals, at all stages of their development, to make decisions about
what to eat, where to live, and with whom to associate. Additionally, animals like insects
show dramatic restructuring of their morphology across life stages, which is accompanied
by alterations in their behavior to match stage-specific functions. Finally, in a process
called developmental plasticity, environmental conditions feed back onto developmental
mechanisms producing animals with stage-specific variation in both morphological and
behavioral traits. In this review, we use examples from insects to explore the idea that
animals are integrated units where stage-specific morphological and neurological traits
develop together to increase individual fitness within their natural environments. We
hypothesize that the same mechanisms act to alter both morphological and behavioral
traits in response to the environment in which an organism develops. For example, in
insects the steroid hormone ecdysone orchestrates the restructuring of the body from
larva to adult form during metamorphosis at the same time as it rebuilds the central
nervous system. The remodeling of both body form and nervous system structure results
in behavioral alterations that match the morphological functions of the emerging adult.
We review relevant findings from the fruit fly Drosophila melanogaster, combining insights
from different fields like developmental biology, neurobiology and developmental plasticity.
Finally, we highlight how insights drawn from D. melanogaster can be used as a model in
future efforts to understand how developmental processes modify behavioral responses
to environmental change in a stage-specific manner in other animals.

Keywords: environmental conditions, chemosensory systems, behavioral ontogeny, metamorphosis, ecdysone,
1IS/TOR signaling

Over a century’s worth of research in developmental biol-
ogy has revealed valuable insight into the cellular, genetic,
and molecular mechanisms controlling the development of a
variety of animals. These studies have uncovered processes
that generate a multitude of morphological characters. In
addition to their effects on morphology, developmental pro-
cesses alter behavior in stage-specific manners. For many ani-
mals, juvenile stages employ different behavioral repertoires
than adults due to their distinct metabolic requirements, eco-
logical niches, and physiological functions (Winston, 1991;
Desor et al., 1977; Robinson, 2002; Golub and Brown, 2003;
Mennella et al., 2003, 2005). In parallel, we are develop-
ing a detailed understanding of how the interaction between
environmental conditions and developmental processes gen-
erates variation in body shape, size and pattern, a phe-
nomenon termed phenotypic plasticity (West-Eberhard, 2003;
Aubin-Horth and Renn, 2009; Whitman and Ananthakrishnan,
2009). Plasticity does not only apply to morphological char-
acters. Environmental conditions can interact with develop-
mental processes to shape phenotypic plasticity in behavior

(West-Eberhard, 2003; Aubin-Horth and Renn, 2009; Whitman
and Ananthakrishnan, 2009).

In extreme cases, environmental conditions modify develop-
mental processes to produce two or more alternative phenotypes,
a phenomenon known as polyphenism. Morphological traits
are integrated with alternate behavioral strategies, thus, animals
show striking morph-specific behavioral differences. For exam-
ple, many species of male dung beetles show polyphenism for
horn length. Males that were well fed as larvae develop into adults
with disproportionately long horns relative to their body size
(Emlen, 1997b). They use these horns in above ground male-male
courtship battles over access to females (Emlen, 1997a). On the
other hand, males that were poorly fed as larvae develop rudimen-
tary horns (Emlen, 1997b). Small-horned males use an alternative
reproductive strategy: they mimic females and dig sneaker tun-
nels to intercept and mate with females underground (Emlen,
1997a). This illustrates how environmental conditions encoun-
tered during development can give rise to discrete morphological
characters paired with the appropriate behavioral strategies in
other stages.
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In this review, we draw on examples from the insect lit-
erature, primarily from the fruit fly Drosophila melanogaster,
that elucidate the molecular mechanisms underlying how behav-
ioral responses to environmental cues are specified at different
developmental stages (Figure 1A). We first outline the literature
that aims to uncover how variation in environmental conditions
generates variation in behavioral responses in D. melanogaster
(Figure 1B). Then, after briefly introducing the developmental
mechanisms that regulate stage transitions in insects, we delve
into how development reprograms behavior to generate stage-
specific behavioral variation (Figure 1B). Finally, we combine
these findings to understand how environmentally-induced plas-
ticity in developmental mechanisms ensures that morphological
and neuronal traits match (Figure 1B). We hypothesize that the
same developmental processes that alter morphological char-
acters simultaneously alter the activity and connectivity of the
nervous system to induce appropriate alterations in behavior.
With this, we aim to provide a novel synthesis of the inter-
actions between the environment, development, and behavior
(Figure 1A).

ENVIRONMENTAL MODULATION OF VARIATION IN
BEHAVIOR

The neuroanatomical basis for learning and behavior is a broad
field of study and has been covered in myriad reviews (Menzel
and Muller, 1996; Johnson, 2001; Roman and Davis, 2001; Gerber
and Stocker, 2007; Gerber et al., 2009). Here, instead of exhaus-
tively reviewing the literature of the neural circuitry underlying
these processes, we will outline the overall structure of informa-
tion flow through the nervous system and then focus on how
selected examples of how environmental conditions contribute to
variation in behavioral output at a given life stage.

To convert information from the environment to the appro-
priate behavioral responses, animals use a combination of
somatosensory, visual, auditory, chemical, and mechanical inputs
to acquire information about their surroundings (Huston and
Jayaraman, 2011). This information is processed and interpreted
in the brain and useful motor outputs are generated which allow
animals to react to their environment, to escape predators, to
find food, to choose a mate or to perform a variety of other
behaviors (Figure 2). Furthermore, to produce useful behavioral
outputs in particular contexts, the sensorimotor transformations
have to be flexible enough not only to accommodate multi-
sensorial information from a dynamic environment but also to
be sensitive to other variables such as posture, active sampling
strategies, behavioral state, internal state, origin of the stimuli
(internal or external) and experience (Huston and Jayaraman,
2011).

The sensory cells bearing the receptors for olfactory, gusta-
tory and somatosensory cues have been described in both larval
and adult D. melanogaster. Odorants and tastants are sensed by
olfactory and gustatory receptors distributed across external sen-
sory organs, like the terminal, ventral and dorsal organs in larvae
and the chemosensory bristles in the antennae, palps, tarsi, wings
and genital structures of the adult (Scott, 2005; Vosshall and
Stocker, 2007; Benton, 2008). Additionally, the organization of
these neuronal circuits is maintained throughout development.
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FIGURE 1 | The triad Environment-Development-Behavior. (A)
Schematic representation emphasizing the interactions between three
factors: Environment, Development and Behavior. These interactions are
essential in the determination of an animal’s survival and fitness in an
ecological context. Animals produce motor outputs in response to
chemosensory cues from their environment (a) via sensorimotor
integration. Behavior is partially hard-wired with developmental programs
(b) as the neuronal connections are set throughout development resulting
in stage-specific behaviors. Animal development is plastic to environmental
conditions as the interaction between the environment and development
(c) determines adult morphological phenotypes. This review raises the
possibility that the mechanisms of morphological plasticity also modulate
the activity and connectivity of neuronal circuits. Environmental variations
would impact both morphological and behavioral traits through common
molecular players. This would ensure animals use the appropriate
behavioral repertoire for their morphology (central intersection,*). (B)
shows schematic representations of the behavioral reaction norms toward
different factors, environment (a) and development (b) alone, and to their
intersection (*). (a), (b), and (*) and respective colors match the codes and
explanations used in panel A.
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FIGURE 2 | Environment determines behavior. A schematic
representation of how environmental cues instruct animals about their
contexts to produce useful behaviors. Inputs from the environment activate
peripheral sensory neurons that innervate the brain. Here, the sensory
information is interpreted and processed into motor outputs. The
environment also changes the physiological state of animals. This
environmental-dependent internal state is either sensed by the brain and
directly converted into behaviors, or leads to the production of
neuropeptides, which mold the interpretation of sensory cues from the
environment and thus, animal behavior.

J

Although D. melanogaster larvae and adults have completely dif-
ferent lifestyles and body morphologies, the basic architecture of
the olfactory circuit, including receptor gene expression and neu-
ronal circuitry, is maintained and the gustatory circuit is partially
conserved between the larva and adult fly (Gerber and Stocker,
2007).

In addition to the chemosensory neuronal circuits, there are
other circuits that allow organisms to react to mechanical stim-
uli, the position of their body parts in space, thermal conditions,
and others cues. D. melanogaster larvae show four classes of den-
dritic arborization (da) sensory neurons that tile the epidermal
segments to generate a complex web of non-overlapping, non-
redundant sensory fields whose somas and axons are wrapped
by glia in different regions of the brain (Bodmer and Jan, 1987;
Grueber et al., 2002, 2007). Several studies have recently identi-
fied these peripheral neurons as the responsible for translating
environmental cues into nocifensive behaviors and taxis (Sawin
et al., 1994; Kaneko et al., 1997; Renn et al., 1999; Malpel et al.,
2002; Liu et al., 2003; Tracey et al., 2003; Mazzoni et al., 2005;
Rosenzweig et al., 2005; Dhaka et al., 2006; Hamada et al., 2008;
Kangetal., 2010, 2012; Xiang et al., 2010; Zhong et al., 2010; Kane
et al., 2013; Ohyama et al., 2013).

In response to noxious heat stimuli, larvae employ two nocif-
ensive behaviors, a rolling motor behavior toward the side of the
body that was stimulated (Im and Galko, 2012) and an escape
crawl typically performed after rolling where the larvae alter their
crawling speed (Ohyama et al., 2013). The da class IV neurons

are both necessary and sufficient for triggering these behaviors
(Im and Galko, 2012), and receptors for nociception expressed
in these neurons have been identified in larvae (Tracey et al.,
2003; Kang et al., 2010, 2012; Zhong et al., 2010). The receptor
painless was shown to be required for both thermal and mechan-
ical nociception, but not for sensing light touch (Tracey et al,
2003). Additionally, this nociceptive behavior is ecologically rel-
evant. Class IV da neurons are activated when the larval cuticle
is penetrated by parasitoid wasps (Robertson et al., 2013). The
rolling output allows the larvae to release themselves from their
attackers (Hwang et al., 2007).

Although rolling and escape crawl behaviors are stereotyped
responses to noxious stimuli, the frequency at which larvae
perform these behaviors depends on environmental conditions.
Larvae roll at higher frequencies in response to noxious heat
when assayed under conditions of high ambient heat (32°C)
than when they are assayed under standard ambient heat (25°C)
(Ohyama et al., 2013). Furthermore, when Class IV da neurons
are activated, using optogenetic techniques, in larvae crawling on
an agar surface, these larvae show an increase in the frequency
of escape crawl behavior. If these same neurons are activated
in larvae immersed in water, they show increased rolling fre-
quencies (Ohyama et al., 2013). This illustrates how variation
in environmental conditions generates variation in behavioral
output.

Environmental conditions induce variation in behavioral out-
puts, at least in principle, by either acting directly to modify
the sensitivity of neurons that detect environmental or physio-
logical stimuli (Ohyama et al., 2013), or indirectly by altering
the synthesis and secretion of neuromodulators like biogenic
amines and neuropeptides, thereby altering neuronal activity
and connectivity (Nassel, 2002). In the locust, Locusta migra-
toria, the concentration of amino acids in the haemolymph,
or insect blood, directly affects the responsiveness of gustatory
receptors in the maxilla; low amino acid levels increase sen-
sitivity of these neurons to amino acid stimulation (Simpson
and Simpson, 1992). In D. melanogaster adults, gustatory recep-
tor 43a-expressing brain neurons function as nutrient sensors for
haemolymph fructose and alter feeding rates in accordance with
hunger state (Miyamoto et al., 2012). Furthermore, the amino
acid sensor GCN2 acts upstream of GABA signaling in dopamin-
ergic neurons to alter feeding rates on diets deficient in essential
amino acids in D. melanogaster larvae (Bjordal et al., 2014).

In addition to direct sensing of nutrients, neuronal circuits
respond to an array of neuropeptides. Chemical signals in the
environment affect the production of neuropeptides to control
feeding rates according to the metabolic state of the organism.
For example, in response to nutritional conditions, post-ingestive
modulators produced by the animal’s endocrine system couple
internal state with altered physiology of the neuronal circuits
(Pooland Scott, 2014). D. melanogaster feeding behavior is known
to be regulated by neuropeptides such as insulin-like peptides
(ILPs), Neuropeptide F (NPF), small Neuropeptide F (sNPF), and
Hugin (Nassel and Winther, 2010).

NPF is the vertebrate homolog of the neuropeptide Y (NPY)
in D. melanogaster (Brown et al., 1999). NPF expression lev-
els are regulated throughout development. During larval feeding
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stages, npf is highly expressed. In contrast, npf expression levels
are downregulated in non-feeding stages of D. melanogaster, from
the onset of wandering to adult emergence after metamorphosis.
Overexpressing npf prolongs the larval feeding period and delays
wandering and metamorphosis. In agreement with the ontogeny
of the NPF levels, this neuropeptide responds to gustatory stimu-
lation. In the presence of sugars, the levels of NPF increase (Nassel
and Winther, 2010; Nassel and Wegener, 2011).

The insulin/insulin-like growth factor signaling (IIS) pathway
controls many nutrition-related responses, including increased
feeding rates due to starvation (Wu et al., 2005a). In response to
nutrition, D. melanogaster produces and secretes ILPs from sev-
eral organs (Koyama et al., 2013), including the insulin producing
cells (IPCs) in the brain (Rulifson et al., 2002; Broughton et al.,
2005). ILPs act in an endocrine manner by binding to the cell-
surface insulin receptor (InR) and triggering the IIS cascade. IIS
regulates feeding rates, in part, by regulating NPF production.
Well-fed larvae reduce their feeding rates when presented with
non-attractive cold or bitter food (Wu et al., 2005b; Lingo et al.,
2007). However, starving larvae decreases ILP secretion, causing
an increase in the production of NPE. In response to increased
NPE, larvae increase their feeding rate on bitter or cold food (Wu
et al., 2005a,b; Gu et al., 2009; Lingo et al., 2007).

Small NPFs (sNPF), although structurally related with NPF,
are encoded by different genes. Several studies have shown that
these neuropeptides are involved in the modulation of feeding
and growth through the regulation, via extracellular regulated
kinase (ERK), of ILP production (Lee et al., 2004, 2008b, 2009).
A local signal by sNPF and a global metabolic cue by IIS path-
way are integrated at specific odorant receptor neurons (ORNs)
to modulate olfactory sensitivity. Expression of sNPF and its
receptor (sSNPFR1) in Or42b neurons is necessary for starvation-
induced food-search behavior. In contrast, under fed states, high
levels of ILPs downregulate sSNPFR expression in Or42b neurons,
decreasing olfactory sensitivity (Root et al., 2011).

Finally, the hugin gene encodes a neuropeptide shown to regu-
late behavioral responses to chemical cues. This gene is expressed
in the subesophageal ganglion of the brain in D. melanogaster.
Although hugin produces two neuropeptides, Hugin-PK, but not
Hugin, has been biochemically identified in the nervous tissues
(Nassel and Winther, 2010). Depending on the nutritional status
of the fly, Hugin-PK modulates the processing of gustatory infor-
mation and changes feeding behavior (Melcher and Pankratz,
2005). hugin neurons, by terminating in different organs, coordi-
nate various aspects of feeding. The release of Hugin-PK controls
growth and metabolism by acting on a composite gland that
produces developmental hormones, the ring gland, modulates
feeding by acting in the pharynx muscles, and transmits gustatory
signals to the protocerebrum (Bader et al., 2007; Melcher et al.,
2007).

SUMMARY

In dynamic and often unpredictably variable environments, an
animal’s ability to sense external stimuli and to react by producing
useful behavioral outputs is crucial for its survival, optimiza-
tion of its life strategies and reproductive rates (Figure 2). We
are beginning to understand the mechanisms that underlie the

ability of an animal to modify its behavioral output in response
to its environmental context. These include direct alterations in
the sensitivity of sensory neurons in response to environmental
or physiological conditions and alterations in circuit physiol-
ogy due to changes in environmentally-sensitive neuropeptide
production. These processes allow environmental variation to
induce variation in behavior within a stage, and may underlie
stage-specific or developmentally plastic alterations in behavior
between stages.

INSECT DEVELOPMENTAL ENDOCRINOLOGY: A BRIEF
OVERVIEW

To form an adult, all living animals go through a developmental
period that starts with the fertilized egg and ends at reproduc-
tive maturity. This period includes a series of processes that lead
to growth and differentiation of tissues. During their develop-
ment, insects are faced with the problem of growth under a rigid
exoskeleton. To overcome this problem, they form a new exoskele-
ton below the old one, shedding the latter when the new one
is formed. Then, the new exoskeleton is enlarged and hardened
to accommodate a new wave of body and organ growth. This
process of molting occurs at defined times during development
and depends on pulses of several different hormones. The timing
and quantity of developmental hormone titres, in turn, depend
on environmental conditions. These pulses, together with growth
signaling pathways, such as the IIS, coordinate body and organ
size with developmental progression (Figure 3).

Several environmental variables regulate hormonal pulses
throughout insect development (Emlen and Nijhout, 1999;
Caldwell et al., 2005; Colombani et al., 2005a; Mirth et al.,
2005; Layalle et al., 2008; Gu et al., 2009; Walkiewicz and Stern,
2009; Walsh and Smith, 2011). For instance, in response to
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FIGURE 3 | Adult phenotypes are molded by environmental cues.
During development, hormone titers and the activity of pathways that
regulate growth coordinate the growth and differentiation of tissues with
developmental progression. This interaction determines adult phenotypes.
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photoperiod the neuropeptide prothoracicotropic hormone is
released (Truman and Riddiford, 1974; Mirth et al., 2005). The
prothoracicotropic hormone activates the Torso/ERK pathway
(Rewitz et al., 2009) in prothoracic glands to trigger the produc-
tion and release of ecdysone, the precursor of the active steroid
molting hormone 20-hydroxyecdysone (Gilbert et al., 2002;
McBrayer et al., 2007). The increased level of 20-hydroxyecdysone
provides a systemic signal that induces larval/nymphal and meta-
morphic molts (Koyama et al., 2013).

Juvenile hormone (JH) is a sesquiterpenoid hormone pro-
duced in the corpora allata. This hormone is known as a “status
quo” hormone because it prevents transitions between life stages
(Riddiford, 1996). Thus, in many holometabolous insects, insects
that undergo complete metamorphosis, high levels of JH only
allow larval to larval molts. To initiate metamorphosis, JH levels
have to drop (Williams, 1961).

Both ecdysone and JH affect cell proliferation. Ecdysone has
different effects depending on its concentration; whereas mod-
erate levels of ecdysone are necessary for cell proliferation, high
levels of ecdysone prevent it (Champlin et al., 1999). JH affects
cell proliferation by modulating the effects of ecdysone (Koyama
etal., 2013).

SUMMARY

During development, the insect endocrine system produces a set
of hormones common to most species and essential in coordinat-
ing the growth and differentiation of tissues with developmental
progression. The timing and concentrations of hormone titres
are sensitive to environmental cues (Figure 3). How endocrine
organs sense particular external cues and how different hormonal
titres impinge on developmental programs to modify develop-
mentally plastic traits is an active area of research.

DEVELOPMENTAL REPROGRAMMING OF THE NERVOUS
SYSTEM TO GENERATE STAGE-SPECIFIC BEHAVIOR

The type of behavioral outputs employed in response to an exter-
nal cue depends on the animal’s developmental stage. Arguably,
holometabolous insects exhibit the most dramatic developmen-
tal rewiring of their nervous systems (Figure 4A). Approximately
10,000 larval neurons arise from neuroblasts during embryoge-
nesis. During the pupal stage, these larval neurons will adopt
one of two fates: (1) they will undergo programmed cell death
and their function will be replaced by adult-specific neurons or
(2) they will become remodeled to make new connections with
adult-specific neurons (Truman, 1990). Adult-specific neurons
arise from retained embryonic neuroblasts that undergo a second,
more prolonged wave of neurogenesis during the larval period
(Booker and Truman, 1987; Truman and Bate, 1988; Prokop and
Technau, 1991; Truman et al., 2004). Neurons derived from this
second wave develop simplified, undifferentiated projections in
the larval stages, and only undergo differentiation to make their
final connections during the pupal phase (Booker and Truman,
1987; Truman and Bate, 1988; Truman et al., 2004). Neurogenesis
during larval stages results in an approximately 10-fold expan-
sion in neuron number. In the thoracic segments, this expansion
accommodates the new sensory and motor demands of the legs
and wings (Levine, 1984). Further, expansion of the learning
centers in the central brain, including the mushroom bodies and
central complex neurons, are reflected in the expanded behavioral
repertoire of the adult (Technau and Heisenberg, 1982).

The nervous system of insects is not the only tissue that remod-
els dramatically. The musculature used for crawling in dipteran
and lepidopteran larvae largely degenerates, and is replaced by
adult muscles for flight and walking (Perez, 1910; Hufnagel, 1918;
Levine and Truman, 1985; Weeks and Truman, 1985). This poses
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FIGURE 4 | Behavioral outputs depend on the developmental stage. growth factor signaling and Target of Rapamycin) are known to be
Behavioral outputs are reprogrammed throughout development. Thus, important for the differentiation and remodeling of the nervous system
each developmental stage is hardwired with specific motor outputs in during development. (B) Example of a stage-dependent behavior in
response to environmental conditions. (A) Schematic representation of D. melanogaster larvae. Larvae show different phototaxis depending on
the main molecular regulators of insect neuronal reprogramming during its developmental stage. The molecular pathway that regulates this
development. Hormone (EcR, ecdysone receptor and JH, Juvenile switch is not yet known, but depends on hormonal titres occurring
hormone) and growth signaling pathways (IIS/TOR = insulin/insulin-like throughout development.
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a specific challenge for the persistent larval motor neurons that
reconnect to new targets to regulate adult-specific functions. In
the tobacco hornworm, Manduca sexta, many of the motor neu-
rons associated with the muscles that innervate the abdominal
body wall muscles form new targets in the adult abdomen (Levine
and Truman, 1982). Once such motor neuron, MN-1, innervates
dorsal external oblique muscles in larvae, but loses this target
in the pupal stage to innervate a new dorsal external muscle
(DE 4). MN-1 also receives input from a stretch receptor (SR-
3), which is present throughout insect life. In the larva, MN-1
receives excitatory input from the SR-3 on the same side as the
target (ipsilateral), but is inhibited by the SR-3 on the opposite
(contralateral) side. In contrast, in the adult, the contralateral
SR-3 becomes excitatory. Because MN-1 undergoes substantial
remodeling and expansion of its contralateral arbor during meta-
morphosis, new connections formed during the pupal stages
presumably allow MN-1 to change in response to SR-3, thereby
reprogramming the behavioral outcome.

This transformation from the larval to adult nervous system is
complex and relies on cues from developmental hormones for its
coordination. Ecdysone induces many developmental processes
during the metamorphosis of the insect nervous system. Ecdysone
binds to a heterodimeric receptor formed by Ecdysone Receptor
(EcR) and Ultraspiracle. EcR in D. melanogaster has three iso-
forms, EcR-A, EcR-B1, and EcR-B2. During metamorphosis,
the nervous system predominantly expresses EcR-A and EcR-B1
(Truman et al., 1994). Most larval neurons express ECR-B1 during
larval development, but switch to EcR-A during pupal develop-
ment. A separate class of larval neurons expresses notably higher
levels of EcR-A in pupal stages, and these cells are fated to die dur-
ing metamorphosis. Adult-specific neurons express ECR-B1 when
they are undergoing proliferation, and EcR-A during differentia-
tive phases of development. Thus, the expression of particular
isoforms correlates with neuronal type and developmental stage.

Although the functional significance of EcR isoform expres-
sion is still unclear, neurons clearly require signaling through
EcR to remodel and differentiate during metamorphosis. Larval
sensory and neurosecretory neurons in the thorax require EcR-
mediated signaling to prune back their larval arbors and, later, to
elaborate adult-specific outgrowths (Williams and Truman, 2005;
Brown et al., 2006). Similarly, adult-specific neurons require EcR
signaling for the differentiation of their arbors; interfering with
EcR function results in sparse, compacted arbors in a range of
neuronal types (Brown and Truman, 2009). In both cases, block-
ing EcR signaling does not prevent differentiation completely.
This suggests that other developmental cues, potentially other
hormones or interactions between the cells of the nervous system,
are important for initiating and driving neuronal development.

JH is also known to play a role in the timing of neuronal
differentiation in D. melanogaster, at least in some cell types.
Many of the da neurons die at the onset of metamorphosis, but
some remain to carry out sensory functions in adult (Shepherd
and Smith, 1996; Williams and Shepherd, 1999). Like the MN-1
motor neuron, da neurons initially prune back their larval arbors
while larval tissue degenerates in the pupal stages. These neu-
rons later undergo a program of expansion to produce the adult
arbor (Williams and Truman, 2004). Ectopic application of a JH

mimic, pyriproxifen, prolongs the dendrite pruning stages and
represses the expansion phase in persistent da neurons (Williams
and Truman, 2004). Conversely, lack of JH promotes premature
outgrowth in some neurons such as the R7 photoreceptors in the
developing visual system (Riddiford et al., 2010). Thus, both hor-
mones important for controlling developmental transitions, JH
and ecdysone, play a role in the transition between larval and
adult nervous systems.

Remodeling the nervous system between life stages
occurs to accommodate stage-specific behavioral repertoires.
D. melanogaster larvae spend most of their time feeding by crawl-
ing on and digging into food. In the late third instar, larvae cease
feeding and leave the food to find a suitable place for pupariation,
a behavior referred to as wandering (Sokolowski et al., 1984). The
transition from foraging to wandering is determined by a peak
of ecdysone that occurs before the wandering phase and approxi-
mately 30 h after critical weight for pupariation is attained (Mirth
and Riddiford, 2007). During the foraging phase, larvae are
sensitive to odor and humidity (Grossfield, 1978). Additionally,
from hatch until early-mid third instar, D. melanogaster larvae
avoid light (Sawin-McCormack et al., 1995) but by mid third
instar, larvae begin to show a decrease in their photonegative
behavior, until just before pupation when the avoidance response
of wandering larvae to light is lost (Sawin-McCormack et al.,
1995) (Figure 4B).

Work over the past 20 years has generated an understand-
ing of the genes and neurons regulating visual processing, and
the endocrine regulators of this switch in light avoidance in
D. melanogaster larvae (Keene and Sprecher, 2012). The pro-
thoracicotropic hormone acts directly on two light sensors, the
Bolwig’s organ and the peripheral class IV da neurons, to alter
behavior toward light in third instar larvae as they approach wan-
dering (Yamanaka et al., 2013). How this sensory information is
translated into alterations in motor output is not yet completely
understood (Sawin-McCormack et al., 1995; Gong et al., 2010).
However, it is clear that the same endocrine cues that drive devel-
opment of morphological traits also reshape behavior between life
stages.

SUMMARY

In many animals, the activity and connectivity of the nervous
system undergoes dramatic changes during development. Both
hormonal and growth signaling pathways are known to be impor-
tant for the differentiation and remodeling of the insect nervous
system (Figure 4A). This, together with other stage-specific traits,
defines the range of behaviors associated with each developmental
stage. Researchers have paid considerable attention to describing
the development of the nervous system, and some advances have
been made regarding the development of behavior. However, the
connection between the ontogeny of behavior and the changes at
the level of neural circuits are still being addressed.

ENVIRONMENTAL REPROGRAMMING OF DEVELOPMENT TO
GENERATE MORPHOLOGICAL PLASTICITY

Developmental processes are not completely rigid, but respond
to environmental conditions (Figure5). In the most extreme
cases, variable environmental conditions lead to the formation
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FIGURE 5 | Environmental cues mold adult plastic traits. (A) Schematic
cascade showing how different environmental factors act at sensitive
developmental periods of cells, tissues, organs or body to modify adult
morphological traits. Hormone titers and the activity of the IIS/TOR
pathway (IIS/TOR = insulin/insulin-like growth factor signaling and Target of
Rapamycin) depend several environmental conditions. Together, these
pathways will act on cells, tissues, organs or in the whole body to change
the rate of growth, the duration of the growth period or both. This will allow
the appearance of different adult phenotypes according to the environment.
(B) Schematic representation of how insect body size may change in
response to variation in three environmental conditions, temperature,
nutrition, and oxygen levels.

of ecomorphs, organisms that show morphological traits that
reveal their ecological context, showing greater similarity under
the same ecological conditions regardless of their genotype.

There are many environmental variables that affect animal’s
developmental programs and that impact their growth and their
morphology. D. melanogaster bears a number of traits whose
development responds to environmental conditions, and this
organism has emerged as one of the best models for understand-
ing how nutrition regulates body size (Mirth and Shingleton,
2012).

An animal’s nutritional requirements are complex, composed
of specific combinations and quantities of macronutrients, vita-
mins, minerals, and water (Raubenheimer and Simpson, 1997;
Simpson et al., 2003). In some cases, the quantity of a given
food source during the juvenile stages can induce polyphenisms
(Emlen, 1994). However, the balance between specific macronu-
trients is known to mediate developmental trade-offs between
traits (Lee et al., 2008a; Sentinella et al., 2013; Cassidy et al., 2014;
Cordes et al., 2014; Jaramillo et al., 2014). It remains unclear
whether the same mechanisms regulate developmental responses
to both food quantity and nutrient balance.

What we do know is that body size in most animals results
from the regulation of two nutrition-dependent processes: (1)
the rate of growth and (2) the duration of the growth period.
In insects, the hard exoskeleton of the adult prevents growth,
thus the length of the larval stages determine the duration of
the growth period. Nutrition regulates growth rate via IIS and
Target of Rapamycin (TOR) signaling pathways, signaling cas-
cades conserved across animals. The IIS and TOR signaling path-
ways control the duration of the growth period by regulating the
timing of hormone peaks (Grewal, 2009; Koyama et al., 2013,
2014).

As previously discussed, IIS signaling tunes developmental
processes and behavioral responses to environmental conditions
via nutrition-sensitive secretion of ILPs (Koyama et al., 2013).
Once ILPs bind to their receptor in target tissues, they activate a
phosphorylation cascade which includes PI3 kinase (PI3K) and
Akt (Oldham and Hafen, 2003; Grewal, 2009; Koyama et al,,
2013). PI3K/Akt signaling targets the negative growth regulator
transcription factor, Forkhead Box class O (FoxO) (Junger et al.,
2003; Burgering, 2008), by phosphorylating this protein causing
it to be translocated from the nucleus.

TOR signaling, a second nutrition-sensitive cascade, is acti-
vated in a cell-autonomous manner either by signaling through
ILP/PI3K/Akt or in response to the available extracellular nutri-
ents, mostly amino acids and oxygen, via TOR kinase itself (De
Virgilio and Loewith, 2006). There is extensive crosstalk between
the insulin/PI3K/Akt and TOR signaling. Therefore they are often
considered to be branches of the same pathway, the IIS/TOR sig-
naling pathway. In a feedback loop, the IIS/TOR pathway also
regulates the production of ILPs in D. melanogaster. Amino acid
sensing in the fat body via the TOR pathway controls ILP syn-
thesis and secretion in the IPCs (Britton et al., 2002; Colombani
etal.,, 2003; Geminard et al., 2009). Finally, AMP-activated protein
kinase (AMPK) pathway also interacts with the IIS/TOR signal-
ing cascade, although the mechanism of this interaction is not yet
clear. AMPK senses energy levels, mostly in the form of AMP lev-
els, and regulates growth in D. melanogaster larvae (Bland et al.,
2010; Braco et al., 2012; Mihaylova and Shaw, 2013). As a result
of their activity, the IIS/TOR and AMPK pathways determine
growth rate of the body and the organs in all animals by reg-
ulating ribosome biogenesis, protein translation, autophagy and
endocytosis (Grewal, 2009).

Animal body and organ size are not only determined by
growth rate but also by the duration of the growth period. In
many insects, this process is regulated by a size-dependent devel-
opmental checkpoint occurring in the final larval stage called
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critical weight. In D. melanogaster, this developmental milestone
coincides with a small peak of the steroid hormone ecdysone and
premature ecdysone synthesis causes precocious critical weight
achievement (Mirth and Riddiford, 2007). The critical weight
checkpoint switches the larva’s response to starvation (Nijhout
and Williams, 1974; Shingleton et al., 2005; Stieper et al., 2008).
Before larvae reach critical weight, starvation significantly delays
metamorphosis (Beadle et al., 1938; Nijhout and Williams, 1974).
After critical weight, larvae metamorphose early when starved
(Mirth et al., 2005; Stieper et al., 2008).

The mechanisms that regulate growth rate and the duration
of the growth period are coordinated in insects (Figure 5A). In
2005, Shingleton et al. showed that reducing IIS before criti-
cal weight caused developmental delays, whereas reducing IIS
after critical weight had no effect on time to metamorphosis
(Shingleton et al., 2005). These observations linked IIS to the
mechanisms that regulate critical weight for the first time. The
observed effects on developmental timing result from IIS in the
prothoracic gland (Caldwell et al., 2005; Colombani et al., 2005b;
Mirth et al., 2005; Walkiewicz and Stern, 2009). Hyper-activating
IIS in this gland produces larvae that reach critical weight pre-
maturely and develop without delay when starved giving rise to
smaller adults (Caldwell et al., 2005; Colombani et al., 2005b;
Mirth et al., 2005). Altering TOR signaling in the prothoracic
gland results in a similar effect on developmental timing (Layalle
et al., 2008). Furthermore, upregulating IIS in the prothoracic
gland (Caldwell et al., 2005; Colombani et al., 2005b) or upreg-
ulating ILP synthesis by the IPCs (Walkiewicz and Stern, 2009)
increases the transcription of ecdysone synthesis genes, at least
in part through interactions between FoxO and a component
of the ecdysone receptor, Ultraspiracle (Koyama et al., 2014).
Finally, patterning in the imaginal discs depends on protein con-
sumption before but not after critical weight. Partially activating
ecdysone signaling in the wing discs causes premature pattern-
ing in pre-critical weight larvae starved of protein (Mirth et al.,
2009). Taken together, these observations suggest that growth
rate and developmental time are synchronized in the prothoracic
gland through the interaction between the IIS/TOR signaling
pathway and the ecdysone-producing pathway (Koyama et al.,
2013).

Similar to ecdysone, JH both regulates and is regulated by the
IIS/TOR signaling pathway. Genetically ablating the corpora allata
in D. melanogaster larvae causes them to pupariate at smaller
sizes than control larvae (Riddiford et al., 2010). This reduction
in body size results from reduced larval growth rate, as loss of
JH does not affect the duration of larval growth period (Mirth
et al., 2014). Further, JH affects growth rate via FoxO, which in
turn mediates the levels, but not the timing, of ecdysone syn-
thesis in the prothoracic gland (Mirth et al., 2014). Although
the mechanism is not yet completely known, ILPs also inter-
act with JH in M. sexta. In this insect, ILPs suppress the JH
repression of pupal commitment that occurs in the absence of
nutritional input. It does this by inducing broad expression in
wing discs and eye primordia of final instar M. sexta larvae
(Koyama et al., 2008). Altogether, these results indicate a role
for JH in regulating growth rate via the ecdysone-signaling and
IIS/TOR pathways.

SUMMARY

A variety of environmental conditions impact an animal’s devel-
opment at specific critical times through different processes, but
nevertheless common molecular players. This molds growth rates
and the duration of growth period, thereby altering body size
and the size of individual organs (Figure 5). In some species, this
process can result in the generation of eco-morphs, animals that
show different morphological traits according to their ecologi-
cal niche. How is animal behavior coordinated with plasticity in
morphological traits?

THE ENVIRONMENT INTERACTS WITH DEVELOPMENTAL
PROCESSES TO GENERATE BEHAVIORAL PLASTICITY

By affecting the production of developmental hormones, nutri-
tion in the larval stages has significant effects on both adult
morphology and behavior (Figure 6A). In male dung beetles,
nutrition impacts both hormone titres and the IIS/TOR signal-
ing to produce adults that differ in horn length (Figure 6B).
Both the dynamics of ecdysone and JH titres differ at critical
times in development between well-fed and poorly-fed males
(Emlen and Nijhout, 1999, 2001; Emlen et al., 2005; Rowland
and Emlen, 2009; Gilbert, 2011). Furthermore, the IIS/TOR sig-
naling pathway appears to connect horn growth and nutrition
(Emlen et al., 2006; Snell-Rood and Moczek, 2012). Finally, after
the growth phase, the complete development of horns involves a
period of remodeling through apoptosis during the pupal devel-
opment (Moczek and Nagy, 2005; Moczek, 2006). Although some
hypotheses have been advanced (Emlen et al., 2006, 2007; Koyama
et al., 2013), the actual mechanisms of how JH and ecdysone act
on tissues to regulate horn growth and differentiation are not yet
known.

Accompanying the changes in horn morphology, male repro-
ductive strategies in dung beetles depend on the size of their
horns (Figure 6B). Males with big horns fight for, mate with, and
guard females (Emlen, 1997a). In contrast, shorted-horn males
dig “sneaker” tunnels and intercept females as they bury their
dung balls (Emlen, 1997a). Potentially, the mechanisms regulat-
ing horn length during dung beetle development also affect the
structure and activity of the nervous system to define different
modes of adult behavior.

Work in D. melanogaster highlights some of the potential
mechanisms through which environmental conditions might
reprogram behavior. Starving D. melanogaster larvae reduces total
body size, and reduces the size, but not the complexity, of da
neurons proportionally (Shimono et al., 2014). However, reduc-
ing IIS/TOR signaling in these cells reduces both arbor size and
the branch complexity, suggesting that IIS/TOR plays a develop-
mental role during arbor growth, and an environmental role in
regulating arbor size. Shimono et al. (2014) found that muta-
tions in a co-chaperone of Hsp90, CHORD, affect arbor scaling
without altering branch complexity. Furthermore, CHORD acts
downstream of one of two TOR complexes, TORC2, to regu-
late neuronal scaling. These findings suggest that pathways like
IIS/TOR signaling show modularity in their regulation, and that
this modularity allows these pathways to affect different develop-
mental processes in response to developmental vs. environmen-
tal signals. This type of modularity might be key for shaping
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FIGURE 6 | Morphological and behavioral plasticity are coordinated
and may be generated through the same developmental
mechanisms. (A) Schematic representation of the interaction between
the environment, development and behavior. Environmental conditions
(yellow) act on developmental programs by altering hormone titres and
the activity of growth pathways at critical sensitive periods of
development (blue). The coordination between morphology and
connectivity of the neuronal system determines behavior (red) at that

particular developmental stage in response to environmental conditions.
(B) Example of the triad coordinating adult dung beetle morphology and
its mating strategies. We hypothesize the amount of dung available during
larval development act through hormone titers and the [IS/TOR (lIS/TOR =
insulin/insulin-like growth factor signaling and Target of Rapamycin)
pathway to regulate both the size of adult horns and the neuronal circuits
underlying mating strategies. This triad ensures animals use the
appropriate behavioral repertoire for their morphology.

behavioral polyphenisms without disrupting the structure of the
neural circuits.

Furthermore, different neuronal classes show varying degrees
of plasticity in response to nutrition. In early larval stages, starva-
tion suppresses the proliferation of most neuroblasts (Britton and
Edgar, 1998; Chell and Brand, 2010; Cheng et al., 2011; Sousa-
Nunes et al., 2011; Lanet et al., 2013). In later stages, proliferation
continues even when larvae are starved (Britton and Edgar, 1998;
Chell and Brand, 2010; Cheng et al., 2011; Sousa-Nunes et al.,
2011; Lanet et al., 2013). In contrast, proliferation in the mush-
room body neurons is nutrition-insensitive throughout develop-
ment (Britton and Edgar, 1998; Lin et al., 2013). Because larvae
starved before reaching critical weight show dramatic delays in
their onset of metamorphosis, starved, pre-critical weight larvae
have many more mushroom body neurons than well-fed lar-
vae (Lin et al., 2013). Mushroom body neurons play important
roles in learning and memory, and are proposed to function as
parallel processers. The functional significance of increasing the
population of mushroom body neurons is unknown, but could
potentially represent a mechanism though which environmen-
tal conditions during larval development restructure the nervous
system to affect adult behaviors.

SUMMARY

Often, phenotypic plasticity in morphological traits is coordi-
nated with changes in behavior (Figure 6A). Nevertheless, we do
not yet know how the development of morphological and behav-
ioral traits is integrated in response to environmental change.
Animals have critical periods in their development that are sen-
sitive to environmental variation. During these periods, environ-
mentally dependent-hormone titres are coordinated with growth
signaling pathways and with internal sensors that communicate
the internal state of the organism to the brain. This interaction

molds developmental programs. We speculate that the mech-
anisms that regulate morphological plasticity also change the
neuronal connectivity and/or activity to generate matching dif-
ferences in behavior in developing animals.

CONCLUSIONS

Many features of an animal’s biology, including body and organ
size and shape as well as behavior are not completely hard-
wired, but result from plastic developmental programs respon-
sive to variation in the environment. Thus, neuronal activity
and connectivity are not only reprogrammed by developmen-
tal processes, but are also molded by the same environmental
conditions that impact organ and body size, and other traits.
Variation in the environment impacts both the developmen-
tal processes regulating body and organ size that will optimize
animal survival in the new environment and the neuronal cir-
cuits and neuronal modulators producing behaviors that increase
an animal’s reproductive success. Possibly, the mechanisms of
developmental plasticity of body and trait size are the same
that modulate neuronal circuits. This would ensure that animals
use the appropriate behavioral repertoire for their morphology
(Figure 6A).

For example, what happens in the dung beetle brain that
programs long horned males for courtship battles and short-
horned males for sneaking? We hypothesize neuronal connections
are restructured at critical sensitive periods by the modulators
ecdysone, JH and IIS/TOR, known to shape horn size in response
to nutritional quantity (Figure 6B).

The same logic would apply throughout the whole animal
development and not necessarily only in adults. We hypothesize
stage-specific behaviors are molded by the same developmental
mechanisms that generate the morphological traits typical of each
developmental stage.
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The understanding of the sensory circuits in different animals
will allow us to understand behaviors in their ecologically rele-
vant contexts. To start, the well-established model D. melanogaster
with its extensive genetic tool kit will allow major advances
in this field (Jennings, 2011). In spite of its small brain, the
fruit fly shows a wide array of complex behaviors providing a
powerful model system to study key features of sensorimotor
integration at a mechanistic level. We predict that studies in the
fruit fly D. melanogaster will provide important insights into the
mechanisms that generate stage-specific behaviors and behavioral
plasticity in other animals.
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