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A rich chapter in the history of insect endocrinology has focused on hormonal control of

diapause, especially the major roles played by juvenile hormones (JHs), ecdysteroids, and

the neuropeptides that govern JH and ecdysteroid synthesis. More recently, experiments

with adult diapause in Drosophila melanogaster and the mosquito Culex pipiens, and

pupal diapause in the flesh fly Sarcophaga crassipalpis provide strong evidence that

insulin signaling is also an important component of the regulatory pathway leading to the

diapause phenotype. Insects produce many different insulin-like peptides (ILPs), and not
all are involved in the diapause response; ILP-1 appears to be the one most closely linked

to diapause in C. pipiens. Many steps in the pathway leading from perception of daylength

(the primary environmental cue used to program diapause) to generation of the diapause

phenotype remain unknown, but the role for insulin signaling in mosquito diapause

appears to be upstream of JH, as evidenced by the fact that application of exogenous

JH can rescue the effects of knocking down expression of ILP-1 or the Insulin Receptor.

Fat accumulation, enhancement of stress tolerance, and other features of the diapause

phenotype are likely linked to the insulin pathway through the action of a key transcription

factor, FOXO. This review highlights many parallels for the role of insulin signaling as a

regulator in insect diapause and dauer formation in the nematode Caenorhabditis elegans.
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INTRODUCTION

Diapause is a form of dormancy used widely by insects to sur-
vive adverse seasons. Unlike quiescence, defined as an immediate

response to an unfavorable environmental stress, diapause is

an anticipated, hormonally-regulated developmental arrest, fre-
quently programmed by photoperiod. Within temperate zones,

insects are temporally limited to just a few months of active

development, while the remaining months are spent in dia-
pause. Depending on the species, insect diapause can occur in

embryos (e.g., the commercial silkmoth Bombyx mori), larvae

(e.g., southwestern corn borer Diatraea grandiosella), pupae (e.g.,
flesh fly Sarcophaga crassipalpis) or adults (e.g., mosquito Culex

pipiens). Among species in temperate zones, an overwintering
diapause is most common, but a summer diapause can also occur

(Masaki, 1980), and diapause is also well-documented among

tropical species (Denlinger, 1986). In temperate zones the short-
ening day lengths and declining temperatures of late summer and

early autumn provide the dominant environmental cues signaling

the advent of winter (Tauber et al., 1986; Kostal and Denlinger,
2011), cues that set into motion a series of preparatory steps for

successful overwintering.

The environmental cues used to program diapause are fre-
quently received long before the actual inception of diapause.

Depending on the species, the photoperiodic signals are received

either through the eyes or directly by light-sensitive cells within
the brain (Goto et al., 2010; Numata and Udaka, 2010). Most evi-

dence suggests that the circadian clock is involved in distinguish-

ing short from long days (Saunders, 2012; Goto, 2013; Meuti and
Denlinger, 2013). The transduction pathway for photoperiodic

stimuli engages neurons in the pars intercerebralis, pars lateralis

and other domains within the brain (Shiga and Numata, 2000;

Shimokawa et al., 2008) that release neuropeptides or growth
factors into neighboring or remote cells to regulate develop-

ment. Among the targets of these neuropeptides are endocrine

glands such as the corpora cardiaca, the corpora allata and the
prothoracic gland, organs that in turn synthesize and release hor-

mones including juvenile hormones, ecdysteroids, adipokinetic

hormone, as well as additional neuropeptides that impact insect
diapause.

A functional module approach is a helpful way to view
the diapause mechanism (Emerson et al., 2009; Bradshaw and

Holzapfel, 2010). Three candidate modules are proposed: an

input module that includes the functional timekeeping mecha-
nism, an intermediate module linking photoperiodism to hor-

monal events, and an output module that includes the physi-

ological responses. Modularity of this sort has been commonly
invoked to interpret genetic mechanisms of embryonic develop-

ment such as pattern formation and differentiation (Raff, 1996).

Key components in a module are signaling cascades such as
hedgehog, transforming growth factor (TGF-β) and insulin sig-

naling (Cohen, 2003; Dupont and Holzenberger, 2003; Logan

and Nusse, 2004; Bray, 2006; Kitisin et al., 2007). If we con-
sider diapause as an alternative developmental program with

separate functional modules, the application of this concept

may be useful for dissecting molecular mechanisms of diapause
programs.

Several recent reviews discuss regulatory features of dia-

pause such as molecular regulation (Denlinger, 2002; Robich
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and Denlinger, 2005; Macrae, 2010; Williams et al., 2010), hor-
monal control (Denlinger et al., 2012), the circadian clock

and photoperiodism (Goto et al., 2010; Saunders, 2010; Kostal,

2011), and energy utilization (Hahn and Denlinger, 2007, 2011).
One unifying theme for diapause in diverse species may be

insulin signaling (Tatar and Yin, 2001; Williams et al., 2006; Sim

and Denlinger, 2008, 2009a). This signaling pathway has been
linked to diverse features of the diapause phenotype including

arrested reproduction, extended lifespan, suppressed metabolism,

fat hypertrophy and enhanced stress tolerance. Dauer forma-
tion in the nematode Caenorhabditis elegans (Figure 1) offers

many parallels to insect diapause, including a role for insulin

signaling, thus the comprehensive understanding of the molec-
ular basis for dauer formation (Gottlieb and Ruvkun, 1994;

Kimura et al., 1997; Apfeld and Kenyon, 1998) provides valuable

insights for exploring general patterns of developmental arrest
in invertebrate systems. The goal of this review is to summa-

rize evidence linking insulin signaling to insect diapause and to

thus create a foundation for developing a comprehensive view
of the role of this pathway in shaping the complex diapause

phenotype.

COMPONENTS OF THE INSULIN SIGNALING PATHWAY

Insulin signaling has been implicated as a regulator of diapause
by observing the effects of this pathway on developmental and

metabolic suppression (Apfeld and Kenyon, 1998; Tatar et al.,

2001; Hahn and Denlinger, 2007; Sim and Denlinger, 2008;
Ragland et al., 2010; Williams et al., 2010) and by observing

naturally segregating variation of PI3K, a member of the insulin

signaling pathway, in association with adult reproductive dia-
pause in Drosophila melanogaster (Williams et al., 2006).

Seven genes encode insulin-like peptides in Drosophila

(Brogiolo et al., 2001). All of these peptides have a domain struc-
ture that produces two chains, resulting in active dimer formation

(Leevers, 2001). Drosophila insulin receptor (receptor tyrosine

kinases) shares sequence similarity with human insulin receptor
and can be activated by insulin (Fernandez et al., 1995; Chen

et al., 1996). Activated receptor tyrosine kinases (RTKs) acti-

vate phosphatidylinositol 3-kinase (PI3K) through direct binding
or through tyrosine phosphorylation of scaffolding adaptors,

such as IRS1, which then bind and activate PI3K. PI3K phos-

phorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to gen-
erate phosphatidylinositol-3,4,5-trisphosphate (PIP3) (Britton

et al., 2002). In the end, PI3K targets two intracellular signal-

ing proteins, Akt (also known as Protein Kinase B, PKB) and
3-phophoinositide-dependent protein kinase-1 (PDK-1); phos-

phorylation at serine and threonine residues activates Akt and

PDK-1 (Taniguchi et al., 2006).
Akt plays a key role in multiple cellular processes including

glucose metabolism, apoptosis, cell proliferation, transcription

and cell migration (Hanada et al., 2004; Fayard et al., 2005).
These various cellular processes are mediated by transcriptional

factors and kinases which are activated by Akt phosphorylation.

The downstream molecules of Akt include forkhead of tran-
scriptional factors (FOXs), glycogen synthase kinase-3 (GSK-3),

tuberous sclerosis complex (TSC1/2) and Rab-GTPase-activating

protein (Rab-GAP) (Frame et al., 2001; Harris and Lawrence,
2003; Junger et al., 2003; Sano et al., 2003). In addition, a

FIGURE 1 | Three conceptual modules (input, intermediate and

output) that influence dauer larva formation in the nematode

Caenorhabditis elegans and adult diapause of the mosquito Culex

pipiens, based on references in the text. Gene activation (Black)

and deactivation (Gray). Insulin-like peptide, ILP; DAF-2, insulin receptor

(IR); DAF-23, phosphoinoitide 3-kinase; Akt, protein kinase B; DAF-16,

forkhead transcription factor (FOXO); per /tim, core genes of molecular

clock system; JH, juvenile hormone. The mosquito FOXO and insulin

receptor (IR) are homologs of nematode DAF-16 and DAF-2,

respectively.
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number of upstream proteins regulate Akt; these include pro-
tein phosphatase 2A (PP2A), wideborst (Wdb), and a PH-domain

leucine-rich repeat protein phosphatase (PHLPP) (Du et al., 2003;

Vereshchagina et al., 2008).
Several proteins are involved in regulation of the insulin

receptor and thus influence intracellular signaling components

in the insulin signaling pathway. Protein Tyrosine Phosphatase
1B dephosphorylates active insulin receptor (Elchebly et al.,

1999), while suppressors of cytokine signaling (SOCS)-1 and

SOCS-3 can bind insulin receptor substrate, and attenuate
insulin signals (Ueki et al., 2004). Other molecules includ-

ing extracellular-signal-regulated kinase (ERK), Jun-N-terminal

kinases, and kinase S6 attenuate the activity of insulin receptor
(Miller et al., 1996; Bouzakri et al., 2003; Harrington et al., 2004).

Phosphatase and tensin homolog (PTEN) can also inactivate

PIP3, a midpoint in the insulin signaling pathway (Goberdhan
et al., 1999). Comprehensive reviews describe details of structure,

signaling, function of insulin-like peptides, as well as other com-

ponents of the insulin signaling pathway (Luckhart and Riehle,
2007; Antonova et al., 2012).

One outstanding question that remains is how input from the

photoperiodic clock is linked to the insulin signaling pathway.
Several candidate neuropeptides could serve as intermediaries.

For example, Pigment Dispersing Factor (PDF) appears to be an

output molecule of the circadian clock system in several insects
and has been extensively studied in D. melangaster (Meelkop et al.,

2011). Additional neuropeptides in flies, short neuropeptide F

(sNPF), corazonin (CRZ) and drosulfakinins (DSKs), function
in regulating insulin production, and thus could also serve an

intermediary role. Some insulin-producing cells (IPCs) in the fly

brain also coexpress receptors of both sNPF and CRZ neuropep-
tides, as well as the ligand for DSKs (Kapan et al., 2012; Soderberg

et al., 2012). In these studies, knockdown of either sNPF or DSK

decreases transcription of ILPs in the brain, suggesting a regu-
latory action of these two neuropeptides on IPCs. In Rhodnius

prolixus, levels of prothoracicotrophic hormone (PTTH) oscillate
in a circadian manner, suggesting a possible link between PTTH

and clock functions as well (Vafopoulou et al., 2007, 2012). Yet,

links between these neuropeptides, insulin signaling, and insect
diapause remain to be determined.

CELL CYCLE AND DEVELOPMENTAL REGULATION

Arrest of the cell cycle and development are key characteristics

of diapause. Pupal diapause in the flesh fly involves a G0/G1
cell cycle arrest that appears to be controlled by down regulation

of proliferating cell nuclear antigen (Tammariello and Denlinger,

1998), a gene that controls the cell cycle by direct interaction with
the cyclin/cdk complex (Watanabe et al., 1998). FOXO proteins

have known roles in inducing cell cycle arrest. For example, in

dauer larvae of Caenorhabditis elegans a FOXO homolog induces
a G0/G1 cell cycle arrest through induction of Cip/Kip inhibitor,

Cki-1 (Boxem and Van Den Heuvel, 2001). A similar role for

FOXO is evident in Drosophila (Kramer et al., 2003), in which
activated dFOXO promotes a G1 cell cycle arrest.

Drosophila females reared under low temperature and short

daylength enter an adult reproductive diapause characterized
by arrest of ovarian development in the previtellogenic stage,

while non-diapausing females initiate vitellogenesis and complete
ovarian development (Tatar et al., 2001). Development of

Drosophila ovaries is regulated by an insulin signal in germ cells;

dILPs specifically control the G2 phase of germ cell cycle via PI3K
and dFOXO (LeFever and Drummond-Barbosa, 2005; Hsu et al.,

2008). Regulation of ovarian development by insulin signaling

is not limited to Drosophila but is also evident in the mosquito
Culex pipiens. The insulin signal/FOXO pathway is central to ini-

tiation of the diapause program, including ovarian development

arrest. A “diapause-like” ovarian arrest can be simulated in non-
diapausing females by knocking down the insulin receptor (InR)

using RNAi; this knock-down effect can be reversed with appli-

cation of juvenile hormone, an endocrine stimulant well-known
to terminate diapause in this species (Sim and Denlinger, 2008).

Insulin-like peptide 1 (ILP-1) is the ILP most likely implicated in

the diapause response of Cx. pipiens (Sim and Denlinger, 2009a).
In C. elegans, low food levels prompt synthesis of high levels of

dauer pheromone, which in turn lead to dauer formation, rather

than reproductive growth (Golden and Riddle, 1982, 1984). These
environmental cues initially alter insulin signaling by regulating

insulin-like peptide synthesis and secretion in specific subsets of

sensory neurons. C. elegans has only a single insulin receptor
(daf-2), but it has genes encoding 40 putative insulin-like pep-

tides (Flatt et al., 2008a). Daf-2 is implicated in many genetically

separable processes, including the dauer decision, lifespan con-
trol, and reproductive timing (Flatt et al., 2008b; Lee et al., 2008).

Mutants with reduced daf-2 activity enter the dauer state, while

increased insulin signaling promotes germ line proliferation,
resulting in an increase of germ line stem cells. Many of the ILPs

are expressed in sensory neurons and interneurons, where they

encode distinct environmental information to regulate initiation
and termination of dauer formation. For example, ILP-1(ins-1)

induces dauer arrest under low food levels, and under favor-

able food conditions, daf-28 (insulin-like peptide) inhibits dauer
arrest, whereas ILP-6 (ins-6) promotes the transition from the

dauer state to normal reproductive growth (Cornils et al., 2011).
The finding that ILPs in C. elegans encode environmental cues

used to regulate physiology also reflects what is found in insects,

such as the fly D. melanogaster and the mosquito C. pipiens.
D. melanogaster has genes encoding 7 ILPs, and as in C. ele-

gans, the ILPs are expressed in different sensory neurons and

interneurons. Interestingly, some of these neuronally-expressed
ILPs (dilp-2, -3, -5) have been proposed to regulate growth and

metabolism (Ikeya et al., 2002; Broughton et al., 2008; Zhang

et al., 2009). We thus argue that insulin signals are likely used
as mediators of a wide range of environmental cues, including

those involved in regulating diverse forms of developmental arrest

(Figure 1).

LIFESPAN EXTENSION

Genetic studies using the nematode C. elegans and the fruit fly

D. melanogaster have identified several genes involved in extend-

ing lifespan. Work on the dauer stage of C. elegans is at the
forefront of such research. Genome-wide RNAi screens identified

key functional groups in the C. elegans insulin signaling pathway

that contribute to lifespan extension (Hamilton et al., 2005). Most
mutants with reduced insulin-like signaling have both dauer and
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extended lifespan responses, but in some cases there are distinct
differences when and where insulin/FOXO signals are activated.

Most studies on daf-2 suggest it functions within the nervous sys-

tem to regulate lifespan as well as dauer arrest (Kimura et al.,
1997; Apfeld and Kenyon, 1998). Yet, several studies on the tar-

get of insulin signaling, daf-16 (aka forkhead of transcriptional

factor FOXO), suggest that dauer arrest and lifespan are regulated
by FOXO activity in a different way: FOXO within the nervous

system has a stronger influence on dauer arrest than on lifespan,

whereas intestinal FOXO plays a greater role in regulating lifes-
pan than in regulating dauer arrest (Libina et al., 2003). Thus,

FOXO activation in different tissues may have distinct phenotypic

consequences. Furthermore, insulin signaling during larval devel-
opment regulates dauer arrest without significantly impacting

lifespan, whereas insulin-like signaling during adulthood regu-

lates lifespan (Dillin et al., 2002). Daf-2 is thought to activate a
conserved PI-3 kinase signaling pathway that affects lifespan, at

least in part by regulating nuclear localization of daf-16 (FOXO).

This transcription factor, FOXO, appears to extend lifespan by
activating its downstream genes products such as superoxide dis-

mutase, metallothionin, catalase, glutathione S-transferase, small

heat shock proteins, and apolipoprotein (Vanfleteren and De
Vreese, 1995; Honda and Honda, 1999; Barsyte et al., 2001; Sun

et al., 2002; Walker and Lithgow, 2003).

Diapause incidence in D. melanogaster varies among popula-
tions (Schmidt et al., 2005; Williams et al., 2006). A transgenic

study of Dp110 (phosphoinositide 3-kinase), a member of the

insulin signaling pathway, supports the view that this gene, and
hence the insulin signaling pathway, plays an important role

in induction of reproductive diapause (Williams et al., 2006).

Knock-down of genes encoding insulin-like peptides, insulin
receptor and CHICO (IRS), and overexpression of the down-

stream transcription factor dFOXO, as well as inhibitor studies

using the PIP3 inhibitor PTEN, all reduce insulin signaling and
subsequently extend lifespan (Clancy et al., 2001; Giannakou

et al., 2004; Hwangbo et al., 2004; Giannakou and Partridge,
2007; Lee et al., 2008; Demontis and Perrimon, 2010; Gronke

et al., 2010). Likewise, induction of the tuberous sclerosis complex

(TSC1/2), kinase S6, the dFOXO regulated histone deacetylase
Sir2, and the insulin signal suppressing pathway Jun-N-terminal

kinase (JNK) extend lifespan (Kapahi et al., 2004; Partridge et al.,

2005; Wang et al., 2005).
Furthermore, insulin signals appear to be a regulator of juve-

nile hormone synthesis (Flatt et al., 2005; Tu et al., 2005). In

Drosophila, insulin receptors are present in the corpora allata

(CA), the glands that synthesize JH (Belgacem and Martin,

2006), and suppression of the insulin signal correlates with low

JH production (Tatar and Yin, 2001; Tu et al., 2005). Knock-
down of the insulin receptor in the CA concurrently suppresses

the gene encoding 3-hydroxy-3-methylglutargyl CoA Reductase

(HMGCR), a key enzyme in JH synthesis (Belgacem and Martin,
2007). The subsequent shut-down of JH synthesis is a key signal-

ing event triggering the onset of adult reproductive diapause in

many insects (Denlinger et al., 2005), including D. melanogaster,
the mosquito Cx. pipiens and the butterfly Danaus plexippus

(Herman, 1981; Herman and Tatar, 2001; Sim and Denlinger,

2008). D. melanogaster selected to survive a high dose of JH analog

overcame lifespan reduction when compared to flies not receiv-
ing JH (Flatt and Kawecki, 2007). These lines of evidence suggest

that JH is involved in the trade-off between reproduction and

extended lifespan through the insulin signaling pathway.

SUPPRESSED METABOLISM AND FAT HYPERTROPHY

At the initiation of diapause, metabolic processes are coordi-
nately downregulated, thus enabling the overwintering insect to

economically utilize its energy reserves, but in addition, this

metabolic downregulation helps to minimize deficiencies in cel-
lular processes that can cause cell death (Hand et al., 2011).

Diapausing insects remain hypometabolic even after tempera-

tures revert to conditions favorable for development. However,
certain metabolic genes involved in the accumulation of energy

reserves are highly upregulated, especially during the prepara-

tory period of diapause. This energy storage is critical not only
for surviving prolonged periods of developmental arrest but also

for maximizing reproductive success once development resumes

(Hahn and Denlinger, 2007). Carbohydrate sources such as nectar
and rotten fruit are critical carbohydrate sources used for increas-

ing energy reserves in adult diapausing females of the mosquito

Cx. pipiens, the butterfly Danaus plexippus, and some other dia-
pausing insects (Alonsomejia et al., 1997; Robich and Denlinger,

2005; Reynolds et al., 2012). We generated transcript profiles of

thirty-two fat-related genes during diapause in the mosquito Cx.

pipiens (Sim and Denlinger, 2009b), and among the genes up-

regulated in early diapause were fatty acid synthase-1, -3, and

fatty acid binding protein, genes that contribute to accumulation
of triacylglycerides in the fat body. This result is consistent with

the observation that this mosquito switches from blood feed-

ing to sugar feeding as a component of the diapause program
and more than doubles its lipid reserves compared with females

programmed for continuous development. When we knocked

down foxo transcript by injection of dsRNA into these diapausing
mosquitoes, we observed an immediate halt in the accumulation

of lipid reserves (Sim and Denlinger, 2008). FOXO is normally
activated by suppression of insulin signaling; thus FOXO may

be involved in increasing transcript levels of genes involved in

fatty acid synthesis, as observed in newly-emerged diapausing
females. A transcriptome analysis of the Asian tiger mosquito,

Aedes albopictus, also suggests the importance of FOXO during

early diapause (Poelchau et al., 2011).
Insulin signaling and its target FOXO are implicated as a major

regulator of diapause through effects on metabolic suppression,

fat hypertrophy, and growth control (Puig et al., 2003; Williams
et al., 2006; Hahn and Denlinger, 2007; Sim and Denlinger,

2009a,b; Ragland et al., 2010). A transcriptome analysis of dia-

pause termination in the apple maggot fly, Rhagoletis pomonella,
reveals the importance of the TOR signaling pathway, a pathway

that interacts with insulin signaling (Ragland et al., 2011). TSC1

and TSC2, negative regulators of TOR signals and regulators of
cell growth, were significantly upregulated in late diapause. FOXO

and TOR pathways are both linked to insulin signaling and offer

links for integrating metabolic and growth responses.
Among the Drosophila insulin-like peptides, ligands 1-5 are

predicted to be closely related to mammalian insulin, while lig-

ands 6 and 7 are more similar to IGF-1 and relaxin, respectively
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(Brogiolo et al., 2001). Four of these insulin-like peptides, 1, 2, 3,
and 5 are expressed in insulin-producing cells (IPCs) in the brain

(Cao and Brown, 2001; Ikeya et al., 2002; Rulifson et al., 2002),

and loss of insulin-like peptide-producing cells or mutations in
the gene for Drosophila insulin receptor (dInR) or CHICO results

in a significant increase in triacylglycerides (Bohni et al., 1999;

Tatar et al., 2001; Broughton et al., 2005). By contrast, insulin
is a positive regulator of fat cell mass, acting through changes

in both cell number and lipid storage (Diangelo and Birnbaum,

2009). This evidence suggests that, unlike in mammals, different
insect ILP may be involved in regulating distinct physiological

processes such as energy metabolism, fat cell proliferation, lipid

storage and other key traits for survival. Thus, it will be impor-
tant to know when and where particular insulin-like peptides are

suppressed or activated, and how the insulin-like peptides gen-

erate the increased fat cell mass and lipid storage in diapausing
insects.

ENHANCED STRESS TOLERANCE

Diapausing insects are particularly well-adapted to survive low

temperatures and other forms of environmental stress (Denlinger

and Lee, 2010). Cold hardiness is frequently a component of
the diapause program but is sometimes acquired after the onset

of diapause, in direct response to low temperature (Denlinger,

1991). A variety of molecular mechanisms are used to either
avoid or survive freezing (Michaud and Denlinger, 2006, 2007;

Khani and Moharramipour, 2010; Vesala and Hoikkala, 2011).

Suppression of the insulin signal appears to induce physiologi-
cal responses promoting resistance to low temperature, oxidative

stress, and pathogenic infections (Clancy et al., 2001; Broughton

et al., 2005; Zhang et al., 2009; Felix et al., 2012). In C. ele-

gans, dauer larvae differ from non-dauer larvae in aspects of

metabolism related to cold tolerance. Genes involved in trehalose

synthesis are upregulated in daf-2 (insulin receptor) mutants and
dauers (Wang and Kim, 2003; McElwee et al., 2006; Shmookler

Reis et al., 2011). Fatty acid desaturase genes are essential for cold
tolerance in many animals, an effect promoted by the preserva-

tion of membrane fluidity at sub-zero temperatures (Gracey et al.,

2004; Brock et al., 2007; Murray et al., 2007). Cold tolerance in
dauers is enhanced by the overlapping effect of genes encoding

fatty acid desaturase, targeted by insulin signal/FOXO, and genes

involved in the cold-induced stress response (Savory et al., 2011).
Drosophila FOXO has a critical role in the systemic regu-

lation of antioxidant enzymes, a response that acts through

the insulin/FOXO signaling pathway in insulin-producing cells
(IPCs) (Kops et al., 2002b; Hwangbo et al., 2004). FOXO

activation subsequently increases stress tolerance through up-

regulation of superoxide dismutases (Kops et al., 2002a). This
genetic regulation of antioxidant enzymes by FOXO is also noted

in C. elegans (Vanfleteren and De Vreese, 1995) and the mosquito

Cx. pipiens (Sim and Denlinger, 2011). Dauer worms and dia-
pausing mosquitoes increase expression of the protective enzymes

superoxide dismutase and catalase. In addition, several genome-

wide studies indicate that detoxification/stress response genes
are among the most common group of genes regulated by the

insulin/FOXO signaling pathway (Murphy et al., 2003; Oh et al.,

2006; Gershman et al., 2007).

The insulin signaling pathway also plays a critical role in regu-
lation of innate immunity and lifespan in many insects (Luckhart

and Riehle, 2007). However, there is a dichotomy in the func-

tional role of insulin signals in activation of the immune response.
For example, in the mosquito Anopheles stephensi, increased

Akt/PKB signaling in the midgut significantly reduces malaria

parasite development compared to control mosquitoes (Corby-
Harris et al., 2010). The brain of the mosquito Aedes aegypti

releases insulin-like peptides (ILPs) in response to a blood meal.

In turn, the insulin signal induces hemocyte (immune cells) pro-
duction, which serve as the first line of defense against pathogenic

infections (Castillo et al., 2011). By contrast, in C. elegans, insulin

signals are linked to both innate immunity and extended lifes-
pan. The loss of function of insulin receptor (daf-2) results in

decreased insulin signaling and enhanced resistance to pathogenic

bacterial infection (Garsin et al., 2003). When forkhead tran-
scription factor (daf-16), which is negatively regulated by the

insulin signaling pathway in C. elegans, is suppressed the worms

exhibit increased susceptibility to infection by pathogenic bacte-
ria. Similar results were found in the fly D. melanogaster, in which

there is a link between the Toll signaling pathway, the pathway

that activates the innate immune response, and the insulin sig-
naling pathway (Diangelo et al., 2009). These lines of evidence

suggest that insulin/FOXO signaling in diapausing insects may be

linked to induction of immune effectors that enhance resistance
to pathogenic infection.

FUTURE DIRECTION

The evidence we present links the insulin/FOXO signaling path-

way to insect diapause characteristics including cell cycle arrest,

developmental arrest, extended lifespan, suppressed metabolism,
fat hypertrophy, and enhanced stress tolerance. Although rela-

tively few insect species have been examined, involvement of this

pathway may emerge as one of the unifying themes of insect
diapause. In life-history studies, the insulin/FOXO signaling path-

way appears to also regulate growth, reproduction, and lifespan
in numerous species including flies, worms and mosquitoes.

Phenotypic plasticity observed in life-history traits provides

insights for understanding relationships among diapause charac-
teristics. Similar phenotypic plasticity of fitness factors is evident

in diapause, i.e., trade-offs between/among diapause character-

istics. For example, in adult reproductive diapause, extended
lifespan is frequently coupled with arrested ovarian development

and suppressed metabolic rate. Since insulin signaling plays a

role in phenotypic plasticity among fitness factors, we propose
that the insulin signal is a key regulator among diapause charac-

teristics including suppressed growth and metabolism, enhanced

stress tolerance, and extended lifespan. This idea raises several
new questions. First, what is the nature and extent of the linkages

among modules through insulin signals? Second, how are changes

in insulin signals within one module coordinated with others, and
what are the mechanisms that promote systemic changes? The

answers to these questions are not simple, but recent advances

in genomics and functional genetics provide new opportunities
for testing hypotheses of this nature. Hopefully, such experi-

ments will enable us to pinpoint the molecular mechanisms of

phenotypic plasticity associated with insect diapause.
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Several lines of evidence support our proposition. First, recent
studies found that insulin signals can act locally as well as sys-

temically in the fruit fly D. melanogaster. The glia provide local

signals necessary for activation of neighboring neuroblasts, and
interestingly the glia also produce insulin-like peptides (ILPs) that

respond to signals from the fat body by binding to receptors on

larval neuroblasts (Chell and Brand, 2010; Sousa-Nunes et al.,
2011). Considering the fact that the brain, endocrine organs (cor-

pora cardiac, corpora allata, prothoracic gland), and fat body are

all key organs essential to the diapause response, the presence of a
systemic signaling system operating among these organs is likely

to offer a conduit for cross-talk that may be critical for imple-

menting and coordinating a successful diapause program (Xu
et al., 2012). With the insulin signaling pathway being involved

in so many aspects of the diapause phenotype, the local and sys-

temic signals from different insulin-like peptides are promising
candidates to explain molecular mechanisms used to generate this

phenotype.

Secondly, modularity is a suitable model for viewing the
complicated molecular mechanisms of diapause. Circadian clock

oscillations (input module) are certainly functioning in the insect

brain and likely contribute to photoperiodism (Ito et al., 2008;
Ikeno et al., 2010). Interestingly, the clock genes have link-

ages to insulin signaling (Allen, 2007; Zheng and Sehgal, 2010).

Diapause incidence in Drosophila is elevated when PI3-kinase, an
insulin-regulated gene, is upregulated and is lowered when this

gene is downregulated (Williams et al., 2006). This connection

most likely acts through Susi, an inhibitor of insulin-regulated
PI3-kinase. Susi shows a circadian pattern of expression that is

high at night and low during the day (Claridge-Chang et al.,
2001; McDonald et al., 2001; Wittwer et al., 2005). We suggest

that insulin signaling is suppressed by long nightlengths (short

daylengths), which in turn suppresses juvenile hormone synthe-
sis within the corpora allata (intermediate module) (Hardie et al.,

1985; Tatar et al., 2001; Tu et al., 2005). The fat body (output

module) is crucial to important physiological functions includ-
ing nutrient sensing, lipid storage, and endocrine signaling to

the brain and reproductive organs. Additionally, the fat body is

the nexus for lipid storage, arrested reproductive development,
and induced stress tolerance during diapause. Insulin/FOXO

appears to coordinate, or at least be involved in, the physiologi-

cal responses during each module of adult reproductive diapause
(Sim and Denlinger, 2008, 2009a, 2011, 2013). However, we still

lack details and insight into how insulin signals affect each mod-

ule of diapause at both local and systemic levels and to what extent
insulin/Foxo signals are involved in diapauses of different devel-

opmental stages. Diapause appears to have evolved multiple times

in insect lineages, thus we can very well-expect species variation in
how this signaling pathway is exploited for regulating diapause in

different species. The exciting prospect is that the pervasive influ-

ence of insulin signaling offers connections to insect diapause at
many levels, from connections to photoperiodism through to the

downstream generation of many of the phenotypic characteristics

of the diapause state.
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