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Diapause is a state of developmental arrest adopted in response to or in anticipation
of environmental conditions that are unfavorable for growth. In many cases, diapause
is facultative, such that animals may undergo either a diapause or a non-diapause
developmental trajectory, depending on environmental cues. Diapause is characterized
by enhanced stress resistance, reduced metabolism, and increased longevity. The ability
to postpone reproduction until suitable conditions are found is important to the survival
of many animals, and both vertebrate and invertebrate species can undergo diapause.
The decision to enter diapause occurs at the level of the whole animal, and thus
hormonal signaling pathways are common regulators of the diapause decision. Unlike
other types of developmental arrest, diapause is programmed, such that the diapause
developmental trajectory includes a pre-diapause preparatory phase, diapause itself,
recovery from diapause, and post-diapause development. Therefore, developmental
pathways are profoundly affected by diapause. Here, | review two conserved hormonal
pathways, insulin/IGF signaling (IIS) and nuclear hormone receptor signaling (NHR),
and their role in regulating diapause across three animal phyla. Specifically, the
species reviewed are Austrofundulus limnaeus and Nothobranchius furzeri annual
killifishes, Caenorhabditis elegans nematodes, and insect species including Drosophila
melanogaster, Culex pipiens, and Bombyx mori. In addition, the developmental changes
that occur as a result of diapause are discussed, with a focus on how IIS and
NHR pathways interact with core developmental pathways in C. elegans larvae that
undergo diapause.

Keywords: diapause, insulin/IGF, nuclear hormone receptor, hormone, developmental trajectory, life histories

INTRODUCTION

Diapause is a stress-resistant and developmentally arrested stage that can be adopted in order to
increase the chance of survival in adverse environmental conditions (Hand et al., 2016). Diapause
can occur as an obligate part of development, but in many species, diapause is facultative, occurring
in response to environmental cues that signal that an unfavorable environment either exists or is
likely to exist in the near future. For example, temperature, nutrient availability, and photoperiod
are common cues that influence the decision to enter diapause (Hand et al., 2016). This type
of facultative diapause exists in many animal species, both vertebrate and invertebrate. In these
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species, there are two separate life histories or developmental
trajectories available: one that includes diapause and
one that does not.

The diapause developmental trajectory differs in several
respects from the non-diapause trajectory. First, there is a pre-
diapause stage where the animal prepares to enter diapause. Then
there is diapause itself which can last a variable amount of time.
Next there is a period of recovery, and finally there is post-
diapause development. Therefore, developmental pathways must
accommodate all of these aspects of the diapause developmental
trajectory to allow development to occur normally. This review
describes hormonal regulation of diapause and the effects of
diapause on development.

DEVELOPMENTAL SYSTEMS AND
CONTEXT FOR DIAPAUSE

Diapause occurs in a wide range of animal species including
nematodes, insects and other arthropods, fishes, and mammals
(Hand et al., 2016). This review will focus on a few well-studied
examples of these systems that undergo facultative diapause.
A brief description of how diapause occurs in each system is
provided in this section, along with the ecological context which
diapause serves in this organism.

Diapause in Nematodes: Caenorhabditis

elegans
Nematodes are highly abundant and widespread animals.
Nematode species generally have two sexes, which can either be
male and female or male and self-fertilizing hermaphrodite (Ellis
and Lin, 2014). Each female or hermaphrodite lays hundreds of
embryos, contributing to a boom-and-bust life cycle (Frézal and
Feélix, 2015). Many species within the order Rhabditida have a
facultative diapause stage called dauer that can be used to survive
the bust periods (Ley, 2006). Dauer occurs midway through larval
development and is thought to be analogous to the infective stage
adopted by parasitic nematodes (Crook, 2013). While diapause
affects many rhabditids, the Caenorhabditis elegans (C. elegans)
model system provides the most detailed dissection of both dauer
formation and the developmental pathways that are affected, and
this review will focus on C. elegans to represent the nematodes.
After embryogenesis, C. elegans develops through four
larval stages (L1-L4) separated by molts before becoming a
reproductively mature adult (Byerly et al, 1976). C. elegans
can undergo environmentally induced developmental arrest at
a number of stages, but dauer is the best example of a diapause
stage, with a preparatory phase, long-term developmental arrest,
recovery, and post-diapause stages (Baugh and Hu, 2020).
Adverse environmental conditions sensed in the L1 stage will
trigger entry into the pre-diapause L2d stage (Golden and Riddle,
1984b; Schaedel et al.,, 2012). During L2d, larvae prepare for
diapause, for example by fat storage, and continue to sense their
environment. If adverse conditions persist, L2d larvae will molt
into the dauer stage (Golden and Riddle, 1984b; Schaedel et al,,
2012). Dauer larvae are highly stress-resistant and can survive
for months, longer than the lifespan of a worm that developed

through the non-dauer trajectory (Cassada and Russell, 1975;
Klass and Hirsh, 1976). If favorable conditions are encountered,
dauer larvae undergo a recovery process and then proceed with
development normally (Cassada and Russell, 1975; Klass and
Hirsh, 1976; Liu and Ambros, 1991; Euling and Ambros, 1996;
Hall et al., 2010).

In the wild, C. elegans can be found across the globe in
temperate regions, where it is located in rich soil, compost,
and decomposing vegetation (Frézal and Félix, 2015). C. elegans
eats the microorganisms that are abundant in environments
that include rotting fruit and stems. A worm born in the
presence of a rich food source will develop quickly to adulthood
(Félix and Duveau, 2012). Because C. elegans populations
exist largely as self-fertilizing hermaphrodites, each worm in
these circumstances will produce approximately 300 offspring
within about 3-5 days. Thus, in a short time the food will
become exhausted.

Young larvae that hatch when food is scarce and the worm
population is high will be induced to enter dauer. Dauer larvae
can not only survive in the absence of food, but they have
dispersal behaviors that increase the chance that they will find
another source of food. One dauer-specific dispersal behavior
is nictation, where dauer larvae stand on their tails and wave
their heads. This behavior increases the chances of associating
with a passing invertebrate that can carry the worm to a new
location (Félix and Duveau, 2012; Lee et al., 2012). Parasitic larvae
in the infective stage also exhibit nictation behavior, reinforcing
the similarities between dauer and infective stages (Reed and
Wallace, 1965). If dauer larvae successfully move to a new, more
favorable location, they will recover, complete development, and
produce progeny that will begin a new cycle (Frézal and Félix,
2015). Therefore, the dauer formation decision must be made
accurately to allow the population to survive. Failure to enter
diapause when food is scarce is likely to lead to death, whereas
adoption of diapause when food is plentiful allows time for other
animals to consume the available food (Avery, 2014).

The primary sensory cue that induces dauer is a pheromone
that is secreted by all non-dauer members of the population
(Golden and Riddle, 1982; Kaplan et al., 2011). The pheromone
is comprised of a mix of ascarosides (Jeong et al., 2005; Butcher
etal.,, 2007). Ascarosides are derived from the sugar disaccharide
ascarylose and then modified with lipid side chains (Ludewig and
Schroeder, 2013). The abundance of pheromone is compared to
signals from the food source, and it is the pheromone-to-food
ratio that dictates dauer formation (Golden and Riddle, 1984a).
Finally, these signals are further modulated by temperature,
where higher temperatures are more likely to induce dauer
formation (Golden and Riddle, 1984a). Nematodes thrive in
cooler temperatures; in the lab 15-25°C is the typical range
(Stiernagle, 2006).

Diapause in Insects: Drosophila
melanogaster, Culex pipiens, and

Bombyx mori
Like nematodes, insects are a highly abundant and widespread
group of animal species. Unlike nematodes, the need for
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diapause in insects is typically seasonal. In temperate climates
insects may spend the winter in diapause, whereas in tropical
climates seasonal variations in rainfall may create conditions
that necessitate diapause. Therefore, photoperiod is the most
important cue that induces diapause, with temperature being the
second most important. The availability of food, maternal cues,
and other factors can also play a role (Denlinger et al., 2012; Hand
etal., 2016).

Unlike in nematodes where diapause occurs midway through
larval development, each species of insect has a different
stage at which it may undergo diapause, including embryonic,
larval, pupal, or adult reproductive diapause. Because there is
extensive literature on many insect species and existing excellent
comprehensive reviews available (Denlinger et al., 2012; Schiesari
and O’Connor, 2013), this paper focuses on three species. The
three species chosen are the fruit fly Drosophila melanogaster
(D. melanogaster) for its importance as a model organism, the
mosquito Culex pipiens (C. pipiens), and the silkmoth Bombyx
mori (B. mori). The latter two were chosen for the literature
dissecting at least one of the two major hormonal pathways
covered in this review.

Drosophila melanogaster is arguably the most intensely studied
insect model organism. This species arose in tropical regions in
Africa, but has spread widely and is now present in most tropical
and temperate regions across the globe (David and Capy, 1988).
In response to cold temperatures and reduced photoperiod,
young adult females can undergo a reproductive diapause,
where ovarian development is arrested at the previtellogenic
stage (Saunders et al., 1989; Saunders and Gilbert, 1990).
A reproductive dormancy has also been described in males, but
less is known about this system (Kubrak et al., 2016).

In contrast to many insects, diapause in D. melanogaster
is more strongly dependent on temperature than photoperiod
(Saunders et al., 1989; Emerson et al, 2009; Anduaga et al,
2018; Nagy et al., 2018). Because the response to temperature
can be thought of as an immediate stress-response, rather
than a programmed developmental arrest, the term “diapause”
is sometimes avoided in favor of quiescence or dormancy.
However, there are some features of diapause present in
this reproductive arrest in D. melanogaster, including stress-
resistance, an increase in lipid stores, and lifespan extension
(Tatar et al., 2001; Schmidt et al., 2005a,b; Schmidt and
Paaby, 2008). The term reproductive diapause will be used for
D. melanogaster in this review.

The mosquito C. pipiens lives in temperate regions and
adult females undergo a reproductive diapause in response
to short photoperiod and cool temperatures sensed during
late larval development and early pupal development
(Eldridge, 1966; Sanburg and Larsen, 1973; Spiebnan and
Wong, 1973). This diapause is similar to that described
for D. melanogaster, but photoperiod plays a larger role in
inducing diapause, and there is no disagreement that this
reproductive arrest is a genuine diapause (Denlinger and
Armbruster, 2013). Diapause induces changes in behavior
and metabolism, including hypertrophy of the fat body,
movement to overwintering sites, and a shift from blood
meals to sugar sources such as nectar, with accompanying

changes in the production of enzymes involved in digestion
(Robich and Denlinger, 2005; Denlinger and Armbruster, 2013;
Diniz et al., 2017).

Bombyx mori is a silkmoth that apparently originated from
a Chinese strain of B. mandarina but has been domesticated
for thousands of years. This species is important economically
and also serves as a model organism (Arunkumar et al,
2006; Furdui et al., 2014). Diapause in B. mori occurs
during mid-embryogenesis and is maternally programmed.
Environmental conditions sensed by the mother during
embryogenesis are translated into diapause-regulating signals
for the next generation. Diapause-inducing cues include
warmer temperatures of 25°C and longer photoperiods, whereas
temperatures of 15°C and below and short photoperiods
stimulate non-diapause development (Xu et al., 1995b).

Diapause in Annual Killifishes:
Austrofundulus limnaeus and

Nothobranchius furzeri

Annual killifishes live in Africa and South America in small
ponds that can be temporary and present only in the rainy
season. Diapause is therefore a mechanism to survive when the
water evaporates. Diapausing embryos are packed into the pond
sediment and can survive until the water returns.

Two species of annual fishes that have emerged as model
systems are Austrofundulus limnaeus from Venezuela and
Nothobranchius furzeri from Zimbabwe and Mozambique
(Podrabsky et al., 2017; Reichard and Polatik, 2019). Annual
killifishes undergo embryonic diapause at three different stages
(DI-DIII) (Wourms, 1972). DI occurs early in development,
before the embryonic axis is established. DI-promoting
environmental cues include anaerobic conditions, low ambient
temperatures, and the presence of adult fishes (Wourms, 1972;
Levels et al, 1986; Arezo et al, 2017). DII occurs midway
through development before the onset of organogenesis. Lower
temperatures of approximately 20°C induce DII whereas at 30°C
most embryos bypass DII, termed the “escape” developmental
trajectory. DIII occurs at the end of embryogenesis, just before
hatching, and this diapause seems to occur in nearly every
embryo (Wourms, 1972; Podrabsky et al., 2010). DIII may be
related to the delayed hatching that can occur in other species
without a clear diapause stage (Wourms, 1972; Martin and
Podrabsky, 2017).

Under uniform laboratory conditions, embryos in a
population are arrested in different diapauses and for different
amounts of time, resulting in a mixture of embryos at a range of
developmental stages. This range has been thought to represent a
bet-hedging strategy to maximize the chance that some embryos
will survive despite unpredictable environments. The mechanism
behind these differences in growth rate is still unclear (Wourms,
1972; Rowinski et al., 2021). However, a recent study that
sampled natural populations of embryos found much tighter
developmental synchrony within populations and provided
evidence that environmental cues play a much greater role in
controlling developmental progression than previously seen in
laboratory studies (Polacik et al., 2021).
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This review will focus on DII, as this diapause is well-studied
and shares the most features with diapause in the invertebrates
featured here, including the highest level of stress-resistance and
the most facultative (Podrabsky et al., 2016a,b).

HORMONAL REGULATION OF
DIAPAUSE ENTRY AND EXIT

The decision to enter diapause occurs in response to sensory
cues, and diapause must be adopted across the entire organism.
Hormones are thus key to regulating diapause. The details of
hormonal regulation of diapause are different across species, and
there are many excellent reviews that focus on individual phyla or
two-way comparisons (Fielenbach and Antebi, 2008; Denlinger
et al., 2012; Schiesari and O’Connor, 2013; Sim and Denlinger,
2013a; Podrabsky et al, 2016b; Baugh and Hu, 2020). An
additional important review describes all three phyla, but without
the focus on hormonal pathways (Hand et al., 2016). Here, I
describe two of the hormonal pathways that play an important
role in regulating diapause across nematodes, insects, and fishes:
insulin/IGF signaling and nuclear hormone receptor signaling.

Insulin/Insulin-Like Growth Factor
Signaling
Insulin and insulin-like growth factor (IGF) signaling (IIS) is
an evolutionarily conserved hormonal pathway that regulates
growth, metabolism, and stress-resistance (Figure 1; Oldham
and Hafen, 2003; Tothova and Gilliland, 2007; Murphy and Hu,
2013). Insulin, IGF, or insulin-like peptides (ILPs) are expressed
in response to environmental signals. When insulin/IGF agonists
are plentiful, they bind to insulin or IGF receptors (IR or IGFR)
on the surface of target cells. IR/IGFRs are receptor tyrosine
kinases that dimerize upon agonist binding, thereby activating
phosphoinositide 3-kinase (PI3K). Activated PI3K catalyzes
the addition of a phosphate group to phosphatidylinositol-
3,4-bisphosphate (PIP2), forming phosphatidylinositol-3,4,5-
trisphosphate (PIP3). The phosphatase and tensin homolog
(PTEN) catalyzes the reverse reaction, removing a phosphate
group from PIP3. When levels of PIP3 are high, it acts as
a second messenger and leads to activation of downstream
kinases, including the serine-threonine kinase AKT. AKT can
regulate a number of targets, including Forkhead box O (FOXO)
transcription factors. When phosphorylated by AKT, FOXO
proteins are cytosolic and therefore inactive. FOXO transcription
factors regulate expression of genes involved in stress resistance,
metabolism, and cell-cycle arrest. Perhaps for these reasons,
downregulation of IIS and/or activation of FOXO are common
themes in diapausing animals across species (Murphy and Hu,
2013; Schiesari and O’Connor, 2013; Sim and Denlinger, 2013a).
The core components of IIS signaling are conserved in animal
species (Figure 1). Insulin, IGFs, and/or ILPs are typically
expressed from particular cells in response to environmental
signals. Secreted insulins/IGFs then travel throughout the body
and bind to their cognate receptors. The number of insulins/IGFs
and the receptors they bind to differs across species. Vertebrates
have seven related ligands: insulin, IGF-I, IGF-II, and four

relaxins, though relaxins appear to function via G-protein
coupled receptors rather than receptor tyrosine kinases related
to IR and IGFR (Hsu et al., 2002). Insulin binds primarily
to the insulin receptor. IGFR1 is responsible for the signaling
activity of IGFs, while IGFR2 functions as a negative regulator
of IIS (Czech, 1989; Lau et al., 1994; Jones and Clemmons,
1995; Vincent and Feldman, 2002). Insects have seven ligands,
ILP1-7 and only one receptor (Oldham and Hafen, 2003). In
C. elegans, the ligands have expanded to include 40 ILPs and
a single receptor, DAF-2/IR. The downstream components are
also conserved across phyla, including PI3K, PTEN, AKT, and
FOXO. Mammals have four FOXO proteins, while several species
of fishes that have been examined so far possess seven FOXO
proteins, likely due to the teleost-specific genome duplication
event (Brunet et al, 1999; Kops et al, 1999; Oldham and
Hafen, 2003; Tothova and Gilliland, 2007; Murphy and Hu,
2013; Gao et al, 2019). The IIS components with known
connections to diapause are listed in Table 1 and described in
more detail below.

Regulation of Insulin-Like Peptides and Their
Receptors During Diapause
All animal species possess multiple insulin-related genes, and
these genes appear to work in combination to regulate diapause.
In contrast, in the species where IIS signaling has been shown
to regulate diapause, these ligands appear to signal through a
single receptor. Worms and insects have only a single insulin/IGF
receptor, and in fishes IGFR1 is the key receptor that regulates
diapause, as described below.

The combinatorial nature of the ligands is most apparent in
C. elegans, whose genome encodes 40 ILPs. C. elegans ILPs have
been studied singly and in combination to reveal a complex
network of IIS agonists and antagonists that regulate diapause
entry, and a slightly different set that regulates diapause exit
(Pierce et al.,, 2001; Cornils et al., 2011; Fernandes-de-Abreu
et al, 2014). ILPs that regulate diapause are expressed in
sensory neurons, and their expression changes in response to
environmental cues (Pierce et al., 2001; Li et al., 2003; Cornils
et al, 2011). The best-studied regulators of dauer diapause
include daf-28, ins-6, and ins-1. daf-28 and ins-6 both promote
IIS to oppose dauer entry and promote dauer exit; however, daf-
28 plays a more prominent role in dauer entry and ins-6 plays
a more prominent role in dauer exit (Malone et al., 1996; Li
et al., 2003; Cornils et al., 2011). By contrast, ins-1 antagonizes
IIS to promote dauer entry and oppose dauer exit (Pierce et al.,
2001; Cornils et al., 2011). If the human insulin protein is
introduced into C. elegans it also antagonizes IIS, similar to ins-
1, demonstrating the conservation between ILPs across species
(Pierce et al., 2001). In addition to these three ILPs that have
been studied in detail, systematic studies have shown that many
other ILPs also play more subtle roles in regulating dauer entry
and/or exit (Pierce et al., 2001; Fernandes-de-Abreu et al., 2014).
ILP signaling converges on the sole C. elegans IR, DAF-2, which
was discovered on the basis of its effect on entry to dauer
diapause. Reduction-of-function mutations in daf-2 cause a dauer
formation phenotype whereby larvae enter dauer diapause even
in conditions that normally promote non-dauer development
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Non-diapause
o |LPs

Diapause-regulating genes

FIGURE 1 | The regulation of diapause by insulin/IGF signaling (IIS). Major, conserved components of IIS signaling are shown in favorable environments (left) and
unfavorable environments (right). Orange components promote diapause and green components promote non-diapause development. Favorable environments
stimulate the production of IGF-I in annual fishes or insulin-like peptides (ILPs) in C. elegans and insects. These ligands activate IIS, leading to the phosphorylation
and nuclear exclusion of FOXO transcription factors by AKT. When active FOXO proteins regulate downstream genes involved in diapause. See text for additional

details.

Diapause
O
@)
PTEN
-
S

FOXO ( )

Diapause-regulating genes

(Riddle, 1977). Therefore, active DAF-2/IR signaling promotes
non-diapause development.

In insects, the role of IIS in regulating diapause has been
studied extensively with respect to the reproductive diapause
that occurs in adult mosquitos (C. pipiens) and fruit flies (D.
melanogaster). In C. pipiens, levels of two ILPs, ILP-1, and ILP-
5, are reduced during diapause compared with non-diapausing
animals. RNAi of ILP-1 but not ILP-5 is sufficient to induce
adult diapause as measured by ovarian maturation and follicle
length (Sim and Denlinger, 2009). Similarly, RNAi of IR induces
adult diapause by the same measures (Sim and Denlinger, 2008).
Therefore, IIS signaling opposes diapause in C. pipiens.

Similarly, in D. melanogaster, loss of dilps 1-5 strongly induces
reproductive diapause. Single dilp2 and dilp5, but not dilpl,
mutations are sufficient to induce reproductive diapause at low
penetrance, whereas overexpression of dilp2 and dilp5 from
any tissue strongly suppresses reproductive diapause (Kubrak
et al., 2014; Liu et al., 2016; Schiesari et al., 2016). Furthermore,
hypomorphic mutations in InR or the insulin receptor substrate
protein Chico cause reproductive diapause entry (Schiesari
et al., 2016). Surprisingly, although dILPs functionally oppose
reproductive diapause, mRNA levels of the five ILPs tested (dilp1,
dilp2, dilp3, dilp5, dilp6) are all upregulated during reproductive
diapause and then return to non-diapause levels after recovery
from reproductive diapause (Kubrak et al., 2014; Liu et al,
2016). This upregulation may be a compensatory response
to reduced IIS signaling under diapause-inducing conditions
(Schiesari et al., 2016).

Another insect that undergoes reproductive diapause is the
bumblebee Bombus terrestris. In this species, genes within the IIS
pathway were upregulated in post-diapause animals compared
to diapause. Furthermore, injection of ILPs stimulated metabolic
changes consistent with non-diapause development and
increased the numbers of offspring produced (Chen et al., 2021).

Finally, there are many insect species where reduced expression
of ILPs or IR has been reported to correlate with diapause at
different stages of development, consistent with the notion that
downregulation of IIS is a broadly conserved phenomenon.
Some examples include egg diapause in the aphid Acyrthosiphon
pisum and in Locusta migratoria (Barbera et al., 2019; Hao et al,,
2019), embryonic diapause in B. mori (Gong et al., 2020), and
pre-pupal diapause in leafcutting bees, Megachile rotundata
(Cambron et al., 2021).

In the annual fish A. limnaeus, levels of IGF-I are reduced
before and during DII compared to escape embryos at the same
stages. After recovery, IGF-I levels climb, eventually surpassing
those of escape embryos (Woll and Podrabsky, 2017). IGF-II
levels are similar in escape and diapause embryos before and
during DII, but are higher post-DII than in escape embryos.
Higher levels of IGF after diapause may be related to the catch-
up growth that is seen in post-diapause embryos. In addition to
the correlation of IGF levels, treatment of embryos with an IGF1R
inhibitor induces diapause in a dose-dependent manner. Pre-DII
and DII embryos induced by this treatment show similarities to
naturally induced DII, including slowed heart rate and slowed
somitogenesis. However, there were a few differences, including
the presence of melanocytes and hemoglobin in circulating blood,
indicating that IGF signaling is not the sole regulator of diapause
(Woll and Podrabsky, 2017).

Regulation of Insulin/IGF Signaling Components
Downstream of IR/IGFR Receptor to Control
Diapause

The role of downstream components of IIS in the regulation
of diapause has been studied primarily in C. elegans, where the
dauer diapause-regulating pathways have been worked out in
detail (Fielenbach and Antebi, 2008; Murphy and Hu, 2013). Each
component functions as expected given its role in insulin/IGF
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TABLE 1 | IIS components and diapause.

Component Organism Gene Expression in diapause vs. LOF or RNAi phenotype References
non-diapause
Insulin/ IGF/ ILP C. elegans daf-28 Reduced 4 diapause Li et al., 2003; Cornils et al., 2011
ins-6 Complex' 4 diapause Cornils et al., 2011
ins-1 Unchanged in sensory neurons | diapause Cornils et al., 2011
that regulate dauer
C. pipiens ILP-1 Reduced 4 diapause Sim and Denlinger, 2008, 2009
ILP-5 Reduced No effect on diapause Sim and Denlinger, 2008, 2009
D. melanogaster dilp2 Increased 1 diapause Kubrak et al., 2014; Liu et al.,
2016; Schiesari et al., 2016
dilp5 Increased 4 diapause Kubrak et al., 2014; Liu et al.,
2016; Schiesari et al., 2016
A. limnaeus IGF-I Reduced 4 diapause Woll and Podrabsky, 2017
IGF-II Unchanged Woll and Podrabsky, 2017
IR/IGFR C. elegans daf-2 Decreased? 4 diapause Riddle, 1977; Kimura et al., 2011
C. pipiens IR 4 diapause Sim and Denlinger, 2008
D. melanogaster InR Unchanged 4 diapause Kubrak et al., 2014; Schiesari et al.,
2016
A. limnaeus IGFR1 1 diapause Woll and Podrabsky, 2017
PI3K C. elegans age-1 4 diapause Gottlieb and Ruvkun, 1994
D. melanogaster Dp110 Unchanged?® 4 diapause Williams et al., 2006
PTEN C. elegans daf-18 | diapause Riddle et al., 1981
AKT C. elegans akt-1 4 diapause Allion and Thomas, 2003; Oh et al.,
2005
C. elegans akt-2 4 diapause Ailion and Thomas, 2003; Oh et al.,
2005
FOXO C. elegans daf-16 Nuclear import | diapause | lipid stores, Riddle et al., 1981; Vowels and
remodeling & dauer cuticle Thomas, 1992; Gottlieb and
Ruvkun, 1994; Lin et al., 2001
C. pipiens FOXO Increased | lipid stores & survival Sim and Denlinger, 2008, 2013b

during diapause

"During dauer, ins-6 expression is reduced in the ASI sensory neuron that inhibits dauer entry and increased in the ASJ sensory neuron that inhibits dauer exit

(Cornils et al., 2011).

2daf-2 expression is reduced in response to starvation, but dauer diapause was not tested (Kimura et al., 20117).
3Dp110 expression was compared between two wild isolates that differ in propensity to enter diapause (Williams et al., 2006).

signaling. Specifically, when active, the orthologs of PI3K and
AKT oppose dauer formation, whereas the ortholog of PTEN
promotes dauer formation. The single PI3K in C. elegans is
encoded by age-1, also called daf-23 (Morris et al., 1996). age-1
was first identified based on the long-lived phenotype conferred
by mutants (Klass, 1983). Separately, this gene was identified in a
screen for mutants that enter dauer in conditions that normally
promote non-dauer development (Gottlieb and Ruvkun, 1994).
Similarly, the single PTEN ortholog, daf-18 was identified on
the basis of the inability of a daf-18(-) mutant to enter dauer
under dauer-inducing conditions (Riddle et al., 1981). There are
two AKT homologs in C. elegans, akt-1 and akt-2 that function
partially redundantly to oppose dauer diapause. Loss of akt-I
produces a weak dauer-constitutive phenotype, whereas loss of
both akt-1 and akt-2 produces a very strong constitutive dauer
diapause phenotype (Ailion and Thomas, 2003; Oh et al., 2005).
In insects, the PI3K ortholog, Dp110 was identified based
on the variation in reproductive diapause rates between two
natural strains of D. melanogaster, one that enters reproductive
diapause more frequently than the other. Dp110 appears to be
one locus responsible for this difference (Williams et al., 2006).

Although the molecular changes in Dpl10 that lead to this
reproductive diapause phenotype were not clear, reducing the
dosage of Dp110 by half increases the percentage of flies adopting
reproductive diapause, whereas misexpressing Dp110 in neurons
decreases the percentage of flies adopting reproductive diapause
(Williams et al., 2006).

Regulation of Forkhead Box O Activity to Control
Diapause

One common output of IIS is regulation of the FOXO
transcription factors. IIS negatively regulates FOXO, such that
when IIS is active, FOXO proteins are phosphorylated by AKT,
which triggers nuclear exit and therefore inactivity (Manning
and Cantley, 2007). Therefore, low levels of IIS are required for
FOXO nuclear localization and activity. Across species, FOXO
transcription factors promote diapause by directly and indirectly
controlling the expression of numerous genes that are involved
in diapause. Furthermore, if situations are contrived whereby
animals within diapause have reduced FOXO activity, those
animals lose key characteristics of diapause, suggesting that
FOXO promotes both the decision to enter diapause and the
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physiological and structural changes that accompany diapause, as
explained below.

The specific role of FOXO proteins in diapause has not
been studied in fishes, but there is a great deal of information
from invertebrate species, which typically have a single FOXO
ortholog. In C. elegans, the FOXO protein is encoded by
daf-16. Like most of the genes in the IIS pathway, daf-
16 was also discovered on the basis of its dauer formation
phenotype. Whereas loss-of-function mutations in daf-2 or other
IIS components cause dauer formation even in environments
favorable for growth, loss-of-function mutations in daf-16 cause
the opposite phenotype: inability to enter dauer diapause even in
dauer-inducing conditions. Furthermore, when double mutants
are created, the daf-16 dauer-defective phenotype is observed
(Murphy and Hu, 2013). The complete suppression of the daf-
2(-) dauer-constitutive phenotype by loss of daf-16 indicates that
the major output of IIS with respect to regulation of diapause is
daf-16/FOXO.

While daf-16(-) larvae do not readily enter dauer diapause,
it is possible to obtain daf-16(-) dauer larvae by making use of
dauer-constitutive mutations outside of the IIS pathway, or by the
use of very potent dauer-inducing cues. However, these daf-16(0)
dauer larvae display defects in some aspects of the remodeling
that occurs as part of dauer morphogenesis, demonstrating that
daf-16/FOXO is not only responsible for the decision to enter
dauer but for some of the aspects of diapause itself. For this
reason, daf-16(-) dauer larvae have been referred to as “partial
dauers” (Vowels and Thomas, 1992; Larsen et al., 1995; Ogg
et al,, 1997). For example, daf-16 mutants lack the particular
collagens in their cuticle that are normally enriched in dauer
larvae, and perhaps for this reason they are more sensitive to
environmental assaults (Gottlieb and Ruvkun, 1994; Nika et al.,
2016; Wirick et al., 2021).

The specific gene expression changes that occur in the absence
of daf-16/FOXO have been studied primarily in non-diapause
contexts: adult worms with activated DAF-16 due to a mutation
in IR are compared to IR mutants that lack daf-16. As in other
species, daf-16 promotes expression of genes involved in stress
resistance and metabolism (Tepper et al., 2013). A recent study
examined the changes in gene expression of dauer larvae with
and without daf-16. In this context, genes related to collagens and
signaling were differentially expressed (Wirick et al., 2021).

In mosquitos, levels of FOXO are increased in the fat body
of diapausing females, compared to non-diapause animals (Sim
and Denlinger, 2013b). Fat storage is an important component
of diapause and appears to be dependent on FOXO because
knockdown of FOXO with dsRNA in diapausing females causes
a reduction in lipid stores (Sim and Denlinger, 2008). These
females also showed reduced survival over time in diapause.
Reduced survival may be due to insufficient fat storage, but
because addition of an oxidoreductase (Mn(III)TBAP) partially
rescues survival, oxidative stress is also implicated (Sim and
Denlinger, 2008). FOXO promotes resistance to oxidative stress
across species. Genes bound by FOXO during diapause were
identified by ChIP-seq. These target genes are involved in
stress-resistance, metabolism, longevity, cell-cycle, development,
and circadian rhythm (Sim et al., 2015). RNAi knockdown

of three of these targets reduced glycogen and lipid levels
during diapause, consistent with the idea that FOXO regulation
of target genes is important for diapause characteristics
(Olademehin et al.,, 2020). In Drosophila, a FOXO-responsive
luciferase reporter is upregulated during reproductive diapause.
Abdomens isolated from cold-reared flies in reproductive
diapause showed six-fold more activity of this reporter than
non-diapausing flies reared under standard lab conditions
(Schiesari et al., 2016).

In Locusta migratoria egg diapause, if FOXO is knocked down
in the mother by RNAi under diapause-inducing conditions
(short photoperiod), the percentage of eggs that enter diapause
is reduced, indicating that FOXO promotes entry into diapause
(Hao et al., 2019). Consistent with the activity of FOXO being
important for diapause, the known FOXO target, MnSod/sod2,
was found to be upregulated under diapause-inducing conditions
(Hao et al., 2019).

In the cotton bollworm Helicoverpa armigera pupal diapause,
levels of total FOXO are high but phospho-FOXO levels are low,
indicating that FOXO is in its active state. Interestingly, this
regulation occurs by a different mechanism than the typical IIS
pathway (Zhang X.-S. et al.,, 2017). Although ILP levels are low,
these ILP levels do not appear to regulate FOXO activity via
Akt, because phospho-AKT levels are high in diapause. Instead,
high levels of ROS lead to phosphorylation of Akt as well as
high levels of protein arginine methyltransferase 1 (PRMT1).
PRMT1 methylates FOXO, thus abrogating phosphorylation by
Akt. In this way, FOXO remains active to promote diapause
at the same time as active Akt can phosphorylate other targets
(Zhang X.-S. et al., 2017).

Nuclear Hormone Receptor Signaling
Nuclear hormone receptors (NHRs) are ligand-gated
transcription factors comprised of a DNA-binding domain
and a ligand-binding domain. The DNA-binding domain directs
binding of the NHR to target sequences called hormone response
elements (HREs), while ligand binding modulates the regulation
of target gene expression. Class I receptors are activated by the
binding of steroid ligands but inactive in the absence of ligand
(Mangelsdorf et al., 1995). Class II receptors are also activated
by ligand binding. However, in the absence of ligand, Class
IT receptors act with corepressors to repress transcription of
target genes. Upon ligand binding, corepressors are released, and
subsequent binding of coactivators switches the NHR from a
transcriptional repressor to a transcriptional activator (Figure 2).
Class II receptors typically function as heterodimers with the
retinoid X receptor (RXR) (Mangelsdorf and Evans, 1995;
Mangelsdorf et al., 1995).

As described above, NHR activity is controlled primarily
by the presence or absence of ligand. NHR ligands are small,
lipophilic molecules that can pass through membranes without
the aid of a transport protein (Figure 2). Therefore, signaling
is regulated primarily by controlling the production and release
of ligand. These ligands are derived from cholesterol or related
molecules by a series of biosynthetic steps, as elaborated on
in the following subsections. The expression of enzymes that
catalyze the biosynthesis of the mature, active form of the ligand
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FIGURE 2 | The regulation of diapause by nuclear hormone receptor signaling (NHR). In favorable environments (left), enzymes that catalyze the production of the
lipid ligands are present, and these ligands are produced. Because the ligands can freely pass through the plasma and nuclear membrane, they are able to bind to
their target NHRs. Ligand-bound NHRs function as transcriptional activators and turn on expression of genes that promote non-dauer development. In unfavorable
environments (right), expression of the required enzymes is reduced and little ligand is present. Unliganded NHRs bind to corepressors and repress transcription of
target genes, thus promoting diapause. Orange components promote diapause and green components promote non-diapause development. Note that in some
insect species, NHR signaling functions opposite to what is described here, in that NHR signaling promotes diapause. See text for additional details.
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is regulated to control NHR activity. The components of NHR
signaling known to be associated with diapause within the species
focused on in this review are listed in Table 2 and explained in
more detail below.

Nuclear Hormone Receptors and the Regulation of
Diapause

Class II NHRs play important roles in the regulation of
diapause across phyla. The NHRs implicated in diapause are
phylogenetically related and include the vitamin D receptor in
annual fishes, the ecdysone receptor (EcR) in insects, and DAF-12
in C. elegans. In most of these cases, low levels of ligand are
associated with diapause whereas ligand-bound NHR leads to
non-diapause development (Figure 2 and Table 3).

In C. elegans, daf-12 was discovered on the basis of the dauer
formation phenotypes observed in daf-12 mutants. Notably,
both dauer-defective and dauer-constitutive alleles of daf-12
were isolated (Antebi et al., 1998). Dauer defective alleles are
mutants that failed to enter diapause even in diapause-inducing
conditions. Dauer-constitutive alleles enter diapause even in
conditions favorable for growth. This complexity stems in part
from the two activities of NHRs as activators and repressors.
Null alleles remove both activator and repressor functions,
whereas other alleles can affect one function more than the
other. Null alleles do not enter diapause under any known
condition, indicating that daf-12 activity is required for diapause.
By contrast, all of the dauer-constitutive alleles disrupt the ligand
binding domain, suggesting that it is the unliganded version of
DAF-12 that is required for dauer formation (Antebi et al., 2000).
Consistent with this idea, the DIN1S co-repressor was found to
bind unliganded DAF-12 and to be required for dauer formation
(Ludewig et al., 2004).

As mentioned above, most Class II NHRs function as
heterodimers with RXR proteins. However, C. elegans lacks a
clear RXR ortholog despite the expansion of NHR-encoding

genes in C. elegans: 284, compared to 48 NHRs in humans
(Antebi, 2015). NHRs without clear orthology to RXR have been
suggested to play a similar role in some cases, however, whether
DAF-12 functions as a homo- or heterodimer is still unknown
(Antebi, 2015). DAF-12 does possess a conserved dimerization
domain, and the DNA response element to which DAF-12 binds
is consistent with either homo- or heterodimerization (Antebi
et al., 2000; Shostak et al., 2004; Hochbaum et al., 2011).

In insects, EcR signaling has been studied in depth in
D. melanogaster and other insects, primarily for its role in
molting. Indeed, ecdysteroids are often referred to as molting
hormones. In insects, the EcR functions as a heterodimer with
the RXR ortholog, Ultraspiracle (USP) (Oro et al., 1990; Koelle
et al., 1991; Yao et al,, 1992; Thomas et al., 1993). There are
three isoforms of EcR: A, B1, and B2, that share DNA-binding
and ligand-binding domains but differ at the N-terminus. These
isoforms differ in expression pattern and biochemical activity;
however, they all function to activate transcription of target
genes when bound to ligand, and to repress transcription when
ligand-free (Talbot et al., 1993). In some contexts, the unliganded
form of EcR is specifically required (Mansilla et al., 2016).

With respect to diapause, EcR signaling plays a regulatory
role in many insects, a few of which will be highlighted here.
These include reproductive diapause in D. melanogaster and
embryonic diapause in B. mori. For a more comprehensive
view of EcR signaling regulating diapause across insect species
(see Denlinger et al, 2012). Unlike in C. elegans, functional
consequences of reduced EcR signaling have not been described
in the context of insect diapause, and instead more work has
been done manipulating hormone levels, as described in section
“Nuclear Hormone Receptor Signaling Ligands and Biosynthetic
Enzymes and the Regulation of Diapause.”

In the annual fish A. limnaeus, a role for the vitamin D
receptor (VDR) in the regulation of diapause II (DII) was recently
described (Romney et al., 2018). There are two VDR-encoding
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TABLE 2 | NHR components and diapause.

Component Organism Gene Expression in diapause vs. References
non-diapause
NHR C. elegans daf-12 Reduced Antebi et al., 2000
Insects ECR-A Reduced' Gu et al., 2021
EcR-B1 Increased early, reduced later Gu et al., 2021
USP Unchanged Gu et al., 2021
A. limnaeus VDR-A Unchanged Romney et al., 2018
VDR-B Increased Romney et al., 2018
RXR Unchanged Romney et al., 2018
Rieske oxygenase C. elegans daf-36 Largely unchanged Rottiers et al., 2006
Insects Nvd Reduced' Gu et al., 2021
A. limnaeus LOC106533739 Reduced Romney et al., 2018
Cytochrome P450 enzymes C. elegans daf-9 Reduced Gerisch and Antebi,
2004; Schaedel et al.,
2012
Insects Spo Reduced' Gu et al., 2021
Phm Increased early, reduced later’ Gu et al., 2021
Dib Unchanged Gu et al., 2021
Sad Unchanged Gu et al., 2021
Shd/E200Hase Reduced' Gu et al., 2021
A. limnaeus vitamin D25-hydroxylase Reduced Romney et al., 2018
25-hydroxyvitamin D-1a hydroxylase Reduced Romney et al., 2018
Phosphatase? Insects EPPase Reduced Sonobe and Yamada,

2004; Gu et al., 2021

" The expression pattern of these genes was determined in B. mori (Gu et al., 2021).

2The ecdysteroid-phosphate phosphatase (EPPase) converts inactive, phosphorylated forms of 20E and its precursors into active forms by removing phosphate groups

(Sonobe and Yamada, 2004).

TABLE 3 | NHR ligands and diapause.

Organism Active form of ligand Expression in diapause Effect of ectopic addition of References
vs. non-diapause ligand
C. elegans dafachronic acids Reduced | diapause Motola et al., 2006; Schaedel et al., 2012
D. melanogaster 20E Reduced | diapause Richard et al., 1998, 2001a
B. mori 20E Reduced | diapause Makka et al., 2002; Sonobe and Yamada, 2004
A. limnaeus 1,25(0OH)2D3 Reduced | diapause Romney et al., 2018

genes in A. limnaeus: VDR-A and VDR-B. These receptors
also bind to target DNA as homodimers or heterodimers,
where heterodimerization with RXR is the predominant mode
(Carlberg et al, 1993; Carlberg and Campbell, 2013). In
A. limnaeus embryos the expression of VDR-A and RXR does not
change between pre-diapause and pre-escape embryos. However,
the expression of VDR-B is increased in pre-diapause embryos
relative to those on the escape trajectory (Romney et al., 2018).

Nuclear Hormone Receptor Ligands and Biosynthetic
Enzymes and the Regulation of Diapause

As described in the prior section, in the examples given,
active NHR signaling promotes non-diapause development.
The control of this signaling appears to occur primarily at
the level of production of the active ligand. In insects, the
bulk of the studies on the role of EcR signaling in diapause
have focused on the ligand and the enzymes necessary to
produce the active form. The most active EcR ligand is

20-hydroxyecdysone (20E). In Drosophila, 20E is synthesized
from cholesterol by a series of enzymatic reactions. These
reactions begin with cholesterol or plant-derived sterols taken
up from the environment, since insects cannot synthesize
cholesterol themselves (Niwa and Niwa, 2014). The first step
in the pathways is catalyzed by Rieske oxygenase Neverland
(Nvd) which converts cholesterol to 7-dehydrocholesterol. Next
is a “black box,” between 7-dehydrocholesterol and 5p-ketodiol,
where the precise reactions are not known. However, the
short-chain dehydrogenase Non-molting glossy/Shroud (Nm-g/
Sro) and the cytochrome P450 enzymes Spook and Spookier (Spo,
Spok) are thought to catalyze reactions within the black box. After
that, the rest of the biosynthetic pathway is known, and each step
is catalyzed by a series of cytochrome P450 enzymes, including
Phantom (Phm), Disembodied (Dib), Shadow (Sad), and Shade
(Shd), in that order (Niwa and Niwa, 2014).

To regulate molting, ecdysone is synthesized in the
prothoracic glands and then ecdysone is released into the
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hemolymph. Ecdysone is then converted into 20E in target
tissues around the body (Petryk et al., 2003). However, ecdysone
can also be synthesized in the ovaries. In D. melanogaster,
the strongest evidence for a role for ecdysone signaling in
reproductive diapause comes from experiments where injection
of diapausing animals with 20E caused recovery, as assessed
by the resumption of vitellogenesis (Richard et al, 2001a).
Additionally, levels of 20E are low in reproductive diapause
animals compared with non-diapause animals. When flies in
reproductive diapause are stimulated to recover, the 20E levels
rise rapidly (Richard et al., 1998).

Similarly, in B. mori, high levels of 20E are found in
non-diapause embryos, but not diapause embryos. Instead,
diapausing embryos contain high levels of 20E precursors
or inactive derivatives. Furthermore, treatment of diapausing
embryos with 20E can induce the resumption of development
and recovery from diapause (Makka et al, 2002; Sonobe
and Yamada, 2004). Therefore, regulation of the production
of 20E is necessary to control diapause entry. Because the
prothoracic gland has not yet developed in these embryos,
the regulation of 20E synthesis differs from the canonical
pathway. 20E in embryos is derived from two sources. First,
inactive, phosphorylated forms of 20E and its precursors are
bound to yolk proteins and maternally packaged into the
embryo. Second, 20E is synthesized de novo. In both cases,
the regulation of enzymes determines whether active 20E is
produced. The ecdysteroid-phosphate phosphatase (EPPase) is
required to activate the phosphorylated molecules, whereas
the enzyme 20-hydroxylase (E200Hase, also called Shade
in some species) is required for de mnovo synthesis. The
expression of these enzymes is upregulated over time in non-
diapause embryos whereas expression remains low during
diapause (Sonobe and Yamada, 2004; Maeda et al, 2008;
Gu et al., 2021).

Other species with larval and pupal diapause show similar
effects whereby increased levels of 20E have been shown
to correlate with and/or actively promote non-diapause
development. Since EcR signaling is necessary for progression
through larval molts and for metamorphosis, it makes sense that
removing 20E would allow for developmental arrest. Somewhat
surprisingly, however, in some insect species, the role for
EcR signaling is reversed, and high levels of 20E are required
to maintain diapause. For example, this mode of diapause
regulation was shown for the obligate diapause at the end of
embryogenesis in the gypsy moth, Lymantria dispar (Denlinger
et al., 2012; Schiesari and O’Connor, 2013).

In C. elegans the first two ligands that activate DAF-12
signaling to be discovered were two 3-Keto-4-Cholestenoic Acids
termed A*-dafachronic acid and A”-dafachronic acid (A*-DA
and A7-DA) (Motola et al., 2006). The term “dafachronic”
comes from the two major roles of DAF-12: the regulation
of diapause and the regulation of developmental timing (see
section “Developmental Changes Accompanying Diapause in
C. elegans”). More recent work identified additional DAs, the
most prominent being A7-DA. This study failed to find A*-
DA, suggesting that ligand may be less relevant in endogenous
contexts (Mahanti et al., 2014).

Fewer steps in the synthesis of DAs are known in detail
in comparison to the synthesis of 20E. However, some key
enzymes show similar requirements across species. First, the
Rieske oxygenase DAF-36 is required for the synthesis of A”7-
DA. Similar to the role of Nvd in ecdysone synthesis, this enzyme
catalyzes the first reaction within this biosynthetic pathway:
conversion of cholesterol to 7-dehydrocholesterol (Rottiers et al.,
2006; Wollam et al, 2011; Yoshiyama-Yanagawa et al., 2011).
Indeed, these enzymes are functionally conserved as addition
of daf-36 to D. melanogaster with a mutation in nvd rescues
the lethal phenotype (Yoshiyama-Yanagawa et al., 2011). The
short chain dehydrogenase DHS-16 works further downstream
in this pathway. The enzymes involved in the production
of other dafachronic acids are unknown. The hydroxysteroid
dehydrogenase HSD-1 was proposed to be involved in the
production of A*-DA, but subsequent work raises doubts
about this notion. At the end of the pathway, the cytochrome
P450 enzyme DAF-9 is required to catalyze the final step in
biosynthesis of both A%-DA and A7-DA (Antebi, 2015). The
expression of daf-9 is highly regulated during dauer formation,
where mildly stressful conditions increase daf-9 expression, but
more severe, dauer-inducing conditions drastically reduce daf-9
expression, leading to a decrease in DA production and entry into
dauer diapause (Gerisch et al., 2001; Gerisch and Antebi, 2004;
Schaedel et al., 2012).

In vertebrates, biosynthesis of the active VDR ligand
1,25(0OH);, D3 is similar in many respects to the biosynthesis of the
invertebrate NHR ligands. Biosynthesis in vertebrates also begins
with the conversion of cholesterol to 7-hydroxycholesterol, in this
case by the action of the dehydrocholesterol reductase enzyme,
DHCR?. Unlike in invertebrates, the next step of the biosynthetic
pathway requires UVB light, which enables the conversion of 7-
hydroxycholesterol to pre-vitamin D3. Once pre-vitamin D3 is
produced, the remainder of the biosynthetic steps are catalyzed by
a series of cytochrome P450 enzymes, similar to the invertebrate
pathway (Tuckey et al., 2018; Saponaro et al., 2020).

Within the annual fish A. limnaeus, expression of the
active VDR ligand 1,25(OH),D3 is reduced in pre-diapause
embryos compared to pre-escape embryos. Consistent with
this reduction, the expression of several biosynthetic enzymes
necessary to produce 1,25(0OH),Dj3 are also reduced (Romney
et al.,, 2018). This difference in expression is functionally relevant
because incubating embryos reared under diapause-inducing
conditions with 1,25(OH),D3; at picomolar concentrations
strongly reduced the number of embryos that underwent
diapause (Romney et al, 2018). Remarkably, performing a
similar experiment with C. elegans A*-dafachronic acid also
increased the number of embryos following the non-diapause,
escape developmental trajectory. This effect was specific because
incubating embryos with ligands for the pregnane X, farnesoid
X, and liver X receptors, which are closely related to VDR,
was ineffective at preventing diapause (Romney et al., 2018).
Furthermore, treating A. limnaeus embryos grown in non-
diapause conditions with dafadine A causes embryos to enter
DII Dafadine A is a compound that inhibits the activity of the
cytochrome P450 enzyme DAF-9 and its mammalian counterpart
CYP27A1 (vitamin D3 25-hydroxylase) (Luciani et al., 2011).
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The diapause-inducing effect of dafadine A in A. limnaeus can
be countered by addition of 1,25(0OH),D3, consistent with the
interpretation that dafadine A promotes diapause by interfering
with the production of 1,25(OH),;D3 (Romney et al., 2018). Taken
together, these results demonstrate the conserved nature of NHR
signaling and its effect on diapause in A. limnaeus and C. elegans.

Crosstalk Between Hormonal Pathways

and the Regulation of Diapause

As described in sections “Insulin/Insulin-Like Growth Factor
Signaling and Nuclear Hormone Receptor Signaling,” both
IIS and NHR pathways regulate development across species.
Therefore, there must be interactions between these pathways.
Furthermore, additional hormonal pathways contribute to the
regulation of diapause. This section provides a brief overview
of how those pathways fit together, focusing on the invertebrate
systems which lend themselves to in-depth genetic analysis.

Hormonal Pathway Crosstalk in C. elegans
Caenorhabditis elegans geneticists have worked out the major
regulators of dauer formation in detail. In addition to the
IIS and NHR/DAF-12 pathways described in the previous
sections, TGFp signaling is also involved. In brief, TGFp and
IIS pathways operate largely in parallel and both pathways
converge to regulate DAF-12 (Figure 3A; Baugh and Hu, 2020;
Fielenbach and Antebi, 2008).

Favorable environmental cues lead to the production of
both DAF-7/TGFp and multiple insulin-like peptides in sensory
neurons (Ren et al., 1996; Schackwitz et al., 1996; Cornils et al.,
2011; Murphy and Hu, 2013; Ritter et al., 2013; Fernandes-de-
Abreu et al.,, 2014; Zheng et al., 2018). These signals are released
and then received in multiple tissues where DAF-7/TGFp blocks
activity of the downstream DAF-3/SMAD-DAF-5/Ski complex,
and insulin signaling blocks the activity of the downstream DAF-
16/FOXO transcription factor (Kimura et al., 1997; Lin et al,
1997; Ogg et al., 1997; Patterson et al., 1997; Pierce et al., 2001;
da Graca et al, 2004). Both IIS and TGFP pathways regulate
the expression of daf-9/CYP, which encodes the last enzyme
required to produce dafachronic acid, the ligand for the DAF-
12 nuclear hormone receptor (Gerisch et al., 2001; Gerisch and
Antebi, 2004; Mak and Ruvkun, 2004; Motola et al., 2006). As
described above, ligand-bound DAF-12 promotes continuous
(non-dauer diapause) development whereas ligand-free DAF-
12 is required for dauer formation (Antebi et al., 1998, 2000;
Ludewig et al., 2004). IIS appears to also act in parallel to daf-
12 because when both daf-2/IR and daf-12/NHR signaling are
compromised, larvae arrest development but do not enter dauer.
Overexpression of daf-9 in a daf-2 mutant background produces
a similar arrested phenotype that is different from dauer diapause
(Larsen et al.,, 1995; Gems et al., 1998; Gerisch et al., 2001;
Gerisch and Antebi, 2004).

Hormonal Pathway Crosstalk in Insects

In insects, another major regulator of diapause is juvenile
hormone (JH). JH is a sesquiterpenoid that is produced in a group
of endocrine organs called the corpora allata (CA) in response to
the hormone allatotropin (Flatt et al., 2005; Bendena et al., 2020).

JH is then secreted and travels through the hemolymph to act on
the ovaries, stimulating ovarian development and vitellogenesis.
Since reproductive diapause occurs prior to vitellogenesis, it is
not surprising that JH is a central regulator of reproductive
diapause across insect species (Denlinger et al., 2012).

Juvenile hormone and Insulin/IGF signaling exhibit an
interesting and complex relationship in C. pipiens (Figure 3B).
During diapause in C. pipiens, JH levels are low, and addition
of synthetic JH can induce exit from diapause (Spielman, 1974).
Addition of a JH analog is effective at stimulating diapause
exit even in IIS mutants, indicating that IIS regulates diapause
formation upstream of JH (Sim and Denlinger, 2008, 2009).
However, both IIS and JH signaling appear to converge on the
same target: negative regulation of FOXO. Negative regulation of
FOXO by IIS is expected, but the role of JH is novel. Addition
of JH to diapausing animals reduces FOXO levels in the fat
body (Sim and Denlinger, 2013b). FOXO appears to be the
most direct regulator of diapause genes, including genes that
regulate stress-resistance, metabolism, longevity, and other key
characteristics of diapause (Sim et al., 2015).

Finally, there is a potential connection to EcR signaling in
C. pipiens as well. This connection was proposed by Sim and
Denlinger and is based on work done in another mosquito
species, Aedes aegypti (A. aegypti) (Sim and Denlinger, 2013b).
In this species, a blood meal enables reproduction by stimulating
vitellogenesis. Vitellogenesis requires EcR signaling and the
EcR/USP heterodimer directly binds to the promoter of genes
encoding yolk proteins in the fat body. JH expression promotes
expression of the NHR bFTZ-F1, which in turn recruits the FISC
p160/SRC coactivator. These proteins form a complex with EcR
and USP at the promoters of target genes and are required for
full EcR activation (Zhu et al., 2006). If the same process occurs
in C. pipiens in the context of diapause, that would forge a
connection between the signaling pathways described here.

Similar to the situation in C. pipiens, JH levels are reduced in
D. melanogaster in reproductive diapause. Furthermore, addition
of JH to diapausing animals induces recovery from reproductive
diapause (Saunders et al., 1990). However, EcR was later proposed
to be more directly involved in the regulation of reproductive
diapause than JH because levels of ecdysteroids rose more
rapidly after stimulation to recover from reproductive diapause,
and addition of ecdysteroids to diapausing animals was more
effective at terminating reproductive diapause than addition of
JH (Richard et al., 1998, 2001b). Unlike in C. pipiens, the IIS
pathway has been proposed to act downstream of JH and EcR
signaling because loss of the insulin receptor substrate protein
Chico induces reproductive diapause in an ovary-autonomous
manner, suggesting that external signals such as JH and 20E
do not affect reproductive diapause in this mutant context.
chico mutant ovaries did not develop upon transplantation to
a wild-type host, whereas wild-type ovaries did develop when
transplanted to a chico mutant host. Furthermore, chico mutants
expressed normal levels of JH and ecdysteroids (Richard et al.,
2005). Consistent with the notion that IIS is downstream of JH,
the addition of a JH inhibitor did affect the expression of dilpI,
however, the functional consequences of this observation are
unclear (Liu et al., 2016).
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Diapause in B. mori is controlled by a neuropeptide called
diapause hormone (DH). This mode of regulation is well studied,
though uncommon in other insect species (Denlinger et al.,
2012). B. mori diapause is transgenerationally programmed
(see section “Diapause in Insects: Drosophila melanogaster,
Culex pipiens, and Bombyx mori”). Mothers reared in diapause-
inducing conditions during their own embryonic development
will express DH in the subesophageal ganglion during the pupal
stage. DH is released and then received in the ovary via the DH
receptor, a G-protein coupled receptor. This stimulus prompts
the developing ovaries to induce diapause (Xu et al., 1995b;
Yamashita et al., 2001; Homma et al., 2006; Denlinger et al., 2012;
Sato et al., 2014). A connection between DH and EcR signaling
has been proposed, but experiments testing this connection
have yielded few conclusions, such that the relationship between
these pathways is still unclear (Xu et al., 1995a; Shiomi et al.,
2015). However, MEK/ERK signaling is needed to terminate
diapause, and this process appears to occur upstream of EcR
signaling (Fujiwara et al., 2006a,b; Schiesari and O’Connor,
2013). Additionally, the IIS pathway has been implicated in
diapause in B. mori, but it is unclear how this function fits with
DH or EcR pathways (Zheng et al., 2016; Gu et al., 2019).

EFFECT OF DIAPAUSE ON
DEVELOPMENT

Unlike an immediate response to stress, diapause involves an
alternate developmental trajectory, including a preparatory stage

prior to diapause, the diapause itself, recovery, and post-diapause
development. Each stage can differ from its non-diapause
equivalent in terms of morphology, metabolism, and rate of
development. Not surprisingly, differences in gene expression
often exist between diapause and non-diapause animals at
equivalent developmental stages. Developmental pathways must
accommodate these changes to allow the normal completion of
development as a reproductively mature adult. Across species,
the pre-diapause preparatory stage is typically marked by a
slower rate of development, metabolic changes and accumulation
of lipid stores, and morphological changes. During diapause,
development is halted. After diapause, animals must quickly
resume growth and development. In C. elegans, the same
hormonal pathways that regulate diapause appear to also
modulate developmental pathways to accommodate diapause, as
described below.

Developmental Changes Accompanying

Diapause in Annual Fishes

In A. limnaeus, N. furzeri, and other annual fishes that undergo
facultative DII, visible differences between embryos in the
diapause and escape trajectories become apparent around the
18-somite stage. In particular, growth of the head continues
more rapidly in escape embryos, and both the length and the
width of the pre-DII embryos increase very little until diapause
is reached at approximately the 38-somite stage (Podrabsky
et al., 2010, 2017; Furness et al, 2015). Other pre-diapause
developmental changes include a lack of melanocyte production
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and reduced heart rate in pre-DII embryos relative to escape
embryos (Podrabsky et al., 2010, 2017; Furness et al., 2015).

The developmental changes that occur prior to DII are
accompanied by changes in chromatin structure and gene
expression (Toni and Padilla, 2016; Romney and Podrabsky,
2018; Romney et al, 2018; Hu et al, 2020). With respect
to development-related gene expression, in N. furzeri, genes
involved in the Notch, Wnt, FGE SHH & IHH, TGE and
retinoic acid developmental pathways were all downregulated
in pre-DII embryos compared to escape embryos (Hu et al.,
2020). In A. limnaeus, the expression of microRNAs was
examined in pre-DII and escape embryos. Some variants in
the miR-10 and miR-430 families were expressed more highly
in escape embryos. miR-10 targets Hox genes, whereas miR-
430 targets genes involved in the maternal-to-zygotic transition
(Romney and Podrabsky, 2018).

Developmental changes during DII have not been described,
other than the expected developmental arrest. Upon recovery
from DII, cells throughout the embryo re-enter the cell cycle and
resume development. Post-DII embryos develop more rapidly
than escape embryos in order to catch up in size. By the stage
where the embryo covers approximately one half the surface
of the yolk, morphological differences between DII and escape
embryos are no longer apparent (Podrabsky et al., 2010, 2017;
Dolfi et al., 2019). Levels of IGF-I and IGF-II are both increased
after DII relative to escape embryos, suggesting that IIS could
promote catch-up growth (Woll and Podrabsky, 2017).

Developmental Changes Accompanying

Diapause in Insects

In C. pipiens, egg follicle length at the onset of diapause is slightly
longer than that of non-diapausing animals. However, this length
increases rapidly in non-diapause development, whereas during
diapause there is no increase for the first 12 days and a very
slight increase thereafter (Meuti et al., 2018). mRNA and small
RNA sequencing of diapausing and non-diapausing females
identified differentially expressed genes encoding proteins and
microRNAs. These changes primarily affected genes involved
in metabolic processes (Kang et al., 2016; Meuti et al., 2018).
These effects are expected given the metabolic changes that occur
during diapause. With respect to development, some microRNAs
that promote ovarian development were differentially expressed.
miR-8-3p and miR-275-3p were downregulated in young, pre-
diapause adults, and miR-8-3p, miR-275-3p, and miR-375-3p
were all downregulated during diapause compared to non-
diapause females (Meuti et al., 2018). In B. mori, embryos enter
diapause beginning approximately 48 h after oviposition. During
the day leading up to diapause, the color of the embryos
shifts from pale yellow to reddish (Zhang H. et al, 2017;
Gong et al,, 2020). mRNA sequencing experiments performed
during the pre-diapause pupal stage identified genes involved
in the Hippo pathway that regulates organ size. The upstream
regulator Ift was downregulated and the downstream regulator
hth was upregulated in pre-diapause animals. Genes involved
in regulating metabolism were also differentially regulated
(Chen et al., 2017).

Developmental Changes Accompanying

Diapause in C. elegans

Caenorhabditis elegans development is understood in detail, in
part due to the invariant cell lineage that has been mapped, so
that individual cells can be identified and followed throughout
development (Sulston and Horvitz, 1977; Kimble and Hirsh,
1979; Sulston et al., 1983). The ability to study development at the
single-cell level coupled with the powerful genetic tools available
in this model organism has resulted in some of the most detailed
understanding currently available of the effect of diapause on
development. In many cases, these changes are induced by the
same hormonal pathways that regulate the diapause decision.
In other words, these pathways coordinate the decision to enter
diapause with the developmental consequences of diapause.
These changes are outlined in this subsection and summarized
in Figure 4.

As described in section “Diapause in Nematodes:
Caenorhabditis elegans,” C. elegans development consists of
embryogenesis followed by four larval stages (L1-L4). Dauer
diapause occurs immediately after the second larval stage
(Cassada and Russell, 1975). Adverse environmental conditions
sensed during the first larval stage will induce entry into the
alternative, pre-dauer stage called L2d. During L2d, larvae
prepare for dauer by increasing lipid stores as they continue to
sense their environment. After L2d, larvae can either continue
development as L3 stage larvae or molt into dauer diapause,
depending on environmental conditions. The L2d stage lasts
at least 50% longer than the non-dauer L2 stage (Golden and
Riddle, 1984b). There are several developmental events that occur
during the second larval stage, and therefore these must occur at
a slower pace in L2d larvae, as described below. During dauer,
development is paused at the equivalent of an early L3-staged
larva (Cassada and Russell, 1975). Progenitor cells that have not
yet completed development must retain the capacity to take on
normal cell fate in the event of recovery. As described below,
this seems to be an active process. Finally, if favorable conditions
are found, C. elegans dauer larvae undergo a process of recovery
and resume development. Post-dauer larvae must complete the
developmental events that normally occur in the L3 stage before
molting into an L4-staged larva (Cassada and Russell, 1975).

As in insects and annual fishes, chromatin modification and
gene expression changes have been identified when comparing
pre-dauer, dauer, or post-dauer animals to their developmental
equivalents. Differentially expressed genes include protein-
coding genes and small RNAs, and in at least some cases effects
on developmental pathways have been observed (Liu et al., 2004;
Harvey et al., 2009; Hall et al., 2010, 2013; Karp et al., 2011).
However, the remainder of this subsection will focus on three
developmental contexts and how hormone pathways affect their
development in the diapause life history.

Effect of Diapause on Germline and Somatic Gonad
Development in C. elegans

When L1 larvae hatch from embryos, their germline consists
of two cells. In response to Notch signaling, these cells
proliferate and expand the germline stem cell population over
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the first several larval stages. Meiosis does not begin until
after dauer would have occurred, during the mid-L3 stage
(Hubbard and Schedl, 2019).

During L2d, germ cell proliferation slows as larvae prepare
to enter dauer, and proliferation ceases during dauer diapause
(Narbonne and Roy, 2006). Reducing the rate of germ cell
proliferation in L2d requires several genes within the AMPK
and IIS pathways, including genes encoding both subunits of the
energy-sensing AMP-activated Protein Kinase (AMPK), called
aak-1 and aak-2 in worms, the gene encoding the AMPK-
activating kinase PAR-4/LKB1, and the gene encoding the
PTEN phosphatase DAF-18 (Figure 4). Although these genes all
affect related pathways, they are each required independently.
Furthermore, these pathways function downstream of or in
parallel to the Notch pathway that promotes germ cell division in
favorable environments (Narbonne and Roy, 2006, 2009; Tenen
and Greenwald, 2019).

In addition to its importance in slowing germ cell proliferation
in L2d larvae, AMPK is required during and after dauer to
regulate small RNA pathways that in turn maintain proper
chromatin marks and therefore affect gene expression. Dauer
and post-dauer larvae that lack aak-1 display aberrant gene
expression and post-dauer adults are sterile. Remarkably, AMPK
activity is required in somatic cells for these functions in germ
cells (Kadekar and Roy, 2019).

daf-18/PTEN is unique among the genes listed above in that
it is required in the somatic gonad for quiescence in both the
germ line and the somatic gonad (Tenen and Greenwald, 2019).

Furthermore, daf-18 is required to maintain developmental arrest
during dauer in the somatic gonad progenitor cells, because cell
fate markers that indicate developmental decisions that normally
occur in the L3 or L4 stage are observed in dauer larvae that lack
daf-18 (Tenen and Greenwald, 2019).

In parallel to AMPK and IIS signaling, the DAF-12 NHR and
its co-repressor DIN-1S also inhibit proliferation of germline and
somatic gonad cells in the L2d stage (Figure 4). In contrast to
aak-1 and daf-18 that function non-cell-autonomously in somatic
cells, din-1Is is required autonomously in germ cells to prevent
germ cell proliferation and in somatic gonad cells to prevent their
proliferation (Colella et al., 2016).

Effect of Diapause on Vulval Precursor Development
in C. elegans

Developmental pathways appear to be not only inactivated
but actively re-set during dauer diapause. Some of the best
evidence for active re-setting of developmental pathways comes
from work examining the vulval precursor cells (VPCs). VPCs
are born during the L1 stage and remain multipotent and
unspecified until the L3 stage. During the L3 stage these cells
respond to a combination of EGFR/Ras and Notch signaling
pathways to specify VPCs to one of two vulval cell fates (1°
and 2°). The absence of signaling leads to a default non-
vulval cell fate (3°) (Sternberg, 2005). In wild-type larvae, 1°
cell fate markers are expressed in the presumptive 1° VPC
during the molt into dauer diapause, but this specification is
erased during dauer. After recovery from dauer, larvae enter
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the post-dauer L3 (PDL3) stage that is the developmental
equivalent of the L3 stage that occurs during the non-diapause
developmental trajectory. VPC specification is again initiated in
PDL3 (Karp and Greenwald, 2013).

The re-setting of VPC specification during dauer is more
apparent in mutants that cause VPC specification prior to dauer.
There are two categories of these mutants. First, loss of the
heterochronic gene lin-28 causes precocious VPC specification
during the L2 stage (Ambros and Horvitz, 1984). Larvae lacking
lin-28 that develop through the dauer trajectory show VPC
specification during the pre-dauer L2d stage. This specification
is erased during dauer, and then re-initiates in VPCs or
their descendants in post-dauer larvae (Euling and Ambros,
1996; Karp and Greenwald, 2013). Second, mutants in which
EGFR/Ras or LIN-12/Notch signaling have been activated also
show VPC specification during the pre-dauer L2d stage. Again,
this specification is lost during dauer (Karp and Greenwald,
2013). Therefore, there is an active mechanism that erases any
VPC specification that has occurred prior to dauer formation and
re-establishes multipotent VPC fate.

Both DAF-12/NHR signaling and DAF-16/FOXO have been
implicated in VPC development during dauer (Figure 4).
Mutations in daf-12/NHR, din-1s, which encodes a corepressor
that binds unliganded DAF-12, or daf-9, which encodes an
enzyme required for synthesis of the DAF-12 ligand, all result in
VPC division and vulval development during dauer (Karp and
Greenwald, 2013; Colella et al., 2016). However, this phenotype is
suppressed when daf-12 or daf-9 mutants are exposed to dauer-
inducing conditions (dauer pheromone), suggesting that these
genes are not the most proximal regulators of VPC quiescence.
By contrast, loss of daf-16 results in VPC division as well
as adoption of 1° and 2° fate markers, even in the presence
of dauer pheromone (Karp and Greenwald, 2013). Therefore,
during dauer, daf-16/FOXO blocks EGFR/Ras and LIN-12/Notch
signaling to prevent precocious specification.

Effect of Diapause on Epidermal Seam Cell
Development in C. elegans

One of the developmental pathways most profoundly affected
by diapause is the “heterochronic” pathway that controls stage-
specific cell fate, particularly in the stem-cell-like seam cells
within the lateral hypodermis. Seam cells divide in a particular
pattern and sequence at each larval stage before terminally
differentiating at adulthood. The gene network that controls
this pattern of stage-specific cell divisions and differentiation
is termed the “heterochronic” pathway (Ambros and Horvitz,
1984). These heterochronic genes function as a molecular timer
whereby transcription factors and RNA-binding proteins that
specify early cell fate are expressed at each larval stage. These
early-promoting factors are then downregulated by microRNAs
in order to allow progression to the next cell fate (Rougvie and
Moss, 2013). A molecular timer would seem to be less useful in
an interrupted developmental trajectory, and perhaps for that
reason the heterochronic pathway is altered in larvae whose
development is interrupted by dauer diapause (Liu and Ambros,
1991). For example, microRNA activity is modulated in L2d and
dauer larvae, so that a different set of microRNAs becomes more

important in the dauer diapause context (Karp and Ambros,
2012; Ilbay and Ambros, 2019).

DAF-12/NHR plays an important role in coordinating the
decision to enter dauer with seam cell fate (Figure 4). In
diapause-inducing conditions, there is little of the DAF-12 ligand
produced and DAF-12 binds to its co-repressor, DIN-1S to
promote dauer formation. DAF-12 also directly regulates the
transcription of heterochronic microRNAs within the let-7 family
(Bethke et al., 2009). These microRNAs are upregulated in order
to promote L3 cell fate. In the lengthened L2d stage, the repressor
form of DAF-12 keeps levels of these microRNAs low and L3
fate is not adopted prematurely (Bethke et al.,, 2009; Hammell
etal., 2009). The let-7 family microRNAs also directly target daf-
12, forming a feedback loop that helps to coordinate the dauer
formation decision with the regulation of seam cell development
(Hammell et al., 2009).

As described in section “Effect of Diapause on Vulval
Precursor Development in C. elegans,” VPC fate appears to be
re-set during dauer. A similar type of re-setting appears to occur
in lateral hypodermal cells, including the seam cells. This type
of re-setting was initially inferred based on the observation that
the seam cell lineage defects that occur in certain heterochronic
mutants were corrected in larvae that developed through the
diapause trajectory (Liu and Ambros, 1991). More recently,
a role for daf-16/FOXO was discovered in these cells. daf-
16/FOXO is required in dauer larvae to prevent the precocious
expression of collagens that are normally enriched in adults.
daf-16/FOXO appears to act partially via known heterochronic
genes and partially via a novel mechanism. Specifically, daf-
16/FOXO opposes expression of the [in-41/TRIM71 RNA-
binding protein during dauer to block adult cell fate. However,
lin-41/TRIM71 does not act via its canonical target, the LIN-29
transcription factor, indicating a novel mechanism at play during
dauer (Wirick et al., 2021). Thus, daf-16/FOXO coordinates the
diapause developmental trajectory with multiple developmental
events (Figure 4).

CONCLUSION

Diapause is a commonly used mechanism to help animals in
the wild increase their chances of survival and reproduction
in changing environmental conditions. Since diapause occurs
at the level of the organism, individual cells and tissues must
respond to diapause-inducing cues in a consistent manner.
Hormonal pathways function to relay these cues across the
organism, coordinating the developmental trajectory according
to current or predicted environmental conditions. Many of
the pathways that regulate diapause also regulate growth and
development in non-diapause contexts. One possibility is that
negative regulation of these growth-promoting pathways is a
common molecular mechanism that enabled the evolution of
diapause in different species.

The IIS and NHR hormonal pathways are involved in the
diapause decision across animal phyla. IIS appears to function
universally as an anti-diapause pathway. The IIS pathway
has two evolutionarily conserved features that would seem
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to make this pathway particularly well-suited to this role.
First, IIS positively regulates growth and metabolism in a
variety of contexts. Second, production of insulin and related
ligands is regulated by environmental cues, including nutritional
status (Oldham and Hafen, 2003; Tothova and Gilliland, 2007;
Murphy and Hu, 2013).

Nuclear hormone receptor signaling also commonly opposes
diapause, but this direction is not universal among insect
species. Class II NHRs are also well-positioned to serve
as environmentally responsive regulators of diapause, given
their function as molecular switches between transcriptional
repressors and activators (Mangelsdorf et al., 1995). This switch
function allows them to promote growth when ligand is present
and inhibit growth when ligand is absent. In insects EcR
signaling is required for each molt, making negative regulation
of EcR signaling a straightforward way to pause developmental
progression. It is interesting that among the large and diverse
family of NHRs, the NHRs involved in regulating diapause across
phyla are closely related, such that addition of C. elegans ligands
or inhibitors can control diapause in the annual fish A. limnaeus
(Romney et al., 2018). These observations indicate a high degree
of conservation at the molecular level between these two species.

In addition to IIS and NHR pathways, other hormonal and
non-hormonal pathways that regulate growth and development
are also involved in the diapause decision in each species. Some
examples of these pathways are juvenile hormone in insects
and growth-factor-mediated signaling in C. elegans and insects
(Fielenbach and Antebi, 2008; Denlinger et al., 2012; Schiesari
and O’Connor, 2013). It makes sense that the use of juvenile
hormone to regulate diapause occurs only in insects, since
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juvenile hormone does not regulate growth and development in
nematodes or fishes. However, in other cases it is unclear why
some pathways regulate diapause only in particular species. The
differences may relate to the specific role of such pathways in
growth and development in that species, or how readily those
pathways could integrate with diapause-inducing machinery.

In C. elegans, the same hormonal pathways that regulate
the decision to enter diapause are also critical regulators
of the alterations to developmental programs that occur
to accommodate the pre-diapause preparatory phase, the
interruption to development that occurs during diapause, and
the post-diapause phase where development is rejoined. In the
future it will be interesting to discover the extent to which these
pathways also regulate development in insects and annual fishes
that undergo diapause.
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