Chapter 5
Ecdysteroids and Ecdysteroid Signaling
Pathways During Insect Oogenesis

Luc Swevers and Kostas Iatrou

Abstract During insect oogenesis, the oocyte acquires nutrients and genetic deter-
minants to support embryonic development (previtellogenesis and vitellogenesis)
and subsequently becomes surrounded by a protective eggshell (choriogenesis). In
many insects, ecdysteroids are synthesized during ovarian growth which is often fol-
lowed by the accumulation of ecdysteroid conjugates into the eggs. The exact role of
the ecdysteroids during oogenesis remains largely unclarified although functions as
paracrine or autocrine regulators to signal the progression of follicle development or
the resumption of meiosis in the oocyte have been proposed. In the silkmoth, Bombyx
mori, although ecdysteroids are synthesized by the ovarian follicles, progression of
follicle development towards choriogenesis requires down-regulation in ecdysteroid
signaling. Using the regulation of silkmoth oogenesis by 20-hydroxyecdysone as a
starting point, this review discusses the physiological roles of ecdysteroids and the
function of the ecdysone regulatory pathway during insect oogenesis.
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5.1 Introduction

In insects, the function of ecdysteroids has been mostly investigated in the devel-
opmental processes that regulate molting and metamorphosis. In these processes,
20-hydroxyecdysone (20E) has been shown to activate the ecdysone receptor (EcR)
complex, which consists of a heterodimer of two members of the nuclear receptor
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family, EcR and USP, the latter being the homolog of the vertebrate retinoid X
receptor (Thomas et al., 1993; Yao et al., 1992, 1993). Binding of the hormone to the
EcR complex initially results in the activation of a conserved hierarchical cascade of
gene expression consisting of an interacting set of transcription factors, encoded by
the so-called ecdysone-responsive early and early-late genes, including Ets domain-
containing E74, the orphan nuclear receptors E75 and HR3, and the Broad-Complex
(BR-C) zinc finger proteins (Riddiford, 1993a; Thummel, 1990, 1996, 1997; Henrich
and Brown, 1995). Transduction and amplification of the hormonal signal by the con-
served set of early gene products subsequently results in the regulation of numerous
ecdysone-responsive late genes that define the phenotypic effects of 20E in a stage-
and tissue-specific manner (Thummel, 2002; Bender, 2003).

However, the activation of the ecdysone regulatory cascade comprises only the
first half of the developmental events in which ecdysteroids are involved. Prepupal
Drosophila tissues require a decline in ecdysteroid signaling in order for develop-
ment to progress and to respond to the next rise in hormone titer (Richards, 1976;
Woodard et al., 1994). In lepidopteran larvae, application of strong ecdysone agonists
such as tebufenozide initiate larval molting (cuticle apolysis) but failure to clear the
hormone results in a developmental arrest in the middle of the molt (absence of
ecdysis; Retnakaran et al., 1995). These observations support the existence of a sig-
nalling cascade that is triggered by a decline in ecdysteroid titer. Genetic studies in
Drosophila have shown that the orphan nuclear receptor BFTZ-F1 likely functions at
the initiation of this cascade since expression of BFTZ-F1 is induced by a decline in
20E titer and BFTZ-F1 mutants show developmental defects consistent with its role
as a competence factor to prepare the prepupal-pupal transition during low ecdyster-
oid titers (Woodard et al., 1994; Broadus et al., 1999).

Besides its role in molting and metamorphosis where the molecular mechanism of
its action has been studied most extensively, 20E has been implicated in the regula-
tion of many other biological processes in insects, such as reproduction (oogenesis,
vitellogenesis and spermatogenesis; Raikhel et al., 2005), embryogenesis (Kozlova
and Thummel, 2003), diapause (Denlinger et al., 2005) and polyphenism (Hartfelder
and Emlen, 2005). Recent studies in the silkworm, Bombyx mori, have indicated that
the development of the ovary during the pupal and pharate adult stages is regulated
through the ‘classical’ hierarchical cascade of gene expression mentioned above
(Swevers et al., 2005). Furthermore, in the mosquito, Aedes aegypti, the regulation of
vitellogenin synthesis in the fat body by ecdysteroids produced by the ovary occurs
by the conserved set of ecdysone-responsive early and early-late genes (Raikhel et
al., 1999; Li et al., 2000). Genetic studies also established that progression of oogen-
esis in Drosophila requires the function of genes implicated in the ecdysone regula-
tory hierarchy such as EcR, BR-C and E75 (Buszczak et al., 1999) as well as genes
involved in synthesis of ecdysteroids (Freeman et al., 1999).

These findings therefore suggest that the ecdysone-regulatory hierarchy is
involved in the regulation of oogenesis in insects. This review will focus on the pos-
sible role of ecdysteroids to regulate the process of oogenesis in insects. Inevitably,
the review will focus on the three insects for which most knowledge has accu-
mulated (Bombyx, Aedes, Drosophila) while oogenesis in insects of other groups
(mainly cockroaches, locusts and hymenopterans) will also be discussed.
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5.2 The Silkmoth Paradigm: Control of Ovarian
Development by Ecdysone

In the silkmoth, ovarian development is completely coupled to metamorphosis: it
occurs almost exclusively during pharate adult and adult development (Tsuchida
et al., 1987; Swevers and latrou, 2003). The dependence of ovarian development
on ecdysteroids produced by prothoracic glands has been clearly demonstrated
in experiments with pupae ligated between thorax and abdomen (Tsuchida et al.,
1987; Swevers and Iatrou, 1999). In the isolated abdomens, the ovaries remain
undeveloped; complete ovarian development is achieved following a single injec-
tion of microgram quantities of 20E.

Induction of ovarian development occurs via binding of 20E to the ecdysone
receptor heterodimer consisting of BmEcR and BmUSP (Swevers et al., 1995;
Tzertzinis et al., 1994) which is followed by the activation of the ecdysone regu-
latory cascade. Silkmoth homologs of the A- and C-isoforms of the E75 nuclear
receptor (BmE75A and C; Swevers et al., 2002) are induced first which is followed
by the induction of the B and C-isoforms of BmHR3 (Eystathioy et al., 2001).
Concomitant with the induction of BmE75 and BmHR3 occurs the decline of the
BmFTZ-F1 nuclear receptor (Sun et al., 1994; Swevers and latrou, 2003). The
expression of other “classical” ecdysone-responsive genes, such as BR-C and E74
(Bombyx homologs of BR-C have been described recently (Uhlirova et al., 2003;
Nishita and Takiya, 2004; Ijiro et al., 2004) while E74 was also described recently
in Manduca (Stilwell et al., 2003), has not been described yet during induction of
ovarian development in Bombyx, but it is expected that they play similar roles as in
the ecdysone-response in tissues in other insects.

The expression of the yolk protein produced by the follicular epithelium, egg-
specific protein (ESP; Sato and Yamashita, 1991), corresponds to a late event in the
ecdysone regulatory cascade induced in the silkmoth ovary (Swevers and Iatrou,
2003). Interestingly, expression of the A-isoform of the BmHR3 receptor occurs
concomitantly with ESP expression and BmHR3A has been proposed to function
as a regulator of ESP expression (Eystathioy et al., 2001).

While the early stages of oogenesis and the initiation of vitellogenesis are
dependent on the presence of active ecdysteroids in the hemolymph, experiments
using dibenzoyl hydrazine ecdysone agonists such as tebufenozide (Dhadialla et
al., 1998) have indicated that the completion of vitellogenesis and the process of egg
shell synthesis (choriogenesis) require the absence of ecdysone signaling. Similar
to 20E, tebufenozide induces early and late gene expression in ecdysone-responsive
target tissues but because of its persistence in tissues gene expression that is
dependent on down-regulation of ecdysone signalling does not occur (Retnakaran
et al., 1995). When tebufenozide is injected in silkmoth isolated abdomens, ovar-
ian development, including vitellogenesis, is initiated but becomes subsequently
arrested (Swevers and latrou, 1999). Gene expression analysis in arrested versus
developing ovarioles established that the developmental block occurs during mid-
dle vitellogenesis and that the orphan nuclear receptor BmFTZ-F1 is the earliest
factor whose induction does not occur in arrested follicles (Swevers and Iatrou,
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1999). Thus, in silkmoth ovarian follicles BmFTZ-F1 may function as a ‘compe-
tence factor’ that regulates the transition between developmental periods with high
ecdysteroid titers and low ecdysteroid titers in similar fashion as was shown in
genetic experiments in Drosophila (Woodard et al., 1994; Broadus et al., 1999).
The regulation of ovarian development by ecdysteroids produced by the prot-
horacic glands during pupation in silkmoths is summarized in Fig. 5.1. The figure
illustrates that ovarian follicle development occurs in two phases: an early phase
dependent on high ecdysteroid titers from previtellogenesis to middle vitellogenesis
and a late phase dependent on low ecdysteroid titers from middle vitellogenesis
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Fig. 5.1 Regulation of silkmoth (Bombyx mori) oogenesis during pharate adult and adult devel-
opment by 20E produced by the prothoracic glands. Panel a: Induction of vitellogenesis by rising
titers of 20E in the hemolymph. Indicated are different phases in the hormone response: early
(repression of FTZ-F1, transient induction of B1-EcR and E75C, permanent induction of E75A),
early-late (induction of HR3B and HR3C) and late (induction of HNF-4A, HR3A and ESP).
Expression of ESP (egg-specific protein, a yolk protein precursor produced by the follicular
epithelium; Sato and Yamashita, 1991) marks the initiation of vitellogenesis. Panel b: Induction
of choriogenesis by declining titers of 20E in the hemolymph. At the top of the cascade is shown
the nuclear receptor FTZ-F1, which plays a pivotal role in the regulation of developmental events
during low titers of ecdysone (Broadus et al., 1999). As in Drosophila, induction of FTZ-F1 may
be triggered by changes in the relative levels of the HR3 and E75 receptors (Swevers et al., 2002).
Expression of FTZ-F1 is followed by the repression of HR3 and EcR/USP (at 6-12h), induction
of E75C, GATAP and SH3 (at 12h), repression of ESP (at 12-18h) and induction of chorion gene
expression (at 18-24h). Because the vitellin membrane protein VMP30 is co-expressed with FTZ-
F1, it was hypothesized that FTZ-F1 is a positive regulator of the expression of VMP30 (Kendirgi
et al., 2002). Note that the deduction of the regulatory cascades that trigger vitellogenesis and
choriogenesis in the silkmoth is based on expression patterns of mRNAs and remains to be inves-
tigated by functional analysis (See Color Plates)
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until the end of choriogenesis. It can also be noted that silkmoth ovarian devel-
opment is completely dependent on ecdysteroid signalling and that juvenile
hormone (JH) does not play a role in silkmoth ovarian development (Izumi
et al., 1984).

Besides the production of ecdysteroids by the prothoracic glands at early
pupation that triggers ovarian development, the ovary itself also starts to produce
ecdysteroids at day 4 after larval-pupal ecdysis (Ohnishi and Chatani, 1977).
Ecdysteroids that were identified include ecdysone and 20E as well as several of
their biosynthetic precursors and metabolites such as 2-deoxyecdysone, 2-deoxy-
20E, 2, 22-bisdeoxy-20E, 3-epi-ecdysone and 3-epi-2-deoxy-ecdysone (Legay
et al., 1976; Ohnishi et al., 1989; Sonobe and Yamada, 2004). Several lines of
evidence indicate that the ecdysteroids produced by the ovary have no autocrine/
paracrine or endocrine function to regulate the progression of oogenesis in the
silkmoth. First, the ecdysteroids produced by the ovary are not secreted towards
the hemolymph but accumulate in the eggs, mainly as ecdysteroid conjugates (C22
and C3 phosphate esters; Sonobe and Yamada, 2004). Second, as argued above, the
experiments using the ecdysone agonist tebufenozide have clearly demonstrated
that progression of vitellogenesis towards choriogenesis requires decline, not
activation, of ecdysone signalling (Swevers and Iatrou, 1999). Third, suppression
of the ecdysteroid content of ovarian follicles through the administration of the
imidazole compound KK-42, a potent inhibitor of ecdysone synthesis, does not
cause a disruption in ovarian follicle development (Kadono-Okuda et al., 1994).
Application of KK-42 produced instead maternal defects on fertilization, embryo-
genesis and hatching of silkworm larvae.

These data argue for a role of ovarian ecdysteroids in progression of oocyte meiotic
arrest and as ‘maternal’ ecdysteroids stored in the form of inactive ecdysteroid
conjugates in the egg to regulate cuticulogenesis or morphogenetic events during
embryogenesis (Lanot et al., 1989). In the silkmoth, however, contradictory results
were obtained regarding correlation of ecdysteroid levels with cuticle formation in
the embryo (Mizuni et al., 1981; Gharib and De Reggi, 1983; Gharib et al., 1983;
discussed in Sonobe and Yamada, 2004). More recently, production of free 20E
from pools of maternal ecdysteroid conjugates has been shown to be responsible
for the developmental difference between diapausing and non-diapausing embryos
(Makka et al., 2002).

Although an ‘autocrine’ or ‘paracrine’ role for ecdysteroids during ovarian follicle
development is not likely in the case of the silkmoth, more recent experiments
have pointed to such a role for prostaglandins. Application of non-steroidal anti-
inflammatory drugs such as aspirin and indomethacin that block the production of
prostaglandins by the cyclooxygenase enzyme, to ovarian follicles in culture results
in arrest of follicle development (Machado et al., 2007). The arrest by aspirin and
indomethacin can be reversed by exogenous application of prostaglandins and
cAMP. Thus, as in mammalian models, prostaglandins may act through the activa-
tion of a membrane-bound G protein-coupled receptor (GPCR) and production
of cAMP. However, prostaglandin signalling is unlikely to have a developmental
role since they are required at all stages of follicle development investigated,
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from middle vitellogenesis to late choriogenesis. Of note is the observation that
exogenous prostaglandins or cAMP can not rescue the developmental arrest
induced by tebufenozide. Prostaglandins may play a ‘homeostatic’ role in ovarian
follicle development (Machado et al., 2007).

Recently, several genes that encode cytochrome P450 enzymes involved in the
ecdysone biosynthetic pathway were identified in Drosophila and Bombyx (Warren
et al., 2004; Gilbert and Warren, 2005; Namiki et al., 2005; Ono et al., 2006).
It will be of interest to determine at which stages of oogenesis the cytochrome P450
genes are expressed in the silkmoth. Furthermore, FTZ-F1, besides its established
role as a ‘competence’ factor in the regulation of developmental transitions from
high to low ecdysteroid titers, is also known as the insect homolog of the nuclear
receptor steroidogenic factor-1 (SF-1) which plays essential roles in the differentia-
tion of steroidogenic organs (gonads and adrenals) in mammals (Val et al., 2003).
Recently, a role for BFTZ-F1 was also proposed to regulate the ecdysteroidogenic
activity in the prothoracic gland through modulation of the expression levels of
ecdysteroidogenic cytochrome P450 enzymes (Parvy et al., 2005). It remains to be
determined if a parallel situation exists also exists in the Bombyx ovary and that
the expression of BmFTZ-F1 coincides with expression of ecdysteroidogenic genes
such as phantom and disembodied.

5.3 The Silkmoth Paradigm: Applicability to Other
Lepidopteran Insects?

In contrast to the silkmoth, ovarian development in many other lepidopteran
insects is not initiated at the pupal stage in coordination with the metamorphic
processes. In fact, ovarian development in lepidopteran insects is divided in four
classes according to the extent of its coupling to metamorphic processes (review by
Ramaswamy et al., 1997).

The first class, to which Bombyx (Bombycidae: Bombycoidea) belongs,
comprises those species where oogenesis is initiated and completed during the
larval and pupal stages in concert with metamorphic processes that are orchestrated
by 20E. Oogenesis (vitellogenesis) in these species can be inhibited by JH (Davis
etal., 1990). Other lepidopterans belonging to this class include Hyalophora cecropia
(Saturniidae: Bombycoidea), Malacosoma pluviale (Lasiocampidae: Bombycoidea)
and Lymantria dispar (Lymantriidae: Noctuoidea) (Ramaswamy et al., 1997).

In the second class of lepidopteran insects (example: Plodia interpunctella
(Pyraloidea)), dependence of ovarian development on metamorphic events is
reduced. In this moth, declining levels of ecdysteroids trigger vitellogenesis during
pupation while completion of follicle development beyond vitellogenesis occurs
before adult eclosion and is regulated by unknown factors (Shirk et al., 1992).

A further reduction on metamorphic events occurs in the third class, exemplified
by Manduca sexta (Sphingidae: Bombycoidea), Diatraea grandiosella (Pyralidae:
Pyraloidea) and Choristoneura fumiferana (Tortricoidea): in those lepidopterans,
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vitellogenesis in the pharate adult occurs in the absence of ecdysteroids while
completion of vitellogenesis and choriogenesis is regulated in the teneral adult by
JH (Nijhout and Riddiford, 1974, 1979; Satyanarayana et al., 1994; Delisle and
Cusson, 1999; Ramaswamy et al., 1997).

In the last (fourth) class, oogenesis takes place in the adult stage and is exclu-
sively regulated by JH (Ramaswamy et al., 1997). In these cases, ecdysteroids can
block the gonadotropic action of JH while mating stimulates the production of
eggs (Satyanarayana et al., 1992). Species belonging to this class include Pieris
brassicae (Pieridae: Papilionoidea), the nymphalids (Papilionoidea) Polygonia
c-aureum, Nymphalis antiopa and Vanessa cardui, Danaus plexippus (Danaidae:
Papilionoidea) and the noctuids (Noctuoidea) Heliothis virescens, Helicoverpa zea
and Pseudaletia unipuncta (Ramaswamy et al., 1997).

From the examples described above, it appears that there is no clear correlation
between phylogenetic relationships and class of ovarian development. Thus, the
dependence (or independence) of ovarian development from metamorphic events
orchestrated by 20E must have originated many times within the order of the
Lepidoptera (Ramaswamy et al., 1997).

It is possible that the mechanism by which ovarian development in lepi-
dopteran insects becomes dependent on 20E during metamorphosis involves
heterochronic shifts in the expression of the ecdysone receptor ECR/USP. Thus,
species belonging from class 3 to 1 are expected to show progressive shifts of
expression of EcCR/USP (and, consequently, dependence on regulation by 20E)
to earlier stages of ovarian development or oogenesis. Such shifts in temporal
expression of the ecdysone receptor have been described in gall midges (Diptera:
Cecidomyiidae) where early (first larval) versus late (last larval) expression of
EcR/USP directs paedogenetic or metamorphic ovarian development, respec-
tively (Hodin and Riddiford, 2000). Also in Drosophila it was observed that
alterations in the timing of expression of EcR in the ovary can uncouple the proc-
ess of ovarian differentiation from tissue differentiation in the rest of the animal
(Hodin and Riddiford, 1998).

In class 2 lepidopterans, such as Plodia interpunctella, it can be predicted that
the regulatory cascade induced by a decline in ecdysteroid signalling occurs as in
B. mori, but is shifted to earlier stages of oogenesis (vitellogenesis). On the other
hand, it will also be interesting to investigate the expression pattern of the genes
involved in the ecdysone regulatory cascade in representatives of classes 3 and 4
of lepidopteran ovarian development. Although oogenesis in these classes is inde-
pendent of ecdysteroids produced by the prothoracic glands during metamorphosis,
the ovaries synthesize ecdysteroids and ecdysteroid conjugates which accumulate
in the eggs implicating a role in embryonic development as discussed above
(Kaplanis et al., 1973; Bollenbacher et al., 1978; see further below). Investigation
of the expression pattern of ecdysone-responsive genes during oogenesis in mem-
bers of these classes could clarify whether ecdysteroids produced by the ovaries
would also have an autocrine/paracrine function to regulate the progression of fol-
licle development (as has been hypothesized in other insect species, most notably
Drosophila, see further below).
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If ecdysteroids play a role in the regulation of oogenesis of class 3 lepidopter-
ans, it can be expected that ecdysone agonists influence ovarian development after
adult eclosion. This is observed in the codling moth, Cydia pomonella (Tortricidae:
Tortricoidea), where application of tebufenozide and methoxyfenozide to adults
results in reduction in fecundity (Sun et al., 2003a). Reduction in fecundity and/
or fertility after treatment by ecdysone agonists was also observed in other lepi-
dopteran species such as Helicoverpa zea, Platynota idaeusalis and Spodoptera
exigua (Smagghe and Degheele, 1994a, b; Carpenter and Chandler, 1994; Sun et
al., 2003a). It was suggested that the reduced fecundity was due to interference with
normal ovarian development such as failure of completion of choriogenesis (Sun et
al., 2003a, b). EcR and USP are expressed in the adult ovary of Cydia, implicating
the ovary as a direct target of ecdysone agonists, and the expression of EcR and
USP is modulated by the ecdysone agonists (Sun et al., 2003a, b). However, the
above studies did not investigate in detail which stages of oogenesis were affected
by the ecdysone agonists and further work therefore needs to be done to elucidate
the exact role of 20E in the regulation of oogenesis in Cydia.

In the most studied lepidopteran (besides B. mori), Manduca sexta, the main
ecdysteroid found in ovaries and eggs is 26-hydroxyecdysone 26-phosphate
(Thompson et al., 1984, 1985b). As also hypothesized in other insects, this con-
jugate could serve as precursor for the release of free ecdysteroids to regulate
developmental events during embryogenesis. Peak levels of free ecdysteroids
(mainly 26-hydroxyecdysone in early embryos and 20,26-hydroxyecdysone in late
embryos) have been observed to coincide with the deposition of serosal and larval
cuticle (Warren et al., 1986; Dorn et al., 1987) but it is not clear whether these rep-
resent the biologically active ecdysteroids (Lanot et al., 1989). In vitro experiments
have shown that o-ecdysone, 20E and makisterone A promote elongation and seg-
mentation of the embryonic germ band in Manduca although the concentrations of
these ecdysteroids during Manduca embryogenesis always remained relatively low
(Warren et al., 1986; Lanot et al., 1989).

Interestingly, Manduca eggs also contain a non-ecdysteroid conjugate, S-pregnen-
3B,20B-diol glucoside, of which the steroid moiety correspond to a C,, steroid one
biosynthetic step away from pregnenolone, the precursor of steroid hormones in
vertebrates (Thompson et al., 1985a). However, this compound is located in high
quantities on the surface of the egg, where it probably serves a protective role as
an antibacterial or antifungal reagent or as a feeding deterrent against predators
(Thompson et al., 1985a; Meinwald et al., 1985).

In the noctuid Spodoptera frugiperda (class 4), ecdysteroids produced by the
ovary seem to have acquired a function that is normally observed in dipteran
insects. While JH regulates the formation of vitellogenic follicles in this species, it
was also observed that injection of 20E into decapitated female adults results in the
production of vitellogenin by the fat body (but not the uptake of vitellogenin by the
ovary; Sorge et al., 2000). Thus, besides stimulation of vitellogenin uptake by
the ovary, JH seems to stimulate the production of ecdysteroids which are released
in the hemolymph and stimulate vitellogenin synthesis in the fat body, similar to
dipteran insects (see further below).
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5.4 Control of Oogenesis by the Ecdysone Regulatory Pathway
in Aedes aegypti and Drosophila melanogaster

The two dipteran species from which most is known regarding the role of ecdys-
teroids in the regulation of oogenesis are the fruitfly, Drosophila melanogaster,
and the yellow fever mosquito, Aedes aegypti. However, knowledge in both species
differs regarding the processes that are affected by ecdysteroids. In Drosophila, the
availability of a large array of genetic tools has allowed the analysis of the function
of genes of the ecdysone regulatory hierarchy during follicle development in the
ovary (Buszczak et al., 1999; Carney and Bender, 2000). In the mosquito, on the
other hand, research has focused on the molecular mechanism of the regulation of
the production of yolk protein precursors in the fat body by ecdysteroids produced
by the ovary (Raikhel et al., 1999, 2005; Li et al., 2000). By contrast, relatively
little is known regarding the role of the ecdysteroid regulatory cascade in follicle
maturation in the ovary of the mosquito.

5.4.1 Aedes aegypti

In the anautogenous mosquito Aedes aegypti, vitellogenesis and follicle maturation
occur synchronously following a blood meal (Raikhel and Lea, 1990). At the time
of adult eclosion, each ovariole consists of the germarium and one follicle. JH is
responsible for the maturation of the primary follicles in the ovary and the fat body
to a resting stage at which they become competent to respond to a blood meal and
initiate vitellogenesis and yolk protein precursor synthesis, respectively (Bownes,
1986; Pierceall et al., 1999). Following a blood meal, ecdysteroid synthesis, prin-
cipally of a-ecdysone, is initiated in the ovary (Hagedorn, 1985), presumably in
the follicular epithelium that surrounds the oocyte/nurse cell complex of the first
follicle, and ecdysteroids accumulate in the hemolymph where they stimulate the
first cycle of yolk protein precursor synthesis in the fat body (Deitsch et al., 1995;
Zhu et al., 2000). Other functions associated with ecdysteroids during mosquito
follicle maturation include the formation of the vitellin membrane envelope in the
primary follicle (Lin et al., 1993) and the separation of the secondary follicle from
the germarium (Beckemeyer and Lea, 1980).

Stimulation of ecdysone synthesis in the ovary following a blood meal occurs
through the action of neurosecretory signals from the brain and the gut, includ-
ing the ovary ecdysteroidogenic hormone (OEH), a neuroparsin homolog, and
insulin-like peptides (Brown et al., 1998; Riehle and Brown, 1999; Badisco et al.,
2007). The action of insulin-like peptides in the mosquito ovary has been shown to
involve a conserved signaling pathway that includes an insulin receptor homolog,
phosphatidyl-inositol 3-kinase and protein kinase B (Graf et al., 1997; Riehle and
Brown, 1999, 2003; Wu and Brown, 2006). To which extent the transduction path-
ways of OEH and insulin-like peptides interact is unknown at present.
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The classical ecdysteroid regulatory cascade that has been elucidated first
during molting and metamorphosis in Drosophila seems to be reiteratively used
during the vitellogenic cycle of the fat body in Aedes (Raikhel et al., 1999, 2003).
Significant progress has been achieved in the understanding of the regulation of the
transcription of the vitellogenin gene by the ecdysteroid regulatory cascade in the
fat body as well as the mechanisms that regulate the competence of the fat body
to respond to ecdysone and the termination of the vitellogenic response (Martin
et al., 2001; Kokoza et al., 2001; Zhu et al., 2000, 2003a, b, 2006; Sun et al., 2005;
review by Raikhel et al., 2005). What is less understood, however, is whether the
same regulatory mechanisms are also operational in the primary follicles during the
first vitellogenic cycle when they progress through previtellogenic growth, resting
stage, vitellogenesis and choriogenesis concomitantly with fluctuating titers of JH
and 20E. Nevertheles, although less extensively studied than the fat body, data exist
with respect to the expression of ecdysone-responsive genes in the ovary of the
mosquito and the possible functional significance of these will be discussed below.
Although expression patterns were studied using whole ovaries, it can be inferred
that these reflect primarily changes in the primary follicle as it undergoes dramatic
changes during the first vitellogenic cycle.

Although the mosquito ovary traditionally is not considered a target for 20E
(Bownes, 1986), several genes that are historically implicated in the ecdysone
response such as E75, HR3, E74 and BR-C are expressed in the ovary during
the vitellogenic cycle (Pierceall et al., 1999; Kapitskaya et al., 2000; Sun et al.,
2002; Chen et al., 2004). In addition, the expression of EcR mRNA increases at
the initiation of vitellogenesis concomitantly with a switch in usp isoform expres-
sion (Cho et al., 1995; Kapitskaya et al., 1996, 2000; Wang et al., 2000). Besides
the traditional ecdysone-responsive genes, also the B isoform of the mosquito
orphan nuclear receptor HNF-4 is induced in ovarian tissue following a blood
meal (Kapitskaya et al., 1998). Possible target genes for ECR/USP and the early
ecdysone-responsive genes in the ovary include the components of the machinery
for uptake of yolk protein precursor genes such as the vitellogenin receptor, clath-
rin heavy chain, and lipophorin receptor (Sappington et al., 1995; Kokoza et al.,
1997; Cho and Raikhel, 2001; Cheon et al., 2001; Seo et al., 2003). In contrast to
the regulation of the vitellogenin gene in the fat body, however, nothing is known
whether EcR/USP and early ecdysone-responsive gene products bind to promoter
elements of the target genes and how they interact with ovary-specific factors to
stimulate gene expression during vitellogenesis. It can also be pointed out that the
vitellogenin receptor, clathrin heavy chain and lipophorin receptor are expressed
in the oocyte/nurse cell complex and that candidate target genes in the follicular
epithelium remain to be identified.

Finally, one isoform of the classical ecdysone-responsive genes, E74A, is likely
involved in the termination of vitellogenesis in both fat body and ovary. In the ovary,
its expression coincides with the synthesis of the vitelline envelope in the terminal
follicle (Sun et al., 2002).

In summary, the data indicate that genes historically involved in the regulation
of the ecdysone response have an expression pattern in the ovary consistent with
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those of regulators of vitellogenesis. The expression pattern also follows the rise
and fall of ecdysteroid in the haemolymph and therefore could indicate regulation
by ecdysteroids in similar fashion as in the fat body.

Recently, it was observed that the stimulation of expression of yolk protein
precursor genes by 20E in the fat body requires the target-of-rapamycin (TOR)
pathway that mediates nutrient (amino acid) signaling (Attardo et al., 2003; Hansen
et al., 2004). Whether this pathway is also functional in the ovary and interacts with
the 20E regulatory cascade remains to be investigated.

While ecdysone produced by the ovary in the mosquito is secreted in the
hemolymph to act as a hormone to regulate vitellogenesis, the possible production
of ecdysteroid conjugates by the ovary, as observed in other insect species, that
accumulate in the oocytes and are used in egg development has not received much
attention. The site of ecdysteroid synthesis in the vitellogenic ovary also remains
to be determined. Since many ecdysteroidogenic enzymes have been identified in
Drosophila and Bombyx (Gilbert and Warren, 2005) and the genome sequence of
Aedes has become available recently (Nene et al., 2007), identification of Aedes
homologs should also be straightforward and allow determination of their expression
during follicle maturation in the ovary. Finally, it would be interesting to correlate
the appearance of mRNAs of ecdysteroidogenic enzymes with the expression of
putative transcriptional regulators such as FTZ-F1 (Parvy et al., 2005).

Control of vitellogenin synthesis in the fat body by ecdysteroids produced by
ovarian tissue is conserved in anautogenous flies that develop eggs in batches and
require a protein meal for egg development such as the house fly, Musca domestica, and
the blowflies Calliphora vicina, Neobellieria bullata and Phormia regina (Adams
et al., 1985; Huybrechts and De Loof, 1982; Briers and Huybrechts, 1984). Similar
to the mosquito, JH is the predominant hormone after eclosion that stimulates pre-
vitellogenic follicle development in the ovary and prepares the fat body to respond to
ecdysteroids to synthesize large quantities of yolk protein precursors (Adams et
al., 1985). Protein meal uptake subsequently induces ovarian growth and production
of ecdysteroids that stimulate vitellogenin synthesis in the fat body. Other roles for
20E produced by the ovary in flies include the control of parturition in the tsetse fly,
Glossina fuscipus (Robert et al., 1986), and the production of pheromone in Musca
(Adams et al., 1984). Interestingly, 20E can also induce vitellogenin synthesis in male
Neobellieria, Phormia and Lucilia (Huybrechts and De Loof, 1977, 1982) and this
has also been observed in Drosophila (Bownes et al., 1983).

5.4.2 Drosophila melanogaster

In species continuously laying eggs, such as Drosophila, follicle development
in the ovarioles occurs asynchronously and its progression is modulated under
the influence of external environmental factors such as food intake and mating
(Spradling, 1993). Early physiological studies on Drosophila oogenesis focused on
the regulation of vitellogenin synthesis in the fat body and vitellogenin uptake by
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the ovary (Postlethwait and Handler, 1979; Schwartz et al., 1985; Bownes, 1989;
Hagedorn, 1989). More recently, however, with the availability of genetic tools and
the identification of genes involved in the biosynthesis as well as the transduction
of 20E, it became possible to analyze the action of 20E within the developing ovary
in a manner that has hitherto not been possible in other insects.

The discussion of oogenesis in Drosophila is divided in three parts. In the first
part, experiments will be considered that relate to physiological and molecular
effects of 20E on the process of oogenesis. The second part involves the phenotypic
changes in ovarian follicle development following genetic manipulation of genes
involved in the 20E biosynthetic and regulatory pathways. A final part will address
the subject of the accumulation of maternal ecdysteroids in the developing oocytes
of Drosophila.

5.4.2.1 Physiological Experiments

Ecdysteroids play both positive and negative roles in the regulation of oogenesis
in Drosophila (Riddiford, 1993b; Soller et al., 1999). The positive effects of JH
and 20E on the development of immature ovaries immediately after eclosion are
probably related to their effects on the completion of metamorphosis. In isolated
abdomens or decapicitated females prepared immediately after adult eclosion, JH
stimulates yolk protein synthesis in both fat body and ovary while the stimulatory
action of 20E is restricted to the fat body only (Jowett and Postlethwait, 1980;
Postlethwait and Shirk, 1981). The action of JH on the fat body may be indirect
since it stimulates ecdysteroid production in the ovary (Schwartz et al., 1989). On
the other hand, the effects of 20E on yolk protein expression in the fat body also
seem to be indirect and therefore may involve the classical ecdysteroid regulatory
cascade as observed in the mosquito (Bownes et al., 1987, 1996).

Also in diapausing female adults, which are arrested at previtellogenic stages,
termination of diapause and induction of vitellogenesis is achieved after injection
of 20E (Richard et al., 1998). Based on this and other observations, it was proposed
that ecdysteroids produced by the ovary or other sources (Bownes, 1989) stimulate
yolk protein synthesis by the fat body as well as yolk protein uptake from the ovary
immediately after eclosion when follicles are at the previtellogenic stages (Richard
et al., 1998, 2001).

During later stages of oogenesis, alternatively, 20E has negative effects on ovar-
ian follicle development. The critical period at which 20E exerts its negative effects
is at stages 8 and 9 of follicle development which correspond to the initiation of
vitellogenesis (Drummond-Barbosa and Spradling, 2001). In adverse physiological
conditions that do not support oocyte maturation such as starvation, stress or absence
of mating, ecdysteroid titers rise and cause nurse cell apoptosis and follicle degenera-
tion in stage 8 and stage 9 follicles (Soller et al., 1999). In beneficial physiological
conditions, on the other hand, the effects of 20E are counterbalanced by increased
production of JH which stimulates initiation of vitellogenesis (Soller et al., 1999;
Gruntenko et al., 2003).
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In the case of mating, its positive effects on progression of follicle development
are mediated by the transfer of the sex peptide, a product of the male accessory
glands, to the female (Chen et al., 1988; Kubli, 1996). The sex peptide acts on the
corpora allata to stimulate the production of JH (Moshitzky et al., 1996) which
counteracts the apoptotic effect of 20E on vitellogenic follicles (Soller et al., 1999).
Similarly, the availability of abundant nutritional resources results in the initia-
tion of vitellogenesis, presumably through the stimulation of the insulin pathway
(Leevers, 2001), while during starvation, apoptosis of stage 8 and 9 follicles is initi-
ated (Terashima and Bownes, 2004, 2005). Nutritional stimulation of vitellogenesis
is protected by JH and counteracted by 20E (Terashima et al., 2005). Thus, a correct
balance between JH and ecdysteroids is essential for the progression of vitellogenic
follicle development in Drosophila (Soller et al., 1999; Gruntenko et al., 2003;
Terashima et al., 2005).

During the initiation of the apoptosis response by 20E or nutritional stress,
switches occur in the expression of the ecdysone-responsive genes at stages 8 and
9 of follicle development (Terashima and Bownes, 2004, 2006). Increases in ecdys-
teroid concentrations result in increases in expression of the Z2 and Z3 isoforms
of Broad-Complex in the cells of the follicular epithelium (Terashima and Bownes,
2004). The increase in Z2 and Z3 results in a decrease in E75B expression and an
increase in E75A levels which induces apoptosis in the nurse cells of stage 8 and 9
follicles (Terashima and Bownes, 2006) (Fig. 5.2).

5.4.2.2 Genetic Analysis

The availability of mutants of genes involved in the ecdysone biosynthetic and
regulatory pathways as well as the genetic tools to alter their expression in develop-
ing follicles has allowed an assessment of the role of ecdysteroids during oogenesis
in Drosophila which hitherto has not been possible in other insects. As outlined,
the discussion of genes of the ecdysone biosynthetic and regulatory pathways will
be discussed separately. A third part discusses the activation of ecdysone ‘sensors’
during oogenesis in transgenic animals.

(a) Genes involved in ecdysteroid biosynthesis

Temperature-sensitive ecdysoneless’ (ecd’) mutants that are characterized by reduced
ecdysteroid levels at the restrictive temperature show a developmental arrest at the
onset of vitellogenesis during ovarian follicle development, indicating that 20E may
be required for the progression of oogenesis beyond stage 8 (Audit-Lamour and
Busson, 1981; Walker et al., 1987). Analysis of ovaries with non-conditional ecd/
ecd clones show that ecdysoneless is required in the follicle cells for appropriate
follicle formation in the germarium (Gaziova et al., 2004). On the other hand, ecd/
ecd germline clones show developmental arrest prior to vitellogenesis due to nurse
cell degeneration. Molecular characterization of ecdysoneless shows that it encodes a
conserved protein with unknown function that has broad expression in both ecdyster-
oidogenic and non-ecdysteroidogenic tissues (Gaziova et al., 2004). In ovaries, ecd
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Fig. 5.2 Model to explain the hierarchy of ecdysone response genes regulating apoptosis of stage
8 and 9 follicles in Drosophila melanogaster. Upper Panel: Complete nutrition induces normal
development of follicles during oogenesis. In this case, just the Z1 isoform of BR-C is expressed
in the follicle cells at stage 8. E75B suppresses E75A expression to prevent apoptosis. Middle
Panel: Injection of 20E induces apoptosis in stage 8 and 9 follicles. 20E injection results first in
induction of the Z2 and Z3 isoforms of BR-C which in turn decrease E75B and increase E75A
expression. While E75B is an apoptosis inhibitor, E75A is an apoptosis inducer. Lower Panel:
Starvation induces apoptosis in stage 8 and 9 follicles. During starvation, ecdysone concentrations
increase and the Z2 and Z3 isoforms of BR-C become expressed in the follicle cells to suppress
E75B and activate E75A expression. The increase in E75A results in induction of apoptosis.
JH can counteract the effects of starvation by interference with the increase in ecdysone concen-
tration and by stimulation of the expression of E75B (Reprinted from Terashima and Bownes,
(2006). E75A and E75B have opposite effects on the apoptosis/development choice of the
Drosophila egg chamber. Cell Death Differ. 13, 454-464. With permission from Macmillan.) (See
Color Plates)
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is expressed in both nurse cells and follicle cells (Gaziova et al., 2003). However,
although it was proposed that the ecdysoneless gene product is involved in the regu-
lation of ecdysteroid biosynthesis by facilitating the translocation of sterol precursors
between different subcellar compartments (Warren et al., 1996), ecd clearly affects
other cellular processes besides ecdysteroidogenesis. Thus, the observed phenotype
of oogenesis arrest could be caused by the involvement of the gene in other cellular
processes besides ecdysteroidogenesis.

Also mutations in the gene dare, which encodes the Drosophila homolog of adren-
odoxin reductase, a mitochondrial protein that transports electrons to cytochrome
P450 enzymes, including ecdysteroidogenic enzymes, cause developmental arrest of
oogenesis at stages 8-9 (Buszczak et al., 1999; Freeman et al., 1999). Expression of
dare occurs in the nurse cell complex (Freeman et al., 1999). Although it is tempt-
ing to speculate that the phenotypic effects in dare mutants are due to decreased
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ecdysteroidogenesis, the disruption of other cellular processes caused by dysfunction
of other cytochrome P450 enzymes, however, can not be discounted.

Recent molecular characterization of the Halloween gene family identified
several members of the cytochrome P450 enzymes that are involved in 20E
biosynthesis (Gilbert and Warren, 2005). These genes include disembodied (dib)
that encodes the C22-hydroxylase, shadow (sad) encoding the C2-hydroxylase,
shade (shd) corresponding to the C20-hydroxylase, phantom (phm) that produces the
C25-hydroxylase and spook (spo) that probably catalyzes an early step in ecdysteroid
synthesis (Chavez et al., 2000; Warren et al., 2002; Petryk et al., 2003; Warren et al.,
2004; Namiki et al., 2005; Ono et al., 2006). For all of these genes, their expression
in the ovary has been reported while for some mutant ovarian phenotypes have been
described. Thus, the genes shd, phm and sad are expressed in both nurse cells and
follicle cells while expression of dib and spo is restricted to the follicle cells. In all
cases highest expression levels are observed in later stages of oogenesis, from stage
8 until stage 11. While it was observed that dib is not required in the germline for
progression of oogenesis (Chavez et al., 2000), mutants of shd and spo, interestingly,
are arrested in oogenesis at the initiation of vitellogenesis (Petryk et al., 2003; Ono
et al., 2006). Because it is expected that the spo and shd gene products have very
specific functions involved solely in ecdysteroid biosynthesis, these data therefore
indicate a requirement for 20E production in ovarian tissue to regulate progression
towards vitellogenesis. Moreover, in this case, 20E must act as a paracrine or auto-
crine factor since its effects are exerted within the same organ where it is produced.

Other genes involved in ecdysteroidogenesis are Startl, that encodes a putative
cholesterol transporter and neverland (nvd), encoding a Rieske-domain protein that
probably catalyzes the conversion from cholesterol to 7-dehydro-cholesterol, the first
step of ecdysteroidogenesis (Roth et al., 2004; Yoshiyama et al., 2006). As detected
by in situ hybridization, both genes are expressed in the nurse cells. In the case of
Startl, it is speculated that its presence in the nurse cells corresponds to its production
prior to transport and storage in the oocyte as maternal mRNA (Roth et al., 2004).

Transcription factors involved in the regulation of the expression of ecdyster-
oidogenic enzymes in the prothoracic glands include the products of the genes
without children (woc) and BFTZ-F1 (Warren et al., 2001; Parvy et al., 2005). However,
their expression pattern or functional analysis during oogenesis has not been
described so far.

(b) Genes involved in the ecdysone regulatory pathway

The components of the ecdysone receptor heterodimer, EcR and usp, as well as
the early gene products E75, E74 and BR-C are expressed during Drosophila
oogenesis. EcR as well as USP protein can be detected from early stages in the
germarium until the completion of oogenesis (Khoury-Christianson et al., 1992;
Buszczak et al., 1999; Carney and Bender, 2000). High expression levels of EcR
protein (B1 and B2 isoform) are observed in the border cells, a group of special-
ized cells that migrate from the anterior pole of the follicular epithelium through
the nurse cell complex during stages 9 and 10 and constitute precursor cells of the
micropyle channel (Buszczak et al., 1999; Bai et al., 2000). In situ hybridization
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also detects expression of E74 and E75, especially in the nurse cells and follicle
cells of follicle stages 8 until 10 (Buszczak et al., 1999). A bimodal expression
pattern is observed for BR-C protein, with an early expression pattern (stages 5—0)
separated from a late pattern (stages 10-13) (Deng and Bownes, 1997; Buszczak
et al., 1999; Tzolovsky et al., 1999).

Changes in ecdysteroid levels such as those induced by temperature shifts in
ecdysoneless' mutants or during ovarian cultures in the presence of 20E modulate
the expression of E75 and BR-C, indicating the activation of the ecdysone regula-
tory cascade during oogenesis (Buszczak et al., 1999). As noted above, it was
observed also that administration of 20E can mimic nutritional stress in Drosophila
resulting in changes in BR-C and E75 isoform expression during stages 8 and 9 fol-
lowed by induction of apoptosis (Terashima and Bownes, 2004, 2006) (Fig. 5.2).

However, it is clear that E75 and BR-C expression during oogenesis can be
regulated by other pathways besides the involvement of 20E. Spatial patterns of
E75 mRNA expression in the follicular epithelium are modulated by the epidermal
growth factor receptor (EGFR) pathway (Buszczak et al., 1999). In the case of
the late BR-C expression pattern, both EGFR and Decapentaplegic/transforming
growth factor B (Dpp/TGFp) pathways cooperate to restrict BR-C expression to
two dorsolateral patches of follicle cells that correspond to the regions from which
the dorsal appendages, two specialized eggshell structures, are derived (Deng and
Bownes, 1997; Tzolovsky et al., 1999).

Germline clones of EcR, E75 and E74 cause developmental arrest and degen-
eration of follicles (stages 6-7 for EcR; stages 8-9 for E75 and E74) (Buszczak
et al., 1999; Carney and Bender, 2000). Because the similarity in phenotype with
mutations that cause a defect in ecdysteroid synthesis, a model was proposed in
which ecdysteroids produced at the beginning of vitellogenesis act in a paracrine
or autocrine manner (i.e., within the developing follicle) to activate the ecdysone
regulatory cascade and progression of oogenesis (Buszczak et al., 1999; Freeman
et al.,, 1999). In addition, EcR (B1 and B2 isoforms) seems to be implicated in
border cell migration since mutations in the taiman (tai) gene, that encodes a p160
transcriptional co-activator of EcR, cause defects in border cell migration (Bai
et al., 2000; Montell, 2001).

Also BR-C plays a role at the initiation of vitellogenesis to control progres-
sion of oogenesis (Huang and Orr, 1992; Terashima and Bownes, 2004, 2006).
Nutritional stress or high levels of ecdysteroids stimulate expression of the Z2
and Z3 isoforms of BR-C which in turn induce apoptosis through the modulation
of expression levels of E75A and E75B (Terashima and Bownes, 2004, 2006)
(Fig. 5.2). In addition, BR-C regulates other functions during late oogenesis such
as chorion gene amplication, chorion gene expression and dorsal appendage
formation but these functions are clearly independent of 20E signalling (Huang
and Orr, 1992; Deng and Bownes, 1997; Tzolovsky et al., 1999). Interestingly, also
mutations in the Methoprene-tolerant (Met) gene that encodes a bHLH-PAS tran-
scription factor that could possibly function as a JH receptor (Wilson and Ashok,
1998), cause defects in vitellogenic development and genetic interactions were
observed between alleles of BR-C and Met, indicating that they may operate in the
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same genetic pathway (Wilson et al., 2006). Given the antagonism between JH and
ecdysteroids to regulate progression of vitellogenesis or apoptosis, both pathways
could converge on the regulation of the expression of particular BR-C isoforms to
decide the developmental fate of early vitellogenic follicles (see discussion above;
Terashima and Bownes, 2004, 2006).

In contrast to EcR, E75, E74, and BR-C mutants, usp mutants show no defects in
progression of oogenesis at the initiation of vitellogenesis (Oro et al., 1992). On the
other hand, genetic studies have shown that usp is required for fertilization and
chorion formation (Perrimon et al., 1985; Oro et al., 1992). The fertilization defect
is likely due to the failure of border cell migration in usp mutants (Bai et al., 2000; see
also above). Regarding the chorion defect, it was shown that USP binds to essential
elements in chorion gene promoters (Shea et al., 1990; Khoury-Christianson et al.,
1992). However, genetic analysis has shown that the usp* function is required in
the germline, and not the follicle cells (where the chorion genes are produced) to
produce normal chorion (Oro et al., 1992). Thus, it was proposed that USP may
not act directly as a transcriptional of the chorion genes but could function in the
germline to trigger the release of a signal that acts on the follicular cells to promote
chorion gene expression (Oro et al., 1992).

(c) Detection of EcR/USP signalling during oogenesis

If active 20E signalling occurs at particular stages during oogenesis, it should
be detected by ecdysone reporters at these particular stages such as EcRE-lacZ
or EcCRE-GFP in transgenic animals (Kozlova and Thummel, 2003). Using these
constructs, reporter gene activity is restricted to the ‘squamous’ follicle cells,
that overly the nurse cells, and the border cells at stages 10—14 of oogenesis (late
vitellogenesis and choriogenesis; Hackney et al., 2007). Another reporter system
consisting of heat-shock promoter-Gal4-EcR or heat-shock-promoter-Gal4-USP
expression constructs in combination with a Gal4-lacZ reporter shows similar
active EcCR/USP signalling in subsets of follicular cells at the same late stages of
oogenesis. Besides high activity in the ‘squamous’ follicular cells and the border
cells, intermediate to low levels of activity are observed in the centripetally migrat-
ing and main body follicle cells, respectively, using the more sensitive Gal4-based
detection system. However, no reporter gene activity was observed during earlier
stages, despite the broad expression of EcR and USP at these stages (see above).
Interestingly, while EcR reporter activity is sensitive to exogenous ponasterone
A, particularly during early stages of oogenesis, it is also negatively regulated by
the EGFR-MAPK-Ras signalling pathway that defines the dorsal-anterior fate of
the follicular epithelium during late oogenesis (Riechmann and Ephrussi, 2001).
Expression of dominant negative EcR (Cherbas et al., 2003) in the follicular
epithelium results in abnormal follicular cell migrations (including border cell
migration, see above) during stage 10 and aberrant dorsal appendage formation,
due to misregulation of genes that encode epithelial junction components, such
as DE-cadherin, discs large and armadillo. Expression of dominant negative EcR
results also in reduction of chorion gene expression and chorion gene amplification.
Taken together, these data indicate a role for EcR signalling during late oogenesis
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in the follicular epithelium to regulate its morphogenetic movements at the end of
vitellogenesis and the synthesis of the chorion during choriogenesis (Hackney et al.,
2007). The role for EcR signalling in dorsal appendage formation, chorion gene
expression and chorion gene amplification coincides with the requirement for BR-C
function (Huang and Orr, 1992; Deng and Bownes, 1997; Tzolovsky et al., 1999;
see above). However, surprisingly, expression of dominant negative EcR does not
alter expression of BR-C (Hackney et al., 2007). As noted above, the ‘late’ functions
of BR-C are considered to be ecdysteroid-independent (Deng and Bownes, 1997).

In summary, EcR, usp and early genes such as E74, E75 and BR-C seem to
have both ecdysteroid-dependent and ecdysteroid-independent functions during
Drosophila oogenesis. Ecdysteroid-dependent functions occur earlier during
oogenesis at stages 8 and 9 when concentration-dependent expression of specific
isoforms of E75 and BR-C will direct the developmental decision between progres-
sion through vitellogenesis or follicle degeneration. At later stages of oogenesis, on
the other hand, EcR, usp and BR-C are involved in the regulation of the morpho-
genetic movements that mark the end of vitellogenesis and choriogenesis as well
as the synthesis of the chorion (stages 10-14). At those stages, the activity of the
EcR/USP complex and BR-C may be regulated by other signalling pathways such
as EGFR-MAPK-Ras or Dpp/TGFp.

5.4.2.3 Maternal Ecdysteroids and Regulation of Embryogenesis

The ecdysteroid content in freshly oviposited Drosophila eggs is low but increases
after 2h and reaches a maximum before mid-embryogenesis (Mardy et al., 1988).
Analogous to the function of ecdysteroids stored in eggs of locusts (Lanot et al., 1989;
see further below), it was proposed that the rise in ecdysteroids during Drosophila
embryogenesis could be achieved by the hydrolysis of maternal fatty acid ecdysteroid
conjugates (Bownes et al., 1988). A key role in this process would be played by the
yolk proteins which have significant sequence similarity to part of triacylglycerol lipase
and were shown to bind ecdysteroid fatty acid conjugates. In this model, release of
ecdysteroids at a specific period of embryogenesis would be achieved by breakdown
of yolk proteins (Bownes et al., 1988). However, it was also observed that expression
of the ecdysteroidogenic enzymes encoded by the genes sad (C2-hydroxylase) and dib
(C22-hydroxylase) is induced in the embryonic epidermis prior to the differentiation of
the prothoracic gland, indicating that de novo ecdysteroid synthesis contributes to the
rise of ecdysteroid titers prior to mid-embryogenesis (Warren et al., 2002).

Whatever their source, ecdysone signalling in the Drosophila embryo is involved
in the regulation of the morphogenetic movements such as germ-band retraction,
head-involution and dorsal closure during mid-embryogenesis as well as the deposi-
tion of the cuticle during late embryogenesis. This has been shown recently through
over-expression of dominant-negative EcR during early stages of embryogenesis
(Kozlova and Thummel, 2003). Similar phenotypes are observed in mutants for the
genes sad, dib and spo that encode ecdysteroidogenic enzymes (Chavez et al., 2000;
Warren et al., 2002).



5 Ecdysteroids and Ecdysteroid Signaling Pathways During Insect Oogenesis 145

5.5 Ecdysone and Oogenesis in Orthoptera and Dictyoptera

Locusts and cockroaches are well known as classic physiological models of ovar-
ian ecdysteroid production and ecdysteroid-regulated reproductive processes. At the
molecular level, on the other hand, the hemimetabolous insects have lagged behind
the holometabolous insects represented by the lepidopterans Manduca sexta and
Bombyx mori and the dipterans Drosophila melanogaster and Aedes aegypti. Only
recently, homologs of EcR and usp or the classical early ecdysteroid-responsive genes
E75, BR-C and HR3 were isolated in representatives of orthopterans, dictyopterans
and hemipterans (Hayward et al., 1999, 2003; Maestro et al., 2005; Cruz et al., 20006,
2007; Erezyilmaz et al., 2006). In the cockroach, Blatella germanica, the expression
pattern of EcR during ovarian development was determined and functional studies
established essential roles for the ecdysone regulatory pathway during oogenesis.

5.5.1 Locusts

Locusts such as Locusta migratoria and Schistocerca gregaria have served for a
long time as a paradigm for the production of ovarian ecdysteroids, their storage
in eggs and their reiterative use during embryonic development (Sall et al., 1983;
Lanot et al., 1989; Dinan, 1997; Tawfik et al., 1999). In the classical model, ovar-
ian development and vitellogenin synthesis in the fat body are dependent on JH
secretion by the corpora allata while large amounts of ecdysteroids are synthesized
by the ovary at the end of the gonadotropic cycle after the completion of vitello-
genesis (Lagueux et al., 1977). The ecdysteroids are synthesized by the cells of the
follicular epithelium (Glass et al., 1978; Goltzene et al., 1978) and converted mostly
(>95%) to polar conjugates (Gande and Morgan, 1979; Dinan and Rees, 1981).
Most of the ovarian ecdysteroids (>95%) are confined to the terminal oocytes and
only low amounts accumulate in the hemolymph (Lagueux et al., 1977). Thus, in
locusts, a clear role for ecdysteroids is implicated in the regulation of terminal
oogenic events such as the reinitiation of meiosis and their accumulation in eggs
indicates a functional role as maternal ecdysteroids involved in the regulation of
embryonic events.

In Locusta migratoria, titers of free (unconjugated) ecdysone and 2-deoxyecdysone
peak at the posterior pole of the eggs at the times when the nuclear events of re-
initiation of meiosis occur (first and second reinitation at ovulation and egg-laying,
respectively; Lanot et al., 1987). Furthermore, initiation of meiosis can be stimu-
lated by 1-100uM ecdysone both in immature oocytes and in oocytes obtained
from animals with a modified sterol profile and reduced levels of endogenous
ecdysteroids (Lanot et al., 1987, 1988; Costet et al., 1987).

In Locusta, the maternal conjugates of ecdysone and 2-deoxy-ecdysone are
hydrolyzed during embryonic development resulting in distinct peaks in the
free ecdysteroid titer (Lagueux et al., 1984; Rees and Isaac, 1984). In Locusta,



146 L. Swevers and K. Iatrou

four peaks in free ecdysteroid titer, consisting mainly of ecdysone and 2-deoxy-
ecdysone, are observed that can be correlated to the developmental events of
appearance of coelomic somites and appendage anlagen (day 3), blastokinesis (day 4),
dorsal closure (day 5) and appearance of pigmentation (day 9) (Lagueux et al.,
1979). The ecdysteroid peaks also correlate with the deposition of the serosal cuti-
cle and three embryonic cuticles by the embryonic tissues. Correlations between
free ecdysteroid titer and similar embryonic developmental events were also made
in Schistocerca eggs (Scalia et al., 1987; Sbrenna et al., 1989; Tawfik et al., 1999).
Thus, embryonic ecdysteroids in locusts likely are involved in morphogenetic and
cuticular events during embryogenesis as was observed in Drosophila (Kozlova
and Thummel, 2003). However, maternal ecdysteroid conjugates are believed to
serve as precursors of active ecdysteroids only during the first half of embryonic
development, i.e. before the differentiation of the embryonic prothoracic glands
(Lagueux et al., 1979).

The ecdysteroid conjugates that are deposited in the locust eggs are metabolized
during embryonic development with changes occurring on both ecdysteroid genins
and conjugating moieties (Sall et al., 1983). In Locusta, the main maternal ecdyster-
oid conjugates deposited in the egg are C22 adenosinemonophosphate (AMP) esters
of 2-deoxyecdysone and C22 N°-(isopentenyl)-AMP esters of ecdysone (Tsoupras
et al., 1983; Sall et al., 1983). In the course of embryonic development, the release of
free ecdysteroid seems to be a minor pathway while the major pathway consists of the
replacement of the initial set of polar conjugates by new types such as C22 phosphate
and C3 phosphate esters in combination with conversions on the ecdysteroid moiety
such as the epimerization of the 3B-hydroxyl group (Sall et al., 1983). A similar
pattern of metabolic conversions during embryonic development was also observed in
Schistocerca gregaria where C22 phosphates are the major conjugates that accumu-
late initially in the oocyte and the egg (Isaac et al., 1983; Rees and Isaac, 1984).
It was proposed that the physiological role of the change in conjugate type reflects the
“status” of the ecdysteroid conjugate as precursor of active ecdysteroids (C22 AMP
and C22 phosphate esters) or as final inactive end product (C3 phosphate and C3
epi-3-phosphate esters) (Hoffmann et al., 1980).

The deposition of maternal ecdysteroid conjugates is considered a determinant
for the development of the gregarious character of the locust. Gregarious locusts
accumulate larger amounts of ecdysteroids and differences are observed in the
composition of the amounts of ecdysone, 20E, 2-deoxy-ecdysone and 26-hydroxy-
ecdysone between solitary and gregarious embryos (Tawfik et al., 1999).

More recently, the role for ecdysteroids acting exclusively within the ovary or
as maternal ecdysteroids in Locusta was challenged following the isolation of an
ecdysiotropic factor from the brain, ovary maturating parsin (OMP), that stimulates
both vitellogenesis and ecdysone synthesis by the ovary (Girardie and Girardie,
1996). In these studies, it was found that part of the stimulatory effect of OMP
on vitellogenin synthesis by the fat body was probably mediated by its ability
to stimulate the production of ecdysone by the ovary. Further studies established
that Locusta OMP appears to have two distinct roles that seem to be mediated
by distinct domains of the peptide: the N-terminal domain, directly acting on fat
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body tissue, has a protective effect on the stability of vitellogenin mRNA while
the ecdysteroidogenic effect on the ovary is carried out by the C-terminal domain
(Girardie et al., 1998a). Thus, OMP, probably partially acting via 20E, may be
necessary in conjunction with JH for complete vitellogenesis in Locusta. While
the role of OMP and 20E in stimulating vitellogenesis seems to be conserved in
Schistocerca (Girardie et al., 1998b), no stimulatory roles of ovarian ecdysteroids
on ovarian growth or hemolymph vitellogenin titers were observed in the lubber
grasshopper, Romalea microptera (Hatle et al., 2003). Thus, further investigations
are necessary to establish the role of OMP-like peptides and ecdysteroids during
vitellogenesis in other orthopterans.

Although homologs of both EcR and RXR/USP were isolated in Locusta
migratoria (Hayward et al., 1999, 2003), their expression patterns or roles during
oogenesis have not been investigated in detail.

5.5.2 Crickets

Studies on other orthopterans, such as crickets, have revealed surprising differ-
ences to the pattern found in locusts with respect to ecdysteroid synthesis by the
ovary (Whiting et al., 1997). In the house cricket, Acheta domesticus, ecdysteroids
accumulate in the ovary as apolar instead of polar conjugates (mainly C22 fatty
acyl esters of ecdysone; Whiting and Dinan, 1988a, b). In contrast to Locusta
and Schistocerca, a significant part of the ecdysteroids produced by the ovary is
secreted in the hemolymph and distributed throughout the body and the amount
of ecdysteroid conjugates that accumulate in the eggs is 100-fold lower than in
Locusta and Schistocerca (Dinan, 1997; Whiting et al., 1997). Furthermore, in
crickets ecdysteroids occur both in males and females while they are confined to
females in locusts.

The increase in ecdysteroids in the ovary is correlated to the maturation of
increasing numbers of terminal oocytes, indicating that ecdysteroid production
occurs during the period of patency and vitellogenin uptake (Dinan, 1997; Whiting
et al., 1997). The primary regulator of ovarian development in crickets is JH but
ecdysteroids have been observed to have both inhibitory and stimulatory roles,
depending on their concentration (Chudakova et al., 1982; Behrens and Hoffmann,
1983). Ecdysteroid apolar conjugates also accumulate in the oocytes and predomi-
nate in newly-laid eggs. Hydrolysis of ecdysteroid conjugates could therefore serve
as a source of active ecdysteroids that regulate embryonic processes (see above).

5.5.3 Cockroaches

As in locusts and crickets, the primary regulator of ovarian development in cock-
roaches is JH (Engelmann and Mala, 2000; Cruz et al., 2003; Raikhel et al., 2005).
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During ovarian development, ecdysone, 20E and 2-deoxy-ecdysone, both as free
ecdysteroids and as apolar conjugates, accumulate in the ovary and peak at chori-
ogenesis (Zhu et al., 1983; Slinger and Isaac, 1988). The ecdysteroids are produced
by the follicular epithelium of the synchronously developing primary follicles
(Zhu et al., 1983). A significant portion of the ecdysteroids produced by the ovary
accumulate in the hemolymph and an important physiological role proposed for
the hemolymph ecdysteroids includes the downregulation of the JH production by
the corpora allata that triggers the termination of the gonadotrophic cycle (Rankin
and Stay, 1985). Autocrine paracrine roles that have been proposed for the ovarian
ecdysteroids include the regulation of choriogenesis and oviposition and the pro-
gramming of the developmental competence of the next generation of oocytes (Zhu
et al., 1983). Experiments in vitro have shown that 20E is able to induce precocious
choriogenesis in Blatella germanica (Bellés et al., 1993).

As in other insects, it is attractive to consider that the ecdysteroid esters accu-
mulate in the egg and may serve as a reservoir of active hormone to be released by
hydrolytic enzymes during embryogenesis. It was observed that, during embryo-
genesis of Nauphoeta cinerea, the quantity of free and highly polar ecdysteroids
increases between ovulation and dorsal closure, i.e. before the differentiation of the
prothoracic glands (Imboden and Lanzrein, 1982; Lanzrein et al., 1985). However,
it is not clear whether in this species the ecdysteroids originate from maternal
sources since only minimal amounts of ecdysteroids and their conjugates exist in
newly-laid eggs (Zhu et al., 1983).

The cloning of the cDNA of EcR in Blatella germanica and the applicability of
the RNAI technique in cockroaches has allowed the functional analysis of the role
of the ecdysone regulatory pathway during oogenesis in this species (Maestro et al.,
2005; Martin et al., 2006; Cruz et al., 2006, 2007). The mRNA of the A-isoform of
EcR is detectable in the cells of the follicular epithelium but its expression is not
regulated by 20E. RNAi-mediated inhibition of expression of EcR-A indicates a role
in the proliferation and function of the cells of the follicular epithelium and normal
choriogenesis (Cruz et al., 2006). On the other hand, cockroaches with reduced levels of
EcR showed normal vitellin content in the ovary and normal patency of the follicu-
lar epithelium during vitellogenesis and loss of patency at the end of vitellogenesis.
Also homologs of RXR (usp; two isoforms) and HR3 (three isoforms) have been
cloned in Blatella and essential roles were demonstrated in the regulation of the
molt (Maestro et al., 2005; Martin et al., 2006; Cruz et al., 2007). The assessment
of their role in oogenesis through RNAI techniques remains to be reported.

5.6 Ecdysone and Oogenesis in Hymenoptera

Reports regarding the roles of ecdysteroids during oogenesis in other insect orders
are few and in general concern the occurrence of ecdysteroids in the ovary and eggs
(e.g. Hemiptera: Kaplanis et al., 1975; Coleoptera: Gelman et al., 2000; Isoptera:
Delbecque et al., 1978; Phasmida: Fournier and Radallah, 1988) or physiological
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evaluation of the application of ecdysone agonist on ovarian development (e.g.
Tenebrio molitor (Coleoptera): Taibi et al., 2003).

Because of its status as a beneficial insect, the role of ecdysteroids during
reproduction in the honeybee, Apis mellifera, has received more attention. In addi-
tion, with the availability of its annotated genome (Honeybee Genome Sequencing
Consortium, 2006), cloning of genes of the ecdysone regulatory pathway is
straightforward to allow determination of their expression pattern during oogenesis.
Furthermore, the technique of RNAi has been used successfully in hymenopter-
ans (Amdam et al., 2003) and therefore can be applied for functional studies that
address the role of ecdysone during oogenesis.

In the honeybee, ovarian development is coupled to caste differentiation in
which JH plays a crucial role while supporting roles have been hypothesized for
ecdysteroids (Nijhout and Wheeler, 1982; Rachinsky et al., 1990; Robinson and
Vargo, 1997). At the middle of the fifth instar larval stage, the larval ovaries become
responsive to makisterone A, the principal ecdysteroid involved in moulting and
metamorphosis in the honeybee (Feldlaufer et al., 1986a). Compared to workers,
ecdysteroid titers in queen last instar larvae occur earlier and reach higher values,
and therefore may trigger accelerated prepupal development, which includes ovar-
ian morphogenesis (Rachinsky et al., 1990). While ovarian differentiation proceeds
during metamorphosis in queen larvae and prepupae, apoptosis is induced in
worker ovaries (Hepperle and Hartfelder, 2001). The higher levels of JH in queen
larvae and prepupae may protect the ovary against apoptosis (Schmidt Capella and
Hartfelder, 1998), as was observed in Drosophila adults (see above). Also differ-
ences in pupal ecdysteroid titers can be related to distinct modes of caste develop-
ment (Pinto et al., 2002). In adults, ecdysteroid levels are higher in queens and
egg-laying workers than in normal workers (Robinson et al., 1991) which probably
reflects ecdysteroid synthesis by the growing ovary (Feldlaufer et al., 1986b). As in
other insects, ecdysteroids may have autocrine/paracrine functions within ovarian
tissue or may accumulate in the follicles/eggs as maternal determinants for embryonic
development (see above). A hormonal role for ecdysteroids accumulating in the
hemolymph seems unlikely because hemolymph ecdysteroid titers can not be corre-
lated with reproductive status (Hartfelder et al., 2002). Application of 20E also can
not stimulate vitellogenin synthesis in the fat body in vitro although it stimulates
general protein synthesis (Engels et al., 1990).

The ecdysone regulatory genes E74, E75 and Broad-Complex were cloned in
Apis and their expression pattern during oogenesis was studied (Paul et al., 2005,
2006). During the adult stage, specific expression is observed in the queen ovaries,
but not worker ovaries, implicating their role in the regulation of follicle maturation.
In situ hybridization shows that E74 is expressed in nurse cells and oocyte during
vitellogenesis while it switches expression to the cells of the follicular epithelium
during later stages. The presence of E74 (as well as E75 and Broad-Complex) in
follicle cells at the end of oogenesis suggest a role in the trigger of apoptosis of
the follicle cells during oviposition (Paul et al., 2005, 2006).

In primitively social bees and wasps, as well as the primitively eusocial
bumblebee Bombus terrestris, JH acts as the main gonadotropic hormone of
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ovarian development as in other insects (Bloch et al., 2000, 2002). Ovarian growth
can be correlated with the accumulation of ecdysteroids that may have autocrine/
paracrine functions or have a role as maternal determinants as discussed above. In
the bumblebee, ecdysteroids have been proposed to play a secondary role to JH in
the determination of social dominance (Geva et al., 2005).

In the parasitoid wasp Eupelmus vuilleti, ovarian development and concomitant
ecdysteroid production are dependent on host availability and therefore can be
reversed if unfavourable conditions may occur (Bodin et al., 2007). Host depend-
ence of ovarian development represents an adaptive mechanism reminiscent of
food dependence of oogenesis in anautogenous flies and mosquitoes. The role
of ecdysteroids produced by Eupelmus ovaries (ecdysone and 2-deoxyecdysone)
remains unknown.

5.7 Conclusion

The regulation of insect oogenesis by ecdysteroids is complex and can vary con-
siderably from species to species. Following roles for ecdysteroids have been
demonstrated or proposed:

1. Production of ecdysteroids by ovarian follicles may be involved in paracrine/
autocrine regulation of follicle maturation beyond a control point determined
by external factors such as food availability, environmental stress or mating.
Furthermore, the concentration of ecdysteroids may determine the decision
between developmental progression and follicle degeneration.

2. Secretion of ecdysteroids by ovarian tissue into the hemolymph can reflect their
role as hormonal factors to regulate extra-ovarian reproductive processes such
as vitellogenin synthesis by the fat body or release of gonadotropic factors from
the brain. A role for ovarian ecdysteroids as hormonal factors has been demon-
strated most clearly in dipteran insects.

3. Production of high levels of ecdysteroids can trigger processes that occur at the
end of oogenesis such as the reinitiation of meiosis in the oocyte and the synthe-
sis of the chorion or eggshell by the follicular epithelium.

4. Maternal ecdysteroids may accumulate as inactive ecdysteroids conjugates in
the eggs and serve as a source of active ecdysteroids that regulate embryonic
processes (morphogenetic movements and cuticulogenesis).

5. In some insects, such as Bombyx mori, ovarian development has become depend-
ent of metamorphic processes regulated by ecdysteroids produced by the protho-
racic glands. In such cases, the role for ovarian ecdysteroids as paracrine/autocrine
or endocrine factors may have become less important than in other insects.

Close inspection of the regulation of oogenesis in insects (mainly Bombyx, Aedes
and Drosophila) indicates that the exact role of ecdysteroids may be different in
each of these cases and that a general pathway by which ecdysteroids regulate the
progression of oogenesis remains to be discovered. In the silkmoth, the process of
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oogenesis is coupled to the process of metamorphosis and therefore has become
dependent on the large surge of ecdysteroid titers that occurs in the pupal stage
(Ramaswamy et al., 1997; Swevers and latrou, 2003). The silkmoth model may
therefore represent a special case that is not applicable to most insects. In the
mosquito, while the role of the ecdysteroid signalling pathway to regulate vitello-
genin synthesis in the fat body is well established (Raikhel et al., 2005), very little
is known about the involvement of ecdysteroids to regulate oocyte development
within the ovary. In the fruitfly, the regulation of oogenesis by ecdysteroids is com-
plex as ecdysteroids can have both positive and negative effects on oocyte develop-
ment (Riddiford, 1993b; Soller et al., 1999). Furthermore, it was established that
the expression of genes classically implicated in the ecdysone regulatory pathway
(EcR, usp, E75, BR-C) are dependent on other signalling pathways during oogenesis
(Deng and Bownes, 1997; Buszczak et al., 1999; Hackney et al., 2007).

Much more effort may therefore be required to clarify the roles of ecdysteroids
in insects, especially given the fact that research has focused mainly on a few
dipteran and lepidopteran models as opposed to the diversity of other insects that
remain uninvestigated.

Note

Recently, the technique of RNAI has been applied successfully to investigate the
functional role of genes in many organisms, including insects (Marie et al., 1999;
Amdam et al., 2003; Cruz et al., 2006). The technique, based on hemolymph
injection of dsRNA fragments homologous to the target gene, promises to be an
important tool to test the function of isolated genes in organisms that are not read-
ily amenable to genetic analysis. However, it has become apparent that, for reasons
that are not understood, large differences can exist among insects with respect to
their sensitivity to gene silencing by injection of dsSRNA (Tomoyasu et al., 2008).
Regarding model insects, it became apparent that in two cases dsRNA-mediated
gene silencing through simple injection in the hemolymph is very effective: the
German cockroach Blatella germanica (Dictyoptera; Cruz et al., 2006) and the
flour beetle Tribolium castaneum (Coleoptera; Konopova and Jindra, 2007; Tan and
Palli, 2008). Because the RNAI technique is very straightforward in these insects, in
comparison to other model insects, fast progress is predicted to occur in the genetic
analysis of many developmental processes, including oogenesis and its regulation
by ecdysone, in Blatella and Tribolium. Here, the latest results regarding the func-
tion of the ecdysone regulatory pathway during cockroach and beetle oogenesis, as
assessed through RNAI, are discussed briefly.

In the cockroach, RNAi-mediated knockdown of two genes implicated in the
ecdysone regulatory cascade, BgE75 and BgFTZ-F1, was reported recently (Mané-
Padros et al., 2008; Cruz et al., 2008). Besides effects on molting and development
by causing degeneration of the prothoracic gland, BgE75 deficiency also causes
defects in ovarian follicle development: in the primary follicle, whose growth
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parallels the increase of ecdysteroids in the haemolymph, proliferation of the cells
of the follicular epithelium was reduced resulting in reduced size of the follicles
(Mané-Padros et al., 2008). Remarkably, it was also observed that BgE75 dsRNA
injected last instar nymphs do not molt to adults but nevertheless initiate the adult
developmental program such as vitellogenin expression in the female fat body and
its uptake by the ovary. Because of the documented persistence of dsSRNA-mediated
knockdown in the cockroach, the latter results may suggest that BgE75 does not
play a major role in the regulation of vitellogenesis in the cockroach (Mané-Padros
et al., 2008). On the other hand, while knockdowns of BgFTZ-F1 through dsSRNA
injection also resulted in molting defects, no effects on ovarian follicle development
were hitherto reported (Cruz et al., 2008).

Until recently, no data existed with respect to the function of the ecdysone regula-
tory pathway during oogenesis in Coleoptera. During the 17th Ecdysone Workshop,
the effects of dSRNA-mediated knockdown of genes involved in the ecdysone regu-
latory pathway on the development of the ovary in Tribolium was presented (Takaki
et al., 2008). In this work, it was reported that EcR and usp are required for egg
production. Interestingly, anomalies caused by EcR dsRNA in Tribolium differed
from both ovarian phenotypes observed in EcR mutants in Drosophila and ovarian
anomalies caused by EcR dsRNA in Blatella, which suggests that ecdysteroid sig-
nalling pathways carry out different processes during oogenesis in different insects.
Because Tribolium is very sensitive to the RNAI technique, it is expected that the
role of the ecdysone receptor, the genes of the ecdysone regulatory cascade as well
as the genes involved in ecdysone biosynthesis during oogenesis will be revealed
in detail in the near future.
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