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a b s t r a c t

Ecdysteroids, steroid hormones in insects, coordinate major developmental transitions. During postem-
bryonic development, ecdysone is biosynthesized from dietary cholesterol in the prothoracic gland
(PG). Despite extensive studies, the initial conversion process, the so-called ‘‘Black Box’’, has not been
characterized. A cytochrome P450 enzyme, Spookier (Spok), is speculated as a rate limiting enzyme in
the Black Box during larval-pupal transitions in Drosophila melanogaster. RNAi mediated knockdown of
spok expression in the PG results in arrest of molting. Because the developmental arrest can be rescued
by application of an appropriate intermediate, we examined potential activities of candidate intermedi-
ates in the RNAi-treated larvae. We found that two 3-oxo steroids, cholesta-4,7-diene-3,6-dione-14a-ol
(D4-diketol) and 5b [H]cholesta-7-ene-3,6-dione-14a-ol (diketol), triggered molting of the RNAi-treated
larvae. We also detected an enhancement of the amounts of ecdysteroids in the RNAi-treated larvae by
feeding the D4-diketol or diketol, indicating that the dietary 3-oxo steroids were incorporated and con-
verted into ecdysteroids in vivo. Furthermore, 20-hydroxyecdysone inducible genes were induced in the
RNAi-treated larvae by feeding the D4-diketol or diketol. These results indicate that D4-diketol and dike-
tol are components of the ecdysteroid biosynthetic pathway and lie downstream of a step catalyzed by
Spok.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

In insects, developmental transitions including molting and
metamorphosis are triggered by pulses of steroid hormones. The
most common hormone is the ecdysteroid, 20-hydroxyecdysone
(20E), which is derived from ecdysone (E). E is biosynthesized from
dietary cholesterol in the prothoracic gland (PG), released into
hemolymph and converted into 20E in the peripheral tissues. The
biosynthetic pathway has been extensively studied, but the critical
steps including a rate limiting step, the so-called ‘‘Black Box’’, have
not been elucidated [1].

The first step in the biosynthetic pathway in the PG is the con-
version of cholesterol to 7-dehydrocholesterol (7dC) [2–4]. The
steps from 7dC to the diketol help to build the ecdysteroid skele-
ton, the structure of which is characterized by a cis junction of
rings A and B, a 7-ene-6-one chromophore, and a trans junction
of rings C and D (Fig. 1A). However, no intermediates in these Black
ll rights reserved.

etol, cholesta-4,7-diene-3,6-
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rothoracic gland.

).
Box reactions have been isolated or detected from arthropods,
including insects, because of their instability and/or small concen-
tration in the PG. From tracer experiments using radiolabeled
compounds, the 3-oxo steroids, cholesta-4,7-diene-3,6-dione-
14a-ol (D4-diketol) and its reduced derivative, 5b [H]cholesta-7-
ene-3,6-dione-14a-ol (diketol), have been considered as the first
ecdysteroid-like precursors after the subsequent oxidative modifi-
cations of 7dC [5–8]. The D4-diketol is converted into ecdysteroids,
including 3-dehydroecdysone, in the crustacean Y-organ which
corresponds to the PG of insects [6]. The diketol is efficiently con-
verted into 3-dehydroecdysone and E in the PG of Locusta migrator-
ia [8]. However, neither of these 3-oxo steroids have been detected
in insects and no biological activity of metabolite(s) derived from
them has been reported. In Drosophila and several other higher
flies, the diketol undergoes reduction at C-3 to form the ketodiol
[1]. The three terminal hydroxylation reactions at C-25, C-22 and
C-2 of the ketodiol in the PG lead to E [9]. The synthesized E is re-
leased into hemolymph and then hydroxylated at C-20, which
leads to the final product 20E in the peripheral tissues [10].

In the last decade, ecdysteroid biosynthetic enzymes have
been characterized in Drosophila melanogaster. The first step from
cholesterol to 7dC is catalyzed by a Rieske oxygenase, Neverland
[11,12]. The sequential terminal oxygenations from the ketodiol
to 20E are catalyzed by several cytochrome P450 enzymes, Phan-

http://dx.doi.org/10.1016/j.bbrc.2012.04.045
mailto:onoono@kais.kyoto-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.04.045
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5

0

200

400

600

min0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5

0

500

1000

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5

0

500

1000

mAU

mAU

mAU

min

min

4-Diketol

4-Diketol

(A)

(B)

(C)

Fig. 1. Structure, biosynthesis and chemical analyses of ecdysteroid intermediates. (A) The ecdysteroid biosynthetic pathway. This study focuses on points downstream of a
step catalyzed by Spok. (B) Structure of a 14-deoxyecdysteroid, ketol. (C) RP-HPLC analyses of the stability of the D4-diketol. The D4-diketol remaining after incubation with
yeast paste for 1 or 24 h was detected. UV absorption at 274 nm was monitored.
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tom, Disembodied, Shadow and Shade [10,13–15]. All of these
genes encoding P450 enzymes have been identified from embry-
onic lethal mutants and named the Halloween genes. Of the Hal-
loween genes, spook and spookier (spok) have been hypothesized
to code for P450 enzymes which catalyze one of the Black Box
reactions [16]. Recently, Cyp6t3 has been reported as an ecdyster-
oid biosynthetic enzyme that also acts on a step in the Black Box
[17]. RNAi-mediated knockdown of expression of a gene which
codes for an ecdysteroid biosynthetic enzyme results in arrest
of molting, the phenotype of which can be rescued by feeding E
or appropriate intermediate(s) to the larvae [11,16–18]. There-
fore, we assume that feeding-rescue experiments for larvae in
which spok is knocked down in the PG (hereafter called spok-RNAi
larvae) could be applicable to clarify the intermediates in the
Black Box. We focus on intermediates downstream of a step cat-
alyzed by Spok in the Black Box and show here that application of
candidate 3-oxo intermediates, the D4-diketol and diketol, trig-
gers molting of spok-RNAi larvae. We also detect an enhancement
of ecdysteroids, E and 20E, in the spok-RNAi larvae fed with these
3-oxo steroids, indicating that the dietary D4-diketol or diketol is
converted into ecdysteroids in vivo. Finally, we show that induc-
tion of transcripts of 20E-inducible transcription factors occurs in
D4-diketol- or diketol-fed spok-RNAi larvae. These results rein-
force that the D4-diketol and diketol are components of the ecdy-
steroid biosynthetic pathway and lie downstream of a step
catalyzed by Spok.
2. Material and methods

2.1. Drosophila strains

UAS-spok-IR; UAS-spok-IR and phm-Gal4/TM3, sb, GFP (gifts
from M.B. O’Connor) were crossed to generate spok-RNAi animals
[16]. Flies were cultured on a standard cornmeal/yeast extract/dex-
trose medium.
2.2. Chemicals

The D4-diketol, ketol and ketodiol were synthesized from 7dC
as described previously [6,19–21]. The diketol was synthesized
from the ketodiol by chromic acid oxidation in acetone. E was pur-
chased from Sigma. Each compound was purified by reverse-phase
HPLC before experiments.
2.3. Ecdysteroid feeding experiments

Eggs were collected and placed on 2% agar-0.005% butyl 4-
hydroxybenzoate in 35 mm diameter petri dish with yeast paste
containing steroid or none. For preparation of yeast paste, 50 mg
of dry yeast was thoroughly mixed with 90 ll of water and 10 ll
of 10 mM steroid in ethanol or else only solvent. The petri dish
was covered with aluminum foil to avoid light because some
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intermediates are unstable under light. Non-GFP-containing
(phm > spok-IR) first larval instar (L1) larvae were picked after
hatching. The animals were reared at 29 �C in the experiments.

2.4. HPLC analysis

Yeast paste samples containing the D4-diketol or diketol was
placed at 29 �C under dark conditions for either 1 or 24 h. Each
paste sample was extracted with ethanol and the eluate was ap-
plied to a reverse-phase column (0.5 g of Cosmosil 140C18-OPN,
Nacalai Tesque, Inc., Kyoto, Japan), which was then eluted with
5 ml of water and subsequently with 5 ml of methanol. The eluate
with methanol was chromatographed on a reverse-phase HPLC col-
umn (YMC-Pack ODS-AQ-323, 10 � 250 mm, YMC Co., Ltd., Kyoto,
Japan) at a flow rate of 2.0 ml/min with methanol.

2.5. Ecdysteroid titer measurements

L1 larvae were collected 18–24 h after hatching and preserved
in ethanol at �80 �C prior to processing. Whole bodies of 100 lar-
vae were homogenized in 0.5 ml ethanol by hand with a plastic
pestle, vortexed vigorously and centrifuged at a maximum speed.
After decantation, the residues were repeatedly extracted with eth-
anol (0.5 ml � 3). The solvents were pooled and evaporated under
low pressure. The extract was applied to a reverse-phase column
(0.5 g of Cosmosil 140C18-OPN), eluted with 5 ml of water and
subsequently with 5 ml of methanol. The eluate with methanol
was chromatographed on a reverse-phase HPLC column (Nova-
Pak C18 4 lm, 3.9 � 150 mm, Waters, Milford, MA, USA) at a flow
rate of 1.0 ml/min with 30% methanol for 30 min, followed by a
gradient elution to 100% methanol from 30 to 65 min. The eluates
were collected in a range of Rt = 15.5–16.5 and 38.5–39.5 min,
which corresponded to eluted fractions of 20E and E, respectively.
These eluates were evaporated under low pressure, suspended in
50 ll of enzyme immunoassay (EIA) buffer (0.4 M NaCl, 1 mM
EDTA, 0.1% bovine serum albumin [BSA] in 0.1 M phosphate buffer)
and subjected to enzyme-linked immunosorbent assay (ELISA).
ELISA was performed using ACE Enzyme Immunoassay system
(Cayman Chemical, Ann Arbor, MI) according to the manufacturer’s
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Fig. 2. Molting activity of candidate ecdysteroid intermediates in spok-RNAi larvae. (A) P
larvae fed with or without a candidate ecdysteroid intermediate. a: Unsupplied spok-R
molting from L1 to L2. Arrowhead indicates double L1 and L2 mouth hooks. Arrow indic
diketol died during molting from L2 to L3. Arrowhead indicates double L2 and L3 mout
Arrowhead indicates double L2 and L3 mouth hooks.
protocol. Absorbance was measured at 450 nm using a microplate
reader Benchmark (Bio-Rad Laboratories, Hercules, CA, USA). The
standard curves were obtained from 20E.

2.6. Quantitative RT-PCR

Ten L1 larvae were collected in 3 h intervals 15, 18 or 21 h after
hatching. All were then pooled, homogenized in TRIzol Reagent
(GIBCO-BRL) and total RNA was extracted from the total 30 staged
larval homogenate and purified using RNeasy (Qiagen, Crawley,
UK). Reverse transcription for each 0.5 lg total RNA sample was
performed using PrimeScript RT reagent Kit (Takara, Shiga, Japan).
Quantitative RT-PCR was performed on LightCycler (Roche Diag-
nostics, Mannheim, Germany) using SYBR Premix Ex Taq (Takara,
Shiga, Japan). Samples were normalized with RpL23. Three inde-
pendent biological samples were collected for each experiment.
The following forward (f) and reverse (r) primer pairs were used:
E74A, f (50-GCCCTTTATCGACGATGCAC-30) and r (50-GCTCCATT-
CAGTTCGTTGCC-30); E74B, f (50-CTGAGTTGCAGGAGGATGGG-30)
and r (50-CTAGTGACTCGGGGACTTTGG-30); E75A, f (50-ACGGATAT-
CAGCAGGCCAATC-30) and r (50-GAATGCACGCCGTAATGGAAAC-30);
bFtz-F1, f (50- GGTGGGCATGAAGCTAGAGG-30) and r (50- CCAACG-
CAATTGCTATGGGG-30); rpL23, f (50-GCTCAGGAAGAAGGTCATGC-
30) and r (50-GGCTATAGAGCTTGCATTGGA-30).
3. Results

3.1. Candidate ecdysteroid precursors triggered molting of spok-RNAi
first instar larvae

Spok is thought to be the rate-limiting enzyme in the Black Box
of the ecdysteroid biosynthetic pathway during larval-pupal tran-
sitions in D. melanogaster, as recent study has shown that only
Spo, paralog of Spok, of the Halloween ecdysteroid biosynthetic en-
zymes is phosphorylated in the PG cells of the moth, Manduca sex-
ta, following stimulation by the neuropeptide known as
prothoracicotropic hormone (PTTH) [22]. Because intermediates
downstream of the conversion step catalyzed by Spok are expected
to be able to overcome the molting arrest of spok-RNAi larva [16],
(B)
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Table 1
Lethal phase of spok-RNAi animals by feeding steroids.

Steroid Number of dead animals at each stage

Lethal stage

L1 L1/L2 L2 L2/L3 L3 Pupa

Unsupplied 89 (100) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
D4-Diketol 110 (83) 22 (17) 0 (0) 0 (0) 0 (0) 0 (0)
Diketol 16 (21) 0 (0) 53 (69) 2 (3) 6 (8) 0 (0)
Ketodiol 8 (11) 0 (0) 50 (70) 7 (10) 5 (7) 1 (1)
Ketol 70 (90) 2 (3) 5 (6) 1 (1) 0 (0) 0 (0)
Ecdysone 4 (8) 0 (0) 7 (14) 1 (2) 33 (65) 6 (12)

Each number in parentheses refers to the percentage of animals which died at each
stage. L1/L2 and L2/L3 refer to larvae that died while molting from L1 to L2 and from
L2 to L3, respectively.
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we investigated candidate precursor-mediated reversal of this
developmental arrest. We tested two 3-oxo-intermediates, the
diketol and D4-diketol, and also a 14-deoxyecdysteroid, the ketol,
that has been detected in the vitellogenic ovaries of L. migratoria
[23] (Fig. 1A and B). All three steroids triggered molting, although
their activities were very different (Fig. 2A). When the D4-diketol
was applied to spok-RNAi larvae, approximately 17% of them
molted from the L1 to L2 stage. The resulting larvae had second lar-
val mouth hooks and new cuticles on their upper body, but old
cuticles remained on their lower body, indicating that they died
during molting from L1 to L2 (Fig. 2B). As the instability of
the D4-diketol has been reported [6], the remaining amount of
the D4-diketol in yeast paste was quantified immediately after
incubation for 1hr or 24hrs at 29 �C under dark conditions. Approx-
imately, 94% or 56% of the original D4-diketol was recovered from
yeast paste after incubation for 1 or 24 h, respectively (Fig. 1C),
indicating that the incomplete rescue of molting from L1 to L2 is
not due to degradation of the D4-diketol. The diketol rescued
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Fig. 3. Profiles of ecdysteroid titers and expression levels of 20E-inducible genes. (A) Profi
picogram (pg) of E or 20E/larva. (B) Quantitative RT-PCR analysis of the transcriptional
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approximate 80% of the L1 arrest of spok-RNAi larvae at a level sim-
ilar to that observed for the ketodiol and ecdysone (Fig. 2A).
Approximately 8% of diketol-fed larvae underwent development
to the L3 stage, similar to that in ketodiol-fed larvae (Table 1).
The ketol is not converted into E but rather into 14-deoxy-ecdy-
sone and so has not been characterized as an intermediate in the
ecdysteroid biosynthetic pathway [24]. Nevertheless, approxi-
mately 10% of ketol-fed larvae molted from the L1 to L2 stage
and most of them developed to L2 or L2/L3 stage (Fig. 2A and B
and Table 1). The results suggest that 14-deoxy-ecdysone synthe-
sized from the ketol in the PG and its derivative, 14-deoxy-20E,
have competence to trigger molting.

3.2. 3-Oxo steroids, the D4-diketol and diketol, were converted into
ecdysteroids

To confirm the conversion of 3-oxo-steroids into ecdysteroids in
spok-RNAi larvae, we measured ecdysteroid concentrations in L1
larvae using a HPLC-ELISA combination (Fig. 3B). Both E and 20E
were only marginally detected in larvae not fed steroid (referred
as unsupplied), which is consistent with the arrest of molting ob-
served following knockdown of spok expression. However, signifi-
cant amounts of ecdysteroids were detected in D4-diketol-fed
larvae, i.e. the total amounts of E and 20E of D4-diketol-fed larvae
were similar to that of GFP-containing larvae (referred as control
GFP), while in diketol-fed larvae, the amounts of both E and 20E
were higher than those of control GFP larvae.

3.3. 3-Oxo steroids, the D4-diketol and diketol, activated transcription
of 20E-inducible genes

Binding of 20E to the ecdysone receptor (EcR) initiates complex
genetic cascades which direct developmental transitions, including
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the molting process [25]. Thus, if the small amounts of 20E found
in larvae fed the D4-diketol were responsible for the developmen-
tal rescue of 17% of spok-RNAi animals, i.e. the shedding of the old
cuticle, then we expected to observe partial activation of EcR sig-
naling. To confirm if this is the case, we measured expression levels
of the 20E-inducible transcription factors, E74A, E74B, E75A and
bFtz-F1 [26] (Fig. 3). While E74A was not induced in either unsup-
plied or D4-diketol- fed spok-RNAi larvae, in accordance with the
property that the E74A transcript is induced by only high 20E con-
centrations [27], a small induction of both E74B and bFtz-F1
expression was observed in unsupplied and D4-diketol-fed spok-
RNAi larvae (marginally higher in the latter). In contrast to E74A,
expression of E74B is induced by a low titer of 20E [27], suggesting
that a trace amount of 20E is synthesized even in unsupplied spok-
RNAi larvae, i.e. RNAi knockdown does not completely inhibit the
transcription of spok. Interestingly, expression of E75A was in-
duced in D4-diketol-fed spok-RNAi larvae at a level similar to that
in control GFP larvae, whereas little induction was observed in
unsupplied spok-RNAi larvae. In diketol-fed spok-RNAi larvae,
expression of all transcription factors tested was induced at levels
similar to those in control GFP larvae, which is consistent with the
significant molting activity of the diketol.
4. Discussion

Extensive studies over several decades have so far failed to com-
pletely elucidate the chemistry involved in ecdysteroid biosynthe-
sis, but it has long been thought that the oxidation of the steroidal
3b-OH function to the 3-ketone occurs early in this process, i.e. 3-
oxo-7dC may be the first step in these unknown Black Box oxida-
tions [28]. Immediately subsequent intermediates eventually lead-
ing to the secretion of 3-dehydroecdysone likely remain oxidized
at C-3. We addressed the involvement of some of these hypothet-
ical downstream 3-oxo intermediates by a novel in vivo approach.
In this report, we show that both the D4-diketol and diketol not
only trigger the molting of spok-RNAi L1 larvae, but also result in
the elevation of E and 20E titers and increased expression of some
20E-responsive genes in late L1 larvae, all strong indications that
the D4-diketol and diketol are intermediates in the biosynthesis
of ecdysone. However, the degree to which these compounds elic-
ited these effects differed greatly. Indeed, only 17% of L1 larvae
showed molting behavior following feeding of the D4-diketol,
while most developed to the L2 stage after diketol or ketodiol
ingestion (as with the GFP-control). In contrast, ecdysteroid titers
of D4-diketol fed larvae, similar to those of GFP-control animals,
were nearly 40% of those fed the diketol. However, only E75A
expression was similarly elevated by both compounds (also in
GFP-control) relative to unsupplied spok-RNAi larvae.

What could be the explanation for the low rescue of spok-RNAi
larvae result in light of the elevated ecdysteroid titers and specific
gene expression following D4-diketol administration? First, it must
be emphasized that only the rescue experiments resulted in unam-
biguous results, i.e. larvae either did or did not molt out of the first
instar. In contrast, titer and gene expression determinations em-
ployed a selected population of L1 larvae, 18–24 h old for titer
and 15–24 h old for expression. These larvae were not screened
for normal (rescued) development, i.e. no more than 17% of the se-
lected larvae were likely respondents to the D4-diketol feeding reg-
imen. Yet after diketol feeding, almost all were so developmentally
affected. In addition, at the end of the first instar (24 h in length),
the peaks of whole body ecdysteroid titer and elevated gene expres-
sion last for only a short period before falling to baseline levels. As
such, they can be misrepresented in such a select population, either
too low or perhaps even too high, and so may not relate mathemat-
ically to the rescue results. The significant elevations, relative to
unsupplied larvae, observed in ecdysteroid titer and 20E-inducible
gene expression following both D4-diketol and diketol administra-
tion support the premise that the D4-diketol is an endogenous pre-
cursor of the diketol. More important is the rescue of spok-RNAi L1
larvae following oral D4-diketol administration, relative to unsup-
plied controls, similar to rescue following diketol, ketodiol, ketol
or ecdysone feeding. The observation that the D4-diketol-mediated
rescue was low relative to what might be expected based on ob-
served ecdysteroid titers and specific gene expression levels in sim-
ilarly-treated animals is not important.

It is interesting, however, and undoubtedly relates to the com-
plex pharmacokinetics underlying the experiment. Based on their
near-equal reverse-phase lipophilicities, it is likely that the D4-
diketol, diketol and ketodiol are equally-well absorbed from the
gut into the larval whole body/circulation. However, that may
not be true for their subsequent entry into the PG, because uptake
by the PG of ecdysteroid-like molecules, like the secretion from the
PG of ecdysone and 3-dehydroecdysone, may be an active or facil-
itated process that would depend on an intact ecdysteroid struc-
ture. As the D4-diketol lacks the distinctive 5b (H)-cis A/B-ring
junction, its entry into the PG could be limited to the less efficient
process of simple passive diffusion. Even if this is not the case and
all these molecules have equal access into the PG cytoplasm, then a
kinetic barrier may exist in the subsequent PG reactions of the D4-
diketol. There, its conversion into the diketol via the 5b-reductase
is thought to occur in the ER, similar to up-stream (Spookier) and
downstream (Phamtom) P450 enzymes operating in the ecdyster-
oid synthetic pathway. Any problem with D4-diketol equilibrating
into the ER and/or being reduced to the diketol would negatively
affect its ability to rescue the spok-RNAi larvae.

All 20E-inducible genes tested were induced by feeding the
diketol to spok-RNAi larvae to levels similar to that of control
GFP larvae, indicating that the measurement of the expression of
these genes is a reliable way to evaluate whether or not a candi-
date intermediate can be converted into 20E in vivo. An intriguing
finding is that application of the D4-diketol to spok-RNAi larvae in-
duced expression of E75A to levels similar to that of control GFP
larvae. In contrast, induction of E74A, E74B and bFtz-F1 expression
was at the levels observed in unsupplied spok-RNAi larvae. Taken
together with the partial rescue of molting by D4-diketol applica-
tion, E75A is the most important factor to initiate molting behav-
ior, but not enough to complete the molting process. Further
study by the application of ecdysteroid intermediates to ecdyster-
oid-defective Drosophila strains could unveil molecular mecha-
nisms, including ecdysteroid biosynthesis, transport and signal
transduction required for molting.

Acknowledgments

We are grateful to James T. Warren for critical reading. We also
thank Michael B. O’Connor for stocks. This work was partly sup-
ported by a Grant-in-Aid for Young Scientists (B) [No. 21780047
to HO] from the Japan Society for the Promotion of Science (JSPS)
and the Asahi Glass Foundation (to HO).

References

[1] L.I. Gilbert, J.T. Warren, A molecular genetic approach to the biosynthesis of the
insect steroid molting hormone, Vitam. Horm. 73 (2005) 31–57.

[2] J.T. Warren, S. Sakurai, D.B. Rountree, L.I. Gilbert, Synthesis and secretion of
ecdysteroids by the prothoracic glands of Manduca sexta, J. Insect Physiol. 34
(1988) 571–576.

[3] M.L. Grieneisen, J.T. Warren, S. Sakurai, L.I. Gilbert, A putative route to
ecdysteroids: Metabolism of cholesterol in vitro by mildly disrupted
prothoracic glands of Manduca sexta, Insect Biochem. 21 (1991) 41–51.

[4] F. Dolle, C. Kappler, C. Hetru, B. Rousseau, M. Coppo, B. Luu, J.A. Hoffmann,
Synthesis of high specific activity [3H2-1,2]-7-dehydrocholesterol. Conversion



566 H. Ono et al. / Biochemical and Biophysical Research Communications 421 (2012) 561–566
to ecdysone in follicle cells of locusta (Insects), Tetrahedron 46 (1990) 5305–
5316.

[5] T.G. Davies, L.N. Dinan, W.J. Lockley, H.H. Rees, T.W. Goodwin, Formation of the
A/B cis ring junction of ecdysteroids in the locust, Schistocerca gregaria,
Biochem. J. 194 (1981) 53–62.

[6] C. Blais, C. Dauphin-Villemant, N. Kovganko, J.P. Girault, C. Descoins Jr., R.
Lafont, Evidence for the involvement of 3-oxo-D4 intermediates in ecdysteroid
biosynthesis, Biochem. J. 320 (1996) 413–419.

[7] D. Bocking, C. Dauphinvillemant, D. Sedlmeier, C. Blais, R. Lafont, Ecdysteroid
biosynthesis in moulting glands of the crayfish Orconectes Limosus: evidence
for the synthesis of 3-dehydroecdysone by in vitro synthesis and conversion
studies, Insect Biochem. Mol. Biol. 23 (1993) 57–63.

[8] F. Dolle, C. Hetru, J.P. Roussel, B. Rousseau, F. Sobrio, B. Luu, J.A. Hoffmann,
Synthesis of a tritiated 3-dehydroecdysteroid putative precursor of ecdysteroid
biosynthesis in Locusta migratoria, Tetrahedron 47 (1991) 7067–7080.

[9] M.F. Meister, J.L. Dimarcq, C. Kappler, C. Hetru, M. Lagueux, R. Lanot, B. Luu, J.A.
Hoffmann, Conversion of a radiolabelled ecdysone precursor, 2,22,25-
trideoxyecdysone, by embryonic and larval tissues of Locusta migratoria, Mol.
Cell. Endocrinol. 41 (1985) 27–44.

[10] A. Petryk, J.T. Warren, G. Marques, M.P. Jarcho, L.I. Gilbert, J. Kahler, J.P. Parvy,
Y. Li, C. Dauphin-Villemant, M.B. O’Connor, Shade is the Drosophila P450
enzyme that mediates the hydroxylation of ecdysone to the steroid insect
molting hormone 20-hydroxyecdysone, Proc. Natl. Acad. Sci. USA 100 (2003)
13773–13778.

[11] T. Yoshiyama, T. Namiki, K. Mita, H. Kataoka, R. Niwa, Neverland is an
evolutionally conserved Rieske-domain protein that is essential for ecdysone
synthesis and insect growth, Development 133 (2006) 2565–2574.

[12] T. Yoshiyama-Yanagawa, S. Enya, Y. Shimada-Niwa, S. Yaguchi, Y. Haramoto, T.
Matsuya, K. Shiomi, Y. Sasakura, S. Takahashi, M. Asashima, H. Kataoka, R.
Niwa, The conserved Rieske oxygenase DAF-36/Neverland is a novel
cholesterol-metabolizing enzyme, J. Biol. Chem. 286 (2011) 25756–25762.

[13] J.T. Warren, A. Petryk, G. Marques, J.P. Parvy, T. Shinoda, K. Itoyama, J.
Kobayashi, M. Jarcho, Y. Li, M.B. O’Connor, C. Dauphin-Villemant, L.I. Gilbert,
Phantom encodes the 25-hydroxylase of Drosophila melanogaster and Bombyx
mori: a P450 enzyme critical in ecdysone biosynthesis, Insect Biochem. Mol.
Biol. 34 (2004) 991–1010.

[14] R. Niwa, T. Matsuda, T. Yoshiyama, T. Namiki, K. Mita, Y. Fujimoto, H. Kataoka,
CYP306A1, a cytochrome P450 enzyme, is essential for ecdysteroid
biosynthesis in the prothoracic glands of Bombyx and Drosophila, J. Biol.
Chem. 279 (2004) 35942–35949.

[15] V.M. Chavez, G. Marques, J.P. Delbecque, K. Kobayashi, M. Hollingsworth, J.
Burr, J.E. Natzle, M.B. O’Connor, The Drosophila disembodied gene controls late
embryonic morphogenesis and codes for a cytochrome P450 enzyme
that regulates embryonic ecdysone levels, Development 127 (2000) 4115–
4126.

[16] H. Ono, K.F. Rewitz, T. Shinoda, K. Itoyama, A. Petryk, R. Rybczynski, M. Jarcho,
J.T. Warren, G. Marques, M.J. Shimell, L.I. Gilbert, M.B. O’Connor, Spook and
Spookier code for stage-specific components of the ecdysone biosynthetic
pathway in Diptera, Dev. Biol. 298 (2006) 555–570.

[17] Q. Ou, A. Magico, K. King-Jones, Nuclear receptor DHR4 controls the timing of
steroid hormone pulses during Drosophila development, PLoS Biol. 9 (2011)
e1001160.

[18] R. Niwa, T. Namiki, K. Ito, Y. Shimada-Niwa, M. Kiuchi, S. Kawaoka, T.
Kayukawa, Y. Banno, Y. Fujimoto, S. Shigenobu, S. Kobayashi, T. Shimada, S.
Katsuma, T. Shinoda, Non-molting glossy/shroud encodes a short-chain
dehydrogenase/reductase that functions in the ‘Black Box’ of the ecdysteroid
biosynthesis pathway, Development 137 (2010) 1991–1999.

[19] J.F. Kinnear, M.D. Martin, A.F. Faux, Insect moulting hormones: a study of 4-en-
3-one steroids as possible ecdysteroid precursors, Aust. J. Chem. 32 (1979)
2017–2024.

[20] M.N. Galbraith, D.H.S. Horn, E.J. Middleton, Insect moulting hormones: the
synthesis of possible ecdysone precursors for metabolic studies, Aust. J. Chem.
27 (1974) 1087–1095.

[21] C. Hetru, Y. Nakatani, B. Luu, J.A. Hoffmann, Synthesis of high specific activity
(23,24)-3H4-2-deoxyecdysone Nouveau, J. Chim. 7 (1983) 587–591.

[22] K.F. Rewitz, M.R. Larsen, A. Lobner-Olesen, R. Rybczynski, M.B. O’Connor, L.I.
Gilbert, A phosphoproteomics approach to elucidate neuropeptide signal
transduction controlling insect metamorphosis, Insect Biochem. Mol. Biol. 39
(2009) 475–483.

[23] C.C. Hetru, C. Kappler, J.A. Hoffmann, R. Nearn, L. Bang, D.H. Horn, The
biosynthetic pathway of ecdysone: Studies with vitellogenic ovaries of Locusta
migratoria (Orthoptera), Mol. Cell. Endocrinol. 26 (1982) 51–80.

[24] W.E. Bollenbacher, M.N. Galbraith, L.I. Gilbert, D.H. Horn, In vitro metabolism
of 3b-hydroxy-, and 3b,14a-dihydroxy-[3a-3H]-5b-cholest-7-en-6-one by the
prothoracic glands of Manduca sexta, Steroids 29 (1977) 47–63.

[25] L.I. Gilbert, R. Rybczynski, J.T. Warren, Control and biochemical nature of the
ecdysteroidogenic pathway, Annu. Rev. Entomol. 47 (2002) 883–916.

[26] C.S. Thummel, Molecular mechanisms of developmental timing in C. elegans
and Drosophila, Dev. Cell 1 (2001) 453–465.

[27] F.D. Karim, C.S. Thummel, Ecdysone coordinates the timing and amounts of
E74A and E74B transcription in Drosophila, Genes Dev. 5 (1991) 1067–1079.

[28] J.T. Warren, M.B. O’Connor, L.I. Gilbert, Studies on the Black Box: Incorporation
of 3-oxo-7-dehydrocholesterol into ecdysteroids by Drosophila melanogaster
and Manduca sexta, Insect Biochem. Mol. Biol. 39 (2009) 677–687.


	Conversion of 3-oxo steroids into ecdysteroids triggers molting and expression of 20E-inducible genes in Drosophila melanogaster
	1 Introduction
	2 Material and methods
	2.1 Drosophila strains
	2.2 Chemicals
	2.3 Ecdysteroid feeding experiments
	2.4 HPLC analysis
	2.5 Ecdysteroid titer measurements
	2.6 Quantitative RT-PCR

	3 Results
	3.1 Candidate ecdysteroid precursors triggered molting of spok-RNAi first instar larvae
	3.2 3-Oxo steroids, the Δ4-diketol and diketol, 
	3.3 3-Oxo steroids, the Δ4-diketol and diketol, 

	4 Discussion
	Acknowledgments
	References


