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Summary

Isoform-specific null mutations were used to define
the functions of three orphan members of the nuclear
receptor superfamily, E75A, E75B, and E75C, encoded
by the E75 early ecdysteroid-inducible gene. E75B mu-
tants are viable and fertile, while E75C mutants die
as adults. In contrast, E75A mutants have a reduced
ecdysteroid titer during larval development, resulting
in developmental delays, developmental arrests, and
molting defects. Remarkably, some E75A mutant sec-
ond instar larvae display a heterochronic phenotype
in which they induce genes specific to the third instar
and pupariate without undergoing a molt. We propose
that ecdysteroid-induced E75A expression defines a
feed-forward pathway that amplifies or maintains the
ecdysteroid titer during larval development, ensuring
proper temporal progression through the life cycle.

Introduction

Ecdysteroids function as key temporal signals in Dro-
sophila, directing each postembryonic transition in the
life cycle (Riddiford, 1993; Thummel, 2001). Ecdysteroid
pulses at 1 day intervals during the first and second
larval instars trigger molting of the cuticle, accommodat-
ing the growth that occurs during these stages. A high-
titer ecdysteroid pulse 2 days after the molt to the third
instar triggers puparium formation, signaling the onset
of prepupal development and metamorphosis. This is
followed by another ecdysteroid pulse, approximately
10 hr after puparium formation, which triggers adult
head eversion and the prepupal-pupal transition. A neu-
ropeptide signal from the brain to the endocrine organ
of the insect, the ring gland, triggers the release of rela-
tively inactive ecdysteroids into the hemolymph that are
converted by peripheral tissues into more active forms
of the hormone, primarily 20-hydroxyecdysone (20E; Gil-
bert et al., 1996).

The ecdysteroid signal is transduced by a heterodimer
of two members of the nuclear receptor superfamily,
EcR and the RXR ortholog, USP (Thomas et al., 1993;
Yao et al., 1992, 1993). This hormone/receptor complex
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activates cascades of gene expression, as first defined
by studies of the puffing patterns of the giant larval
salivary gland polytene chromosomes (Ashburner et al.,
1974). Ecdysteroids directly induce the formation of
about a half dozen early puffs. The protein products of
these puffs induce more than 100 late puffs scattered
throughout the genome. The late puff products, in turn,
are thought to act as effectors that direct appropriate
biological responses to each ecdysteroid pulse during
development (Russell and Ashburner, 1996).

Molecular characterization of three early puff genes
has shown that they encode transcription factors, fulfill-
ing a central prediction of the hierarchical model of ecdy-
steroid action. The Broad-Complex (BR-C), responsible
for the 2B5 early puff, is a complex genetic locus that
encodes a family of zinc finger proteins (DiBello et al.,
1991). Null mutations that inactivate all three essential
BR-C subfunctions lead to prolonged third instar larvae
that fail to pupariate, while mutations that affect only
a single subfunction result in defects in imaginal disc
morphogenesis, larval tissue cell death, and lethality
during prepupal and pupal stages (Kiss et al., 1988;
Restifo and White, 1992). BR-C mutations also have
widespread effects on early and late ecdysteroid-induc-
ible gene expression, consistent with a central role for
this gene in transducing the ecdysteroid signal (Guay
and Guild, 1991).

The two best-characterized early puffs, at 74EF and
75B (Ashburner et al., 1974), also encode ecdysteroid-
inducible transcription factors. E74, from the 74EF puff,
consists of two overlapping transcription units, E74A
and E74B, that encode proteins containing an identical
ETS DNA binding domain (Burtis et al., 1990). E74 mu-
tants display lethality during prepupal and pupal stages,
with defects in adult head eversion and leg morphogene-
sis as well as defects in ecdysteroid-regulated gene
expression (Fletcher et al., 1995; Fletcher and Thummel,
1995).

The E75 ecdysteroid-inducible gene from the 75B
early puff encodes three protein isoforms designated
E75A, E75B, and E75C (Segraves and Hogness, 1990).
These proteins contain the canonical DNA binding do-
main and ligand binding domain that define members
of the nuclear receptor superfamily, although they are
referred to as orphan nuclear receptors because a corre-
sponding hormonal ligand has not yet been identified
(Mangelsdorf and Evans, 1995). Each E75 isoform is
characterized by a unique N-terminal sequence en-
coded by a distinct 5 exon (Segraves and Hogness,
1990). These 5’ exons splice to a common set of five 3’
exons for E75A and E75C, while E75B shares only the
last four 3’ exons (Figure 1A). As a result of this arrange-
ment, E75B contains only one of the two E75 zinc fingers
and is thus incapable of binding DNA. E75B can, how-
ever, heterodimerize with the DHR3 ecdysteroid-induc-
ible orphan nuclear receptor and has been detected
on salivary gland polytene chromosomes by antibody
stains, indicating that it may function at the level of
target gene regulation (White et al., 1997).

E75A is transcribed during each stage in the life cycle
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Figure 1. Location of E75 Isoform-Specific
Mutations and Corresponding Lethal Phases
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(A) Amap of 100 kb of genomic DNA is shown,
spanning the E75 locus. E75 directs the syn-
thesis of three overlapping transcripts that
arise from unique promoters (Segraves and
Hogness, 1990). An exon specific for E75A
(green) and another for E75C (red) are each
joined to a common set of five 3’ exons (yel-
low), while the E75B-specific exon (blue) is
spliced to only the last four 3’ exons. E75
deletions are depicted as colored bars under
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the corresponding genomic region. The E75C
mutation (E75) is an ~60 kb deletion (red
arrow). The E75A mutation (E75*%") is a 1.8
kb deletion (green bar). The E75B mutation
(E75") is an ~3 kb deletion (blue bar). The
common region mutation (E75*") is an ~30
kb deletion that removes exons shared by
all three isoforms (yellow bar). The relative
positions of E75 transcription units are based
on the genomic map of Segraves and Hog-
ness (1990), and do not include an ~9 kb
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pharate

roo transposable element that maps ~1.5 kb
downstream of the E75C-specific region in
the reported Drosophila genome sequence
(Adams et al., 2000).

adult  viable

(B) First instar larvae were selected from crosses that generated the following genotypes: ry®¢/E75%" (+/Df), E75"5'/E75*" (E75A /Df), E75'/
E75%" (E75B/Df), E75°°7/E75*" (E75C/Df), and E75*'/E75"" (Df/Df). Lethality was scored at 24 hr intervals. The stage of development at
which an animal died is depicted as a function of the percentage of animals that died at that stage. n refers to the number of animals scored
from each genotype. L2/L3 refers to animals that died while molting from the second to third instar. L2 prepupae refers to animals that

pupariated from the second instar.

in bursts that accompany ecdysteroid peaks in the life
cycle, as well as in late embryos in synchrony with the
E74A early mRNA (Segraves, 1988; Thummel et al.,
1990). The three E75 transcripts accumulate with distinct
kinetics at the onset of metamorphosis, with peaks of
E75A mRNA in late third instar larvae and late prepupae
in synchrony with the ecdysteroid pulses, consistent
with its direct induction by ecdysteroids (Andres et al.,
1993; Huet et al., 1993; Karim and Thummel, 1992; Se-
graves and Hogness, 1990). E75B mRNA accumulates
to peak levels in 2-4 hr prepupae, while E7Z5C mRNA
peaks in 10-12 hr prepupae.

Relatively little is known about E75 functions during
the Drosophila life cycle. Evidence from biochemical
and ectopic expression studies indicates that E75B can
act as a repressor of the BFTZ-F1 competence factor
during metamorphosis (White et al., 1997). Germline
clones of E75 null mutants, missing all three isoforms,
lead to arrest during mid-oogenesis, similar to the phe-
notype of EcR mutant germline clones (Buszczak et al.,
1999). A zygotic loss of E75 function results in midgut
morphogenesis defects during embryogenesis (Bilder
and Scott, 1995). Genetic studies of individual E75 iso-
forms, however, and more detailed phenotypic studies
at other stages of the life cycle, have not been reported.
Here, we describe the phenotypes of null mutations spe-
cific to E75A, E75B, and E75C, as well as a mutant in
which none of the three E75 isoforms are expressed.

Results

Isolation and Molecular Characterization

of E75 Mutations

Imprecise excision of P elements was used to generate
small deletions of sequences specific to either E75A or

E75B, and to create a larger deletion of common region
sequences shared by all three E75 isoforms (Figure 1A).
E75%' is a 1.8 kb deletion that removes the E75A tran-
scription start site along with the 5’'-untranslated region
and 143 bp of protein-coding sequence (Shilton, 2001).
E75"" is an ~3 kb deletion that removes the E75B tran-
scription start site along with most of the first E75B
exon. E75%" is an ~30 kb deletion that removes the first
exon of E75B as well as the adjacent exon, shared by
all three E75 isoforms, that encodes the second zinc
finger of the DNA binding domain (Figure 1A). In homozy-
gotes and heteroallelic combinations, E75*" and E75°",
a putative null EMS-induced point mutation in the E75
common region (Buszczak et al., 1999; Segraves, 1988),
lead to similar lethal phases and phenotypes, arguing
that the E75%" mutation inactivates all E75 functions
(data not shown). E757 is an ~60 kb v irradiation-
induced deletion that removes the E75C transcription
start site as well as ~10 kb of the downstream primary
transcript (Segraves, 1988; W.A.S., unpublished results;
Figure 1A). E75 fails to complement another E75C
allele, E75°%7, which is an EMS-induced 63 bp deletion
that removes the E75C splice donor (Segraves, 1988;
data not shown). E75°” and E75°7 generate identical
lethal phenotypes when maintained over a deletion for
the E75 locus, providing further evidence that E75C is
the only essential E75 function affected by the x37 defi-
ciency.

Similar lethal phases and phenotypes were observed
for E75%%" and E75*7 mutants when examined as either
homozygotes or over the E75%’ common region defi-
ciency, suggesting that they are null alleles with respect
to the affected isoform. All studies described here use an
isoform-specific E75 mutation over the E75%’ common
region deficiency. For simplicity, we refer to E75*" as
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the deficiency (Df) for the E75 locus, E75*%'/Df as E75A
mutants, E75'/Df as E75B mutants, and E75°7/Df as
E75C mutants. mRNA corresponding to the affected E75
isoform was undetectable by Northern blot hybridization
in each of these genotypes, consistent with the molecu-
lar nature of these lesions and providing further evidence
that they are null alleles (data not shown).

E75B Mutants Are Viable while E75C Mutants

Are Pharate Adult and Adult Lethal

Crosses were set up between control ry*®/TM6B Ubi-
GFP, E75*"/TM6B Ubi-GFP, or E75°’/TM6B Ubi-GFP an-
imals and the deficiency stock E75*"/TM6B Ubi-GFP to
test for embryonic lethality among the offspring. From
the ry®® control cross, 26% of the first instar larvae did
not express GFP, indicating no significant embryonic
lethality. Similar results were obtained from the crosses
with E75B mutants (23%, n = 90) and E75C mutants
(25%, n = 78).

E75B and E75C mutant first instar larvae were col-
lected at hatching and examined at regular intervals for
phenotypes and lethality during later stages of develop-
ment. E75B mutants are viable and fertile, with no de-
tectable phenotypes (Figure 1B). In contrast, E75C mu-
tants display lethality during pharate adult and adult
stages (Figure 1B). Approximately 33% of E75C mutants
die as pharate adults, with normal adult pigmentation
and fully developed appendages. The remaining E75C
mutants eclose and are severely uncoordinated, dis-
playing difficulty in walking and an inability to fly. These
animals die within a week following eclosion. E75C mu-
tant adults appear morphologically normal with the ex-
ception of black spots that cover about one quarter of
the surface of the eye (data not shown).

E75C Is Required for Maintaining the
Transcription of a Subset of Ecdysteroid-
Inducible Genes at the Prepupal-Pupal Transition
E75B and E75C are both induced by ecdysteroids at
the onset of metamorphosis, suggesting that they may
function during this stage in development (Huet et al.,
1993; Karim and Thummel, 1992). Gain-of-function stud-
ies have also implicated E75B in contributing to the
timing of BFTZ-F1 expression in mid-prepupae (White
et al., 1997). We therefore examined the temporal pro-
files of ecdysteroid-regulated gene transcription in E75B
and E75C mutant late larvae and prepupae. Total RNA
was isolated from control, E75B, and E75C mutant late
third instar larvae staged at —18, —8, and —4 hr relative
to puparium formation, as well as from prepupae staged
at 2 hr intervals after puparium formation. These RNA
samples were analyzed by Northern blot hybridization
using radiolabeled probes designed to detect 16 ecdy-
steroid-regulated transcripts: EcR, BR-C, E74A, E74B,
E75A, E75B, E75C, E78B, DHR3, Imp-E1, Fbp-1, Sgs-4,
L71-1,L71-3, BFTZ-F1,and Edg84A (Andres et al., 1993).
All of the tested transcription units, with the exception
of E75B, are expressed normally in E75B mutant larvae
and prepupae (data not shown). We focused our efforts
on the temporal profile of BFTZ-F1 expression in this
mutant, preparing several independent Northern blots,
one of which utilized prepupae staged at 30 min inter-
vals. No reproducible effects on BFTZ-F1 expression,
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Figure 2. E75C Is Required for Sustained Transcription of E75B,
Fbp-1, L71-1, and L71-3 during the Prepupal-Pupal Transition

Developmental times are shown in hours relative to puparium forma-
tion. Total RNA was isolated from ry*%/E75" control animals (+/Df)
and from E75°7/E75*" mutant animals (E75C/Df), fractionated by
formaldehyde gel electrophoresis, and analyzed by Northern blot
hybridization. Blots were hybridized with radiolabeled DNA probes
to detect the transcription of 16 ecdysteroid-regulated genes. The
four affected genes are depicted. rp49 mRNA is used as a control
for loading and transfer.

however, could be detected (data not shown). We thus
conclude that E75B is not required for the appropriate
timing of BFTZ-F1 transcription during prepupal devel-
opment.

The tested transcription units are also expressed nor-
mally in E75C mutants at the onset of metamorphosis,
with four exceptions (Figure 2). EZ5B mRNA normally
peaks in abundance at 2 hr after puparium formation
and is reinduced ~8 hr later, in response to the prepupal
ecdysteroid pulse (Huet et al., 1993; Karim and Thum-
mel, 1992; Figure 2). This reinduction is submaximal in
E75C mutants (Figure 2). Interestingly, the E75C muta-
tion has a similar effect on Fbp-1, L71-1, and L71-3
transcription at this stage in development (Figure 2).
Fbp-1 encodes a larval serum protein receptor that is
induced by ecdysteroids in the fat body of mid-third
instar larvae (Burmester et al., 1999), and L77-1 and
L71-3 are late ecdysteroid-inducible genes that are spe-
cifically expressed in prepupal salivary glands (Restifo
and Guild, 1986). These genes are normally downregu-
lated in early pupae, ~14 hr after puparium formation.
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In E75C mutants, however, this repression occurs pre-
maturely, ~10 hr after puparium formation. It is at this
time that E7Z5C mRNA levels peak in abundance in wild-
type animals (Andres et al., 1993; Karim and Thummel,
1992), indicating that E75C is normally required to main-
tain the expression of these genes through the prepupal-
pupal transition.

The E75 Deficiency Causes First Instar Larval
Lethality while E75A Mutants Die

throughout Development

To assess possible embryonic lethality, E75%"/TM6B
Ubi-GFP animals were crossed to the deficiency stock
E75%'/TM6B Ubi-GFP. From this cross, 20% of the off-
spring hatched as first instar larvae that did not express
GFP (n = 161). Similarly, 20% of the offspring from
E75*/TM6B Ubi-GFP adults hatched as first instar lar-
vae that did not express GFP (n = 162). These numbers
are lower than the 26% observed in the ry*® control
cross (n = 150), indicating some embryonic lethality.
Embryonic lethality in E75 common region mutants has
been shown to be associated with abnormal midgut
morphogenesis (Bilder and Scott, 1995) as well as head
involution defects (P. Jenik and W.A.S., unpublished
results).

E75A and E75%' common region mutant first instar
larvae were collected at hatching and examined at regu-
lar intervals for lethality during later stages of develop-
ment. E75%" common region mutants remain as first
instar larvae for over a week before dying without any
detectable morphological abnormalities (Figure 1B).
Some E75A mutants also arrest development as first
instar larvae, although lethality is also observed at most
other stages in the life cycle including second instar
larvae, third instar larvae, early pupae, and pharate
adults (Figure 1B). Developmental delays, develop-
mental arrests, and molting defects were observed in
these animals. Subsets of first and second instar mutant
larvae never molt to the next instar, surviving for up to
a week before dying. Those that molt do so up to 12 hr
late, while some die at the molt (denoted as L2/L3 in
Figure 1B). These animals often have malformed mouth-
hooks or two sets of mouthhooks, indicative of a molting
defect. E75A mutant pharate adults display no detect-
able morphological defects, but fail to eclose.

E75A Mutant Second Instar Larvae Can Pupariate
without Progressing through the Third Instar
Approximately 20% of E75A mutant second instar larvae
display a heterochronic phenotype in which they live for
several days beyond the time when they should have
molted to the third instar, and then pupariate (denoted
as L2 prepupae in Figure 1B). These delayed second
instar larvae continue to eat and grow, exceeding the
size of wild-type second instar larvae, approaching the
size of a wild-type late third instar larva. They begin to
pupariate ~88 hr after the first-to-second instar larval
molt, forming what will be referred to hereafter as L2
prepupae.

We conclude that the L2 prepupae derive from second
instar larvae based on three criteria. First, L2 prepupal
anterior spiracles do not evert and consist of a single
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Figure 3. E75A Mutant Second Instar Larvae Can Pupariate without
Progressing through the Third Instar

A wild-type ry®¢/E75%" (+/Df) prepupa (A) and E75"¢'/E75" (E75A/
Df) L2 prepupa (B) are depicted, along with higher magnification
images of the anterior spiracles of wild-type (C) and E75A mutant
(D). Dissected mouthhooks are also depicted from a wild-type third
instar larva (E), a wild-type second instar larva (F), and an E75A
mutant L2 prepupa (G). Some L2 prepupae progress through pupa-
tion, as indicated by an everted head and elongated legs and wings
(). A few necrotic patches can be seen in the depicted animal, which
was photographed approximately 2 days after pupation. A wild-type
late pupa is shown for comparison (H).

club-shaped spiracular opening, identical to that of sec-
ond instar larvae (Figures 3B and 3D; Bodenstein, 1965),
in contrast to the everted spiracular papillae characteris-
tic of a wild-type prepupa derived from a third instar
larva (Figures 3A and 3C). Second, mouthhooks dis-
sected from L2 prepupae, although malformed to vary-
ing degrees (Figure 3G), are more similar to wild-type
second instar larval mouthhooks, both in size and tooth
structure (Figure 3F), than to wild-type third instar larval
mouthhooks (Figure 3E). Finally, no ejected mouthhooks
or shed cuticle could be found in the media of E75A
mutant L2 prepupae by the time they pupariated. Re-
markably, about 20% of the L2 prepupae (n = 85) de-
velop to the pupal stage as evidenced by head eversion
and leg and wing extension, indicating that these ani-
mals respond in arelatively normal manner to the prepu-
pal ecdysteroid pulse (Figure 3l).

E74A and BFTZ-F1 Are Submaximally Induced

in E75A Mutant Second Instar Larvae

The majority of E75A mutants display defects during the
second larval instar (Figure 1B). In an initial effort to
understand the molecular basis of these defects, total
RNA was isolated from staged control and E75A mutant
second instar larvae and analyzed by Northern blot hy-
bridization using probes to detect the expression of
eight genes: E74, BFTZ-F1, EcR, usp, dare, dib, Lcp-b,
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Figure 4. E75A Mutant Second Instar Larvae Display Defects in E74
and BFTZ-F1 Transcription

Total RNA was isolated from ry*®/E75'control (+/Df) and E75"'/
E75%" mutant second instar larvae (E75A/Df), fractionated by form-
aldehyde gel electrophoresis, and analyzed by Northern blot hybrid-
ization. Radiolabeled DNA probes were used to detect E74, BFTZ-
F1, EcR, dare, and Lcp-b mRNA. rp49 was used as a control for
loading and transfer. Developmental times are depicted in hours
after the first-to-second instar larval molt.

and rp49 (Figure 4 and data not shown). We focused on
three regulatory genes that are expressed during the
second instar: EcR, E74, and BFTZ-F1 (Talbot et al.,
1993; Thummel et al., 1990; Yamada et al., 2000). These
genes are coordinately induced in wild-type second in-
star larvae 15-18 hr after the molt (Figure 4). Expression
of E74 and BFTZ-F1 is significantly affected in E75A
mutant second instar larvae (Figure 4). E74B mRNA can
be detected throughout the time course, accumulating
to higher levels at later times, while EZ4A mRNA accu-
mulation is both significantly reduced and delayed.
BFTZ-F1 mRNA is also significantly reduced in E75A
mutant second instar larvae (Figure 4). The effects on
EcR mRNA accumulation, however, are relatively minor,
with EcR failing to be repressed at later times (Figure 4).
These blots were also hybridized to detect usp mRNA,
which is unaffected by the E75A mutation (data not
shown). The expression of EcR and usp mRNA in E75A
mutant second instar larvae suggests that the defects
in this mutant cannot be attributed to a reduced level
of ecdysteroid receptor at this stage in development.
The pattern of E74 transcription seen in E75A mutants

is similar to that seen in third instar larval organs treated
with a low concentration of 20E (Karim and Thummel,
1991). This observation raises the possibility that E75A
mutant second instar larvae might be ecdysteroid defi-
cient. This proposal is further supported by the lethal
phenotypes of E75A mutants which resemble those
seen in ecdysteroid-deficient mutants (Freeman et al.,
1999; Sliter and Gilbert, 1992; Venkatesh and Hasan,
1997). Accordingly, we examined the expression of two
genes that are known to be directly involved in the ecdy-
steroidogenic pathway in Drosophila: dare and disem-
bodied (dib). dare encodes the Drosophila ortholog of
adrenodoxin reductase, amammalian enzyme that plays
acentral role in vertebrate steroid hormone biosynthesis
by transferring electrons to all known mitochondrial cy-
tochrome P450s (Freeman et al., 1999). Genetic studies
of dare mutants suggest that this gene plays a similar
role in Drosophila ecdysteroid biosynthesis. dib en-
codes a presumptive target for dare action, a cyto-
chrome P450 that is essential for ecdysteroid biosynthe-
sis in Drosophila (Chavez et al., 2000). Both dare and dib
mRNA, however, are expressed throughout the second
larval instar and appear to be unaffected by the E75A
mutation (Figure 4 and data not shown). Similar results
were obtained with separate collections of animals and
with poly(A)* RNA from E75A mutant second instar lar-
vae (data not shown).

Lcp-b expression was also examined in E75A mutant
second instar larvae. This gene encodes a larval cuticle
protein that is induced during the latter half of the sec-
ond instar (Charles et al., 1998). Lcp-b mRNA is upregu-
lated at 18 hr after the molt, in synchrony with EcR,
E74A, and BFTZ-F1, and accumulates to higher levels
throughout the second instar, consistent with earlier
results (Figure 4; Charles et al., 1998). Lcp-b transcrip-
tion is slightly delayed and reduced in E75A mutant
larvae but otherwise expressed normally, indicating that
these animals can faithfully express a marker for the
second instar stage (Figure 4).

E75A Mutant Second Instar Larvae Express

a Third Instar Genetic Program

A subset of E75A mutant second instar larvae fails to
molt to the third instar and pupariate, forming L2 prepu-
pae (Figure 1B). To determine whether these animals
execute genetic programs specific to later stages of
development, we examined the patterns of E74, Sgs-4,
and Fbp-1 transcription in E7Z5A mutant second instar
larvae. These ecdysteroid-inducible genes are normally
expressed during the second half of third larval instar
and thus provide molecular markers for animals that are
progressing toward the onset of metamorphosis (Andres
et al., 1993).

Total RNA was collected from control third instar lar-
vae staged from 24 to 44 hr after the second-to-third
instar molt, and E75A mutant second instar larvae
staged from 48 to 88 hr after the first-to-second instar
molt. Control larvae begin to pupariate at ~48 hr after
the second-to-third instar molt, while the majority of
E75A mutant second instar larvae begin to pupariate
after 88 hr. RNA extracted from both sets of animals
was analyzed by Northern blot hybridization (Figure 5).
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Figure 5. Delayed E75A Mutant Second Instar Larvae Express
Genes Specific to the Third Instar

Total RNA was isolated from ry*®/E75%' control third instar larvae
(+/Df) and from E75%'/E75" mutant second instar larvae (E75A/
Df), fractionated by formaldehyde gel electrophoresis, and analyzed
by Northern blot hybridization. Radiolabeled DNA probes were used
to detect E74A, E74B, Sgs-4, and Fbp-1 mRNA. rp49 was used as
a control for loading and transfer. Control larvae are staged in hours
after the second-to-third instar larval molt and E75A mutant larvae
are staged in hours after the first-to-second instar larval molt. The
RNA level in the 88 hr time point in EZ5A mutant larvae is low relative
to the other samples. The variable levels of Sgs-4 and Fbp-1 mRNA
detected at different time points in E75A mutants is most likely due
to developmental asynchrony in each collection of animals.

E74B is expressed throughout the second half of the
third larval instar in wild-type animals, and begins to be
repressed as E74A mRNA is induced by the high-titer
late larval ecdysteroid pulse (Figure 5). A similar pattern
is seen in E75A mutant second instar larvae, although
E74A induction is significantly delayed and reduced,
detectable at 84 hr after the first-to-second instar molt
(Figure 5). Both Sgs-4 and Fbp-1 are also induced in
E75A mutant second instar larvae, although their nor-
mally coordinate induction is disrupted, with Fbp-1 in-
duced 56-64 hr after the molt, and Sgs-4 induced 76-84
hr after the moltin mutant animals (Figure 5). The expres-
sion of Sgs-4 and Fbp-1 in E75A mutant second instar
larvae indicates that they are capable of inducing ge-
netic programs specific to the third instar stage.

hours after puparium formation
0 2 4 6 8 10 12 14
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Figure 6. E75A Mutant L2 Prepupae Have Normal Temporal Profiles
of E74 and BFTZ-F1 Transcription

Total RNA was isolated from ry*®E75" (+/Df) control prepupae and
E75"'/E75" L2 prepupae (E75A/Df), fractionated by formaldehyde
gel electrophoresis, and analyzed by Northern blot hybridization.
Radiolabeled DNA probes were used to detect E74A, E74B, and
BFTZ-F1 transcription. rp49 was used as a control for loading and
transfer. Times are depicted in hours after puparium formation.

E75A Mutant L2 Prepupae Display Normal

Prepupal Temporal Patterns of E74

and BFTZ-F1 Transcription

Approximately 20% of E75A mutant L2 prepupae un-
dergo head eversion, forming pupae with elongated legs
and wings (Figure 3l). In an effort to determine whether
these developmental changes reflect normal transcrip-
tional responses to ecdysteroids, we examined the ex-
pression of two key ecdysteroid-regulated genes that
respond to dynamic changes in ecdysteroid titer in pre-
pupae: E74 and BFTZ-F1. E74A is expressed in newly
formed prepupae and is repressed as E74B is induced
by the rising ecdysteroid titer during prepupal develop-
ment. E74B is then repressed as E74A is induced by
the prepupal ecdysteroid pulse, followed by rapid re-
pression of E74A and reinduction of E74B (Karim and
Thummel, 1991). In contrast, BFTZ-F1 expression is re-
stricted to the interval of low-ecdysteroid titer in mid-
prepupae (Woodard et al., 1994).

Total RNA was isolated from control prepupae and
pupae staged at 2 hr intervals from 0 to 14 hr after
puparium formation, as well as from staged E75A mutant
L2 prepupae, and analyzed by Northern blot hybridiza-
tion to detect E74 and BFTZ-F1 transcription (Figure 6).
Remarkably, the L2 prepupae display relatively normal
patterns of E74 and BFTZ-F1 expression, with a delay
of ~2 hr in E74A mRNA accumulation (Figure 6). This
observation suggests that the E75A mutants that pupar-
iate from the second instar can execute appropriate
changes in ecdysteroid titer during the onset of meta-
morphosis.

Molting Defects in E75A Mutants Can Be Rescued
by Feeding Ecdysteroids

The developmental delays, developmental arrests, and
molting defects seen in EZ5A mutants are characteristic
of an ecdysteroid deficiency (Freeman et al., 1999; Sliter
and Gilbert, 1992; Venkatesh and Hasan, 1997). This
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Figure 7. E75A Mutant Second Instar Larvae Are Ecdysteroid Defi-
cient

(A) Molting defects in E75A mutant second instar larvae are rescued
by feeding ecdysteroids. E75A mutant second instar larvae (E75%'/
E75") were collected at 66 hr after egg laying and transferred to
yeast paste supplemented with either 3.3% ethanol (control), 10
mg/ml 20E, 0.33 mg/ml 20E, or 0.66 mg/ml ecdysone. Animals were
transferred to fresh unsupplemented yeast paste 6 hr later and
scored for molting to the third instar (L3) after approximately 18 hr.
(B) E75A mutant second instar larvae have a reduced ecdysteroid
titer. w''”® control (+/+) and E75%'/E75*" (E75A /Df) larvae were
collected at 6 hr intervals after the first-to-second instar molt. Ecdy-
steroid titers in organic extracts from these animals were determined
by enzyme immunoassay using a monoclonal antibody directed
against 20E. The results are depicted as pg of 20-hydroxyecdysone/
mg initial body weight on the y axis and hours after the molt on the
X axis.

conclusion is further supported by the pattern of E74
transcription in E75A mutant second instar larvae (Fig-
ure 4; Karim and Thummel, 1991). In order to test this
possibility, we attempted to rescue the second-to-third
instar larval molt by feeding ecdysteroids to E75A mu-
tant second instar larvae. Second instar larvae staged
12-18 hr after the molt were transferred to yeast paste
supplemented with either no hormone, 0.33 mg/ml 20E,
10 mg/ml 20E, or 0.66 mg/ml ecdysone. The animals
were transferred to regular yeast paste after 6 hrin order
to simulate the hormone pulse that triggers the molt,
and then scored for animals that molted to the third
instar after 18 hr. Almost all E75A mutant second instar
larvae that were maintained on food without ecdyste-
roids failed to molt, either staying as second instar larvae
or forming L2 prepupae (Figure 7A). In contrast, the
majority of larvae fed either ecdysone or 20E molted

properly (Figure 7A). Interestingly, about half of the mu-
tant animals that molted to the third instar continued to
develop to pupal and pharate adult stages, consistent
with a critical role for E75A during the second larval
instar.

E75A Mutant Second Instar Larvae

Have Reduced Ecdysteroid Titers

Our studies of E75A mutant second instar larvae suggest
that they could have a reduced ecdysteroid titer at this
stage of development. As a direct test of this hypothesis,
we measured the ecdysteroid titer in these animals using
an enzyme immunoassay (EIA). Control and E75A mu-
tant second instar larvae were collected at 0-6, 6-12,
12-18, and 18-24 hr after the first-to-second instar larval
molt. Organic extracts were prepared from these ani-
mals and the ecdysteroid titer was measured by EIA
using amonoclonal antibody directed against 20E. Wild-
type larvae show a peak of 20E at 6-12 hr after the molt,
with the titer decreasing toward the end of the instar,
as observed in an earlier study (Kraminsky et al., 1980;
Figure 7B). In contrast, this peak is eliminated in E75A
mutants, which also show a reduced basal level of 20E
at all stages (Figure 7B). To confirm these results, the
EIA was repeated using a second set of control and
E75A mutant larvae, collected at 0-12, 12-24, and 24-36
hr after the first-to-second instar larval molt. Similar
results were obtained from these animals, confirming
the data shown in Figure 7B and indicating that the
ecdysteroid peak in E7Z75A mutants is not delayed until
24-36 hr after the molt (data not shown).

Discussion

Extensive studies have focused on the 74EF and 75B
early ecdysteroid-inducible puffs in the salivary gland
polytene chromosomes, providing insights into the mo-
lecular mechanisms of ecdysteroid action in insects as
well as steroid hormone signaling in vertebrates (Ash-
burner et al., 1974; Yamamoto and Alberts, 1976). Al-
though functions for the E74 early gene from the 74EF
puff have been described (Fletcher et al., 1995), rela-
tively little is known about the roles of the E75 orphan
nuclear receptors during development. We show here
that E75B mutants are viable and fertile, suggesting
that this gene functions in a redundant pathway during
development, while E75C mutants die as adults. In con-
trast, most E75A mutants die as delayed second instar
larvae with a reduced ecdysteroid titer, or arrest during
the molt to the third instar. Remarkably, some E75A
mutant second instar larvae express genes characteris-
tic of the third instar and pupariate without progressing
through a molt, indicating that molting can be uncoupled
from the onset of metamorphosis. This study provides
a new direction for understanding the functions of early
ecdysteroid-inducible regulatory genes, positioning the
E75A orphan nuclear receptor upstream from the signal
that induces its expression, defining its action in a feed-
forward pathway to amplify or maintain ecdysteroid ti-
ters during Drosophila larval development.
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E75B Exerts No Essential Functions

during the Fly Life Cycle

E75B null mutants show no detectable phenotypes. In
addition, the expression of 16 ecdysteroid-regulated
genes at the onset of metamorphosis is normal in these
mutants (data not shown). Interestingly, BFTZ-F1 is
among the genes that remain unaffected by the E75B
mutation. Ectopic expression and biochemical studies
have shown that E75B can directly interact with the
DHR3 orphan nuclear receptor and thereby block its
ability to induce BFTZ-F1 in mid-prepupae (White et al.,
1997). These observations led to the proposal that the
timing of BFTZ-F1 expression is dependent on appro-
priate decay of the E75B repressor. We, however, find
no reproducible temporal shift in BFTZ-F1 expression
in E75B mutant prepupae, indicating that, while E75B
may be sufficient to repress BFTZ-F1, it is not necessary
for this response. This conclusion, combined with the
absence of obvious phenotypic effects caused by the
E75B mutation, raises the possibility that E75B acts in
a functionally redundant pathway. E78B is an ideal can-
didate for exerting this redundant activity. Like E75B,
E78B encodes a homolog of the vertebrate Rev-Erb
orphan nuclear receptor (NR1D1), and is a truncated
isoform that lacks a DNA binding domain (Stone and
Thummel, 1993). E78B is expressed in synchrony with
E75B in early prepupae (Karim and Thummel, 1992;
Stone and Thummel, 1993). In addition, E7Z8B null mu-
tants display no detectable phenotypes, like E75B mu-
tants, suggesting that its function is complemented by
another factor (Russell et al., 1996). An effort is currently
underway to inactivate both E75B and E78B in order to
determine whether they act in a redundant manner dur-
ing development (G. Lam and C.S.T., unpublished re-
sults).

E75C Is Required for Pharate Adult

and Adult Viability

E75C mutants die as pharate adults or within a few
days following eclosion (Figure 1B). These animals are
morphologically normal except for black spots that
cover up to one quarter of the eye, but are weak, unable
to fly, and severely uncoordinated. Earlier development
in these mutants appears to proceed normally. Consis-
tent with this observation, most of the 16 ecdysteroid-
regulated transcripts examined in EZ5C mutant late third
instar larvae and prepupae displayed normal temporal
patterns of expression (Figure 2). The expression of four
transcripts, however, fails to be maintained through the
prepupal-pupal transition in E75C mutants: E75B,
Fbp-1,L71-1, and L71-3. This coordinate misregulation
suggests that the brief peak of ecdysteroid-induced
E75C expression in ~10 hr prepupae is required for the
continued expression of a subset of ecdysteroid target
genes. It is unclear, however, whether these relatively
subtle effects on gene expression might be causally
related to the late developmental defects observed in
E75C mutants.

Similarities between the E75C adult phenotype and
the phenotype exhibited by hypomorphic dare alleles
raises the possibility that the adult lethality of E75C
mutants may result from an ecdysteroid deficiency. dare
mutant adults are unable to walk or fly, exhibiting

twitching of the legs and wings, and die within a week
following eclosion (Freeman et al., 1999). These dare
mutant phenotypes appear to arise from progressive
degeneration of the CNS, starting at adult eclosion. Fu-
ture studies could provide a basis for determining
whether E75C and dare might function together to con-
trol ecdysteroid titers during pupal and adult devel-
opment.

E75A Mutant Larvae Are Ecdysteroid Deficient

Most E75A mutants display defects during the second
larval instar, either failing to molt to the third instar,
arresting at the molt, or forming prepupae directly from
the second instar (Figure 1B). E75A mutant larvae devel-
op asynchronously and can molt up to 1 day late. Larvae
that do not molt can live for up to a week before dying.
These phenotypes resemble those seen with a tempera-
ture-sensitive dre-4 mutant as well as hypomorphic al-
leles of itpr and null alleles of dare. The dre4 gene has
not yet been isolated, although its function is required
for ecdysteroid pulses throughout the life cycle (Sliter
and Gilbert, 1992). itpr encodes an intracellular calcium
channel, the inositol 1,4,5-triphosphate (IP;) receptor,
that is expressed in the ring gland and appears to be
required for ecdysteroid biosynthesis (Venkatesh and
Hasan, 1997). Consistent with their proposed functions,
the molting defects in itpr and dare mutant larvae can
be rescued by providing ecdysteroids in the culture me-
dium (Freeman et al., 1999; Venkatesh and Hasan, 1997).
Similarly, we have shown that E75A mutant second
instar larvae can molt to the third instar when fed ecdy-
steroids (Figure 7A), suggesting that an ecdysteroid defi-
ciency is the primary cause of the observed develop-
mental defects at this stage. More direct evidence for
this conclusion is provided by an enzyme immunoassay
which indicates that the ecdysteroid pulse is essentially
eliminated in E75A mutant second instar larvae (Figure
7B). The ring gland, as well as other larval tissues, ap-
pears normal in E75A mutants, indicating that, like other
early genes, E75A does not play a role in their growth
or development (data not shown). Rather, we conclude
that E75A is required for appropriate ecdysteroid bio-
synthesis or release during larval development.

While our studies define an essential role for E75A in
directing ecdysteroid pulses during larval development,
they do not preclude additional functions for this gene
during the life cycle—functions that could be masked
by the early lethality of E75A mutants. Like other early
genes, E75A is expressed widely in third instar larvae,
in contrast to itpr and dare which are expressed primarily
in the ring gland (Freeman et al., 1999; Venkatesh and
Hasan, 1997). E75A transcripts have been detected in
the salivary glands, gut, Malpighian tubules, fat bodies,
and imaginal discs (Huet et al., 1993; Segraves, 1988),
reflecting the widespread expression of E75A protein
detected by antibody stains, including abundant expres-
sion in the ring gland (T. Watanabe, personal communi-
cation). E75A protein is also bound to multiple sites in
the larval salivary gland polytene chromosomes (Hill et
al., 1993). These observations suggest that E75A may
play additional roles beyond those revealed by this
study, possibly in a redundant manner with other E75
isoforms or in combination with other early ecdysteroid-
inducible genes.
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E75A and E75C May Exert Redundant Functions
during the Onset of Metamorphosis

The E75 mutant that is missing all three E75 isoforms
dies after a prolonged first instar, failing to molt to the
second instar, similar to dre4 and itpr null mutants (Sliter
and Gilbert, 1992; Venkatesh and Hasan, 1997; Fig-
ure 1B). In addition, the earliest phenotypes observed in
E75 common region mutants—embryonic lethality with
head involution and midgut morphogenesis defects—
resemble the lethal phenotypes of dib mutant embryos,
mutants that are missing a key cytochrome P450 re-
quired for ecdysteroid biosynthesis (Chavez et al., 2000).
These observations indicate that the E75 locus may play
an essential role in maintaining ecdysteroid titers
through embryonic and larval development. The individ-
ual E75 isoforms, however, appear to contribute to this
regulatory function in a redundant manner because the
highly penetrant early lethality associated with the E75
common region mutation is not seen with mutations
in any of the individual E75 isoforms (Figure 1B). We
conclude that E75A and E75C are good candidates for
exerting this redundant activity by virtue of their identical
DNA binding domain.

Redundant interactions between E75A and E75C may
explain the apparent stage specificity of the E75A mu-
tant phenotypes. E75A and E75C mutants display no
defects at puparium formation or head eversion, key
developmental transitions triggered by ecdysteroid
pulses at the onset of metamorphosis. Indeed, most
E75A mutants progress through to pupal stages once
they have passed beyond the second instar (Figure 1B).
Similarly, exposure of E75A mutant second instar larvae
to a single 6 hr treatment with ecdysteroids is sufficient
to rescue many animals through to pupal and pharate
adult stages (Figure 7A). In addition, E75A mutant L2
prepupae appear to execute relatively normal changes
in ecdysteroid titer at the onset of metamorphosis, as
indicated by the patterns of E74 and BFTZ-F1 transcrip-
tion (Figure 6). We thus propose that E75A and E75C
act in a redundant manner to maintain ecdysteroid titers
during the onset of metamorphosis, explaining why mu-
tations in either function survive these stages in the life
cycle.

E75A Mutants Uncouple Molting

from Entry into Metamorphosis

E75A mutant second instar larvae that fail to molt con-
tinue to grow, approaching the size of a wild-type late
third instar larva. Remarkably, these delayed second
instar larvae express markers that are specific to the
latter half of the third instar—the fat body-specific Fbp-1
larval serum protein receptor gene and the Sgs-4 sali-
vary gland glue protein gene (Figure 5). These changes
in gene expression, in apparent preparation for meta-
morphosis, are consistent with the ability of these sec-
ond instar larvae to pupariate and progress through
head eversion, dying as early pupae (Figures 1B and
3). E75A mutant L2 prepupae display normal temporal
patterns of E74 and BFTZ-F1 transcription through pre-
pupal and early pupal stages, with an ~2 hr delay relative
to control animals (Figure 6). These observations sug-
gest that these mutants can reset their endocrinological
clock to execute the proper ecdysteroid pulses that
trigger puparium formation and pupation.
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Figure 8. A Feed-Forward Model for E7Z5A Function in Steroido-
genesis

We propose that E75A acts in a feed-forward pathway to amplify
or maintain the initial ecdysteroid signal. It could exert this function
by directly inducing genes that encode steroidogenic enzymes
within the ring gland. These enzymes would then lead to an increase
in the ecdysone precursor that is subsequently converted to 20E,
the active form of the hormone. The molting defects seen in E75A
mutants are due to submaximal ecdysteroid induction of BFTZ-F1
expression.

The ability of EZ5A mutant animals to pupariate di-
rectly from the second instar indicates that molting can
be uncoupled from progression through the onset of
metamorphosis. This appears to be a manifestation of
the reduced ecdysteroid titer in these mutants, as pupar-
iating second instar larvae have also been reported in
dre4 and itpr mutants, although they were not character-
ized in any detail (Sliter and Gilbert, 1992; Venkatesh
and Hasan, 1997). The reduced ecdysteroid titer in E75A
mutant second instar larvae apparently causes these
animals to miss this cue that would normally trigger the
molt to the third instar. In spite of this, however, these
animals can still acquire third instar identity and prog-
ress relatively normally, albeit with a significant develop-
mental delay that is evident both in terms of E74A induc-
tion in staged larvae (Figure 5), as well as the time to
puparium formation, which is at least 16 hr later than
puparium formation in wild-type animals. This conclu-
sion suggests that larval molting is an epidermal re-
sponse that has few, if any, consequences for temporal
progression throughout the rest of the organism. More-
over, the observation that a reduced ecdysteroid titer
can lead to a heterochronic phenotype at the onset of
metamorphosis defines a critical role for ecdysteroid
pulses in defining not just timing but also the character
of the major developmental transitions in the fly life cycle
(Thummel, 2001).

E75A Acts in a Feed-Forward Pathway

for Ecdysteroid Biosynthesis

The observation that E75A expression is induced di-
rectly by ecdysteroids (Segraves and Hogness, 1990),
combined with its requirement for appropriate ecdyste-
roid titers during larval development, leads us to pro-
pose that E75A functions in a feed-forward pathway to
maintain or amplify ecdysteroid pulses during Drosoph-
ila larval development (Figure 8). The most direct means
by which E75A could exert this regulatory function would
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be through transcriptional control of genes that encode
steroidogenic enzymes (Figure 8). We examined the
transcription of dare and dib in E75A mutant second
instar larvae as a means of testing this hypothesis, but
detected no effects on their expression (Figure 4 and
data not shown). Although dare and dib are the only
members of the ecdysteroid biosynthetic pathway that
have been characterized at the molecular level, there
are other genes in this pathway that could be dependent
on E75A function. These include members of the so-
called “Halloween” class of genes, such as spook,
shroud, and phantom, which display lethal mutant phe-
notypes similar to those of dib (Chavez et al., 2000).

The reduced level of BFTZ-F1 expression in E75A mu-
tant second instar larvae provides a functional link to
explain the molting defects in these animals (Figure 4).
A study by Yamada et al. (2000) has shown that BFTZ-
F1 is required for larval molting. Moreover, BFTZ-F1 can
directly regulate the Edg84A pupal cuticle gene, and
ectopic overexpression of BFTZ-F1 leads to an abnor-
mal larval cuticle structure (Murata et al., 1996; Yamada
etal., 2000). Taken together, these observations suggest
that BFTZ-F1 plays a key role in controlling larval molts,
directly regulating larval cuticle gene expression. The
severe reduction in BFTZ-F1 expression in E75A mutant
larvae is thus consistent with the inability of these ani-
mals to molt. We also conclude that E75A does not
directly regulate BFTZ-F1, since molting can be rescued
by feeding ecdysteroids to E75A mutant larvae (Figure
7A). This experiment places BFTZ-F1 downstream from
ecdysteroid signaling and E75A expression, indirectly
dependent on E75A activity (Figure 8).

Our studies of E75 provide a new direction for under-
standing early gene function within the ecdysteroid-trig-
gered regulatory cascades. Previous work has indicated
that early ecdysteroid-inducible genes operate down-
stream from the ecdysteroid receptor, coordinating the
expression of secondary response late genes that, in
turn, execute the appropriate biological responses to
each hormone pulse during development (Russell and
Ashburner, 1996; Thummel, 1996). Our characterization
of E75 functions indicates that early genes not only
transduce the ecdysteroid signal but can also affect
the signal itself, through feedback regulation. Further
studies of E75 should provide a molecular framework
for understanding the genetic control of steroidogenesis
in insects. In addition, the heterochronic phenotypes in
E75A mutants provide a basis for understanding how
key developmental landmarks, such as molting, are
linked to temporal progression through the insect life
cycle.

Experimental Procedures

Drosophila Stocks

Wild-type controls were either ry*® or w''®. E75%" was created by
imprecise excision of the /(3)0225 ry* P element that maps 800 bp
upstream from the start site of E7Z5A transcription. Southern blot
hybridizations and DNA sequence analysis indicate that E75%" is a
1792 bp deletion that extends from ~1.3 kb upstream of the E75A
transcription start site to 143 bp downstream from the start codon.
E75" was created by imprecise excision of the /(3)3338 ry™* P ele-
ment that maps ~3.5 kb downstream of the second E75A exon
(W.A.S. et al., unpublished results). This exon, which is shared be-
tween E75A and E75C, encodes the first zinc finger of the E75 DNA

binding domain. Southern blot analysis demonstrated that the E75'
deletion removes ~30 kb of DNA as shown in Figure 1A. E75" was
created by imprecise excision of the /(3)7041 ry* P element that
maps immediately upstream of the E75B start site, and is an ~3 kb
deletion that removes the E75B promoter and most of the E75B 5’
exon. E75%7 was isolated by y-ray mutagenesis of st in ri p? sbd?
males and screening for lethality over a ru h WA sbd? Tu? chromo-
some (Segraves, 1988). Southern blot analysis revealed that E75*”
is an ~60 kb deletion that maps to the region shown in Figure 1A
(Segraves, 1988).

Lethal Phase Analysis

E75 mutations were maintained over the third chromosome bal-
ancer, TM6B P{w*-Ubi-GFP.S65T}, Tb' (stock 4887, Bloomington
stock collection), which allows mutant larvae to be distinguished
from their balanced siblings by the lack of GFP expression. Flies
carrying the E75 allele were crossed to each of the E75 isoform-
specific mutants. To assess embryonic lethality, embryos were col-
lected from these crosses at 6 hr intervals and allowed to develop
for 24 hr at 25°C, after which mutant first instar larvae were counted.
To assess lethality at later stages of development, mutant first instar
larvae were isolated and maintained on yeast paste. Living animals
were transferred to fresh yeast paste every 24 hr, while dead animals
were scored for the stage of lethality and visible phenotypes. It
should be noted that the lethal phases of E75%" as well as E75'
and other strong common region mutants were consistently earlier
in studies conducted at Yale University, with putative E75 common
region null mutants showing embryonic lethality and E75%" mutants
showing earlier larval lethality (P. Jenik and W.A.S., unpublished
results). Under growth conditions at the University of Utah, however,
E75%" and E75%" mutants displayed the lower levels of embryonic
and larval lethality reported in this manuscript. It thus appears that
environmental parameters can affect the severity of the E75 mutant
phenotypes. Similar results have been seen with mutations in DHR78
and rigor mortis, two genes that, like E75, function in ecdysteroid
signaling pathways (A. Andres, J. Gates, and C.S.T., unpublished
results).

Staging of E75 Mutant Larvae and Prepupae

First or second instar larvae were collected on yeast paste on a
moist sheet of black Whatman filter paper. To maintain proper hu-
midity, the filter paper was placed inside a 50 ml glass beaker in a
humidified chamber maintained at 25°C. Larvae were checked at 3
hr intervals for molting, and newly molted larvae were transferred
to fresh yeast paste and allowed to develop for the desired time
relative to the molt. Late third instar larvae were staged as described
(Andres and Thummel, 1994).

Northern Blot Hybridizations

Total RNA was extracted from staged larvae and prepupae as de-
scribed (Andres and Thummel, 1994). Fifteen micrograms of each
RNA sample was fractionated by formaldehyde agarose gel electro-
phoresis, transferred to a nylon membrane, and UV crosslinked
using a Stratalinker on autocrosslink. Northern blots were sequen-
tially stripped and hybridized with radioactive probes that were pre-
pared as described (Andres et al., 1993).

Ecdysteroid Feeding Experiments

E75A mutant larvae were collected at 18 hr after the first-to-second
instar molt, and divided into two groups. One group of animals was
fed yeast paste with a final concentration of 3.3% ethanol (50 mg
dry yeast, 95 pl water, and 5 pl 100% ethanol), while the other group
of animals was fed yeast paste with a final concentration of 0.33
mg/ml 20-hydroxyecdysone in 3.3% ethanol (50 mg dry yeast, 95
wl water, and 5 pl of 10 mg/ml 20-hydroxyecdysone [Sigma] in 100%
ethanol) or 10 mg/ml 20-hydroxyecdysone or 0.66 mg/ml ecdysone
(Fluka). Larvae were transferred to fresh yeast paste without ecdy-
steroids after 6 hr, in order to simulate a high-titer hormone pulse.
These larvae were scored 18 hr later for those animals that success-
fully molted to the third instar.
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Ecdysteroid Titer Measurements

Control (w''*®) and E75A mutant (E75%%'/E75°") second instar larvae
were collected at 0-6, 6-12, 12-18, and 18-24 hr after the first-to-
second instar larval molt and stored in Eppendorf microcentrifuge
tubes that were weighed before and after the addition of larvae in
order to determine the weight of the animals. Samples were frozen
at —80° and then homogenized in 0.6 ml methanol in a 2 ml glass
dounce using a B pestle and incubated at room temperature for 4
hr under constant agitation. This suspension was centrifuged at
14,000 rpm for 30 min, after which the supernatant was saved and
the pellet was incubated overnight with another 0.6 ml methanol.
Both supernatants were combined and dried in a speed vac. Ecdy-
steroid titers were determined by an enzyme immunoassay (Aribi
etal., 1997; Pascual et al., 1995), using 20-hydroxyecdysone-peroxi-
dase conjugate as a tracer (a gift from J.-P. Delbecque) and EC19
monoclonal antibody directed against 20E (a gift from J.-P. Del-
becque). Samples were solubilized in a phosphate buffer to a final
concentration of 25 mg initial body weight/ml and added to microti-
ter plates that had been coated with secondary anti-lgG antibodies.
A known quantity of tracer and EC19 antibody were added and the
plates were incubated at room temperature for 3 hr. The plates
were then washed several times and bound peroxidase activity was
detected using tetramethylbenzidine (Sigma) as a substrate. A mi-
croplate reader was used to analyze the data and results were
compared with readings from standardized concentrations of 20E
(Sigma).

Acknowledgments

We thank J. Koolman and J.-P. Delbecque for providing antibodies,
tracer, and protocols for the ecdysteroid enzyme immunoassay, J.
Cole, N. Modiano, and C. Hughes for assistance in the mapping of
E75 P element insertions, G. Lam for help in setting up the enzyme
immunoassay, K. King-Jones for help with the gene structure de-
picted in Figure 1A, and A. Bashirullah, K. King-Jones, and T. Koz-
lova for critical comments on the manuscript. This work was sup-
ported by NSF grant IBN-9205565 (W.A.S.) and the Howard Hughes
Medical Institute (C.S.T.).

Received: March 26, 2002
Received: May 21, 2002

References

Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D.,
Amanatides, P.G., Scherer, S.E., Li, P.W., Hoskins, R.A,, Galle, R.F.,
et al. (2000). The genome sequence of Drosophila melanogaster.
Science 287, 2185-2195.

Andres, A.J., and Thummel, C.S. (1994). Methods for quantitative
analysis of transcription in larvae and prepupae. In Drosophila mela-
nogaster: Practical Uses in Cell and Molecular Biology, L.S.B.
Goldstein and E.A. Fyrberg, eds. (New York: Academic Press), pp.
565-573.

Andres, A.J., Fletcher, J.C., Karim, F.D., and Thummel, C.S. (1993).
Molecular analysis of the initiation of insect metamorphosis: a com-
parative study of Drosophila ecdysteroid-regulated transcription.
Dev. Biol. 160, 388-404.

Aribi, N., Pitoizet, N., Quennedey, A., and Delbecque, J.P. (1997).
2-Deoxyecdysone is a circulating ecdysteroid in the beetle Zopho-
bas atratus. Biochim. Biophys. Acta 1335, 246-252.

Ashburner, M., Chihara, C., Meltzer, P., and Richards, G. (1974).
Temporal control of puffing activity in polytene chromosomes. Cold
Spring Harb. Symp. Quant. Biol. 38, 655-662.

Bilder, D., and Scott, M.P. (1995). Genomic regions required for
morphogenesis of the Drosophila embryonic midgut. Genetics 141,
1087-1100.

Bodenstein, D. (1965). The postembryonic development of Drosoph-
ila. In Biology of Drosophila, M. Demerec, ed. (New York: Hafner
Publishing), pp. 275-367.

Burmester, T., Antoniewski, C., and Lepesant, J.A. (1999). Ecdysone-
regulation of synthesis and processing of fat body protein 1, the

larval serum protein receptor of Drosophila melanogaster. Eur. J.
Biochem. 262, 49-55.

Burtis, K.C., Thummel, C.S., Jones, C.W., Karim, F.D., and Hogness,
D.S. (1990). The Drosophila 74EF early puff contains E74, a complex
ecdysone-inducible gene that encodes two ets-related proteins.
Cell 61, 85-99.

Buszczak, M., Freeman, M.R., Carlson, J.R., Bender, M., Cooley, L.,
and Segraves, W.A. (1999). Ecdysone response genes govern egg
chamber development during mid-oogenesis in Drosophila. Devel-
opment 126, 4581-4589.

Charles, J.P., Chihara, C., Nejad, S., and Riddiford, L.M. (1998).
Identification of proteins and developmental expression of RNAs
encoded by the 65A cuticle protein gene cluster in Drosophila mela-
nogaster. Insect Biochem. Mol. Biol. 28, 131-138.

Chavez, V.M., Marques, G., Delbecque, J.P., Kobayashi, K., Holling-
sworth, M., Burr, J., Natzle, J.E., and O’Connor, M.B. (2000). The
Drosophila disembodied gene controls late embryonic morphogen-
esis and codes for a cytochrome P450 enzyme that regulates embry-
onic ecdysone levels. Development 127, 4115-4126.

DiBello, P.R., Withers, D.A., Bayer, C.A., Fristrom, J.W., and Guild,
G.M. (1991). The Drosophila Broad-Complex encodes a family of
related proteins containing zinc fingers. Genetics 129, 385-397.

Fletcher, J.C., and Thummel, C.S. (1995). The Drosophila E74 gene
is required for the proper stage- and tissue-specific transcription
of ecdysone-regulated genes at the onset of metamorphosis. Devel-
opment 121, 1411-1421.

Fletcher, J.C., Burtis, K.C., Hogness, D.S., and Thummel, C.S. (1995).
The Drosophila E74 gene is required for metamorphosis and plays
a role in the polytene chromosome puffing response to ecdysone.
Development 1271, 1455-1465.

Freeman, M.R., Dobritsa, A., Gaines, P., Segraves, W.A., and Carl-
son, J.R. (1999). The dare gene: steroid hormone production, olfac-
tory behavior, and neural degeneration in Drosophila. Development
126, 4591-4602.

Gilbert, L.I., Rybczynski, R., and Tobe, S.S. (1996). Endocrine cas-
cade in insect metamorphosis. In Metamorphosis: Postembryonic
Reprogramming of Gene Expression in Amphibian and Insect Cells,
L.l. Gilbert, J. Tata, and B. Atkinson, eds. (New York: Academic
Press), pp. 59-107.

Guay, P.S., and Guild, G.M. (1991). The ecdysone-induced puffing
cascade in Drosophila salivary glands: a Broad-Complex early gene
regulates intermolt and late gene transcription. Genetics 729,
169-175.

Hill, R.J., Segraves, W.A., Choi, D., Underwood, P.A., and Macavoy,
E. (1993). The reaction with polytene chromosomes of antibodies
raised against Drosophila E75A protein. Insect Biochem. Mol. Biol.
23, 99-104.

Huet, F., Ruiz, C., and Richards, G. (1993). Puffs and PCR: the in
vivo dynamics of early gene expression during ecdysone responses
in Drosophila. Development 118, 613-627.

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

Karim, F.D., and Thummel, C.S. (1992). Temporal coordination of
regulatory gene expression by the steroid hormone ecdysone.
EMBO J. 711, 4083-4093.

Kiss, |l., Beaton, A.H., Tardiff, J., Fristrom, D., and Fristrom, J.W.
(1988). Interactions and developmental effects of mutations in the
Broad-Complex of Drosophila melanogaster. Genetics 118,
247-259.

Kraminsky, G.P., Clark, W.C., Estelle, M.A., Gietz, R.D., Sage, B.A,,
O’Connor, J.D., and Hodgetts, R.B. (1980). Induction of translatable
mRNA for dopa decarboxylase in Drosophila: an early response to
ecdysterone. Proc. Natl. Acad. Sci. USA 77, 4175-4179.
Mangelsdorf, D.J., and Evans, R.M. (1995). The RXR heterodimers
and orphan receptors. Cell 83, 841-850.

Murata, T., Kageyama, Y., Hirose, S., and Ueda, H. (1996). Regulation
of the EDG84A gene by FTZ-F1 during metamorphosis in Drosophila
melanogaster. Mol. Cell. Biol. 16, 6509-6515.



Developmental Cell
220

Pascual, N., Belles, X., Delbecque, J.P., Hua, Y.J., and Koolman, J.
(1995). Quantification of ecdysteroids by immunoassay: comparison
of enzyme immunoassay and radioimmunoassay. Z. Naturforsch.
[C] 50, 862-867.

Restifo, L.L., and Guild, G.M. (1986). An ecdysone-responsive puff
site in Drosophila contains a cluster of seven differentially regulated
genes. J. Mol. Biol. 188, 517-528.

Restifo, L.L., and White, K. (1992). Mutations in a steroid hormone-
regulated gene disrupt the metamorphosis of internal tissues in
Drosophila: salivary glands, muscle, and gut. Roux’s Arch. Dev. Biol.
201, 221-234.

Riddiford, L.M. (1993). Hormones and Drosophila development. In
The Development of Drosophila melanogaster, M. Bate and A. Marti-
nez-Arias, eds. (Cold Spring Harbor, NY: Cold Spring Harbor Labora-
tory Press), pp. 899-939.

Russell, S., and Ashburner, M. (1996). Ecdysone-regulated chromo-
some puffing in Drosophila melanogaster. In Metamorphosis. Post-
embryonic Reprogramming of Gene Expression in Amphibian and
Insect Cells, B.G. Atkinson, L.I. Gilbert, and J.R. Tata, eds. (New
York: Academic Press), pp. 109-144.

Russell, S.R., Heimbeck, G., Goddard, C.M., Carpenter, A.T., and
Ashburner, M. (1996). The Drosophila Eip78C gene is not vital but
has a role in regulating chromosome puffs. Genetics 144, 159-170.

Segraves, W.A. (1988). Molecular and genetic analysis of the E75
ecdysone-responsive gene of Drosophila melanogaster. PhD thesis,
Stanford University, Stanford, CA.

Segraves, W.A., and Hogness, D.S. (1990). The E75 ecdysone-induc-
ible gene responsible for the 75B early puff in Drosophila encodes
two new members of the steroid receptor superfamily. Genes Dev.
4, 204-219.

Shilton, A. (2001). The role of the ecdysone early response gene
E75 in Drosophila development. PhD thesis, Yale University, New
Haven, CT.

Sliter, T.J., and Gilbert, L.I. (1992). Developmental arrest and ecdy-
steroid deficiency resulting from mutations at the dre4 locus of
Drosophila. Genetics 130, 555-568.

Stone, B.L., and Thummel, C.S. (1993). The Drosophila 78C early
late puff contains E78, an ecdysone-inducible gene that encodes a
novel member of the nuclear hormone receptor superfamily. Cell
75, 307-320.

Talbot, W.S., Swyryd, E.A., and Hogness, D.S. (1993). Drosophila
tissues with different metamorphic responses to ecdysone express
different ecdysone receptor isoforms. Cell 73, 1323-1337.

Thomas, H.E., Stunnenberg, H.G., and Stewart, A.F. (1993). Hetero-
dimerization of the Drosophila ecdysone receptor with retinoid X
receptor and ultraspiracle. Nature 362, 471-475.

Thummel, C.S. (1996). Flies on steroids — Drosophila metamorphosis
and the mechanisms of steroid hormone action. Trends Genet. 12,
306-310.

Thummel, C.S. (2001). Molecular mechanisms of developmental tim-
ing in C. elegans and Drosophila. Dev. Cell 1, 453-465.

Thummel, C.S., Burtis, K.C., and Hogness, D.S. (1990). Spatial and
temporal patterns of E74 transcription during Drosophila develop-
ment. Cell 67, 101-111.

Venkatesh, K., and Hasan, G. (1997). Disruption of the IP3 receptor
gene of Drosophila affects larval metamorphosis and ecdysone re-
lease. Curr. Biol. 7, 500-509.

White, K.P., Hurban, P., Watanabe, T., and Hogness, D.S. (1997).
Coordination of Drosophila metamorphosis by two ecdysone-
induced nuclear receptors. Science 276, 114-117.

Woodard, C.T., Baehrecke, E.H., and Thummel, C.S. (1994). Amolec-
ular mechanism for the stage specificity of the Drosophila prepupal
genetic response to ecdysone. Cell 79, 607-615.

Yamada, M., Murata, T., Hirose, S., Lavorgna, G., Suzuki, E., and
Ueda, H. (2000). Temporally restricted expression of transcription
factor BFTZ-F1: significance for embryogenesis, molting and meta-
morphosis in Drosophila melanogaster. Development 127, 5083-
5092.

Yamamoto, K.R., and Alberts, B.M. (1976). Steroid receptors: ele-
ments for modulation of eukaryotic transcription. Annu. Rev. Bio-
chem. 45, 721-746.

Yao, T., Segraves, W.A., Oro, A.E., McKeown, M., and Evans, R.M.
(1992). Drosophila ultraspiracle modulates ecdysone receptor func-
tion via heterodimer formation. Cell 77, 63-72.

Yao, T.P., Forman, B.M., Jiang, Z., Cherbas, L., Chen, J.D.,
McKeown, M., Cherbas, P., and Evans, R.M. (1993). Functional ecdy-
sone receptor is the product of EcR and Ultraspiracle genes. Nature
366, 476-479.



