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The acquisition of competence to respond to ecdysone
in Drosophilais transcript specific
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Abstract

The steroid hormone ecdysone induces a precise sequence of gene acbviigaphila melanogastesalivary glands in late third larval
instar larvae. The acquisition of competence for this response does not result from a single event or pathway but requires factors t
accumulate throughout the instar. Individual transcripts become competent to respond at different times and their expression is differe
tially affected inecd, dor®? and BR-C mutants. The induction of early-late transcripts, originally assumed to necessarily follow early
transcripts, is partially independent of early transcript activation. Attempts to inhibit the synthesis of regulatory proteins reveal-transcrip
specific superinduction effects. Furthermore these inhibitors lead to the inductBsiT@fF1andE93transcripts at levels normally found
in prepupal glands. These studies reveal the complexity of the processes underlying the establishment of a hormonalTdgfthse.
Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction characterised physiological responses to a steroid hormone.
Molecular studies have provided insights into how ecdysone
Insect development is orchestrated by the steroid hor- might induce stage and tissue specific changes in gene
mone ecdysone which exerts its effects through membersexpression. Ecdysone acts via a heterodimer composed of
of the nuclear hormone receptor superfamily, key molecules the proteins EcR and USP encoded byghdysone receptor
of a highly conserved regulatory mechanism found both in (EcR) gene andiltraspiracle(usp respectively (Yao et al.,
invertebrates and vertebrates. Although there are many stu-1992), in which the EcR partner is any one of three isoforms
dies concerning events during a hormonal response, notablywhich show stage and tissue specificity (Talbot et al., 1993).
hormone binding to receptor, receptor binding to target Equally the early genes induced by ecdysone are complex
DNA sequences, interactions with co-activators or repres- transcription units consisting of a number of isoforms
sors and the induction of both natural and reporter genes(Thummel, 1996; Richards, 1997 for reviews) and the com-
(see Mangelsdorf et al., 1995; Glass et al., 1997 for recent bination of isoforms induced and their level of expression
reviews), little is known about the events which occur in the are stage and tissue specific (Huet et al., 1993). This sug-
target cell prior to the arrival of hormone and which are gests that cells are preset to respond to the arrival of hor-
necessary to organise the response to hormone. mone and that their ability to respond, or competence, is
The effects of 20-OH ecdysone (hereafter ecdysone) onboth stage and tissue specific.
Drosophilalarval and prepupal tissues are perhaps the best The term ‘acquisition of competence’ was used to
describe a change in the prepupal salivary gland between

f*COggs?f’%’;dgngsazug‘??f- Te'-fl+3_’3r']3‘§8'g)§'3t’)2'25; ach 4 and 6 h after pupariation (Richards, 1976a). At 4 h the
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titre. Competence appeared to result from either a single a.

; i 2nd instar >< 3rd larval instar  feeding ><wandering>
event or a series of events that occurred almost simulta- Puff Stages 1-2--- 11
neously at different loci. A number of factors contributing Ecdysone:
to this acquisition of competence have since been described.  Response: mid larval late larval
Both EcRandBFTZ-FI transcripts are dramatically induced — P 7 . o
in 6 h prepupal glands (Huet et al., 1995). Logically, this (pupariation)
increase inEcR transcripts should lead to changes in the /w:;e.opmem A:ages
abundance of the ecdysone receptor complex. The FTZ-F1
protein is localised on prepupal ecdysone sensitive puff loci B. 86 90 94 98 102 106 110114 1 2 3 4 5 6
suggesting that it is necessary for ecdysone regulation in late - - eeoey e q_iu-

prepupae (Lavorgna et al., 1993). Furthermore, by expres-

sing BFTZ-FI ectopically in late larvae, Woodard et al. 3 %=
(1994) were able to induce the ecdysone induced late pre- «g E74B =
pupal specific genE93(Baehrecke and Thummel, 1995)in  ~ o

larval glandsFTZ-Fl activation requires the prior interac- _—
tions of DHR3 and E75B further members of the nuclear E74A >
receptor superfamily active at the end of the larval response & s, .
to ecdysone (White et al., 1997; Lam et al., 1997). Although *
these studies on the late larval to late prepupal transition are __ 78~
encouraging, as this transition occurs over a relatively short | g7sp =
period (3 to 5 h), it may prove difficult to detect transcript
specific elements of competence. ;
The sequence of events prior to the late larval response  DHR39 =
occurs over a much longer period. The molecular complex-
ity of events between 86 and 112 h emerged with the ana- Fig- 1.‘ The squential activation of ec_dysone inducible transcripts_in third
Iyses of Andres and Huet and their respective co-workers larval |nstar.sa||vary glands dbrqsophﬂa m_elanogaste(A) The.feedmg
and wandering phases of the third larval instar are shown with respect to
(Andres and Cherbas, 1992; Andres et al., 1993; Huet et al"hours after egg laying and the mid larval and late larval ecdysone
1993; Huet et al., 1995; Huet et al., 1996). Hormone titre responses. (B) Transcripts of the different genes analysed by RT-PCR
measurements in this period suffer from the developmental are shown for the mid larval and late larval period, the former staged by
heterogeneity between individual larvae and the timing and hours after egg laying, the latter by puff staging the contralateral lobe of
extent of a number of small peaks that have been reportedthe. salivary gland. Each column represents transcripts analysed in the same
. salivary gland. Data from Huet (1995) and Huet et al. (1995).
are poorly defined (see Andres et al., 1993 for a recent
discussion). Karim and Thummel (1992), using mixed late native is that each increase in hormone triggers a new set of
larval tissues, defined class E¢R E74B and class Il primary induced genes and subsequent protein synthesis
(E74A E75A ET5B early transcripts on the basis of their alters the cellular response so that a later peak of hormone
induction by different concentrations of ecdysone in vitro. will have a distinct effect. Finally if transcripts are induced
Our studies of salivary gland transcripts (summarised in Fig. as a secondary response to hormone their induction will
1) showed that in normal developmdatR and E74B (as require protein synthesis and they will increase some
well as usp and E750Q increase from 86 h onwards and hours after the beginning of a hormone peak.
decline during the late larval response to hormone. Both  Our experimental approach was simple. If transcripts are
the class Il early transcripts and the early-late transcripts induced as a consequence of hormone titre alone then it will
(E78B DHR3 and DHR39 are induced in the first few be sufficient to treat mid instar glands with high levels of
hours of the late larval response (112-120 h). When salivary hormone so as to induce the class Il early transcripts. If
glands are selected at 110 h, prior to the late larval responsedevelopmental age is important, then by treating glands of
and are cultured with differing concentrations of ecdysone, different ages we might be able to define the period during
E74A E78BandDHR39are induced with>10"8 M ecdy- which competence is acquired. We find temporal differ-
sone, E75A and E75B require >10"" M ecdysone and  ences in the capacity of transcripts to respond to hormone,
DHR310 ® M ecdysone for normal induction (Huet et al., suggesting that competence is not acquired as the result of a
1995), which reflects their order of induction in vivo (Fig. single event.
1). Dissection of events in the ecdysone response has tradi-
While this suggests a threshold model, in which promo- tionally used inhibitors of macromolecular synthesis and
ters having varying sensitivities to hormone are triggered mutant strains. We therefore cultured glands with hormone
sequentially by a steadily rising titre, the dose response and protein synthesis inhibitors to see whether the expres-
curves overlap sufficiently to ensure that the full induction sion of the different transcripts requires the synthesis of new
of class | transcripts will lead to the suboptimal induction of factors. This technique was used in the initial puffing studies
class Il transcripts, which does not occur in vivo. An alter- (Clever and Romball, 1966; Ashburner, 1974) and indeed
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established the paradigm for early gene activation. How- The early-late transcript&78B and DHR3 are slightly
ever, we found that not only are many larval transcripts induced by 10° M ecdysone by 4 and 6 h in 90 h glands
subject to a superinduction effect but also that prepupal and more significantly in 100 h glands, where a clear induc-
transcripts are induced heterochronically in the presencetion is seen from 2 h onwards, whiRBHR39transcripts are
of these inhibitors. essentially only induced at 100 h. For all three transcripts,
The expression of a number of ecdysone induced genes ighe profiles obtained at 100 h resemble those seen with 110 h
affected to varying degrees @cd, dor or BR-Cmutant late glands. However, whil&78B and DHR3 transcripts accu-
third instar larvae, suggesting differences in the underlying mulate to similar levels, foDHR39 the peak levels are
regulatory pathways (see Huet et al., 1996; Meister and approximately 50% lower than those in 110 h glands (Fig.
Richards, 1996 for recent examplesyd mutants are defi-  2B). Note that we detect a basal hormone-independent
cient in ecdysone (Garen et al., 197d9r encodes a protein  activity of DHR3in all glands (see also Fig. 1B), possibly
with a zinc finger-like motif (Shestopal et al., 1997) &id- linked to alternate promoter usage. Our RT-PCR assay
C a family of proteins differing in their ‘zinc-finger motifs  detects the core region @HR3 while multiple RNAs are
(DiBello et al., 1991). In these mutants we found both evi- seen in northern analyses (Koelle et al., 1992).
dence for differences between early and early-late tran- Both the early and the early-late transcripts respond
scripts and support for the conclusion that competence is aessentially to 18 M ecdysone, the kinetics and the extent
locus-specific state. of the response changing between 90 and 100 h. While the
early genes respond more readily than the early-lates at 90 h
this is far from the massive induction seen by 1 hin 110 h
2. Results and discussion glands. In 100 h glands the response of the early transcripts
E74A E75Aand E75B approaches that of the end of the
2.1. Differential response of transcripts to ecdysone in 90 instar. Peak levels for all three are comparable to those seen
and 100 h salivary glands in vitro in older glands (Fig. 2B), although the low levels after 1 h of
culture are equivalent to those seen with 481 ecdysone in
We cultured salivary glands from 90 h and 100 h larvae 110 h glands (see Huet et al., 1995). Acquisition of compe-
for 0 to 6 h in the absence or presence of low &®r high tence forE78BandDHR3occurs between 90 and 100 h and
(107% levels of ecdysone (Fig. 2A). After analysis 49 their response at 100 h resembles that seen in 110-h glands
transcripts, representative series of glands were analysed foFig. 2A,B). In this respect they appear fully competent
three groups: the intermoult transcriptsg ECR, E74Band earlier than the early transcripts. At 100 h, the third early-
E750, the early transcriptd{74A E75AandE75B) and the late transcriptDHR39 is still acquiring competence to
early-late transcriptsg788 DHR3, DHR39. To compare respond.
maximum transcript levels seen in 90 and 100 h glands with  Differences in the response of promoters might simply
those in 110 h glands, RNAs from both were analysed in reflect binding affinities between the ecdysone receptor
parallel (Fig. 2B and data not shown). and the hormone response element, as measured in vitro.
In 90 h glands there are only minor changes in the levels of However Antoniewski et al. (1996) showed in transgenic
usp EcRandE74Bin culture. Indeed, changesinthelevelsof Drosophilathat the absolute binding affinity of the hormone
these transcripts are the least sensitive to hormone treatmenteesponse element was less important than promoter context
althoughuspandEcR are both induced at 100 h by 1M for in vivo activity. Thus, it is likely that the response
while with 10°® M hormone they are first induced and then depends both on binding affinity and on factors binding
repressed, as in 110 h glands (Huet et al., 1989%4Btran- either to adjacent sequences (either prior to or concomi-
scripts are already suboptimally induced by 86 h (Fig. 1) and tantly with receptor complex binding) or directly to the
levels are not significantly altered by these hormonal receptor complex (as a receptor co-activator or repressor).
treatmentsE75Ctranscripts were difficult to detect and did  If receptor levels have reached maximal levels, competence
not appear to respond to ecdysone treatments (data noshould reflect the accumulation (or inactivation) of such
shown). These results support the conclusion of Hall and proteins.
Thummel (1998), from a study afspmutants, that expres-
sion of the mid third-instar regulatory hierarchy does not 2.2. Protein synthesis inhibitors cause transcript-specific
require the ecdysone-receptor complex. superinduction in mid instar glands
The earlyE74A and E75A transcripts are induced with
107® M ecdysone at 90 h showing that there are functional ~ The previous experiments eliminate a timing mechanism
ecdysone receptors at this stage. This response is greater diased on hormone titre alone and suggest that other factors
100 h where both transcripts start to decline by 6 h of in vitro are involved. In an attempt to block de novo synthesis of
culture, as in late instar glandg75Bis also induced sub-  regulatory proteins, we cultured 90 and 100 hour gland pairs
optimally at 90 h by 10° M ecdysone while at 100 h thereis  for 2 or 4 hwith 10°° M ecdysone in the presence or absence
a biphasic response, also characteristic of late instar glandsof the protein synthesis inhibitor cycloheximide. One lobe
(Segraves and Hogness, 1990). was incubated with hormone and inhibitor while the second
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Fig. 2. Ecdysone induction of transcripts in staged salivary glands. (A) Individual 90- and 100-h glands were cultured for 1-6 h in Grace’s medium with
(1.8x 1078, 1.8 x 107® M) or without (0 M) ecdysone as showril( 90-h glands; M) 100-h glands. RT-PCR reactions for the different transcripts used
aliquots of RNA from the same glands (see Section 4). Transcript levels are expressed as a percentage of the maximum level observed for thaitlranscript
the exception 0E74Bwhich uses th&74Astandard (see Section 4). (B) Maximum transcript levels in 100- and 110-h glands cultured with@-8M
ecdysone for 2 hE75B), 4 h E74AandE75A or 6 h E78B DHR3 and DHR39. rp49 transcripts in the same glands are shown below.

lobe was incubated with hormone alone. A further series of both inhibitors (Fig. 3A). Unexpectedl75C transcripts,
100 hour glands were treated with anisomycin. Although normally difficult to detect (see above), were dramatically
both inhibitors were used in early puffing studies (Ashbur- increased in the presence of both inhibitors at 100 h (Fig.
ner, 1974), subsequently cycloheximide has been used3B,D). There is no effect of cycloheximide for the early
almost exclusively irDrosophilastudies, while both have  transcriptE74Ain 90-h glands, whileE75A transcripts in
been used in vertebrate studies. When transcripts were comthe same glands show a 5-fold superinduction. At 100 h both
pared between the two lobes for several pairs of glands E74AandE75Aratios are close to 1, as would be expected
(normally 4 or 5), we found two situations. In the first, for an induction that is independent of protein synthesis. In
depending on the pair of lobes, transcript levels were contrast the inhibitors cause a striking superinduction of
slightly higher either with or without inhibitor so that indi- E75Btranscripts both at 90 and 100 h (Fig. 3A,D). Effects
vidual expression ratios (see Section 4) could be greater oron E78Btranscripts are modest, at most we observed a 30%
less than 1.0 and we concluded that there was no effect ofincrease in the presence of cycloheximide (Fig. 3A). While
the inhibitor. In the second, transcripts were consistently bothDHR3andDHR39are increased 5-fold in 90-h glands,
higher in the lobe with inhibitor. For clarity, only the in 100-h glands the effect was some 2—3-fold (Fig. 3A,D).
expression ratios after 4 h of culture are presented (Fig. As transcript levels were higher in the presence of inhi-
3A-C) although in addition the most striking effects of bitors, we incubated glands with anisomycin in the absence
inhibitor are illustrated by two pairs of lobes (Fig. 3D). of hormone fo 4 h (Fig. 3C). For most transcripts there was
In 90-h glands, all intermoult transcripts, especidiyR no effect (data not shown) while farspandE75B levels
and E74B were higher in the presence of cycloheximide were increased some 3-fold. HBF5B as levels were neg-
(Fig. 3A). In 100-h glands the effect was less marked ligible compared to those seen with hormone, there is not a
although expression ratios were between 2.5 and 3.5 for significant induction by anisomycin per se. The most strik-
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" 0 %0hscyclo ferent laboratories. For example the modest increase seen
T +cyclo . . . . . .
W 100h + aniso here inE78Btranscripts in the presence of cycloheximide in

100-h glands differs from our observation th&t8Binduc-
tion was essentially insensitive to cycloheximide treatments
in 110 hour glands (Huet et al., 1995) and the finding of
éi E Stone and Thummel (1993) thB78Binduction in mixed
fag |l9a late larval tissues was reduced in the presence of cyclohex-

Expression ratio
Nw Ao e

usp  EcR  E74B E74A E75A E75B  E78B DHR3 DHR39

imide.
- " A number of mechanisms have been suggested to explain
30 -~ 1 + aniso . . . . .
= s = [ A the superinduction phenomenon. These include: (i) the exis-
- =l tence of labile repressor proteins whose rapid turnover is

r sensitive to inhibitors; (ii) the protection of transcripts from
degradation either by physical association with inhibitors or
by the inhibition of labile mRNases; (iii) the inhibition of

Expression ratio

Expression ratio

T E7se e wAE D early protein synthesis to prevent the negative feed-back
loop postulated to repress early transcript synthesis (e.g.
D. E75B E75C — Ashburner et al., 1974) and (iv) the inhibitor acting as an
— s P inducer at concentrations below those necessary to block
protein synthesis. In the case @ds and jun signalling,
. . ® o “ Edwards and Mahadevan (1992) showed that anisomycin
: +L_M; + : :yclo- + e may act through the last three mechanisms but that labile
- et s repressors were not involved. In our experiments, as effects
. . ' are transcript specific, this may reflect different combina-
L . - . - ‘ tions of mechanisms for each locus.
e + - + . + - + Ly + 1y +

2.3. Protein synthesis inhibitors cause heterochronic
induction of prepupal specific transcripts in larval glands

Fig. 3. The effects of inhibitors of protein synthesis on ecdysone regulated
transcript levels. Salivary glands were dissected and sister lobes cultured ~ Since cycloheximide treatments lead to the induction of

for 4 h in the presence of 1.8 10 M ecdysone with or without cyclo- the late prepupa' Speciﬁc 93F puff in larval g|ands
heximide (90- and 100-h glands) or anisomycin (100-h glands) as shown. (Richards 1976b) we looked for the correspondEQB

For each point five pairs of lobes were cultured in parallel and data from . .
between 3 and 5 pairs were analysed for all transcripts in terms of the transcripts (BaehreCke and Thummel, 1995)1 in 100 hour

expression ratio (see Section 4). (A) Expression ratiesSE) in 90- and glands. We also assayg8FTZ-F1 transcripts from the
100-h glands for cycloheximide treatments and in 100-h glands for aniso- mid prepupal specific puff 75CDBFTZ-F1 transcripts

mycin treatments in the presence of ecdysone. (B) Expression ratios jncreased in the presence of inhibitors in the absence of

(* SE) in 100-h gls_ands foE75Ctranscripts for cycloheximide or aniso- ecdysone (Fig. 4A) and paralleled the inductionD#iR3
mycin treatments in the presence of ecdysone. (C) Expression ratios

(£ SE) in 100-h glands for anisomycin treatment in the absence of ecdy- A
sone forusp E75Band DHR3. The control lobetf) was frozen immedi-
ately following dissection. (D) Examples of two pairs of sister lobes from -
DHR3 -
the series analysed in panels A—C. Lobes were from 90- or 100-hour . - . - . . -

larvae, cultured for 4 h, in the absence § or presence ¢ ) of inhibitor,

except for the control lobesf of panel C. ﬂ”z-“‘ ... .“ - - -

B. C.

" 100h: 4h - ecd 100h: 2h + ecd 100h: 4h + ecd

ing result was the massive increase IR3 transcripts . =Y : . “‘ -

which reached levels similar to those seen with 1M : | - : !

ecdysone (Fig. 3C,D). - - ' -
We expected that protein synthesis inhibitors would help 7 .- —

to distinguish between direct and indirect effects of hor- SO T

mone but instead discovered an extensive superinduction M SRR e e e

of transcripts. The SUpermd_uc_tlon effects are stage depen'Fig. 4. Protein synthesis inhibitors cause premature inducti@@FeZ-F1
dant and decrease as pupariation approaches. They are morg,qegstranscripts in salivary glands from 100 hour larvae. In each panel
pronounced in 90-h glands than in 100-h glands (Fig. 3) DHR3 gFTZ-F1, E93andrp49 transcripts are shown from a pair of sister
while in previous studies with late larval glands (i.e. 110— lobes. (A) Experimental lobes were cultured 4 h in the absence of ecdy-
114 h), including our own (Huet etal., 1995), there has been sone. in the presence of inhibitor (cyclo-cycloheximide, aniso-anisomycin)

. . while the control lobestf) were frozen immediately. (B) Lobes were
little evidence for such an effect other than WHSB(Seg- cultured 2 h with ecdysone, in the absenepdr presence+) of inhibitor.

raves and Hogness, 1990)- _This stagg- (a_nd possibly tissu_e'IC) Lobes were cultured 4 h with ecdysone, in the abserger(presence
dependency may explain discrepancies in results from dif- (+) of 7.6 x 107 or 7.6 x 10™® M anisomycin as shown.
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transcripts in the same glands. In glands treate@ towith

ecdysone and inhibitor, we consistently fouR@3 tran- - ecd! - dor?? 1 wr®
scripts which were not present in the sister lobe treated e 0

with ecdysone alone (Fig. 4B). Althoug75B DHR3 %01 30+ i'i 150-
andBFTZ-FI transcripts are also induced in these glands it o- 0- 100-]

is most unlikely that the sequential induction of the respec-

tive proteins, which preced&93induction in late prepupae ™7 e 7

(White et al., 1997; Lam et al., 1997), occurs. Presumably *°- 30 o

the balance of factors necessary for the correct stage specific 4o- 250

expression is disrupted, leading to this heterochronic induc- ,, T
tion.

Edwards and Mahadevan (1992) showed superinduction
effects at anisomycin concentrations which do not block '®-
protein synthesis completely. We incubated glands with .
ecdysone and 7.6 10°°> M or 7.6 x 10"°® M anisomycin,
the latter being suboptimal for protein synthesis inhibition
(Ashburner, 1974). Results f&@93andDHR 3were similar
for both concentrations (Fig. 4C) suggesting that protein
synthesis inhibition is not the determining factor in these Fig. 5. Expression of ecdysteroid regulated transcriptecd, dor** and
inductions. Note that the accumulation SFTZ-F1 tran- the BR-C mutants:npr®, 2B, br®, rbp°. For ecd, transcript levels in late

. . . d that by 4 h of cul ith ecd third instar wandering larvae at 29 are expressed as a percentage of
Scripts Is transient and that by of culture with ecdysone those in controls raised at 20 while for the remaining X-linked mutants,

they have already disappeared from some glands (Fig. 4C).mutant males are compared with their female sibs. All transcripts were
analysed in RNA extracted from the same individual salivary glands dis-

2.4. Defects in the ecdysone response are transcript specifi(ﬁ_emed from betw_een five and ten individuals_an(_j the percer_’ntage expres-

in mutant larvae sion &SE) determined as the average expression in the experimental group
divided by that of the control group.

150 -

0--!

If competence depends on a single event, or chain of half of the third larval instar (Georgel et al.,, 1991), the
events, then mutations in the ecdysone response will haveecdysone regulated increase ldp27 transcripts in that
similar effects on all transcripts. We analysed transcripts in same period is blocked (Huet et al., 1996). Induction of
ecd, dor? or BR-Cmutant larvae which reach the wander- the early and early-late puffs inlor?? salivary glands
ing stage at the end of the third larval instar and then either requires exogenous ecdysone (Biyasheva et al.,, 1985),
appear blocked prior to the late larval responsed(and which will also restore the maturation of the immune
dor*?) or engage in an aberrant resporB&{Calleles). For response irdor*? larvae (Meister and Richards, 1996). In
ecd we compared transcripts from late instar wandering the present case, results witbr* are similar to those with
animals cultured at the restrictive temperature®(9with ecd, except for a general reduction in the intermoult tran-
those maintained at 2G. For dor’? and BR-C alleles we scripts, particularly fousp and the presence of low levels
compared transcripts in glands of wandering male larvae to of DHR3 transcripts (Fig. 5).
those in female sibs carrying a wild type allele. All control The BR-C npf allele is non-complementing with the,
larvae were in puff stages 1—6 as assessed by their transcriptbp and 2Bc BR-C subfunctions and the 74EF and 75B
profiles (see Fig. 1). These analyses reflect the mostearly puffs are reduced in size in mutant larvae (Belyaeva
advanced developmental stage observed for a given tran-et al., 1981). Impr® males intermoult transcript levels are
script in the salivary gland of the mutant. close to normal whileE74A induction appears closer to

For ecd, as would be expected from the apparent devel- controls than in the previous mutanEZ5AandE75Btran-
opmental age of the wandering larvae, the intermoult tran- scripts are lower in these same animals and this may reflect
scripts are at levels comparable to those of the controls (Fig. their lower sensitivity to hormone in wild type animals (see
5). While there is little evidence of induction of early tran- above). Using a differenbpr allele, Karim et al. (1993)
scripts, there is a higher expression of bd@8B and found reduced=74A and E75A transcript levels in mixed
DHR39 whose expression normally follows that of the larval tissues cultured with ecdysone, white/5B tran-
early transcripts. The absence@flR3transcripts suggests  scripts were only lower at early timepoints. A more striking
that more than one regulatory pathway exists for this class. result is the level oE78B transcripts, which are abundant
These results are consistent with previous experimentscompared to controlDHR3 levels are low, whileDHR39
(Andres et al., 1993; Huet et al., 1996) which show that levels are as in the control larvag78BandDHR39induc-
different ecdysone responses are arrested at different stagetion in these animals is also coherent with the sensitivity of
in ecd. these genes to ecdysone treatments in wild type glands (see

Previous studies witldor”? have shown that while sali-  above).
vary gland glue synthesis precedes normally in the second To study the contributions of the three genetically defined
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subfunctions of théBR-C locus we used thér®, rbp> and The present challenge is to understand the molecular
2Bc'alleles (Fig. 5). Although a considerable effort has been mechanisms underlying this ‘acquisition of competence’.
made to correlate molecular events with Bie-Csubfunc- Progress is most likely to come from the use of mutants

tions, as thé8R-Cproducts are structurally related, in many and/or the ectopic expression of genes known to be impli-
instances it has proven difficult to implicate one subfunction cated in the ecdysone responses. It would be surprising if
as the key regulator of a given molecular event (Richards, this complexity in the organisation of a hormonal response
1997 for review). Our results are no exception as, for all is restricted to insects and such a biological framework
three alleles, expression of both the early and the early-lateshould prove conceptually useful for studies on co-regula-
transcripts is closer to controls than in ther® larvae which tors of nuclear receptors in vertebrates. Currently there is
lack all BR-Cfunctions. Althougtbr® mutants initiate tran-  rarely a notion of developmental specificity in such studies
scription of both the early and early-late genes, levels are and responses are most often studied in a given cell line (as
lower than in the controls, with the notable exception of representing a tissue) with the underlying idea of using a
E75Bwhich, as in the case of superinductions (Fig. 3), is starting material that is as uniform as possible. It is clear
distinct from that of the other two early transcripi74A that, if we are to understand the role of hormones in regulat-
andE75A Forrbp® males, collected early in the wandering ing animal development, we must develop models that
phase, intermoult transcripts are reduced and both early andallow one to study the dynamics of hormonal responses.
early-late transcript levels are higher than controls. Thus,
although emerging later, these males start their wandering at
a more advanced developmental stage than their female4. Experimental procedures
sibs. This behavioural difference was observed in the tran-
script profiles of males from two independent collections 4.1. Drosophila strains
made several months apart. Finally transcripts2Bc’,
essentially a prepupal lethal, show a profile that is overall TheOregon-Rwild type strain was maintained at 25 on
closest to that of the control group suggesting that initiation cornmeal agar medium. Larvae were selected at the second
of the response in salivary glands is normal although its to third instar moult, 72h after egg laying, by anterior spira-
progression may be altered as Karim et al. (1993), using cle morphology and transferred in groups of 20 to fresh
whole animals, reported a reduction B74A and E75A culture medium until they reached the desired age. These
transcripts in olde2Bc" larvae. larvae leave the food at approximately 110-112 h and
pupariate in a 4—8-h period around 120 h.
Larvae from the temperature sensiteedl1strain (Garen
3. Conclusions et al., 1977) were maintained atZD(permissive tempera-
ture — control animals) or transferred to°9at the begin-
The present results show that: (i) the response to ecdysonening of the third larval instar. At 2, animals eventually
depends on the developmental age of the gland; and (ii) thatleave the food and then remain blocked in an extended
individual loci evolve constantly in their capacity to respond wandering phase. Females from the X-chromosome 2B
to hormone. Although there are transcript-specific conse- mutant strains bearing either tder? [y I(1)t**/FM6I-69j/
quences of treatments with protein synthesis inhibitors, Dp(1)y’Y67g] mutation or theBR-C npf[y I(1)t**JFMé6l-
there are clearly serious limits to their use and one must be69j/Dp(1)y¥Y67g} were crossed with Oregon-R males so
careful in interpreting such experiments, particularly if only as to obtain hemizygous males which die as late larvae. In
one or a few transcripts are being followed. In the present these crosses thEM6I-69j carrying males die before the
study the aberrant expression in larval glands of the essen-third instar whereas both classes of females are viable and
tially prepupal transcript8FTZ-F1andE93 was observed  serve as internal controls. These and furtB&-C strains,
when we re-examined the collection of samples we had pre-br®, rbp® and|(1)2Bc* were obtained from Igor Zhimulev,
viously analysed for the larval transcripts. Finally the Greg Guild or both.
expression of early and early-late transcripts is differentially
altered in different mutants. In early wanderiagd, dor®® 4.2. Salivary gland culture
and npr® larvae, expression of early transcripts is reduced
while early-late transcript levels are less affected confirming  Individual salivary glands were incubated in 25 of
that induction of these early-late transcripts is not dependantculture medium in glass depression slides, covered with
upon early gene expression (Huet et al., 1995). However thegrease sealed coverslips and maintained aC2&ontral-
corresponding lesions show transcript-specific effects andateral lobes were either cultured in parallel with different
thus it is essential to follow several transcripts to assessmedium ¢hormone or hormone cycloheximide etc.) or
hormonal competence. Quantitative hybridisation to DNA served as 0 h timepoints. The culture medium (Ashburner,
microarrays may facilitate this analysis as our present 1972) is modified Grace’s medium (50:9:1 Grace's medium
approach is labour-intensive (results from several thousand(Gibco)/distilled water/ethanol). Cycloheximide ¥7107°
RT-PCR reactions are summarised in this report). M final concentration) or anisomysin (7:610°° M final



138 G. Richards et al. / Mechanisms of Development 82 (1999) 131-139

concentration) were added in the distilled water fraction levels in glands from mutant larvae compared to those in
while 20-OH ecdysone (Simes, Milan) was added in the wild type sibs.
alcohol fraction as appropriate.

4.3. RNA extraction and RT-PCR analyses Acknowledgements
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glands which is highly reproducible (see Fig. 4, and Huet Recherche sur le Cancer to F.H.
et al., 1993). In general this step serves to eliminate the rare
cases where a lobe is damaged or lost between dissection
culture and transfer to extraction buffer. We then undertook
RT-PCR rgactlons using the eqUI.VaIem 0f 1.6% of the RNA Andres, AJ., Cherbas, P., 1992. Tissue-specific ecdysone responses: reg-
from a Sahvary gland p_er transcrl_pt. The reprodUC|b|I|ty Of_ ulation of the Drosophila genesEip28/29 and Eip40 during larval
the assay has been discussed in Huet et al. (1993) —1In deve|0pment_ Deve|0pment 116, 865—-876.
general we observe at most a 2—3-fold variation between Andres, A.J., Fletcher, J.C., Karim, F.D., Thummel, C.S., 1993. Molecular
replicate glands. Template concentrations were such that analysis of the initiation of insect metamorphosis: a comparative study
RT-PCR reactions are in the linear range of amplification. of Drosophilaecdysteroid-regulated transcription. Dev. Biol. 160, 388—
Products were separated on 2% agarose g'ells a':]d anlalysegntoniewski, C., Mugat, B., Delbac, F., Lepesant, J.-A., 1996. Direct
after transfer to nylon membranes and hybridisation with @  repeats bind the ECR/USP receptor and mediate ecdysteroid responses
labelled internal oligonucleotide. Farsp primers were in Drosophila melanogasteMol. Cell. Biol. 16, 2977—2986.
TACGAGAAGCTCTGGTTGAG and CAATAGCGTGT- Ashburner, M., 1972. Puffing patterns in the salivary gland chromosomes
CCAGGGATT and the internal probe was TCATCGAGC- of Drosophila VI. Ind_ucti_on by ecdysone in salivary glands BX.

. . melanogastecultured in vitro. Chromosoma (Berl.) 38, 255—-281.
GAAACGATGCT, while for E93 primers were TGG- Ashburner, M., 1974. Sequential gene activation by ecdysone in polytene
CCGACTTCAATCTGATC and ATCTAGCTTGTTGGC- chromosomes obrosophila melanogaster Il. The effects of inhibi-
CACCA and the internal probe CGCCAACTACCTCA- tors of protein synthesis. Dev. Biol. 39, 141-157.
GAAGTA. Primers and hybridisation probes for all other Ashburner, M., Chihara, C., Meltzer, P., Richards, G., 1974. Temporal

; ; ; ; control of puffing activity in polytene chromosomes. Cold Spring Har-
transcripts are given in Huet et al. (1993, 1995). Prior to bor Symp. Quant. Biol. 38, 655-662.

au.toradilography, f”FerS were exposed V_V'th a Fu.J_l Type Bas- Baehrecke, E.H., Thummel, C.S., 1995. ThesophilaE93 gene from

Il imaging plate which was scanned using a Fujix Bas 2000  the 93F early puff displays stage- and tissue-specific regulation by 20-
phospho-imager and the relative values plotted after sub- hydroxyecdysone. Dev. Biol. 171, 85-97.

traction of background. Comparisons of absolute levels Belyaeva, E.S., Viassova, IE., Biyasheva, Z.M., Kakpakov, V.T,

between transcripts are not possible as the efficiency of Richards, G., Zhimulev, I.F., 1981. Cytogenetic analysis of the 2B3.4-

. e . 2B.11 region of the X-chromosome d@rosophila melanogasteril.
RT-PCR reactions and probe hyb”dlsatlon are variable. Changes in 20-OH ecdysone puffing caused by genetic defects of puff
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