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38 Abstract

39 The juvenile hormones (JHs) have long been believed to be key elements of the regulation of vitellogenesis inDrosophila
40 melanogaster. This essential role for JH was challenged in Richard et al. (Journal of Insect Physiology 44 (1998) 637) in a novel
41 model of the endocrine control of vitellogenesis. Further evidence supporting this proposed model and for understanding yolk
42 protein (YP) production and uptake in JH-deficient conditions is presented here. Pre-vitellogenic diapause in the Canton-S strain
43 was terminated within 4 days by the injection of 0.1 ng 20-hydroxyecdsyone; the application of 1µg JH III failed to elicit a
44 response suggesting once more that ecdysteroids may be the more important agent. Nevertheless, this dose of JH III did reverse
45 the delay associated with the onset of reproductive development of the JH-deficient mutantap56f in a manner consistent with the
46 proposed role for JH of stimulating early YP synthesis by ovarian follicle cells. Similarly, JH III application toap4 females also
47 stimulated a degree of ovarian development. A high affinity JH III binding factor (KD=1.5 nM) in whole body extracts was quantified
48 by equilibrium dialysis. Binding levels were greater in Canton-S females than inap56f females though inap56f binding could be
49 stimulated within 18 h of eclosion by the application of 1µg JH III. Ovaries fromap56f and Canton-S failed to produce any JH-
50 like compounds. These data are discussed in the context of our model for the endocrine control of vitellogenesis inDrosophila. 
51 2001 Elsevier Science Ltd. All rights reserved.
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56 1. Introduction

57 Juvenile hormone (JH) and ecdysteroids have long
58 been believed to play positive gonadotropic roles in
59 reproduction in adult insects. Juvenile hormone synthe-
60 sized by the corpus allatum (CA) ofDrosophila mel-
61 anogasterstimulates yolk protein (YP) synthesis and
62 uptake by the developing oocytes; ecdysteroids produced
63 by follicle cells in the ovary, and by other tissues, stimu-
64 late fat body YP synthesis (Koeppe et al., 1985; Bownes
65 et al., 1993; Kelly, 1994). This model is supported by
66 observations of the JH-deficient mutant,apterous4, in
67 which little vitellogenesis occurs; a condition partially
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68rescued by the application of the JH analog methoprene
69(Postlethwait and Weiser, 1973). Indeed, CA from these
70females fail to produce normal levels of JH in vitro
71(Altaratz et al., 1991). Furthermore, when methoprene
72was applied to starved wild-type adults or isolated abdo-
73mens, under these conditions YP synthesis would be
74low, YP transcript became elevated (Jowett and Post-
75lethwait, 1980). Methoprene also stimulated fat body YP
76transcript levels in fed flies (Bownes et al., 1987) further
77supporting the postulate that JH is required for vitellog-
78enesis. In Richard et al. (1998), we presented evidence
79that this may not be due to the direct effect of the JH-
80analog upon YP synthesis by fat body, but rather due to
81JH-stimulation of ovarian ecdysteroid synthesis, the lat-
82ter in part responsible for YP production and uptake.
83Bownes et al. (1996) presented evidence that 20-hydrox-
84yecdysone not JH regulated YP gene expression viacis-
85acting sequences, further suggesting that JH does not
86directly affect YP transcription in the fat body.
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87 This widely accepted role for juvenile hormone was
88 challenged by observations of another JH deficient
89 mutant (apterous56f) in which near normal vitellogenesis
90 occurs in the absence of normal levels of JH production
91 by isolated CA (Altaratz et al., 1991; Richard et al.,
92 1998). However, ovaries from these flies produce above
93 normal levels of ecdysteroids (Richard et al., 1998). The
94 only apparent changes in reproduction as compared to
95 wild-type females are a delay in YP uptake (Altaratz et
96 al., 1991) and altered sexual activity (Ringo et al., 1991).
97 We believe that the delay is the result of absent early
98 YP synthesis due to sub-threshold levels of JH pro-
99 duction and supporting data will be presented in this
100 paper.
101 Many insects enter an over-wintering diapause con-
102 dition in response to changes in photoperiod and tem-
103 perature, apparently under the control of the endocrine
104 system which can disrupt the synthesis of JH and/or
105 ecdysone (see Denlinger, 1985). This exhibits itself in
106 D. melanogasteras a pre-vitellogenic arrest in ovarian
107 development (Saunders et al., 1989). No YPs are
108 deposited in the developing oocytes even though they
109 are present in the hemolymph (Saunders et al., 1990)
110 and both JH and ecdysteroid synthesis are depressed
111 throughout (Richard et al., 1998). In some species,
112 female reproductive diapause is thought to result from a
113 block in JH production by the CA (De Wilde and De
114 Boer, 1961; Hodkova, 1977). Indeed, the application of
115 JH III or JHB3 (Richard et al., 1989a) to abdomens of
116 diapausing females did restore vitellogenesis (Saunders
117 et al., 1990). However, diapause termination by warming
118 the flies from 11 to 25°C involves an increase in ecdys-
119 teroid, but not JH synthesis, within 8 h of transfer
120 (Richard et al., 1998). The injection of 1µg 20-hydrox-
121 yecdysone into diapausing females can also initiate vitel-
122 logenesis. In other words, ecdysteroids, but not JHs are
123 apparently active in diapause termination.
124 In this paper, we will present further evidence that a
125 role for JH is to regulate early YP synthesis and uptake
126 from follicle cells, and that in the absence of JHs, late
127 YP synthesis by the fat body is possibly under the con-
128 trol of ecdysteroids. This naturally presupposes that the
129 CA is the sole source of JH within the adult female fly.
130 We shall present data supporting this supposition. The
131 presence and concentration of JH binding factors in
132 developing wild-type and mutant females will also be
133 discussed in the context of a limited role for JH in the
134 regulation of vitellogenesis.

135 2. Materials and methods

136 Wild-type D. melanogaster(Canton-S strain) were
137 maintained under a L12:D12 photoperiod at 25°C unless
138 otherwise indicated. Diapausing animals were obtained
139 by allowing adults to eclose under an L12:D12 photop-
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140eriod at 12°C (Saunders et al., 1989). Stocks of
141ap4/GlaBcElp and ap56f mutant animals were raised
142under L12:D12 at 25°C. All animals were reared on arti-
143ficial Drosophila medium (Carolina Biological) sup-
144plemented with dried baker’s yeast. Flies were anaesthet-
145ized on ice prior to dissection or injection/application
146of hormones.
14720-Hydroxyecdysone (Sigma) solutions were injected
148in 23 nl of Eagles minimal essential medium MEM
149(Sigma) into the abdomens of flies using an oil-displace-
150ment nanoliter injector (World Precision Instruments).
151Methylene blue was included in the MEM (1 mg/ml) as
152a visual indicator of successful injection in both experi-
153mental and control injections (no 20-hydroxyecdysone).
154One microgram of JH III (Sigma) in 1µl acetone, or
1551 µl acetone controls was applied to the abdomens of
156diapausing andap56f females using a 10µl Hamilton syr-
157inge.
158Equilibrium dialysis binding assays (Klotz, 1989;
159modified by Park et al., 1993) involved dialyzing tissue
160extract against buffer containing radiolabeled JH III
161(17.4 Ci/mM, 54,000 dpm per tube, New England
162Nuclear). Two hundred milligrams of staged females
163were homogenized on ice in 2 ml PBS+I (comprising
164PBS pH 7.4 containing the protease inhibitors: EDTA,
1651 mM; Leupeptin, 0.5µg/ml; PMSF, 0.2 mM; Pepstatin,
1660.7 µg/ml; Aprotinin, 1µg/ml; Antipain, 5µg/ml; Tryp-
167sin Inhibitor, 50µg/ml). One milliliter of a 100,000 g
168cytosolic extract, diluted to 5 mg equivalents/ml in
169PBS+I, was enclosed in a length of PEG-treated 8000
170Da MW cutoff dialysis tubing (Spectrapour Inc.), and
171the tube incubated overnight at 4°C in a 5 ml PEG-
172treated shell vial containing 1 ml of PBS+I supplemented
173with the radiolabeled JH III and unlabelled competitor
174JH III (Sigma) as appropriate. Levels of radioactivity in
1750.5 ml aliquots of the extract and the dialysis buffer were
176determined using a Beckman LSC 6500.
177The radiochemical assay for JH production in vitro,
178based on that developed by Tobe and Pratt (1974) was
179carried out with isolated third instar larval brain–ventral
180ganglion–ring gland complexes, whole abdomens and
181isolated ovaries in MEM (minus methionine) sup-
182plemented withl-[3H-methyl]-methionine (Amersham,
183specific activity 81 Ci/mmol) as the methyl-group donor,
184and with the JH-esterase inhibitor octyl-1,1,1-trifluorop-
185ropanone (OTFP) to a concentration of 0.5µM
186(Hammock et al., 1984) as described previously (Richard
187et al., 1989a; Altaratz et al., 1991). Immediately prior to
188use, the tritiated methionine was washed 10 times with
18950 volumes of hexane to remove lipid soluble contami-
190nants that would otherwise interfere with the assay.
191Whole disrupted abdomens, single pairs of ovaries and
192third larval instar brain/ring gland complexes were incu-
193bated for 2 h at 25°C in the presence or absence of 20
194µM JH-precursor farnesoic acid (FA) (kindly supplied
195by Dr Stephen S. Tobe, University of Toronto). Pooled
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196 hexane fractions were subjected to silica gel thin-layer
197 chromatography with a JH III standard visualized under
198 UV light as described previously (Richard et al., 1989a).

199 3. Results

200 Ovarian volume was calculated using the equation
201 p0.5LW whereL is the ovary length andW is the ovary
202 width (Richard et al., 1998). The ovarian maturity index
203 (OMI) was calculated by multiplying ovarian volume by
204 the stage of the most mature vitellogenic oocyte
205 (determined according to King, 1970). If no yolk was
206 observed, the vitellogenic state was designated as stage
207 7. The use of OMI as a measure of development allowed
208 the rapid quantitative screening of large numbers of
209 ovaries during the course of these experiments.
210 In Richard et al. (1998) we reported that the injection
211 of 1 µg 20-hydroxyecdysone into diapausing females
212 resulted in the termination of diapause as determined by
213 the appearance of yolk in the developing oocytes. Fig.
214 1 demonstrates that dosages of 20-hydroxyecdysone as
215 low as 0.1 ng are able to terminate diapause, resulting
216 in an increase in OMI from the diapausing level of
217 between 200 and 300 to approximately 1000 within 7
218 days. The time course of diapause termination is shown
219 in Fig. 2, where the injection of 11 ng 20-hydroxyecdy-
220 sone resulted in a significant increase in OMI within 4
221 days (P,0.001,t=24.55 with 27 df). MEM-injected and
222 non-injected females did not show the same increase.
223 Stage 13/14 oocytes were present in the injected, but not
224 in the untreated or MEM-injected, females after 4 days.
225 Females to which 1µg JH III was applied on day 9 did
226 not show an increase in OMI.
227 The ability of JH III to stimulate reproductive pro-

8
9

10
11

12 Fig. 1. The dose-dependent effect of 20-hydroxyecdysone injection (in 23 nl MEM supplemented with 1 mg/ml methylene blue) on the ovarian
13 development (OMI) of diapausing Canton-SD. melanogasterfemales 14 days after eclosion in L12:D12 at 12°C. Flies were dissected and evaluated
14 7 days after injection. OMI of MEM injected females and uninjected females 21 days post eclosion were 370±57 and 354±22, respectively;n=7–14.
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228cesses is demonstrated by the rescue of the 6 h delay
229associated withap56f vitellogenic development by the
230application of 1µg JH III in 1 µl acetone at 6 h post
231eclosion. The flies were dissected at 2 h intervals there-
232after. Stage 14 oocytes were found 6 h earlier in the JH
233III-treated than in either the acetone-treated or untreated
234females (Fig. 3). The application of a similar dose of JH
235III to ap4 homozygous females 1 h after eclosion also
236has a significant stimulatory effect on OMI (P=0.008;
237t=2.71 with 13 df) as measured at 18 h post eclosion at
23825°C (Fig. 4). However, this OMI increase was due
239primarily to changes in ovary volume as little visible
240accumulation of YPs was noted. The nature of this vol-
241ume increase is uncertain.
242Scatchard analysis (Fig. 5A) of tritiated JH III binding
243to 1 ml of a 5 mg/ml 24 h female Canton-SD. mel-
244anogaster100,000 g cytosolic extract was performed.
245JH III was added to the assays as a competitor over a
2460.14–140 pmol concentration range. This demonstrated
247that a JH III binding factor was present with a saturable
248affinity of binding (KD) of 1.55 nM and a binding site
249concentration (RT) of 0.0162 nmol/mg extract.
250Homogenized extracts of newly eclosed Canton-S
251wild-type females (as described above) bound three
252times as much JH III as equivalent agedap56f females,
253whereas by 4 h post eclosion and thereafter, they bound
254only twice as much (Fig. 5B).
255The ability of topically applied JH III to induce
256increases in JH III binding capacity inap56f females was
257investigated by equilibrium dialysis of extracts of 18 h
258post-eclosion females to which 1µg JH III had been
259applied 6 h post eclosion (Fig. 6). Significant increases
260in JH III binding were observed as compared to acetone-
261applied controls (P=0.013;t=2.299 with 34 df). Equival-
262ent increases were not noted upon the application of JH
263III to wild-type females.
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18

19
20

21 Fig. 2. The time course of diapause termination in day-14 Canton-S femaleD. melanogasterfollowing injection of 20-hydroxyecdysone (11 ng
22 in 23 nl MEM supplemented with 1 mg/ml methylene blue — filled triangles); MEM (23 nl supplemented with 1 mg/ml methylene blue — filled
23 squares); or application of JH III (1µg in 1 ml acetone — open circles) or acetone (open squares). Untreated females shown by open diamonds.
24 Females were treated and then dissected for the evaluation of ovarian development (OMI) at the time points shown;n=16–30.

27
28

29
30

31 Fig. 3. The effect of application of 1µg JH III in 1 µl acetone (filled circles) or 1µl acetone (filled squares) 6 h after eclosion on the ovarian
32 development (OMI) ofap56f female flies. Females were dissected at 2 h intervals thereafter. Untreated females are shown by open diamonds. The
33 numbers in parentheses denote the mean number of stage-14 oocytes (King, 1970) per female;n=12–14.

264 The apparent level of JH production (Fig. 7) by both
265 Canton-S andap56f 24 h post-eclosion ovaries in vitro
266 as measured by radiochemical assay in the absence of
267 the JH precursor FA was comparable to published levels
268 of JH production by isolated ring glands and adult CA
269 (Richard et al., 1989b; Altaratz et al., 1991). However,
270 these levels did not increase in the presence of FA, and
271 even decreased in the case ofap56f ovaries. Brain–ventral
272 ganglion–ring gland complexes produced expected lev-
273 els of radiolabel incorporation in both the absence and
274 presence of FA. When the pooled hexane fractions from
275 the farnesoic acid-treated incubations were analyzed by
276 thin layer chromatography (Fig. 8), a factor consistent
277 with JHB3 was noted only with the brain–ventral gang-
278 lion–ring gland complexes (JHB3 Rf=0.68, JH III
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279Rf=0.81). No JH-like factor was noted in either the FA
280treated or untreated ovaries (data not shown). Likewise,
281when whole, disrupted abdomens were incubated in the
282presence or absence of FA, no JH-like compounds were
283produced (data not shown). The identity(ies) of the hex-
284ane soluble radiolabel from the ovarian incubations
285shown in Fig. 7 remains unknown.

2864. Discussion

287The data presented here support a model (Richard et
288al., 1998) in which ecdysteroids play the more important
289role in the regulation of vitellogenesis inD. melanogas-
290ter. JHs may play a less essential role as YP synthesis
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36

37
38

39 Fig. 4. The effect of JH III application (1µg in 1 µl acetone) on the
40 ovarian development (OMI) ofap4 females at 25°C. JH III was applied
41 1 h post eclosion, dissection and evaluation at 18 h post eclosion;
42 n=10–12.

291 and uptake can occur in their absence. This model was
292 based upon observations of the JH-deficientap56f

293 mutation in which vitellogenesis occurred with only a
294 delay in its onset, and observations of diapausing Can-
295 ton-S females. Our interest in diapause is two-fold: (1)
296 the processes by which this overwintering condition is
297 induced and terminated, and (2) as a tool by which nor-
298 mal endocrine function can be interrupted conditionally
299 in a wild-type background. Since some endocrine-asso-
300 ciated genes have proven to be pleiotropic in nature, for
301 exampleapterous(Cohen et al., 1992) and the tempera-
302 ture-sensitive alleleecdysoneless1 (Redfern and Bownes,
303 1983), it is useful to disrupt hormonal production in a
304 wild-type fly without worrying that other genetic influ-
305 ences or non-specific effects of temperature elevation
306 may be having an effect.
307 Diapause in many insects is characterized by stage
308 specific arrested development resulting from pre-pro-
309 grammed endocrine lesions (Denlinger, 1985). InD.
310 melanogaster, diapause is exhibited as a pre-vitellogenic
311 arrest under short-day photoperiods at low temperatures
312 (Saunders et al., 1989). JH synthesis by isolated corpora
313 allata (Saunders et al., 1990) and ovarian ecdysteroid
314 synthesis (Richard et al., 1998) are low during diapause.
315 However, during diapause termination, only ecdysteroid
316 synthesis is elevated, JH production remains below the
317 limits of detection (Richard et al., 1998). Nevertheless,
318 the application of JH III or JHB3 to day-14 diapausing
319 females can result in the termination of diapause in some
320 circumstances (Saunders et al., 1990). Furthermore,
321 Richard et al. (1998) reported that the injection of 1µg
322 of 20-hydroxyecdysone into similar diapausing females
323 resulted in the termination of diapause as noted by an
324 increase in ovarian volume and in mean oocyte stage

1
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44
45

46
47

48Fig. 5. (A) Scatchard plot of JH III binding to 1 ml of a 5 mg/ml
4924 h female Canton-S 100,000 g cytosolic extract (tritiated JH III, New
50England Nuclear, 0.14 pmol of 17.4 Ci/mM JH III, 54,000 dpm per
51assay). Unlabeled JH III (Sigma) was added to the assays as a competi-
52tor over a 0.14–141 pmol concentration range. The dissociation con-
53stant (KD) and total binding capacity (RT) were calculated from the
54regression line (r=correlation coefficient). (B) JH III binding in Can-
55ton-S (squares) andap56f (diamonds) females during the 48 h following
56eclosion at 25°C. Binding measured by equilibrium binding of 1.4
57pmol of 10 Ci/mM tritiated JH III (46,000 dpm) with 1 ml of 5 mg/ml
58100,000 g cytosolic extract (in PBS plus protease inhibitors) of 24 h
59females;n=3–6.

325(King, 1970). Here we report that diapausing females
326are even more sensitive to ecdysteroids than previously
327demonstrated. The injection of only 0.1 ng 20-hydrox-
328yecdysone is sufficient to elicit major responses by the
329ovaries; ovarian volume and developmental stage both
330increase significantly. This level of injected hormone is
331close to the physiological range (2–10 pg/ovary/5 h;
332Richard et al., 1998) of ecdysteroid production by iso-
333lated wild-type ovaries in vitro and to the published con-
334centration of immunoreactive ecdysteroids in adult hem-
335olymph at eclosion of 10 pg/µl (Handler, 1982).
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63
64

65 Fig. 6. The inducibility of JH binding in 18 h post-eclosionap56f

66 females by 1µg JH III in 1 µl acetone applied at 6 h post eclosion to
67 500 flies (n=35). Acetone was applied as a control to 100 flies (n=16).
68 Binding assayed by equilibrium dialysis as described in Fig. 5A.

71
72

73
74

75 Fig. 7. The in vitro production of radiolabeled hexane soluble material (in pmol JH equivalents/h) by isolated ovaries from 24 h post-eclosion
76 Canton-S andap56f females, and by isolated brain–ventral ganglion–ring gland complexes from third instar Canton-S larvae, in the presence and
77 absence of 20µM FA. Incubation was for 2 h at 25°C; n=6–12.

336 We also report the extensive use of a novel method
337 of characterizing ovarian development, the OMI. This
338 takes into consideration both changes in ovarian volume
339 (Richard et al., 1998) and the maximum developmental
340 stage and as such provides a useful, rapid and quantitat-
341 ive means of comparing separate samples.
342 The time course of diapause termination following
343 injection of 20-hydroxyecdysone and application of JH
344 III suggests a greater temporal sensitivity to the steroid.
345 The OMI increased to vitellogenic levels by 4 days post-
346 injection, thereafter many stage 14 oocytes were present.
347 No significant increase in OMI following JH application
348 was noted even by 9 days post application. This surpris-
349 ing result failed to reproduce the data reported in Saund-
350 ers et al. (1990) in which a similar dose of either JH III
351 or JHB3 stimulated diapause termination as measured

1
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352after 7 days. The possibility that the amount of JH III
353being applied to the diapausing females was insufficient
354to elicit a response, perhaps due to degradation, was dis-
355counted by the use of the same JH III inap56f experi-
356ments discussed below in which the hormone was effec-
357tive at the same concentration. Another possibility that
358remains to be addressed experimentally is the method of
359anaesthetizing the females prior to the application of the
360JH or the injection of the 20-hydroxyecdysone. In Saun-
361ders et al. (1990) we etherized flies prior to treatment
362whereas in the present study, and in Richard et al.
363(1998), we cooled the adults on ice. Organic solvents
364(notably hexane) have pupal-diapause terminating
365effects in both flies (Sarcophaga crassipalpis) and moths
366(Manduca sexta) (Denlinger et al., 1980). It is possible
367therefore that the ether sensitized the diapausingDroso-
368phila females to JH application in a way not achieved
369by the less physiologically invasive method of chilling
370on ice. Diapause termination by JH application as we
371reported in Saunders et al. (1990) may therefore not
372accurately reflect the physiological condition but rather

373be a pharmacological effect. This view is strengthened
374when the processes of receptor mediated endocytosis are
375examined during diapause termination. In normal vitel-
376logenesis, the endocytosis proteins clathrin,α-adaptin
377and the putative YP receptor are seen by immunofluo-
378rescent localization both lining the boundary between
379follicle cells and the oocyte during early YP uptake, and
380in nurse cells during late YP uptake (Richard, unpub-
381lished observations). This follicle cell based endocytosis
382is not seen during diapause termination, consistent with
383the observation that JH production does not rise during
384this process (Richard et al., 1998), and therefore with
385the model in which JHs only regulate early YP synthesis
386and uptake in non-diapausing females. Since JHB3 has
387been demonstrated to stimulate ovarian ecdysteroid pro-
388duction in newly eclosed females (Richard et al., 1998),
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80

81
82

83 Fig. 8. Thin-layer chromatographic analysis (Kodak silica gel F
84 plates developed with 3:2 hexane:ethyl acetate) of selected radiolab-
85 eled products from Fig. 7. (A) Brain–ventral ganglion–ring gland com-
86 plex plus 20µM FA; (B) 24-h post-eclosion Canton-S ovaries plus 20
87 µM FA; (C) 24-h post-eclosionap56f ovaries plus 20µM FA. The
88 filled arrow denotes the position of a JH III standard (Rf=0.81), the
89 open arrow denotes the position of putative JHB3 (Rf=0.68).

389 it remains an additional possibility that the potentially
390 ether-sensitized females (Saunders et al., 1990)
391 responded to JH application by increasing ovarian ecdys-
392 teroid production, and that it was the ecdysteroids that
393 subsequently terminated diapause.
394 We proposed (Richard et al., 1998) that the JH
395 deficiency inap56f females resulted in the absence of

1
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396early YP synthesis by ovarian follicle cells but that late
397fat body YP synthesis and trafficking still occurred under
398the control of ecdysteroids produced by the ovaries
399themselves (Garen et al., 1977; Rubenstein et al., 1982),
400and possibly by other tissues as well (Bownes et al.,
4011984). The lack of follicle cell YPs, therefore, may have
402resulted in the delay associated with this mutation
403reported in Altaratz et al. (1991). In the present paper,
404the application of 1µg of JH III in 1 µl acetone to the
405abdomens of cold-anaesthetizedap56f females rescued
406this delay as determined by both an OMI increase and
407an increase in the number of stage 14 oocytes. These
408observations were based upon the application of the
409same dose of JH III to chilledap56f females that failed
410to elicit a response when applied to day-14 diapausing
411Canton-S females. Interestingly, when 1µg JH III was
412applied to 1 h post-eclosionap4 homozygotes, these too
413showed an increase in reproductive condition as determ-
414ined by OMI, suggesting that JH may restore partial
415function to even these severe mutants before premature
416death ensues. Both alleles therefore show a delay of
417ovarian development, possibly associated with lower
418early YP synthesis by follicle cells caused by an absence
419of JH. In both cases, this can be rescued by JH III appli-
420cation, though to varying degrees.
421As shown,ap56f females have low levels of JH III
422production yet they remain responsive to stimulation by
423JH application. Presumably, therefore, there must be
424binding protein/receptor systems in place, or at least
425inducible to working concentrations in order for such
426response to occur. Juvenile hormones are believed to act
427via nuclear-binding protein receptors (Riddiford, 1994),
428much like the ecdysteroid receptor (Koelle et al., 1992).
429When JH III binding was examined by equilibrium
430dialysis of whole body extracts of 24 h Canton-S
431females, a binding factor with a saturable affinity of
432binding (KD) of 1.55 nM was noted. Such high affinity
433binding is characteristic of receptor proteins and is ident-
434ical to a 400 kDa JH binding protein (KD=1.5 nM)
435reported by Shemshedini and Wilson (1988). JH III
436binding in staged Canton-S females was steady over the
43748 h following adult eclosion (this paper). However,
438ap56f female JH III binding was only one-third of the
439wild-type level at eclosion and approximately one-half
440thereafter. Interestingly, when JH III was applied toap56f

441females 6 h after eclosion, and then JH III binding levels
442examined 12 h later, a significant increase in binding
443was noted as compared to the presumed developmental
444increase seen with acetone-only applications. These pro-
445files are consistent with receptor levels that may be both
446developmentally regulated and be induced by the pres-
447ence of the ligand such that in the absence of circulating
448JH III binding, binding may be lower. This supports our
449proposal that low circulating levels of JH inap56f result
450in lower than normal levels of binding protein/receptor.
451Nevertheless, the presence of low levels of this putative
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452 receptor would be essential to account for the response
453 of ap56f to JH III in terms of the induction of early fol-
454 licle cell YP synthesis, as noted above. The downstream
455 effects of JH action would therefore appear to include
456 the stimulation of YP synthesis, possibly by follicle
457 cells, and the accelerated deposition of these YPs into
458 the developing oocytes. It should, however, be acknowl-
459 edged that these binding studies were performed on
460 whole body extracts rather than extracted ovaries so such
461 proposals remain tentative at present.
462 These conclusions are largely based upon the obser-
463 vation that the apparently JH-deficientap56f females are
464 not completely deficient in vitellogenic development.
465 This presupposes that there is no source of JH in the
466 insect other than the corpus allatum. The possibility that
467 the ovaries themselves, or other abdominal tissues, are
468 a source of JH was tested by the incubation of isolated
469 24 h post-eclosion Canton-S andap56f ovaries or dis-
470 rupted abdomens, in radioactive methionine in the JH
471 radiochemical assay developed by Tobe and Pratt (1974)
472 and modified forDrosophilaby Richard et al. (1989a).
473 The absence of JH production by ovaries or abdomens
474 from either Canton-S orap56f is consistent with the
475 model proposed for the endocrine regulation of vitellog-
476 enesis (Richard et al., 1998). It remains to be seen
477 whether other adult female tissues might be synthesizing
478 JHs, though there seems little evidence to suggest that
479 this might be the case. It is interesting to note that the
480 ovaries do incorporate the radiolabel from methionine
481 into hexane soluble material. However, TLC demon-
482 strated conclusively that this material is not an identifi-
483 able JH. Brain–ventral ganglion–ring gland complexes
484 from third instar larvae produced expected amounts of
485 JHB3.
486 Whole body JH measurements (conducted by gas
487 chromatography/mass spectroscopy according to the
488 method of Bownes and Rembold, 1987), showed no cor-
489 relation between the level of JH and overall fertility (M.
490 Bownes, personal communication of unpublished
491 information). Infertile ap4 homozygous females con-
492 tained as much JH (1.8 pmol/g) as Oregon-R females,
493 and considerably more than the fertileap56f females (1.2
494 pmol/g). The source and significance of this JH remains
495 unknown as the CA of bothap4 andap56f fail to produce
496 normal levels following eclosion (Altaratz et al., 1991).
497 Nevertheless, these data support our proposal that vitel-
498 logenesis can occur in the absence of normal levels of
499 JH production, and that JH levels themselves are not key
500 controllers of vitellogenic development.
501 The mechanism by which YPs are subsequently trans-
502 located to the developing oocyte appears to be via recep-
503 tor mediated endocytosis involving clathrin,α-adaptin
504 and a putative YP receptor (Richard, unpublished data).
505 Early YPs are apparently trafficked across the follicle
506 cell/oocyte boundary and late YPs from the fat body
507 appear to be sequestered from the hemolymph by those
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508nurse cells immediately adjacent to the oocyte and then
509translocated via ring canals to the oocyte. These mech-
510anisms remain a focus of our investigations in both
511diapausing and mutant females.
512This paper provides supporting evidence for our pre-
513viously published model for vitellogenesis inD. mel-
514anogasterin which JHs stimulate early YP synthesis by
515follicle cells, and ecdysteroids stimulate late YP syn-
516thesis by the fat body (Richard et al., 1998). While these
517observations advance our understanding of female repro-
518ductive processes, they are as yet incomplete. The
519involvement of other factors such as the 36 amino acid
520sex peptide or mating (Soller et al., 1997; Moshitzky
521et al., 1996) in these processes remains to be assessed
522experimentally in the context of our proposed model.
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