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ABSTRACT

The endocrine control of yolk deposition in Drosophila mela-

nogaster was studied by ligation and transplantation techniques. Endocrine
events associated with the initiation of vitellogenesis were found to be syn-
chronized with eclosion rather than the completion of adult development. De-
capitation experiments showed that a cephalic event occurring at about the time
of eclosion is necessary for each animal to initiate vitellogenesis. The morphoge-
netic effect of the head could be replaced by a juvenile hormone analog (JHA).

In addition to the cephalic event, a thoracic factor is required for each follicle
to initiate vitellogenesis, since preparation of isolated abdomens before 16 hours
after eclosion prevented vitellogenesis. In abdomens isolated after this time, no
early vitellogenic stages were formed. The suppression of vitellogenesis in iso-
lated abdomens was reversed by implanting corpora allata or by treating these
preparations with JHA, but not by implanting corpora cardiaca. Ovaries that
were artificially induced to mature by treating isolated abdomens with JHA still
displayed the normal complement of ovarian proteins after electrophoresis in

polyacrylamide gels.

These results show that a circadian clock triggers vitellogenesis via a cephalic
signal at eclosion, which in turn triggers events in the thorax or abdomen. The ce-
phalic signal can be superseded by juvenile hormone, whose presence is necessary

for each follicle to become vitellogenic.

In insects, as in vertebrates, maturation of
oocytes is hormonally controlled and depends
upon the production of yolk proteins by extra-
ovarian tissues (Englemann, '70; Wallace and
Bergink, '74). Nervous and neuroendocrine ac-
tivity play important roles in controlling the
onset and continuation of vitellogenesis in in-
sects, although the precise function and tim-
ing of this activity varies in different species.
For example, it has been proposed that syn-
thesis of yolk protein in Sarcophaga (Wilkens,
’89) is controlled by juvenile hormone (JH)!
secreted by the corpus allatum (CA), while
uptake of this protein into the oocyte is con-
trolled by factors secreted by the medial neu-
rosecretory cells (MNC) of the brain. In con-
trast to Sarcophaga, the roles of the CA and
MNC are reversed in Schistocerca (Highnam et
al, ’63; Hill, 62). In Calliphora (Thomsen and
Lea, ’68), the MNC have a gonadotropic ef-
fect, while CA activity may indirectly affect
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vitellogenesis by stimulating MNC activity.
In Aedes aegypti, an egg development neu-
rohormone produced by the brain may have an
indirect role in stimulating yolk protein syn-
thesis (Lea, '72; Hagedorn, '74), while the
function of the CA is to allow development of
pre-vitellogenic oocytes up to the resting
stage (Gwadz and Spielman, '73).

The species specific interactions of differ-
ent neuroendocrine functions are made more
bewildering by controversy over the role of
these organs in Drosophila. Vogt (43, °46) has

_ shown that in D. hydei the central part of the

larval ring gland (which later develops into
the adult corpus allatum) can induce vitel-
logenesis in adult females deprived of their
corpus allatum-corpus cardiacum complex;

! Abbreviations used: CA, corpus allatum; CC, corpus cardiacum;
JH, juvenile hormone; JHA, juvenile hormone analog; L:D,
light:dark; MNC, medial neurosecretory cells; WPP, white prepupa
formation.
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and reciprocally, that the adult corpus
allatum can locally inhibit the appearance of
imaginal characters when transplanted into
metamorphosing animals. Vogt’'s ('40a,b, "41)
interspecific transplants also argue that the
adult derivatives of the ring gland are re-
guired for vitellogenesis in D. melanogaster,
but that the CA hormone is qualitatively dif-
ferent in different Drosophila species. De-
capitation experiments performed by Boden-
stein (47 showed that D. melanogaster can
support egg maturation without the brain,
which suggests that the brain is not of vital
importance. On the other hand, Bouletreau-
Merle (74, ’76), on the basis of extirpation ex-
periments in D. melanogaster, concluded that
the gonadotropic hormone primarily responsi-
ble for egg maturation comes not from the cor-
pus allatum, but rather from the brain.
Since the evidence for D. melanogaster is
contradictory for the functions of the CA and
brain hormones during sogenesis, the primary
objective of this study is to assess the action
and timing of factors originating from the
brain and CA, for the initiation and continua-
tion of egg maturation in D. melanogaster.
Egg maturation depends upon feeding dur-
ing the adult stage in many flies (Thomsen,
'52: Wilkens, '68; Lea, ’69). D. melanogaster,
on the other hand, can support egg develop-
ment for at least several days without feeding
(Bodenstein, '47). This led us to wonder if
vitellogenesis in D. melanogaster is more like
saturniid silkmoths, which do not depend
upon a signal given during adulthood, but
rather, initiate ovarian maturation during the
pupal stage (Pan et al,, '69). Alternatively, a
signal initiating vitellogenesis might occur at
the beginning of adult life, after emergence
from the puparium. Assessing the role of eclo-
sion is complicated by the controversy as to
whether eclosion in D. melanogaster consist-
ently occurs soon after the completion of adult
development (Harker, '65), or if eclosion is
controlled by a circadian rhythm and occurs
independently of development. According to
the latter view developed from studies of D.
pseudoobscura and D. melanogaster, eclosion
may occur long after development has been
completed (Pittendrigh, '54; Pittendrigh and
Skopik, '70). Due to these conflicting results,
the second objective of this study is to repeat
the above experiments in order to determine
for ourselves whether the development of the
adult is independent of the time of eclosion,
and if so, whether the processes which trigger
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vitellogenesis are synchronized with eclosion
or the termination of adult development.

A constellation of electrophoretically re.
vealed proteins are accumulated by oocyies
that mature naturally (Gelti-Douka et al., '74;
Gavin and Williamson, *76a,b). Maturation of
oocytes can be artificially induced in prepara-
tions that surgically or genetically lack CA ac-
tivity by treatments with a JH analog (Postle.
thwait and Weiser, '73; Postlethwait and
Gray, '75; Postlethwait et al., '76). The third
objective of this work is to find whether bona
fide egg proteins are caused to appear in
oocytes which are artificially induced to
mature by exogenous treatment with a syn-
thetic juvenile hormone analog.

MATERIALS AND METHODS
Animals

The Oregon-R wild type stock of Drosophile
melanogaster was cultured on standard corn-
meal-molasses-agar medium at 25 + 0.5°C.
Flies were kept on a 12-hour light: 12-hour
dark photoperiod and all freshly eclosed flies
were collected during a 5-minute period with-
in one hour after lights-on unless noted other-
wise. Animals were maintained after surgery
in a small Petri dish on tissue paper saturated
with Ephrussi-Beadle ('36) Ringers to which
phenylthiourea was added. At appropriate
times, ovaries were dissected and the develop-
mental stage of each vitellogenic follicle was
scored according to King ('70). Follicles were
grouped into three stages of maturation, early
(stage 8-9); intermediate (stage 10-12): and
late or mature (stage 13-14).

Surgical treatments

Decapitation was performed at specified
times by severing the neck with iridectomy
scissors. Due to excessive loss of hemolymph
from animals decapitated before eclosion,
these animals were first ligated around the
neck (after removal of the operculum) with
nylon monofilament. The neck was then
severed anterior to the ligature. Animals de-
capitated before eclosion were collected ini-
tially as white prepupae (WPP) at the end of
the light phase in a 12L:12D photoperiod. As
indicated in figure 3(12L), more than 0% of
the females consistently eclose over a 2-hour
period at the beginning of the light phase, 108
hours after WPP formation. Decapitation ©
pharate adults was performed relative to this
time. )

Isolated abdomens were prepared by looping
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nylen mesh monofilament around the first ab-
dominal segment. The thorax and head anteri-
or to the ligature were then removed and dis-
carded.

Transplantations were performed as de-
scribed by Ursprung ('67). CA and CC glands
were dissected from 3-day-old Cregon-R virgin
females in Chan and Gehring (71) Ringers to
which a few crystals of phenylthiourea, strep-
tomycin, and penicillin were added. The CA-
CC complex was teased away from the aorta
with tungsten microneedles. In cases where
the CA or CC were transplanted individually,
the CA was carefully teased away from the
CC. After isolating glands from three animals,
the glands were put into fresh Ringers and
transplanted into a ligated abdomen isolated
from a newly emerged female fly. The abdo-
mens were then incubated for three days and
scored for vitellogenic oocytes.

Hormone applications involved treating li-
gated abdomens and decapitated female flies
with 0.15 ug of the juvenile hormone analog,
ZR-515 (isopropyl 11-methoxy-8,7,11-tri-
methyl dodeca-2,4-dienoate, a gift of the Zoe-
con Corp.) dissolved in acetone. Hormone was
topically applied onto the dorsal side of the ab-
domen. ZR-515 has been shown to both inhibit
adult development (Postlethwait, *74) and to
stimulate vitellogenesis in the female sterile
mutant, apterous, * of D. melanogaster (Postle-
thwait and Weiser, '73).

Survival of all experimental animals was
based on three criteria. These criteria in-
cluded (1) visible muscular contraction or
bodily mevement; (2) movement of the gut tis-
sue and/or flow of material through the
Malpighian tubules; and (3) pulsation of the
ovaries. Satisfaction of any one or all of these
criteria was accepted as an indication of
viability of the organism. It is possible that
certain animals might have been able to
exhibit any one of the above behaviors, and yet
be too weakened to support ovarian matura-
tion. Therefore we believe that results con-
sidering successful egg maturation as a per-
centage of surviving animals are probably
conservative.

Monitoring development and eclosion

Two groups of animals (15 to 25 animals per
group) were collected as white pre-pupae at
five different times during a 12L:12D photo-
period; 25°C:24°C thermoperiod. An 8-watt
cool white fluorescent bulb (F8T5/CW) placed
18 ¢m from the animals provided illumination.
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Animals were kept in an incubator at all times
except when examined. The opercula of the
first group of animals were removed at 48
hours after WPP formation, whereupon the
animals were examined at approximately 20-
minute intervals for the duration of the pupal
period. The times at which three cuticular
structures appeared were recorded. These
structures included ocellar tormogen scler-
otization, orange eye color, and wing pigmen-
tation.

The second group of animals was also kept
under a 12L:12D photoperiod; 25°C:24°C ther-
moperiod. During the last light phase which
occurred previous to 98 hours after WPP for-
mation, these animals were sexed and placed
into an eclosionometer within the incubator.
The eclesionometer (Lumme and Lankinen,
’73) records emergence by collecting ball bear-
ings pushed by eclosing flies into a fraction
collector. For this experiment eclosion was
monitored at 20-minute intervals. Different
populations of flies may be designated by dif-
ferent colored ball bearings.

Electrophoresis

Ovaries were dissected from freshly eclosed
females, untreated 3-day-old females, and ZIi-
515 treated isolated abdomens incubated for
three days. Oviposited eggs were collected
over a 2-hour period and kept at 4°C. All sam-
ples were homogenized in Ephrussi-Beadle
Ringers solution and incubated at 50°C for
two hours in 2% recrystallized SDS, 2% B-mer-
captoethanol, 0.002 M Tris-HC] buffer at pH
8.0. Samples were then centrifuged at 35,000¢
for 20 minutes. The supernatant was col-
lected, assayed for protein (modified from
Schaffner and Weissman, '73) and brought to
5% glycerol, 0.01% bromphenol blue prior to
loading onto the gel.

SDS gel electrophoresis was performed
using a system modified from the standard al-
kaline analytical disc electrophoresis system
of Davis ('64). The upper reservoir buffer was
changed to 0.053 M Tris base, 0.053 M glycine,
pH 8.9, and both upper and lower reservoir
buffers contained 0.1% SDS. The resolving gel
was poured as an exponential gradient of 7.5-
15% acrylamide (BioRad). The gels were 1.5
mm thick and 13 cm long. Gels were run at 30
mAmps/gel for three hours, at which time the
dye front had reached the bottom of the gel.
Gels were stained for protein with Coomassie
blue.
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Fig. 1 Appearance of early, intermediate, and late stage cocytes in unoperated control animals raised at
25°C. Animals were dissected at the times indicated. No fewer than ten animals (20 ovaries) were dissected for
each point. Follicle stages are indicated by ® late stage; O intermediate stage; and 0 early stage. Data is plot-

ted as the mean * SEM.

RESULTS
Normal schedule of ovarian maturation

To interpret experimental treatments, we
first needed to know the normal schedule of
ovarian maturation. Egg development was
therefore assayed in untreated virgin female
flies at various times after eclosion. At the
time of eclosion, the ovary contains pre-vitel-
logenic oocytes ranging from stage 1 to 7
(King, '70). Figure 1 shows that early vitel-
logenic oocytes (stages 8 and 9) were first ap-
parent at nine hours after eclosion. Intermedi-
ate stage oocytes (stages 10 to 12) were first
seen at 12 hours, while late stage oocytes
(stages 13 and 14) first appeared at 24 hours
after eclosion. By 32 hours after eclosion, all
animals exhibited mature oocytes.

Effect of photoperiod on developmental rate

Although yolky oocytes are not observed
until several hours after emergence, events
initiating vitellogenesis may have occurred
much earlier. We have considered the possi-
bility that initiation begins either at the com-
pletion of adult development, or at the time of

eclosion. Presently, there is conflicting evi-
dence which considers whether eclosion in D.
melanogaster occurs soon after the completion
of adult development as the “next step” in
ontogeny, or if eclosion is controlled indepen-
dently of adult development. Pittendrigh and
Skopik ('70) support the latter view due to
their observations in D. pseudoobscura and D.
melanogaster. Their results indicate that eclo-
sion may occur soon after the end of adult de-
velopment only if the eclosion gate is open
(the “allowed phase”). If adult development is
completed when the eclosion gate is closed
(the “forbidden phase”), eclosion may be
delayed for as long as 18 hours (Pittendrigh,
’54; Skopik and Pittendrigh, '67). Harker ('65)
also observed eclosion rhythms in D. melo-
nogaster, but her explanation to account for
this phenomenon is different. Harker ('65)
concluded from work with D. melanogaster
that the rate of adult development is con
trolled by the environmental light cycle and
that eclosion occurs directly after the comple-
tion of adult development. According to this
view, eclosion rhythms are due to the cumuig-
tive effect of several circadian oscillators, and
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eclosion is not independent of development.

In order to determine whether egg matura-
tion is signalled by the completion of adult
development, or by emergence, we felt it nec-
essary to satisfactorily determine whether
these two events are actually independent of
each other in our stocks of D. melanogaster.
This was accomplished by a modified repeti-
tion of Harker's ('65) and Pittendrigh and
Skopik’s (70) experiments. Mixed-sex popula-
tions of animals synchronized at the white
pre-pupal stage were collected at five dif-
ferent times during a 12L:12D photoperiod.
The times chosen were those which gave the
largest developmental time differences in
Harker’s ('65) experiments. The time of ap-
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Fig. 2 Appearance of early, intermediate and late sta,
female flies. Operations were performed at the times indi
at 72 hours after eclosion. No fewer than ten animals (20
capitated previous to five minutes after eclosion reveal
not plotted). Follicle stages are indicated by ® late stage; O

ge oocytesin (A) isolated abdomens and (B) decapitated
cated before or after eclosion and ovaries were dissected
ovaries) were dissected for each time point. Animals de-
ed 0.0 early and intermediate stage oocytes/ovary (data

intermediate stage; and 3 early stage. Data is plot-

pearance of three cuticular markers (ocellar
tormogen sclerotization, orange eye color, and
wing pigmentation) was monitored in these
animals, in addition to the time of eclosion.
Figure 3 indicates that animals entering the
prepupal stage at different phases of the
photoperiod developed external structures af-
ter a given time interval had elapsed, inde-
pendent of the phase in the photoperiod that
pupariation occurred. For example, sclerotiza-
tion of the ocellar bristle socket oceurs at 63 %
2 hours no matter when in the photoperiod the
animals pupariate. Each developmental event
appeared in a population within a 2- to 7 -hour
period. This variation may be due in part to
the fact that males consistently take longer to
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Fig. 3 Time of cuticular structure development, and eclosion, of animals collected as white pre-pupae at dif-
ferent phases of a 12L:12D photoperiod. WPP were collected synchronously at the given number of hours into
the light (L) or dark (D) phase. Cuticular markers are designated as dotted bars for ocellar tormogen sclerotiza-
tion; cross-hatched bars for orange eye color; and shaded bars for wing pigmentation. Time of eclosion is desig-
nated as white bars for females, and black bars for males. Dark periods are indicated by black bars under each
panel. Light periods occur during the intervals between the black bars. Animals were continuously reared under

a 12L:12D photoperiod.

TABLE 1

Ovarian maturation in animals eclosing at different times after prepupae formation

Vitellogenic stage

Hours to eclosion

98-99 hours 107.5-108.5 hours P
Early 4.59+0.33 4.56+0.20" 093¢
Intermediate 3.91+0.72 3.61+0.54 0.75
Late 0.46*+0.13 0.73%0.18 0.25

i Mean number of follicles per ovary = B.EM.
2 Student’s t test, d.f. = 12

develop than females. These results contra-
dict Harker’s ('65) conclusion that the rate of
adult development in D. melanogaster depends
on the phase in the photoperiod that puparia-
tion occurs.

In contrast to the results for the develop-
ment of cuticular structures, the time to eclo-
sion did depend upon the phase in the photo-
period when animals formed white prepupae
(fig. 3). Female flies entering the white pre-
pupal stage at 10 hours into the light phase
take 12 hours longer to eclose than females
collected as white prepupae 5 hours into the
light phase. In addition to the variation in the
time taken to eclosion between populations
collected at different phases, there was a
consistent lag in the time taken by males

to eclose. While development of cuticular
markers occurs during both the light and dark
phases, eclosion is generally limited to the
light phase. For animals collected at five and
ten hours into the light phase (fig. 3), the
majority of animals emerge either before or
after, but not during the dark phase. This re-
sult for D. melanogaster reaffirms Pittendrigh
and Skopik’s (70) conclusion that develop-
ment is not coupled to the circadian oscill‘ﬂ-
tion, while the time of adult emergence is.
Therefore, animals which have conpleted de-
velopment within the eclosion gate may
emerge, while slower developing animals are
delayed in eclosing until the next gate opens:

If one assumes that the shortest time from
pupariation to eclosion is the length of time it
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Fig. 4 The effect of JHA on egg maturation in female flies decapitated before eclosion. The percentage of

animals exhibiting vitellogenic oocytes is indicated by [
non-JHA treated animals. Ovaries were dissected at 72

takes to develop a fully differentiated pharate
adult, then in some animals eclosion may be
delayed for as long as 12 hours after the com-
pletion of adult development.

Initiation of egg maturation

Since the experiment reported above shows
that the emergence of the adult fly occcurs
independent of the time the adult completes
development, it was possible to determine if
the onset of egg maturation is synchronized to
either event. The majority of females col-
lected as white prepupae at the end of the
light phase eclose after 107 to 108 hours, while
females collected at the beginning of the light
phase 12 hours later eclose after only 98 to 99
hours (fig. 3). Thus, we could prepare one
group of animals developing 12 hours ahead of
a second group, although both groups will
eclose within a 2-hour period shortly after
lights-on. If egg maturation is dependent upon
the time of eclosion, there should be no sig-
nificant difference in the amount of ovar-
ian maturation between the two populations
when assayed 24 hours after eclosion, a time
when even a few hours difference is detectable
in the randomly pupariating controls (fig. 1).
This experiment was repeated seven times.
For each experiment, two groups of animals
(10-12 animals per group) were prepared. As
table 1 shows, there was no significant dif-
ference between the mean number of early, in-
termediate, or late stage oocytes produced by
each population when assayed 24 hours after
eclosion. Therefore we conclude that the endo-

for animals treated with 0.15 pg of ZR-515, and @ for
hours after eclosion.

crine factors that initiate vitellogenesis are
associated with eclosion rather than the com-
pletion of adult development.

Vitellogenesis in decapitated flies

If the signal which initiates the events re-
sulting in ovarian maturation occurs at the
act of emergence, one should be able to iden-
tify the tissues involved in some essential
aspect of this process. Many insects depend
upon the stimulatory action of either neu-
rohormones or nerve action from the brain for
egg maturation to proceed. In order to see if a
cephalic factor is necessary for the stimula-
tion and continuation of ovarian maturation
in D. melanogaster, female flies were decapi-
tated at various times before and after eclo-
sion. Egg maturation was assayed in each case
72 hours after the scheduled time of eclosion.

Figure 2B indicates that animals decapi-
tated prior to 1.5 hours before eclosion con-
tained no vitellogenic oocytes at 72 hours
after their scheduled time of eclosion. Only 5
out of 38 animals decapitated at times rang-
ing from 1.5 hours before to 2 minutes after
eclosion were vitellogenic (fig. 4). These ani-
mals support development of fewer than one
mature oocyte per animal on the average, with
no development of early or intermediate stage
oocytes (fig. 2B). Animals decapitated at five
to ten minutes after eclosion exhibited early
stage cocytes, as well as an increase in the
number of late stage oocytes. After 72 hours,
animals decapitated one hour after eclosion
developed about half as many mature oocytes
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TABLE 2

Induction of vitellogenesis in isolated abdomens

Preparation

Number of

Vitellogenic stage
% with — e

Late

Treatment preparations vitellogenesis Early Intermediate

Unoperated control None 10 100 3.3! 1.0! Ha3t

Isolated abdemen None 14 0 0 0 0

Isolated abdomen Ringer 12 0 0 0 0
injection

Isolated abdomen CA-CC complex 22 46 0.11 0.02 (.38
implant

Isolated abdomen Corpus allatum 14 50 0.57 0 .32
implant

Isolated abdomen Corpus cardi- 16 0 0 0 i}
acum implant

Isolated abdomen Acetone 10 ] 0 0 0

Isolated abdomen 0.15 ug ZR-515 11 100 1.1 0.22 4.5
in acetone

' Mean number of vitellogenic follicles per ovary.

as developed in unoperated animals (fig. 2),
while the amount of early and intermediate
stage oocytes was considerably lower
(fig. 2B).

These results indicate that some type of ce-
phalic factor is necessary near the time of
eclosion for the initiation of vitellogenesis.
Removal of the head after this time permits
nearly normal continuation of this process.
Egg maturation is limited somewhat in de-
capitated animals, presumably due to the
inability of these animals to eat. A lack of
nutrition after emergence, however, does not
prohibit the formation of vitellogenic oocytes.
In fact, decapitated animals displayed more
vitellogenesis than animals deprived of only
their labial palps (data not shown).

Vitellogenesis in isolated abdomens

Since egg maturation is able to continue
without the head after eclosion, we considered
whether factors located in the thorax were es-
sential to vitellogenesis, or if the abdomen
itself contained all the information necessary
to carry on this process. The corpus allatum,
which has been implicated as being necessary
for egg maturation (Vogt, '40a,b, '43), resides
in the thorax of Drosophila. Adjacent to the
CA lies the corpus cardiacum, which has been
shown to act as a storage and releasing organ
for neurohormones in other insects (Golds-
worthy and Mordue, *74). In order to deter-
mine whether ovarian maturation is able to
proceed in the absence of these tissues, 1s0-
lated abdomens were prepared at various
times after eclosion. Egg maturation was as-
sayed 72 hours after eclosion.

Figure 2A shows that none of the abdominal
preparations ligated at any time up to 48
hours contained any early or intermediate
stage oocytes when examined at 72 hours,
Late stage oocytes appeared initially in abdo-
mens isolated 16 hours after eclosion. An in-
creasing number of mature cocytes appeared
in abdomens isolated after this time. Figure 1
shows that mature oocytes were not present in
unoperated animals at 16 or 20 hours after
eclosion. Therefore the mature oocytes found
in abdomens isolated at 16 and 20 hours after
eclosion must have formed from early or in-
termediate stages. The average number of
mature oocytes found in abdomens isolated
later than 20 hours (fig. 2A) was higher than
the number of mature oocytes present at the
time of ligation (fig. 1). This indicates that a
limited number of intermediate stage cocytes
are able to continue their development to the
mature stage without thoracic or cephalic
information. Since the number of intermedi-
ate stage oocytes at the time of ligation (fig. 1)
was greater than the increase in the numbqr
of mature oocytes after ligation (fig. 2A),
some of the oocytes which were at an inter-
mediate stage at the time of ligation do not
continue development and presumably degen-
erate. At 72 hours, isolated abdomens con-
tained no early or intermediate stage follicles,
and so formation of early vitellogenic stages
does not occur under these conditions.

Effects of CA and CCon egg maturation in
isolated abdomens

In order to determine which tissue is respor’
sible for continuation of egg maturation in18¢
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Fig. 5 SDS polyacrylamide gel electrophoresis of (a) immature ovaries, (b) mature ovaries from JHA treated
isolated abdomens, (c) mature ovaries from untreated females, and (d) oviposited eggs. The arrow indicates a

major protein band, lacking in immature ovaries,

lated abdomens, the CA and/or CC were trans-
planted into female abdomens isolated within
ten minutes of eclosion. The previous experi-
ment showed that abdomens isolated at this
time do not normally undergo vitellogenesis.

- The initial experiment involved transplanting
three CA-CC complexes from 60- to 72-hour.
old females into host isolated abdomens. The
data in table 2 show that 46% of the surviving
host abdomens supported vitellogenesis. Qo-
cytes of all stages were found. To more speci-
fically discern whether vitellogenesis depends
upon both the CA and CC glands, these tissues
were transplanted separately into isolated ab-
domens. Corpora allata glands transplanted
alone supported vitellogenesis in 50% of the
surviving abdomens (table 2). Although early
and late stage oocytes appeared, no intermedi-
ate stage oocytes were observed. In contrast,
none of the surviving abdomens implanted
with CC glands exhibited any vitellogenic
oocytes. These results indicate that the CA
gland is necessary for a continuation of egg
maturation, and that neurosecretory hor-
mones stored in the CC are not necessary later
than ten minutes after eclosion.

Effects of JH analog treatments on egg
maturation in isolated abdomens

Since the CA is sufficient to allow ovarian
maturation in isolated abdomens, it is neces-

sary to see if JH, which is purportedly syn-
thesized and secreted by the CA, is able to ef-
fect the same result. Abdomens isolated from
newly emerged flies were treated with a topi-
cal application of 0.15 ug of the juvenile hor-
mone analog, ZR-515. The data in table 2 indi-
cate that 100% of the treated abdomens
exhibited oocytes of early, intermediate, and
late stages. These experiments show that a
Jjuvenile hormone analog can substitute for
the effect of the CA.

Effect of JH analog treatments on animals
decapitated prior to eclosion

Experiments described above {fig. 2B) in
which egg maturation was not observed in
animals decapitated before eclosion, indicated
that cephalic information is needed near the
time of eclosion. This information might pro-
vide a signal directly to the abdomen that
allows the ovaries to mature, or alternatively,
it might signal other events (for example, CA
activation) that precede vitellogenesis. To test
these possibilities, animals decapitated prior
to eclosion were treated with JHA. Figure 4
indicates that ovaries within pharate adults
decapitated as early as five hours before eclo-
sion supported vitellogenesis when supplied
with JHA. This included an average of 2.1 and
5.0 late stage follicles per ovary in pharate
adults decapitated at five and zero hours
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before the scheduled time of eclosion. Since
the cephalic signal can be bypassed by JHA
application, it must not directly affect the
ovary's competence to develop. The develop-
ment of ovaries in these animals also indicates
that the lack of vitellogenesis in animals de-
capitated prior to eclosion is not due to surgi-
cally induced trauma.

Ovarian proteins and JH analog treatments

The previous experiments showed that
either the CA, or a juvenile hormone analog,
can cause morphologically normal mature
cocytes to be formed in isclated abdomens. But
since developing Drosophila oocytes can se-
quester extraneous proteins such as ferritin
from the hemolymph (Mahowald, "72), it was
necessary to evaluate the effect of JHA on the
presence of major ovarian proteins in the
maturing cocyte. The electrophoretic mobility
of proteins obtained from ovaries that were
artificially matured in isolated abdomens
treated with JHA were compared to proteins
found in immature ovaries, naturally matur-
ing ovaries and oviposited eggs. The results
(fig. 5) show a major band that was present
both in ovaries containing mature oocytes and
in oviposited eggs, but which was lacking in
immature ovaries. The morphologically ma-
ture ovaries from isolated abdomens treated
with JHA also displayed this band. In all
important features, the ovaries from JHA
treated isolated abdomens contained the same
electrophoretic bands as mature ovaries from
normal flies. The juvenile hormone analog is
apparently inducing a normal developmental
process.

DISCUSSION
Initiation of vitellogenesis

Morphological evidence for early stage
vitellogenic oocytes was not observed in D.
melanogaster ovaries until nine hours after
eclosion, while mature oocytes were first evi-
dent at 24 hours (fig. 1). The initiation of the
processes which result in vitellogenic oocytes
must therefore occur sometime beforehand.
Egg maturation in many flies is dependent
upon feeding, which either fulfills nutritional
requirements or triggers the release of an es-
gential hormone (Lea, 72). In D. melanogaster,
feeding after eclosion is not vital for the pro-
duction of the initial group of eggs (Boden-
stein, '47), and therefore the stimulus for
vitellogenesis must be independent of feeding.

Flies eclosing at the same time proceeded
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with vitellogenesis at approximately equal
rates (table 1). This suggests that an event
around the time of emergence might trigger
the processes leading to vitellogenesis. In D,
melanogaster, the completion of adult develop-
ment and the act of eclosion were shown to be
independent events (fig. 3). Experiments with
carefully staged animals showed that it is the
event of eclosion rather than the completion
of adult development which is synchronized
with vitellogenesis (table 1). Since the time of
emergence is controlled by a circadian clock,
this clock must control, either directly or
indirectly, the onset of vitellogenesis. Initia-
tion at the time of emergence is supported by
the findings of Kambysellis and Craddock
76), who report that yolk proteins are first
detected in the hemolymph of female flies just
before, or at the time of emergence.

The precise location of the circadian clock in
D. melanogaster is unknown, but evidence
from genetic mosaics suggests it is in the
brain (Konopka and Benzer, '71). To test the
effect of the brain on vitellogenesis, animals
were decapitated before and after the time of
eclosion. Animals decapitated shortly before
emergence were unable to support normal egg
production, but those decapitated after eclo-
sion did undergo normal vitellogenesis, in-
cluding the production of new early and inter-
mediate stage oocytes (fig. 2B). Therefore
neither the cephalic influence which triggers
vitellogenesis, nor any other cephalic informa-
tion is necessary for ovarian maturation after
eclosion.

The nature of the cephalic factor which trig-
gers vitellogenesis, whether nervous or neu
rohormonal, is unknown. In Antherea pernyi, a
circadian clock controls the release of an eclo-
sion hormone, produced in the brain, which re-
sults in eclosion behavior (Truman, '71a).
Since the circadian clock which controls eclo-
sion in A. pernyi and D. pseudoobscura are both
of the “hour-glass” type (Truman, '71b), it is
interesting to consider whether an eclosion
hormone is present in D. melanogaster, and
whether it is related to the onset of €gg
maturation. )

The precise function of the cephalic factor 18
unknown, but neither the triggering of hor-
monal activity at emergence, nor the tempor
ary necessity of a cephalic factor for oogenesis
is unique to Drosophila. In Aedes aegypth
emergence triggers the release of JH from the
corpus allatum, which allows the development
of the ovaries up to the pre-vitellogenic rest-
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ing stage (Gwadz and Spielman, '73). It is also
found in Aedes that an egg development
neurchormone, whose release is triggered by a
blood meal, is necessary only during the initial
phase of egg maturation. Hagedorn ('74) sug-
gests that the ovary is the target of the peu-
rohormone in Aedes. This interaction seems
unlikely in D. melanogaster. In animals de-
prived of the cephalic signal by decapitation,
the production of morphologically normal
stage 14 oocytes could be induced by applica-
tions of JHA (fig. 4). This argues against a di-
rect effect of neurohormones on the ovary, and
shows that the effect of the brain in inducing
morphologically normal cocytes can be by-
passed by JHA.

Other possible functions for the cephalic
factor include induction of yolk protein syn-
thesis by the fat body (Hill, '62), its uptake by
the ovary (Wilkens, '69), or the stimulation of
the corpus allatum (Thomsen, ’52; Engel-
mann, '60). Influences on vitellogenesis which
are not continuously necessary, are not likely
to have an effect on each maturing follicle,
such as to induce the uptake of vitellogenins.
It is more likely that influences which are
needed only temporarily trigger the activity of
tissues whose presence is continuously neces-
sary. The fat body, which secretes vitellogenin
{Gelti-Douka et al., '74), and the corpus al-
latum hormone, which possibly induces vitel-
logenin uptake (Gavin and Williamson, *76b),
are both continuously necessary for normal vi-
tellogenesis and hence are candidates for the
target(s) of the cephalic factor.

Continuation of vitellogenesis

The experiments described above show that
cephalic information is needed for the initia-
tion of vitellogenesis, but that vitellogenesis
can proceed normally without such informa-
tion one hour after emergence. In contrast, ab-
domens isolated as late as 12 hours after
emergence could not support vitellogenesis
(fig. 2A). Some process that succeeds the
action of the cephalic factor is lacking in iso-
lated abdomens. This factor is not only re-
quired later than the cephalic factor, but it
also has a different function. After ligation,
isolated abdomens were unable to support the
development of early or intermediate stage
oocytes, although a few follicles which are at
intermediate stages at the time of ligation
were able to become mature. Therefore, this
presumably thoracic factor is required to
cause non-vitellogenic stage 7 follicles to be-
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come vitellogenic, and it promotes the ad-
vancement of early to intermediate, and inter-
mediate to late stage follicles.

The tissue responsible for the thoracic fac-
tor was shown to be the corpus allatum by
transplants of various tissues into isolated ab-
domens (table 2). Topical treatment of iso-
lated abdomens with JHA showed that a sub-
stance with juvenile hormone activity in flies
(Postlethwait, *74) could replace the effects of
the CA. Transplants also ruled out the possi-
bility that residual neurosecretory material in
the CC might allow vitellogenesis to proceed
in the absence of the brain.

This work concerning the endocrine control
of vitellogenesis was based on morphological
evidence for maturation. Since oocytes in D,
melanogaster (Mahowald, '72) as well as in
Cecropia (Telfer, '60) may sequester some he-
molymph proteins in addition to vitellogenin,
morphologically mature oocytes do not
guarantee that a normal process has been ef-
fected. Using electrophoresis to analyze the
Proteins sequestered by ovaries in JHA
treated abdomens, we have found that the
major ovarian proteins found in these ovaries,
and in ovaries from untreated females, are the
same (fig. 5). This shows that the JHA is
inducing both morphologically and biochem-
ically normal development.

The experiments reported here lead us to
conclude that a function of juvenile hormone
in vitellogenesis is to permit events which
lead to yolk deposition in each follicle. This
conclusion for wild type flies is supported by
work with female sterile mutants. Vitellogen-
esis occurs in some mutants only when they
are treated with JHA (Postlethwait and
Weiser, '73; Postlethwait et al, ’76), and yet
some of these mutants have vitellogenin in
their hemolymph (Kambysellis and Craddock,
'76; Gavin and Williams, *76b). Since these
mutants have defective adult corpora allata
(Postlethwait et al., ’76), yolk protein syn-
thesis and secretion is apparently indepen-
dent of JH, although yolk protein uptake
requires JH.

Previous experiments by Vogt (43) and
Bodenstein ('47) implicated the necessity of
the CA during vitellogenesis, but neither of
these studies directly tested the adult CA, nor
did they eliminate the possible influences of
cephalic information. Much of their work was
done in species other than D, melanogaster.
Vogt (°40a,b, '41) also performed interspecific
transplants of ovaries and larval ring glands
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in different species of Drosophila. The results
indicated that the gonadotropic function of
the CA is not necessarily conserved among the
different species, and therefore evidence from
other species cannot necessarily be extended
to D. melanogaster.

Our evidence demonstrating the continued
requirement of the CA to cause stage 7 fol-
licles to become vitellogenic does not agree
with Bouletreau-Merle’s ('73) conclusion that
brain hormones probably have a more impor-
tant role in oogenesis than the CA. Ap-
pearance of new stage 8 follicles can proceed
without the brain, but not without the CA. Ce-
phalic influences, in conjunction with para-
gonial substances, may regulate the rate of
ovarian maturation and especially oviposi-
tion, but brain hormones are not necessary to
continue vitellogenesis,

Endocrine interactions in Drosophila
vitellogenesis

The results as discussed above permit us to
delineate in part the interactions of endocrine
factors in vitellogenesis. After the develop-
ment of the pharate adult is complete, the cir-
cadian clock controlling eclosion becomes the
prime mover in the series of events leading to
vitellogenesis. The clock stimulates the activ-
ity of a nervous or neuroendocrine cephalic
factor, which then acts to trigger an event
near eclosion in the thorax or abdomen of the
fly. After the cephalic event has occurred, the
corpus allatum becomes active and it secretes
a substance with juvenile hormone activity.
This hormone is continuously necessary for
each follicle to become vitellogenic. In the ab-
sence of the brain factor, JH alone can cause
morphologically normal mature oocytes to de-
velop.

A major link in the control of vitellogenesis
which has not been resolved is the control of
yolk protein synthesis in the fat body. It is
unknown whether the effect of the brain, or
juvenile hormone, are involved in this process.
In another dipteran, Aedes aegypti, yolk pro-
tein synthesis is stimulated by ecdysone, se-
creted by the ovary (Hagedorn, '74). Although
such a function of the ovaries in Drosophila
has not been reported, ecydsone has recently
been detected in the ovarian tissues of D. mel-
anogaster adults (De Reggi et al., unpublished,
cited in Legay et al,, '76). Doane ('61) suggests
that the ovaries in D. melanogaster have a reg-
ulatory effect on lipid metabolism, as well as
inhibitory effects on the CA. Evidence sug-
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gesting a more direct role for the ovaries iy
vitellogenin synthesis is presently being puyr.
sued.
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