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Although ecdysteroid signaling regulates multiple steps in oogen-
esis, it is not known whether it regulates Drosophila ovulation, a
process involving a matrix metalloproteinase-dependent follicle
rupture. In this study, we demonstrated that ecdysteroid signaling
is operating in mature follicle cells to control ovulation. Moreover,
knocking down shade (shd), encoding the monooxygenase that con-
verts ecdysone (E) to the more active 20-hydroxyecdysone (20E), spe-
cifically in mature follicle cells, blocked follicle rupture, which was
rescued by ectopic expression of shd or exogenous 20E. In addition,
disruption of the Ecdysone receptor (EcR) in mature follicle cells mim-
icked shd-knockdown defects, which were reversed by ectopic ex-
pression of EcR.B2 but not by EcR.A or EcR.B1 isoforms. Furthermore,
we showed that ecdysteroid signaling is essential for the proper
activation of matrix metalloproteinase 2 (Mmp2) for follicle rupture.
Our data strongly suggest that 20E produced in follicle cells before
ovulation activates EcR.B2 to prime mature follicles to be responsive
to neuronal ovulatory stimuli, thus providing mechanistic insights
into steroid signaling in Drosophila ovulation.
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Ovulation is crucial for reproduction and requires the pro-
teolytic breakdown of the ovarian follicle for releasing a

fertilizable oocyte (1, 2). This process consists of a complex series
of events tightly coordinated by a network of paracrine and endo-
crine signals, most notably in mammals by steroid progesterone
signaling, in mature follicles (3–5). Pharmacological inhibition of
progesterone synthesis or genetic disruption of the progesterone
receptor results in an ovulation failure due to a lack of follicle wall
proteolysis or follicle rupture (6, 7). The signaling mechanism by
which progesterone regulates a spatiotemporal proteolysis leading
to a successful follicle rupture is largely unknown.
Recent work in Drosophila has demonstrated some striking

similarities between Drosophila and mammalian ovulation. Dro-
sophila ovaries are organized into ovarioles, which consist of a string
of egg chambers developing through 14 different stages into mature
follicles (stage 14) (8). Like mammals, mature oocytes inDrosophila
are wrapped in a layer of somatic follicle cells. During ovulation,
posterior follicle cells are partially broken down to allow oocytes to
be released into the oviduct, whereas the residual follicle cells de-
velop into a corpus luteum (9). This follicle rupture also relies on
proteolytic enzymes, like matrix metalloproteinase 2 (Mmp2), which
is specifically expressed in the posterior follicle cells of stage-14 egg
chambers (9). Mmp2 activation is stimulated by the monoamine
octopamine (OA), which is equivalent to norepinephrine in mam-
mals and is essential for ovulation (10, 11). OA binds to its receptor
Octopamine receptor in mushroom body (Oamb) in mature follicle
cells to induce an intracellular calcium rise, Mmp2 activation, and
follicle rupture (12). Drosophila ovulation is also regulated by mul-
tiple ovarian extrinsic factors, including secretions from the oviduct
(13), female reproductive glands (14), and male accessory glands
(15, 16). However, a role for steroid signaling in Drosophila ovula-
tion has never been established.
In Drosophila, the major steroid hormones are ecdysteroids,

including ecdysone (E) and the most biologically active form 20-
hydroxyecdysone (20E). Many enzymes involved in the ecdysone

biosynthesis pathway have been identified, including Phantom
(Phm), Disembodied (Dib), Shadow (Sad), and Shade (Shd), which
carry out the final four steps of 20E synthesis (17–20). In addition,
enzymes encoded by spook (spo) and shroud (sro) act more up-
stream for chemical reactions designated as the black box (21, 22).
Ecdysteroids signal through a heterodimeric nuclear receptor
complex comprised of Ultraspiracle (Usp) and Ecdysone receptor
(EcR) (23, 24). The latter has three alternative splicing isoforms
(EcR.A, EcR.B1, and EcR.B2), which vary at their N-terminal re-
gions (25). All three isoforms have identical DNA binding and li-
gand binding sequences, but differ in transcriptional activation and
repression (26). Ecdysteroids have long been known to play es-
sential roles in developmental transitions, such as larval molting and
metamorphosis (27, 28). In contrast, the roles of ecdysteroids in
adult physiology have just started to emerge (29–39).
In this study, we characterized the role of ecdysteroid signaling

in late oogenesis, mainly as a key component in mediating ovu-
lation. The enzyme Shd, which converts E to 20E, is dramatically
up-regulated in mature follicle cells. Disruption of ecdysteroid
signaling in these follicle cells blocked OA-induced follicle rup-
ture and ovulation. Ecdysteroid signaling is essential for proper
activation of Mmp2 enzymatic activity. Our work thus demon-
strates the role of ecdysteroid signaling in Drosophila ovulation,
reminiscent to progesterone signaling in mammalian ovulation.

Results
E-20-Monooxygenase Shade Is Required in Mature Follicle Cells for
Ovulation. Shd, the E-20-monooxygenase, converts E to 20E to
elicit steroid signaling during early development (19). To investigate
the role of steroid signaling in ovulation, we characterized the ex-
pression pattern of Shd in late oogenesis. Shd is enriched in follicle
cells at stage 10 (Fig. 1A) and down-regulated to an undetectable
level at stage 13 (Fig. 1B). At stage 14, Shd is dramatically up-
regulated in all follicle cells (Fig. 1C).
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This prominent up-regulation of Shd in mature follicle cells
prompted us to investigate its role in ovulation. With R44E10-
Gal4 transcription factor driving UAS-shdRNAi expression in
mature follicle cells (12), shd expression is severely knocked down
in mature follicles but normal in early egg chambers (Fig. 1D and
Fig. S1). Female flies with shd knockdown laid significantly fewer
eggs in 2 d (Fig. 1E). This egg-laying defect can be completely
rescued by ectopic expression of shd in mature follicle cells (Fig.
1F). A similar egg-laying defect was observed when shd was
knocked down by R47A04-Gal4 (Fig. S2), another Gal4 line over-
lapped with R44E10-Gal4 in mature follicle cells (9). These data
suggest that Shd functions in mature follicle cells to regulate
egg laying.
The egg laying consists of ovulation (releasing eggs from folli-

cles), egg transport through the oviduct, and oviposition (releasing
eggs from the uterus to the external environment). To determine
which steps are altered when shd is knocked down, we investigated
the distribution of eggs in the female reproductive tract (Table S1)
and calculated the average time of each egg spent in the ovulation,
in the oviduct, or in the uterus. When shd was knocked down, the
time required for ovulation was significantly longer than controls

(Fig. 1G and Table S1). The fourfold increase in ovulation time
could not be solely explained by the slight reduction of mature
follicles in the ovaries (Fig. 1H), but rather by an ovulation defect
(see below). These data suggest that up-regulation of Shd in ma-
ture follicle cells is essential for normal ovulation.

Shade Synthesizes 20-Hydroxyecdysone to Regulate Follicle Rupture.
Because follicle rupture can be recapitulated by in vitro culture
of mature follicles with octopamine stimulation (12), we per-
formed the in vitro assay to determine whether shd-knockdown
follicles (shd follicles) are competent for OA-induced follicle
rupture. Consistent with our previous results (12), 54% of control
follicles had ruptured with a 3-h OA stimulation (Fig. 2 A and C). In
contrast, fewer than 15% of shd follicles had ruptured (Fig. 2 B and
C). The decreased rate of follicle rupture can be fully rescued by
ectopic expression of shd (Fig. 2D–F), consistent with the egg-laying
results (Fig. 1F). Altogether, these data indicate that Shd in mature
follicle cells is important for follicle rupture/ovulation. It is inter-
esting to note that knocking down upstream enzymes for E synthesis
in mature follicle cells only caused a moderate reduction of egg-
laying number but no statistically significant defect in follicle rupture/
ovulation (Figs. 1 E andG and 2C and Table S1). Unlike Shd, Phm
was highly enriched in stage-13 follicle cells (Fig. S3 A and B).
These data likely suggest that these upstream enzymes function in
younger follicle cells for E synthesis.
To determine whether Shd regulates follicle rupture through

synthesizing 20E, we set to rescue the rupture defect of shd follicles
with exogenous 20E. Interestingly, supplementing with 20 nM 20E,
the typical concentration found in hemolymph (40), can significantly

Fig. 1. Shade is required in mature follicle cells for ovulation. (A–D) Shd
protein expression (green) in egg chambers of control (A–C; R44E10-Gal4
driving UAS-RFP, 44E10 > RFP) and shd-knockdown (D; 44E10 > shd-i2) flies.
RFP is in red, and DNA staining with DAPI is shown in blue. The stage of the
egg chambers is indicated, and the Insets show the higher magnification of
green channel in the outlined area. (E–H) The quantification of egg-laying
number (E and F), egg-laying time (G), and mature follicles (H) with specified
genotypes. R44E10-Gal4 was used. The number of females analyzed is shown in
parentheses, and the error bars are SE for egg-laying number (E and F), 95%
confidence interval for egg-laying time (G), and SD for mature follicles (H). See
Table S1 for statistical analysis. ***P < 0.001, **P < 0.01, and *P < 0.05.

Fig. 2. Shade is required in mature follicle cells to synthesize 20E for follicle
rupture. For all follicle rupture images here and in subsequent figures, RFP
(shown in red) labeling mature follicle cells was overlaid to the bright-field
image of follicles (shown in blue). (A–C) shd knockdown with R44E10-Gal4
inhibits follicle rupture. Representative images (A and B) show mature fol-
licles after 3-h culture with OA. The number of mature follicles used in each
genotype is 502, 243, 204, 142, 95, 315, 195, and 276. (D–F) Shd over-
expression rescues the rupture defect of shd-knockdown follicles. The
number of follicles is listed in the parentheses. (G–I) 20E but not E can par-
tially rescue rupture defect of shd-knockdown follicles after a 6-h culture.
The number of follicles used in each condition in I is 480, 263, 657, 423, 87,
564, 392, 210, and 563.
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increase the OA-induced rupture to approximately 40% in shd
follicles in 3 h; however, 100 nM 20E did not elicit a better rescue, if
not worse (Fig. S4 A–C). Neither did the addition of 20E affect OA-
induced follicle rupture in control follicles (Fig. S4 A and B), nor
was 20E alone sufficient to induce follicle rupture (Fig. S4D). Be-
cause ecdysone signaling controls transcription, we reasoned that
extending the culture period may have an improved rescue effect.
Thus, we performed similar experiments and examined the follicles
at the end of a 6-h culture. Consistent with this idea, we observed an
increased rupture rate in shd follicles to more than 50% with 20 nM
20E supplement (Fig. 2 H and I and Fig. S4E). In contrast, sup-
plementing with 20 nM E did not elicit any rescue effect (Fig. 2 G
and I). Altogether, the rescue of the rupture defect in shd follicles
with 20E but not E supports the notion that Shd functions in mature
follicle cells to convert E to 20E to regulate follicle rupture.

EcR Is Required in Mature Follicle Cells for Follicle Rupture/Ovulation.
In Drosophila, ecdysteroids signal through the EcR/Usp complex.
To examine the role of EcR in ovulation, we used a combination of
temperature-sensitive (ts) and null alleles of EcR (EcRts in short)
(30), which allows follicles to develop into stage 14 normally when
shifted to restrictive temperature after adult eclosion. EcRts females
with such treatment had a significant reduction in the egg-laying
number and a slight increase in mature follicles in ovaries (Fig. 3 A
and B). In addition, EcRts females displayed a sevenfold increase in
ovulation time compared with control females (Fig. 3C and Table
S1), supporting a role for EcR in ovulation.
To confirm that EcR functions to regulate follicle rupture like

Shd, we isolated mature follicles from EcRts females and performed
in vitro follicle rupture. Mature follicles from EcRts females showed
a significant reduction in follicle rupture in comparison with

controls when stimulated with OA (Fig. 3 D–F). These results
demonstrate a role for EcR in follicle rupture/ovulation.
To determine whether EcR directly functions in mature follicle

cells to regulate follicle rupture, we specifically disrupted EcR
function in these cells by using a dominant negative form of EcR
(EcR.B1DN), which binds to ecdysone-responsive genes without
activating their expression (41), and tested in vitro follicle rupture.
Mature follicles from two different EcR.B1DN mutants ruptured at
only one-third of the rate or less of control follicles when exposed to
OA (Fig. 3 G–I). This result indicates a requirement of EcR in
mature follicle cells for proper follicle rupture.

EcR.B2 but Not Other Isoforms Regulates Follicle Rupture. The EcR
gene encodes three protein isoforms (EcR.A, EcR.B1, and EcR.
B2), with EcR.B2 having the shortest N terminus (25). To de-
termine which isoform functions in mature follicle cells, we ex-
amined the EcR expression by using isoform-specific antibodies
(25). EcR.B1 is highly enriched in follicle cell nuclei from stage
10 to stage 12 but down-regulated to an undetectable level from
stage 13–14 (Fig. 4 A and B and Fig. S5A). EcR.A has a similar
expression pattern as EcR.B1 and is also not detected in stage-14
follicle cells (Fig. 4 C and D and Fig. S5B). In contrast, the an-
tibody recognizing all three isoforms detected EcR expression in
follicle cells throughout oogenesis including stage 14 (Fig. 4 E
and F and Fig. S5C). These data imply that EcR.B2 is likely the
isoform expressed in mature follicle cells. Unfortunately, no
EcR.B2-specific antibody has been generated to allow us to de-
tect its expression pattern directly.
To determine whether EcR.B2 functions in follicle rupture, we

first used isoform-specific RNAi lines to knockdown EcR in
mature follicle cells. EcR.A or EcR.B1 knockdown did not block
OA-induced follicle rupture (Fig. 4G and Fig. S6A). No RNAi
line targeting EcR.B2 is available. In contrast, RNAi targeting an
EcR common region (knocking down all three isoforms) showed
a decrease in follicle rupture rate (Fig. 4G and Fig. S6B). This
result suggests that EcR.B2 or a combination of isoforms is re-
quired to regulate follicle rupture.
To explicitly test whether 20E signals through the EcR.B2

isoform or a combination of isoforms to regulate follicle rupture,
we aimed to rescue the rupture defect in EcR.B1DN mutants by
overexpressing the individual EcR isoforms in mature follicle
cells. Similar experiments have been performed and found that
three EcR isoforms are interchangeable to support multiple or-
gan development, whereas only EcR.A supports development of
wing margins and EcR.B2 functions in larval epidermis and
border cell migration (41). Interestingly, we found that over-
expression of EcR.B2, but not EcR.B1 or EcR.A, completely
rescued the OA-induced rupture defect seen in EcR.B1DN folli-
cles (Fig. 4 H–J). In addition, overexpression of EcR.B2 alone in
mature follicle cells did not interfere with OA-induced follicle
rupture, whereas overexpression of EcR.B1 or EcR.A signifi-
cantly decreased OA-induced rupture to less than 20% (Fig. 4H).
Thus, the normal down-regulation of EcR.B1 and EcR.A in
mature follicle cells is essential to allow proper ecdysteroid sig-
naling for follicle development and rupture. In summary, our
results demonstrate the requirement for EcR in mature follicle
cells to regulate follicle rupture, and specifically, only the EcR.B2
isoform is sufficient to function in this process.

Ecdysteroid Signaling Regulates Follicle Rupture by Promoting Mmp2
Activation. OA activates the Oamb receptor in mature follicle cells,
which sequentially leads to an increase of intracellular calcium,
activation of Mmp activity, and follicle rupture (Fig. 5A) (12). To
determine whether ecdysteroid signaling interferes with this path-
way to regulate follicle rupture, we measured the activation of
Mmp2 in control and steroid-defective follicles with in situ zymog-
raphy. Consistent with our previous report (12), approximately 80%
of control follicles showed gelatinase activity at their posterior end

Fig. 3. EcR is required in mature follicle cells for ovulation. (A–C) The
quantification of egg-laying number (A), mature follicles (B), and egg-laying
time (C) in heterozygous control or EcRts females. (D–F) EcRts mature follicles
are defective in OA-induced follicle rupture. Mature follicles were marked by
R47A04 > RFP. (G–I) EcRDN overexpression using R44E10-Gal4 inhibits follicle
rupture. The number of females or mature follicles is listed in the paren-
theses. ***P < 0.001.

Knapp and Sun PNAS | January 24, 2017 | vol. 114 | no. 4 | 701

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614383114/-/DCSupplemental/pnas.201614383SI.pdf?targetid=nameddest=SF6


after OA stimulation for 3 or 6 h; however, only 40% of shd follicles
showed gelatinase activity (Fig. 5 B and D and Fig. S7 A–C). This
reduction of gelatinase activity can be partially rescued by supple-
menting 20E in the culture medium (Fig. 5 C and D). In addition,
EcRts follicles also showed reduced gelatinase activity in comparison
with controls after OA stimulation (Fig. S7D–F). These data suggest
that follicles lacking ecdysteroid signaling are unable to efficiently
activate Mmp2 in response to OA stimulation, which may explain
their poor response to OA-induced follicle rupture and ovulation.
To find out where ecdysteroids interfere with the OA/Oamb-

Mmp2 pathway, we examined the Mmp2 expression level with an
Mmp2::GFP fusion reporter and quantitative RT-PCR (qRT-PCR).
Mmp2 expression is not affected by ecdysteroid signaling at either the

mRNA or protein level (Fig. 5E and Fig. S7G–I). In addition,Oamb
mRNA expression is also normal when ecdysteroid signaling is de-
fective (Fig. 5E). Thus, ecdysteroid signaling must regulate some
other components in this pathway. Overall, we conclude that ecdys-
teroid signaling in mature follicles regulates follicle rupture by pro-
moting Mmp2 activation (Fig. 5A).

Discussion
Ecdysteroids Regulate Ovulation in Adult Drosophila. Our study
defined the dynamic expression pattern of Shd and EcR isoforms
in late oogenesis and demonstrated the requirement of ecdys-
teroid signaling in ovulation. Ecdysteroids have also been shown
to regulate early germ cell differentiation (35, 36), egg chamber
progression at stage 8–9 (29–31), and endocycle-to-gene-amplifica-
tion switch at stage10B (33). This temporal action of ecdysteroids is
reminiscent to their roles in regulating multiple larval and pupal
transitions (27, 28). It is, however, unclear whether egg chambers
receive pulse-like ecdysteroid titers at these transitions, similar to
those received during molting and metamorphosis. Unlike early
development, where ecdysone is produced in the ring gland, adult
female ecdysteroids are thought to be produced mainly in the ovary,
because mRNAs encoding many enzymes in the ecdysone synthesis
pathway are detected in follicle cells, nurse cells, or both. Because
ecdysteroid secretion is mediated through a regulated vesicular
trafficking mechanism (42), it is conceivable that follicle cells, nurse
cells, or both could produce local pulses of ecdysteroids to promote
egg chamber development at each transition during oogenesis. This
hypothesis is consistent with the finding that the ligand sensor for
ecdysteroids shows a stage-specific activity including stage 10 and
stage 14 (32, 33). This notion is further supported by this study that
up-regulation of Shd in mature follicle cells produces 20E to reg-
ulate ovulation and a previous study that local ecdysteroids pro-
duced in follicle cells regulate border cell migration (37).
Interestingly, we only observed the requirement of Shd in mature

follicle cells for normal ovulation, whereas the involvement of the
early enzymes such as Sad, Dib, Phm, and Spo in mature follicle
cells are not decisive. It is unlikely that Shd monooxygenates
another molecule, instead of E, which regulates ovulation, because

Fig. 5. Ecdysteroid signaling regulates OA-induced Mmp2 activation. (A) A
schematic showing the model of ecdysteroid signaling in the mature follicle
cell to induce follicle rupture. (B–D) In situ zymography shows the reduction
of gelatinase activity (green in B and C) in shd-knockdown follicles (B), which
can be rescued by 20 nM 20E (C). Follicles with posterior gelatinase activity
after a 6-h stimulation were separated toward the upper region in B and C
and quantified in D. (E) Quantification of Oamb and mmp2 mRNA in mature
follicles of control and EcRts females with qRT-PCR. ***P < 0.001.

Fig. 4. EcR.B2 functions in mature follicle cells for follicle rupture. (A and B)
EcR.B1 protein expression (green) in late oogenesis. RFP expression driven by
R44E10-Gal4 (44E10 > RFP) is shown in red, marking stage-14 egg chambers.
DAPI is shown in blue. (C and D) EcR.A protein expression in late oogenesis.
(E and F) EcR protein expression (including all three isoforms in green) in late
oogenesis. (G) Quantification of OA-induced follicle rupture when EcR isoforms
were knocked down with R44E10-Gal4. (H–J) Quantification of OA-induced
rupture in follicles with misexpressing EcR isoforms and/or EcRDN. Representative
images show mature follicles with R44E10-Gal4 driving EcR.B1DN2/EcR.B1 (I) and
EcR.B1DN2/EcR.B2 (J) after the 3-h culture with OA. The number of follicles used in
each condition is 172, 99, 265, 214, 230, 118, 187, and 183. ***P < 0.001; **P <
0.01; *P < 0.05; and ns, not significant.
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20E can rescue the defect of shd-knockdown follicles. We favor the
hypothesis that early enzymes for E synthesis function in younger
follicle cells (such as stage 13 where Phm protein is highly
expressed; Fig. S3 A and B), which carry E into stage 14, where
Shd converts them to 20E. Alternatively, E may be transported into
mature follicle cells from outside, possibly from the corpus luteum
where Phm is also expressed (9). It is also possible that the differ-
ential effect of shd and earlier enzymes in follicle rupture/ovulation
reflects differences in the RNAi knockdown efficiency.

Isoform-Specific Roles of Ecdysone Receptor. EcR is a typical nu-
clear receptor belonging to the NR1 family (43). The single EcR
gene produces three alternatively spliced isoforms with variable
N-terminal regions but the same C terminus, giving them the
capacity to bind to the same ligands and DNA sequences. Here,
we showed that the regulation of follicle rupture is not only
through up-regulating 20E production in stage-14 follicles, but
also likely by regulating EcR isoform expression. We discovered
that both EcR.A and EcR.B1 are down-regulated before entering
stage 14, unlike a previous report that both isoforms are expressed
throughout oogenesis (30). This down-regulation is likely important
for follicle rupture because ectopic expression of EcR.A or EcR.B1
interferes with the OA-induced follicle rupture. Our data are con-
sistent with the idea that EcR.B2 is the only EcR isoform func-
tioning in mature follicle cells to mediate the ecdysteroid signaling
necessary for ovulation. Thus, upon 20E binding, EcR.B2 may
regulate specific arrays of genes for ovulation that cannot be acti-
vated or will be interfered by other EcR isoforms. Isoform specific
roles of EcR have also been reported in wing margin development
and border cell migration (41); however, follicle rupture is a bi-
ological process showing interference between EcR isoforms. The
specific genes regulated by EcR.B2 and how EcR.B2 fulfills such
specific functions are unknown.

Conserved Role of Steroids in Ovulation. The mechanisms un-
derlying ovulation in insects, such as Drosophila, were thought to
be highly divergent from mammals, in which ovulation is regulated
by luteinizing hormone and progesterone, which has not been
identified in insects so far. However, our recent work demonstrated
the involvement of follicle rupture and matrix metalloproteinase in
Drosophila ovulation, reminiscent to mammalian ovulation (1, 9,
12). In addition, it seems that adrenergic regulation of calcium
signaling is also conserved in regulating ovulation in both Dro-
sophila and mammals (12, 44, 45). The steroid hormone pro-
gesterone and progesterone receptor signaling in preovulatory
follicles is essential for mammalian ovulation (6). It remained a
mystery whether steroid signaling also plays a conserved role in
Drosophila ovulation. Our study solved this mystery by demon-
strating an important role of ecdysteroids, the principal steroid
hormones of Drosophila, in mature follicle cells for follicle rupture/
ovulation. Like preovulatory follicles that only transiently up-reg-
ulate progesterone receptor in granulosa cells before ovulation
(46), mature follicles of Drosophila also adjust their expression of
EcR receptors to allow EcR.B2 to remain functioning and promote
ovulation. It is interesting that neither progesterone nor ecdyste-
roid signaling regulates mmp expression (Fig. 5E) (47). The
downstream targets of ecdysteroid signaling in ovulation are un-
clear; however, it is possible that ecdysteroids may regulate other
proteases enriched in late oogenesis as progesterone signaling does
(47). Future work on ecdysteroid signaling in Drosophila ovulation
will thus provide insights into fundamental mechanisms of
steroid signaling in ovulation.

Materials and Methods
Drosophila Genetics. Flies were reared on standard cornmeal-molasses food at
25 °C unless otherwise indicated. EcRts is a transheterozygous combination
of EcRA483T/EcRM554fs with heterozygous flies as the control (30). These animals
were raised at 22 °C and shifted to 29 °C upon adult eclosion. R47A04-Gal4 and

R44E10-Gal4 from the Janelia Gal4 collection (48) were used for misexpressing
genes, or RNAi in mature follicle cells and their specific expression pattern in
female reproductive system were characterized (9, 12). All RNAi-knockdown
experiments were performed at 29 °C with UAS-dcr2. The RNAi lines used were
as follows: UAS-shd-i1 (V108911), UAS-shd-i2 (V17203), UAS-sad-i (V41269), UAS-
phm-i1 (V108359), UAS-phm-i2 (V6169), UAS-dib-i (V101117), and UAS-spo-i
(V51170) from the Vienna Drosophila Resource Center (VDRC); and UAS-EcR-i
(B9326), UAS-EcR.A-i (B9328), and UAS-EcR.B1-i (B9329) from the Bloomington
Drosophila Stock Center (BDSC). The misexpressing lines used were as follows:
UAS-EcR.B1DN1 (UAS-EcR.B1F645A; B6869), UAS-EcR.B1DN2 (UAS-EcR.B1W650A;
B6872), UAS-EcR.A (B6470), UAS-EcR.B1 (B6469), and UAS-EcR.B2 (B6468) from
the BDSC; UAS-shd (19), UAS-RFP (9). Control flies were derived from specific
Gal4 drivers crossed to Oregon-R. The Mmp2::GFP fusion allele in the Mmp2
endogenous locus was used for detecting Mmp2 protein expression (9).

Egg Laying and Ovulation Time. Analysis of egg laying and ovulation time was
performed as described with minor modifications (12). In short, 5- to 6-d-old
virgin females were fed with wet yeast 1 d before egg laying, and five fe-
males and 10 Oregon-R males were kept in a bottle to lay eggs on grape
juice-agar plates for 2 d at 29 °C. After egg laying, ovaries were dissected
and mature follicles in these ovaries were quantified. The number of eggs
laid on the plates was counted and used to calculate the average time for
laying an egg (egg-laying time). The egg-laying time was partitioned into
the ovulation time, oviduct time, and the uterus time. The partition ratio
was determined based on the percentage of females having eggs in the
oviduct or uterus at 6 h after mating.

Ex Vivo Follicle Rupture, in Situ Zymography, and qRT-PCR. Ex vivo follicle
rupture and in situ zymographywere performed as described (12). Five- to 6-d-old
virgin females were used to isolate mature follicles according to fluorescent
signals driven by R47A04-Gal4 or R44E10-Gal4. For OA-induced follicle rupture,
20 μM OA (Sigma) were supplemented in the culture medium and cultured for
3 h unless otherwise indicated. For E and 20E cultures, mature follicles were
preincubated in the medium with E or 20E (Cayman Chemical) for half an hour
before addition of OA. For each culture, approximately 30 mature follicles were
used and the percentage of ruptured follicles (losing more than 80% follicle-cell
covering the oocyte) was calculated. Data were represented as mean ± SD; and
Student’s t test was used for statistical analysis.

In situ zymography for detecting gelatinase activity was performed as
reported (9). DQ-gelatin conjugated with fluorescein (25 μg/mL; Invitrogen)
was added into the culture media with or without OA for 3 h (or 6 h in the
case of 20E rescue experiment). After a quick rinse, mature follicles with
posterior fluorescent signal were directly counted.

For qRT-PCR, total RNAwas extracted from isolatedmature follicleswith TRIzol
(Invitrogen) according to the standard protocol andwas used to synthesize cDNA
via the SuperScript III First-Strand Synthesis System (Invitrogen) by using Oligo(dT)
primers. qPCR amplication was performed with iTaq Universal SYBR Green
Supermix (Bio-Rad). The primers used were as follows: OambF 5′ TGAC-
CAACGATCGGGGTTAT 3′ and OambR 5′ ATGCGCAATATGAGCTGGGA 3′ for
detecting Oamb.K3 isoform expressed in mature follicles (12), and Mmp2F 5′
TACTTGTGGCGCATTGGAAC 3′ and Mmp2R 5′ ATCGATGTGGGTCAAAGTGG
3′ for Mmp2 gene. The Rps17 is used as an internal control.

Immunostaining and Microscopy. Immunostaining was performed by follow-
ing a standard procedure (49), including fixation in 4% EM-grade para-
formaldehyde (diluted from 32% stock; Electron Microscopy Sciences) for
15 min, blocking in PBTG [PBS + 0.2% Triton+ 0.5% BSA + 2% (vol/vol)
normal goat serum], and primary and secondary antibody staining. Rabbit
anti-Shd and anti-Phm (1:250; gifts from Michael O’Connor, University of
Minnesota Twin Cities, Minneapolis), mouse anti-EcR, anti-EcR.B1, anti-EcR.A,
and anti-Hnt (1:15; Developmental Study Hybridoma Bank), rabbit anti-RFP
(1:4,000; MBL International) and rabbit anti-GFP (Invitrogen) were used as
primary antibodies, and Alexa-488 and Alexa-546 goat secondary antibody
(1:1,000, Invitrogen) were used. Images were acquired by using a Leica TCS SP8
confocal microscope or Leica MZ10F fluorescent stereoscope with a sCOMS
camera (PCO.Edge), and assembled by using Photoshop software (Adobe).
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