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The link between the biological clock and reproduction is evident
in most metazoans. The fruit fly Drosophila melanogaster, a key
model organism in the field of chronobiology because of its well-
defined networks of molecular clock genes and pacemaker neu-
rons in the brain, shows a pronounced diurnal rhythmicity in
oogenesis. Still, it is unclear how the circadian clock generates
this reproductive rhythm. A subset of the group of neurons des-
ignated “posterior dorsal neuron 1” (DN1p), which are among
the ~150 pacemaker neurons in the fly brain, produces the neu-
ropeptide allatostatin C (AstC-DN1p). Here, we report that six pairs
of AstC-DN1p send inhibitory inputs to the brain insulin-producing
cells, which express two AstC receptors, star1 and AICR2. Consistent
with the roles of insulin/insulin-like signaling in oogenesis, activa-
tion of AstC-DN1p suppresses oogenesis through the insulin-produc-
ing cells. We show evidence that AstC-DN1p activity plays a role in
generating an oogenesis rhythm by regulating juvenile hormone
and vitellogenesis indirectly via insulin/insulin-like signaling. AstC
is orthologous to the vertebrate neuropeptide somatostatin (SST).
Like AstC, SST inhibits gonadotrophin secretion indirectly through
gonadotropin-releasing hormone neurons in the hypothalamus. The
functional and structural conservation linking the AstC and SST sys-
tems suggest an ancient origin for the neural substrates that gen-
erate reproductive rhythms.
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o maximize reproductive fitness, every species on earth op-

timizes the timing of its reproduction (1). Large mammals,
such as goats and sheep, which have a gestation period of ~6 mo,
breed in the fall so they can give birth in the spring. Birds and
small mammals with shorter gestation periods breed in both the
spring and summer. Biological clocks monitor the changes in day
length that occur as the seasons progress so they can better direct
behavior, but it remains unclear how clocks direct seasonal
changes in reproduction.

In the fruit fly Drosophila melanogaster, ~150 brain pacemaker
neurons that express the highly conserved circadian clock genes
work together to generate a robust diurnal rhythmicity in loco-
motion and many other biological processes (2-4). Reproductive
activity in Drosophila is also under the control of the circadian
clock. Males lacking clock genes, such as period (per) or timeless
(tim), release significantly fewer sperm from the testes to the
seminal vesicles (5). Female mating activity also shows a robust
circadian rhythmicity that is lost in per or fim mutants (6). In
addition to mating activity, oogenesis shows a diurnal rhythmicity
that is maintained in the absence of environmental circadian
cues (i.e., in constant darkness) (7). It remains unclear, though,
how the biological clock regulates reproductive behaviors and
their associated physiological processes.

In Drosophila, insulin/insulin-like signaling (IIS) from insulin-
producing cells (IPCs) located in the pars intercerebralis region
of the brain plays a crucial role in oogenesis. The IPCs are a set
of 14 median neurosecretory cells that produce Drosophila insulin-
like peptides (Dilps) 2, 3, and 5. Brain IIS directly stimulates
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germline stem cell (GSC) division in the germarium and promotes
germline cyst and oocyte development (8). In addition to its direct
roles, IIS also regulates the synthesis of the steroid hormone
ecdysteroid (20E) and the sesquiterpenoid juvenile hormones
(JHs), both of which constitute complex endocrine networks es-
sential for oocyte production (9-11). 20E signaling is critical for
the stimulation of GSC proliferation that occurs upon mating (12),
and for the maintenance of GSCs in aging females (13, 14). With
20E, the JHs promote vitellogenesis by stimulating yolk protein
synthesis by the fat body and then its uptake by developing
oocytes (15).

It is clear that JHs are essential for vitellogenesis; ablation of
the corpora allata (CA), the sole endocrine organ that produces
and secretes JHs, results in a marked loss of vitellogenesis that is
reversible upon treatment with JH mimics (16). The many cen-
tral and peripheral signals that regulate JH can be divided into
two groups: Allatotropins activate JH biosynthesis, while alla-
tostatins inhibit it. In Drosophila, IIS promotes JH biosynthesis
and secretion through insulin receptor (InR) in the CA (11).
Ecdysis triggering hormones from the peritracheal gland Inka
cells stimulate JH production during eclosion and in stress
conditions (17). The neuropeptide allatostatin C (AstC) inhibits
JH biosynthesis in several species. AstC was first identified in the
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hawkmoth Manduca sexta (where it was designated Manse-AST)
based on its allatostatic activity on isolated CAs (18). Genes
encoding AstC have since been identified in the true armyworm
Pseudaletia unipuncta (19) and in D. melanogaster (20). The AstC
peptide is highly conserved across insect species, with AstC from
M. sexta and D. melanogaster differing by only one amino acid
residue. AstC expression occurs mainly in the central nervous
system and in the enteroendocrine cells of the gastrointestinal
system (20, 21). In adult Drosophila, although knockdown of either
AstC or its two G protein-coding receptor (GPCR) receptors
(starl and AICR?2) increase JH levels (22, 23), the natural contexts
in which AstC inhibits JH levels in adults remain unclear.

A subset of posterior dorsal neurons (DN1p) in the brain clock
neuron network produces AstC (AstC-DN1p) (24). In this study,
we report that AstC from AstC-DN1p generates a circadian
oogenesis rhythm. This AstC acts through its two GPCR receptors
to suppress vitellogenesis by blocking Dilp secretion from the
IPCs. Our results suggest that as AstC-DN1p activity peaks at
dawn, it represses IPC activity. As AstC-DNl1p activity reaches its
lowest point in the afternoon, IPC activity is derepressed. It is this
modulation of IPC activity that then modulates vitellogenesis
initiation. In addition, AstC is orthologous to the vertebrate so-
matostatins (SST) that inhibit gonadotrophin releasing hormone
(GnRH) secretion. Thus, we expect our discovery of a causal as-
sociation between AstC-producing clock neurons and oogenesis
rhythms in Drosophila will also offer insight into the neural and
molecular mechanisms that determine reproduction timing in
seasonal breeding animals.

Results

AstC-Gal4 Neurons Regulate Multiple Processes in Female Reproduction.
In a search for brain factors that regulate female reproduction, we
expressed the warmth-activated cation channel dTrpAl in select
groups of neuromodulator Gal4 neurons and activated them with a
temperature shift to 30 °C (25). Females mated individually with
wild-type Canton-S (CS) males at 21 °C were allowed to lay eggs for
48 h at 30 °C. Among 42 Gal4 lines, we found activation of AstC-
Gal4 neurons produced the strongest suppression of female fe-
cundity (Fig. 1 4 and B), although it showed limited effects on
mating receptivity (26).

We measured female fecundity by measuring egg-laying ac-
tivity. Since egg-laying is the final outcome of oogenesis, ovula-
tion, and oviposition, we examined each of these processes in the
presence or absence of AstC-Gal4 neuron activation. We mea-
sured oogenesis by counting the number of fully mature stage 14
oocytes (hereafter, mature eggs) in the ovaries of 3-d-old virgin
females (Fig. 1C). We examined oogenesis only in virgin females,
because mating increases ovulation and oviposition rates, both of
which reduce the number of eggs in the ovaries. After a 3-d
posteclosion incubation at 30 °C, we found control females car-
rying either AstC-Gal4 or UAS-dTipAl averaged 45 + 5 mature
eggs in their ovaries. In contrast, females carrying both the AstC-
Gal4 and UAS-dTrpAI transgenes with AstC neuron activation
showed ~70% fewer mature eggs in their ovaries, compared to
controls (Fig. 1C), indicating that AstC-Gal4 neuron activity
inhibits oogenesis.

We next evaluated the function of AstC-Gal4 neurons in
ovulation and oviposition by counting the numbers of eggs in the
ovaries and uterus of mated females, respectively. We reasoned
that eggs should build up in the ovaries or uterus, respectively,
after a disruption of ovulation or oviposition in mated females.
First, we mated 3- to 4-d-old females with CS males at 21 °C and
then transferred them to 31 °C for 48 h. While control females
carrying either the Gal4 or UAS transgene retained 19 + 5
mature eggs in their ovaries, those with AstC-Gal4 neuron acti-
vation retained 40 + 5 mature eggs in their ovaries (Fig. 1D).
Blocking either ovulation or oviposition seems to cause mated
females to hold more mature eggs in their ovaries because AstC-
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Gal4 activation also reduces egg production. Ovulation, which is
the transfer of an egg from the ovary to the uterus is harder to
quantify in flies, but 4stC-Gal4 neuron activation seems to have
a limited effect on ovulation. In contrast, knockdown of tyrosine
B-hydroxylase, which suppresses the synthesis of the ovulation-
inducing neurotransmitter octopamine produces a profound re-
duction in ovulation (27) (SI Appendix, Fig. S1). Together, these
results implicate AstC-Gal4 neurons specifically in oogenesis and
oviposition.

AstC Neuropeptide Regulates Oogenesis, but Not Oviposition. To
further clarify the role of AstC in female fecundity, we generated
an AstC null-mutant allele (4stC”") with a 1.7-kb deletion in the
AstC gene using the CRISPR/Cas9 gene-editing system (28)
(Fig. 24). We verified via mRNA in situ hybridization and anti-
AstC labeling that AstC mutants do not produce AstC transcripts
or protein in the central nervous system (CNS) (Fig. 2B). We were
unable to detect a significant difference in egg-laying after mating
between the mutant and controls with a standard 48-h assay. This
is probably because postmating fecundity is already near its max-
imum, particularly in young females, generating a ceiling effect.
Thus, we quantified cumulative egg-laying for 6 d (SI Appendix,
Fig. S24) and found AstC-deficient females (AstC’/AstC") laid
18% more eggs than heterozygous controls. This suggests that
AstC deficiency would impact fecundity more strongly in older
females. Mutant flies expressing AstC in AstC-Gal4 cells showed
even lower fecundity than controls, confirming that AstC inhibits
female fecundity (SI Appendix, Fig. S24). We also found that
nervous system-specific knockdown of AstC via RNAi (nSyb-Gal4/
AstC-RNAi) increased female fecundity when measured 48 h after
mating, confirming the importance of neuronal AstC (SI Appen-
dix, Fig. S2B).

We next asked whether the AstC neuropeptide is responsible
for the oogenesis inhibition induced by activation of AstC-Gal4
neurons. We found that AstC-deficiency rescued the reduced
oogenesis caused by AstC-Gal4 neuron activation (Fig. 2C),
confirming that the AstC gene product (i.e., the AstC neuro-
peptide) produced by AstC-Gal4 neurons is responsible for oo-
genesis inhibition. We found, however, that AstC-Gal4 neuron
activation still showed a partial reduction in oogenesis even in
the absence of AstC. This suggests AstC-Gal4 neurons contain at
least one additional unknown oogenesis inhibitor. Finally, we
found AstC-deficiency did not relieve the oviposition blockade
caused by AstC-Gal4 neuron activation (Fig. 2D). Thus, it is not
AstC that is responsible for the oviposition phenotype. Together,
we conclude that AstC-deficient females show increased fecun-
dity due to increased oogenesis.

AstC from a Subset of DN1p Circadian Clock Neurons Regulates
Oogenesis. We detected AstC-Gal4 expression in ~140 brain
cells and ~80 ventral nerve cord (VNC) cells, ~40 cells of which
were positive for anti-AstC (S Appendix, Fig. S3). To map the
AstC neurons that regulate oogenesis, we examined the function
of the brain and VNC neurons separately by restricting dTrpAl
expression in brain neurons using a brain-specific Otd™ " (29).
We found thermal activation of brain AstC neurons still inhibi-
ted oogenesis, but to a lesser extent (a 72% vs. 42% reduction)
than activation of all AstC-Gal4 neurons (Fig. 1C vs. Fig. 34).
This suggests brain neurons explain about 58% of the oogenesis
phenotype, with the rest likely being attributable to AstC neu-
rons in the VNC. To further map the brain AstC neurons rele-
vant for oogenesis, we reassessed the CNMa-Gal4 driver, which
we had found reduced fecundity in our initial screen (Fig. 14 and
SI Appendix, Fig. S4). We did this because CNMa and AstC
transcripts colocalize in clock-associated DN1s (30). Thermal
activation of CNMa-Gal4 neurons reduced oogenesis to a level
comparable to what activation of the brain AstC-Gal4 neurons
did (Fig. 3B). The somas of CNMa-Gal4 neurons occur
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Fig. 1. Activation of AstC-Gal4 neurons inhibits both egg production and egg laying. (A) Number of eggs laid per female (n = 40 to 60) of the indicated
neuropeptide-Gal4 (NP-Gal4) genotype crossed with UAS-dTrpAT over 48 h at 30 °C (hence activation of dTrpA1). The means + SEM of the data are shown.
Dunnett’s test; *P < 0.05, **P < 0.005, ***P < 0.001 for comparisons against UAS-dTrpAT alone (yellow bar). The red arrowhead highlights AstC-Gal4/UAS-
dTrpA1. (B, Upper) Behavioral protocol for measuring mated female egg laying used in A and B. (Lower) Number of eggs laid per female (n = 40 to 60) of the
indicated genotype over 48 h at the indicated temperature (30 °C, red and 21 °C, blue). The means + SEM of the data are shown. One-way ANOVA followed
by Tukey’s test for multiple comparisons; ***P < 0.001 for comparisons of AstC-Gal4/UAS-dTrpA1 against the appropriate parental (light red bars) and
temperature controls (blue bars). (C, Top) Protocol for measuring virgin female egg production. (Middle) Number of mature eggs per virgin female (n = 40 to
60) of the indicated genotype kept for 3 d posteclosion at the indicated temperature (30 °C, red and 21 °C, blue). The means + SEM of the data are shown.
One-way ANOVA followed by Tukey’s test for multiple comparisons; ***P < 0.001 for comparisons of AstC-Gal4/UAS-dTrpA1 against the appropriate parental
and temperature controls. (Bottom) Ovaries of 3-d-old virgin females of the indicated genotype kept for 3 d posteclosion at 30 °C. (Scale bar, 1 mm.) (D, Top)
Protocol for measuring mated female oviposition. (Middle) Number of mature eggs per mated female (n = 40 to 60) of the indicated genotype 2 d post-
copulation at the indicated temperature (30 °C and 21 °C). The means + SEM of the data are shown. One-way ANOVA followed by Tukey’s test for multiple
comparisons; ***P < 0.001 for comparisons of AstC-Gal4/UAS-dTrpA1 against the appropriate parental and temperature controls. (Bottom) ovaries of mated
females of the indicated genotype kept at 30 °C for 2 d postcopulation. (Scale bar, 1 mm.)
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followed by Tukey's test for multiple comparisons; ***P < 0.001 for comparisons between indicated genotypes or groups (C and D). (D, Upper) Protocol for

measuring mated female egg laying. (Lower) Number of eggs laid per female (n = 40 to 60) of the indicated genotype for 48 h at 30 °C.

exclusively in the brain, with six pairs in the dorsal brain and two
in the subesophageal zone (SOZ) (Fig. 3C). All of the dorsal
CNMa-Gal4 neurons express AstC (arrowheads in Fig. 3D), but
the SOZ neurons, which project into the VNC, do not. We
further characterized the brain CNMa-Gal4 neurons with various
antisera and found that the six dorsal pairs also express the clock
protein PERIOD (PER) and Diuretic hormone 31 (Dh31) (S
Appendix, Fig. S5 A and B). Furthermore, Clk4.1M-Gal4, which
labels the DN1ps (4, 31), showed colocalization with anti-AstC
(SI Appendix, Fig. S5C). Together, these observations indicate
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that the dorsal CNMa-Gal4 neurons are a subset of DNlps,
which are core clock neurons that regulate diurnal rhythms of
rest/activity in Drosophila (24). Hereafter, we refer to this group
of DN1p neurons that express AstC, CNMa, and Dh31 as AstC-
DNIl1p. The DNI1p cluster is divided into two subpopulations
based on their morphological characteristics: Anterior-projecting
neurons (a-DNl1p) that innervate the anterior optic tubercle
(AOTU) and ventro-contralateral-projecting neurons (vc-DN1p)
that do not (32). Notably, AstC-DN1p showed projections to AOTU,
indicating it comprises a-DN1p neurons (SI Appendix, Fig. S5D).

Zhang et al.
The neuropeptide allatostatin C from clock-associated DN1p neurons generates the
circadian rhythm for oogenesis


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://doi.org/10.1073/pnas.2016878118

A Examining B Eggs in ovaries (virgin)
30°C

Ovaries 70
30°C °
260
2 i
0o 1 2 3 4 50 _Fl_
Day after eclosion g
Eggs in ovaries (virgin) & 5
704  30°C g
220
&
o 60+ P o
©
£ 50 0
< 404 123 4567
& Genotypes Staining
30 o 30°C
g 1: CNMa-Gal4/UAS-dTrpA1 e |
5 204 2: CNMa-Gald/UAS-dTrpAl, o 1 2 3
= | e Day after eclosion
10 C:NMG o anti-Dilp2 in IPCs
04 3: CNMa-Gald/UAS-dTrpAl,
1 2 3 CNMa'/CNMa'
Genotypes 4: CNMa-Gald4/UAS-dTrpA1, prom:
1 enotypes
La o P 5-,2'5554/2; 4/UAS-dTrpA1 : +/UAS-dTrpA1
UAS-stop-dTrpAL, Otd (Sl B R, $iérpalkivn
2: AstC-Gald/+ AstC/AstC’ e
:AS a Flp 6: CNMa-Gald/+ : CNMa-Gald/UAS-dTrpAl
3: +/UAS-stop-dTrpAl, Otd ‘ : CNMa-Gald/UAS-dTrpAl, AstC'/+

7: +/UAS-dTrpAl : CNMa-Gald/UAS-dTrpAl, AstCY/AstC!

; Examining J Fn x
E Mating F . Z 200+ 1
lEgg-\aving Ovaries § :
— | 2 .
I T o [ o [ ... g | w
0o 1 2 3 4 5 0 1 2 3 4 5 5150 . 3
Day after eclosion Day after eclosion § RO
o s
Egg laying (mated) Eggs in ovaries (virgin) S 100§ L 21;
25°C 25°C < o ‘I‘
o o®
Lo ; — = s0- o
Examini
e E L Moo
a @
.i = 30°C Exrrgchon 30°C l E oh_]'._Z'_é_.
'_E“ 60 I I I s | - - Genotypes
g 50 22 -1 0 1 2 0o 1 2 3 4
5 40 Day after eclosion Day after eclosion K
e Eggs in ovaries (virgin) z
Ty Kr-h1 ! %004 %
‘w10 g 15 30°C a2
Py i) ]
8 o 0 = . 70 wkx £ !
“ 123456789 1234567 E 2 6 0] %
Genotypes Genotypes | 10 £ 5o § % o
1: dilp2-Gald/UAS-AstC-R1-IR1 1: dilp2-Gald/UAS-AstC-R1 2 3':‘ o g w004 . 'ﬁ'
2: +/UAS-AstC-R1-IR1 2: +/UAS-AstC-R1 £ § 30 =] - B
3: dilp2-Gal4/UAS-AstC-R1-IR2 3: dilp2-Gald/UAS-AstC-R2 E 05 e g .
4: +/UAS-AstC-R1-IR2 4: +/UAS-AstC-R2 = g a Y1 s
5: dilp2-Gald/UAS-AstC-R2-IR1 5: dilp2-Gald/UAS-AStC-RIR2 % 40 10 2
6: +/UAS-AstC-R2-IR1 6: +/UAS-AstC-R1R2 1 2 2 T g 0T
H . a-Gai
7: dilp2-Gal4/UAS-Ast-CR2-IR2 7: dilp2-Gald/+ 1: CNMa-Gald/UAS-dTrpal  UAS-dTrpAl[ e | e D = Gjnoty%es
8: +/UAS-Ast-CR2-IR2 9: dilp2-Gald/+ 2: +/UAS-dTrpal Methoprene__| o] [e [ e

Fig. 3. AstC from AstC-DN1p inhibits JH-dependent oogenesis progression via IPCs. (A) Above, protocol for measuring virgin female egg production used in A
and B. (Lower) number of mature eggs per virgin female (n = 40 to 60) of the indicated genotype kept 3 d posteclosion at 30 °C. The means + SEM of the data
are shown (A, B, E, F, and J-M). One-way ANOVA followed by Tukey's test for multiple comparisons; *P < 0.05; **P < 0.005; ***P < 0.001 for comparisons
between indicated genotypes or groups (4, B, E, F, and M). (B) Number of mature eggs per virgin female (n = 30 to 40) of the indicated genotype kept 3 d
posteclosion at 30 °C. (C) The brain (C) and VNC (C) of a 4-d-old virgin female of the CNMa-Gal4/UAS-mCD8-EGFP genotype stained with the nc82 (magenta)
and anti-GFP (green) antibodies. (Scale bars, 50 pm.) (D) Dorso-lateral area of the brain indicated by the red box in C from a CNMa-Gal4/UAS-mCD8-EGFP
female CNS stained with anti-AstC (magenta) and anti-GFP (green) antibodies. Yellow arrowheads indicate six cells positive for both anti-AstC and anti-GFP in
one hemisphere of the brain. (Scale bar, 50 um.) (E, Upper) Behavioral protocol for measuring mated female egg laying. (Lower) Number of eggs laid per
female (n = 40 to 60) of the indicated genotype for 48 h after mating at 25 °C. (F, Upper) Protocol for measuring virgin female egg production. (Lower)
Number of mature eggs per virgin female (n = 40 to 60) of the indicated genotype kept 3 d posteclosion at 25 °C. (G) IPCs of a 4-d-old virgin AstC-R1-Gal4/UAS-
mCD8-EGFP female stained with anti-Dilp2 (magenta) and anti-GFP (green) antibodies. (Scale bars, 50 pm.) This specific preparation has one IPC that is positive
for anti-GFP (yellow arrowhead). (H) IPCs of a 4-d-old virgin AstC-R2-Gal4/UAS-mCD8-EGFP female stained with anti-Dilp2 (magenta) and anti-GFP (green)
antibodies. (Scale bars, 50 pm.) Usually, 13 of 14 anti-Dilp2-positive IPCs are positive for anti-GFP. A red arrowhead indicates one IPC that lacks anti-GFP
labeling. (I, Upper) Protocol for Dilp2 accumulation experiment in IPCs. (Lower) Images of IPCs from virgin females of the indicated genotype and condition
stained with an anti-Dilp2 antibody. (Scale bar, 100 pm.) (J and K) Relative fluorescence intensity of anti-Dilp2 staining of IPCs from females of the indicated
genotype in /, kept for 3 d posteclosion at 30 °C. Each circle indicates a relative fluorescence intensity from all IPC somas of a brain. The relative fluorescence
intensity is calculated by setting the average of (genotype-1 brains in J and genotype-5 brains in K) as 100%. Unpaired t test; *P < 0.05 for comparisons
between indicated genotypes. (L, Upper) Protocol for fly preparation for quantitative RT-PCR. (Lower) Kr-h1 transcript levels in 1-d-old adult females of the
indicated genotypes kept for 3 d at 30 °C. Unpaired t test; **P < 0.005. (M, Upper) Protocol for measuring virgin female egg production. (Lower) Number of
mature eggs per virgin female (n = 20 to 40) of the indicated genotype kept for 3 d posteclosion at 30 °C. Magenta circle indicates methoprene treatment.

Next, we asked whether AstC-DN1p acts via the AstC neu-  (i.e., CNMa-Gal4 neurons) in AstC or CNMa-deficient mutants.
ropeptide by inducing thermal activation of AstC-DN1p We found that the reduced oogenesis phenotype we observed
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upon CNMa-Gal4 neuron activation disappeared in AstC-defi-
cient females, but not in CNMa-deficient females (Fig. 3B).
Furthermore, restoring AstC expression specifically in AstC-
DN1p blocked the fecundity increase caused by AstC-deficiency,
reducing it to levels lower than the controls. Notably, these re-
sults were indistinguishable from those of rescue experiments
using AstC-Gal4 (SI Appendix, Fig. S24).

AstC from AstC-DN1p Inhibits IPC Secretory Activity. IIS is closely
linked to oogenesis (33), modulating reproduction according to
nutritional state. The circadian DN1 neurons, including AstC-
DN1p and others, make synaptic contacts with IPCs in the brain
pars intercerebralis (34). Thus, we speculated that activation of
AstC-DN1p reduces oogenesis by inhibiting the IPCs and IIS.
We tested this idea by first examining the anatomical interac-
tions between AstC-DN1p and the IPCs. AstC-DN1p processes
labeled with the presynaptic marker nSyb-EGFP indeed project
to the necks of the IPCs, to a point between their somas and
axons (SI Appendix, Fig. S6A4). This is also where DN1 neurons
make physical contact with the IPCs (34). These connections
likely represent functional synapses between AstC-DN1p and the
IPCs, because trans-Tango, which labels functionally connected
postsynaptic neurons (35), driven by the DNIlp-targeting
Clk4.1M-Gal4 produces strong trans-Tango labeling in the pars
intercerebralis (36).

There are two GPCRs that reportedly act as AstC receptors in
Drosophila: AstC-R1 (also known as star] or CG7285) and AstC-
R2 (also known as AICR2 or CG13702) (37). To examine the
function of these AstC receptors in the IPCs, we performed an
RNAi-based knockdown of each receptor using the IPC-specific
dilp2-Gal4. As we observed in AstC-deficient mutants and in
pan-neural AstC-RNAI, AstC receptor knockdown increases egg-
laying in mated females (Fig. 3E). This suggests both receptors
are required for normal IPC function. We also overexpressed
either AstC-R1 or AstC-R2 in the IPCs. As with AstC-DNl1p
activation, we found that both AstC-R1 and AstC-R2 over-
expression in IPCs reduced oogenesis in virgin females (Fig. 3F).
Our RNAI results indicate that the IPCs express both AstC re-
ceptors. For further confirmation of this result, we examined
AstC-RI1-Gal4 and AstC-R2-Gal4, each of which carries an extra
exon from the TA-Gal4 transgene in its respective AstC receptor
locus (38). As expected, the IPCs were labeled by both receptor-
Gal4 lines (Fig. 3 G and H). We found AstC-R2-Gal4 labeled 13
of 14 IPCs (n = 4), whereas AstC-RI-Gal4 labeled a more vari-
able number of IPCs (one brain showed 14 of 14 AstC-R1-Gal4*
IPCs, two brains had only one AstC-RI-Gal4™ TPC, and one
brain had no AstC-R1-Gal4* 1PCs). This variability in AstC-RI-
Gal4 labeling may reflect transient AstC-R1 expression in IPCs.
Nevertheless, our evidence suggests AstC neuropeptide from
AstC-DN1p acts on IPCs to modulate female reproductive
activity.

Having shown that AstC from AstC-DN1p reduces fecundity
through the IPCs, we predicted that AstC inhibits insulin se-
cretion from the IPCs. We examined the effect of AstC-DNlp
activation on insulin levels in IPCs using anti-Dilp2 staining.
Three days of constant AstC-DN1p activation posteclosion in-
duced a marked accumulation of Dilp2 in the IPCs (Fig. 3 I and
J). We found AstC-deficiency, on the other hand, led to reduced
Dilp2 accumulation in the IPCs (Fig. 3K). These results are
consistent with the hypothesis that AstC from AstC-DNlp is a
negative regulator of IPC function.

AstC Inhibits JH Biosynthesis Likely via IPCs. IIS induces oocyte
development indirectly by stimulating JH biosynthesis and se-
cretion. In many insects, JH stimulates vitellogenesis in which
the yolk proteins are produced by the fat body and sequestered
by developing oocytes (15). Thus, we reasoned that inhibition of
IPC activity by AstC-DN1p activation would reduce JH
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biosynthesis leading to reduced vitellogenesis. First, we evalu-
ated JH activity by quantifying mRNA levels of Kriippel homo-
log 1 (Kr-hl), the transcription of which is directly induced by
JHs (39, 40). We asked whether Kr-h1 transcription reflects JH
levels by examining three different developmental stages: Pupa
S8 (2 d before eclosion), pupa S15 (1 d before eclosion), and
adults 1 d after eclosion. According to previous reports, JHs are
almost absent at pupa S8, increasing before pupa S15, and
peaking 1 d posteclosion (41). Mirroring JH levels, Kr-hl tran-
scription is lowest at pupa S8, rising to intermediate levels at
pupa S15, and peaking in 1-d-old adults (SI Appendix, Fig. S7).
Next, we activated AstC-DN1p beginning at pupa S8 for 3 d and
then examined Kr-h1 mRNA levels in 1-d-old females (Fig. 3L).
We found AstC-DN1p activation reduced Kr-h1 transcription by
~25%, indicating that AstC-DN1p can alter JH levels. Finally,
we asked whether the JH mimic methoprene can rescue the
reduction in oogenesis caused by AstC-DN1p activation
(Fig. 3M). Indeed, we found methoprene treatment restored
oogenesis to control levels. These results suggest AstC-DN1p
regulates oocyte development by controlling JH biosynthesis.

AstC-DN1p Generates Circadian Vitellogenesis Rhythm via IPCs. The
finding that AstC-DNl1p, a subset of the circadian pacemaker
neuron network, regulates oogenesis, raised the intriguing hy-
pothesis that it may coordinate oogenesis progression according
to the endogenous biological rhythm. Mated females show cir-
cadian rhythmicity in oogenesis progression under a photoperi-
odic condition (light:dark, LD 12:12) (42) and after a transition
to constant darkness (DD) (7). But it remains unclear how and
whether the endogenous clock generates this oogenesis rhythm.
Because oviposition has a strong dependency on light cues and
may potentially stimulate oogenesis (42), we studied the oo-
genesis rhythm under a DD condition. First, we examined the
control strain w'!'8, Virgin females were cultured under a LD
12:12 cycle and transferred to DD together with naive CS males
1 d after eclosion (SI Appendix, Fig. S84). Over 5 d in DD
(i.e., DD1, DD2, DD3, and DD5), the ovaries from individual
females were examined every 2 h. We counted the number of
stage 8 follicles in the ovaries because vitellogenesis initiation
(i.e., the developmental transition from stage 7 to stage 8 folli-
cles) is an important oogenesis control point that requires JH
functions like the stimulation of yolk protein synthesis and up-
take by the ovary (43, 44). For the first day under DD (DD1), the
ovaries showed more stage 8 follicles and a higher baseline than
those in following days (SI Appendix, Fig. S8B). To simplify
comparisons between days, we normalized the data to the value
at CTO for each day. We observed circadian changes in the
number of stage 8 follicles with an acute peak at CT14 on DD2,
DD3, and DDS5, but not on DD1 (SI Appendix, Fig. S8C). No-
tably, we did not see any quantitative or qualitative difference
among the DD2, DD3, and DDS5 rhythms. The higher baseline
rate of vitellogenesis in DD1 suggests a stronger reproductive
drive early in pregnancy, which would produce a ceiling effect
and mask the circadian vitellogenesis rhythm. Using a cosinor
analysis, we detected a rhythm with a 24 h-period in DD2, DD3,
and DDS5, but not in DD1. We failed to detect a rhythm in several
other control groups (SI Appendix, Table S1). Nevertheless, a
circadian vitellogenesis rhythm clearly exists, because w'!'® and all
tested controls showed a clear peak at CT14 that is absent in the
test groups (i.e., AstC- or AstC-RI-RNAis). It seems the cosinor
analysis simply has difficulty detecting the vitellogenesis rhythm
because it shows such strong phase synchronization, producing
only a single sharp peak within a single 2-h time bin.

To determine whether the vitellogenesis rhythm is under the
control of the biological clock, we knocked down the expression
of PER, a core molecular clock protein in the nervous system.
PER-immunostaining confirmed that two independent pan-
neuronal per-RNAi lines showed almost no anti-PER labeling in

Zhang et al.
The neuropeptide allatostatin C from clock-associated DN1p neurons generates the
circadian rhythm for oogenesis


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016878118/-/DCSupplemental
https://doi.org/10.1073/pnas.2016878118

the brains examined at ZT23, when the control groups showed
robust anti-PER labeling (S Appendix, Fig. S9). Remarkably, the
CT14 peak was completely absent in both per-RNAi lines, high-
lighting a clear link between the biological clock and the vitello-
genesis rhythm. Next, we examined the role of the AstC-DNl1p
clock neurons in the vitellogenesis rhythm. As with the controls
mentioned above, CNM-Gal4 or UAS-Kir2.1 (i.e., inward-rectifying
K* channel that silences neurons) alone showed the peak at CT14
in the number of stage 8 follicles. When these two lines were
combined (i.e., CNMa-Gal4/UAS-Kir2.1) to induce silencing of the
AstC-DN1p neurons, however, the peak was absent. Similarly,
AstC-DNl1p-specific expression of AstC-RNAi also suppressed the
CT14 peak (Fig. 4C). Conversely, the restoration of AstC expression
in AstC-DNIp rescued the circadian vitellogenesis rhythm in AstC-
deficient mutant females (AstC"!) by restoring the CT14 peak
(Fig. 4D).

Since our evidence suggests AstC-DN1p supplies an inhibitory
input to the IPCs, attenuating IIS, we asked whether the vitello-
genesis thythm requires IPC-specific function of the AstC receptors.
We did this by performing an IPC-specific knockdown of either
AstC-R1 or -R2 (Fig. 4 G and H). As before, we found the number
of stage 8 follicles in control ovaries peaked at CT14. Similar to
AstC-RNAi and the AstC mutant, RNAi-mediated knockdown of
either AstC receptor in the IPCs dampened the circadian vitello-
genesis thythm by suppressing the peak at CT14. From these results,
we conclude that the AstC signaling axis from AstC-DNl1p to the
IPC:s is critical for the circadian vitellogenesis rhythm.

Discussion

In this study, we discovered that six pairs of DN1p neurons that
are part of the circadian pacemaker neuron network in the brain
make functional inhibitory connections to the brain IPCs. The
IPCs are endocrine sensors that link the organism’s nutritional
status with anabolic processes, such as those associated with
growth in developmental stages and with reproduction in adults
(45). In juvenile stages, activation of IIS through the InR results
in larger flies, whereas inhibition of this pathway produces
smaller flies (46). Consistent with this, we also found that forced
activation of the AstC-DNl1p (i.e., CNMa-Gal4/UAS-NaChBac)
during development resulted in 12% smaller adults, confirming
their role as a negative regulator of the IPCs (SI Appendix, Fig.
S6 B and C). In adults, the IPCs are associated with many
physiological and behavioral processes, such as feeding (47),
glycaemic homeostasis (48), sleep (49), lifespan, and stress re-
sistance (50). As such, the IPCs receive a variety of modulatory
inputs from both central and peripheral sources, such as sNPF,
corazonin, tachykinins, limostatin, allatostatin A, adipokinetic
hormone, GABA, serotonin, and octopamine (51, 52). Regarding
reproduction, IIS directed by the IPCs stimulates GSC proliferation
and vitellogenesis. Our results also indicate that AstC from AstC-
DNI1p suppresses the secretory activity of the IPCs and JH-depen-
dent oocyte development (i.e., vitellogenesis). Indeed, we found that
the JH mimic methoprene can rescue the suppression of oogenesis
induced by AstC-DNl1p activation. From these results we conclude
that IPCs are inhibited by AstC released by AstC-DN1p. A similar
link between IIS and the circadian clock has also been reported in
mammals (53-55), but the mechanism remains unclear (34).
Although our genetic evidence supporting the inhibitory ac-
tion of AstC-DN1p on IPCs is compelling, it is also puzzling
because a previous study found forced activation of 8 to 10 pairs
of DN1p neurons (i.e., Clk4.1-LexA™ neurons) induced Ca**
transients in IPCs. This study also found that, under LD 12:12
conditions, the IPCs showed electrical activity early in the
morning when DN1p neurons are also active (34). The same
study, however, reported that, under DD conditions, the IPCs
showed no bursting activity in the morning (i.e., CTO to -4). In-
stead, they showed bursting activity in the late afternoon
(ie., CT8 to -12) when DNI1 activity falls (see below).
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Furthermore, DNIp activation evokes varying levels of Ca®*
transients from individual IPCs, some of which produce no de-
tectable Ca** transient. Thus, like mammalian pancreatic p-cells,
the IPCs in Drosophila seem to comprise a heterogeneous cell
population (56). We noted that individual IPCs show highly
variable AstC-R1 expression, which would also lead to individual
IPCs showing variable responses to AstC.

In D. melanogaster, the LD cycle generates an egg-laying
rhythm by influencing oogenesis and oviposition. Oviposition
depends on light cues, whereas oogenesis cycles with the circa-
dian rhythm that itself continues to run in DD conditions (7). In
live-brain Ca®* imaging experiments, DN1 neurons show a cir-
cadian Ca®" activity rhythm that peaks around CT19 and reaches
its lowest point between CT6 and CT8 (57). This DN1 activity
rhythm correlates well with the rhythm of vitellogenesis initiation
we observed in this study. In our model, the lowest point in DN1
Ca?* activity between CT6 and CT8 leads to a significant at-
tenuation of AstC secretion. This leads to a derepression of IPC
activity, which eventually induces JH biosynthesis and vitello-
genesis initiation. The 6-h delay required for previtellogenic
stage 7 follicles to develop into vitellogenic stage 8 follicles (58)
would result in a peak in the number of stage 8 follicles between
CT12 and CT14. Notably, the ovaries of the AstC-deficient
mutant showed similar numbers of stage 8 oocytes at all exam-
ined circadian time points, indicating that any other JH- or vi-
tellogenesis-regulating factors play only minor roles in producing
the circadian vitellogenesis rhythm.

Like the IPCs, the DNI1p cluster is also heterogeneous. A
subset of the DN1p neurons is most active at dawn and promotes
wakefulness (59). Another subset of the DNlp cluster (also
known as, spl-gDN1) promotes sleep (36, 60). The DN1p cluster
comprises two morphologically distinct subpopulations, a-DN1p
and ve-DN1p (32). The a-DNl1p subcluster promotes wakeful-
ness by inhibiting sleep promoting neurons, whereas the vc-
DNIp subcluster resembles the sleep-promoting spl-gDN1. Our
results indicate AstC-DN1p are a-DN1p neurons that project to
the AOTU. Although we could not rule out the possibility that
AstC-DNlp is also heterogeneous and includes some ve-DN1p
neurons, the wake-promoting role of a-DN1p aligns well with the
circadian vitellogenesis rhythm that requires the secretory ac-
tivity of AstC-DN1p to be lowest in the afternoon and highest at
dawn. Furthermore, AstC-DN1p neurons express Dh31. Dh31-
expressing DN1 clock neurons are intrinsically wake-promoting
and Dh31-DNlp activity in the late night or early morning
suppresses sleep (61). Again, this is consistent with our obser-
vation that AstC-DNl1p are also wake-promoting a-DN1p. We
speculate Dh31 plays a limited role in oogenesis regulation,
because unlike AstC, RNAi-mediated knockdown of Dh31 had a
negligible impact on female fecundity (SI Appendix, Fig. S2C).

Besides AstC-DN1p, the female brain has many additional
AstC neurons. However, it seems unlikely that other AstC
neurons contribute to the circadian vitellogenesis rhythm.
This is because restoring AstC expression specifically in AstC-
DN1p almost completely restored the vitellogenesis rhythm in
AstC-deficient mutants. It is feasible, however, that other
AstC neurons contribute to different aspects of female re-
production. Indeed, we noted a sizable difference in the final
oogenesis outcome between AstC-Gal4 neuron activation and
brain-specific AstC-Gal4 neuron activation. This suggests AstC
cells outside of the brain also regulate oogenesis probably in other
physiological contexts, such as the postmating responses.

AstC receptors are orthologous to mammalian SST receptors
(sstr1-5). SST is a brain neuropeptide that was originally iden-
tified as an inhibitor of growth hormone (GH) secretion in the
anterior pituitary (62). Thus, our observation that AstC inhibits
IIS from IPCs, a major endocrine signal that promotes growth in
Drosophila, suggests remarkable structural and functional con-
servation between the invertebrate AstC and vertebrate SST
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Fig. 4. AstC signaling from AstC-DN1p to IPCs generates the circadian vitellogenesis rhythm. (A) Protocol for measuring circadian vitellogenesis rhythm in B-H.
Groups of five virgin females of the indicated genotypes and six CS males cultured under a 12:12 LD cycle were placed in food vials upon eclosion and then transferred
to constant darkness on day 2. On day 6, the ovaries were dissected every 2 h and stage 8 follicles were counted. (B-E) The normalized number of stage 8 follicles from
the indicated genotypes at the indicated circadian time. For normalization, the number of follicles at each circadian time point was divided by the number of follicles
at CT0. The means + SEM of the data are shown. In each circle, n = 6 to 10. One-way ANOVA followed by Tukey’s test for multiple comparisons among genotypes at
each time point; ***P < 0.001; **P < 0.005; *P < 0.05; no labeling, P> 0.05. The symbol for P value is color-coded according to the control group used for comparison.
UAS-RNAI alone controls in B, G, E, G, and H, all genotypes in D, and AstC'/AstC’, CNMa-GAL4/+ in F were from a separate experimental cohort. For a better com-
parison between genotypes, Elav-GAL4 and dilp2-Gal4 control data are presented twice in B and C and G and H, respectively.

systems. In addition, SST inhibits the hypothalamic neuropeptide
GnRH, which stimulates the anterior pituitary’s production of
follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) (63). FSH stimulates clutches of immature follicles to ini-
tiate follicular development, while LH stimulates ovulation. Thus,
both AstC and SST regulate the secretion of gonadotropins (JH in
insects, FSH and LH in mammals) indirectly through the IPCs in
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insects and through the hypothalamic GnRH neurons in mammals.
This functional conservation between AstC and SST is also evident
in the immune system. AstC inhibits the innate immune system in
insects, while SST inhibits inflammation in mammals (64).

In many seasonal breeders, the changing photoperiod as the

seasons progress acts as an environmental cue for the bio-
logical clock system, which would then direct any necessary
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physiological changes (65, 66). During the winter, Drosophila
females enter a form of reproductive dormancy characterized
by a pronounced suppression of vitellogenesis (67). A winter-
like condition (i.e., short-day length, low temperature, and
food shortage) down-regulates neural activity in the IPCs
(68). But the IPCs are not equipped with a cell-autonomous
clock, so they must receive seasonal information from the
brain clock neuron network. Indeed, two clock related
neuropeptides—pigment dispersing factor and short neuro-
peptide F—from circadian morning pacemaker or M-cells
have been implicated in regulating reproductive dormancy
(68, 69). Intriguingly, AstC-DN1p neurons are the DNlp
subset that receives pigment dispersing factor signals from
these M-cells. Furthermore, DN1p can process light and
temperature information for the circadian regulation of be-
havior (31, 70). Finally, our finding that AstC-DN1p generates
the circadian vitellogenesis rhythm via the IPCs makes AstC-
DN1p neurons the prime candidates for integrating the sea-
sonal cues that control the entrance, maintenance, or exit
from reproductive dormancy. Considering the functional and
structural conservation between the AstC and SST systems,
the SST system may also link the brain clock, GnRH, and/or
its downstream reproductive pathways in controlling seasonal
reproductive patterns in vertebrates.

Materials and Methods

Fly Stocks. The following stocks were reported previously or obtained from
the Bloomington Drosophila Stock Center (BDSC), the Vienna Drosophila
RNAi Center (VDRC), or the Korean Drosophila Resource Center (KDRQ):
AstC-R1-Gal4 (38), AstC-R2-Gal4 (38), AstC-IR1 (VDRC #13772), AstC-IR2
(VDRC #102735), Dh31-IR1 (VDRC #50293), Dh31-IR2 (VDRC #37763), Dh31-
IR3 (VDRC #37764), per-IR1 (BDSC #40878), per-IR2 (BDSC #31285), AstC-R1-
IR1T (VDRC #13560), AstC-R71-IR2 (BDSC #JF02656), AstC-R2-IR1 (BDSC
#JF01960), AstC-R2-IR2 (VDRC #50000), and AstC-GAL4 (KDRC #10012). Gal4
stocks used for RNAI carried UAS-Dicer2 (VDRC #60007). The complete list of
fly stocks used in this study can be found in SI Appendix, Supplementary
Materials and Methods. We generated CNMa-Gal4 by inserting the Gal4 ORF
into the CNMa ATG start site in a recombineering-ready, premapped genomic
BAC clone (Clone ID, CH321-34F01) from the P[acman] library (71). The
CNMa-Gal4 construct was inserted into a specific site on the third chro-
mosome (VIE-49b, a gift from Barry J. Dickson, Janelia Research Campus,
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fragment amplified from the ¢cDNA clone RH36507 (AY070699) into the
SST13 vector, and then inserting it into a specific site on the third chro-
mosome (VIE-49b). The AstC and CNMa mutant alleles were generated via
the CRISPR/Cas9 system. All primers or oligonucleotides used in this study
are listed in S/ Appendix, Table S2.

Bioassays. Flies were raised on normal fly food at 25 °Cin a fly room under a
12-h:12-h, light:dark cycle. For the egg-laying assay, we modified a published
protocol (72). For the egg-production assay, freshly eclosed females were
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phosphate buffered saline (PBS) and the mature eggs (stage 14) in both
ovaries were counted under a stereomicroscope. To examine the circadian
vitellogenesis rhythm, we modified methods described by Allemand (42).
The ovarioles were separated and the stages of the vitellogenic follicles were
determined according to the method used by Jia et al. (58). For the ovipo-
sition assay, the reproductive organs of postmating females were dissected
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