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Nutrient status alters developmental fates
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Steroid hormones are powerful endocrine regulators, but little is known about
how environmental conditions modulate steroidogenesis to reprogram
developmental fates. Here, we use the Drosophila prothoracic gland (PG) to
investigate how a nutrient restriction checkpoint (NRC) ensures or blocks
developmental progression and sexual maturation via regulating ster-
oidogenesis. Extensive transcriptome analysis of the PG reveals that pre-NRC
starvation significantly downregulates mitochondria-associated genes. Pre-
NRC starvation reduces prothoracicotropic neuropeptide hormone signaling,
insulin signaling, and TORC1 activity in PG cells, which prevent mitochondrial
fragmentation and import of Disembodied, a key steroidogenic enzyme.
Ultimately, pre-NRC starvation causes severe mitophagy and proteasome
dysfunction, blocking steroidogenesis and metamorphosis. By contrast, post-
NRC starvation does not impair mitochondrial homeostasis in PG cells but
reduces sit expression and induces moderate autophagy to promote ster-
oidogenesis, leading to precocious metamorphosis. This study constitutes a
paradigm for exploring how steroid hormone levels are controlled in response
to environmental stress during developmental checkpoints.

M Check for updates

In animals, juvenile growth is typically associated with developmental
checkpoints that control sexual maturation, which ensures completion

needed to initiate and complete metamorphosis. The NRC allows
animals to adapt to environmental stress, especially nutritional stress

of development into an adult, and a species-dependent final body size
that maximizes fitness and survival in a range of environments'. Mal-
nutrition or starvation can delay the onset of puberty in mammals,
which involves a cascade of neuropeptide signals to stimulate sex
steroid hormone production in gonads to initiate maturation®’. Insects
have two nutrient restriction checkpoints (NRC), known as critical
weight and minimal viable weight. Critical weight is reached when
subsequent starvation no longer delays the onset of puparium for-
mation, whereas minimal viable weight is the lowest larval weight

like starvation. The attainment of critical weight commits larvae to
rapidly produce sufficient amounts of 20-hydroxyecdysone (20E, the
main active form of insect steroid hormones) to trigger metamor-
phosis, the juvenile-to-adult transition in insects*. Both mammalian
puberty and insect metamorphosis are controlled by steroid hor-
mones, suggesting a conserved system for triggering maturation.
Steroid hormone synthesis (hereafter, steroidogenesis) is regulated by
a variety of intrinsic signals in response to external environments®”’.
However, much remains unknown about the cellular and molecular

'Guangdong Provincial Key Laboratory of Insect Developmental Biology and Applied Technology, Guangzhou Key Laboratory of Insect Development
Regulation and Application Research, Institute of Insect Science and Technology & School of Life Sciences, South China Normal University,
Guangzhou, China. 2School of Basic Medical Sciences, Zhejiang Chinese Medical University, Hangzhou, China. 3Guangmeiyuan R&D Center, Guangdong
Provincial Key Laboratory of Insect Developmental Biology and Applied Technology, South China Normal University, Meizhou, China. “Department of
Biological Sciences, University of Alberta, Edmonton, AB, Canada. SThese authors contributed equally: Jie Zhang, Suning Liu, Yang Li.

e-mail: liusuning@scnu.edu.cn; kingjone@ualberta.ca; lisheng@scnu.edu.cn

Nature Communications | (2025)16:1258


http://orcid.org/0000-0002-7738-6218
http://orcid.org/0000-0002-7738-6218
http://orcid.org/0000-0002-7738-6218
http://orcid.org/0000-0002-7738-6218
http://orcid.org/0000-0002-7738-6218
http://orcid.org/0000-0002-6228-5764
http://orcid.org/0000-0002-6228-5764
http://orcid.org/0000-0002-6228-5764
http://orcid.org/0000-0002-6228-5764
http://orcid.org/0000-0002-6228-5764
http://orcid.org/0000-0002-4217-2367
http://orcid.org/0000-0002-4217-2367
http://orcid.org/0000-0002-4217-2367
http://orcid.org/0000-0002-4217-2367
http://orcid.org/0000-0002-4217-2367
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56528-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56528-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56528-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56528-z&domain=pdf
mailto:liusuning@scnu.edu.cn
mailto:kingjone@ualberta.ca
mailto:lisheng@scnu.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56528-z

mechanisms by which steroid-producing endocrine organs effectively
integrate environmental cues with internal signals to coordinate the
transition from juvenile-to-adult stages in animals.

In insects, control over steroidogenesis is multi-layered and
complex. In the fruit fly, Drosophila melanogaster, the larval ring gland
(RG) is composed of the prothoracic gland (PG), which produces
ecdysone (the immediate precursor of 20E), the corpora allata, and the
corpora cardiaca. In PG cells, dietary cholesterol is converted to
ecdysone through a series of proteins referred to as the Halloween
enzymes, including the final three cytochrome P450 enzymes, Phan-
tom (Phm), Disembodied (Dib), and Shadow (Sad)*”. Upon ingestion of
dietary sterols, cholesterol or other suitable sterols are transported
into PG cells through receptor-mediated endocytosis. Within PG cells,
steroidogenesis requires sterol/steroid trafficking, which in turn relies
on the Niemann-Pick complex 1 (Npcl) and the fatty acid elongase
stuck in traffic (Sit), as well as molecular components involved in
autophagy. Newly synthesized ecdysone exits PG cells via vesicle-
mediated secretion®"%. Halloween gene expression is regulated by a
complex network of transcription factors, some of which are activated
by extracellular signals. For example, environmental cues impinge on
the neurons producing prothoracicotropic hormone (PTTH) and
insulin/insulin-like peptides (ILPs) to adjust steroidogenic activity in
the PG. PTTH binds to its receptor Torso and activates the Ras/Raf/Erk
pathway and transcription factors such as nuclear receptor Hr4. ILPs
bind to InR to activate the PI3K/Akt pathway and target rapamycin
complex 1 (TORCI). TORCI stimulates endocycles in PG cells through
the transcription factor Snail®>%°, Steroidogenesis is autoregulated by a
number of transcription factors in the 20E-triggered transcription
cascade, while it is inhibited by juvenile hormone signaling that
antagonizes 20E action in the PG* %, Once ecdysone is released from
the PG into the hemolymph, it is converted to 20E in target tissues by
Shade (Shd), also a cytochrome P450 enzyme, where 20E executes its
physiological and developmental roles’.

In Drosophila, critical weight and minimal viable weight largely
overlap, and together referred to as the NRC***. Under normal con-
ditions, i.e., a non-restricting diet, NRC is passed in the early third
instar (-78 hours after egg laying=78h AEL). Pre-NRC starvation
blocks steroidogenesis and leads to developmental arrest, whereas
post-NRC starvation accelerates steroidogenesis and irreversibly
induces precocious metamorphosis*"’. In post-NRC PG cells, starvation
modulates cholesterol storage by reducing TORCl-induced expression
of Npcl and sit and stimulates cholesterol mobilization via the activa-
tion of TORCl-inhibited autophagy, causing precocious steroidogen-
esis and metamorphosis. In addition, upon starvation, the corpora
cardiaca releases stored ILPs to maintain steroidogenesis in the
PG®'°%, In pre-NRC PG cells, starvation decreases TORCIl-mediated
expression of snail and the number of endocycles, however, it is
unclear how endocycling is mechanistically linked to steroidogenesis.
Starvation also induces extensive autophagy in PG cells, which alters
cholesterol trafficking and decreases steroidogenesis. Further, star-
vation induces the expression and secretion of Hedgehog in the mid-
gut, which remotely suppresses steroidogenesis in the PG*'***%, In
contrast to the well-studied post-NRC responses to nutrient restric-
tion, there is little clarity on the cellular and molecular mechanisms by
which pre-NRC starvation blocks steroidogenesis in the PG.

To examine the consequences of pre-NRC starvation, we reared
Drosophila larvae under three different regimens. Control larvae were
continuously fed until 108 h AEL, pre-NRC starvation larvae were initi-
ally fed for 72 hours, but then starved from 72 h to 108 h AEL, whereas
post-NRC starvation larvae were fed the first 84 hours, followed by
starvation from 84 h to 108 h AEL. We then isolated >10,000 RGs, which
are very small and comprise ~100 cells, by dissection at 108 h AEL, and
prepared RG samples for comparative transcriptome analysis. The
RNA-Seq data showed strong enrichment of genes with roles in the
mitochondria (mitochondria-associated genes) (81/554214.6%). Based

on the data from a previous PG-specific RNAi screen®, we found that 82
of the 554 genes were indispensable for larval development, including
seven mitochondria-associated genes (7/82=8.5%). Thus, focusing on
mitochondria function and regulation should provide a new angle in
understanding how steroid hormone dynamically switches develop-
mental fates. By utilizing cellular, biochemical, molecular, and genetic
approaches, we then showed that pre-NRC starvation disrupted normal
mitochondrial homeostasis in PG cells, which in turn blocked ster-
oidogenesis. This mechanism was not observed in response to post-
NRC starvation. Our comprehensive study revealed that nutrient status
alters developmental fates via a switch in mitochondrial home-
odynamics in Drosophila PG cells, shedding light on the general
mechanisms by which environmental conditions impact endocrine
control during developmental checkpoints in animals.

Results
Pre-NRC starvation downregulates mitochondria-associated
genes in the PG
Our three different rearing strategies, i.e., controls fed with a standard
diet, pre-NRC starvation, and post-NRC starvation (Supplementary
Fig. 1A) yielded phenotypes in line with previous reports*. Specifi-
cally, pre-NRC starvation caused developmental arrest, whereas post-
NRC starvation resulted in precocious metamorphosis and a smaller
body size (Supplementary Fig. 1B-D and Supplementary Data 1 for a
complete list of genotypes and statistical results). We then collected
RG samples for RNA sequencing from the three groups of larvae at
108 h AEL, with three biological replicates in each group (Supple-
mentary Fig. 1E). Principal component analysis demonstrated that the
data clustered into three distinct groups: the control, pre-NRC star-
vation, and post-NRC starvation (Supplementary Fig. 1IF and Supple-
mentary Data 2). Compared to the control, pre-NRC starvation
reduced the expression of all genes involved in steroidogenesis,
however, post-NRC starvation had little effect on their expression.
Neither pre-NRC nor post-NRC starvation had a significant influence on
the expression of juvenile hormone biosynthetic genes. These data
strongly suggest that pre-NRC starvation blocked steroidogenesis
through transcriptional downregulation (Supplementary Fig. 1G and
Supplementary Data 2). Differential gene expression analysis revealed
that 554 genes were exclusively downregulated by pre-NRC starvation,
whereas only seven genes were exclusively downregulated by post-
NRC starvation. In addition, the expression of 10 overlapping genes
was decreased in both treatments (Fig. 1A and Supplementary Data 3).
We then analyzed the 554 downregulated genes by term enrich-
ment analysis. The most significantly enriched term was “mitochon-
dria” (81 genes, ~14.6%), which are necessary for normal mitochondrial
function, and “proteosome” (24 genes, -4.3%), in the “cellular com-
ponent” category. Mitochondria are central organelles required for
energy metabolism, heme synthesis, and apoptosis*. The proteasome
is a multi-subunit protease complex essential for degrading unstable
proteins”. The 81 mitochondria-associated genes comprised several
sub-categories, including mtDNA translation (23), mitochondrial
metabolism (17), oxidative phosphorylation (17), mitochondrial trans-
port (12), antioxidants (4), and others (8). With respect to the 24
“proteasome” genes, 14 encoded proteins acting in the proteosome
core particle, while the remaining 10 function in the regulatory particle
(Fig. 1B and Supplementary Data 4). In a prior genome-wide PG-specific
RNAi screen, 1906 RNAi lines interfered with normal development.
Specifically, RNAi knockdown of 1006 genes in the PG caused devel-
opmental arrest in different developmental stages, whereas RNAI tar-
geting the remaining 900 genes led to other developmental defects®.
In total, 82 of the 554 downregulated genes in the RG by pre-NRC
starvation overlapped with the 1006 essential genes identified by the
PG-specific RNAi screen, suggesting that these genes establish the
context by which nutritional cues impinge on steroidogenesis in
response to pre-NRC starvation (Fig. 1C and Supplementary Data 5).
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Fig. 1| Transcriptome analysis of RGs upon normal feeding, pre-NRC starva-
tion, and post-NRC starvation. A Transcriptome analysis revealed that 564 genes
were downregulated when larvae were starved prior to the NRC (pre-NRC) com-
pared to continuously feeding larvae, and 17 genes were downregulated when
larvae were starved after the NRC (post-NRC). Expression levels of 554 genes were
specifically decreased in response to pre-NRC starvation (ST). Abbreviation: pre-
NRC ST, starved from 72 h after egg laying to 108 h; post-NRC ST, starved from 84 h
after egg laying to 108 h. B The pre-NRC ST-regulated cohort (554 genes) includes
81 mitochondria-associated genes and 24 proteasome genes. C Danielsen et al.,

2016, found that PG-specific RNAi targeting 1906 genes resulted in developmental
timing defects. Of these, 1006 RNAi lines resulted in developmental arrest in third-
instar larvae. In our study, we found that 554 genes were specifically downregulated
upon pre-NRC ST. Overlap (pink) revealed that 82 pre-NRC ST-downregulated
genes are associated with ST-induced developmental arrest. Abbreviation: L2P,
pupariation of L2 larvae; Delay, developmental delays; P lethal, pupal lethality;
Arrest, arrest in L1, L2, and L3. D The 82 overlapping genes were manually classified
based on protein functions.

Next, we categorized the functions of proteins encoded by the 82
downregulated genes (Fig. 1D). As expected, we found four Halloween
genes, including shroud (Sro), Phm, Dib, and Sad (7). We also identified
eight transcription factors, half of which have known roles in Hallow-
een gene regulation, including Knirps (Kni), numerous disordered
muscles (Nom aka Seance), Ouija board (Ouib), and Ventral veins
lacking (VvI)*?. Importantly, we identified seven mitochondria-
associated genes, comprising -8.5% of the 82 downregulated essen-
tial genes. COX6B, Neb-cGP, and ATPsynC are structural components
of the oxidative phosphorylation system®>**, mRPL47 is a component
of the mitochondrial large ribosomal subunit, which is encoded by the
mitochondrial genome®. TrpRS-m is a tryptophanyl-tRNA synthetase
that functions within mitochondria to promote the formation of
tryptophanyl-tRNA*. Tom20 and mge (a homolog of human Tom22)
are important components of the protein translocase of the outer
mitochondrial membrane, which is responsible for selective uptake of
cytoplasmic proteins into mitochondria***’. Among the cohort of 82
downregulated essential genes were 20 genes encoding proteasome
subunits, comprising 83.3% of the 24 downregulated proteasome
genes. The same cohort also harbored seven genes encoding the
HSP60 Chaperonins, including Hsp60A, Chaperonin containing TCP1
subunit 1 (CCT1), CCT3, CCT5, CCT7, CCT8, and CG11287, which
mediate proper protein folding for quality control’**°, Finally, we also
identified three DNA polymerase genes, two immunity-related genes,

and 19 enzyme-encoding genes. The composite analyses suggest that
genes involved in mitochondria and proteasomes might link nutrition
with steroidogenesis in response to pre-NRC starvation, which is
indispensable for steroidogenesis in PG cells.

Pre-NRC starvation promotes mitochondrial tubulation to
produce ATP

Since mitochondria play central roles in energy metabolism®, we
examined how mitochondrial homeostasis controls steroidogenesis in
the PG prior to the NRC. Mitochondria are highly dynamic organelles
capable of shape changes, and they undergo fission and fusion to
regulate the degree of mitochondrial fragmentation and tubulation*’.
Using a mitochondria-targeted GFP-based reporter (mito-GFP), we
observed morphological changes in PG mitochondria from 72 h AEL to
the white prepupal stage (WPP). Interestingly, we found that the ratio
of fragmented mitochondria (small and round) progressively
increased from 60% at 72 h to ~100% at 108 h, and then decreased from
the early wandering stage (EW) to WPP (Fig. 2A, Supplementary Fig. 2A
and Supplementary Data 1). We observed similar trends for Erk and Akt
activity in PG cells, which were monitored by p-Erk staining and Akt-
SPARK reporter* (based on the technique of “separation of phases-
based activity reporter of kinase, SPARK)”, respectively (Supplemen-
tary Fig. 2B, C and Supplementary Data 1). Our observation is con-
sistent with previously described developmental profiles of insulin
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Fig. 2 | Pre-NRC starvation promotes mitochondrial tabulation. A The percen-
tage of fragmented mitochondria in PG cells from 72 h AEL to WPP. From left to
right, n=30, 16, 27, 17, 24, and 40, respectively. B Mitochondrial morphology
(green) was assessed in PG cells. Magnified images of the highlighted areas (red
dotted box) are shown. Right: the percentage of fragmented mitochondria.
Nucleus: DAPI (cyan). From left to right, n=30, 23, 24, and 17, respectively.

C-F Representative images of PTTH (C), p-ErK, green, 108 h: n =24, pre-NRC ST:
n=27),insulin (D, E InR-SPARK and AKT-SPARK, green), and TORC1 signalings (F, p
SéK, green, 108 h: n=9, pre-NRC ST: n=8) in PG cells of control and pre-NRC ST
larvae. G, H Representative images of mitochondrial morphology (green) in PG cells
(168 h AEL) with inhibition of PTTH, insulin, TORCI1 signalings G and mitochondria-
associated genes H. Magnified images of the highlighted areas (red dotted box) are
shown. G From left toright, n=7,7,7, 6, 6,13,9, and 7, respectively. H From left to
right, n=32,19, 19, 20, 12, 16, 17, and 19, respectively. I, ] Images showing Marf

(I Marf-EGFP, green) and p-Drpl (J p-Drpl Ser637 antibody, green) staining in PG
cells of control and pre-NRC ST larvae at 108 h AEL. Mitochondria: mito-mCherry
(red). Nucleus: DAPI (cyan). From left to right, n =26, 15, 30, and 22, respectively in
(I, )). K, L Images showing ATP-SPARK puncta (green) in PG cells of control and pre-
NRC ST or Marf-expressing larvae at 108 h AEL. M, N Representative images of
mitochondria morphology (M, green, From left to right, n=20, 27, 24, and 19,
respectively) and ATP-SPARK puncta (N, green) in PG cells (144 h AEL) with PG-
specific expression of Ras"?, Dp110“, or Rheb. Magnified images of the highlighted
areas (red dotted box) are shown. O, P Images showing p-AMPK levels (p-AMPK,
green, 108 h: n=17, pre-NRC ST: n=19) 0 and AMPK-SPARK puncta (green) P in PG
cells of controls and pre-NRC ST larvae at 108 h AEL. All Data are presented as
mean = SD. Different lowercase letters represent statistical significance by one-way
ANOVA. The genotypes and statistical data are provided in Supplementary Data 1.

Nature Communications | (2025)16:1258


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56528-z

signaling and TORCI activity in the PG*2. We then examined whether
and how the morphological dynamics of PG mitochondria were regu-
lated by starvation, PTTH signaling, insulin signaling, and TORC1
activity prior to the NRC. Indeed, pre-NRC starvation gradually
reduced the ratio of fragmented mitochondria, resulting in mito-
chondrial tubulation over time (Fig. 2B and Supplementary Data 1).
Moreover, pre-NRC starvation significantly decreased PTTH signaling
(p-ERK staining) (Fig. 2C and Supplementary Data 1), insulin signaling
(InR-SPARK and AKT-SPARK reporters) (Fig. 2D, E and Supplementary
Data 1), and TORCI activity (p-S6K staining) (Fig. 2F and Supplemen-
tary Data 1). Furthermore, PG-specific inhibition of PTTH signaling via
RNAi directed against Torso or expression of Ras™ prior to the NRC
significantly increased mitochondrial tubulation. Inhibition of insulin
signaling via InR-RNAi or expression of Dp110°" had similar effects, and
simultaneous inhibition of PTTH signaling and insulin signaling via
Torso- and InR-RNAi caused comparable phenotypic defects. However,
PG-specific inhibition of TORCI activity by expression of TOR® or
TSCI/2 had no effects on mitochondrial dynamics (Fig. 2G and Sup-
plementary Data 1). These results showed that PTTH and insulin sig-
naling, but not TORCI activity, prevented mitochondrial tubulation
and promoted mitochondrial fragmentation in PG cells, which were
essential for fulfilling the NRC.

Next, we explored whether PG-specific RNAi against the seven
mitochondria-associated genes affected mitochondrial morphology
prior to the NRC. RNAi targeting COX6B, Neb-cGP, and TrpRs-m, but not
the other four genes, significantly promoted mitochondrial tubulation
(Fig. 2H and Supplementary Data 1). Mining of our RG transcriptome
data (Supplementary Data 2) revealed that pre-NRC starvation sig-
nificantly increased the expression of Marf, which encodes a homolog
of human MFN2 (a dynamin family GTPase), a protein that mediates
outer mitochondrial membrane tethering and thus mitochondrial
fusion****, We also assessed in vivo protein levels of Marf using the
Marf-EGFP reporter, which showed that pre-NRC starvation sig-
nificantly increased Marf-EGFP fluorescence intensity in the PG (Fig. 2I
and Supplementary Data 1). Drpl is another dynamin family GTPase
that promotes mitochondrial fission and fragmentation, however,
phosphorylation of Drpl at S637 (p-Drpl) antagonizes its activity®.
Consistently, pre-NRC starvation significantly increased p-Drpl stain-
ing in PG cells (Fig. 2) and Supplementary Data 1). Considering that
Marf expression is known to result in mitochondrial tubulation***, our
studies indicated that pre-NRC starvation promoted mitochondrial
tubulation through increasing Marf expression and Drpl phosphor-
ylation at S637. In addition, Marf-EGFP intensity and p-Drpl staining in
PG cells gradually decreased from 72 h AEL to 108 h AEL, while they
increased again at EW and WPP, respectively, with a significant increase
of p-Drpl at WPP (Supplementary Fig. 2D, E and Supplementary Data1).

One would expect that impaired mitochondrial function should
negatively impact energy homeostasis, and result in a reduction of ATP
levels. To test this, we expressed an ATP-SPARK reporter*®*” in PG cells
to image ATP abundance directly. To our surprise, we observed that
pre-NRC starvation significantly increased the number and size of ATP-
SPARK droplets (Fig. 2K), indicating that ATP levels were elevated by
mitochondrial tubulation. Importantly, the PG-specific expression of
Marf was sufficient to promote ATP production (Fig. 2L). The results
together indicate that the rise in PG ATP levels was consistent with
increased prevalence of mitochondrial fusion and tubulation. Notably,
PG-specific expression of Ras"? or Dp110“*, but not Rheb, significantly
reduced mitochondrial tubulation and ATP production induced by
pre-NRC starvation (Fig. 2M, N and Supplementary Data 1). This con-
firmed that PTTH and insulin signaling, but not TORC1 activity, were
involved in this process. AMP-activated protein kinase (AMPK) is an
important intracellular energy sensor, which is activated by high AMP/
ATP ratios””. AMPK activities can be tracked by p-AMPK staining and
an AMPK-SPARK reporter’. We observed that pre-NRC starvation
resulted in significant AMPK activation, showing a decline in cellular

energy status (Fig. 20, P and Supplementary Data 1). During develop-
ment, p-AMPK level was high at 72 h, gradually decreased over time,
and rebounded at WPP, while ATP level was high at 72 h and decreased
over time (Supplementary Fig. 2F-H and Supplementary Data 1). Col-
lectively, due to the reduction of PTTH signaling and insulin signaling
in PG cells, pre-NRC starvation promotes mitochondrial tubulation to
produce ATP for cell survival even in energy-constrained conditions.

Pre-NRC starvation prevents mitochondrial import of Dib
Among the seven mitochondria-associated genes that were down-
regulated by pre-NRC starvation in the PG, Tom20 and mge encode
components of the mitochondrial outer membrane translocase com-
plex, suggesting regulatory roles in mitochondrial import (Fig. 1D).
Importantly, Dib and Sad are likely mitochondrial cytochrome P450
enzymes that catalyze the final two sequential hydroxylation steps in
the ecdysone biosynthesis pathway*s. We generated a Dib-mCherry
knock-in reporter line via CRISPR/Cas9, which demonstrated that the
signals produced by Dib-mCherry and mito-GFP overlapped in PG cells
(Fig. 3A and Supplementary Data 1). In non-starvation conditions, Dib-
mCherry was predominantly found in mitochondria; however, its
mitochondrial localization was dynamic. Specifically, we saw a gradual
increase of Dib-mCherry from 72 h to 108 h, a peak at EW, followed by a
decline at WPP (Fig. 3A). Remarkably, pre-NRC starvation caused Dib-
mCherry to form cytoplasmic aggregates, indicating that mitochon-
drial import was increasingly blocked as starvation conditions con-
tinued (Fig. 3B and Supplementary Data 1). We re-assessed the cellular
localization of Dib-mCherry with the MitoTracker Green dye*’, which
yielded comparable results (Fig. 3C and Supplementary Data 1). In
addition, we observed that pre-NRC starvation significantly increased
the colocalization of Dib-mCherry aggregates with lysosomes (which
can clear abnormal protein aggregates), as evidenced by lysotracker
staining®**' (Fig. 3D). Moreover, inhibition of PTTH signaling, insulin
signaling or both, as well as TOR activity, decreased mitochondrial
import of Dib-mCherry prior to the NRC (Fig. 3E and Supplemen-
tary Data 1).

We then examined whether the seven mitochondria-associated
genes were required for mitochondrial import of Dib. PG-specific RNAi
knockdown of Tom20 and mge decreased Dib-mCherry mitochondrial
import and caused the accumulation of mCherry aggregates in the
cytoplasm. RNAi knockdown of COX6B, Neb-cGP, TrpRS-m, and ATP-
synC, but not mRPL47, had similar effects (Fig. 3F and Supplementary
Data1). As outlined earlier (Fig. 1D), pre-NRC starvation downregulated
seven genes encoding the HSP60 Chaperonins, which mediate proper
protein folding®®*. As expected, PG-specific RNAi against these genes
also caused the formation of Dib-mCherry aggregates in the cytoplasm
(Fig. 3F and Supplementary Data 1), indicating that the HSP60 cha-
peronins are required for mitochondrial import of Dib. Importantly,
PG-specific activation of PTTH signaling or insulin signaling sig-
nificantly rescued Dib importation into mitochondria. By contrast,
TORCI activity was not nearly as well as PTTH signaling and insulin
signaling (Fig. 3G and Supplementary Data 1). Notably, PG-specific
expression of Tom20 alone resulted in a comparable rescue (Fig. 3H
and Supplementary Data 1). PG-specific Marf expression prior to the
NRC resulted in mitochondrial tubulation and the presence of cyto-
plasmic Dib-mCherry aggregates, along with a delay in developmental
timing and a larger pupal size (Fig. 31-K and Supplementary Data 1).
These data showed that prior to the NRC and under nutrient-replete
conditions, PTTH signaling, insulin signaling, and TORCI activity pro-
mote mitochondrial fission and fragmentation, which stimulate mito-
chondrial import of Dib and thus steroidogenesis, but not ATP
production.

Pre-NRC starvation causes severe mitophagy in PG cells
It is well known that mitochondrial dysfunction stimulates mitophagy,
which in turn eliminates damaged mitochondria®>. We detected
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A Colocalization of Dib-mCherry (red) and mitochondria (mito-GFP, green) were
examined in PG cells from 72 h AEL to WPP. Right: Mander’s colocalization analyses.
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lyses. From left to right, n=32, 54, 34, and 47, respectively. C, D Colocalization of
Dib-mCherry (red) and mitochondria (C, mitotracker, green) or lysotracker

(D green) were examined in PG cells of control and pre-NRC ST larvae at 108 h AEL.
C n=18 (108 h), 15 (pre-NRC ST). E, F Representative images of colocalization of
Dib-mCherry (red) and mitochondria (mito-GFP, green) in PG cells (168 h AEL) with
inhibition of PTTH, insulin, and TORCI signalings E as well as mitochondria-
associated genes and CCT genes F. E From left to right, n=20, 21, 11, 31, 45, 21, 31,
and 20, respectively. F From left to right, n =25, 16, 13, 26, 32, 24, 16, 20, 20, 22, 23
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and 23, respectively. G Representative images showing colocalization of Dib-
mCherry (red) and mitochondria (mito-GFP, green) in PG cells (168 h AEL) with PG-
specific expression of Ras"?, Dp110“, and Rheb. From left to right, n =20, 61,22 and
30, respectively. H, I Representative images showing colocalization of Dib-mCherry
(red) and mitochondria (marked by mito-GFP or Tom20-GFP, green) in the PG
(168 h AEL). Right: Mander’s colocalization analyses. From left to right, n =30, 37,9
and 25, respectively in (H, I). Two-tailed paired ¢ test for two-column comparison.
**p < 0.001. ] Developmental timing of phm > w™ (n=28) and phm > Marf (n=15)
under feeding conditions. K Body size of phm > w' and phm > Marf under feeding
conditions. n =58 (Phm > w"®), 51 (Phm > Marf). Two-tailed paired t test for two-
column comparison. **p < 0.001. All Data are presented as mean + SD. Different
lowercase letters represent statistical significance by one-way ANOVA. The geno-
types and statistical data are provided in Supplementary Data 1.
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images of the highlighted areas (yellow or red dotted box) are shown. F-H Images
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larvae. Mitochondria: mito-GFP (green, F) or mito-mCherry (red, G). Nucleus: DAPI
(cyan). I Representative images of mitophagy in PG cells (168 h AEL) with knock-
down of Parkin, Parkin+Pinkl, or BNIP3. From left to right, n=23, 24, 26 and 35.
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mitophagy occurrence in PG cells using mitochondria-targeted Keima
(mt-Keima), a pH-dependent fluorescent protein probe*. Three hours
of pre-NRC starvation was sufficient to acutely trigger mitophagy,
which continued to increase as time progressed (Fig. 4A,

Supplementary Fig. 3A and Supplementary Data 1). PG-specific inhibi-
tion of PTTH and insulin signaling, but not TORCI activity, caused a
significant rise in mitophagy occurrence prior to the NRC (Supple-
mentary Fig. 3B, C and Supplementary Data 1); whereas activating these
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three pathways reduced mitophagy induction caused by pre-NRC
starvation (Fig. 4B and Supplementary Data 1). Moreover, PG-specific
RNAi knockdown of all the seven mitochondria-associated genes
induced varying degrees of mitophagy, especially for COX6B, Neb-cGP,
and TrpRS-m (Supplementary Fig. 3D, E and Supplementary Data 1).

Stress-activated mitophagy is linked to several factors involved in
mitochondrial quality control, i.e., increasing reactive oxygen species
(ROS), which are produced in and released from dysfunctional
mitochondria®*. We thus examined whether pre-NRC starvation
promoted superoxide levels in PG cells using the mitoSOX dye and
DCFH-DA staining to measure mitochondrial and cytosolic ROS levels,
respectively. Although pre-NRC starvation was able to elevate both
mitochondrial and cytosolic ROS levels, timing differed. Specifically,
pre-NRC starvation caused an acute rise in mitochondrial ROS levels
after just three hours of treatment, whereas cytosolic ROS took
12 hours to rise (Fig. 4C, D and Supplementary Fig. 4A). These data
indicate that mitochondria are likely the major source of intracellular
ROS generation. Clearance of ROS by expressing Catalase (Cat), which
encodes an enzyme involved in hydrogen peroxide elimination®, in
pre-NRC-starved PG cells effectively decreased mitophagy (Fig. 4E and
Supplementary Data 1). Expressing superoxide dismutase 1 (SODI) and
superoxide dismutase 2 (SOD2) had similar but comparatively weaker
effects (Supplementary Fig. 4B and Supplementary Data 1). Thus, the
production of ROS was a consequence of pre-NRC starvation and a
causative factor of mitochondrial dysfunction that was followed by an
increase in mitophagy.

Most studies investigating mitophagy have focused on three
canonical pathways, including Pinkl/Parkin, Binp3/Nix, and
FundcI’***%, We, therefore, mined the RG transcriptome data and
analyzed the expression levels of genes associated with these path-
ways in response to pre-NRC starvation. We found that pre-NRC star-
vation caused the upregulation of Pinkl and CG5059 (homologous to
human BNIP3), but not CG5676 (homologous to human FUNDCI)
(Supplementary Data 2). Using Pinkl-HA and BNIP3-GFP flies as
reporters, we confirmed that the corresponding protein levels were
also increased by pre-NRC starvation (Fig. 4F, H and Supplementary
Data 1). In Pinkl-dependent mitophagy, Pinkl recruits Parkin to
damaged mitochondria, which ubiquitinates multiple target proteins
in the outer mitochondrial membrane, which initiates autophagic
degradation®. Although the mRNA levels of parkin were not elevated
by pre-NRC starvation (Supplementary Data 2), we noticed a distinct
aggregation of Parkin-EGFP (Fig. 4G and Supplementary Data 1).
Importantly, PG-specific RNAi against Parkin, Pinkl and Parkin, or
BNIP3 partially reduced the occurrence of pre-NRC starvation-depen-
dent mitophagy (Fig. 41 and Supplementary Data 1), highlighting the
regulatory roles of the two canonical pathways.

Mitophagy is a type of selective autophagy that specifically
removes damaged mitochondria®. A previous report has shown that
pre-NRC starvation promotes extensive autophagy in PG cells’. Con-
sistent with this, we observed that pre-NRC starvation caused the
accumulation of Atg5-GFP-positive protein aggregates and increased
colocalization of Atg8a-mCherry and Lampl-GFP (Fig. 4J, K, M, Sup-
plementary Fig. 4C, D and Supplementary Data 1). PG-specific inhibi-
tion of PTTH signaling, insulin signaling, and TORCI activity induced
autophagy formation (Supplementary Fig. 4E, F and Supplementary
Data 1), while stimulating these pathways reduced autophagy induc-
tion due to pre-NRC starvation (Fig. 4L, N and Supplementary Data 1).
Further, PG-specific expression of AtgI® or Atg8-RNAi reduced mito-
phagy occurrence caused by pre-NRC starvation (Fig. 40, Supple-
mentary Fig. 4G and Supplementary Data 1). These results show that
autophagy plays an essential role in the removal of damaged mito-
chondria. Conversely, the activation of mitophagy by ectopically
expressing Parkin® prior to the NRC promoted autophagy formation
and led to developmental arrest (Fig. 4P, Q and Supplementary Data 1).
We conclude that pre-NRC starvation, which causes excessive

mitophagy in PG cells, prevents steroidogenesis partially through the
promotion of severe autophagy.

Pre-NRC starvation-induced mitophagy is coupled to protea-
some dysfunction

Transcriptome analysis revealed that pre-NRC starvation down-
regulated 24 essential genes in the ubiquitin-proteasome system
(Fig. 1), which is essential for removing improperly folded proteins
(Fig. 3). We thus examined whether pre-NRC starvation reduced pro-
teasome activity in PG cells, and for this, we used the FK2 antibody,
which recognizes mono- and polyubiquitinated proteins®®®". Three
hours of pre-NRC starvation acutely induced the formation of FK2
puncta, which progressively increased as starvation continued
(Fig. 5A). When we expressed CL1-GFP, a GFP-reporter fused to the CL1
degron®, to analyze the activity of the ubiquitin-dependent protea-
some pathway in the PG by different means, similar results were
obtained (Fig. 5A). The two bioassays indicated that pre-NRC starva-
tion caused proteasome dysfunction. PG-specific inhibition of PTTH
signaling, insulin signaling, and TORC1 activity caused different
degrees of proteasome dysfunction; however, activating PTTH sig-
naling and insulin signaling, but not TORCI activity, reduced protea-
some dysfunction caused by pre-NRC starvation (Fig. 5B-D).

We next assessed the potential crosstalk between mitochondria
and proteasomes. PG-specific RNAi targeting three key proteasome
genes, including Prosbl, Rpnll, and Rpt3, not only caused proteasome
dysfunction, but also increased the rate of mitophagy to varying
degrees. Furthermore, ProsbI-RNAi or Rpnll-RNAi eliminated most
mitochondria in PG cells (Fig. 5SE-G and Supplementary Data 1). Like-
wise, induction of mitophagy occurrence by PG-specific RNAi against
mitochondria-associated genes or expression of Parkin® caused pro-
teasome dysfunction (Fig. 5H-J). Taken together, we conclude that
pre-NRC starvation impaired mitochondrial homeostasis, which
caused extensive autophagy and proteasome dysfunction, followed by
a block in steroidogenesis and, thus, developmental arrest.

Post-NRC starvation does not impair mitochondrial home-
ostasis in PG cells

Since the transcriptome data revealed that post-NRC starvation down-
regulated only seven genes in the RG (Fig. 1), we hypothesized that
nutrient deficiency did not significantly impact mitochondrial home-
ostasis in PGs after the NRC. As expected, post-NRC starvation did not
affect mitochondrial dynamics, mitochondrial import of Dib, mitophagy
occurrence, and proteasome activity in PG cells (Supplementary
Fig. 5A-M and Supplementary Data 1), suggesting that nutrient uptake
was dispensable for mitochondrial homeostasis in PG cells once larvae
had passed the NRC. Likewise, PTTH signaling, insulin signaling, and
TORCI activity did not show any significant changes (Supplementary
Fig. SN-P and Supplementary Data 1). However, upon post-NRC starva-
tion, PG-specific inhibition of PTTH signaling, insulin signaling or both,
and TORCI activity impaired mitochondrial homeostasis in PG cells
(Fig. 6A-D and Supplementary Data 1), and moreover, significantly or
dramatically caused developmental arrest with decreasing pupariation
ratios (Fig. 6E, F and Supplementary Data 1). We conclude that although
post-NRC starvation does not cause developmental arrest, PTTH sig-
naling, insulin signaling, and TORCI activity are indispensable for the
animals to commit larvae to overcome post-NRC starvation, probably
due to sufficient storages of their signal resources in other tissues (i.e.,
insulin storage in the corpora cardia®).

Because post-NRC starvation resulted in precocious metamor-
phosis and a smaller body size but had little effect on the expression of
genes involved in steroidogenesis (Supplementary Fig. 1 and Supple-
mentary Data 1), we investigated how post-NRC starvation accelerated
steroidogenesis and promoted precocious metamorphosis. Strikingly,
of the seven genes downregulated by post-NRC starvation (Fig. 7A), it
appeared that only sit was involved in steroidogenesis®. As confirmed
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Fig. 5 | Pre-NRC starvation causes proteasome dysfunction. A Images of pro-
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from 72 h AEL. FK2, red; CL1-GFP, green. Magnified images of the highlighted areas
(yellow dotted box) are shown. FK2: from left to right, n =16, 12, 20 and 36,
respectively. CL1-GFP: From left to right, n=20, 33, 18 and 23, respectively.

B, C Proteasomal activity visualized by FK2 (B, red) or CL1-GFP (C, green) was
assessed in PG cells of phm > w', phm > Torso-RNAi, phm > Ras", phm > InR-RNA.,
phm > Dp110°", phm > Torso + InR-RNAi, phm > TOR’™ and phm > TSCI/2 under
control of Gal80®. FK2: from left to right, n=11, 12, 28, 11, 12, 15, 8 and 8, respec-
tively. CL1-GFP: From left to right, n=15, 26, 30, 26, 27, 7, 28 and 23, respectively.
Magpnified images of the highlighted areas (yellow dotted box) are shown.

D, E Proteasomal activity visualized by FK2 (red) was assessed in PG cells of

D phm > w"® (n=7), phm > Ras"* (n =18), phm > Dp110“ (n =9), phm > Rheb (n =9),
E phm > w8 (n=3), phm > Rpt3-RNAi (n=3), phm > RpnlI-RNAi (n=3), and

Neb-tGP-RNA

phm > prospI-RNAi (n = 3). Magnified images of the highlighted areas (yellow dot-
ted box) are shown. F, G Representative images of mitophagy (F, 561 nm, red;
405 nm, green) and mitochondria (G, green) in PG cells (132 h AEL) with knockdown
of Rpt3, Rpnll and prosfl. F n=17 (Control), 18 (Rpt3-RNAI), 11 (Rpn11-RNAi), 6
(ProsP1-RNAi). G n=16 (Control), 19 (Rpt3-RNAi), 19 (Rpnl1-RNAi), 12 (Prosp1-
RNAI). H, I Images of proteasomal activity (FK2 antibody, red) H or CL1-GFP (green)
1in PG cells of controls and PG-expressing Parkin® under 29 °C. Magnified images
of the highlighted areas (yellow dotted box) are shown. H n =14 (Control), 9
(Parkin©*). J Proteasomal activity visualized by FK2 (red) was assessed in PG cells of
phm > w8 (n=17), phm > COX6B-RNAIi (n =12), phm > Neb-cGP-RNAi (n=14),

phm > TrpRS-m-RNAi (n = 23), phm > ATPsynC-RNAi (n =15), phm > mRPL47-RNAi
(n=4), phm > Tom20-RNAi (n =15), and phm > mge-RNAIi (n = 15). Magnified images
of the highlighted areas (yellow dotted box) are shown. The genotypes and sta-
tistical data are provided in Supplementary Data 1.

by quantitative real-time PCR (qPCR) analysis, post-NRC starvation, but
not pre-NRC starvation, decreased sit expression in the RG (Fig. 7B and
Supplementary Data 1). Similarly, sit expression in the RG was much
lower during the wandering stages compared to the feeding stages
(Fig. 7C and Supplementary Data 1). In line with the finding that Sit

regulates cholesterol trafficking and lipid mobilization®, PG-specific
RNAi knockdown of sit resulted in the accumulation of lipid droplets
after the NRC but not prior to the NRC (Fig. 7D, E). Previous reports
also showed that autophagy mobilizes cholesterol-rich lipid droplets
in PG cells for steroidogenesis®™°, and as such we examined whether
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(Torso-RNAi), 23 (Ras™), 34 (InR-RNAi), 19 (Dp110°"), 21 (Torso+InR-RNAi), 34
(TOR™), 23 (TSC1/2). C n =28 (Control), 20 (Torso-RNAI), 19 (Ras"), 34 (InR-RNAi),
30 (Dp110™V), 27 (Torso+InR-RNAI), 28 (TOR), 26 (TSC1/2). E, F PG-specific inhi-
bition of PTTH, insulin, and TORCI1 signalings after the NRC causes developmental
arrest. Developmental timing with the indicated genotypes was examined under
feeding conditions. n=22 (Control), 8 (Torso-RNAi), 16 (Ras™), 12 (InR-RNAi), 15
(Dp110™M), 15 (Torso+InR-RNAi), 19 (TOR™), 11 (TSC1/2). Data are presented as
mean + SD. The genotypes and statistical data are provided in Supplemen-

tary Data 1.

this was essential when post-NRC starvation was applied. Under nor-
mal conditions, the accumulation of lipid droplets in PG cells appeared
to be slow during the feeding stages, with a peak in EW larvae, followed
by a rapid decline at WPP (Fig. 7F, G and Supplementary Data 1). By
contrast, we observed rapid lipid droplet accumulation when larvae
were starved after the NRC (Fig. 7H, I and Supplementary Data 1). In
Atgl mutant larvae, starvation at 96 h AEL (body weight -1.04 mg) was
not able to induce precocious metamorphosis (Fig. 7) and Supple-
mentary Data 1) but led to a smaller pupa (Fig. 7K, L and Supplemen-
tary Data 1). However, simultaneous PG-specific expression of NPCI-
RNAI (functionally similar to sit) and AtgI-Atgl3 resulted in precocious
metamorphosis®. In contrast, upon post-NRC starvation, expression of

sit or inhibition of Atgl or both slightly delayed pupariation and
decreased pupariation ratios (Fig. 7M and Supplementary Data 1).
Taken together, we conclude that both i) the downregulation of sit to
accumulate cholesterol-rich lipid droplets and ii) the activation of
autophagy to mobilize lipid droplets are essential for post-NRC star-
vation to accelerate steroidogenesis and promote precocious
metamorphosis.

Discussion

This study shows that pre-NRC starvation selectively downregulates at
least 81 mitochondria-associated genes in the Drosophila PG, which
prevents mitochondrial fragmentation and Dib import, and causes
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H The projected confocal z-stack showing lipid droplets visualized by Nile Red
staining in w"* PG cells of larvae after O h, 12 h, and 24 h starvation from 84 h AEL or
at WPP. Magnified images of the indicated areas (yellow dotted box) are shown.
n=9(84h), 8 (84h ST+12h), 9 (84 h ST +24 h), 7 (WPP). I Quantification of lipid
droplets in the indicated time points shown in (H). Different lowercase letters
represent statistical significance by one-way ANOVA. J Developmental timing and
body size of Atgl mutant (AtgI”") larvae under feeding (n = 3) and starvation (n=3)
conditions. K, L Body size of Atgl mutant (AtgI”") under feeding and starvation
conditions. Atgl”: n=47, Atgl” ST: n=9. Two-tailed paired ¢ test for two-column
comparison. **p < 0.001. M Developmental timing of tub-Gal80° phm > w™*®
(n=17), tub-Gal8O” phm>sit (n=13), tub-Gal80® phm>Atgl-RNAi (n=7) and tub-
Gal80® phm>sit+AtgI-RNAi (n =16) under post-NRC ST conditions. All Data are
presented as mean + SD. The genotypes and statistical data are provided in Sup-
plementary Data 1.

severe mitophagy and proteasome dysfunction, resulting in the
blockage of steroidogenesis followed by developmental arrest. How-
ever, post-NRC starvation did not impair mitochondrial homeostasis,
but reduced sit expression and induced moderate levels of autophagy,

leading to accelerated steroidogenesis and precocious metamot-
phosis. In short, nutrient status alters developmental fates via a switch
in mitochondrial homeodynamics of PG cells to control steroid hor-
mone production in Drosophila (Supplementary Fig. 6).
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Here, we showed that pre-NRC starvation impaired mitochondrial
homeostasis in PG cells. Pre-NRC starvation-induced mitochondrial
tubulation-stimulated ATP production but reduced mitochondrial
import of Dib, which is indispensable for steroidogenesis
(Figs. 2 and 3). Mitochondria are highly dynamic organelles, which
undergo constant fusion and fission, both of which are closely tied to
mitochondrial function®. In nutrient-replete conditions, we observed
that mitochondrial fragmentation in PG cells was stimulated by the
nutrient-responsive pathways, indicating a positive regulatory role for
steroidogenesis. Moreover, PG-specific expression of Marf not only
prevented mitochondrial fragmentation, but also reduced ster-
oidogenesis. Recent work showed that fragmented mitochondria are
vital for a range of physiological events in specialized cells, i.e., mtDNA
selection in the female germline®® and increasing Ca*" uptake and
synaptic transmission during axonal development®*. Importantly, pre-
NRC starvation-induced mitochondrial tubulation resulted in meta-
bolic reprogramming, allowing cells to shift from steroidogenesis to
ATP production even during metabolic stress, a strategy that possibly
increases resistance to starvation conditions.

A key mechanism that interrupts ecdysone biosynthesis relies on
inhibiting mitochondrial import of Dib. Increasingly longer starvation
periods will eventually cause larval death before the NRC is reached,
but re-feeding survivors will allow normal development to resume.
Second, we found that mitophagy and proteasome dysfunction were
linked (Figs. 4 and 5). In this study, we showed that mitophagy and
proteasome dysfunction were two major cellular consequences of pre-
NRC starvation; and moreover, mitophagy and proteasome dysfunc-
tion mutually reinforced each other, and accelerated the inhibition of
steroidogenesis. Taken together, our approaches allowed us to unravel
the cellular and molecular mechanisms by which pre-NRC starvation
blocks steroidogenesis in the PG.

Post-NRC starvation did not impair mitochondrial homeostasis in
PG cells, but accelerated steroidogenesis and caused precocious
metamorphosis (Figs. 6, 7, and Supplementary Fig. 5). A number of
studies have shown that Sit and autophagy are responsible for pre-
cocious metamorphosis caused by post-NRC starvation®'°, We showed
here that the downregulation of sit and the activation of autophagy are
both indispensable for this physiological event. Once the NRC is pas-
sed, developmental plasticity allows animals to survive in smaller body
size with decreased reproductive capacity'. In addition, we propose
that sit downregulation and autophagy initiation may be induced by
20E after the NRC, thus forming a positive feedback regulatory loop to
accelerate this irreversible process. Both insect metamorphosis and
mammalian puberty are governed by steroid hormones and neu-
roendocrine signals, highlighting a conserved maturation system
across animals. Focusing on mitochondrial homeodynamics, we here
discovered the molecular and cellular mechanisms of how nutrient
status alters developmental fates in Drosophila. In future, it will be
essential to examine whether the major or principal discoveries in this
study apply to mammalian puberty and other systems.

Most studies investigating the impact of the NRC on ster-
oidogenesis have concentrated on TORCI activity, neglecting the roles
of PTTH signaling and insulin signaling. We hypothesize that during
Drosophila development, most environmental cues are integrated via
the PTTH- and ILP-producing neurons, since both appear to be more
important than TORCI for the regulation of steroidogenesis prior to
the NRC. Although PTTH and ILPs act mainly through the Ras/Raf/Erk
pathway and the PI3K/Akt pathway, respectively, PTTH or ILP can
activate either pathway, but to different degrees. Moreover, other
extracellular signals, such as EGF, PDGF, and VEGF, also regulate ster-
oidogenesis through these two pathways. In addition to insulin sig-
naling and PTTH signaling, TORC1 can be activated by small nutrient
components, such as amino acids, fatty acids, and sugar®”’. Our results
clearly showed that PTTH signaling and insulin signaling play more
important roles than TORC1 activity prior to the NRC (Figs. 2-5),

whereas they are nearly equally important after the NRC (Fig. 6),
showing that steroidogenesis is coordinately regulated by PTTH sig-
naling, insulin stimulation, and TORCI activation in a stage-specific
manner.

Although the PG plays a central role in establishing the NRC, other
tissues, including the fat body, midgut, and neuroendocrine system,
are also crucial for regulating steroidogenesis and fulfilling the
NRC*#45%¢ We believe that larvae must accumulate sufficient levels of
stored ILP (in the corpora cardiaca®) and nutrients (primarily in the fat
body®), alongside the PG'’s ability to produce adequate ecdysone, to
overcome the post-NRC starvation and to cause precocious meta-
morphosis. Moreover, we propose that nutrient ingestion prior to the
NRC is critical for survival, whereas feeding after the NRC mainly
benefits future fitness®. Consequently, the PG must communicate with
other tissues and organs to integrate systemically derived signals to
appropriately navigate the NRC.

In summary, mitochondrial homeodynamics in the PG serves as
the mechanistic foundation to switch the NRC in Drosophila, because
pre- but not post-NRC starvation impairs mitochondrial homeostasis.
This study has established a paradigm for exploring how a steroid
hormone-producing endocrine gland accurately responds to envir-
onmental cues, allowing the coordination of intrinsic and extrinsic
signals to control the juvenile-to-adult transitions in animals.

Methods

Fly stocks

For the list of fly stocks, please refer to Supplementary Table 1. Flies
were normally raised on standard Drosophila medium with a12h/12h
light cycle at 25 °C unless stated otherwise. For efficient expression of
RNAi transgenes, larvae were raised at 29 °C. For temperature control
of gene expression using Gal80®, larvae were first reared at 18 °C and
then were shifted to 29 °C to allow gene expression. The genotypes of
the fly strains generated in this paper and the experimental conditions
that require clarification are shown in Supplementary Data 1.

Generation of transgenic flies
UAS-mt-Keima. The mt-Keima cDNA was amplified from the pCHAC-
mt-mKeima plasmid (Addgene #72342) using PCR primers containing
EcoRI and Xhol restriction enzyme sites and was subcloned into the
pUAST vector after restriction digestion. The pUAST-mt-Keima con-
struct was verified by DNA sequencing and microinjected into w™
embryos. The pair of primers used are follows:

mt-Keima-F: 5 GAATTCATGTCCGTCCTGACGCC

mt-Keima-R: 5" CTCGAGTTAGCCCAGCAGGGAGTG

UAS-Sit-HA
The full-length open reading frame of Drosophila sit (NM_142806) was
amplified from a larval whole body cDNA library. The PCR fragment
was cloned into the pMD18-T vector (Takara). The sit-HA cDNA was
amplified from the pMDI18-T-Sit vector using PCR primers containing
EcoRI and Kpnl restriction enzyme sites and was subcloned into the
pUAST vector after restriction digestion. The pUAST-sit-HA construct
was verified by DNA sequencing and microinjected into w"*® embryos.
The pairs of primers used are as follows:

sit-cDNA-F: 5" ATGGCAGCCGTCAACGCAAC

sit-cDNA-R:5 TTGTGCTCCTCCCTCTTA

UAS-sit-HA-F: 5 GAATTCATGGCAGCCGTCAACGCAA

UAS-sit-HA-R: 5" GGTACCTTAAGCGTAGTCTGGGACGTCGTATGG
GTACAAGGCCTTCTGCTTCTCC

Dib-mCherry CRISPR knock-in flies

The CRISPR/Cas9 technology was used to establish the C-terminal
mCherry tagged Dib knock-in fly which was performed by Qidong
Fungene Biotechnology (http://www.fungene.tech). Guide RNA targets
were designed with Chopchop®” and CCTop®é. Following the stablished
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procedures®’, Dib sgRNA template for in vitro transcription by T7
polymerase was generated by annealing two DNA oligonucleotides
following by PCR amplification. In vitro transcription was performed
with the T7 RiboMAX TM Kit (Promega, P1320). Transcripts were
purified by phenol-chloroform extraction and isopropanol precipita-
tion. Plasmid MLM3613 (Addgene #42251) was linearized with Pmel
(New England Biolabs) and purified by ethanol precipitation. Cas9
mRNA was transcribed with mMMESSAGE mMACHINE® T7 Transcription
Kit (Ambion), polyadenylated with the E. coli Poly(A) polymerase Kit
(NEB), and purified with the RNeasy Mini Kit (QIAGEN). Candidate DNA
fragments and mCherry were amplified and linked to the pBluescirpt
SK backbone with Gibson Assembly Kit (Cat# E2611L, NEB), and that
produced the final donor construct. To avoid cleavage of the donor
plasmid, the PAM site was replaced with a synonymous codon.
Embryos were injected using standard protocols. The sgRNA (250 ng/
ul), Cas9 mRNA (500 ng/ul) and donor plasmid (500 ng/ul) were mixed
and injected into at least 300 embryos.

The primers used for gRNAs and PCR validation are as follows:

Dib-sgRNA1L: 5’ AATCGCAGATCGATCAGCAC

Dib-sgRNA2: 5 ATCGATCAGCACTGGAGCAT

Dib-mCherry-F1: 5 TGCACCAAGCCGGCCAGGATAAG

Dib-mCherry-R1: 5 GGAGCCGTACATGAACTGAG

Dib-mCherry-F2: 5 ACGACGCTGAGGTCAAGAC

Dib-mCherry-R2: 5 ACCGAACAACCTGGATCTTAATCC

Fluorescence microscopy

Larvae were dissected rapidly in PBS at room temperature. For RGs
that expressed fluorescent-tagged proteins, tissues were mounted
immediately in PBS for imaging. For RGs treated with dyes or immu-
nohistochemical assay, the methods are described in the following
sections.

Dye staining

Larvae were inverted to expose RGs and stained with Lysotracker
(Thermo Fisher, Cat# L7526), mitoSOX (Thermo Fisher, Cat#
M36008), DCFH-DA (Beyotime, Cat# S0033S), and mitotracker
(Beyotime, Cat# C1048) in PBS or cell culture medium for 15-30 mins.
After washing three times in PBS or cell culture medium, RGs were
mounted on slides for imaging. Images were obtained using an
Olympus Fluoview FV3000 confocal microscope.

Immunohistochemistry

Dissected tissues were fixed and stained with dyes or antibodies
according to standard procedures®. The primary antibodies used were
Rabbit anti-p-Erk (1:200, Abcam, Cat# ab32538), Rabbit anti-p-S6K
(1:200, Cell Signaling Technology, Cat# 9209), Rabbit anti-p-
Drp1(Ser637) (1:200, Affinity Biosciences, Cat# DF2980), Rabbit anti-p-
AMPK (1:200, Cell Signaling Technology, Cat# 2535), Mouse anti-HA
(1:200, Santa Cruz Biotechnology, Cat# sc-7392), Mouse anti-FK2
(1:200, Enzo Life Sciences, Cat# ENZ-ABS840-0100). Secondary anti-
bodies used were Alexa Fluor 488 goat anti-rabbit IgG (1:200, A11008;
Invitrogen), Alexa Fluor 594 goat anti-mouse IgG (1:200, A11032; Invi-
trogen). Nuclei were stained with DAPI at 1:2,000 (C1002; Beyotime).
Confocal images were collected on an Olympus Fluoview FV3000
confocal microscope. Immunohistochemical staining was quantified
by means of color image analysis using ImageJ.

RNA-seq

The RGs of control or starved w'* larvae were dissected in PBS in
batches of 10-40 at a time, and pooled into three biological replicates
for every treatment. About 1,200 RGs were pooled per sample, which
yielded ~1-5pg of RNA required for sequencing. Total RNA was
extracted using the miRNeasy Micro Kit (QIAGEN, Germany), then
stored at -80°C. RNA quality, especially DNA contamination, was
monitored on 1.5% agarose gels. RNA concentration was measured

using NanoDrop 2000 (Thermo Fisher Scientific, USA). RNA integrity
was assessed using the RNA Nano 6000 Assay Kit of the Agilent
Bioanalyzer 2100 system (Agilent Technologies, USA). High-quality
RNA samples from Drosophila RGs were sent to Biomarker Technolo-
gies Corporation (Beijing, China) for construction of cDNA libraries
and sequencing.

Libraries were generated using NEBNext® Ultra™ small RNA
Sample Library Prep Kit for lllumina® (NEB, USA) and NEBNext® Ultra™
Directional RNA Library Prep Kit for Illumina® (NEB, USA) following
manufacturer’s recommendations, and index codes were added to
attribute sequences to each sample. The libraries prepared were
sequenced on an lllumina Hiseq platform and paired-end reads were
generated. Raw sequencing data has been deposited at Gene Expres-
sion Omnibus (GEO) database (accession: GSE2672438).

Paired fastq sequencing reads were aligned to the annotated D.
melanogaster reference genome (BDGP release 6) using HISAT27°,
StringTie”", and Bowtie’>. The resulting alignment files were recon-
structed with Cufflinks. Expression levels were quantified as FPKM.

qPCR
Total RNA samples were prepared from the RGs of D. melanogaster.
gPCR was performed using the IQ SYBR Green supermix (Bio-Rad).
qPCR was carried out in triplicate using rp49 as an internal control. The
primers used for qPCR are as follows:

sit-qPCR-F: 5 GTCAACGCAACACAGGTGGA

sit-qQPCR-R: 5" ACGAAGAAGAGATAGAAGGCCAG

mRpS9-qPCR-F: 5 CGATACATGAAACCGCTGATGGA

mRpS9-qPCR-R: 5 CGCACTGTGACATCGGCTCTA

Nile Red staining

Larvae were inverted to expose RGs and fixed with 4% paraformalde-
hyde for 40 min. Dissected RGs were washed three times in PBS and
stained with 0.2 pg/ml Nile Red (Sangon Biotech, Cat# A606340) in
PBS for 1h. After washing three times in PBS, RGs were mounted on
slides for imaging. Images were obtained using an Olympus Fluoview
FV3000 confocal microscope.

Developmental timing

Eggs were collected at 25 °C for 2-4 h on standard food in bottles. For
UAS-Marf experiments, these bottles were kept at 25°C to allow
developing into the second instar, and 20-30 larvae per vial were
transferred to and raised at 25 °C. For UAS-Parkin® experiments, these
bottles were first kept at 25 °C for 24 h to allow egg hatching and then
transferred to 29 °C for 24 h to allow developing into the second instar,
and 20-30 larvae per vial were transferred to and raised at 29 °C. The
starvation experiments: controls were kept at 25 °C to allow develop-
ing into the second instar, and 20-30 larvae per vial were transferred to
and raised at 25 °C. For the pre-NRC starvation cohort, 72 h-old larvae
were transferred onto a piece of filter paper soaked in distilled water
and raised at 25 °C. For the post-NRC starvation populations, 84h-old
larvae were transferred onto a piece of filter paper soaked in distilled
water and raised at 25 °C. The AtgI mutant starvation, 96 h larvae were
transferred onto a piece of filter paper soaked in distilled water and
raised at 25 °C. Pupariation was recorded by counting pupa number
every 12 h.

Quantification of body size

Images of pupae were captured using a Nikon SMZ25 fluorescence
stereomicroscope. Pupae were measured for each experimental con-
dition using ImageJ.

Quantification of percentage of fragmented mitochondria

The rate of fragmented mitochondria was quantified manually*’.
Briefly, for morphological quantification, each image was randomly
assigned into three sections, and each section area was 400 x 400
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pixel. Then the number of fragmented and tubular mitochondria were
manually counted. The rate of fragmented mitochondria for all figures
was recorded. The collected data were organized into Supplementary
Data 1 or used to generate box plots.

Quantification of colocalization

Colocalization analysis was performed using the JaCoP plugin in
ImageJ”. Consistently, identical threshold parameters were main-
tained across all images throughout the image analysis process. Man-
der’s Colocalization Coefficient was used.

Quantification of mitophagy

As described by Cornelissen et al., the metric (ratio of high [561/405]
ratio area / total mitochondrial area) served as an indicator for
mitophagy’*. Mt-Keima fluorescence was imaged in two channels via
two sequential excitation lasers (405 nm, green; 561 nm, red). High
(561/405) ratio areas were segmented and measured with the Analyze
Particles plugin in ImageJ. The total mitochondrial area was measured
by calculating the area of the total emission at 405 nm excitation using
the Analyze Particles plugin in Image].

Quantification of lipid droplet

Images stained by Nile Red were merged into a single section for each
RG using Olympus Fluoview FV3000 built-in software. The area of lipid
droplets was quantified using ImageJ. A freehand selection option in
Image) software was used to outline the RG. Nile Red stained RG
images were thresholded for the lipid droplet signal. Then, the area of
RG and the total area of the lipid droplets were calculated auto-
matically in the software.

Statistics

All experiments were repeated at least three times, and Student’s ¢ test
or one-way ANOVA was used to determine statistical significance.
Differences were considered significant at p < 0.05. Data are presented
as mean = SD. **p < 0.001; *p < 0.01; *p < 0.05. The statistical data for
all figures are listed in Supplementary Data 1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA sequencing data in this study have been deposited in the
NCBI Gene Expression Omnibus (GEO) database under accession
GSE267248. Data points displayed on charts and graphs are detailed in
Supplementary Data 1.
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