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Summary

Animals need to adapt their growth to fluctuations in nutrient availability to ensure proper
development and survival. These adaptations often rely on specific nutrient-sensing tissues
and their control of whole-body physiology through inter-organ communication. While the
signaling mechanisms that underlie this communication are well studied, the contributions
of metabolic alterations in the nutrient-sensing tissues are less clear. Here, we show how
reprogramming of adipose mitochondrial metabolism controls whole-body growth in
Drosophila larvae. We find that dietary nutrients alter fat body mitochondrial morphology
to lower their bioenergetic activity, which we see can rewire fat body glucose metabolism.
Strikingly, we find that genetic reduction of mitochondrial bioenergetics just in the fat body
is sufficient to accelerate body growth and development. These growth effects are caused
by inhibition of the fat-derived adipokine, TNFa /Eiger, which leads to enhanced systemic
insulin signaling, the main hormonal stimulator of body growth. Our work reveals how
reprogramming of mitochondrial metabolism in one nutrient-sensing tissue is able to

couple whole body growth to nutrient availability.

Introduction

Animals often grow and live in conditions where food abundance varies. Thus, as they develop
through their embryonic and juvenile stages, they must coordinate their metabolism with
fluctuations in nutrition in order to properly regulate their growth (Mirth et al.,, 2021). Defects in

this coordination can impair development and can lead to growth disorders and lethality.

The nutritional control of whole-body growth relies in large part on networks of inter-organ
communication (Boulan et al., 2015; Droujinine and Perrimon, 2016; Koyama et al., 2020). Often a
particular tissue functions as a primary nutrient sensor that then signals to other tissues and
organs to control systemic physiology. Thus, while all animal cells are individually capable of
sensing nutrients, these organ-to-organ communication networks provide a way to achieve
organism-wide coordination of metabolism and growth in response to changes in nutrition

(Gillette et al., 2021).
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Drosophila larvae have been an excellent model system to understand how inter-organ
communication governs body growth (Texada et al., 2020). Over a 4-5 day period, larvae increase
in mass over 200-fold before developing into pupae. This growth relies on dietary nutrients and is
largely controlled by a conserved endocrine insulin/insulin-like growth factor pathway. In
particular, several Drosophila insulin-like peptides (dILPs) are secreted from brain insulin
producing cells (IPCs) into the hemolymph where they can activate a conserved PI3K-Akt pathway
in all tissues to drive growth (Grewal, 2009, 2012). The fat body has emerged as a central tissue
involved in coupling dietary nutrients to systemic insulin signaling (Andersen et al., 2013). The fat
body is similar to mammalian liver and adipose tissue in that it stores and mobilizes glycogen and
fat stores. But the fat body can also sense changes in dietary nutrients and then signal to the brain
through different cytokines and secreted peptides, termed adipokines. In rich nutrient conditions,
the fat body secretes adipokines (such as upd2, GBP 1 and 2, stunted and CCHamide 2) that
promote dILP release, while suppressing the release of adipokines (such as the TNF-a homolog,
Eiger) that function to inhibit dILP release (Agrawal et al., 2016; Delanoue et al., 2016; Koyama
and Mirth, 2016; Rajan and Perrimon, 2012; Sano et al., 2015). However, upon nutrient
deprivation or starvation, this profile of adipokine signaling is reversed leading to reduced dILP
release, and as a result, decreased body growth. Each adipokine can respond to distinct dietary
nutrients, often through conserved nutrient responsive signaling molecules such as glucagon,
AMPK and the target-of-rapamycin (TOR) kinase (Agrawal et al., 2016; Ingaramo et al., 2020;
Rajan et al., 2017). However, it is not clear if and how changes in fat body metabolism couple

nutrients to the regulation of adipokines.

Mitochondria are the central metabolic regulators of all animal cells. The classic textbook role for
mitochondria is as bioenergetic organelles that efficiently generate ATP through oxidative
phosphorylation (OxPhos) and the electron transport chain (ETC). However, mitochondrial
metabolism also plays an important biosynthetic role by providing TCA cycle products as
precursors to fuel cell metabolic processes such as generation of amino acids, lipids, and

nucleotides.

In recent years, there has been surge of interest in exploring how these bioenergetic and
biosynthetic functions are coupled to cell growth and proliferation. This interest has, in large part,

been driven by the finding that many oncogenic signaling pathways can alter mitochondrial
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function in order to remodel cellular metabolism. These effects are thought to underline the
concept of ‘Warburg cancer metabolism’, in which cancer cells can switch to glycolytic metabolism
to generate ATP and use both glycolysis and the TCA cycle to generate biosynthetic precursors to
promote their growth and proliferation (DeBerardinis and Chandel, 2016, 2020). These metabolic
changes are also seen in proliferating cells during development (Miyazawa and Aulehla, 2018). It
is also becoming clear that changes in mitochondrial metabolism do not just occur passively in
response to alterations in cell growth, or that they function permissively to support the
bioenergetic requirements of proliferating cells. Rather, mitochondrial metabolism can actively
drive changes in cellular behaviors such as growth, proliferation and differentiation. For example,
changes in mitochondrial activity can control the switch between proliferation and differentiation
in stem cells (Homem et al., 2015; Khacho et al., 2016; Schell et al., 2017; Senos Demarco et al.,
2019). Also, the inflammatory and secretory activity of immune and adipose cells can be directly
controlled by changes in their mitochondrial metabolism (Mills et al., 2016; Ryan et al., 2019; Ryan
and O'Neill, 2020; Tannahill et al., 2013).

While much of what we are learning about how mitochondrial metabolism drives growth comes
from excellent studies in cultured cells, the mechanisms that operate in vivo in developing animals
remain to be determined. Here, proper body growth is not simply a matter of increased cellular
proliferation, but also requires coordination of tissue growth across multiple organs to ensure
proportional size control. In this paper, we have used Drosophila larvae to explore how
mitochondrial metabolism regulates animal growth and development. We have discovered a
mechanism through which alterations in fat body mitochondrial bioenergetics can control whole-

body growth via fat-body adipokines and systemic insulin signaling.

Results

Fat body mitochondrial architecture changes over the larval growth phase.

Mitochondria consist of an outer membrane and inner membrane. The inner membranes form
invaginations into the matrix known as cristae, which are the sites of the electron transport chain
(ETC) complexes. Efficient mitochondrial OxPhos and ATP synthesis rely on the exquisite

membrane organization of these mitochondrial cristae (Hackenbrock, 1968; John et al., 2005). To
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investigate the role of mitochondria in the fat body during larval growth phase, we first examined
mitochondrial architecture in fat body cells at three different stages of larval development - 72hr
and 96hr after egg-laying (AEL), which correspond to the growth phase of the larval period, and
120hr AEL, which corresponds to the end of the larval period when growth is slowed before
metamorphosis into the pupal stage. We examined mitochondria by staining with MitoTracker
Red staining and visualizing by confocal microscopy, and by transmission electron microscopy
(TEM). Using both methods, we found fat body mitochondrial morphology changed dramatically
over larval development (Figures 1A-1C). At 72 hrs. and 96 hrs. AEL, we observed large
mitochondria with few cristae, suggesting low bioenergetic activity. However, at 120 hrs. AEL
mitochondria were smaller with a denser, tight cristae structure as seen by the highly electron-
dense mitochondria in TEM images and by a marked increase in the intensity of the MitoTracker
Red staining in the confocal image of the fat cells (Figure 1C). These changes are consistent with
an increase in bioenergetic activity. These results indicate that fat body mitochondria change their
size and morphology over the course of larval development, with features of lower bioenergetic
activity predominating through the rapid growth phase and higher bioenergetic activity at the end
of the growth period.

Nutrient availability regulates fat body mitochondrial activity

The rapid growth during the larval period is promoted in large part by dietary nutrients. To
investigate whether nutrients influence mitochondrial function during the larval growth phase, we
compared mitochondrial morphology in larvae growing in high vs. low nutrient conditions. To do
this, we raised larvae on our normal diet until 72hrs. AEL and then switched them to vials
containing either our normal lab food (normal food) or our lab food diluted to 20% with water
and agar (low food) (Figure S1A). Under these low food conditions, both growth and development
are slowed and, as a result larvae took longer to develop to pupae (Figure 2A, Figure S1B) and
had a smaller final body size (Figure 2B), although overall survival was not strongly affected
(Figure S1C). However, unlike complete nutrient deprivation, our low nutrient diet did not induce

autophagy, indicating that we are not inducing starvation stress conditions (Figure S2).

We then compared fat body mitochondria in larvae grown on normal vs. low food conditions. We

observed that in normal food at 96 hrs. AEL (when larvae are growing rapidly), fat body
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mitochondria were fused with sparse cristae formation (Figure 2C and 2D). In contrast, when
larvae were switched to low nutrient conditions from 72 - 96 hrs, mitochondria appeared smaller
with tight, dense cristae (Figure 2C and 2D). We quantified TEM images and found that fat body
mitochondrial size was lower in low nutrient food (Figure 2E and S3B). In addition, we quantified
mitochondrial cristae density by measuring the inner membrane junctions (IM]) per
mitochondrial cross section images and found that there was an increase in IM] in low nutrient
conditions (Figure 2F). Moreover, when we binned mitochondria into three groups based on their
cristae morphology, we saw that a higher percentage of mitochondria from low food conditions
were in the dense cristae group, whereas the majority of mitochondria from fat bodies of larvae in

normal food were in the sparse cristae group (Figure S3A).

Tight cristae are an indication of highly respiring mitochondria. Therefore, we investigated
whether mitochondrial OxPhos activity was altered under low nutrient conditions as suggested by
the changes in fat body mitochondrial ultrastructure. We found that in low nutrient conditions,
isolated larval mitochondria had higher complex IV activity, while the mitochondrial mass was
unaffected (Figure 2G and 2H). Taken together these results indicate that in high nutrient
conditions, mitochondria have low bioenergetic activity and are likely engaged in more
biosynthetic activity, but upon switching to low nutrient conditions, fat body mitochondria

increase their cristae density and show higher bioenergetic activity.

Lowering fat body mitochondrial bioenergetic activity accelerates growth and

development.

We next wanted to explore the significance of these changes in fat body mitochondrial metabolic
activity. To do this we used RNAI to knock down the mitochondrial transcription factor A, TFAM.
TFAM is a nuclear encoded factor that localizes to mitochondria to specifically transcribe the
mitochondrial genome, including the 13 essential genes encoding for ETC complex proteins (Kang
et al., 2007). We found that whole-body knockdown of TFAM (using the da-GAL4 driver) led to
reduced mitochondrial gene expression (Figure S4) as well as reduced mitochondrial complex IV
activity, as previously seen with TFAM knockdown in mice (Hamanaka et al., 2016), without a

significant change in mitochondrial mass (Figure 3A, B).
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To examine the effects of lower fat body OxPhos, we then use the fat body driver, r4-GAL4, to
direct TFAM RNAI specifically to the fat body. Strikingly, we found that fat body TFAM knockdown
led to a significant acceleration in development, with larvae taking a shorter time to reach the
pupal stage (Figure 3C). Furthermore, this faster development was accompanied by an increase in
growth rate since these larvae reached the same final pupal size as control animals (Figure 3D).
We also found that fat body TFAM knock down could reverse the slower development of larvae
growing in low nutrient conditions (Figure 3C). These effects were also observed with two
additional independent TFAM RNAI lines (Figure S5 and S6), but were not seen in transgenic flies
carrying a UAS-TFAM RNAI transgene alone (Figure S7). To explore these findings further, we
used an alternate method to lower mitochondrial bioenergetic activity. We chose to target the
mitochondrial pyruvate carrier 1 (MPC1) which is essential for transporting pyruvate into
mitochondria for OxPhos (Bricker et al., 2012). We found that fat body specific MPC1 RNAI also led
to accelerated larval growth and development, mimicking the effects of TFAM RNAI (Figure 3E
and 3F). Taken together, our results demonstrate that lowering mitochondrial bioenergetic

activity in the larval fat body alone can accelerate the rate of animal growth and development.

Fat body TFAM knockdown alters glucose metabolism.

We next wanted to investigate how lowering OxPhos activity alters cell autonomous fat body
function to drive body growth. To do this, we performed mRNA Seq analysis to examine the
transcriptome of fat bodies from control vs. TFAM knock down larvae (Figure S8-11). RNA Seq
differential expression analysis revealed a significant change in 1758 transcripts, with 1213
transcripts showing reduced expression levels and 545 transcripts with elevated expression
levels. KEGG pathway and Gene Ontology analyses revealed that most of the downregulated genes
were enriched in genes responsible for mitochondrial gene expression and oxidative
phosphorylation, while the upregulated genes were enriched for metabolic genes (Figure $8-11).
Interestingly, among these upregulated genes were those encoding for enzymes involved in
different aspects of glucose metabolism (Figure 4A and Figure $10), including glycogenolysis,
gluconeogenesis/glycolysis and the pentose phosphate pathway. When we examined fat body
glycogen levels using Periodic Acid Schiff staining, we saw that TFAM knockdown fat bodies had
lower glycogen levels (Figure 4C and 4D). We also found that glucose uptake was significantly
reduced in fat body with TFAM knock down (Figure 4E and 4F). In contrast, we saw little effect
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on lipid droplet size (Figure S12). These findings suggest that TFAM knockdown leads to

reprogramming of fat body glucose metabolism.

To further explore the consequence of altered fat body glucose metabolism, we overexpressed
lactate dehydrogenase (LDH). LDH is a key glucose metabolic enzyme that functions to catalyze
the reversible conversion of lactate to pyruvate with the reduction of NAD* to NADH and vice
versa. Interestingly we saw that animals with fat LDH overexpression accelerated their growth
and development both in normal and low nutrient conditions (Figure 4G, 4H and S13). Taken
together, our results suggest that TFAM knockdown reprograms fat body glucose metabolism, and

that these effects may contribute to stimulation of body growth.

Fat body TFAM knockdown increases systemic insulin signaling via modulation of

Eiger/TNFa signaling. .

Our results indicate that lowered fat body mitochondrial bioenergetics can enhance whole-body
growth and development. One established mechanism through which the fat body impacts body
growth is through the endocrine control of insulin signaling, the main regulator of growth in
larvae (Texada et al,, 2020). In particular, fat-to-brain signaling promotes the release of three
dILPs (2, 3 and 5) from the IPCs into the larval hemolymph. Here, the dILPs can bind to cell surface
insulin receptors on all peripheral tissues to stimulate a conserved PI3K-Akt pathway that inhibits
the nuclear localization and transcriptional activity of the fork head transcription factor, FOXO.
We therefore examined whether fat body TFAM knockdown alters whole-body insulin signaling.
We found that fat specific TFAM RNAI led to reduced whole-body expression levels of three FOXO
target genes, 4E-BP, dILP6 and InR, compared to control larvae. (Figure 5A). In addition, we found
that whole-body levels of phosphorylated AKT were increased following fat body-specific TFAM
knockdown (Figure 5B and 5C). These results indicate that systemic insulin signaling is increased
following reduction in fat body mitochondrial OxPhos activity. To explore, whether these effects
were involved in the stimulation of growth seen upon fat body TFAM knockdown, we examined
the effects of lowering insulin signaling. To do this, we used a genetic deficiency that removes the
three IPC-expressed dILPs - 2, 3 and 5. We found that, in contrast to the growth stimulatory effects
seen in a wild-type background (Figure 3C), when we knockdown TFAM in the fat bodies of
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larvae heterozygous for the dILP deficiency, there was no increase in either development rate

(Figure 5D) or body growth (Figure 5E).

The fat body regulates the IPCs via several secreted adipokines, which can each either activate or
inhibit dILP release. We found that the mRNA expression of one inhibitory adipokine, the TNFa
homolog, Eiger was significantly reduced in the fat body following TFAM knock down (Figure 6A).
Suppression of Eiger mRNA levels was also seen following fat body LDH overexpression (Figure
6B). We also saw that TFAM knockdown reduced that fat body expression of Impl2, a negative
regulator of insulin signaling that functions by binding dILPs and preventing their ability to signal.
These results indicate that one way that lowered fat body mitochondrial bioenergetic activity
promotes body growth is through reducing the expression of negative regulators of systemic
insulin signaling. Indeed, we found that fat specific knockdown of Eiger or its essential processing
enzyme, TACE, was sufficient to mimic TFAM knockdown and lead to accelerated growth and
development (Figure 6C and 6D). Furthermore, we saw that the acceleration in development
seen following simultaneous fat body knockdown of TFAM and Eiger, was comparable to the

effects of either knockdown alone, suggesting that both function in a similar way (Figure 6E).

Discussion

Mitochondrial metabolism as a driver of animal growth and development

Our central finding is that the regulation of fat body mitochondrial metabolism can drive whole
body growth and development (Figure 7). In recent years, there has been a resurgence of interest
in the links between metabolism and animal development. This interest stems not just from the
fact that metabolism provides the molecular building blocks needed for tissue and body growth,
but because it is also becoming clear that specific metabolic processes can actively drive changes
in cell function and behavior (Drummond-Barbosa and Tennessen, 2020; Gandara and Wappner,
2018; Miyazawa and Aulehla, 2018; Sieber and Spradling, 2017). Mitochondria, in particular, play
a central role in this metabolic control of development. For example, in Drosophila reprogramming
of mitochondrial function has been shown to direct changes in oogenesis (Sieber et al., 2016),
stem cell behavior (Homem et al., 2015; Schell et al., 2017; Senos Demarco et al., 2019), cellular

differentiation (Mitra et al., 2012), morphogenesis (Chowdhary et al., 2020) , and growth (Noguchi
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et al., 2011). In each of these cases mitochondria function cell-autonomously to mediate their
effects. Our results add to this work by showing how alterations in mitochondria in one tissue can
induce whole-body effects on animal development. We found that not only did fat body
mitochondrial morphology and bioenergetic activity change during larval development and in
response to nutrient availability, but that lowering mitochondrial bioenergetic activity alone in the
fat body was enough to accelerate larval growth. These findings place adipose mitochondrial
metabolism as a central regulator of nutrient-dependent larval development. Moreover, given the
functional similarity of the fat body to vertebrate adipose tissue and liver, we propose that
mitochondrial reprogramming in these nutrient-sensing tissues may also control whole-body

physiology and growth.

Fat body mitochondria modulate systemic insulin signaling

We discovered that fat body mitochondrial metabolism exerts its organismal growth effects
through non-autonomous control of whole-body insulin signaling. Here there are parallels with
mouse studies linking adipose mitochondria with insulin sensitivity in the context of diabetes and
obesity. These links appear bidirectional, and they vary depending on the tissues studied, the
experimental models used, and the features of mitochondrial function tested (Koliaki and Roden,
2014, 2016). For example, adipose-specific deletion of TFAM increases mitochondrial oxidation
and can protect mice against obesity and insulin resistance (Vernochet et al., 2012). However,
another study showed that inactivation of TFAM in adipose tissue results in decreased complex I
and IV activity, which is similar to changes observed in skeletal muscle following tissue-specific
TFAM knock out (Wredenberg et al., 2002). Moreover, inherited or acquired mitochondrial
abnormalities can lead to lower mitochondrial function resulting in insulin resistance and type 2
diabetes mellitus (Kelley et al., 2002; Koliaki and Roden, 2016; Shulman, 2004; Szendroedi et al.,
2011). Deregulation of growth signaling pathways, such as insulin signaling, can also impair
mitochondrial function (Hu et al,, 2021). Our results suggest that, in addition to these pathological

contexts, adipose mitochondria can function to control normal systemic physiology and growth.

10
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Mitochondrial metabolism as a regulator of adipose cytokine production

The fat body plays a central role in coupling changes in dietary nutrients to the regulation of
systemic insulin and body growth. This role is mediated in large part through adipokines that
signal from the fat body to the brain to control the release of dILPs (Texada et al., 2020). We
found that changes in expression of one adipokine, Eiger, were important for the effects of fat
body mitochondria on systemic insulin signaling and growth. Eiger is the Drosophila homolog of
the inflammatory cytokine TNFa, and can control diverse functions including cell proliferation,
differentiation, immunity, and death (Igaki and Miura, 2014). In Drosophila larvae growing in low
nutrient conditions, Eiger is released by the fat body into the hemolymph where it signals to the
brain IPCs to suppress the expression of dILPs and, as a result, reduce body growth (Agrawal et al.,
2016). These effects rely on suppression of TOR signaling in the fat body. Our findings raise the
possibility that changes in mitochondrial metabolism couple TOR signaling to the regulation of
Eiger. Indeed, suppression of Eiger expression occurred in response to lowering bioenergetic
activity, a metabolic state that we see in fat bodies from larvae grown in nutrient rich conditions
when TOR activity is high. Furthermore, regulation of mitochondrial activity is a conserved
downstream function of TOR signaling (Morita et al., 2013), particularly in response to changes in
mRNA translation, which has been shown to regulate fat body control of systemic insulin and
growth (Delanoue et al., 2010; Marshall et al., 2012; Rideout et al., 2012). Interestingly, in
mammals, TNFa is also produced from adipose tissue in response to different nutrient signals
(Hotamisligil et al., 1995; Hotamisligil et al., 1993; Hotamisligil and Spiegelman, 1994). Thus, it is
interesting to speculate whether these effects may also be triggered by alterations in fat

mitochondrial metabolism.

In Drosophila, TNFa exerts many of its different effects through paracrine and endocrine signaling,
often in response to extracellular stress cues such as tissue damage or infection (Igaki and Miura,
2014; Mabery and Schneider, 2010; Parisi et al., 2014; Sanchez et al., 2019). Our findings raise the
possibility that in these situations, the induction of Eiger may also be triggered by alterations in
mitochondrial function. Interestingly, some of the downstream effects of Eiger signaling have
been shown to require alterations in mitochondrial metabolism, suggesting that links between

mitochondria and Eiger may be bi-directional (Kanda et al., 2011; Keller et al., 2011).

11
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We also found that fat body TFAM knockdown reduced expression of Imp-L2, the fly homolog of
the mammalian insulin growth factor binding proteins (Honegger et al., 2008). Secreted Imp-L2
can bind to circulating dILPs and prevent their ability to signal. Thus, lowered fat body
mitochondrial bioenergetics appears to enhance growth by suppressing two secreted factors,
Eiger and Imp-L2, which are negative regulators of insulin signaling. Indeed, Imp-L2 mutants
show accelerated development, particularly in low nutrient conditions (Sarraf-Zadeh et al., 2013).
Interestingly, in the context of lifespan regulation, production of Imp-L2 from adult muscle is
increased by deregulation of mitochondrial function (Owusu-Ansah et al., 2013), suggesting that a

mitochondria-Imp-L2 link may operate in different tissues and in different physiological contexts.

Fat body mitochondria and metabolic reprogramming

We found that lowered fat body mitochondrial bioenergetics led to the reprogramming of glucose
metabolism through upregulation of glucose metabolism gene expression. Moreover, these
mitochondrial and glucose metabolic changes altered eiger gene expression to control systemic
insulin and body growth. How might these changes in fat cell metabolism occur and how might
they lead to altered gene expression? One intriguing possibility is that they rely on changes in TCA
cycle activity and TCA metabolites. For example, recent studies in mammalian cells have shown
how TCA cycle intermediates such as alpha-ketoglutarate, succinate and fumarate can regulate
histone acetylation and other epigenetic modifications to control gene expression (Baksh and
Finley, 2021; Martinez-Reyes and Chandel, 2020). Hence, when we lower fat body OxPhos by
TFAM knockdown, these intermediates may trigger increased glucose metabolism gene
expression. Similar mechanisms may also mediate the effects on Eiger gene expression. Here the
situation may be analogous to activated macrophages, which switch from OxPhos to glycolysis to
generate ATP, and then use their TCA cycle to produce succinate, which controls cytokine gene
expression (Mills et al., 2016; Ryan et al., 2019; Ryan and O'Neill, 2020; Tannahill et al., 2013).
Lowering mitochondrial bioenergetics (by TFAM knockdown) and the subsequent alterations in
glucose metabolism may also lead to rewiring and altered fueling of the TCA cycle. For example,
human cells with mitochondrial DNA mutations and OxPhos defects drive their TCA cycle using
glutamine instead of glucose (Chen et al.,, 2018). In addition, increased glucose and glutamine
availability in mouse pancreatic islet cells has been shown to rewire TCA cycle metabolism in

order to promote insulin secretion (Zhang et al., 2021). Interestingly, gene ontology analyses of
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our fat body RNA seq data showed enrichment in glutamate and glutamine metabolism among the

genes upregulated following TFAM knockdown.

Our results underscore the importance of mitochondrial and glucose metabolic plasticity in the
control of animal development. This developmental metabolic plasticity is emphasized by other
studies in Drosophila. For example, reorganization of mitochondrial and glucose metabolism
occurs across embryo to larval development to support organismal growth (Matoo et al., 2019;
Tennessen et al,, 2011; Tennessen et al.,, 2014). In addition, genetic loss of LDH leads to altered
flux through other glucose metabolic pathways to maintain growth (Li et al., 2019). Finally,
mitochondrial pyruvate import has been shown to be dispensable for homeostasis in normal food,

but absolutely required for survival on a carbohydrate-only diet (Bricker et al., 2012).

In summary, our findings show how altering mitochondrial activity in a key nutrient-sensing
tissue - the fat body - can drive overall body growth. Given that the fat body plays a central role as
both a sensor of different environmental cues (such as hypoxia, infection and oxidative stress),
and as a regulator of other organismal responses such as immunity, fecundity and lifespan, it will
be interesting to explore whether the mitochondrial mechanisms we identified may also operate

in these contexts.

Materials and Methods

Drosophila Strains

The following strains were used: w1118, r4-GAL4, da-GAL4, (Bloomington Drosophila Stock Center
(BDSC), UAS-dLDH (Li et al.,, 2017) (Gift from Jason Tennessen) UAS-TFAM RNAi #1 (VDRC 37819),
UAS-MPC1 RNAi (VDRC 15858), UAS-Eiger RNAi (VDRC 108814), UAS-TACE RNAi (VDRC 2733)
(Vienna Drosophila RNAi Center), UAS-TFAM RNAi #2 (4217R-2), UAS-TFAM RNAi #3 (4217R-3)
(Fly Stocks of National Institute of Genetics - NIG-FLY).

Drosophila food and genetics.
Flies were raised on standard medium containing 150 g agar, 1600 g cornmeal, 770 g Torula yeast,

675 g sucrose, 2340 g D-glucose, 240 ml acid mixture (propionic acid/phosphoric acid) per 34 L
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water and maintained at 25 °C. For all GAL4/UAS experiments, homozygous GAL4 lines were
crossed to the relevant UAS line(s) and the larval progeny were analyzed. Control animals were
obtained by crossing the relevant homozygous GAL4 line to flies of the same genetic background

as the particular experimental UAS transgene line.

MitoTracker Red staining

Fat bodies from 96hrs AEL larvae were inverted in cold PBS and stained with MitoTracker Deep
Red FM (1: 1000 dilution of 1 mM, Molecular probes M22426) for 40 mins and fixed at room
temperature using 8% PFA for 30 mins. After washing three times, mounted using Vecta Shield

mounting medium. The mitochondrial images were acquired through Zeiss confocal microscope

LSM 880.

LysoTracker staining
Fat bodies from 96hrs AEL larvae were dissected and incubated in LysoTracker (1:1000,
Thermofisher Scientific, L7528) for 10 mins on glass slides at room temperature. Fat bodies were

then immediately imaged using a Zeiss Observer Z1 microscope using Axiovision software.

Lipid droplet staining with BODIPY

Fat bodies from 96hrs AEL larvae were inverted in cold PBS and fixed at room temperature using
8% PFA for 30 mins. Tissues were then incubated in BODIPY for 30 minutes. After washing three
times, fat bodies were dissected and mounted using Vecta Shield mounting medium. The fat body

images were acquired through Zeiss confocal microscope LSM 880.

Glucose uptake measurement

The fluorescently labeled glucose analogue, 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-
D-glucose (2-NBDG) (Invitrogen N13195) was used as a probe for monitoring glucose uptake.
Dissected larval fat tissues were incubated with 2-NBDG at 300 uM concentration in PBS for 30
mins at room temperature. Then, the samples were washed with PBS and fixed in 4% PFA-PBS for
30 mins at room temperature. After washing there times with PBS, fat tissue samples were
mounted using Vecta Shield mounting medium. The fat tissue images were acquired through Zeiss

confocal microscope LSM 880.
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Glycogen staining with periodic acid solution (PAS)

For staining of glycogen, 96 hrs. AEL larval fat bodies were dissected in PBS, fixed using 4%
paraformaldehyde in PBS for 20 min, and washed twice with 1% BSA in PBS (Yamada et al., 2018).
Samples were incubated with periodic acid solution (Merck) for 5 min and washed twice with 1%
BSA in PBS. Fat bodies were then stained with Schiff’s reagent (Merck) for 15 min, washed twice,
and mounted in 50% glycerol in PBS. Images were acquired with a Zeiss Observer. Z1. Images
were analyzed using NIH Image ] software by measuring the average intensity of staining in 10
different random regions per tissue sample, a total of 15 to 20 fat tissues were analyzed in each

condition.

Transmission Electron Microscopy (TEM)

Fat bodies were dissected from different stages of larvae and fixed with 2% paraformaldehyde
and 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 for at least 2 hours. After washing
three times with the same buffer, supernatant was discarded and warm 1% agarose was added
over the pellet. After the agarose has cooled, the embedded pellet was cut into pieces. The pieces
were post-fixed in 1% osmium tetroxide in cacodylate buffer for 1 hour, dehydrated in a water/
acetone series and embedded in Epon resin. Ultrathin sections (~60 nm thickness) were cut in a
Leica EM UC7 ultra microtome using a diamond knife and stained with 2% aqueous uranyl acetate
and Reynolds’s lead citrate. The sections were examined in a Hitachi H7650 transmission electron
microscope at 80 kV. The images were acquired through an AMT 16000 CCD mounted on the
microscope. TEM images were analyzed using NIH Image | software by measuring the

mitochondrial cross-sectional area and quantifying the inner membrane junctions.

Mitochondrial isolation from Drosophila larvae

Larvae from 96 hrs. AEL (50 larvae per group) were frozen on dry ice or stored -80°C freezer.
Larvae were thawed on ice and lysed in 500 ul of STE+ BSA buffer by homogenization. Then the
lysate was spun at 600 g at 42C for 10 minutes. Supernatant was collected and centrifuged at 7
000 g for 15 min at 42C. Next, supernatant was discarded and the pellet was washed in ice-cold
STE buffer (250 mM sucrose, 10 mM Tris-HCI pH 7.0 and 0.2 mM EDTA pH 8.0) and resuspended
in 50 ul STE buffer. The pellet containing mitochondria were aliquoted and frozen in dry ice first
and transferred to - 80°C freezer for future complex activity assays. Mitochondrial protein

concentration was determined using the Dc-protein determination kit (BioRad).
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Measurement of mitochondrial citrate synthase and complex IV activity

For all the enzymatic assays, frozen isolated mitochondria were thawed on ice, resuspended in
STE buffer at 1 mg/ml and permeabilized with n-Dodecyl B-D-maltoside at 0.015% final
concentration (Sriskanthadevan et al., 2015). All the enzymatic assays consist of 5 - 10 ug of
mitochondrial protein. Citrate synthase activity was measured based on the chemical coupling of
CoASH, released from acetyl-CoA during the enzymatic synthesis of citrate to DTNB (Ellman’s
reagent, 5,5’-dithiobis(2-nitrobenzoic acid), and the release of the absorbing mercaptide ion was
monitored at 412 nm (Kaplan and Colowick, 1955). The reaction mixture contained 5 pg of
mitochondrial protein, 0.4 mg/ml DTNB, 0.3 mM acetyl Co-A in 0.1 M Tris-HCI pH 8.0 buffer. The
reaction was started by the addition of 5 mM oxaloacetic acid. An extinction coefficient of 13.6
mM-1 cm! was used to calculate activities. Complex IV activity was measured by oxidation of
ferrocytochrome c (Trounce et al., 1996). Ferrocytochrome c was prepared by reducing

cytochrome c with sodium ascorbate followed by dialysis for 24 hours (Zheng et al., 1989).

Measurement of Drosophila developmental time and pupal volume

For measuring development timing to pupal stage, newly hatched larvae were collected at 24 hrs.
AEL and placed in food vials (50 larvae per vial). The number of pupae was counted twice each
day. For each experimental condition, a minimum of five replicates was used to calculate the mean
percentage of pupae per time point. For pupal volume analysis, pupae were imaged using a Zeiss
Discovery V8 Stereomicroscope with Axiovision imaging software. Pupal length and width were

measured and pupal volume was calculated using the formula, volume=4/31(L/2)(1/2)2.

Pupal imaging
Pupal images were obtained using a Zeiss Stereo Discovery V8 microscope using Axiovision
software. Microscopy and image capture was performed at room temperature and captured

images were processed using Photoshop CS5 (Adobe).

Preparation of larval protein extracts

Drosophila larvae (96 hrs. AEL) were lysed with homogenization and sonication in a buffer
containing 20 mM Tris-HCI (pH 8.0), 137 mM NaCl, 1 mM EDTA, 25% glycerol, 1% NP-40 and with
following inhibitors 50 mM NaF, 1 mM PMSF, 1 mM DTT, 5 mM sodium ortho vanadate (NazVO4)
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and Protease Inhibitor cocktail (Roche Cat. No. 04693124001) and Phosphatase inhibitor (Roche
Cat. No. 04906845001), according to the manufacturer instructions.

Western blots, immunostaining and antibodies

Protein concentrations were measured using the Bio-Rad Dc Protein Assay kit II (5000112).
Protein lysates (60 pg) were resolved by SDS-PAGE and electro transferred to a nitrocellulose
membrane, subjected to western blot analysis with specific antibodies, and visualized by
chemiluminescence (enhanced ECL solution (Perkin Elmer)). Primary antibodies used in this
study were: anti-phospho-AKT-Ser505 (1:1000, Cell Signalling Technology #4054), anti-AKT
(1:1000, Cell Signaling Technology #9272), anti-actin (1:1000, Santa Cruz Biotechnology, # sc-
8432). Goat secondary antibodies were purchased from Santa Cruz Biotechnology (sc-2030, 2005,
2020)

mRNA Seq analysis

RNA-sequencing was conducted by the University of Calgary Centre for Health Genomics and
Informatics. The RNA Integrity Number (RIN) was determined for each RNA sample (6 replicates
per each condition were used). Samples with a RIN score higher than 8 were considered good
quality, and Poly-A mRNA-seq libraries from such samples were prepared using the Ultra II
Directional RNA Library kit (New England BioLabs) according the manufacturer’s instructions.
Libraries were then quantified using the Kapa qPCR Library Quantitation kit (Roche) according to
the manufacturer’s directions. Finally, RNA libraries were sequenced for 100 cycles using the

NovaSeq 6000 Sequencing System (Illumina).

Quantitative RT-PCR measurements

Total RNA was extracted from larvae using TRIzol according to manufacturer’s instructions
(Invitrogen; 15596-018). RNA samples isolated from same number of larvae (control vs
experimental) were DNase treated (Ambion; 2238G) and reverse transcribed using Superscript I1
(Invitrogen; 100004925). The generated cDNA was used as a template to perform qRT-PCRs (ABI
7500 real time PCR system using SyBr Green PCR mix) using gene-specific primers. PCR data were

normalized to RpL32. All primer sequences are listed in supplemental table 1.
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Statistical analysis

All qRT-PCR data and quantification of immunostaining data were analyzed by Students t-test,
two-way ANOVA followed by post-hoc students t-test, or Mann-Whitney U test where appropriate.
All statistical analysis and data plots were performed using Prism statistical software. Differences

were considered significant when p values were less than 0.05.
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Figure Legends

Figure 1. Fat body mitochondrial architecture changes over larval growth phase. (A-C)
Representative confocal and electron micrographs of fat body mitochondria from larvae at 72 hrs
AEL (A), 96 hrs AEL (B), and 120 hrs AEL (C) are shown. Confocal images of fat body were stained
with MitoTracker Red. Red arrows indicate the mitochondria. The scale bars for confocal images
represent 10 um. TEM images of fat body mitochondria at 72 hrs AEL show larger mitochondria
with sparse cristae formation. At 96 hrs AEL, fat body mitochondria are smaller compared to 72
hrs but still consist of low number of cristae. At the end of growth period (120 hrs AEL), fat body
mitochondria become smaller in size with dense cristae formation. The scale bars for electron

micrographs represent 500 nm.

Figure 2. Nutrient availability regulates fat body mitochondrial activity. (A) Larvae grown on
normal food were transferred to diluted food (20% of the normal food) and time to pupation was
calculated and plotted as bar graph. Data are presented as mean +/- SEM (*p < 0.05, Mann-
Whitney U test). (B) Pupal sizes were measured for the larvae grown on normal food (gray label)
and 20% food (blue). Representative images are shown, and the quantitative data represents

mean = +/- SEM (*p < 0.05, unpaired t-test with welch correction). (C) Fat bodies were dissected
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from 96 hrs AEL larvae maintained in normal food or on low nutrient food from 72 hrs to 96 hrs.
Fat bodies were then stained with MitoTracker Red and imaged with confocal microscopy.
Representative images are shown. Arrows indicate the mitochondria. Scale bar represents 10 um.
(D) Electron micrographs show the fat body mitochondrial ultrastructure in normal food vs low
nutrient conditions. Mitochondria from larvae grown on low nutrient food have denser cristae
compared to the control. Red arrows indicate the mitochondria. Scale bar represents 500 nm. (E)
Mitochondrial cristae density is quantified using electron micrographs images in low nutrient fat
body vs control. NIH image ] software was used to quantify the inner membrane junctions per
mitochondrial cross sectional area. Data are presented as box plots (25%, median and 75%
values) with error bars indicating the min and max values (*p < 0.0001, unpaired t-test, n > 200
mitochondria). (F) Fat body mitochondrial cross sectional area is higher in larvae grown in normal
food compare to the larvae from low nutrient condition. Mitochondrial cross sectional area was
calculated using NIH Image] software based on electron micrographs. Data are presented as box
plots (25%, median and 75% values) with error bars indicating the min and max values (*p <
0.0001, unpaired t-test, n > 250 mitochondrial cross sectional area). See also Figure S1 and S2. (G)
Mitochondrial citrate synthase activity in larvae grown on normal food vs low nutrient food.
Mitochondria were isolated from larvae at 96 hrs AEL from normal vs low nutrient condition.
Citrate synthase activity was measured using a biochemical assay and used as a marker for
mitochondrial mass. Data are represented as mean + SEM, with individual data points plotted as
symbols. (ns, not significant p>0.05, unpaired t-test) (H) Mitochondrial OxPhos complex IV
activity is higher in larvae grown on low nutrient condition compared to control animals.
Complex IV activity was measured in isolated mitochondria from whole larvae and normalized to
total protein concentration and mitochondrial mass. Data are represented as mean += SEM, with

individual data points plotted as symbols (*p < 0.05, unpaired t-test). See also Figures S1-S3.

Figure 3. Lowering fat body bioenergetic activity accelerates growth and development. (A)
TFAM knockdown has no effect on citrate synthase activity. Control larvae (da > +) or larvae
expressing an inverted repeat RNAi transgene to TFAM (da > TFAM RNAi) were maintained in
normal food from hatching to 96 hrs of development. Then, mitochondria were isolated from the
larvae and biochemical assays were performed to measure the complex IV activity. Data are
represented as mean + SEM, with individual data points plotted as symbols (ns = not significant,

p>0.05, unpaired t-test). (B) TFAM knockdown leads to reduced mitochondrial complex IV
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activity. Mitochondrial complex IV activity in control (da > +) vs TFAM RNAi (da > TFAM RNAI)
larvae was measured and normalized to total protein concentration and mitochondrial mass. Data
are represented as mean + SEM, with individual data points plotted as symbols (*p < 0.05
unpaired t-test). (C) Fat-specific TFAM RNAI accelerates development both in normal and low
nutrient condition. Time to pupation was measured in control (r4 > +) vs TFAM RNAI (r4 > UAS-
TFAM RNAI) larvae. Data are represented as mean + SEM (*p < 0.05 Mann-Whitney U test, n > 200
animals). (D) Fat body specific TFAM knock down has no effect on pupal size. Pupal volume was
measured in control (r4 > +) vs TFAM RNAi (r4 > UAS-TFAM RNAI) larvae. Data are presented as
box plots (25%, median and 75% values) with error bars indicating the min and max values. (E)
MPC1 knockdown in fat accelerates larval growth and development. Data represent mean + SEM
(*p < 0.05 Mann-Whitney U test, n >143 animals). Time to pupation was measured in control (r4 >
+) vs MPC1 RNAI (r4 > UAS-MPC1 RNAI) larvae. (F) Fat body specific MPC1 knockdown leads to a
small reduction in body size. Pupal volume was measured in control (r4 > +) vs MPC1 RNAi (r4 >
UAS-MPC RNAI) larvae. Data are presented as box plots (25%, median and 75% values) with error
bars indicating the min and max values. (*p < 0.05 unpaired t-test, n > 330 animals per condition).

See also Figures S4-S7.

Figure 4. Fat body TFAM knock down alters glucose metabolism. (A) A schematic showing
glucose and glycogen metabolic pathway. (B) Fat body mRNA-Seq analysis shows increase in
genes involved in glucose and glycogen metabolism following TFAM knockdown. Fat bodies were
dissected from control (r4 > +) vs TFAM RNAi (r4 > UAS-TFAM RNAIi) larvae at 96 hrs AEL and total
RNA was isolated for mRNA-Seq analysis. Data are represented as mean relative levels + SEM
with individual data points plotted as symbols (*p < 0.05 and ns = not significant, unpaired t-test,
n = 6 per condition). (C) Dissected fat bodies were stained with Periodic Acid Schiff (PAS) staining
to measure glycogen levels specifically in fat cells in control (r4 > +) vs TFAM RNAI (r4 > UAS-
TFAM RNAI) larvae. Scale bar represents 500 um. (D) Quantification of glycogen staining in (C).
Data are presented as box plots (25%, median and 75% values) with error bars indicating the min
and max values. (*p < 0.05 unpaired t-test). (E) Glucose uptake was analyzed with fluorescently
labeled deoxy glucose, 2-NBDG. Fat bodies were dissected from control (r4 > +) vs TFAM RNAI (r4
> UAS-TFAM RNAi) larvae at 96 hrs AEL and stained with either 2-NBDG to measure glucose
uptake. Scale bar represents 5 um. (F) Quantification of glucose uptake in (E). Data are presented

as box plots (25%, median and 75% values) with error bars indicating the min and max values (*p
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< 0.05 unpaired t-test). (G) Fat body overexpression of LDH accelerates animal growth and
development in normal and low nutrient condition. Data represent mean + SEM (*p < 0.05 Mann-
Whitney U test, n > 80 animals per condition). (H) Fat body specific LDH overexpression leads to a
slight increase in pupal size compared to controls. Time to pupation was measured in control (r4 >
+) vs LDH overexpressing (OE) (r4 > UAS-LDH) larvae. Data are presented as box plots (25%,
median and 75% values) with error bars indicating the min and max values (*p < 0.05 unpaired t-

test, n > 200 animals).

Figure 5. Fat body TFAM knock down increases systemic insulin signaling. (A) FOXO
transcriptional target genes, 4E-BP, dILP6, and InR were upregulated following TFAM knockdown
in the fat body. Total RNA was isolated from control (r4 > +) vs TFAM RNAI (r4 > UAS-TFAM RNAI)
larvae at 96 hrs AEL for qPCR analysis. Data are represented as mean + SEM with individual data
points plotted as symbols (*p < 0.05 unpaired t-test, n = 8 groups per condition). (B) Insulin
signaling is increased in larvae with fat specific TFAM knock down. Total protein lysates was
prepared from control (r4 > +) vs TFAM RNAI (r4 > UAS-TFAM RNAI) larvae analyzed by western
blot analysis. Phospho-Akt, total AKT and actin antibodies were used. (C) Quantification of
western blots from (B). Data are relative levels of phospho-Akt band intensity corrected for total
Akt band intensity. Data are presented as box plots (25%, median and 75% values) with error bars
indicating the min and max values (*p < 0.05 unpaired t-test, n > 200 animals). (D) Fat body
TFAM knockdown does not accelerate growth in animals with reduced insulin signaling. Time to
pupation was measured in control (r4 > +) larvae vs TFAM RNAIi expressed in the fat body (of
larvae heterozygous for a deficiency for dilps 2,3,5 (r4 > UAS-TFAM RNAi; Df(3L)Ilp2-
3,Ilp53/+)Data represent mean time to pupation = SEM (*p < 0.05 Mann-Whitney U test, n > 80
animals per condition) (E) Pupal volume was measured in control (r4 > +) larvae vs TFAM RNAi
expressed in the fat body (of larvae heterozygous for a deficiency for dilps 2,3,5 (r4 > UAS-TFAM
RNAi; Df(3L)IIp2-3,1Ip53/+). Data are presented as box plots (25%, median and 75% values) with

error bars indicating the min and max values (*p < 0.05 unpaired t-test, n > 200 animals).

Figure 6. Low bioenergetic fat body suppresses the expression of inflammatory cytokine,
TNFa /Eiger to accelerate growth. (A) TFAM knock down in fat body reduces the expression of
Eiger and Imp-L2, two negative regulators of insulin signaling. Fat bodies were dissected from

control (r4 > +) vs TFAM RNAI (r4 > UAS-TFAM RNAI) larvae at 96 hrs AEL and total RNA was
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isolated for mRNA-Seq analysis. Data are represented as mean relative levels + SEM with
individual data points plotted as symbols (*p < 0.05 unpaired t-test, n = 6 per condition). (B) Fat-
specific LDH overexpression reduces Eiger mRNA expression. Total RNA was isolated from control
(r4 > +) vs LDH overexpressing (OE) (r4 > UAS-LDH) larvae at 96 hrs AEL and analyzed by qRT-
PCR. Data are represented as mean relative levels = SEM with individual data points plotted as
symbols (*p < 0.05 unpaired t-test, n = 4 per condition). (C) Fat body specific knockdown of Eiger
or its processing enzyme, TACE accelerates larval development. Time to pupation was measured
in control (r4 > +) vs Eiger RNAi (r4 > UAS-Eiger RNAi) or TACE RNAI (r4 > UAS-TACE RNAi) larvae.
Data represent mean time to pupation = SEM (*p < 0.05 Mann-Whitney U test, n > 80 animals per
condition) (D) Fat knock down of Eiger has no effect on pupal size while TACE knock down lead to
a slight increase in pupal size compared to controls. Data are presented as box plots (25%, median
and 75% values) with error bars indicating the min and max values (*p < 0.05, ns = not
significant, unpaired t-test, n > 200 animals) (E) Fat body knockdown of TFAM and Eiger RNAI,
both alone and together leads to accelerated larval development. Time to pupation was measured
in control (r4 > +) larvae vs larvae expressing Eiger RNAi (r4 > UAS-Eiger RNAiQ), TACE RNAI (r4 >
UAS-TACE RNAI), or both Eiger and TACE RNAi. Data represent mean time to pupation = SEM (*p <

0.05, ns = not significant, Mann-Whitney U test, n > 100 animals per condition).

Figure 7. Adipose mitochondrial metabolism controls body growth by modulating cytokine
and insulin signaling. A model for how fat body mitochondrial metabolism can control whole-
body growth. When nutrients are abundant fat body mitochondria engage in low OxPhos activity,
and as a result, fat body glucose metabolism is increased, and the expression of Eiger and Imp-L2,
two negative regulators of insulin signaling, is reduced. Under these conditions, dILPs secreted
from the brain IPC cells can then promote systemic insulin signaling to drive rapid body growth
and development. In contrast, when nutrients are limiting fat body mitochondria increase their
OxPhos activity, glucose metabolism is reduced, and the expression of both Eiger and Imp-L2 is
elevated. This then leads to suppressed systemic insulin signaling and slower growth and
development. TFAM knockdown reduces mitochondrial OxPhos activity and thus can enhance the

rapid growth in rich nutrients and reverse the slow growth in low nutrients.
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Figure S1 (related to Figure 2). Fat body mitochondrial architecture altered in
larvae grown in low nutrient condition. (A) A schematic is shown depicting the larval
growth phase of development and the experimental setup. (B) Larvae grown on normal
food were transferred to diluted food conditions (80% to 20% of the normal food) at 70
hrs AEL and the time to pupation was measured. (C) Larvae grown on normal food were
transferred to diluted food conditions (20% food) at 70 hrs AEL and the % of pupation
was measured.
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Figure S2 (related to Figure 2). Drosophila larvae grown on low nutrient
condition does not induce autophagy in fat body. Animals from embryo to 70 hrs
(AEL) maintained in normal food and then transferred to normal food, low nutrient
food (diluted 20% of normal food) or starved on PBS for 24 hrs. Fat bodies were then

dissected, stained with LysoTracker and then imaged. Red indicates LysoTracker
stain and blue indicates Hoechst DNA stain. Scale bar = 50 ym.
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Figure S3 (related to Figure 2). Fat body mitochondrial architecture altered in
larvae grown in low nutrient condition. (A) Analysis of TEM images of larvae grown in
normal and low nutrient food. Percentage of mitochondrial type were quantified by
counting the number of mitochondria from 20 to 25 different TEM images taken in normal
and low nutrient conditions. Low nutrient fat body consists of highest percentage of type
1 mitochondria (similar to highly respiring muscle mitochondria) compare to normal food
which consists of type Il mitochondria. (B) Frequency distribution histogram of
mitochondrial cross- sectional area from fat body TEM images. Larvae treated with low
nutrient for 24 hrs has lower mitochondrial cross-sectional area compared to the control
larvae.
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Figure S4 (related to Figure 3). Whole body TFAM knockdown (RNAi # 1) leads to
reduced mitochondrial gene expression. (A) TFAM expression reduced significantly in
TFAM knock down animals. (B) Expression of mitochondrial DNA encoded genes in
TFAM knock down animals. Data represented as mean + SEM ( * p < 0.05 unpaired t-
test, ns = not significant.)
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Figure S5 (related to Figure 3): (A-B) TFAM knockdown (RNAI # 2) in fat body speeds
up animal growth and development. (C) TFAM expression reduced significantly in TFAM
knock down animals. (D) Expression of mitochondrial DNA encoded genes in TFAM
knock down animals. Data represented as mean + SEM ( * p < 0.05 unpaired t-test, ns =
not significant.)
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Figure S6 (related to Figure 3): (A-B) TFAM knockdown (RNAi # 3) in fat body speeds
up animal growth and development. (C) TFAM expression reduced significantly in TFAM
knock down animals. (D) Expression of mitochondrial DNA encoded genes in TFAM
knock down animals. Data represented as mean + SEM ( * p < 0.05 unpaired t-test, ns
= not significant.)
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Downregulated genes KEGG pathway analysis.
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Figure S9 (related to Figure 4). Enriched gene ontology (GO) functions of
differentially expressed genes (DEGs) from fat body TFAM knock down mRNA
Seq analysis. (A) Upregulated genes GO analysis. (B) Downregulated genes GO
analysis.
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Figure S10 (related to Figure 4). Glucose metabolism genes are upregulated in fat
body specific TFAM knock down (RNAi #1). (A) A schematic of glycolytic pathway
with relative fold change of mMRNA indicated in orange color. (B) Heat maps of mRNA
levels of the indicated mitochondrial genes in fat body isolated from control and 96 hrs
AEL larvae. Each box represents a different replicate of a group of 20 animals. Color
indicates normalized log2 fold change based on mRNA Seq transcripts per million
(TPM) data.
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Figure S11 (related Figure 4). Mitochondrial genes in control and TFAM knock

down (RNAI #1) fat body. Heat maps of mRNA levels of the indicated mitochondrial
genes in fat body isolated from control and 96 hrs AEL larvae. Each box represents a
different replicate of a group of 20 animals. Color indicates normalized log2 fold

change based on mRNA Seq transcripts per mill

ion (TPM) data.
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Figure S12 (related to Figure 4). Lipid droplet size analysis in fat body with TFAM
knock down (RNAI #1). Fat bodies were dissected from control or larvae expressing
TFAM RNAI at 96 hrs AEL and stained with BODIPY to measure lipid droplet size. (A-
B) Representative images and quantification of lipid droplet size. Data represented as

mean = SEM ( * p < 0.05 unpaired t-test, ns = not significant.) Scale bar represents
10 um.
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Figure S13 (related to Figure 4). No driver control for LDH OE shows no change in the

average time to pupation. n > 348 animals. Data represented as mean + SEM ( * p <0.05
unpaired t-test, ns = not significant.)



Supplementary Table 1: List of primer sequences for SYBR Green qRT-PCR

Name Sequences Reference
RpL32 (Rp49) Fwd: GGCCCAAGATCGTGAAGAAG Cho et al., 2018
Rev: ATTTGTGCGACAGCTTAGCATATC
18S rRNA Fwd: CCTGCGGCTTAATTTGACTC
Rev: ATGCACCACCACCCATAGAT
4E-BP Fwd: GCTAAGATGTCCGCTTCACC
Rev: CCTCCAGGAGTGGTGGAGTA
InR Fwd: GCTGCATCTCCTGTCGAAAT
Rev: CGTTGGACAGTGGGTGATAC
ImpL2 Fwd: CCTCATTAAGTACGGGATAC
Rev: CTTCTGATCTCCGAGATCAAG
TNFo/Eiger Fwd: GATGGTCTGGATTCCATTGC Brandt et al., 2004
Rev: TAGTCTGCGCCAACATC ATC
dILP1 Fwd: ACAACGGTGCAGCAGTACAT Cho et al., 2018
Rev: CCTTGGCAGCGTATTAAAGC
dILP2 Fwd: ATGGTGTGCGAGGAGTATAATCC
Rev: TCGGCACCGGGCATG
dILP3 Fwd: AGAGAACTTTGGACCCCGTGA A
Rev: TGAACCGAACTATCACTCAACAGTCT
dILP4 Fwd: GCGGAGCAGTCGTCTAAGGA
Rev: TCATCCGGCTGCTGTAGCTT
dILP5 Fwd: GAGGCACCTTGGGCCTATTC
Rev: CATGTGGTGAGATTCGGAGCTA
dILP6 Fwd: CGATGTATTTCCCAACAGTTTCG
Rev: AAATCGGTTACGTTCTGCAAGTC
dILP7 Fwd: CAAAAAGAGGACGGGCAATG




Rev: GCCATCAGGTTCCGTGGTT

dILP8 Fwd: ACATCAGCCGAAGCAGCTAT Cho et al., 2018
Rev: CCTCCTCGCACTGGTTTAGA

Gbp1 Fwd: ATCCTACCGCTGGTCTTCCTC Koyama and Mirth,
Rev: CTCCAGCAATATTCGGTTGTC A0

Gbp2 Fwd: CGCCTCCTTCGTATTATCCAG Koyama and Mirth,
Rev: CCAGATGGTTGTGGTCTATTG 2016

Gbp3 Fwd: TGGGCAGAATTTTCCACAGGG Koyama and Mirth,
Rev: GTCTTCTCGGTGGTGGTTTGG A0

MthA Fwd: ACCAAACTTGGGCCAACGTCTTTC Ja et al., 2009
Rev: CACTGTTGTTTACCTCCTCACCCT

MthB Fwd: ACCAAACTTGGGCCAACGTCTTTC Ja et al., 2009
Rev: TTCCCACGGTAATACGACTTGCCA

Sun1 Fwd: CACTCCCTGGGCAAATGG Delanoue et al., 2016
Rev: AAGCATCTAGGATTCCGATTGG

Sun2 Fwd: CCGGAATTACCTACATCCAATACTC Delanoue et al., 2016
Rev: TTCAAGGACTCGCGCAAAA

TFAM Fwd: TGCAACAAGTTCCCCGTGAT Zhang et al., 2015
Rev: GCTAGGGGCCTGACTTTGTT

ND42 Fwd: CGTTTCGATGTCCCGGAGCT
Rev: GTCTGCATTGTAGCCAGGAC

NDB14 Fwd: CGCAATGTGACCGACATCCG
Rev: CGCATGATATGGCCTTCTG

mt-12S rRNA Fwd: GATAACGACGGTATATAAACTGATTACA Baggio et al., 2014
Rev: GAGGAACCTGTTTTTTAATCGA

mt-16S rRNA Fwd: ACCTGGCTTACACCGGTTT Baggio et al., 2014
Rev: GGGTGTAGCCGTTCAAATTT

mt-CytB/ND6 Fwd: GGACCTATTCGAATAATATC This paper

Rev:

AATGATGCACCGTTAGCATG




mt-ATP6/8

Fwd: CTCAAGGAACACCCGCTATT
Rev: AATGTCCAGCAATTATATTAGCAGTTA

mt-tRNASYS ™Y Fwd: GCCTTAGTAAAACTTACTCCTTCAA This paper
Rev: AAGTGGCTGAAGTTTAGGCGA

pre-mt-tRNAA Fwd: AATTTAATAACTGAATATGAAGCG This paper
Rev: CCTCTTTTTGGCTTCAATTAAAG

mt-tRNAY¥/12S rRNA | Fwd: TTTGCACAAAAATCTTTTCAATG This paper
Rev: CGCCCGTCGCTCTTATTAT

mtND5/ARNA™"™ Fwd: TGATCAGAATATTTTGGAGGTCAA This paper
Rev: TCTCCATAACATCTTCAATGTCAAA

pre-mt-tRNA®YS Fwd: GGACAAATTAATTAGGTCTTATAGTC This paper

Rev: AAGCCTTAGTAAAACTTACTCC
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