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Significance

Glucose-6-phosphatase (G6P) is a 
critical enzyme in sugar synthesis 
and catalyzes the final step in 
glucose production. In 
Drosophila—and insects in 
general—where trehalose is the 
circulating sugar and trehalose 
phosphate synthase, and not 
G6P, is used for sugar production, 
G6P has adopted a novel and 
unique role in peptidergic 
neurons in the central nervous 
system (CNS). Interestingly, flies 
lacking G6P show diminished 
neuropeptide (NP) secretions and 
have a smaller Golgi apparatus  
in peptidergic neurons. It is 
hypothesized that the role of  
G6P is to counteract glycolysis, 
thereby creating a cellular 
environment that is more 
amenable to efficient NP 
secretion.
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Neuropeptides (NPs) and their cognate receptors are critical effectors of diverse physio-
logical processes and behaviors. We recently reported of a noncanonical function of the 
Drosophila Glucose-6-Phosphatase (G6P) gene in a subset of neurosecretory cells in the 
central nervous system that governs systemic glucose homeostasis in food-deprived flies. 
Here, we show that G6P-expressing neurons define six groups of NP-secreting cells, four 
in the brain and two in the thoracic ganglion. Using the glucose homeostasis phenotype 
as a screening tool, we find that neurons located in the thoracic ganglion expressing 
FMRFamide NPs (FMRFaG6P neurons) are necessary and sufficient to maintain systemic 
glucose homeostasis in starved flies. We further show that G6P is essential in FMRFaG6P 
neurons for attaining a prominent Golgi apparatus and secreting NPs efficiently. Finally, 
we establish that G6P-dependent FMRFa signaling is essential for the build-up of 
glycogen stores in the jump muscle which expresses the receptor for FMRFamides. We 
propose a general model in which the main role of G6P is to counteract glycolysis in 
peptidergic neurons for the purpose of optimizing the intracellular environment best 
suited for the expansion of the Golgi apparatus, boosting release of NPs and enhancing 
signaling to respective target tissues expressing cognate receptors.

neuropeptide | glucose-6-phosphatase | FMRFamide | Drosophila | glycogen

Neuropeptides (NPs) play central roles in modulating physiology and behaviors. In humans, 
more than one hundred NPs have been identified, and most of them act through known G 
protein–coupled receptors expressed in specific neurons in the brain or target cells in non-
neuronal organs and tissues (1, 2). Drosophila melanogaster has become an important model 
system for investigating the diverse functions of NPs and their receptors, due to the expansive 
array of molecular genetic tools, the ability to visualize electrophysiological activity, and the 
availability of powerful behavioral assays. More than 40 NP genes have been described in the 
fruit fly, many of which encode multiple peptides, and for many of these, cognate receptors 
have been identified (1). We recently reported expression of the gluconeogenic enzyme 
Glucose-6-phosphatase (G6P) in small subpopulations of peptidergic neurons in the fly 
central nervous system (CNS). By expressing a cyan fluorescent protein/yellow fluorescent 
protein (CFP/YFP)-based glucose sensor, we showed that G6P is functional in these cells for 
not only maintaining intracellular glucose levels when flies are food deprived but also as a 
critically important enzyme necessary for the conversion of alanine to glucose (3). At the 
systemic level, we found that starved G6P mutant flies failed to maintain whole-body glucose 
homeostasis, a phenotype that is not only rescued by expression of a G6P transgene but also 
by activation of G6P neurons using the heat-activated channel TRPA1 in G6P mutant flies. 
Taken together, these observations indicated that the role of G6P in these neurons is not to 
produce glucose but to facilitate peptidergic signaling, disruption of which causes loss of 
whole-body glucose homeostasis in starved flies.

In mammals, G6P is mainly known as a key liver and kidney enzyme during glucone-
ogenesis and glycogenolysis, metabolic processes up-regulated in food-deprived animals. 
G6P hydrolyzes glucose-6-phosphate (g-6-p) to glucose, which is then released into the 
bloodstream to maintain glucose homeostasis. These two pathways are highly conserved 
across different animal lineages including insects, where they take place in the adipose (fat 
body) and Malpighian tubules, tissues analogous to the mammalian liver and kidney, 
respectively. However, the last enzymatic step is distinct in insects, whereby g-6-p is con-
verted to trehalose, the main circulating insect sugar, using the enzyme trehalose 6 phos-
phate synthase 1 (TPS1) to ensure sugar homeostasis when flies are starved (4, 5). Thus, 
the existence of a conserved Drosophila G6P enzyme in general, and its expression in 
peptidergic neurons specifically, which are not known to be involved in systemic sugar 
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homeostasis, raises intriguing questions about its function in NP 
signaling. First and foremost, what is the neuronal identity of the 
approximately 30 G6P-GAL4 expressing neurons in the CNS, 
beyond the fact that they express DIMMED, a marker for large 
NP-producing neurons (6)? Second, which of these neurons medi-
ate whole-body glucose homeostasis in starved flies, the only 
known function of G6P in insects? Third, what is the cellular role 
of G6P in peptidergic neurons? And fourth, what is the primary 
systemic phenotype that ultimately leads to failed glucose home-
ostasis in starved G6P mutant flies?

In this paper, we provide answers to these questions. We deter-
mined the identity of G6P neurons in the fly CNS by correlating 
G6P-GAL4 expression with the location of NP-producing neurons. 
Specifically, we identified subsets of large neurons expressing NPF, 
Orcokinin A (OK-A), pigment-dispersing factor (Pdf), FMRFamide, 
and IPNamide that also express G6P-GAL4. By inhibiting neural 
activity and rescuing G6P function in G6P mutant flies in each of 
these subsets, we show that FMRFa expressing G6P neurons 
(FMRFaG6P) located in the thoracic ganglia alone are necessary and 
sufficient to maintain whole-body glucose homeostasis in 
food-deprived flies. We further narrowed down the precise subset 
of FMRFaG6P neurons using the split GAL4 system and found that 
they correspond to four pairs of ventrally located large FMRFa 
expressing neurons (T1v, T2v, T3v, and T2va neurons) (7). 
Moreover, we have uncovered cellular phenotypes associated with 
FMRFaG6P neurons, namely a smaller Golgi apparatus and reduced 
NP secretion from FMRFaG6P neurons. Last, we describe the pri-
mary systemic role mediated by G6P and FMRFa, by homing in 
on the FMRFa receptor (FMRFaR). Specifically, we show that 
FMRFaR is expressed in the jump muscle and that muscle glycogen 
content of G6P−/−, FMRFa−/−, and FMRFaR−/− flies is reduced by 
about 50%, compared to wild-type controls. These observations 
indicate that FMRFa-FMRFaR signaling is essential to build up 
glycogen stores under normal feeding conditions, and they suggest 
that the loss of whole-body glucose homeostasis observed in starved 
G6P mutants is due to the inability of these flies to draw upon stored 
glycogen. We propose that G6P counteracts glycolysis in NP secret-
ing neurons, thereby establishing a cellular environment that is more 
amenable to the expansion of the Golgi apparatus and large dense 
core vesicles (LDCVs), which in turn enhances NP release.

Results

Identification of G6P-GAL4 Neuronal Subtypes. Initial expression 
analysis of G6P-GAL4; UAS-mCD8GFP flies revealed the presence 
of approximately 14 GFP-positive neurons in the brain (3). Three 
lines of evidence suggested that most, if not all, G6P-expressing 
neurons were NP-producing cells: First, they are relatively large 
in appearance and express DIMMED, a transcriptional regulator 
that plays a key role in cell fate determination of NP-producing 
cells (6). Second, one pair of cells located in the dorsomedial 
region coexpresses NPF, a Drosophila homolog of mammalian 
NPY. And third, examination of G6P expression in the thoracic 
ganglion showed many additional G6P positive cells, in a pattern 
similar to that described for neurons expressing FMRFamide and 
IPNamide (7–9). These observations suggested that G6P is found 
in diverse populations of peptidergic neurons, expressing different 
NPs. We therefore set out to determine the identity of these NPs by 
comparing locations of G6P positive neurons with available reports 
of NP expression profiles, comprehensively reviewed by Nässel and 
Zandawala (1). Based on this comparison, we carried out double 
staining experiments of brain and thoracic ganglia preparations of 
G6P-GAL4; UAS-mCD8GFP flies using NP-specific antibodies and 
identified five NPs coexpressed with G6P-GAL4 (Fig. 1). In the 

brain, in addition to the prominent pair of NPFG6P neurons, OK-A, 
PDF, and IPNa were found to be expressed in subsets of G6P-GAL4 
neurons (Fig. 1 A–E, referred to as OK-AG6P, PDFG6P, IPNaBr_G6P 
neurons), while in the thoracic ganglion, a group of FMRFa-positive 
neurons and a second subset of IPNa-positive neurons coexpressing 
G6P-GAL4 were identified (Fig. 1 G–I, referred to as FMRFaG6P 
and IPNaTh_G6P neurons; note that the FMRFa-positive neurons 
present in the brain do not express G6P-GAL4; Fig. 1F). Neurons 
expressing a given NP fall generally into two groups: a small number 
of neurons presenting with large cell bodies and a larger number of 
neurons presenting with smaller cell bodies (Fig. 1). For example, 
in the brain, there are some 20 NPF-expressing neurons, only four 
of which fall into the large size class (10) (Fig. 1J). Likewise, only 
two of the 10 OK-A positive neurons fall into the large class, while 
about half of the PDF positive neurons correspond to the large 
ventral lateral clock neurons (large LN-Vs) (11). Of note, G6P is 
only expressed in large neurons, both in the brain and the thoracic 
ganglion (Fig. 1 B–E, H, and I). Together, about 30 of the 60 large 
neurons expressing the five NPs are G6P-positive (NPG6P neurons).

In order to functionally manipulate subpopulations of specific 
NP-expressing neurons, we procured GAL4 lines expressed in OK-A-, 
IPNa-, and FMRFa-producing neurons from the Flylight repository 
(https://www.janelia.org/project-team/flylight) or obtained previ-
ously characterized lines for NPF (12) and PDF (13). We confirmed 
GAL4 expression with these NPs by coimmunostaining brains and 
thoracic ganglia of NP-GAL4; UAS-mCD8GFP flies (SI Appendix, 
Fig. S1).

FMRFa Peptides Mediate Glucose Homeostasis. Expression of 
G6P in different NP secreting neurons suggests that G6P activity 
impacts several distinct NP signaling pathways. Using G6P mutant 
flies, we previously showed that one function of this enzyme is to 
maintain whole-body glucose homeostasis in starved flies, while 
having no significant impact on the levels of trehalose. Importantly, 
whole-body glucose homeostasis can be complemented in G6P 
mutant flies by temperature-induced neural activation of G6P 
neurons (3) using UAS-TRPA1 (14). Similarly, silencing all G6P-
GAL4 expressing neurons using UAS-Kir2.1 encoding the inward 
rectifier potassium channel Kir2.1 (15, 16) mimicked the whole-
body glucose homeostasis phenotype of G6P mutant flies (Fig. 2A) 
(3). To determine which subset of NPG6P neurons is responsible for 
glucose homeostasis, we expressed UAS-Kir2.1 under the control 
of the five NP-specific GAL4 drivers. Inactivation of NPFG6P, 
OK-AG6P, PDFG6P, IPNaBr_G6P, or IPNaTh_G6P neurons caused no 
change in whole-body glucose levels under either fed or starved 
conditions (Fig. 2A and SI Appendix, Fig. S2). Only expression 
of UAS-Kir2.1 in FMRFaG6P neurons (GMR18C05-GAL4) led 
to significantly reduced glucose levels in starved flies (Fig. 2A). 
Consistent with our previous analysis, trehalose levels were not 
significantly different when compared to wild-type control flies 
(SI Appendix, Fig. S2). To test whether the function of G6P in 
FMRFa-positive neurons is sufficient for maintaining whole-
body glucose homeostasis, we measured glucose levels in G6P 
mutant flies expressing a UAS-G6P transgene under the control 
of GMR18C05-GAL4. Indeed, these flies showed fully restored 
whole-body glucose levels under starving conditions (Fig.  2B). 
Taken together, these experiments identified FMRFaG6P neurons 
in the thoracic ganglion as the neurons responsible for maintaining 
whole-body glucose homeostasis in food-deprived flies.

G6P-GAL4 exhibits varied expression in the thoracic ganglion. 
While consistently observed in three to four cells in the mesothoracic 
segment, expression varied in the pro- and metathoracic segments. 
Thus, we sought to investigate overlap between G6P and FMRFa in 
more detail using the split GAL4 system, which reveals expression 
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of a reporter only in cells that coexpress two independent drivers 
controlled by the promotors of two genes of interest (17, 18). We 
generated split-GAL4 transgenic flies (G6P-GAL4DBD and a 
FMRFa-p65AD) that also contained a 20xUAS-mCD8GFP reporter 
and performed immunostaining of the CNS (Fig. 3 A and D). These 
experiments revealed that the thoracic ganglion harbors eight large, 
ventrally located FMRFaG6P neurons, which correspond to four pairs 
of Tv neurons (T1v, T2v, T2va, and T3v; Fig. 3 A and C) (7). The 
same eight neurons are also labeled by GMR18C05-GAL4 (Fig. 3 
B and C), which we used for the functional characterization of 
FMRFaG6P neurons in all subsequent experiments (see below). In 
the brain, the split-GAL4 system and GMR18C05-GAL4 did not 
label any FMRFa-positive neurons (Fig. 3 D and E), confirming the 
observations obtained from double staining experiments using 
G6P-GAL4 (Fig. 1F).

FMRFa encodes a 347 amino acid long propeptide, which is 
processed into 14 peptides, 10 of which are characterized by the 
carboxyterminal FMRF motif (Fig. 2C) (19). To further confirm 
that FMRFamides are the signaling molecules mediating glucose 
homeostasis in starved flies, we measured glucose levels in FMRFaP 

mutant flies. FMRFaP is a P-element insertion into the 11th of the 
14 peptides and homozygous FMRFaP mutant, starved flies showed 
the same glucose homeostasis deficit as flies in which these neurons 
were silenced (Fig. 2D). We also generated a CRISPR/Cas-9 null 
allele, a deletion encompassing all 14 peptides (ΔFMRFa, Fig. 2C 
and SI Appendix, Fig. S3), and found that ΔFMRFa flies showed 
reduced whole-body glucose levels in both fed and starved condi-
tions (Fig. 2D).

G6P Is Necessary to Maintain Glucose Levels in FMRFaG6P 
Neurons. NPFG6P neurons in the brain require G6P cell-
autonomously to maintain intracellular glucose levels when flies 
are starved (3). In these experiments, we employed the fluorescent 
sensitive glucose sensor Glu700 and found that NPFG6P neurons 
of starved G6P mutant flies were unable to maintain intracellular 
glucose levels (3). While the relevance of this phenomenon for 
proper NP signaling remains to be determined, the glucose 
sensor provides a means to assess whether G6P is also necessary 
for maintaining intracellular glucose levels in FMRFaG6P neurons 
during starvation. Thus, we established an in  vivo preparation 
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Fig. 1.   G6P is co-expressed in diverse subsets of peptidergic neurons. (A–I) Antibody staining of the brain (A–F) and in the thoracic ganglia (G–I) of G6P-GAL4; UAS-
mCD8GFP flies using anti-GFP antibody and antibodies against the indicated NPs. G6P-GAL4 is expressed in about 14 neurons in the brain, including a pair of large, 
centrally located NPF neurons (B) and a pair of large OK-A expressing neurons (C), two IPNa (D), and four PDF neurons (E) which correspond I-LNvs. In the thoracic 
ganglia, G6P-GAL4 is expressed in about 10 to 16 neurons, including at least two pairs of FMRFa neurons (H) and three pairs of IPNa neurons (I). (J) Expression 
summary of G6P-GAL4 neurons and relevant NP. Coexpressing neurons are outlined with a broken line. Note that all G6P-GAL4 neurons are of the large variety.

http://www.pnas.org/lookup/doi/10.1073/pnas.2319958121#supplementary-materials
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of the ventral nerve cord that allowed us to monitor glucose 
levels in these neurons (Material and Methods). Since G6P is an 
Endoplasmic Reticulum (ER) resident enzyme (20), we expressed 
an ER resident version of Glu700, Glu700KDEL (Addgene, 
#17867) under the control of GMR18C05-GAL4. In fed G6P 
mutant flies, glucose levels were indistinguishable from wild-type 
fed flies, while in starved flies, G6P mutants showed significantly 
lower glucose levels in FMRFaG6P neurons compared to fed flies 
(Fig. 4). Together, these results show that in starved flies, G6P 
is also functional in FMRFaG6P neurons where it maintains 
intracellular glucose levels during starvation.

G6P Increases Golgi Network Volume and Facilitates NP Release. 
NP processing involves propeptide cleavage and transport through 
the Golgi network, ultimately leading to NP deposition in LDCVs 
that derive from the trans-Golgi stack (2). Thus, we examined 
whether any difference in size and overall distribution of the ER 
and Golgi network of FMRFaG6P neurons was apparent between 
wild-type and G6P mutant flies using ER (GFP-KDEL) (21) and 
Golgi (aManll-GFP) resident reporter proteins (22, 23). No obvious 
differences were observed in the ER. However, the Golgi network 
occupied a significantly smaller area in G6P mutant flies compared 
to wild-type flies (Fig. 5A 9% vs. 14%; see also SI Appendix, Fig. S4). 
A similar reduction in Golgi volume was also observed when these 
reporters were expressed in the pair of NPFG6Pneurons (9% vs. 16%, 
Fig. 5 B, Left). Of note, and in contrast to mammalian cells where 
the Golgi complex is organized as a single ribbon, the Drosophila 
Golgi apparatus is dispersed throughout the cytoplasm (24).

Because LDCVs emerge from the trans-Golgi network, NP secre-
tion might be negatively affected in G6P mutant flies. To measure 
the effect of G6P on NP release, we took advantage of the fact that 
the FMFRaG6P neurons correspond to the Tv neurons. These neu-
rons innervate the neurohemal-like area in the dorsal neural sheet 
of the thoracic ganglion, which are release sites into the hemolymph 
(7, 8). Thus, NP release from FMRFaG6P neurons can be assessed 
by measuring the NP amounts in the hemolymph. Because available 
antibodies against FMRFa cross-react with other hemolymph com-
ponents/peptides, we used the mammalian Atrial natriuretic peptide 
(Anf) fused to GFP as a proxy NP (Anf-GFP, 25) and assessed 
Anf-GFP amounts released into the hemolymph from FMRFaG6P 
neurons of wild-type and G6P mutant flies, as well as the total 
amount of Anf-GFP in these flies (Fig. 6 A and B). It was previously 
established that Anf-GFP is released in a time-appropriate fashion 
during molting, following the dynamic profile of the resident pep-
tides in these cell, Ecdysis Triggering Hormone (25). We expressed 
the UAS-Anf-GFP reporter gene in FMFRaG6P neurons and meas-
ured peptide levels in the hemolymph. Compared to the wild-type, 
G6P mutant flies secrete significantly lower amounts of Anf-GFP 
into the hemolymph in both fed and starved flies (Fig. 6A). 
Importantly, the deficit can be rescued by inclusion of a UAS-G6P 
transgene. Total amount of Anf-GFP was not affected by G6P or 
lack thereof, but starved flies contained about 30% more NP com-
pared to fed flies (Fig. 6B). To explore whether G6P dependence 
can be imposed on non-G6P neurosecretory cells, we measured 
hemolymph and total levels of an epitope-tagged, Insulin-like pep-
tide 2 (Ilp2), expressed from a genetically modified Ilp2 gene (Ilp21 
gd2HF) (26). When UAS-G6P was expressed in insulin-producing 
cells (IPCs; Ilp21 gd2HF/dilp2-GAL4 UAS-G6P), a significant 
increase of secreted Ilp2HF was observed in starved flies, with a 
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Fig. 2.   G6P mediates whole-body glucose homeostasis through FMRFa neurons. 
(A) Silencing of all G6P-GAL4 neurons or GMR18C05-GAL4 (i.e., FMRFa expressing 
neurons; see Fig. 3 and SI Appendix, Fig. S1) using UAS-Kir2.1, but not silencing of 
any other subgroup, significantly reduces whole-body glucose levels. GMR13H04-
GAL4 is expressed in OK-AG6P neurons, GMR37G02-GAL4 in IPNaBr_G6P neurons, 
GMR39A01-GAL4 in IPNaTh_G6P neurons, and GMR18C05-GAL4 in FMRFaG6P neurons. 
Asterisks indicate *P < 0.05 using the Kruskal–Wallis test with Dunn’s post hoc 
test; n = 8 to 10. Error bars represent SE. (B) G6P is required in FMRFa neurons for 
whole-body glucose homeostasis in starved flies. Under fed conditions, both wild-
type and G6P mutant flies maintain glucose levels (Left). However, when starved 
for 24 h, G6P mutant flies exhibit significantly reduced whole-body glucose 
levels, a phenotype rescued when a UAS-G6P transgene is expressed in FMRFaG6P 
neurons under the control of GMR18C05-GAL4. Asterisks indicate *P < 0.05 using 
the Kruskal–Wallis test with Dunn’s post hoc test; n = 9 to 12. Error bars represent 
SE. (C) Structure of the second, ORF containing exon of the wild-type FMRFa gene 
and the FMRFa[P] and ΔFMRFa mutation. Exon 2 contains all 14 FMRFamides and 
FMRFamide-related peptides. The P-element in FMRFa[P] is inserted in the 11th 
peptide, while all peptides are deleted in ΔFMRFa. The first, noncoding exon is 
not shown. (D) FMRFamides are required for whole-body glucose homeostasis. 

Like G6P mutants, FMRFa[P] mutants have significantly lower glucose levels in 
starved but not fed conditions. ΔFMRFa mutant flies show lower glucose levels 
regardless of feeding conditions. Asterisks indicate *P < 0.05, **P < 0.01 using the 
Kruskal–Wallis test with Dunn’s post hoc test; n = 8 to 12. Error bars represent SE.
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concomitant decrease in total Ilp2HF (Fig. 6 C and D; white bars). 
Given that IPCs of starved flies do not actively secrete Ilp2HF (26), 
this observation implies that ectopic expression of G6P triggers qui-
escent IPCs to secrete Ilp2HF. Total amount of Ilp2HF in fed flies 
was slightly increased in the presence of G6P, which however, did 
not result in an increase in secreted Ilp2HF (Fig. 6 C and D; black 
bars). Furthermore, fed and starved control flies (i.e., flies not 
expressing G6P) exhibited similar levels of hemolymph Ilp2HF 
(Fig. 6C), an observation that appears counterintuitive based on 
observations made by Park et al. who reported that hemolymph 
Ilp2HF spikes rapidly after a meal given to previously starved flies. 
However, this spike is transient and recedes to levels of starved flies 
within 60 min. (26). In our experimental set-up, fed flies have con-
stant access to food, allowing for a wide range of different feeding 
states within the cohort at the time of hemolymph collection. Thus, 
similar amounts of hemolymph Ilp2HF in fed and starved control 

flies is probably due to the fact only a small fraction of flies, if any, 
have taken a meal prior to hemolymph collection. Regardless, the 
observations made in starved flies argue that ectopic expression of 
G6P in IPCs enhances their capabilities to secrete Ilp2HF.

G6P-Mediated FMRFa Signaling to the Jump Muscle for Glycogen 
Storage. In invertebrates, FMRFamides have been associated with the 
modulation of heart rate, gut motility, sleep, flight, and reproduction 
(1, 27–30). Yet, our knowledge of the roles of FMRFamides and 
their receptors remains incomplete, in part because many of these 
studies have been conducted in systems not amenable to molecular 
genetic analyses. Thus, we sought to determine the target tissue 
of FMRFamides, expected to express its receptor (FMRFaR, 
CG2114), and to identify phenotype(s) in flies carrying FMRFaR 
mutations. We took advantage of the chemoconnectomics resource 
generated by Deng et al. who engineered a series of GAL4 knock-in 

A A’ A’’

B B’’ B’’

D D’ D’’

E E’ E’’
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Fig. 3.   FMRFaG6P neurons correspond to 8 Tv neurons in the thoracic ganglion. The split GAL4 system (G6P-GAL4DBD and FMRFa-p65AD) was used to identify 
neurons that express both G6P and FMRFa. The CNS of G6P-GAL4DBD/FMRFa-p65AD; 20xUAS-mCD8GFP flies (A) and GMR18C05-GAL4; UAS-mCD8GFP flies (B and E) 
was dissected and stained with anti-GFP and anti-FMRFa antibody. (A and B) Eight neurons in the thoracic ganglion were labeled by the split GAL4 drivers, all of 
which also express FMRFa (A’ and A”). These neurons are also labeled by GMR18C05-GAL4 (B, B’, and B”). (C) Expression summary of GAL4 drivers in the thoracic 
ganglion. The eight large FMRFa neurons labeled by either the split GAL4 system or GMR18C05-GAL4 correspond to the Tv neurons shown to express FMRFa (7). 
Neither split GAL4 (D, D' and D") nor GMR18C05-GAL4 (E, E' and E”) are expressed in any FMRFa neurons in the brain.
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lines for many NP receptor genes, including FMRFaR (31). In adult 
flies, FMRFaR2A-GAL4 is strongly expressed in the jump muscle and 
the CNS, while no expression was found in other tissues (flight 
muscle, reproductive system, fat body, gut, etc; Fig. 7A), a finding 
consistent with expression profiles reported in the aging fly cell atlas 
(32). We acquired a FMRFaR mutant strain (FMRFaRMB04659) and 
examined the amount of muscle glucose and glycogen in wild-type 
and homozygous receptor mutant flies (Fig. 7B). While free glucose 
levels were not noticeably different in the jump muscle, regardless 
of feeding status, muscle glycogen was significantly lower in fed 
FMRFaRMB04659 homozygous mutant flies, when compared to fed 
wild-type flies (Fig. 7B). FMRFaRMB04659 mutant flies, regardless 
of feeding status, exhibited similar glycogen levels as starved wild-
type flies, which amounts to about 50% of that observed in fed 
wild-type flies. Glycogen loss was fully rescued in the presence of a 
UAS-FMRFaR transgene driven by Act79B-GAL4 (Fig. 7C), which 
is predominantly expressed in the jump muscle (33). Importantly, 
the presence of ELAV-GAL80 in these flies eliminates the potentially 
confounding contribution of low-level Act79B-GAL4 expression in 
the CNS. Moreover, ectopic expression of FMRFaR in the fat body 
does not restore glycogen levels in the jump muscle of FMRFaR 
mutant flies (Fig. 7C). And last, we note that glycogen levels in the 
jump muscle were also significantly reduced in fed G6P and FMRFa 
mutant flies (Fig. 7D). Taken together, these results indicate that 
one key function of FMRFa signaling is the generation of glycogen 
stores in the jump muscle, which can be accessed to generate glucose 
in times of limited nutrient availability.

Discussion

Activity of NPs depends on many external and internal factors, pro-
viding a means for temporally and quantitatively controlled release 
that accommodates an animal’s physiological demands. In addition 
to regulation of transcription and RNA processing (34–37), most 
NPs undergo posttranslational modification through proteolytic 
cleavage from precursor proteins (propeptides) (38–41). Generally, 
these regulatory processes are specific to NPs, as they must be tailored 
to sequence and/or structural features within the specific NP gene or 
protein. The studies presented here report on a novel mode of regu-
lation in NP signaling, namely one that allows modulation across 

distinct types of secretory neurons expressing the gluconeogenic 
enzyme G6P. Based on measurements of hemolymph Anf-GFP pep-
tide released from FMRFaG6P neurons and Ilp2HF secreted by IPCs 
ectopically expressing a UAS-G6P transgene, we postulate that G6P 
primes peptidergic neurons for more efficient NP release, regardless 
of the NP they express. Thus, it will be interesting to explore whether 
G6P modulates NP release in other NPG6P neurons and affects respec-
tive physiological processes and behaviors, such as courtship (NPF) 
(42, 43), oogenesis (OK-A) (43), circadian behavior and sleep (PDF) 
(14, 44, 45), or feeding (NPF) (45–47). To our knowledge, a function 
for an enzyme with an established role in gluconeogenesis and gly-
cogenolysis in neurosecretion, or neurons in general, is unprece-
dented. While the specific mechanism by which G6P modulates 
peptidergic neurons remains to be determined, the diminished Golgi 
size in mutant flies implies that G6P activity creates a cellular envi-
ronment that is beneficial to Golgi expansion (see below).

G6P Increases Golgi Apparatus and Enhances NP Release. The 
central function of mammalian G6P is to catalyze hydrolysis of g-6-p 
during glycogenolysis or gluconeogenesis, generating free glucose 

Fig. 4.   G6P is required to maintain glucose levels in FMRFa neurons of food-
deprived flies. Glucose levels were measured using Glu700KDEL, a FRET-
based, ER-tagged glucose sensor, in FMRFa neurons in the thoracic ganglion 
of GMR18C05-GAL4/UAS-Glu700KDEL flies. Glucose levels are reduced in starved 
G6P mutant flies, which were rescued in the presence of a UAS-G6P transgene. 
The asterisk indicates **P < 0.01 using one-way ANOVA with the Tukey post 
hoc test, N = 8 to 17. Error bars represent SE.

Fig. 5.   G6P positively affects the size of Golgi apparatus in the peptidergic 
neurons. The Golgi apparatus was visualized by expressing the GFP-tagged 
Golgi marker UAS-ManII-eGFP. NP staining was used as a proxy for cell body. 
Golgi size is given as percentage of cell body size (SI Appendix, Fig. S4). FMRFaG6P 
neurons were identified using GMR18C05-GAL4 driving UAS-ManII-eGFP 
expression (A) and NPFG6P neurons were identified using NPF-GAL4 driving UAS-
ManII-eGFP expression (B). Neurons of G6P−/− flies have a significantly smaller 
Golgi apparatus, in fed and starved conditions. This phenotype is rescued by 
UAS-G6P transgene expression. Asterisks indicate *P < 0.05 using the Kruskal–
Wallis test with Dunn’s post hoc test, N = 44 to 65 for FMRFaG6P neurons,  
N = 12 to 23 for NPFG6P neurons. Error bars represent SE. Scale bars are 4 µm.

http://www.pnas.org/lookup/doi/10.1073/pnas.2319958121#supplementary-materials
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that is exported and released into the blood for systemic glucose 
homeostasis when animals are food deprived. Despite the fact that 
Drosophila G6P has such catalytic activity in peptidergic neurons 
and is required to maintain systemic whole-body glucose levels 
(3), multiple lines of evidence argue against a role for Drosophila 
G6P to produce glucose for systemic sugar homeostasis. First, we 
have previously shown that glucose homeostasis can be restored in 
starved G6P mutant flies by expression of TRPA1 in G6P neurons, 
arguing for a signaling role (3). Second, neurons in general have 
high energy demands and are ill equipped for the generation of 
glucose, for which major amounts of stored glycogen or incidental 
supply of amino acids are required. Third and related to this point, 
while G6P peptidergic neurons are diverse, their primary purpose 
is to produce and secrete NPs, an energy-costly process that seems 
difficult to reconcile with other energy-consuming activities such 
glycogenolysis or gluconeogenesis, although fat cells, which carry 
out both glycogenolysis and trehaloneogenesis are also prolific 
hormone producers. And last, in nutrient-deprived flies, the fat 
body is well equipped to maintain sugar homeostasis by generating 
trehalose from g-6-p. These observations, and the fact that neuronal 
glycolysis is largely dispensable (see below), lead us to posit that the 
function of G6P is to counteract glycolysis in peptidergic neurons, 
creating conditions that are overall beneficial to the main task of 
these neurons, the release of NPs.

Volkenhoff et al. showed that glycolysis is dispensable in neu-
rons (48). Specifically, panneuronal RNAi knockdown of numer-
ous glycolytic enzymes in the CNS had no impact on survival and 

overall locomotion, while ubiquitous or panglial knock-down of 
the same genes led to lethality or severe locomotion deficits. Thus, 
glial but not neuronal glycolysis is essential in the CNS for sur-
vival. Moreover, this study also established that lactate generated 
in glia is shuttled to neurons, where it is used for ATP production 
via the TCA cycle. While neurons are likely equipped with glyc-
olytic enzymes necessary for energy production, it is apparent that 
at least in Drosophila, neurons rely mostly on metabolites from 
glia that drive alternative metabolic processes. Based on these find-
ings and the observations reported in this paper, we posit that 
G6P activity counteracts glycolysis in NPG6P neurons, which cre-
ates a cellular environment that enhances production, transport, 
and/or secretion of NPs. For example, shutdown of glycolysis 
reduces the amounts of glycolytic metabolites, which will affect 
the intracellular pH and hence might increase efficacy of numer-
ous biochemical processes beneficial for the expansion of the Golgi 
apparatus and ultimately for NP transport and/or secretion.

Diverse Roles for G6P Enzymes. Humans and most mammals 
have two additional genes encoding G6P, G6PC2 expressed in the 
pancreas, Müller glia cells, and spermatids, and the ubiquitously 
expressed G6PC3. G6PC2 deficient mice show lower fasting 
blood glucose (49), while humans with mutations in G6PC3 
present with heart defects and neutropenia (50, 51). An intriguing 
underlying cellular mechanism for neutropenia in patients 
with mutations in G6PC3 has been proposed (52), namely the 
accumulation of 1,5-anhydroglucitol-6-phosphate (1,5AG6P), a 
toxic metabolite derived from a common circulating food compound 
(1,5-anhydroglucitol). This is consistent with the observation that 
G6PC3−/− neutrophils express numerous markers indicative of ER 
stress, while also exhibiting glycosylation defects (53). Thus, it 
appears that the main role of G6PC3 in neutrophils is to remove 
a metabolite that is detrimental to optimal physiological processes 
within these cells. Alternative—and potentially neuronal—roles for 
G6P enzymes are also indicated by evolutionary arguments, because 

A B

C D

Fig. 6.   FMRFa neurons require G6P for efficient NP secretion. (A and B) 
Secreted (A) and total amount (B) of Anf-GFP was quantified by ELISA (Rat ANP 
ELISA Kit; abcam, ab108797) in flies expressing UAS-Anf-GFP in FMRFa neurons 
(GMR18C05-GAL4). Compared to wild-type (Left bar in each set), the hemolymph 
of G6P mutant flies (center bar) contains significantly lower amounts of Anf-
GFP in both the fed and starved flies (A). Secretion of Anf-GFP is rescued in 
the presence of a UAS-G6P transgene (Right bar in each set). Total amount 
of Anf-GFP was unaffected by the presence or absence of G6P (B). (C and D) 
Secreted (C) and total amount (D) of Ilp2HF was quantified in Ilp21 gd2HF flies, 
which carry a genetically tagged Ilp2 allele. Ectopic expression of UAS-G6P 
under the control of dilp2-GAL4 increased Ilp2HF levels in the hemolymph of 
starved flies (C) with concomitant reduction in total Ilp2HF (D). In fed flies, a 
small increase of total Ilp2HF was observed. Asterisks indicate **P < 0.01 using 
the Kruskal–Wallis with Dunn’s post hoc test, N = 12 for FMRFaG6P neurons, N 
= 9 for IPC. Bars represent SE.

A B

C D

Fig. 7.   FMRFa acts on the FMRFa receptor to establish glycogen stores in 
the jump muscle. (A) FMRFaR was visualized using a GAL4 gene knock-in allele 
(FMRFaR2A-GAL4) combined with UAS-20xUAS-6xGFP, following anti-GFP staining. 
Flies show robust expression in the jump muscle and CNS. Preparation was 
counterstained with Phalloidin (Invitrogen A34055). (B) Glycogen stores in the 
jump muscle were significantly smaller in the FMRFaRMB mutant flies under 
fed conditions, while glucose levels remained unchanged. (C) Glycogen stores 
were restored to wild-type levels when UAS-FMRFaR was expressed in the jump 
muscle (Act79B-GAL4) in FMRFaRMB mutant flies also containing ELAV-GAL80 
suppressor. Expression of UAS-FMRFaR in the fat body using the CG-GAL4 driver, 
however, did not restore glycogen levels in the jump muscle. (D) Glycogen loss 
in the jump muscle is also observed in the G6PMIC and ΔFMRFa mutant flies. 
Asterisks indicate *P < 0.05, **P < 0.01 by the Kruskal–Wallis test with Dunn’s 
post hoc test, n = 7 to 14. Error bars represent SE.
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the G6P genes came into existence in Cnidaria, one of the first 
animal lineages that possessed neuronal cell types, but lacked organs 
comparable to the liver or even a basic circulatory system (54).

FMRFamide Signaling Is Essential to Build Up Muscle Glycogen 
Stores. Our investigations have identified a primary function for 
FMRFamides in glycogen metabolism. Under ad libitum feeding 
conditions, wild-type flies establish considerable glycogen stores, 
which can be mobilized in the form of glucose when food is scarce. 
In contrast, G6PMIC, ΔFMRFa, and FMRFaRMB04659 mutant flies 
generate only about half the amount of glycogen in the jump 
muscle (Fig. 7B) and consequently are unable to maintain whole-
body glucose homeostasis when deprived of food. Thus, G6P-
mediated FMRFa signaling is essential during normal feeding 
conditions to assure that glycogen stores are established in the 
jump muscle.

Sugar homeostasis is remarkably well-conserved between mam-
mals and insects. While in mammals, where counteracting hor-
mones—insulin and glucagon—are secreted from pancreatic β and 
α cells to maintain blood sugar balance, fruit flies use counterbal-
ancing peptides secreted from peptidergic neurons for the same 
process—ILPs and adipokinetic hormone (AKH, the fly analog of 
mammalian glucagon) (reviewed by ref. 55). An increase in circu-
lating sugars or lipids triggers insulin and ILP secretion from β cells 
and the IPCs, respectively, which in turn leads to the build-up of 
fat and glycogen stores in muscle and adipose tissue. When blood 
and hemolymph sugar levels are low, glucagon and AKH secretion 
from pancreatic α cells and the Corpora Cardiaca (CC) increases, 
which ultimately leads to the mobilization of stored fat and glyco-
gen in mammals and insects, respectively. In the fly, the secretion 
of ILPs and AKH is coordinated by the CN neurons that directly 
communicate with IPCs and CC neurons, activating the former 
while suppressing the latter in response to high brain hemolymph 
glucose levels (56). While no direct neural connections between 
FMRFaG6P neurons and IPCs, CC, or CN neurons are apparent, 
it has become evident that multiple, possibly independent, NP 
signaling pathways control carbohydrate metabolism. Indeed, a 
third brain sugar sensor was identified in the posterior superior 
lateral protocerebrum (57). This sensor is activated by a spike of 
the low abundant hemolymph sugar fructose, via the evolutionarily 
conserved gustatory receptor Gr43a (58). These neurons, which 
intriguingly express yet another NP (corazonin) (59), trigger oppo-
site feeding behaviors, promoting food intake when flies are starved, 
but suppressing food intake when satiated.

Our analysis has shown that FMRFaR expression is not restricted 
to the jump muscle, but is found in the CNS (Fig. 7), an observation 
also supported by the “aging fly atlas” (32). This observation leaves 
open the possibility that central neurons might also be modulated 
by FMRFamides. Furthermore, indirect signaling from the jump 
muscle might lead to larger glycogen stores in other tissues such as 
the indirect flight muscle or the adipose, or FMRFamides might 
signal via yet unknown peptide receptors expressed in these tissues. 
In this context, we note that both G6P and FMRFa mutant flies, but 
not FMRFaR mutant flies, exhibit impaired climbing ability, suggest-
ing that the FMRFaG6P neurons might impact metabolic processes 
through FMRFaR independent signaling pathways (SI Appendix, 
Fig. S5). Indeed, Song et al. showed that a cysteine-rich protein diet 
up-regulates FMRFa signaling, which promotes energy expenditure 
and reduces food intake, resulting in overall loss of fat in the adipose 
tissue (60). Their paradigm was based on dietary intervention (high 
cysteine diet), while our study investigated the function (and loss 
thereof) of FMRFa signaling under normal feeding and starvation 
conditions. It will be interesting to see whether, and if so, how differ-
ent metabolic roles of FMRFa are interconnected. In another recent 

report, Ravi et al. identified a role for the FMRFaR in the CNS, 
establishing its requirement in dopaminergic neurons for sustained 
flight (30). However, possible metabolic deficits in these flies or the 
involvement of FMRFamides as signaling molecules was not inves-
tigated. Yet, it is likely that energy for sustained flight also requires 
stored glycogen, provided from the indirect flight muscle or other 
organs, such as the adipose. Indeed, muscle has gained considerable 
attention as a metabolic hub communicating with other organs, 
including the brain, gut, and adipose tissue (61–65). Thus, our study 
and those by Ravi and Song et al. have implicated FMRFa signaling 
as one likely source in the regulation of different, yet possibly inter-
secting, nutrient metabolic signaling processes across different organ 
systems.

Material and Methods

Fly Strains and Maintenance. Experiments were performed using adult D. 
melanogaster males, aged between 7 and 14 d. Flies were reared on the standard 
fly food containing cornmeal, yeast, and sugar at 23 to 24 °C. G6PMI12250 is referred 
to as G6PMIC, FMRFaKG01300 is referred to as FMRFaP, FMRFaRMB04659 is referred to 
as FMRFaRMB. See SI Appendix for detailed genotypes.

Quantification and Statistical Analysis. Statistical significance was calculated 
using Student’s t test or two-tailed Mann–Whitney U test for pairwise compari-
sons, and one-way ANOVA with the Tukey post hoc test or Kruskal–Wallis test with 
Dunn’s post hoc test for multiple comparisons. Error bars are SEM except where 
noted. Significance: *P < 0.05, **P < 0.01, NS: not significant. All replicates are 
from different biological samples (testing different flies or cells). Image analysis 
was performed with NIS-Elements software suite. Statistical analysis was per-
formed in Real Statistics Add-Ins in MS Excel and GraphPad PRISM. Number of 
replicates was 8 to 10 (Fig. 2A), 9 to 12 (Fig. 2B), 8 to 12 (Fig. 2D), 12 to 17 (Fig. 4), 
51 to 65 (Fig. 5A), 12 to 23 (Fig. 5B), 11 (Fig. 6A), 9 (Fig. 6B), 7 to 14 (Fig. 7B), 12 
to 14 (Fig. 7C), 7 (Fig. 7D).

Molecular Biology. The UAS-FLII12Pglu-700µδ6KDEL was generated from the 
expression plasmid pEF/myc/ER FLII12Pglu-700µδ6 (Addgene #17867). The glu-
cose sensor coding sequence was excised using PstI and XbaI. This fragment, 
along with a fragment encoding an ER targeting module (5′- G​AAC​AGA​ATT​CAG​
ATC​TGC​CAC​CAT​GGG​ATG​GAG​CTG​TAT​CAT​CCT​CTT​CTT​GGT​AGC​AAC​AGC​TAC​AGG​CGC​
GCA​CTCCCAGGTCCAACTGCAGTCA-3′) cut with EcoRI and PstI, were cloned in 
a three-way cloning step into the pUAST vector, cut with EcoRI and XbaI. This 
construct was injected into w1118 embryos (Bestgene, Inc). For construction of 
G6P-GAL4DBD, the promoter region of G6P was amplified from genomic DNA of 
the w1118 strain, using 5′-GGCGGCCGCCACTTCGAGAACTTTGGATAGGT-3′ and 5′-G
GGTACCATCGACTCCAATGTTTTCAGTCTT-3′ primers. DNA fragment was cloned into 
pBPZpGAL4DBDUw vector (Addgene #26233) (18).

For construction of the FMRFa-p65AD, the promoter region of FMRFa was 
amplified using 5′- CGTTAACGTTCGAGGTCGACTCTGCAGACGTGGTTTTCG-3′ and 5′-
CGTTAACGTTCGAGGTCGACTCTGCAGACGTGGTTTTCG-3′ primers (37). DNA fragment 
was cloned into pBPp65ADZpUw (Addgene #26234) (18). All constructs were 
injected into w1118 embryos (Bestgene, Inc).

Generation of FMRFa null mutations: FMRFa mutation was generated using 
CRISPR/Cas9 mutagenesis. The guide RNA (gRNA) was designed to anneal to 
nucleotides 175 to 194 downstream of the translation start codon (nucleotide 
1) of the FMRFa gene. Complementary oligos were annealed and cloned into the 
pCFD3-dU6:3gRNA vector (Addgene #49410). The vector was introduced into 
vermillion (v) strain and crossed with Act5C-Cas9 flies (Bloomington #54590). 
Approximately 10 progenies were collected and established as independent lines. 
Each fly within the established lines was sequenced. The deletion in ΔFMRFa 
removes almost 900 nucleotides (175 to 1,063) encoding all 14 FMRFa peptides.

Immunostaining. Fly brains and thoracic ganglions were dissected in 1×PBS 
and then fixed in 4% paraformaldehyde with 0.2% Triton X-100 for 30 min at room 
temperature. Fixed brains were washed three times with PBS containing 0.2% Triton 
X-100. The samples were incubated in blocking buffer (5% heat-inactivated goat 
serum) with 0.2% Triton X-100 for 30 min at room temperature. Then, samples were 
incubated with 1/1,000 diluted primary antibodies for 1 to 2 d at 4 °C. Samples 
were washed three times with PBS with 0.2% Triton X-100 and incubated with 

http://www.pnas.org/lookup/doi/10.1073/pnas.2319958121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319958121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319958121#supplementary-materials
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1/1,000 diluted secondary antibodies for 1 to 2 d at 4 °C. Samples were washed 
three times with PBS with 0.2% Triton X-100 and mounting solution (Vectashield) 
was added. Primary antibodies used in this study include chicken anti-GFP (Thermo 
Fisher Scientific), rabbit anti-mCherry (BioVision), rabbit anti-NPF (RayBiotech), 
mouse anti-OK-A (gift from Akira Mizoguchi, Nagoya University, Nagoya, Japan), 
rabbit anti-IPNa (gift from Stefan Thor, The University of Queensland, Brisbane, 
Australia), rabbit anti-Pdf (gift from Paul Hardin, Texas A&M University, College 
Station, TX), and rabbit anti-FMRFa (RayBiotech). Secondary antibodies were anti-
chicken Alexa488 (Thermo Fisher Scientific), anti-rabbit Alexa555 (Thermo Fisher 
Scientific), and anti-mouse Cy3 (The Jackson laboratory).

In Vivo Glucose Imaging. Glucose imaging of the FMRF neuron in the thoracic 
ganglion was conducted analogously as reported for NPF brain neurons, with the 
following modifications: The thoracic ganglion was extracted from the thorax while 
liquid silicone was applied over the entire preparation to prevent desiccation and 
preserve intracellular homeostatic conditions. Imaging was performed with a Nikon 
Eclipse Ti inverted microscope using 20× water objective, a dichroic filter (Nikon; 
89002), excitation and emission filter wheels with four Chroma filters, ET430/24× 
(#234435), ET500/20× (#235394), ET470/24 m (#234331), and ET535/30 m 
(Chroma #239226). The light source was a Lumen 200 lamp (Prior Scientific Inc). 
Data acquisition was performed with NIS-Elements software (Nikon). For each data 
point, three images were sequentially obtained to calculate FRET [420 to 445 nm 
for CFP excitation and 458 to 482 nm for CFP emission with 400 ms exposure 
(Dd), 420 to 445 nm for CFP excitation and 520 to 550 nm for YFP emission with 
100 ms exposure (Da), 491 to 508 nm for YFP excitation and 520 to 550 nm for 
YFP emission with 100 ms exposure (Aa)]. Dd and Aa were used to calculate false 
FRET signals generated by CFP and YFP molecules alone, respectively. Spillover 
factors for CFP (0.290) and YFP (0.095) were experimentally established (3). For 
data analysis, adjacent area of cell bodies was subtracted as a background. FRET 
efficiency was calculated using the following formula: (Da-0.29xDd-0.095xAa)/Dd.

Golgi Size Measurement. The Golgi apparatus was visualized using UAS-ManII-
eGFP expressed under the control of respective GAL4 drivers. Golgi and NP staining 
was performed as described in Immunostaining except for using 4% paraformal-
dehyde with 0.01% Triton X-100 for fixation. All images were taken using a Nikon 
A1 confocal microscope with 60× oil lens. Golgi and NP images were stacked (0.5 
µm section intervals) and analyzed using ImageJ. Golgi size was determined by 
counting pixels after background was subtracted by thresholding using MaxEntropy 
for Golgi, and Huang or Mean for NPs. Golgi area was determined as the fraction of 
the area positive for NP, which served as a proxy for the cytosol.

Metabolic Analyses. Glucose/trehalose measurements: For glucose and tre-
halose measurements, a single male fly was homogenized in 100 µL of water. 
After heat-inactivation at 95 °C for 5 min, nonsoluble debris was removed by 
centrifugation for 10 min at 14,000 rpm, and soluble fraction was transferred to 
a new Eppendorf tube. 5 µL of the soluble fraction was used for determination of 
glucose and trehalose content, respectively. Glucose was determined by adding 
100 µL of InfinityTM Glucose Hexokinase Reagent (TR15421, Thermo Scientific) to 
5 µL of the soluble fraction for 10 min at 37 °C. Absorbance was measured at 340 
nm using a Genesys 20 spectrophotometer (Thermo Scientific) and quantified 
against a standard glucose curve. For trehalose measurement, 5 µL of porcine 
kidney trehalase (2.3 units/mg; T8778-1UN, Sigma) was added to 5 µL of the sol-
uble fraction for 30 min at 37 °C, followed the addition of 100 µL of the InfinityTM 
Glucose Hexokinase Reagent. Absorbance was measured as for glucose, and final 
trehalose amount was determined by deducting glucose content of the same fly 
sample. Fed flies were taken straight from standard food, while starved flies are 
flies kept on 1% agarose for 24 h prior measurement.

Glycogen measurement: Adult males were anesthetized using CO2. The abdo-
men and head were removed, the thorax separated into the dorsal (flight muscle) 
and the ventral halves (jump muscle). Jump muscles from three flies were placed 
into an Eppendorf tube containing 50 µL of 0.2 % NP-40 and stored at −80 °C, 
until further processing. For measurements, samples were thawed, homogenized 
using a plastic pestle, and nonsoluble debris was separated by centrifugation at 
4 °C for 20 min at 14,000 rpm. 5 µL of the supernatant was incubated with 5 µg 
of amyloglucosidase (Sigma- Aldrich A1602) with 50 mM Na acetate for 30 min 
at 37 °C. The aliquot was mixed with 100 µL of InfinityTM Glucose Hexokinase 
Reagent and incubated for 10 min at 37 °C, before absorbance was measured 
at 340 nm. Glycogen amount was obtained by subtraction of free glucose which 

was determined by measuring 340 nm absorbance of 5 µL of the same sample 
in the absence of amyloglucosidase. Samples were normalized to total amount of 
protein, which was determined using 20 µL of supernatant, to which 20 µL water 
was added. 2.5 µL of this was mixed with 100 µL of Bradford reagent (Bio-Rad 
#5000205) and absorbance was taken at 595 nm to calculate protein concentra-
tion against a standard curve.

Hemolymph NP Measurements. Hemolymph extraction was performed as 
described by ref. 66. Briefly, abdomens of ten flies were punctured at the pos-
terior end and transferred in an iced Eppendorf tube containing 60 µL of PBS 
with 0.2% Tween 20. Flies were submerged in the buffer by spinning samples 
for 1 min at 3,000 × g in a microcentrifuge, followed by vortexing at speed 10 
(Fisher Scientific Vortex mixer) for 10 min. Debris was removed by centrifugation 
for 1 min at 3,000 × g, and the supernatant (hemolymph) was transferred to a 
new tube.

ELISA was performed in triplicates using the ANP ELISA kit (Abcam #ab108797). 
Briefly, 50 µL of samples and standard titration in the range from 0.008 ng/mL to 
2 ng/mL were added to each precoated well. The plate was fully sealed and incu-
bated for 2 to 3 h, followed by 4 to 5 washes with 200 µL of wash buffer. 50 µL of 
Biotinylated ANP antibody was added and incubated for 2 h at room temperature. 
The wells were washed three times and 50 µL of Streptavidin-Peroxidase conju-
gate was added. After 30 min, the wells were washed once. 50 µL of chromogen 
substrate was added and incubated for 20 min or until the desired blue color was 
achieved, after which the reaction was terminated by adding 50 µL of the stop solu-
tion. Absorbance was measured immediately at 450 nm using a microplate reader 
(BioTek Instruments Inc). The background value, obtained from UAS-Anf-GFP; +; + 
flies, was subtracted from Anf-GFP measurements obtained from experimental flies.

Measurement of Ilp2HF in the hemolymph was performed using the Ilp21 gd2HF 
flies as described previously (26). Plates (Nunc Immuno clear modules; Thermo Fisher 
Scientific 468667) were coated with anti-Flag antibody (Sigma-Aldrich F1804) diluted 
in 0.2 M sodium carbonate/bicarbonate buffer (pH 9.4) to a final concentration of 2.5 
µg/mL. Plates were incubated overnight at 4 °C, washed twice using PBS containing 
0.2% Tween 20. The wells were coated with 350 µL PBS containing 2% BSA overnight, 
washed three times with PBS containing 0.2% Tween 20. The hemolymph was extracted 
in the same way as Anf-GFP, described above. 50 µL of hemolymph-containing solu-
tion or FLAG(GS)HA peptide standard (DYKDDDDKGGGGSYPYDVPDYAamide, life-Tein 
LLC) was mixed with 50 µL of PBS containing 1% Tween 20 and 5 ng/mL anti-HA-
Peroxidase 3F10 antibody (Roche #12013819001) and transferred to the wells. Plates 
were sealed and incubated overnight at 4 °C. Samples were removed and wells were 
washed six times with PBS with 0.2% Tween 20. 100 µL of 1-Step Ultra TMB ELISA 
substrate (Thermo Fisher Scientific #34028) was added to each well, and plates were 
gently agitated for 30 min at room temperature. The reaction was stopped by add-
ing 100 µL of 2 M sulfuric acid, and absorbance was measured immediately at 450 
nm. The background value, obtained from w1118 flies, was subtracted from all Ilp2HF 
measurements obtained from experimental flies.

Climbing Assay. The climbing assay was performed as reported by ref. 67. 
Approximately 15 to 20 male flies were placed in a culture plastic vial containing 
regular food (fed conditions) or plain agarose (starved conditions) 24 h prior to 
testing. Flies were transferred into an empty vial with a line marker 8 cm from 
the bottom, and tested by tapping them down gently to the bottom. The number 
of flies climbing up to marked within 10 s was counted.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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