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This useful study provides a systematic comparison of sex-biased enteroendocrine
hormone expression in Drosophila and suggests that gut-derived peptides may
contribute to female-biased triglyceride levels. The revised manuscript includes helpful
textual clarifications and an integrative model, but the evidence remains incomplete,
because the proposed role of Tk is still over-interpreted relative to authors' stated
criterion for statistical significance against both parental controls. The work will be of
interest to researchers studying sex differences in metabolism, but the central
mechanistic claims require either stronger experimental support or more careful
qualification.
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Abstract
Enteroendocrine (EE) cells in the Drosophila gut produce and release multiple factors, including
Allatostatin A (AstA), Allatostatin C (AstC), neuropeptide F (NPF), tachykinin (Tk), Diuretic
hormone 31 (Dh31), Bursicon, CCHamide 1 (CCHa1) and CCHamide 2 (CCHa2), and short
neuropeptide F (sNPF). Collectively, these peptides ensure that physiology (e.g., fat storage, fluid
balance) and behavior (e.g., feeding, sleep) are coordinated with environmental factors such as
nutrient quantity and quality. Despite notable sex differences in physiology and behavior, it
remains unclear whether the regulation and function of these EE cell-derived factors is shared
between males and females. Given that recent data identified sex-biased physiological effects of
two EE cell-derived hormones on Drosophila food intake and energy mobilization, we performed a
detailed characterization of these hormones in male and female flies. Despite an overall male bias
in mRNA levels of AstA, AstC, Tk, NPF, Dh31 in whole-body and head samples, we observed a
strong female bias in mRNA levels of AstC, Tk, and NPF in the gut. To determine whether this sex-
biased regulation was physiologically significant, we monitored triglyceride levels in flies with
gut-specific loss of EE cell-derived hormones. In 5-day-old flies, loss of either EE cell-derived AstC
or Tk reduced fat storage in females with no effect in males. These female-specific effects on fat
storage were reproduced in flies with neuron-specific loss of the AstC (AstC-R2) and Tk receptors
(TkR99D). Together, these data uncover strongly sex-biased regulation of EE cell-derived
hormones, and show that gut-specific loss of two of these hormones had a female-specific effect on
body fat.

Highlights
Enteroendocrine cell-expressed hormones show strongly sex-biased expression

For correspondence:

elizabeth.rideout@ubc.ca

Competing interests: No

competing interests declared

Funding: See page 14

Reviewing editor: Hiromu

Tanimoto, Tohoku University, Japan

© 2025, Biswas & Rideout. This

article is distributed under the terms

of the Creative Commons Attribution

License, which permits unrestricted

use and redistribution provided that

the original author and source are

credited.

Reviewed Preprint
v1 • December 22, 2025
Not revised

Reviewed Preprint
v2 • June 18, 2026
Revised by authors

https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://doi.org/10.7554/eLife.109426.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
mailto:elizabeth.rideout@ubc.ca
mailto:elizabeth.rideout@ubc.ca
mailto:elizabeth.rideout@ubc.ca
https://doi.org/10.7554/eLife.109426.2.sa2
mailto:elizabeth.rideout@ubc.ca
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.109426.1


Biswas and Rideout, 2025 eLife 14:RP109426.  https://doi.org/10.7554/eLife.109426.2 2 of 30

Loss of enteroendocrine cell-derived AstC and Tk reduced body fat only in females
Neuronal loss of AstC or Tk receptors reduced stored fat only in females

1. Introduction
In Drosophila, females store more fat than males [1–7]. Greater female fat storage has been
observed in both mated and unmated females compared with age-matched males [1,3–7]. In flies,
as in other animals, triglyceride is the main form of stored fat. Although triglyceride is present in
many cell types and organs (e.g., oenocytes, glia, neurons, gut) [5,6,8–14], the majority of
triglyceride is stored in an organ called the fat body [3,12,15].

In females, high levels of triglyceride in the fat body play a key role in supporting reproduction
and physiology [5,16]. Indeed, triglyceride from the fat body is a key energy source for the
developing embryo [17]. Increased fat storage in adult females also supports prolonged survival
during nutrient deprivation compared with males [4,6]. Despite these clear benefits of greater fat
storage for female fertility, excess fat accumulation in males adversely affects their reproductive
output. Specifically, males carrying a mutation that promotes excess triglyceride accumulation
show reduced testis size, defects consistent with delays in spermatogenesis, and ultimately a
reduction in sperm number [8]. The sex difference in fat storage therefore likely reflects the fact
that males and females differ in how much whole-body triglyceride storage supports optimal
fertility.

Recent studies have identified genes and pathways that contribute to sex differences in fat storage
[5–7,18]. In mated females, the steroid hormone ecdysone acts on neurons to promote food intake,
which is associated with increased body fat [5]. In unmated adult females, the insulin/insulin-like
growth factor signaling pathway (IIS) plays a key role in maintaining an elevated level of
triglyceride storage compared with adult males [18]. Specifically, adult females have higher
production of Drosophila insulin-like peptide 3 (Dilp3) and greater insulin sensitivity, leading to
higher IIS activity. This elevated IIS activity is important for females to store more triglyceride
than males, as adult-specific ablation of the insulin-producing cells reduces body fat in females but
not males [18].

In males, body fat levels are maintained by higher expression and activity of two catabolic
pathways that promote fat breakdown. One pathway is regulated by triglyceride lipase brummer
(bmm), where males show higher bmm mRNA levels compared with females [6]. This elevated
bmm expression contributes to the sex difference in fat storage by restricting triglyceride
accumulation in males. Similarly, males have higher production and secretion of Adipokinetic
hormone (Akh), a key lipolytic hormone in insects [7]. As with bmm, high levels of Akh in males
contribute to the sex difference in fat storage by limiting fat accumulation in males [7]. Together,
these studies have defined a model of the sex difference in fat storage in which females maintain
higher levels of fat storage in part due to a higher relative activity level for anabolic pathway IIS,
whereas males have lower fat storage due to higher relative activity of catabolic effectors such as
bmm and Akh. While some progress has been made in revealing the mechanisms underlying the
sex-specific regulation of Akh and IIS [7,18], we do not have a complete understanding of the
factors that determine the sex-biased regulation and function of these key metabolic factors.

Recent clues into the regulation of Akh, bmm, and IIS have emerged from studies on peptide
hormone function [19–30], as several hormones influence physiology via effects on Akh- and Dilp-
producing cells [19–22,24–33]. In particular, recent studies have illuminated an important role for
hormones produced by the enteroendocrine (EE) cells of the gut [32,34–36]. Adult Drosophila EE
cells produce and release hormones such as Allatostatin A (AstA), Allatostatin C (AstC),
neuropeptide F (NPF), tachykinin (Tk), Diuretic hormone 31 (Dh31), Bursicon, CCHamide 1 (CCHa1)
and CCHamide 2 (CCHa2), and short neuropeptide F (sNPF) [37–41].

EE cells are identified by expression of the homeodomain protein Prospero in adults [42,43],
where EE cells that produce distinct hormones are present in anatomically defined regions of the
adult gut [43]. For example, AstA- and Dh31-producing EE cells are located in the posterior midgut,
whereas EE cells that produce AstC and Tk are found along the entire length of the midgut [37].
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NPF-producing cells are found in the anterior and middle midgut [41]. Supporting a role for EE
cell-derived hormones in regulating Akh/IIS, in fed conditions studies show EE cell-derived
hormones such as Bursicon inhibit Akh secretion [28], whereas NPF enhances Dilp secretion from
the insulin-producing cells [29]. During starvation, AstC promotes Akh release from Akh-producing
cells to enable lipid mobilization [22]. While some EE cell-derived hormones have been shown to
have sex-biased effects on food intake and energy mobilization [22,44,45], sex differences in the
regulation and function of most of these hormones remain unclear. Defining potential differences
in EE cells is an important task, as prior studies have revealed profound differences in gut biology
between males and females.

For example, males and females differ in overall gut size and shape [46,47] and in the number of
intestinal stem cell divisions [46,48–50]. The absorptive lining of the gut also shows sex differences
during aging [49,51]. After mating, females show pronounced changes to gut size, function, and
gene expression [46,52–55]. While sex differences in intestinal stem cells and enterocytes play a
key role in mediating these differences in gut biology, we know less about male-female differences
in EE cells. We therefore aimed to perform a detailed characterization of EE cell-derived hormones
in males and females, and to determine the contribution of these hormones to physiology in each
sex. We reveal profound sex-biased regulation of EE cell-expressed hormones AstC, Tk, and NPF:
females show higher mRNA levels of these hormones in the gut than males. For at least two EE
cell-derived hormones this sex-biased regulation was physiologically significant, as loss of AstC
and Tk in the gut reduced fat storage in females with no effect in males. These female-specific fat
storage defects were reproduced by loss of AstC and Tk receptors in neurons and/or neuropeptide-
producing cells. While the specific cell type targeted by these EE cell-derived hormones to
influence fat storage remains unclear, this reveals a female-specific contribution of EE cell-derived
hormones in regulating body fat.

2. Results
2.1. Sex differences in expression of gut-derived peptide hormones
Given that several EE cell-derived hormones such as AstA (FBgn0015591), AstC (FBgn0032336), Tk
(FBgn0037976), NPF (FBgn0027109), Dh31 (FBgn0032048) are expressed in cells outside the gut
[20,56–70], we used quantitative real-time PCR (qPCR) to assess whole-body mRNA levels of genes
encoding EE cell-expressed hormones. In particular, we focused on hormones known to influence
whole-body fat metabolism [20,22,29,44,71,72], though an important future direction of this work
will be to assess sex differences in all EE cell-expressed hormones. In 5-day-old w1118 unmated
adult males and females, we found that whole-body mRNA levels of AstA, AstC, Tk, NPF, and Dh31
were significantly higher in males than in females (Figure 1A-E     ). To gain further insight into this
sex-biased expression, we analyzed mRNA levels of these factors from isolated heads and
intestines, as these are the main sites of AstA, AstC, Tk, NPF, and Dh31 production [35,37]. A
significant male bias in mRNA levels was found in the head for AstA, AstC, Tk, NPF, and Dh31
(Figure 1F     -1J     ). In contrast, mRNA levels of AstC, Tk, and NPF in isolated intestines showed a
strong female bias (Figure 1L     -1N     ). No sex bias in the expression of AstA or Dh31 was
observed in the gut (Figure 1K, 1O     ).

Building on the sex bias in mRNA levels, we next examined mRNA levels of receptors that
correspond to EE cell-expressed hormones with sex-biased expression in whole-body, fat body, and
head samples. Whole-body mRNA levels of the receptors for AstA (AstA-R2), AstC (AstC-R2), Tk
(TkR99D), NPF (NPFR), and Dh31 (Dh31-R) were significantly higher in 5-day-old w1118 males
compared with age-matched females (Figure S1A-E). For most peptides, the male bias was due to a
higher mRNA level in the head and not the fat body (Figure S1A-E); however, TkR99D mRNA levels
were higher in male fat bodies with no difference in head mRNA levels (Figure S1C). We therefore
cannot rule out a contribution of additional anatomical sites to the male bias in expression of EE
cell-expressed hormones, which is an interesting area for future investigation. Taken together
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Figure 1. Sex differences in expression of gut-derived peptide hormones.
(A-E) mRNA levels of AstA (p<0.0001; Student’s t-test) (A), AstC (p=0.0002; Mann-Whitney test) (B), Tk (p<0.0001; Student’s t-
test) (C), NPF (p=0.0001; Student’s t-test) (D), Dh31 (p=0.0002; Mann-Whitney test) (E) in whole-body were significantly higher
in 5-day-old w1118 males compared to females. n=7-8 biological replicates. (F-J) mRNA levels of AstA (p<0.0001; Student’s t-
test) (F), AstC (p=0.001; Student’s t-test) (G), Tk (p<0.0001; Student’s t-test) (H), NPF (p=0.0015; Student’s t-test) (I), Dh31
(p<0.0001; Student’s t-test) (J) in heads were significantly higher in 5-day-old w1118 males compared to females. n=8-10
biological replicates. (K) mRNA levels of AstA (p=0.5039; Student’s t-test) in guts were not significantly different between 5-
day-old w1118 females and males. n=7 biological replicates. (L-N) mRNA levels of AstC (p=0.0002; Student’s t-test) (L), Tk
(p<0.0001; Student’s t-test) (M), NPF (p=0.0006; Mann-Whitney test) (N) in guts were significantly higher in 5-day-old w1118

females compared to males. n=7 biological replicates. (O) mRNA levels of Dh31 (p=0.7517; Student’s t-test) in guts were not
significantly different between 5-day-old w1118 females and males. n=7 biological replicates. All data plotted as mean ± SEM.
ns indicates not significant with p>0.05; ** p<0.01, *** p<0.001, **** p<0.0001. See also Figure S1     .
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with our data on peptide mRNA levels, our data suggest sex differences exist in both the
expression of EE cell-derived hormones and in the ability of tissues to respond to available
peptide.

2.2. Sex determination gene transformer does not regulate sex
differences in EE cell-derived peptide mRNA levels
To determine the mechanism by which these differences in mRNA levels are established, we tested
a role for sex determination gene transformer (tra). Normally, a functional Tra protein is only
expressed in females, where Tra specifies most aspects of female sexual development and
behavior [73–76]. Indeed, ectopic Tra expression in males is sufficient to specify many aspects of
female sexual development and physiology [7,48,49,74,77,78]. Because tra mRNA is detected in the
gut, specifically in ISC and EE cells [48,79], we asked whether broad overexpression of Tra in
neurons and/or EE cells contributes to the sex difference in mRNA levels of EE cell-expressed
hormones. For these data, cell type-specific Tra overexpression was considered to have a
significant effect on EE cell-expressed hormones only if the experimental genotype (e.g., tissue-
GAL4>UAS-traF) significantly differed from both parental strains (e.g., tissue-GAL4>+ and +>UAS-
traF) with the same direction of effect. We found that sex differences in mRNA levels of AstA, AstC,
Tk, NPF, and Dh31 were unaffected when we used either voila-GAL4 (Figure 2A     -2J     ) which
expresses in EE and sensory cells, or elav-GAL4 (Figure 2K     -2T     ) which expresses in neurons
and neuropeptide-producing cells, to drive Tra expression in these cells. However, we note that
Tra expression in EE cells further augments the male bias in head Tk mRNA levels (Figure 2H     ),
whereas Tra expression in female neurons paradoxically decreases NPF mRNA levels in the head
(Figure 2S     ). Tra expression in neurons similarly had no effect on mRNA levels of AstC-R2,
TkR99D, or Dh31-R in the head (Figure S2A-C). Thus, sex determination tra does not establish sex
differences in levels of the mRNAs that encode either EE cell-derived hormones or their receptors.

2.3. Gut-derived Tachykinin and Allatostatin C promote female fat
storage
Given that EE cell-derived AstC, NPF, and Tk regulate fat storage and phenotypes associated with
fat storage (e.g., starvation resistance) in single- and mixed-sex animal groups [22,29,44,72], we
wanted to assess whether these hormones contribute to the sex difference in fat storage. We used
RNAi to knock down levels of AstC, Tk and NPF with GAL4 drivers targeting these specific EE
populations (AstC-GAL4, Tk-GAL4, and NPF-GAL4, respectively). Importantly, GAL4 activity for
each driver line was restricted to the gut using R57C10-GAL80, a validated approach to target only
the gut cells that produce these hormones [22,44,45]. For all fat storage data, cell type-specific RNAi
was considered to have a significant effect on fat storage only if the experimental genotype (e.g.,
tissue-GAL4>UAS-RNAi) significantly differed from both parental strains (e.g., tissue-GAL4>+ and
+>UAS-RNAi) with the same direction of effect. We found gut-specific loss of AstC (genotype AstC-
GAL4>UAS-AstC-RNAi, R57C10-GAL80) caused a significant reduction in body fat in females with
no effect in males (Figure 3A     ). Gut-specific knockdown of Tk (genotype Tk-GAL4>UAS-Tk-RNAi,
R57C10-GAL80) similarly showed a trend toward a female-specific decrease in fat storage
(pGAL4=0.1109; pUAS=0.0118), with no significant effect on male body fat (Figure 3B     ). This
suggests a role for gut-derived AstC and a potential role for gut-derived Tk in regulating female
body fat, whereas gut-derived AstC or Tk do not play a role in regulating male body fat. In contrast,
gut-specific loss of NPF (NPF-GAL4>UAS-NPF-RNAi, R57C10-GAL80) did not significantly alter
whole-body fat storage in either males or females (Figure 3C     ). Together, these data suggest that
the female-biased expression of AstC and Tk in the gut play physiologically significant roles in
regulating fat storage in females.
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Figure 2. Sex determination gene transformer does not regulate sex differences in EE cell-derived peptide
mRNA levels.
For all data, cell type-specific RNAi was considered to have a significant effect only if the experimental genotype (e.g., tissue-
GAL4>UAS-RNAi) significantly differed from both parental strains (e.g., tissue-GAL4>+ and +>UAS-RNAi) with the same direction
of effect. (A-E) mRNA levels of AstA (A), AstC (B), Tk (C), NPF (D), and Dh31 (E) in the gut were measured in voila-GAL4>UAS-traF

flies and respective genetic controls (voila-GAL4>+ and +>UAS-traF) in females and males. Tra expression did not alter AstA
(female: pGAL4>0.9999 and pUAS>0.9999; male: pGAL4>0.9999 and pUAS=0.0084), AstC (female: pGAL4=0.6814 and pUAS=1.0;
male: pGAL4=0.9965 and pUAS=0.0463), Tk (female: pGAL4=0.2258 and pUAS>0.9999; male: pGAL4=0.0006 and pUAS=0.0004), NPF
(female: pGAL4=0.1579 and pUAS=0.3389; male: pGAL4=0.6639 and pUAS=0.9043) or Dh31 (female: pGAL4=0.0439 and
pUAS=0.9745; male: pGAL4=0.9953 and pUAS=0.1370) levels in either sex. Sex:genotype interaction: AstA (p<0.0001), AstC
(p=0.1078), Tk (p=0.0004), NPF (p=0.1655), Dh31 (p=0.1945). Data were analyzed by two-way ANOVA with Bonferroni or Tukey’s
HSD post-hoc tests as appropriate (aligned rank transform applied for non-parametric data in B and E); n=5 biological
replicates. (F–J) mRNA levels of AstA (F), AstC (G), Tk (H), NPF (I), and Dh31 (J) in the head were measured in voila-GAL4>UAS-traF

flies and respective genetic controls (voila-GAL4>+ and +>UAS-traF) in females and males. Tra expression did not alter AstA
(female: pGAL4>0.9999 and pUAS=0.3344; male: pGAL4>0.9999 and pUAS>0.9999), AstC (female: pGAL4>0.9999 and pUAS<0.0001;
male: pGAL4=0.6687 and pUAS=0.0236), NPF (female: pGAL4>0.9999 and pUAS=0.0006; male: pGAL4=0.5030 and pUAS=0.6158) or
Dh31 (female: pGAL4>0.9999 and pUAS=0.0003; male: pGAL4>0.9999 and pUAS>0.9999) levels in either sex. In females, Tk
(pGAL4>0.9999 and pUAS=0.0044) levels did not alter, but in males, Tk was increased compared with both controls
(pGAL4=0.0120 and pUAS=0.0156). Sex:genotype interaction: AstA (p=0.2471), AstC (p=0.0189), Tk (p=0.0003), NPF (p=0.1408).
Dh31 (p=0.0403). Data were analyzed by two-way ANOVA with Bonferroni post-hoc tests; n=8 biological replicates. (K–O)
mRNA levels of AstA (K), AstC (L), Tk (M), NPF (N), and Dh31(O) in the gut were measured in elav-GAL4>UAS-traF flies and
respective genetic controls (elav-GAL4>+ and +>UAS-traF) in females and males. Neuronal Tra expression did not alter AstA
(female: pGAL4>0.9999 and pUAS=0.0534; male: pGAL4=0.5496 and pUAS=0.1858), AstC (female: pGAL4=0.5948 and pUAS=0.0878;
male: pGAL4=0.1745 and pUAS=0.1745), Tk (female: pGAL4>0.9999 and pUAS=0.0269; male: pGAL4>0.9999 and pUAS=0.2110), NPF
(female: pGAL4>0.9999 and pUAS=0.1158; male: pGAL4>0.9999 and pUAS=0.6652), or Dh31 (female: pGAL4=0.5442 and
pUAS=0.8086; male: pGAL4=0.1650 and pUAS=0.5258) levels in either sex. Sex:genotype interaction: AstA (p=0.6125), AstC
(p=0.4992), Tk (p=0.5212), NPF (p=0.6546), Dh31 (p=0.9566). Data were analyzed by two-way ANOVA with Bonferroni or Tukey’s
HSD post-hoc tests as appropriate (aligned rank transform applied for non-parametric data in L and O); n=6 biological
replicates. (P–T) mRNA levels of AstA (P), AstC (Q), Tk (R), NPF (S), and Dh31 (T) in the head were measured in elav-GAL4>UAS-
traF flies and respective genetic controls (elav-GAL4>+ and +>UAS-traF) in females and males. Neuronal Tra expression did not
alter AstA (female: pGAL4=0.9843 and pUAS=0.7086; male: pGAL4=0.0628 and pUAS=0.9936), AstC (female: pGAL4=0.1253 and
pUAS=0.8540; male: pGAL4=0.9086 and pUAS=0.0188), Tk (female: pGAL4=0.6051 and pUAS=0.9999; male: pGAL4=0.3600 and
pUAS=0.2760), or Dh31 (female: pGAL4>0.9999 and pUAS>0.9999; male: pGAL4=0.2918 and pUAS=0.5990) levels in either sex. NPF
was reduced in females compared with both controls (pGAL4=0.0347 and pUAS=0.0273) but was unchanged in males
(pGAL4=0.0656 and pUAS=0.6253). Sex:genotype interaction: AstA (p=0.0171), AstC (p=0.0198), Tk (p=0.2324), NPF (p=0.6872),
Dh31 (p=0.4360). Data were analyzed by two-way ANOVA with Tukey’s HSD or Bonferroni post-hoc tests as appropriate
(aligned rank transform applied for non-parametric data in P, Q, R, S); n=5–6 biological replicates. All data plotted as mean ±
SEM. ns indicates not significant with p>0.05; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. See also Figure S2     .
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Figure 3. Gut-derived Tachykinin and Allatostatin C promote female fat storage.
For all data, cell type-specific RNAi was considered to have a significant effect only if the experimental genotype (e.g., tissue-
GAL4>UAS-RNAi) significantly differed from both parental strains (e.g., tissue-GAL4>+ and +>UAS-RNAi) with the same direction
of effect. (A) Whole-body triglyceride levels were significantly lower in AstC-GAL4>UAS-AstC-RNAi,R57C10-GAL80 females
compared with AstC-GAL4>+,R57C10-GAL80 and +>UAS-AstC-RNAi control females (pGAL4<0.0001 and pUAS<0.0001), an effect
that was not observed in males (pGAL4=0.4527 and pUAS=0.1056) (sex:genotype interaction p<0.0001). Two-way ANOVA
followed by Bonferroni post-hoc test; n=8 biological replicates. (B) Whole-body triglyceride levels were not significantly
different in Tk-GAL4>UAS-Tk-RNAi,R57C10-GAL80 females and males compared with controls (female: pGAL4=0.1109 and
pUAS=0.0118; male: pGAL4<0.0001 and pUAS=0.5704) (sex:genotype interaction p<0.0001) though we note a trend toward lower
body fat in females. Two-way ANOVA followed by Bonferroni post-hoc test; n=8 biological replicates. (C) Whole-body
triglyceride levels were not significantly different in NPF-GAL4>UAS-NPF-RNAi,R57C10-GAL80 females and males compared with
controls (female: pGAL4>0.9999 and pUAS>0.9999; male: pGAL4>0.9999 and pUAS=0.4134) (sex:genotype interaction p=0.2890).
Two-way ANOVA followed by Bonferroni post-hoc test; n=8 biological replicates. All data plotted as mean ± SEM. ns indicates
not significant with p>0.05; ** p<0.01, **** p<0.0001.
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2.4. Allatostatin C receptor and Tachykinin receptor in neurons
promote fat storage in females but not males
Neurons and neuropeptide-producing cells are key cell types upon which AstC, Tk, and NPF act to
influence physiology [22,29,32,72,80,81]. We therefore predicted that loss of AstC-R2 and TkR99D in
these cells would reproduce the reduced fat storage we observed in females with loss of EE cell-
derived AstC and Tk, though we cannot fully rule out effects of Tk and AstC mediated by other
receptors as we did not test these additional receptors [82,83]. To test this, we used elav-GAL4 to
knock down AstC-R2 and TkR99D in post-mitotic neurons and neuropeptide-producing cells. In
females, loss of AstC-R2 in neurons and neuropeptide-producing cells caused a significant
decrease in body fat, with no effect in males (Figure 4A     ). This reproduced the body fat
phenotype caused by loss of gut AstC. A similar female-specific reduction in fat storage was
observed with loss of TkR99D in neurons and neuropeptide-producing cells (Figure 4B     ),
reproducing the potential fat storage phenotype of females with loss of gut-derived Tk. In line with
the lack of body fat effect due to loss of gut-derived NPF, we saw no significant change in fat
storage in either males or females with loss of NPFR in neurons and neuropeptide-producing cells
(Figure 4C     ). Together, these data suggest that AstC and Tk may promote whole-body fat storage
in females via effects on neurons and neuropeptide-producing cells.

To narrow down the neurons and neuropeptide-producing cells in which AstC-R2 and TkR99D act
to mediate their effects on female fat storage, we used cell-type-specific GAL4 drivers to
overexpress RNAi transgenes directed at these genes. Given that these gut-derived peptides have
been shown to influence metabolic homeostasis and feeding via effects on the insulin-producing
cells (IPCs) and the Akh-producing cells (APCs) [19,22,68], we first knocked down AstC-R2 and
TkR99D in these cells. We used dilp2-GAL4 to drive expression of UAS-Astc-R2-RNAi and UAS-
TkR99D-RNAi in the IPCs, and Akh-GAL4 to drive expression of these transgenes in the APCs. Loss
of AstC-R2 in the IPC had no significant effect on fat storage in either males or females compared
with sex-matched controls (Figure 4D     ). IPC-specific loss of TkR99D, on the other hand, caused a
significant increase in whole-body fat storage in males (Figure 4E     ) with no change in females. In
the APC, loss of neither receptor altered fat storage in males or females (Figure 4F, 4G     ). These
findings are interesting for several reasons.

For example, in males, loss of EE cell-derived Tk and loss of TkR99D across neurons had no effect
on fat storage, in contrast to the greater fat storage observed with IPC-specific TkR99D loss. This
suggests that Tk derived from outside of the gut, and likely in the head, regulates fat storage via
effects on TkR99D in the IPC. Future experiments will be needed to test this model, and to
determine how Tk affects IPC biology in males. Further studies will also be needed to understand
why IPC but not pan-neuronal loss of TkR99D causes an effect on male body fat. Possible
explanations include greater knockdown in the IPC using Dilp2-GAL4, or that Tk mediates
opposing effects on body fat via effects on TkR99D in multiple neuron groups. In females, more
work will be needed to identify the neurons upon which Tk acts to regulate body fat, and to test
the relative contributions of EE cell- and brain-derived Tk in regulating body fat.

3. Discussion
EE cell-derived hormones regulate body fat in single- and mixed-sex animal groups; however, it
has been unclear whether the regulation and function of these peptides differ between the sexes.
The goal of our study was to perform a detailed comparison of EE cell-derived hormones between
the sexes, and to test if these hormones contribute to the sex difference in fat storage. Our
assessment revealed profound female-biased expression of EE cell-expressed hormones within the
gut. This differential expression was physiologically significant, as we showed that EE cell-derived
Tk and AstC promote female fat storage. Interestingly, these effects were not mediated by the IPC
or APC, cells that we have previously shown contribute to the sex difference in fat storage. Taken
together, our data provide additional insight into the highly complex mechanism(s) by which
unmated female flies achieve higher fat storage than male flies (Figure 5     ).
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Figure 4. Allatostatin C receptor and Tachykinin receptor in neurons promote fat storage in females but
not males.
For all data, cell type-specific RNAi was considered to have a significant effect only if the experimental genotype (e.g., tissue-
GAL4>UAS-RNAi) significantly differed from both parental strains (e.g., tissue-GAL4>+ and +>UAS-RNAi) with the same direction
of effect. (A–C) Whole-body triglyceride levels were measured in elav-GAL4>UAS-RNAi flies targeting AstC-R2 (A), TkR99D (B),
and NPFR (C), along with respective genetic controls (elav-GAL4>+ and +>UAS-RNAi) in females and males. Knockdown of AstC-
R2 (female: pGAL4=0.0001 and pUAS=0.0013; male: pGAL4=0.0564 and pUAS>0.9999; sex:genotype interaction p=0.0631) and
TkR99D (female: pGAL4<0.0001 and pUAS<0.0001; male: pGAL4>0.9999 and pUAS>0.9999; sex:genotype interaction p<0.0001)
significantly reduced triglyceride levels in females compared with no significant differences in males. Knockdown of NPFR did
not change triglyceride levels in either females or males compared with controls (female: pGAL4<0.0001 and pUAS>0.9999;
male: pGAL4<0.0001 and pUAS>0.9999; sex:genotype interaction p=0.2470). Data were analyzed by two-way ANOVA followed by
Bonferroni post-hoc tests; n=8 biological replicates. (D) Whole-body triglyceride levels were not significantly different in dilp2-
GAL4>UAS-AstC-R2-RNAi females and males compared with controls (female: pGAL4<0.0001 and pUAS>0.9999; male:
pGAL4=0.0156 and pUAS=0.3419; sex:genotype interaction p<0.0001). Two-way ANOVA followed by Bonferroni post-hoc test;
n=8 biological replicates. (E) Whole-body triglyceride levels were not significantly different in dilp2-GAL4>UAS-TkR99D-RNAi
females compared with controls (pGAL4=0.0321 and pUAS=0.0724). Whole-body triglyceride levels were significantly higher in
dilp2-GAL4>UAS-TkR99D-RNAi males compared with dilp2-GAL4>+ and +>UAS-TkR99D-RNAi control males (pGAL4<0.0001 and
pUAS=0.0003; sex:genotype interaction p<0.0001). Two-way ANOVA followed by Bonferroni post-hoc test; n=8 biological
replicates. (F) Whole-body triglyceride levels were not significantly different in Akh-GAL4>UAS-AstC-R2-RNAi females and males
compared with controls (female: pGAL4=0.3817 and pUAS=0.0181; male: pGAL4=0.1229 and pUAS>0.9999; sex:genotype
interaction p=0.0241). Two-way ANOVA followed by Bonferroni post-hoc test; n=8 biological replicates. (G) Whole-body
triglyceride levels were not significantly different in Akh-GAL4>UAS-TkR99D-RNAi females and males compared with controls
(female: pGAL4=0.4601 and pUAS>0.9999; male: pGAL4>0.9999 and pUAS=0.8744; sex:genotype interaction p=0.0595). Two-way
ANOVA followed by Bonferroni post-hoc test; n=8 biological replicates. All data plotted as mean ± SEM. ns indicates not
significant with p>0.05; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 5. Model of sex differences in fat storage.
Schematic representation of complex mechanisms that promote higher fat storage in Drosophila females. Profound female-
biased EE cell-derived Tk and AstC promote female fat storage, an effect mediated by neurons but independent of the IPC or
APC. EE cell-derived factors therefore act alongside a greater insulin/insulin-like growth factor signaling pathway activity,
lower Adipokinetic hormone (Akh) signaling, and lower expression of triglyceride lipase brummer (bmm) to specify higher
adiposity in female flies. In males, we detected no contribution of gut-derived factors to fat storage, which we previously
showed is kept at a lower level than in females by higher bmm expression and Akh signaling. Thus, multiple complex
mechanism specify higher fat storage in unmated female flies compared with males. IPCs: insulin-producing cells; APCs:
adipokinetic hormone-producing cells; CNS: central nervous system; bmm: brummer; EC: enterocyte; EB: enteroblast; EE:
enteroendocrine; ISC: intestinal stem cells; AstC: Allatostatin C; Tk: Tachykinin; Dilps: Drosophila insulin-like peptides; Akh:
Adipokinetic hormones. Created in BioRender. Rideout, E. (Created with https://BioRender.com/9z1gko5     ).
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While it was not the main goal of our study, our survey of EE cell-expressed hormones in
Drosophila revealed that the sex bias in expression was not uniform across tissues. In the gut,
mRNA levels of AstC, Tk, and NPF were higher in females than in males. In the brain, mRNA levels
of these hormones showed a significant male bias, in line with data from previous reports on Tk
[57] and NPF [64]. While it remains unclear whether the tissue-specific sex bias in expression is
physiologically significant, peptides derived from the gut and the brain have been shown to
mediate distinct effects on physiology and/or behavior. For example, EE cell-derived AstC regulates
energy homeostasis and food-seeking behaviors in adult females [22], whereas neuron-derived
AstC is involved in regulating locomotion in adult males [60] and the circadian regulation of
oogenesis in adult females [70]. Neuron-derived Tk similarly regulates locomotion [65,69], food
consumption [68], Dilp secretion [19], and aggression [57], whereas gut-derived Tk regulates
intestinal lipogenesis [72] and stem cell divisions in the midgut [84–86]. Supporting a potential sex-
specific role for peptides derived from different anatomical sites in regulating physiology, gut-
derived AstC stimulates fat breakdown during starvation through the Akh pathway in mated
females with no effect in males [22]. Future studies are therefore needed to determine whether
there are sex differences in whether the effects of EE cell-derived hormones are primarily
mediated by local or systemic mechanisms.

Another important task for future studies will be to elucidate how sex differences in neuropeptide
expression are established. The first step in understanding these mechanisms will be to determine
which factors specify the sex bias in neuropeptide mRNA levels. Because our data shows that sex
determination gene tra does not regulate the sex bias in neuropeptide expression in either the
brain or the gut, the role of other factors that influence sexual identity and sexual differentiation
must be assessed. One strong candidate is the steroid hormone ecdysone, as virgin females have
higher ecdysone titers than males [87–89]. Ecdysone plays a role in regulating sexual
differentiation and development [5,90,91], and contributes to male-female differences in multiple
aspects of intestinal physiology (e.g., intestinal stem cell proliferation) [46,50] and brain
development [92,93]. Another candidate is juvenile hormone, which has been shown to regulate
sexual maturation in Drosophila and other insects [94–100]. While it remains unclear whether
juvenile hormone titers differ between virgin males and females, juvenile hormone regulates
many aspects of gut physiology in mated females (e.g., intestinal lipid accumulation, intestinal
stem cell proliferation) [54,101] and influences brain development [102]. Other than hormones, it
is possible that sex determination gene Sex-lethal plays a role in regulating the sex difference in
mRNA levels of EE cell-derived hormones, as tra-independent effects of Sex-lethal have been
described in the brain [103]. Future studies will also need to test additional members of the sex
determination pathway. While sex differences in expression of EE cell-derived hormones does not
involve tra, and is therefore unlikely to involve known tra targets such as fruitless [104,105],
without further experiments we cannot fully rule out these additional sex determination pathway
members.

In parallel to identifying the factor(s) responsible for establishing the sex difference in EE cell-
expressed hormones, it will be important to reveal the cellular basis for this differential
expression. For example, a sex difference in the number of EE cells and neuropeptide-expressing
cells in the brain could explain the differences in expression. Supporting this, gut length, overall
brain size, and neuron number have been shown to differ between males and females [34,48,106–
113]. In the gut, the difference in length is at least partially due to a sex difference in the
proliferation of intestinal stem cells [46,48,49], which undergo asymmetric divisions and
subsequent differentiation to generate all gut cell types including EE cells [34,42,114–118].

In the brain, males and females differ in the number of neurons found within many identified
clusters [106,107,109–113,119], including the cells that produce NPF [64] and Tk [57]. Differences in
neuron number have been primarily attributed to sex-specific programmed cell death [112,119–
122]; however, sex differences in neuroblast cell death and/or proliferation may also play a role
[111,123–125].
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Beyond the effects of cell number, sex differences in EE cell-derived hormone mRNA levels may
also be due to differential gene and/or protein expression of these factors, which have been
reported for other peptide hormones [7,18,64]. Because sex differences in the activity of peptide
hormone-producing cells have also been previously described [7], it is clear that a detailed
examination of sex differences in EE cells, and more generally in neuropeptide-producing cells, is
needed to gain a comprehensive picture of how these cells differ between males and females.
Benefits of such a detailed study include gaining insight into potential mechanisms underlying sex
differences in other aspects of physiology and behavior. For example, EE cells regulate ISC
homeostasis [84,126], and EE cell-derived hormones act locally and systemically to regulate
appetite, food ingestion, food digestion, gut motility, and immune responses [35,81,127,128].
Importantly, male-female differences in many of these phenotypes have been reported [52,53,129–
132].

Overall, our findings identify EE cell-derived hormones AstC and Tk as important factors that
promote higher fat storage in Drosophila adult virgin females. This builds on a recent paper
identifying a key role for IIS in promoting higher levels of fat storage in unmated females but not
males [18], advancing knowledge of the factors that establish an optimal level of stored fat in each
sex.

4. Materials and methods
4.1. Fly strains
The following fly strains from the Bloomington Drosophila Stock Center were used: w1118

(RRID:BDSC_3605     ), voila-GAL4 (RRID:BDSC_80572     ), dilp2-GAL4 (IPCs) (RRID:BDSC_37516     ),
UAS-traF (RRID:BDSC_4590     ), UAS-NPF-RNAi (RRID:BDSC_27237     ), UAS-TkR99D-RNAi
(RRID:BDSC_27513     ), UAS-AstC-RNAi (RRID:BDSC_25868     ), UAS-NPFR-RNAi
(RRID:BDSC_25939     ), UAS-AstC-R2-RNAi (RRID:BDSC_36888     ), UAS-Tk-RNAi
(RRID:BDSC_25800     ), elav-GAL4 (RRID:BDSC_458     ). We obtained R57C10-GAL80; NPF-GAL4,
R57C10-GAL80; Tk-GAL4 and R57C10-GAL80; AstC-GAL4 as kind gifts from Dr. Kim Rewitz at the
University of Copenhagen, and Akh-GAL4 was a kind gift from Dr. Mike Gordon at The University
of British Columbia. We acknowledge FlyBase as an essential resource providing genetic, genomic,
and functional data and tools that supported this study [133].

4.2. Fly husbandry
Fly media was prepared with the following ingredients: 20.5 g/L sucrose, 70.9 g/L D-glucose, 48.5
g/L cornmeal, 45.3 g/L yeast, 4.55 g/L agar, 0.5 g/L CaCl2•2H2O, 0.5 g/L MgSO4•7H2O, 11.77 mL/L acid
mix (propionic acid/phosphoric acid). For all experiments, we allowed female flies to lay eggs on
grape juice agar plates for 12 hr. At 24 hr after egg laying, 50 larvae were picked into vials
containing 10 mL of food and reared at 22°C. Males and females were distinguished by the
presence of sex combs in the late pupal period and placed into single-sex vials to eclose. After
eclosion, adult flies were maintained at a density of twenty flies per vial in single-sex groups.
Unless otherwise stated, all experiments used 5- to 7-day-old unmated flies. We used unmated flies
to identify genetic factors that regulate the sex difference in body fat; mated females were not
used to avoid mating-induced changes in physiology mediated by additional factors (e.g., Sex-
peptide) and behavioral changes due to altered food preferences.

4.3. Adult weight
Groups of 10 flies were placed in pre-weighed 1.5 ml microcentrifuge tubes (Diamed Lab Supplies,
DIATEC610-2550) and weighed on an analytical balance (Mettler-Toledo, ME104).

4.4. Whole-body triglyceride measurements
Triglyceride is the main form of stored fat in the body, with very little in the circulation [134]. We
therefore refer to whole-body triglyceride as ‘fat storage’ or ‘body fat’. One biological replicate
consisted of five flies. Flies were collected in a 1.5 ml tube and homogenized in 350 μl of 0.1%
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Tween (Amresco, 0777-1L) in 1X phosphate-buffered saline (PBS; Sigma-Aldrich, P5493) using 50 μl
of glass beads (Sigma-Aldrich, Z250473) that were agitated at 8 m/s for 5 s (OMNI International
BeadRuptor 24).

Triglyceride concentration was measured using the Stanbio Triglyceride Liquid Reagent (FT7610,
BD386a/d, BD386b) according to the manufacturer’s instructions and as described previously
[13,18] with minor modifications. Briefly, 10 μl of either homogenate or triglyceride standard
(FT7610) was added to 190 μl of activated triglyceride reagent (Enzymatic Triglyceride Reagent,
BD386a/d; Triglyceride Activator, Cat. No. BD386b) in a 96-well plate. After a 15 min incubation at
room temperature, the absorbance was read at 540 nm (Thermo Scientific – Multiskan FC
Microplate Photometer).

4.5. RNA extraction, cDNA synthesis, and Quantitative real-time
PCR (qPCR)
One biological replicate consisted of 3-5 adult fly guts, or 10 adult fly heads, or 5 whole-body adult
flies. Samples were homogenized in 500 μl Trizol (Thermo Fisher Scientific; 15596018). Chloroform
was added to Trizol to separate the mixture into aqueous and organic phases, and isopropanol was
added to the aqueous phase (in a fresh tube) to precipitate the RNA. RNA was resuspended in
either 20-25 μl (for guts and heads) or 200 μl (for whole-body) of molecular biology grade water
(Corning, 46-000-CV). RNA was stored at -80°C until use. Each experiment contained 5-10 biological
replicates per sex and per genotype; each experiment was repeated twice.

For genomic DNA elimination and cDNA synthesis, an equal amount of RNA per reaction was
DNase-treated and reverse transcribed according to manufacturer’s instructions using the
QuantiTect Reverse Transcription Kit (Qiagen, 205314). Relative mRNA transcript levels were
quantified using qPCR as described previously [6]. Data were normalized to the average fold
change of Actin5C and β-tubulin. For a full primer list, refer to Document S1.

4.6. Statistical analysis
Statistical analyses and data presentation were completed using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA). All data were tested for normality using the Shapiro-Wilk test.
Normally-distributed data were subjected to parametric tests as appropriate, including Student’s t-
test and two-way ANOVA followed by Bonferroni post-hoc test. For non-normally distributed data,
we used the Mann-Whitney test. For two-way ANOVA involving data that do not satisfy the
normality assumption, aligned rank transformation was first applied using the art() function
from the ARTool R package [135]. Then, ANOVA was performed on the transformed data with the
base R anova() function. Finally, the art.con() function from the ARTool package was used to
extract the main as well as the interaction effects. Default parameters were used in each step of
the analysis. For all statistical analyses, differences were considered significant if p<0.05.
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Summary of goals:

The authors' stated goal (line 226) was to compare gene expression levels for gut hormones
between males and females. As female flies contain more fat than males, they also sought to
identify hormones that control this sex difference. Finally, they attempted to place their
findings in the broader context of what is already known about established underlying
mechanisms.

Strengths:

(1) The core research question of this work is interesting. The authors provide a reasonable
hypothesis (neuro/entero-peptides may be involved) and well-designed experiments to
address it.
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(2) Some of the data are compelling, especially positive results that clearly implicate
enteropeptides in sex-biased fat contents.

Comments on revised version:

There are small but useful improvements in the revised manuscript. Textual revisions have
helped clarify some points, and I particularly appreciate the model (Figure 5). It gives a
broader overview of fat storage regulation, even if new insights are limited to a generic
statement that this phenomenon is complex (e.g. line 261).

One crucial sticking point is again the handling of statistics. As the authors now explain,
peptide knockdown effects are significant only if the experimental group differs from both
parental controls (lines 191-194). By this definition (which is indeed the field standard and I
also agree with), Tk knockdown had no significant effect (Figure 3B). The authors partially
acknowledge this, initially calling the result a trend (line 198), but in many other places in
their manuscript (e.g. lines 258-259, line 333) including in the Abstract (line 30) they
(misre)present it as if it were significant. I have a huge problem with this, and it is the reason
why I evaluate the strength of the evidence as Incomplete.

Overall, I do not think it is meaningful for authors to undergo a new (second) revision if they
do not carry out experiments to address key points.

https://doi.org/10.7554/eLife.109426.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:

Reviewer #1 (Public review):

Summary of goals:

The authors' stated goal (line 226) was to compare gene expression levels for gut
hormones between males and females. As female flies contain more fat than males, they
also sought to identify hormones that control this sex difference. Finally, they attempted
to place their findings in the broader context of what is already known about established
underlying mechanisms.

Strengths:

(1) The core research question of this work is interesting. The authors provide a
reasonable hypothesis (neuro/entero-peptides may be involved) and well-designed
experiments to address it.

(2) Some of the data are compelling, especially positive results that clearly implicate
enteropeptides in sex-biased fat contents (Figures 1 and 3).

We thank the Reviewer for this overall positive assessment of our work.

Weaknesses:

(1) The greatest weakness of this work is that it falls short of providing a clear
mechanism for the regulation of sex-biased fat content by AstC and Tk. By and large,
feminization of neurons or enteroendocrine cells with UAS-traF did not increase fat in
males (Figure 2). The authors mention that ecdysone, juvenile hormone or Sex-lethal may
instead play a role (lines 258-270), but this is speculative, making this study incomplete.
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Figure 2 shows pan-neuronal or EE-specific expression of the female-specific Tra isoform
(UAS-traF) did not explain sex differences in mRNA levels of EE cell-derived factors (we did
not test body fat in this figure). We therefore agree that we did not pinpoint the upstream
regulator of this difference, and suggest in our revised manuscript that identifying this
regulator(s) will be an important future direction of our work.

“Another important task for future studies will be to elucidate how sex differences in
neuropeptide expression are established. The first step in understanding these mechanisms
will be to determine which factors specify the sex bias in neuropeptide mRNA levels. Because
our data shows that sex determination gene tra does not regulate the sex bias in
neuropeptide expression in either the brain or the gut, the role of other factors that influence
sexual identity and sexual differentiation must be assessed. One strong candidate is the
steroid hormone ecdysone, as virgin females have higher ecdysone titers than males.
Ecdysone plays a role in regulating sexual differentiation and development, and contributes
to male-female differences in multiple aspects of intestinal physiology (e.g., intestinal stem
cell proliferation) and brain development. Another candidate is juvenile hormone, which has
been shown to regulate sexual maturation in Drosophila and other insects. While it remains
unclear whether juvenile hormone titers differ between virgin males and females, juvenile
hormone regulates many aspects of gut physiology in mated females (e.g., intestinal lipid
accumulation, ISC proliferation) and influences brain development. Other than hormones, it
is possible that sex determination gene Sex-lethal plays a role in regulating the sex difference
in mRNA levels of EE cell-derived hormones, as tra-independent effects of Sex-lethal have
been described in the brain.”

(2) Related to the above point, the cellular mechanisms by which AstC and Tk regulate fat
content in males and females are only partially characterized. For example, knockdown
of TkR99D in insulin-producing neurons (Figure 4E) but not pan-neuronally (Figure 4B)
increases fat in males, but Tk itself only shows a tendency (Figure 3B). In females, the
situation is even less clear: again, Tk only shows a tendency (Figure 3B), and pan-
neuronal, but not IPC-specific knockdown of TkR99D decreases fat.

We thank the Reviewer for raising this point. In terms of general data interpretation, unless
the ‘experimental genotype’ (e.g., cell type-specific gain/loss of a gene) shows a significant
difference in gene expression or body fat (e.g., lower body fat/gene expression) from both
control genotypes (UAS control, GAL4 control), the cell type-specific manipulation of a gene is
not considered to have a biologically meaningful effect as it does not differ in phenotype
from the parental strains.

To ensure reader clarity on this issue we added the following text:

“For these data, cell type-specific Tra overexpression was considered to have a significant
effect on EE cell-expressed hormones only if the experimental genotype (e.g., tissue-
GAL4>UAS-traF) significantly differed from both parental strains (e.g., tissue-GAL4>+ and
+>UAS-traF) with the same direction of effect.”

“For all fat storage data, cell type-specific RNAi was considered to have a significant effect on
fat storage only if the experimental genotype (e.g., tissue-GAL4>UAS-RNAi) significantly
differed from both parental strains (e.g., tissue-GAL4>+ and +>UAS-RNAi) with the same
direction of effect.”

Thus, in Figure 3B our data shows that gut-specific loss of Tk caused a trend toward
decreased body fat in females ((pGAL4=0.1109 and pUAS=0.0118) with no effect in males
(pGAL4<0.0001 and pUAS=0.5704).

In Figure 4B our data shows that pan-neuronal loss of TkR99D caused a significant decrease
in female body fat ((pGAL4<0.0001 and pUAS<0.0001) with no effect in males ((pGAL4>0.9999
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and pUAS>0.9999).

In Figure 4E our data shows that IPC-specific loss of TkR99D caused a significant increase in
male body fat ((pGAL4<0.0001 and pUAS=0.0003) with no effect in females ((pGAL4=0.0321 and
pUAS=0.0724).

To summarize our findings for the reader, in our revised manuscript we added text to the
Results section:

“This suggests a role for gut-derived AstC and a potential role for gut-derived Tk in regulating
female body fat, whereas gut-derived AstC or Tk do not play a role in regulating male body
fat.”

“These findings are interesting for several reasons. For example, in males, loss of EE cell-
derived Tk and loss of TkR99D across neurons had no effect on fat storage, in contrast to the
greater fat storage observed with IPC-specific TkR99D loss. This suggests that Tk derived from
outside of the gut, and likely in the head, regulates fat storage via effects on TkR99D in the
IPC. Future experiments will be needed to test this model, and to determine how Tk affects
IPC biology. Further studies will also be needed to understand why IPC but not pan-neuronal
loss of TkR99D causes an effect on body fat. Possible explanations include greater knockdown
in the IPC using Dilp2-GAL4 or that Tk mediates opposing effects on body fat via effects on
additional neuron groups with pan-neuronal TkR99D loss. In females, more work will be
needed to identify the neurons upon which Tk acts to regulate body fat, and to test the
relative contributions of EE cell- and brain-derived Tk in regulating body fat.”

(3) The text sometimes misrepresents or contradicts the Results shown in the figures.
UAS-traF expression in neurons or enteroendocrine cells did sometimes alter fat contents
(Figure 2H, S), but the authors report that sex differences were unaffected (lines 164-166).
On the other hand, although knockdown of Tk in enteroendocrine cells caused no
significant effect (Figure 3B), the authors report this as a trend towards reduction (lines
182-183). This biased representation raises concerns about the interpretation of the data
and the authors' conclusions.

In Figure 2 we show the effects of UAS-traF expression in either EE cells or in neurons on
mRNA levels of EE cell-derived factors (not body fat). Figure 2H shows the effect of UAS-traF
in EE cells on Tk mRNA levels in the head, and Figure 2S shows the effect of pan-neuronal
UAS-traF on NPF mRNA levels in the head.

We thank the Reviewer for pointing out we should comment on the significant findings in 2H
and 2S even though the direction of effect does not contribute to the sex difference in mRNA
levels. In our revised manuscript we added the following text to this effect:

“However, we note that Tra expression in EE cells further augments the male bias in head Tk
mRNA levels (Figure 2H), whereas Tra expression in female neurons paradoxically decreases
NPF mRNA levels in the head (Figure 2S).”

(4) The authors find that in males, neuropeptide expression in the head is higher (Figure
1F-J). This may also play an important role in maintaining lower levels of fat in males, but
this finding is not explored in the manuscript.

We thank the Reviewer for pointing this out.

In response to an earlier comment, one of the phrases we added to the revised manuscript
was to acknowledge that the increased body fat we observed due to IPC-specific loss of
TkR99D in males was likely mediated by Tk in the head, as there was no significant effect of
loss of EE cell-derived Tk on body fat in males.
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“These findings are interesting for several reasons. For example, in males, loss of EE cell-
derived Tk and loss of TkR99D across neurons had no effect on fat storage, in contrast to the
greater fat storage observed with IPC-specific TkR99D loss. This suggests that Tk derived from
outside of the gut, and likely in the head, regulates fat storage via effects on TkR99D in the
IPC. Future experiments will be needed to test this model, and to determine how Tk affects
IPC biology.”

Appraisal of goal achievement & conclusions:

The authors were successful in identifying hormones that show sex bias in their
expression and also control the male vs. female difference in fat content. However,
elucidation of the relevant cellular pathways is incomplete. Additionally, some of their
conclusions are not supported by the data (see Weaknesses, point 3).

Impact:

It is difficult to evaluate the impact of this study. This is in great part because the authors
do not attempt to systematically place their findings about AstC/Tk in the broader context
of their previous studies, which investigated the same phenomenon (Wat et al.,
2021, eLife and Biswas et al., 2025, Cell Reports). As the underlying mechanisms are
complex and likely redundant, it is necessary to generate a visual model to explain the
pathways which regulate fat content in males and females.

We agree with the Reviewer that sex differences in fat storage are complex. We were also
surprised that our findings regarding EE cell-derived hormones did not contribute to sex
differences in the Akh- and insulin-producing cells. This suggests the regulation of sex
differences in body fat is highly complex and involves many different factors. In our revised
manuscript, we added text to this effect, and a graphical abstract to synthesize our past and
new findings together into a single model.

“Interestingly, these effects were not mediated by the IPC or APC, cells that we have
previously shown contribute to the sex difference in fat storage. Taken together, our data
provide additional insight into the highly complex mechanism(s) by which unmated female
flies achieve higher fat storage than male flies (Fig. 5).”

Reviewer #2 (Public review):

Summary:

This manuscript by Biswas and Rideout investigates sex differences in the expression and
function of hormones derived from Drosophila enteroendocrine cells (EE). The authors
report that while whole-body and head expression of several EE hormones (AstA, AstC, Tk,
NPF, Dh31) is male-biased, gut-specific expression of AstC, Tk, and NPF is female-biased.
Intriguingly, this sex-specific effect is not dependent on Tra - a surprising and important
result. The authors then used an RNAi-based approach to demonstrate that gut-derived
AstC and Tk promote fat storage specifically in females. Similar effects are observed
when their receptors are knocked down in neurons. In addition, the authors were able to
demonstrate that while Tk promotes female body fat via the insulin-producing cells.
Together, these findings suggest that EE cell-derived hormones contribute to sex-specific
fat storage regulation.

We thank the Reviewer for their positive assessment of our paper.

Strengths:

Overall, I find the paper quite interesting. While the findings are brief, they reveal novel
aspects of the sex-specific lipid storage program that I believe are important. As noted by
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the authors in the discussion, there are many open questions, including how these
neuronal effects translate into systemic sex-specific regulation of lipid storage.
Regardless, I find the results to be convincing - this paper will serve as the launching
point of many future studies.

Weaknesses:

My main criticisms are focused on two points:

(1) If the sex specific differences are eliminated by tra overexpression, what else might be
responsible? As the authors note, the differences in 20E titers might be responsible. I
would encourage the authors to simply feed adult flies with food containing 20E and
determine if this alters sex-specific 20E expression.

We agree that there are many candidates (e.g., ecdysone, juvenile hormone) that might
contribute to sex differences in mRNA levels of EE cell-derived hormones. We suggest this is
an important future direction of our work.

“Another important task for future studies will be to elucidate how sex differences in
neuropeptide expression are established. The first step in understanding these mechanisms
will be to determine which factors specify the sex bias in neuropeptide mRNA levels. Because
our data shows that sex determination gene tra does not regulate the sex bias in
neuropeptide expression in either the brain or the gut, the role of other factors that influence
sexual identity and sexual differentiation must be assessed. One strong candidate is the
steroid hormone ecdysone, as virgin females have higher ecdysone titers than males.
Ecdysone plays a role in regulating sexual differentiation and development, and contributes
to male-female differences in multiple aspects of intestinal physiology (e.g., intestinal stem
cell proliferation) and brain development. Another candidate is juvenile hormone, which has
been shown to regulate sexual maturation in Drosophila and other insects. While it remains
unclear whether juvenile hormone titers differ between virgin males and females, juvenile
hormone regulates many aspects of gut physiology in mated females (e.g., intestinal lipid
accumulation, ISC proliferation) and influences brain development. Other than hormones, it
is possible that sex determination gene Sex-lethal plays a role in regulating the sex difference
in mRNA levels of EE cell-derived hormones, as tra-independent effects of Sex-lethal have
been described in the brain.”

(2) I'm quite intrigued by the discovery that Tra does not eliminate the sex-specific
differences. There are quite a few recent studies demonstrating that fruitless influences
sex-specific neuronal function - here to I would encourage the authors to examine
whether this aspect of the sex-determination pathway is involved in the lipid
accumulation phenotype.

We thank the Reviewer for raising this point. Transcripts derived from the fruitless-P1
promoter, which is largely responsible for the production of male-specific FruM proteins in
the CNS, are spliced by Tra. Therefore, while we cannot definitively rule out a role for
fruitless, it is less likely given that the Tra expression in males (which would eliminate FruM

proteins in males) did not have a significant effect. In the revised manuscript, we added text
to clarify this important point.

“Future studies will also need to test additional members of the sex determination pathway.
While sex differences in expression of EE cell-derived hormones does not involve tra, and is
therefore unlikely to involve known tra targets such as fruitless, without further experiments
we cannot fully rule out these additional sex determination pathway members.”

Reviewer #1 (Recommendations for the authors):
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(1) The authors should explain why they focused on AstA, AstC, Tk, NPF and Dh31 but not
Bursicon, CCHamides 1 and 2, and sNPF, especially since the latter four are also
important entero-peptides.

We thank the Reviewer for raising this point. In our revised manuscript we clarify that
evaluating sex differences in all EE cell-derived hormones will be an important future
direction of our work.

“In particular, we focused on hormones known to influence whole-body fat metabolism,
though an important future direction of this work will be to assess sex differences in all EE
cell-expressed hormones.”

(2) The authors initially compare peptide gene expression in males vs. females (Figure 1),
but all subsequent comparisons (Figures 2-4) are experimental group vs. controls. It is
necessary to directly compare males vs. females for these experiments as well, since the
sex-biased difference is the focus of the paper. This may also help with variable
performance of controls for some experiments (e.g. Figure 2), which makes interpreting
these data difficult.

We thank the Reviewer for making this point. In terms of general data interpretation, as with
our response to an earlier point, unless the ‘experimental genotype’ (e.g., cell type-specific
gain/loss of a gene) shows a significant difference in gene expression or body fat (e.g., lower
body fat) from both control genotypes (UAS control, GAL4 control), the cell type-specific
manipulation of a gene is not considered to have a biologically meaningful effect as it does
not differ in phenotype from the parental strains.

To ensure reader clarity on this issue we added the following text to the Results section:

“For all fat storage data, cell type-specific RNAi was considered to have a significant effect on
fat storage only if the experimental genotype (e.g., tissue-GAL4>UAS-RNAi) significantly
differed from both parental strains (e.g., tissue-GAL4>+ and +>UAS-RNAi) with the same
direction of effect.”

In terms of comparing the sexes, all of our analyses used a two-way ANOVA and tested for a
sex:genotype interaction. This allowed us to test whether males and females showed a
statistically distinct response to the different genetic manipulations. To ensure clarity for
readers, we include p-values for all the sex:genotype interactions in figure legends.

(3) The organization of Figure 1 is unintuitive because the authors change the order of
peptides in the last row of panels (Figure 1 K-O). The authors should keep the same
order, so that every column corresponds to the same peptide, to make the figure easier
for readers to follow.

We thank the Reviewer for pointing out that we should make every row the same order of EE
cell-derived peptides. We made this change in our revised manuscript.

(4) The authors should explain why mRNA levels in whole-body samples are so highly
skewed towards males (sometimes approaching 3-fold expression), whereas in the
constituting tissues (head, guts), the differences are much milder and also in opposite
directions. How do the big differences in favor of males in Figure 1A-E come about? Does
the inclusion of the VNC skew expression levels so much?

We thank the Reviewer for suggesting we clarify several points around the anatomical focus
of sex differences in mRNA levels of EE cell-derived hormones. In our revised manuscript we
explain that while male-biased mRNA levels in heads suggest that sex-biased expression in
whole bodies may be attributed to expression in heads, that other tissues may contribute to
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the male-biased expression. We further state this is an interesting area for future
investigation.

“For most peptides, the male bias was due to a higher mRNA level in the head and not the fat
body (Figure S1A-E); however, TkR99D mRNA levels were higher in male fat bodies with no
difference in head mRNA levels (Figure S1C). We therefore cannot rule out a contribution of
additional anatomical sites to the male bias in expression of EE cell-expressed hormones,
which is an interesting area for future investigation.”

(5) The authors use voila-GAL4 as a driver for enteroendocrine cells, but this line is also
expressed in sensory cells. The authors should at least mention the expression pattern of
this line at first mention (line 165).

We thank the Reviewer for raising this point, we added text to this effect in the revised
manuscript:

“We found that sex differences in mRNA levels of AstA, AstC, Tk, NPF, and Dh31 were
unaffected when we used either voila-GAL4 (Figure 2A-2J) which expresses in EE and sensory
cells, or elav-GAL4 (Figure 2K-2T) which expresses in neurons and neuropeptide-producing
cells, to drive Tra expression in these cells.”

(6) Figure legends for Figures 2, 3 and 4 should be simplified and condensed to more
concisely describe the panels. There is a lot of redundant repetition, which can easily be
avoided by organizing the panels into groups (for example, in Figure 2, A-E should get a
single legend entry rather than separate ones).

We thank the Reviewer for this suggestion, we shortened our legends in the revised
manuscript.

(7) The authors refer to triglyceride contents as 'fat storage', but triglycerides can also be
carried through the hemolymph via lipoproteins. The authors should use a more factual
expression like 'total triglycerides'.

We thank the Reviewer for this comment. Circulating lipoproteins in Drosophila carry
primarily diacylglycerol, phosphatidylethanolamine, and sterol, with only a small fraction of
triacylglycerol (PMID 22844248). Nevertheless, to ensure we are clear we added text in the
Methods section to clarify that “fat storage” refers to whole-body triacylglycerol.

“Triglyceride is the main form of stored fat in the body, with very little in the circulation. We
therefore refer to whole-body triglyceride levels as ‘fat storage’ or ‘body fat’.”

(8) The authors should justify their use of unmated flies for their experiments (line 324)
and comment if they expect similar findings and mechanisms in mated flies, especially
since nutritional and energy demands are greater in mated females.

We added text to the methods to justify our use of unmated females to uncover the genetic
mechanisms that contribute to sex differences in body fat.

“We used unmated flies to identify genetic factors that regulate the sex difference in body fat;
mated females were not used to avoid mating-induced changes in physiology mediated by
additional factors (e.g., Sex-peptide) and behavioral changes due to altered food preferences.”

(9) Are there any additional AstC and/or Tk receptors that could also play a role? The
authors should comment on why they focused on AstC-R2 and TkR99D alone.

We thank the Reviewer for this interesting point. We added text in our revised manuscript to
acknowledge that we tested the primary known receptors for AstC and Tk, other receptors
may contribute to their effects.
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“We therefore predicted that loss of AstC-R2 and TkR99D in these cells would reproduce the
reduced fat storage we observed in females with loss of EE cell-derived AstC and Tk, though
we cannot fully rule out effects of Tk and AstC mediated by other receptors as we did not test
these additional receptors.”

(10) The authors cite Song et al. 2014 to justify using R57C10-GAL80 to restrict expression
patterns to the gut (lines 177-179), but upon checking that paper,r I could not find that
Song et al. used this approach. Please scrutinize this and remove the reference if it is
incorrect.

We thank the Reviewer for pointing out that Song et al. did not specify how they achieved
gut-specific Tk-GAL4; we removed this reference.

Reviewer #2 (Recommendations for the authors):

(1) Line 70 - the statement "In males, body fat is maintained..." seems too generic. I
would suggest a small edit - "In males, body fat levels are maintained...".

This is a good suggestion, thank you, we made the appropriate adjustment.

“In males, body fat levels are maintained by higher expression and activity of two catabolic
pathways that promote fat breakdown.”

(2) Lines 78-81 - These statements suggest an either/or scenario, but I assume this is
more a function of balance and equilibrium, where females have more ISS signaling that
maintains elevated fat, while bmm pushes homeostasis in males toward catabolism. The
authors should include more nuanced statements.

We thank the Reviewer for this suggestion. In our revised manuscript we adjusted the text as
follows:

“Together, these studies have defined a model of the sex difference in fat storage in which
females maintain higher levels of fat storage in part due to a higher relative activity level for
anabolic pathway IIS, whereas males have lower fat storage due to higher relative activity of
catabolic effectors such as bmm and Akh.”

(3) Please provide all RRID numbers for the listed BDSC strains - the RRID numbers can be
found at the bottom of the BDSC page for each strain.

We thank the Reviewer for this suggestion, we added the RRID to the Methods.

(4) Please cite the most recent FlyBase manuscript published in Genetics. Ideally, a
statement under the fly husbandry section noting that Flybase was used as a resource
throughout the study.

Thank you for this suggestion, we made the requested change to properly acknowledge this
critical community resource.

“We acknowledge FlyBase as an essential resource providing genetic, genomic, and
functional data and tools that supported this study.”

https://doi.org/10.7554/eLife.109426.2.sa0
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