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Animals must adapt their dietary choices to meet their nutritional needs.
How these needs are detected and translated into nutrient-specific appetites

that drive food-choice behavioursis poorly understood. Here we show

that enteroendocrine cells of the adult female Drosophila midgut sense
nutrients and in response release neuropeptide F (NPF), whichis an ortholog
of mammalian neuropeptide Y-family gut-brain hormones. Gut-derived

NPF acts on glucagon-like adipokinetic hormone (AKH) signalling to

induce sugar satiety and increase consumption of protein-rich food, and
onadipose tissue to promote storage of ingested nutrients. Suppression

of NPF-mediated gut signalling leads to overconsumption of dietary sugar
while simultaneously decreasing intake of protein-rich yeast. Furthermore,
gut-derived NPF has a female-specific function in promoting consumption
of protein-containing food in mated females. Together, our findings suggest
that gut NPF-to-AKH signalling modulates specific appetites and regulates
food choice to ensure homeostatic consumption of nutrients, providing
insight into the hormonal mechanisms that underlie nutrient-specific

hungers.

Animals must be able to select the specific nutrients they need to con-
sume. Food selection is governed by appetites for specific nutrients
to ensure adequate ingestion of macronutrients needed to maintain
nutritional homeostasis and optimal fitness'2. This has given rise to
the hypothesis that organisms can feel specific hungers or appetites
for the type of nutrients they need**. Nutrient-specific appetite has
been demonstrated in many organisms, including humans®®. Such
homeostatic nutrient consumption requires sensors that detect the
internal nutritional state and mechanisms that translate this informa-
tioninto changesinfeeding decisions. Food consumptionis controlled
by nutritional signals from the periphery, such as the adipokine lep-
tin and a variety of gut hormones, that act together with circulating
nutrients on the brain’. However, the hormones and mechanisms that
governnutrient-specificappetites that drive appropriate food choices
to maintain or restore homeostasis are poorly defined.

The fruit fly Drosophila, like mammals, regulates feeding behav-
iours according to internal state"*°. The gut is one of the largest
endocrine organs, releasing a number of different hormones from
specialized enteroendocrine cells (EECs) in both fliesand mammals'©",
Gut-to-brainsignalling conveysimportantinformation about the nutri-
tional nature of the intestinal contents, and enteric nutrient-sensing
and ssignalling play key roles in regulating food intake'>", For example,
in the nutrient-deficient state, orexigenic or hunger signals from the
mammalian gut such as the hormone ghrelin drive appetite to promote
food consumption. Conversely, inresponse to food consumption, the
mammalian gut releases glucagon-like peptide 1 (GLP-1), whichacts as
a satiety signal that reduces further food intake. Such satiety signals
prevent excess nutrient intake, which can lead to the development
of obesity and associated metabolic disorders, and GLP-1therapy is
effective in reducing body weight by lowering appetite'*. The fly gut
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is structurally similar to the mammalian gastrointestinal tract, and
many gut-derived hormones are evolutionarily conserved™', making
Drosophila an attractive model for unravelling the signals by which the
gut controls feeding decisions and sex differencesin feeding behaviour.
Indeed, a great deal has been learned about gut-derived hormonal
signalling in this system" 2.,

Although substantial progress has been made in understanding
the gut-hormonal signalling that controls metabolism'®?**, much less
isknown about how the gut communicates the presence or absence of
specific nutrients to adjust food choice, and gut-derived signals that
regulate appetite towards specific nutrients have not been described.
Here, we show that EECsin the adult female Drosophila gut sense sugar
and in response release neuropeptide F (NPF), an ortholog of mam-
malian neuropeptide Y (NPY) hormones. NPF acts via several routes
of tissue crosstalk to suppress sugar appetite and promote intake of
protein-rich food in mated females, suggesting that NPF isimportant
for regulation of food choices and prevention of excessive sugar con-
sumption, which has been linked to obesity.

Results

Midgut NPF suppresses sugar intake and energy breakdown

To identify gut-derived hormones and nutrient-sensing mechanisms
thatregulate feeding, we performed anin vivo RNA-interference screen
of secreted factors and receptors in adult Drosophila. We focused on
the EECs, which produce a variety of factors that play key roles in the
coordination of food intake and metabolism'%***, We examined
the effect of adult-restricted, EEC-specific gene knockdown on the
sugar-water feeding behaviour of fed males and females (Fig. 1a) using
the fly liquid-food interaction counter (FLIC) system, which allows
automated monitoring of Drosophila feeding behaviours®. We used
the driver voila-GAL4 to target the RNAi effect to the EECs, in com-
bination with ubiquitously expressed temperature-sensitive GAL8O
(Tub-GAL8O™), together referred to as EEC> hereafter, which allowed
us to induce gene silencing only in the adult stage’®*°. Among our
hits was the peptide NPF, knockdown of which increased the feeding
time of mated females on sugar-only food while decreasing males’
sugar-interaction time (Fig. 1b and Extended Data Fig. 1a). To rule out
contributions of the UAS transgene itself to the phenotype, we crossed
the UAS-NPF-RNAi** (NPFi*¥) line to the control w"*background. This
genotype showed results similar to those seen with the driver control
(Extended Data Fig. 1b). This suggests that lack of NPF production in
the EECs of mated females enhances their interest in or motivation to
feed on sugar.

Knockdown of gut NPF throughout development has recently
been associated with increased consumption of food containing both
sugarand yeastinvirgin femaleadults”. We therefore analyzed whether
EEC-derived NPF also regulates intake of sugar+yeast food in mated
females. We measured short-term (30-minute) food intake using a
dye-consumption assay with standard adult fly food* containing both
sugar (9%) and yeast (8%). To measure short-term intake, we precondi-
tioned animals by fasting them for 15 hours to increase consumption.
We confirmed that, like virgins, mated females with adult-restricted

EEC knockdown of NPF also consumed significantly more sugar+yeast
food than controls (Fig. 1c and Extended Data Fig. 1c). We also applied
the capillary feeder (CAFE) assay** to quantify sugar intake over a
longer period. Before this assay as well, we exposed animals to a
15-hour period of fasting to enhance consumption. Mated females with
adult-restricted EEC knockdown of NPF consumed significantly more
sugar over the 6-hour period than controls (Fig.1d and Extended Data
Fig. 1d). Since the sugar-feeding phenotype was observed in animals
whether they were fully fed or preconditioned by 15-hour fasting
(Fig. 1b,c,d), we chose to use animals that were 15-hour fasted for
consistency in the following feeding assays, since this allows robust
measurements inshort-term food intake assays as well as longer-term
feeding assays. Conversely, in males, loss of NPF in the EECs led to
reduced food consumption over an even longer period of 24 hours
(Extended Data Fig. 1le). Together, these results indicate that
gut-derived NPF suppresses sugar intake in females.

To attribute these effects specifically to EEC-derived NPF, we
measured the expression of NPF in dissected midguts and central
nervous systems (CNS; brain and ventral nerve cord, VNC). NPF
transcript levels were strongly reduced in the female midgut when
EEC> was used to drive knockdown of NPF, whereas expression in
the CNS was unaltered, which was confirmed by immunostainings
(Fig. 1e,f,g and Extended Data Fig. 1f,g). To further support this, we
used a second driver, NPF::22A::GAL4 (NPF>), a CRISPR-mediated
insertion of T2A::GAL4 into the native NPF locus that drives GAL4
expression in only NPF-producing cells®. Since NPF is expressed in
both neurons and EECs, we used pan-neuronal R57C10-GAL8O, an
optimized nSyb-GALS8O variant that suppresses neuronal GAL4
(ref.’®), to suppress the GAL4 activity of NPF>in the nervous system.
We confirmed that this driver combination (R57C10-GAL8O; NPF>),
referred to hereafter as NPF?**>, efficiently knocks NPF down in the
midgut without affecting CNS expression (Fig. 1h and Extended
Data Fig. 1h,i). Knockdown of NPF using this gut NPF-specific driver
caused a marked increase in intake of sugar+yeast food measured
over 30 minutes and in consumption of sugar-only medium meas-
ured over 6 hours after 15-hour starvation (Fig. 1i and Extended
Data Fig. 1j). Taken together, these data indicate that EEC-specific
loss of NPFis responsible for the observed feeding phenotypes and
indicate that gut NPF acts as a satiety signal that inhibits sugar
consumption.

To examine the ability of NPF to promote satiety, we injected
synthetic NPF peptideinto circulationin mated females. EEC-specific
knockdown of NPF induced hyperphagia, which was blocked by NPF
injection (Fig. 1jand Extended Data Fig. 1k). NPF injection did not affect
haemolymphsugar levels (Fig. 1k), indicating that the observed feeding
effect was notaconsequence of alterations inglycaemic levels. Next, we
expressed the thermosensitive Transient receptor potential A1 (TrpAl)
cation channel® in the NPF" EECs to enable induction of NPF release.
Incubation at 29 °C, which induces TrpAl-mediated peptide release,
inhibited food intake, an effect that was abolished by simultaneous
NPF knockdown (Fig. 11). These NPF-induced changes in food intake
were likewise not associated with altered triacylglyceride (TAG) or

Fig. 1| Gut-derived NPF regulates sugar intake and metabolism in mated
females. a, Sugar feeding in mated females with RNAi-mediated knockdown of
hormones and transporters in the EECs of the midgut. b, Total time feeding using
FLIC; n=16 EEC>,n=9 EEC > NPFi*. ¢,d, Consumption (c) of sugar+yeast food
(9% sugar and 8% yeast) determined by dye assay, and of 10% sugar (d) measured
by CAFE assay; ¢, n=8 FEC>and EEC>NPFi*"; d,n=8 FEC>,n=9 EEC>NPFi*¥ e,
Conditional NPFknockdown with EEC> affects the EECs but not the CNS (brain
and VNC); n = 6 biological replicates from tissues pooled from six animals

for each condition. f,g, NPFimmunostaining of CNS and midgut, quantified
ing; n=7CNS, n =6 midguts. Scale bars, 50 um. h, Quantification of images
represented in Extended Data Fig. 1i,immunostaining of NPFknockdown using
the NPF> driver with pan-neuronal GAL80 (R57C10-GAL8O; NPF>-together,

NPF“*>) of midgut EECs and CNS; n = 7 tissues each. i, Intake measured by dye-
consumption and CAFE assays. Left n =10 NPF¥“>, n =9 NPF“>NPFi"™"; right
n=14 NPF*"*>, n =15 NPF*">NPFi"™"_j k, Consumption and glycaemic levels after
injection of NPF peptide into the haemolymph. j,n=9each.k,n=11each.1,
Thirty-minute food intake measured by dye assay during activation of NPF* EECs
using the heat-sensitive TrpAl channel; n =10 NPF*“>,n =8 NPF*“>TrpAl,n=9
NPF“>TrpAl NPFi™" m, Survival under starvation. n, TAG levels; n = 8 fed EEC>,
n=10 fed EEC>NPFi**, n =9 starved EEC>, n = 9 starved EEC>NPFi**. All animals
were mated females. Bars represent mean + s.e.m. NS, not significant. b-d,i, Two-
tailed unpaired Student’s ¢-test. e,g,h,n, Two-tailed unpaired Mann-Whitney
U-test. j-1, One-way ANOVA with Tukey’s multiple-comparisons test. m, Kaplan-
Meier log-rank tests.
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circulating sugar levels (Extended Data Fig. 1,m), supporting a direct
role for gut-derived NPF in governing feeding behaviour, rather than
effects of NPF on metabolism that then lead secondarily to altered
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behaviour. Together, these results indicate that NPF from these EECs
is both necessary and sufficient to inhibit food intake and prevent food
overconsumption.
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Feeding behaviours are tightly coordinated with physiology to
maintain metabolicbalance. Our findingsindicate that NPF acts as asati-
ety signal, which suggests that it should act after ameal. Inthis scenario
NPF would be expected to promote storage and inhibit mobilization
ofenergy. Asanindirect measure of energy storage and mobilization,
we first assessed animals’ starvation resistance. NPFknockdownin the
EECs throughout development (voila>without Tub-GALS8O™ (Fig.1m)),
as well as adult-restricted RNAi (Extended Data Fig. 2a,b,c), led to a
decreaseinstarvationresistancein femalesbut not males, inline with
arecent study linking gut NPF to metabolic programs associated with
energy storage”. Consistent with their shortened starvation survival,
we found that females with constitutive (Extended Data Fig. 2d) or
adult-restricted (Fig. 1In and Extended Data Fig. 2e) EEC knockdown
of NPF showed a decrease in both TAG and glycogen levels, whereas
TAG levels were not affected by EEC-specific NPF loss in males. These
observations suggest that although NPF does affect metabolism in
the adult stage, it also regulates early life history in ways that affect
the adult. We found that haemolymph glucose levels increased more
after re-feeding in animals with EEC suppression of NPF, consistent
with their increased sugar consumption (Extended Data Fig. 2f), and
showing that the mechanisms of sugar absorption and transport into
circulationare functional. Together our findings indicate that, in addi-
tion to the metabolic findings described recently”, amain function of
EEC-derived NPF inthe adult stageis the regulation of feeding, particu-
larly the inhibition of sugar intake in mated females.

Gut NPF suppresses sugar intake and regulates food choice
Our findings suggest that NPF acts as asugar-satiety signal. To test this
hypothesis directly, we examined whether gut NPF affected animals’
preference for dietary sugar when they were given the choice between
two different sucrose concentrations (1and 10%). NPFknockdownin the
EECsincreased feeding and preference for10% sugar in mated females
(Fig. 2a,b,c and Extended Data Fig. 3a,b). These results indicate that
NPF is part of a postingestion sugar-sensing mechanism required to
decrease sugar appetite.

Given that females increase their preference for protein-rich
food after mating to meet the metabolic requirements of egg produc-
tion®, we speculated that gut NPF might beimportant to reduce sugar
appetite and increase intake of protein-rich food in mated females.
Postmating sex peptide (SP) signalling within the female induces an
increased preference for yeast®, and this peptide has also been shown
to potentiate NPF release from the midgut"”. We confirmed that mating
induces NPF secretion from the midgut by measuring EEC NPF protein
levels. After mating, NPF peptide levels were reduced in the midgut,
consistent with increased release (Fig. 2d). Using a luciferase-based
CalexA reporter”, in which calcium induces the expression of lucif-
erase, we found that NPF* EECs showed increased calcium-reporter
activity after mating in an SP-dependent manner (Fig. 2e). We therefore
proposed that gut-derived NPF might be involved in mediating the
SP-induced increase in protein consumption in mated females. To

test this possibility, we investigated whether NPF affects yeast prefer-
ence by using atwo-choice dye-based consumption assay to measure
preference between sugar or protein-rich yeast food°®. Animals were
deprived of protein for 3 days before the experiment by keeping them
onsucrose-only food toincrease their preference for yeast food®, mak-
ing any reduction in this preference easier to observe. We observed
that matingincreased control females’ preference for yeast food after
this treatment (Fig. 2f), consistent with previous findings®. However,
animals with EEC-specific NPF loss displayed a reduced preference
for yeast food that did not significantly increase after mating. This
indicates that EEC-derived NPF is required to inhibit sugar intake in
mated females, thereby promoting consumption of protein-rich food.
Consistent with this, control animals increased their yeast consump-
tion after mating, whereas mating did not significantly increase yeast
consumption in females lacking gut NPF that consumed less yeast
(Fig. 2g,h). To further test our conjecture that gut NPF is involved in
mating-induced yeast consumption, we used a second automated
behaviour-monitoring apparatus, the flyPAD*, to measure feeding
preference in a two-choice assay. Behavioural results obtained with
this assay indicate that gut NPF is important for the mating-induced
increasein preference for yeast (Fig. 2i). Together, these dataindicate
that NPF from the midgutisinvolvedin promoting yeastintake in mated
females, an effect triggered by SP signalling®. Consistent with this
notion, females with EEC-specific NPFknockdown mated to SP* males
displayed a consumption pattern similar to that of control females
mated to SP-mutant males: both consumed more sugar and less pro-
tein than control females mated to SP* males (Fig. 3a). Control females
mated to SP-mutant males showed ayeast-preference phenotype that
was intermediate between those of virgin females and females mated
to SP* males, as previously reported®. Females with EEC-specific NPF
knockdown mated to SP* males displayed lower yeast preference than
control females mated to SP" males, and their yeast preference was
not significantly different from that of virgin females (Fig. 3b). Thus,
females upregulate their protein intake after mating in a partially
SP-dependent manner, and our results indicate that NPF from the EECs
isinvolved in mediating this SP-induced shiftinfood choice, indepen-
dently of juvenile hormone (Extended Data Fig. 3c), whichis known to
affect gut remodelling after mating®. We therefore rationalized that
injection of NPF into virgin females should induce anincrease in their
yeast preference. As expected, virgin femalesinjected with NPF peptide
exhibited anincreased preference for dietary yeast (Fig. 3c).

Theinduction of yeast preference and the stimulation of gut NPF
release after mating are both triggered by SP receptor (SPR) activity
in reproductive-tract Ppk* neurons®"”. We found that mating did not
significantly upregulate yeast preference in females with SPR knock-
downinthe Ppk* neurons (Fig. 3d), confirming that SP/SPR signalling
isimportant for the preference change. However, injection of NPF
was still able to increase the yeast preference of these mated females
(Fig. 3d), suggesting that gut NPF acts downstream of SP-SPR signalling
in mated females to regulate food choice.

Fig.2|Mating induces gut NPF that suppresses sugar appetite and promotes
intake of protein-rich yeast food infemales. a, Time spent feedingon1or

10% sucrose using FLIC; all n =12 animals. b,c, Preference between1versus 10%
sugar measured over 6 or 24 hours by CAFE assay. b, 6-hour preference: n=10
EEC>,n=9 EEC>NPFi**, 24-hour preference: n=10 each. ¢, n=14 NPF*“*>,n=15
NPF“">NPFi™®" d, Midgut NPF staining intensity in fed females on a per-cell basis
and ona per-gut basis; n = 703 cells from seven guts for virgins, n = 883 cells
from seven guts from mated females. e, NPF-cell activity measured in dissected
midguts (two midguts per replicate) using a luciferase-based CaLexA calcium-
reporter system (NPF>LexA::NFAT::VP16; LexAop-luciferase); n =4 from fed
virgins, n = 4 from fed females mated to SP-deficient males (SP°/Df(3L)deltal30),
n=6from fed females mated to SP* males. f, Consumption preference for 10%
sucrose versus 10% yeast after 3 days of yeast deprivation (3 days on sucrose-only
medium) using two-choice dye assay; n = 25 NPF¥“> virgins, n = 23 NPF?“>NPFi"""

virgins, n =24 NPF*“> mated females, n = 22 NPF*“">NPFi"™®" mated females,
n=17 EEC> virgins, n =18 EEC>NPFi" virgins, n = 18 EEC> mated females, n =18
EEC>NPFi*" mated females. g, Yeast consumption determined by dye assay;
virgins n =10 NPF“> virgins, n = 6 NPFF““>NPFi"®* virgins, n = 9 NPF¥“*> mated
females, n = 8 NPF*‘>NPFi"™* mated females. h, Yeast intake determined by
CAFE; n=32 NPF“>, n = 26 NPF*“*>NPFi"™" i, Cumulative behavioural preference
of females for sucrose versus yeast monitored using flyPAD. Lines represent
means, and shading indicates s.e.m.; n = 24 NPF?“> virgins, n = 23 NPF?“>NPFi"""
virgins, n =24 NPF*“*> mated females, n = 24 NPF*‘>NPFi"™®* mated females. Bars
represent mean + s.e.m. Box plots indicate minimum, 25th percentile, median,
75th percentile and maximum values. NS, not significant. a,c,d (left), Two-tailed
unpaired Mann-Whitney U-test. b,d (right), h, Two-tailed unpaired Student’s
t-test. e f(right), g, One-way ANOVA with Tukey’s post hoc test. f (left), i, Kruskal—-
Wallis nonparametric ANOVA with Dunn’s multiple-comparisons test.
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Sut2in NPF"EECs regulates NPF release and food choice

Giventheseresultsindicatingthat NPF acts asamediator of sugar satiety,
we asked whether NPF-producing EECs might be activated by sucrose
ingestion. In our initial analysis of a collection of RNAi lines (Fig. 1a),

a b c
&h oh sugar prefe encem-h &-h
sugar-feeding behaviour u(?S-rhpstar\:ed) sugar preference
(15-h starved) (15-h starved)
P=0.0442 P=0.0204 P=0.0010
400 — NS P=0.0332 10% sucrose ¢ _ 10% sucrose 1.0
— ’ x x
& 300 Mated L o054 oL o054
o e £ £
s | ° 8 1. 8
K ° 2 2
S 100 - e ag & -051 & -05+
o) o
(0] —4% ﬁ 89 1% sucrose -1.0 - -1.0 - 1% sucrose -1.0 -
Sucrose: 1% 10% Mated Mated ° Mated
[ eec> B EEC>NPFiF€ [ eec> [ EECoNPFI*® [ NPFoU> [0 NPFOUt>NPFiTRP
d e 9 30-min yeast intake
X X - (15-h starved)
Peptide Peptide Activity NS
- P=0.0035 P =0.0395
1. P<0.0001 5 P=00165 150 4 —5—AnAn, = 60— NS P < 0.0001
P=0.0002 £ —_ RS
o NS — _ E S
. —= e 3 S
Z g 23 - 8 100 ° e 40 ~ 9]
2 g2 ° 3 = o o
" s€240 £ 5 s °
a a3 o E 50 ! S 204 Op
z zZ ¢ 3 < °o o
£ 1 = o
: &
B 0 £ o 8
Virgin  Mated Virgin Mated Virgin  Mated Virgin Mated
o 52 [ nprovts
g B NPFoUsNPFITRP
f Sucrose-only food i
2-h dye choice assay NS h
(3 days) NSNS — N5 24-h yeast intake
—_— = 15-h starved
P <0000 P=0.0127 ( rved)
500003 Ns 2202 aoa 15 P=00450
o _No P=0.024 _No U4
10% yeast 1 _ —0.0243 1.0 5 § o
x :;. g .0/ 8
§ 0.5 0.5 - % > ? @
3 ML g s 3%
qc) é :1, 0.5 4 % o
3 2 @
[} | | ©
& -05 -0.5 £ o S
Mated
10% sucrose -1.0 - -1.0 - [ nPFosts
Virgin Mated Virgi Mated ’
Irgit ate Irgin ate . NPFgut>NPFiTR'P
[ nProets ] eecs
[ nerovt-npFiTRP [ Eec>NPFi*h
1 Sucrose-only food 1-h FIVPAD choi NSNS
- choice assa
(3 days) 4 Y P=10.0002
1 NPFO“s [ NPFOUsNPFiTRP NSP = O.O%1SO 0080
10% yeast 1.0 — 1.0 @
3
g 05+ 0.5
£
8
0 0
o e
Q2 Virgin Mated
L 05 -0.5 -
a
10% sucrose 10— : : ‘ ‘ : : ;oo -
0 20 40 60 0 20 40 60 Virgin Mated
Time (min) Time (min) 1 nProvts [0 NPFOUSNPF;TRP

we found that knockdown of sugar transporter 2 (sut2), amember of
the glucose-transporter class of solute carrier (SLC) proteins, in the
EECs of fed mated females increased their sugar-feeding behaviour
(Fig. 4a). Loss of sut2 in NPF* EECs increased animals’ sugar-feeding
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behaviour and sugar intake, similar to the effects observed in animals
with knockdown of NPFitself (Fig. 4b,c and Extended Data Fig. 3d), sug-
gesting that Sut2 might be required as part of amechanism governing
NPF production or release.

In Drosophila and mammals, the sugar-responsive transcription
factor Mondo/ChREBP (carbohydrate-responsive-element-binding
protein) contributes to many of the cellular responses to sugar®°. To
probe the molecular sugar-sensing mechanisms regulating NPF, we
silenced Mondo specifically in NPF* EECs of mated females and found
that this manipulation increased both sugar-feeding behaviour and
sugar intake, although not as dramatically as the loss of NPF or sut2
(Fig.4b,c). This suggests that although other mechanisms are probably

involved, Mondo/ChREBP-mediated sugar sensing may contribute to
NPF regulation in EECs.

Because NPF loss led to increased sugar intake and decreased
protein feeding, we investigated whether Sut2 also affects sugar versus
protein intake in mated females. We found that knockdown of sut2in
NPF* EECs led to a strongly increased intake of sucrose and a marked
decrease in consumption of yeast when animals were presented with
these foods separately (Fig. 4d). Similarly, when given a choice between
these two foods, mated females with knockdown of sut2in NPF*EECs
displayed a reduced preference for dietary yeast (Fig. 4e). Although
Sutl has been linked to NPF secretion in virgins®, we did not observe
significant changesin yeast preference in virgins or mated females with
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sutl knockdown in NPF* EECs (Extended Data Fig. 3e). These results
indicate that loss of sut2 in NPF* EECs shifts consumption towards
sugar-rich food, similar to knockdown of NPF in these same gut cells,
consistent witharole for Sut2inregulating NPF productionor release.
Knockdown of sut2in NPF* EECs led to a strong intracellular accumula-
tion of NPF peptide, even though NPF transcript levels were reduced
(Fig. 4fand Extended Data Fig. 3f,g), suggesting that sut2loss in NPF*
EECs leads to NPF retention and thus that Sut2 is required for normal
NPF expression and release. We also found that sut2transcript levelsin
the entire midgut were strongly reduced by knockdown targeted only
atthe NPF* gutendocrine cells (Extended Data Fig. 3g), demonstrating
that sut2is predominantly expressed in NPF* EECs.

To assess more directly whether sugar regulates NPF* EECs,
we exposed mated females to different nutritional conditions and
observed their calcium-signalling history, using the CaLexA reporter
system, in which green fluorescent protein (GFP) expression reflects
calcium signalling®. After 24 hours of starvation, we observed
decreased calcium-induced GFP signal and increased NPF peptide
staining in the NPF* EECs when measured on a per-cell basis, even
though NPF transcriptlevels were reduced (Fig. 4g-i), indicating NPF
retention. Although these measures were higher in starved animals
onaper-cell basis (Fig. 4g,h), they were not significantly altered when

analyzed on a one-mean-per-gut basis (Extended Data Fig. 3h). This
might possibly reflect the inhibition of only a subpopulation of the
NPF* EECs by starvation, which could be masked by averaging all the
cells, or that starvation longer than 24 hours is required for strong
inhibition, as also found by a recent report showing that NPF release
is reduced after 48 hours’ starvation”. Re-feeding with sucrose after
starvation elicited a strongincrease in calcium signalling within 2 hours
inthe NPF" EECs, associated with a decrease in NPF peptide staining
within 6 hours of re-feeding (Fig. 4j,k and Extended Data Fig. 3i), as also
reported by anindependent study?. Since midgut NPF transcript levels
were unaltered under these conditions (Fig. 41), these resultsindicate
that midgut NPF* cells are activated by dietary sugar, leading to their
secretion of NPF peptide.

We then used genetic methods to mimic sugar sensing occur-
ring in the EECs following a meal. We first induced RNAi-mediated
silencing of Mondo/ChREBP by switching flies to 29 °C to inactivate
GALSO™ for 15 hours, to reduce sugar sensing in the EECs. We then
reactivated Mondo/ChREBP signalling, to mimic sugar-sensing occur-
ring after a meal, by switching animals from 29 back to 18 °C to rena-
ture GAL80™ and thereby inactivate the RNAi effect. Reactivation
of Mondo/ChREBP signalling in the EECs caused a decrease in NPF
peptide levels in these cells without altering NPF expression (Fig. 4m
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and Extended DataFig. 3j,k), indicating increased NPF secretion, con-
sistent with the notion that sugar sensing in the EECs is associated
with NPF release. Taken together, our findings indicate that, in mated
females, sugarintake leads to EEC NPF release through a process requir-
ing glucose-transporter-family protein Sut2 and involving Mondo/
ChREBP-mediated sugar sensing.

NPF suppresses energy mobilization in adipose tissues

We then asked which target tissues might be involved in NPF-mediated
appetite regulation by knocking down the NPF receptor (NPFR).
Whereas EEC-specific NPF knockdown induced overfeeding (Fig. 1d),
adult females with neuronal knockdown of NPFR driven by elav-GAL4
(elav>) showed decreased food intake (Fig. 5a), consistent with previ-
ous reports that neuronal NPF/NPFR signalling promotes feeding™
and indicating that other tissues mediate the downregulation of
sugar intake induced by gut NPF. Global knockdown of NPFR driven
by daughterless-GAL4 (da>) led to a feeding phenotype intermedi-
ate between those observed with gut or neuronal NPF signalling loss
(Fig.5a), probably reflecting opposing effects on feeding of NPF signal-
ling within different organs.

To assess receptor expression in other target tissues, we used a
CRISPR-mediated knock-in of T2A4::GAL4 into the native NPFR locus
(NPFR::T2A::GAL4, hereafter NPFR>)* to express UAS-mCD8::GFP. We
observed reporter expression in the fat body (Fig. 5b), a tissue analo-
goustoadiposetissue and liverinmammals. Although fat-body-specific
NPFR knockdown drivenby Cg-GAL4 (Cg>) inadult females did lead to
increased short-term intake of food containing both sugar and yeast,
it did not increase preference for sugar (Fig. 5c-e and Extended Data
Fig.4a).Indeed, suppression of NPFR in the fat body led to decreased
sucrose intake and sugar-feeding behaviour (Fig. 5f,g). Thus, fat-body
NPFRssignalling does not appear to underlie the specific feeding phe-
notypes observed with gut NPF loss. We next asked whether fat-body
NPFR mediates the effects of gut NPF on metabolism. Like animals
with gut-specific NPFknockdown, fat-body NPFR knockdown animals
were more sensitive to starvation and displayed metabolic phenotypes
similar to those seen with loss of gut NPF (Fig. 5h and Extended Data
Fig.4b,c). These findings indicate that gut-derived NPF acts on NPFR
in the fat body as part of a metabolic pathway that maintains energy
homeostasis.

NPF regulates food choice through glucagon-like signalling
Our experimentsindicate that gut NPF signalling regulates sugar appe-
tite viatissues other than the CNS and fat body. In Drosophila, the brain
cells that produce insulin express NPFR? and these cells also regulate
aspects of feeding and satiety**. However, knockdown of NPFR in the
insulin-producing cells (IPCs) did not change preference for yeast ver-
sus sugar in mated females (Extended Data Fig. 5a), suggesting that
gut-derived NPF does notact through insulin to modulate preference
for dietary sugar and protein.

To identify the tissue mediating this effect, we examined NPFR
expression in other tissues, which revealed expression of the recep-
tor in the cells producing the glucagon-like factor AKH (Fig. 6a). AKH
is released from the AKH-producing cells (APCs) during starvation
and acts through its receptor, AkhR, on the fat body to promote the
mobilization of stored energy, and itis also thought to act asa hunger
signal to drive feeding behaviours'®*"*"*, However, whether AKH
regulates sugar- or protein-specific feeding is unknown. We proposed
that gut-derived NPF, released in response to sugar feeding, might
suppress AKH release from the APCs in the fed state. Consistent with
arecent report”, we found that knocking down NPFR in the APCs
using AKH-GAL4 (AKH>) resulted in decreased AKH peptide levels
within these cells in fed mated females (Fig. 6b), indicating that NPFR
is required to suppress AKH release when the animal has ingested
food. AKH promotes lipid and glycogen breakdown, and we therefore
tested whether NPFR activity in the APCs regulates metabolism. As

with knockdown of NPF in the midgut, adult females with knockdown
of NPFR in the APCs showed reduced TAG and glycogen levels and
increased susceptibility to starvation, as also reported recently” and
consistent withanincrease in AKH signalling (Fig. 6¢,d).

Werecently reported that the peptide hormone AstC released by
midgut EECs promotes AKH release during starvation conditions’®.
We wondered whether NPF signalling might also inhibit AstC release
fromthe midgut to suppress the activation of the AKH axis at multiple
hierarchical levels. We found expression of NPFR reporter in AstC*
EECs (Fig. 6e), consistent with single-cell RNA-sequencing data®. We
silenced NPFR expression specifically in AstC" EECs using AstC-GAL4
(AstC>) with pan-neuronal GAL8O (R57C10-GAL8O, AstC>-AstC*"*>
hereafter) to suppress nervous system GAL4 activity. This did not alter
AstC expression, but it did lead to a reduction in the number of cells
containing detectable AstC peptide (Fig. 6f,g), suggesting that EEC loss
of NPFR cell-autonomously increases AstC release. Knockdown of NPFR
with AstC®“*>led to anincreased number of active midgut AstC cellsand
to higher overall calcium-reporter activity (Fig. 6h-k), indicating that
NPFRknockdown promotes AstC* EEC activation. Thisindicates that the
decreased number of AstCimmune-positive cellsin adult females with
NPFR knockdown inthe AstC* EECs (Fig. 6f) isdue toincreased release
of AstC peptide, which would be expected to promote AKH release,
leading to more rapid depletion of energy stores and therefore reduced
capacity to survive starvation’. Consistent with this, NPFR knockdown
targeted to the AstC* EECs led to a clear reduction in the capacity of
these animalsto survive starvation (Fig. 61). Taken together, our results
indicate thatin response to sugar intake, gut-derived NPF inhibits the
AKH axis at three levels: blocking the release of adipokineticotropic
AstC from midgut EECs, blocking the release of AKH itself from the
APCs and counteracting AKH'’s effects on the fat body.

NPFRknockdowninthe APCs wasrecently linked to increased con-
sumption of food in virgin females”, an effect we confirmed in mated
females (Fig. 7a). Next, we tested whether NPF regulates sugar- versus
protein-specific feeding through NPFR in the APCs. Mated females
with APC-specific NPFR knockdown exhibited elevated sugar-directed
feedingbehaviour, sugar consumption and preference for dietary sugar
(Fig. 7b—e and Extended Data Fig. 5b-e), similar to animals with loss of
NPFinthe midgut. Next, we examined whether NPFRin the APCs might
beinvolved in promoting yeast preference in mated females. Indeed,
whereas APC knockdown of NPFRin virgin females did not detectably
alter feeding preference, this manipulation had astrong effectin mated
females (Fig. 7f and Extended Data Fig. 5f), similar to animals with
knockdown of NPFin the gut, indicating that NPFR in the APCs is an
important element for promoting consumption of protein-rich food
in mated females. To determine whether AKH mediates the effects
of NPFR loss on feeding, we examined the ability of AKH knockdown
to rescue NPFR-RNAi’s sugar-overeating phenotype. We found that
knockdown of AKH completely abolished this effect (Fig. 7g), suggest-
ingthat AKHis the primary factor mediating the feeding effects of NPFR
signalling. Consistent with NPFR’s suppression of AKH release, AKH
loss and NPFR knockdown induced opposite effects on sugar intake
and yeast consumption (Fig. 7h,i). Together, our results indicate that,
inmated females, gut-derived NPF acts on the APCs viaNPFR to inhibit
AKHrelease after asugar-rich meal, to suppress further sugar feeding
while promoting proteinintake.

AKH regulates appetites for sugar and protein-rich food

AKH is described as ageneric hunger hormone released during nutri-
tional deprivation'®***, However, our findings indicate that AKH reg-
ulates food choice. To confirm this effect, we examined the feeding
behaviour of mated AKH mutant females and found that these animals
exhibited significantly reduced sugar intake (Fig. 8a), suggesting that
AKH promotes sugar preference. On this basis, this we expected an
increase in yeast preference with loss of AKH, so we used assay condi-
tionsinwhich animals do not normally exhibit strong yeast preference:

Nature Metabolism | Volume 4 | November 2022 | 1532-1550

1540


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-022-00672-z

a c Triacylglycerides
(fed)
0. P=00457
° S
£ 40 % o
I [}
= 2
3 5
O 20 o
I o
= g
0]
O ,
[] AkH>
NPFR>GFP . AKH>NPFRi TRP
b Peptide
Starved
150
P=0.0003 NS e
& ©
§ 100 | % ‘ @ ‘
kS o
T
g 5o ) e
& o |@®
0
[] ake> [ AKH>NPERIT®?
NPFR>GFP
h Activity ) Activity
600 P < 0.0001 250 4 P=0.0033
(o)
g 200 - ®
T 400 | 9 E ‘g,
ke ) D5 150 4
w
[o}
< <2
8 52100 G0 o
- Q
§ 20 g¢ | @
50 -
0 0

D AstC>

[ Astc>NPERITR?

AstC>NPFRi ™*P

AstC>

Fig. 6 | NPFR regulates metabolism through inhibition of AKH signallingin
mated females. a, Immunohistochemistry of APCs shows NPFR>GFPreporter
expression in APCs of mated females. Scale bars 20 pm. b, Quantification of
AKH levels within the APCs of fed and 15-hour-starved mated females with and
without NPFR knockdown in these cells; n =17 fed AKH>, n =19 fed AKH>NPFRi"™",
n=22starved AKH>,n =19 starved AKH>NPFRi"*". Representative images are
shown below. Scale bars 20 um. ¢, Metabolite levels in fed mated females. TAG
n=9AKH>,n =10 AKH>NPFRi™"; glycogen n =10 AKH>,n =10 AKH>NPFRi"*". d,
Survival during starvation of mated females; n =96 AKH>, n = 96 AKH>NPFRi"™",
e, Immunohistochemistry of guts from mated female NPFR>GFP flies showing
expression of NPFR reporter in AstC* cells. Scale bars, 25 pm. f, Quantification
of the number of midgut cells per gut that showed detectable AstC staining
with and without NPFR knockdown in AstC* EECs of fed mated females; n=8

Glycogen d
(fed) 100 — —_—
P=0.001
40 — =
>
S 75
3
304 ©
S 50
?@o e g
[ ] C
(9]
20 + (o) o _
o o
a
P=0.0186
10 0
20 40 60 80
Time (h)
O .
[] AkH> AKH>
B AkH>NPFRITRP —— AKH>NPFRiT®"
Peptide Expression
s P=00121 150 NS
5 o ©
()]
% © °
Q 2
@ 204 O 2 100 g
K 2 oo
Q L) g
2 0] 0 & 2 50
5 | o 8 <
g [ )
0 ol
] Astcees ] Astcevs>

Wl AstC“>NPFRI™" B Astco>NPFRITH
k Peptide L
. 60~ P=0.0065
. = 0.0
° © 100 —
(9]
Q p—)
1] ©
= 40+ % 2 75 4
S @ o 2
[
> "
= @ & 50

©
g 20 :C)
& O 25
O] o)
a
P <0.0001
0 0
0 40 80 120
[ astc> Time (h)
] Astc>NPERITRP
AstC9>

—— AstCI>NPFRi'RP

AstC**> guts, n = 11 AstC**>NPFRI"™®" . g, Midgut AstC transcript levels in fed mated
females; each n = 6.h-k, AstC" EEC-cell activity levels (h) with representative
images (i) quantified on a per-gut basis (j) and the number of AstC* EEC

cells showing detectable GFP (k), measured by calcium-reporter system
(AstC>LexA::NFAT::VP16; LexAop-GFP, denoted by AstC> in the figure) with or
without NPFRknockdown in the AstC" EECs in the midgut. h, n =182 AstC> cells,
n=255AstC>NPFR cells; j, each n = 6 guts; k, each n = 6 guts. Scale bars, 50 pm.
1, Survival during starvation of mated females; n = 153 AstC***> animals, n =198
AstC*““>NPFRi™", All animals were mated females. Bars represent mean +s.e.m.
Box plotsindicate minimum, 25th percentile, median, 75th percentile and
maximum values. NS, not ignificant. b,c (left), f.g,j, Two-tailed unpaired
Student’s t-test. d I, Gehan-Breslow-Wilcoxon test. ¢ (right), h,k, Two-tailed
unpaired Mann-Whitney U-test.
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Fig.7|Loss of NPFR in the APCs phenocopies the gut NPF-loss feeding
phenotypes in mated females. a, Food intake measured by dye assay; n=9
AKH>,n =10 AKH>NPFRi"**, b, Time spent feeding on sucrose measured by FLIC;
n=10AKH>, n=11AKH>NPFRi"™" ¢, Behavioural preference for1versus10%
sugar solution measured by FLIC; both n =11.d, Consumption preference for 1
versus 10% sucrose measured by CAFE assay; n =15 AKH>, n =16 AKH>NPFRi"™",
e, Sucrose consumption measured by CAFE assay; n=15AKH>,n=16
AKH>NPFRI™" f, Behavioural preference using flyPAD. Lines represent means,
and shadingindicates s.e.m.; virgins n = 23 AKH>, n = 21 AKH>NPFRi"*"; mated
n=19 AKH>,n =22 AKH>NPFRi"™®" g, Rescue of sugar overconsumption induced

by NPFR knockdown in the APCs through simultaneous AKH knockdown, by dye
assay; n=21AKH>, n =24 AKH>AKHi*, n = 9 AKH>NPFRi™ ", n = 24 AKH>AKHi**,
NPFRi™* h,i, Sucrose (h) and yeast (i) intake measured over 30 min by dye
assay.h,n=10AKH>,n =9 AKH>NPFRI®, n = 11 AKH>AKH{**.i,n =10 AKH>,n=9
AKH>NPFRI®?, n =10 AKH>AKHi**, All animals were mated females, except in
f.Barsrepresent mean + s.e.m. Box plots indicate minimum, 25th percentile,
median, 75th percentile and maximum values. NS, not significant.a-d, Two-
tailed unpaired Student’s ¢-test. e, Two-tailed unpaired Mann-Whitney U-test.
f.g, One-way Kruskal-Wallis ANOVA with Dunn’s multiple-comparisons test.
h,i, One-way ANOVA with Dunnett’s multiple-comparisons test.

15-hour starvation rather than 3-day yeast deprivation. Loss of AKH,
including adult-restricted APC-specific knockdown (with GAL8O™S;
AKH>, together referred to as AKH™>), led to a striking shift in prefer-
ence towards yeast using the two-choice dye assay in mated females
(Fig. 8b). Consistent with their increased intake of and preference for

yeast food, mated AKH mutant females displayed a strong increase in
the amount of time spent exploring patches of yeast food compared to
sugar patches (Fig. 8c). This further supports arole for AKHin control-
ling feeding decisions, biasing behaviour towards sugar intake. Con-
sistent with this, activation of the APCs to induce AKH release caused
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increased sugar intake while decreasing yeast intake, effects that were
blocked by simultaneous AKH knockdown (Fig. 8d,e), indicating that
they were mediated by AKH. Circulating sugar levels and whole-body
TAG levels were not altered (Extended Data Fig. 6a,b), suggesting that
the observed AKH-induced feeding phenotypes are direct effects that
precede detectable metabolic changes. Together, these findings indi-
cate that AKH is a hormone that controls selective feeding decisions
by increasing appetite for sugar and reducing intake of protein food.

AKH has recently emerged as akey factor in sex-specific metabolic
regulation®. Unlike mated females, in which AKH loss enhanced yeast
intake, maleslacking AKH exhibited adecrease in yeastintake, indicat-
ingthat AKH plays a sexually dimorphicroleinfeeding decisions (Fig. 8f
and Extended Data Fig. 6¢,d). Together these findings indicate that,
in mated females, gut-derived NPF inhibits AKH secretion, and this
inhibition suppresses sugar appetite and increases the consumption of
protein-rich food. In thisscenario, increased AKH signalling in virgins
promotes preference for dietary sugar. We therefore examined whether
mating reduces AKH release. Mating increased AKH peptide levels
andreduced the calciumactivity of the APCs, indicating repression of
AKH release, and the effect on AKH was dependent on SP signalling
(Fig. 8g). These findings suggest that SPsignalling, through activation
of gut NPF, contributes to the suppression of AKH release after mating.
Injecting NPF peptideinto virgin femalesincreased AKH peptide levels
withinthe APCsand reduced their calcium activity, indicating that NPF
is sufficient to repress AKH secretion (Fig. 8g). Mating did not lead to
AKH retention in females with knockdown of SPR in the Ppk’ neurons
(Extended Data Fig. 6e), further indicating that SP-SPR signalling is
required to repress AKH signalling after mating. To test whether NPF
functions downstream of SP-SPR signalling in the AKH-regulatory
hierarchy, we injected NPF into mated females with reduced SP-SPR
signalling (ppk>SPR-RNAi) and found that this led to increased AKH
peptidelevelsinthe APCs (Fig. 8h). This suggests that NPF is sufficient
downstream of the SP pathway to repress AKH signalling after mating,
which increases yeast intake. We therefore conjectured that loss of
AKHwouldincrease yeastintake in virgin females, whereas increasing
AKH signalling in virgin females would have little effect on feeding
behaviour. To assess the effect of loss of AKH, we examined behaviour
under starved conditions, under which AKH signalling is normally
high. As expected, we found that while control females increased their
yeast consumption in response to mating, similarly conditioned AKH
mutant virgins displayed a striking overconsumption of yeast food
that was not significantly altered by mating (Fig. 8i). Activation of
the APCs to induce AKH release in the fed state, in which AKH signal-
ling is generally lower, did not alter yeast intake in fed virgin females
(Extended Data Fig. 6f), presumably because of the already higher
AKH signalling in the virgin state, whereas as mentioned above this
treatment did reduce the yeast intake of fed mated females (Fig. 8e).
Consistent with these findings, virgin AKH mutant females exhibited
astrong preference for yeast food that did notincrease significantly in

response to mating asitdid in control females (Fig. 8j,k and Extended
DataFig. 6g). Together, this suggests that, in mated females, NPF acts
through NPFRin the APCs to repress AKH signalling, which increases
yeast intake. Consistent with this, we found thatinducing AKH release
was sufficient to block the high yeast preference exhibited by mated
females after 3 days of yeast deprivation (Fig. 81). To demonstrate that
NPF regulates food choice via AKH, we injected NPF into mated females
with APC-specific NPFRknockdown. This manipulation did notincrease
yeast preference after 3 days’ yeast deprivation (Extended Data Fig.
6h), suggesting that NPFR in the APCs is required for NPF to promote
yeast preference. Furthermore, injection of NPF into AKH mutant virgin
females also did not alter sugar versus yeast preference, indicating
that AKH is required for mediating the effects of NPF-NPFR on food
preference (Extended Data Fig. 6i). We propose that sugar-induced
AKH-repressive NPF signalling from the gut constitutes a hormonal
axis involved in suppressing sugar appetite and promoting intake of
protein-rich food in mated females (Fig. 8m).

Discussion

To maintain nutritional homeostasis, animals need to match their inges-
tion of specific nutrients to their needs. Thisis achieved by modulating
appetite towards the specific nutrients needed. A number of factors,
including gut hormones, that regulate food consumption have been
identified in both fliesand mammals, and reports have also described
central brain mechanisms that induce ingestion of protein food in
response to amino-acid deprivation, that sense amino acids and pro-
mote food consumption and that reject food lacking essential amino
acids"*">**2_ However, little is known about the hormonal mechanisms
thatregulate nutrient-specific appetite,and gut hormones that regulate
selective food intake are completely unknown. Our findings indicate
that,in mated female Drosophila, gut-derived NPF isa selective driver
of sugar satiety and protein consumption, providing abasis for under-
standing these mechanisms. Hormone-based therapies that inhibit
appetite offer promising new directions for weight-loss treatment™. For
example, Fibroblast growth factor 21 (FGF21) isaliver-derived hormone
that promotes protein consumption, and it is emerging as a promis-
ing target for metabolic disorders*. Uncovering appetite-regulatory
hormones such as gut-derived NPF that specifically inhibit sugar
consumption while promoting the intake of protein-rich foods could
provide effective new weight-management strategies by promoting
healthier food choices.

The SLC2-family sugar transporter Sut2 is the closest Drosophila
homologue of human SLC2A7 (GLUT7?), a transporter expressed
mainly in the intestine whose function is poorly defined**. In flies,
GLUTL1is important for Bursicon secretion from the EECs, and Sutl1,
another SLC2-family sugar transporter protein, was recently shown
to be involved in midgut NPF release in virgin females***. Our results
implicate Sut2 in the release of NPF from EECs in mated females and
thus link it to the mechanism by which NPF-mediated gut signalling

Fig. 8 | AKH promotes sugar feeding and suppresses protein intake in
mated females. a, Sugar intake by dye assay.n =8 w"’,n=9 AKH™".

b, Consumption preference, n =17 AKH>, n = 20 AKH>AKHi*, n = 20 AKH*>,

n =28 AKH*>AKHi**. ¢, Heat map of 30 min tracking of 12 females per
genotype. Ratio of time spent on yeast versus sugar patches, n =3.d,e, Sugar
and yeast intake using dye assay, at 29 °C for TrpAlactivation.d, n =12 AKH>,
n=14 AKH>TrpAl, n =15 AKH>TrpAI+AKH, n =15 AKH>TrpA1+AKHi.e,n =15
AKH>,n =8 AKH>TrpAl, n =7 AKH>TrpAI+AKH, n =15 AKH>TrpAI+AKHi.f,
Yeast intake measured by CAFE assay. n =6 AKH>, n =15 AKH>AKHi*, n =17
w™ n=16 AKH"".g, APCs staining and cell activity, left two panels show
n=APCs from 18 w8 virgins, n = 18 w'® females mated to SP-deficient males
(SP°/Df(3L)deltal30), n = 16 w™ females mated to SP* males. Right two panels
show n =15 w™®virgins without NPF injection, n = 13 w8 virgins with NPF
injection. h, AKH staining intensity in mated females with SPR knockdown in
the ppk” neurons with or without NPF injection, n =17 ppk>SPRi mated females,
n =13 ppk>SPRi mated females with NPF injection. i, Yeast consumption

measured by dye assay, n =18 w'”$ virgins, n =16 AKH™" virgins, n = 10 mated
w8 females, n = 16 mated AKH”~ females. j, Consumption preference using the
two-choice dye assay; n =17 w"*virgins, n = 24 AKH”" virgins, n =19 mated w'®
females, n =22 mated AKH™" females. k, Cumulative behavioural preference
using flyPAD. Lines represent means, and shading indicates s.e.m., n = 21 w"*
virgins, n=22 AKH'" virgins, n = 23 mated w"* females, n = 20 mated AKH "~
females. |, Preference measured using the two-choice dye assay at 29 °C for
TrpAlactivation, n =23 AKH> virgins, n =42 AKH>,n =22 AKH>TrpAl, n = 24
AKH>AKHi mated females. m, Amodel of the NPF-AKH axis. Bars represent
mean + s.e.m. Box plots indicate minimum, 25th percentile, media, 75th
percentile and maximum. Inj., injection; NS, not significant. a,b (right),

c,f, Two-tailed unpaired Student’s ¢-test. b (left), g (right), h, Two-tailed
unpaired Mann-Whitney U-test. d,e,g (left), i,k, One-way ANOVA with Tukey’s
post hoc test. j, One-way ANOVA with Dunnett’s multiple comparison test

or Kruskal-Wallis with Dunn’s multiple-comparisons test. I, One-way
Kruskal-Wallis ANOVA with Dunn’s multiple-comparisons test.
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controls feeding decisions. This indicates that both Sutl and Sut2
sugar transporters are involved in glucose-stimulated NPF secre-
tion from the gut. In mammals, several mechanisms also regulate

glucose-stimulated GLP-1secretion from intestinal endocrine cells,
which involves sodium-glucose cotransporter 1 (SGLT1), the glucose
transporter GLUT2 and sweet taste receptors®. Targeting of these
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intestinal glucose-sensing mechanisms therefore hasbecomeafocus
of weight-management therapies because of its potential in regu-
lating appetite and incretin effects*. Future studies should investi-
gate whether GLUT?7, like its Drosophila homologue Sut2, affects
appetite-regulatory mechanisms in the mammalian gut.

NPF is orthologous with the mammalian NPY family of gut-brain
peptides, including peptide YY (PYY), pancreatic polypeptide and NPY
itself, that regulate food-seeking behaviours and metabolism**%, Like
mammalian NPY-family hormones, Drosophila NPF is expressedin both
the nervous system and the gut. While NPY is abundantin the nervous
system and, like brain NPF, promotes food intake, PYY is mainly pro-
duced by endocrine cells of the gut as a satiety factor. Gut-expressed
PYY is homologous to NPY, and both act through specific G-protein
coupled receptors, called NPY receptors (NPYRs), that are ortholo-
gous with Drosophila NPFR*. Thus, in mammals, multiple NPY-family
peptides from different tissues sources exert their functions on target
organsthrough several related NPYRs, while in Drosophila, these func-
tions may be regulated through the single peptide-receptor pair of
NPF and NPFRY.

Our results indicate that gut-derived Drosophila NPF fulfils
the function of mammalian PYY. PYY is produced by the endocrine
L-cells of the gut, which, like the EECs of Drosophila, produce a
context-dependent combination of multiple hormones*. The physi-
ological role of PYY in feeding regulation has been difficult to clarify,
but it is believed to act through different NPYRs on tissues including
the hypothalamus and the pancreatic islets to suppress appetite. Our
findings show that, in flies, NPF injection strongly reduces the intake
of sugar-containing food and promotes the ingestion of protein-rich
food. In humans, PYY infusion also been shown to strongly reduce
food intake. Although the satiety function of human PYY has made it
aprime therapeutic target for potential weight management, it is not
clear whether PYY regulates nutrient-specific appetite, which would
be important from a therapeutic perspective. Our results indicate
that Drosophila gut NPF, perhaps filling the role of mammalian gut
PYY, acts to mediate sugar-specific satiety, illustrating akey hormonal
mechanism that underlies selective hunger by which animals adjust
their intake of specific nutrients.

Feeding decisions are based on internal state and exhibit sexual
dimorphism. In Drosophila, males and females differ in their prefer-
ence for and intake of dietary sugar and protein®. Our findings define
a complex interorgan communication system through which mating
influences food choices in females. We have found that midgut NPF is
involved in mediating SP-induced postmating responses in females,
inhibiting sugar appetite and promoting the ingestion of protein-rich
yeast food, and we have further shown that AKH is required for medi-
ating the effects of NPF. When mated females consume dietary carbo-
hydrates, NPF is released from the EECs and inhibits the AKH axis by
directly suppressing AKH release from the APCs as well as by inhibiting
the release of midgut AstC, a factor that stimulates AKH secretion’®.
Furthermore, NPF acts directly on the fat body through NPFR to inhibit
energy mobilization, thereby antagonizing AKH-mediated signalling
inthe adipose tissue. Likewise, mammalian NPY-family peptides also
regulate metabolism by direct actions on adipose tissue via NPYR™.
Although anumber of studies have demonstrated that AKHis aregula-
tor of metabolism (reviewed in ref. ), our findings uncover a key role
of AKH in governing nutrient-specific feeding decisions. It is becom-
ing clear that the APCs integrate many signals that affect AKH rele
ase'$2021365152 and these signals may therefore also affect food choice.
The APCstherefore seem to function as asignal-integration hub, simi-
lar to the IPCs, which receive many different inputs to control insulin
production and release. AstC, Bursicon and NPF from the gut control
AKH expression and secretion, indicating that multiple signals, even
from the same organ, converge onthe APCs. These signals presumably
convey different aspects of nutritional status and may act with differ-
ent dynamics to regulate AKH production and/or release, or evenina

redundantmanner to regulate AKH signalling. Likewise, many signals
released from the fat body convey similar and seemingly redundant
nutritional information to the IPCs**>**,

Recent work has alsorevealed a sex-specificrole of AKH, with lower
activity infemales underlying differences in male and female metabo-
lism*°. Consistent with this notion, our results indicate that in mated
females the midgut NPF system inhibits AKH signalling, suppressing
intake of sugar-rich food. Furthermore, we recently showed that in
mated females, midgut-derived AstC acts in a sex-specific manner
through AKH to coordinate metabolism and food intake under nutri-
tional stress'®. Our work here shows that NPF also works sex-specifically
to sustain physiological requirements in mated females by signalling
fromthe gut to control AKH, suggesting that the gut-AKH axis occupies
a central link in the hormonal relays underlying sex-specific regula-
tion of physiology. A recent report showed that female germline cells
modulate sugar appetite, but this effect is not induced by mating and
does not affect yeast feeding™ as we have found here for gut NPF and
AKH, suggesting that it is anindependent mechanism.

How nutrient signals from the gut modulate feeding is key to
understanding how nutritional needs are translated into specific feed-
ing actions to maintain balance. We have identified a homeostatic
circuit triggered by gut-derived NPF that limits sugar consumption.
Similar mechanisms for sugar-induced satiety that promote pro-
tein consumption may also enable mammals to balance their intake
of different nutrients with their metabolic needs. Explaining how
nutrient-responsive gut hormones such as NPF affect dietary choice
isimportant to better understand hunger and cravings for specific
nutrients that may ultimately lead to obesity.

Methods

Drosophila stocks and husbandry

Flies were reared on a standard cornmeal diet (82 g 1™ cornmeal,
60 g™ sucrose, 34 g1 yeast, 8 g1 agar, 4.8 ml I propionic acid and
1.6 g I Tegosept/methyl-4-hydroxybenzoate) at 25 °C and 60% humid-
ity with a 12-h light:12-h dark daily cycle. Flies were transferred after
eclosion to an adult-optimized cornmeal-free diet (90 g™ sucrose,
80 g1 yeast, 10 g 1™ agar, 5ml 1™ propionic acid and 15 ml 1™ of 10%
methyl-4-hydroxybenzoate in ethanol)?® and aged for 4-7 d before
experiments. Virgin female flies were collected within 3-5 h of eclo-
sion, whereas mated flies were sorted by sex 1d before experiments.
Genotypes that contained temperature-sensitive Tubulin-GALSO™
were raised at 18 °C and kept on adult food for 3-4 d posteclosion,
after which they wereincubated at 29 °C for 5 d toinduce RNAi effects
before experiments began. The animals were transferred to fresh
food every third day. The following lines were obtained from the
University of Indiana Bloomington Drosophila Stock Center (BDSC):
AKH-GAL4 (no. 25684); AstC::2A::GAL4 (no. 84595)%; CaLexA system
(no. 66542: LexAop-CD8::GFP::2A::CD8::GFP; UAS-LexA::VP16.::NFAT,
LexAop-CD2::GFP/TM6B, Tb)**; Cg-GAL4 (no. 7011); da-GAL4 (no.
55850); elav-GAL4 (no. 458); NPF::2A::GAL4 (no. 84671)*; SP°
mutant (no. 77892); Tub-GAL80™ (no. 7108); UAS-mCD8&::GFP (no.
5137); UAS-NPF-RNAi™" (no. 27237); UAS-NPFR-RNAI™" (no. 25939);
10xUAS-IVS-myr::tdTomato[su(Hw)attP8] (no. 32223); UAS-sutl-RNAi
(no. 65964) and UAS-TrpAI (no. 26263). Other lines were obtained
from the Vienna Drosophila Resource Center: the control line w”* (no.
60000, isogenic with the Vienna Drosophila Resource Center RNAi
lines) as well as several UAS-RNAi lines including ones targeting AKH
(n0.105063), Mondo (no.109821), NPF (NPFi**, no.108772 and NPFi*",
no.330277), NPFR (NPFRi°’, no. 9605), SPR (n0.106804) and sut2 (no.
102028).Asecond UAS-TrpAlinsertion, into attP2, was akind gift from
C. Wegener (University of Wiirzburg). voila-GAL4 (ref. *’) was kindly
given by A. Scopelliti (University of Glasgow). R57C10-GAL80-6 (refs.
58-63) on the X chromosome was a kind gift from R. Niwa (University of
Tsukuba). AKH mutant® and NPFR::T2A::GAL4* were kind gifts from
S.Kondo (Tokyo University of Science). Df(3L)deltal30 was a kind gift
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from A. von Philipsborn (Aarhus University). UAS-LexA::VP16::NFAT;
LexAop-luciferase was a kind gift from M. Rosbash (Brandeis Univer-
sity). The fly lines used are listed in Supplementary Table 1. No ethical
approvalisneeded for the use of the fruit fly Drosophila. For standard-
izing the genetic background and generating controls with proper
genetic background, all GAL4 lines and GALS8O lines used this study
were backcrossed for several generations to the same w"*® genetic
background population before they were used ina final outcross with
the genetic background of the RNAi lines and used as controls'®.

Starvation-survival assay

Flies were transferred without anaesthesia to vials containing starva-
tion medium (1% agar in water) and kept either at 29 or 25 °C, depend-
ing on whether they carried GALSO™. Forty to 150 animals, at 10-15
flies per vial, were assayed for each genotype/sex. Dead animals were
counted every4-8 h. The statistical significance of survival differences
was determined by using the Kaplan-Meier log-rank survival test or
Gehan-Breslow-Wilcoxon survival testin the Prism software package
(GraphPad v.9).

Feeding assays

Short-term food consumption was measured by using a spectro-
photometric dye-feeding assay®>*®, and all food intake experiments
were performed during the time when animals have their morning
meal (1 h after lights on;12/12 hlight/dark cycle). During the morning
meal (after lights on), flies were transferred without anaesthesia to
adult-optimized food containing 0.5% erioglaucine dye (brilliant blue
R,FD&CBlue No.1, Sigma-Aldrich, no. 861146) and allowed to feed for
30 min, if the flies had been 15 h starved to stimulate food intake or
for2-3 hif not. Another set of flies was fed with undyed food to meas-
ure the baseline absorbance of fly lysates. For two-choice assays, the
protocol of Ribeiro and Dickson® was used with some modifications.
Briefly, 25 flies were lightly anaesthetized with CO, before being placed
intoa 60-mm Petri dishwith achequerboard array of 20-pl patches of
alternative diets containing either 100 g I of sucrose and dyed red
with 0.5% amaranth (Sigmano. A1016), or100 g I yeast (dyed with 0.5%
erioglaucine) and allowed to eat for 2 hinthe dark. For each genotype,
10-25 samples of 1-2 flies each were homogenized in 100 pl of phos-
phate buffer, pH 7.5, using a TissueLyser LT (Qiagen) bead mill with
5-mm stainless-steel beads (Qiagen, no. 69989). Homogenates were
centrifuged at16,000g for 5 min and 50 pl of each cleared supernatant
wasloadedinto a384-well plate. Sample absorbance was measured at
520 nm (amaranth) and at 629 nm (erioglaucine) on an Ensight multi-
mode plate reader (PerkinElmer). Standard curves for erioglaucine and
amaranth were used to convert absorbance values to food consump-
tionamounts.

Long-term food intake was monitored using the CAFE
capillary-feeding assay**. For one-choice consumption assays, assay
tubes were constructed by inserting a 5-pl microcapillary (Hirschmann)
through a hole in the lid of a 2-ml Eppendorf tube. The capillary
was filled with a liquid sugar or yeast-extract medium?* containing
100 g1 sucrose or 100 g 1™ yeast extract, with 1 ml 1™ propionic acid
and 1 g™ methyl-4-hydroxybenzoate preservatives, before the start
of the experiment. For sugar-preference assays, two capillaries were
inserted into each tube, onefilled with10 g 1! sucrose solution and the
other filled with100 g I sucrose solution. Individual flies were briefly
anaesthetized onice and placed into assay tubes, and the tubes were
placed inside a moist chamber within a standard fly incubator. The
level of the meniscus in each tube was measured at intervals. Tubes
containing no flies were used as controls for evaporation; the amount
of meniscus movement in these tubes was subtracted from the other
measurements.

Tomonitor feeding behaviour, interactions with food were meas-
ured over a20-24 h period using the FLIC assay*”. Drosophila feeding
monitors (DFMs) (Sable Systems) were installed in anincubator (25 or

29 °Cif GAL8O™ was present; 70% humidity, 12/12-h light/dark cycle).
Feeding wells were filled with a 10% sucrose solution, and individual
flieswere placedin each of the12 chambers of the DFMsin the afternoon
(after the morning meal) and left to acclimate for several hours, after
which evening feeding data were recorded. The next morning, atlights
on, fresh sugar solution was added to the DFMs and morning meal data
were recorded. In two-choice sugar-preference experiments, half of
the DFM wells were filled with 1% sugar solution and the other half with
10% sugar solution. The datawere recorded using the manufacturer’s
software and analyzed in R Studio using the published package, avail-
able at https://github.com/PletcherLab/FLIC_R_Code.

For flyPAD?* two-choice behavioural experiments, 4-7-day-old
female flies, mated or virgin, were either starved for 15 h on 1% agar
(to establish a low yeast-preference baseline for experiments in
which a manipulation was anticipated to increase this preference) or
yeast-deprived for 3 days by keeping them on medium containing 10%
sucrose and 1% agar (to establish a higher baseline yeast preference,
for experimentsinwhich yeast preference was expected to decrease).
Flies were brieflyimmobilized onice and transferred withabrushinto
flyPAD behavioural arenas. They were left to acclimate for several
minutes before data acquisition was started. The flies were allowed to
choose between food droplets containing 1% agarose and either 10%
sucrose or 10% yeast. The food was aliquoted into 1.5-ml tubes and kept
frozen at —20 °C. Before each experiment, the tubes were placed into
aheatblock for melting at 90 °C and 3 pl of food was loaded into each
well. A package created by the developer for the Bonsai data-stream
processing programwas used to acquire the data. Data processing was
done by using the developer’s software, which is available at http://
www.flypad.pt.

Video recording of feeding behaviour

Behaviour chambers (40 mm in diameter) were coated with fluon
on the top and sides to prevent flies’ walking on these surfaces.
Fifteen-microlitre patches of either 10% sucrose or 10% yeast (with
no dyes) were placed in a circular pattern within the arena. Twelve
15-hour-starved animals per genotype were introduced into the cham-
ber and were allowed to acclimate in darkness for a few minutes. The
behaviour chambers were placed on aninfrared-light transilluminator
viewed by a Basler camera, and half-hour videos were recorded at15 Hz
using animaging setup described elsewhere®’. Flies were tracked using
the Ctrax software®®, and locomotion data were analyzed using custom
MATLAB code (Code availability statement).

Immunohistochemistry and confocal imaging

Adult midguts, CNSs and fat bodies were dissected in cold PBS and fixed
for1hin4%paraformaldehyde at roomtemperature with agitation. Ante-
rior parts of guts, containing APCs (CCs) werefirst fixed for 30 min, finely
dissected and fixed for afurther 30 min. Fixed tissues were quickly rinsed
oncewith PBST (PBS with 0.1% Triton X-100, Merck no.12298) and washed
in PBST three times for 15 min each. Washed tissues were incubated in
blocking solution (PBST containing 5% normal goat serum (Sigma)) for
30 minutes at room temperature and incubated with primary antibod-
ies diluted in blocking solution overnight (or 2 d for CNS samples) at
4 °C with gentle agitation. Primary-antibody solution was removed, and
the tissues were rinsed once and washed three times, 20 minutes each,
with PBST. Tissues were incubated with secondary antibodies diluted in
PBST overnight at 4 °C, washed three times with PBST and mounted in
Vectashield mounting medium containing 4,6-diamidino-2-phenylindole
(Vector Laboratories, no. H-1200) on slides treated with poly-L-lysine
(Sigma, no. P8920). Tissues were scanned on a Zeiss LSM-900 confocal
microscope using a 20x air objective using the Zen software package.
Image analysis was carried out using the open-source program ImageJ*’.
For quantification of NPF, AstC, AKH and GFP (CaLexA reporter) staining
intensity, samples tobe compared were stained simultaneously using the
same reagent preparations and imaged with the same settings. Relevant
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midgut regions (the entire NPF-expressing region or the AstC-positive
region) were tiled at 20x with 10-20 Z-stacks of at least 100 planes sepa-
rated by 1 um. Tiled stacks were stitched into a single large stack for each
gutusingthe Stitching function of Zeiss Zen Blue v.3.1. For quantification
of NPF and CalexA staining, a binary mask containing identified cells
was created using local thresholding in ImageJ. This mask was manually
curated inImageJ by comparison with the rawimage data, andincorrectly
joined cells were manually resegmented. In a custom MATLAB script
(Codeavailability statement), this mask was applied to the image datato
segmentouteach cell. Staining intensity within each cell was summed, and
the local background of each cell was removed by measuring the signal
around the circumference of each cell. For AstC quantifications, stacks
were Z-projected using the sum method. Cells were manually segmented,
and their intensity was measured using ImageJ with local background
subtraction. Weintegrated a UAS-tdTomato transgene into the CaLexA sys-
temto normalize calcium-dependent GFP fluorescence. Antibodies used
includedarabbit antibody against the processed AKH peptide”, akind gift
ofJ. Park, University of Tennessee, 1:500; rabbit anti-NPF (Ray BioTech,
no.RB-19-0001-20), 1:500; rabbit anti-AstC’®, kindly given by J. Veenstra,
University of Bordeaux and M. Zandawala, Brown University,1:500; mouse
anti-GFP (ThermoFisher, no. A11120),1:500; rat anti-mCherry (used against
tdTomato; ThermoFisher, no.M11217),1:2,000; mouse anti-Prospero (Uni-
versity of lowa Developmental Studies HybridomaBank, no. MR1A), 1:20;
AlexaFluor 488-conjugated goat anti-mouse (ThermoFisher, no.A32723),
1:500; Alexa Fluor 555-conjugated goat anti-rabbit (ThermoFisher, no.
A32732),1:500; AlexaFluor 555-conjugated goat anti-rat (ThermoFisher,
no.A21434),1:500 and Alexa Fluor 405-conjugated goat anti-rabbit (Ther-
moFisher, no.31556),1:500.

Injection and methoprene-treatment experiments

Synthetic amidated NPF peptide (SNSRPPRKNDVNTMA-
DAYKFLQDLDTYYGDRARVRFamide) was a kind gift from F. Hauser
(University of Copenhagen). Peptide was dissolved at 25 uMin a
synthetic haemolymph-like buffer”’ containing 5 mM glucose, 5 mM
trehalose and 110 mM sucrose (inert osmolyte). Flies were reared
at 18 °C as described above. After 4 days at 29 °C to permit GAL4
activity, flies were starved on 1% agar for 15 h or protein-deprived
on sugar-agar for 3 days. Flies were immobilized onice and 50 nl of
haemolymph-like solution with or without NPF was injected into
each animal at the lateral mid-thorax ventral to the wings using a
NanojectIlinjector (Drummond Scientific). Assumingeachinjected
animal contained 1 pl of haemolymph, the final NPF concentration
intheinjected animals wasincreased by 1.25 uM, alevel that should
strongly activate NPFR (ICs, roughly 60 nM, ref. ”?). Animals were
allowed to recover for 30 min at 29 °C before use in dye-feeding
assays as described above.

Because the juvenile hormone analogue methoprene
(Sigma-Aldrich no. 33375) is not thermally stable, the working solu-
tion (0.01 pg pl™ in acetone) or vehicle (pure acetone) was applied to
the surface of cooled, solidified fly mediuminstead of being mixed into
melted medium before solidification. We applied 32 pl of hormone or
vehicle solutionto the surface of 2 ml of fly mediumin 25-mmdiameter
plastic vials (in total, 0.32 pg per vial), anamount that should be effec-
tive while also being well tolerated by the animals™. Treated media were
keptat roomtemperature for roughly 12 hto allow acetone evaporation
before flies were added.

Metabolite measurements

Triglyceride and glycogen levels were measured using established proto-
cols®™”, For each genotype, ten batches of three flies each were homog-
enizedinPBS containing 0.05% Tween-20 (Sigmano.1379) inaTissueLyser
LT (Qiagen) bead mill with 5-mm stainless-steel beads. Glycogen was meas-
ured by hydrolysing glycogen into glucose by using amyloglucosidase
(Sigma, no.A7420) followed by colorimetric glucose measurement (Sigma,
no.GAGO20). TAG levels were assayed by cleaving their ester bonds using

Triglyceride Reagent (Sigma, no. T2449) to obtain free glycerol, the level
of which was then colorimetrically measured using the Free Glycerol
Reagent (Sigma, no. F6428). For determination of circulating glucose
concentration, haemolymph was extracted as described previously**and
glucose was measured using the colorimetric assay (Sigma, no. GAGO20).
Each sample’s absorbance at 540 nm was measured in a 384-well plate
using an Ensight multimode plate reader (PerkinElmer) and converted to
metabolite concentrations using glycerol and glucose standard curves.
Measurements are reported on a per-fly basis.

Luciferase assay

Female guts were dissected into lysis buffer (Promega, no.E2920). For
each condition, 4-7 replicates with two guts in each were homoge-
nizedin 50 pl of lysis buffer in 2-mlround-bottomed Eppendorftubes
using a TissueLyser LT (Qiagen) bead mill with 5-mm stainless-steel
beads (Qiagen, no. 69989). Homogenates were centrifuged at
21,000g for 5 min, and the supernatant was transferred into new
tubes and centrifuged a second time. Ten microlitres of the cleared
supernatant were loaded into a 384-well plate, and 10 pl of Dual
Glo Stop & Glo Reagent (Promega) was added. The plate was left to
incubate for 15 min at room temperature to allow for the reaction to
pass from the burst phase into the glow phase, after which luciferase
activity was measured using the luminescence mode of an Ensight
multimode plate reader (PerkinElmer).

Transcript measurement using quantitative PCR

Six tissue replicates (each containing five CNSs, five midguts or five
CC-containing anterior parts of guts) per condition or genotype were
homogenized in 2-ml Eppendorftubes containinglysis buffer with 1%
beta-mercaptoethanol using a TissueLyser LT bead mill (Qiagen) and
5-mm stainless-steel beads (Qiagen no. 69989). RNA purification was
performed using the NucleoSpin RNA kit (Macherey-Nagel, no. 740955)
according to the manufacturer’s instructions. Complementary DNA
was synthesized using the High-Capacity cDNA Synthesis kit (Applied
Biosystems, no. 4368814). Quantitative PCR was done using RealQ
Plus 2x Master Mix Green (Ampliqgon, no. A324402) on a QuantStudio
5 (Applied Biosystems) machine. Results were normalized against the
housekeeping gene Rp49 using the delta-delta-Ct method. The oligos
used are listed in Supplementary Table 2.

Statistics

Allstatistics were computed using the Prism analysis package (Graph-
Pad v.9). Starvation-survival curves were analyzed using Kaplan-
Meier log-rank tests or Gehan-Breslow-Wilcoxon test. Other data
were assessed for normality before comparisons were performed.
For normally distributed data, pairwise comparisons were made
using two-tailed unpaired Student’s ¢-tests and multiple samples
were compared using one-way analysis of variance (ANOVA) with post
hoc multiple-comparisons tests. Other data were compared using
two-tailed unpaired Mann-Whitney U-tests or one-way Kruskal-Wallis
ANOVA followed by multiple-comparisons tests. Bar plots show the
mean plus or minus the standard error of the mean (s.e.m.). Box plots
that show the median and the first and third quartile, with whiskers
indicating the full range of values. No data were excluded. Sample
size was chosen on the basis of similar previously published studies of
Drosophilabehaviour and metabolism''%2°%° No sample-size calcula-
tions were performed.

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

Data availability
All datagenerated or analyzed during this study are available as Source
Datafiles, which are provided with this paper.
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Code availability

The custom MATLAB scripts used for image analysis and for loco-
motion data analysis in this study are publicly available at https://
doi.org/10.5281/zenod0.6641933 and https://doi.org/10.5281/
zeno0do.6641957.
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Extended Data Fig. 1| NPF knockdown efficiently depletes NPF specifically
in the midgut EECs and affects food intake. (a) Total time feeding using

FLIC; n=12. (b) Time spent feeding determined by FLIC; n =20 NPFi**/+,

n=9 EEC > NPFi**. (c) Amount of sugar+yeast solid food (9% sugar + 8% yeast)
consumed, by dye assay; n = 9 NPFi*"/+; n = 8 EEC > NPFi*". (d) Consumption of
10% sugar measured by CAFE assay; n =17 NPFi*/+ and n = 9 EEC > NPFi*¥. (e)
Consumption of sugar+yeast liquid food (5% sugar + 5% yeast extract) measured
by CAFE assay; n=8 FEC>,n =9 EEC > NPFi*¥, (f,g) NPF immunostaining in

the midgut of mated females, quantified in (g); n = 4 guts. Scale bars, 50 pm.

(h) Knockdown using the R57C10-GAL8O, NPF > (NPF?“ > ) driver with NPFi"®"
affects NPF transcripts in mated female guts but not the CNS (brain and ventral
nerve cord), n=5NPF“ > CNS samples, n = 6 NPF¥“* > NPFi"™®" CNS samples,n = 6
NPF“ > midgut samples, n = 5 NPF* > NPFi"™™ midgut samples, each replicate

containing tissues from 6 animals. (i) NPF immunostaining of CNS and midguts
from mated females, quantified in Fig. 1 h. Scale bars, 50 pm. (j) Consumption of
10% sugar-water measured by CAFE assay; n =17 NPFi"™®"/+,n =15 NPFe“* > NPFi™®",
(k) Food intake after injection of NPF peptide into the haemolymph measured
by dye assay; n=9 EEC>,n=5EEC > NPFi*", n = 5 EEC > NPFi*" with NPF injection.
(I,m) Hemolymph glucose (I) and whole-body TAG (m) levels after 30-minute
incubation at 29 °C for TrpAlactivation; n =9 NPF*“*>,n =10 NPF*"* > TrpAl,

n =10 NPF*“*> TrpAl + NPFi. All females were mated. Bars represent mean+SEM.
ns, non-significant. a, b, c, e, j: Two-tailed unpaired Student’s t test.d, g, h:
Two-tailed unpaired Mann-Whitney U test. k: One-way ANOVA with Tukey’s
multiple-comparisons test. I, m: Kruskal-Wallis nonparametric ANOVA with
Dunn’s multiple-comparisons test.
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Extended Data Fig. 2| Enteroendocrine NPF regulates systemic metabolism
and resistance to nutritional stress. (a-c) Survival during starvation; in
(a), n=41FEC>males, n =45 FEC > NPFi*males; in (b),n=130 FEC>,n =122
EEC> NPFi*", n =94 EEC > NPFi**;in (c), n = 50 UAS-NPFi*"/+,n =122 FEC > NPFit,
(d) TAG and glycogen levels in animals with gut NPFknockdown during
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starvation; n = 9 fed NPFi**/+, n =10 fed EEC > NPFi**, n = 9 starved NPFi**/+,n=9
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B voila>NPFP

starved EEC > NPFi**. (f) Hemolymph sugar levels in the fed condition, after

24 hours’ starvation, and after 6 hours of re-feeding from the 24-hour-starved
condition; n=8fed EEC>,n=7fed EEC> NPFi**,n=7 starved EEC > ,n =8 starved
EEC > NPFi**,n = 8 re-fed EEC >, n =7 re-fed EEC > NPFi**, All females were mated.
Bars represent mean+SEM. ns, non-significant. a, b, c: compared using
Gehan-Breslow-Wilcoxon test. d, e (left), f: Two-tailed unpaired Student’s

ttest. e (right): Two-tailed unpaired Mann-Whitney U test.

Nature Metabolism


http://www.nature.com/natmetab

Article https://doi.org/10.1038/s42255-022-00672-z
a 6-h b 6-h c d 20-h
. Sucrose-only food 2-h N .
sugar preference feeding preference _ sugar-feeding behavior
(15-h starved) (15-h starved) (3 days) dye choice assay (Fed)
p = 0.0205 p <0.0001 p=0.0112
10% sucroseq g—, 10% sucrose | o, 10% yeast 1 o 40004
X x x ’a [}
S 05 g 054 3 05 2 3000~
£ £ £ o o
8 0.0 8 8 £
£ .0 e 0.0~k bmmrmemes £ 0.0 § 2000 )
g 0.5 g 0.5 s 0.5 5 1000
o -0.99 o -0.57 o -0.549 3 1 @
o o o © (ﬁ
1% sucrose -1.0- 1% sucrose -1.0— 10% sucrose -1.0 -~ 0-
O NPFiFs+ O NPFRiTRPA X [ NPFITRP/+
0 EEC>NPFi< 0 NPF“>NPFTRP W w® B NPFIUSNPFITRP
i Activity Peptide
e Sucrose-only food,, 5 1, 4ye choice assay p=00126 p=0.0362
(3 days) = 00023 f — 0254 &= 0.0044 16 ns
__Pp=00050 Peptide o .
—p=00038 3 T 020 88 %0 o
10% yeast ,_ 0= =000 ns 34 P20z - EN ? & 5 e ©
’ o o 9
, e Bl T &
g 057 25, 51 | = o | o0 & %8
p €9 o S 3010 e Z 4- o
2 00 E g
E oot Y
w
5 a8 4] 0.05 0
© .05 z g 1 &) 1.00 - p = 0.0027 Stv 2 6
o =~ o p=0.0194 ® Sucrose
10% sucrose -1.0 - 0- S .75 0 Q refeeding (h)
Vign  Mated p— 20 o o2 3%
3 NPFoU> B NPF9“>sut2i ® 050 - &2 o
O NPF9“>sutti 5 @
8 0.25 -
¢] h » ) w
Expression Expression Activity Peptide 0.00
150 P <0.0001 150 P <0.0001 5 ns 25— _ns Stv. 2 6
o Sucrose
S} —_ (@] =
2 L2 T3 1P o 23207 refeeding (h)
=100 =100 €0 2 e o
§ % g g‘ge 2 g 3 % % 3 8 1.5+ ® j Peptide k Transcripts
& & S @ £ g g [Mimic in EEC] [Mimic in EEC]
= = v c 24 L g 1.0+
@ 50 ~ 50 # g o oo a3 (% glucosel glucose T glucoset
Q S O £ | &} Z | [e29) _ _
2 3 E 1 o059 § 6 . »=0.0006 2007
m = (7]
° 0 23 ° 5150 ©
[ NPFOUts [T] NPF9Ut>sytoi Fed Stv Fed Stv g 94_ 5
g8 ® o 2 E) X
Eo ge § 100 oy o
c =
& § 2 % 9 T ©
ZE ® 2 504
0-li5h @ 29 °C IEYCRERS Sl 6h @ 18 °C
[ Eec> M EEC>Mondoi [J EEC>
B EEC>Mondoi

Extended Data Fig. 3 | EEC-specific loss of NPF affects feeding and is
influenced by sugar sensing. (a,b) Consumption preference for 1% vs.10%
sugar-water, measured by CAFE assay; n =17 NPFi*/+ animals, n =9 EEC > NPFi*,
n =18 NPFi"®"/+,n =15 NPF¥“‘ > NPFi"*" (c) Consumption preference of

virgin female flies with or without JH treatment (methoprene); n = 24 each.

(d) Feeding time on 10% sucrose measured by FLIC; n = 10 NPFi"™®*/+ animals,
n=10 NPF¥“‘ > NPFi"*" (e) Preference of virgin and mated females, measured by
two-choice dye consumption assay; n = 25 NPF*“ > virgins, n = 24 NPF*“* > sutli
virgins, n =15 NPF*“ > mated females, n = 22 NPF*** > sut1i mated females.

(f) Midgut NPF staining intensity with sut2knockdown in NPF* EECs on a per-gut
basis; n = 6 guts for NPF*“* >, n = 5 guts for NPF*“ > sut2i. (g) Transcript levels of
NPF (left) and sut2 (right) in midguts from fed mated females; n = 6 replicates
containing five tissues each. (h) NPF intensity and NPF-cell activity (CaLexA)
infed and 24-h-starved animals on a per-gut basis; n = 8 for fed, n =9 for

24-hours starved. (i) NPF intensity, NPF-cell activity (CaLexA), and fraction of
CaLexA-active cells in 24-h-starved and 2-h- and 6-h-sugar-re-fed mated females
measured by calcium-LexA reporter system, aggregated on a per-gut basis;

n =8 guts per condition. (j) NPF staining intensity in midguts of mated females
with15 hours’ EEC knockdown of Mondo (29 °C inactivation of GAL80™) and
following 6-hour re-activation of Mondo expression (18 °C to renature GAL80'™)
onaper-gutbasis;15hat29°C:n=12 EEC>,n =14 EEC > Mondoi; 6 hat 18 °C:
n=17 EEC>,n =18 EEC > Mondoi. (k) Transcript levels of NPF in midguts from fed
mated females; n = 6 samples of five tissues each. All animals were mated females,
exceptin (e). Bars represent mean+SEM. Box plots indicate minimum, 25™
percentile, median, 75™ percentile, and maximum values. ns, non-significant.

a, b, ¢, h, j, k: Two-tailed unpaired Mann-Whitney U test. d, f, g: Two-tailed
unpaired Student’s t test. e, i One-way Kruskal-Wallis ANOVA with Dunn’s
multiple-comparisons test.
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Mated females: n = 22w, n =16 AKH”". (h,i) Injection of NPF peptide into the
hemolymph of 3-days-yeast-deprived mated females with NPFR knockdown in
the APCs (h) or 15-h starved AKH mutant virgin females (i) using two-choice dye
assay; n =13 AKH > NPFRi"™™", n =12 AKH > NPFRi"™" with NPF injection, n =23 AKH”"
,n =27 AKH” with NPF injection. Bars represent mean+SEM. Box plots indicate
minimum, 25" percentile, median, 75" percentile, and maximum values. ns,
non-significant. a, b, f: One-way ANOVA with Tukey’s multiple-comparisons test.
c, e, g, h,i: Two-tailed unpaired Mann-Whitney U test. d: Two-tailed unpaired
Student’s t test.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

(] [x]

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

=] L] [

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty {e.g. confidence intervals)

[x]

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above

Software and code

Policy information about availability of computer code

Data collection Zeiss Zen Blue v3.1 for image acquisition

Data analysis FlJI/Imagel) vI.53
GraphPad Prism v9
Mathworks MATLAB 2021b, v9.11
Ctrax v0.5.18
FlyPAD v2.0 (http://www.flypad.pt/)
FLIC v1.0.0beta (https://github.com/PletcherLab/FLIC_R_Code).
The scripts used for image analysis are posted at https://doi.org/10.5281/zenodo.6641933 and https://doi.org/10.5281/zenodo.6641957.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated or analyzed during this study are available as Source Data files. Source data are provided with the paper.
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Reporting on sex and gender No human studies were performed.
Population characteristics No human studies were performed.
Recruitment No human studies were performed.
Ethics oversight No human studies were performed. Ethical approval and oversight are not required for Drosophila studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was chosen based on similar previously published studies of Drosophila behavior and metabolism (doi.org:10.1038/
s41467-022-28268-x, doi.org:10.1016/j.cmet.2018.09.021, doi.org:10.1038/s42255-020-0266-x, doi.org:10.1371/journal.pbio.2005004). No
sample-size calculations were performed. The numbers of samples are large enough to capture normal variation while maintaining feasibility
for preparation and are similar to or larger than those used in other published studies in the field. gPCR used 5-8 samples, each containing
several tissues or animals, the standard in our lab; starvation and metabolic assays used approximately 10 replicates containing multiple
animals. Image analyses made use of multiple tissues per genotype or condition, as described in the appropriate figure legends or methods.

Data exclusions No data were excluded.

Replication Representative images were chosen from multiple options, generally at least 6. All experiments producing numerical data include at least 5
replicates. All attempts at replication were successful.

Randomization Animals were randomly grouped into batches as indicated in the text

Blinding Researchers were not blinded during the study because this is not generally done in fly studies. With limited staff with expertise in these
particular studies, the person handling sample prep must usually also be the one performing the assay.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods

Involved in the study

Antibodies
Eukaryotic cell lines

Palaeontology and archaeology

n/a | Involved in the study
[] chip-seq
D Flow cytometry

D MRI-based neuroimaging

Animals and other organisms

Clinical data
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Antibodies

Antibodies used Rabbit anti-AKH, obtained from Jae Park (University of Tennessee), 1:500.
Rabbit anti-Allatostatin C (AstC), made by Jan Veenstra (University of Bordeaux), 1:500.
Mouse anti-GFP, ThermoFisher #A11120, 1:500.
Rat anti-mCherry, ThermoFisher #M11217, 1:2000.
Rabbit anti-NPF, RayBioTech #RB-19-0001-20, 1:500.
Mouse anti-Prospero, Developmental Studies Hybridoma Bank (University of lowa) #MR1A, 1:20.
Alexa Fluor 488 goat anti-mouse, ThermoFisher #A32723, 1:500.
Alexa Fluor 555 goat anti-rabbit, ThermoFisher #A32732, 1:500.
Alexa Fluor 405 goat anti-rabbit, ThermoFisher #A31556, 1:500.
Alexa Fluor 555 goat anti-rat, ThermoFisher #A21434, 1:500.
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Validation Anti-AKH validated in Lee G and Park JH. (2004). Hemolymph sugar homeostasis and starvation-induced hyperactivity affected by
genetic manipulations of the adipokinetic hormone-encoding gene in Drosophila melanogaster. Genetics 167, 311-323.

Anti-AstC validated in Veenstra JA, Agricola HJ, and Sellami A. (2008). Regulatory peptides in fruit fly midgut. Cell Tissue Res 334,
499-516.

Anti-NPF: valid for Drosophila according to sales page (https://www.raybiotech.com/rabbit-anti-npf-en/) and previous studies, e.g.,
"The Nutrient-Responsive Hormone CCHamide-2 Controls Growth by Regulating Insulin-like Peptides in the Brain of Drosophila
melanogaster", Sano H et al., PLOS Genetics, May 28, 2015; "Developmental Ethanol Exposure Causes Reduced Feeding and Reveals a
Critical Role for Neuropeptide F in Survival", Guevara A et al., Frontiers in Physiology, March 22, 2018.

Anti-GFP validated for staining by manufacturer (https://www.thermofisher.com/antibody/product/GFP-Antibody-clone-3E6-
Monoclonal/A-11120).

Anti-mCherry validated for staining by manufacturer (https://www.thermofisher.com/antibody/product/mCherry-Antibody-
clone-16D7-Monoclonal/M11217).

Anti-Prospero validated in "RK2, a glial-specific homeodomain protein required for embryonic nerve cord condensation and viability
in Drosophila." Tomlinson A. Development (Cambridge, England) 120.10 (1994 Oct): 2957-66.

Goat anti-mouse, Alexa Fluor 488, validated by manufacturer (https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-
1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A32723).

Goat anti-rabbit, Alexa Fluor 555, validated by manufacturer (https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-
1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A32732).

Goat anti-rabbit, Alexa Fluor 405, validated by manufacturer (https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-
1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31556).

Goat anti-rat, Alexa Fluor 555, validated by manufacturer (https://www.thermofisher.com/antibody/product/Goat-anti-Rat-1gG-H-L-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21434).

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research
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Laboratory animals This study made use of a variety of stocks of Drosophila melanogaster, detailed in the manuscript and Supplementary Table 2.
Most experiments examined female adults (5+ days after eclosion), with a few experiments including males as well.

Stocks created for this work:
10XUAS-IVS-myr::tdTomato[su(Hw)attP8]; CaLexA
AKH[ts]> (Tub-GAL8O[TS]; AKH-GAL4)




AstClgut]> (R57C10-GAL8O; AstC::2A::GAL4)
EEC> (Tub-GALSO[TS]; voila-GAL4)
NPF[gut]> (R57C10-GAL8O; NPF::2A::GAL4)

Stocks obtained from Bloomington Drosophila Stock Center:
AKH-GAL4, #25684

AstC::2A::GAL4, #84595

CalexA (LexAop-CD8::GFP::2A::CD8::GFP; UAS-LexA::VP16::NFAT, LexAop-CD2::GFP/TM6B, Tb), #66542
Cg-GAL4, #7011

da-GAL4, #55850

elav-GAL4, #458

NPF::2A::GAL4, #84671

SP[O], #77892

Tub-GALBO[TS], #7108

UAS-mCD8::GFP, #5137

UAS-NPF-RNAI[TRIP], #27237

UAS-NPFR-RNAI[TRIP], #25939

UAS-sut1-RNAI, #65964

UAS-TrpAl, #26263
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Stocks obtained from Vienna Drosophila Resource Center:
UAS-AKH-RNAI, #105063

UAS-Mondo-RNAI, #109821

UAS-NPF-RNAI[KK], #108772

UAS-NPF-RNAi[sh], #330277

UAS-NPFR-RNAI[GD], #9605

UAS-SPR-RNAI, #106804

UAS-sut2-RNAI, #102028

w[1118], #60000

Others:

AKHI[-] - gift of S. Kondo, Tokyo University of Science.

Df(3L)deltal30 -- gift of A. von Philipsborn, Aarhus University.

NPFR::T2A::GAL4 -- gift of S. Kondo, Tokyo University of Science.

R57C10-GAL80-6 (on X) - gift of R. Niwa, University of Tsukuba.

UAS-TrpAl[attP2] -- gift of C. Wegener, University of Wiirzburg.
UAS-LexA::VP16::NFAT; LexAop-Luciferase - gift of M. Rosbash, Brandeis University.
voila-GAL4 -- gift of A. Scopelliti, University of Glasgow.

Wild animals No wild animals were used in this study.

Reporting on sex Our study identifies a hormonal pathway that appears to function differently in male and female Drosophila. Most experiments were
performed with female animals, to study the female-specific function of the system. A few experiments were performed in males,
which showed that the system functions differently in these animals, but no detailed followup was performed in males.

Field-collected samples No field-collected animals were used in this study.

Ethics oversight No ethics approval or oversight is required for Drosophila studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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