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Sleep loss is an adaptive response to nutrient deprivation that
alters behavior to maximize the chances of feeding before immi-
nent death. Organisms must maintain systems for detecting the
quality of the food source to resume healthy levels of sleep when
the stress is alleviated. We determined that gustatory perception
of sweetness is both necessary and sufficient to suppress starva-
tion-induced sleep loss when animals encounter nutrient-poor
food sources. We further find that blocking specific dopaminergic
neurons phenocopies the absence of gustatory stimulation, sug-
gesting a specific role for these neurons in transducing taste in-
formation to sleep centers in the brain. Finally, we show that
gustatory perception is required for survival, specifically in a low
nutrient environment. Overall, these results demonstrate an impor-
tant role for gustatory perception when environmental food avail-
ability approaches zero and illustrate the interplay between
sensory and metabolic perception of nutrient availability in regulat-
ing behavioral state.
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Starvation is a condition of extreme nutrient stress that leads
to rapid death. On detecting the absence of environmental

nutrient sources, organisms use multiple strategies to adjust re-
source allocation to maximize the chances of finding a food
source, including inducing longer foraging searches (1) and
limiting sleep behavior (2, 3). Sleep loss in Drosophila mela-
nogaster is a characteristic response to nutrient deprivation that
appears ∼12 h after the removal of a food source; in males, it is
followed by death in another 12 h (2). Sleep loss is thought to
represent a cost to the organism (4–6), and mechanisms for
evaluating the environment and terminating this behavioral re-
sponse when food is available would likely confer an adaptive
benefit. A deeper understanding of how organisms perceive and
respond to environmental stress could offer substantial benefit
to humans attempting to maintain maximal health in the face
of food shortages and unstable environmental conditions. The
strategies used by organisms to evaluate the sufficiency of a food
source and to initiate or suppress sleep loss under very low nu-
trient conditions remain largely unknown and represent one path
toward understanding global stress response.

Results
We have observed, as previously reported, that adult Drosophila
spontaneously adjust their behavioral patterns to reduce sleep
when starved (Fig. 1A) (2, 7). To more completely understand
how organisms modulate sleep in response to food availability,
we measured the extent of nutrient deprivation required to in-
duce sleep loss. These assays consist of monitoring the activity of
male Canton-S flies on a complete medium (10% sugar:Brewer’s
yeast medium; Materials and Methods) for 1 d (day 1) to estimate
baseline sleep in the fully fed condition, followed by data col-
lection from 1 or more days on a 1% agar-only starvation me-
dium (day 2+), which provides water and humidity but not
nutrients. We modified this procedure by augmenting the agar
medium with either 50 mM D-glucose or 550 mM D-glucose.

Interestingly, 50 mM D-glucose was sufficient to promote normal
sleep patterns (Fig. 1B), despite evidence that the animals re-
mained in a state of severe malnourishment (Fig. 1C). Indeed,
median survival on 50 mM D-glucose medium was only 5.1 d,
which was only slightly longer than complete starvation (1.1 d)
and substantially less than 550 mM D-glucose (21.2 d; Fig. 1C).
The discordance between the amount of nutrients apparently
required to support life and the amount sufficient to eliminate
starvation-induced sleep loss suggested that the animals may be
capable of regulating sleep through evaluations of the food
source that are independent of its energetic value.
Previous work has established that sensory perception of the

food source influences sleep architecture but not total sleep
in fully fed Drosophila (8), and we wondered whether it also
regulates sleep loss in response to nutrient stress. We tested
modulatory roles for gustatory perception using a mutant line
containing a deletion of the Gr64a-f sweet-sensing receptor gene
cluster (ΔGr64) (9), which has been previously reported to sup-
press proboscis extension in response to glucose, as well as to
several other sweet tastants (trehalose, arabinose, maltose, sucrose,
and glycerol) but not to fructose. Concentrations of D-glucose that
promoted normal sleep behavior in control (ΔGr64/+) heterozygous
flies were ineffective in flies homozygous for the ΔGr64 mutation
(Fig. 2A), with the defect particularly apparent at low nutrient
concentrations. This defect was fully rescued by Gal4-UAS-based
rescue of the ΔGr64 deletion (Fig. 2a) or by transgenic expres-
sion of an ectopic copy of the Gr64a-f genomic region (Figure
S1a). We note that high concentrations of D-glucose still pro-
moted sleep in ΔGr64 mutant flies, albeit not to the extent ob-
served in control animals, suggesting that taste perception may
be particularly important at low nutrient concentrations. There
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are multiple reports of a gustatory-independent nutrient sensor
that regulates behavior and food preference under starvation
conditions (8, 10–13), and it is likely that this sensor compensates
for lack of gustatory perception to promote normal sleep be-
havior when nutrients are replete.
To ensure that the sleep loss phenotype observed in ΔGr64

mutant flies is due to their failure to taste glucose rather than
a deficiency in their metabolic response to nutrients in general,
we repeated the experiments, replacing D-glucose with fructose,
which has roughly the same caloric value but can be perceived by
ΔGr64mutant flies (8, 9, 14, 15). Consistent with taste as a causal
factor, ΔGr64 mutants exhibited a normal pattern of sleep be-
havior that was statistically indistinguishable from the control

and genetic rescue lines (Fig. 2A and Fig. S1B). Together, these
data suggest that behavioral decisions affecting sleep regulation
rely heavily on gustatory perception when nutrients are scarce.
One alternative interpretation of the data presented thus far is

that sleep loss is not regulated per se but instead occurs as flies
approach death—at any given point in time, a greater proportion
of flies in low nutrient environments will be near death than their
better-fed siblings. Data from flies carrying the ΔGr64 mutation
effectively refute this hypothesis. On their first day of 50 mM
D-glucose feeding, ΔGr64 flies exhibit nearly identical sleep loss
to levels observed using starved flies (either ΔGr64 or control;
Fig. 2B). However, the fraction of each population that is pre-
dicted to be near death is very different; 100% of the starved
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Fig. 1. Sleep behavior is regulated by nutrient availability. (A) Sample video trace of the fly (Canton S male) position over time on a complete food (10%
sugar:yeast, SY10) or after 20-h starvation. The y axis represents the fly position in a tube resting horizontally with a video camera above. (B) Sleep behavior
(30-min bins) during day 1 on SY10 food followed by day 2 on the indicated test medium. (C) Survival on starvation medium or the indicated amount of
D-glucose. All points with error bars represent the mean ± SEM from 30 to 100 flies.
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Fig. 2. Appetitive gustatory perception is required for low environmental nutrient density to promote sleep. (A) Deletion of the Gr64a-f gene cluster sig-
nificantly impaired normal sleep behavior on a D-glucose but not fructose medium. Where noted, the ΔGr64 mutant was significantly different from all other
groups with no differences between the other groups. For A and F, all points with error bars represent the mean ± SEM from 30 to 100 flies. Statistical
significance was determined by one-way ANOVA with a Tukey posttest. (B) Sleep behavior (30-min bins) for ΔGr64 on the test day (24–48 h) and the following
day. The arrow indicates the persistence of sleep loss on 50 mM D-glucose. (C) Abdominal food content after 2 h on 50 mM D-glucose containing 0.5% FD&C
Blue #1. P = 0.89, one-way ANOVA. (D) Frass production during the test day on 50 mM D-glucose containing 0.5% FD&C Blue #1. n = 3 vials of 15 flies. (Scale
bar, 1 mm.) P = 0.56, one-way ANOVA. (E) Food interactions during day 2 for flies exposed to 50 mM D-glucose in liquid. n = 4–6 flies per group. P = 0.43,
one-way ANOVA. (F) Sleep change when flies (Canton-S) were fed the indicated concentrations of carbohydrates that were nutritious but nonsweet (sorbitol
or mannose) relative to D-glucose and a dietary rescue with the addition of arabinose (Table S1). Where noted, sorbitol or mannose was significantly different
from the other groups with no differences between groups. *P < 0.05; **P < 0.01; ***P < 0.001. See also Fig. S1.

2588 | www.pnas.org/cgi/doi/10.1073/pnas.1401501112 Linford et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401501112/-/DCSupplemental/pnas.201401501SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401501112/-/DCSupplemental/pnas.201401501SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401501112/-/DCSupplemental/pnas.201401501SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1401501112


population will die in the subsequent 24 h, whereas less than 5%
of 50 mM-fed mutants will do so (see also Fig. 5). Furthermore,
if sleep loss was strongly coupled to death, we would expect
to observe its onset much later in the ΔGr64 mutant animals on
50 mM D-glucose compared with starved controls, which does
not happen (Fig. 2B). The sustained sleep loss in the ΔGr64
mutant flies, therefore, is consistent with a model where the
animals regulate sleep based on the perception of food.
A second alternative explanation is that ΔGr64 mutant flies

respond normally to a given amount of nutrient intake but are
effectively “self-starving” through an undocumented effect of the
mutation on feeding behavior. To test this model, we estimated
food intake in three ways. First, we replaced the test medium
with a blue dye-labeled medium for 2 h near the end of the assay,
which corresponds to the period of the circadian day when food
intake is thought to be maximal (16). There was no difference in
the amounts of blue dye between mutant and control flies (Fig.
2C). Second, we measured 24-h fecal deposition by preloading
the flies on blue dye during the pretreatment period on complete
medium and measuring blue frass (excrement) deposits on the
side of the vial during a 24-h exposure to the 50 mM D-glucose
test medium, on which the mutant phenotype was most prom-
inent (17). There was no difference in the total deposition per fly
(Fig. 2D). Third, we used a novel assay [the fly liquid food in-
teraction counter (FLIC)] that quantifies food interactions by
allowing the fly to complete a low-voltage electrical circuit by
touching or consuming a liquid food while standing on a metal base
(18). We found that there was no difference between the ΔGr64
and control flies in the amount of time spent interacting with the
food (P = 0.56; Fig. 2E).
The abnormal sleep response profile observed in ΔGr64 mutants

can be recapitulated in WT (Canton S) animals using alter-
native nutrient sources that offer nutrition without stimulat-
ing gustatory sensilla (sorbitol and mannose) (11–13, 19). We
found that providing carbohydrate nutrition without sweetness
in the feeding medium led to a response profile that largely
phenocopied the concentration-dependent sleep response of
the gustatory mutant, with “starvation-like” sleep loss at low

environmental nutrient concentrations relative to control groups
exposed to D-glucose (Fig. 2F and Table S1). This defect was
fully rescued by the addition of a nonnutritive sweetener (arab-
inose or L-glucose) (11–13) to the feeding medium in combina-
tion with either mannose or sorbitol (Fig. 2F, Fig. S1C, and
Table S1). As before, these results were not driven by differences
in food uptake; we confirmed the presence of blue dye in the
abdomens of flies exposed to all concentrations of mannose and
sorbitol (Fig. S1D). These results further support the notion that
appetitive gustatory perception is required to promote normal
sleep behavior, particularly when environmental nutrient avail-
ability is low.
Having established that gustatory perception is required to

promote normal sleep behavior in the presence of nutrients, we
next asked whether appetitive signals alone are sufficient to
prevent starvation-induced sleep loss. To simulate sweet taste in
the absence of nutrients, we expressed the temperature-sensitive
activating ion channel TRPA1 (20) under control of the Gr5a-
GAL4 driver, which is broadly expressed in sweet-sensing neu-
rons (21). We found that this manipulation eliminated starva-
tion-induced sleep loss (Fig. 3A) when the neurons are activated
(29 °C) but not in control, nonactivating conditions (23 °C).
Neuronal activation only during the daytime period when flies
are most actively feeding recapitulated the reversal of sleep loss
observed when those same neurons were activated continuously
during the 48 h of starvation (Fig. S2). We also tested two sweet
but nonnutritional sugars, arabinose and L-glucose, and both
significantly suppressed sleep loss (81% and 60%, respectively;
Fig. 3B, Fig. S3 A–D, and Table S1). On the other hand, salt
(NaCl, 100 mM) had no significant effect (19%; Fig. 3B and Fig.
S3 A and B). We conclude that gustatory perception of sweetness
is sufficient to promote normal sleep in the absence of available
nutrients, even when death is imminent (Fig. S3D).
If gustatory perception of sweetness regulates sleep behavior,

we would anticipate that the gustatory perception of bitterness
(22, 23), which has been shown to counteract sweet-responsive
phenotypes, would block the ability of sweet taste inputs to
promote sleep. We found that addition of 1 mM denatonium,
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Fig. 3. Appetitive gustatory perception is sufficient to prevent sleep loss. (A) Activation of Gr5a-containing sweet-sensing neurons with Gr5a-Gal4/UAS-
TrpA1 (29 °C) on 1% agar starvation medium was sufficient to promote an increase in sleep relative to each of the control groups. One-way ANOVA with
Tukey’s posttest, n = 30–100. (B) Feeding with sweet nonnutritious compounds (250 mM arabinose or L-glucose) but not a salty compound (100 mM NaCl) was
sufficient to promote an increase in sleep relative to starvation. Student t test. Each compound is compared with its contemporaneous control, n = 30–100.
(C) Addition of 1 mM of the bitter tastants papaverine (Pap), lobeline (Lob), and denatonium (Den) to 50 mM D-glucose caused sleep loss relative to glucose
alone. One-way ANOVA with Tukey’s posttest, n = 30–100. (D) Abdominal food content following 2 h on the indicated test food containing 0.5% FD&C Blue
#1. P = 0.27, one-way ANOVA. (E) Frass production on the test day for the indicated foods containing 0.5% FD&C Blue #1 relative to glucose alone. n = 3 vials
of 15 flies. (Scale bar, 1 mm.) One-way ANOVA with Tukey’s posttest. (F) Total time of interactions between individual flies and the indicated foods. Adding
a bitter tastant to 50 mM D-glucose did not change flies’ tendency to interact with a food. One-way ANOVA with Tukey’s posttest, n = 9–16 flies per group.
Flies’ interaction with a food containing Pap was significantly lower than a food containing Den (P = 0.034). (G) Activation of Gr66a-containing bitter-sensing
neurons with Gr66a-Gal4/UAS-TrpA1 (29 °C) on 50 mM D-glucose was sufficient to promote a decrease in sleep relative to all of the control groups. One-way
ANOVA with Tukey’s posttest, n = 30–100. Summary data are expressed as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. See also Fig. S2.
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lobeline, or papaverine (24) to 50 mM D-glucose substantially
blocked the capacity for this sugar to suppress starvation-induced
sleep loss (Fig. 3C). As before, we ruled out feeding differences
as the cause for these observations. Abdominal blue dye levels
from the 2-h dye feeding assay (Fig. 3D), frass deposition (Fig.
3E and Fig. S3E), and total food interactions (Fig. 3F and Fig.
S3F) were not decreased by the addition of bitter substances,
which is consistent with idea that flies rapidly habituate to noxious
but nontoxic tastants when there is no better choice available
(24). Furthermore, expression of TRPA1 under control of the
Gr66a-GAL4 driver, which is broadly expressed in bitter-sensing
neurons (21), led to sleep loss in the presence of 50 mM D-glucose
(Fig. 3G) when the neurons were activated (29 °C) but not at
a lower temperature, where the neurons fired normally (23 °C).
Together, these results indicate that multiple sensory modalities
coordinate information about the potential quality of the food
source to regulate sleep behavior, as predicted by our model.
We note that our findings, which indicate a strong relationship

between gustatory perception and starvation-induced sleep loss,
differ from a prior report demonstrating that a nonnutritive
sweetener, sucralose, failed to suppress sleep loss (2). We con-
firmed this prior observation. However, although we observed
that sucralose was appetitive to control flies, it was also aversive
to ΔGr64 mutant animals (Fig. S3G). The receptor-mediated sig-
naling pathway for sucralose is not fully described in Drosophila,
and these data suggest that sucralose may activate both sweet-
and bitter-sensing neurons, making it a more complicated stim-
ulus than is currently appreciated. Based on our model, a com-
pound with both bitter and sweet properties would be unable to
attenuate starvation-induced sleep loss.
Dopamine-containing neurons have been implicated as down-

stream mediators of sweet sensory input for other behavioral
outputs including proboscis extension response (25, 26). We
therefore tested whether dopaminergic neurons play a role in
transducing sensory information to sleep regulatory centers. We
selectively suppressed the activity of dopaminergic [tyrosine hy-
droxylase (TH)-containing] neurons by expressing the inward-
rectifying potassium channel KIR2.1 (27) in combination with
tub-Gal80ts (TARGET) (28) under control of the TH-Gal4
driver. The TH-Gal4 construct has been shown to express in all
of the major subsets of dopaminergic neurons (29). This ap-
proach allowed us to bypass developmental effects and only
adjust neuronal activity during the experimental period. If gus-
tatory stimulation leads to activation of dopaminergic neuro-
transmission, we would predict that blockade of TH-containing
neurons (TH-Gal4/UAS-Kir2.1;TARGET) would phenocopy the
ΔGr64 defect and lead to sleep loss at low nutrient concen-
trations. We found exactly this (Fig. 4 A and B). When the flies
were exposed to a high temperature (29 °C, neurons blocked)

only during the experiment, we saw a specific impairment of the
response to low glucose (Fig. 4A) that was not present at the low
temperature (18 °C, neurons firing normally; Fig. 4B). We ob-
served a similar result with constitutive expression of the tetanus
toxin light chain (UAS-tntG), which blocks neurotransmission
through an independent mechanism and does not require tem-
perature manipulations (Fig. 4C).
To begin narrowing down the specific neurons involved, we

tested other Gal4 drivers (labeled with the letters C–G) that were
created in the laboratory of Mark Wu from fragments of the TH
enhancer region. These drivers have been shown in a prior report
to express in more confined, dopamine-producing neuron subsets
based on TH antibody colabeling (29). We found that expression
of UAS-Kir2.1;TARGET in both the D4 and C1 subsets eliminated
the ability of 50 mM D-glucose to suppress starvation-induced
sleep loss (Fig. 4D and Fig. S4A). Expression by G1 and F2 had
no effect, whereas F1 and F3 partially suppressed sleep loss but
the effect was not statistically significant. The D1 driver combined
with UAS-Kir2.1;TARGET caused death within 24 h when placed
at 29 °C. Based on the expression profile of the D4 driver, we can
effectively say that the PAM, PAL, PPM1, and PPL2 dopami-
nergic clusters are unlikely to be involved. Notably, the PPM1
neuron subset contains TH-Gal4-positive nondopaminergic cells
that we can effectively rule out with this analysis. To confirm that
D4 dopaminergic neurons are in the gustatory sensing pathway,
we also tested flies expressing UAS-Kir2.1;TARGET under control
of the D4 driver using the sweet but nonnutritive sugar arabinose
and also observed sleep suppression, consistent with a role for
these dopaminergic neurons in the regulation of sleep by gusta-
tory cues (Fig. 4D). Further work will be required to determine the
specific neuron(s) that relay gustatory signals to the sleep centers of
the brain and whether dopamine alone, or a combination of
neurotransmitters and neuropeptides, are involved.
Finally, we asked whether the lack of appetitive gustatory

perception and its associated sleep dysregulation have broader
consequences on organismal health. ΔGr64 mutants are not
impaired in their survival under starvation (Fig. 5A and Table
S2), and their lifespan is not adversely affected by sleep depri-
vation using the guest-host paradigm, which is a model for sleep
stress where the pairing of a male and female in the same activity
tube significantly reduces sleep in both animals (30) and even-
tually leads to death (Fig. 5B and Table S2). Thus, we conclude
that the ΔGr64 animals are not sick or broadly stress sensitive.
Our model predicts that the negative consequences of losing

sweet taste sensitivity would be most substantial under conditions
of low nutrient availability. Consistent with this, we see that the
ΔGr64 mutants are short-lived on the diet to which they are taste
blind (D-glucose) relative to fructose when the nutrient concen-
tration is 50 mM (69% difference in mean lifespan; Fig. 5C and
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to genetic controls at that glucose concentration. (D) Sleep loss on 50 mM D-glucose or 200 mM arabinose (where indicated) in the presence of dopaminergic
subset Gal4 drivers with UAS-Kir2.1; TARGET relative to the UAS-Kir2.1; TARGET alone control. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA with
Tukey’s posttest. All data are expressed as the mean ± SEM from 30 to 100 flies. See also Fig. S3.
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Table S2). There is no significant difference between fructose
and D-glucose for either the ΔGr64/+ control (1% lifespan dif-
ference; Fig. 5C and Table S2) or the genomic rescue lines (<1%
lifespan difference; Fig. 5C and Table S2). We observed a similar
reduced survival on low nutrients when the ΔGr64 deletion
mutant was crossed to a different Gr64 mutant that contains
a deletion only in Gr64a-c (19), indicating that the a–c region of
the gene cluster may be important for survival under nutrient
stress (Table S2). However, under conditions of high nutrient
density, the effects of the ΔGr64 mutation on survival are largely
absent (Fig. 5D and Table S2). Thus, the negative effects of
losing sweet-sensory perception are dependent on the environ-
mental nutrient concentration. Interestingly, ΔGr64 mutant sur-
vival on both low and high fructose (which the animals can taste)
is significantly enhanced relative to the two control backgrounds
(Fig. 5 C and D and Table S2). Together our results suggest an
essential role for gustatory perception in defining normal be-
havioral and physiological responses to nutrient variability, par-
ticularly under conditions of nutrient stress.

Discussion
We showed that gustatory perception of sweetness is both nec-
essary and sufficient to suppress starvation-induced sleep loss
when animals encounter nutrient-poor food sources. Notably,
gustatory perception is also required for a normal lifespan,
specifically when animals are maintained in a low nutrient en-
vironment, establishing that gustatory perception is a critical
mechanism for transmitting information about environmental
quality to central regulatory centers that control sleep behavior
and survival. Although there are apparently multiple types of
sensors that relay the complexity of dietary information, the
impact of gustatory perception on both sleep and survival is most
profound when environmental nutrient density is low. Overall,
these results demonstrate an important role for gustatory per-
ception when environmental food availability approaches zero,
and they illustrate the interplay between sensory and metabolic
perception of nutrient availability in regulating physiology and
other complex behaviors.

We find that dopaminergic neuron activity is required for
appropriate regulation of sleep behavior specifically under con-
ditions of very low nutrient availability. These data support a
model where gustatory perception signals through dopaminergic
neurons to transmit information about food availability to sleep
centers. It is also possible that dopaminergic neurons act to relay
the gustatory information back to sensory neurons, as has been
reported for starvation (25). We believe this second model is less
likely due to the fact that known dopamine-gustatory feedback is
dependent on the DOPECR receptor and that we find no effect
of DopEcr mutation or RNAi on gustatory-dependent sleep be-
havior (Fig. S4B). The precise neurons involved in this in-
teraction remain unknown, but neurons in the PPM2 cluster are
strong candidates due to overlapping expression in the C1 and
D4 dopamine subset Gal4 lines (29). These data and others are
beginning to reveal the importance of specific subsets of neurons
for regulating distinct behavioral phenotypes.
Why might animals rely on gustatory perception rather than an

assessment of nutritional content per se to drive key food-related
behaviors? One possibility is that in the wild gustatory and nutri-
tional cues are nearly always paired, and therefore taste may be
a very reliable predictor of nutrient quality. Metabolic assessment
of quality may have lower sensitivity, and it is almost surely slower.
As we understand more about the nature of metabolic nutrient
sensor(s) in flies and other organisms, the nature of the relation-
ship between the gustatory and metabolic information will clarify.
For now, we propose that the gustatory and metabolic processing
pathways are mostly distinct. However, the ΔGr64 mutant is par-
tially defective in suppressing starvation-induced sleep loss, even at
very high dietary glucose concentrations (Fig. 2A and Fig. S1A),
which leaves open the possibility of either a compensatory change
in metabolic processing in response to sensory deficit or more
direct cross-talk between gustatory and metabolic signaling.
We speculate that the ability for gustatory stimulation to at-

tenuate starvation-induced sleep loss may be evolutionarily con-
served and that this may provide an interesting therapeutic angle
for limiting the negative effects of fasting or periods of anticipated
food deprivation. Under conditions where sensory perception is
impaired, including aging and neurodegenerative disease, nutri-
tional intervention may provide an important approach to limit
the disorders of sleep behavior that can potentially accelerate
disease progression and reduce independence. Together, our work
supports a key role for sensory perception in the regulation of
complex behaviors that serve to support the normal functions of
the organism, and it serves as an essential step in understanding
how organisms process information from their environment.

Materials and Methods
Husbandry. All fly stocks were maintained on a standard cornmeal-based
larval growth medium and maintained in a temperature and humidity-
controlled environment (25 °C, 60% humidity) with a 12:12-h light:dark
cycle. Before experimentation, the F0 generation was mated in egg col-
lection chambers, and eggs were collected on grape agar medium and
distributed at 10 μL/vial to provide consistent larval density. Following
eclosion, flies were mated for 2 d, and then males were separated into SY10
medium at a constant density of 25 flies per vial for 2–4 d (31) before
experimentation.

Fly Stocks. The genotype of the ΔGr64 line was R1;R2/+;ΔGr64/ΔGr64 and the
rescue was R1;R2/Gr5a-GAL4; ΔGr64,UAS-Gr64abcdGFPf/ΔGr64. Heterozy-
gous controls used for comparison with the ΔGr64 mutant were R1;R2/+;
ΔGr64/+. These stocks were a kind gift from the Amrein Laboratory, College
Station, TX (9). The Gr64 genomic rescue flies were made by inserting the
CH322-176A20 genomic fragment (32) into the 59D3 chromosome location.
Transgenesis was performed by BestGene. Gr64a2, Gr5a-Gal4, Gr66a-Gal4,
and UAS-Kir2.1 flies were kind gifts from A. Dahanukar, University of Cal-
ifornia, Riverside, CA (19); K. Scott, University of California, Berkeley, CA (21);
J. Carlson, Yale University, New Haven, CT (22); and R. Baines, The University
of Manchester, Manchester, UK (33), respectively. The TH-Gal4 subset lines
(C1-G1) were a kind gift from M. Wu (29). tubGAL80ts (7017), UAS-tntG
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Fig. 5. Loss of appetitive gustatory perception impairs survival in low nu-
trient environments. Survival in response to starvation (A) or sleep depri-
vation stress from the presence of a female “guest” in an activity monitor
tube on a complete SY10 food (B) is not impaired by the ΔGr64 deletion.
Survival on 50 mM (C) but not 550 mM (D) D-glucose is impaired by the
ΔGr64 deletion relative to the fructose control. Number of flies, median
survival, and P values are in Table S2.
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(28838), and TH-Gal4 (8848) were from the Bloomington Stock Center, and
the UAS and Gal4 lines were backcrossed six generations into the w1118

background. All other experiments used the Canton-S control strain.

Sleep Behavior. Flies were transferred to 5-mm polycarbonate tubes fitted
with a food cup (trimmed pipet tip with glued end) containing 50 μL of SY10
medium and allowed to equilibrate within a Trikinetics activity monitoring
apparatus (Trikinetics) for at least 1 d (day 0). For all temperature manipu-
lations, the flies were placed at the test temperature at the start of day 0.
Baseline sleep behavior was subsequently monitored for 24 h (day 1 ZT0-24).
At ZT0 (lights-on) of day 2, the food cup was replaced with the specified test
medium (1% Bacto-agar with or without additions) with minimal distur-
bance to the fly. Flies were not starved before placement on the test me-
dium. Sleep behavior was monitored for at least 24 h on the test medium.
Sleep was calculated as the total time spent in periods of 5 min or more of
continuous inactivity (34) and grouped into 30-min bins. The percent sleep
change was calculated for each fly during hours 12–24 of each day using the
following equation: (day 1 – day 2)/day 1 × 100. If a fly died within the test
day (no further activity counts), the sleep calculation was adjusted to include
only the window of time over which the fly survived on both day 1 and day 2.
Within each experimental cohort, the values were normalized to a group
of flies experiencing SY10 on both day 1 and day 2 to correct for time-
dependent effects (typically less than 10%). All analysis was conducted using
custom scripts in the R statistical software package that are available from
the authors on request. The observed total sleep levels on day 1 for the
genotypes used here are listed in Table S3.

Feeding Behavior.
Abdominal blue food. Flies were transferred from SY10 medium to vials con-
taining the test medium for 24 h and then transferred to test medium
containing 0.5% FD&C blue #1 for 2 h (35). Individual flies were frozen and
homogenized in 40 μL of PBS + 0.01% Triton X-100 using a Qiagen Tissue-
Lyser. The lysate was centrifuged at 2,250 × g for 20 min. Twenty microliters
of the resulting supernatant was analyzed at 630 nm using a half-diameter
96-well plate using a standard curve with the blue dye. A control group fed
without blue dye was run simultaneously to determine the nonspecific
630-nm absorbance, and this value was subtracted from all measurements.

Blue frass. Groups of 15 flies were placed on SY10 medium containing 0.5%
FD&C blue #1 for 24 h (day 1, baseline day) and then transferred to test
medium containing 0.5% FD&C blue #1 in 28.5 × 95-mm (standard wide)
vials fitted with a layer of transparency film on the inner surface of the vial.
After 24 h, the transparency film was removed and imaged to determine the
total number of spots and the area of each spot.
Food interactions. Individual interactions with the foodwere counted using the
FLIC, a novel apparatus that continuously (roughly 500 times/s) monitors
feeding behavior by recording an electrical signal for every interaction a fly
makes with a liquid food source (for details, see ref. 18). Flies were placed
individually into FLIC measurement arenas for 6 h with the indicated food
type, and the total number of seconds spent interacting with the food
was recorded.

Video Analysis.Weobserved and recorded the position of flies in 5-mmactivity
monitoring tubes as described previously (8). Briefly, we recorded movies at
1 frame/s and used an in-house software system (DTrack) to calculate the
centroid position for each fly and plotted the position along the axis of the
tube over time. This software is available from the authors on request.

Survival. Flies were prepared for survival experiments as previously described
(31), with a slight modification. Male flies were transferred to the test me-
dium (1% agar with or without the indicated carbohydrate) between days
3 and 10 after eclosion, and the time of transfer is indicated as time 0. Flies
were transferred to new food three times per week, and survival was
recorded every 1–2 d.
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