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Dietary restriction (DR) is a widely conserved intervention leading
to lifespan extension. Despite considerable effort, the mechanisms
underlying DR remain poorly understood. In particular, it remains
unclear whether DR prolongs life through conserved mechanisms
in different species. Here, we show that, in the most common
experimental conditions, lifespan extension by DR is abolished by
providing Drosophila with ad libitum water, without altering food
intake, indicating that DR, as conventionally studied in flies, is
fundamentally different from the phenomenon studied in mam-
mals. We characterize an alternative dietary paradigm that elicits
robust lifespan extension irrespective of water availability, and
thus likely represents a more relevant model for mammalian DR.
Our results support the view that protein:carbohydrate ratio is the
main dietary determinant of fly lifespan. These findings have
broad implications for the study of lifespan and nutrition.
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D ietary restriction (DR), classically defined as a reduction in
nutrient availability short of malnutrition, can extend the
lifespan of organisms ranging from yeast to mice (1, 2). In
rodents and primates, DR delays the onset of age-related
pathologies, such as cancer, cardiovascular disease, and diabetes
(3-5). Chronic DR also elicits a number of physiological changes,
including decreased circulating glucose, insulin, and cholesterol
levels; reduced body mass; and compromised reproductive func-
tion (5-8). Despite the evident biomedical interest in DR, its
mechanistic basis remains largely unknown, and it is unclear
whether DR extends lifespan in different species through similar
mechanisms (9, 10). This issue is of fundamental importance,
since invertebrate model systems are especially valued for their
ability to provide mechanistic clues to be tested in mammals.

In mammals, food restriction is imposed by feeding the DR
cohort a fraction of that ingested by the ad libitum group (2).
Due to the difficulty of controlling feeding rates in invertebrates,
more ingenious, albeit potentially problematic, techniques are
used. Drosophila DR is commonly achieved by total food dilution
(11) and carried out in the absence of a separate water source,
unlike with other species (12-16). Hence, fly food is simulta-
neously the source of nutrients* and water. This setup prevents
flies from independently regulating nutrient and water intake,
leaving room for the possibility that any effects of food dilution
are mediated by changes in hydration.

Our results show that lifespan extension by typical DR regimes
(17-20) can be entirely abolished by providing flies with free
access to water. Water supplementation does not affect food
consumption, suggesting that DR, as typically applied, does not
impact longevity through reduced nutrient intake. Furthermore,
we characterize a regime that elicits robust lifespan extension
independent of water supplementation. Our findings suggest
that most of the work done on Drosophila DR has been con-
founded by changes in hydration. In conditions where water
intake is not limiting, lifespan modulation by DR can be ex-
plained by the protein:carbohydrate ratio.

Results and Discussion

We measured the water consumption of flies fed two different
concentrations (dietary restriction, DR; concentrated medium,
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CM) of yeast extract/sucrose (YE/S) medium by providing ad
libitum water labeled with a radioactive tracer (21-23). Flies
were housed in population cages containing separate food and
water sources of similar surface area. CM-fed flies drank five
times as much as those on DR, and this trend was maintained on
an even richer medium (Fig. 14). The difference in water content
of the food (CM = 0.86 = 0.04 and DR = 0.98 £ 0.06 mL
H,O/mL medium, respectively) seems mild compared with the
dramatic difference in water ingestion. We reasoned that com-
pensatory feeding, the ability of flies to regulate their intake in
response to changes in food concentration (24), might play a
causal role. Thus, animals that restrict their intake to compen-
sate for the high concentration of CM would consequently ingest
less liquid and require an independent water source. Food
dilution indeed had a strong phagostimulatory effect (Fig. 1B).
Isotope accumulation was near linear for several days (Fig. S1A4),
and flies fed diluted food were not less efficient in eliminating
or metabolizing the label (Fig. S1B), supporting the validity of
radioactivity measurements (25, 26). Notably, food intake was
unaffected by water access (Fig. 1B). These results were inde-
pendently confirmed using the Capillary Feeder (CAFE) assay,
which directly measures consumption (Fig. S1C) (27). Similar
results were observed with both genders, as well as with different
media, fly strains, and enclosures (Fig. 1 C-F). These experi-
ments span the most common paradigms of Drosophila DR.
Collectively, our results indicate that, faced with the common
food/water sources used in DR, flies give priority to regulating
their nutrient intake via compensatory feeding, at the expense of
optimal hydration. Since flies exposed to richer media are
significantly thirstier than controls (Fig. 1 A, C, and E), we asked
if this state of chronic dehydration affects longevity. Lifespan
was measured on DR and CM with and without water supple-
mentation. In the control group, the aqueous medium (1% agar)
was covered by a nylon mesh, preventing access to the water
source while ensuring identical humidity. Strikingly, ad libitum
water access prolonged the survival of CM-fed flies to the level
of their DR cohorts, whereas the latter experienced only a mild
benefit in the presence of water (Fig. 24 and B). As aresult, DR
extended lifespan in the absence, but not in the presence, of the
aqueous source (Fig. 2C and Table S1). The nonadditive effect
of DR and water supplementation on lifespan is not due to an
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Fig. 1. Food and water intake assayed by medium radiolabeling (22). (A and
B) Yeast extract/sucrose (YE/S)-fed Canton-S males maintained in demography
cages. (Cand D) Brewer's yeast/sucrose (BY/S)-fed Canton-S males maintained
indemography cages. (E and F) BY/S-fed Dahomey females maintained in vials.
Flies drink greater volumes of water and consume less of the food as concen-
trations of YE/S (A and B) or BY/S (C—F) increase. Results are expressed as an
average (= SD) of 2-6 trials, each containing 6-16 flies. Food composition,
YE/S:DR=2.5% YE +2.5%S; CM = 10% YE + 10% S; 2XCM = 20% YE + 20%
S; BY/S: DR = 10% BY + 5% S; CM = 20% BY + 10% S (all wt/vol). Statistical
significance was determined by nonpaired, two-tailed Student’s t tests be-
tween results on DR and CM or CM and 2XCM media: *, P < 0.05; **, P < 0.01;
**% P < 0.001. (B, D, and F) The presence of water did not affect food intake
on any medium (P > 0.05).

absolute lifespan “ceiling” or maximum, since other conditions
imparted greater longevity (Table S2).

We tested the effect of water access on lifespan in different
genders, fly strains, media, and animal enclosures. Water
supplementation mimicked the longevity-enhancing effect of
DR in all conditions tested (Fig. 2 D-I, and Tables S1 and S2),
with no significant effect on food intake (Fig. 1 B, D, and F).
The magnitude of lifespan extension by DR in the absence of
water is in agreement with reported results (17). Notably, one
of our experiments (Fig. 2 G-I) faithfully replicated the
conditions recently proposed as the most appropriate for DR
experiments on the basis of their effects on lifespan and
fecundity (17). The simplest explanation for these findings is
that the typical conditions used in Drosophila DR and water
supplementation extend lifespan through largely overlapping
mechanisms.

Our findings contradict a recent study that found no effect on
lifespan when water was provided in a pipette tip, although water
consumption was not confirmed (17). The substantially larger
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water surface used here may enhance access or counter crowding
effects, microorganism growth, accumulation of excreta, or
other undetermined factors.

Although DR has been established on yeast extract/sucrose/
cornmeal (YE/S/C) upon varying yeast alone (28, 29), this
paradigm is much less commonly used. In contrast to all other
regimes tested, YE/S/C elicited negligible water consumption
both in its low- and high-yeast forms (Fig. S24), indicating that
YE/S/Cis unique in its ability to satisfy the animals’ water needs.
Interestingly, reducing yeast levels in YE/S/C stimulated food
ingestion (Fig. S2B), demonstrating that compensatory feeding
does not necessarily result in dehydration, and suggesting that
water needs are determined by an interplay between feeding
behavior and the specific nutrient source.

In the YE/S/C paradigm, DR prolonged lifespan in males and
females irrespective of water access (Fig. 3). The small increase
in lifespan of CM-fed males with water access was not repro-
ducible (Fig. S3). Importantly, female fecundity directly corre-
lated with yeast levels (Fig. 4), arguing against a toxic effect of
yeast extract (9). Hence, we have established a paradigm where
nutrient manipulation has a clear impact on longevity irrespec-
tive of water availability.

The main goal of invertebrate research is to generate insights
into the mechanisms of human biology, and thus an ideal fly DR
model should bear analogy to the mammalian phenomenon.
Since DR in mammals is generally conducted in the presence of
ad libitum water (12, 13) and thus impacts longevity in hydrated
animals, one would expect the fly paradigm to also be dependent
on nutrient, rather than water ingestion. However, our findings
show that the bulk of Drosophila DR studies (11, 17-20) have
dissected a form of lifespan extension that is entirely dependent
on water availability, and therefore differs fundamentally from
the phenomenon studied in mammals. The YE/S/C water-
independent paradigm more closely resembles mammalian DR
and, therefore, likely represents a more relevant model of DR in
higher organisms. Two observations lend further support to this
view. First, maximum lifespan, arguably a better indicator of
aging rate than average longevity (30), is robustly extended upon
DR in rodents (4) and in the water-independent regime (Fig. 3
and Table S2), but not in the classical Drosophila DR paradigms
(Fig. 2 and Table S2). Second, lifespan extension on YE/S/C was
accompanied by a dramatic reduction in female fecundity that is
reminiscent of the reproductive diapause seen in restricted
rodents (31-33), whereas DR on water-dependent media has
only a mild effect [Fig. 4 and (17)].

Our findings are consistent with the view that the protein-
:carbohydrate (P:C) ratio is the main dietary determinant of fly
longevity (34), a fact that may have been classically obscured by
the hydration confound. As predicted by this model, classical DR
paradigms, based on whole medium dilution and thus maintain-
ing a constant P:C ratio, have only a mild, nutrient-independent
effect on lifespan, whereas the YE/S/C paradigm used here,
based on varying yeast alone and thus altering the P:C ratio,
impacts longevity more dramatically, and in a nutrient-
dependent manner. Notably, the low-yeast form of YE/S/C has
a P:C ratio of 1:15, similar to the 1:16 described by Lee et al. as
optimal for longevity (34). Other DR paradigms that alter the
P:C ratio within the appropriate range without causing dehy-
dration should be functionally equivalent to YE/S/C. Our results
also demonstrate the remarkable plasticity of Drosophila feeding
rate, in agreement with the finding that fly lifespan is determined
by the interplay between P:C ratio and food intake (34). The
lesson gleaned from these observations is that quantitative
measurements of steady-state food intake are indispensable for
any study aiming to understand the effects of nutrition on
lifespan.

Our results directly contradict the long-held assumption that
food manipulation affects fly lifespan solely through changes in
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Fig.2. Ad libitum water supplementation abolishes lifespan extension by dietary restriction (DR). (A-C) Yeast extract/sucrose (YE/S)-fed Canton-S males aged
in demography cages. Lifespan curves without (A) and with (B) water supplementation of flies maintained on concentrated (CM) or DR medium. (C) Mean
lifespan (= SEM) of flies on diets of CM, DR, or a heavily diluted starvation medium (SM) representing malnourishment. (D-F) Lifespan curves and mean
lifespan, as in (A-C), respectively, of brewer’s yeast/sucrose (BY/S)-fed Canton-S males aged in demography cages. (G-/) Lifespan curves and mean lifespan,
as in (A-C), respectively, of BY/S-fed Dahomey females aged in vials. In the absence of a water source, the DR diet extended lifespan compared with flies
fed CM in all conditions tested (A, P = 1.3 X 1074 D, P = 2.4 X 107%, G, P = 2.5 X 1073; log-rank test). (B, E, and H) DR had no effect (P > 0.05, log-rank
test) on lifespan upon water supplementation. Food composition is described in Fig. 1; YE/S: SM = 0.1% YE + 0.1% S; BY/S: SM = 1% BY + 0.5% S (all wt/vol).
n = 68-156 flies per trial. Statistics of Cox proportional hazards analysis, demonstrating the greatly reduced effect of DR upon water supplementation,

are shown in Table S1.

nutrient ingestion. Since this erroneous view has pervaded the
field since its inception (11), our observations warrant a careful
reexamination of the entire body of work of Drosophila DR. Any
insights stemming from work on fruit flies (18-20, 24, 35, 36) are
potentially confounded by changes in hydration and thus difficult
to extrapolate to mammalian DR. This caveat extends to the
numerous mutants shown to regulate fly DR (e.g., 37, 38).
Extensive validation will be required to assess their value as clues
to DR and aging in higher organisms. All future work should
employ conditions in which ad libitum water is either present or
shown not to affect lifespan.

Experimental Procedures

Reagents. Bacto™ agar and yeast extract were from BD Diagnostic Systems,
sucrose from Mallinckrodt Baker, brewer’s yeast from MP Biomedicals, and
cornmeal (yellow) from Quaker Oats. Drosophila bottles (polypropylene, 8 oz.
round bottom) and vials (polystyrene, 25 X 95 mm) were purchased from VWR
International. For lifespan measurements in cages (large embryo collection
cage, Genesee Scientific), food and water were supplied in compartmental-
ized dishes (four-section plates, Fisher Scientific).

Food Preparation. Food compositions are provided in the figure legends. Agar
(0.5% if the food contained cornmeal, otherwise 1%, wt/vol) was heated with
continuous stirring in ddH,0 (10-20% less than the desired final volume) on
a hot plate. Upon boiling, food components were added and the heat re-
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duced. After simmering with vigorous stirring for 2 min, food was removed
from heat and the final volume adjusted with ddH,0. After cooling to <65°C,
a mixture of propionic and phosphoric acids [0.4 and 0.06% (vol/vol) final,
respectively] was added and the food dispensed into either vials (2 mL) or two
of the four compartments of segmented Petri dishes (7 mL). Ad libitum water
was supplied as 1% agar, boiled and cooled to <65°C, and dispensed onto vial
walls (400 uL) approximately 3 cm from the bottom. For cages, polypropylene
caps from 50-mL conical tubes were filled with 1% agar (2.5 mL) and affixed
with double-sided tape to the empty compartments of the Petri dishes. For
both vials and cages, the surface area of the water source was approximately
75% of that of the food medium. In half of the cage experiments, the
agar-containing caps were covered with nylon mesh to maintain humidity
while preventing flies from accessing the water source.

Lifespan Analysis. Flies were raised in bottles containing Lewis medium (39).
Groups of enclosed adults (0-3 days old) were transferred to fresh bottles and
allowed to mate for 2 days. Males and females were then separated under CO;
anesthesia and randomly allocated to different media (approximately 20 flies
per vial or 120-150 flies per cage). All enclosures were maintained at 25°C in
a controlled light (12/12-h light/dark cycle) and humidity (>70%) environ-
ment. Flies were scored for survival and provided with fresh medium every 2-3
days. Enclosures were placed randomly in the incubator, and positions were
rotated after each transfer to minimize the effects of microclimate. Statistical
significance of different survivorship curves was determined by log-rank test.
Cox proportional hazards analysis was also used to generate a hazard ratio for
each experiment in the presence or absence of water (Table S1). When the
hazard ratio is close to 1, DR has little effect on survival.
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Fig. 3.

Water supplementation does not affect lifespan extension upon reducing yeast alone on yeast extract/sucrose/cornmeal (YE/S/C). (A-C) YE/S/C-fed

Canton-S males aged in demography cages. Lifespan curves without (A) and with (B) water supplementation of flies maintained on concentrated medium (CM)
or dietary restriction (DR). (C) Mean lifespan (= SEM) of flies on CM or DR. (D-F) Lifespan curves and mean lifespan, as in (A-C), respectively, of YE/S/C-fed Canton-S
females aged in demography cages. In this paradigm, reducing yeast extended lifespan in both the absence (A and D) and presence (B and E) of water (P < 107,
log-rank test). Food composition, YE/S/C: DR = 0.25% YE + 5% S + 8.6% C; CM = 5% YE + 5%S + 8.6% C (all wt/vol). n = 60-86 flies per trial. Statistics of Cox

proportional hazards analysis are shown in Table S1.

Feeding Rate Measurement. Feeding assays were performed essentially as
described (22). Briefly, adults (2-5 days old, approximately 10 flies/vial) were
habituated for 4 days on the food medium being tested, with a transfer to
fresh food on the second day. On day 4, flies were transferred to the same
medium supplemented with 0.5-4 uCi/mL [a-32P]-dCTP (<1.3 nM, final, MP
Biomedicals), allowed to feed for 24 h, and then transferred to empty vials for
30 min. Cold-anesthetized flies were assayed in 10 mL of scintillation fluid
(Research Products International) on an LS 5000 TA Liquid Scintillation System
(Beckman Coulter). Flies fed nonlabeled food were used as blanks and the
values were subtracted from experimental readings. Aliquots of the radioac-
tive tracer were used to calculate food volumes from scintillation counts. Flies
accumulated radioactive tracer at a near-linear rate for at least several days
(Fig. S1 A and B).

Nutritional Information. Water content of the media was determined by
preparing food as described above and dispensing 10 mL into preweighed
containers. After the food had solidified, mass was measured and food density
was calculated. Subtraction of the dry weight of the food components pro-
vided the water content. Protein and carbohydrate content of food compo-
nents was taken from manufacturer’s information (yeast extract: 51% protein
+ 16.33% carbohydrate; cornmeal: 7.5% protein + 78.8% carbohydrate,
which include simple and complex carbohydrates).
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