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Time-restricted feeding (TRF) has recently gained interest as a potential anti-ageing
treatment for organisms from Drosophila to humans' . TRF restricts food intake to
specific hours of the day. Because TRF controls the timing of feeding, rather than
nutrient or caloric content, TRF has been hypothesized to depend on
circadian-regulated functions; the underlying molecular mechanisms of its
effectsremain unclear. Here, to exploit the genetic tools and well-characterized ageing
markers of Drosophila, we developed anintermittent TRF (iTRF) dietary regimen that
robustly extended fly lifespan and delayed the onset of ageing markers in the muscles
and gut. We found that iTRF enhanced circadian-regulated transcription and that
iTRF-mediated lifespan extension required both circadian regulation and autophagy,

aconserved longevity pathway. Night-specificinduction of autophagy was both
necessary and sufficient to extend lifespan on an ad libitum diet and also prevented
further iTRF-mediated lifespan extension. By contrast, day-specificinduction of
autophagy did not extend lifespan. Thus, these results identify circadian-regulated
autophagy as a critical contributor to iTRF-mediated health benefits in Drosophila.
Because both circadian regulation and autophagy are highly conserved processesin
human ageing, this work highlights the possibility that behavioural or pharmaceutical
interventions that stimulate circadian-regulated autophagy might provide people with
similar health benefits, such as delayed ageing and lifespan extension.

iTRF extends Drosophilalifespan

We tested four TRE schedules, biased to night-time fasting, for lifes-
pan extension (Fig. 1a, Extended Data Fig. 1a). The control diet pro-
vided 24-h access to food (ad libitum). The standard TRF schedule
(12-h access to food during lights on, 12-h fasting during lights off) did
not extend lifespan relative to the control diet tnless limited to adult
days10-40 (days post-eclosion); TRF-mediated lifespan extension was
modest and inconsistent from trial to trial*® (Extended Data Fig. 1b, c).
By contrast, 24-h fasting (followed by 1-2 days of ad libitum feeding)®
Shortenedlifespan, as shown previously® (Extended Data Fig. 1d). By
trial and error, we identified an intermediate feeding schedule that
robustly extended lifespan (Fig.1a). Flies fasted for 20 hevery other day,
starting at mid-morning (6 h after lights on or Zeitgeber time 6 (ZT6)),
with a recovery day of an ad libitum diet between fast days. Although
maintaining this diet through old age did not extend lifespan, main-
taining this diet for a 30-day window from 10 to 40 days old resulted
in consistent, significant lifespan extension (Fig. 1b, Extended Data
Fig.1e, f). Shorter 10-day windows of this diet at different ages (days
10-20,20-30 or 30-40) extended lifespan incrementally (Extended
DataFig.2a-e); by contrast, a10-day window of this diet with older flies
(days40-50)didnotextendlifespan (Extended DataFig. 2f,g). Relativeto
animals onad libitum diets, animals on this diet from days10to40 had a

mean lifespan increase of more than 18% (female flies) and 13% (male
flies); hereafter, our experiments focused on female flies. We term this
lifespan-extending dietary regimen iTRF.

iTRF differs from dietary restriction

We first tested whether iTRF causes caloric restriction, or decreased
food intake, which is known to extend lifespan’’. To test food intake,
we measured the feeding rates of flies on ad libitum and iTRF diets over
three cycles of fasting and refeeding via the capillary feeder (CaFe)
assay®’. Flies on an iTRF diet exhibited compensatory feeding dur-
ing the recovery period (Extended Data Fig. 2h), resulting in §lightly
increased average food consumption over 48 h (fast day plus feed day),
relative to control animals on an ad libitum diet (Fig.1¢). Thus, iTRF
does not extend lifespan by limiting nutrient intake.

Inflies, two established lifespan-extending manipulations are dietary
protein restriction (DR) and inhibition of insulin-like signalling®. To
test whether iTRF acts via DR to extend lifespan, we titrated protein
concentration with either adlibitum or iTRF regimens (Fig.1d, Extended
DataFig. 2i). IfiTRF acts solely viaDR, we would not expect iTRF and DR
to have additive effects. We found thatiTRF and DR can act additively.
Thus, iTRF-mediated lifespan extension can functionindependently of
DR-mediated longevity. Similarly, inhibition of insulin-like signalling via
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Fig.1|iTRF extendslifespan and healthspan without dietary restriction.
a, Schematic of ad libitum (ad lib) and iTRF diets. b, Relative to ad libitum
(solidline, n=142),iTRF (dashed line, n=205) extended lifespan (P < 0.0001).
¢, Relative to ad libitum (dark grey dots, n=13), flies oniTRF have increased
average foodintake (light grey dots, n=14).d,iTRF and DR additively extended
lifespan (n>98for each diet). e, f,iTRF decreased age-related declinesin
climbingactivity (n =10 vials of 10 flies per genotype per condition per time
point) (e) and increased protein aggregation (n = 4 biological replicates of
30flies per genotype per condition per time point) (f). Ub, ubiquitin.Inb, d, e, the
light blue boxes on the graphsindicate the duration of iTRF. See Methods and
Supplementary Information for trials, statistics and source data; NS = P> 0.05,
*P<0.05,**P<0.01,**P<0.001and ****P< 0.0001; nrefers the number of flies
unless otherwise specified; Pvalues were obtained by unpaired, two-tailed
t-test (c, f), ANOVA followed by Tukey’s post-hoc test (e), and log-rank analysis
(b,d). Thecentre valuesare the averages and theerror barsindicates.e.m.

ablation of mostinsulin-producing cells allowed typical iTRF-mediated
lifespan extension with similar magnitude to controls (Extended Data
Fig. 2j). Together, these results suggest that iTRF-mediated lifespan
extension is distinct from lifespan extension due to DR or inhibition
of insulin-like signalling.

iTRF extends healthspan

Toassess the anti-ageing effects of iTRF, we assayed known age-related
changes in muscle/neuronal function, protein aggregation and intes-
tinal function. First, to assess overall muscle/neuronal function, we
assayed climbingability. Flies oniTRF exhibited [essage-related decline
inclimbingability relative to flies onan ad libitum diet (Fig.1€). Second,
to measure conserved markers of age-related protein aggregation, we
extracted Triton-insoluble fractions from whole-fly extracts of flies on
iTRF and ad libitum diets both pre-iTRF and post-iTRF intervention
(7 and 40 days old) followed by western blot analysis for ubiquitin
(Fig.1f) and the Drosophila orthologue of p62/SQSTM1/ref(2)P (here-
after referred to as p62) (Extended Data Fig. 3a, b). For both markers,
flies oniTRF had decreased levels in the insoluble fraction relative to
control (ad libitum) flies, demonstrating less ageing-related protein
aggregation. Third, we directly measured protein aggregation in mus-
cle using anti-polyubiquitin and anti-p62 antibodies with confocal
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immunofluorescence microscopy. Again, relative to controls on an
ad libitum diet, iTRF significantly decreased the number and area of
polyubiquitin and p62 aggregates in the flight muscle of aged flies
(Extended DataFig.3c-e). Fourth, because decreased intestinal func-
tionis another conserved marker of ageing, we measured ageing-related
intestinal stem cell over-proliferation, intestinal integrity and intesti-
nal microbial load. iTRF decreased these intestinal ageing markers
relative to controls on an ad libitum diet (Extended Data Fig. 3f-h).
Finally, because diet affects intestinal microorganisms, whichimpact
ageing, we tested whether iTRF-mediated lifespan extension depends
on fly-associated microorganisms. Treatment with antibiotics during
bothfasting and feeding phases depleted associated microorganisms
tonearly non-detectable levels (Extended Data Fig. 3h); iTRF caused the
same lifespan extension in antibiotic-treated flies as vehicle controls,
suggesting that iTRF-mediated lifespan extension does not depend
on fly-associated microorganisms (Extended Data Fig. 3i, ). Together,
these results demonstrate thatiTRF decreased multiple ageing param-
eters relative to controls on an ad libitum diet and suggest that iTRF
extends lifespan by increasing healthspan and delaying ageing.

iTRF requires anintact circadian clock

Because iTRF does not alter dietary composition but controls the
timing of feeding, we examined the role of circadian clock compo-
nents, which regulate the timing of physiological functions. Circadian
clock components are highly conserved among animals'? and regulate
24-h oscillations in transcription, which underlie 24-h oscillations in
physiologyand’behaviour™". The core circadian clock components
formatranscriptional negative-feedback loop": inDrosophila;, Clock
(Clk) and Cycle (Cyc) proteins activate the transcription of hundreds
of genes, including many metabolic genes®’, and the circadian regula-
tors period (per) and timeless (tim), whose gene products inhibit the
activity of Clk and Cyc (Fig. 2a).

Others have shown that TRF regimens enhance circadiangene expres-
Sion™*'*%°, To confirm this effect with iTRF, we performed quantitative
real-time PCR (QRT-PCR) analysis of animals on ad libitum and iTRF
diets every 4 h for 48 h. iTRF broadened the daytime peak of clock
(Clk) expression (Fig. 2b) and increased the amplitude of per and tim
gene expression, specifically during the night/fasting phase (Fig. 2c,
Extended Data Fig. 4a). Thus, similar to other TRF regimens, iTRF
enhances circadian gene expression.

To test whether circadian clock components are required for
iTRF-mediated lifespan extension, we compared several arrhythmic cir:
cadianmutantsand their genetic controls on ad libitum and iTRF diets:
Clk™, cyc”, per® and tim® mutants and mutants with CRISPR"mediated
disruption'of per (per*™?) or'tim (tim“***?)*?? (Fig. 2d, e, Extended
DataFig. 4b, c). While genetic controls exhibited significant lifespan
extensiononiTRF circadianmutantsdidnot. As shown previously, per”
and cyc® mutants responded normally to DR* (Extended DataFig. 4d,
e). Starvation and feeding assays confirmed that, like controls, per”
mutants did not die during or after 20-h fast periods and compensated
for fast periods with increased feeding?* (Extended Data Fig. 4f, g).
Together, our results suggest that iTRF-mediated lifespan extension
requires a functional circadian clock.

To test whether iTRF-mediated lifespan extension requires a
night-biased fast period, we tested day-biased iTRF, shifted by 12’h
(ZT18-ZT14 the following day), with mainly daytime fasting. While
night-biased iTRF significantly extended lifespan relative to controls
onan ad libitum diet, day-biasediTRFdid not (Fig.2f). per mutants
were unaffected by either iTRF regimen. This result suggests that
night-biased fasting is required for iTRF lifespan extension.

To test whether iTRF-mediated healthspan extension is dependent
onthecircadian clock, we measured climbing ability and ubiquitylated
proteinaccumulation for young and old per® mutants and genetic con-
trolsoniTRF or ad libitum diets. While iTRF preserved climbing ability
and lowered ubiquitylated protein levels in controls relative to those
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Fig.2|Corecircadianclock components are required for iTRF-mediated
lifespan and healthspan extension. a, Schematic of the core circadian clock.
b, ¢, Relativetoanad libitumdiet (solid line), iTRF (dashed line) enhanced
circadian expression of Clk (b) and per (c) during fasting (n = 4 biological
replicates of 30 flies per condition per time point; unmarked is NS).

d, e, Relative toanadlibitumdiet (solid lines), iTRF (dashed lines) extended
thelifespans of controls (Ctrl; grey; ad libitum n =145-199,iTRF n = 231-262)
but not Clk™* mutants (red; ad libitum n =143,iTRF n=196) (d), nor tim*s"?
mutants (yellow; ad libitum n=228; iTRF n=262) and per®*" mutants (orange;
adlibitumn=179,iTRFn=192) (e).f, In contrast to night-biased iTRF
(leftgraph, dashed grey line; n=322), day-biased iTRF (right graph, dashed
grey line; n=286) did not extend lifespanrelative to the ad libitum diet

(solid grey line; n = 553); per” mutants (orange lines) were not affected by

on ad libitum diets, per®*mutants did not respond to'iTRFand exhib*
ited ageing-related declines in climbing ability and increased protein
aggregation similar to per” mutants on an ad libitum diet (Fig. 2g, h,
Extended DataFig. 4h, i). Thus,iTRF-mediatedlifespanandhealthspan
extensionrequire afunctional circadian clock and night-biased fasting.

iTRF requires autophagy components

Because TRF involves fasting, we examined the role of autophagy, a
starvation-induced cellular process to recycle macromolecules?**
(Fig. 3a). We first used QRT=PCR to test whether two conserved
autophagy mediators, Atgl and Atg8a (the mammalian homologues
of ULK1and LC3, respectively), are circadian-regulated in Drosophila.
Consistent with other model organisms and cell culture results?*?,
both atgl and atg8a were circadian-regulated in flies, with night-time
expression peaks (Fig.3b,¢, solid lines). Similar to circadian genes, iTRF
enhanced night-time expression of atgl and atg8ain controls (Fig.3b, c,
dashed lines) but not in per” mutants (Extended DataFig. 5a, b). Thus,
expression of two key autophagy genes is circadian-regulated and
enhanced by iTRF.

To test whether iTRF induces autophagy, we measured signalling
markers of autophagy, autophagic flux and autophagosome/autol-
ysosome formation. We compared genetic controls and per® mutants
oniTRF and ad libitum diets, predicting that, if autophagy is a key
circadian-regulated function iniTRF, per” mutants would not respond.
We first examined two signalling markers associated with autophagy
induction: increased AMPK phosphorylation and decreased S6K phos:
phorylation®. Consistent with iTRF-enhanced circadian-regulated
autophagy, iTRF fasting periods increased phospho-AMPK and
decreased phospho-Sé6K levels relative to ad libitum diets for genetic
controls but not per® mutants (Extended Data Fig. 5c, d). Next, we

night-biased or day-biased iTRF (n=209-218). g, h, Relative to an ad libitum
diet (solid line or dark shade), iTRF (dashed line or light shade) inhibited two
ageing markers in controls (grey lines) but notin per® mutants (orange lines):
declinesin climbingactivity (n =10 vials of 10 flies per genotype per condition
per time point) (g); and increased proteinaggregation (n =4 biological
replicates of 30 flies per genotype per condition per time point) (h).Ind-g, the
light blue boxes on the graphsindicate the duration of iTRF. See Methods and
Supplementary Information for trials, statistics and source data; NS = P> 0.05,
**P<0.01,***P<0.001and ****P<0.0001; nrefers to the number of flies unless
otherwise specified; Pvalues were obtained by ANOVA followed by Tukey’s
post-hoctest (b, ¢, g, h) and log-rank analysis (d-f). The centre values are the
averagesandtheerrorbarsindicates.e.m.).

measured autophagicflux in control and per mutants on both ad libitum
andiTRF diets using mCherry-tagged Atg8. Theratio of free mCherry to
mCherry-Atg8areflects autophagic activity because Atg8ais rapidly
destroyed in the lysosome during autophagy while mCherry is more
stable**°. iTRF induced high levels of autophagy in controls relative
to the ad libitum diet and significantly less in per® mutants (Fig. 3d).
Finally, we directly monitored autophagosome formation, lysosome
abundance and autolysosome formationin the intestine vialive fluores-
cenceimaging of the autophagosome marker GEP=Atg8arelative to the
lysosomal marker LysoTracker***'.iTRFincreased active autolysosomes
in controlsrelative to the ad libitum diet but notin per” mutants (Fig. 3e,
Extended Data Fig. 5e). Thus, iTRFinduction of autophagy correlates
with lifespan extension and depends on the circadian clock.

To determine whether autophagy components are required
for iTRF-mediated lifespan extension, we first manipulated
autophagy-regulatory AMPK and TOR signalling pathways by driving
expression of dominant-negative (DN) or constitutively active (CA)
AMPK and S6K*>*, On an ad libitum diet, these known ageing regula-
tors had expected effects, with pro-autophagy manipulations extend-
ing lifespan and autophagy inhibition shortening lifespan (Extended
Data Fig. 6a-d, solid lines). On iTRF, while DN-S6K did not affect
iTRF-mediated lifespan extension, DN-AMPK, CA-AMPK and CA-S6K
partially inhibited iTRF-mediated lifespan extension (approximately
10%) relative to controls (more than 18%) (Extended Data Fig. 6a-d,
dashed lines). Thus, in contrast to insulin signalling (Extended Data
Fig. 2j), manipulation of these autophagy regulatory pathways affected
iTRF-mediated lifespan.

Totesttherole of Atgl and Atg8a directly, we knocked down atgiand
atg8aexpression using UAS-RNA interference (RNAi)-mediated knock-
downviaaubiquitousinducible driver (daughterless-GeneSwitch-GAL4
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Fig.3|Autophagy mediators arerequired foriTRF-mediated lifespan
extension. a, Schematic of core autophagy mediators. PE, phosphatidylethan-
olamine.b, ¢, atgl and atg8a expression were circadian-regulated; iTRF
(dashedline) enhanced night-peaking atgI (b) and atg8a (c) expression relative
totheadlibitumdiet (solid line); each n = 4 biological replicates of 30 flies per
condition per time point (unmarked is NS).d, iTRF (lightgrey) increased the
ratio of free mCherry (mCh) to mCherry-Atg8ain controlsrelative to ad libitum
(dark grey) and, to alesser extent, in per” mutants (ad libitum, orange; iTRF,
light orange); each n =4 biological replicates of 30 flies per genotype per con-
dition. e, LysoTracker (magenta), GFP-Atg8a (green) and DNA (blue) staining
revealed that control iTRF flies had increased autolysosomesin their intestines
(light grey; n = 8 guts) compared with per” mutants (light orange; n = 8 guts).
f-h, Thelight blue boxes on graphsindicate the duration of iTRF. Relative to an

(daGS-GAL4))**. This experiment also tested for developmental effects,
as flies were fed the inducing drug RU486 or vehicle control starting
atadult day 5. RNAi knockdown of atgl or atg8ain controls prevented
iTRF-mediated lifespan extension (Fig. 3f, g) and atgl knockdown in
per®mutants hadnoeffect (Fig.3h). RU486 feeding alone did not affect
lifespan extension of flies lacking UAS-RNAi transgenes (Extended Data
Fig. 6e, f). Together, these data suggest that activation of autophagy
is necessary for iTRF-mediated longevity.

iTRF requires circadian autophagy

To test whether circadian manipulation of autophagy impacts
iTRF-mediated health benefits, we exploited Circadian promoters
and the UAS-GAL4 system™ (Fig. 4a). We used per-GAL4 and tim-GAL4
(ref.*) to drive high night-time and low daytime expression of RNAi
constructs against atgl and atg8a, respectively, confirming gene and
protein expression by QRT-PCR and western blot analysis (Fig.4b,
Extended DataFig. 7a). Flies with night-time RNAi knockdown of atgi or
atg8adid notrespond toiTRF (Extended DataFig. 7b, c), suggesting that
night-time atgl and atg8a expression are required for iTRF-mediated
lifespan extension.

Becauseincreased autophagy is known to extend lifespan?, we tested
whether circadian-regulated induction of autophagy with per-GAL4
and tim-GAL4, driving atgl and atg8a, respectively, is sufficient for
iTRF lifespan extension. The stronger tim-GAL4 driver induced early
lethality in combination with atgl (ref. *). Flies with night-specific
overexpression of atgl or atg8a not only exhibited iTRF-like lifespan
extensiononanad libitumdiet but also exhibited no additional lifespan
extensiononiTRE(Fig:4¢,d). This suggests that, if circadian-regulated
autophagy is already enhanced, iTRF has no effect. tim-GAL4-driven
mCherry-tagged Atg8a expression had similar results (Extended Data
Fig. 7d), and western blot analysis confirmed circadian oscillation
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ad libitum diet (solid lines), iTRF (dashed lines) extended the lifespans of
controls (vehicle (Veh), grey; ad libitumn =195 (f), n=169 (g)); iTRF n =263 (f),
n=238(g)), butnot flies with RNAi-mediated knockdown of atgI (pink; ad libi-
tumn=158,iTRF n=179) (f) or atg8a (purple; ad libitumn=151,iTRF n=152) (g)
in control backgrounds or in per” backgrounds (per” mutant, orange; ad libi-
tumn=161,iTRF n=167; per” mutant with atgI-RNAi, hot pink; ad libitum
n=169,iTRF n=174) (h). See Methods and Supplementary Information for tri-
als, statisticsand source data; nrefers to the number of flies unless otherwise
specified;NS=P>0.05,*P<0.05,**P<0.01,***P< 0.001and ****P< 0.0001;
Pvalues were obtained by ANOVA followed by Tukey’s post-hoc test (b-d),
unpaired, two-tailed t-test (e) and log-rank analysis (f-h). The centre values are
the averagesandtheerrorbarsindicatethes.e.m.).

of protein levels as well as induction of autophagy (Extended Data
Fig. 7a). These results suggest that enhancing circadian-regulated
autophagy is a major mechanism driving iTRF-mediated lifespan
extension.

To confirmthat lifespan extension reflects delayed ageing, we tested
atgI RNAiand overexpression mutants and controls on ad libitum and
iTRF diets for age-related declinesin climbing ability and increased pro-
tein aggregation. Consistent with circadian atgl requirement for lifes-
panextension, circadian knockdown of atgI prevented iTRF-mediated
healthspan extension (Extended Data Fig. 8a, b). Similarly, circadian
overexpression of atgl caused iTRF-like healthspan extensioninflieson
anad libitumdiet, with no additionalimprovement oniTRF (Extended
DataFig. 8c, d). This suggests that circadian expression of atgl isboth
necessary and sufficient for iTRF-mediated lifespan and healthspan
extension.

To pharmacologically enhance circadian-regulated expression, we
used the RU486-inducible daGS-GAL4to overexpress atglinfliesonan
ad libitum diet during the night/fasting phase (Fig. 4e, Extended Data
Fig.9a). Similar to per-GAL4 driving atgl, night-specific RU486-induced
overexpression of atgl was sufficient for iTRF-like lifespan extension
ontheadlibitumdiet and inhibited further lifespan extension oniTRF
(Fig. 4f). RU486-induced atgl overexpression in per® mutants, which
normally have lower iTRF-induced autophagy gene expression and
function (Fig. 3d, e, Extended Data Fig. 5a—e), caused modestlifespan
extension on both ad libitum and iTRF diets (Fig. 4g), suggesting that
atgl expression in per® mutants was not by itself sufficient for full
response toiTRF.

Because night-specific RU486-induced autophagy was sufficient for
iTRF-like lifespan extension, we tested day-specific RU486-induced
autophagy. We developed a night-biased shifted 12:12 TRF regimen with
12-hfast (ZT9-ZT21) and 12-h feeding (ZT21-ZT9), without recovery
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Fig.4|Increasingcircadian-regulated expression ofautophagy-promoting
genesissufficient for the health benefits of iTRF. a, Schematic of the genetic
method to knockdown (or overexpress) autophagy components with circadian
rhythmicity. b, per-GAL4-driven atgl expression (magentaline) enhanced
circadian, night-peaking atgl gene expression (grey line); each n = 4 biological
replicates of 30 flies per genotype per time point (unmarked is NS).

c,d, Relative to controls (solid grey line, n =169-206), genetic circadian
overexpression (OE) of atgl (solid magentaline; n =139) (c) or atg8a (solid
purpleline; n=191) (d) caused lifespan extensiononanad libitum diet (solid
lines) similar to controls oniTRF (dashed grey lines, n =139-263) that was not
further extended by iTRF (atgl, dashed magentaline, n =141; atg8a, dashed
purpleline, n=228).e,Schematic of pharmacological methods to overexpress
atgl atdifferent times of the day. f, RU486 (RU)-induced atgl overexpression at
night extended lifespan of flies on an ad libitum diet (solid magentaline,
n=197) relative to controls on an ad libitum diet (solid grey line, n =186),
extending lifespan similar to controls oniTRF (dashed grey line, n =232) and

days; the 3-h offset from lights off removed the evening meal and
allowed sufficient fasting for robust lifespan extension similar toiTRF
(Fig. 4e). Similar to this shifted 12:12 TRF, night-specific 12-h RU486
induction of atgl (ZT9-ZT21) produced iTRF-like lifespan extension
thatresisted further TRF lifespan extension (Fig. 4h). By contrast, day:
specific fasting and/or RU486 treatment (ZT21-ZT9) did not extend
liféspan(Fig:4i). per” mutants did not respond to shifted TRF (Extended
DataFig. 9b, c). These data suggest that night-specific enhanced atgl
expressionisboth necessary and sufficient for iTRF-mediated lifespan
extension (Extended Data Fig. 9d). Together, our results support the
hypothesis that clock-dependent enhancement of macroautophagy
mediates the effects of iTRF-mediated lifespan extension.

Both circadian regulation and autophagy control ageing and
lifespan***’. Here we identified circadian clock components (Tim, Per,
Cyc and CIk) and essential autophagy components Atgl and Atg8a as
both necessary and sufficient for the anti-aeging, lifespan-extending
benefits of iTRE. While a previous mouse study had found that
TRF-mediated protection against high-fat diet did not require the circa-
dianclock, arecent fly study confirmed our finding that iTRF-mediated
lifespan extension requires afunctional circadian clock®®. With a diver-
sity of cellular autophagy targets (proteins, lipids, nucleotides and
organelles), identifying the major tissues and specific targets involved
iniTRF-mediated, autophagy-associated health benefits are challenges
for future work. Ageing is a major risk factor for mortality, triggering
pathological processes that contribute to metabolic, cardiovascu-
lar and neurodegenerative diseases. As a simple dietary intervention
strategy, iTRF appears tobeboth efficient and pleiotropic, with health
benefits for multiple tissues, and offers a potential method of choice
to combat ageing.

wasnot further extended by iTRF (dashed magentaline, n=329).g, atgl
overexpression extended lifespan less in per” mutants (per: ad libitum, solid
orangeline, n=192;iTRF, dashed orange line, n =245; per with night atgI
overexpression:ad libitum, solid pinkline, n=225;iTRF, dashed pinkline,
n=345).h,i,Relative to controls onanad libitum diet (solid grey line, n=208),
shifted TRF controls (dashed grey line, n=363) and 12-h RU-induced
overexpression of atgl (solid magentaline, n=236-290) extended lifespan
non-additively (dashed magentaline, n =192-341) during the night phase

(h) but not during the day phase (i). Inc, d, f-i, the light blue boxes on graphs
indicate the duration of iTRF (sky blue) or TRF (aqua) diets. See Methods and
Supplementary Information for trials, statistics and source data; nindicates
the number of flies unless otherwise specified; NS = P> 0.05,*P< 0.05,
***P<0.001and ****P<0.0001; Pvalues were obtained by ANOVA followed by
Tukey’s post-hoc test (b), and log-rank analysis (c, d, f-i). The centre values are
theaverages and the errorbarsindicates.e.m.).
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Methods

Fly strains

w" Canton-S (CS) were used as a ‘wild-type’ strain throughout this
paper. UAS-DN-S6K (6911), UAS-CA-S6K (6914), UAS-DN-AMPK (32112),
UAS-CA-AMPK (32110), UAS-atg1-RNAi (44034), UAS-atg8a-RNAi (34340)
and UAS-atgl (51654) were obtained from the Bloomington Stock Center
and outcrossed to CS for at least 10 generations. tubulin-GAL4 flies
were obtained from]J. Carlson, UAS-mCh-atg8a and UAS-GFP-atg8a
from E. Baehrecke, and daGS from D. W. Walker; all were outcrossed
to CSforatleast 10 generations. period (per™) mutants, timeless-GAL4
and period-GAL4 were obtained from ). Giebultowicz and, because
they were last outcrossed many years ago, were outcrossed to CS for
12 generationsinthe past 2 years. UAS-gRNA and UAS-CAS9 lines were
those utilized in our previous papers and were outcrossed to CS for
five generations?*., Previously outcrossed cycle (cyc®) mutants were
obtained from S. Syed with a CS control strain. All experiments with
multiple transgenes used flies that had undergone 12 generations of
out-crossing into a CS control and/or per”, CS mutant background.

Fly media

Developmental media consisted of standard yeast-cornmeal-agar media
(ArchonScientific, glucose recipe: 7.6% w/v glucose, 3.8% w/v yeast, 5.3%
w/v cornmeal, w/v 0.6% agar, 0.5% v/v propionic acid, 0.1% w/v methyl
paraben and 0.3% v/v ethanol). Adult flies that eclosed within a 24-h
period were collected and transferred to ‘adult medium’ containing 4%
glucose, 2% sucrose, 8% cornmeal, 1% agar, and either 0%, 0.5%, 1%, 2%,
3%, 6% or 10% yeast extract (Difco) supplemented with 1.5% methylpara-
benmix (10% methylparaben dissolved in ethanol) and 1% propionicacid
for lifespanand biochemical analysis. Food for ad libitum, iTRF, TRF and
shifted TRF diets was adult medium with 3% yeast extract. All percent-
agesaregiveninw/vexceptthe methylparaben mix, and propionicacid
isgivenin v/v. Fasting media consisted of 1% agar in ddH,0 made fresh
daily. Food for activity recording CAFE (ARC) assays is described below.

Drug supplementation in media for lifespan

Alldrugs were supplemented into cooled (65 °C) liquid adult medium
(containing 3% yeast extract) following preparation to the following
final concentration(s); for RNAi experiments, RU486 (Cayman Chemi-
cal) was dissolved in ethanol and supplemented into medium after day
5Spost-eclosion at afinal concentration of 100 pg/ml; vehicle controls
were supplemented with the same volume of ethanol alone. Timed
RU486 feeding of daGS>UAS-atgl consisted of flies being fed 0.5 pg/
mlin standard adult media or fasting media only during the fasting
phase, then flipped to vehicle control food the following morning only
from days 10 to 40 of adulthood. Vehicle-only controls were flipped
at the same time for consistency. For gut microorganism clearance,
the medium contained 500 pg/ml ampicillin, 50 pg/ml tetracycline
and 200 pg/mlrifamycin in 50% ethanol and the same volume of 50%
ethanol alone was used as the vehicle control.

Lifespan analysis

Drosophilawere reared fromembryosinlow-density bottles with stand-
ardyeast-cornmeal-agar medialisted above (Archon Scientific). Newly
eclosed flies (approximately 24 h post-eclosion) were collected onto
adult mediumwith 3% yeast extract and allowed to mate for 48 h. Female
and male flies were separated and maintained at adensity of 30-35flies
pervialinahumidified (65%), temperature-controlled (25 °C) incubator
withal2-hlight-darkcycle. All flieswereraised on ad libitum conditions
until day 10 post-eclosion upon which flies were placed on various feed-
ingregimes (Extended DataFig.1a). For consistency, ad libitum control
flieswere flipped onto freshfood at the same time as experimental diet
flies were transferred to fasting media, and once again when fasting
flies were flipped on to regular adult media. Death was scored at time
of flipping, and lifespan was compared by log-rank analysis.

ARC assay

Feeding data from individual flies were collected as previously
described”*, Feeding medium was asolution of 4% dextrose, 2% sucrose
and 3% yeast extractinddH,O, filtered (with a 0.2-pm cellulose acetate
sterile syringe filter; VWR). Flies were transferred to fresh standard
medium every other day until the experiment. When the flies were
9-11daysold, the animals were loaded by mouth pipette into standard
ARC chambers and allowed to acclimate overnight (approximately 18 h)
with access to the test diet in a glass capillary pipette. The capillaries
were replaced daily with those containing fresh food or ddH,0. The
meniscus level of each capillary was tracked for the entire duration of
the feeding periods at1-sintervals. Drops in meniscus position above
apre-calibrated threshold were considered feeding events, and feed-
ingboutsless than2 minapart were considered to be part of the same
meal. The volume consumed from each feeding event was automatically
calculated and collated with a custom Python code®*°.

Intestinal barrier dysfunction ‘smurf” assay

The ‘smurffly’ intestinal barrier dysfunction assay was performed as
previously described**. Flies were aged on standard adult medium
(see ‘Fly media’) until the day of the smurf assay. Dyed medium was
prepared by the addition of FD&C Blue No. 1at a final concentration
of 2.5% w/v. A fly was counted as a smurf when dye colouration was
observed outside the digestive tract. Comparisons of smurf propor-
tion per time point were carried out using binomial tests to calculate
the probability of having as many smurfs in population A asin popu-
lation B, as well as analysis of variance (ANOVA) for proportions of
smurf flies per replicate vial with a minimum of 7 vials of 12-31 flies
per replicate.

qRT-PCR
Female flies (35 days old) on either ad libitum or iTRF conditions were
collected for RNA extraction over the course of 48 hiin 4-h intervals.
Four biological replicates of 30 female flies per time point and feeding
regimenwere snap-frozeninliquid nitrogenand stored at —80 °C.RNA
was extracted using TRIzol (Invitrogen) following the manufacturer’s
protocol. Samples were treated with DNasel (Invitrogen), then heat
inactivated. cDNA was synthesized by the Revertaid First Strand cDNA
Synthesis Kit (Thermo Scientific). PowerUp SYBR Mastermix (Applied
Biosystems) was used to perform qRT-PCR using a CFX-Connect ther-
mal cycler (Bio-Rad). Primer efficiency and relative quantification of
transcripts were determined using a standard curve of serial diluted
cDNA. Transcripts were normalized using Act5Cas areference gene. The
Jonckheere-Terpstra-Kendall (JTK) algorithm was applied using the
JTK-Cycle package in Rsoftware* to determine significance of rhythmic
cycling. Differences between individual time points were determined
by ANOVA followed by multiple comparison tests.

qRT-PCR primers: period (forward): GGTTGCTACGTCCTTCTGGA;
period (reverse): TGTGCCTCCTCCGATATCTT; timeless (forward):
CCGTGGACGTGATGTACCGCAC; timeless (reverse): CGCAATGGGCAT-
GCGTCTCTG; clock (forward): GGATAAGTCCACGGTCCTGA; clock
(reverse): CTCCAGCATGAGGTGAGTGT; atgl (forward): GCTTCTTT
GTTCACCGCTTC; atgl (reverse): GCTTGACCAGCTTCAGTTCC; atg8a
(forward): AGTCCCAAAAGCAAACGAAG; atg8a (reverse): TTGTC
CAAATCACCGATGC; actin5C (forward): TTGTCTGGGCAAGAGGATCAG;
actin5C (reverse): ACCACTCGCACTTGCACTTTC; 16Sr (forward):
AGAGTTTGATCCTGGCTCAG; 16Sr (reverse): CTGCTGCCTYCCGTA.

Microbial load quantification

For 16S bacterial rDNA quantification, 4 replicates of 10 whole flies
(washed twice in 70% ethanol and twice in PBS) were used for total
DNA extraction viathe Power Soil DNA isolation kit (Qiagen). Universal
primers for the 16S ribosomal RNA gene were against variable regions
1(VIF)and 2 (V2R), as previously published**.
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Western blot analysis

Whole-body lysates of female flies (30 flies per genotype per con-
dition per time point) were separated by SDS-PAGE using stand-
ard procedures. Membranes were probed with antibodies against
AMPK phospho-T184 at 1:1,000 dilution (40H9, Cell Signaling),
anti-phospho-S6K T398 (9209, Cell Signaling), mCherry (ESDS8F, Cell
signaling) and horseradish peroxidase (HRP)-conjugated monoclonal
mouse anti-actin antibody at 1:5,000 dilution (A3854, Sigma-Aldrich).
Rabbitantibodies were detected using HRP-conjugated anti-rabbit IgG
antibodies at1:2,000 dilution (7074, Cell Signaling). Mouse antibodies
were detected using HRP-conjugated anti-mouse IgG antibodies at
1:2,000 dilution (7076, Cell Signaling). ECL chemiluminescence reagent
(Pierce) was used to visualize HRP activity and detected by a CCD cam-
era Bio-Rad image station. A minimum of four independent samples
ofeach condition were used for statistical analysis and quantification.

Immunostaining of indirect flight muscle

Immunofluorescence was performed as previously described®.
Hemithoraces were dissected and fixed for 20 minin PBS with 4% par-
aformaldehyde and 0.1% Triton X-100. After washing, samples were
incubated overnight at4 °C with an antibody against poly-ubiquitylated
proteins, the mouse monoclonal antibody FK2 (Enzo) and anti-P62
rabbit ab178440 (Abcam) at 1:200 dilutions, then washed thoroughly
and incubated with secondary anti-mouse AlexaFluor-488 (1:250),
anti-rabbit AlexaFluor-555 (1:250) and phalloidin AlexaFluor-647 (1:150)
(all Invitrogen). Samples were rinsed three times in PBS with 0.1% Tri-
ton X-100 for 10 min at room temperature, then mounted in Prolong
Gold (Invitrogen) and imaged via confocal microscopy using x20 dry
objective with 0.5 numerical aperture (NA) (LSM-800 Zeiss, standard
laser lines: 405, 488, 561 and 640 nm). Identical laser power settings
and photomultiplier values were used for imaging between conditions.
For quantification of protein aggregates of hemithoraces, the size and
area of protein aggregates were measured using ImageJ particle counter
software (ImageJ version 2.0.0-rc-69/1.52p)*. Statistical analysis was
conducted using atwo-tailed, unpaired Student’s t-test or ANOVA fol-
lowed by Tukey’s multiple comparisons (n > 9 thoraces per condition).

Climbing activity

Assessment of climbing ability was performed as previously described*
with minor modifications. Briefly, 10 flies were transferred to an empty
standard 23 mm x 95 mm plastic vial and then gently tapped to the bot-
tom. The number of flies that reached the top quarter of the vial within
20 swas thenscored as climbing. Each experiment was performed on
aminimum of 8 vials of 10 flies per condition repeated three times.

LysoTracker Red staining

Female flies (35 days old) near the end of a 20-h fasting phase were
anaesthetized onice and intestines were dissected in cold PBS. Intes-
tines were washed once in PBS, followed by three 30-s rinses in freshly
prepared 1 1M LysoTracker Red, (Invitrogen) and 1.5 pg/ml Hoechst
stainin PBS atroom temperature. Intestines were washed five times for
30 sinPBSatroomtemperature, thenmountedin Vectashield (Vector
Labs) and imaged immediately. Imaging was conducted using a x63
oil objective with 1.4 NA on a Zeiss LSM-800 with standard laser lines
(405,488,561 and 640 nm) and usingidentical power settings between
samples. Imaging should not proceed for very long as apoptosis can
be observed after approximately 60 min. Colocalization GFP-Atg8a
quantification was conducted in the COLOC2 plugin for ImageJ (Image)
version 2.0.0-rc-69/1.52p)*. The number of vesicles with significant
LysoTracker and GFP-Atg8a colocalization determined by significant
Pearson’s correlation coefficient was then counted using the ImageJ*¢
particle counter tool (Image) version 2.0.0-rc-69/1.52p). Similarly, the
total number of LysoTracker-labelled and GFP-Atg8a vesicles was
determined using the ImageJ*® particle counter tool (ImageJ version

2.0.0-rc-69/1.52p). Statistical analysis was conducted using a two-tailed,
unpaired Student’s t-test.

Triton-insoluble protein extracts

Flies were homogenized in ice-cold PBS with 1% Triton X-100 and
protease inhibitor cocktail (Roche). The mixture was spun for 10 min
at 4 °C, and the pellet and supernatant were collected. The Triton
X-100-insoluble pellet was washed in one additional volume of Tri-
ton X-100 solution and resuspended in denaturing lysis solution with
5% lithium dodecyl sulfate (LDS) containing 300 mM dithiothreitol
(NuPAGE LDS Sample Buffer; Invitrogen). n = 4 independent samples
of 30 flies were used for post-western blot densitometry analysis.

Phospho-histone H3 immunostaining

Briefly, flies were anaesthetized onice and intestines were dissected in
cold PBS. Samples were then fixed in PBS plus 0.1% Triton X-100 contain-
ing 4% paraformaldehyde at room temperature for 30 minandrinsed
three timesin PBS plus 0.1% Triton X-100 for 10 min at room tempera-
ture. Blocking was performed in 5% BSA in PBS plus 0.1% triton X-100
forlhatroomtemperature. Primary antibody, anti-phospho-histone
H3 (S10) (9701, Cell Signaling), was added at 1:250 in 5% BSA in PBS
plus 0.1% Triton X-100 and incubated overnight at 4 °C rotating. After
washingthree times in PBS plus 0.1% Triton X-100 secondary antibody,
anti-rabbit AlexaFluor-488 (Invitrogen) was added at 1:250 dilution
with 1.5 pg/mlHoechststain (Thermo) in 5% BSAin PBS plus 0.2% Triton
X-100 and incubated overnight at 4 °C rotating. After washing, intes-
tines were then mounted in Vectashield mounting medium (Vector
Labs) and imaged using a x20 dry objective on a Zeiss LSM-800 with
0.5 NA and standard laser lines (405, 488, 561 and 640 nm) and using
identical power settings betweensamples. Phospho-histone H3-positive
cells were quantified using the ImageJ* local maxima tool, with iden-
tical thresholding for all images (ImageJ version 2.0.0-rc-69/1.52p).
Phospho-histone H3 numbers were normalized to the area of the pos-
terior midgut imaged. A minimum of eight intestines were used for
each quantification.

Statistical analysis and replicability

Initial lifespan screens were blinded to researchers by number assign-
ment. Repeat experiments were notblinded, but mortality values were
counted byimpartialundergraduateresearchers.Prism7 (GraphPad) was
usedto performthe statistical analysis. Significance is expressed as Pval-
ues(NS=P>0.05,"P<0.05,"P<0.01,”P<0.001and ""P< 0.0001). For
comparison of two groups, unpaired, two-tailed ¢-test was used, when
datametcriteria for parametric analysis (normal distribution and simi-
lar variance). For comparison of more than two groups, ANOVA with
Bonferroni, or Tukey’s post-hoc test was performed. Kruskal-Wallis
with Dunn’s post-hoc analysis was used for non-parametric data. All
plotted values represent means, with error bars representing s.e.m.
All biochemical experiments were performed with a minimum of four
biological replicates, repeated in two to three independent trials. For
comparison of survival curves, log-rank (Mantel-Cox) analysis was
used. For ad libitum versus iTRF (day 10-40) comparisons on 3% yeast
extract, control flies (w1118, Canton S) were tested nine times, either as
experimentals or as controls for other experiments (Figs. 1b, d, 2d, plus
two repeats, 2f, Extended Data Figs. 3j, 4c plus repeat, Extended Data
Fig. 4e). per® mutants were tested four times (Fig. 2f, Extended Data
Fig.4cplusrepeat, Extended DataFig. 4e); per and tim CRISPR mutants
were each tested twice (Fig. 2e plus repeat), cIk’* mutants were tested
three times (Fig. 2d plus two repeats) and cyc® mutants were tested four
times (Extended DataFig.4b plustwo repeats, Extended Data Fig. 4e). All
other lifespans with genetic manipulations were tested two times, with
the exception of large screens of alternative diets such as protein titra-
tions (Fig.1d, Extended Data Fig.4d, e), alternative TRFs (Extended Data
Fig.1b-f), time windows for iTRF (Extended Data Fig. 2a-g), antibiotic
treatment (Extended DataFig. 3i,j), or night versus day bias (Figs. 2f, 4h, i,



Extended DataFig. 9b, ¢), as well as mCherry-Atg8 controls (Extended
DataFig. 7d) and daGS driver controls (Extended Data Fig. 6g, g), which
were tested once. Titration of protein and lifespan with per® mutants
hasbeen previously published®. See Supplementary Table 1for details
of all lifespan trials and Supplementary Table 2 for raw source data.

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

Data availability

The authors declare that all data supporting the findings of this study
areavailable, including replicate experiments, and will be made avail-
able onreasonable request from the corresponding author.
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Extended DataFig.1|Lifespan changesinresponse todifferentfeeding and

fastingregimens. Light blue boxes on graphsindicate duration of TRF (aqua),
IF (medium blue), or iTRF (sky blue) duringlifespan. a, Schematic of different
feeding regimens utilized in Drosophilalifespanscreen.b,12-hour
time-restricted feeding (TRF) from day 10 until death shortened female
lifespan (top; ad lib, solid gray, n=292; TRF, dashed gray, n=142) and minimally
extended malelifespan (bottom; ad lib, solid, n=241; TRF, dashed, n=314). ¢, In
contrast, TRF from days 10-40 extended female (top; ad lib, solid gray, n=292;
TRF, dashed gray, n=150) and male (bottom; ad lib, solid gray, n=241; TRF,

dashed gray, n=406) lifespan. d, 24-hour intermittent fasting (IF) from day
10-deathshortened both female (top; ad lib, solid gray, n=145; IF, dashed gray,
n=149) and male (bottom top; ad lib, solid gray, n=241; IF, dashed gray, n=276)
lifespan.e, Intermittent time-restricted feeding (iTRF) from day 10-death did
notextend lifespan (ad lib, solid gray, n=142; TRF, dashed gray, n=157).f,iTRF
regimen from days 10-40 extended male lifespan (ad lib, solid gray, n=323; TRF,
dashed gray, n=382). (See Methods and Sl for trials, statistics, and source data;
n=number of individual flies; p-values were obtained by log-rank analysis (b-f).
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Extended DataFig.2|Characterization ofiTRF windows and effect on
feeding and dietaryrestriction. Light blueboxes ongraphsindicate duration
of iTRF duringlifespan; solid and dashed lines represent fliesonadliband iTRF
diets, respectively. a-e,10-day periods of iTRF in early to mid-life (days 10-40 of
adulthood) canextend lifespanbut not later in life (days 40-50): (a) days 10-20
with females (ad lib n=311; iTRF n=319); days 20-30 with (b) females (iTRF
n=337) and (c) males (ad [ib n=323;iTRF n=366); days 30-40 with (d) females
(iTRF n=355) and (e) males (iTRF n=293) all extend lifespan.f, g, iTRF days 40-50
ofadulthood did not extend male (iTRF n=302) or female (iTRF n=349) lifespan.
h, Relative to flieson ad lib diet (dark gray dots, n=13), flies on iTRF (shown as
blue orgreen dots depending on diet phase, n=14) starve during the fasting

phase (n.a., nofood available) and eat more during the feeding phase (green
dots).i,iTRF extended meanlifespanregardless of dietary protein
concentration (n=98-347 for each sample of ad lib or iTRF flies at each protein
concentration). j, After partial genetic ablation of insulin producing cells, iTRF
stillextended lifespan (dashed brown, n=424) relative to ad lib diet (solid
brown, n=310), to asimilar extent asin genetic controls (ad lib, solid gray, n=161;
iTRF, dashed gray, n=180). (See Methods and Sl for trials, statistics, and source
data; n=number of individual flies; ****=p<0.0001; p-values were obtained by
log-rank analysis (a-g, andj) and unpaired two-tailed t-test (h-i). Center
values=averages; error bars=SEM.).
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Extended DataFig. 3 |iTRF delays aging markers (proteinaggregationand
intestinal dysfunction) and extends lifespanindependent of microbiota.
a, Representative westernblot of Triton-insoluble protein accumulation

of p62/ref(2)P (each sample=30 flies/condition/timepoint; see also
SupplementaryFig.1). b, Quantification of tritoninsoluble protein levels
showed thatiTRF flies (light gray) exhibited reduced accumulation of
p62/ref(2)P with age, relative to ad lib flies (dark gray) (average of 4 biological
repeats). ¢, Representative images of40-day old indirect flight muscle stained
for polyubiquitin protein aggregates (green), p62/ref(2)P (magenta), and
filamentous actin (F-actin, blue); scalebar=50 um.d, e, iTRF significantly
reduced (d) polyubiquitin aggregates and (e) accumulation of p62 aggregates
(adlibn=10thoraces, iTRF n=11thoraces).f,iTRF alsoreduced age-related
intestinal over-proliferation, as marked by phospho-histone H3 staining
(p-HH3) (ad lib n=8 guts; iTRF n=9 guts); scale bar=50 pm. g, Light blue boxes
ongraphsindicate duration of iTRF during lifespan. iTRF (dashed line) delayed

age-related intestinal barrier dysfunction relative to adlib (solid line), as
marked by decreased numbers of smurfflies (n=8-12 cohorts of 20-31flies).
h-j, Light colored boxes ongraphsindicate duration of antibiotic treatment
(AB, green) or antibiotic treatment plus iTRF diet (blue/green striped) during
lifespan.iTRF flies showed delayed age-related growth in microbiome load
withage (n=30 flies/condition/timepoint, 4 biological replicates) (h).iTRF
extended lifespan upon microbiome clearance via antibiotics treatment
duringeither (i) total lifespan (ad lib n=227,iTRF n=268) or (j) only days 10-40
ofadulthood (ad lib n=144, iTRF n=190). (See Methods and Sl for trials,
statistics, and source data; n=number of flies unless otherwise indicated;
n.s.=p>0.05, *=p<0.05, **=p<0.01, **=p<0.001, ****=p<0.0001; p-values were
obtained by ANOVA followed by Tukey’s post-hoc test (b, g, h), unpaired
two-tailed student’s t-test (d-f), and log-rank analysis (i, j). Center
values=averages; error bars=SEM.).
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Extended DataFig. 4 | Circadian mutants show anormal lifespanresponse
todietary proteinrestrictionbutdonotrespond toiTRF.a, Gene
expression of timeless, similar to period and Clock, was enhanced by iTRF
during the fasting phase (each n=4 biological replicates of 30 female flies/
genotype/condition/timepoint; unmarked=n.s.). b, ¢, Light blue boxes on
graphsindicate duration of iTRF duringlifespan. Circadian mutants did not
respond to iTRF with extended lifespan relative to controls (ad [ib n=187-288;
iTRF n=290-311): (b) cycle® (ad lib n=65, i TRF n=121) and (c) timeless® (ad lib
n=120, iTRF n=152) and period® (ad lib n=215,iTRF n=184) null mutant females
did notrespond to iTRF withextended lifespan.d, e, (d) cycle® and (e) period”
mutant females showed anormal “tent-curve” lifespan response to dietary
protein titration (n=61-272 flies/genotype/condition/timepoint). f, period”
mutant females did not starve significantly faster than controls whether they
have beenoniTRF oradlibdiet (controls: ad lib n=31,iTRF n=35; per: ad lib n=27,
iTRF n=42).g, Similar to controls (gray, ad libn=30; light gray, iTRF, n=29),
period® mutant females (orange, ad libn=27; light orange, iTRF, n=27) ate more

oniTRFrelative toon ad lib diet. h, Unlike control iTRF flies (light gray),

which had reduced accumulation of p62/ref(2)P with age relative to ad lib flies
(dark gray), per mutants had similar levels on ad lib (orange) or iTRF

(light orange) diets (each dot=1sample=30 flies; each bar=average of 4
biological repeats). Actinblotis repeated from Fig. 2h because the same
western blot was used to quantify Ubiquitin, p62/ref(2)P, and actin (loading
control); seealso Supplementary Fig. 1. i, Representative images of indirect
flight muscle from 40-day-old flies stained for filamentous actin (F-actin, blue),
ubiquitin (green), and p62/ref(2)P (magenta) showed that, unlike genetic
controls (ad lib n=10, iTRF n=11thoraces), period mutants did not have
decreased polyubiquitin, or p62/ref(2)P aggregate accumulationinresponse
toiTRF (ad libn=10,iTRF n=10 thoraces); scale bar=50 pm. (See Methods and SI
for trials, statistics, and source data; n=number of flies unless otherwise
indicated; n.s.=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001;
p-values were obtained by ANOVA followed by Tukey’s post-hoc test (a, g-i) and
log-rank analysis (b, ¢, f). Center values=averages; error bars=SEM.).
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Extended DataFig. 6 | Circadian manipulation ofupstream metabolicand
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an8%increasein meanlifespaninresponse toiTRF (dashed, n=134); (c)
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iTRF n=238-415). (See Methods and Sl for trials, statistics, and source data;
n=number of flies; p-values were obtained by log-rank analysis (a-f)).
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protein expression by western blot analysis (see also Supplementary Fig. 1),
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log-rank analysis (b-d). Center values=averages; error bars=SEM.).
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a, b, Relative to controls (gray), circadian knockdown of atgI (pink) increased
aging markers of (a) climbing defects (n=10 vials of 10 flies/condition/
genotype/timepoint) and (b) proteinaggregation (each lane=30 flies; each
time point of quantification=average of 4 biological repeats) and made flies
resistant to the effects ofiTRF (dashed lines, lighter shades), relative to ad lib
diets (solid lines, darker shades). ¢, d, In contrast, relative to controls (gray),
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circadian overexpression of atgl (magenta) decreased aging markers of (c)
climbing defects (n=10 vials of 10 flies/condition/genotype/timepoint) and (d)
proteinaggregation (each lane=30 flies; each time point of
quantification=average of 4 biological repeats; see also Supplementary Fig.1)
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adlibdiets (solid lines). (See Methods and Sl for trials, statistics, and source
data; n=number of flies unless otherwise indicated; n.s.=p>0.05, ***=p<0.001,
***+=p<0.0001; p-values were obtained by ANOVA followed by Tukey’s
post-hoctest (a-d). Center values=averages; error bars=SEM.).
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lifespan. b, Relative to ad lib diet (period® mutants ad lib, solid orange, n=225),
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RU-induced atgl expression (solid magenta, n=319) alone extended the lifespan
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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
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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
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)

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.
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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
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data collection  Excel16.16.27 was used for data colection, Prism 7-8 was used for most statistical analysis, along with Fiji ImageJ version 2.0.0-rc-69/1.52p for
image analysis.
Data analysis Prism 7-8 was used for most statistical analysis, along with Fiji ImageJ version 2.0.0-rc-69/1.52p for image analysis.

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.
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Life sciences study design

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

Sample size Power analysis was conducted for lifespans, usually 150 individual flies were used for statistical power.
Data exclusions  No data were excluded from results presented.

Replication Prism7 (GraphPad) was used to perform the statistical analysis. Significance is expressed as p values (n.s.=p>0.05, *=p<0.05, **=p<0.01,
**%*=p<0.001, ****=p<0.0001). For two group comparisons unpaired, two-tailed t-test was used, when data met criteria for parametric
analysis (normal distribution and similar variance). For more than two group’s comparison ANOVA with Bonferroni, or Tukey’s post-hoc test
was performed. Kruskal-Wallis with Dunn’s post-hoc analysis was used for non-parametric data. All plotted values represent means, with
error bars representing SEM. All biochemical experiments were performed with a minimum of 4 biological replicates, repeated in 2-3
independent trials. For comparison of survival curves, log-rank (Mantel-Cox) analysis was used. For ad lib vs. iTRF (day 10-40) comparisons on
3% YE, control flies (w1118, Canton S) were tested 9 times, either as experimentals or as controls for other experiments (Fig 1b, 1d, 2d plus 2
repeats, 2f, ED 3j, ED 4c plus repeat, ED 4e). perO1 mutants were tested 4 times (Fig. 2f, ED 4c plus repeat, ED 4e); per and tim CRISPR
mutants were each tested twice (Fig. 2e plus repeat), clkJRK mutants were tested 3 times (Fig. 2d plus 2 repeats), and cycO1 mutants were
tested 4 times (ED 4b plus 2 repeats, ED 4e). All other lifespans with genetic manipulations were tested 2 times, with the exception of large
screens of alternative diets such as protein titrations (Fig. 1d, ED 4d-e), alternative TRFs (ED 1b-f), time windows for iTRF (ED2a-g), antibiotic
treatment (ED 3i-j), or night vs day bias (Fig. 2f, Fig. 4h-i, ED 9b-c), as well as mCherry-Atg8 controls (ED 7d) and daGS driver controls (ED 6g-f),
which were tested once. Titration of protein and lifespan with per01 mutants has been published previously.23 See Sl Table 1 for details of
all lifespan trials and Sl Table 2 for raw source data.

Randomization  Initial lifespan screens were randomized and blinded. Follow up experiments were not randomized and blinded.

Blinding Initial lifespan screen data were blinded and assigned number values and evaluated following all deaths over time.

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 n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used Membranes were probed with antibodies against AMPK phospho-T184 at 1:1000 dilution (Cell Signaling, 40H9); anti-phospho-S6K
T398 (Cell Signaling, 9209), mCherry (Cell signaling, ESD8F), and horseradish peroxidase (HRP)-conjugated monoclonal mouse anti-
actin antibody at 1:5000 dilution (Sigma-Aldrich, A3854). Rabbit antibodies were detected using HRP-conjugated anti-rabbit IgG
antibodies at 1:2000 dilution (Cell Signaling, 7074). Mouse antibodies were detected using HRP-conjugated anti-mouse 1gG
antibodies at 1:2000 dilution (Cell Signaling, 7076). ECL chemiluminescence reagent (Pierce) was used to visualize horseradish
peroxidase activity and detected by a CCD camera BioRad image station.

Validation Validation available on manufacturer website.
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals

Field-collected samples

Ethics oversight

w1118 Canton-S (CS) were used as a “wild-type” strain throughout this manuscript. UAS-DN-S6K (6911), UAS-CA-S6K (6914), UAS-DN-
AMPK (32112), UAS-CA-AMPK (32110), UAS-atg1-RNAi (44034), UAS-atg8a-RNAI (34340), and UAS-atgl (51654) were obtained from
the Bloomington Stock Center and outcrossed to w1118 Canton-S (CS) for at least 10 generations. tubulin-GAL4 flies were obtained
from John Carlson, UAS-mCh-atg8a and UAS-GFP-Atg8a from Eric Baehrecke, and daughterless-Gene-Switch (daGS) from David W.
Walker; all were outcrossed to w1118 Canton-S (CS) for at least 10 generations. period (per01) mutants, timeless-GAL4, and period-
GAL4 were obtained from Jaga Giebultowicz and, because they were last outcrossed many years ago, were outcrossed to w1118
Canton-S (CS) for 12 generations in the last 2 years. UAS-gRNA, UAS-CAS9 lines were those utilized in our previous papers and were
outcrossed to w1118 Canton-S (CS) for five generations.22,39 Previously outcrossed cycle (cycO1) mutants were obtained from
Sheyum Syed with a CS control strain. All experiments with multiple transgenes used flies that have undergone 12 generations of out-
crossing into a w1118 Canton-S (CS) control and/or per01, w1118 Canton-S (CS) mutant background.

Provide details on animals observed in or captured in the field, report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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