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Body-wide synchronization of insulin-
signaling dependent DAF-16/FOXO nuclear
translocation pulses correlated with
C. elegans growth

Burak Demirbas1,5, Olga Filina 1,5, Timo Louisse1, Ananya Natarajan1,
Yvonne Goos1, María Antonia Sánchez-Romero 2, María Olmedo 3 &
Jeroen S. van Zon 1,4

Insulin signaling is the core pathway regulating body growth, but the dynamics
of insulin signaling across an organism has not been studied experimentally.
By imaging C. elegans larvae in microchambers, we follow the key insulin sig-
naling step, DAF-16/FOXO nuclear translocation, at cellular level throughout
the body. We show that under constant stress, translocation occurs in sto-
chastic pulses, but with each translocation pulse occurring near-
simultaneously in all cells. Pulsatile DAF-16/FOXO translocation is correlated
with growth, as periods of long or frequent pulses coincide with bouts of
growth arrest, and short, infrequent pulses with body growth, while the ani-
mal’s ability to arrest growth is lost in daf-16/FOXO mutants. Organism-wide
coordination of DAF-16/FOXO translocation pulsesmight thus be important to
ensure uniformity of body growth, with potential implications for under-
standing tissue- and body-wide coordination of insulin-dependent processes
also in humans.

Insulin/insulin-like growth factor signaling (IIS) is a key pathway reg-
ulating body growth under normal1–4 and stressed conditions5–7.
Growth control occurs through FOXO transcription factors8 that, upon
loss of IIS activity, translocate to the nucleus, where they control
downstream gene expression1,9–12. Growth uniformity is generally
assumed to follow from body-wide spreading of insulins through
passive mechanisms, such as release into the circulation and
diffusion13,14. Tissue- or body-wide coordination is crucial also for other
insulin-dependent processes, such as control of glucose metabolism
by blood insulin15, with impact on diabetes, obesity and longevity16–19.
However, the dynamics of insulin signaling across an entire animal has
not been studied experimentally.

To investigate organism-wide dynamics of DAF-16/FOXO, the sole
C. elegans FOXO transcription factor (TF), we studied the C. elegans L1

arrest, a developmental arrest larvae enterwhen they encounter stress,
including starvation, osmotic shock and heat, directly after hatching,
and that is under control of IIS7,20–24 (Fig. 1A). Under unstressed con-
ditions, high insulin-like peptide (ILP) levels activate the insulin
receptor DAF-2, causing phosphorylation and cytoplasmic localization
of DAF-16/FOXO25–27. Upon stress, low ILP levels result in DAF-2 inac-
tivation, DAF-16/FOXO dephosphorylation and its subsequent trans-
location into the nucleus, where it induces stress response genes28–30

and regulators of cell proliferation20, ultimately leading to develop-
mental arrest. A puzzling result emerging fromprevious studies is that
even under constant high stress, a substantial fraction (20–60%) of
animals showed no or little nuclear DAF-16/FOXO24,31,32, hinting at a so
far unresolved variability in DAF-16/FOXO response between indivi-
dual larvae.
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Fig. 1 | Stochastic, synchronized DAF-16/FOXO nuclear translocation pulses.
A Schematic representation of the Insulin/insulin-like growth factor-1 signaling (IIS)
pathway. B Fraction of L1 larvae with nuclear DAF-16::GFP localization for wild-type
anddaf-2(e1368) animals under starvation, andwild-typeanimals exposed toheator
osmotic shock. Fractions are calculated overn = 367 (starvation, wild-type), n = 426
(starvation, daf-2), n = 194 (heat stress, 20 °C), n = 195 (heat stress, 32 °C), n = 254
(osmotic shock, control) and n = 199 (osmotic shock, 300mM NaCl) animals. Data
are for 4 (starvation) or 3 replicates (heat stress, osmotic shock). Error bars are the
standard error of the mean (S.E.M.) over replicates. C Straightened fluorescence
images of a starved L1 animal, carrying a DAF-16::GFP integrated transgene, show-
ing alternating nuclear and cytoplasmic DAF-16 localization. Hours indicate time
after hatching in microchambers without food. Dashed yellow line indicates ani-
mal’s outline. Scale bar: 20 µm. Arrowheads indicate intestinal cells Int2D/V
(magenta), Int4D/V (orange), Int7L/R (green), and Int8L/R (cyan), used for single-
cell quantification.D, EDAF-16::GFP nuclear translocationdynamics in headmuscle

cells, intestinal cells, or tail hypodermal cells upon constant starvation stress. Both
for DAF-16::GFP (D) and a single-copy, endogenously-tagged DAF-16::GFPsc strain
(E), translocation occurred in pulses that were synchronized between the different
tissues. Scale bar: 10 µm. Images in C–E were computationally straightened for
clarity. F Heatmaps of DAF-16::GFP nuclear localization R, calculated as the ratio of
DAF-16::GFP intensity in the nucleus and cytoplasm, over time. Rows represent
individual, starved animals. Color intensity corresponds to R, as averaged over all
intestinal cells. G DAF-16::GFP nuclear localization R measured for different
intestinal cells, for two starved individuals. Despite variability between individuals,
R is synchronized between cells. Tracks are shifted along the y-axis for clarity. For
each cell, dashed lines is R = 1.03, corresponding to 105% of the average R in non-
stressed animals. Vertical black line corresponds to amplitude of 0.5.HCorrelation
of R for tracks for int2V and int7R in G, with Pearson correlation coefficient r and
p-value (two-sided Wald test) indicated.
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Here, we show that the key insulin signaling step, DAF-16/FOXO
nuclear translocation, occurs throughout the C. elegans body in sto-
chastic, yet highly synchronizedpulses, that correlatewith the animal’s
growth state. By imaging C. elegans larvae locked in microchambers,
we followDAF-16/FOXOnuclear translocation over time, at the cellular
level throughout the body. Under constant stress, translocation is
pulsatile, with dynamics depending on stress type and magnitude,
while each translocation pulse occurs near-simultaneously in all cells.
These synchronized DAF-16/FOXO translocation pulses correlate with
a major physiological transition, namely the decision to arrest body
growth or not. Periods of infrequent short pulses often coincide with
growth, while long or frequent pulses coincide with growth arrest, and
DAF-16/FOXO loss results in a lack of growth arrest under stress. The
stochastic yet synchronized pulsing of DAF-16/FOXO under constant
conditions excludes that coordination results simply from each cell
responding independently to a spatially uniform stress, and instead
implies active synchronization. Our findings raise urgent questions
about the molecular basis of the underlying synchronizing signals. We
speculate that this activemechanism of body-wide IIS synchronization
is important also in humans, for growth and for other insulin-
dependent processes and diseases, including diabetes, obesity, and
longevity16–19, that all hinge on tissue- or body-wide coordination.

Results
Synchronized, stochastic DAF-16/FOXO nuclear
translocation pulses
WevisualizedDAF-16/FOXOnuclear localizationusing a transgenic line
expressing a functional DAF-16::GFP fusion protein that tags the DAF-
16a/b isoforms33 and is a standard reporter for studying DAF-16/FOXO
activation21,34–37. When we examined DAF-16::GFP localization in a
population of L1 larvae32 under starvation or 300mM osmotic shock
(Fig. 1B, Methods), DAF-16::GFP was nuclear in most animals, as
expected, yet 20-40% of animals instead showed cytoplasmic locali-
zation, consistent with previous observations. Even for conditions that
elicited a strong response (32 °C heat shock or daf-2(e1368) mutants
under starvation), still 5-10% of animals did not display full nuclear
localization.

So far, DAF-16::GFP nuclear localization has only been studied by
comparing static snapshots of animals under normal or stressed con-
ditions. Instead, we performed time-lapse microscopy on animals
hatched from eggs placed in 0.2×0.2mm hydrogel microchambers38

without food, allowing us to examine starvation-induced DAF-16/
FOXO translocation dynamics in individual larvae (SI Fig. 1A). Upon
hatching in the absence of nutrients, DAF-16::GFP translocated from
the cytoplasm to the nucleus within ∼2 hr in most animals, as expec-
ted. However, DAF-16::GFP typically moved back into the cytoplasm
after ∼1 hr (Fig. 1C) and continued to shuttle between the nucleus and
the cytoplasm in pulses with ~2 hr duration (SI Movie 1), even as star-
vation conditions were constant. Strikingly, even though the timing
and duration of DAF-16::GFP translocation pulses varied in time, DAF-
16::GFP translocation was highly synchronized between daf-16-
expressing cells throughout the body (Fig. 1D, SI Movie 1).

We quantified DAF-16/FOXO nuclear translocation dynamics by
measuring the ratio R between nuclear and cytoplasmic fluorescence
(SI Fig. 1B, Methods). We focused on intestinal cells, that form a ste-
reotypical array along the antero-posterior (A-P) axis spanning
approximately half the body length of L1 larvae. Most animals dis-
played initial oscillation-like translocation pulses (Fig. 1F, G), followed
by more persistent DAF-16::GFP nuclear localization (R > 1) as stress
persisted, although brief pulses of translocation to the cytoplasm
remained visible even at this stage. In general, R displayed clear
variability between individual animals, in terms of both frequency and
number of translocation pulses, underlining their stochastic nature.
Yet, despite this individual variability,Rdynamicswere always strongly
correlated between intestinal cells at markedly different positions

along the A-P axis (Fig. 1G, H), revealing a degree of synchrony thatwas
unexpected for an inherently stochastic process.

We foundnoDAF-16::GFP translocation pulseswhen eggs hatched
in microchambers filled with plentiful food (SI Fig. 1C), indicating that
they are a specific response to starvation. We observed similar syn-
chronized nuclear translocation pulses in a strain carrying a DAF-
16::GFP endogenous CRISPR/Cas9 knock-in fusion (DAF-16::GFPsc)39

(Fig. 1E, SI Fig. 1D–F), confirming that these translocation pulses were
not an artifact of the DAF-16::GFP transgenic line. Moreover, syn-
chronized DAF-16::GFP translocation pulses were also seen in the
intestine and hypodermis of young adult animals upon exhaustion of
their bacterial food supply (SI Fig. 1G-I), indicating a general starvation
response. Finally, we observed nuclear translocation pulses of the
human DAF-16 homolog FOXO3A in human U2OS cells carrying a
FOXO3A::GFP plasmid (SI Fig. 2), with pulse amplitude increasing with
serum starvation (decreasing % FBS). This matches recent observation
of starvation-inducedFOXO1nuclear translocationpulses40, and shows
that pulsatile regulation by FOXO TFs is likely a general feature of IIS.
Overall, these measurements reveal that the animal-to-animal varia-
bility in DAF-16::GFP nuclear localization under constant stress, which
was previously observed on the population level, in large part reflects
stochastic DAF-16::GFP translocation pulses occurring with high
internal synchrony within each individual.

Synchrony of DAF-16/FOXO translocation pulses for
different stress types
We next asked if synchronized DAF-16::GFP nuclear translocation
pulses were also seen for other types of stress. We exposed L1 larvae
hatched in microchambers filled with food either to heat or osmotic
shock (SI Fig. 3, Methods), which are both known to induce DAF-16
nuclear translocation21,33. Both stress treatments resulted in DAF-
16::GFP translocation pulses but with qualitative differences in
dynamics. Inparticular, under 200mMNaCl osmotic shock individuals
often showed short, infrequent translocation pulses that were isolated
in time (Fig. 2A), while heat shock typically induced a single, transient
translocation pulse immediately upon heat exposure (SI Fig. 3).
Nevertheless, for both stresses the R dynamics was synchronized
between intestinal cells, even for the more irregular pulses seen for
animals under osmotic shock.

To put an upper bound on the degree of synchrony, we imaged
DAF-16::GFP pulses with high, 30 s time resolution in animals under
starvation stress and quantified R in the intestinal cells Int2-Int8
(Fig. 2B), excluding the four Int1 and two Int9 cells where DAF-16::GFP
was difficult to resolve in single cells. At this increased time resolution,
we could observe gradual nuclear translocation of DAF-16::GFP over a
~20min time interval. Moreover, we found that R displayed a shift in
time between different cells, although the magnitude of the shift was
small compared to the timescale of translocation. To quantify the shift,
we cross-correlated R between each pair of cells (Fig. 2C, SI Fig. 4A–D),
where the lag time at which the cross-correlation peaked represented
the delay in pulses between the two cells.

We found that cells in close physical proximity within the body,
such as Int2V and Int2D that have the same A-P position, showed no
delay (Fig. 2C–E). However, we found that the cross-correlation
showed a peak at positive lag time when we compared anterior cells
to more posterior cells (Fig. 2C), with the magnitude of the delay
increasing with the distance between the cells (Fig. 2D, E). Notably, the
sign of the delay indicated an anterior-to-posterior order in DAF-
16::GFPpulsedynamics, thatwas consistent between different animals,
with pulse dynamics initiating in the Int2 cells ∼3min before the Int8
cells. When analyzing high time resolution data obtained for osmotic
shock, we found an equally strong synchronization, with delays
between cells of <3min (Fig. 2E). Intriguingly, the nature of the delay
wasmorecomplex than the simple anterior-to-posterior order seen for
starvation, and instead reflected a partial dorsal-ventral ordering. For
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example, the ventral cells Int2V, Int3V, and Int4V had pulse dynamics
delayed compared to the more dorsal cells Int4D and Int5L (SI Fig. 4E,
F). Overall, this suggests that the synchronizingmechanismdepends at
least partially on stress type.

DAF-16/FOXO translocation dynamics reflect both stress type
and magnitude
We then more systematically examined the differences in DAF-16::GFP
translocation dynamicsbetween different stresses. Given the observed
synchrony between different intestinal cells, we compared R dynamics
quantified over all intestinal cells. Differences in DAF-16::GFP translo-
cation dynamics were apparent when we compared population-
averaged translocation dynamics, Rh i, between stresses (Fig. 3A): for
32 °C heat shock, Rh i exhibited a single translocationpeak ~1.5 hrs after
stress onset, consistent with our observations in individuals (SI Fig. 3),
followed by increasing nuclear localization as stress persisted. A
similar immediate peak in Rh i was visible upon starvation, but here
followed by additional peaks, consistent with our earlier observation
of more oscillation-like translocation pulses in individual animals
(Fig. 1F, G). In contrast, no clear peaks in Rh i were visible for 300mM
NaCl osmotic shock, as expected for the random translocation pulses
observed in individuals (Fig. 2A).

To further differentiate R dynamics between starvation and
osmotic shock, we determined the autocorrelation of R (Fig. 3B).
Indeed, for starvation, the autocorrelation in individual animals was
oscillatory with exponentially decreasing envelope, a signature of
stochastic oscillations. The population-averaged autocorrelation
decayed more rapidly, showing only two peaks, at 2 and 4.25 hr,

reflecting the inherent variation in pulse dynamics between indivi-
duals. In contrast, the autocorrelation of R for osmotic shock showed
no peaks of positive autocorrelation, both in individuals and averaged
over all animals (Fig. 3B), consistent with non-oscillatory pulse
dynamics. For osmotic shock, the valley of negative autocorrelation at
5 hr might reflect underlying stochastic dynamics operating close to,
but still outside an oscillatory regime41. The R dynamics in individuals
highlighted intrinsic variability in translocationpulsedynamics also for
osmotic and heat shock (Fig. 3C, F), with extensive variability in
number and duration of pulses.

In contrast to starvation, for osmotic and heat shock we could
vary stress magnitude and examine the impact on DAF-16::GFP pulse
dynamics. For osmotic shock, we hatched larvae in microchambers
soaked with salt concentrations increasing from 200 to 400mMNaCl.
For 200mMNaCl,we found thatDAF-16::GFPdisplayed infrequent and
short (<1 hr) pulses of nuclear localization, while increasing NaCl levels
led to a concomitant increase in the fraction of timeϕ thatDAF-16::GFP
was nuclearly localized (Fig. 3C, SI Fig. 5). This was due mainly to an
increase in pulse duration (Fig. 3D), rather than pulse frequency
(SI Fig. 5), and occurred without increase in pulse amplitude (Fig. 3E),
i.e. the degree of nuclear enrichment.

For heat shock, we shifted hatched L1 larvae from 20 °C to tem-
peratures ranging from 31 °C to 33 °C. For 31 °C and 32 °C heat shocks,
most animals displayed a single transient pulse of strong nuclear
translocation directly after the shift to high temperature (Fig. 3F).
However, both the amplitude and duration of the initial translocation
pulse increasedwith higher temperature (Fig. 3G, SI Fig. 5). In addition,
the nuclear localization pulses that followed the initial pulse increased
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with temperature, resulting in a higher fraction of time ϕ that DAF-
16::GFP was nuclear (R > 1.05, Fig. 3H). Following a 33 °C heat shock, in
contrast, we no longer observed a transient pulse, but found that DAF-
16::GFP, after translocating, remained highly enriched in the nucleus
for the duration of the experiment (Fig. 3F). In conclusion, for both
osmotic and heat shock, higher stress magnitude was apparent
through the increased fraction of time that DAF-16::GFP was nuclear.
Overall, this showed that DAF-16::GFP nuclear translocation dynamics

was not only distinct for different types of stress (starvation, osmotic
shock, or heat shock), but also reflected stress magnitude.

Mutations in DAF-16/FOXO regulators change translocation
pulse dynamics
We next probed molecular regulation of DAF-16/FOXO translocation
pulses by studying how pulse dynamics was impacted by mutations in
key regulators of DAF-16/FOXO nuclear translocation. We first
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examined mutants of two core components of the IIS signal trans-
duction pathway, daf-2 and akt-1 (Fig. 4A).We selected the daf-2(e1368)
mutant that carries a mutation in the ligand-binding domain of the
DAF-2 insulin receptor42, resulting in strongly reduced IIS activity. The
Akt/PKB kinases akt-1 and akt-2 are the core kinases that phosphor-
ylate DAF-16/FOXO, thereby promoting its cytoplasmic localization in
response toDAF-2 activation22. Loss of AKT-1 andAKT-2both increased
DAF-16/FOXO nuclear localization in unstressed animals, but with a
stronger impact of AKT-143.We therefore focused on the deletion allele
akt-1(ok525)44.

Importantly, both daf-2(e1368) and akt-1(ok525)mutants displayed
synchronized DAF-16::GFP translocation pulses upon starvation
(Fig. 4B, SI Fig. 6). For starved daf-2(e1368) animals, DAF-16::GFP was
localized primarily in the nucleus, with infrequent ~1 hr periods of
cytoplasmic localization (Fig. 4C). Consequently, daf-2(e1368)mutants
showed increased pulse duration and fraction of time ϕ that DAF-
16::GFPwas nuclear (Fig. 4D, SI Fig. 6), consistent with population-level
measurements (Fig. 1B). The prolonged nuclear localization in daf-
2(e1368)mutants resembled that ofwild-type animalswhenoscillations
cease after prolonged starvation (>10 hr, Fig. 1F), suggesting that the
latter originates from a decrease of IIS activation over time. In starved
akt-1(ok525) animals, DAF-16::GFP nuclear localization during
pulse maxima was comparable to wild-type, resulting in the same
overall amplitude distribution, yet pulse minima were substantially
increased, leading to higher apparent pulse duration andϕ (Fig. 4C, D,
SI Fig. 6C, D). In particular, during pulse minima, we rarely observed
lower DAF-16::GFP fluorescence intensity inside the nucleus compared
to the cytoplasm (SI Fig. 6E). Overall, this increased DAF-16::GFP
nuclear localization was consistent with the expected impact of
decreased Akt kinase activity. We probed this further by instead
increasing akt-1 activity, using the pptr-1(tm3103) mutant45. PPTR-1
inhibits the activity of AKT-1 (Fig. 4A), but not AKT-2, with PPTR-1 loss
leading to decreased DAF-16/FOXO nuclear localization46. Starved
pptr-1(tm3103) mutants also showed synchronized DAF-16/FOXO
translocation pulses (Fig. 4B, SI Fig. 6A), but with decreased pulse
duration and ϕ compared to both wild-type and akt-1(ok525) animals
(Fig. 4C, D, SI Fig. 6BA). Interestingly, pptr-1(tm3103) mutants also
showed lower peakmaximaand, hence, a significant reduction in pulse
amplitude (Fig. 4C,D). Together, this indicate that Akt kinase activity
controls the bias between nuclear and cytoplasmic localization of DAF-
16/FOXO pulses, impacting both their duration and amplitude.

DAF-16/FOXO is phosphorylated also by kinases outside of the IIS
pathway, such as AMP-activated kinase (AMPK)47. AMPK senses
AMP:ATP ratio and is activated by decreased energy levels, suggesting
a role as a nutrient sensor. Indeed, AMPKmutants fail to enter L1 arrest
upon starvation20, while AMPK increases longevity upon dietary
restriction in a DAF-16/FOXO-dependent manner47. However, it is an
open question whether AMPK directly regulates DAF-16/FOXO nuclear
localization. We therefore examined DAF-16/FOXO pulse dynamics in
aak-1(tm1944);aak-2(gt33) mutants, where two AMPK subunits aak-1
and aak-2 are deleted, as this showed greater sensitivity to stress than
single aak-1 or aak-2 mutants48. Most aak-1(tm1944);aak-2(gt33)
embryos obtained by bleaching adults, to ensure that they were not

contaminated with remaining E. coli food, died before hatching, likely
due to increased stress sensitivity. We therefore followed an alter-
native approach, letting embryos hatch with a limited E. coli supply,
that was depleted ~5 hr after hatching (SI Fig. 6F). For wild-type DAF-
16::GFP animals, food depletion resulted in DAF-16/FOXO transloca-
tion pulses similar to full starvation, but with lower duration (Fig. 4E, F,
SI Fig. 6B). Notably, aak-1(tm1944);aak-2(gt33) animals still showed
synchronized DAF-16/FOXO translocation pulses upon food depletion
(Fig. 4B, E), but with markedly reduced duration and amplitude
(Fig. 4F), demonstrating that AMPK increased DAF-16/FOXO nuclear
localization upon starvation. Given the link between AMPK and nutri-
ent depletion, we wondered whether AMPK loss might have a weaker
impact on DAF-16/FOXO pulse dynamics for stresses that do not
involve nutrient depletion, such as osmotic shock. Indeed, for aak-
1(tm1944);aak-2(gt33) animals exposed to 300mM NaCl, we found no
changes to pulse duration and fraction of time ϕ that DAF-16/FOXO
was nuclear, although we did observe differences in amplitude and
frequency (Fig. 4F, SI Fig. 6B).

Overall, the IIS and AMPK mutants we tested still exhibited syn-
chronized DAF-16/FOXO translocation pulses, indicating that pulses
arise through more complex mechanisms. However, our results
revealed that characteristics of stress-induced DAF-16/FOXO pulses,
such as duration, frequency and amplitude, are controlled by IIS
components and AMPK signaling.

DAF-16/FOXO pulses correlate with arrest of body growth
We then examined possible functional roles of DAF-16/FOXO translo-
cation pulses, focusing on the most prominent feature of L1 arrest,
namely arrest of body growth7,20. IIS and DAF-16/FOXO have a well-
established role in promoting starvation-induced cell cycle arrest in a
broad range of tissues, both during L1 arrest and in other late-larval
checkpoints20,49,50. However, this by itself does not explain growth
arrest, as body growth in larvae is primarily driven by cell volume
growth, rather than cell proliferation51. Also, growth arrest does not
simply reflect a lack of food, as it is observed also for stresses such as
heat or osmotic shock, where sufficient food is present to support
growth21,52. We therefore examined if body growth itself was also
actively regulated by IIS and DAF-16/FOXO.

As a measure of body growth, we quantified the length of animals
along their A-P axis as a function of time, for unstressed and different
stressed conditions. In the absence of stress, body length increased
approximately linearly over the course of the L1 larval stage, as
described previously38,53,54, but such extension was absent upon star-
vation (SI Fig. 7A, B). While body growth was similarly arrested for
300mM NaCl osmotic shock (SI Fig. 7C), we observed a surprising
variability in growth arrest for 200mM NaCl (Fig. 5A): some animals
showed fully linear growth, albeit at lower rate than without stress,
while others displayed intermediate growth or full arrest. Inspecting
individual animals indicated that periods of low growth coincidedwith
sufficiently long or frequent DAF-16::GFP pulses (Fig. 5A), suggesting a
link betweenDAF-16::GFP translocation andbodygrowth. To study this
further,we compared eachanimal’s average growth rate to the fraction
of time ϕ that DAF-16::GFP was nuclear (Fig. 5B). For 200mM NaCl,

Fig. 3 | DAF-16/FOXO nuclear translocation dynamics depends on stress type
andmagnitude.APopulation-averagednuclear localizationR for starvation (black,
n = 13), 300mM osmotic shock (blue, n = 18) and 32 °C heat shock (red, n = 21).
Error bars are S.E.M. Arrowheads indicate the population-average oscillationperiod
of DAF-16::GFP translocated as determined in B. B Population-averaged auto-
correlation of R for starvation (black, n = 13) and 300mM osmotic shock (blue,
n = 18). Inset shows autocorrelation for an individual animal. Error bars are S.E.M.
Peaks in autocorrelation (indicated by arrows) correspond to oscillatory DAF-
16::GFP translocation dynamics. C Individual tracks (left) and population view
heatmaps (right) of R for increasing osmotic shock. Individual tracks (left) are
shown as lines, while shaded regions indicate mean +/− standard deviation for the

population. D Distribution of duration and E amplitude of DAF-16::GFP nuclear
translocation pulses for osmotic shock. Increasing osmotic shock leads to more
prolonged pulses without affecting amplitude. Violin plots indicate mean, min and
max values, p-values are for one-sidedMann-WhitneyU test, whilen-values indicate
animals, n.s.: not significant. F Same as C, but for increasing heat shock. For 33 °C
heat shock, observation time is limited to ~10 h due to heat-induced shrinkage of
the hydrogel microchambers. Distribution of amplitude of the first DAF-16::GFP
translocation peak (G) and fraction of time ϕ that DAF-16::GFP is nuclear (H) for
increasing heat shock. Violin plots indicate mean, min and max values. Violin plots
indicate mean, min and max values, p-values are for a one-sided Mann-Whitney U
test, while n-values indicate animals.
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growth rate andϕ showeda strong correlation (Pearson r = -0.9,p = 3e-
7), with individuals with high ϕ generally showing less growth. For
higher osmotic shock, where growth was severely reduced for all
individuals, we found either a similar, but weaker correlation (250mM
NaCl, r = −0.7, p = 1e-2) or no clear correlation (300mMNaCl).We note
that for 250 and 300mM NaCl, animals often showed a negative
growth rate, likely reflecting a reduction in body volume due to
osmotic pressure55, independent of growth arrest. To examinewhether
DAF-16::GFP translocation coincided with growth arrest in time, we

measured growth rate and ϕ over 5 hr time windows (Fig. 5C), corre-
sponding roughly to the timescale of a translocation pulse. Indeed,
growth rate and ϕ were also correlated on this time scale (r < -0.4,
p < 4e-2), with some individuals showing clear halting and resumption
of growth as ϕ changed between time windows (Fig. 5C, SI Fig. 7D,E).

We then tested if growth depended in a simple, direct manner on
DAF-16::GFP nuclear localization. We found that daf-2(e1368) mutants
on 200mM NaCl showed a strongly increased pulse amplitude and
duration, consistent with their reduced activation of IIS or
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hyperactivation of DAF-16/FOXO, reflected in higher average ϕ
(Fig. 5D, SI Fig. 8A). At the same time, they showed similar individual
variability as in wild-type animals, with some individuals exhibiting
few, short pulses, while others had persistently nuclear DAF-16::GFP.
Moreover, we found a similar correlation between ϕ and growth rate
(Fig. 5E, r = −0.9, p = 3e−4). However, despite higher average ϕ, daf-2
mutants did not show higher fraction of growth arrest (SI Fig. 8B).
Indeed, daf-2mutants exhibited the same decrease in growth rate only
at substantially higher ϕ compared to wild-type animals (Fig. 5E), with
a similar difference seenwhen comparing pulse amplitude instead ofϕ
(SI Fig. 8C). However, daf-2 mutants hatched at larger body size than
wild-type animals (SI Figure. 8D), suggesting that daf-2 and wild-type
animals already differ at hatching and might therefore also differ in
response to external stress. Overall, these results showed that growth
arrest did not depend simply on the level or duration of DAF-16::GFP
nuclear presence, and leave open the possibility that it depends on
more complex features of translocation pulse dynamics.

The coincidence of DAF-16::GFP nuclear translocation pulses and
growth arrest (Fig. 5C) suggested that both are linked. However, the
observation that increased DAF-16::GFP nuclear localization in daf-2
mutants did not further increase the degree of growth arrest (Fig. 5E)
indicated that growth arrest might not depend on DAF-16/FOXO. In
this scenario, DAF-16::GFP nuclear translocation and growth arrest
would be controlled independently and in parallel by an upstream
stress signal. To test whether the observed growth arrest is DAF-16/
FOXO-dependent,weplaced animals carrying adaf-16(mu86)null allele
under the same stress conditions. We found that daf-16(mu86) animals
exposed to osmotic shock (250 or 300mMNaCl) showed significantly
higher growth than wild-type animals, which typically showed full
growth arrest under these conditions (Fig. 5G, H). We found that heat
stress also induced growth arrest, with higher temperature corre-
sponding both to more prolonged DAF-16/FOXO nuclear localization
and growth arrest (Fig. 5F, SI Fig. 7F). Moreover, even for 33 °C heat
stress, corresponding to the strongest arrest, continued growth was
still seen in daf-16(mu86) mutants (Fig. 5G, H). Growth rates in daf-
16(mu86)mutants under stress remained lower than under unstressed
conditions, which was partially explained by stressed daf-16(mu86)
larvae still showing an initial arrest period, before resuming growth
(Fig. 5H). This might simply reflect the difficulty of body growth under
stress conditions, but could also indicate that the impact of DAF-16/
FOXO translocationon growth arrest ismore indirect, acting on longer
timescales than that of the DAF-16/FOXO translocation pulses.

Impact of stress dynamics on DAF-16 translocation and target
gene expression
So far, we have examined DAF-16/FOXO translocation in response to
constant stress.Usingour ability to control temperaturewith high time
resolution, we exposed DAF-16::GFP animals to alternating intervals of
20 °C and 33 °C heat stress, of varying number and duration (Fig. 6A).
We found that DAF-16::GFP translocation closely followed heat inter-
vals, with shifts to 33 °C resulting in rapid DAF-16::GFP nuclear locali-
zation and cytoplasmic localization upon shifting back to 20 °C
(Fig. 6B,C, SI Fig. 9A), with similar results also for 32 °C heat intervals

(SI Fig. 9B). However,we observed in some individuals thatDAF-16:GFP
translocation continued for 2 pulses at 20 °C, after 33 °C heat intervals
ended (Fig. 6D). Such additional DAF-16::GFP translocationpulseswere
seen following 8 ×0.75 hr 33 °C+ 1 hr 20 °C intervals (2/12 animals), but
not for 4×1 hr 33 °C+ 1.5 hr 20 °C intervals (0/11 animals, SI Fig. 9C).
Such occurrence of additional translocation pulses following periodic
forcing by heat intervals is reminiscent of similar behavior in excitable
systems56 and might thus provide insight into their underlying
mechanism.

DAF-16/FOXO mediates stress response primarily by binding
target gene promotors to upregulate their expression29,30,57, which
thus crucially depends on DAF-16/FOXO nuclear localization. Given
that different heat treatments caused different DAF-16::GFP trans-
location dynamics, we therefore wondered if they also differed in
impact on DAF-16/FOXO target gene expression. We focused on the
DAF-16/FOXO target sod-3, a superoxide dismutase expressed upon
oxidative stress58, using a SOD-3::GFP translational reporter59. While
no SOD-3::GFP was induced at 20 °C (Fig. 6E), as expected, induction
was observed at constant 33 °C heat shock (Fig. 6F, I, SI Fig. 9D), a
condition that caused constant nuclear localization in DAF-16::GFP
animals (Fig. 3F). We then compared the SOD-3::GFP level induced
by the same total heat stress (8 hr at 33 °C) but now delivered in
different heat interval treatments. Interestingly, 4×2 hr 33 °C + 3 hr
20 °C intervals induced higher SOD-3::GFP level (Fig. 6G, I), even as
heat stress intensity decreased, as heat was now interspersed with
20 °C intervals. Even higher SOD-3::GFP level was induced by 8×1 hr
33 °C + 1.5 hr 20 °C intervals (Fig. 6H, I), corresponding to the same
heat stress intensity but delivered in shorter intervals. Further
decreasing heat stress intensity, by applying 8×1 hr 33 °C + 2 hr 20 °C
intervals, reduced SOD-3::GFP (Fig. 6I). Heat-pulse induction of SOD-
3::GFP depended on DAF-16/FOXO, as SOD-3::GFP was not induced
in daf-16(mu86);sod-3::GFP animals (Fig. 6H, I). A transcriptional
reporter for the DAF-16/FOXO target hsp-16.260,61, a heat shock pro-
tein, showed a similar increase in induction with shorter 33 °C pulses
(Fig. 6I, SI Fig. 9E). SOD-3::GFP levels for the different heat treat-
ments approached similar levels when total time of 33 °C heat stress
increased, indicating that heat intervals impacted the speed of
induction rather than its steady state level, yet periodic heat inter-
vals always induced higher SOD-3::GFP than the same total duration
of constant 33 °C (SI Fig. 9F).

These observations left open whether the dependence of DAF-16/
FOXO target gene expression on heat stress treatment reflected
changes in underlying DAF-16/FOXO translocation dynamics, or also
the more general impact of the temperature changes. To probe this,
we examined the impact of different heat treatments on expression of
eft-3, a constitutively expressed housekeeping gene that is not a DAF-
16/FOXO target. Here, expression of an eft-3p::GFP reporter62 increased
during larval development at 20 °C (Fig. 6I, SI Fig. 9D, G).Heat intervals
of 8 × 1 hr 33 °C + 1.5 hr 20 °C reduced eft-3p::GFP expression, with
further reduction for constant 33 °C (Fig. 6I, SI Fig. 9G), indicating that
increased heat stress intensity lowered constitutive gene expression
levels. Together, this suggested that heat-inducedDAF-16/FOXO target
gene expression reflected a trade-off, with higher temperature

Fig. 4 | Mutations in DAF-16/FOXO regulators change translocation pulse
dynamics. A Overview of key DAF-16/FOXO regulators, with mutants studied
indicated in red. B DAF-16::GFP nuclear translocation dynamics in intestinal cells
int3 and int8 upon starvation stress. For all DAF-16/FOXO regulator mutants,
nuclear translocation pulses were synchronized between int3 and int8. Scale bar:
10 µm. C Individual tracks (left) and population heatmaps (right) of R for IIS path-
waymutants daf-2, akt-1 and pptr-1 under starvation. Shaded region (left) indicates
mean +/- standard deviation for all animals. Data for akt-1mutants was obtained by
manual analysis, while other mutants were analyzed automatically based on the
intestinal nuclear reporter.D Distribution of pulse duration, frequency, amplitude,
and fraction of time ϕ that DAF-16/FOXO was nuclear, compared for wild-type

animals andmutants inC. Violin plots indicatemean, min, andmax values, p-values
are for a one-sided Mann-Whitney U test, while n-values indicate animals, n.s.: not
significant. E Individual tracks (left) and population heatmaps (right) of R for AMPK
signaling mutant aak-1;aak-2 under starvation by food depletion and under
300mM NaCl osmotic shock. Shaded region (left) indicates mean +/- standard
deviation for all animals. Food was depleted at ~5 hr after hatching, and the wild-
type response to food depletion is shown as a comparison. F Distribution of pulse
duration and frequency, compared for wild-type and aak-1;aak-2 animals under
starvation by food depletion (left) or NaCl osmotic shock (right). Violin plots
indicate mean, min and max values, p-values are for one-sided Mann-Whitney U
test, while n-values indicate animals.
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increasing induction by DAF-16/FOXO while simultaneously decreas-
ing gene expression rates more generally, potentially reflecting
inherent challenges of maintaining transcription under stress. This
could explain our counterintuitive observation that the highest
induction of DAF-16/FOXO targets occurred under pulsatile rather
than constant heat stress, even though heat stress intensity was
highest for the latter.

Discussion
Upon unfavorable conditions, FOXO TFs, including DAF-16/FOXO in C.
elegans, move from the cytoplasm to the nucleus, where they induce
stress resistance genes and inhibit genes for proliferation and
growth10,20,33,63,64. The dynamics of FOXO nuclear translocation, how-
ever, remain poorly studied. Here, our dynamicmeasurements of DAF-
16/FOXO translocation in C. elegans animals during stress-induced L1
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Fig. 5 | DAF-16/FOXO translocation pulses correlated with arrest of body
growth. A Body length (top) and DAF-16::GFP nuclear localization (R, bottom) for
individual animals under 200mM NaCl osmotic shock, for increasing fractions of
time ϕ that DAF-16::GFP was nuclear, defined as R > 1.03. Black markers are indivi-
dual measurements. The orange line is length data for the animal with ϕ=0.08
smoothedwith anS-Gfilter, shown for comparison.BGrowth rate as a functionofϕ
for differentmagnitudes of osmotic shock. Growth rate is defined asΔL=ΔT , where
ΔL is the change in body length over the indicated time interval ΔT . Each marker
represents an individual animal. Lines are linear regression fits to each osmotic
shock condition, with the corresponding Pearson correlation coefficient r and
p-value (two-sided Wald test) indicated. C Growth rate versus ϕ for subsequent
5-hour time windows. Red and green arrows indicate two individuals that shift
between periods of growth and arrest and that coincidewith changes inϕ. Pearson
correlation coefficient r and p-value (two-sided Wald test) are indicated. D Body
length and R for daf-2(e1368) animals under 200mM NaCl osmotic shock. The

orange line corresponds to the animal with ϕ=0.08 in A. E Growth rate versus ϕ
compared between wild-type (blue) and daf-2(e1368) animals (orange). Lines are
linear regression fits, with corresponding Pearson r and p-value (two-sided Wald
test) indicated. F Body length and R for individuals under increasing heat shock.
The dashed line is the time of the temperature shift. Body length is measured
relative to length at time of heat shock, which in each individual occurs at a dif-
ferent time relative to hatching. G Comparing growth rate for wild-type and daf-
16(mu86) animals under various stress conditions. daf-16(mu86)mutants sustain
growth under all stress conditions, meaning that DAF-16 is required for reduced or
arrested growth under osmotic shock or heat shock. Boxplots depict median and
interquartile range, whiskers indicate 1.5× interquartile range, p-values are for one-
sided Welch’s t-test, while n-values indicate animals, n.s.: not significant. H Body
length for two wild-type (grey) and two daf-16(mu86) animals (green) exposed to
250mM NaCl (top) and 33 °C (bottom).
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arrest revealed that under constant stress (starvation, osmotic shock
or heat), DAF-16/FOXO entered and exited the nucleus in distinct
pulses (Fig. 1). Moreover, while these translocation pulses were
inherently stochastic, with the incidence of an individual pulse typi-
cally difficult to predict, they were highly synchronized between the
different cells in the body (Figs. 1, 2). Such tight body-wide synchro-
nization is striking, as recent in vivo studies of pulsatile signaling, in
this case of ERK activity, showed either wave-like65 or uncoordinated
dynamics66. We observed similar translocation pulses of FOXO3A in a
human cell line following serum starvation (SI Fig. 2), mirroring recent
observationsof translocationpulses in humanFOXO140, indicating that
such pulses are a general feature of FOXO TFs.

Our results linked DAF-16/FOXO translocation pulses to growth
arrest (Fig. 5). Both in wild-type and daf-2 animals under osmotic
shock, individuals with more DAF-16/FOXO pulses exhibited lower
growth, while DAF-16/FOXO pulses coincided in time with growth
arrest, even in animals that shifted between periods of arrest and
growth. Under osmotic and heat stress, daf-16(0) mutants failed to
arrest and continued growth, albeit with a delay and a reduced rate,
indicating that growth arrest depended onDAF-16/FOXOaction, either
directly or indirectly. So far a role of DAF-16/FOXO in developmental

arrest was established only for the inhibition of cell cycles20,49,50 rather
than of cell volume increase, which is themain driver of body growth51.
Our finding that DAF-16/FOXO links to the growth of C. elegans larvae
aligns with earlier results that Drosophila IIS regulates organ and cell
size3,67–70. However, increasedDAF-16/FOXOnuclear localization indaf-
2mutants, both in level and duration, was not sufficient to increase the
degreeof growth arrest. This suggested that, rather thanDAF-16/FOXO
nuclear presence by itself, it might be more complex features of DAF-
16/FOXO translocation, IIS dynamics or interactionwith other proteins
that determine growth arrest. Lastly, we note that a potential causative
link between DAF-16/FOXO translocation and cell growth might pro-
vide a rationale for their observed synchrony, as maintaining uniform
body proportions would require tight synchronization of IIS and
growth state between all cells.

Our observations raise the question of how DAF-16/FOXO nuclear
translocation pulses are generated, and their body-wide synchrony
maintained. Mutants that impact DAF-16/FOXO phosphorylation, both
of the insulin receptor daf-2 and the DAF-16/FOXO kinase akt-1, per-
turbed DAF-16/FOXO translocation dynamics (Fig. 4), both in terms of
pulse duration and amplitude. At the same time, these mutants all
exhibited synchronized translocation pulses. This might reflect that
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Fig. 6 | DAF-16/FOXO translocation dynamics and target gene expression for
pulsatile heat stress. AOverview of pulsatile heat shock treatments. B Population
heatmaps and C population-averaged tracks of DAF-16/FOXO nuclear localization
R, for the two heat shock treatments in A. Time is relative to start of heat shock
treatment, which was started at approximately the same time in early L1 for all
animals. In C, heat shock intervals are indicated in red, while error bars are S.E.M.
Data correspond to n = 12 (top) and n = 11 animals (bottom). D Tracks of R for two
individuals for the 8x heat pulse treatment. Arrows indicate additional DAF-16/
FOXO translocation pulses in one individual (bottom). E–H Fluorescence intensity
of a translational reporter for theDAF-16/FOXO target sod-3. Fluorescence intensity
is calculated as the average of the 25% brightest pixels inside the animal’s body.
Data is shown for E no heat shock, F constant heat shock, G 8×1 hr heat pulses and

H 4×2 hr heat pulses. Dashed line in F–H indicates the time at which animals
experienced 8 hr total heat shock duration. For G, sod-3::gfp expression is com-
pared between wild-type (green) and daf-16(mu86) animals (red). Error bars are
S.E.M. I Average fluorescence intensity of reporters for DAF-16/FOXO targets sod-3
and hsp-16.2. Averages are shown for no stress (20 °C), and for 8-hour total heat
stress (33 °C), for different heat stress treatments. As comparison, average intensity
is shown for a reporter for eft-3, a constitutively-expressed gene that is not a DAF-
16/FOXO target. Error bars are S.E.M. For heat stress treatments ranging from high
to low stress intensity, averages are over n = 10, 12, 13, 14, and 13 (sod-3::GFP), n = 4
(sod-3::GFP;daf-16), n = 13, 11 and 8 (hsp-16.2p::GFP), and n = 7, 6 and 10 (eft-3p::GFP)
animals.
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these mutants were not completely null (daf-2), or concern proteins
that function redundantly (akt-1), but at least indicates that precise
regulationof IIS level or DAF-16/FOXOphosphorylation is not required
for generating translocation pulses, nor for their body-wide syn-
chrony. Our measurements indicate that any synchronization
mechanism must be rapid, as delays in translocation between intest-
inal cells were of order 1–3min (Fig. 2), much shorter than the∼20min
required for DAF-16/FOXO to transition between cytoplasmic and
nuclear. For starvation, DAF-16/FOXO translocation occurred slightly
earlier in anterior versus posterior intestinal cells, suggestive of a head-
to-tail signal and consistent with proposed long-range signals from
head neurons that detect starvation71. However, synchronization can
also arise without long-range signals, purely through local coupling
between cells72. In either scenario, a possible candidate for such a
synchronizing signal are the insulin-like peptides (ILPs), which function
as either IIS agonists or antagonists73, and are excreted by multiple
tissues, including neurons, intestine and hypodermis22. DAF-16/FOXO
activation by IIS in one tissue induced ILP expression that impacted IIS
in other tissues74,75, showing complex inter-tissue signaling that might
aid synchrony, although the large number of C. elegans ILPs40 might
pose a challenge in dissecting a possible role in translocation pulse
synchronization.

Individual FOXO family members respond to multiple stresses by
inducing stress-specific gene-expression programs10–12,63. In C. elegans,
most genes expressed under osmotic shock were not induced under
starvation21, even though expression of both is mediated by IIS and
DAF-16/FOXO. How the IIS pathway responds to different stresses with
a tailored gene expression response is an important, unresolved
question. Stress-specificity of FOXO-induced gene expression was
speculated to occur through interaction with other TFs22,63,76,77,
including, for example, the proposed role for the C. elegans TFs HSF-1
and HCF-1 in either heat-shock or oxidative stress-specific gene
expression60,78. Our observation that DAF-16/FOXO translocation
dynamics differed qualitatively between stress types (Fig. 3) suggests
an additional mechanism. Given that DAF-16/FOXO only induces gene
expression while in the nucleus, different durations or frequency of
DAF-16/FOXO translocation pulses therefore likely impact gene
expression. Indeed, pulsatile TF translocation dynamics is foundmore
broadly in stress response pathways79,80, with single-cell studies
demonstrating that stress-specific differences in translocation
dynamics are sufficient to induce expression of different genes80–84.
Here, by applying not constant heat, but instead periodic heat inter-
vals, with each heat interval inducing DAF-16/FOXO translocation, we
found that expression of DAF-16/FOXO target genes sod-3 and hsp-16.2
depended on the timing of the heat intervals, not on the total duration
of applied heat (Fig. 6).While our evidence suggests that this reflected
in part a broader response of gene expression to dynamic heat stress,
and thus might not fully reflect the impact of DAF-16/FOXO dynamics
under constant stress, it at least underscores that stress response
depends on stress dynamics, not just average stress levels. Finally, we
made the interesting observation that DAF-16/FOXO translocation
dynamics were changed in the AMPK mutant aak-1;aak-2 (Fig. 4). The
AMPK pathway is activated by AMP:ATP ratio, acting as a cell-intrinsic
nutrient sensor, rather than responding to external IIS, but impacts
DAF-16/FOXO phosphorylation22. Hence, crosstalk of IIS and other
stress-dependent pathways, such as AMPK, converging on DAF-16/
FOXO might provide a mechanism to generate stress-dependent
translocation pulse dynamics. Indeed, loss of AMPK signaling more
strongly impacts DAF-16/FOXO translocation dynamics for starvation
rather than osmotic shock (Fig. 4).

The molecular machinery of IIS is maintained throughout the
animal kingdom, with a conserved role in organizing body-wide
responses. Our work here highlights FOXO nuclear translocation pul-
ses as an integral feature of IIS conserved from C. elegans tomammals.
It will thus be important to establish whether the key features of these

translocation pulses observed here, including their body-wide syn-
chronization, stress-specificity and link to body growth, also function
in higher organisms.

Methods
C. elegans Strains
Most strains weremaintained onNGMseededwithOP50 at 20 °C, only
animals containing daf-2(e1368) were kept at 15 °C. TJ356 zIs356 [daf-
16p::daf-16a/b::GFP + rol-6(su1006)], RW10131 unc-119(ed3), zuIs178,
stIs10024, stIs10131 [elt-7::H1-wCherry + unc-119( + )], DR1572 daf-
2(e1368), CF1038 daf-16(mu86), OH16024 daf-16(ot971[daf-16::GFP]),
RB759 akt-1(ok525), JH2787 pptr-1(tm3103), NB245 aak-1(tm1944);aak-
2(gt33), KN259huIs33 [sod-3::GFP + rol-6(su1006)], KN478 daf-16(mu86);
huIs33, CL2070 dvIs70 [hsp-16.2p::GFP + rol-6(su1006)], and EG6070
oxSi221 [eft-3p::GFP + Cbr-unc-119(+)] were obtained from the Cae-
norhabditis Genetics Center (CGC). Several lines were created by
crossing: MOL193 zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)],
stIs10131 [elt-7::H1-wCherry + unc-119( + )], JVZ139 daf-16(ot971[daf-
16::GFP]), stIs10131 [elt-7::H1-wCherry + unc-119(+)] and MOL232 daf-
2(e1368), zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)], stIs10131 [elt-
7::H1-wCherry + unc-119(+)]. All experiments were performed on C.
elegans hermaphrodites.

DAF-16/FOXO localization in populations
We obtained embryos by hypochlorite treatment. For starvation, we
resuspended them at 20 embryos/μl in M9 buffer. For osmotic shock,
we resuspended embryos in M9 containing 10 g/l OP50-1 or in M9
containing 10 g/l OP50-1 and 300mMNaCl. In both cases, we assessed
the subcellular localizationofDAF-16 after 24hours. For heat stress, we
resuspended the embryos in M9 containing 10 g/l OP50-1 and incu-
bated them at 20 °C. After 15 hours, we split the samples into two,
maintaining one at 20 °C and exposing the other at 32 °C, and mea-
sured the localization of DAF-16 after 30min. All samples were kept
rotating until the analysis of DAF-16 localization. Hatching occurs
approximately 12 hours after embryo isolation, so the stage assessed is
early L1. To assess DAF-16 subcellular localization, we took an 18μl
aliquot of the suspension and placed it on a microscope slide with 2μl
of 10mMLevamisole. We used a reduced concentration of Levamisole
to avoid artifactual translocation of DAF-16. The three different cate-
gories of DAF-16 localization (nuclear, intermediate, cytoplasmic) were
scored visually, as described previously32.

Microchamber preparation
Microfabricated arrays of chambers were made from epoxy master
molds, that were created using standard soft-lithography techniques,
as described in ref. 38. To create polyacrylamidemicrochamber arrays,
a 10% dilution of 29:1 acrylamide/bis-acrylamide was mixed with 0.1%
ammonium persulfate (Sigma) and 0.01% TEMED (Sigma) as poly-
merization initiators. This mixture was then poured in a cavity placed
on top of themastermold and allowed to polymerize for 2 h, while the
cavity was sealed with a mechanically clamped silanized coverslip.
Unpolymerized acrylamide was removed by washing microchamber
arrays at least three times for at least 3 h each in distilled water, to
prevent developmental arrest due to the toxicity of monomeric acry-
lamide, and subsequently stored in distilled water. Microchamber
dimensions were 190 × 190 x 10μm for heat stress and osmotic stress
experiments, while 190 × 190 x 6 μm were used for starvation
experiments. Prior to time-lapse imaging, microchamber arrays were
incubated in M9 buffer for at least 4 hr for all conditions except
osmotic shock. Instead, for osmotic shock microchamber arrays were
stored in 200, 300 or 400mM NaCl solutions for at least one week
prior to the experiment. To load microchambers, a single micro-
chamber array was placed with openings upwards on 76 × 26 × 1mm
microscope slide, within a glass spacer of the same height as the
microchamber array. For all conditions except starvation, a drop of
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bacterial suspension containing a single late-stage embryo was trans-
ferred from a NGM agar plate seeded with OP50 bacteria into an
individual microchamber, using an eyelash attached to a Pasteur pip-
ette. Subsequently, more bacterial suspension was transferred until
the microchamber was completely filled. For starvation, eggs were
isolated by bleaching to remove bacteria and transferred to micro-
chambers filled with M9 buffer. Finally, a 25 × 75mm #1 coverslip was
placed on top of the spacer and microchamber array. The resulting
arrayof coverslips and spacerswas sealedbyhigh vacuumgrease (Dow
Corning) and mechanical clamping through a custom-fabricated
holder, to prevent liquid evaporation during the duration of the
experiment. A more detailed step-by-step procedure for embryo
loading is found in ref. 38.

C. elegans time-lapse microscopy
We performed time-lapse imaging on a Nikon Ti-E inverted micro-
scope. A large chip camera (Hamamatsu sCMOS Orca v2) ensured that
single microchambers fitted in the field of view of the camera while
using a 60 x magnification objective (Nikon CFI Plan Fluor 60 x, NA =
0.5-1.25, oil immersion). We used a custom-built microscopy set-up,
described in ref. 38, that is optimized for rapid wide-field imaging, to
prevent artifacts due to animal motion during exposure. Transmitted
light images were captured using a red LED (CoolLED pE-100 615 nm)
and fluorescence images using a 488 nm laser (Coherent OBIS LS 488-
100) and a 561 nm laser (Coherent OBIS LS 561-100). For long-term
time-lapse imaging, we used (80–100mW) laser power and 1–10ms
exposure time, to typically capture a single imaging volume, consisting
of ~9 Z-slices in three channels (transmitted light, 488 nm, 561 nm)
every 15minutes, for 10–20 animals imaged in parallel, using the Per-
fect Focus system to minimize sample drift. Hatching was defined as
the first frame where the larvae appeared outside the egg shell, with
manually annotated hatching time used as the start of time courses.
NaCl can possibly already permeate the egg shell ~1 hour prior to
hatching, due to softening of the egg shell85, resulting in an onset of
osmotic stress just before hatching. Indeed, at high salt concentra-
tions, we observed that a fraction of embryos (3/18 at 300 and 10/32 at
400mM NaCl) did not hatch normally but did display DAF-16/FOXO
translocation dynamics, in which case the cessation of NaCl-induced
embryonic motility was interpreted as hatching for analysis.

Temperature control
A temperature control system was used to maintain a constant tem-
perature of 20 °C inside the sample. A thermoelectric chiller (Ther-
motek T257P) was used to cool the custom-made objective jacket by
circulating an antifreeze fluid (a mixture of water and glycerin)
between the chiller and the objective jacket. In order to calibrate the
system, a thermocouple temperature sensor measuring 0.025mm in
diameter (RS Pro) was placed inside the sample in contact with the
polyacrylamide hydrogel and connected to a digital thermometer (RS
Pro). The temperature was then varied on the thermoelectric chiller
while the resulting temperature inside the sample was being mon-
itored. As animals in different microchambers hatch at slightly differ-
ent times, the time after hatching at which the shift in temperaturewas
initiated varied between animals. For the heat stress experiments,
animals were allowed to hatch at 20 °C, followed by a sudden tem-
perature increase to 31, 32 or 33 °C within 5 hours after hatching. For
the heat interval experiments, custom-written software was used to
automatically switch between 20 °C and the desired heat stress
temperature.

Segmentation of intestinal cell nuclei and cytoplasm
Custom Python software was used to calculate DAF-16::GFP fluores-
cence intensity in the nucleus and cytoplasm of intestinal cells. We
processed the H1-wCherry signal (marker for intestinal nuclei) in order
to obtain precise boundaries of each cell’s nucleus. First, the image

z-stack for each time point was reduced to the maximum intensity
projection, and the worm was segmented from the background using
the Otsumethod. To speed up computation time, the projected image
was cropped to a rectangular region encompassing only the worm,
thus removing most background areas. Next, the edges of individual
nuclei were detected from the image gradient, which was calculated
using the Sobel filter. Finally, a watershed segmentation algorithmwas
applied to the image gradient to isolate and label the nuclei and to
generate a binary mask (see Fig. S1B). For each individual nucleus, the
focal plane with the maximum average fluorescence intensity was
automatically detected and selected as the optimal focal plane. To
obtain the cytoplasmic region, the nuclearmask was first expanded by
dilation (7 pixels) and subsequently subtracted from the expanded
mask, resulting in a narrow ring surrounding the nucleus. Finally, for
each cell the average fluorescence intensity inside the nuclear mask,
Inucl , and inside the cytoplasmic mask, Icyt , was evaluated at the opti-
mal focal plane. To analyze DAF-16::GFP in individual intestinal cell
independently, segmented cells were manually annotated, by first
outlining the nuclear mask and subsequently outlining a small area in
the cytoplasmdirectly adjacent to the nuclearmask. For the analysis of
akt-1 mutants, only the Int2D and int2V cells were analyzed. All time-
lapse movies were carefully inspected by eye and showed no dis-
agreementwithDAF-16 localization trajectories obtained by automatic
quantification.

Quantification of DAF-16 localization
DAF-16::GFP subcellular localization in intestinal cells was quantified as

the ratio R= Inucl
Icyt

. Since DAF-16 localization trajectories appeared

almost identical in all intestinal cells at a 15-minute time resolution,
theywere averaged for the easeof analysis, unless otherwise stated. To
perform quantitative analysis of pulsatile dynamics, we first needed to
discriminate nuclear from cytoplasmic localization of DAF-16. For
animals under starvation andosmotic stress,we defined a thresholdby
calculating the average R of animals in the control condition (20 °C ad
libitum food in the absence of stress) and multiplying by a factor of
1.05. Due to the persistent nuclear localization of DAF-16 in animals
under heat stress, we used a higher threshold of R = 1.1.

Quantification of DAF-16/FOXO target gene expression
To quantify DAF-16/FOXO target gene expression, we first generated a
maximum intensity projection from the image z-stack of the fluor-
escent reporter channel for each time point in the time-lapse movie.
From this projection, we selected the top 2.5% of pixels with the
highest fluorescence intensity and calculated their mean intensity.

Analysis of pulse characteristics
DAF-16 pulses under osmotic stress were characterized by their dura-
tion and amplitude. For each pulse, duration was defined as the time
theR(t) valuewasuninterruptedly above the threshold (R>Rcontrol*1.05).
Pulse amplitude was defined as the maximum R(t) value within each
pulse. To differentiate true pulses from inherent variability and mea-
surement noise, we only took pulses into account that lasted longer
than a single time-point. Amplitude was defined as the maximum R
value during each uninterrupted pulse. The amplitude of the initial
nuclear peak upon heat stress was characterized by finding the max-
imum R(t) value within 3 hours after the onset of heat stress. The
fraction of time DAF-16 is nuclear ϕ was calculated as the number of
time points DAF-16 is nuclear versus the total number of time points
after onset of heat stress.

Measurements of C. elegans body length and growth analysis
We used body length over time as a proxy for growth. In order to
measure the body length of worms, ~10 points were manually placed
along the worms’ proximal-distal axis, and a spline was fit through the
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points at each time point. The growth rate was defined as ΔL
ΔT, whereΔL

is the change of body length measured over the interval ΔT . Here, ΔT
was the time between hatching and the end of the time-lapse movie,
and varied in value between individuals depending, e.g., on whether
the animal’s full body was in view for body length analysis. The
reported fraction of time ϕ that DAF-16::GFP was nuclear was then
determined over the same time interval. A Savitzky-Golay filter was
used to smooth data for presentation, using a window length of 19 and
a polynomial order of 3.

Monte Carlo simulation for determining lag time uncertainties
To detect potential cell-to-cell delays in DAF-16::GFP translocation
dynamics, we computed cell-pair cross-correlations and quantified the
lag time as the position of the cross-correlation maximum. The peak
position is subject to uncertainties due to the propagation of mea-
surement error, intrinsic cellular noise, and a finite sampling rate.
Large uncertainties in the peak position challenge the fact that any
observed lag is ‘real’, i.e., whether a non-zero lag is statistically sig-
nificant. Uncertainties in the cross-correlation lag times were esti-
mated using the following model-independent Monte Carlo
simulation86. A random set of N points was selected from the original
time series data (also consisting of N points/measurements), regard-
less of whether any point was previously chosen. Points that were
selected multiple times were only included once, thus reducing the
size of the original set by ~35%. The temporal order of the sampled
points was retained by re-ordering them after the random selection.
The set was generated for the time series of two different cells, i.e., the
same time points were selected for both signals, which were then
cross-correlated and lag time obtained as the cross-correlation max-
imum. This procedure was iterated 2000 times, leading to a distribu-
tion of lag times. The mean of the distribution was used as the delay
between any given pair of cells, and the 95% confidence interval as its
error. If the confidence interval for any given cell-pair lag time included
the value zero, the DAF-16 dynamics delay between the cells was
considered not significant. As an additional control,Ndata points were
randomly extracted from the time series, but not temporally re-
ordered, and signals were cross-correlated. The peak position histo-
gram after 1000 iterations displayed a sharp peak at zero, which
confirmed that the observed delays are not an artifact.

Construction of GFP-FOXO3A plasmid
A human FOXO3A cDNA fragment (GenBank: AY892951) was obtained
from pDNR-DUAL-HsCD00005232 (cDNA clone HsCD00005232 of
the human FOXO3 gene inserted into plasmid pDNR-Dual) by diges-
tion with the restriction enzymes SalI and XbaI. This fragment was
cloned into pEGFP-C1 (Clontech Laboratories) to generate the GFP-
FOXO3A plasmid. This plasmid is available upon request from María
Olmedo.

Cell culture
U2OS H2B-RFP7 Hygroo-1 cells were a gift from Dr. Israel Salguero, a
member of Dr. Steve Jackson’s laboratory. U2OS cells were originally
obtained from the ATCC cell repository and were authenticated at the
lab of origin by STR profiling. Cells were grown inDulbecco’smodified
Eagle medium (DMEM) supplemented with 10% fetal calf serum (FBS)
and 2 mM L-glutamine (Sigma-Aldrich). Cells were maintained in a 5%
CO2 humidified atmosphere at 37 °C. U2OS cells were transiently
transfected with GFP-FOXO3A expression plasmid.

Transient transfection of human epithelial cells
U2OS cellswere transfectedby electroporation using theGFP-FOXO3A
expression plasmid. Briefly, approximately 107 cells were trypsinized,
washed with cold PBS, and then resuspended in 200μl of DMEM
supplemented with 15mM HEPES pH 7.4. 6μg of plasmid DNA was
mixed with H2O and NaCl (final concentration of 200mM) in 50μl of

final volume, and added to the cell suspension. The cell–DNA mixture
was then incubated on ice for 10min and electroporated using a Gene
Pulser Xcell (BioRad) at a setting of 950 μF, 720Ω, and 240V in 0.4-cm
transfection cuvettes. Cells were incubated on ice for an additional
10min, diluted 1:20 in DMEM supplemented with 10% FBS, and seeded
into μ-slide 8-well plates (Ibidi). Transfected human cells were incu-
bated at 37 °C with 5% CO2.

FBS starvation assay
24 hours after electroporation transfections, cells were washed twice
PBS and incubated in a fresh medium without phenol red and sup-
plementedwith 2mMglutamine (Sigma-Aldrich). Different amounts of
FBS were added to the fresh medium when the effect of FBS was
analyzed. After 15minutes, 8-well plates containing epithelial cells
expressing GFP-FOXO3A were placed in a fluorescence microscope
equipped with an incubation system, and images were captured.

Cell culture fluorescence microscopy
Images were captured with a Zeiss Apotome fluorescence microscope
equipped with a 10x Plan Apochromat objective and an incubation
system that covers every requirement in the cultivation and observa-
tion of living cells (37 °C; 5% CO2). Pictures were taken at 20 or 40min
intervals using an Axiocam 506 camera, and the images were analyzed
using ImageJ software (Wayne Rasband, Research Services Branch,
National Institute of Mental Health, MD, USA).

Quantification of GFP-FOXO3A dynamics
GFP-FOXO3A nuclear localization was quantified using ImageJ (FIJI).
Wemeasured themean fluorescence signal in regions of the same size,
in the nucleus and cytoplasm.We calculated R as the ratio of the signal
of the nucleus to that of the cytoplasm. The graphs show the values for
13-19 cells per condition, obtained in three independent experiments.

Statistics and reproducibility
No statistical method was used to predetermine sample size. Instead,
sample size and experiment duration were chosen to sufficiently
sample the observed stochastic translocation dynamics. For C. elegans
experiments, somedata were excluded based on the following criteria.
In general, animals were excluded that were out-of-focus and outside
of themicrochamber for themajority of the duration of the time-lapse
experiments. For growth analysis, animals were excluded when part of
the body was outside the field of view for the majority of the duration
of the experiment, or on key predetermined analysis time points (e.g.,
0, 5, 10 and 15 hours after hatching). We excluded all animals where
due to loadingmistakes, more than one egg was loaded, even if one of
those eggs was not viable, as we found that the presence of unviable
eggs changed DAF-16/FOXO translocation dynamics in particular
under starvation, likely by release of nutrient signals. For cell culture
experiments, cells that exited the field of view rapidly or died during
the experiment. The experiments were randomized, as C. elegans
embryos or U2OS cells were randomly assigned to the different stress
conditions. The investigators were not blinded to allocation during
experiments and outcomeassessment. The representativemicroscopy
images in Figs. 1C–E, 4B and SI Figs. 1D, H, 3A, C, 6A, were indepen-
dently repeated between 5–20 times, with qualitatively similar results.

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

Data availability
The raw imaging data reported in this study cannot be deposited in a
public repository due to its size. To request access, contact the cor-
responding author. All analyzed data and analysis code needed to
recreate all figures are deposited at Zenodo87 under accession code
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https://doi.org/10.5281/zenodo.17399524. Analyzed data for all ani-
mals in Figs. 1–6 and Figures S1,S2 are included in the Source Data
file. Source data are provided with this paper.

Code availability
All analyzed data and analysis code needed to recreate all figures are
deposited at Zenodo87 under accession code https://doi.org/10.5281/
zenodo.17399524.
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