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Abstract

Sleep is vital for living organisms. Disruption of sleep is a hallmark of natural
aging. A growing body of evidence suggests that sleep serves roles in nervous
system-specific functions as well as general cell physiological functions related
to aging. However, the molecular mechanisms underlying the connection

between sleep and aging are still poorly understood.

In this study, I have focused on starvation-induced sleep in larval C. elegans, and
aimed to figure out the sleep functions and the mechanism that connect sleep,
starvation, survival, and aging. First, I found that the sleep-promoting neuron RIS
is activated by starvation through sirtuin signaling and PTEN by further
activating the longevity regulators AMP kinase and FoxO, respectively. Next, |
discovered that the potential functions of sleep are involved in several
fundamental physiological mechanisms such as proteostasis, apoptotic cell death,
and autophagy as well as the aging process in starved larval C. elegans. Lastly, |
identified a novel protective anti-aging mechanism of sleep in arrested L1 larval
worms, which interacts with the mitochondrial respiratory chain, TOR signaling
and the unfolded protein response in regulating survival and aging during food

deprivation.

The discoveries in this study suggest that sleep is required to ensure the survival
by counteracting aging processes of larval C. elegans during prolonged
starvation, and sleep acts as a predictor for the longevity of the starvation-
induced developmental arrest. As a fundamental process, sleep presents a
beneficial strategy to protect living organisms against aging and starvation in the
larval period. These findings indicate that the functions of sleep have been

selected for early in evolution and might be conserved in humans.
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Introduction

1. Introduction

1.1. Definition and measurement of sleep

Sleep is a fundamental physiological behavior and occurs across the animal world,
including mammals, birds, fish, insects, and nematodes Siegel [1]. However, sleep
patterns vary widely across species. In mammals, several factors influence the total sleep
time like brain size, body mass index, diet as well as the social hierarchy [2, 3]. Certain
animals such as little brown bats Myotis lucifugus spend 19.9 hours a day in sleep while

African elephants Loxodonta Africana sleep only for 2 to 3 hours a day [4, 5].

The definition of sleep is based on five key criteria: 1) Sleeping animals show behavioral
quiescence with species-specific posture. 2) During sleep, animals have decreased brain
arousal and reduced responsiveness to stimuli. 3) Sleep is rapidly reversible. 4) Sleep
contains a mechanism of homeostatic regulation; i.e., prolonged or deeper rebound sleep
occurs as a consequence of sleep deprivation. 5) Sleeping animals show a different

electrical brain activity pattern in comparison to the brain pattern of awake animals [2, 6].

Sleep in mammals can be measured by electroencephalography (EEG), whereby the
synchronous electrical activity of the brain surface is measured by placing electrodes on
the scalp [7]. Based on the occurrence of brain waves of different amplitudes (power
spectral density of EEG), human sleep can be divided into two main distinct stages:

rapid eye movement (REM) and non-REM (NREM) sleep.

During REM sleep, desynchronized brain activity is shown in a low amplitude signal
with a high power spectral density in the EEG pattern similar to the waking stage.
People show rapid eye movement, physiological muscle atonia and partial loss of
homeothermy. The NREM sleep is unlike REM sleep as only a little or no eye
movement is observed in this stage. The EEG pattern in NREM shows a highly
synchronous brain activity without muscles paralysis [8] and may lead to sleepwalking.
Moreover, the deepest sleep stage — slow-wave sleep (SWS) — also occurs in this stage.

The time of one complete NREM-REM cycle takes around 1.5 h on average [9].
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The polygraphic recording procedure is a gold standard to assess sleep in both mammals
and birds in classic sleep research. Despite this, EEG signatures cannot be recognized in
invertebrates and are inadequate for determining sleep in all animal species. Hence, only
the first four criteria without the detection of electrical brain activity have been applied

to identify sleep in non-mammals species.

Based on the four key behavioral criteria of sleep, sleep has been distinguished in the
nematode Caenorhabditis elegans [10-12], the common fruit fly Drosophila
melanogaster [13, 14], and Zebrafish Danio rerio [15]. Over the past few decades, the
studies of sleep in simple model organisms such as these have been greatly contributed
to the understanding of the regulatory mechanisms and molecular components

underlying sleep and of course, have become a cornerstone of sleep research.

1.2. Sleep regulating circuitry

In the mammalian brain, sleep and wakefulness are regulated and balanced by a so-
called flip-flop switch mechanism. This mechanism consists of two major elements: the
ascending arousal system and the ventrolateral preoptic nucleus (VLPO). They are
mutual inhibitors responsible for wakefulness and sleep, respectively. During
wakefulness, the components of the ascending arousal system such as the locus
coeruleus (LC), the tuberomammillary nucleus (TMN) and the raphe nuclei inhibit the
sleep-activating region in the brain and keep the animal awake via several
monoaminergic neurotransmitters, including dopamine, noradrenaline and histamine as
well as serotonin [16, 17]. In reverse, during the sleeping time, this “keep awake”
ascending arousal system is inhibited by the VLPO directly through the inhibitory
neurotransmitters such as y-aminobutyric acid (GABA) and galanin (GAL) [18-20]. At
the same time, VLPO is also able to inhibit the orexinergic neurons that play a role in the

regulation of wakefulness by releasing the neuropeptide orexin [16, 21].

Moreover, previous studies of sleep have reported that the circadian rhythms and
homeostatic processes also play interactional roles in sleep regulation [22, 23]. Sleep-
active neurons in preoptic area of the brain are further activated by sleep deprivation and

an increase in sleep time was observed after the extension of the anterior deprivation
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time during sleep [17, 24]. However, the complete sleep-regulatory mechanisms are still

not understood fully and need further exploration.

1.3. The function of sleep

Although sleep is an ancient mechanism, little is known about its origin and evolution
[25]. In the wild environment, most animals have to be constantly on the alert for
surrounding to avoid predators and forage for food. Sleeping does not seem to be an
advantage for survival in the natural selection process. However, sleep was still included
in the early stages of evolution across animals and has been conserved ever since. This
suggests that at least one even greater selection pressure is involved in maintaining sleep

across species.

It has been proposed through several hypothetical theories that sleep might be involved
in various physiological mechanisms and be required for diverse life aspects. One of the
hypotheses claims that sleep is supposed to play a role in nervous-system-specific
functions. Although sleep benefits the entire body of animals, it has more direct and
unavoidable impact on the brain functions [26]. Analyses of the sleeping brain have
suggested that sleep contributes to the synaptic plasticity/downscaling, thereby
supporting the memory consolidation after learning [27-29]. NREM sleep in mammals
has been reported to involve in this functional aspect of memory-formation and REM
sleep may further help as an assistant through the rhythmic regulation of the

hippocampus [30-32].

Another hypothesis proposes that sleep can contribute to different core molecular and
cellular functions, such as energy conservation, body healing, removal of reactive
oxidative molecules and macromolecule biosynthesis [33]. Previous studies reported that
sleep benefits growth, stress resistance, and immune defense by improving the anabolic

metabolism [11, 34-36].

On the whole, most of the theories of sleep’s function are established by observing sleep
processes and correlating with the consequences of various sleep deprivation

experiments. Sleep seems to serve multiple functions in many aspects depending on the
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species. Still, we have been able neither to identify the core universal function of sleep,

nor to clearly explain why animals need this state of quiescence in their life.

1.4. Using Caenorhabditis elegans as a model organism

Since Sydney Brenner introduced Caenorhabditis elegans into biological research 50
years ago, this 1 mm long nematode became one of the most excellent model organisms
for investigating molecular and neurobiology [37]. In the laboratory, most of the C.
elegans are self-fertilizing hermaphrodites, only a few are males with a frequency of
<0.2% [38]. At 20°C, a wild-type hermaphrodite (N2) can live around 2-3 weeks in the
presence of food and lay approximately 300 eggs.

C. elegans has a very short life cycle. The embryogenesis occurs in the egg and is
retained in utero within the hermaphrodite until 24-cell stage. After egg-laying, the
embryo hatches and becomes the L1 larva and starts to eat. The whole larval
development process takes around 2.5 days depending on the temperature of the
undergoing four stages form L1 to L4. At the end of each stage, a sleep-like period
(namely lethargus) occurs for 1.5 to 2 hours [10]. After sleep, the worm starts to molt

and enters the next stage.

Adult (1110-1150 pm)
(capable of egg laying)

8 hf
Young adult

(150 min)

First cleavage (40 mir) Sgys laid &t

Gastrula
(approximately 30-cell)

(900-940 um) cTer
L4/adult molt -.--..- b b O?O Comma
“/ -y}

L4 (620650 um) s
L3/L4 MOt ssevress
wmonths
Dauer (400 pm)

L8 #90510um) o 13“’

F'\‘d“ m amest nno food Q

L1/ L molt

Figure Introduction 1 C. elegans developmental cycle. Figure shows the development process with the
time required of C. elegans from egg to adult hermaphrodite at 22°C. The figure is taken from
WormAtlas.org (Introduction to C. elegans anatomy)
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Under some unpleasant environmental conditions, such as high population density, food
insufficiency or stressful temperature, the larva evolves into an alternative "dauer" stage
after L1 [39]. The dauer larva has a special cuticle with high stress resistance and can
survive for several months in starvation. However, even when the food is not enough to
support the larva to reach the dauer stage, the larva is able to arrest in the L1 stage after
hatching, which is called as “arrested L1”. Unlike the dauer stage, arrested L1 does not
change the morphology of the cuticle and can survive for only several weeks in
starvation [40]. After feeding, both dauer and Ll-arrested larva can re-enter the

developmental cycle.

C. elegans is the first multicellular organism that has a fully-sequenced genome. More
than 7000 protein-coding genes of C. elegans were identified as homologous to human
genes [41]. Furthermore, the whole cell lineage and the complete connectome of C.
elegans have been mapped in previous researches. An adult hermaphrodite contains 956
somatic cells and 302 neurons, and an adult male carries 1031 somatic cells and 383
neurons in the body [42, 43]. Therefore, C. elegans serves as a fundamental model
system for studying the combination of behavior, molecular genetics and neuronal

circuits.

1.5. Sleep in C. elegans

1.5.1. Molecular conservation of sleep in C. elegans

Quiescence states that satisfy all the behavioral criteria of sleep have been identified in C.
elegans. Although the worm sleep does not follow the well-known 24h pattern, it is still
regulated by the transcription factor LIN-42 that is a homolog of the protein PERIOD
and expresses circularly with the circadian timer in mammals and Drosophila [44-46].
Furthermore, five conserved regulatory signaling pathways for sleep have been found
between Drosophila, mammals and C. elegans: pigment dispersing factor (PDF),
proteinkinase A/Cyclic adenosine 3°, 5’-monophosphate (PKA/cAMP), epidermal
growth factor receptor (EGFR), dopamine and protein kinase G (PKG) signaling
pathways [10, 11, 47-51].
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1.5.2. Sleep types in C. elegans

In C. elegans, two major states of sleep were well characterized. One is called stress-
induced sleep (SIS). This state occurs when the worm suffers cellular stresses under
different stimulus conditions. The duration is different, depending on the stressor [11,
52]. SIS is not only shown in the adult worm but also occurs in larva all through the
developmental state. The single sensor neuron ALA is required for stress-induced sleep.
This interneuron can be activated via epidermal growth factor (EGF) signaling and
induces sleep through the endocrine mechanism by releasing neuropeptides such as FLP-
13 [11, 48, 53]. However, we still do not know about the homeostatic response of the
SIS deprivation. Whether the depolarization of ALA is specifically responsible for sleep
onset has not been reported yet. Impairment of stress-induced sleep was observed in the

ALA ablated worms [48].

The other well-known sleep state is called lethargus, also known as developmentally
timed sleep (DTS) in some studies. This sleep occurs for approximately 2 hours before
each of the four molts during the larval development. Neuronal activity is reduced

widely during lethargus, and it is homeostatic regulated [10, 54-56].

Two interneurons have been identified as regulatory neurons in lethargus: the paired
glutamatergic neuron RIA and the GABAergic neuron RIS [12, 53]. RIA can inhibit the
locomotion and feeding activity during lethargus by releasing the neuropeptide NPL-22.
The expression of NPL-22 is regulated by the gene /in-42. However, the activation of
RIA seems only to play a role for sleep in larva, but not in adult worms [53, 57]. RIS is
the second regulatory neuron that depolarizes at the onset of sleep as sleep-promoting
and sleep-active neuron. It plays a crucial role in lethargus. The ablation of RIS shows a

complete elimination of quiescence during lethargus.

Interestingly, RIS activation can be suppressed through a waking stimulus. It indicated
that C. elegans has a similar mechanism to the flip-flop switch of mammals in regulating
sleep [12, 58]. Moreover, John White carried out a number of synaptic associations in
both upstream and downstream of RIS. Some neurons were reported to be interrelated

with RIS via chemical synapse [43]. However, we still do not have sufficient data for
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revealing the complete innervated network and regulatory circuits of ALA and RIS for

sleep. Both neurons are essential to sleep but appear to work in parallel systems.

Beside the two major sleep states, satiety quiescence was also observed following a
high-quality food feeding after starvation in C. elegans. The ASI neuron plays a role in

regulating satiety quiescence via the transforming growth factor f (TGFp) [59, 60].

1.5.3. Sleep-deprived mutant aptf-1

The AP-2 transcription factor family contains five different proteins. In human,
mutations of TFAP2p lead to the Char syndrome, which is related to insomnia [61].
Moreover, the AP-2 homolog TfAP-2 in Drosophila is necessary for sleep in the night
[62]. In C. elegans, the homolog of AP2 transcription factor is APTF-1, which is
expressed in five head neurons including the paired interneurons of AIB and RIB as well
as the sleep-active and sleep-promoting neuron RIS. The previous study of Turek
demonstrated that APTF-1 is required in RIS for inducing sleep through the release of
the inhibitory RMRFamide-like neuropeptide FLP-11 [58]. Deletion of aptf-1 leads to a
complete deficiency of quiescence during lethargus in C. elegans [12]. However, beyond
that, no apparent phenotypes such as lifespan deficiency, locomotion variant or
development abnormality have been observed in the adult ap#f-/ mutant in comparison
to the wild-type worms. Interestingly, the consequence of a lack of sleep seems not to
occur in adults. Thus the primary function of C. elegans’s sleep in the early stage of

evolution becomes very interesting and worthy of the research of sleep.

1.6. Aging in C. elegans

In recent decades, aging has become one of the most major subjects in the fundamental
research in biology. C. elegans serves as a well-established model tool and has
contributed several key discoveries for our understanding of the aging process. Since the
identification of the first lifespan-regulatory pathway (the insulin/insulin-like growth
factor-1 signaling (IIS) [63]), an increasing number of genetic factors have been found to
correlate the aging process. Environmental pressures have been identified as major

factors in the aging progress and are associated with stress-resistance and longevity.
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What we recently know about the aging-regulatory signaling in C. elegans is majorly
focusing on the nutrient-sensing pathways including the IIS signaling, the target of
rapamycin signaling (TOR), the sirtuin signaling and the AMP-activated protein kinase
signaling (AMPK). Besides, other factors such as mitochondria, proteostasis and
hypoxia-inducible factor 1 as well as the epigenetic mechanisms have also been shown

to interact with the aging process significantly.

1.6.1. Insulin/insulin-like growth factor-1 signaling

As the major nutrient-sensing pathway in aging, IIS signaling requires three key
components: DAF-2 (homolog of the insulin/insulin-like growth factor-1 (IGF-1)
receptor) [64, 65], AGE-1 (homolog of phosphatidylinositol 3-kinase) [66, 67] and
DAF-16 (homolog of the forkhead box (FoxO) transcription factor) [68, 69]. The
nutritional restriction decreases the activity of DAF-2 and subsequently decreases the
phosphoinositide (PI) 3-kinase signaling via AGE-1/PI3K. Contiguously, it activates and
promotes the nuclear translocation of the transcription factor DAF-16 and thus further
activates/represses numerous DAF-16 target genes that relate to metabolism, autophagy,
and proteostasis in the cellular response as well as the stress response including heat-
shock, oxidative stress and detoxification [70-73]. Ultimately, the prolonged lifespan
with the increased adaptability to stresses allows the worm to survival in the unfavorable

environments and obtain more chances to maintain the next generation.

Furthermore, several additional factors have been reported to participate in the IIS
pathway and assist DAF-16 to active the appropriate genes according to the context. For
example, the tumor suppressor DAF-18 down-regulates the IIS signaling by hydrolyzing
PIP3, which is produced in the downstream of AGE-1/PI3K [74]. The JNK-1 (c-Jun N-
terminal kinase subgroup) and the CST-1 (ortholog of the mammalian Ste20-like kinases)
promote the DAF-16 activity through the post-translational modification [75, 76]. The
type I protein arginine methyltransferase PRMT-1 and the E3 ubiquitin ligase RLE-1 are
also able to influence DAF-16 in nuclear maintenance and molecular stability

respectively [77, 78].
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1.6.2. Target of rapamycin signaling (TOR)

TOR signaling act together with the IIS signaling in the regulatory mechanisms of

longevity and it is majorly regulated by the nutrient consumption in C. elegans.

In mammalian cells, TOR kinases consist of two functionally distinct complexes:
TORC1 and TORC2 [79]. This signaling pathway impacts many important physiological
mechanisms  such as  development, lipid storage, protein  synthesis,
transcription/translation and autophagy as well as the longevity in C. elegans [80-82].
The extension of lifespan by down-regulating the TOR signaling requires DAF-16 and is
mediated by several additional factors including HSF-1 (ortholog of heat-shock
transcription factor), HIF-1 (ortholog of hypoxia-induced factor), PHA-4 (FoxA
transcription factor) and SKN-1 (ortholog of nuclear factor-erythroid-related factor) [83-
90].

1.6.3. Energy sensors: AMP-activated protein kinase and sirtuin

As an energy sensor, AMPK is activated by the rise of ADP: ATP and/or AMP: ATP
ratios. AMPK can stimulate ATP production and decrease energy consumption, thus

promoting cellular survival in the low energy condition [91].

In C. elegans, AMPK and DAF-16 interact together by a signaling feedback loop in
response to calorie restriction. Lack of AAK-2, which is an AMPK a subunit, shortens
lifespan. Overexpressing the AAK-2 prolongs the worm longevity. The underlying
mechanism is mediated by DAF-16. AAK-2 is also required for the IIS-related longevity
for the DAF-16 activation as well [92-94]. Another energy sensor is a group of proteins
called sirtuins. They are part of the family nicotinamide adenine dinucleotide (NAD)-
dependent protein deacetylases. Sirtuins react to a high NAD' level caused by low
energy state in cell, and also affect the processes associated with aging, apoptosis and

stress-responses [95].

In C. elegans, the homologous protein of sirtuin is SIR-2.1. Increasing the SIR-2.1
expression level leads to an extension of lifespan in adults. The longevity effect shows a

dependency of DAF-16 and AAK-2 [96-98]. Knocking out the gene sir-2.1 leads to an
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elimination of longevity effects caused by the other factors. This study further supposes

the positive role of SIR-2.1 in the lifespan prolongation from another aspect.

Both AAK-2 and SIR-2.1 induced longevity effects are similar to the effect caused by
the eat-2 gene knockout that mimics the chronic energy restriction [81, 99]. However,
the longevity effect of AAK-2 is not present in the middle-aged animals. The AMPK
signaling seems unnecessary for the lifespan prolongation caused by energy restriction
[81, 100, 101]. It suggested that the effect of sirtuin and AMPK that regulate longevity

in worms 1s under some certain conditional restrictions.

1.6.4. Mitochondria

Since the reactive oxygen species (ROS) has been identified as a key role in the aging
processes [102], an increasing number of aging studies focused on the mitochondrial
respiratory chain (MRC) and energy generation. The results of the large-scale RNAi
screen have demonstrated that most of the longevity-related genes are associated with
metabolic mechanisms and half of those genes code for the components of the

mitochondrial electron transport chain (ETC) [103-106].

Moreover, some mitochondria-related factors not involved in the MRC have been found
to relate longevity in mitochondrial unfolded protein response, translation and autophagy
processes [107, 108]. In an aged worm, mitochondrial efficiency is relevant to the
mitochondrial antioxidant capacity [109]. However, many studies have argued that
oxidative stress cannot be simply represented by ROS production and clearance [110,
111]. For instance, the sod-2 loss-of-function mutant that is lacking in the mitochondrial
superoxide dismutase SOD-2 shows not only a rise of oxidative damage with high level
of ROS, but also an increased lifespan [112]. Furthermore, the extension of lifespan and
a high ROS level both occur after the respiration inhibition. It has been reported that the
AAK-2, CEP-1 and SKN-1 play roles in this effect [113-115]. Moreover, loss of
movement caused by the age-related decline in muscle has been shown to be associated

with the destruction of functional mechanisms in mitochondria [116].

10



Introduction

1.7. Aims of this thesis

C. elegans serves as an ideal tool for studying sleep mechanisms in biology. The worm
sleeps not only during larval stages before molting but also during the arrested diapause
as well as under different stress conditions [10, 11, 117]. Recent research has step-by-
step identified the sleep-related neurons and their neural networks in C. elegans.
However, the core function of sleep and its underlying molecular mechanisms are still

wrapped in mystery.

The aptf-1 mutant, which lacks the APTF-1 transcription factor in the sleep-active
neuron RIS, shows a complete quiescence deficiency during sleep [12]. Therefore, it is
an excellent model for studying sleep. Interestingly, a significant decrease in survival
was found in arrested aptf-1 larvae during starvation. These observations suggest that
quiescence may play an essential role in survival in the case of food deprivation. The
underlying mechanisms are assumed to be connected with reversible aging in the
arrested L1 larvae, which displays several age-related phenotypes similar to those found

in the aged adult C. elegans [117].

In this study, I aimed to figure out the molecular connections between sleep, aging and
starvation and the underlying mechanisms in C. elegans. To achieve this goal, I first
measured the survival rate and connected it with the total sleep time of single arrested L1
larva and thus determined the first link between sleep and survival of the L1 larvae
during starvation. I then tested several age-related biomarkers throughout the survival
span such as morphology of mitochondria; polyglutamine aggregation; ROS/Redox
stage, and the proteostasis in response to stress in the sleepless aptf-/ mutant L1 larvae
during starvation. The results have strongly supported that sleep has a very tight

connection with aging in larval C. elegans.

Next, I aimed to identify the molecular mechanisms of: How starvation actives sleep
behavior (upstream signaling pathway of RIS)? And how the activated sleep behavior
further influences aging (downstream signaling pathway of RIS)? To pursue this aim, |
did a mutation screen of sleep bouts and as well as of survival time during L1 starvation.

Several related biological mechanisms that relate to the sleep-active/sleep-promoting

11
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pathway and the protective program of sleep were identified in this study. A part of my
results has been published in Current Biology [118].

My research gives an initial insight into the connection of sleep and aging in C. elegans.
Furthermore, an aging-related modulatory mechanism of sleep was determined in the
arrested L1 larval worms under starvation. This study will therefore help us further
understand the vital role of sleep during evolution and its biological functions in living

organisms.

12
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2. Material and method

2.1. C. elegans maintenance and strains

C. elegans was maintained on nematode growth medium (NGM) plates seeded with
bacteria E. coli OP50 as described above [37] at 15, 20 or 25°C. The worm strains used
for this study and the sequencing primers that used for the PCR verification of mutations

are shown in the appendix.

2.2. DIC imaging and behavior analysis

The agarose microchamber imaging (AMI) was used for imaging the sleep/wake
behavior of worms [119, 120]. To obtain the sleep behavior of arrested L1 larvae, I
picked eggs were picked to an unseeded NGM plate and then transferred to the 190 pm x
190 pm x 15 pm (X length x Y length x Z depth) agarose microchamber without
bacteria. Starved L1 larvae were placed at 20°C incubator for around 24h after fresh
hatching. Images (contains up to 4 worms/image field) were obtained with the 20x
objective and an additional 0.75 lens. Frame rate was set to 0.1 frames/second unless

otherwise noted.

2.3. Image analysis

To analyze the velocity of the worm locomotion, two different methods were used with a
home-made MATLAB routine according to the requirement of the experiment. For the
sleep bout screen assay, the centroid of the entire body of the arrested L1 worms was
determined automatically by MATLAB and calculated with a conversion factor into
velocity in pm/s. The velocity or frame-subtraction data were subsequently calculated
for scoring sleep bouts. The data was firstly smoothed by an in-build smooth function of
MATLAB with a first-degree polynomial local regression model for over 20 time points.
Parameters were set to a velocity below 0.5 pm/s for a minimum of 3 minutes to be
detected as sleep in L1 arrest worms. For the rescue assay of daf-18 arrested L1 mutant,
worm locomotion was detected by using a frame-subtraction function of MATLAB. The

data was smoothed for 5 time points. The intensity of locomotion that was below 50% of
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average intensity for a minimum of 3 minutes was scored as sleep. All the cutoff

parameters for sleep scoring were determined empirically [121].

2.4. Survival and lifespan assays
2.4.1. Survival span of arrested L1 larvae in M9 buffer and on NGM plate

To synchronize L1 larvae, eggs were obtained by bleaching of a mixed population of
adults and then incubated in the standard M9 buffer in a 2 ml tube on a slowly spinning
rotator overnight [122]. Samples with at least 50 to 80 arrested worms were taken out of
the tube and transferred to a fresh NGM plate with food for every 1 to 3 days. The
number of the living worms was scored 5 to 20 min after the transference. The mobility
of worms was used to distinguish between survival and death. To measure the ability of
worm re-entering the development, we kept the seeded NGM plates with the surviving
worms until they were able to develop to the late-L4 stage. The 1-day of late-L4 stage
was scored for successful development. For the survival span on NGM plate, I
transferred the 300 synchronized Lllarvae from M9 buffer to fresh unseeded NGM
plate. The percentage of death was counted every 2 to 3 days until all the L1 larvae died.
All the survival span assays were done at 20°C incubator in the dark except the heat
shock induced FLP-11 overexpression lifespan, that was done at 25°C incubator. The
detail of the survival spans that were treated with different chemical substances is shown

in the survival span tables individually.

2.4.2. Survival span of arrested L1 larvae in S-basal or M9 chamber

For comparing the sleep fraction and the survival rate in the starved L1 larvae, fresh
eggs were picked and enclosed in S-basal or M9 agarose microchambers without
bacteria. The day after picking the eggs into the chamber was considered as the first day
of L1 arrest. The worms were scored every 2 to 3 days. Chambers were re-moisturized
with 20 uL S-basal containing 100 W/ML Nystatin (Sigma Aldrich) in order to prevent
the dehydration and contamination of fungi. For the normal survival span assays,
chambers were placed in the 20°C incubator without light. The heat shock induced FLP-

11 overexpression survival span was done in the 25°C incubator.
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2.4.3. Lifespan of adult worms on NGM plate

We used a standard lifespan protocol for feeding adults [123]. The plates were seeded
with E.coli as food source. For the assays with different chemical compound, 10 mM 2-
deoxy-D-glucose, 100 mM D-glucose or 0.1 mM sodium azide were added in NGM
plates respectively before seeding. In the starvation assays, a similar protocol was used
as the feeding assay. In order to avoid the formation of “bag of worm” in starved adults,
L4 worms were first transferred to seeded NGM plates, which contain 50 uM 5-fluoro-2-
deoxyuridine (FUdR, Sigma-Aldrich) for two days and then transferred to unseeded
NGM plates with the same concentration of FUdR for lifespan assay [123]. The assays
intermittent fasting was followed a modified protocol from Uno [124]. In this assay,
worms were fed with the living OP50 instead of the kanamycin-killed OP50 that used in
Uno’s study. All the lifespan assays were done at 20°C in the dark. Worms were
transferred to fresh NGM plates if any contamination appeared. For data analysis, we
excluded the worms that died due to drying out after crawling off the agarose, being

killed by picking or having the phenotype “bag of worms”.

2.4.4. Lifespan of adult worm on NGM plate with RNAI feeding

For RNAI feeding assay, a standard RNAi feeding protocol was used [125]. RNAi
sequences were cloned respectively into the LH440 vector that contains the T7 promoter.
HT115 E. coli strain was then used to express the LH440 vector because this strain is
able to express T7 RNA polymerase after induction by isopropyl-B-d-
thiogalactopyranoside (IPTG) [126]. HT115 was incubated at 37°C overnight and then
seeded to fresh NMG plates containing 1 mM IPTG (Sigma Aldrich) and 25 pg/ml
carbenicillin (carbenicillin disodium salt, Biomol). Afterwards, I transferred the L4
worms to the plates and followed the standard lifespan protocol for feeding adults as
described above. The whole lifespan assays were done at 20°C in the dark. Worms were

transferred to fresh NGM plates if any contamination appeared.

2.5. Heat shock-induced overexpression

For overexpression of HSP-16.2, a transgenic line that drives GFP expression under the

heat shock promoter hsp-16.2 was used. The microchamber 190 um x 190 pm x 15 pum
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with arrested L1 larvae were prepared as described above. In the first day of L1 arrest,
worms in the S-basal chamber were transferred at 20°C to 37°C or 35°C for 1 hour or at
30°C for 3 hours. For the re-heat shock experiment, I heat shocked the 1 day arrested
worm in chamber at 37°C for 1h and keep the chamber at 20°C for 8 days. At the ninth
day, the L1 larvae were re-heat shocked at 37°C for 1 hour and the GFP expression was
re-measured. For measuring the GFP-expression of HSP-16.2, the worm was imaged
directly in the chamber 15 min after completing the heat shock (preparation time for the
correct microscope setting). I used Andor iXon (512x512 pixels) EMCCD camera
combing with LED illumination (coolLed) and standard GFP filter sets. LED intensities
were set to 20%. The exposure time and the EM gain were set to 20 ms and 150
respectively. The 20x objective and a 0.7 lens were used in this experiment.
Magnification was set to 1.5x. The frame rate of the GFP-intensity changing was set to 4
frames/1h. Data were analyzed by Andor software. Threshold was set to 1000 and the
integrated intensity per area unit (um*um) is represented in the figure. For calculating
the difference of GFP-expression of HSP-16.2 between wild type and mutant, the mean
expression of mutants at each time point was subtracted from the mean expression of
wild type at the same time point. SE of the difference at each time point was computed
using the method of error propagation [127]. Mann-Whitney U test was used for testing

the significant difference of the mean expression.

2.6. Quantification of bacteria consumption

To measure the bacteria consumption of L1 worms for reaching the L2 stage, 10 ml
fresh OP50 culture was incubated at 37°C overnight. Afterward, the culture was
centrifuged at 13,000xg for 60 s. The pellet was washed with M9 buffer for 3 times and
re-suspended in 1 ml M9 buffer. At OD 600 of 1.0, bacteria were calculated as 8%10°
cells/ml. Bacteria were further diluted to a concentration gradientand and pipetted on
five 700 pm x 700 um x 25 pm (X length x Y length x Z depth) agarose microchambers
respectively. The final bacteria cell number was calculated with the volume of each
caption. I placed one synchronized L1 larva (1-day old) per caption and detected its
developed stage by counting the molted skin in the closed caption of the chamber after 1

to 3 days. Dead worms were excluded from the final results.
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2.7. ROS quantification

To quantify the ROS level in the head region during starvation, arrested L1 were
incubated in M9 buffer at 20°C. Every 2 or 3 days, untreated worms were transferred to
M9 containing 10 pM DHE (Sigma, D7008) on a rotator for 30 min at 20°C. and then
immobilized with 25 mM Levamisole on a 1 mm thick M9 4% agarose pad [128].
Different z stacks of 10 to 15 worms were imaged respectively using a fluorescence
microscope equipped with a spinning disc and an Andor iXon camera. The 488 nm laser
(Andor Revolution on Nikon TiE) with 100% intensity and 100x objective were used.
EM gain of 100 and exposure time of 10 ms were set.

The obtained images were analyzed with Andor software. Therefore, we drew the head
of the worm from pharynx to nose manually and used the maximum intensity Z-
projection function to obtain the ROS intensity. The background was detected with a
small square figure on the empty area of each image. The mean intensity of backgrounds
was subtracted from the mean head intensity. To prevent the disturbing signal of auto-
fluorescence and the mKate marker in RIS of the RIS ablated worms, we also imaged
the untreated L1 larvae of each experiment, and used it as control. The mean intensity of
the head area of the control was measured and subtracted from the mean head intensity

of treated group.

2.8. Fat content

A fluorescent fatty acid analogue, C1-BODIPY 500/510 C12 (Invitrogen, D3823) was
used to stain the intracellular fat bodies in L1 larvae [129]. Arrested L1 larvaec were
incubated in 49 nM CI-BODIPY 500/510 C12 (1 mg/ml stock solution in DMSO,
1:50.000) in M9 buffer on the rotator for two days. Afterward, worms were immobilized
with 25 mM Levamisole on 4% agarose pads. A z-stack of 12 um in 41 planes was
imaged with a spinning disc microcope (Andor Revolution on Nikon TiE) with a 488nm
laser (with 25% intensity and 60x oil objective. EM gain was set at 200 with the 100 ms

exposure time. Untreated L1 larvae were imaged and served as control group.
The obtained images were processed and analyzed by the Andor iQ software. We drew

the whole worm in the software and processed the images with an intensity Z-projection

function to obtain the sum intensity of the BODIPY-fluorescence. The mean intensity of

17



Material and method

the background was determined with a small square figure on the empty area in each
image and subtracted from the BODIPY-intensities. The auto-fluoresce intensity of the

control worms was averaged and subtracted from the BODIPY -intensities.

2.9. HSP-4 heat shock protein

To quantify the expression of HSP-4 heat shock protein in starved L1 larvae, I used the
strain SJ4005 phsp-4::GFP and crossed it with HBR227 aptf-1(gk794). L1 larvae were
synchronized by bleaching and incubated in M9 at 20°C. Arrested L1 larvae were
dropped with M9 on the 4% agarose pads and immobilized with 25 mM Levamisol. The
different z stacks (27 pm in 91 planes) of more than 10 worms were imaged using a
fluorescence microscope equipped with a spinning disc and an Andor iXon camera. The
488nm laser (Andor Revolution on Nikon TiE) was set to an intensity of 30% and the
40x objective was used. EM gain of 200 and exposure time of 30 ms were set. The
obtained images were analyzed with Andor software. The whole worm was drawn
manually in the software. I used the maximum intensity Z-projection function to obtain
the whole worm phsp-4::GFP intensity. The background intensity was detected with a

small square figure on the empty area of each image and subtracted in the software.

2.10. Germ cells detection

Signal of ppie-1::GFP was used to observe the division of germ cells (Z2 and Z3) in
arrested worms [130, 131]. L1 larvae were synchronized by bleaching and incubated in
M9 at 20°C. Worms were dropped with M9 on the 4% agarose pads and immobilized
with 25 mM Levamisol. Z-stacks (15 pm in 86 planes) of one worm were imaged using
a fluorescence microscope equipped with a spinning disc and an Andor iXon camera. A
488 nm laser (Andor Revolution on Nikon TiE) with 100% laser intensity and 100x
objectives were used. EM gain and exposure time were set to 200 and 200 ms
respectively. The number of germ cells at different times of the arrest was scored
manually. To obtain the worm images after feeding, a Z-stack of 17 um in 86 planes was
used. EM gain and exposure time were set to 200-300 and 200-250 ms respectively,

depending on the GFP intensities.
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2.11. Redox stage detection

Two strains provided by Janine Kirstein [132] were used to test the redox levels of
arrested L1: the F53B3.3roGFP is expressed in pan-neuronal cytosol and the
unc54roGFP is expressed in muscular cytosol. L1 larvae were synchronized by
bleaching and incubated in M9 at 20°C. The L1 larvae were immobilized with 25 mM
Levamisol on 4% agarose pads. Worms were imaged with a multi-color-z-stack in 30
slices by using a fluorescence confocal microscope equipped with 40 x 0.95 objective
(UPLSPO40x2). RoGFP levels in both neuronal and muscular cytosol were detected
with two laser channels: 405 nm laser and 488 nm laser. Both channels were set to 50 ms
exposure time. Excitation filter SEM-FF01-540/50, dichroic filter dl quad
405/488/561/638 and emission filter FF01-534/43 A7 semrock were used in the
microscope. For the image analysis we developed a new macro in Fiji to automated
processing. The maximum intensity of the selected background area was subtracted
individually from each slide in Fiji. Furthermore, a maximum intensity Z-projection
function was used for the z-stack. The full body size of worm was drawn manually in the
image and only the GFP intensity of the worm body was calculated to the mean
intensity. The ratio of roGFP 405/488 emission was calculated by the division of the two
mean intensities from each laser channel. More than 5 larvae were imaged at different
arresting time points. Significance was tested using a two-sample t-test in OriginPro

2017.

2.12. Statistics

For the statistical tests in this thesis, we used Mann-Whitney U test, log-rank tests,
Fisher’s exact test and two-sample t-test using the softwares OriginPro 2017 (SR1
b9.4.1.354) or MATLAB R2017a (9.2.0.538062). We used the Benjamini-Hochberg
Procedure test by 5% false discovery rate for multiple genotypes comparisons and

multiple tissue-rescue comparison.
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3. Results

3.1. Publication

Wu Y*, Masurat F*, Preis J, Bringmann H. (2018) Sleep counteracts aging phenotypes
to survive starvation-induced developmental arrest in C. elegans. Curr Biol. 28, 3610-

3624. (* equal contribution). DOI: https://doi.org/10.1016/j.cub.2018.10.009

Together with Florentin Masurat, Jasmin Preis, and Henrik Bringmann, I published the
paper in the journal Current Biology in 2018. I designed and performed the experiments
of figure 4F, figure 5-6 and the supplemental figure S4-S6 as well as all the tables. I
analyzed the data and created the figures for the experiments as mentioned above and

further contributed to the manuscript writing the method part and the captions of figures.
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SUMMARY

Sleep is ancient and fulfills higher brain functions as
well as basic vital processes. Little is known about
how sleep emerged in evolution and what essential
functions it was selected for. Here, we investigated
sleep in Caenorhabditis elegans across develop-
mental stages and physiological conditions to find
out when and how sleep in a simple animal becomes
essential for survival. We found that sleep in worms
occurs during most stages and physiological condi-
tions and is typically induced by the sleep-active
RIS neuron. Food quality and availability determine
sleep amount. Extended starvation, which induces
developmental arrest in larvae, presents a major
sleep trigger. Conserved nutrient-sensing regulators
of longevity and developmental arrest, AMP-acti-
vated kinase and FoxO, act in parallel to induce sleep
during extended food deprivation. These metabolic
factors can act in multiple tissues to signal starvation
to RIS. Although sleep does not appear to be essen-
tial for a normal adult lifespan, it is crucial for survival
of starvation-induced developmental arrest in larvae.
Rather than merely saving energy for later use, sleep
counteracts the progression of aging phenotypes,
perhaps by allocating resources. Thus, sleep pre-
sents a protective anti-aging program that is induced
by nutrient-sensing longevity pathways to survive
starvation-induced developmental arrest. All organ-
isms are threatened with the possibility of experi-
enced famine in their life, which suggests that the
molecular coupling of starvation, development, ag-
ing, and sleep was selected for early in the evolution
of nervous systems and may be conserved in other
species, including humans.

INTRODUCTION
Sleep supports higher brain functions such as memory consoli-

dation and synaptic plasticity [1]. Sleep disorders are linked to
poor health, including the progression of neurodegenerative dis-

3610 Current Biology 28, 3610-3624, November 19, 2018 © 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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eases and reduced lifespan in humans. Therefore, the wide prev-
alence of sleep disorders in modern societies poses a major
health problem [2]. Sleep is ancient in origin and most likely
evolved together with the emergence of a nervous system. How-
ever, little is known about the conditions that led to the evolution
of sleep and about how sleep controls basic vital functions.
Studying sleep in simple animals can shed light on the essential
needs fulfilled by sleep [3].

Sleep is found in all organisms that have a nervous system,
ranging from jellyfish to humans [4]. Its widespread occurrence
implies that sleep is important, a view supported by the finding
that sleep deprivation has detrimental effects [5]. Environmental
conditions can impact sleep [6, 7]. Nutrient availability often fluc-
tuates, and all organisms have thus established strategies to
sense and respond to a lack of food. Across species, starvation
triggers developmental arrest and a biphasic behavioral
response consisting of a first phase of increased activity and
suppressed sleep, followed by decreased physical activity
[8-16]. Although increased physical activity is understood as a
strategy to increase foraging, less is known about the regulation
and function of decreased behavioral activity following long-term
starvation [17]. Modest food deprivation can exert beneficial
effects, suggesting that, in order to survive food deprivation,
animals adapt their physiology and activate health- and
longevity-promoting pathways [16, 18].

Caenorhabditis elegans is a model animal with low ethical hur-
dles for harsh survival assays. It lives a boom-and-bust lifestyle
with periods of rapid proliferation when food is present alter-
nating with long periods of starvation. As an adaptation to food
scarcity, C. elegans has evolved survival strategies, including
larval developmental arrest, an alternative larval life stage called
“dauer,” and an increased lifespan in adults [19-21]. The study
of dietary restriction and starvation and their role on lifespan
in C. elegans has led to the identification of major conserved
signaling pathways controlling development and aging. Impor-
tant nutrient-sensing and lifespan-promoting systems act
through AMP-activated kinase and the FoxO transcription
factor [21].

Like most animals, C. elegans sleeps, a phenomenon that has
been studied most in the developing larva and after cellular
stress in the adult [22, 23]. From worms to humans, sleep is
induced by conserved sleep-active neurons that depolarize at
the onset of sleep. They actively induce this behavior by directly
inhibiting arousal circuits through GABA and neuropeptides.
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Upstream pathways control the depolarization of sleep-active
neurons and thereby control the timing and amount of sleep
[24, 25]. In mammals, several populations of sleep-active neu-
rons exist, which are thought to induce sleep in a concerted ac-
tion. The best-studied population of sleep-active neurons is
found in the preoptic area (POA). These neurons form part of
the so-called descending system that inhibits arousal during
sleep. Sleep-active neurons also confer an increased sleep
pressure after sleep deprivation, as their depolarization is
increased at the onset of rebound sleep [26, 27]. Similarly,
several populations of sleep-promoting neurons exist in
Drosophila. A cluster of nerve cells innervating the dorsal-fan-
shaped body (dFB) of the central complex presents a well-stud-
ied population of sleep-promoting neurons, whose excitability
can be switched dependent on sleep need [28]. In C. elegans,
sleep during lethargus, a developmentally controlled phase of
molting during which worms synthesize a new cuticle, requires
a single sleep-active sleep-inducing neuron called RIS, which
expresses GABA and inhibitory RFamide peptides. Like its
mammalian counterparts, this neuron induces sleep when de-
polarized optogenetically, shows calcium transients at sleep
onset, most likely indicating depolarization, shows over-activa-
tion after sleep deprivation, and is inhibited by waking stimuli
[29-31].

To find out why a simple animal sleeps, we searched for con-
ditions in which RIS-induced sleep is essential for survival in
C. elegans. Although worms show sleep during most stages
and conditions, this behavior is most prominent during various
forms of starvation and developmental arrest, where conserved
nutrient-sensing lifespan regulators control it. Although sleep-
less adult worms have a normal lifespan under both ample
food condition as well as starvation, sleeplessness impairs sur-
vival of larvae during developmental arrest. Interestingly, the
role of sleep in starvation-induced arrest survival appears not
to only be conservation of energy but to prevent the progres-
sion of aging phenotypes. Thus, sleep presents an adaptive
anti-aging strategy to survive starvation-induced arrest. Our
work provides a molecular link between sleep, longevity, star-
vation, and developmental arrest with high potential implica-
tions for the evolutionary origin of sleep as well as for human
health.

Results

RESULTS

Sleep Is Widespread across Stages and Conditions, with
Extended Starvation Presenting a Major Sleep Trigger
To find out how sleep becomes vital in a simple animal, we quan-
tified sleep during several life stages and conditions to find out
what is the strongest trigger for this state. We focused on food
availability and quality, which affects behavioral activity and
quiescence [10, 11, 19, 32, 33]. We used RIS calcium imaging
as a proxy for depolarization of this neuron and locomotion
quiescence as an assay to identify and quantify sleep. Worms
were cultured in microfluidic devices made from hydrogel
[34, 35] and behavior, and calcium transients in RIS were imaged
and quantified during different life stages and food conditions
(Figures 1 and S1). We first looked for sleep in adult worms
and tested the effects of three types of bacterial food: first, to
mimic standard worm culture conditions, we fed worms with
bacteria in the presence of bacterial growth medium [32] (Fig-
ure 1A). Second, we tested bacteria that were depleted of growth
medium (Figure 1B). And third, we tested dead bacteria in
the presence of growth medium (Figure 1C). Worms living on
fed bacteria showed extended sleep bouts (Figures 2A, S2A,
and S2B). A reduction of locomotion always coincided with
increased RIS depolarization (Figure 1J). Worms feeding on
dead or starved bacteria, however, showed virtually no sleep
behavior (Figures 1B, 1C, and 2A).

Short-term (few hours) fasting results in increased arousal and
foraging in C. elegans [15], whereas prolonged (more than 12 hr)
starvation results in behavioral quiescence and developmental
arrest [10, 11, 19, 20, 33, 36]. To analyze sleep during starvation
and arrest, we looked at one day starved adults, L1 larvae during
lethargus (when worms do not feed during cuticle remodeling),
one day starved developmentally arrested L1 larvae, and three
days starved dauer larvae. We observed prominent sleep bouts
during starvation and arrest in all stages that were tested (Figures
1D-1H, 2B-2E, and S2C-S2J). RIS again depolarized strongly at
the onset of all sleep bouts (Figures 1K-1N).

As pheromones play a strong role in anticipation of adverse life
conditions and the development of the developmentally arrested
dauer larva [37], we also tested the effect of pheromones on
sleep in adults feeding on starved bacteria. Dauer pheromone

Figure 1. Food Conditions Control Sleep Amount in C. elegans across Stages
(A-1) Individual RIS calcium imaging and sleep measurements. RIS activity is shown in red and locomotion speed in black; blue shading shows sleep bouts as
defined by a locomotion cessation threshold. At the onset of a sleep bout, RIS activated and locomotion ceased.

(A) An adult worm feeding on OP50 bacteria with bacterial growth medium.
(B) An adult worm feeding on OP50 without bacterial growth medium.

(C) An adult worm feeding on dead OP50 with growth medium.

(D) An adult that was starved for 24 hr.

(E) An L1 larva in the presence of food, 8 hr after hatching and prior to lethargus.

(F) An L1 larva before and during lethargus as defined as the non-feeding period (starting at 0 hr) prior to the molt in the presence of food.

(G) An arrested L1 larva that was starved for 24 hr.
(H) A 3-day-old dauer larva in the absence of food.

() An adult feeding on OP50 without growth medium in the presence of dauer pheromone.
(J-O) RIS activity increased significantly with locomotion cessation at the onset of sleep bouts in all conditions. The increase of A F/F of the calcium sensor signal
was (J) 126.1% + 20.2%, n = 24 worms, ***p < 0.001 for adults on growing OP50; (K) 32.5% + 5.4%, n = 20 worms, **p < 0.01 for starving adults; and (L) 22.0% =+

0.9%, n = 14 worms, *p = 0.014 for developing L1 worms during lethargus.

(M-0) 58.7% + 4.9% (M), n = 33 worms, ***p < 0.001 for arrested L1 larvae; 36.8% + 7.9% (N), n = 13 worms, **p = 0.002 for dauer larvae; 45.7% + 19.8% (O),

n =12 worms, *p = 0.02 for adults on stationary OP50 with dauer pheromone.

For all statistical comparisons, the paired Wilcoxon rank test was used. See also Figures S1 and S2.
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Figure 2. The Sleep-Active RIS Neuron Is Required for All Types of Physiological Sleep
Fraction of time spent asleep in wild-type, aptf-1(gk794), and RIS-ablation (RIS(—)).

(A) Median sleep duration in adult worms in the presence of growing bacteria was 18% in wild-type and 8% in aptf-1(gk794); ***p < 0.001. In the absence of growth

medium and in the presence of dead bacteria, median sleep duration was 0% for both wild-type and aptf-1(gk794).

(B) In adult worms, starvation increased sleep compared with worms fed on bacteria in the absence of growth medium. Median sleep duration in starved

adults was 31% in wild-type and 0% in aptf-1(gk794) and RIS(-); ***p < 0.001.

(C) Fraction of time spent asleep in wild-type and aptf-1(gk794) in fed L1 prior to and during lethargus. Before lethargus, median sleep fraction was 0% for

both wild-type and aptf-1(—). During lethargus, the median sleep fraction was 35% for wild-type and 0% for aptf-1(gk794); ***p < 0.001.
(D) Sleep fraction in starved L1 larvae. Wild-type larvae had a median sleep fraction of 33%, aptf-1(gk794) 0%, and RIS(—) 5%; ***p < 0.001.
(E) Sleep fraction in dauer larvae. Median sleep fraction in dauer larvae was 92% wild-type, 0% in aptf-1(gk794), and 2% in RIS(-); ***p < 0.001.

(F) Sleep fraction in adult worms in the presence of dauer pheromone. Wild-type worms showed a median sleep fraction of 18% and aptf-1(gk794) of 3%;

***p < 0.001.

The numbers of assayed worms (n) are displayed below the boxplots. Statistical comparisons were made using the Mann-Whitney U test.

extract also induced sleep bouts and RIS depolarization, which
is consistent with the observation that population density affects

sleep (Figures 11, 10, 2F, S2K, and S2L) [16].

In summary, behavioral quiescence was typically accompa-
nied by RIS activation at the onset of virtually all sleep bouts
and across all stages and conditions that we tested. An in-
crease in RIS calcium precisely correlates with reduction of
behavioral activity. Thus, rather than reflecting sleep pressure
building up during wakefulness prior to sleep onset [11, 38],
RIS activity indicates the active induction of sleep. Food condi-
tions appear to be a major determinant for RIS activation and

sleep amounts in both larvae and adults. Not only the presence
or absence of food determines sleep quantity but also food
quality, with metabolizing bacteria appearing as a strong sleep
trigger. Extended starvation and arrested development trig-
gered the strongest sleeping behavior. As pheromones signal
population density, sleep may already be modulated in antici-
pation of starvation. RIS calcium imaging combined with loco-
motion quantification thus presents a straightforward assay to
identify sleep, which occurred during all stages and most con-
ditions and thus is much wider spread than previously thought

[22, 39].
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Figure 3. Behavioral Quiescence during L1 Arrest Presents a Sleep State

(A and B) To test for responsiveness to stimulation during quiescence in arrested L1 larvae (A), a blue light stimulus was given and locomotion velocity was
measured. (B) Linear regression of locomotion speeds during the first minute of blue light irradiation was used to measure locomotion acceleration. Waking
worms (red dotted line, red box) accelerated with 0.22 + 0.02 um/s?, whereas sleeping worms (blue dotted line, blue box) accelerated only with 0.11 + 0.01 um/s?
(n = 42 worms; ***p < 0.001; paired Wilcoxon rank test).

(C-E) To test for sleep reversibility, nociceptive ASH neurons and mec-4 expressing mechano-sensory neurons were stimulated optogenetically with ReaChr and
green light in sleeping arrested L1 larvae. In addition, arrested L1 larvae were stimulated with noxious blue light. RIS activity is shown in red (control without all
trans-Retinal [ATR] in light red), speed in black (control without ATR in gray), and the fraction of sleeping animals in blue (control without ATR in light blue).

(legend continued on next page)
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Across Life Stages and Physiological Conditions, Sleep
Is Induced by the Sleep-Active RIS Neuron

RIS is crucially required for sleep during lethargus [29, 30]. Dur-
ing un-physiological conditions, such as after severe cellular
stress, a second neuron, called ALA, has been suggested to
induce sleep independently of RIS [39-41]. Our imaging results
suggest that sleep, at least under more physiological conditions,
generally involves the RIS neuron. We hence tested whether the
types of sleep that we observed depend on RIS. To ablate RIS
function, we used aptf-1 mutant worms that lack neuropeptide
expression in RIS, which is required for lethargus sleep induc-
tion. In addition, we genetically ablated RIS by expression of
the apoptosis inducer EGL-1 from a RIS-specific promoter
[30]. In RIS-deficient worms, sleep was strongly reduced or virtu-
ally abolished (median sleep fraction in fed adult worms with
growth medium was reduced by 56% in aptf-1(gk794); in starved
adults by 100% in aptf-1(gk794) and RIS(—); during lethargus by
100% in aptf-1(gk794); in arrested L1 larvae by 100% and 84% in
aptf-1(gk794) and RIS(-), respectively; in dauer larvae by 100%
and 98% in aptf-1(gk794) and RIS(—), respectively; and in adults
in the presence of dauer pheromone by 83% in aptf-1(gk794);
Figure 2). Thus, consistent with our imaging data, RIS is required
for sleep under all studied conditions. This suggests a pivotal
role of RIS in sleep under physiological conditions.

Starvation-Induced Quiescence during L1 Arrest Is a
Sleep State
The dependency of quiescence on RIS indicates that most types
of behavioral quiescence in the worm constitute sleep rather
than other types of quiescence, such as quiet wakefulness or pa-
ralysis. However, quiescence during L1 arrest has not yet been
characterized as sleep using behavioral criteria [10, 11, 19, 32,
33, 41-43]. Sleep is defined and can be distinguished from other
types of quiescence by a reduced response threshold, rapid
reversibility, and homeostatic regulation [44]. We hence assayed
whether quiescence during L1 arrest fulfills the behavioral defini-
tion of sleep.

To test for responsiveness, we used blue light to trigger
an escape response [45] in arrested L1 larvae inside micro-

Results

fluidic compartments and measured the resulting increase in
locomotion. Although waking worms responded with a strong
locomotion increase, during sleep, the acceleration was reduced
(Figures 3A and 3B). We next tested for reversibility of sleep by
providing a strong optogenetic sensory stimulus. For this, we
expressed the channelrhodopsin variant ReaChR in nociceptive
ASH neurons or mechano-sensory neurons, depolarized them
with green light [46], and followed locomotion and RIS polariza-
tion. Optogenetic stimulation of ASH neurons or mec-4-express-
ing neurons quickly reversed quiescence (Figures 3C, 3D, S3A,
and S3B). The waking stimulus also acutely inhibited RIS activity,
leading to a premature termination of the RIS depolarization tran-
sient (Figures 3C, 3D, S3A, and S3B). To provide a non-optoge-
netic sensory stimulus, we applied noxious blue light, which
triggers an avoidance response [45, 47]. Similar to the optoge-
netic stimulus, blue light reversed quiescence and inhibited
RIS (Figures 3E and S3C).

To test for homeostatic regulation, we deprived sleep through
temporary optogenetic inhibition of RIS using the light-driven
proton pump ArchT [48]. We inhibited RIS for 1 hr using green
light and measured the behavioral response and the depolariza-
tion of the RIS neuron before, during, and after the inhibition.
Optogenetic silencing efficiently prevented RIS depolarization
and sleep induction during illumination (Figures S3D and S3E).
Following the end of RIS inhibition, sleeping behavior and RIS
depolarization increased compared to control levels, suggesting
that quiescence is under homeostatic control (Figures 3F, S3D,
and S3E).

During sleep, including C. elegans lethargus, the majority of
neurons show dampened activity [38, 49]. To test whether global
neural activity is reduced during sleep, we imaged pan-neuronal
calcium activity. Global brain activity was indeed dampened
during quiescence bouts (Figure 3G).

Thus, starvation-induced quiescence during larval arrest pre-
sents a sleep state, with its key behavioral and neurophysiolog-
ical hallmarks. Regulatory principles typical for mammalian sleep
are present also in starvation-induced sleep: the fast inhibition of
RIS through a waking stimulus is similar to the flip flop switch
that ensures discrete behavioral states and the increased RIS

(C) Sleeping worms responded immediately to ASH activation and the sleep bout ceased. The fraction of sleeping animals decreased by 91.6% + 1.7% (control
worms without ATR by 12.3% + 2.9%; ***p < 0.001; two-sample t test). RIS activity (AF/F) dropped by 35.5% =+ 4.2% (control worms without ATR showed only
a drop of AF/F of 11.9% + 0.3%; ***p < 0.001 two-sample t test). Locomotion velocity increased by 313.7% + 26.0% (control worms without ATR by 65.7% +
14.0%; **p < 0.001; two-sample t test). narr) = 23 WOrms; Nwithout ATR) = 47 Worms.

(D) Sleeping worms immediately responded to mec-4-expressing mechano-sensory neuron activation, and the sleep bout ceased. The fraction of sleeping
animals decreased by 52.45% =+ 6.0% (control worms without ATR by 10.0% =+ 2.6%; ***p < 0.001; two-sample t test). RIS activity (AF/F) dropped by 32.8% +
3.2% (control worms without ATR showed only a drop of AF/F of 7.0% + 2.1%; ***p < 0.001; two-sample t test). Locomotion velocity increased by 351.7% +
44.0% (control worms without ATR by 14.6% + 4.0%; ***p < 0.001; two-sample t test). natr) = 29 worms; nwithout atr) = 50 worms.

(E) Sleeping worms immediately responded to noxious blue light illumination, leading to sleep bout termination. The fraction of sleeping animals decreased by
75.5% + 3.5% (control worms without blue light stimulation by 4.1% + 0.6%; ***p < 0.001; two-sample t test). RIS activity (AF/F) dropped by 43.2% + 7.9%
(control worms without blue light stimulation showed only a drop of AF/F of 4.3% + 7.7%; ***p < 0.001; two-sample t test). Locomotion velocity increased by
367.9% + 5.8% (control worms without ATR by 80.3% =+ 28.2%; ***p < 0.001; two-sample t test). Nstimulation) = 35 WOrMS; Nithout stimulation) = 37 WOrMS.

(F) To test for homeostasis, RIS was inhibited for 1 hr with ArchT and green light in the arrested L1 larvae. RIS activity is shown in red (control without ATR in light
red), speed in black (control without ATR in gray), and the fraction of sleeping animals in blue (control without ATR in light blue). After the end of green light
exposure, the fraction of sleeping worms increased by 265.6% + 13.1% (control worms without ATR decreased by 19.3% + 6.7%; **p = 0.007; two-sample t test).
RIS activity (AF/F) increased by 24.3% + 2.2% (in control worms without ATR, it increased by 5.6% + 1.0%; **p = 0.005; two-sample t test). Locomotion velocity
decreased by 63.3% + 16.0% (control worms without ATR increased by 5.5% + 4.0%; ***p < 0.001; two-sample t test). narr) = 32 WOrms; Nithout ATR) = 25 WOrms.
(G) To test for overall neuronal activity during a sleep bout, calcium activity in the head neurons was measured using pan-neuronal GCaMP6s. Head neuron
activity is shown in orange and locomotion speed in black; blue shading shows sleep bouts as defined by alocomotion cessation threshold. At the onset of a sleep
bout, head neuron activity decreased and locomotion ceased. AF/F was decreased to 82.3% + 0.2% (n = 21 worms; ***p < 0.001; paired Wilcoxon rank test).
Error bars in (C)-(G) indicate the SEM. See also Figure S3.
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Figure 4. The Nutrient-Sensing Longevity Regulators IIS and AMP Kinase Regulate Starvation Sleep through RIS Activation

(A) RIS GCaMP3 signal intensities and corresponding velocity traces of a representative daf-2(e1370) mutant worm. RIS activity is shown in red and loco-
motion speed in black; blue shading shows sleep bouts as defined by a locomotion cessation threshold. At the onset of a sleep bout, RIS activated and
locomotion ceased. Note that RIS depolarizes at sleep onset and is not depolarized during the entire quiescence bout, which is similarly observed in the dauer

larva.

(B) Averaged RIS activity and velocity aligned to sleep bout onset. RIS activity (AF/F) increased by 17.9% + 4.7% during sleep (n = 15 worms; ***p < 0.001; paired

Wilcoxon rank test).

(C) DAF-2 inhibition induces sleep through RIS and DAF-16. Median sleep time was 66% in daf-2(e1370); 9% in daf-2(e1370); aptf-1(gk794), **p < 0.01; and 0% in

daf-2(e1370); daf-16(mu86), ***p < 0.001.

(D) Longevity genes control starvation-induced sleep in the adult: median time spent in sleep was 31% in wild-type; 24% in daf-16(mgDf50) mutation, *p < 0.05;
24% in aak-1(tm1944);aak-2(0k524) double mutants, **p < 0.01; 21% in daf-16(mgDf50)/aak-1(tm1944) double mutants, *p < 0.05; 0% in daf-16(mgDf50)/

aak-2(0k524) double mutants, ***p < 0.001; and 4% in daf-16(mgDf50)/aak-1(tm1944)/aak-2(0k524) triple mutants, ***p < 0.001.

(E) Longevity genes control starvation-induced larval sleep. Single or double mutation combinations did not reduce sleep significantly, but, compared with
wild-type (median sleep fraction 33%), the daf-16(mgDf50)/aak-1(tm1944)/aak-2(ok524) triple mutant reduced sleep (median sleep fraction 14%); *p < 0.05;

***p < 0.001.

(F) Insulin signaling and sirtuin, which control the activity of FoxO and AMPK, control sleep. Median sleep fraction was 16% in wild-type; 4% in daf-18(0k480),

***p < 0.001; and 5% in sir-2.1(ok434), ***p < 0.001.

(legend continued on next page)
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depolarization during rebound sleep also occurs similarly in
sleep-active neurons of the vertebrate POA [26].

AMP-Activated Kinase and FoxO Act in Parallel to Induce
Sleep during Starvation

Starvation is sensed by conserved pathways that trigger protec-
tive strategies. AMP-activated kinase (AAK-1/2) is an energy
sensor that is activated by a high AMP/ATP ratio and that triggers
the switch from anabolic to catabolic processes. Reduced activ-
ity of the insulin/insulin-like signaling (IIS) receptor (DAF-2) leads
to the activation of FoxO (DAF-16), a transcription factor that
expresses genes that promote stress resistance and longevity
[21]. DAF-16 also plays a role in coping with the consequences
of stressful sleep deprivation and modulates quiescence
[11, 50-52]. Both FoxO and AMPK are required for starvation-
induced developmental arrest [20, 53]. To test whether longevity
pathways are responsible for the majority of starvation sleep, we
measured RIS activation and sleep in mutants that are defective
in AMP-activated kinase and IIS.

We first tested a loss-of-function mutation in daf-2 in the
presence of food conditions that normally do not lead to sleep.
daf-2(—) caused sleep and RIS depolarization in the presence
of starved bacteria as a food source (Figures 4A-4C, S2M, and
S2N), and this effect was dependent on daf-16 (Figure 4C). We
next tested sleep in daf-16(—) during larval and adult starvation.
daf-16(—) showed only a moderate reduction of sleep in adults,
consistent with previous results (Figure 4D) [11]. Similarly,
partially reduced sleeping behavior was found in aak-1/aak-2
double-mutant animals during starvation (Figure 4D), prompting
us to knock out both pathways simultaneously. The aak-2/daf-16
double mutant showed a near-complete absence of sleep in the
adult (Figure 4D), but not in the larva (Figure 4E). aak-1/aak-2/daf-
16 triple mutant worms showed a strong loss of sleep in the
starved adult (Figure 4D) and also a strong sleep reduction in
the arrested L1 larva (Figure 4E). Thus, AAK-1/2 and DAF-16
appear to act in parallel to induce sleep during extended
starvation.

We next wished to link starvation-induced sleep to the genes
that are upstream of AMPK and FoxO. We hence quantified
sleep in mutants of genes that are known to control AMPK and
FoxO. In the presence of food, IIS activates the phosphatidylino-
sitol 3-kinase (PI3K) AGE-1 to produce PIP3, which activates Akt
kinase (AKT-1/2) [21]. Amajor role of Akt in C. elegans is to inhibit
FoxO [54]. In other systems, Akt also inhibits AMPK by adding an
inhibitory phosphorylation on Ser485, which then inhibits the
activation of AMPK by LKB1 [55], and there is evidence that
Akt also inhibits AMPK in C. elegans [56]. Thus, both FoxO and
AMPK have in common that they can be suppressed through
Akt [55-57]. The tumor suppressor DAF-18/PTEN inhibits IS
signaling by hydrolyzing PIP3 produced by AGE-1/PI3K. daf-18
deletion thus leads to constitutive activation of Akt [21]. We
tested whether daf-18 deletion leads to a suppression of starva-
tion-induced sleep and found that sleep was strongly reduced
(Figure 4F). Starvation also leads to the activation of SIRT/
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SIR-2.1, which can act through activation of both FoxO [57]
and AMPK [58]. We thus tested sleep after deletion of sir-2.7.
We observed again a reduction of sleep in sir-2.7(—) mutants
(Figure 4F). These results are consistent with the known network
of longevity genes and a model in which, in the presence of food,
canonical IS is wake promoting through the inhibition of AMPK
and FOXO and in which, during starvation, sirtuin signaling is
sleep-promoting by activating AMPK and FOXO (Figure 4G).
Such dual control mechanism of two parallel pathways could ac-
count for the robustness of sleep induction during starvation. Our
data thus suggest that the known network of longevity genes
controls sleep induction during starvation.

To find out in which tissues AMPK and FoxO act during starva-
tion to induce sleep, we performed rescue experiments. We
used daf-2(—)/daf-16(—) worms and expressed daf-16 specif-
ically in either neurons, muscle, or intestine and quantified sleep
in adults in the presence of food [59, 60]. Sleep was reinstated
partially but significantly by expression in muscle and inconsis-
tently by expression in intestine, but not by expression in neu-
rons (Figure S4A). The role of daf-16 in muscle during starvation
is consistent with previous data suggesting a role of daf-716 in
muscle to control increased sleep after forced locomotion during
lethargus and supports a conserved role of muscle in signaling
sleep need [51, 61]. During physical exercise, musculature is
the major consumer of energy, and this tissue may thus be well
suited to signal energy shortage during both forced movement
and starvation [62]. The weak rescue from non-neuronal tissues
together with the lack of neuronal rescue suggests that daf-16
acts in signaling centers outside of RIS.

To identify the tissues in which AMPK acts, we expressed
aak-2 in an aak-2(—)/daf-16(—) background. We quantified sleep
in adult worms in the absence of food and looked for rescue in
neurons, muscle, intestine, hypodermis, and the excretory cell
[15, 56, 63]. AMPK rescue effects were partial but significant in
all tissues that were tested. Because AMPK could be rescued
from all tissues, including neurons, we specifically tested
whether AMPK also can act in RIS and found that it partially
could (Figures S4B and S4C). Thus, AMPK appears to be able
to induce sleep by acting in many tissues, including in RIS.
Consistent with previous reports, which found that AMPK can
act across various tissues, this may indicate that many or
perhaps even all tissues that experience energy stress can signal
to RIS for sleep induction [15, 56, 63].

Sleep Is Required to Survive Larval Starvation-Induced
Arrest

The strong induction of sleep during starvation and arrest
through aging pathways suggested that sleep might play a
role in surviving food deprivation and development cessation
[18, 64]. Thus, we tested adult lifespan along with survival and
recovery from L1 arrest in the presence or absence of food in
sleepless mutants. We first measured the lifespan of adult
worms in the presence of food and during starvation. In both
conditions, there was no consistent and significant difference

(G) Hypothetical working model that integrates literature data with our observations. The numbers of assayed worms (n) are displayed below the boxplots. Sleep
duration comparisons with N2 were made using the Mann-Whitney U test and were confirmed with Benjamini-Hochberg procedure for multiple comparisons.

Error bars indicate the SEM.
See also Figure S4 for tissue-specific rescue experiments.
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Figure 5. Sleep Is Required for Surviving Larval Starvation-Induced Arrest

Shown are representative experiments; additional replicates can be found in Figure S5.

(A) Adult lifespans of feeding wild-type (blue) and aptf-1(gk794) (red) worms were not significantly different (mean lifespan, N2: 14.6 days, n = 44 worms;
aptf-1(gk794): 15.3 days, n = 43 worms; p = 0.71; log rank test).

(B) Lifespan of feeding wild-type (blue) and RIS(-) (yellow) adult worms shows no significant difference (mean lifespan, N2: 14.2 days, n = 94 worms; RIS(—):
14.1 days, n = 86 worms; p = 0.71; log rank test).

(C and D) No significant difference of lifespan was detected in (C) starved adult aptf-1(gk794) compared to starved N2 (mean lifespan, N2: 29.8 days, n = 60
worms; aptf-1(gk794): 29.5 days, n = 63 worms; p = 0.65; log rank test) and (D) also not in starved RIS(—) (mean lifespan N2: 32.0 days, n = 85 worms; RIS(—):
30.6 days, n = 84 worms; p = 0.06; log rank test).

(E) L1-arrested aptf-1(gk794) mutants and RIS ablated worms showed substantially reduced survival in the absence of food (time at which 50% of worms were still
alive, N2: 20.7 days, n > 60 worms for each time point; aptf-1(gk794): 12.1 days, n > 60 worms; ***p < 0.001; RIS(—): 9.4 days, n > 60 worms; ***p < 0.001;
significance shown from day 8; Fischer’s exact test).

(F) Arrested L1 aptf-1(gk794) and RIS-ablated worms showed a significant decline in the ability to re-enter development when fed (time at which 50% of worms
were still able to recover, N2: 18.7 days, n > 60 worms; aptf-1(gk794): 11.4 days, n > 60 worms; ***p < 0.001; RIS(-): 8.5 days, n > 60 worms; ***p < 0.001;
significance shown from day 8 for RIS(—) and day 10 for aptf-7 mutant; Fischer’s exact test).

(G) Sleep amount predicts starvation survival. Arrested starved L1 larvae were cultured in microchambers, and their sleep and survival were quantified. Data from
individual worms within the range used for linear fitting (black line) are plotted as blue diamonds (data outside the range of the SD of the mean, including early-
dying immobile individuals, were excluded; gray); R? = 0.21.

(legend continued on next page)
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in lifespan between wild-type, aptf-1(—), and RIS-ablated
worms (Figures 5A-5D and S5A-S5D). We then tested L1 arrest
survival and recoverability. For this, we measured both the time
that L1 larvae stayed alive in the absence of food as well as the
time until larvae were still able to recover from the arrest and
to resume their development when fed [65]. Both survival time
and the ability to recover were reduced consistently and signif-
icantly by about half in sleepless mutants (Figures 5E. 5F, and
S5E-S5H). Thus, although there does not seem to be a strict
requirement of sleep for survival in adult C. elegans, it becomes
essential in the arrested larva.

To test whether sleep is a predictor of survival, we quantified
quiescence for individual starved L1 larvae inside microfluidic
devices and also measured their survival span. A correlation
was seen between the amount of sleep during the first
2-4 days of starvation and survival (an increase of 1% sleeping
time corresponded to an increase in survival extension by
roughly 5%; Figure 5G), suggesting that sleep is a predictor for
surviving starvation.

If sleep is part of the protective program induced by AAK-1/2
and IIS, then ablating sleep in AAK-1/2 and IIS mutants should
not further decrease survival during larval starvation. To test
this idea, we looked at survival of aptf-1(—) mutant worms in a
FoxO/AAK-1/2 triple mutant background. There was no differ-
ence in survival due to sleep loss when we compared the
daf-16(mgDf50)/aak-1(tm1944)/aak-2(0k524) triple mutant with
daf-16(mgDf50)/aak-1(tm1944)/aak-2(ok524)/aptf-1(gk794)
quadruple mutant (Figures 5H and S5I). This is consistent with
the view that sleep and AAK/FoxO act in the same pathway.

If the role of sleep were to conserve energy or nutrients, then
feeding would suppress the requirement of sleep for survival.
To test this idea, we arrested L1 larvae using 5-fluoro-2’-deoxy-
uridine (FUdR), kept them in the presence of ad libitum E. coli
as food source, and measured survival. The arrested larvae
consumed the bacteria (Figures S6A and S6B) and showed
sleeping behavior (Figure S6C). However, sleepless worms still
had a significantly shorter lifetime than the sleeping control
(Figures 51 and S5J). This suggests that, although resource pres-
ervation is important, sleep acts beyond energy or nutrient con-
servation to achieve survival.

Sleep Counteracts the Progression of Aging Phenotypes
during Starvation-Induced Arrest

Recent work demonstrated that L1 arrested larvae show a pro-
gression of aging phenotypes leading to death. Thus, the cause
of death of arrested larvae is similar to the one in the adult [65].
We wondered whether sleep is required for survival by slowing
down the progression of aging phenotypes during starvation.
To test this idea, we looked at established markers of aging,
such as the deterioration of body wall muscle fibers, mitochon-
drial fragmentation, and protein aggregation [65]. We crossed
aptf-1(—) into transgenic strains in which either muscle myosin,

Results

muscle mitochondria, or an aggregation-prone polyglutamine-
containing protein, poly-Q35::YFP, were fluorescently labeled
[65-69]. L1 larvae were starved, and the progression of aging
was monitored by fluorescence microscopy until the animals
had died. The morphology of the aging markers looked normal
in freshly starved L1 aptf-1(—). However, as time passed, aging
markers progressed more quickly in the sleepless mutant
compared with the wild-type. Muscle fibers degraded more
quickly, mitochondria underwent fission earlier, and protein ag-
gregation occurred faster. Sleepless worms reached the same
maximal level of aging marker progression approximately ten
days earlier compared with the wild-type (Figure 6). Together,
these results suggest that, rather than merely saving energy,
sleep is required for survival of starvation by counteracting the
progression of aging processes.

DISCUSSION

To understand why sleep is important for C. elegans, we moni-
tored behavioral activity and RIS calcium transients to survey
the prevalence of sleep across life stages and physiological
conditions. We tested for the effects of food quality and avail-
ability, as these define the major physiological conditions in the
life of C. elegans, which proliferates in ephemeral microbe-rich
habitats and is able to survive long periods of starvation [19].
Sleep occurred during most stages and conditions that were
analyzed. RIS depolarized at the onset of sleep bouts and typi-
cally showed activity until the end of the sleep bout, inversely
mirroring the pattern of behavioral activity. This pattern of RIS
depolarization is consistent with the view that RIS is the inducer
of sleep, and the maintenance of high RIS activity throughout
most of the sleep bout suggests that sleep is under constant
control of RIS. During longer sleep bouts, which were, for
example, observed in dauer larvae and daf-2(—), calcium tran-
sients still correlated with sleep onset but decreased already
before the end of the bout. This may speculatively be caused
by an additional mechanism that may dampen wakefulness
independently of RIS, thus potentially explaining a reduced
requirement for RIS activity for maintaining sleep. Consistent
with this speculation, spontaneous motion is reduced in
daf-2(—) and dauer larvae [70]. daf-2(—) mutants showed a re-
sidual fraction of immobility that could not be suppressed by
aptf-1(—). Similarly, a small fraction of residual quiescence
was observed in the absence of functional RIS when worms
were fed with bacteria in the presence of growth medium.
Different scenarios could explain this residual quiescence. First,
occasionally, slow locomotion may be falsely scored as quies-
cence by the analysis algorithm. Second, quiescence may exist
that is not sleep or is sleep but is not induced by RIS.
Severe cellular stress can also induce behavioral quiescence
independently of RIS, involving activation of the ALA neuron
[39, 41]. Thus, hypothetically, some of the conditions that we

(H) Starved arrested L1 aak-1(tm1944)/aak-2(ok524)/daf-16(mgDf50)/aptf-1(gk794) quadruple mutants showed no reduced survival compared to aak-1(tm1944)/
aak-2(ok524)/daf-16(mgDf50) triple mutants (time at which 50% of worms were still alive, aak-1(tm1944)/aak-2(ok524)/daf-16(mgDf50): 3.9 days, n > 60 worms;
aak-1(tm1944)/aak-2(ok524)/daf-16(mgDf50)/aptf-1(gk794): 3.9 days, n > 60 worms; p > 0.05 for all days; Fischer’s exact test).

() FUdR-arrested L1s in the presence of food have a decreased survival. Arrested L1 survival is significantly decreased in aptf-1(gk794) and in RIS(—) worms
(mean survival, N2: 25.7 days, n = 143 worms; aptf-1(gk794): 21.9 days, n = 140 worms; ***p < 0.001; RIS(—): 22.1 days, n = 135 worms; ***p < 0.001; log rank test).

See also Figures S5 and S6 and Tables S1, S2, S3, S4, and S5 for additional

replicates and details on food consumption.
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investigated may have also triggered a stress response and
RIS-independent quiescence. Third, in some instances, the ge-
netic RIS ablation might not have been fully penetrant due to
transgene silencing or mutant suppression. Because, overall,
only a minority of quiescent counts did not depend on RIS,
we did not further investigate their cause. In summary,
it emerges that, under physiological conditions, the majority
of behavioral quiescence in C. elegans presents sleep caused
by RIS.

In C. elegans, sleep amount strongly depends on food quality
and availability, with starvation, developmental arrest, and
diapause presenting the strongest sleep triggers. We hence
focused our analysis on the role of sleep during starvation condi-
tions. Starvation and aging are intimately linked: seminal work
from C. elegans has led to the identification of genes controlling
aging, including FoxO and AMP kinase, and these healthy aging
genes are also required for surviving starvation [20, 21]. Genetic
analysis in mice and humans showed that these genes are
conserved regulators of aging [21]. Here, building on previous
work on aging and sleep in C. elegans [11, 36, 51, 52], we linked
the network of known longevity genes to sleep induction. This
longevity network consists of IIS and sirtuin signaling, which con-
trol FoxO and AMPK, which activate the RIS neuron and thus
induce sleep. FoxO and AMPK can act in tissues outside of
RIS (even though AMPK can also act within RIS), suggesting
that multiple tissues can signal starvation to induce sleep.

All organisms are threatened with the possibility of experi-
enced famine in their life. Thus, strategies to survive the deple-
tion of food are highly adaptive and underlying mechanisms
are deeply conserved. Across species, animals show a stereo-
typed biphasic behavioral response to starvation. First, arousal
is increased and sleep is reduced [12-16]. This phase is then fol-
lowed by a phase of reduced physical activity [8-11]. Extreme
conditions of food deprivation can lead to a quiescence state
known as torpor, which is thought to preserve energy by shutting
down physical and metabolic activity. Torpor differs from sleep
in that the behavioral quiescence is not readily reversible. By
contrast, sleep has been proposed to not only conserve energy
but also to allocate resources [17, 71].

Does sleep serve different or similar functions during different
conditions? What are the identities of these functions? And how
are they carried out? Sleep has been proposed to serve diverse
roles, ranging from energy conservation and allocation [6, 71]
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and restoration and regulation of key cellular and metabolic pro-
cesses [72, 73] to higher brain functions [74, 75]. Viability assays
revealed an important and specific role of sleep in surviving star-
vation-induced developmental arrest. Although sleep is vital for
surviving starvation in larvae, we did not find any evidence
that it is essential for lifespan extension in adults. Consistent
with this finding, juvenile stages typically sleep more and are
more susceptible to sleep deprivation also in other species
[23, 76, 77]. A major biological difference between starvation in
adult and larval worms is that adult worms have already
completed development, with all somatic cells being post-
mitotic, whereas the larva has to arrest their development, which
includes the inhibition of cell division [78]. Thus, the survival ex-
periments suggest that the vulnerability of larvae to sleep loss re-
lates to the arrested development. Because adult worms also
spent substantial time asleep, this suggests that sleep may
also serve additional functions, which may not be essential for
survival under ideal laboratory conditions [50, 51]. How does
sleep prevent death during starvation-induced arrest? The pro-
gression of aging phenotypes, but not residual energy reserves,
has been shown to predict the ability of larvae to survive and
recover from starvation-induced arrest, suggesting that arrested
worms do not die because they run out of energy but because of
cellular demise that is mechanistically similar to aging [65].
Consistent with this finding, we observed that sleep slows
down the aging phenotype progression during starvation-
induced arrest. Thus, sleep appears to be required for starvation
survival, not only because it saves energy from being burned for
motility but rather because it counteracts aging progression.
Speculatively, sleep might allocate resources away from behav-
ioral activity toward cell-protecting pathways that are similar to
anti-aging processes.

Sleep is ancient and most likely evolved to serve basic, essen-
tial needs, such as recuperation from stress and iliness [41, 79].
Here, we show that sleep during starvation-induced develop-
mental arrest presents an anti-aging program required for sur-
vival. This function could have been an important ancient reason
for a sleep response, which was co-opted later during evolution
to also serve higher brain functions. Most likely, the molecular
link between starvation, development, aging, and sleep also
plays a role in human sleep. Figuring out how sleep protects
against cellular demise will be instructive to understand its revi-
talizing functions.

Figure 6. Sleep Counteracts the Progression of Aging Phenotypes during L1 Arrest

(A and B) Body-wall muscle myosin deteriorates faster in aptf-1(—). (A) Shown is the head region of transgenic worms expressing GFP-tagged myosin (repre-
sentative examples). After two days of starvation, muscle structure appears intact in both wild-type and aptf-1(gk794). After fifteen days of starvation, muscle
myosin deterioration has progressed much more in aptf-1(gk794) compared to wild-type. Arrowheads point to gaps in muscle structure. (B) Quantification of
muscle deterioration. 4 days: n>10, N2: 1.1 + 0.3; aptf-1(gk794): 2 + 0.3, *p < 0.05; 12 days: n > 10, N2: 2.2 + 0.5; aptf-1(gk794): 15.6 + 1.9, ***p < 0.001; 15 days:
n> 10, N2: 7 + 1.7; aptf-1(gk794): 39.1 + 2.7, ***p < 0.001, two-sample t test.

(C and D) Mitochondrial fragmentation is increased in aptf-1(—). (C) Mitochondrial morphology appears normal in one day starved larvae, but the initially
tubular mitochondria fragmented much faster in aptf-1(—) compared with the wild-type. Mitochondria in body wall muscles were labeled using GFP and were
classified as tubular (M [tub.]), intermediately fragmented (M [int.]), or completely fragmented (M. [frag.]). Shown are the mid-body regions of worms, and
arrows point to example mitochondrial structures or nucleus (N). (D) For the quantification of mitochondrial deterioration, the percentage of muscle cells
displaying each level of fragmentation was determined (12 days—M (frag.): n > 20, N2: 8.5% =+ 3.3%; aptf-1(gk794): 47.9% + 5.9%, ***p < 0.001; 14 days—M
(frag.): n > 20, N2: 15% + 3.4%; aptf-1(gk794): 56.1% + 6.1%, ***p < 0.001, two-sample t test).

(E and F) Protein aggregation is increased in aptf-1(-). (E) Poly-Q35 was expressed in muscle, and the number of aggregates formed was scored. In one day
starved L1, there were almost no detectable aggregates in both wild-type and aptf-1(gk794). Shown are the mid-body regions of worms with arrowheads pointing
at aggregates. (F) The number of aggregates increased much faster in aptf-1(gk794) compared with wild-type (12 days: n > 20, N2: 1 + 0.2; aptf-1(gk794): 3.4 +
0.4, **p < 0.001; 14 days: n > 20, N2: 2.5 + 0.4; aptf-1(gk794): 4.7 + 0.7, **p < 0.01, two-sample t test).
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REAGENT or RESOURCE SOURCE IDENTIFIER

PD4251: ccls4251 [(pSAK2) pmyo-3::GFP::LacZ:: Andrew Fire lab, Caenorhabditis PD4251

NLS+(pSAK4)pmyo-3::mitochondrialGFP +dpy-20(+)] I. Genetics Center [83]
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daf-16 + rol-6(su1006)]. Genetics Center [85]

CF2005: daf-16(mu86) I; daf-2(e1370) Ill; muls120 [pges-1::GFP:: Cynthia Kenyon lab, Caenorhabditis CF2005

daf-16 + rol-6(su1006)]. Genetics Center [85]
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daf-16 + odr-1p::RFP]. Genetics Center [85]

HBR2158: daf-16(mgDf50) I; aak-2(0k524) X; tdEx618[ppgp-1:: This paper and Masamitsu HBR2158

RFP+rol-6(su1006)]; goels304[pflp-11::SL1-GCaMP3.35-SL2:: Fukuyama lab [56]

mKate2-unc-54-3'UTR, unc-119(+)].
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pmyo-3::GFP::aak-2::unc-54 3' UTR]+ppgp-1::RFP +rol-6(su1006)]. Fukuyama lab [56]
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1::GFP::aak-2::unc-54 3'UTR]+ppgp-1::RFP+rol-6(su1006)]. Fukuyama lab [56]

HBR2161: daf-16(mgDf50) I; aak-2(0k524) X; tdEx632[pMF308prgef-  This paper and Masamitsu HBR2161
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pdpy-7::GFP::aak-2::unc-54 3' UTR+ppgp-1::RFP+rol-6(su1006)]. Fukuyama lab [56]

HBR2163: daf-16(mgDf50) I; aak-2(0k524) X; tdEx679[pKS19, paak- This paper and Masamitsu HBR2163

2::aak-2::GFP::unc-86 3'UTR+ppgp-1::RFP+rol-6(su1006)]. Fukuyama lab [56]

HBR2173: daf-16(mgDf50), aak-2 (0k524) X; goeEx720 [pflp-11::aak-  This paper and Caenorhabditis HBR2173

2a::SL2-mKate::flp-11 3'UTR, unc-119(+) + myo-2::mCherry]; Genetics Center

[ppgp-1::RFP+rol-6(su1006)]; goels304[pfip-11::SL1-GCaMP3.35-

SL2::mKate2-unc-54-3'UTR, unc-119(+)].

HBR2151: daf-16(mgDf50), aak-2 (0k524) X; rrEx127[paak-2::aak- This paper and Richard Roy lab [63] HBR2151

2+rol-6(su1006)].

HBR2152: daf-16(mgDf50), aak-2 (0k524) X; rrEx191[psulp-5::AAK- This paper and Richard Roy lab [63] HBR2152

2+rol-6(su1006)] [63].

HBR2153: daf-16(mgDf50), aak-2 (ok524) X; rrEx123[pelt-2::aak- This paper and Richard Roy lab [63] HBR2153

2+rol-6(su1006)] [63].

HBR2154: daf-16(mgDf50), aak-2 (0k524) X; rrEx120[psur-5::aak- This paper and Richard Roy lab [63] HBR2154

2+rol-6(su1006)] [63].
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REAGENT or RESOURCE SOURCE IDENTIFIER

HBR2155: daf-16(mgDf50), aak-2 (0k524) X; rrEx122[punc-54::aak- This paper and Richard Roy lab [63] HBR2155
2+rol-6(su1006)] [63].

HBR2156: daf-16(mgDf50), aak-2 (ok524) X; rrEx114[punc-119::aak- This paper and Richard Roy lab [63] HBR2156
2+rol-6(su1006)] [63].

HBR2157: daf-16(mgDf50), aak-2 (0k524) X; rrEx193[pdpy-7p::aak- This paper and Richard Roy lab [63] HBR2157
2+psur-5::GFP] [63].

Oligonucleotides

For a list of primers see Table S7 N/A N/A

Recombinant DNA

Plasmid K171: pmec-4::ReaChr::mKate2-unc-54-3'utr, unc-119(+) This paper K171

Plasmid K172: psra-6::ReaChr::mKate2-unc-54-3'utr, unc-119(+) This paper K172

Plasmid K214: pflp-11::ArchT::SL2-mKate2-unc-54-3'utr,unc-119(+) This paper K214

Plasmid K216: pfip-11::SL1-GCaMP3.35-SL2::mKate2- This paper K216

unc-54-3'utr, unc-119(+)

Plasmid K281: pfip-11::egl-1::SL2-mKate2-flp-11-3'utr, unc-119(+) This paper K281

Plasmid K358: pfip-11::aak-2a::SL2-mKate2-flp-11 3'utr, unc-119(+) This paper K358

Software and Algorithms

MATLAB R2017a Mathworks 9.2.0.538062
OriginPro 2017 Originlab SR1 b9.4.1.354 (64-bit)
Excel 2016 Microsoft MSO 16.0.4738.1000 (32-bit)
Wormtracker Urmersbach et al. [86] Wormtracker
ImageJ-win64 Fiji - ImageJ 1.52b, Java 1.6.0_24 (64-bit)
Andor iQ2 Andor iQ 2.9.1

R http://cran.r-project.org R 3.3.2, GUI 1.68
NIS-Elements Nikon AR 5.02.00 (64-bit)

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Henrik

Bringmann (Henrik.Bringmann@mpibpc.mpg.de).
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Worm maintenance and strains

C. elegans was grown on Nematode Growth Medium (NGM) agarose plates seeded with E. coli OP50 and were kept at 20°C [87]. For
crossings, the strains were genotyped using Duplex PCR genotyping of single worms [88]. Primer sequences used for Duplex PCR

can be found in Table S7. Following C. elegans strains were used:

N2: wild-type
HBR227: aptf-1(gk794) Il.

HBR1361: goels304[oflp-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3' UTR, unc-119(+)].

HBR1374: goels307[pfip-11::ArchT::SL2mKate2-unc-54-3' UTR,unc-119(+)]; goels304[pflp-11::SL1-GCaMP3.35-SL2::mKate2-

unc-54-3'UTR, unc-119(+)].

HBR1709: daf-16(mgDf50) I; goels304[pfip-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'UTR, unc-119(+)].

HBR17583: wtfis5[prab-3::NLS::GCaMP6s; prab-3::NLS::tagRFP] (created from AML32 (a gift from Andrew Leifer) by backcross-

ing 2x into N2) [81].

HBR1777: goels384 [pflp-11::egl-1::SL2-mkate2-flp-11-3'UTR, unc-119(+)].

HBR1807: goels232|psra-6::ReaChr::mKate2-unc-54-3' UTR, unc-119(+)]; goels304[pfip-11::SL1-GCaMP3.35-SL2::mKate2-

unc-54-3'UTR, unc-119(+)].

HBR1808: goels251[pmec-4::ReaChr::mKate2-unc-54-3'UTR,unc-119(+)]; goels304[pflp-11::SL1-GCaMP3.35-SL2::mKate2-

unc-54-3'UTR, unc-119(+)].
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HBR1830: daf-2(e1370) lll; goels304[pflp-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'UTR, unc-119(+)].

HBR2005: aak-1(tm1944) IlI; aak-2(0k524) X; goels304[pflp-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'UTR, unc-119(+)].
HBR2006: daf-16(mgDf50) I; aak-1(tm1944) lll; aak-2(0k524) X; goels304[pfip-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'UTR,
unc-119(+)].

HBR2007: daf-16(mgDf50) I; aak-1(tm1944) Ill; goels304[pfip-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'UTR, unc-119(+)].
HBR2009: daf-16(mgDf50) I; aak-2(ok524) X; goels304[pfip-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'UTR, unc-119(+)].
HBR2020: daf-16(mgDf50) I; aptf-1(gk794) II; aak-1(tm1944) Ill; aak-2(0k524) X.

HBR2030: aptf-1(gk794) II; aak-1(tm1944) Ill; aak-2(0k524) X.

AGD397: aak-1(tm1944) lll; aak-2(0k524) X; uthEx202 [crtc-1p::crtc-1 cDNA::tdTomato::unc-54 3'UTR + rol-6(su1006)] (only non-
rol-6 animals were used) [82].

CF1295: daf-16(mu86) I; daf-2(e1370) lll; muEx108[pKL99-2(daf-16::GFP/daf16bKO) + pRF4(rol-6)] (only non-rol-6 animals were
used) [59].

AM140: rmis132 [punc-54::Q35::YFP] | [67].

PD4251: ccls4251 [(pSAK2)pmyo-3::GFP::LacZ::NLS+({pSAK4)pmyo-3::mitochondrial GFP +dpy-20(+)] I [83].

RW1596: myo-3(st386) V; stEx30[pmyo-3::GFP + rol-6(su1006)] [69].

HBR1617: rmls132[punc-54::Q35::YFP] I; aptf-1(gk794) II.

HBR1618: ccls4251[(pSAK2) pmyo-3::GFP::LacZ::NLS + (pSAK4) pmyo-3::mitochondrial GFP + dpy-20(+)] I; aptf-1(gk794) II;
dpy-20(e1282) IV.

HBR1516: aptf-1(gk794) IIl; myo-3(st386) V; stEx30[pmyo-3::GFP + rol-6(su1006)].

HBR2098: daf-18(0k480) IV. created from RB712 by backcrossing 2x into N2

HBR2100: sir-2.1(0k434) IV. created from VC199 by backcrossing 2x into N2

HE1006: rol-6(su1006) Il [84].

CF1724: daf-16(mu86) I; daf-2(e1370) lll; muls105 [pdaf-16::GFP::daf-16 + rol-6(su1006)] [59].

CF2093: daf-16(mu86) I; daf-2(e1370) Illl; muls131 [punc-119::GFP::daf-16 + rol-6(su1006)] [85].

CF2102: daf-16(mu86) I; daf-2(e1370) lll; muls126 [pmyo-3::GFP::daf-16 + rol-6(su1006)] [85].

CF2005: daf-16(mu86) I; daf-2(e1370) Ill; muls120 [oges-1::GFP::daf-16 + rol-6(su1006)] [85].

CF2570: daf-16(mu86) I; daf-2(e1370)lll; muls142[pges-1::GFP::daf-16 + odr-1p::RFP] [85].

HBR2158: daf-16(mgDf50) I; aak-2(ok524) X; tdEx618[ppgp-1::RFP+rol-6(su1006)]; goels304[pfip-11::SL1-GCaMP3.35-
SL2::mKate2-unc-54-3'UTR, unc-119(+)] [56].

HBR2159: daf-16(mgDf50) I; aak-2(ok524) X; tdEx589[ pMF342, pmyo-3::GFP::aak-2::unc-54 3'UTR]+ppgp-1::RFP+rol-
6(su1006)] [56].

HBR2160: daf-16(mgDf50) |I; aak-2(0k524) X; tdEx700[pMF380ppgp-1::GFP::aak-2::unc-54 3'UTR]+ppgp-1::RFP+rol-
6(su1006)] [56].

HBR2161: daf-16(mgDf50) I; aak-2(ok524) X; tdEx632[pMF308prgef-1::GFP::aak-2::unc-54 3'UTR+ppgp-1::RFP+rol-
6(su1006)] [56].

HBR2162: daf-16(mgDf50) I; aak-2(ok524) X; tdEx541[pMF312, pdpy-7::GFP::aak-2::unc-54 3'UTR+ppgp-1::RFP+rol-
6(su1006)] [56].

HBR2163: daf-16(mgDf50) I; aak-2(0k524) X; tdEx679[pKS19, paak-2::aak-2::GFP::unc-86 3'UTR+ppgp-1::RFP+rol-
6(su1006)] [56].

HBR2173: daf-16(mgDf50), aak-2 (0k524) X; goeEx720 [pflp-11::aak-2a::SL2-mKate::flp-11 3'UTR, unc-119(+) + myo-
2::mCherry]; [opgp-1::RFP+rol-6(su1006)]; goels304[pfip-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'UTR, unc-119(+)].
HBR2151: daf-16(mgDf50), aak-2 (0k524) X; rrEx127[paak-2::aak-2+rol-6(su1006)] [63].

HBR2152: daf-16(mgDf50), aak-2 (0k524) X; rrEx191[psulp-5::AAK-2+rol-6(su1006)] [63].

HBR2153: daf-16(mgDf50), aak-2 (0k524) X; rrEx123[pelt-2::aak-2+rol-6(su1006)] [63].

HBR2154: daf-16(mgDf50), aak-2 (0k524) X; rrEx120[psur-5::aak-2+rol-6(su1006)] [63].

HBR2155: daf-16(mgDf50), aak-2 (0k524) X; rrEx122[punc-54::aak-2+rol-6(su1006)] [63].

HBR2156: daf-16(mgDf50), aak-2 (0k524) X; rrEx114[punc-119::aak-2+rol-6(su1006)] [63].

HBR2157: daf-16(mgDf50), aak-2 (0k524) X; rrEx193[pdpy-7p::aak-2+psur-5::GFP] [63].

METHOD DETAILS

Molecular biology and transgenic strain generation

We cloned all constructs into the pCG150 Vector that contains unc-119(+) [89] by using the Three Fragment Gateway System (Invi-
trogen, Carlsbad, CA). For verification, the cloned constructs were sequenced. The GCaMP3.35, the ReaChr, the ArchT and the eg/-1
genes were expression-optimized for C. elegans [90]. The pfip-11::egl-1 transgene specifically expresses the apoptosis inducing
protein EGL-1 in RIS. Thus, strains carrying this transgene have a genetic ablation of RIS. For AMPK rescue a cDNA corresponding
to aak-2a was used and was obtained by synthesizing the gene based on the available gene sequence (Wormbase release WS266).
We generated the transgenic strains by microparticle bombardment into unc-119(ed3) mutant worms and used phenotypic rescue of
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the unc phenotype as a selection marker [91, 92]. The insertions that were obtained were backcrossed two times against N2 to re-
move the unc-119(ed3) background. The following plasmids were created for this study:

K171: pmec-4::ReaChr::mKate2-unc-54-3'utr, unc-119(+)

K172: psra-6::ReaChr::mKate2-unc-54-3'utr, unc-119(+)

K214: pfip-11::ArchT::SL2-mKate2-unc-54-3'utr,unc-119(+)

K216: pfip-11::SL1-GCaMP3.35-SL2::mKate2-unc-54-3'utr, unc-119(+)
K281: pflp-11::egl-1::SL2-mKate2-flp-11-3'utr, unc-119(+)

K358: pfip-11::aak-2a::SL2-mKate2-flp-11 3'utr, unc-119(+)

Dauer pheromone extraction and dauer larvae generation

The crude dauer pheromone was extracted as described previously [93]. Briefly, worms were cultured in 1L of S-medium with resus-
pended OP50 at 25°C. When the culture clarified as a consequence of bacteria depletion, additional OP50 was added. When cleared
the second time, the supernatant was filtered and boiled to a solid crust. This crust was extracted three times with ethanol. After
evaporation of the ethanol, the dauer pheromone was resuspended in 1 mL of sterile water and stored at —20°C. A 10 pL drop of
water containing dauer pheromone was placed on the solidified agarose, which contained the microchambers. The drop was placed
after sealing the chambers with a coverslip. The drop was pipetted onto the surface that did not contain any microchambers and
subsequently diffused into the agar. To obtain dauer larvae, NGM plates were left to starve at 25°C and daily controlled for occur-
rence of dauer larvae. 3 days after the first dauers occurred, the starved NGM plate was chunked to a fresh unseeded NGM plate
and the dauers were allowed to crawl off that chunk. From there, individual dauer larvae were isolated and used for behavioral
experiments

Long-term imaging

For long-term imaging, agarose microchamber imaging was used [34, 35]. Briefly, box-shaped indentations in agarose hydrogel were
cast using a PDMS mold. The chambers were then filled with worms and for fed conditions with bacteria, and sealed with a glass
coverslip. 3% agarose dissolved in S-Basal [94] was used as a hydrogel in all experiments to starve worms and bacteria except
for the experiments were we investigated behavior in the presence of growth medium. To obtain growth medium conditions we mixed
Nematode Growth Medium [94] and S-Basal 1:1, added 3% agarose, and casted microchambers from this mix. To obtain dead bac-
teria, the OP50 lawn was pasteurized on seeded NGM plates for 3 hr in an oven set to 70°C. For pheromone experiments, 10 L of
dauer pheromone extract was added on top of the agarose microchamber, which then diffused into the agarose. Behavioral and
functional calcium imaging [29, 86] was performed simultaneously. In short, we used an Andor iXon (512x512 pixels) EMCCD camera
and LED illumination (CoolLed) using standard GFP filter sets. The exposure time was set to 5ms. The EMCCD “TTL fire out” signal
was used to trigger the LED illumination in order to illuminate only during exposure. The 490nm light intensity was 2.00mW/mm? using
a 20x objective and 0.60mW/mm? using a 10x objective. EM gain was set to 100. Using these parameters, we obtained image se-
quences with clearly identifiable worm outlines and measurable neuronal calcium transients.

Typically, 8-12 individual fields in close vicinity were filmed. Adult worms were cultured in 700pm x 700pm x 45um (X length x
Y length x Z depth) microchambers. Dauer larvae were kept in 370um x 370pum x 25pm microchambers and L1 larvae in 190um x
190pm x 15um unless otherwise mentioned. For adults and dauer larvae, one imaged field included an individual worm in a single
microchamber. For L1s, one filmed field can include up to four worms in adjacent microchambers. Adults were imaged using the
10x objective. L1s and dauer were imaged with the 20x objective. An automatic stage (Prior Proscan 2 or 3) moved repeatedly to
the microchambers using low acceleration speeds. The frame rate we obtained was 0.1frame/s unless otherwise noted. Worms
were filmed either continuously or in series of movies for optogenetic experiments.

Inthe L1 experiments, pretzel stage eggs were picked with an eyelash or eyebrow hair to an empty NGM plate to remove remaining
bacteria. From this empty NGM plate, the eggs were transferred to the microchamber again using a clean hair. Image acquisition was
started 24 hr after hatching. Dauers were obtained from plates that were left to starve at 25°C. To isolate individual dauers, we cut out
agarose chunks of the starved plates and transferred them to an empty NGM plate and allowed the worms to crawl off the agarose
chunk. Individual dauers were pipetted with 1-5uL of water to the microchamber. With a pick, the dauers were distributed over the
microchambers so that each dauer was placed into its own chamber. We assayed dauers that were 3 days old. Adults for starvation,
daf-2(e1370) mutants and its controls were treated with 5-fluoro-2-deoxyuridine (FUdR, Sigma-Aldrich) before the experiments. For
this, L4s were transferred to seeded NGM plates containing 50pM FUdR and 50mg/L kanamycin (Sigma-Aldrich) [64]. 24 hr after the
FUdR treatment, we transferred the adults to the microchamber. The worms were either transferred with a worm pick into a micro-
chamber filled with OP50 for feeding experiments or they were pipetted in a 1-5uL drop of water to a microchamber for starvation
experiments. For starvation experiments, worms were kept without food for 24 hr in the empty microchambers before image acqui-
sition. For daf-2(e 1370) mutant experiments, imaging was started 35 hr after shifting the temperature from 15°C to 23°C. Imaging was
started 6 hr after the pheromone application. Imaging was started 3 hr after the microchamber was prepared. To allow identification
of the non-pumping period, additional DIC images were collected.
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Optogenetics and light stimulation

All optogenetic experiments using ReaChr and ArchT were performed inside microchambers [29]. Two days before the experiments,
the strains were grown on NGM plates supplemented with 0.2mM all-trans retinal (ATR, Sigma-Aldrich). The agarose that was used
for microchamber fabrication was also supplemented with ATR of the same concentration. A dual GFP/mCherry excitation/dichroic
plus GFP emission filter set (Chroma) was used to allow simultaneous GCaMP imaging and optogenetic manipulation. To activate
ReaChr and ArchT, the LED light intensity at 585nm was set to 0.47mW/mm? using a 20x-objective and 0.14mW/mm? using a
10x-objective. The light intensities were measured using a light voltmeter (PM100A, Thorlabs).

To test for responsiveness to stimulation, we applied blue light irradiation at 490nm with an intensity of 3mW/mm? to arrested L1
larvae inside the microfluidic compartments. To evoke a behavioral response we used blue light, which triggers an endogenous light-
avoidance response. For these experiments, L1 worms were starved for 24 hr inside microchambers (110pum x 110um x 10pum) and
imaged with 2frames/s. After 1min of baseline imaging, the animals were illuminated for 3min and followed by an additional 1min im-
aging without illumination. Each animal was assayed up to 16 times with at least 1 hr between two blue light irradiations to allow the
worm to recover from the stimulus. To extract sleep-wake-differences of responsiveness, the worm’s behavioral state was classified
post hoc into either “wake” or “sleep.” The worm was classified as “wake,” when it was never in a sleep bout during the imaging
sequence 3.5 min before the stimulation (see below) throughout the baseline measurement and was classified as “sleep” when it
was continuously in a sleep bout during the 3.5 min before stimulation. Only data from time points that continuously met the criteria
for being asleep or awake during the 3.5 min before stimulation were taken for the sleep and wake analysis, the other data were
excluded. These excluded data were those time points during which the worm showed episodes of both sleep and wake during
the 3.5 min of stimulation. The specific numbers of experiments and data exclusions are specified as follows: For Figure 3A, a total
of 600 measurements were made. 446 (74.3%) were counted as “wake,” 98 (16.3%) were counted as “sleep” and 56 (9.3%) could
not be assigned to “wake” or “sleep” and were excluded. For Figure 3C with ATR, a total of 125 measurements were made.
70 (56.0%) were counted as “wake,” 19 (15.2%) were counted as “sleep” and 36 (28.8%) could not be assigned to “wake” or “sleep”
and were excluded. For Figure 3C without ATR, a total of 273 measurements were made. 110 (40.3%) were scored as “wake,”
40 (14.7%) were scored as “sleep” and 123 (40.1%) could not be assigned to “wake” or “sleep” and were excluded. For Figure 3D
with ATR, a total of 167 measurements were made. 101 (60.5%) were counted as “wake,” 42 (25.1%) were counted as “sleep” and
24 (14.4%) could not be assigned to “wake” or “sleep” and were excluded. For Figure 3D without ATR, a total of 297 measurements
were made. 69 (23.2%) were counted as “wake,” 85 (28.6%) were counted as “sleep” and 143 (48.1%) could not be assigned to
“wake” or “sleep” and were excluded. Overall for Figures 3C and 3D, a total of 862 measurements were made. 350 (40.6%) were
counted as “wake,” 186 (21.6%) were counted as “sleep” and 326 (37.8%) could not be assigned to “wake” or “sleep” and
were excluded. For Figure 3E with stimulus, a total of 180 measurements were made. 80 (44.4%) were counted as “wake,”
38 (21.1%) were counted as “sleep” and 62 (34.4%) could not be assigned to “wake” or “sleep” and were excluded. For Figure 3E
without stimulus, a total of 131 measurements were made. 32 (24.4%) were counted as “wake,” 71 (54.2%) were counted as “sleep”
and 28 (21.4%) could not be assigned to “wake” or “sleep” and were excluded.

To measure responsiveness to stimulation, the slope of the linear fit of the movement speed over the first minute of stimulation was
used to measure the velocity increase. These velocity increase measurements were averaged for every worm and were subsequently
averaged over all worms measured. Data was statistically compared using the Wilcoxon signed rank test for paired samples so as to
compare sleep and wake responses.

To test for homeostasis, RIS was optogenetically inhibited in arrested L1 larvae. flp-11::ArchT expressing larvae were starved
for 24 hr in the microchambers and imaged for 3 hr. During the first hour, baseline data was recorded without illumination. For
another hour the data was recorded under green light illumination. The third hour was recorded without green light. For statistical
comparison (two-sample t test) between the condition with supplemented ATR and without ATR, we used averaged data ranging
from 2.5 - 7.5 min after the end of green light stimulation.

To test for reversibility, arrested L1 larvae that express either sra-6::ReaChr or mec-4::ReaChr were used 24 hr after hatching in the
absence of food. Each animal was imaged for 30 min and illuminated after 15 min for 1500 ms with green light. This was repeated up
to 6 times with a delay of at least 1 hr to allow the worm to recover from the stimulus. The reversibility recordings were classified post
hoc in “awake” or “asleep.” During each data point, the worm was classified as awake, when it spent less than 25% in a sleep bout
during the 15min of baseline measurement and was classified as asleep when it spent at least 95% of the time in a sleep bout during
the 3.5 min time interval before the optogenetic activation started. Data that could not get clearly classified with the above criteria
were excluded from the analysis. Awake and asleep data was averaged for every worm to give one value for wake and one for sleep.
Data was then averaged across all worms. For statistical comparisons (two-sample t test), we averaged data from the 5min after the
end of optogenetic stimulation.

Image Analysis

We extracted two parameters from the acquired images: 1) worm locomotion velocity: Two methods were used: A) The worm’s head
position was determined either manually or automatically with a home-made MATLAB routine that detects the position of RIS in the
head of the animal, or the centroid of the entire body, similar to the one previously described [86] and calculated with a conversion
factor to obtain the velocity in um/s. This method was applied for Figures 2, 3B, 4C-4F, 5G, S3E, and S6C. B) Sleep bouts were ex-
tracted using frame subtraction using a MATLAB routine similarly as previously described [95]. This method was applied for Figure S4.
2) RIS depolarization as measured by GCaMP3 intensity: Using the coordinates for RIS position as determined by the MATLAB
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routine, RIS GCaMP3 intensity was extracted from the images. The RIS GCaMP3 intensity was calculated as the mean of the 30 high-
est pixel intensities in an 11pixel x 11pixel square around the RIS cell body. Pan-neuronal nuclear GCaMP6s intensity was calculated
as the mean of the 500 highest pixel intensities in a 69pixel x 69pixel region of interest around the center of the head neurons. The
intensities were subsequently normalized to obtain AF/F.

We analyzed sleep bouts in movies with 3 hr recording time. To score for sleep, the velocity data was smoothed using a 15! degree
polynomial local regression model over 25 time points using the in-build smooth function in MATLAB. To be scored as a sleep bout, it
had to last at least 3min with a smoothed velocity below 0.5um/s for adults and dauers and below 3um/s for arrested L1 larvae. In L1
larvae in the presence of food, a sleep bout was defined as a smoothed locomotion velocity below 1.2 um/s for at least 2 min. To be
scored as sleep using frame subtraction, intensity counts had to be below 20% of the average intensity. These cutoff parameters
were determined empirically [95]. For sleep amount comparisons the time spent in a sleep bout was divided by the total time. For
developing L1 larvae in the presence of food, lethargus was defined by the non-pumping period. As a representative L1 wake phase
we took 3 hr before lethargus onset.

For averaging RIS activity and velocity, data was aligned to the sleep bout onset. RIS activity and velocity starting 15min before
bout onset until 30min after sleep bout onset were selected for display. To obtain a flat baseline, selections that have sleeping bouts
within the 15min before the bout onset were excluded from the alignment. The averaged RIS activities 5min before and 5min after the
bout onset were compared using the Wilcoxon signed rank test for paired samples. The displayed RIS AF/F data of individual animals
was smoothed with a 5-point-running-average.

Lifespan and survival assays

To isolate L1 larvae for lifespan and survival assays, eggs were synchronized using bleaching of a mixed population of worms and
collected in standard M9 buffer [96]. The worms were allowed to hatch and to arrest overnight. The animals were then kept in the dark,
at20°C on a slowly spinning rotator in 2 mL Eppendorf tubes. At defined time intervals, we took samples and transferred the worms to
fresh seeded NGM plates. We scored after 5-20 min the percentage of living worms to measure survival. A worm was scored as alive,
when it was able to move on the plate. To analyze recovery, we kept the worms on the plates for 2-4 days at 20°C and then scored the
percentage of worms that had re-entered development and had grown to at least larval stage L3 after feeding. At least 50 worms were
scored at each time point. For comparisons, the time points “50% alive” and “50% recovering” were defined. These values represent
the days when the survival/recovering curves reach 50% surviving or recovering worms [65].

For survival measurements of arrested L1s in the presence of food, FUdR was used to cause the arrest. FUdR was added to a final
concentration of 50uM to the synchronized worm culture in M9 at 20°C at day 4. At day 5, at least 100 worms were pipetted to NGM
plates seeded with E. coli and containing 50uM of FUdR, with a worm density of roughly 20 worms per plate. We kept the plates at
20°C in dark and scored every two or three days for viability. Worms were identified as dead if they didn’t shown locomotion after
several gentle mechanical stimulations by pick. Dead worms were removed from the plates. Living worms were gently transferred
to fresh FUJR NGM plates if any fungi contamination appeared on the plates. Worms that had dried out after crawling off the
agar surface were excluded from the analysis.

For adult lifespan assays on food, a standard lifespan protocol was used [64]. In brief, a synchronized worm culture was grown until
young adulthood. At least 50 worms were transferred to freshly seeded NGM plates with a worm density of roughly 10 worms per
plate. Worms were kept at 20°C in dark and scored every two or three days for viability. They were classified as alive if they showed
locomotion or, if quiescent, responded to gentle mechanical stimulation exerted by a platinum wire pick. Living worms were trans-
ferred to fresh NGM plates every two days in the first two weeks to separate them from their offspring until they had stopped laying
eggs. Worms that had dried out after crawling off the agar surface or that died after leaking out through the vulva were excluded from
the analysis. The lifespan assays of starving adults were performed similar to the lifespan assay on food. The differences were that
young adults were kept to feed on plates supplemented with 50nM FUdR for two days before they were transferred to food-free
plates containing again 50nM FUdR.

To correlate sleep amount with survival, we kept arrested larvae inside agarose microchambers without food at 20°C in dark. The
microchambers with L1 larvae were prepared as described above. When the agar appeared dry after a few days, we re-moisturized
the microchamber with 20uL of S-Basal containing 100u/mL Nystatin (Sigma Aldrich). Nystatin was added to prevent fungal growth.
Worms were imaged after two days of arrest using DIC time-lapse microscopy with a frame rate of 0.1frame/s to quantify sleep. Using
ahome-made MATLAB script, the worm’s centroid was determined and its velocity measured. The resulting plot was smoothed over
40 time points. To be scored sleeping, the worm’s smoothened velocity had to be below 40% of the average velocity for at least 2min.
The time spent sleeping was divided by the total imaging time, averagely for each worm from more than 35 hr of time lapse footage
recorded between day 2 and day 4 after starvation. Alinear fit was calculated from worms within the range: mean (itespan) * SD (itespan)-
The others were excluded as outliers.

Quantification of bacteria consumption

To quantify bacterial consumption in FUdR-arrested larvae, FUdR was added to a final concentration of 50uM to the 3day synchro-
nized worm culture for 24 hr. Worms were transferred in agarose microchambers filled with OP50 that had been transformed with
a GFP plasmid (pFPV25.1) [34, 35, 80]. Food consumption was measured by quantifying GFP fluorescence over time. As a control
we used bacteria-filled chambers that did not contain worms. With standard GFP filter sets, 20x objective, 490 nm light (with
2.00 mW/mm? intensity), 5ms exposure time and 50 EM gain we quantified GFP signals one and three days after microchamber
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preparation. For statistical comparisons (two-sample t test), we averaged the pixel intensities of the chambers and calculated the
change in fluorescent intensity between day one and three.

To compare bacterial consumption of FUdR-arrested and reproductive growing L1s, worms were cultured in agarose microcham-
bers as described above. Food consumption was measured by quantifying GFP fluorescence with 10x objective over 200 frames
(1 frame/min) at the 4-day old arrested L1. At this time, worms had approximately similar body sizes. To determine the body size
of L1s, we assumed an elongated cylinder shape of the worm. The volume of each worm was then calculated from the body length
and the radius of the worm [97]. For statistical comparison (two-sample t test), we normalized the fluorescence intensity change dur-
ing the first 200 frames of each chamber to the corresponding mean worm volume.

Quantification of aging markers

Mitochondrial fission, poly-Q35 aggregation, and muscle morphology was quantified with fluorescence microscopy similar to what
was previously described [65]. L1 arrested larvae (n = 10-15) were imaged every two to three days with a spinning disc fluorescence
microscope equipped with a 488nm laser (Andor Revolution on Nikon TiE). Imaging was performed after immobilization with 25mM
Levamisole and mounting of the worms between a sandwich of a coverslip and a 1 mm-thick 4% agarose in M9 pad [94]. Images
were acquired and scored using Andor IQ Software. Imaging conditions for the Andor iXon camera were an EM gain of 100 and expo-
sure time of 15-25ms. Laser power was adjusted for each condition. Using 100x objective or 60x objective, z stacks were recorded to
image all focal planes of each worm. To score morphology of muscle fibers and mitochondria, body muscle cells in two of DL, DR, VL,
VR bundles (in the head or body for fibers or mitochondria, respectively) were analyzed by scrolling through all stacks. First, 50 stri-
ated myofilaments in head were scored manually if they were defective (i.e., showed the morphological disruption or disorganization)
[98]. Mitochondria were classified manually into three fission levels: tubular, intermediate fragmentation, or complete fragmentation
as in a previous study [65]. The number of poly-Q35 aggregates was also scored manually for each worm by scrolling through all
z stacks. Similar to how aggregates were scored in previous studies, we defined an aggregate as a discrete structure that is isolated
from the surrounding fluorescence with a discernible boundary and that falls within a typical size between 1to 5 um [65, 67]. All aging
marker experiments were replicated twice. Two independent observers, which were not blinded to the genotype, and who agreed on
the final numbers, scored each experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification is described in the Method Details. Statistical tests used were Student’s t tests (two-sided), Mann-Whitney U test,
Wilcoxon rank tests for paired samples, log-rank tests and Fisher’s exact test using Origin software or MATLAB. For multiple
comparisons in Figures 4 (multiple genotypes) and S4 (multiple tissue-specific rescues) significance was confirmed by using the
Benjamini-Hochberg Procedure with a false discovery rate of 5%. The specific tests used are described in the figure captions
and the Results. The graphs show mean + SEM unless noted otherwise. The boxplots show individual data points, the box represents
the 25%-75% range, the whiskers the 10%-90% range, the thin gray line is the median and the bold black line is the mean. For each
experiment at least two biological replicates were performed. Detailed results for lifespan and survival assays can be found in Tables
S1-S5. A detailed list of the numbers of replicates for each experiment can be found in Table S6.
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Figure S1
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Figure S1. Calcium and behavioral imaging in agarose microchambers. Related to Figure 1
and Figure 2. Shown are fluorescence images of adult worms expressing GCaMP3 in the sleep-
active neuron RIS. The pictures are false-colored to visualize calcium activity. The border of the
agarose microchamber is marked by a white dotted line. The asterisk indicates the worm’s nose,
the arrow the sleep neuron RIS. The left panels show wake worms, the right panels sleeping
worms. Note the relaxed body posture and increased RIS GCaMP intensity during sleep. The top
panels show worms feed on OP50. The bacteria are visible due to their auto-fluorescence. On the
bottom panels, the worms are starved.
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Figure S2
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Figure S2. Distribution of sleep bout lengths and their contribution to total sleep amount.
Related to Figure 1 and Figure 2. Shown are number of bouts per animal per hour as well as
cumulative sleep amount as a function of bout length to show which bout lengths contribute how
much to total sleep amount. Note that most sleep occurs in shorter bouts except for dauer larvae
and daf-2(-), which show also longer sleep bouts that contribute substantially to total sleep amount.
(A-B) Adults with growth medium, (C-D) starved adults, (E-F) L1 lethargus, (G-H) starved L1
arrested, (I-J) dauer without food, (K-L) adults feeding on starved bacteria and dauer pheromone,
(M-N) daf-2(-) adults feeding on starved bacteria.
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Figure S3
A B
sra-6::ReaChr mec-4::ReaChr green light blue light i
X100 100 100
>
£ 7
H 5 75 75
8
2 50 50 50
c
S 2 25 25 J:—""_‘
] _,_\_,—'-‘—\r‘-n’_,
E 0 0 —__r’_,_\. 0
o156 15 15
3%
ST 1 P GV L, 1 M 1 7
Sz 20 20 20 §
0% £
[ -
z 205 ot Al 054 ot s 10 0.5 . 10 2
£ RN Watania DRSPS e S i H
i “ ¢ g
[ [ 0 0 0 0e
10 0 10 10 [ 10 10 [] 10 >
time [min] time [min] time [min]
= E
flp-11::ArchT = fae 1
= = Risscvio A
£ o0 L 100
E £ Velociy, o ATR
£ 75 areen light S
g = 75
G 50 s
2 2
£ 2 g 50
g H
= 0 8 25
®
=15
o 0
=4
Sz 20 T
ot g
zg0s 10 -8
T Y PO B &
0 0 ° <O
K 0.5 0 0.5 1 15 2 > R

time [h]

Figure S3. Control experiments for characterizing larval sleep during starvation-induced
arrest. Related to Figure 3. (A-B) ASH and mechano-sensory neurons activation during wake in
arrested L1 larvae. During wake, there is no detectable action from ASH nociceptive neurons (A)
or mec-4 expression mechano-sensory neurons (B). RIS activity is shown in red (control without
ATR in light red), speed in black (control without ATR in gray), and the fraction of sleeping
animals in blue (control without ATR in light blue). (A-C) ASH and mechano-sensory neurons
activation during wake in arrested L1 larvae. During wake, there is no detectable action from ASH
nociceptive neurons (A), mec-4 expression mechano-sensory neurons (B) or from noxious blue
light irradiation (C). RIS activity is shown in red (control without ATR or without stimulation in
light red), speed in black (control without ATR or without stimulation in gray), the fraction of
sleeping animals in blue (control without ATR or without stimulation in light blue), green light
illumination in green and noxious blue light irradiation in teal. (D-E) flp-11::ArchT activation
efficiently reduces RIS activity and consequently inhibits sleep. (D) Complete documentation of
homeostasis experiment. RIS activity is shown in red (control without ATR in light red), speed in
black (control without ATR in gray), and the fraction of sleeping animals in blue (control without
ATR in light blue). (E) Statistical comparison of the different 1h long periods. During green light
illumination the sleep fraction was reduced by 62.0 + 0.5%, ***p < 0.001, and after illumination
the sleep fraction increased by 52.5 £ 0.1%, ***p < 0.001, compared to the sleep fraction before
the illumination. Comparisons were made using the paired Wilcoxon rank test. n = 32 worms.
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Figure S4
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Figure S4. Rescue experiments for FoxO and AMPK. Related to Figure 4. (A) Rescue
experiments using inserted transgenes of daf-16 shows weak rescue only in muscle and
inconsistent recue in the intestine. daf-16 was expressed from its endogenous promoter, in neurons
(Punc-119), in body wall muscle (Pmyo-3) and in the intestine (Pges-1). Most transgenes carry a
rol-6(sul006) transformation marker, the roller phenotype does not affect sleep, Median sleep
fraction was 0% for wild type N2 and rol-6(sui006), the same data is displayed in panel B. Median
sleep fraction for rescue experiments was 0% for the background genotype daf-2(el370)/daf-
16(mu86), 44% for rescue using the endogenous promoter (***p < 0.001), 0 % for pan-neuronal
rescue, 4% for muscle rescue (*p < 0.05), 1% and 2% for intestinal rescue dependent on the
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transgenic array (p = 0.11 and *p < 0.05, respectively). daf-2(el370)/daf-16(mu86) data was taken
from DIC movies collected for the same animals that were analyzed for Figure 4C and is the same
as used in Figure S4B. (B) Rescue experiments using extrachromosomal transgenes of aak-2
shows weak rescue across tissues, which was expressed from its endogenous promotor, in neurons
(Prgef-1), in body wall muscle (Pmyo-3), in the intestine (Ppgp-1), in the hypodermis (Pdpy-7),
and in RIS (Pflp-11). Transgenes carry a rol-6(sul006) and intestinal red fluorescence (pgp-1::7/p)
transformation marker. For comparison, a wild type background is shown, which only expresses a
transformation marker. It is the same comparison as shown in Figure S4D. Median sleep fraction
was 0% for daf-2(mgDf50)/aak-2(0k524) carrying the transformation markers only, 5% for rescue
by endogenous promoter (***p < 0.001), 4% for pan-neuronal rescue (**p < 0.01), 4% for muscle
rescue (**p <0.01), 0% for intestine, 2% for hypodermis (*p < 0.05), and 2% for RIS (**p < 0.01).
(C) Additional rescue experiments using extrachromosomal transgenes of aak-2 with different
transformation markers and promoters shows weak rescue across tissues, which was expressed
from its endogenous promotor, ubiquitously (Psur-5), in neurons (Punc-119), in the intestine (Pelt-
2), in muscle (Punc-54), in the hypodermis (Pdpy-7), and in the excretory cell (Psulp-5).
Transgenes carry a rol-6(sul006) or other transformation marker. For comparison, a wild type
background is shown, which only expresses a transformation marker. It is the same comparison as
shown in Figure S4C. Median sleep fraction was 0% for daf-2(mgDf50)/aak-2(0k524) carrying the
transformation markers only, 2% for rescue by the endogenous promoter (*p < 0.001), 6% for
ubiquitous expression (***p < 0.001), 3% for pan-neuronal rescue (**p < 0.01), 8% for intestine
(***p < 0.001), 3% for muscle rescue (*p < 0.05), 7% for the excretory cell (***p < 0.001) and
11% for hypodermis (***p < 0.001). The low rescue effects obtained after using the endogenous
aak-2 and sur-5 promoters are consistent with previous measurements using these transgenes.
Perhaps the weak rescue can be explained by weak transmission of the array[S1]. The number of
worms assayed (n) is displayed underneath each box plot. For statistical comparisons, Mann-
Whitney U test was used to calculate the p value and significance was confirmed by Benjamini-
Hochberg Procedure for multiple comparisons.
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Figure S5
) B ! Cc
adult, feeding adult, feeding adult, starved
100 ™ e s 100 4
80 = T Rsns | batens 80
2 S 60 | 260
] s . K]
= @ E
g gaof L g a0 :
S S s | .. +
2 E 20 L 2 0] = ":rf-uwu;, N, [patent i
g r—
e gy L e e o
0 5 10 15 20 25 30 35 0 5 10 30 0 5 10 15 20 25 30 35 40 45 50
time of adulthood [day] time of adulthood [day] time of adulthood [day]
adult, starved arrested L1, starved arrested L1, starved
100 100 2
A Y s et 100
80 RIS, Ns, [paten 80 i 80
IS I sy [ bens
2 60 2 60 2o
E ® ®
£ 40 g 20 g 20
S 1] S
3 3
s 20 20 20
|
04 — o4 O
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35
time of adulthood [day] time of arrested L1 [day] time of arrested L1 [day]
arrested L1, starved arrested L1, starved ! arrested L1, starved
100 T ta(gkrog, = | baen 1

1004 =
—=— daf-16, aak-1, aak-2
daf-16, aak-1, aak-2
80 aptf-1, N.S.

T 80 R g bateh 1
o ——apth-1(gk794), "’“"‘ 3 o I —a— daf-16, aak-1, aak-2
£ £ L daf-16, aak-1, aak-2 | batch2
G 60 s 2 60 aptf1, NS
> > =
° ° ]
o o ]
2 40 2 £ 40
2 2 ]
E E H \
Q2 20 3 20 \ \
3 3 A
A\
0 0+ T T J
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 0 5 10 15
time of arrested L1[day] time of arrested L1 [day] time of arrested L1 [day]

arrested L1, feeding

—n2
——aptt-1(gk794), =+ |batch 1
1S

2
+ aptf-1(gk794), = |batch 2
IS(),*

worms alive [%]

0 5 10 15 20 25 30 35 40
time of adulthood [davl

Figure S5. Sleep is required to survive larval starvation. Related to Figure 5. Supplementary
figure containing additional replicates related to Figure 5. The biological replicates are indicated
as different batches with different lines or symbols. (A) Adult lifespan of feeding wild type (blue)
and aptf-1 mutants (red). No consistent significant difference could be shown. (B) Lifespan of
feeding wild type (blue) and RIS(-) (yellow) adult worms were not significantly different for the
two replicates. (C) No significant difference was detected for the starved adult lifespan of wild
type and aptf-1(gk794), (D) and also not between starved wild type and RIS(-) adult worms. (E-
F) L1-arrested starved aptf-1(gk794) mutants and RIS ablated worms show substantially reduced
survival in all replicates latest from day 16. (G-H) All replicates of arrested L1 aptf-1(gk794) and
RIS-ablated worms showed a significant decline in the ability to re-enter development compared
to N2 worms when fed. Data are significant latest from day 12. (I) Starved arrested L1 aak-
1(tm1944)/aak-2(ok524)/daf-16(mgDf50)/aptf-1(gk794) quadruple mutants showed no reduced
lifespan compared to aak-1(tml1944)/aak-2(0k524)/daf-16(mgDf50) triple mutants. (J) aptf-
1(gk794) and RIS(-) L1s arrested on FUdR have a decreased survival compared to wild type worms

in the presence of food. The corresponding data, significance values and tests for all replicates are
shown in Tables S1-S5.
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Figure S6
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Figure S6. Arrested L1 larvae consume bacteria. Related to Figure 5. (A) The fluorescence
intensity change of GFP expressing OP50 was measured in agarose microchambers. The two-day
reduction in fluorescence is significantly different comparing microchambers containing arrest L1s
to microchambers without worms (with worms: 36.3 + 5.8% decrease, n = 9 microchambers,
without worms: 9.1 + 2.8% increase, n = 18 microchambers, ***p < 0.001, Mann-Whitney U test).
(B) Arrested L1 larvae consume similar amounts of bacteria as reproductive growing L1 worms.
The change in fluorescence intensity of OP50 GFP bacteria within 200 min was normalized to
worm volume, to compensate for variability in size, which is caused by increased growth in non-
arrested worms. The time window was chosen because size differences were still modest. No
significant difference in bacterial consumption was detected for reproductive growing L1s (with a
mean of 1.92x107 arbitrary units/pm?, n = 22) and FUdR-arrested L1s (mean = 1.8x1073 arbitrary
units /pm3, n = 36), p = 0.33, two-sample t-test. (C) Sleep fraction of starved and feeding FUdR
arrested L1s in wildtype. Starved L1s with FUdR (4 to 5 days-old) had a median sleep fraction of
34.9%, n =27. Median sleep fraction of the feeding L1s with FUdR (4 to 5 days-old) is 17.5%, n
=209.

54



Results

Table S1
Lifespan of adult, feeding
Strain Experiment | # scored/ # total Mean of lifespan Compared p value against
batch (days) to control
(in Figure) (log-rank test)
wildtype N2 1 (Figure 44/50 14.64
5A)
aptf-1(gk794) 1 (Figure 43/50 15.29 N2 Batchl 0.71, N.S.
5A)
wildtype N2 2 28/50 16.92
aptf-1(gk794) 2 12/50 16.91 N2 Batch2 0.70, N.S.
wildtype N2 3 39/50 19.74
aptf-1(gk794) 3 42/50 17.82 N2 Batch3 0.003, **
wildtype N2 4 72/100 16.30
RIS(-) 4 75/102 15.54 N2 Batch4 0.23, N.S.
wildtype N2 5 (Figure 94/120 14.22
5B)
RIS(-) 5 (Figure 86/120 14.07 N2 Batch5 0.71, N.S.
5B)
Lifespan of adult, starved
wildtype N2 1 (Figure 60/100 29.81 -
50)
aptf-1(gk794) 1 (Figure 63/100 29.46 N2 Batchl 0.65, N.S.
5C)
wildtype N2 2 52/200 36.21
aptf-1(gk794) 2 94/200 36.33 N2 Batch2 0.96, N.S.
RIS(-) 2 83/200 33.62 N2 Batch2 0.04, *
wildtype N2 3 (Figure 85/100 31.96
5D)
RIS(-) 3 (Figure 84/95 30.64 N2 Batch3 0.06, N.S.
5D)

Table S1. Overview of all replicates of the adult lifespan. Related to Figure 5. Displayed are
the strains used, the experimental / replicates, the scored animals from the total number (the
missing worms were censored), the mean lifespan estimated from the log-rank test, against which
wild type data was tested and the p value of the log-rank test.
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Table S2
Survival of arrested L1, starved
Strain Experiment min. 50% Compared A p value against
batch scored/counting | alive at to 50% control
(in Figure) (days) alive (Fisher’s exact test)
wildtype N2 1 >50 22.89
aptf-1(gk794) 1 >50 10.62 N2 Batchl | -53.6% <0.001, ***
from day 11
wildtype N2 >50 20.06
aptf-1(gk794) 2 >50 14,69 N2 Batch2 | -26.8% <0.001, ***
from day 16
RIS(-) 2 >50 10.3 N2 Batch2 | -48.7% <0.001, ***
from day 10
wildtype N2 3 (Figure SE) >50 20.70
aptf-1(gk794) | 3 (Figure SE) >50 12.07 N2 Batch3 | -41.7% <0.001, ***
from day 11
RIS(-) 3 (Figure 5E) >50 9.41 N2 Batch3 | -54.5% <0.001, ***
from day 9
wildtype N2 >50 14.85
RIS(-) >50 9.93 N2 Batch4 | -33.1% <0.001, ***
from day 12

Table S2. Overview of all replicates of the starved arrested L1 lifespans. Related to Figure 5.
Displayed are the strains used, the batch / replicate, the scored worms, median survival, against
which wild type data was tested, the reduction in lifespan compared to wildtype and the p value

and from which day on there was a significant difference in the Fisher’s exact test.

Table S3
Ability to re-enter development of arrested L1 when fed, starved
Strain Experiment min. 50% Compared to A p value against
batch scored/counting | recover 50% control
(in Figure) at (days) alive (Fisher’s exact test)

wildtype N2 1 >50 22.68

aptf-1(gk794) 1 >50 10.49 N2 Batchl | -53.7% <0.001, ***
from day 11

wildtype N2 >50 19.42

aptf-1(gk794) >50 14.48 N2 Batch2 | -25.4% <0.001, ***
from day 16

RIS(-) 2 >50 10.28 N2 Batch2 | -47.1% <0.001, ***
from day 10

wildtype N2 | 3 (Figure 5F) >50 18.74

aptf-1(gk794) | 3 (Figure 5F) >50 11.37 N2 Batch3 | -39.3% <0.001, ***
from day 12

RIS(-) 3 (Figure 5F) >50 8.53 N2 Batch3 | -54.5% <0.001, ***
from day 8

wildtype N2 4 >50 14.12

RIS(-) 4 >50 9.09 N2 Batch4 | -35.6% <0.001, ***
from day 12

Table S3. Overview of all replicates of the capacity to recover from the L1 arrest. Related to
Figure 5. Displayed are the strains used, the experimental batch / replicate, the scored animals,
median recovery rate, against which wild type data set was tested, the reduction in lifespan
compared to wildtype and the p value and from which day on there was a significant difference in
the Fisher’s exact test.
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Table S4
Survival of arrested L1 of quadruple mutants, starved
Strain Experiment min. 50% Compared p value against
batch scored/counting | alive at to control
(in Figure) (days) (Fisher’s exact test)

aak-1(tm1944), aak- 1 >60 2.74
2(0k524), daf-16(mgDf50)
aak-1(tm1944), aak- 1 >60 3.14 Triple >0.05
2(0k524), daf-16(mgDf50), mutant NS.
aptf-1(gk794) Batchl
aak-1(tm1944), aak- 2 (Figure >60 3.85
2(0k524), daf-16(mgDf50) 5H)
aak-1(tm1944), aak- 2 (Figure >60 3.9 Triple >0.05
2(0k524), daf-16(mgDf50), 5H) mutant N.S.
aptf-1(gk794) Batch2

Table S4. Overview of all replicates of the lifespan of IIS and AMPK mutants. Related to
Figure 5. Overview of all replicates of the lifespan of IIS and AMPK mutants. Displayed are the
strains used, the experimental batch / replicate, the scored animals, median recovery rate, against
which wild type data set was tested, the reduction in lifespan compared to wildtype and the p
values and significance in the Fisher’s exact test.

Table S5
Survival of FUdR-arrested L1, feeding
Strain Experiment scored/total Mean of | Compared to A p value against
batch lifespan 50% control
(in Figure) (days) alive (log-rank test)
wildtype N2 1 (Figure 143/200 25.70
5I)
apif-1(gk794) 1 (Figure 140/200 21.86 N2 Batchl | -14.5% <0.001, ***
51)
RIS(-) 1 (Figure 135/200 22.05 N2 Batchl | -14.2% <0.001, ***
51)
wildtype N2 2 88/101 24.63
aptf-1(gk794) 2 92/101 22.5 N2 Batch2 | -8.6% <0.001, ***
RIS(-) 2 100/144 23.04 N2 Batch2 | -6.5% 0.017, *

Table S5. Overview of all replicates of the lifespan of FUdR-arrested L1s. Related to Figure
5. Displayed are the strains used, the experimental batch / replicate, the scored animals, the mean
survival, against which wild type data set was tested, the reduction in lifespan compared to
wildtype and the p values and the significance in the log-rank test.
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Results

Experiment

Figure 1J

Figure 1K

Figure 1L

Figure IM

Figure IN

Figure 10

Figure 2A, wt with growth medium

Figure 2A, aptf-1(-) with growth medium

Figure 2A, wt without growth medium

Figure 2A, aptf-1(-) without growth medium

Figure 2A, wt with growth medium, dead OP50

Figure 2A, aptf-1(-) with growth medium, dead OP50

Figure 2B, wt, adult feeding

Figure 2B, aptf-1(-), adult feeding

Figure 2B, Pflp-11:EGL-1, adult feeding

Figure 2B, wt, adult starved

Figure 2B, aptf-1(-), adult starved

Figure 2B, Pflp-11:EGL-1, adult starved

Figure 2C, wt, non-starved L1, before lethargus

Figure 2C, aptf-1(-), non-starved L1, before lethargus

Figure 2C, wt, non-starved L1, during lethargus

Figure 2C, aptf-1(-), non-starved L1, during lethargus

Figure 2D, wt, arrested L1

Figure 2D, aptf-1(-), arrested L1

Figure 2D, Pflp-11:EGL-1, arrested L1

Figure 2E, wt, Dauer

Figure 2E, aptf-1(-), Dauer

Figure 2E, Pflp-11:EGL-1, Dauer

Figure 2F, wt, Dauer Pheromone

Figure 2F, aptf-1(-), Dauer Pheromone

Figure 3A, B: 2

Figure 3C with ATR

Figure 3C without ATR

Figure 3D with ATR

Figure 3D without ATR

Figure 3E with ATR

Figure 3E without ATR

Figure 3F

Figure 4B

Figure 4C wt

Figure 4C daf-2(-)

Figure 4C daf-2(-); aptf-1(-)

Figure 4C daf-2(); daf-16()

Figure 4D wt

Figure 4D daf-16(-)

Figure 4D aak-1(-); aak-2(-)

Figure 4D daf-16(-); aak-1(-)

Figure 4D daf-16(); aak-2()

Figure 4D daf-16(-); aak-1(-); aak-2(-)

Figure 4E wt

Figure 4E daf-16(-)

Figure 4E aak-1(-); aak-2(-)

Figure 4E daf-16(-); aak-1(-)

Figure 4E daf-16(-); aak-2(-)

Figure 4E daf-16(-); aak-1(-); aak-2(-)

Figure 4F wt

Figure 4F daf-18(-)

Figure 4F sir2.1(-)

Figure 5A adult wt, feeding + Figure S5A

Figure SA adult aptf-1(-), feeding + Figure SS5A

Figure 5B adult wt, feeding + Figure S5B

Figure 5B adult RIS(-), feeding + Figure S5B

Figure 5C adult wt, starved + Figure S5C

Figure 5C adult aptf-1(-), starved + Figure S5C

Figure 5D adult wt, starved + Figure S5D

Figure 5D adult RIS(-), starved + Figure S5D

Figure SE L1 wt, starved + Figure SSE-F
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Figure 5E L1 aptf-1(-), starved + Figure SSE-F

Figure 5E L1 RIS(-), starved + Figure S5E-F

Figure 5F L1 wt, starved + Figure S5G-H

Figure 5F L1 aptf-1(-), starved + Figure S5G-H

Figure SF L1 RIS(-), starved + Figure S5G-H

Figure 5G wt, starved

Figure 5H daf-16(-); aak-1(-); aak-2(-), starved + Figure S51

Figure SH daf-16(-), aak-1(-), aak-2(-), aptf-1(-), starved + Figure S5T

Figure 5SI L1 wt, FUDR, feeding + Figure S5J

Figure SI L1 aptf-1(-), FUDR, feeding + Figure S5J

Figure SI L1 RIS(-), FUDR, feeding + Figure S5J

Figure 6A wt

Figure 6A aptf-1(-)

Figure 6C wt

Figure 6C apif-1(-)

Figure 6E wt

Figure 6E aptf-1(-)

Figure S2A

Figure S2B

Figure S2C

Figure S2D

Figure S2E

Figure S2F

Figure S2G

Figure S2H

Figure S21

Figure S2J

Figure S2K

Figure S2L

Figure S2M

Figure S2N

Figure S3A with ATR

Figure S3A without ATR

Figure S3B with ATR

Figure S3B without ATR

Figure S3C, D with ATR

Figure S3C, D without ATR

Figure S3E, before RIS inhibition

Figure S3E, during RIS inhibition

Figure S3E, after RIS inhibition

Figure S4A wt

From Figure 4C

Figure S4A rol-6(gf)

Figure S4A daf-2(-); daf-16(-)

Reanalysis of DIC movies from Figure
4C

Figure S4A daf-2(-); daf-16(-); Pdaf-16::daf-16+r0l-6(gf)

Figure S4A daf-2(-); daf-16(-); Punc-119::daf-16+rol-6(gf)

Figure S4A daf-2(-); daf-16(-); Pmyo-3::daf-16+rol-6(gf)

Figure S4A daf-2(-); daf-16(-); Pges-1-:daf-16+rol-6(gf)

Figure S4B rol-6(gf)

Figure S4B daf-16(-); aak-2(-); pgp-1::1fp+rol-6 (gf)

Figure S4Bdaf-16(-); aak-2(-); Paak-2:

Figure S4Bdaf-16(-); aak-2(-); Pmyo-3

Figure S4B daf-16(-); aak-2(-); Ppgp-1::aak-2+pgp-1::rfp+rol-6 (gf)

Figure S4B daf-16(-); aak-(-); Pdpy-7::aak-2+pgp-

Figure S4B daf-16(-); aak-2(-); Pdpy-7::aak-2+pgp-1.:1fp

Figure S4C rol-6 (gf)

Figure S4C daf-16(-); aak-2(); pgp-1-1fp+rol-6 ()

Figure S4C daf-16(); aak-2(-); Paak-2:-aak-2+r0l-6 (gf)

Figure S4C daf-16(-); aak-2(-); Psur-5::aak-2+r0l-6 (gf)

Figure S4C daf-16(-), aak-2(-), Punc-119::aak-2+rol-6 (gf)

Figure S4C daf-16(-); aak-2(-); Peli-2-:aak-2+r0l-6 (g)

Figure S4C daf-16(-); aak-2(-); Punc-54::aak-2+rol-6 (gf)

Figure S4C daf-16(-); aak-2(); Psulp-5::aak-2+rol-6 (gf)

Figure S4C daf-16(-); aak-2(-); Pdpy-7::aak-2+Psur-5::GFP

Figure S5A, wt, adult feeding

Figure S5A, aptf-1(-), adult feeding

Figure S5B, wt, adult feeding

Figure S5B, RIS(-), adult feeding

Figure S5C, wt, adult starved

Figure S5C, aptf-1(-), adult starved

Figure SSD, wt, adult starved

Figure S5D, RIS(-), adult starved

Figure SSE, wt, arrested L1 starved

Figure SSE, aptf-1(-), arrested L1 starved

Figure S5F, wt, arrested L1 starved

Figure S5F, RIS(-), arrested L1 starved

Figure S5G, wt, arrested L1 starved

Figure S5G, aptf-1(-), arrested L1 starved

Figure S5H, wt, arrested L1

Figure S5H, RIS(-), arrested L1

Figure S51, daf-16(-); aak-1(-); aak-2(-), arrested L1

Figure S51, daf-16(-); aak-1(-); aak-2(-); aptf-1(-), arrested L1

Figure S5J, wt, arrested L1 feeding

Figure S5J, aptf-1(-), arrested L1 feeding

Figure S5J, RIS(-), arrested L1 feeding

Figure S6A GPF OP50 control

Figure S6A GFP OP50 L1 arrested worm

Figure S6B reproductive growing L1

Figure S6B arrested L1

Figure S6C FUDR arrested L1, starved

Figure S6C FUDR arrested L1, feeding

1[0 [19 [ro [ro [ro [ro [ [ro [ ro [ ro | | | | s o [ua [ua [ro [ro [ro [ro [ ro o |w |wa wa |w |w [w [ [w [w [ s (o fw wu |u | |u | & || B |u|u|uw| & [R]R]|&]|&]|&|w &[0 ]o|u|u]oo|oo|oo|o|w|w oo |+ [+ o[ o[o[ro|u|w|w|w|w|uw

Table S6. Number of replicates for all
and Supplemental Figures.

experiments. Related to all Figures
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Table S7

Results

Primer name

Primer sequence 5°-3’

aak-1(tm1944)

890 ACTGTTCCGAGTCCTTTCATTC
891 TTCCCTTTCTTCGCTCACTTTT
892 ATGGAACTGTGTATCGGCCA
aak-2(0k524)

893 ATCGCCAAATTATGCTGCCC
894 GGCAGGGTTCCACAAAGAAG
895 AAGGAGACACTCGGAGTTGG
aptf-1(0k974)

48 CGACAATCTTCCCAAAGACC
49 CGGATCGATTGCTAGAGAGG
50 GCTTGGACGGCTTTAGTTGA
daf-2(el370)*

519

CGGGATGAGACTGTCAAGATTGGAGATTTCGG

520

CAACACCTCATCATTACTCAAACCAATCCATG

daf-16(mgDf30)

636 AGGTCAGAGTTCTAGGCGTAAA
637 CGGTTCCAGCAATTCCAAGT
638 AGTGGATTCTGAGCACACGA
daf-16(mu86)

468 AAAGAGCTCGTGGTGGGTTA
469 TCGCGCCTTTGTCTCTCTAT

470 AGTGTCGAGTGAAGGGAGC

sir-2.1(0k434)

1107

GTTTGATCACTCCTTCGCAAC

1108

TCCCAGGACAGTTCGTACC

1109

GCGGAAATGGCAGAAGTAGT

daf-18(0k480)

1090

AGCATGGACTTCAACGATACAA

1091

GAATGCCAGATTGCCGAACA

1092

CGGTGGTCCATTTGAGATACC

Table S7. List of PCR primers used for Duplex PCR Genotyping. Related to STAR
Methods. *The daf-2 mutant allele was identified using restriction with Ncol-HF (in CutSmart

Buffer, New England Biolabs).

Supplemental Reference

S1. Narbonne, P., and Roy, R. (2009). Caenorhabditis elegans dauers need LKB1/AMPK to ration lipid

reserves and ensure long-term survival. Nature 457, 210-214.
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3.2. Sleep in adult C. elegans

3.2.1. Sleep is not required for adult longevity

No evidence that sleep influences the lifespan of both starved and fed adults on the
NGM plates was found in the previous study [118]. In order to investigate how living
environments influence longevity though sleep, I measured the lifespan of adult worms
in the M9 buffer with the presence or absence of food. No statistically significant
difference was observed between wild-type worms and aptf-1 mutants during feeding or
starvation. The RIS-ablated adult worms showed a reduced lifespan with food but not
during starvation (Figure 1A and 1B). To know whether sleep affects the impact of diet
on longevity, I tested the lifespan of adult worms with intermittent fasting. As was

expected, sleep did not influence the life extension induced by diet (Figure 1C).

3.2.2. Sleep does not affect adult lifespan expectancy caused by a metabolic

alteration

To further investigate the potential role of sleep in glucose metabolism, I tested the
lifespan of adult worms that lived on NGM plates that contained 10 mM 2-Deoxy-D-
glucose, 100 mM D-glucose and 0.1 mM sodium azide respectively. 2-Deoxy-D-glucose
is a glucose molecule that is unable to be metabolized. It blocks glycolysis and therefore
leads to lifespan extension by inducing mitochondrial respiration [133, 134].

A high-glucose diet with D-glucose increases glucose availability and thus shortens the
lifespan of worms [135]. Sodium azide is a metabolic inhibitor and has been used for
anesthesia in C. elegans. Short exposure to sodium azide induces stress responses and
reduces the lifespan of the L1 and L2 larvae of C. elegans [136]. However, no evidence
was found to show that sleep is involved in the glucose or energy metabolism for

regulating longevity in adult C. elegans (Figure 1D-1F).
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3.2.3. Sleep is dispensable for TOR and FoxO signaling pathway for

regulating lifespan of adults

To test the putative role of sleep in the TOR signaling pathway regarding longevity, |
used RNAI to knock down the TOR signaling-related genes let-363, pha-4 and skn-1. In
the control groups that fed with RNAi GFP, no constant significant reduction of lifespan
in the aptf-] mutant was found compared to the wild-type adult (Figure 1G-1I).
Knockdown of /et-363 did not alter the lifespan in wild-type adults, but the apitf-1
mutants with let-363 RNAi showed a slight lifespan decrease compared to the wild-type
worms with /et-363 RNAi (Figure 1G). However, there was no difference observed in
the lifespans of aptf-1 mutants and wild-type adults in pha-4 RNAI, nor in skn-1 RNAi
assays (Figure 1H, 11).

I then questioned whether sleep might influence the lifespan expectancy that is regulated
by the insulin-signaling pathway. To answerer this question, I crossed the aptf-/ mutant
with the daf-2 mutant or the daf-16 mutant respectively, and tested the adult lifespan of
the double mutants in the presence or absence of food. Consistent with the literature,
daf-2 mutant showed a dramatic increase in lifespan during feeding, while the daf-16
mutant showed a reduction in lifespan, whether with food or without. However, sleep
did not seem to have any impact on those lifespan expectancies (Figure 1J-1L). Taken
together, the results suggest that sleeplessness did not affect adult longevity, neither with
the presence of food nor under starvation. In adult worms, sleep thus seems to be

inessential for a normal adult lifespan.
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Figure 1 Sleep does not affect the lifespan of the adult worms.
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(A) Lifespan of feeding adult in M9 buffer. Wild-type is not significantly different to aptf-1(gk794) but
different to RIS (-) (yellow). RIS (-) adults live shorter than wild-type adults (-18.4%), ***p < 0.001. (B)
Lifespan of the starved adult in M9 buffer. No significant difference was found between wild-type, aptf-
1(gk794) and RIS(-) (yellow). (C) Lifespan of adults by intermittent fasting. No significant difference
between groups was present. (D) Lifespan of feeding adult with 10 mM 2-deoxy-D-glucose. The aptf-
1(gk794) mutant live slightly longer than wild-type adults (+6.6%), *p<0.05. (E) Lifespan of feeding adult
with 100 mM D-glucose. No significant difference between groups was present. (F) Lifespan of feeding
adult with 0.1 mM sodium azide. No significant difference between groups was shown. (G-I) Feeding
adult lifespan of let-363 RNAi (G), pha-4 RNAi (H), and skn-1 RNAi (I). Control group was fed with
GFP RNAIi. The adult worms let-363 RNAi; aptf-1(gk794) lived shorter than let-363 RNAi (-12.9%),
*p<0.05. No significant difference was found between 1. The adult worms skn-I RNAi and skn-1
RNAi/aptf-1(gk794) and 2. The adult worms pha-4 RNAi and pha-4 RNAi/aptf-1(gk794). (J) Feeding
adults daf-2 (e1370);aptf-1(gk794) lived as long as the feeding adult daf-2(el370). Replicates were shown
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in different batches. (K) Feeding adult daf-16(mgDf50)/aptf-1(gk794) double mutants showed reduced
lifespan when compared to daf-16(mgDf50). The decline was not consistently significant in the replicates.
(L) No significant difference in lifespan was shown in starved adults between daf-16(mgDf50) and daf-
16(mgDf50),aptf-1(gk794) double mutants. Biological replicates were shown as different batches by
different lines and symbols. Comparisons between two groups of all the lifespans were made using the
log-rank test. The details of all the lifespans can be found in table S1.

3.3. Sleep plays a central role in starvation-survival of arrested L1 C.

elegans

In contrast to its dispensable role in adult longevity, sleep becomes indispensable in the
survival of arrested L1 larvae and serves as a predictor for survival time during
starvation. It has been previously shown that the L1-arrested aptf-1 mutant displayed a
shorter survival span than the wild-type L1 larvae in M9 buffer [118]. To exclude the
possibility that the reduction in survival of the aptf-1 mutant is caused by the living
environment rather than sleep deprivation, I first tested the survival of the arrested flp-11
L1 mutant in M9 buffer and the ap#f-/ mutant on NGM plates. As expected, both of
them showed a significant decrease in survival compared to the wild-type L1 larvae
(Figure 2A, 2B). This suggested that sleep is mainly responsible for the starvation-

survival of starved L1 larvae independent of the living environment.

Additionally, I also quantified the upper-limit of bacteria consumption for keeping the
freshly hatched larvae in L1 arrested stage (Figure S1). This will contribute to a better

assay performance in future investigations.

3.4. Metabolic alteration is involved in the sleep-protective program

during starvation.

In order to understand the underlying mechanisms of protective program of sleep, I next
investigated the survival of starved L1 larvae with different chemical inhibitors.
Cycloheximide inhibits the translocation step in protein synthesis. Addition of
cycloheximide (0.1 to 10 pM) decreased the protein levels and increased the longevity in
adult C. elegans [137]. However, cycloheximide with low concentration only interferes
in the cytoplasmic protein synthesis, not in mitochondrial protein synthesis [138]. To

evaluate the link between sleep and protein synthesis, I exposed the L1 larvae in M9
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buffer with highly-concentrated cycloheximide (1 to 2 mM) to block the protein
synthesis completely. As shown in figure 2C, cycloheximide dramatically reduced
survival of the starved L1 wild-type larvae as well as the aptf-1 mutant larvae. However,
aptf-1 mutants still showed significant decreased survival compared to the wild-type

worms with cycloheximide.

Moreover, the addition of amino acid methionine did not consistently reduce survival of
the arrested wild-type larvae and the aptf-1 larvae in the absence of food (Figure 2D).
Taken together, the results suggest that protein synthesis is not involved in the early

death of the sleepless L1 mutants during starvation.

Furthermore, to test whether metabolism is involved in the protective program, I tested
the survival of arrested L1 with 1 uM sodium azide. Interestingly, sodium azide at the
low concentration decreases the survival of arrested wild-type L1 larvae but not the
survival of the sleepless aptf-1 mutants (Figure 2E). This indicates that the inhibition of

metabolism might be relevant to the mechanism of the sleep-protective program in

survival.
Figure 2
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Figure 2 Sleep is required for survival of arrested L1 larvae during starvation.
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(A) The arrested L1 mutants flp-11(tm2706) survived longer than the aptf-1(gk794) mutant larvae but
shorter than the wild-type larvae (-6.7%), **p<0.01. (B) Arrested L1 survival span of aptf-1(gk794)
mutants on NGM plates, aptf-1(gk794) larvae survived shorter than wild-type L1 larvae (-22.1%),
**%p<0.001. (C) Arrested L1 survival in the M9 buffer with 1 mM or 2 mM cycloheximide.
Cycloheximide significantly reduced the survival of both wild-type and aptf-1(gk794) arrested L1 worms.
Details see table S2. (D) Methionine slightly increased the survival of aptf-1(gk794) mutants, **p<0.01
with 0.15 mM methionine, *p<0.05 with | mM methionine. Details see table S2. (E) Arrested L1 larvae
survival span in the M9 buffer with 1 uM sodium azide. Sodium azide reduced the survival of wild-type
L1 larvae (-22.7%, ***p<0.001) but not that of aptf-1(gk794) mutants. The wild-type (N2) worms were
shown in the black line, aptf-1(gk794) mutant worms were shown in red line. Treated worms or mutants as
well as the biological replicates were shown in each figure with different colors and symbols. To compare
the 50% survival point of two lifespan groups, a Fischer’s exact test was performed. Details of the survival
span are in table S2.

3.5. The decrease of survival in the sleepless mutant is recovered by

ethanol

I next aimed to find out whether TOR signaling participates in the protective sleep
program and contributes to survival in arrested L1 during starvation. I thus used
rapamycin, an inhibitor of TOR signaling. It was reported in a previous study that
rapamycin extends the lifespan of adult C. elegans by inhibiting both TORC1 and
TORC?2 [139]. Because of the poor solubility of rapamycin in only 0.1% DMSO, I added
0.1% ethanol to increase the solubility. Surprisingly, rapamycin dissolved in 0.1%
DMSO, and 0.1% ethanol can mostly rescue the decline of survival in sleep-deprived
aptf-1 L1 mutants during starvation (Figure 3A). However, the control group with only
0.1% DMSO, and 0.1% ethanol showed the same rescue as the assay with rapamycin
(Figure 3B). I thus tested the survival of L1 larvae with either 0.1% DMSO or 0.1%
ethanol respectively (Figure 3C, 3D). As shown in figure 3D, the survival decline in the
sleepless mutants aptf-1 can be rescued by adding 0.1% ethanol. This indicates that the
effect of rescue for survival in fact came from the ethanol. Interestingly, 0.1% ethanol
did not increase the survival time of wild-type L1 larvae during starvation. These
observations suggest that instead of rapamycin, the metabolism of ethanol might have a
potential common mechanism underlying the protective program of sleep in starvation

survival.
To further understand how ethanol affects larvae survival through the protective program

of sleep during starvation, I thus exposed the arrested L1 larvae to 0.1% ethanol and

analyzed their sleep factions. As shown in figure 3E, aptf-1 mutant larvae displayed a
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weak increase of sleep after the addition of ethanol. However, the arrested wild-type L1
larvae with 0.1% ethanol did not sleep more than the worms without ethanol. This
indicates that ethanol might act in the downstream of sleep pathway to regulate survival

but not behavior during L1 starvation.

Lastly, I wondered whether ethanol could further influence the ability of starved larval
worms for re-entering development after feeding. Surprisingly, I found that ethanol
destroyed this re-develop ability of the long-starved L1 larvae. The longer the larva
starves with ethanol, the tougher it returns to the developmental stages when fed (Figure
3F). The results suggest that the metabolism of ethanol is involved in the developmental
mechanisms and can counteract the decline of survival caused by sleep deprivation at the

expense of the re-developmental ability in larval C. elegans.
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Figure 3
100-% --sz (790 100 4400 o ———N2 100 4 —a—N2
X o= aptt-1(g} —— aptf-1(gk794) —o— aptf-1(gk794)
by \ 50 UM | =de=N2 01%DMSO N2
— 801 e ESZ:TTSZ‘:M|I:’;”'"WQ" " 804 e | = apigaog e 80 0% DMSO| s apt-1(gK794)
x ., Rapamycin aptf-1(gk794) {xwx c@eeN2
o g tch2 1004M |++@ N2 aptf-1(gk794)4 ==
2 604 % Rapamycin aptf-1(gk794) J wx 60 4 60 4
©
»
g 40 - 40 - 40 -
g \
201 01% pmso 4 201 \ 2
0.1% ethanol \ -
b 0......‘?&‘... 0 +——r"—"T—trrrTrrvrrrrr—
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
time of arrested L1[day] time of arrested L1[day] time of arrested L1[day]
D E Arrested L1 larvae, starved with ethanol
1004 o o —=—N2 100 **k%  N.S K,k
—o—ap(f-1(gk794)] -
o e N2 -
804 0.1%Ethanol aptf-1(gk794) s 75 *
- =
£ c
h o
E -§ 50
o 40+ &
£ S 25 :
<] o
g 201 o |55 é .
0 —_— ke
i n=15 n=24 n=30 n=52
0 5 10 15 20 25 30 35 40 45 50 Ky '\qh\ Y «g&
time of arrested L1[day] ,\\‘5‘“ \\9\"
& &
2 2
control 0.1% ethanol
Percentage of development, arrested L1 larvae with 0.1% ethanol re-develop to adults
Fkk ek

“FEAE EOEE EH 7l

N

\
DN
\

g / Z ,/'/ /5""'/"
T 60 % f % 7 7
7] 7
g g
g 40 97% | | g9, | [190%] [100% e o o / / .
° 7% / 7 % 7
2 67% ] //Z,'/" / 5% ||/ Z

N
o

N
N
N

é 25%

0 59 7% ¢
U Q) v O U O U 0\ & N U O 2 O v N
& oo & & & & oo < ‘L\Q‘
R R R R Rf R ) Y
control 0.1% ethanol control 0.1% ethanol control 0.1% ethanol control 0.1% ethanol
1 day arrest 7 days arrest 14 days arrest 17 days arrest

Figure 3 Instead of rapamycin, ethanol acts a potential role in the sleep mechanism for extension of
survival in arrested L1 larvae.

(A) Rapamycin is harmful for survival of the arrested L1 larvae. Rapamycin was dissolved in M9 buffer
with 0.1% DMSO and 0.1% ethanol as background. The control group was treated with only 0.1% DMSO
and 0.1% ethanol in M9 buffer. The aptf-1(gk794) larvae with rapamycin at both concentrations showed a
decreased survival than the control aptf-1(gk794): 50 mM rapamycin, -8.2%, **p<0.01; 100 mM
rapamycin batch 1, -13.6%, ***p<0.001; 100 mM rapamycin batch 2, -13.1%, ***p<0.001. (B) Survival
of the aptf-1(gk794) mutant L1 larvae was increased by adding 0.1% DMSO and 0.1% ethanol,
***p<0.001 in both batches. (C) 0.1% DMSO didn't affect survival of arrested L1 larvae. (D) 0.1%
ethanol rescued the decline of survival of aptf-1(gk794) mutant larvae (+142.8%), ***p<0.001. Details of
the survival span are in table S2. (E) Ethanol did not increase sleep of the wild-type L1 larvae but can
slightly induce sleep (in mean value but not median value) of aptf-1(gk794) mutants during starvation,
*p<0.05. Individual worm was shown in the box plot as dots, median sleep fraction: N2 control 14.3%;
aptf-1(gk794) mutant 0%; N2 ethanol: 14.4%; aptf-1(gk794) mutant 0%. (F) Arrested L1 larvae with the
ethanol treatment showed a significant decline in the ability to re-enter development when fed. The first
day of late-L4 stage was scored for successful development. 1 day arrested larvae: control N2: n=65,
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recover to L4 stage (RCto4): 63; control aptf-1(gk794): n=79, n(RCto4)=73; N2 with 0.1%ethanol: n=53,
n(RCto4)=53; aptf-1(gk794) with 0.1%ethanol: n=50, n(RCto4)=50; 7 days arrested larvae: control N2:
n=78, n(RCto4)=73; control aptf-1(gk794): n=86, n(RCto4)=58; N2 with 0.1% ethanol: n=50,
n(RCto4)=46; aptf-1(gk794) with 0.1% ethanol: n=51, n(RCto4)=42; 14 days arrested larvae: control
N2: n=79, n(RCto4)=61; control aptf-1(gk794): n=76, n(RCto4)=4; N2 with 0.1% ethanol: n=72,
n(RCto4)=18, *** p<0.001 compared to N2 control; aptf-1(gk794) with 0.1% ethanol: n=75, n(RCto4)=5;
17 days arrested larvae: control N2: n=66, n(RCto4)=43; control aptf-1(gk794): n=60, n(RCto4)=0; N2
with 0.1% ethanol: n=69, n(RCto4)=0, *** p<0.001 compared to N2 control; aptf-1(gk794) with 0.1%
ethanol: n=77, n(RCto4)=0.

3.6. Over-expression of FLP-11 does not benefit the survival in

arrested LL1 larvae

Lack of the neuropeptide FLP-11 in RIS reduces the survival time in arrested L1 during
starvation (see Figure 2A above). I wondered whether over-expression of FLP-11 might
be able to increase sleep, and therefore prove beneficial to the survival of L1 larvae
during starvation. I used the heat shock promote phsp-16.2 to increase the FLP-11
expression in L1 larvae, which starved in the M9 buffer, a M9 agar-chamber or a S-basal
agar-chamber. In order to minimize the damage of the heat shock in C. elegans, the
temperature was set to 25°C. As shown in figure 4A, in M9 buffer, raising the FLP-11
expression level in starved L1 larvae is not able to really increase sleep. Also, in
chambers, FLP-11 over-expression did not prolong the survival of starved L1 larvae at
all (Figure 4B, 4C). However, it is necessary to note that I did not measure the
expression level of FLP-11 after heat shock. Therefore, the fact that the heat-shock
promoter phsp-16.2 might not be well activated at 25°C cannot be excluded. I also tested
sleep fraction after heat shock in the starved L1 larvae. At 25°C, over-expressing FLP-
11 slightly increased sleep (Figure 4D). However, the influence of temperature for sleep
fraction in the arrested L1 larvae is still unknown. The increase of temperature seems to
able to inhibit sleep in larvae during starvation, arrested L1 larvae sleep for 18% of the
total time at 20°C, but sleep for only 14% at 25°C. Future study would be required to

confirm the over-expression level of FLP-11 from the heat shock in the L1 larval worms.
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Figure 4
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Figure 4 Over-expression of FLP-11 in arrested L1 larvae during starvation.

(A) Survival span of arrested L1 larvae in M9 buffer. Over-expression of FLP-11 didn't increase larval
survival during starvation. Control group: at 20°C; experimental group: at 25°C. (B) Survival span of
arrested L1 larvae in M9 chamber for over-expression of FLP-11, no significance was found between the
FLP-11 over-expression group and the control group. (C) Survival span of arrested L1 larvae in S-basal
chamber for over-expression of FLP-11, no significance was found. Survival of larvae at 20°C were taken
as control. Treatments were shown in each figure. The Fischer’s exact test was performed in comparisons
of the 50% survival point in arrested L1 larvae in M9 buffer. The log-rank test was used for comparisons
between two survival spans in chamber. Details of all the lifespans can be found in table S2. (D) Sleep
fraction after over-expressing FLP-11 in arrested L1 larvae during starvation. A slightly increase of sleep
was found in arrested L1 larvae with FLP-11 over-expression compared with the control larvae at 25°C,
*p<0.05. Individual worm was shown in the box plot as dots, median sleep fraction: phsp-16.2::GFP
control 20°C 18.1%; phsp-16.2::FLP-11 control 20°C, 20%; phsp-16.2::GFP over-expression 25°C,
14.4%; phsp-16.2::FLP-11 over-expression 25°C, 19.1%. Details of the survival span are in table S2.

3.7. AMPK and PTEN are further involved in the protective program

of sleep in arrested L1 larvae

In the publication above, Masurat and I identified the upstream of the sleep-activate and
sleep-promoting pathway in the presence and absence of food. AAK-1/2 and DAF-16 act

in parallel to activate sleep during starvation. Tumor suppressor DAF-18 and sirtuin
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signaling with SIR-2.1 are involved in this pathway, and play a regulative role in the
upstream of AMPK and FoxO in C. elegans [118]. In addition to the research stated
above, I also tested the sleep fraction in L1 larvae of daf-2 mutants and daf-2/aptf-1
double mutants in different allele, sir-2.2 mutants in two alleles and sir-2.4 mutants
during starvation. Data is shown in the supplemental figure S2A. Neither DAF-2 nor
SIR-2.2 or SIR-2.4 can induce sleep in starved L1 larvae alone. Additionally, a sleep
faction screen of different mutants during L1 starvation is shown in the figure S2B and

S2C as supplemental information.

To further know whether survival in arrested L1 larvae could be influenced by lacking
one or two of these sleep-promotion genes, I investigated the survival span in different
mutants. If the gene plays a role in the protective survival program induced by sleep, the
survival time of starved L1 larvae should be shortened by a removal of the gene.
Moreover, the decline in survival should not be further increased by the removal of the
aptf-1 gene. To verify this hypothesis, I continued to test the lifespan of the aptf-1
mutant in the background of daf-16, daf-18, aak-2, sir-2.1 single mutants, or in the aak-
1/aak-2 double mutants respectively. Indeed, all of the single mutants showed a dramatic
decline in survival during L1 larvae (Figure 5A, 5C-5E). Also, a decline of the ability to
re-enter development when fed was shown in the daf-16(mgDf50)/aptf-1(gk794) double
mutant compared to the aptf-1(gk794) mutant L1 larvae (Figure 5B). No consistent
significant difference in survival was observed between daf-18 mutants and daf-18/aptf-
1 double mutants (Figure 5C), between aak-2 mutants and aak-2/aptf-1 double mutants,
as well as between aakl/aak? double mutants and aakl/aak2/aptf-1 triple mutants
(Figure 5D). However, the daf-16/aptf-1 and sir-2.1/aptf-1 double mutants showed an
apparent decrease in survival compared to daf-16 or sir-2.1 single mutants respectively

(Figure 5A, 5E).

Because daf-18 mutants have shown a complete loss of sleep in L1 starvation [118], I
questioned which tissues PTEN functions contained to induce sleep during starvation. I
thus expressed DAF-18 in the whole worm, muscle, intestine or hypodermis respectively
in daf-18 L1 mutant larvae and then quantified their sleep fractions during starvation.
The decline of sleep in the daf-18 mutants can be fully rescued by expressing DAF-18 in

the whole worm. Expressing DAF-18 in intestines or hypodermis but not in muscles also
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increased sleep in the daf-18 mutants (Figure S3). DAF-18 thus seems to act in the

muscle and hypodermis to activate sleep in the starved L1 larvae.

All of these observations suggest that AMPK and PTEN are likely involved in a
common mechanism with sleep in both sleep-active/sleep-promoting pathways and
protective program in special tissues to improve larval survival during starvation, while
the FoxO and sirtuin seem only to act in the upstream of sleep-active/sleep-promoting

pathway.

3.8. Sleep is related to RNA metabolic process in L1 larvae during

starvation

I also tested the survival of tus-1 mutants and fut-1/aptf-1 double mutants to investigate
the potential role of RNA metabolic processes in L1 sleep and L1 survival during
starvation. The fut-I L1 mutants showed a significantly decreased survival time
compared to wild-type L1 larvae during starvation. No difference was found between the
survival of aptf-1 L1 larvae and that of tut-1/aptf-1 L1 larvae during starvation (Figure
5F). These results indicate that RNA metabolic processes might take part in the

protective mechanism with sleep for survival extension in the absence of food.
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Figure 5
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Figure S Mutants of longevity pathway are involved in the sleep mechanism for extension of survival
in the L1 larvae during starvation.

(A) Arrested L1 daf-16(mgDf50)/aptf-1(gk794) double mutants lived for a shorter time than the daf-
16(mgDf50) mutants. The decline was consistently significant in all the replicates (show in different
batch), ***p<0.001. (B) Arrested L1 daf-16(mgDf50)/aptf-1(gk794) double mutant showed a consistent
significant decline in the ability to re-enter development when fed in all the replicates. ***p < 0.001. (C)
Arrested L1 daf-18 (0k480)/aptf-1(gk794) double mutants showed no reduced lifespan compared to daf-18
(0k480) mutants. (D) Arrested L1 aak-2(ok524)/aptf-1(gk794) double mutants lived for a shorter time than
the aak-2(ok524) mutants, ***p<0.001. No significant difference was found between the arrested L1 aak-
2(0ok524)/aak-1(tm1944)/aptf-1(gk794) triple mutants and the aak-2(0k524)/aak-1(tm1944) double
mutants. (E) Arrested L1 sir-2.1(ok434)/aptf-1(gk794) double mutants lived for a shorter time than the
aptf-1(gk794) mutants, ***p<0.001. (F) Arrested L1 tut-1(tm1297) lived for a shorter length of time than
wild-type L1 larvae. No significant difference was shown between the double mutant tuz-1(tm1297)/aptf-
1(gk794) and the mutants fut-1(tm1297) of arrested L1 larvae. Wild-type (N2) was shown in black lines
and aptf-1(gk794) in red lines. Mutants were shown in each figure with different colors and symbols.
Biological replicates were shown as different batches by different lines and symbols. To compare the 50%
survival point of two groups, the Fischer’s exact test was used. Details of the survival spans can be found
in table S3. Details of the re-enter development data are shown in table S4.

3.9. TOR signaling is involved in the protective sleep program during

starvation

TOR is a nutrient sensor. It regulates metabolic mechanisms during dietary restriction or
starvation. Together with IIS signaling, TOR plays a crucial role in the nutrient-sensing
network on the lifespan regulation [140]. Because IIS singling has been proven to be

necessary in the sleep-promoting pathway of L1 larvae during starvation [118], I
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questioned whether TOR signaling is also involved in this program. In my previous
work, I have tested the survival rates in starved L1 larvae with the chemical inhibitor
rapamycin (see Figure 3A above). However, since the assay was limited by the solubility
of rapamycin and the unexpected effects from ethanol (see Figure 3D above), it was not
possible to address the primary role of TOR signaling in sleep and survival by adding

rapamycin.

For this reason, I turned my focus to the RICT-1/Rictor and the GTPase RAGA-1, which
are co-activators of TORC2 and TORCI respectively [141-143]. Previous studies
showed that the inhibition of RICT-1/Rictor or RAGA-1 extends lifespans in adult C.
elegans [143-145]. As shown in figures 6A and 6B, no consistent significant increase in
survival was found in either rict-1 mutants or raga-/ mutants when compared to wild-
type L1 larvae during starvation. Interestingly, both rict-1/aptf-1 and raga-1/aptf-1
double mutants survived significantly longer than the aptf-1 mutants with the absence of

food. Therefore, TOR signaling seems to play a cooperative role in the protective sleep

program.
Figure 6
100 qosgse ——N2 100 —a—N2
e aptf-1(gk794) 1% —o— aptf-1(gk794) ]
=&~ rict-1(mg360) |Batch 1 e raga-1(0k386)1*
80 - rict-1(mg360), | *xx 80 4 #-— raga-1(0k386), :|*
? aptf-1(gk794) aptf-1(gk794)
- —e—aptf-1(gk794)
2 &0 B I
© aptf-1(gk794)
")
£ 40+ 40 4
S
)
3 A
204 20 4 M
0 +rrrrrirrr Rt 0 e
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
time of arrested L1[day] time of arrested L1[day]

Figure 6 TOR signaling is involved in the protective sleep program during starvation.

(A) Arrested L1 double mutant rict-1(mg360)/aptf-1(gk794) lived for significantly longer than aptf-
1(gk794) in two replicates. Both batches, ***p<0.001. (B) Arrested L1 rage-1(0k386)/aptf-1(gk794) lived
for slightly longer than rage-1(0k386), *p<0.05. Wild-type (N2) is shown in a black line and aptf-
1(gk794) is shown in a red line. Mutants are shown in each figure, with different colors and symbols. To
compare the 50% survival point of two lifespan groups, a Fischer’s exact test was performed. Details of
the survival span are in table S5.
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3.10.Apoptotic cell death and autophagy are involved in the protective

program of sleep

Since the protective program of sleep seems to interact with multiple physiological
mechanisms during starvation, I aimed to establish which process is involved in this
survival strategy. CEP-1 (C. elegans P-53-like protein) is an ortholog of the tumor
suppressor protein p53 [146]. It is induced by DNA damage and then further active in
the apoptotic cell death in germline by increasing the EGL-1 and CED-13 expressions
[147, 148]. EFK-1 (Elongation Factor Kinase) is an ortholog of the elongation factor 2
kinase (eEF2K) that protect cells during nutrient starvation [149]. ATG-18 is an
autophagy protein. It serves in lifespan-maintaining in response to dietary restriction by

regulating neuropeptide signals [150].

As shown in figure 7A, the cep-I L1 mutants survived better than the wild-type L1
larvae during starvation. Interestingly, this survival advantage was removed entirely by
sleep deprivation in cep-1/aptf-1 double mutants. Moreover, cep-/ mutant did not show
decreased sleep during L1 starvation (Figure S2A). All the results suggest that CEP-1
acts in the downstream pathway of sleep for promoting survival during starvation. Single
mutant efk-/ displayed a decreased survival rate when compared to the wild-type L1
larvae. The same reduction in survival rate can also be found in efk-1/aptf-1 double
mutants (Figure 7B). It indicates that EFK-1 and sleep act in two distinct pathways to
promote survival in starved L1 larvae. No difference was found between atg-/8 mutants
and atg-18/aptf-1 double mutants (Figure 7C). Both of the mutants showed the severe
reduction of survival during starvation, suggesting that ATG-1 and sleep have a common

pathway in promoting survival in starved L1 larvae.

The metr-1 gene encodes methionine synthase in C. elegans. Lack of metr-1 did not
extend the lifespan of adult worms [151]. The metr-1 L1 mutants showed a shorter
survival rate than wild-type L1 larvae during starvation (Figure 7D). However, to further
understand the relationship between sleep and methionine metabolism, survival data

from metr-1/aptf-1 double mutants is required.

75



Results

Figure 7
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Figure 7 The sleep mechanism of sleep is related to apoptosis and autophagy.

(A) Lack of the gene cep-1 increased survival in arrested L1 larvae without food. No significant difference
in survival spans was shown between arrested L1 double mutant cep-1(gkl38)/aptf-1(gk794) and aptf-
1(gk794) mutants. (B) Arrested L1 efk-1(0k3609)/aptf-1(gk794) double mutants lived for slightly longer
than aptf-1(gk794), ***p<0.001. (C) Arrested L1 atg-18(gk378)/aptf-1(gk794) double mutants and atg-
18(gk378) lived for a much shorter length of time than aptf-1(gk794) mutant larvae. No significant
difference was found between the two mutants. (D) Arrested L1 metr-1(ok521) mutants lived for a shorter
length of time than wild-type worms but for longer than aptf-1(gk794). Wild-type (N2) is shown in a black
line and aptf-1(gk794) is shown in a red line. Mutants are shown in each figure, with different colors and
symbols. To compare the 50% survival point of two lifespan groups, a Fischer’s exact test was performed.
Details of all the survival can be found in table S5.

3.11. Mitochondrial respiratory chain is involved in the protective

program of sleep

Since sleep has been linked to the nutrient deprivation and energy balance in starved L1
C. elegans, 1 wondered whether impaired efficiency on the mitochondrial respiratory
chain (MRC) is able to alter the survival of sleepless mutants. The deficiencies of the
different complexes of MRC, which affect aging and alter lifespans in adult C. elegans
have been investigated before. I thus crossed the MRC-complex mutants with sleepless

mutant aptf-1 and tested the survival span of starved L1 larvae.
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Gene nuo-6 (NADH ubiquinone oxidoreductase) encodes a subunit of complex I of
MRC. The nuo-6 mutants show a functional reduction of complex I and an increase of
lifespan of adult C. elegans [152]. Gene mev-1 (methyl viologen sensitive) encodes a
subunit in complex II of MRC. It has been reported that mev-/ mutants have a reduced
lifespan with a high oxidative damage in the adult C. elegans [153-155]. The clk-1
(clock) gene is required for coenzyme Q (CoQ) biosynthesis. CoQ locates in both inner-
and plasma membranes of mitochondria and transports electrons from the complex I and
IT to the complex III of MRC [156, 157]. Lack of clk-1 leads to 50% life extension in
adult C. elegans [158]. The last gene is isp-1 (iron-sulfur protein). It serves in MRC
complex III and encodes the rieske iron-sulfur protein. The isp-/ mutant shows a
respiratory reduction with decreased oxygen consumption and increased lifespan
expectancy in adult C. elegans [159]. Interestingly, all the mutants above showed that a
decreased fecundity has a prolonged development time in comparison with the wild-type

C. elegans.

As shown in figure 8A-8D, no significant increase in survival was found in all the MRC
mutants compared to wild-type L1 larvae during starvation, which suggests that MRC
deficiency is not able to increase survival in starved L1 larvae. Interestingly, the double
mutants isp-1/aptf-1, nuo-6/aptf-1, and mev-1/aptf-1 survived longer than the aptf-1
mutants (Figure 8A-8C). Deficiency of the MRC complex I, II and III was able to
increase survival in the sleepless aptf-/ mutant in started L1 larvae. However, the ckl-1
mutants and the c/k-1/aptf-1 double mutants showed a substantial decrease in survival,
and the clk-1/aptf-1 double mutants lived for significantly less time than c/k-/ mutants
during L1-starvation (Figure 8D).

Moreover, the sleep of isp-/ L1 mutants decreased significantly during starvation when
compared to the wild-type larvae. Also, the isp-1/aptf-1 double mutants lost almost all
their sleep in L1 starvation (Figure S2A). Overall, these results indicate that MRC is
involved in the protective program of sleep in starved L1 larvae. MRC complex I, IT and
IIT play essential roles in the downstream of sleep pathway while the CoQ act in a
parallel pathway to increase survival in starvation. Besides, the reduction of sleep of the
isp-1 mutant suggests that MRC might not merely act in the downstream pathway for

helping survival but also affect the promotion of sleep.
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Figure 8
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Figure 8 Sleep regulate survival through mitochondrial respiratory chain in arrested L1 larvae
during starvation.

(A) Arrested L1 double mutant isp-1(qmi50)/aptf-1(gk794) showed significantly longer lifespans than
aptf-1(gk794) in two replicates, ***p<0.001. (B) Arrested L1 nuo-6(gm200) mutant larvae showed a
reduced survival compared to the wild-type larvae The double mutant nuo-6(qm200)/aptf-1(gk794) lived
for longer than the aptf-1(gk794) mutants, ***p<0.001. (C) The arrested L1 double mutant mev-
1(knl)/aptf-1(gk794) showed an increased survival when compared to the aptf-1(gk794) mutants,
**%p<0.001. (D) Both clk-1(gm30) mutants and clk-1(gm30)/aptf-1(gk794) double mutants lived for a
much shorter length of time than wild-type L1 larvae during starvation. Double mutant clk-1(gm30)/aptf-
1(gk794) showed a significant decrease in survival to the aptf-1(gk794) mutants. ***p<0.001. Wild-type
(N2) is shown in a black line and aptf-1(gk794) is shown in a red line. Mutants are shown in each figure,
with different colors and symbols. To compare the 50% survival point of two lifespan groups, a Fischer’s
exact test was performed. Details of all the survival spans can be found in table S5.

3.12.Sleep might contain two independent mechanisms for adult worms

and L1 larvae

Lastly, I considered whether an increase in sleep could lead to raising the survival of
starved L1 larvae, and thus I investigated the survival span in the sleepiness eg/-4
mutant. The cGMP-dependent protein kinase (PKG) gain-of-function mutant egl-4
(ad450sd) has been shown to have an increased sleep time in the adult stage, as well as
in lethargus [10]. The egl-4 (ks61) is a loss-of-function mutant [160]. However, the

increase in survival was detected in neither gain-of-function nor loss-of-function L1
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mutants during starvation (Figure 9). Instead, both the egl-4 (ad450sd) and egl-4
(ad450sd) L1 larvae showed a significant decrease in survival during starvation. It
indicated that the underlying mechanisms of lifespan extension by inducing sleep in the

adult worms are distinct from the protective program of sleep during L1 starvation in C.

elegans.

Figure 9
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3.13.Sleep deprivation reduces the ROS generation in starved L1 larvae

Reactive oxygen species (ROS) are a by-product of aerobic oxygen metabolism in
mitochondria. It was believed that high-level ROS are able to damage macromolecules
such as DNA and proteins, and low levels of ROS represent a low metabolic rate, linked
to lifespan extension [161, 162]. However, a shortened lifespan has been presented in
worms which have low respiratory rates [163]. An increase in ROS can also be found in
the worms, which have longevity caused by dietary restriction, down-regulating the

insulin signaling or changing the mitochondrial metabolism in C. elegans [164, 165].

The primary product of ROS is the superoxide radical (O,-"), which is produced by the
reduction of O, and can be further dismutated to H,O,. H,O, is the precursor of different
cytotoxic compounds, known as ROS. It has been reported that in C. elegans, the H,O,
level is very high in the larval development, but declines in the period of reproduction,
then rising again with age in adult worms [166]. Importantly, it has been observed that
the arrested L1 larvae are also able to accumulate ROS over survival time, like adult

worms [117]. Therefore, ROS might play a very interesting role in starvation survival in
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L1 larvae. To test this hypothesis, I used ROS-sensitive dye dihydroethidium (DHE) to
quantify ROS in L1 larvae of wild-type worms, aptf-I mutants, and RIS ablated worms
during starvation. DHE reacts with ROS to form a red fluorescent product 2-
hydroxyethidium in chromatin. This fluorescent can be visualised and quantified easily

by using a microscope [167].

The representative images of ROS in starved L1 larvae are shown in figure 10A. I
quantified the ROS mutant in the head region, in order to avoid interference of
autofluorescence from the worm's body (Figure 10B). ROS accumulated and increased
in all three strains over the survival span in starved L1 larvae. Unexpectedly, ROS rose
more slowly in the sleep-deprived L1 larvae, aptf-1 mutants and RIS ablated worms than
in wild-type larvae during starvation. Starting on the eighth day, the ROS levels in sleep-
deprived worms are significantly lower than those in wild-type worms. It suggested that
sleep might able to increase the ROS generation in chromatin for promoting the survival

of starved L1 larvae.
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Figure 10
A

ROS-indicator DHE signal in the head of arrested L1 larvae Figure 10 Sleep influences the
reactive oxygen species (ROS)
production in the head of arrested

L1 larvae during aging.

(A) Images of ROS generation in
the head regions of 1-day old and 8-
day old arrested L1 larvae. N2,
wild-type worm; aptf-1(-), mutant
worm aptf-1(gk794); RIS (-), RIS
ablated worm. ROS level was
visualised by the indicator DHE
staining using a microscopy. Scale
bar, 10 um. (B) Quantification of
ROS level in the head of arrested L1
during aging. Aged sleepless
mutants generated less ROS in head
B than wild-type arrested L1 larvae
Quantification of ROS in the head of arrested L1 larvae during starvation. Individual worm
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3.14. Sleep increases the redox stage throughout of survival in arrested

L1 larvae.

A complex cellular homeostasis (proteostasis) network organizes and coordinates several
biological processes in protein synthesis, folding, maintenance and clearance. The
network plays a role in protein quality control and provides protection against protein
misfolding and aggregation [168]. It associates with redox homeostasis and ROS
accumulation, and serves as an important factor in age-related diseases [169]. In C.
elegans, protein homeostasis decline during aging and the main processes are focused on

the cytosolic compartment [170, 171].
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In order to know if the redox homeostasis in the cytosol can be affected by aging and
sleep in arrested L1s, I measured the redox state in vivo using a genetically encoded
sensor: redox-sensitive green fluorescent protein (roGFP). RoGFP is an engineered GFP.
It contains two cysteine residues with the dual excitation at 405 nm or 488 nm
respectively, and a single emission at 509 nm [172]. In vivo, the oxidizing condition
increases the formation of the disulfide bond and therefore leads to a higher 405 nm
excitation and a lower 488 nm excitation. Shifting to the reducing condition lowers the
disulphide bond and results in a reduced excitation at 405 nm and higher one at 488 nm.
The roGFP allows for measuring the signal at both 405 nm and 488 nm at the same time,

and therefore serves as an ideal tool for detecting the redox state in vivo.

To obtain the cytosolic redox state in C.elegans, I used two strains: the F53B3.3roGFP
and the unc54roGFP, which represent the redox homeostasis specifically in the pan-
neuronal and muscular cytosols. The measurement was performed throughout the
lifespan of the arrested L1s. 6 to 15 worms of different arrested times were imaged by
microscope. A clear increase of a 405/488 nm ratio along with aging is shown in both
neuronal cytosol (Figure 11A) and muscular cytosol (Figure 11B). It indicates that the
redox state in pan-neuronal and muscular cytosols becomes more oxidized during aging
in arrested L1s in both wild-type and aptf/~] mutants. This result is similar to the
observation made in a previous study, which reported that the cytosolic redox state

became more oxidized during development and aging in adult worms [132].

Furthermore, the cytosol in sleepless mutants is generally more reducing than that of
wild-type worms of the same age. The 405/488 nm ratio of aptf-1 mutants in the middle-
aged worms (8 days) is significant lower in both pan-neuronal (-35.3%, ***p<0.001)
and muscular cytosol (-46.2%, ***p<0.001) than the ratio of the wild-type worms. This
result is similar to the measurement of ROS levels in the experiment above, which shows

a decreased ROS in aptf-1 mutants when compared to wild-type worms.
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Figure 11
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Figure 11 The 405/488 roGFP ratio in the sleepless mutants was lower than the ratio in wild-type L1
larvae during starvation.

(A) The ratio of pan-neuronal roGFP of arrested L1 larvae. F53B3.3roGFP was expressed in pan-neurons
and represented the redox level. Redox of the early-arrested L1 larvae (1%-2" day), middle-arrested L1
larvae (8" day) and the late-arrested L1 larvae (12"-13" day) were shown. 8" day: wild-type (N2): 8.2 +
0.4; aptf-1(gk794): 5.3 £ 0.2. ***P < 0.001. (B) The ratio of roGFP in muscular cytosol of arrested L1
larvae during starvation. unc54roGFP was expressed in muscle cells and represented the redox levels
there. 8" day: wild-type (N2): 7.6 = 0.5; aptf-1(gk794): 4.0 = 0.1. ***P < 0.001, Mann-Whitney U test.

3.15.Sleep did not affect the cell-cycle quiescence in L1 larvae during

starvation

It has been shown in previous studies that in the arrested L1 C. elegans, the germline
stem cells Z2 and Z3 have undergone cell-cycle quiescence and were arrested at the G2
phase during starvation. A tumor suppressor DAF-18/PTEN was identified to be
indispensable in this cell-cycle quiescence. The germ cells Z2 and Z3 in the daf-18
arrested L1 mutant were unable to maintain the cell quiescence and continually grew and
divided into 5 to 7 germ cells [42, 173]. Since I found that the daf-18 mutant lacks sleep
during L1 starvation and DAF-18/PTEN is involved in the sleep-active/sleep-promoting
pathway and protective program of sleep during starvation [118] (see Figure 3-C), I
questioned whether the aptf-1 arrested L1 mutant might not able to keep the same
germline cell-cycle quiescence as the daf-/8 L1 mutant during starvation. I thus
visualized the Z2 and Z3 cells using ppie-1::GFP in starved aptf-1 L1 larvae. The

representative images of Z2 and Z3 cells in starved L1 larvae are shown in figure 12A.
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Just as in the wild-type control larvae, aptf-1 L1 larvae showed only two germ cells,
regardless of how long the worm was starved for. I further detected the number of germ
cells in larvae after feeding them with bacteria for 11 hours and 46 hours respectively
(Figure 12B). As shown in figure 12C, no significant difference in the division of germ
cells was found in aptf-1 larvae when compared to wild-type larvae after feeding for 11
hours. The negative results revealed that the cell-cycle arrest of germ cell is independent

of sleep in L1 larvae during starvation.

Figure 12
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Figure 12 Arresting germ cell division is not influenced by sleep in arrested L1 larvae during
starvation.

(A) The growth of germ cells (Z2 and Z3) was arrested in L1 diapause. ppie-1::GFP was expressed in Z2
and Z3 cells in the wild-type and the aptf-1 sleepless mutants (1 day, 6 days, 12 days-arrested L1 larvae)
are shown in the images. The yellow triangular symbols are shown for the location of the two germ cells.
Scale bar, 10 um. (B) Images of germ cell division in worms after feeding. The arrested L1 larvae were
fed for 11 hours and 46 hours. Yellow dotted lines show the region of germ cells. Scale bar, 10 um. (C)
Number of divided germ cells in L1 after feeding for 11 hours. One bar represents the number of germ
cells in a single worm. There was no significant difference between wild-type worms and the apitf-1
mutant worms. Wild-type (N2): 5 + 0.4, n=9; aptf-1(gk794): 5.7 £ 0.6, n=7, N.S. Mann-Whitney U test.
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3.16.Sleep improves the unfolded protein response in resisting ER

stress in starved L1 larvae

The endoplasmic reticulum (ER) is responsible for protein translation, folding, and
transportation. It balances the intracellular calcium stage and serves an irreplaceable role
in cell death [174]. Aging and starvation disturb protein folding and lead to the
accumulation of unfolded and misfolded proteins in the ER and thus induce ER stress
[175, 176]. The heat shock protein HSP-4 is a homolog of grp78/BiP (glucose-regulated
protein 78/immunoglobulin heavy chain-binding protein) of mammals. It plays an
impotent role in UPR and shows an up-regulation in response to ER stress [177]. HSP-4
regulates the viability of embryos and larvae. It can be found in hypodermis, intestines,

and spermatheca in C. elegans.

To investigate whether sleep is able to affect the UPR in ER stress during larval
starvation, I tested the Asp-4 expression in starved L1 larvae and observed a significant
reduction of /sp-4 in the long-starved aptf-1 larvae when compared to controlled larvae.
As shown in the representative images in figure 13A, phsp-4::GFP expressed in the
hypodermis, intestines of the starved L1 larvae. The quantification of the phsp-4.:GFP
intensity showed that Asp-4 expression increased along with the survival time in the
wild-type larvae but not in the aptf-1 larvae during starvation (Figure 13B). In contrast,
the long-starved aptf-1 larvae expressed less HSP-4 than the short-starved aptf-1 larvae.
This suggests that sleep might play a role in UPR against starvation and avoid cell

damage in starved L1 larvae.

85



Results

Figure 13
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Figure 13 Sleep increases the HSP-4 expression during aging.

(A) phsp-4::GFP expression in arrested L1 larvae during aging. 1 day old and 12 days old arrested L1
larvae were shown. N2, wild-type worm; aptf-1(-), mutant worm aptf-1(gk794). Scale bar, 10 pm. (B)
Quantification of the HSP-4 expression of the whole worm in fluorescence intensity. Individual worm’s
mean intensity of phsp-4::GFP is shown in a single dot. n>10 of each strain on each experiment day. 1-
day: N2: 270.7 £ 12.2, n = 10; aptf-1(gk794): 317.1 £ 8.5, n = 10, *P < 0.05. 10-day: N2: 397.9 + 20.8, n
=11; aptf-1(gk794): 291.2 £ 10.3, n = 12, ***P < (0.001. 12-day: N2: 397.7 + 33.3, p = 14; aptf-1(gk794):
267.9 £ 12.5,n=10, ***P < 0.001. Mann-Whitney U test.

3.17.Sleep promotes the hsp-16.2 expression after heat shock in early-

starved L1 larvae

The heat shock protein HSP-16.2 is responsible for unfolded protein binding activity and
can be induced by heat shock. In C. elegans, HSP-16.2 is involved in lifespan extension

of adult worms, and plays a resistant role in proteotoxic stress [178-180].

To further understand the protective role of sleep in UPR mechanisms against stress in
starved L1 larvae, I investigated the expression level of hsp-16.2 in sleepless mutant
aptf-1 after heat shock. Here, increasing the heat-shock temperature can subsequently
increase the expression level of Asp-16.2 during starvation. However, regardless of
which temperature was used, the 1-day-arrested aptf-1 L1 larvae expressed significantly
lower hsp-16.2 than the 1-day arrested wild-type L1 larvae during starvation (Figure
14A-14C). In the 9-day arrested larvae, no difference in Asp-16.2 expression was found
between the aptf-1 mutants and wild-type worms (figures 14D, 14E).
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Interestingly, the 9-day arrested L1 larvae, which had been already heated in the first
arrested day at 37°C for 1 hour, only showed a slight increase in Asp-16.2 expression
after re-heating at 37°C for 1 hour. Also, the expression of Asp-16.2 in aptf-1 larvae was
lower than the wild-type larvae after re-heat shock (Figure 14F).

Figure 14G shows the difference in hsp-16.2 expression after heat shock between aptf-1
and wild-type of 1-day arrested larvae. The mean intensity of phsp-16.2::GFP in the L1
larvae are quantified and displayed in figure 14H. Taken together, the results indicate
that sleep increases Asp-16.2 expression in short-starved L1 larvae and seems to play an
elevated role in a protective program against heat shock stress. Moreover, this protective
mechanism could be remembered after heat-shock by unknown factors and thus further
influence the C. elegans larvae over time. Notwithstanding, further evidence, such as the
survival rate of aptf-1 mutants after heat shock, is required to fully understand the

implication of sleep in response to heat shock stress.
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Figure 14 Expression of phsp-16.2::GFP was increased by sleep after heat shock in young arrested
L1 larvae.

Expression of phsp-16.2::GFP in 1-day arrested L1 larvae increased after (A) 30°C heat shock for 3
hours, wild-type: n=19, aptf-1(gk794): n = 22; (B) 35°C heat shock for 1 hour, wild-type: n=22, aptf-
1(gk794): n=25; (C) 37°C heat shock for 1 hour wild-type: n = 32, aptf-1(gk794): n=30. The increase in
the temperature of the heat shock caused the rise of the phsp-16.2::GFP expression level in arrested L1
larvae. Expression of phsp-16.2::GFP in 9-day arrested L1 larvae after (D) 30°C heat shock for 3 hours,
wild-type: n = 19, aptf-1(gk794): n=19; (E) 35°C heat shock for 1 hour wild-type: n = 23, aptf-1(gk794):
n=18. The expression in the 9-day arrested L1 larvae was not as high as the expression in the 1-day
arrested L1 larvae. (F) For the re-heat shock treatment, L1 larvae were heat-shocked with 37°C for 1 hour
on the first arrested day and maintained in the chamber at 20°C for § days, continually. On the 9-day, the
worms were re-heat shocked again with 37°C for 1 hour. The expression level was shown in the figure,
wild-type: n = 30, aptf-1(gk794): n=26. (G) Deference of phsp-16.2::GFP expression in wild-type larvae
and aptf-1 mutant larvae after heat shock. (H) Mean of phsp-16.2::GFP expression in deferent arrested L1
larvae after heat shock with 30°C for 3 hours, as well as 35°C and 37°C for 1 hour. 1-day arrested L1
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mutants aptf-1(gk794) showed significantly lower expressions than the wild-type larvae after heat shocks
(*P < 0.05 of 30°C; **P < 0.01 of 35°C; *P < 0.05 of 37°C, Mann-Whitney U test. In the 9-day arrested
L1 larvae, this difference was no longer displayed. The re-heat shocked 9-day arrested mutant L1 larvae
showed a significant reduction, ***P < 0.001, Mann-Whitney U test.

3.18.Energy exhaustion is not the main reason for the premature death

of starved L1 larvae

Since the survival of arrested L1 larvae is linked to the length of starvation, I wondered
whether sleep is able to decrease energy expenditure and therefore increase the survival
time of larvae without the energy intake as long as possible. Because the storage and
utilisation of fat is a major factor in energy balance, measuring fat status might help us to
infer the energy expenditure in starved L1 larvae over survival span. To test this idea, |
stained the fat granules in L1 larvae using the fatty C1-BODIPY 500/510 C12 acid
[129].

Consistent with a previous study by Srinivasan, in which food deprivation depletes the
fat stores in C. elegans [181], I found that the fat mass decreased dramatically over the
survival span in all three L1 larvae: wild-type worms, aptf-/ mutants, and RIS ablated
worms during starvation. The representative images of fat granules of starved L1 larvae
are shown in figure 15A. In the 7-day of starvation of the wild-type larvae, 90% of the
total fat storage had been depleted (Figure 15B). This raises an intriguing question: if we
calculate the total survival time (wild-type arrested L1 larvae can survive about 23 days
during starvation) and the total energy consumption as a percentage, how could the
starved larvae use 10% of the total energy to survive 70% of the time of the L1 arrest? It
indicated that the energy shortage is not the only factor determining survival. There must
be other mechanisms or factors that regulate survival in starvation together with energy

homeostasis in C. elegans.
Interestingly, the sleep-deprived aptf-1 larvae and RIS ablated larvae contained more fat

granules than the wild-type larvae, especially at the early arrest time. It suggests that

sleep might also relate to fat utilisation in L1 larvae during starvation.

89



Results

Figure 15

C1-BODIPY-C12 lipid staining in N2, aptf-1(gk794) and RIS(-) arrested L1 larvae Figure 15 Sleepless mutants contain
more fat content than wild-type

arrested L1 larvae in the early time
of starvation.

(A) Images of fat granules in body of
arrested L1 larvae during starvation.
The fat granules were stained with the
bodipy-C12 fatty acid for 48h and
visualised using microscopy. Images
of 3-day and 10-day arrested L1 larvae
were shown. N2, wild-type worm
(WT); aptf-1(-), mutant worm aptf-
1(gk794); RIS(-), RIS ablated worm.
Scale bar, 10 pm. (B) Quantification
of the fluorescence intensity of fat
granules in the whole worm of
B ) arrested L1 larvae. The mean
Abundance of fat granules in arrested L1 larvae . . .
fluorescence intensity of a single

= 1 1 1 worm was shown in a single dot, n>10

oxiofy R ' " for each day of each strain. 3-day: N2:

T 50 1.4*%10° + 2*10°, n = 10; apif-
2 a0 1(gk794): 3.5%10° + 3.6%10%, n = 11,
2 ] - #xp < 0.001; RIS ()
E 1.9%10°+2.8%10%, n = 10. 7-day: N2:
g 2x10° - & 1.5%10* + 2.9*%10°, n = 11; apsf-
§ o I 1(gk794): 6*10* + 4.5*10°, n = 12,
5 1x10°s ﬁ—‘ #%kp < 0.001; RIS (-): 3.8%10% +
T ex0ts I. 2.1*%10°, n = 13, ***p < 0.001. 10-
g ooy . day: N2: 2.6%10% + 2.3%10°, n = 10;

. 4 3 _
- : é] 4 @ii géa aptf-1(gk794): 2.4%10° £ 2.5%10°, n

12; RIS (-): 4.5%10*+ 5*10°, n = 10,

— — ~ “— *p < 0.05. 14-day: N2: 2.3%10* +
SN SFENIFENEE 20105, n = 12 apif-1(gk794):
& & & & 1.4%10* + 3.9%10°, n = 6; RIS (-):

7.9%10° + 1.1*¥10°, n = 7, *p < 0.05.
davs v day 10 dav e Mann-Whitney U test.
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4. Discussion

4.1. The role of sleep in adult C. elegans during starvation

Since C. elegans became a powerful tool for sleep research in the past 15 years, three
states of worm sleep have been found and well characterized in the literature. The
developmentally-timed sleep, lethargus, occurs only in the larval development period
before each of the four molts. Another stage, stress-induced sleep, can be activated in
both adult- and larval worms by various stress stimulations. Feeding of starved worms
with high-quality food is able to activate a sleep stage called satiety quiescence. So far,
however, there have been no controlled studies which compare functional differences

between the three sleep stages. The core function of sleep in C. elegans is still unknown.

In the previous study, Masurat and I found that starvation-induced sleep occurs not only
in starved adults but also in arrested L1 larvae. Several quiescence bouts with a cyclic
quiescence-active-quiescence pattern were detected in worms during starvation. As
shown in the paper above, this starvation-induced sleep can be activated by AMP-
activated kinase and FoxO, and shares the same sleep-active/sleep-promoting
mechanism through the single neuron RIS in adult worms and arrested L1 larvae. Sleep
is essential for survival of L1 larvae during starvation but dispensable for the survival of
starved adult worms. This suggests that sleep might have distinct functions in adult

worms and L1 larvae during starvation.

Sleep seems needless in adult worms in the presence of sufficient food, especially when
the worms live under a comfortable laboratory growth condition. Interestingly, sleep
exists in the starved worms for unknown reasons. According to Skora’s study, the brain
dynamics decrease in starved adults during sleep. She thus suggests that sleep might
serve as an adaptive strategy of energy expenditure in neuronal signaling in combination
with the reduction of muscle activity during starvation [182]. However, this adaptive
strategy of sleep does not seem to benefit the survival of starved adult worms. Sleepless
aptf-1 adult mutants live as long as the sleeping worms whether there is food or not
[118]. It indicates that even though sleep is triggered by starvation, it is not involved in

the mechanisms of this lifespan extension caused by starvation.
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I further tested the longevity mechanisms such as metabolic alterations, the IIS signaling
pathway, and the TOR signaling pathway. None of those mechanisms are related to sleep
for lifespan extension. Thus, besides energy conservation, sleep should have an
additional function in adult worms during starvation. In other words, exhaustion of
energy might not be a decisive factor leading to death in adult worm. On the other hand,
resource allocation has been proposed to be another function of sleep [183, 184].
However, evidence from future studies is required to account for the primary function of

sleep in adult worms during starvation.

4.2. Mechanism of sleep in arrested L1 larvae during starvation

I questioned why sleep is not required in adult worms for lifespan extension but seems
indispensable in the arrested L1 larvae for maintaining survival during starvation. It
could be hypothesized that the functions of sleep in arrested L1 larvae might be distinct
from those in adult worms, even though they share the same sleep-active/sleep-

promoting pathway through AMPK and FoxO in upstream of RIS activation pathway.

To understand why sleep functions differently in adults from larvae, we first have to
underscore the major biological difference between adult worms and larval worms
during starvation. Contrary to the larvae, adult worms in the absence of food develop
fully and might contain complete anti-stress mechanisms. Therefore, the larvae may
have to enter an emergency state called “arrest” to inhibit all the cell division and

increase the resistance to environmental stress [122].

The L1 arrest is different from the dauer arrest. Dauer arrest is an alternative third larval
stage with modified morphology. Dauer can be induced by environmental stresses such
as overcrowding, scarcity of food and overheating within certain limits. The dauer larvae
are able to survive for several months during starvation until food becomes available
[185]. In contrast, arrested L1 larvae that caused by starvation after hatching can only

live for a couple of weeks without food [40].
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4.3. Sleep and aging

Roux showed that over the arrested time, L1 larvae have a similar cellular decline to
normal aging process. He tested several biological aging markers such as ROS
production, mitochondrial fragmentation, and protein aggregation. All of them increased
over time in the arrested L1 larvae [117]. Moreover, the larvae also showed a decreased
proteotoxic-stress resistance and a decline of proteostasis. Recent works of literature
have been shown that the genes, which relate the longevity of adult worms, also affect
the survival of arrested L1 larvae [40]. The associated mechanisms include the
insulin/IGF-1 signaling, the heat-shock factors, the AMP kinase, and the sensory
perception process as well as the translation process [186-189].

Because sleep is an essential regulator for survival in arrested L1 larvae, I wondered
whether sleep could accelerate or retard the aging process and, sequentially, influence
survival in L1 larvae. My study provided ample evidence that sleepless mutant aptf-/
larvae display an increased muscle disruption, mitochondrial fragmentation, and protein
aggregation. It suggests that sleep is able to counteract the aging-induced phenotypes

that occur in the starved larvae in L1 arrest.

Thus, in the absence of food, the sleep of L1 larvae functions not only as energy-
economizing medium against starvation but also as a protective strategy to counter aging.
In this study, I firstly reporte an association between sleep and aging in arrested L1
larval C. elegans. The results provide insights for understanding why sleep changes with
age in human beings. In the previous body of research, the poor onset and maintenance
of sleep observed in old adults are considered to be due to the impairment of homeostatic
sleep regulation, which is associated with normative aging [190-192]. The central brain
mechanisms have been proposed to serve as regulators of the age-related sleep. However,
other factors such as obesity, chronic pain, hormonal changes, and neurodegeneration as
well as psychiatric conditions are all involved in sleep disruption in aged adults [193-

195].

Thus, aging might not be the determinate of sleep reduction in aged adults. It is not clear

how the quality and quantity of sleep affect the aging process in human. If sleep acts in a
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protective strategy to slow down the aging process in L1 larval C. elegans, it should be

involved in numerous fundamental biological mechanisms related to aging.

4.4. Sleep, apoptosis, and autophagy

Indeed, it was found that sleep was associated with apoptotic cell death and autophagy in
arrested L1 larvae. Autophagy has an overlapped mechanism with apoptosis [196]. It is
believed that autophagy is able to protect cells and extend survival during starvation
[197]. Apoptotic machinery acts not only in the development process to maintain tissue
homeostasis but also functions as a failsafe program to protect living organisms under
adverse conditions while none of the others repair or protective mechanisms are
effective. Therefore, autophagy, apoptotic and sleep might have the same purpose and
function as one of the physiologic safeguards to increase the possibility of organisms’

survival.

Moreover, I found that autophagy, apoptotic and sleep have a part-overlapped pathway
in the regulation of larval survival during starvation. CEP-1, one of the essential proteins
in germline apoptosis, might act in upstream in sleep pathway to inhibit APTF-1 and,
thus, plays a negative role in L1-survival during starvation. It is consistent with the result
shown in the previous study that down-regulating the cep-1 expression is able to extend
lifespan in the adult worms [198]. Unexpectedly, knocking out of the gene cep-/ did not
increase the sleep of arrested L1 larvae. However, we did not have any evidence that
overexpressing aptf-1 is able to increase sleep in arrested L1 larvae during starvation.
Thus, it seems that the mechanisms of apoptosis in germline can only be associated with
the protective program of sleep, but not with the sleep-active/sleep-promoting
mechanism for the alteration of sleep-behavior in the starved larvae. In this study, it has
also been proved that sleep is not a requirement of germline quiescence during the
development period. This further supports that mechanisms of germline alteration are
related to the functional mechanisms of sleep but not the sleep behavior in larvae during

starvation.
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4.5. Sleep and protein homeostasis

Disruption of protein homeostasis, namely proteostasis, is a signal of aging. Aged worms
show an increased aggregation of endogenous proteins [171, 199, 200]. Sleep seems to
be able to inhibit or counteract protein aggregation and play a role in protein
homeostasis. Heat shock proteins (HSPs) are required for protein homeostasis. They

destabilize protein aggregation, guard protein folding and sorting in the right way [201].

In C. elegans, HSPs are induced by stresses and accumulate during aging [179, 202,
203]. It has been shown that the expression level of HSPs is associated with aging and
longevity [204]. Several genes that regulate the expression of HSPs increase or decrease
the lifespan of adult worms. Interestingly, in this study, HSP-4 cannot be appropriately
expressed and accumulated during aging in sleep-deprived larvae. Moreover, without
sleep, a decreased expression of HSP-16.2 was found in the arrested L1 larvae in
response to heat shock stress. These results indicate that sleep affects the expression of
HSPs and thus play a promotional role in the stress response mechanism and the aging
process in C.elegans. Because of the inseparable connection between stress responses
and protein homeostasis, it could be hypothesized that sleep might be able to control
aging through regulating protein homeostasis in C.elegans during starvation, especially
in the arrested L1 larvae, which do not contain the other complete protective
mechanisms yet. However, further investigations are required to examine the effects of
sleep in the proteostasis-declined mutant and explore the mechanisms behind sleep,

protein homeostasis and aging in C. elegans.

4.6. Sleep and mitochondrial respiratory chain

It is well known that mitochondrial dysfunction is associated with aging [205]. The
physical declines in old adults are mainly caused by sarcopenia and heart failure, which
are the two consequences of mitochondrial dysfunction [206]. Sarcopenia is a decline in
muscle mass related to aging. It is observed together with mitochondrial defections in
body wall muscles of aged adult C. elegans [207]. Thus, declined muscle structure and
defected mitochondria such as mitochondrial fragmentation were considered as the

biomarkers for aging. Both phenotypes occur in the aged adult worms and the L1 larvae
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arrested after a long period. Interestingly, sleep is able to counteract both aging
phenotypes. Because the changes in mitochondrial structure are due to the mitochondrial
dysfunction [116], sleep thus might be related to the functions of mitochondria which

impact aging and survival in arrested L1 larvae.

The MRC synthesizes ATP by the action of complexes and links directly to the energy
hemostasis in response to starvation. Indeed, I found that mutations of MRC complex I,
IT and III reduce the harm caused by sleep deprivation at the expense of slowing down
the development process in arrested L1 larvae during starvation. According to these
encouraging results, it is possible to hypothesize that MRC may act in the functional
downstream pathway of sleep to promote survival and slow down the aging process in
arrested L1 during starvation. Moreover, MRC complex III is further involved in the

behavior-regulatory pathway of sleep.

To further suppose the hypothesis, I measured ROS and redox level in arrested L1 larvae.
Even though ROS have multiple end- or exogenous sources, more than 90% of ROS
occur as a by-product of MRC and link to the energy synthesis [208]. ROS have been
considered as toxic products, which induce oxidative stress as well as damage, and are
harmful to longevity for many years. However, the interaction between ROS and aging
turns out to be much more complex than we previously thought. Increased number of
evidence has showed that rather than the toxic byproducts, ROS act as a secondary
messenger in antioxidant signaling [209]. High level of ROS production does not simply
mean short lifespan, and it could also induce the adaptive mechanisms in response to
high oxidative stress and protect organisms [210]. Moreover, it has been shown that
increasing ROS productions are able to facilitate the mitochondrial functions and, thus,
promote the health of the elderly [211, 212]. Redox homeostasis and ROS react together
to the age-induced damages. Alteration of redox circuit has been known to relate many
diseases and neurodegenerative disorders, and it plays a vital role with ROS productions

in regulating cell growth, apoptosis and aging [213].
In this study, sleep was found to increase the ROS level and the redox stage in arrested

L1 throughout the survival during starvation. It indicates that sleep might have an

overlapped pathway with the antioxidant signaling of ROS and altered redox
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homeostasis. Furthermore, The redox state in arrested L1 larvae provides consistent
evidence that sleeping worms are more oxidized than the sleepless mutant L1 larvae
during starvation, as described in pervious study [132]. In summary, all the results
support the hypothesis above that MRC is involved in the functional pathway of sleep in
response to stresses and promote survival as well as retarding aging by increasing ROS

production in arrested L1 during starvation.

4.7. Sleep might contain two partly distinct mechanisms

Sleep is triggered by starvation through the activation of RIS neuron in C. elegans. This
sleep-active/sleep-promoting pathway was identified and is controlled by FoxO and
AMPK in parallel. Without sleep, arrested L1 larvae showed decreased survival and
accelerated aging. I thus questioned whether an increase of sleep behavior or up-
regulating of sleep-active signaling is able to benefit survival and slow down the aging
process in arrested L1 during starvation. Unexpectedly, simply increasing the sleep
behavior did not contribute to the survival rate. No extension of survival was found in
the sleepiness of L1 larvae during starvation. Moreover, overexpressing flp-11 increased
neither sleep fraction nor larval survival in arrested L1 worms during starvation.
Nevertheless, these negative results might be attributed to inadequate research design

[214].

Since the findings in my study indicate that energy exhaustion is not the major reason for
the premature death in starved L1 larvae, I can infer that the underlying mechanism of
sleep for survival extension is partly distinct from the sleep-activating/sleep-promoting
mechanisms in arrested L1 larvae. Activation of RIS might further induce two different
signaling. One is responsible for activation of sleep behavior to conserve energy; the
other one is in charge of physiological benefits such as an increase in stress residence,
retarding of aging process and extension of longevity. This hypothesis is consistent with
the conclusion described in the paper above that sleep is required for starvation survival
not only because it could save energy but also because it could counteract the aging

process simultaneously [118].
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Now we may be curious about the underlying mechanisms of sleep that control sleep
behavior or benefits the survival span, and retard aging during starvation. To answer this
question, I did two screens in this study: mutation screen of behavioral alteration and
mutation screen of survival alteration in arrested larvae during starvation. Masurat and I
found that FoxO and AMPK control the sleep-active/sleep-promoting mechanism
through IIS and sirtuin signaling in multiple tissues, but outside of RIS. The AMPK,
PTEN as well as TOR signaling were found to regulate the functional mechanisms of the
protective program of sleep in the arrested L1 larvae during starvation. Moreover, CEP-1

and MRC are also involved in this protective program of sleep.

One unanticipated finding was that ethanol seems to play a role in the protective
program of sleep. With the addition of ethanol at a low concentration, the sleepless
larvae are able to survive for almost the same time as the sleeping larvae. I questioned
whether this “rescue” effect comes from an increase in energy supply because ethanol
has been considered as a food source for C. elegans. Nevertheless, the starved wild-type
L1 larvae did not show any extension of survival with ethanol at the same concentration.
This initially reveals that ethanol did not simply serve as a food source to contribute to
survival during L1 starvation. Although ethanol has shown no evidence in this study that
it is able to influence sleep behavior in the arrested L1 larvae, it does participate in the
mechanisms of the protective program of sleep. It has been reported that the chronic
exposure of ethanol resulted in small body size and slow reproductive fecundity of the
adult C. elegans [215]. In the arrested larvae, we also found that ethanol further impairs
the development and the ability to re-enter the developmental circle from starvation.
These observations point to the likelihood that ethanol is able to activate an unexplored
pathway that is conducive to survival, but it might also compromise the developmental
mechanisms in larval C. elegans. The most exciting thing is that this concealed pathway

is tightly coupled with the protective program of sleep during starvation.

The results of my study have thrown up many questions in need of further investigations
of sleep. Homeostatic balancing is a fundamental issue for organisms, and since sleep
might play a vital role in the homeostasis and offers such incredible benefits to worms,
the highly sophisticated and complicated molecular mechanisms of sleep should be

firstly clarified in the future investigations. At this point, my study provides several
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unique insights into the following research directions of sleep functions, such as the
mitochondrial respiratory chain, the protein homeostasis and the mechanisms of
apoptosis. Furthermore, the observations in my study bring up another vital question: If
the living organisms are homeostatic, what does sleep sacrifice for contributing survival
in the larvae during starvation? I believe this further understanding could eventually give
us a full picture of the mysterious functions not only of the worm sleep but also of the

sleep in mammals.
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5. Abbreviations

AMI
AMPK
APTF-1
C. elegans
C1-BODIPY-C12
cAMP
Clock
CoQ
DHE
DIC
DMSO
DNA
DTS
EEG
EGF
EGFR
EM gain
ER

ETC
FLP
FoxO
GABA

GAL

Abbreviations

Agarose microchamber imaging
5" adenosine monophosphate-activated protein kinase
AP-2 Transcription Factor-1

Caenorhabditis elegans

4,4-difluoro-5-methyl-4-bora-3a, 4a-diaza-s-indacene-3-
dodecanoic acid

Cyclic adenosine 3’, 5'-monophosphate
Circadian locomotor output cycles kaput
Coenzyme Q10

Dihydroethidium

Differential interference contrast
Dimethyl sulfoxide

Deoxyribonucleic acid
Developmentally timed sleep
Electroencephalography

Epidermal growth factor

Epidermal growth factor receptor
Electron-multiplying gain
Endoplasmic reticulum

Mitochondrial electron transport chain
FMRFamide like peptides

Factor forkhead box O

y-aminobutyric acid

Galanin

100



GFP
HSP
IGF-1
1S
IPTG
L1-L4
LC
LED
MRC
NAD
NGM
NREM
PCR
PDF
PI
PIP3
PKA
PKG
Poly-Q
PTEN

Redox

RNAI
ROS

SE

Abbreviations

Green fluorescent protein

Heat shock protein

Insulin-like growth factor-1
Insulin/insulin-like growth factor-1 signaling
Isopropyl-p-d-thiogalactopyranoside
Larval stages 1-4

Locus coeruleus

Light-emitting diode

Mitochondrial respiratory chain
Nicotinamide adenine dinucleotide
Nematode growth medium

Non-rapid eye movement

Polymerase chain reaction

Pigment dispersing factor
Phosphoinositide

Phosphatidylinositol (3,4,5)-trisphosphate
Proteinkinase A

Proteinkinase G

Polyglutamine

Phosphatase and tensin homologue deleted on chromosome 10
Reduction—oxidation reaction

Rapid eye movement

RNA interference

Reactive oxygen species

Standard Error
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SEM
SIS
TGFB
TMN
TOR
TORC
UPR

VLPO

Abbreviations

Standard Error of the Mean
Stress-induced sleep
Transforming growth factor 3
Tuberomammillary nucleus
Target of rapamycin

Target of rapamycin complex
Unfolded protein response

Ventrolateral preoptic nucleus
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7. Supplemental material

Figure S 1
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Figure S 1 Food is required for L1 larvae for
development.

Single L1 larvae that hatch after 1 day was fed with
OP50 (E. coli) in each group with different
concertation of bacteria for 4 days. Number of E.
coli cells were calculated before the assay with
using OD 600. 1.25%10* E. coli cells per worm: 0%
of L1 larvae developed to L2 stage, n=20. 2.5*10*
E. coli cells per worm: 65% of L1 larvae developed
to L2 stage, n=23. 5*¥10" E. coli cells per worm:
91.6% of L1 larvae developed to L2 stage, n=24.
1¥10° E. coli cells per worm: 96% of L1 larvae
developed to L2 stage, n=25. 2*10° E. coli cells per
worm: 100% of L1 larvae developed to L2 stage,
n=36. Percentage of molt in each group was shown
as single dot in figure.
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Figure S 2
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Figure S 2 Screen of mutation for sleep alteration in arrested L1 larvae during starvation.

(A) Sleep fraction of arrested L1 larvae. Individual worm was shown in the box plot as dots,
significant median of sleep fraction: N2 (control): 21.1%; daf-2(el370)/aptf-1(gk794): 1.6%,
**%p<0.001; daf-2(e979)/aptf-1(gk794): 4%, ***p<0.001; isp-1(qgm150): 1.6%, *** <0.001; isp-
1(gml150)/aptf-1(gk794): 0.7%, ***p<0.001; sir-2.2(tm2673): 33.2%, *p=0.011; sir-2.2(tm2648):
30.3%, *p=0.017. (B) Sleep fraction of arrested L1 larvae. Individual worm was shown in the box
plot as dots, significant median of sleep fraction: N2 (control): 21.1%; RIS ablated worms RIS(-):
0%, ***p<0.001; lec-3&nlit-1(0k274): 36.8%, ***p<0.001. (C) Sleep fraction of arrested L1 larvae.
Individual worm was shown in the box plot as dots, significant median of sleep fraction: N2
(control): 21.1%; phg-1(0k2741): 39.6%, ***p<0.001. Details of sleep fraction of all the mutants
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are shown in table S6. Mann-Whitney U test was used to calculate the p-value and Benjamini-

Hochberg Procedure was used to confirm the

significance by multiple comparisons.

Figure S 3
DAF-18 rescue of arrested L1 larvae, starved
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Figure S 3 DAF-18 rescue across different tissues
of arrested L1 larvae during starvation.

The extrachromosomal transgenes of daf-18 were
used in the rescue assay. DAF-18 was expressed
from the endogenous promoter in the whole worm;
in the intestine (pges-1); in the body wall muscles
(pmyo-3) and the hypodermis (pdpy-7). Rescue
strains carry a mutation of daf-18(0k480) and an
extrachromosomal  fluorescence  (pstr-1.:GFP)
marker. A mock control was used for comparison,
which only expresses the fluorescence (pstr-
1::GFP) marker in daf-18(0k480) mutation
background. Increased sleep fractions were shown
in the strain of the whole worm-rescue (median of
sleep fraction): 20.5%, ***p<0.001; the intestine-
rescue: 12.9%. ***p<0.001 and the hypodermis
rescue: 11.6%, ***p<0.001. Individual worm was
shown in the box plot as dots. Details of sleep
fraction of DAF-18 rescue are shown in Table S6.
Mann-Whitney U test was used to calculate the p-
value, and Benjamini-Hochberg Procedure was used

to confirm the significance by multiple
comparisons.
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Figure S 4 Lack of sleep increases the development period of mutant larvae nuo-6(qm200) and clk-
1(qm30) by re-entering the development after starvation.

(A) Upper part: percentage of the arrested L1 larvae that are able to re-enter development after starvation
for 1, 6, 11, 18, 25 days. Green line: nuo-6(qm200), n>60; orange line: nuo-6(qm200)/aptf-1(gk794),
n>60. Lower part: days, which worms used to develop into the late-L4 stage from L1 larvae. L1 larval
nuo-6(qm200)/aptf-1(gk794) double mutants after 1, 6, 11 days starvation showed a significant increase
of developmental time compared to the nuo-6(gm200) mutants, ***p<0.001. (B) Upper part: percentage
of arrested L1 larvae that are able to re-enter development after starvation for 2, 4, 10, 14 days. Green
line: clk-1(gm30), n>60; orange line: clk-1(qm30)/aptf-1(gk794), n>60. Lower part: days, which worms
used to develop into the late-L4 stage from L1 larvae. L1 larval clk-1(gm30)/aptf-1(gk794) double
mutants after 4 days starvation showed a significant increase of developmental time compared to the clk-
1(gm30) single mutants, ***p<0.001. Mann-Whitney U test.
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Table S 1
Lifespan of adult under different conditions (20°C)
Experiment Mean A p value
Strain batch Treated with # scored/ . of Compared | Mean (log-rank
(in Figure) # total lifespan to of test)
(days) lifespan
Figure 1
Incubated in
N2 (A) Batch 1 MO buffer 75/150 16.05
Incubated in N2 (A) 0.77,
aptf-1(gk794) (A) Batch 1 MO buffer 124/150 15.98 Batch 1 NS.
Incubated in
N2 (A) Batch 2 MO buffer 257/309 16.74
Incubated in N2 (A) 0.22,
aptf-1(gk794) (A) Batch 2 M9 buffer 255/301 17.15 Batch 2 NS.
Incubated in N2 (A) o <0.001,
RIS(-) (A) Batch 2 MO buffer 271/308 13.66 Batch 2 -18.4% ok
N2 B)Bach 1 | MOPUITer 1 ogigs | 30.82
starved
M9 buffer N2 (B) 0.36,
aptf-1(gk794) (B) Batch 1 starved 43/111 30.14 Batch 1 NS.
N2 B)Bach2 | MOPUIer 0307 | 3435
starved
M9 buffer N2 (B) 0.23,
aptf-1(gk794) (B) Batch 2 starved 155/295 35.95 Batch 2 NS.
M9 buffer N2 (B) 0.83,
RIS(-) (B) Batch 2 starved 134/300 34.62 Batch 2 NS.
Lifespan on NGM plate (20°C)
N2 Control Feeding 39/50 19.75
aptf-1(gk794) Control Feeding 42/50 17.83
N2 ©) Intermittent 1 25,160 | 23 69
Fasting
Intermittent
aptf-1(gk794) © Fasting 97/105 22.71 N2 (C) 0.1, N.S.
10 mM 2- <0.001
N2 D) deoxy-D- 89/100 22.84 | N2 Control | +15.7% px
glucose
10 mM 2- 0.029
aptf-1(gk794) D) deoxy-D- 84/100 24.35 N2 (D) +6.6% T
glucose
100 mM D- 0.52,
N2 (E) Glucose 55/100 19.25 | N2 Control NS,
100 mM D- 0.95,
aptf-1(gk794) (E) Glucose 58/102 19.48 N2 (E) NS,
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0.1 mM .| <0.001,
N2 (F) Sodaar | 113120 | 1784 | N2 Control | 9.7% | <)
0.1 mM 0.63,
apif-1(gk794) (F) Sodaar | osnie | 1794 | N2 (R) s
GFP RNAi
N2 G) Conron | $3110 | 1484
GFP RNAi N2 (G) .| <0.001,
apif-1(gk794) (G) (Control 8089 | 1126 | 22U aane | SO0
. N2 (G) 0.3,
N2 (G) let-363RNAI | 90107 | 1394 | 3219 Y
. N2 (G) let- | <oor,
apif-1(gk794) (G) let363RNAT | 99100 | 1213 | N2 XD 1099, !
GFP RNAi
N2 (H), (1) (Controh 45/67 | 12.09
GFP RNAi N2 (H), (1) 0.18,
apif-1(gk794) (H), (1) (Control sa50 | 1141 | N2 N
. N2 (H), (1) .| <0.001,
N2 (H) phad RNAi | 7681 | 1025 | Ne DD g5 50, ) <000
N2 (H) 0.0
apif-1(gk794) (H) pha-4RNAi | 7380 | 1112 |  pha-4 e
RNAj S,
N2 I skn-IRNAi | 6474 | 1099 | N2 Mg 400 1 g0, #
Control
. N2 (1) skn-
apif-1(gk794) I shn-IRNAL | 8386 | 1172 | NS 0.2,N.S.
Feeding
N2 ), (K) ooding 39/50 | 19.75
Feeding
apif-1(gk794) ), (K) ooding 42/50 | 17.83
daf-2(e1370) | (J)Batch 1 Feeding 35/50 | 44.29
daf- daf-2 0.57
2(e1370);apif- | (J) Batch 1 Feeding 3350 | 4337 | (e1370) () 00
1(gk794) Batch 1 S,
daf-2(el370) (J) Batch 2 Feeding 26/50 38.70
daf- daf-2 0.59
2(e1370);apif- | (J) Batch 2 Feeding 32/50 | 37.82 | (e1370) () e
1(gk794) Batch 2 S
daf-16(mgDf50) | (K) Batch 1 Feeding 52/58 13.12
dar daf-16
16(mgDf50),apyf | (K)Batch1 |  Feeding asiss | 13ag | (80RO 0.92,
1(gk794) (K) Btac N.S.
daf-16(mgDf50) | (K)Batch2 |  Feeding | 102/120 | 16.07
dar daf-16
16(mgDf50),apf | (K)Batch2 |  Feeding 051120 | 14.82 | (M8PU) | 570y, | <0001,
1(gk794) (K) Btach2
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daf-16(mgDf50) | (K)Batch3 |  Feeding 49/60 | 1573
dar daf-16
16(mgDf50),aptf | (K)Batch3 |  Feeding 48/60 | 15.02 | (M&PRO) | 4 5y, | 0015,
(K) Btach3 *
1(gk794)
Starved
N2 @) Janved 60/100 | 29.81
Starved N2 (L) 0.65,
apif-1(gk794) @) oanved 63100 | 2946 | L2 s
daf-16(mgDf50) @) Starved 43/60 | 21.19
daf- daf-16 003
16(mgDf30aptf| (L) Starved 52/62 | 2099 | (meDf50) e
1(gk794) () S,

Table S 1 Detail of adult lifespans with replicates are shown. Table is related to figure 1. Displayed are
the strains used, the related figure sub number with replicated batches, the experimental treatments, the
scored animals of the total animals number (the missing worms were censored), the mean lifespan is
estimated from the log-rank test, against which group was tested, the difference with the compared group
and the p value of the log-rank test.

Table S 2
Survival span of arrested L1 larvae under different conditions, starved (20°C)
p value
in 50%
. . 50% A .
Strain EX P erlment Treated with mm.' alive at Compare 50% ?hve s
(in Figure) counting dto . (Fisher’s
(days) alive
exact
test)
Figure 2
M9
N2 (A) Control >50 23.45
apif-1(gk794) (A) M9 >50 1161
PY-H(& Control '
N2 (A) o, | 0.006, **
flp-11 (tm2706) (A) M9 >50 21.87 Control -6.74% in day 21
N2 B) NGM >100 30.75
<0.001,
aptf-1(gk794) B) NGM >100 23.97 N2 (B) | -22.1% **% in
day 23
N2 ©) M9 Control >50 22.89
aptf-1(gk794) © M9 Control >50 10.62
<0.001,
N2 (C) I mM >50 1022 | N2O 1 55400 | exxin
Cycloheximide Control
day 10
lmM aptf-1 <0.001,
- - 0, $eksk g
aptf-1(gk794) © Cycloheximide >50 7.49 © 29.5% in
Control day 7

120




Supplemental material

<0.001,
N2 ©) 2mM >50 8.1 N2(©) | 6a6% | #*in
Cycloheximide Control
day 8
5 M aptf-1 <0.001,
aptf-1(gk794) (C) Cveloheximide >50 7.12 (€) 32.9% | ***in
Y Control day 7
N2 (D) M9 Control >60 17.97
aptf-1(gk794) (D) M9 Control >60 9.54
0.15 mM N2(D) | .
N2 (D) Methionine >60 17.20 Contral | “43% N.S.
aptf-1 0.0069,
aptf-1(2k794) (D) h/([)éilfi:;l;ﬁe >60 10.06 (D) | +55% | **in9
Control day
1 mM N2 (D) o, | 0.013,%
N2 (D) Methionine =60 15.80 Control S12.1% in day 15
aptf-1
1 mM o, | 0.015*
aptf-1(gk794) (D) Methionine >60 9.90 . élllat)ro] 3.8% | o day
N2 (E) Cé\ﬁiol 60 26.9
aptf-1(gk794) (E) M9 Control >60 10.05
. <0.001,
N2 (E) M Sodium ¢, 208 | N2E | or 900 | weip
azide Control
day 21
. aptf-1 .
aptf-1(k794) (E) ! “l\gzsiggl“m >60 10.6 (E) 15‘118
Control
Figure 3
A) 0.1% DMSO,
o,
N2 (B) Batch 1 0.1% Ethanol >60 26.63
. <0.001,
aptf-1(gk794) ®) ]g‘zzch ! 8' 102 ]Igtl;l/[asn(zi >60 24.30 +115% | ***in
' day 11
0.1% DMSO, <0.001
0.1% Ethanol, 0 s
N2 (A) 50 M >60 20.60 N2 (A) | -22.6% in
Rapamycin day 21
0.1% DMSO, <001
[ - R
aptf-1(ak794) (A) 0.1 ?OES;Z“OI’ 60 22 | ¥ Z)l 82% | **in day
Rapamycin 2
0.1% DMSO, < 0.001
0.1% Ethanol, o e
N2 (A) Batch 1 100 uM >60 20.36 N2 (A) | -23.4% | ***in
Rapamycin day 21
0.1% DMSO,
0.1% Ethanol, aptf-1 ., | <9001,
aptf-1(gk794) | (A)Batch 1 100 uM >60 21.00 A) -13.6% in
Rapamycin day 25
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0.1% DMSO, < 0.001
o, . >
N2 (A)Batch 2 | 0170 Ethanol, 1 g 2233 | N2B) ) 10 | weeip
100 pM Batch 2
. day 23
Rapamycin
0.1% DMSO, < 0.001
0.1% Ethanol, N2B) | 11100 | wrsis
aptf-1(gk794) | (A)Batch 2 100 uM >60 2062 | po i | -131% in
. day 23
Rapamycin
N2 B), (C) M9 Control >60 25.14
aptf-1(gk794) (B), (C) M9 Control >60 11.28
0.1% DMSO,
N2 (B)Batch 1 | o) b > >60 26.63
<0.001
0.1% DMSO, o~
apyf-1(gk794) | (B)Batchl | = ) = > >60 24.30 +115% | ***in
day 11
0.1% DMSO,
N2 (B)Batch2 | .0 o >60 25.15
<0.001
0.1% DMSO, O ke
apyf-1(gk794) | (B)Batch2 | o) o >60 23.72 +110% in
day 11
N2 (C) 0.1% DMSO >60 26
aptf-1(gk794) (©) 0.1% DMSO >60 10.54 “gg; ir(ocl) N.S.
M9
N2 (D) Control >60 26.9
aptf-1(gk794) (D) M9 Control >60 10.05
<0.001,
N2 (D) 0.1% Ethanol |  >60 s | N2Vl gg0 | sy
Control
day 23
<0.001,
apif-1(gk794) (D) 0.1% Ethanol |  >60 244 “giﬁg) ”;2‘8 *h% in
° day 23
Figure 4
MO buffer at
N2 (A) 50°C Control >50 22.89
gplsl1 [phsp- MO buffer at
16.2::GFP] (A) 20°C =60 13.12
g0els240[phspl [gilss .
6.2::flp- MO buffer at o < 0.001,
11::SL2mKate2 (A) 2(‘)10 c >60 8.36 2:Gp] | 363% | **in
unc-54-3UTR, ”(A) day 9
unc-119(+)]. (20°C)
MO buffer at
N2 (A) 559C Control >60 13.63
gplsl <0.001,
gplsl [phsp- MO buffer at ) ) o o
6.2::GFP] (A) S5eC >60 10.64 [phsp 18.9% in
16- day 11
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2::GFP]
(A)
(20°C)
goels240
[phspl6.
g0els240[phsp! 121‘,{2‘{2
6.2::flp- >
11::SL2mKate2 (A) MODarat | =60 9.49 | MRate2 NS,
unc-54-3UTR, JUTR
unc-119(+)]. ’
unc-
119(H))(
A)(20°C)
gplsl1 [phsp- MO9-Chamber
16.2::GFP] (B) at 25°C 32 19.88
goels240[phspl gplsl
6.2::Alp- [phsp- 0.61,
11::SL2mKate2 (B) M9a'tczhsaféber 40 1993 | 162:GF | +0.2% (1oNl§a{nk
unc-54-3UTR, P] tge 0
unc-119(+)]. (X)
gpls1 [phsp- S Basa-
16.2p::GFP] ©) Cha;r;?cer at 19 17.74
goels240[phspl gplsl 0.74
6.2::Alp- S Basa- [phsp- N S’
11::SL2mKate2 ©) Chamber at 32 18.13 16.2::GF +2% (Io ;ra;nk
unc-54-3UTR, 25°C P] tge e
unc-119(+)]. (L)

Table S 2 Detail of survival spans of arrested L1 larvae with replicates are shown. Table is related to
the figures 2-4. Displayed are the strains used, the related figure sub number with replicated batches, the
experimental treatments, the scored animals number, the median survival, against which group was tested
for p value, the difference with the compared group and the p value with the test day is estimated with the

Fisher’s test.

Table S 3
Survival span of arrested L1 larvae, starved (20°C)
Experiment min 50% 157 O\f’?lzfi\lfrel
Strain batch o ti.n alive at Compared to 50% (Fi(;her’s
(in Figure) | ®"™"& | (days) alive
exact test)
Figure 5
N2 (A) >50 23.81
aptf-1(gk794) (A) >50 11.61
skskek
daf-16(mgDf50) | (A)Batch 1 >50 6.81 N2 (A) 7149 | <0001,
in day 3
daf-16,aptf- daf-16(mgDf50) | 5. - <0.001, ***
1(ek794) (A) Batch 1 >50 4.72 (A) Batch 1 30.7% in day 5
daf-16(mgDf50) (A) Batch 2 >50 6.77
daf-16,aptf- daf-16(mgDf50) | ., <, <0.001, ***
1(ek794) (A) Batch 2 >50 5.11 (A) Batch 2 24.5% in day 6
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daf-16(mgDf50) | (A)Batch 3 >50 8.56
daf-16,apif- daf-16(mgDf50) | o | <0.001, ***
1(gk794) (A) Batch 3 = >-8 (A) Batch 3 322% | in day 6
N2 (C)(D),(E) >60 22.69
aptf-1(2k794) (C)(D),(E) >60 11.71
daf-18(0k480) (C) Batch 1 60 3.28
daf-18(ok480), apif- daf-18(0k480)
sy (C) Batch 1 60 3.14 o Baen 1 NS.
daf-18(0k480) (C) Batch 2 >60 4.16
daf-18(ok480), apif- daf-18(0k480)
sy (C) Batch 2 >60 4.08 O B 2 NS.
aak-2(0k524) D) 60 7.23
aak-2 (ok524), aptf-
1 (gk794) (D) >60 6.65 ““k'z(]g’;‘”") N.S.
aak-
1(tm1944), aak- | (D) Batch 1 60 4.19
2(0k524)
aak-
aak-1(tml1944), .
aak-2 (0k324), aptf- | (D) Batch 1 >60 sq9 | 1(mI944), aak- | 5540, | 001, %in
g 2(0k524) day 5
(D) Batch 1
aak-
1(tm1944), aak- | (D) Batch 2 60 3.81
2(0k524)
aak-
aak-1(tml1944),
aak-2 (0k524), aptf- | (D) Batch 2 >60 4 H(im193%), aak- N.S.
1 (gk794) (0k324)
(D) Batch 2
sir-2.1(0k434) © 60 1025
sir-2.1(0k434), .
sir-2.1(0k434) <0.001, ***
aptf-1(2k794) (E) >60 10.19 s 470% | T
N2 (F) >60 26.9
aptf-1(2k794) (F) 60 10.05
o | <0001, ¥
fut-1(tm1297) (F) ~60 15.85 N2 (F) 411% | "y 1o
tut-1(tm1297), aptf- .
aptf-1(gk794) N.S. in day
1(gk794) (F) 60 10.5 @ Bt

Table S 3 Details of survival spans of the arrested L1 larvae with replicates are shown. Table is
related to the figure 5. Displayed are the strains used, the related figure sub number with replicated
batches, the scored animals number, the median survival, against which group was tested for p-value, the
difference with the compared group and the p-value with the test day is estimated with the Fisher’s test
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Table S 4
Ability to re-enter development of arrested L1 when fed (20°C)
Experiment min 50% A 157 O\f’jllzfi\l/rel
Strain batch t'. alive at Compared to 50% (Fioh o
(in Figure) | S°"™"& | (days) alive Sher's
exact test)
Figure 5
N2 (B) >50 12.24
N2 0 <0.001, ***
daf-16(mgDf50) (B) Batch 1 >50 6.81 (B) Batchl -44.4% in day 7
daf-16,aptf- daf-16(mgDf50) | ;5 «o <0.001, ***
1(2k794) (B) Batch 1 >50 4.51 (B) Batchl 33.8% in day 5
daf-16(mgDf50) (B) Batch 2 >50 5.06
daf-16,aptf- daf-16(mgDf50) | ., 1o <0.001, ***
1(2k794) (B) Batch 2 >50 4.33 (B) Batch 2 14.4% in day 6
daf-16(mgDf50) (B) Batch 3 >50 6.22
daf-16,aptf- daf-16(mgDf50) | 5. 1o <0.001, ***
1(gk794) (B) Batch 3 >50 4.35 (B) Batch 3 30.1% in day 5

Table S 4 Detail of ability to recover from arrested L1 larvae to L4-stage with replicates are shown.
Table is related to the figure 5. Displayed are the strains used, the related figure sub number with
replicated batches, the scored animals number, the median recovery rate, against which group was tested
for p value, the difference with the compared group and the p-value with the test day is estimated with the

Fisher’s test.

Table S5
Survival span of arrested L1 larvae, starved (20°C)
Experiment min 50% A l57 O\;;lh;;\l/z
Strain batch N alive at Compared to 50% o
(in Figure) counting (days) alive (Fisher’s
exact test)
Figure 6
N2 (A), (B) >60 20.39
aptf-1(gk794) (A) ?;;Ch L >60 9.57
. o <0.001, ***
rict-1(mg360) (A) Batch 1 >60 25 N2 (A) +22.6% in day 25
rict-1(mg360), aptf- aptf-1(gk794) o <0.001, ***
1(2k794) (A) Batch 1 >60 12 (A) Batch 1 +25.4% in day 12
aptf-1(gk794) (A) Batch 2 >60 9.54
.
rict-1(mg360) (A) Batch 2 17.93 N2 (A) -16% o.gg,”m
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rict-1(mg360), aptf- aptf-1(gk794) o <0.001, ***
1ge794) (A) Batch 2 >60 11.18 () Betoh 2 H72% | e 1
=
raga-1(ok386) (B) >60 18.56 N2 (B) 8.97% | 0039 *in
day 19
raga-1(0k386), aptf-1(gk794) o 0.012, * in
aptf-1(gk794) (B) 10.29 (B) 7.5% day 10
Figure 7
N2 (A), (B) >60 20.39
aptf-1(gk794) (A), (B) >60 9.57
cep-1(gk138) o, | <0.001, %
(A) >60 26.14 N2 (A) 1282% | s
cep-1(gkl38), aptf- aptf-1(gk794) N.S. in day
1(gk794) (A) =60 9.88 (A) 10
sksksk
¢fk-1(0k3609) (B) >60 16.25 N2 (B) 203% | <000L
in day 16
efk-1(0k3609), aptf- aptf-1(gk794) | o, | <0.001, ***
1(ek794) (B) >60 8.55 ®) 10.7% in day 8
N2 (C), (D) >60 21.35
aptf-1(gk794) (C), (D) >60 8.88
atg-18(gk378) © 60 448 N2 (C) g0, | <0001, %
) in day 4
atg-18(gk378), aptf- aptf-1(gk794) | 4o 4o, | <0.001, ***
1gk794) (©) >60 4.49 © 49.4% in day 4
ot g0, | <0.001, ®H
metr-1(ok521) (D) >60 16.78 N2 (D) 204% | i ey 17
Figure 8
N2 (A) >60 21.35
aptf-1(gk794) (A) Batch 1 >60 8.88
7 sksk
isp-1(qm130) (A) Batch 1 >60 23.67 N2 (A) +10.9% | 00028,
in day 23
isp-1(qgm150), aptf- aptf-1(gk794) o <0.001, ***
k794) (A) Batch 1 >60 14.31 ‘%) Betch 1 HOL1% | e 1
aptf-1(gk794) (A) Batch 2 >60 9.54
isp-1(qm130) (A) Batch 2 >60 21.95 N2 (A) N'S'zlg day
isp-1(qgm150), aptf-
aptf-1(gk794) ., | <0.001, %
1(gk794) (A) Batch 2 >60 16.36 (A) Batch 2 5% | i day 14
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aptf-1(gk794) (B), (C), (D) >60 10.05
g0 <0.001, ***
nuo-6(qm200) (B) >60 19.9 N2 (B) 26% in day 21
nuo-6(qm200), aptf-
aptf-1(gk794) 0 <0.001, ***
1(gk794) (B) >60 13.8 (B) +37.3% in day 13
0 <0.001, ***
mev-1(knl) ©) >60 31.4 N2(©) +16.7% in day 31
mev-1(knl), aptf- aptf-1(gk794) o <0.001, ***
1(gk794) ©) >60 17.5 ©) +74.1% in day 17
g Qo <0.001, ***
clk-1(gm30) (D) >60 8.38 N2 (D) 68.8% in day 10
clk-1(qm30), aptf- aptf-1(gk794) 2% go <0.001, ***
Ieak794) (D) >60 6.47 D) 35.6% | "in day 10
Figure 9
N2 Batch 1 >60 23.54
() 40 <0.001, ***
egl-4(ad450) Batch 1 >60 18.73 N2 Batch 1 204% 1 day 19
N2 Batch 2 >60 22.38
10 <0.001, ***
egl-4(ad450) Batch 2 >60 17.68 N2 Batch 2 2% | inday 17
bk
egl-4(ad450) Batch 3 >60 18.51 N2Batch2 | -17.3% o.o(?;y, o
sfeksk
egl-4(ks61) Batch 3 >60 10.08 N2 Batch 2 54.9% | © .0'001’
inday 11

Table S S Detail of survival spans of arrested L1 larvae with replicates are shown. Table is related to
the figures 6-9. Displayed are the strains used, the related figure sub number with replicated batches, the
scored animals number, the median survival, against which group was tested for p value, the difference
with the compared group and the p value with the test day is estimated with the Fisher’s test.

Table S 6
p value
. Mann-Whitney U
Strain N total Med;f;ggzleep SE of mean te(zst with Benjan}Iini-
Hochberg Procedure
test)
Figure S 2
N2 95 21.1% 1.4%
daf-2(el370) 17 12.3% 2.8%
daf- 2;2 /i;gff) apf- 16 1.6% 0.4% #x% 20,001
daf-2(e979), aptf-1(gk794) 22 4% 1.2% *kx<0.001
cep-1(gkl38) 23 22.1% 1.9%
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isp-1(gm150) 41 1.6% 1.1% *Hk<0.001
isp-1 9"(’;575;2) apif 16 0.7% 0.3% *xx 0,001
sir-2.2(tm2673) 17 33.2% 1.5% *0.011
sir-2.2(tm2648) 29 30.3% 2% *0.017
sir-2.4(n5137) 21 19.3% 1.8%
RIS(-) 24 0% 0.13% *Hk <0001
crh-1(tz2) 17 14.8% 2.1%
fkh-9(0k1709) 7 14.2% 3.9%
zip-5(gk646) 11 29.2% 2.8%
fkb-5(0k653) 5 17.9% 5.4%
ags-3&F3246.2(gk517) 10 14.3% 3.2%
nhr-129&nhr-168(gk538) 14 22% 3.1%
ins-25(0k2773) 4 7.5% 3%
lec-3&nlt-1(0k274) 15 36.8% 2% *Hk <0001
D1022.3(0k620) 6 28.1% 2.3%
gpa-10(pk362) 15 13.8% 1.3%
ife-4(0k320) 8 27.7% 4.8%
bus-1(e2678) 11 20.2% 2.3%
dpy-19(el259) 4 28.2% 8.4%
C25E10.8(0kl1753) 6 23.5% 2.3%
age-1(hx546) 20 14.9% 1.3%
phg-1(0k2741) 41 39.6% 1.6% *Hk <0001
aak-2(0k524) 11 16.4% 1.3%
sma-5(n678) 4 3.8% 2.2%
nos-1(0k250) 29 17.2% 1.4%
osm-6(p811) 8 10.1% 2.1%
fasn-1(g43) 14 28.3% 1.3%
egl-4(ad450) 18 15.5% 2.1%
sbp-1(ep79) 27 19.7% 1.5%
daf-7(el372) 13 23.2% 2.2%
unc-31(el69) 14 31% 3.5%
akt-1(mg306) 30 22.8% 1.2%
skn-1(zj15) 14 11% 2.2%
let-363(0k3018)/hT2 9 18.2% 1.7%
smg-1(cc546) 17 18.3% 2.5%
par-4(it57) 15 27.8% 2.5%
Figure S 3
N2 46 19.7% 1.1%
Mock control daf-
18(0k480) - 25 3.8% 0.7%
pdaf-18::daf-18::myc 48 20.5% 1.5% *Hk <0001
pges-1::daf-18::myc 52 12.9% 1.1% *Hk <0001
pmyo-3::daf-18::myc 65 7.7% 0.5%
pdpy-7::daf-18::myc 23 11.6% 1.5% *Hk <0001

Table S 6 Detail of mutantion screen for sleep alteration in arrested L1 larvae. Table is related to the
figures S2 and S3. Displayed are the strains used, animals numbers, median of sleep fractions, SE of mean,
the mutant groups were compared with the N2 control group. The p value estimated with the Mann-
Whitney U and the Benjamini-Hochberg Procedure that for confirming the significance by multiple

comparisons.
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8. Appendix

8.1.C. elegans strains

N2: wild type
HBRSO07: fIp-11(tm2706) X.

HBR1021:
HBR1403:
HBR1754:
HBR1756:
HBR1777:
HBR1809:
HBR1811:
HBR1996:
HBR1997:
HBR1998:
HBR1999:
HBR2029:
HBR2030:
HBR2098:
HBR2099:
HBR2100:
HBR2101:
HBR2102:
HBR2131:
HBR2132:
HBR2133:
HBR2134:
HBR2135:
HBR2136:
HBR2137:
HBR2138:
HBR2139:

goels240 [hsp16.2: :flp-11::SL2mKate2unc-54-3UTR, unc-119(+)].
aptf-1(gk794) 11, daf-2(el1370) III.

aptf-1(gk794) 11, daf-16(mgDf50) L.

aptf-1(gk794) 11, daf-2(e979) III.

goels384 [pflp-11::egl-1::SL2-mkate2-flp-11-3'utr, unc-119(+)]. (2bc)
aptf-1(gk794) 11, zcls4 [hsp-4::GFP] V.

aptf-1(gk794) 11, gplsi [hsp-16.2p::GFP].

PF25B3.3::cyt roGFP+myo-2::mCherry.

Punc-54::cyt roGFP+myo-2::mCherry.

aptf-1(gk794) I, PF25B3.3::cyt roGFP+myo-2::mCherry. (2bc)
aptf-1(gk794) II, Punc-54::cyt roGFP+myo-2::mCherry. (2bc)
aptf-1 (gk794) 11, aak-2 (0k524) X.

aptf-1 (gk794) 11, aak-2 (0k524) X; aak-1(tm1944) I1I.
daf-18(0k480) 1V. (2bc)

aptf-1(gk794) I, daf-18(0k480) 1V

sir-2.1(ok434) 1V. (2bc)

aptf-1(gk794) 11, sir-2.1(0k434) IV.

aptf-1(gk794) I, bnlsl [pie-1::GFP::pgl-1 + unc-119(+)]. (2bc)
raga-1(0k386) I1. (2bc)

aptf-1(gk794) 11, raga-1(0k386) II.

efk-1(0k3609) 111. (2bc)

aptf-1(gk794) 11, efk-1(0k3609) III.

rict-1(mg360) II. (2bc)

aptf-1(gk794) 11, rict-1(mg360) IL.

isp-1(gml150) IV. (2bc)

aptf-1(gk794) 11, isp-1(qgm150) IV.

cep-1(gk138) I. (2bc)
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HBR2140:
HBR2199:
HBR2218:
HBR2219:
HBR2200:
HBR2220:
HBR2221:
HBR2222:

HBR2233
AGD397:

Appendix

aptf-1(gk794) 11, cep-1(gk138) 1.

aptf-1(gk794) 11, atg-18(gk378) V.

clk-1(gm30) 11I. (2bc)

aptf-1(gk794) 11, clk-1(gm30) I1I. (2bc)

atg-18(gk378) V. (2bc)

mev-1(knl) III. (2bc)

aptf-1(gk794) II, mev-1(knl) II1.

aptf-1(gk794) II, nuo-6(qgm200) I. (2bc)

:aptf-1(gk794) 11, tut-1(tm1297) IV. (2bc)

aak-1(tm1944) 111, aak-2(0k524) X, uthEx202 [crtc-1p::crtc-1

cDNA: :tdTomato: :unc-54 3'UTR + rol-6(sul0006)].
BQ1: akt-1(mg306) V.

CB169: unc-31(el69) 1V.

CB1259: dpy-19(el1259) 1.

CB1370: daf-2(el1370) 1.

CB1372: daf-7(el372) III.

CB5609: bus-1(e2678) V.

CES541: sbp-1(ep79) 111.

CF1038: daf-16(mu86) 1.

DAS21: egl-4(ad450) 1V.

FK229: egl-4(ks61) IV.

FK312: sma-5(n678) X.

GG43: fasn-1(g43) L.

GR1307: daf-16(mgDf50) 1.

KK300: par-4(it57) V.

KX17: ife-4(0k320) X.

MIRI13: sir-2.1(0k434) 1V, aak-2(0k524) X.

MQ1333:
MT18068

nuo-6(qm200) 1.

:8ir-2.4(m5137) 1,

NL1147: gpa-10(pk362) V.
PD8120: smg-1(cc546) 1.
PR811: osm-6(p811) V
QV225: skn-1(zj15) IV.
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RB518: nos-1(0k250) 11.

RB754: aak-2(0k524) X.

RB808: D1022.3(0k620) I1.

RB1428: lec-3&nlit-1(0k274) I1.

RB2075: phg-1(ok2741) 11.

RB2098: ins-25(0k2773) L.

RG1087: daf-18(0k480) 1V, veEx346 [Pges-1::daf-18::myc+str-1::gfp].
RG1083: daf-18(0k480) 1V, veEx353 [Pmyo-3::daf-18::myc+str-1::gfp].
RG1170: daf-18(0k480) 1V, veEx383 [Pdpy-7::daf-18::myc+str-1::gfp].
RG1174: daf-18(0k480) 1V, veEx387 [str-1::gfp].

SJ4005: zcls4 [hsp-4::GFP] V.

SS747: bnlsl [pie-1::GFP::pgl-1 + unc-119(+)].

TJ1: cep-1(gkl38) L

TJ375: gplsl [hsp-16-2p::GFP]. (2bc)

TJ1052: age-1(hx546) 11.

TM2648: sir-2.2(tm2648) X.

TM2673: sir-2.2(tm2673) X.

VB1876: tut-1(tm1297) IV.

VC467: fkb-5(0k653) L.

VC1124: ags-3&F32A46.2(gk517).

VC1172: nhr-129&nhr-168(gk538) V.

VC1277: C25E10.8(ok1753) V.

VC1392: zip-5(gk646) V.

VC1925: fkh-9(ok1709) X.

VC2312: let-363(0k3018) I/hT2 [bli-4(e937) let-?(q782) qls48] (I;111).
YT17: crh-1(tz2) III.

YB409: daf-18(0k480) 1V, tdEx239 [Pdaf-18::daf-18::myc+str-1::gfp].
The deletion alleles were backcrossed against wild-type N2. Backcross numbers are

shown behind the genotype.
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8.2.List of used primers

aptf-1(gk794)

48 CGACAATCTTCCCAAAGACC
49 CGGATCGATTGCTAGAGAGG
50 GCTTGGACGGCTTTAGTTGA

daf-18(0k480)

1090 AGCATGGACTTCAACGATACAA
1091 GAATGCCAGATTGCCGAACA
1092 CGGTGGTCCATTTGAGATACC

aak-2(0k524)
893ATCGCCAAATTATGCTGCCC
894 GGCAGGGTTCCACAAAGAAG
895 AAGGAGACACTCGGAGTTGG

aak-1(tm1944)

865 AAGAAGATTTTCGGGCTTCT
866 ATCGTGGAAGAATGAAAGGA
867 TATGAAAACCAGGGCAGAAT

daf-16(mgDf50)

636 AGGTCAGAGTTCTAGGCGTAAA
637 CGGTTCCAGCAATTCCAAGT
638 AGTGGATTCTGAGCACACGA

sir-2.1(ok434)

1107 GTTTGATCACTCCTTCGCAAC
1108 TTCCCAGGACAGTTCGTACC
1109 GCGGAAATGGCAGAAGTAGT
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raga-1(0k386)

1195 ACCAGTCTTGTCTCGAAGCT
1196 CATCGCCAGGGATTGTTCG
1197 AAGGATCGGAACTGAAGCGA

efk-1(0k3609)

1205 CCTCGAATTCCATTTTCCTG
1206 GCCAAATTATGGGCTGAAGA
1207 CCAAACCCATTAGGAAACAGA
1208 GCAGCTCGTCTTACACCACA

rict-1(mg360)

1198 GATCTCAAATCCACCATCTGTGCGTC
1199 CGAGCCTGCTGGCAGTATCAAGTATAGA
1200 GAGCATGTACTTCCAGGTGTTGCACC
1201 TTCCTGATACTTCTCTGGGAGTTCAGGC

cep-1(gkl38)

1192 CGTGACCAATACTACTGCACA
1193 AACGGGACATGGGACTTGAC
1194 GTTTCAATCGGAGGAACGCA

isp-1(qm150)

1188 TCAGGAGAAAAAAGACTGCATACCAATGGG
1189 AGTGTGCACCCATCTTGGATGTGGCT

1190 TCGTAGTGAGATCCGTGACAAGGGCAGTA
1191 CGTGGAAAGCCAGTCTTCGTCAAACATC

atg-18(gk378)

1202 CGATAAACAGAGCGCAACGA
1203 GTTTGTTCGTCGGGGTATCC
1204 TGCCACCAAGCTAAATAGACTT
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mev-1(knl)

1312 TTGACCTGGATGCTCTCAGG

1313 ACAACCGCTGATTCTATGGACTT
1314 CATTCCAACTGCGATTCTGTG
1315 AATCCTAAGAAGCGAATTCCGTT

nuo-6(qm200)

1308 GAAGAGAGCGAAAACGGGTC

1309 GCACCGTATTCCTGTACGTAGA
1310 TTATTTGACGAGGATAACGACACA
1311 TCAGATATCGTGTCAAGGAGATTTT

clk-1(qm30)

1293 CCGACGATCCTGAAACACAC
1294 CGTGTCAGGACCGAAATCAA
1295 TAGACGCTGCTATTCCCCAG

daf-16(mu86)

468 AAAGAGCTCGTGGTGGGTTA
469 TCGCGCCTTTGTCTCTCTAT
470 AGTGTCGAGTGAAGGGAGC

daf-2(el1370)

519 CGGGATGAGACTGTCAAGATTGGAGATTTCGG
520 CAACACCTCATCATTACTCAAACCAATCCATG
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