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Abstract

When chill-susceptible insects are exposed to low temperatures they enter a temporary state of 

paralysis referred to as a chill coma. The most well-studied physiological mechanism of chill 

coma onset and recovery involves regulation of ion homeostasis. Previous studies show that 

changes in metabolism may also underlie the ability to recovery quickly, but the roles of genes that 

regulate metabolic homeostasis in chill coma recovery time (CCRT) are not well understood. Here, 

we investigate the roles of Sestrin and Spargel (Drosophila homolog of PGC-1α), which are 

involved in metabolic homeostasis and substrate oxidation, on CCRT in Drosophila melanogaster. 
We find that sestrin and spargel mutants have impaired CCRT. sestrin is required in the muscle and 

nervous system tissue for normal CCRT and spargel is required in muscle and adipose. On the 

basis that exercise induces sestrin and spargel, we also test the interaction of cold and exercise. We 

find that pre-treatment with one of these stressors does not consistently confer acute protection 

against the other. We conclude that Sestrin and Spargel are important in the chill coma response, 

independent of their role in exercise.
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1. Introduction

The ability to tolerate cold stress is a determining factor in survival and distribution in 

ectotherms (Andersen et al., 2015b; Bale, 1996). During acute, nonlethal cold exposure, 

chill-susceptible insects enter a temporary state of paralysis referred to as a chill coma 

(Mellanby and Gardiner, 1939). Many physiological changes contribute to the onset of a 

chill coma but the primary mechanism involves perturbation of water and ion homeostasis 

(Koštál et al., 2004; MacMillan and Sinclair, 2011). Acute cold stress increases water and 

sodium secretion into the gut lumen from the Malpighian tubules, which reduces 

haemolymph volume. As a result, the haemolymph becomes saturated with potassium, 

which depolarizes cell membranes such as muscle tissue (Andersen et al., 2015a; Koštál et 
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al., 2004; MacMillan et al., 2015a). Consequently, when muscle resting membrane potential 

is depolarized to a certain threshold during cold exposure, (below −37 to −45 mV) action 

potential generation ceases, which prevents muscle contraction and marks the onset of 

muscle paralysis (Hosler et al., 2000).

Chill coma recovery time (CCRT) is a common method to study cold tolerance in chill-

susceptible insects and is dependent on numerous factors (Andersen et al., 2015b). For 

instance, cold exposure in Drosophila has been shown to increase mRNA of neuropeptides, 

such as CAPA, which influence recovery time by restoring fluid and ion homeostasis at the 

Malpighian tubules (Lubawy et al., 2020). Additionally, the activity of active transporters 

such as Na/K-ATPases and Ca-ATPases have been implicated in chill coma onset as their 

activity decreases with cold exposure, thus altering membrane potential (MacMillan et al., 

2015a, 2015b; MacMillan and Sinclair, 2011). Recovery from a chill coma involves 

restoration of ion homeostasis and is a metabolically expensive process (MacMillan et al., 

2012). The speed by which an individual fly resumes active transport and other energetically 

demanding processes during chill coma recovery may depend on ATP availability/

production. However, recent work has shown no difference in ATP availability during acute 

cold exposure between cold-resistant and cold-susceptible flies, suggesting that ATP 

reduction may not be a determining factor in recovery (MacMillan and Sinclair, 2011; 

Williams et al., 2018).

Despite similar ATP availability, cold-resistant flies have greater metabolic turnover than 

cold-susceptible flies during chill coma recovery, as evidenced by faster substrate oxidation 

before cold exposure and during recovery (Williams et al., 2016). It has been proposed that 

higher tricarboxylic acid (TCA) cycle flux and substrate oxidation may be important in the 

synthesis of metabolic intermediates that have cryoprotective functions or are involved in 

cellular repair of damage incurred from cold stress (e.g. membrane repair) (Williams et al., 

2016, 2018). Several metabolomics studies have found higher concentrations of metabolic 

intermediates in cold-resistant flies after acute cold exposure, indicating altered metabolism 

(Enriquez et al., 2018; MacMillan et al., 2016; Williams et al., 2014). Therefore, proteins 

that are involved in metabolism and nutrient flux, such as Sestrin or Spargel, might also be 

predicted to affect CCRT.

Sestrin is a small, conserved protein that is induced by stressors such as DNA damage, 

oxidative stress, and metabolic stress (Budanov et al., 2004; Lee et al., 2012; Velasco-

Miguel et al., 1999). When induced, Sestrin can promote autophagy through activation of 

AMPK and reduce reactive oxygen species (ROS) accumulation (Budanov et al., 2010; Ho 

et al., 2016). Sestrin is also implicated in metabolic homeostasis which is regulated through 

its downstream target AMPK (Ho et al., 2016). sestrin mutant mice are insulin resistant and 

sestrin-null flies have elevated levels of trehalose in haemolymph (Lee et al., 2012). 

Additionally, in the context of endurance exercise, a potent metabolic stressor, sestrin is 

required for acute exercise performance and adaptation to chronic exercise in both mice and 

flies (Kim et al., 2020). These effects are dependent on spargel (Drosophila homolog of 

peroxisome proliferator-activated receptor-gamma co-activator 1a; PGC-1α), a downstream 

target of AMPK that regulates fatty acid oxidation and mitochondrial biogenesis (Scarpulla, 

2011). Given that cold stress affects metabolism and increases ROS production, it is 
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reasonable to hypothesize that Sestrin may be an important protector against cold stress. In 

fact, a recent study showed sestrin was upregulated 2.5 fold in wild type flies after six days 

of 6 °C cold exposure (MacMillan et al., 2016), consistent with a role in cold stress. 

However, the role of Sestrin in acute chill coma recovery has not been directly tested.

In the current study, we assessed the role of Sestrin and its downstream target Spargel in 

CCRT in Drosophila melanogaster. We hypothesized that knockdown of sestrin and spargel 
in muscle, adipose, and nervous tissue would increase CCRT whereas overexpression would 

decrease recovery time. Because Sestrin is induced by both exercise and cold, we also 

assessed the interaction between these two treatments. To test this we acutely exercised flies 

and assessed cold tolerance immediately after. We also tested the converse interaction by 

subjecting flies to 48 h of cold exposure and assessing the effects of cold on acute exercise 

performance. We hypothesized that acute exercise would enhance CCRT and 48 h of cold 

exposure could enhance acute exercise performance, and that this interaction would be 

dependent on Sestrin. We further asked if three weeks of chronic exercise would confer 

additional protection against cold stress.

2. Methods

2.1. Fly Stocks and maintenance

All flies were maintained at 25 °C and 50% humidity on a 12-h light/dark cycle and fed a 

standard 10% sugar 10% yeast diet unless otherwise stated. All experiments were conducted 

on male flies because female D. melanogaster have a blunted response to exercise, compared 

to males (Sujkowski et al., 2017). All UAS lines and srl1 were obtained from Drosophila 

Stock Center (Bloomington, IN), with the following exceptions. sestrin transgenic stocks 

were gifted from Jun Hee Lee. GS-Mhc-Gal4 were gifted from Rolf Bodmer. GS-S106-Gal4 

were gifted from Marc Tatar. GS-Elav-Gal4 were gifted from Scott Pletcher. All driver 

constructs have been previously described (Giannakou et al., 2004; Osterwalder et al., 2001). 

Sestrin8A11 and srl1 mutants have been previously characterized (Lee et al., 2010; 

Tiefenböck et al., 2010) as a null mutant and strong hypomorph, respectively.

2.2. Drug treatment

Tissue-specific experiments were performed using mifepristone (RU486)-inducible Gal4 

drivers. Larvae were reared to adulthood on standard food. After eclosion, adult male flies 

were collected into food vials containing either 100 μM mifepristone (RU+) or 70% ethanol 

vehicle (RU−). Flies were fed RU486 continuously for at least 3 days to allow accumulation 

of induced expression prior to experimentation.

2.3. Chill coma

Five vials of flies were transferred from their food vials to empty vials 10 min prior to cold 

exposure. Chill coma experiments used flies that were 5 days old, except in chronic exercise 

pretreatment experiments, when they were 28 days old. Each vial contained 7–10 flies for 

optimal visual scoring. Vials were then submerged in a cooler full of ice at 0 °C for 2 h. 

After 2 h, vials were removed and immediately placed on a countertop at 23–25 °C on a 

white sheet of paper. Time to recovery was visually scored using a timer, which was started 
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when all vials were placed on the white sheet of paper. Each vial was scored in the same 

order and recovery for each individual fly was determined when it was standing upright on 

all six legs. The time for each fly to recover was recorded and data was analyzed using a log-

rank test for significance and graphed in GraphPad Prism. Significance level was set at p < 

0.05.

2.4. Exercise

Flies were exercised as previously described (Damschroder et al., 2018). Exercise was 

induced by repeatedly stimulating negative geotaxis using a motorized machine to 

repeatedly lift and drop vials of flies. For acute exercise experiments, flies were placed on 

the machine and subjected to exercise for 2 h prior to cold assessment. For chronic exercise, 

flies were exercised daily for five consecutive days per week followed by two days rest for 

three weeks. Exercise was 120 min daily for the first week, 150 min daily for the second 

week, and 180 min daily for the third week. In all exercise experiments, unexercised flies 

were also placed on the machine but the plugs in the vials were pushed down into the vial to 

restrict movement.

2.5. Assessment of endurance

A minimum of six vials containing 10–20 flies each per group were placed on the exercise 

machine and subjected to run until fatigue. Fatigue was visually scored by the experimenter 

and was determined when 80% of the flies in the vial could no longer climb 1 cm off the 

food for three consecutive drops. A vial was removed when it was determined fatigued and 

the time was recorded. Each vial of 10–20 flies was scored as a single unit. Data were 

analyzed using a log-rank test for significance and the significance level was set at p < 0.05.

2.6. RT-qPCR

Total RNA was extracted from whole flies using Trizol (Invitrogen). One-step RT-qPCR was 

done using Power SYBR Green PCR master mix (Applied Biosystems) and performed using 

an ABI 7300 Real Time PCR System (Applied Biosystems). Three independent biological 

replicates with three technical repetitions were performed for each experimental group. Each 

20 μl reaction contained 4 μl of RNA (25 ng/μl), 1 μl each of forward and reverse primers (1 

μM), 10 μl of Power SYBR Green PCR master mix, 0.1 μl of reverse transcriptase, .025 μl of 

inhibitor, and 3.875 μl of dH2O.The qPCR program ran for 40 cycles of 95 °C for 15 s 

followed by 60 °C for 1 min mRNA data were normalized to Act5C. Spargel primers have 

been previously published (Kim et al., 2020). Primer sequences:

Sestrin F: AGAGCATCAACACGTTTCGC

Sestrin R: GACGTGTCCACATTCTTGATGC

Spargel F: GGATTCACGAATGCTAAATGTGTTCC

Spargel R: GATGGGTAGGATGCCGCTCAG

Act5C F: CGCAGAGCAAGCGTGGTA
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Act5C R: GTGCCACACGCAGCTCAT

3. Results

3.1. Sestrin and spargel are required for normal chill coma recovery response

To assess the role of Sestrin on CCRT, sestrin mutants (sestrin8A11) and background controls 

(w1118) were subjected to 2 h of cold exposure at 0 °C then individually monitored for time 

to recovery. sestrin mutant recovery time was significantly longer than background controls 

(Fig. 1A), indicating that sestrin is required for normal recovery from acute cold exposure. 

To verify these effects were due to lack of sestrin, we performed the same experiment in 

adult flies expressing sestrin RNAi ubiquitously under control of a GS-Tub5-Gal4 driver 

(Fig. 1C), and again found significant extension of CCRT, in the presence of a modest 

knockdown of sestrin transcript (Fig. 1E).

Spargel (Drosophila homolog of PGC-1α) is a conserved downstream target of Sestrin that 

promotes fatty acid oxidation and mitochondrial respiration (Cheng et al., 2018; Rera et al., 

2011). Since Sestrin acts through Spargel in the context of exercise (Kim et al., 2020), and 

spargel overexpression can mimic the effects of Sestrin, we next asked if spargel was 

required for chill coma recovery. We subjected spargel mutants (srl1) to 2 h of cold exposure 

and measured the time for individual flies to recover. We found that srl1 mutants had 

reduced cold tolerance compared to background control flies (Fig. 1B). We expressed 

spargel RNAi under control of GS-Tub5-Gal4 driver and found that CCRT was not affected 

(Fig. 1D) by a partial reduction of spargel mRNA (Fig. 1F).

3.2. Tissue-specific effects of sestrin in chill coma recovery

Since sestrin mutants had impaired recovery from chill coma, we next sought to determine 

which tissues required sestrin expression in this context. We first looked at the effects of 

sestrin knockdown in muscle because depolarization of muscle resting membrane potential 

is a primary cause of muscle paralysis in chill coma. We expressed sestrin RNAi under 

control of a muscle-specific, inducible GS-Mhc-Gal4 driver in adult flies and assessed chill 

coma recovery after 2 h of cold exposure at 0 °C. Muscle-specific knockdown of sestrin 
impaired chill coma recovery (Fig. 2A) but overexpression of sestrin in muscle did not 

confer any benefits (Fig. 2B), suggesting that a threshold level of Sestrin is required in 

muscle for efficient chill coma recovery.

Recovery of membrane potential in the nervous system is also important in recovery from a 

cold shock (Andersen and Overgaard, 2019). Therefore, we next looked at the effects of 

nervous tissue-specific knockdown and overexpression of sestrin using a pan-neuronal GS-

Elav-Gal4 driver in adult flies. Knockdown of sestrin throughout the nervous system 

impaired CCRT while overexpression of sestrin had no benefit (Fig. 2C–D). These findings 

show that Sestrin is also required in the nervous system for proper chill coma recovery.

Lastly, we examined the effects of Sestrin in the adipose tissue on chill coma recovery. 

sestrin mutant Drosophila larvae have elevated triglyceride accumulation in fat bodies (Lee 

et al., 2010). Additionally, knockdown of genes that affect whole body triglyceride levels 

(Heinrichsen et al., 2014) or fat accumulation in the adipose tissue (Moraru et al., 2017) 
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have been shown to affect cold tolerance. Therefore, we hypothesized that knockdown of 

sestrin in adipose tissue would increase CCRT while overexpression would reduce recovery 

time. We knocked down or overexpressed sestrin using a GS-S106-Gal4 driver in adult flies 

and, contrary to our hypothesis, we found that neither knockdown nor overexpression of 

sestrin in the adipose significantly affected chill coma recovery (Fig. 2E–F).

3.3. Tissue-specific effects of spargel in chill coma recovery

Because we have observed muscle-specific effects of spargel RNAi in different contexts 

(Kim et al., 2020) and srl1 mutants had impaired recovery from chill coma, we tested the 

tissue-specific requirements of spargel, despite no effect of ubiquitous knockdown of spargel 
on CCRT (Fig. 1D). Knockdown of spargel in muscle significantly increased CCRT (Fig. 

3A). Overexpression in muscle did not affect CCRT (Fig. 3B). Neither knockdown nor 

overexpression of spargel in the nervous system affect CCRT (Fig. 3C–D). Adipose-specific 

knockdown of spargel significantly increased CCRT, but overexpression had no effect (Fig. 

3E–F).

3.4. The interaction of cold and exercise treatment

Both cold and exercise have been shown to induce sestrin in Drosophila (Kim et al., 2020; 

MacMillan et al., 2016). Given the importance of Sestrin and Spargel in both chill coma 

recovery and the exercise response, we asked whether cold treatment could enhance acute 

exercise performance and if acute exercise could enhance CCRT. To test the former, sestrin 
and spargel mutants and their respective background controls were reared at 25 °C for three 

days after eclosion and then equally divided to be housed at either 4 °C or 25 °C for 48 h. 

All flies at 4 °C were returned to 25 °C after 48 h and were allowed to recover for 14 h. The 

recovery period was employed to reduce immediate negative effects of cold on mobility 

(Garcia and Teets, 2019). After 14 h, endurance was assessed between groups to test the 

effects of cold pre-treatment on exercise performance. We found that 48 h of pre-treatment 

at 4 °C did not affect endurance in sestrin or spargel mutants, or in their background controls 

(Fig. 4A–B). Endurance was reduced in both mutants regardless of temperature, consistent 

with previous findings (Kim et al., 2020; Tinkerhess et al., 2012).

To test the role of acute exercise on CCRT, sestrin and spargel mutants and their background 

controls were exercised for 2 h and immediately transferred to empty vials and submerged 

into ice for 2 h. Time to recovery between exercised and unexercised flies was measured 

after 2 h. Acute exercise did not affect CCRT in sestrin or spargel mutants, nor did it affect 

recovery time in control lines (Fig. 4C–D), indicating that pre-treatment with acute exercise 

does not significantly affect CCRT. Taken together, these results fail to detect a significant 

interaction between cold and exercise treatments.

Although acute exercise did not affect CCRT, it is possible that long-term, chronic exercise 

training may affect CCRT. To test this, we exercised flies from three different genetic 

backgrounds (y1w1, y1w67c23, and w1118) for three weeks following a ramped protocol. 

CCRT was measured three days after the final exercise session. Chronic exercise training did 

not affect CCRT in y1w1 or y1w67c23 genotypes (Fig. 5A–B), but did enhance time to 
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recovery in the w1118 line (Fig. 5C). Based on these findings, we conclude that chronic 

exercise pre-treatment has a small, genotype-dependent effect on CCRT.

4. Discussion

In the current study, we find that both Sestrin and Spargel are required for normal chill coma 

recovery after acute exposure to cold. Tissue-specific requirements varied between the two 

genes, with sestrin required in muscle and nervous system, and spargel required in muscle 

and adipose tissue. Although both of these genes are also required for adaptation to chronic 

exercise, we found no consistent interaction between exercise and cold tolerance across 

genotypes, although pre-treatment with chronic exercise did improve CCRT in one 

genotype.

Sestrin is a stress-inducible protein that is upregulated in response to genotoxic, oxidative, 

and metabolic stress (Budanov et al., 2004; Lee et al., 2012; Velasco-Miguel et al., 1999). 

Here, we found that Sestrin is also required in the chill coma recovery response. Although 

more work will be required to identify the specific mechanisms of Sestrin’s effects in this 

context, the pivotal role of Sestrin in coordinating a variety of metabolic responses to stress 

is likely mediated by its interactions with other key regulatory molecules, including TORC1 

and FoxO.

Both acute and chronic exposure to low temperatures can influence energy metabolism 

(Williams et al., 2014). Cold-resistant flies have greater metabolic plasticity and have 

elevated levels of metabolic intermediates during acute cold stress despite no changes in 

ATP concentration (MacMillan et al., 2016; Williams et al., 2016, 2018). It has been 

proposed that this is due to increased metabolic turnover to support the energetic demands of 

cryoprotectant biosynthesis or cellular repair (Williams et al., 2018). If this is the case, 

Sestrin may be an important regulator of energy metabolism by signaling through AMPK 

and Spargel to stimulate substrate uptake, TCA flux, and substrate oxidation during cold 

stress (Supruniuk et al., 2017).

Cold exposure has also been associated with changes in membrane fluidity, which can cause 

proton leak leading to increased ROS and oxidative stress (MacMillan and Sinclair, 2011; 

Williams et al., 2014). Oxidative stress can damage and impair protein function, enzyme 

activity, and lead to apoptosis (Celi and Gabai, 2015; Chainy et al., 2016; Maiuri et al., 

2007). Sestrin has intrinsic peroxidase activity (Ho et al., 2016) which may act to reduce 

ROS accumulation during cold stress. Additionally, Sestrin can indirectly reduce ROS by 

promoting autophagy through AMPK activation and upregulation of other antioxidants 

through regulation of Nrf2, a transcription factor that promotes transcription of antioxidant 

genes (Maiuri et al., 2009; Rhee and Bae, 2015). This may help reduce protein or lipid 

damage that occurs during cold stress.

Clearing of damaged materials in the cell via autophagy has also been proposed as an 

important response during cold stress (Gerken et al., 2015). In support of this, mutations in 

genes that regulate autophagy have been shown to adversely affect short-term cold 

adaptation (Gerken et al., 2015). Given Sestrin’s ability to promote autophagy through 
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inhibition of TORC1 activity, it may help coordinate the removal of damaged material in the 

cell through autophagy to prevent apoptosis during cold stress. This is supported by findings 

from desiccation stress studies that found sestrin transcript to be increased 11-fold during 

dehydration (Teets et al., 2012). This response was hypothesized to be a mechanism to 

prevent apoptosis due to ROS accumulation during dehydration (Teets and Denlinger, 

2013a). Given that desiccation and cold stress share similar physiological responses and 

have cross-protective effects (Sinclair et al., 2013; Yi et al., 2017), Sestrin may act as a key 

protein that regulates environmental stress responses through the induction of autophagy to 

prevent apoptosis and promote cell survival.

Acute cold exposure is also associated with disrupted ion homeostasis in the brain in 

Drosophila and Locusta migratoria (Armstrong et al., 2012; Rogers et al., 2004). The onset 

of chill coma has been shown to be initiated first in the central nervous system and then 

affect the muscular system (Andersen and Overgaard, 2019). We initially hypothesized that 

both sestrin and spargel would be required in the nervous system for normal chill coma 

recovery. However, we found that nervous system-specific knockdown of sestrin, but not 

spargel, increased time to recovery from a chill coma. This is in contrast to what we found in 

muscle where both genes are required. Recovery of resting membrane potentials in the 

central nervous system precedes recovery of the musculature during a chill coma, suggesting 

different requirements for recovery (Andersen and Overgaard, 2019). Our findings support 

this, as Spargel had no effect in neurons but was required in muscle and adipose tissue. One 

potential explanation for these findings is that the muscle may rely more on changes to 

mitochondrial content and/or fatty acid metabolism that are regulated by the Sestrin-Spargel 

axis. In neurons, Sestrin might instead exert its effects in through alternative mechanisms 

such as ROS detoxification, autophagy, alternative metabolic targets, or other unknown 

mechanisms. Follow-up studies will be needed to distinguish which of the many functions 

and genetic interactions of Sestrin are key in which tissues during CCRT.

Many metabolic benefits of chronic exercise are highly conserved. For instance, sestrin is 

upregulated in muscle upon exercise training and both sestrin and spargel are required for 

exercise adaptations in vertebrates and invertebrates (Baar, 2007; Kim et al., 2020; Little et 

al., 2010; Tinkerhess et al., 2012). Similarly, longer-term cold exposure has been shown to 

upregulate sestrin, but not spargel, in Drosophila (MacMillan et al., 2016). Since both 

stressors upregulate Sestrin, we initially hypothesized that acute exposure to one stressor 

may have a protective effect on the other. Contrary to our hypothesis, we found that acute 

exercise did not affect CCRT and cold exposure did not affect endurance. This is in line with 

the tissue-specific overexpression experiments in this study. Overexpression of sestrin or 

spargel did not affect CCRT, consistent with a threshold effect where higher levels of these 

genes will not provide any additional benefit.

The basis of long-term adaptation to endurance exercise training is to protect the animal 

from future bouts of metabolic perturbations during exercise. Similarly, brief cold exposure 

enhances CCRT of future cold shocks in invertebrates (Lee et al., 1987; Teets and Denlinger, 

2013b). Previous studies have investigated the interactions between seemingly different 

stimuli and have found cross-protective effects in the long-term. For instance, long-term 

hypergravity and cold stimuli provide resistance to heat stress in Drosophila (Le Bourg and 
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Polesello, 2019) indicating possible overlap in the stress response of these stimuli. We tested 

the interaction of long-term exercise training on CCRT and, similar to our results from the 

acute studies, found no significant effect on CCRT in two of three genotypes tested.

In summary, we show that Sestrin and Spargel are required for chill coma recovery in 

Drosophila. Sestrin appears to be required in muscle and nervous system tissue while 

Spargel is required in muscle and adipose for normal chill coma recovery. Future research 

should focus on elucidating the specific mechanisms of these proteins in various tissues 

during the chill coma response.
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Fig. 1. 
sestrin and spargel are required for normal chill coma recovery. sestrin (sesn8A11) and 

spargel (srl1) mutants were subjected to 2 h of cold exposure at 0 °C and monitored for 

recovery. (A) sestrin mutants took significantly longer to recover from chill coma (n ≥ 47 

each group; p < 0.0001; log-rank test). (B) spargel mutants took significantly longer to 

recover from chill coma (n ≥ 33 each group; p < 0.0003; log-rank test). (C) Ubiquitous 

knockdown of sestrin under control of GS-Tub5-Gal4 driver significantly increased chill 

coma recovery time (n ≥ 44 each group; p = 0.001; log-rank test) (D) Ubiquitous knockdown 

of spargel did not significantly extend recovery time. (E,F) Relative sestrin and spargel 
transcript normalized to vehicle treated controls. Flies were 5–7 days old (n = 3 biological 

replicates each group; p = 0.04 and p = 0.01 for Tub5 GS > sesn RNAi groups and Tub5 GS 
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> srl RNAi groups, respectively; unpaired t-test). ‘On’ indicates RU486 treated groups and 

‘Off’ indicates vehicle treated groups.
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Fig. 2. 
Tissue-specific effects of sestrin on chill coma recovery. (A) Muscle-specific knockdown of 

sestrin significantly increased time to recovery (n ≥ 25 each group; p < 0.0001; log-rank 

test). (B) Overexpression of sestrin in muscle did not affect recovery time. (C) sestrin 
knockdown in nervous system significantly increased time to recovery (n ≥ 39 each group; p 

= 0.0002; log-rank test). (D) Overexpression of sestrin in the nervous system did not affect 

time to recovery. (E–F) Manipulating sestrin expression in fat body tissue had no effect on 

time to recovery.
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Fig. 3. 
Tissue-specific effects of spargel on chill coma recovery. (A) Muscle-specific knockdown of 

spargel significantly increased chill coma recovery time (n ≥ 44 each group; p < 0.0001; log-

rank test). (B) Overexpression of spargel in muscle did not affect recovery time. Neither (C) 

knockdown nor (D) overexpression of spargel in nervous system affected chill coma 

recovery. (E) Knockdown of spargel in the fat body significantly increased time to recovery 

(n ≥ 49 each group; p = 0.01; log-rank test). (F) Overexpression of spargel in the fat body 

had no effect on chill coma recovery.
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Fig. 4. 
The interaction of cold and exercise treatments. sestrin and spargel mutants and background 

controls were housed at 4 °C for 48 h and exercised until fatigued following 14 h of recovery 

at 25 °C. (A) Cold treatment did not affect endurance in either sestrin mutants or controls. 

Mutants had significantly lower endurance than controls whether pre-treated or not (n = 8 

vials of 10–20 flies each group; p = 0.0002; log-rank test). (B) Cold treatment did not 

significantly affect endurance in spargel mutants, but mutants had significantly lower 

endurance whether pre-treated or not (n ≥ 6 vials of 20 flies each group; p = 0.006; log-rank 

test). sestrin and spargel mutants were exercised for 2 h and immediately transferred to an 

ice bath for 2 h and CCRT was assessed. Acute exercise did not affect CCRT in either (C) 

sestrin or (D) spargel mutants. In both cases, mutants had longer CCRT than controls, 

whether pre-treated or not.
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Fig. 5. 
Effects of chronic exercise training on CCRT. CCRT was measured after three weeks of 

exercise training in three lines of control flies. (A,B) Chronic exercise training did not affect 

CCRT in y1w1 or y1w67c23 flies. (C) Chronic exercise significantly improved CCRT in 

w1118 flies (n = 62 each group; p = 0.0003; log-rank test).
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