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SUMMARY

Nutrient availability regulates the C. elegans life cycle as well as mitochondrial physiology. 

Food deprivation significantly reduces mitochondrial genome (mtDNA) numbers and leads to 

aging-related phenotypes. Here we show that the bZIP (basic leucine zipper) protein ATFS-1, a 

mediator of the mitochondrial unfolded protein response (UPRmt), is required to promote growth 

and establish a functional germline after prolonged starvation. We find that recovery of mtDNA 

copy numbers and development after starvation requires mitochondrion-localized ATFS-1 but not 

its nuclear transcription activity. We also find that the insulin-like receptor DAF-2 functions 

upstream of ATFS-1 to modulate mtDNA content. We show that reducing DAF-2 activity 

represses ATFS-1 nuclear function while causing an increase in mtDNA content, partly mediated 

by mitochondrion-localized ATFS-1. Our data indicate the importance of the UPRmt in recovering 

mitochondrial mass and suggest that atfs-1-dependent mtDNA replication precedes mitochondrial 

network expansion after starvation.

In brief

Uma Naresh et al. show that the mitochondrial unfolded protein response (UPRmt) is required 

for growth and germline proliferation after prolonged starvation. Mitochondrial localization of the 

bZIP protein ATFS-1 promotes mtDNA replication and is required to reestablish or regenerate the 

mitochondrial network depleted by autophagy.
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INTRODUCTION

The mitochondrial unfolded protein response (UPRmt) is a signaling pathway mediated 

by the bZIPprotein ATFS-1 that promotes mitochondrial network expansion by regulating 

transcription of mitochondrial biogenesis genes.1 The UPRmt transcriptional response has 

been best studied in the context of mitochondrial perturbations that slow worm development, 

such as mutations in genes encoding oxidative phosphorylation (OXPHOS) proteins, 

mtDNA heteroplasmy, or pathogen infection.2–7 During worm development, the majority 

of ATFS-1 is imported into mitochondria and usually degraded by the protease LONP-1.8 

During mitochondrial stress or dysfunction, a fraction of ATFS-1 accumulates in the nucleus 

via its nuclear localization sequence (NLS), where it activates a transcription program to 

recover mitochondrial function.9 ATFS-1 also accumulates in dysfunctional mitochondria 

via its mitochondrial targeting sequence (MTS), where it binds mtDNA and promotes 

replication.9,10 Regulation of the nuclear transcriptional response as well as mtDNA 

replication by ATFS-1 during mitochondrial stress is consistent with the UPRmt promoting 

mitochondrial function by coordinating mitochondrion-to-nucleus communication (Figure 

1A). However, little is known regarding the role of ATFS-1 in coordinating such a response 

when mitochondrial dysfunction is not induced by exogenous stressors or deleterious 

mutations.

Diverse species, including vertebrates, adapt cellular responses to survive adverse 

environmental conditions, including prolonged starvation and extreme seasonal changes 
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such as drought.11–14 A relatively common adaptation is when the animals enter a diapause 

state upon encountering severe stress, where growth is suspended but basal metabolic 

activities are maintained. The nematode C. elegans can undergo developmental arrest 

during starvation and resume development when food is encountered.15,16 When worms 

hatch in the absence of food, they remain arrested at the first larval stage, which is 

known as L1 diapause. Developmental arrest is accompanied by an increase in stress 

resistance and alterations in metabolic signaling pathways, including insulin signaling, 

transforming growth factor β (TGF-β) signaling, AMP-activated protein kinase, and fatty 

acid metabolism.17–21 To survive during L1 arrest, energy production requires autophagic 

degradation of cytosolic components, including organelles such as mitochondria.21 

Sustaining a prolonged search for food during L1 arrest results in manifestation of aging-

like phenotypes, including accumulation of protein aggregates and reactive oxygen species 

as well as fragmentation of the mitochondrial network and depletion of mtDNA.22,23 

When food is encountered, the aging-like deterioration is resolved and growth resumes,23 

accompanied by increased transcription and translation of components required for 

mitochondrial biogenesis.24–26

Nuclear chromosome replication is regulated by numerous proteins and checkpoints to 

ensure that genome duplication is coordinated with the cell cycle.27,28 Akin to nuclear 

genome replication, mtDNA replication is often followed by mitochondrial fission, 

presumably to ensure that each daughter mitochondrion inherits at least one mtDNA.29 

However, mtDNA replication is not coordinated with the cell cycle. Although the majority 

of the proteins required for mtDNA replication have been identified, the upstream events 

that stimulate mtDNA replication remain unclear. Prolonged L1 arrest and the subsequent 

recovery offers a physiologically relevant as well as genetically tractable model to study 

the signaling pathways regulating bulk initiation of mtDNA replication and recovery of the 

mitochondrial network. Here, we examine the role of the UPRmt and ATFS-1 in coordinating 

mtDNA content recovery or expansion after prolonged starvation.

RESULTS

ATFS-1 is required for development after prolonged starvation at L1 stage

atfs-1(null) worms, which lack the entire open reading frame, have reduced mitochondrial 

respiration and mitochondrial function at the L4 stage as well a reduction in lifespan (Figure 

1B).1,5 To survive prolonged starvation, mitochondrial function and integrity are required 

because loss-of-function mutations in the OXPHOS complex III component isp-1 or in 

the ubiquinone synthesis component clk-1 are short lived during L1 arrest.18 Thus, we 

hypothesized that ATFS-1 is also required for survival during starvation. atfs-1(null) worms 

survived as long as wild-type worms during L1 arrest (Figure 1C). These data indicate that, 

despite the reliance on OXPHOS, ATFS-1 is not involved in mitochondrial maintenance or 

survival during L1 arrest.

We next examined the growth of wild-type and atfs-1(null) worms hatched in the presence 

of food (referred to as “control”) compared with development upon exposure to food after 

5 days of L1 arrest (referred to as “L1 arrest-fed”) (Figure 1D). The development of 

atfs-1(null) worms was significantly impaired after L1 arrest (Figures 1E, 1F, and S1A), 
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whereas wild-type worms developed similarly to worms hatched on food (Figures 1E, 

1F, and S1A). When raised in the presence of food, atfs-1(null) worms produce progeny, 

although fecundity is reduced relative to wild-type worms. However, after starvation, 

atfs-1(null) worms did not lay eggs or produce any viable progeny (Figures 1G and S1B). 

atfs-1(null) worms appeared more transparent and were smaller compared with wild-type 

worms of the same stage, suggestive of abnormal development (Figures S1C and S1D).

Because nearly all atfs-1(null) worms were sterile after L1 arrest, we examined the germline 

using transgenic reporter strains. The GLH-1::GFP fusion protein marks P granules, which 

are RNA-enriched compartments specific to germ cells.30 The germlines of atfs-1(null) and 

wild-type worms hatched in the presence of food expressed GLH-1::GFP throughout the 

germline (Figure 1H). However, atfs-1(null) worms that were fed after L1 arrest had only a 

cluster of germ cells expressing GLH-1::GFP that failed to expand (Figure 1H). We used a 

reporter strain expressing PIE-1::GFP to examine germline proliferation. Germ cells express 

PIE-1 to prevent adoption of somatic cell fates by repressing transcription.31,32 After L1 

arrest, the germline in atfs-1(null) worms did not proliferate to the point where PIE-1::GFP 

was expressed (Figure 1I). These data indicate that the ATFS-1 is required to resume growth 

and establish a functional germline after prolonged L1 arrest.

ATFS-1 is required for mtDNA content recovery after L1 starvation

Because ATFS-1 promotes mitochondrial maintenance during growth, we examined 

mitochondrial network morphology using the dye TMRE (tetramethylrhodamine, ethyl 

ester), which accumulates in functional mitochondria. At the L4 stage, TMRE staining 

was comparable throughout the soma in wild-type worms fed upon hatching or after 5 

days of L1 arrest (Figures 2A and 2B). As expected, atfs-1(null) worms accumulated less 

TMRE than wild-type worms when hatched in the presence of food, as shown previously.1 

However, after 5 days of L1 arrest, TMRE staining was nearly undetectable in atfs-1(null) 
worms compared with worms of similar age hatched on food, indicating that these worms 

were unable to establish a functional mitochondrial network (Figures 2A and 2B). Because 

mitochondria were not detectable in atfs-1(null) worms with TMRE staining after L1 

arrest, we examined mitochondrial content and morphology using a reporter in which the 

mitochondrial outer membrane translocase TOMM-20 was tagged with mScarlet.33 We 

found that, when hatched onto food, mScarlet accumulated along the mitochondrial network 

in atfs-1(null) mutants, similar to wild-type worms (Figure S2A). However, after L1 arrest, 

atfs-1(null) worms had an aberrant network morphology compared with wild-type worms 

(Figure S2A), suggesting that aspects of mitochondrial biogenesis occur in the absence of 

atfs-1, but the organelles are dysfunctional.

Because atfs-1(null) worms harbored dysfunctional mitochondria and were developmentally 

impaired after prolonged L1 arrest, we hypothesized that worms with impaired OXPHOS 

dysfunction may also have similar defects when exiting starvation. However, we found that 

clk-1(qm30) and complex II-defective mev-1(kn-1) mutant worms developed at the same 

rate and had similar brood sizes regardless of whether they were hatched in the presence of 

food or underwent L1 arrest prior to feeding (Figures 2C–2E and S2B–S2D). OXPHOS is 

reduced in clk-1(qm30) and mev-1(kn-1) worms but not completely impaired.34 These data 
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suggest that the presence of functional ATFS-1 in clk-1 and mev-1 mutants allows OXPHOS 

dysfunction mutants to cope during development after starvation, in contrast to atfs-1(null) 
worms, which lack UPRmt-mediated processes.

We have shown previously that, concomitant with reduced membrane potential, atfs-1(null) 
worms harbor fewer mtDNAs than wild-type worms.1 Thus, we examined the mtDNA 

content of atfs-1(null) worms during L1 arrest and after food introduction. A previous study 

found that mtDNAs were depleted during L1 arrest by autophagy.22 Similarly, mtDNA 

content was reduced by ~50% in wild-type worms after 5 days of L1 arrest (Figure 2F). 

atfs-1(null) worms hatched with similar quantities of mtDNA as wild-type worms, which 

was also reduced by 50% after 5 days of L1 arrest (Figure 2F). As expected, mtDNA content 

increased in wild-type worms upon food introduction. However, mtDNA content remained 

low in atfs-1(null) worms (Figure 2G). These data suggest that, when L1 worms begin to 

feed, ATFS-1 is required to increase or recover the mtDNA content that was degraded during 

L1 arrest (Figures 2F and 2G).

Wild-type and atfs-1(null) worms that are directly hatched onto food contain similar 

quantities of mtDNA (Figure 2G) and develop into fertile adults, suggesting that atfs-1 does 

not regulate mtDNA content in embryos prior to feeding. During starvation, although wild-

type and atfs-1(null) worms undergo a reduction in mtDNA content, after food introduction, 

mtDNA increases more slowly in atfs-1(null) worms compared with wild-type worms 

(Figures 2F and 2G). These findings suggest that, for normal development after prolonged 

L1 arrest, ATFS-1 is required to increase mtDNA content to the level that L1 wild-type and 

atfs-1(null) harbor at the time that they hatch. These findings also emphasize the challenges 

in mediating the metabolic transition that must occur when the worm goes from a catabolic 

state to fuel the search for food to an anabolic state required for growth and development 

when feeding begins.

Mitophagy does not impair mtDNA accumulation in atfs-1(null) worms after L1 arrest

Given the reduced mtDNA accumulation in atfs-1(null) worms after L1 arrest, we 

hypothesized that this may be due to impaired mtDNA replication or increased mitophagy-

mediated clearance as a result of accumulating mitochondrial damage in the absence 

of the UPRmt. To determine the effect of mitophagy, we examined recovery from L1 

arrest in atfs-1(null);pdr-1(tm598) worms, which contain a loss-of-function mutation in 

the ubiquitin ligase Parkin, which is required for mitophagy in C. elegans.6,35 Although 

atfs-1(null);pdr-1(tm598) worms developed slower than either single mutant, they are able 

to develop to adulthood when hatched in the presence of food without prolonged starvation 

(Figures S3A and S3B). However, similar to atfs-1(null) worms, the development and 

recovery of mtDNA content after L1 arrest was impaired in atfs-1(null);pdr-1(tm598) worms 

(Figures S3A–S3D). These findings suggest that the impaired recovery of mtDNA content in 

atfs-1(null) worms is not due to mitophagy.

ATFS-1-dependent nuclear transcription is not required for mtDNA recovery

Our findings suggest that recovery of mtDNA content after prolonged L1 arrest could 

be due to ATFS-1 directly promoting mtDNA replication in mitochondria or regulating 
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nuclear transcription of genes that promote mtDNA replication. To examine the role of 

ATFS-1-dependent nuclear transcription, we compared wild-type, atfs-1(null), and mutant 

worms in which the NLS in ATFS-1 was mutated.1,10 Consistent with impaired nuclear 

activity of atfs-1ΔNLS worms, previous studies have shown that the increase in atfs-1-

dependent transcription of the nuclear gene hsp-6 was reduced in atfs-1ΔNLS worms 

raised during mitochondrial stress.1,10 ATFS-1ΔNLS is imported into mitochondria and 

processed similarly to wild-type ATFS-1.10 atfs-1DNLS worms had similar lifespans to 

wild-type worms, whereas the lifespan of atfs-1(null) worms was considerably reduced 

(Figure 1B). We generated clk-1(qm30);atfs-1DNLS worms to examine the effect of reduced 

atfs-1-dependent nuclear transcription during mitochondrial dysfunction. We found that 

clk-1(qm30);atfs-1ΔNLS worms developed considerably more slowly and produced fewer 

progeny than clk-1(qm30) worms, indicating that the nuclear activity of ATFS-1 is required 

for growth during OXPHOS perturbation (Figures S4A and S4B).

We next examined the role of ATFS-1 nuclear activity during development after prolonged 

L1 arrest. atfs-1ΔNLS worms developed much faster than atfs-1(null) worms (Figures 3A–

3C). Upon feeding after prolonged L1 arrest, mtDNA content increased at similar rates in 

wild-type and atfs-1ΔNLS worms but was impaired in atfs-1(null) worms (Figures 3D and 

3E). Unlike atfs-1(null) worms, atfs-1ΔNLS worms established a functional mitochondrial 

network upon feeding, as determined by TMRE staining (Figures 2A and 2B). However, 

the mitochondrial network was more fragmented in atfs-1ΔNLS worms relative to wild-type 

worms (Figure S4C), indicating that atfs-1-dependent transcription is required to maintain 

optimal mitochondrial function after prolonged starvation.

To examine the role of mitochondrion-localized ATFS-1 in recovery from L1 arrest, we 

evaluated the mitochondrial network in atfs-1R/R worms in which the strength of the ATFS-1 

MTS was increased by substituting the threonine and aspartic acid residues at positions 

10 and 24 with arginine residues. Consistent with increased import of ATFS-1R/R into 

mitochondria, atfs-1R/R worms have an impaired nuclear response during mitochondrial 

stress and a fragmented mitochondrial network, as shown previously.1 Similar to atfs-1ΔNLS 

worms, L1 arrested atfs-1R/R worms developed to adulthood upon feeding (Figure S4D). 

The mtDNA content in atfs-1R/R worms was also higher than in atfs-1(null) worms exiting 

prolonged L1 arrest (Figure S4E). These findings indicate that mitochondrion-localized 

ATFS-1 is required to resume growth and recover mtDNA content after prolonged L1 arrest.

We found previously that ATFS-1 binds directly to mtDNA in dysfunctional mitochondria 

and that inhibition of atfs-1 during mitochondrial stress results in an aberrant increase of 

mtDNA-encoded OXPHOS transcripts.9 We hypothesized that, in addition to promoting 

mtDNA recovery, mitochondrion-localized ATFS-1 might also limit mtDNA-encoded 

transcript accumulation to promote development after starvation. We found that several 

mtDNA-encoded mRNAs were increased in atfs-1(null) worms but not nuclear genome-

encoded OXPHOS genes after introduction of food after starvation (Figures S4F and S4G). 

These findings suggest that, in addition to promoting mtDNA replication, mitochondrion-

localized ATFS-1 represses or limits transcription of mtDNA-encoded OXPHOS transcripts 

during growth upon feeding after prolonged L1 starvation, potentially to facilitate efficient 

OXPHOS complex assembly.9
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We next sought to determine whether the atfs-1-mediated recovery of mtDNA content is 

required for recovery from prolonged L1 arrest. Thus, we exposed L1-arrested wild-type 

worms to ethidium bromide (EtBr), which intercalates in mtDNA and inhibits replication2,36 

and transcription.37 Exposure to 10 or 30 mg/mL EtBr modestly affected development of 

wild-type worms hatched directly onto food (Figures 3F and 3G). The same doses severely 

impaired development of worms after prolonged L1 arrest (Figures 3F and 3H). These 

data suggest that recovery of mtDNA copy numbers mediated by mitochondrion-localized 

ATFS-1 is required for growth and germline development after prolonged L1 arrest, but it is 

difficult to determine the effect of aberrant mtDNA transcription.

daf-2 inhibition promotes atfs-1-dependent mtDNA replication

Last, we sought to gain insight into the upstream events regulating atfs-1-dependent mtDNA 

replication that occur after prolonged L1 arrest. We and others found previously that 

inhibition of the insulin-like receptor DAF-2 using a hypomorphic mutant (daf-2(e1370)) 
impairs atfs-1-dependent induction of hsp-6pr::gfp during mitochondrial stress (Figure 

4A), suggesting that DAF-2 activity promotes nuclear accumulation of ATFS-1.1,38 

daf-2(e1370) worms hatched in the presence of food harbored nearly 1.5-fold more 

mtDNAs than wild-type worms at the L4 stage, suggesting that modest inhibition of DAF-2 

promotes mtDNA replication39 (Figure 4B). We found that the increase in mtDNAs was 

abrogated in daf-2(e1370);atfs-1(null) mutants (Figure 4B). daf-2(e1370);atfs-1ΔNLS worms 

harbored similar amounts of mtDNAs as daf-2(e1370) worms (Figure 4C), suggesting that 

mitochondrion-localized ATFS-1 promotes mtDNA replication when daf-2 is inhibited. 

Consistent with ATFS-1 localizing to mitochondria, a chromatin precipitation (ChIP) 

assay using ATFS-1-specific antibodies9 indicated that ATFS-1 interacts with 2-fold more 

mtDNAs upon DAF-2 inhibition (Figure 4D). These data indicate that decreased DAF-2 

activity reduces atfs-1-dependent transcription in the nucleus and allows mitochondrion-

localized ATFS-1 to increase mtDNA content.

Next we examined the effect of L1 arrest on the mtDNA content of daf-2(e1370) mutants. 

Although daf-2(e1370) worms hatched with increased mtDNA content relative to wild-

type worms, mtDNA content declined at similar rates in both strains during L1 arrest 

(Figure S5A). We hypothesized that the increased mtDNA content in daf-2(e1370) worms 

throughout L1 arrest can be advantageous for growth or recovery after prolonged L1 arrest. 

As expected, growth and mtDNA levels were impaired in wild-type worms exposed to EtBr, 

whereas daf-2(e1370) worms developed to adulthood and had increased mtDNA content 

after prolonged L1 arrest (Figures S5B–S5D), suggesting that the lack of mtDNA is a 

rate-limiting factor for growth after starvation.

We next examined the role of ATFS-1 in recovery of daf-2(e1370) worms after prolonged 

starvation. daf-2(e1370);atfs-1(null) worms did not develop into mature adults (Figure 4E). 

However, daf-2(e1370);atfs-1ΔNLS worms developed into fertile adults, similar to wild-type 

worms (Figure 4E). daf-2(e1370);atfs-1(null) worms harbor fewer mtDNAs relative to 

daf-2(e1370) and daf-2(e1370);atfs-1ΔNLS worms after starvation, suggesting that ATFS-1 

functions downstream of DAF-2 inhibition to increase the mtDNA content (Figures 4F 

and 4G) required for development after prolonged L1 arrest. However, it remains unclear 
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why daf-2(e1370);atfs-1(null) worms fail to develop after prolonged L1 arrest because they 

harbor similar quantities of mtDNA as wild-type and atfs-1ΔNLS worms, which recover 

efficiently from L1 arrest.

The FOXO-like transcription factor DAF-16 is the canonical downstream effector activated 

upon DAF-2 inhibition. DAF-16 promotes L1 survival by regulating transcription of 

numerous genes, including the cyclin-dependent kinase inhibitor, and by altering metabolic 

flux to promote trehalose synthesis during L1 arrest.20,40 daf-16 loss-of-function mutant 

worms are unable to develop after prolonged L1 arrest.41 daf-2(e1370);daf-16(mu86) worms 

had fewer mtDNAs than daf-2(e1370) worms, consistent with DAF-16 also promoting 

mtDNA accumulation when daf-2 is inhibited (Figure S5E). Thus, we sought to understand 

the relationship between daf-16 and atfs-1, using the partial deletion mutant daf-16(mu86). 
daf-2(e1370);daf16(mu86);atfs-1(null) worms had a slight but not significant reduction in 

mtDNAs compared with either single deletion, suggesting that both ATFS-1 and DAF-16 

function downstream of DAF-2 to regulate mtDNA content. However, it remains unclear 

whether ATFS-1 and DAF-16 function in parallel pathways or in the same pathway 

(Figure S5F). Because daf-16-mutants are unable to maintain and survive prolonged L1 

arrest,20,40 the role of DAF-16 in increasing mtDNA content upon feeding remains unclear. 

Based on these data, we conclude that a reduction in DAF-2 activity leads to increased 

mtDNA content, partially dependent on mitochondrial ATFS-1, which promotes growth and 

mitochondrial recovery after prolonged starvation.

DISCUSSION

C. elegans mature from egg to reproductive adult within 3 days. However, during 

development, worms can enter a diapause-like state at different developmental stages to 

endure prolonged stress, including starvation.42 Worms that hatch in the absence of food 

remain developmentally arrested at the L1 stage and can survive for over 30 days (Figure 

1C).23 To sustain the search for food, cytosolic components, including mitochondria, are 

degraded by autophagy, which is used to generate ATP via OX-PHOS.21,22 When food is 

encountered, a major challenge to resumption of development is repairing the cellular and 

tissue damage incurred in the absence of food.23

Here, we find that, after 5 days of L1 arrest, ATFS-1 is required for development and 

to establish a functional germline. A previous study found a strong correlation between 

mutations that extend L1 survival and mutations that extend the adult lifespan.43 In contrast, 

we found that, although atfs-1(null) worms are relatively short-lived when hatched in 

presence of food, the absence of ATFS-1 does not affect L1 survival. ATFS-1 does not 

appear to have any role in the mtDNA accumulation that occurs during embryogenesis 

through the L1 stage. During prolonged L1 arrest, mtDNAs, and presumably whole 

mitochondria, are degraded via autophagy.22 Our findings indicate that mtDNA depletion 

via autophagy occurs independent of ATFS-1 during L1 arrest. However, to mature into 

reproductive adults after introduction of food, ATFS-1 is essential to increase or recover 

the mtDNA content depleted during L1 arrest to a level comparable with that of newly 

hatched worms. The NLS in ATFS-1 required for atfs-1-dependent nuclear transcription was 

not required to recover mtDNA content or establish a functional mitochondrial network or 
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functional germline. However, atfs-1ΔNLS worms have perturbed mitochondrial morphology 

at the L4 stage, consistent with ATFS-1 coordinating mitochondrial network expansion with 

the increased levels of protein synthesis and growth that occur upon feeding.1

Lastly, our findings suggest that the activity of mitochondrion-localized ATFS-1 is required 

to increase mtDNA content upon inhibition of the insulin receptor-like protein DAF-2. 

We found previously that daf-2-inhibition impairs atfs-1-dependent transcription, potentially 

by impairing S6 kinase and reducing general rates of protein synthesis, which result in 

the majority of ATFS-1 trafficking to mitochondria.1 Here, we find that a reduction in 

DAF-2 function causes an increase in mtDNA content, which requires ATFS-1, but not 

ATFS-1-dependent, nuclear transcription, suggesting that a reduction in DAF-2 activity 

promotes mtDNA replication via mitochondrion-localized ATFS-1. We propose that this 

“toggle switch”-like activity of DAF-2 ensures that synthesis of mtDNAs occurs prior 

to activation of the transcription program required for expansion of the mitochondrial 

network driven by TORC1-dependent protein synthesis during worm development. These 

findings are consistent with our previous work indicating that mitochondrion-localized 

ATFS-1 promotes mtDNA replication in dysfunctional mitochondria, which can contribute 

to a replicative advantage of deleterious mtDNAs in a disease model.6,10 Our finding that 

ATFS-1 is required to increase mtDNA replication and recover mtDNAs degraded during 

starvation suggest a reason why such a pathway may have evolved because recovery of 

mtDNA content after L1 arrest is essential for development and C. elegans reproduction.

Limitations of the study

In the current study, we demonstrated a requirement for ATFS-1 in worm development after 

prolonged L1 arrest. Our findings suggest that ATFS-1 is required to recover the mtDNA 

content depleted during L1 arrest because of autophagy. To examine mitochondrial function, 

we utilized the functional dye TMRE and mScarlet fused to TOMM-20, which accumulates 

on the mitochondrial membrane independent of mitochondrial function. These tools enable 

assessment of mitochondrial function and morphology. However, we did not perform higher-

resolution imaging such as electron microscopy, which may provide further insight into the 

mitochondrial defects that occur in the absence of ATFS-1 after L1 arrest. We found that the 

development of wild-type worms after L1 arrest was impaired by exposure to EtBr, whereas 

worms that hatched in the presence of food developed relatively normally with low EtBr 

concentrations. Because EtBr is a known inhibitor of mtDNA replication,44 we interpreted 

these findings to suggest that mtDNA replication is essential for recovery from prolonged 

L1 arrest. However, because ATFS-1 is also a negative regulator of transcription of mtDNA-

encoded genes, we cannot rule out a role of aberrant transcription in impaired recovery from 

L1 arrest. Lastly, we suggest a role of DAF-2 in regulating the ATFS-1-dependent increase 

in mtDNA content after L1 arrest. The increased mtDNA content in daf-2(e1270) worms 

relative to wild-type worms partially requires ATFS-1, and the development of daf-2(e1270) 
worms after L1 arrest also requires ATFS-1. However, daf-2(e1270);atfs-1(null) worms have 

similar levels of mtDNA as atfs-1ΔNLS worms, which are able to develop after L1 arrest. 

The underlying biology remains unclear but may involve other downstream regulators of 

DAF-2. Because metabolism and growth are considerably altered in daf-2(e1270) worms, 

their reliance on mitochondrial function and mtDNA for development may also be altered.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents or strains must be directed to 

and will be fulfilled by the lead contact, Cole Haynes (cole.haynes@umassmed.edu).

Materials availability—This study did not generate new unique materials.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data deposited in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains—C. elegans strains were fed and cultured on HT115 Escherichia 

Coli strain at 20°C unless otherwise specified. The reporter strain hsp-6pr::gfp was used 

for visualizing UPRmt activation.2 N2 (wildtype), clk-1(qm30), daf-2(e1370), daf-16(mu86) 
strains were obtained from the CGC. PIE:GFP and GLH-1:GFP were gifts from Dr. Craig 

Mello. pdr-1(tm598) was obtained from the National BioResource project (Tokyo, Japan). 

atfs-1(null), atfs-1ΔNLS, and the atfs-1R/R strains were generated using CRISPR-Cas9 as 

described.1,5,10 vha-6p:tomm-20(1–54):mScarlet strain was a gift from Dr. Gary Ruvkun 33.

METHOD DETAILS

Starvation plates and recovery from prolonged L1 arrest—For L1 arrest, worms 

were synchronized by bleaching and transferred to NGM plates that lacked cholesterol 

and peptone for 5 days.46 Following L1 arrest, the worms were transferred to NGM 

plates seeded with HT115 bacteria (L1 arrest-fed condition). Control condition worms were 

synchronized by bleaching and allowed to hatch directly on NGM plates seeded with HT115 

bacteria. All strains were maintained at 20°C throughout all experiments. For images of 

worm development, the L1 arrest-fed worms of each strain were compared to control worms 

of the same developmental stage.

Brood size quantification—Three L4 stage nematodes were randomly selected from 

each condition and transferred to a fresh plate and incubated at 20°C. Once worms reached 

adulthood, the number of progenies were quantified until the worms stopped laying eggs. 

Brood size was determined as the average number of progenies per worm on each plate 

based on the sum of total eggs. Five biological replicates per strain per condition were used 

and 10–15 worms were used for quantification of eggs from each replicate.

mtDNA quantification—mtDNA was measured using quantitative PCR (qPCR) similar to 

previously published methods.1,6,47 30–40 worms were collected per sample in lysis buffer 

containing 50 mM KCl, 10 mM Tris-HCl pH 8.3, 2.5 mM MgCl2, 0.45% NP-40, 0.45% 

Tween 20, 0.01% gelatin, fresh stock of 200 mg/mL proteinase K) and immediately frozen 
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at −80°C for at least 15 min followed by lysis at 65C for 80 min 2μL of lysate was used 

per reaction, and they were performed in biological and technical triplicates using iQ SYBR 

Green Supermix and the Biorad qPCR CFX96 (Bio-Rad Laboratories). The average Ct 

(threshold cycle) of technical replicate values were obtained for mtDNA and was normalized 

using the 2−ΔΔC
t method. Primers that specifically amplify mtDNA are listed in Table S2. 

Primers that amplify a non-coding region near the nuclear-encoded ges-1 gene were used 

as a control. Student’s t-test or one-way ANOVA was used to determine the statistical 

significance where applicable.

For measuring mtDNA recovery in Figure 2H over time course of 24 h, control worms 

were synchronized to L1s overnight prior to transferring on bacteria seeded plates and L1 

arrest-fed worms were starved for 5 days prior to transferring on bacteria seeded plates.

RNA isolation and qRT-PCR—Worms were harvested from plates into tubes and washed 

3 times using S. basal to remove bacteria. 1 mL of TRIzol Reagent (Invitrogen) was added 

to the worm pellet and the tubes were flash frozen using liquid nitrogen. Total RNA was 

isolated from worm pellets using the TRIzol Reagent and chloroform. cDNA was then 

synthesized from total RNA using the iScript cDNA Synthesis Kit (Bio-Rad). qPCR was 

performed using iQ SYBR Green Supermix. Primer sequences are listed in Table S2. 

Relative expression of target genes was normalized to the house keeping gene act-3. Fold 

changes in gene expression were calculated.

For qPCR of L1 worms, liquid cultures of different worm strains were grown for at least 

two generations with food and then prepped for eggs using bleach solution to obtain 

synchronized L1s. For L1 arrest-fed condition, eggs were hatched onto starvation plates for 

5 days and then fed up to L2s before harvesting for RNA extraction. For control condition, 

eggs directly hatched on food were grown up to L2s were collected and used for RNA 

extraction.

Body length measurements—Body length quantifications were obtained at the L4 

stage. However, as the clk-1(qm30) and clk-1(qm30); atfs-1ΔNLS strains developed slowly, 

body length measurements were obtained on day1 of egg lay. Body length measurements 

were obtained using ImageJ measuring from nose tip to worm tail as previously described.48

Microscopy—C. elegans were imaged using either a Zeiss AxioCam 506 mono camera 

mounted on a Zeiss Axio Imager Z2 microscope, a Zeiss AxioCam MRc camera mounted 

on a Zeiss SteREO Discovery V12 stereoscope or a ZEISS LSM800 confocal microscope. 

Exposure times were the same for each sample in each experiment.

L1 starvation survival—L1 survival assay was adapted from protocol previously 

described.18 Worms were grown for at least two generations at 20°C in liquid with food and 

bleached to collect eggs, which hatched overnight on a shaker incubator in S-basal without 

cholesterol. Synchronized L1s were maintained in 25- or 125-mL flasks at a concentration 

of ~1 worm/ml in 10–12 mL of S-basal without cholesterol and without antibiotics. Flasks 

were shaken at 200 rpm in a shaker at 20°C except when scoring. Viability was assessed 

by aliquoting 100 to 200 μL of worms to fresh plates and monitoring the number of worms 
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that were alive or dead after 2 days post plating. The worms were scored every other day 

and the survival percent was calculated based on a ratio of the number of worms survived 

to total number of plated worms on each scoring day. The graph shows data collected from 

one biological replicate representative of 3 independent replicates. Summary statistics of 

3 independent biological replicates are reported in Table S1. Lifespan variability between 

experiments may be due to variation in population density between biological replicates.49

Adult lifespan assay—Animals were raised on seeded NGM plates at 20°C until the L4 

stage and ~100 L4 worms were transferred to fresh bacterial plates (10 worms per plate). 

Worms were scored every 2–3 days and those that were unresponsive to touch of the worm 

pick were marked as dead. Worms that bagged or crawled off the plate were censored and 

not included in the study. The figure shows data collected from a single experiment. Each 

experiment was repeated in 3 independent biological replicates (Table S3).

DAPI staining—Animals were grown on control or L1 arrest-fed condition until day 1 

adulthood. Then, the worms were washed off the plates and placed in microcentrifuge 

tube containing 0.01% Tween-PBS. Worms were pelleted by low-speed centrifugation and 

washed 2–3 times with 0.01% Tween PBS. Next, 1 mL of pre-chilled methanol from −20°C 

was added to the whole worm pellet and tubes were immediately placed in the freezer at 

−20°C for exactly 5 min. The worms were pellet again and rinsed 2–3 times with 0.1% 

Tween-PBS. 0.2 μL of DAPI solution was added and the tube was allowed in sit in the dark 

for 5 min and after, rinsed with 0.1% Tween-PBS. Finally, 30 μL of 75% glycerol solution 

was added to worm pellet and were ready to be imaged.

TMRE staining—Freshly seeded HT115 bacterial plates were coated with TMRE to 

make a final concentration of 30 μm in each plate. The worms were either synchronized 

by bleaching and plated onto TMRE plates either from egg stage (control) or starved 

in L1 stage for 5 days using starvation plates and then transferred to TMRE plates (L1 

arrest-fed). Three independent biological repeats were performed. The graph was generated 

by quantifying of 15–25 individual worms from a single experimental repeat that is 

representative of all three biological replicates. TMRE quantification was done as previously 

described.1 In brief, the average pixel intensity values were calculated by sampling images 

of different worms. The average pixel intensity for each animal was calculated using ImageJ 

(http://rsb.info.nih.gov/ij/ ). Mean values were compared using two-way ANOVA.

Mitochondrial morphology quantification—For morphology analysis, 3–4 worms 

were placed on a fresh 4% agarose pad on a single slide and scored within 5 min by imaging 

using a ZEISS LSM800 confocal microscope (minimal time was spent for each slide as 

prolonged exposure may induce network fission). All visible cells in each worm were scored 

on based 3 levels of classification as tubular, intermediate and fragmented as previously 

described.23 Three biological replicates were analyzed with ~10–15 worms scored in each 

replicate.

Ethidium bromide experiments—Control worms were bleached directly onto plates 

containing 0, 10 or 30 mg/mL ethidium bromide with HT115 bacteria. For starved-fed 

condition, worms were first bleached onto starvation plates for 5 days and then transferred 
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onto ethidium bromide plates as described above. Plates were imaged when at the L4 stage 

or when they became developmentally arrested.

ChIP-mtDNA—ATFS-1 ChIP was performed as previously described.10 Synchronized 

worms were cultured on plates and harvested at the L4 stage. The worms were lysed 

via Teflon homogenizer in chilled PBS with protease inhibitors (Roche). Cross-linking of 

DNA and protein was performed by treating worms with 1.85% formaldehyde containing 

protease inhibitors for 15 min. Glycine was added to a final concentration of 125 mM 

and incubated for 5 min at room temperature to quench the formaldehyde. The tubes 

were cold centrifuged at 3000 rpm for 2 min and then, pellets were resuspended twice 

in cold PBS with protease inhibitors. Samples were treated with lysis buffer containing 

0.1% Sarkosyl, protease inhibitors in FA Buffer (50 mM HEPES/KOH pH 7.5, 1mM 

EDTA, 1% Triton X-100, 0.1% Sodium deoxycholate, 150 mM NaCl). The supernatant 

was precleaned with pre-blocked ChIP-grade Pierce magnetic protein A/G beads (Thermo 

Scientific) and then incubated with Monoclonal Mouse mAb IgG1 Isotype Control (Cell 

Signaling Technology, G3A1) rotating overnight at 4C. The antibody-DNA complex was 

precipitated with protein A/G magnetic beads or protein A Sepharose beads (Invitrogen). 

After washing, the crosslinks were reversed by incubation at 65°C overnight. The samples 

were then treated with RNaseA at 37°C for 1.5 h followed by proteinase K treatment at 55°C 

for 2 h. Lastly, the immunoprecipitated and input DNA were purified with ChIP DNA Clean 

& Concentrator (Zymo Research, D5205) and used as templates for qPCR.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed at least three times and all the represented graphs are based 

on biologically independent replicates. “n” represents number of biological replicates in 

figure legends. L1 starvation survival and adult life span are graphs from a single biological 

replicate representative of three independent biological repeats. The summary statistics 

from three biological replicates are reported in Tables S1 and S3. For lifespan analysis, 

statistics were performed using OASIS2 software45 and values were calculated with the log 

rank/Mantel Cox test. p values were calculated by the two-tailed Student’s t-test, one-way 

ANOVA or two-way ANOVA with post-hoc analyses. The statistical tests were chosen based 

on previous studies with similar methodologies and analysis performed using Graphpad 

Prism 7. Experiments were not blinded, and randomization was not used. For all figures, the 

mean ± SD is represented unless otherwise noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The mitochondrial UPR is required for C. elegans growth after prolonged 

starvation

• UPRmt is required to increase mtDNA replication after starvation-induced 

mtDNA decline

• Mitochondrial localization of the bZIP protein ATFS-1 promotes mtDNA 

content recovery

• The insulin-like receptor DAF-2 coordinates ATFS-1-mediated mtDNA 

replication and growth
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Figure 1. ATFS-1 is required for development after prolonged L1 arrest
(A) Schematic illustrating ATFS-1-mediated UPRmt signaling.

(B) Lifespan analysis comparing wild-type, atfs-1(null), and atfs-1ΔNLS worms (statistical 

analyses from three independent repeats are reported in Table S3).

(C) Lifespan analysis comparing wild-type and atfs-1(null) worms during L1 arrest 

statistical analyses from three independent repeats are reported in Table S1).
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(D) Schematic depicting the experimental protocol comparing worms that were directly 

hatched in the presence of bacteria (control) and worms that were maintained as arrested L1s 

for 5 days and then transferred to plates seeded with bacteria (L1 arrestfed).

(E) Images of wild-type and atfs-1(null) worms under control and L1 arrest-fed conditions, 

obtained when control worms reached the L4 stage (scale bar, 0.5 mm).

(F) Quantification of body length, comparing wild-type and atfs-1(null) worms under control 

and L1 arrest-fed conditions (n = 3 ± SD, ****p < 0.0001, two-way ANOVA with post-hoc 

Sidak’s test).

(G) Brood size quantification of wild-type and atfs-1(null) worms under control and L1 

arrest-fed conditions (n = 5 ± SD, *p = 0.014, two-way ANOVA with post-hoc Sidak’s test).

(H) Images of wild-type and atfs-1(null) worms expressing GLH-1::GFP under control or L1 

arrest-fed conditions, obtained when the control worms reached day 1 of adulthood (scale 

bar, 0.02 mm).

(I) Images of wild-type and atfs-1(null) worms expressing PIE-1::GFP under control or L1 

arrest-fed conditions obtained when the control worms reached day 1 of adulthood (scale 

bar, 0.02 mm).
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Figure 2. UPRmt promotes mtDNA content recovery after starvation
(A) Images comparing TMRE staining of wild-type, atfs-1(null), and atfs-1ΔNLS worms 

under control or L1 arrest-fed conditions, obtained when control worms reached the L4 stage 

(scale bar, 10 μm; representative images from three biological replicates).

(B) Quantification of TMRE staining of wild-type, atfs-1(null), and atfs-1ΔNLS worms at the 

L4 stage under control or L1 arrest-fed conditions (n = 15–20 worms for each strain and 

condition ± SD, ****p < 0.0001, two-way ANOVA with post-hoc Sidak’s test; a.u., arbitrary 

unit).

(C) Images comparing development of clk-1(qm30) worms under control and L1 arrest-fed 

conditions on day 1 of adulthood (scale bar, 0.5 mm).

(D) Body length quantification of clk-1(qm30) worms under control and L1 arrest-fed 

conditions, measured on day 1 of adulthood (n = 3 ± SD, Student’s t test).

(E) Brood size quantification of clk-1(qm30) worms under control and L1 arrest-fed 

conditions (n = 3 ± SD, 10–15 worms each replicate, Student’s t test).
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(F) mtDNA quantification of wild-type and atfs-1(null) starved L1 worms over a period of 

5 days as determined by qPCR (n = 3 ± SD, one-way ANOVA; wild-type worms: ***p = 

0.0007, post hoc Dunnett’s test shows significant difference between 0-day starved worms 

and 1- to 5-day starved worms; atfs-1(null) worms: *p = 0.0191, post-hoc Dunnett’s test 

shows significant difference between 0-day starved worms and 3- to 5-day starved worms).

(G) Time course of mtDNA content quantification over 24 h as determined by qPCR 

comparing wild-type and atfs-1(null) worms under control and L1 arrest-fed conditions (n 

= 6 for wild-type and n = 3 for atfs-1(null) ± SD, **p = 0.0039 comparing L1 arrest-fed 

wild-type and atfs-1(null) mtDNA content after 24 h of feeding, two-way ANOVA with post 

hoc Tukey’s multiple comparisons test).
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Figure 3. The increase in mtDNA content after L1 arrest does not require atfs-1-dependent 
nuclear transcription
(A) Images of wild-type, atfs-1(null), and atfs-1ΔNLS worms under control and L1 arrest-fed 

conditions, obtained when the control condition worms reached the L4 stage (scale bar, 0.5 

mm).

(B) Quantification of body length of wild-type, atfs-1(null), and atfs-1ΔNLS worms under 

control conditions when the worms reached the L4 stage (n = 3 ± SD, **p = 0.0026, 

one-way ANOVA with post hoc Dunnett’s test).

(C) Quantification of body length of wild-type, atfs-1(null), and atfs-1ΔNLS worms under L1 

arrest-fed conditions when the control worms reached the L4 stage (n = 3 ± SD, *p = 0.014 

comparing wild-type and atfs-1DNLS worms and ****p < 0.0001 comparing wild-type and 

atfs-1(null) worms, one-way ANOVA with post hoc Dunnett’s test).
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(D) mtDNA quantification of wild-type, atfs-1(null), and atfs-1ΔNLS worms when the control 

condition worms reached the L4 stage (n = 3–5 ± SD, ****p < 0.0001 comparing wild-type 

and atfs-1(null) worms and **p = 0.0097 comparing atfs-1(null) and atfs-1ΔNLS L1 arrest-

fed worms, two-way ANOVA with post hoc Tukey’s multiple comparisons test).

(E) Time course of mtDNA quantification by qPCR comparing wild-type, atfs-1(null), 
and atfs-1ΔNLS worms fed for 48 h after L1 arrest (n = 4 ± SD for wild-type *p = 

0.029 comparing wild-type and atfs-1(null) worm mtDNA at 48 h, *p = 0.035 comparing 

atfs-1(null) and atfs-1ΔNLS worm mtDNA at 48 h, two-way ANOVA with post hoc Tukey’s 

multiple comparisons test).

(F) Images of wild-type control and L1 arrest-fed worms treated with 0, 10, and 30 μg/mL of 

EtBr when the control worms reached the L4 stage (scale bar, 0.5 mm).

(G) Quantification of body length of wild-type control worms treated with 0, 10, and 30 

μg/mL of EtBr, measured when worms treated with 0 mg/mL EtBr reached the L4 stage (n = 

3, ****p < 0.0001, one-way ANOVA with post hoc Tukey’s test).

(H) Quantification of body length of wild-type L1 arrest-fed worms treated with 0, 10, and 

30 μg/mL of EtBr when the worms treated with 0 μg/mL EtBr reached the L4 stage (n = 3, 

****p < 0.0001, one-way ANOVA with post hoc Tukey’s test).
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Figure 4. daf-2 inhibition promotes atfs-1-dependent mtDNA replication
(A) Fluorescence images of hsp-6pr::gfp and daf-2(e1370);hsp-6pr::gfp worms raised on 

control or cco-1(RNAi) at the L4 stage (scale bar, 0.1 mm).

(B) mtDNA quantification of wild-type, atfs-1(null), daf-2(e1370), and 

daf-2(e1370);atfs-1(null) worms, determined at the L4 stage (n = 5 ± SD, ****p < 0.0001, 

one way ANOVA with post hoc Tukey’s multiple comparisons test).
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(C) mtDNA quantification of wild-type, atfs-1ΔNLS, daf-2(e1370), and 

daf-2(e1370);atfs-1DNLS worms determined at the L4 stage (n = 3 ± SD, ****p < 0.0001, 

one-way ANOVA with post hoc Tukey’s multiple comparison test).

(D) mtDNA quantification after ATFS-1 or control ChIP in wild-type and daf-2(e1370) 
worms at the L4 stage (n = 3 ± SD, **p = 0.0017, one-way ANOVA with post hoc Tukey’s 

multiple comparisons test).

(E) Images of wild-type, atfs-1(null), atfs-1ΔNLS, daf-2(e1370), daf-2(e1370);atfs-1(null), 

and daf-2(e1370);atfs-1ΔNLS worms under control and L1 arrest-fed conditions, obtained 

when control worms reached the L4 stage (scale bar, 0.5 mm).

(F) mtDNA quantification of wild-type, atfs-1(null), atfs-1ΔNLS, daf-2(e1370), 
daf-2(e1370);atfs-1(null), and daf-2(e1370);atfs-1ΔNLS worms under control conditions, as 

determined by qPCR at the L4 stage (n = 3 ± SD, *p = 0.132, one-way ANOVA with post 

hoc Tukey’s multiple comparisons test).

(G) mtDNA quantification of wild-type, atfs-1(null), atfs-1ΔNLS, daf-2(e1370), 
daf-2(e1370);atfs-1(null), and daf-2(e1370);atfs-1ΔNLS worms under L1 arrest conditions, 

as determined by qPCR when control worms reached the L4 stage (n = 3 ± SD, ****p < 

0.0001, one-way ANOVA with post hoc Tukey’s multiple comparisons test).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Ethidium Bromide Invitrogen 15585011

TMRE Thermo Fisher T669

Experimental models: Organisms/strains

C. elegans: MQ130 (clk-1(qm30)) Caenorhabditis Genetics Center (CGC) RRID: WB Cat#: WBStrain00026639

C. elegans: CB1370 (daf-2(e1370)) Caenorhabditis Genetics Center (CGC) RRID: WB Cat#: WBStrain00004309

C. elegans: CB1038 (daf-16(mu86)) Caenorhabditis Genetics Center (CGC) RRID: WB Cat#: WBStrain00004840

atfs-1 ΔNLS Shpilka et al., 2021,1 Yang et al., 202210 N/A

atfs-1 R/R Shpilka et al., 20211 N/A

pdr-1(tm598) National BioResource
Project (Tokyo, Japan)

N/A

atfs-1(null) Deng et al., 20195 N/A

PIE-1::GFP Laboratory of Dr. Craig C. Mello N/A

GLH-1::GFP Laboratory of Dr. Craig C. Mello N/A

vha-6p::tomm-20(1–54)::mScarlet Laboratory of Dr. Gary Ruvkun N/A

Oligonucleotides

Full list of qRT-PCR primers is presented in
Table S2

This paper N/A

Software and algorithms

Fiji ImageJ ImageJ RRID:SCR_002285

Prism Graphpad RRID:SCR_002798

OASIS2 Han et al., 201645 https://sbi.postech.ac.kr/oasis2/surv/

Biorender Biorender https://biorender.com/
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