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Abstract 

Aging is the physiological decline in function that happens over time. In addition to 

surviving this decline, animals must also resist external stressors in their environment. The 

physiological decline makes animals less able to survive external stressors. Research using the 

nematode Caenorhabditis elegans as a model organism revealed an association between stress 

resistance and aging. For example, many long-lived mutants have increased resistance to stress.  

Based on the positive association between stress resistance and longevity, we 

hypothesized that overlapping genetic pathways contribute to both stress resistance and 

longevity. To address this, we devised two approaches: the first was to use long-lived mutants of 

different aging pathways and examine their resistance to various stresses and activation of stress 

pathways; the second was to examine a specific stress response pathway and its role in stress 

resistance and longevity.  

Using nine long-lived C. elegans mutants of different aging mechanisms, we found that 

all nine mutants had increased resistance to at least one external stressor. These long-lived 

mutants showed upregulation of genetic targets of multiple stress pathways. We also found that 

genes correlated with stress resistance significantly and highly overlapped with genes correlated 

with lifespan. Next, we examined the stress pathway mitochondrial unfolded protein response 

(mitoUPR), and found that activation of mitoUPR through constitutive activation of ATFS-1 

increased resistance to multiple stressors and activated multiple stress response pathways. 

Disruption of atfs-1 decreased stress resistance. However, constitutive activation of ATFS-1 

decreases lifespan in wildtype worms, suggesting that its role in situations of acute stress is 

beneficial but chronic activation is detrimental. 

Overall, our work demonstrates that overlapping genetic pathways can contribute to both 

stress resistance and lifespan. Furthermore, our work suggests that there may be a trade-off 

between activation of stress response pathways and longevity.  
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Résumé 

Le vieillissement est le déclin physiologique des fonctions qui se produit avec le temps. 

En plus de survivre à ce déclin, les animaux doivent également résister aux facteurs de stress 

externes de leur environnement. Le déclin physiologique rend les animaux moins aptes à 

survivre aux facteurs de stress externes. Des recherches utilisant le nématode C. elegans comme 

organisme modèle ont révélé une association entre la résistance au stress et le vieillissement. Par 

exemple, de nombreux mutants C. elegans à longue durée de vie ont une résistance accrue au 

stress. 

Sur la base de l'association positive entre la résistance au stress et la longévité, nous 

avons émis l'hypothèse que les voies génétiques qui se chevauchent contribuent à la fois à la 

résistance au stress et à la longévité. Pour y répondre, nous avons abordé la question de deux 

manières : la première consistait à utiliser des mutants à longue durée de vie de différentes voies 

de vieillissement et à examiner leur résistance à divers stress et l'activation des voies de stress ; la 

seconde consistait à examiner une voie de réponse au stress spécifique et son rôle dans la 

résistance au stress et la longévité. 

En utilisant neuf mutants à longue durée de vie pour différents mécanismes du 

vieillissement, nous avons constaté que les neuf mutants avaient une résistance accrue à au 

moins un facteur de stress externe. Ces mutants à longue durée de vie ont montré une régulation 

positive des cibles génétiques de plusieurs voies de stress. Nous avons également constaté que 

les gènes étaient corrélés à la résistance au stress de manière significative et se chevauchaient 

fortement avec les gènes corrélés à la durée de vie. Ensuite, nous avons examiné la réponse des 

protéines dépliées mitochondriales (mitoUPR) de la voie de stress et avons constaté que 

l'activation de mitoUPR par l'activation constitutive de l'ATFS-1 augmentait la résistance à 

plusieurs facteurs de stress et activait plusieurs voies de réponse au stress. La perturbation 

d'ATFS-1 a diminué la résistance au stress. Cependant, l'activation constitutive d'ATFS-1 

diminue la durée de vie des nématodes sauvages, ce qui suggère que son rôle dans les situations 

de stress aigu est bénéfique mais que l'activation chronique estnéfaste. 

Dans l'ensemble, nos travaux démontrent que le chevauchement des voies génétiques 

peut contribuer à la fois à la résistance au stress et à la durée de vie. De plus, nos travaux 

suggèrent qu'il pourrait y avoir un compromis entre l'activation des voies de réponse au stress et 

la longévité. 
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1.1 Aging 

Everything that lives must eventually die. During a point in an organism’s life, aging occurs. 

Aging is the progressive decline of physiological function and is a risk factor for death. Aging is 

also the greatest risk factor for various diseases such as cancer, cardiovascular disease, and 

neurodegenerative disease1.  

Early theories of aging view aging as passive and unamenable. For example, the antagonistic 

pleiotropy theory of aging proposes that aging is a by-product of natural selection; alleles that 

were beneficial early in life were detrimental later in life2. Another theory of aging, Harmon’s 

Free Radical Theory of Aging3, viewed aging as an accumulation of oxidative damage from 

reactive oxygen species (ROS), which is generated as by-products in cellular processes.  

However, studies have found that the rate of aging can be changed. For example, 

restricting calories can extend lifespan, which has been shown in various organisms such as 

rodents4,5, yeast6, Drosophila7,8, and C. elegans9,10. In humans, congenital disorders such as 

Hutchinson-Gilford Syndrome, in which children aged dramatically fast with prematurely old 

appearances, exhibited aging related diseases11,12. Individuals that live longer, such as 

centenarians, experience age-related diseases later in life and the long lifespan of these 

individuals is believed to have a genetic basis as the extended longevity is inherited by their 

children13,14. Altogether, these observations suggested that aging can be amenable.  

 

1.2 Pathways to lifespan extension 

1.2.1 Insulin/IGF-1 signaling 

Early studies hinted at the genetic influence on aging, and much of these discoveries were 

made in the nematode C. elegans. Mutation in the age-1 gene, also known as PI3K 
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(phosphatidylinositol 3-kinase) conferred a longer lifespan15. age-1 was the first gene identified 

to be associated with aging. A decade later, it was discovered that mutations in the daf-2 gene 

(homologous to human IGF-1 receptor and insulin receptor), which encodes the insulin/IGF-1 

receptor, extends the lifespan of C. elegans16,17. Both age-1 and daf-2 are part of the Insulin/IGF-

1 signaling (IIS) pathway and reduction of its activity is associated with extended lifespan.  

 The longevity of daf-2 mutants and other mutants with decreased IIS was found to be due 

to DAF-1616, which encodes a FOXO transcription factor involved in stress response, 

antimicrobial activity, and detoxification18. The longevity effects of decreasing IIS also involves 

heat-shock transcription factor HSF-119 and Nrf-like xenobiotic-response factor SKN-120. 

Altogether, these stress response pathways mediate gene expression changes downstream that 

involve the function of antioxidants, protein chaperones and lipases21. Other than stress 

pathways, decreasing IIS has also been shown to involve autophagy, the process that recycles 

organelles and rejuvenates the cell22.  

Studies in other model organisms including Drosophila23 and mice24 also support the role 

of insulin/IGF1 signalling pathway in longevity. In rodents and mammals, the insulin and IGF-1 

pathways are distinct but share overlapping functions25. Human studies have shown 

contradictory results with reports of both higher26 and lower27 levels of plasma IGF-1 in healthy 

centenarians, reflecting the complexity of the IGF system in humans and the limitations of 

centenarian studies (such as the control group consisting of younger subjects and the sample size 

being limited due to the low prevalence of centenarians)28. Several single nucleotide 

polymorphisms (SNP) in the IIS pathway and gene variants of the IGF-1 receptor are associated 

with longevity21,29. Gene variants of FOXO1 and FOXO3A in different ethnic cohorts are also 



16 

linked to longevity, possibly owing to the involvement of FOXO proteins in many pathways that 

affect lifespan 21.  

 

1.2.2 Mild impairment of mitochondrial function 

Deleterious mutations in the clk-1 gene, which encodes an enzyme for the biosynthesis of 

ubiquinone in the electron transport chain (ETC), extends lifespan30. Deleterious mutations in 

other mitochondrial genes were also found to extend lifespan in C. elegans, such as isp-131, 

which encodes an iron sulfur protein in the mitochondrial complex III, and nuo-632, which 

encodes a subunit in the mitochondrial complex I. RNA interference (RNAi) knockdown of other 

genes involved in mitochondria ETC were also shown to extend lifespan33,34.  

Mild impairment of mitochondrial function extends lifespan in other organisms including 

Drosophila35 and mice36. Since mitochondria are involved in important cellular processes such as 

metabolism, apoptosis and signaling, and most importantly, generating adenosine triphosphate 

(ATP) from the ETC, it seems counterintuitive that impairment of its function confers longevity. 

However, the key is that the impairment is mild since severe mitochondrial dysfunction leads to 

disease37.  

The observation that impairment of mitochondria, and thus impairment of cellular 

respiration, extends lifespan gave rise to the “rate of living” theory of aging. According to this 

theory, metabolic rate is inversely correlated to lifespan and organisms have a finite number of 

breaths38. Thus, slowing down metabolism can slow down aging. In accordance, dose-dependent 

knockdown of RNAi on ETC components in C. elegans showed corresponding increase in 

lifespan, body size, and behaviour39. Knocking down mitochondrial ETC components also 

decreased ATP levels and oxygen consumption rates33,40. Indeed, smaller animals have higher 
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metabolic rates and shorter lifespans while larger animals have lower metabolic rates and longer 

lifespans21. However, this correlation between lifespan and physiology is not always true, such as 

in Drosophila35 and in mice36. Even in C. elegans, RNAi knockdown of mitochondrial 

cytochrome c gene cyc-1 during adulthood decreases ATP synthesis but does not increase 

lifespan33. This suggests that the extended lifespan with mitochondrial impairment may not be 

due to slowing down metabolic processes. 

Mitochondrial mutants were observed to have an increase in reactive oxygen species 

(ROS) due to defective mitochondrial respiration. Although ROS was initially thought to have a 

negative effect on aging due to its damaging effects on cellular macromolecules (DNA, lipids, 

carbohydrates, proteins), ROS was found to promote longevity41,42. Although this goes against 

the free radical theory of aging, studies now find that ROS acts as an important cellular signaling 

molecule43. Increasing ROS through low doses of juglone and paraquat increases C. elegans  

lifespan41,42,44. The long-lived mClk1+/- mice were observed to have increased ROS levels45. 

Accordingly, treatment of long-lived mitochondrial mutants with antioxidants abolishes the 

increased lifespan42.  

The mechanism through which mitochondrial mutants have extended longevity is thought 

to be increased ROS levels, which activates the nuclear transcription factor hypoxia-inducible 

factor 1 (HIF-1)41. Other pathways that have been found to be crucial for the longevity of 

mitochondrial mutants include AMP-activated protein kinase (AMPK)46, an important cellular 

energy sensor; homeobox protein CEH-2347, the mitochondrial unfolded protein response48, 

innate immunity49, and DAF-1650.  

1.2.3 Mild increase in mitochondrial superoxide 



18 

In addition to increasing ROS levels through mild impairment of mitochondrial function, 

elimination of the detoxification enzyme superoxide dismutase in the mitochondria also 

increases ROS and subsequently increases lifespan in C. elegans 51. sod-2 mutants have 

increased lifespan despite sensitivity to oxidative stress and increased oxidative damage to 

proteins51. However, disrupting mitochondria superoxide dismutase shortens lifespan in flies52 

and in yeast53. Sod2 knockout mice are embryonically lethal54 while Sod2 heterozygous mice 

have normal lifespan55. Disruption of all superoxide dismutase activity in C. elegans does not 

shorten lifespan56, indicating its dispensable nature in this particular species under experimental 

conditions.  

The role of ROS in promoting health and lifespan is complex. The mitochondria produces 

ROS as a signaling molecule under stress, increasing the demand for available energy, resulting 

in transcriptional changes in the nucleus57,58. In particular, these transcriptional changes activate 

stress response pathways that produce antioxidants and detoxifying enzymes as well as 

upregulate proteostasis mechanisms, resulting in increased health and lifespan59. The pathways 

activated by ROS includes p38 MAPK, HIF-1, NRF-2, FoxO, and mitoUPR57,58. In addition to 

mitochondrial mutations, other triggers for increased ROS production include calorie restriction, 

exercise, hypoxia, and altered insulin signaling59.  

Importantly, there is an optimal level of increased ROS that can be beneficial, but 

exceeding that limit is detrimental. For example, lower levels of paraquat (0.01 – 0.5 mM) 

extends lifespan in C. elegans, but higher levels (1mM and above) decrease lifespan60. The 

location of increased ROS also matters since increasing superoxide in the cytoplasm decreases 

lifespan61. A recent study also finds that natural increases in ROS early in development extends 

lifespan and increases stress resistance in C. elegans by acting on histone levels62. Overall, these 



19 

studies indicate the importance of optimal timing, location, and concentrations for the longevity 

effects of ROS. 

1.2.4 Dietary restriction 

Dietary restriction as a method of lifespan extension has been shown across many 

species. This mechanism of lifespan extension was first shown in rats63, and subsequently in 

other species such as yeast6, worms10, flies64, mice5, and primates65. In addition to reducing food 

sources for these organisms, there are genetic models of dietary restriction, such as with the eat-2 

mutant in C. elegans, a mutant that has slower pharyngeal pumping and restricted food 

consumption66. There is also evidence that dietary restriction can improve human health, such as 

decrease the risk of atherosclerosis67, lower cholesterol, and lower blood pressure68, but the 

effects on lifespan are unknown since there are many limitations and ethical considerations with 

experimentally restricting diet in humans. 

 Dietary restriction has been observed to increase mitochondrial respiration in various 

organisms69,70. Glucose restriction in C. elegans increases mitochondrial activity and produces 

more ROS71, an important signaling molecule involved in increased lifespan. Increased lifespan 

through dietary restriction also relies on activation of stress response pathway SKN-172. Nuclear 

hormone receptors and their effects on lipid metabolism are also implicated as a mechanism of 

longevity73. Mammalian longevity studies have also found that different forms of dietary 

restriction act on key nutrient-sensing pathways such as AKT, FOXO, mammalian target of 

rapamycin (mTOR) and AMP-activated protein kinase (AMPK) to promote longevity74.  

1.2.5 Germline ablation 

The first demonstration that signals from the reproductive system can influence lifespan 

came from experiments in C. elegans. Laser ablation of germ line precursor cells extended the 
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lifespan of worms75. Removing the entire reproductive system (germ line and somatic gonads) 

does not confer longevity, thus the longevity from removing the germline is not due to sterility75. 

Germline ablation can be genetically reproduced from mutants such as mes-1, which lacks germ 

cells, and glp-1, which disrupts the receptor for germ line proliferation signals, both of which are 

long-lived76.   

Germline ablation increases lifespan through modulation of the insulin/IGF-1 pathway 

and requires DAF-16 75. Many other genes have been identified to contribute to longevity upon 

germline removal, including DAF-1275, a nuclear hormone receptor, and DAF-977, a cytochrome 

P450 that putatively modifies lipophilic ligands for DAF-12. Another study found that kri-1, 

which encodes an intestinal ankyrin-repeat protein is required for DAF-16 nuclear localization 

and lifespan extension in worms lacking a germline78. Germline-less worms have been found to 

maintain proteostasis and extend lifespan through small RNAs that remove repressive chromatin 

marks on stress-responsive genes79,80. Moreover, germline depletion increases stress resistance 

and innate immunity81,82, regulates fat metabolism83,84 and induces autophagy85.  

Similarly, germline depletion extends lifespan in Drosophila86. Ovariectomized mice that 

receive young transplanted ovaries show increased lifespan87. Lastly, castrated men were found 

to live longer than non-castrated men of similar socio-economic status88, overall suggesting the 

contributions of germline signals to lifespan.  

 

1.2.6 Decreased translation 

Protein synthesis is not a flawless process and translation errors can occur. With aging, 

there is more accumulation of altered proteins as a result of errors in protein synthesis, as well as 

oxidation/glycoxidation89. Consequently, it follows that decreased translation would decrease 
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synthesis of both normal and erroneous proteins. Moreover, limiting nutrients, which has been 

observed to extend lifespan, also decreases protein translation. Research thus turned towards 

testing whether decreasing translation was a method of lifespan extension itself. Indeed, reducing 

the levels of ribosomal proteins as well as inhibiting translation-initiating factors increased 

lifespan of C. elegans90–92. There are different genetic models of decreased translation including 

disrupting the translation regulator S6K (encoded by rsks-1), the transcription initiation factors 

eIF2β (iftb-1), eIF4E (ife-2), and eIF4G (ifg-1) 90–92.  

It is thought that decreasing translation extends lifespan by shifting the cells into a phase 

of maintenance and repair. Interestingly, depending on the method of translation inhibition, the 

downstream mediators differ. Specifically, lifespan extension by inhibiting translation initiation 

factors depends on DAF-16/FOXO transcription factor while lifespan extension by depleting 

ribosomal proteins is independent of DAF-1690. Both pathways, however, resulted in increased 

resistance to heat stress90. The increased stress resistance due to decreased translation may be 

due to availability of proteolytic and chaperone functions of proteins that otherwise would have 

been occupied by ameliorating erroneous proteins.  

 Similarly, in yeast, inhibiting translation by reducing levels of ribosomal proteins or 

inhibiting translation regulator S6K extends lifespan93,94. In mice, inhibition of the mammalian 

target of rapamycin (mTOR), which regulates nutrient and growth cues, also extends lifespan95. 

Interestingly, rapamycin treatment in mice starting in the later stages of life can extend lifespan, 

suggesting that interventions that modulate lifespan can be initiated later in life. Other studies 

have confirmed the lifespan-extending effects of rapamycin in other mouse models96.  

1.2.7 Reduced chemosensation 
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Inhibiting chemosensation, the sensory modality that recognizes olfactory and gustatory 

stimuli, has been shown to extend lifespan in various invertebrate species. This mechanism of 

lifespan extension was first revealed in C. elegans, in which the sensory neurons were 

impaired97. Disrupting genes for sensory cilia such as che-2, daf-10, and osm-5 extended lifespan 

by up to 50%97. Other models of inhibited chemosensation include laser ablation of gustatory 

ASI and ASG neurons, as well as olfactory AWA and AWC neurons98. Gustatory and olfactory 

neurons appear to influence lifespan independently, since ablation of olfactory neurons further 

extends lifespan of worms with ablated olfactory neurons98. Additionally, disrupting components 

of the chemosensory signal transduction pathway also extends lifespan, including multiple G 

proteins and G protein coupled receptors98–100.   

 The mechanism of lifespan extension by reduced chemosensation relies partly on the 

DAF-16/insulin/IGF-1 signaling pathway97,98. Chemosensory neurons regulate insulin-like 

peptide (ILP) secretion101, such that loss of chemosensation reduces levels of ILPs, which in turn 

extends lifespan. However, not all chemosensory-deficient mutants extend lifespan through the 

DAF-16 pathway since some mutants further extend lifespan of daf-2 worms. Further research is 

needed to elucidate these DAF-16-independent pathways.  

Disrupting chemosensation also extends lifespan in Drosophila. For example, mutations 

in the Or83b gene, which disrupts a co-receptor for recruiting odorant receptors to ciliated 

dendrites of olfactory neurons, extends lifespan102. Disrupting a CO2 olfactory receptor either 

through genetic mutation or laser ablation has also been shown to increase lifespan103. However, 

there is currently no known evidence of the chemosensory system influencing lifespan in 

mammals. 

1.3 Aging in humans 
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1.3.1 Genetics of aging in humans 

 Human lifespan has been increasing since the 1800s due to improvements in public 

health, standards of living, education, and nutrition104. Indeed, there are increasingly more 

centenarians (individuals who live to 100 years old), particularly in Japan and Swedan104. Twin 

studies have found that around 25% of variation in human lifespan is due to genetics105,106. 

Unlike in C. elegans and other model organisms, in which many longevity genes have been 

identified, the search for major longevity genes in humans have not been as successful107, 

possibly due to the different experimental approaches employed, greater environmental 

variations, and/or the contributions of many genes to human lifespan, each playing a small role 

in modulating the risk of death.  

 Several genes have been identified to influence human lifespan, notably APOE and 

FOXO3A108. APOE encodes apolipoprotein E, a protein that plays a role in lipoprotein 

metabolism and immune regulation109. The APOE gene is also an important genetic determinant 

of Alzheimer’s disease risk110. FOXO3A encodes the forkhead box O3, a transcription factor that 

regulates processes such as oxidative stress111. Other studies looking into the effects of SNPs 

suggest roles for genes in pathways related to DNA damage signaling and DNA repair, growth 

hormone/insulin/IGF-1 signaling, immune regulation, antioxidant, and telomerase 

maintenance108. 

1.3.2 Geroscience 

 Aging is the main risk factor for many chronic diseases. Many of these chronic diseases 

are polygenic and depend on a number of different factors. In addition to these chronic diseases 

being highly heritable, external factors such as nutrition, fitness, and environmental factors also 

contribute to aging112. In model organism studies, increasing lifespan in some cases also 
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increases healthspan, characterized by a decrease or delay in morbidity. For example, dietary 

restriction and reduced growth factor signaling not only increase lifespan but also increase 

resistance to oxidative stress, reduce macromolecular damage, and reduce risk of cancers, 

cardiovascular diseases and mortality113. Studies in model organisms find that compounds that 

increase lifespan can also be beneficial for neurodegenerative diseases114. These findings suggest 

the possibility of targeting the aging process in order to delay or prevent chronic age-related 

diseases, which is the goal of the field of geroscience115. Rather than treating each individual 

chronic disease independently, geroscience targets the main risk factor for these diseases in order 

to increase healthspan of individuals. 

 

1.4 Aging and stress resistance 

Aging is affected by multiple intertwined processes known as the “Seven pillars of 

aging”: adaptation to stress, epigenetics, inflammation, metabolism, macromolecular damage, 

proteostasis, and stem cells and regeneration116. In particular, adaptation to stress is a crucial 

component to aging, as aged C. elegans are less resistant to various stressors and have reduced 

activation of stress resistance pathways compared to younger C. elegans117. Various mutations 

that extend lifespan increase the capacity of the organism to handle environmental stressors118. 

One notable example is the daf-2 gene in C. elegans which increases resistance to oxidative119, 

heat120, and pathogenic121 stressors. Reduction in insulin signalling also increases stress 

resistance and lifespan in flies122 and mice123.  

Some long-lived mutants also upregulate stress response pathways. The gene expression 

of long-lived C. elegans mutant strains that had mild mitochondrial impairment (clk-1, isp-1, and 

nuo-6) were enriched for targets of a major stress response transcription factor, forkhead box 
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transcription factor class O (FOXO) (DAF-16). Concordantly, overexpression of DAF-16 

increases resistance to stress124 and increases lifespan in C. elegans50, further supporting the 

interaction between stress resistance and longevity.   

However, longevity does not consistently induce increased stress resistance, making it 

unclear how stress resistance and longevity interact. For example, mutations in superoxide 

dismutase (sod-2) increase lifespan but decrease resistance to oxidative stress51. Other mutations 

that confer increased stress resistance do not necessarily extend lifespan120. Disrupting genes in 

the osmotic stress response pathway decreases resistance to osmotic stress but increases 

lifespan125.  

1.5 Stress response pathways 

1.5.1 Mitochondrial unfolded protein response (mitoUPR) 

The mitoUPR is a stress response pathway that promotes recovery of the mitochondrial 

network to maintain cellular function126. Mitochondrial perturbations such as disrupted oxidative 

phosphorylation, disrupted import machinery, and excess mitochondrial ROS can activate 

mitoUPR127,128. mitoUPR requires ATFS-1 (Activating Transcription Factor associated with 

Stress-1)129,130 in C. elegans, which is homologous to ATF5 (Activating transcription factor 5) in 

mammals. The ATFS-1 protein has a mitochondrial targeting sequence (MTS) and a nuclear 

localization sequence (NLS). Normally, ATFS-1 is imported to the mitochondria to be 

degraded131, but under conditions of stress, ATFS-1 traverses to the nucleus to upregulate 

expression of mitochondria-targeting chaperones and proteases as well as detoxification and 

metabolic enzymes48. mitoUPR activation is commonly measured by expression of chaperone 

proteins hsp-6 and hsp-60132. 
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In our lab, we previously found that ATFS-1 is required for resistance to multiple 

stressors in mitochondrial mutant nuo-6133. Moreover, expression of genes involved in stress 

resistance and metabolism in nuo-6 requires ATFS-1133. Other studies have also found that 

activation of ATFS-1 in wild-type C. elegans enhances resistance to bacterial pathogen stress132 

as well as anoxic stress134.  

The role of mitoUPR in longevity was first suggested in a study that observed that the 

longevity of mitochondrial mutants clk-1 and isp-1 could be suppressed by RNAi knockdown of 

genes involved in the mitoUPR pathway such as ubl-5, dve-1, and hsp-648. ATFS-1 was also 

found to be required for the longevity of another long-lived mitochondrial mutant nuo-6133. 

Genetic knockdown of a component of the mitochondrial ETC (cytochrome oxidase C subunit 

(cco-1)) also activates the mitoUPR and increases lifespan in C. elegans48. However, deletion of 

atfs-1 failed to decrease lifespan extension from cco-1 RNAi knockdown, suggesting that 

lifespan extension by cco-1 knockdown does not rely on mitoUPR activation129. Constitutive 

activation of ATFS-1 in wild-type worms also does not extend lifespan129. Moreover, an RNAi 

screening study found that increasing mitoUPR activation increased lifespan in some cases, but 

decreased lifespan in others129. Together, these results suggest that mitoUPR may be required for 

longevity in some mitochondrial mutants, but alone is not sufficient for lifespan extension. 

1.5.2 Cytoplasmic unfolded protein response 

 Increased temperatures can have detrimental effects on the cells, including altering the 

cell membrane, increasing oxidative damage, and causing proteins to misfold. Stress pathways 

are protective mechanisms that are upregulated in response to environmental perturbations to 

restore homeostasis. The cytoplasmic unfolded protein response (cytoUPR), also known as the 

heat shock response, was first discovered over 50 years ago in Drosophila when researchers 
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observed unraveling of the condense chromatin at elevated temperatures 135. Since then, 

researchers have identified the key transcriptional regulator for this cellular response: heat shock 

transcription factor (HSF1)136, which is highly conserved across species. Vertebrates have four 

members of the HSF family (HSF1 – HSF4)137. HSF1 plays a key role in upregulating heat shock 

proteins (HSPs), also known as chaperone proteins, which help proteins fold, and prevent 

proteins from aggregating or misfolding138. In C. elegans, there is a single HSF homolog, hsf-1. 

Activation of HSF is commonly measured by expression of hsp-16.2139. Heat stress induces the 

expression of these chaperones, which are ubiquitously expressed across cell types and are found 

in every subcellular compartment138.  

 Aging is associated with decline in protein homeostasis140. Aging also decreases the 

effectiveness of the heat shock response and is thought to contribute to the mortality with age141. 

In C. elegans, increased expression of HSF-1 can counteract the age-dependent collapse of 

proteostasis, thereby extending the lifespan of worms19,142. Meanwhile, inhibiting HSF-1 by 

RNAi shortens lifespan19. Long-lived Drosophila strains show increased expression of small 

HSP genes143. Studies find that HSF-1 pathway may act in concert with the IIS pathway. For 

example, daf-2 shows increased expression of HSP genes, and HSF-1 is required for daf-2 

longevity19.  

1.5.3 ER unfolded protein response 

 The endoplasmic reticulum (ER) has many functions in the cell, including protein 

translocation, protein folding, lipid biosynthesis, and calcium homeostasis144. In particular, it is 

the main site for secretory and integral membrane proteins to be folded and modified after 

translation. Accumulation of unfolded or misfolded proteins disrupt homeostasis, subsequently 

driving ER stress and triggering the activation of the unfolded protein response144. ER-UPR 
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upregulates chaperones such as binding immunoglobin protein (BiP) to promote folding145. The 

ER-UPR triggers three cellular responses mediated by different stress sensors: protein kinase R-

like kinase (PERK), inositol-requiring enzyme 1 (IRE-1), and activating transcription factor 6 

(ATF6). Under homeostatic conditions, BiP binds and represses the three stress sensors to 

maintain their inactivity146. However, accumulation of unfolded proteins in the lumen dissociates 

BiP from these sensors and activates the pathways, allowing for downstream transcription factors 

(such as XBP-1) to alter gene expression. Altogether, this results in increased expression of 

chaperones and proteins involved in redox homeostasis, protein secretion, or apoptotic programs 

to restore homeostasis in the ER147.  

 ER-UPR in C. elegans also consists of three pathways, encoded by pek-1, ire-1/xbp-1, 

and atf-6148. Each pathway can be activated by misfolded proteins in the ER, which results in 

transcriptional changes that help restore homeostasis148. ER-UPR activation is commonly 

measured through expression of chaperone protein hsp-4149.  

 During aging, there is deterioration of the chaperone system and the UPR components 147. 

However, depending on the tissue, the model organism, and the study, expression of different 

UPR proteins were found to be increased, decreased, or showed no changes147. This discrepancy 

may also be due to the differences in the rate of aging in different tissues of an organism. In C. 

elegans, disrupting IRE-1 and XBP-1 shortens lifespan, and ER-UPR signaling influences 

longevity of daf-2 mutants and worms undergoing dietary restriction150,151. Overexpression of 

XBP-1 in neurons, but not other tissues, increases ER stress resistance and extends lifespan 152. 

Studies in yeast find that deletion of downstream UPR target genes significantly increases 

lifespan153. Overall, these studies suggest the importance of ER-UPR in determining lifespan. 

1.5.4 HIF-1 mediated hypoxia response 
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 Hypoxia-inducible factor (HIF) is a conserved transcriptional regulator for limited 

oxygen availability. HIF is a heterodimer that consist of the HIF1-α subunit and the HIF-β 

subunit154. Under normal oxygen conditions, HIF1-α is degraded through modification by 

proteins of the proline hydroxylase (PHD) family (encoded by egl-9 in C. elegans) and 

ubiquitination by the von Hippel Lindau protein (pVHL) (encoded by vhl-1). In contrast, under 

hypoxic conditions, ubiquitination by pVHL is inhibited and HIF1-α is stabilized, which induces 

the downstream hypoxic response155. This pathway in response to hypoxia is conserved across 

various species156. In C. elegans, HIF-1 mediated hypoxic response is commonly measured by 

activation of nuclear hormone receptor gene nhr-57 157.  

 In addition to its role in hypoxia, HIF also plays a role in response to other stressors158. 

For example, HIF-2α regulates inflammatory functions in immune cells159. Worms deficient in 

egl-9 are more resistant to stressors such as heat160, hydrogen sulfide161 and exposure to 

pathogens162. Disrupting vhl-1 has been shown to improve healthspan and prevent the 

accumulation of amyloid beta and polyglutamine toxicity163.  

  In C. elegans, stabilizing HIF-1 through RNAi knockdown or deletion of vhl-1 extended 

lifespan163,164. HIF-1 stabilization through transgene expression of a non-degradable allele was 

also found to be sufficient to increase lifespan165. Interestingly, several studies found that 

deletion of hif-1 also extends lifespan150,165 while another study found no difference163. These 

discrepancies were addressed in a later study that found temperature-dependent effects of HIF-1 

on modulating lifespan166. More specifically, disrupting HIF-1 extends lifespan at 25°C but not 

at 15°C166. At lower temperatures, deletion or RNAi knockdown of hif-1 impairs healthspan due 

to loss of vulval integrity166. Knockdown of hif-1 extends lifespan through nuclear localization of 
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DAF-16166. Other studies find that HIF-1 modulates longevity through interactions with other 

pathways such as mTOR and ER-UPR167.  

 In mammalian systems, the HIF-1 hypoxia response pathway is more complex compared 

to that of worms, with three HIF-α proteins that activate different but overlapping gene sets168. 

HIF-α proteins are necessary for development169,170 and thus disrupting its function is unlikely to 

extend lifespan. However, HIF-α may still play a role in aging since HIF-α levels increased with 

age, likely due to increased hypoxic or oxidative stress, which can be ameliorated with dietary 

restriction171. Another study found that in rats, PHD3 levels increase with age in several organs, 

which correlates with the decrease in HIF-α levels172. Overall, evidence suggests that HIF-1 

plays an important role in aging in C. elegans, though more research is needed to elucidate its 

role in mammalian aging. 

1.5.5 DAF-16 mediated stress response  

 The daf genes in C. elegans were first identified in studies investigating the dauer stage in 

a worm’s life, the developmentally arrested stage induced by limited food and an overcrowded 

environment 173. Worms with mutations in the daf-16 gene failed to achieve the dauer stage 

under dauer-inducing conditions174 while worms with mutations in the daf-2 gene were in the 

dauer stage under favourable conditions175.  

 Forkhead box (Fox) genes encode transcription factors that have roles such as apoptosis, 

DNA repair, metabolism, stress and immune response, and longevity176. The Fox genes are 

evolutionarily conserved in various species177. Mammals have 19 classes of Fox transcription 

factors (FoxA to FoxS) and four subclasses of FoxO transcription factors177. Invertebrates have 

only one member of the FoxO subfamily, which is DAF-16 in C. elegans178.  
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 DAF-16 is the main downstream output from the IIS pathway. The IIS pathway starts 

with activation by insulin-like proteins (ILP) binding to the insulin/IGF-1 receptor, a membrane 

tyrosine kinase receptor encoded by the daf-2 gene. There are 40 putative ILPs encoded in the 

worm’s genome, each with a distinct function regulating development, stress resistance and 

longevity179. Despite the many ILP ligands, there is only one receptor in C. elegans. In contrast, 

humans have two tyrosine kinase receptors that bind to insulin, IGF-1, and IGF-2180. After ligand 

binding, the DAF-2 receptor auto-phosphorylates and recruits the catalytic subunit of 

PI3K/AGE-1181. AGE-1 acts to catalyze the conversion of phosphatidylinositol 4,5-bisphosphate 

(PIP2) into phosphatidylinositol 3,4,5-trisphosphate (PIP3)
182. Increased levels of the resulting 

PIP3 activates 3-phosphoinositide-dependent kinase-1 homolog (PDK-1) 183. Next, PDK-1 

phosphorylates and activates AKT-1 and AKT-2, as well as SGK-1183,184. Lastly, AKT-1 and 

AKT-2 phosphorylates and sequesters DAF-16 in the cytoplasm185. When IIS is reduced, for 

example due to stress, mutations in daf-2 or any kinases in the pathway, DAF-16 translocates to 

the nucleus to modify genes involved in metabolism, autophagy and cellular stress response 

(such as heat shock proteins and superoxide dismutases) 143. DAF-16 pathway activation in C. 

elegans is commonly measured through expression of sod-3, a superoxide dismutase119.  

 In addition to IIS pathway, DAF-16 is also downstream and can be activated by other 

signaling pathways. In the TOR pathway, inhibition of one of the kinases, TORC1, increases daf-

16 expression and allows the DAF-16f isoform to translocate in the nuclei of intestinal cells186. 

In the AMP-Activated Protein Kinase (AMPK) pathway, constitutive activation of AMPK 

increases longevity, which requires DAF-16187. The JNK (Jun N-terminal kinase) signaling 

pathway also promotes DAF-16 translocation during heat stress188.  
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Evidence suggests that DAF-16 has an important role in stress resistance. DAF-16 

nuclear localization has been shown to be induced by various stressors, such as heat stress, 

anoxia, oxidative stress and bacterial pathogenic exposure117,124. Worms with daf-16 mutations 

also show less resistance to various stressors189,190. Overexpression of daf-16 also increases 

resistance to stress124. In addition to stress resistance, DAF-16 plays a role in longevity. Loss of 

daf-16 decreases the lifespan of wildtype worms, as well as long-lived mutants such as daf-2 16, 

and mitochondrial mutants nuo-6, clk-1 and isp-150. 

1.5.6 SKN-1 mediated oxidative stress response 

 The mammalian Nrf (NF-E2-related factor) transcription regulators are characterized by 

their DNA binding domain191. Of the four mammalian Nrf proteins, Nrf2 is the most well-studied 

due to its role in various functions including stress responses and metabolism149,192. In C. 

elegans, the Nrf2 orthologue is encoded by SKN-1, which regulates many of the same genes as 

Nrf2 193. During embryogenesis, SKN-1 is found in the nuclei of intestinal precursor cells194. 

After the post-embryonic stage and under normal physiological conditions, SKN-1 is 

predominantly located in the cytoplasm, although it accumulates in the nucleus under stress 194. 

Other than intestinal cells, SKN-1 has also been observed in neurons195. Activation of the SKN-1 

pathway is commonly measured through expression of glutathione S-transferase gst-4196. 

 Early studies observed the role of SKN-1 in stress resistance. In one study, SKN-1 was 

found to regulate detoxification genes in response to oxidative stress194. The detoxification genes 

that limit oxidative stress include enzymes that synthesize glutathione (GSH), metabolize 

reactive molecules, ATP-binding cassette (ABC) and other transporters197. skn-1 mutants were 

observed to be less resistant to oxidative and xenobiotic stress compared to wildtype 



33 

worms194,198. SKN-1 activation is also required for defense against infection from Pseudomonas 

aeruginosa199.  

Interestingly, SKN-1 was also found to play a role in the ER-UPR pathway. For example, 

SKN-1 directly activates transcription of ire-1, xbp-1, atf-5, and hsp-4, and also induces 

expression of ER-UPR target genes 200. ATF-6 and XBP-1 also increase expression of skn-1 200. 

Under ER stress, SKN-1 activates a different set of genes than during oxidative stress, suggesting 

its flexibility in different stress conditions191.  

  With increasing age, there is a progressive decline in the expression of SKN-1 target 

genes201. Moreover, with age, there is less activation of SKN-1 target genes under oxidative 

stress202. A similar age-related decline in responsiveness to stress with Nrf2 has also been 

observed in Drosophila203. Additionally, SKN-1 can promote longevity in wildtype worms; loss-

of-function skn-1 mutants have shorter lifespan194 while overexpression of SKN-1 extends 

lifespan20. SKN-1 influences longevity through multiple lifespan mechanisms, such as with 

reduced insulin signaling201, germline stem cell loss204, and dietary restriction with the eat-2 

mutant205. Modulating SKN-1 target genes can also influence lifespan; for example, 

overexpressing gst-10, gsr-1 and pbs-5 can extend lifespan206,207.  

1.5.7 p38-mediated innate immunity response 

The first line of defense against pathogenic infection is the innate immune system, an 

evolutionarily conserved pathway in nematodes, flies and mammals208. In C. elegans, innate 

immunity depends on p38 mitogen-activated protein kinase (MAPK) pathway209. Three key 

kinase substrates are sequentially activated by phosphorylation in this pathway: MAPKKK 

(encoded by nsy-1),  MAPKK (encoded by sek-1), and lastly, MAPK (encoded by pmk-1) 209,210. 
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Activation of the p38-mediated innate immunity pathway is commonly measured through 

activation of Y9C9A.8211.  

The p38 MAPK pathway is required for resistance to various pathogens; worms lacking 

genes in this cascade are less resistant to killing by Pseudomonas aeruginosa, an opportunistic 

pathogen that causes a lethal infection throughout the intestines209. Other studies have also 

delineated the role of the MAPK signaling pathway in fungal infections such as with fungal 

pathogen D. coniospora, which infects and kills worms by penetrating its cuticles and damaging 

the epidermis 212. In the signaling cascade, PMK-1 regulates the transcription factor ATF-7, 

which in turn regulates expression of genes involved in host defense213. This includes lysozymes, 

antimicrobial peptides, and C-type lectins214. In addition to its role in immunity, MAPK also acts 

as a signaling hub, regulating other cellular processes such as proliferation, differentiation and 

migration215.  

The p38 MAPK has been found to be involved in environmental stress. Worms treated 

with arsenite, a compound that produces ROS, resulted in the phosphorylation of PMK-1 198. 

SEK-1 is also required for resistance to arsenite exposure198. sek-1 and pmk-1 mutants were less 

resistant to arsenite exposure and resulted in faster lethality198. The p38 MAPK pathway has also 

been observed to overlap with other stress pathways. For example, with bacterial exposure, 

nuclear localization of SKN-1 depends on the p38 MAPK pathway216. Indeed, PMK-1 was found 

to phosphorylate SKN-1 and result in its nuclear localization198. Resistance to osmotic stress has 

also been shown to rely on p38 MAPK signaling cascade217.  

 Human aging is characterized by inflammation and dysregulation of the immune system 

218. Aging animals show decline in p38 MAPK pathway function, which underlies the increased 

susceptibility to infection with age219. Longevity via dietary restriction was found to rely on 
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modulation of the p38 MAPK pathway, suggesting that this pathway is not only activated by 

pathogen exposure but also by nutrients in the environment 220. In the study, the researchers 

found that nutrients activate p38 signaling to ATF-7, which is required for lifespan extension220. 

Interestingly, this pathway must be downregulated to confer longevity via dietary restriction;  

when the p38 pathway is hyperactive, lifespan is decreased220, suggesting high levels of 

activation of this pathway is not beneficial. Similarly, lifespan extension via reduced IIS also 

involves downregulation of the p38 MAPK pathway220. Long-lived mitochondrial mutants isp-1 

and nuo-6 show upregulation of innate immunity genes49. The p38 MAPK signaling pathway 

was shown to be important for the increased resistance to bacterial pathogen stress and longevity 

in these mutants49. Altogether, these studies highlight the importance of the innate immune 

pathway in longevity.  

1.6 C. elegans 

 The nematode C. elegans are free living organisms found in terrestrial and aquatic 

ecosystems around the world221. C. elegans was chosen as a model organism to study the 

genetics of development and behaviour by Sydney Brenner in 1965222. Since then, many 

important discoveries have been made using C. elegans, including programmed cell death223,224, 

microRNAs225,226, and the utility of GFP227.  

1.6.1 C. elegans biology  

 The life cycle of wildtype C. elegans takes around 3 days at 20°C. After egg hatching, 

worms go through four larval stages: L1, L2, L3 and L4. There is also a dauer larval stage for 

when growth conditions are not ideal (such as limited nutrient availability). Worms in the dauer 

state can survive for several months. When environmental conditions improve, the worm can 
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continue to the L4 stage228. In its natural environment, C. elegans eat a variety of bacteria229, but 

in a standard laboratory, they are fed Escherichia coli230. 

 The anatomy of C. elegans includes a cuticle (the outer covering of the worm), a mouth, 

a pharynx, intestines, and gonads. C. elegans lack a respiratory system, relying instead on 

diffusion for gas exchange231. Moreover, C. elegans also lack a skeleton and a circulatory 

system. There are body wall muscles that allow the worm to move, propelling them forwards or 

backwards. The pharynx, located at the head of the worm, allows food to be pumped through the 

digestive system. Food is grinded and transported through the intestines to be digested and 

excreted through the rectum. Hermaphrodites have two gonadal arms that holds oocytes, 

connected by a uterus, as well as spermatheca, allowing them to self-fertilize, while males 

possess a single gonad and a tail for mating232. C. elegans also have a nervous system, consisting 

of a total of 302 neurons233.   

1.6.2 C. elegans genetics 

 In the C. elegans genome, there are a total of six diploid chromosomes: five autosomes 

and one sex chromosome. C. elegans are self-fertilizing hermaphrodites, occasionally giving rise 

to males at low frequencies (0.1%) by spontaneous non-disjunction in the germ line. 

Hermaphrodites have two X chromosomes (denoted XX), and males have a single X 

chromosome (denoted XO). The self-fertilizing nature of C. elegans allows for the progeny to be 

genetically identical to the parental generation. The C. elegans genome contains over 20,000 

protein-coding genes234. Like other eukaryotes, they contain both exons and introns, as well as 

alternative splicing234. 

 In terms of worm genetics nomenclature, genes are often designated by three letters and a 

number, italicized (e.g. daf-2, referring to the daf-2 gene). Somewhat confusingly, the name of 
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the mutant worm strain in which the gene is altered is also designed the same way (e.g. daf-2, 

referring to daf-2 worms). When referring to a specific mutation that affects the gene, an allele 

designation is specified (e.g. daf-2(e1370)). The resulting protein of that gene is capitalized (e.g. 

DAF-2).  

1.6.3 Advantages as a model organism 

Approximately 1 mm in length, C. elegans are transparent and easily observed under a 

simple microscope. Their transparent nature allows visualization of proteins tagged with 

fluorescent proteins. C. elegans can produce around 300 progeny on average and are easy to 

grow and maintain in large quantities, giving a large sample size, and making large high-

throughput screening experiments feasible. Worms can also be cryogenically frozen and stored 

for long periods of time. Moreover, the anatomy is well documented235. 

There is also a wealth of genetic information on C. elegans since the entire worm genome 

was sequenced in 1998236 and later annotated, allowing for in-depth genetic research. Various 

genetic and molecular techniques are available for C. elegans research. For example, a genome-

wide RNAi library is available to study the function of genes. C. elegans can also take up RNAi 

easily through feeding or injection of the double-stranded RNA. Compared to other organisms, it 

is relatively easy and quick to generate transgenic strains; transgenic worms can be made via 

physical injection of DNA, which is maintained extrachromosomally until integrated into the 

genome. Importantly, the C. elegans genome has orthologues for around 60 - 80% of human 

genes237,238. 

1.6.4 Advantages for studying aging 

Klass was the first to use C. elegans to study aging when he established a method for 

measuring lifespan, paving the way for future researchers to study the genetics of aging 10. Klass 
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discovered that lifespan can be altered by changing the temperature or concentration of food, and 

observed the accumulation of lipofuscin with aging 10. In a follow up study, he conducted a 

genetic screen and isolated several mutants with extended lifespan, noting that many of these 

mutants have reduced food intake239. A later study found that these mutants mapped to a single 

gene, which they named age-1240. Since then, other studies discovering the daf-2 long-lived 

mutant16, as well as various other pathways of lifespan extension have been studied. 

With a short life cycle of around 3 days at 20°C and a lifespan of around 2 – 3 weeks, C. 

elegans are an ideal model organism to study aging 228. Aged C. elegans have slower and 

uncoordinated movements241. The decrease in movement as aging progresses is due to the 

deterioration of muscles rather than nervous system242. As C. elegans age, they also accumulate 

lipofuscin and oxidized proteins in the cells243,244. There is also decline function in the nervous, 

reproductive, and muscular system, as well as decline in tissue integrity, immunity, and 

memory245. At the cellular level, aging is accompanied by increased mitochondrial 

fragmentation, which affects the mitochondrial DNA copy numbers and oxygen consumption246. 

Additionally, stress pathways such as the ER-UPR is impaired247. These clear physiological 

hallmarks of aging make C. elegans a useful model for studying aging. 

1.6.5 Limitations 

 Although C. elegans offer many advantages in aging research, there are some limitations 

to its use as a model organism. Importantly, the body plan of C. elegans is simple and lacks 

certain anatomical features and physiological systems such as a brain, internal organs, blood, and 

an adaptive immune system. There are also many C. elegans genes that do not have mammalian 

homologues. Although the fast life cycle of the worm is advantageous in certain ways, this can 

also lead to genetic drift and the development of background mutations that can have a large 
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effect on the phenotype of interest – a problem addressed by diligent backcrossing with wildtype 

worms for a proper genetic background control. Overall, despite these limitations, C. elegans 

remains a useful tool to study the genetics of aging.  

1.7 Mitochondria 

1.7.1 Structure and function 

 Mitochondria are double-membraned organelles in the cell. Their resemblance to bacteria 

have led researchers to discover their bacterial ancestry, and the evolved symbiotic relationship 

that has formed with their host cell with the loss and transfer of their genes to the host 

genome248. Mitochondria have an outer membrane and an inner membrane. The outer membrane 

has a variety of pores allowing ions and small molecules to pass. The inner membrane is studded 

with the proteins involved in electron transport and ATP synthesis, and surrounds the 

mitochondrial matrix, which serves as the site of the citric acid cycle249.  

Mitochondria also have their own genome. Double-stranded and circular mitochondrial 

DNA (mtDNA) exist in the mitochondrial matrix, with each mitochondrion possessing several 

copies250. mtDNA encode for ribosomal RNAs, transfer RNAs, and polypeptides that contribute 

to the function of the mitochondria251. In C. elegans, mtDNA encode 12 protein subunits of the 

ETC, 2 ribosomal RNAs, and 22 transfer RNAs252. 

Mitochondria have many functions in the cell, but the primary function is to generate 

energy in the form of ATP through oxidative phosphorylation. The electron transport chain 

(ETC) within the inner membrane consists of four proteins complexes: complex I (NADH–

ubiquinone oxidoreductase), complex II (succinate–ubiquinone oxidoreductase), complex III 

(ubiquinol–cytochrome c oxidoreductase) and complex IV (cytochrome c oxidase)255. These 

complexes translocate protons to the cytosolic side of the inner membrane, generating potential 
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energy via a proton gradient across the inner membrane. The final protein complex, complex V 

(ATP synthase), expends the potential energy of the proton gradient to synthesize ATP255. Other 

key proteins include Coenzyme Q or ubiquinone, which is a lipophilic carrier that shuttles 

electrons between complex I or II to complex III; and cytochrome c, a heme-containing protein 

that allows electron passage between complexes III and IV255. In addition to generating energy, 

mitochondria also have functions in amino acid biosynthesis, the urea cycle and fatty acid 

oxidation256. Mitochondria are also highly dynamic; the network of mitochondria can change in 

response to stress and energy requirements in the cell253. Mitochondria can join together in a 

process called mitochondrial fusion, and break apart from the network in a process called 

mitochondrial fission254. 

 

1.7.2 Mitochondria and longevity 

Mitochondria play a critical role in aging. Aging was previously thought to be due to the 

accumulation of oxidative damage generated by the ETC of the mitochondria3. Oxidative 

damage is proposed to be due to ROS, which is generated as byproducts of cellular processes. 

However, many studies dispute this theory as antioxidants do not extend lifespan257,258 and 

increased ROS can even increase lifespan51. This discrepancy is reconciled with the idea that 

ROS may lend itself to signalling functions that exert longevity and stress resistant effects, 

supporting a more complex and nuanced role for ROS in aging.  

Mitochondrial function declines with aging, as evidenced by decreased activity of 

mitochondrial enzymes, increased ROS production, and decreased respiratory capacity259. A 

large proportion of genes identified to influence lifespan in unbiased RNAi screens were 

mitochondrial genes33,34. Mild mitochondrial perturbations also enhance longevity in Drosophila 
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and in mice36,260. While it is initially counterintuitive that disrupting the mitochondria would lead 

to an extension in lifespan, studies show that mild mitochondrial mutations increase levels of 

reactive oxygen species (ROS)42, which can promote lifespan extension by stabilizing and 

activating hypoxia inducible factor 1 (HIF-1)41.  

1.7.3 Mitochondria and stress  

Exogenous stress can cause mitochondrial damage and alter mitochondrial dynamics. For 

example, hypoxia can cause mitochondrial protein misfolding261. In another study with a mouse 

myoblast cell line, oxidative stress can lead to mitochondria hyperfusion262. Altering 

mitochondrial function can also influence stress response. Previous work from our lab revealed 

that disrupting mitochondrial dynamics can increase stress resistance through activation of 

various stress resistance pathways263.  

Although the role of mitoUPR in longevity has been studied, less is known about its role 

in exogenous stress. In one study, mitoUPR was found to regulate innate immunity and provide 

resistance to pathogenic stress132. More specifically, ATFS-1 induces innate immunity genes in 

response to mitochondrial dysfunction as well as exposure to pathogenic bacteria (in this case P. 

aeruginosa)132. mitoUPR activation also provides resistance to P. aeruginosa through a pathway 

independent of MAP and c-Jun132. mitoUPR activation has also been show to protect worms 

against death by anoxia–reperfusion134.  

  

1.8 Rationale  

 Many long-lived C. elegans mutants are more resistant to various stressors. However, 

many counterexamples exist, with several long-lived mutants demonstrating less resistance to 

different types of stresses. Mutations that increase stress resistance can also decrease lifespan. 
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Thus, while longevity is generally associated with stress resistance and vice versa, the cause for 

this relationship is unclear.   

 

1.9 Objective of research  

 The objective of this thesis is to explore the relationship between stress resistance and 

longevity, and specifically to understand the genetic contributions to these two processes. In my 

first aim, I will be examining the relationship between stress resistance and longevity using a 

wide variety of long-lived mutants. In my second aim, I will be examining a specific stress 

response pathway, the mitochondrial unfolded protein response (mitoUPR), to understand the 

relationship between stress resistance and longevity. Approaching stress resistance and longevity 

from two different angles allows me to gain a deeper understanding of these two processes.  

 

Aim I: Define the relationship between stress resistance and longevity using long-lived mutants. 

 

Aim II: Determine the extent to which activation of ATFS-1 enhances resistance to multiple 

stressors and upregulates stress response pathways. 
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Preface to Chapter 2 

Species that live longer tend to have more resistance to various stressors. The relationship 

between aging and stress resistance is also demonstrated in studies that find that resistance to stress 

declines with age, partly due to downregulation of stress pathways. Here we demonstrate that long-

lived C. elegans mutants have increased stress resistance and upregulation of stress pathways. We 

find that genes correlated with stress resistance significantly overlap with genes correlated to 

lifespan, suggesting that similar genetic pathways contribute to both processes. This work initially 

appeared as a preprint in BioRxiv in July 2021. 
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CHAPTER 2: Genetic basis of enhanced stress resistance in long-

lived mutants highlights key role of innate immunity in determining 

longevity 
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2.1 Abstract 

Mutations that extend lifespan are associated with enhanced resistance to stress. To better 

understand the molecular mechanisms underlying this relationship, we studied nine long-lived C. 

elegans mutants representative of different pathways of lifespan extension. We directly 

compared the magnitude of their lifespan extension and their ability to resist various external 

stressors (heat, oxidative stress, bacterial pathogens, osmotic stress, and anoxia). Furthermore, 

we analysed gene expression in each of these mutants to identify genes and pathways responsible 

for the enhanced resistance to stress. All of the examined long-lived mutants have increased 

resistance to one or more type of stress. Resistance to each of the examined types of stress had a 

significant, positive correlation with lifespan, with bacterial pathogen resistance showing the 

strongest relationship. All of the examined long-lived mutants have significant upregulation of 

multiple stress response pathways but differ in which stress response pathway has the greatest 

enrichment of genes. We used RNA sequencing data to identify which genes are most highly 

correlated with each type of stress resistance. There was a highly significant overlap between 

genes highly correlated with stress resistance, and genes highly correlated with longevity, 

suggesting that the same genetic pathways drive both phenotypes. This was especially true for 

genes correlated with bacterial pathogen resistance, which showed an 84% overlap with genes 

correlated with lifespan. Overall, our results demonstrate a strong correlation between stress 

resistance and longevity that results from the high degree of overlap in genes contributing to 

each phenotype. 

 

2.2 Significant statement 

While increased resistance to stress has been correlated with longevity, the genetic basis 

for this relationship is incompletely understood. To advance our understanding of the 

relationship between stress resistance and lifespan, we measured lifespan, stress resistance and 

gene expression in a panel of nine long-lived mutants in C. elegans. All of the long-lived mutants 

exhibit enhanced resistance to at least one external stressor resulting from significant 

upregulation of multiple stress response pathways. Importantly, our data indicates that the same 

genetic pathways control stress resistance and lifespan, thereby accounting for the strong 

correlation between these two phenotypes. This work demonstrates the importance of innate 

immune signaling and other stress response pathways in determining longevity. 
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2.3 Introduction 

Paradigm-shifting work in the worm C. elegans has identified single gene mutations that 

significantly extend lifespan, thereby demonstrating a clear contribution of genetics to lifespan 

determination. Since the first genes to increase lifespan were identified in C. elegans1,2, single 

gene mutations have also been shown to extend lifespan in other model organisms including 

yeast, flies and mice 3–5. Importantly, many of these lifespan-extending genes or interventions are 

evolutionarily conserved6. 

 

The availability of genetic mutants with extended lifespan has facilitated investigation into the 

mechanisms underlying their increased longevity, and the categorization of genetic mutants into 

specific pathways of lifespan extension. These pathways include: decreased insulin/IGF1 

signaling1,2, mild impairment of mitochondrial function7–9, dietary restriction10, germ line 

inhibition11, reduced chemosensation12, decreased translation13,14, and increased mitochondrial 

reactive oxygen species (ROS)15. 

 

In exploring factors contributing to longevity, it has been observed that many long-lived mutants 

exhibit increased resistance to at least one type of external stressor. The best characterized 

example is the long-lived insulin/IGF1 receptor mutant daf-2, which has increased resistance to 

oxidative stress, heat stress, osmotic stress, anoxia, heavy metals, and bacterial pathogens 16–20. 

However, many counterexamples also exist. Mutations in the mitochondrial superoxide 

dismutase gene (sod-2) increase lifespan but decrease resistance to oxidative stress15. The inverse 

also occurs where mutations that increase stress resistance result in decreased lifespan; such as 

the constitutive activation of the mitochondrial unfolded protein response (mitoUPR) 

transcription factor ATFS-121–23. Decreasing stress resistance in daf-2 mutants through disruption 

of gpdh-1/2 or nhl-1 diminishes stress resistance but increases lifespan17. Thus, although stress 

resistance and lifespan are correlated, they can be experimentally dissociated. 

 

A relationship between stress resistance and aging is also supported by the observation that 

resistance to multiple external stressors declines with age, at least in part due to a genetically-

programmed downregulation of stress response pathways24,25. Importantly, a positive 
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relationship between stress resistance and lifespan is conserved across species26–28. Resistance to 

physiological stress is proposed to be one of the eight hallmarks of aging29.  

 

In this study, we measured stress resistance in nine long-lived mutants which represent multiple 

different pathways of lifespan extension and compared the stress resistance of each mutant to the 

mutation-induced lifespan extension and changes in gene expression across the genome. By 

quantifying all of these factors within the same study, we were able to directly compare lifespan 

and stress resistance across all of the long-lived mutants and examine the genetic underpinnings 

of stress resistance in these long-lived strains. We found that all nine of the long-lived mutants 

that we examined have increased resistance to at least one external stressor, and that all six of the 

examined types of stress resistance are significantly correlated with lifespan. In exploring the 

underlying mechanisms, we found that all of the long-lived mutants exhibit upregulation of 

genetic targets of multiple stress response pathways. Finally, we find that genes correlated with 

stress resistance exhibit a highly significant overlap with genes correlated with lifespan. Overall, 

this work advances our understanding of the relationship between stress resistance and longevity 

and demonstrates that the genetic pathways that contribute to these two phenotypes are highly 

overlapping. 

 

2.4 Results 

Long-lived mutants show different magnitudes of lifespan extension 

 

To determine the extent to which different types of stress resistance are correlated with 

longevity, and which types of stress resistance exhibit the highest correlation, we quantified 

resistance to stress and lifespan in nine long-lived mutants representing different pathways of 

lifespan extension. Measuring the stress resistance of these mutants together in the same assay 

allowed us to compare the relative magnitude of stress resistance with the lifespan extension of 

each mutant. 

 

The mutants that we examined included: daf-2 worms, which have decreased insulin/IGF1 

signalling2; eat-2 worms, which are a model of dietary restriction10; ife-2 worms, which have 

decreased translation13,14; clk-1, isp-1 and nuo-6 worms, which have mild impairment of 
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mitochondrial function7–9,30; sod-2 worms, which have increased mitochondrial reactive oxygen 

species (ROS)15; osm-5 worms, which have reduced chemosensation12 and glp-1 worms, which 

are a model of germ line ablation11. Since glp-1 worms need to be grown at 25°C for the 

temperature-sensitive mutation to induce sterility and extend lifespan, a separate wild-type 

control grown at 25°C was used in all experiments.  

 

We confirmed that all of the long-lived mutant strains have increased lifespan (Fig. 1A; Fig. S1). 

Importantly, by simultaneously measuring the lifespans of these strains in the same assay, the 

magnitude of lifespan extension can be directly compared between the long-lived mutants. In 

order of smallest to largest degree of lifespan extension were ife-2 worms (26.3%), clk-1 worms 

(33.4%), sod-2 worms (37.2%), eat-2 worms (45.6%), osm-5 worms (65.4%), nuo-6 worms 

(79.2%), isp-1 (83.8%), glp-1 worms (89.2%), and daf-2 worms (138.4%). For the remaining 

figures, these strains will be arranged in order of the magnitude of lifespan extension, to easily 

visualize the extent to which stress resistance and expression of stress response genes correlates 

with lifespan.  

 

All long-lived mutants have increased resistance to one or more external stressor 

To identify which types of stress resistance are most strongly correlated with longevity, we next 

quantified the relative resistance of the nine long-lived mutant strains to six external stressors 

using well-established stress paradigms including: heat stress (37°C), chronic oxidative stress (4 

mM paraquat), acute oxidative stress (300 M juglone), bacterial pathogens (P. aeruginosa strain 

PA14), osmotic stress (450 or 500 mM NaCl), and anoxia (72 or 96 hours). Comparing the stress 

resistance of these mutants in the same assay also enabled us to identify genetic pathways 

driving the increased stress resistance in these long-lived mutants.  

 

We found that all of the long-lived mutants showed increased resistance to heat stress compared 

to the wild-type worms, with eat-2, osm-5, daf-2 and glp-1 being the most resistant (Fig. S2; 10-

hour time point is shown in Fig. 1B). The majority of the long-lived mutants also exhibited 

increased resistance to chronic oxidative stress, except for ife-2 and sod-2 worms, which have 

significantly decreased resistance (Fig. S3; average survival is shown in Fig. 1C). In contrast, 

only eat-2, osm-5, isp-1 and daf-2 worms have increased resistance to acute oxidative stress, 
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while ife-2, clk-1, sod-2 and glp-1 worms are more sensitive (Fig. S4; 10-hour time point is 

shown in Fig. 1D). After exposure to bacterial pathogens, all of the long-lived mutants except for 

eat-2 worms showed increased survival, with osm-5 and daf-2 worms having the greatest 

survival (Fig. S5; average survival is shown in Fig. 1E). In the osmotic stress assay, ife-2 and 

eat-2 show decreased resistance (Fig. 1F), while osm-5, nuo-6, isp-1, daf-2 and glp-1 have 

increased resistance (Fig. 1G). Finally, under conditions of anoxia, nuo-6 worms have decreased 

survival while glp-1, osm-5 and daf-2 worms have increased survival compared to wild-type 

worms (Fig. 1H, I). 

 

Overall, all of the long-lived mutants are resistant to at least one type of stressor (Table S1). 

Some of the long-lived mutants (ife-2, sod-2, eat-2, nuo-6) also show decreased resistance to 

certain external stressors. daf-2 mutants are resistant to all six stressors tested and, in most 

assays, exhibited the greatest survival.  

 

Resistance to multiple different external stressors is significantly correlated with lifespan 

To determine which types of stress resistance are correlated with lifespan, we compared the 

survival after exposure to each of the examined stressors to the average lifespan of the mutant. 

All six stressors had a significant, positive correlation between survival under stress and 

longevity with R2 values ranging from 0.3791 to 0.6630 (Fig. 2A-F). These results are consistent 

with a previous study which found a positive correlation between heat stress resistance and 

lifespan (R2 = 0.36), and UV resistance and lifespan (R2 = 0.42) 28. Resistance to bacterial 

pathogens (Fig. 2D, R2 = 0.6330) and resistance to chronic oxidative damage (Fig. 2B, R2 = 

0.5628) exhibited the greatest correlation with lifespan, which may at least partially be due to the 

chronic nature of these assays. 

 

To evaluate whether resistance to multiple types of stressors is more predictive of lifespan than 

resistance to individual stressors, we combined the stress resistance data using two different 

approaches. First, we summed the relative stress resistance scores by setting the maximum stress 

resistance for each assay to 100% and expressed the stress resistance of each strain as a 

percentage of this maximum. This allowed us to combine the results from the six stress 

resistance assays at equal weight to generate an overall stress survival score. This combined 
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stress survival score had only a marginally higher R2 value compared to the highest single stress 

R2 value (Fig. 2G, R2 = 0.6996). Second, we counted the numbers of stressors for which a strain 

showed significantly increased survival. Combining the stress resistance data in this way resulted 

in a slightly higher R2 value of 0.7322 (Fig. 2H). Overall, these results indicate that stress 

resistance is positively correlated with lifespan.   

 

Long-lived mutants exhibit upregulation of genetic targets of multiple stress response pathways 

Having shown that all nine long-lived mutants that we tested display increased resistance to 

stress, we sought to explore the underlying mechanisms leading to stress resistance. We 

hypothesized that these mutants upregulate one or more stress response pathways. To evaluate 

the activation of each stress response pathway, we compared differentially expressed genes in the 

long-lived mutant strains to the target genes of established stress response pathways including 

the DAF-16-mediated stress response pathway (Fig. 3A; 31), the p38-mediated innate immunity 

pathway (Fig. 3B; 32), the HIF-1-mediated hypoxia response pathway (Fig. 3C; 33), the SKN-1-

mediated oxidative stress response pathway (Fig. 3D; 34), the mitochondrial unfolded protein 

response (mitoUPR) pathway (Fig. 3E; 35–37), the cytoplasmic unfolded protein response (Cyto-

UPR) pathway (Fig. 3F; 37,38), the ER-mediated unfolded protein response (ER-UPR) pathway 

(Fig. 3G; 39), and antioxidant gene expression (Fig. 3H; 23). Lists of the target genes from each 

stress response pathway, and the associated references are provided in Table S2.  

 

In comparing the differentially expressed genes in each long-lived mutant to genes that are 

significantly modulated by activation by a specific stress response pathway, we determined the 

number of overlapping genes (see Fig. S6-S13 for Venn diagrams), and then divided this number 

by the predicted number of overlapping genes expected if the genes were chosen at random to 

produce a ratio of observed/expected. All of the long-lived mutants had a significant enrichment 

of genetic targets from three or more stress response pathways (Fig. 3). In particular, we found 

that ife-2 showed significant enrichment of genes from 7 stress response pathways; sod-2, nuo-6, 

isp-1, daf-2 and glp-1 showed enrichment of genes from 6 pathways; clk-1 and eat-2 showed 

enrichment of genes from 4 pathways; and osm-5 showed enrichment of genes from 3 pathways. 

Interestingly, the most strongly enriched stress response pathway differed between strains (Fig. 

S14).  
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Amongst the stress response pathways, targets of the mitoUPR and the Cyto-UPR were enriched 

in eight long-lived mutants (Fig. 3E,F). Targets of the DAF-16-mediated stress pathway and the 

p38-mediated innate immunity pathway were enriched in seven mutants (Fig. 3A,B). Antioxidant 

genes were enriched in six mutants (Fig. 3H). Targets of the ER-UPR were enriched in five 

mutants (Fig. 3G). Targets of the SKN-1-mediated oxidative stress response were enriched in 

four mutants (Fig. 3D). Genes from the HIF-1-mediated hypoxia response were enriched in three 

mutants (Fig. 3C).  

 

Finally, we examined the extent to which the ratio of observed/expected overlapping genes with 

each stress response pathway is correlated with longevity. Ratios for overlapping genes for both 

the DAF-16-mediated stress response pathway and the Cyto-UPR pathway have a significant 

correlation with lifespan (Fig. S15). These results suggest that the increased stress resistance in 

the long-lived mutants is caused by activation of multiple stress response pathways under 

unstressed conditions. 

 

Magnitude of upregulation of stress response genes in long-lived mutants 

Having shown that there is a significant increase in the number of stress response genes showing 

differential expression in long-lived mutants, we wondered whether the magnitude of 

upregulation of these stress response genes impacts longevity. Accordingly, we measured the 

levels established target genes for each stress response pathway through qPCR: sod-3 in the 

DAF-16 pathway (Fig. 4A; (19,40), sysm-1/T24B8.5 in the innate immunity pathway (Fig. 4B; 

(41,42), nhr-57 in the HIF-1 pathway (Fig. 4C; 40,43), gst-4 in the SKN-1 pathway (Fig. 4D; 40,44), 

hsp-6 in the mitoUPR pathway (Fig. 4E;40,45), hsp-16.2 in the Cyto-UPR pathway (Fig. 4F; 40,46), 

hsp-4 in the ER-UPR pathway (Fig. 4G;40,47), and the antioxidant gene sod-5 (Fig. 4H; 48). We 

observed a significant increase in the expression of sod-3, sysm-1/T24B8.5, nhr-57, gst-4, hsp-6 

and sod-5, in one or more long-lived mutants (Fig. 4). Moreover, the percentage increase in 

expression of either sod-3 and sod-5 was significantly correlated with longevity (R2 = 0.6697, 

0.6312), while no correlation was observed with any of the other target genes (Fig. S16).     

 

Genetic correlates of resistance to stress  
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To determine which individual genes are contributing to each type of stress resistance, we 

analyzed RNA-seq data from each long-lived mutant to identify genes whose expression is 

correlated with resistance to a specific stressor. We found that at least 71 genes (heat stress) and 

as many as 1115 genes (bacterial pathogens) exhibited a significant, positive correlation with 

each type of stress resistance, while 67 genes (heat stress) to 1014 genes (osmotic stress) exhibit 

a significant negative correlation with the different types of stress resistance (Fig. S17, Table 

S3). There were far more genes positively correlated with bacterial pathogen resistance than 

negatively correlated (7.4-fold more), similar to what we observed for lifespan. In contrast, 

resistance to osmotic stress had many more negatively correlated genes than positively correlated 

genes (2.2-fold more). 

 

To determine the extent to which the same genes are driving different types of stress resistance, 

we compared genes that are both positively (Fig. 5A) and negatively (Fig. 5B) correlated with 

each type of stress resistance. We found that there are 20 genes correlated with resistance to five 

different stressors along with 69, 270, 666 and 2759 genes correlated with four, three, two, and 

one stressor, respectively (Table S4). For positively correlated genes, the greatest degree of 

overlap occurred between genes correlated with resistance to bacterial pathogens and genes 

correlated with resistance to anoxia (412 genes, 63% overlap), and between genes correlated 

with resistance to bacterial pathogens and genes correlated with resistance to acute oxidative 

stress (343 genes, 62% overlap) (Fig. 5A). For negatively correlated genes, the greatest overlap 

occurred between genes correlated with resistance to acute and chronic oxidative stress (100 

genes, 36% overlap), and between genes correlated with resistance to osmotic stress resistance 

and genes correlated with bacterial pathogen resistance (73 genes, 49% overlap) (Fig. 5B). 

Combined, this suggests that similar genetic pathways can contribute to multiple types of stress 

resistance. In addition, there also exists some overlap in genes that are upregulated by activation 

of each stress response pathway (Fig. S18 and 23). 

 

Resistance to each external stressor had a strong correlation to the expression of specific genes, 

with the maximum R2 values ranging from 0.71 for heat stress resistance to 0.91 for bacterial 

pathogen resistance (Fig. 6). This suggests that stress resistance is being determined by genetic 

factors. To determine if these same genetic factors also contribute to longevity, we examined 
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whether the genes most strongly correlated with each type of stress resistance were also 

correlated with lifespan. We found that the genes most strongly correlated with chronic oxidative 

stress resistance and bacterial pathogen resistance were also correlated with lifespan (Fig. 6).  

 

To understand the mechanisms by which genes correlated with stress resistance are acting to 

enhance resistance to stress, we looked for overrepresentation of these genes within Gene 

Ontology (GO) terms according to biological process, molecular function or cellular component 

(Fig. S19). There was an approximately three-fold enrichment within the biological processes 

“mitochondrial electron transport”, “aerobic respiration” and “regulation of response to oxidative 

stress” (Fig. S19A). This suggests that efficient generation of energy may help organisms 

respond to external stressors. For molecular functions, there was a 1.5-3 fold enrichment of 

“chitin binding”, “structural constituent of cuticle”, “structural constituent of ribosome” and 

“oxidoreductase activity” (Fig. S19B). This suggests that enhancing the worm’s physical barrier 

to the environment promotes resistance to stress. Finally, for cellular components, there was a 

1.5-3 fold enrichment of “mitochondrial respiratory chain complex I”, “cytosolic ribosomal 

subunit”, “collagen trimer” and “extracellular region” (Fig. S19C), again suggesting the 

importance of energy generation and physical barrier in enhancing resistance to external 

stressors.  

 

Genes contributing to stress resistance exhibit significant enrichment of genes contributing 

to longevity  

To determine the extent to which the same genetic pathways are driving stress resistance and 

longevity on a broader scale, we compared genes that are correlated with each type of stress 

resistance to genes that are correlated with lifespan (Rudich et al., in preparation). We found that 

there was a significant degree of overlap between genes positively correlated with stress 

resistance and genes positively correlated with longevity ranging from 15% overlap (2.1-fold 

enrichment) to 84% overlap (11.5-fold enrichment), with the greatest degree of overlap occurring 

for resistance to bacterial pathogens (Fig. 7; Fig. S20). Genes that are negatively correlated with 

stress resistance were also negatively correlated with lifespan, though to a lesser extent than 

positively correlated genes (Fig. S21). These findings suggest that the same genes and genetic 

pathways are contributing to both stress resistance and lifespan.  
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Disruption of stress response pathways has variable effects on longevity 

To further examine the role of stress resistance in longevity, we reviewed previous data on the 

effect of transcription factors that regulate key stress response pathways on the lifespan of wild-

type worms and long-lived mutants. Four pathways were consistently required for longevity. 

Disruption of the DAF-16-mediated stress response (daf-16) decreases lifespan in all of the long-

lived mutants that we tested, and also decreases lifespan in wild-type worms (Table 1). A similar 

pattern was observed for the SKN-1-mediated oxidative stress response (skn-1), the cyto-UPR 

(hsf-1), and ER-UPR (ire-1, xbp-1, pek-1, atf-6), although these genes were only interrogated in 

a subset of the long-lived mutants that we studied for this report (Table 1). Thus, the DAF-16-

mediated stress response, the SKN-1 mediated oxidative stress response, the cyto-UPR and the 

ER-UPR are required for normal lifespan and may be required for extended lifespan. 

 

For innate immunity, disruption of pmk-1 specifically reduced the lifespan of long-lived mutants 

(clk-1, sod-2, nuo-6, isp-1, daf-2) but had no effect on wild-type worms (Table 1), suggesting 

that this pathway contributes to the enhanced longevity of long-lived mutants but is not needed 

for wild-type lifespan. Meanwhile, the HIF-1-hypoxia pathway appears to be specifically 

required for the longevity of long-lived mitochondrial mutants, as disruption of hif-1 decreased 

lifespan in clk-1, isp-1 and nuo-6 worms but not in other long-lived mutants (eat-2, osm-5, glp-1, 

daf-2) (Table 1). Similarly, the mitoUPR is primarily required for extended lifespan in 

mitochondrial mutants, as disruption of ubl-5 decreases clk-1 and isp-1 lifespan, but not eat-2 or 

daf-2 (Table 1). Finally, disruption of superoxide dismutase antioxidant genes has variable 

effects on lifespan depending on the subcellular localization of the SOD protein, and the strain 

being examined (Table 1).      

 

These results show that each of the stress response pathways we examined here are required for 

the extended longevity of at least some of the long-lived mutants studied. In addition, many of 

these stress response pathways are also required for wild-type lifespan. Combined, this 

emphasizes the importance of stress response signaling pathways for longevity. 
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2.5 Discussion 

The survival of an organism depends upon its ability to resist physiological stress. Animals not 

only have to survive exogenous stressors in their environment such as changes in temperature, 

changes in oxygen availability, and presence of pathogens, but also internal stressors produced as 

by-products of cellular processes. The activation of stress pathways in response to physiological 

stressors is important to maintain cellular homeostasis amidst fluctuations in the environment 

and evolutionarily conserved. By quantifying resistance to multiple external stressors in long-

lived C. elegans mutants and analyzing their gene expression, we found that long-lived mutants 

have increased resistance to stress due to upregulation of multiple stress response pathways. 

Genes correlated with stress resistance exhibit a highly significant overlap with genes correlated 

with lifespan suggesting that similar genetic pathways contribute to both phenotypes.   

 

Increased resistance to stress is associated with extended longevity  

Since the discovery of genetic mutant strains that have extended lifespan, multiple groups have 

examined their ability to withstand different external stressors 49. daf-2 mutants are the most well 

characterized in this regard, and have increased resistance to oxidative stress, heat stress, osmotic 

stress, anoxia, heavy metals, and bacterial pathogens 16–20. Similarly, eat-2 mutants have 

increased resistance to heat stress 13; ife-2 mutants have increased resistance to heat stress and 

oxidative stress 13,14; glp-1 mutants have increased resistance to bacterial pathogens, heat stress 

and oxidative stress 50,51; clk-1 mutants have increased resistance to chronic oxidative stress 52; 

isp-1 mutants have increased resistance to heat stress, oxidative stress, osmotic stress and 

bacterial pathogens 41,53; and nuo-6 worms have increased resistance to heat stress, oxidative 

stress, osmotic stress and bacterial pathogens 41,54.  

  

In this study, we extended previous findings by comprehensively examining resistance to six of 

the most well-studied stress paradigms in nine long-lived mutants representing multiple different 

pathways of lifespan extension (Fig. 1). Our results show that all of the examined long-lived 

mutants have increased resistance to at least one external stressor, with some mutants having 

increased resistance to all examined stressors (daf-2, osm-5), while other mutants are resistant to 

only one (ife-2). The number of stressors that a mutant is resistant to is correlated with the 

magnitude of their lifespan extension, suggesting that resistance to a wide array of stressors is 
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beneficial for longevity, even under laboratory conditions, which are believed to be relatively 

unstressful. An alternative explanation for the correlation between stress resistance and lifespan, 

is that the same genetic pathways contribute to both aging and stress resistance, which is 

supported by our gene expression studies.     

 

All of the types of stress resistance that we examined showed a significant positive correlation 

with lifespan, with resistance to bacterial pathogens having the strongest relationship with 

lifespan (Fig. 2). This extends the findings of a previous study that showed a positive correlation 

between lifespan and thermotolerance, UV resistance and juglone resistance using different sets 

of mutants 28. In our study, all of the long-lived mutants showed increased resistance to heat 

stress, suggesting that this type of stress resistance may be more important for longevity than 

other types. However, others have observed decreased resistance to heat stress in long-lived daf-

28 mutants 28,55. Thus, for each of the external stressors we examined, there are one or more 

long-lived mutants that exhibit decreased survival. This indicates that increasing lifespan is not 

sufficient to provide protection against any specific external stressors.   

 

Stress resistance can be experimentally dissociated from lifespan  

To untangle the relationship between stress resistance and longevity, researchers have 

experimentally manipulated stress resistance pathways and examined the resulting effects on 

lifespan. While disrupting stress response pathways typically decreases lifespan in both wild-

type worms and long-lived mutants (see Table 1 and references therein), there are multiple 

exceptions.  

 

Mutations can decrease resistance to one or multiple stressors, but have no effect on lifespan, or 

even increase lifespan. Disruption of the mitoUPR transcription factor ATFS-1 decreases 

resistance to multiple stressors 54, but is reported to either have no effect on lifespan 54,56 or 

increase lifespan 21. Deletion of sod-2 decreases resistance to oxidative stress, but increases 

lifespan 15. Similarly, disruption of clk-1 decreases resistance to acute oxidative stress but 

increases lifespan 52. Here we show that ife-2 mutants have decreased resistance to oxidative 

stress and osmotic stress, eat-2 mutants have decreased resistance to osmotic stress and bacterial 

pathogens, and glp-1 worms have decreased resistance to acute oxidative stress, but all three 
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mutants still show increased lifespan (Table S1). Worms with mutations disrupting all five 

superoxide dismutase genes (sod) have decreased resistance to multiple stressors, but do not have 

decreased lifespan 17,57. Disruption of both glycerol-3-phosphate dehydrogenase (gpdh) genes or 

deletion of the putative E3 ubiquitin ligase gene nhl-1 makes daf-2 worms more sensitive to 

osmotic stress, but increases their lifespan17. Disruption of the p38-mediated innate immunity 

pathway through deletion of pmk-1 decreases resistance to bacterial pathogens but does not 

affect lifespan17. Combined, these examples demonstrate that decreasing resistance to stress is 

not sufficient to decrease lifespan.  

 

There are also examples in which increasing stress resistance does not increase lifespan. 

Mutations in daf-4 or daf-7 result in increased resistance to heat stress, but do not extend 

longevity 20. Constitutive activation of ATFS-1 increases resistance to multiple stressors but 

decreases lifespan 23. Disruption of the transcription elongation regulator TCER-1 increases 

resistance to bacterial pathogens, heat stress and oxidative stress in glp-1 mutants, but decreases 

their lifespan 50,58. Thus, increasing stress resistance is not sufficient to increase lifespan. 

Combined, these examples indicate that stress resistance can be experimentally dissociated from 

longevity.  

 

Long lived mutants exhibit upregulation of multiple stress response pathways 

To better understand the molecular mechanisms underlying the increased stress resistance in the 

long-lived mutants, we compared gene expression in these mutants to genes modulated by 

activation of established stress response pathways. We found that all nine of the long-lived 

mutants exhibit a statistically significant enrichment of genes that are upregulated by activation 

of multiple stress response pathways. The greatest number of mutants showed enrichment of 

genetic targets of the mitoUPR pathway (8 of 9), the cyto-UPR pathway (8 of 9), the DAF-16-

mediated stress response pathway (7 of 9) and the p38-mediated innate immunity pathway (7 of 

9), suggesting that these stress response pathways may be more important contributors to stress 

resistance and longevity of these mutants. These findings extend our previous work in which we 

observed a significant upregulation of DAF-16 target genes 59, mitoUPR target genes 54, innate 

immunity genes 41 and antioxidant genes52,53 in the long-lived mitochondrial mutants clk-1, isp-1, 

and nuo-6. 
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While the specific contribution of each of these stress response pathways to stress resistance in 

long-lived mutant strains has not been examined in most cases, we and other groups have 

examined the effects of stress response pathways on the longevity of long-lived mutant strains 

(summarized in Table 1). In many cases, including DAF-16, SKN-1, DVE-1, HSF-1, IRE-1, 

XBP-1, PEK-1, ATF-6 and in some reports NSY-1, SEK-1, and HIF-1, disruption of the 

transcription factor regulating the stress response pathway decreases lifespan in wild-type worms 

and long-lived mutants. As a result, the contribution of the stress response pathway to the 

extended longevity of the long-lived mutant is difficult to assess because the decrease in wild-

type lifespan suggests a generally detrimental effect on longevity. The clearest contributions to 

longevity come from stress response pathways that do not impact the lifespan of wild-type 

animals including the p38-mediated innate immune signaling pathway and the mitoUPR. 

Deletion of the p38-mediated innate immune signaling pathway regulator, pmk-1, decreases the 

lifespan of sod-2, clk-1, isp-1, nuo-6 and daf-2 mutants, while having no effect on wild-type 

lifespan (Table 1). Disrupting the main regulators of the mitoUPR pathway, atfs-1 or ubl-5, 

decreases the lifespan of clk-1, nuo-6, isp-1 and glp-1 mutants, but has no effect on wild-type 

worms (Table 1). Thus, both the p38-mediated innate immune signaling pathway and the 

mitoUPR contribute to the longevity of multiple long-lived mutants, while the role of other stress 

response pathways is less clear because disruption of these pathways decreases wild-type 

lifespan. 

 

The same genetic pathways affect stress resistance and longevity 

From our results here and previous studies, the significant correlation between stress resistance 

and lifespan cannot be explained by models in which increased stress resistance causes extended 

longevity or vice versa, as multiple counterexamples exist. To gain insight into this relationship, 

we examined the extent to which the genes driving stress resistance overlap with genes driving 

longevity. For each of the six types of stress resistance examined, there was a statistically 

significant overlap between genes correlated with stress resistance and genes correlated with 

longevity, suggesting that many of the same genes that contribute to stress resistance also 

contribute to longevity. Based on the high degree of overlap between genes controlling stress 

resistance and genes controlling longevity, we propose that the significant correlation between 
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stress resistance and aging is due to a large group of genes that contribute to both stress 

resistance and longevity (Fig. S22). Whenever one of these overlapping genes is modulated, both 

phenotypes are affected. There are also sets of genes that contribute only to lifespan or only to 

stress resistance. Modulation of these genes can affect lifespan independently of stress resistance, 

or vice versa, thereby allowing for the experimental dissociation of stress resistance and lifespan.  

  

Innate immunity and longevity 

Aging is associated with dysregulation of the immune system 60. In C. elegans, aging results in 

increased susceptibility to bacterial infections as well as a decline in activation of the p38-

mediated innate immunity pathway17,61, which is the main pathway for pathogen defense 62. Of 

all of the types of stress resistance that we examined, we observed the strongest relationship 

between resistance to bacterial pathogens and longevity. Lifespan was most highly correlated 

with resistance to bacterial pathogens (Fig. 2), and genes correlated with lifespan had the highest 

overlap with genes correlated with resistance to bacterial pathogens (Fig. 7; 84%). In addition, 

seven of the nine long-lived mutants we examined exhibited a significant upregulation of target 

genes of the p38-mediated innate immune signaling pathway (Fig. 3). Combined, these results 

indicate that activation of pathways enabling survival of bacterial pathogens exposure promotes 

longevity. The importance of innate immunity for longevity is supported by recent work from 

our laboratory and others showing that the p38-mediated innate immune signaling pathway is 

required for the longevity of multiple long-lived mutants including clk-1, sod-2, eat-2, nuo-6, 

isp-1, and daf-2 (see Table 1). This appears to be true even under unstressful laboratory 

conditions in the absence of bacterial pathogens. While the OP50 strain of E. coli bacteria, which 

is the standard food source for maintaining C. elegans, can have detrimental effects on lifespan 

due to proliferation in the pharynx and intestine 63,64, the p38-mediated innate immune signaling 

pathway is still required for the extended lifespan of long-lived mutants when they are being fed 

non-proliferating bacteria 41,42. 

2.6 Conclusion 

Different pathways of lifespan extension, examined via long-lived C. elegans mutants, all induce 

enhanced resistance to at least one external stressor and significant upregulation of multiple 

stress response pathways. All six types of stress resistance examined are significantly correlated 

with longevity, with the strongest correlation being with resistance to bacterial pathogens. By 
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identifying the genes that are most highly correlated with each type of stress resistance, we found 

that the same genetic pathways control both resistance to stress and longevity, and that the 

strongest relationship exists between resistance to bacterial pathogens and lifespan. This 

indicates that the correlation between stress resistance and lifespan is due to a large group of 

genes that control both phenotypes. Overall, this work demonstrates a role for stress response 

pathways in determining lifespan and emphasizes the importance of innate immune signaling for 

longevity. 

2.7 Methods 

Strains and maintenance: All C. elegans strains were obtained from the Caenorhabditis Genetics 

Center (CGC): N2 (wild-type), ife-2 (ok306), clk-1(qm30), sod-2(ok1030), eat-2(ad1116), osm-

5(p813), nuo-6(qm200), isp-1(qm150), daf-2(e1370), glp-1(e2141). All strains were grown and 

maintained in nematode grown medium (NGM) plates at 20°C except glp-1(e2141), which was 

maintained at 20°C, but grown at 25°C to induce sterility and lifespan extension in experimental 

worms. Plates were seeded with OP50 E. coli as a food source.  

 

Lifespan: Lifespan experiments were conducted at a temperature of 20°C using at least 3 

biological replicates with a minimum of 40 worms per strain for each trial. Survival was 

measured every day until death. Plates contained 25µM 5'-fluorodeoxyuridine (FUdR) to 

minimize internal hatching of progeny 65. Survival data was pooled across multiple trials. Worms 

with internal hatching or extruded vulva were censored. 

 

Stress Assays: All stress assays were conducted using at least 3 biological replicates with a 

minimum of 20 worms per plate at a temperature of 20°C. 

Oxidative stress: For acute oxidative stress, young adult worms were transferred onto freshly 

poured agar plates containing 300 µM juglone. Survival was measured every 2 hours for a total 

of 10 hours. For chronic oxidative stress, young adult worms were transferred onto agar plates 

containing 4 mM paraquat and 100 µM FUdR. Survival was measured daily until death. 

Heat stress: Resistance to heat stress was tested by transferring young adult worms to agar 

plates and placing plates in 37°C. Survival was measured every 2 hours for a total of 10 hours. 
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Osmotic stress: Resistance to heat stress was tested by transferring young adult worms to agar 

plates containing 450 mM or 500 mM NaCl in the NGM plates. Survival was measured after 48 

hours.  

Anoxic stress: Resistance to anoxic stress was tested by transferring young adult worms to agar 

plates and putting the plates in BD Bio-Bag Type A Environmental Chambers (Becton, 

Dickinson and Company, NJ). Survival was measured after 72 or 96 hours. 

Bacterial pathogen stress: Resistance to bacterial pathogen stress was performed using the 

slow-killing assay as previously described 41,42. P. aeruginosa liquid culture were grown in 

Luria–Bertani (LB) media overnight and were used to seed NGM plates for the slow-killing 

assay. Plates were incubated at 37°C for 24 hours and then at 20°C for 24 hours. L4 worms were 

transferred to NGM plates containing 100mg/L FuDR and grown with OP50 until day 3 of 

adulthood. Adults were transferred to PA14-seeded plates containing 20mg/L FuDR. Assay was 

conducted at 20°C. Worms were checked daily until death.  

 

  

RNA sequencing and bioinformatic analysis: RNA sequencing was performed on young adult 

worms collected from six independent samples for each strain as described previously53. RNA-

seq data is available on NCBI GEO (GSE9372459 GSE110984 54, GSE179825) and was analyzed 

by the Harvard School of Public Health Bioinformatics core for this paper. For read mapping and 

expression level estimation, we used an RNA-seq pipeline from the bcbio-nextgen project 

(https://bcbio-nextgen.readthedocs.org/en/latest/) to process samples. We examined quality of 

the raw reads using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

trimmed any reads that contained contaminant sequences and low quality sequences with 

cutadapt (http://code.google.com/p/cutadapt/). We used STAR 66 to align trimmed reads to the 

Ensembl build WBcel235 (release 90) of the C. elegans genome. To check alignment quality, we 

checked for evenness of coverage, rRNA content, genomic context of alignments, and 

complexity. For expression quantification, we used Salmon 67 for identifying transcript-level 

abundance estimates and then used R Bioconductor package tximport 68 for collapsing down to 

the gene level. To validate sample clustering from the same batches across different mutants, we 

used principal components analysis (PCA) and hierarchical clustering methods. We used R 

Bioconductor package DESeq2 69 to perform differential gene expression analysis. For each 
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comparison between wildtype and mutant, a false discovery rate (FDR) threshold of 0.01 was set 

to identify significant genes. To adjust for batch effects, we included batch as a covariate in the 

linear model for datasets in experiments that were run across two batches. 

 

Overlapping genes: Lists of the differentially expressed genes from mutant were compared to 

genes modulated by each stress pathway. Comparisons were made between differentially 

expressed genes of the same direction of change. The hypergeometric test was used to compute 

significance of overlap. Venn diagrams were made from the online tool BioVenn 

(https://www.biovenn.nl/).  

 

Gene Ontology Analysis: PANTHER Classification System (version 16.0) was used for 

functional analysis of genes correlated with stress. Statistical overrepresentation analysis of Gene 

Ontology (GO) terms was performed by inputting the WormBase IDs. Fisher’s Exact test was 

used to calculate false discovery rates to determine the significantly enriched GO terms.  

 

Statistical analysis: Experiments were performed with the experimenter blinded to the genotypes 

of the worms being tested. A minimum of three biological replicates on different days were 

performed for each assay. All statistical analyses were performed using GraphPad Prism version 

5.01. Survival plots for lifespan assays, oxidative stress assays, and bacterial pathogen stress 

assays were analyzed using a Log-rank test. Heat stress assays were analyzed using repeated 

measures ANOVA. Osmotic stress and anoxic stress assays were analyzed using one-way 

ANOVA with Dunnett’s multiple comparison test. 
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2.10 Figures 

 

 

Figure 1. Long-lived mutants have increased resistance to multiple external stressors. A. The 

lifespans of nine different long-lived mutants were compared directly in the same assay. There 

was a range in the magnitude of lifespan extension observed across the nine mutants (for 

complete lifespan plots see Figure S1). B. All of the long-lived mutants exhibit increased 

resistance to heat stress at 37°C (for full time course see Figure S2). C. Six of the nine long-lived 

mutants have increased resistance to chronic oxidative stress (4 mM paraquat), while sod-2 

mutants have decreased resistance (for full time course see Figure S3). D. Four of the long-lived 

mutants show increased resistance to acute oxidative stress (300 µM juglone), while four 

mutants have decreased resistance (for full time course see Figure S4). E. All of the long-lived 

mutants except for eat-2 mutants exhibit increased resistance to bacterial pathogen stress (for full 

time course see Figure S5). Resistance to osmotic stress was determined by exposing worms to 

450 or 500 mM NaCl for 48 hours. F. At 450 mM NaCl, ife-2 and eat-2 mutants show less 

resistance to osmotic stress compared to wildtype worms. G. At 500 mM NaCl, osm-5, nuo-6, 

isp-1, daf-2, and glp-1 show increased resistance to osmotic stress. Resistance to anoxia was 

measured after 72 and 96 hours of anoxia. H. After 72 hours of anoxia, nuo-6 mutants show 
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decreased resistance to anoxia compared to wild-type worms, while glp-1 shows increased 

resistance compared wild-type controls. I. After 96 hours of anoxia, osm-5 and daf-2 worms 

show increased resistance to anoxia compared to wild-type worms. For glp-1 worms and their 

wild-type controls, worms were grown at 25°C during development and were shifted to 20 °C at 

adulthood. Error bars represent SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. A minimum of 

three biological replicates were performed. Statistical analysis was performed using a one-way 

ANOVA with Dunnett’s multiple comparison test, except for glp-1 which was compared to its 

wild-type control using a Student’s t-test. 
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Figure 2. Resistance to multiple types of stress is significantly correlated with longevity. To 

determine the extent to which each type of stress resistance is correlated with lifespan, we 

compared the magnitude of lifespan extension to the percentage or duration of survival following 

exposure to exogenous stressors. There is a significant correlation with each of the six different 

types of stress resistance and lifespan including heat stress (A), chronic oxidative stress (B), 

acute oxidative stress (C), bacterial pathogens (D), osmotic stress (E) and anoxia (F). The highest 

degree of correlation was observed for bacterial pathogen stress. Combining all six types of 

stress resistance together into a combined survival score only slightly increased the degree of 

correlation with lifespan (G). The highest correlation with lifespan was achieved by using the 

number of stresses that a particular mutant is resistant to (H). * p < 0.05, ** p < 0.01, *** p < 

0.001.



72 

 

 

Figure 3. Long-lived mutants exhibit upregulation of genetic targets of multiple stress response 

pathways. Gene expression in the long-lived mutant strains was examined by RNA sequencing 

(RNAseq) of six biological replicate per genotype of pre-fertile day 1 young adult worms. 

Differentially expressed genes that are significantly upregulated in the long-lived mutant strains 

were compared to genes that are upregulated by activation of different stress response pathways 

including the DAF-16-mediated stress response (A), the p38-regulated innate immune signaling 

pathway (B), the HIF-1-mediated hypoxia response (C), the SKN-1-mediated stress response 

(D), the mitochondrial unfolded protein response (mitoUPR) (E), the cytoplasmic unfolded 

protein response (Cyto-UPR) (F), the ERmediated unfolded protein response (ER-UPR) (G), and 

antioxidant gene expression (H). Each of the stress response pathways is upregulated in multiple 

long-lived mutants. All of the long-lived mutants show a significant enrichment of genes 

involved in multiple stress response pathways. Venn diagrams comparing each individual long-

lived mutant with each stress response pathway can be found in Figures S6-S13. * p < 0.05, ** p 

< 0.01, *** p < 0.001. p-value represents the significance of overlap between genes upregulated 

in the indicated long-lived mutant and genes upregulated by activation of the indicated stress 

response pathway. 
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Figure 4. Magnitude of upregulation of stress response genes in long-lived mutants. Long-lived 

mutants show upregulation of genetic targets from each stress response pathway: sod-3(A) in the 

DAF-16-mediated stress response pathway; sysm-1/T24B8.5 (B) in the p38-mediated innate 

immune pathway; nhr-57 (C) in the HIF-1-mediated hypoxia pathway; gst-4 (D) in the SKN-1-

mediated oxidative stress response pathway; hsp-6 (E) in the mitochondrial unfolded protein 

response (mitoUPR) pathway; hsp-16.2 (F) in the cytoplasmic unfolded protein response (Cyto-

UPR) pathway; hsp-4(G) in the endoplasmic reticulum unfolded protein response (ER-UPR) 

pathway; and sod-5(H) in the antioxidant pathway. Error bars represent SEM. * p < 0.05, ** p < 

0.01, *** p < 0.001. Gene expression data is from RNA-sequencing of six biological replicates 

per strain. Statistical significance was assessed using a one-way ANOVA with Dunnett’s 

multiple comparison test. 
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Figure 5. Genes correlated with resistance to different external stressors. The expression levels 

of all ofthe genes in the genome were determined by RNA sequencing in nine long-lived 

mutants. These expression levels were compared to the survival of these strains when exposed to 

different types of stress to determine which genes are correlated with stress resistance. A. An 

inclusive UpSetR plot comparing genes positively correlated with each type of stress resistance 

shows that there are many genes that are positively correlated with 2 or more types of stress 

resistance. B. An inclusive UpSetR plot comparing genes negatively correlated with each type of 

stress resistance shows that there are also multiple genes that are negatively correlated with 2 or 

more types of stress resistance. For panels A and B, the gene sets for each individual stressor are 
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listed on the left and ordered by size from top to bottom. The height of each bar and the number 

above the bar indicate the number of genes in common between the gene sets indicated by the 

dots below the plot. The complete lists of genes that are significantly correlated with each type of 

stress resistance can be found in Table S3. 
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Figure 6. Expression levels of specific genes are highly correlated with resistance to stress. RNA 

sequencing data was used to determine which genes are most highly correlated with each type of 

stress resistance. The most highly correlated gene for each type of stress resistance are shown 

here. A full list of genes that are significantly correlated with each type of stress resistance can 

be found in Table S3. Of the genes that are most strongly correlated with stress resistance, genes 

correlated with chronic oxidative stress resistance (B) and genes correlated with bacterial 

pathogen resistance (D) were also correlated with lifespan. Stress resistance is indicated by black 

circles and black line (left Y-axis). Lifespan is indicated by red triangles and red line (right Y-

axis). Relative fold change was calculated by dividing all of the expression values by the 

maximum expression value of all of the strains.  
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Figure 7. Highly significant overlap between genes the are correlated with resistance to stress 

and genes that are correlated with lifespan extension. In examining the degree of overlap 

between genes that are significantly correlated with lifespan (teal circle) and genes that are 

significantly correlated with resistance to stress (grey circle), we observed a significant degree of 

overlap with each of the six types of stress resistance that we examined including heat stress (A; 

37°C), chronic oxidative stress (B; 4 mM paraquat), acute oxidative stress (C; 300 µM juglone), 

bacterial pathogen (D; P. aeruginosa), osmotic stress (E; 450-500 mM NaCl), and anoxic stress 

(F; 72-96 hours). The degree of enrichment ranged from 2.1 fold up to 11.5 fold with percent 

overlap between 15% and 84%. The highest degree of overlap with genes correlated with 

lifespan was with genes correlated with bacterial pathogen stress survival. The total number of 

genes that are unique to each circle (gene set) and number of overlapping genes are indicated. 

Percent overlap was calculated by dividing the number of overlapping genes by the number of 

genes positively correlated with each type of stress resistance. Enrichment was calculated as the 

number of overlapping genes observed divided by the number of overlapping genes expected by 
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picking genes at random. The p-value indicates the significance of the difference between 

observed and expected numbers of overlapping genes. 
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2.11 Tables  

 DAF-16 Innate Immunity HIF-1 SKN-1 mitoUPR Cyto-UPR ER-UPR Antioxidant 

WT daf-16 ↓ 2,17,70,71 nsy-1 = 41,72 

↓ 42,72 

sek-1 =41,72  
↓ 42 

pmk-1= 41,42,72 

hif-1 ↑ 
73 

↓ 74 
 

skn-1 ↓ 
35,75  

 

atfs-1 ↑ 21 

= 5456  

ubl-5 = 76 
dve-1 ↓  76 

 

hsf-1 ↓ 17777879  ire-1 ↓ 80 81 

xbp-1 ↓  80 

pek-1 ↓  80 
atf-6 ↓  80 

sod-1 ↓ 15,82 

sod-2 ↓ 15,82 

sod-3 = 15,82 
sod-4 =15,82 

sod-5 =15,82 

 

ife-2 daf-16 ↓13,14  NR NR skn-1 ↓  
83 

 

NR hsf-1 ↓ 84 NR NR 

clk-1 daf-16 ↓ 59 pmk-1 ↓ * hif-1 ↓  
74 

 

skn-1 ↓ 85 
 

atfs-1 ↓  54 
ubl-5 ↓  76 

NR NR sod-1 ↓ 52 
sod-2 ↑  15,82 

sod-3 =  52 

sod-4 =  52 
sod-5 ↓  52 

sod-2 daf-16 ↓  59 pmk-1 ↓ * NR skn-1 ↓ * 

 

atfs-1 = 54 NR NR  sod-1 ↑ 15 

sod-3 ↓ 15 
sod-4 = 15 

sod-5 ↓ 15 

eat-2 daf-16 ↓ 10 sek-1 ↓ 42 hif-1 = 
7486 

skn-1 ↓ 85 

 

ubl-5 =  76 

dve-1 ↓  76 

hsf-1 ↓ 77 ire-1 ↓  80 

 

sod-2 ↑ 15 

 

osm-5 daf-16 ↓ 12 NR hif-1=  
74 

NR NR NR NR NR 

nuo-6 daf-16 ↓  59 nsy-1 ↓ 41 
sek-1 ↓ 41 

pmk-1 ↓ 41 

atf-7 ↓ 41 

hif-1 ↓ 
54 

skn-1 ↓ * 
 

atfs-1 ↓  54 
 

hsf-1 ↓ * NR NR  

isp-1 daf-16 ↓  59 nsy-1 ↓  41 
sek-1 ↓  41 

pmk-1 ↓  41 

atf-7 ↓  41 

hif-1 ↓  
74 

skn-1 ↓ * 
 

atfs-1 ↓  54 
ubl-5 ↓  76 

dve-1 ↓  76 

hsf-1 ↓  16 
hsf-1 ↓ *  

 

 

NR sod-1 ↓ * 
sod-2 ↓ 15 

sod-3 ↓ 53 

sod-4 ↓ * 
sod-5 ↓ 53 

glp-1 daf-16 ↓ 87,88  NR hif-1 =  
74 

skn-1 ↓ 34 

 

atfs-1 ↓ 50 

 

hsf-1 ↓ 89 NR sod-2 ↑ 15 

 

daf-2 daf-16 ↓ 2,17 sek-1 ↓ 4290 
pmk-1 ↓17,90,91 

atf-7 ↓ 42 

hif-1 ↑ 
73 

=  74 92 

skn-1 ↓ 
35,75 

 

ubl-5 =  76 
dve-1 ↓  76 

hsf-1 ↓ 22  77 ire-1 ↓  80 
xbp-1 ↓ 80 

pek-1 ↓ 80 

atf-6 ↓ 80 

sod-2 ↓ 19 
= 15 

sod-3 ↑  19 

sod-4 ↑  19 
sod-12345 ↓ 17 

 

Table 1. Effect of disrupting transcription factors controlling stress response pathways on 

lifespan in wild-type worms and long-lived mutants. The left most column indicates the 

genotype of the strain. Each other column represents the stress response pathway indicated in 

bold in the top row. DAF-16 = DAF-16-mediated stress response; Innate Immunity = p38-

regulated innate immune signaling pathway; HIF-1 = HIF-1-mediated hypoxia response; SKN-1 

= SKN-1-mediated stress response; mitoUPR = mitochondrial unfolded protein response; Cyto-

UPR = the cytoplasmic unfolded protein response; ER-UPR = ER-mediated unfolded protein 

response; and Antioxidant = antioxidant genes. “↑” disruption of the transcription factor 

increased lifespan; “↓” disruption of the transcription factor decreased lifespan; “=” disruption of 

the transcription factor did not affect lifespan. NR = not reported . * = JVR unpublished data   
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2.12 Supplementary Figures 

 

 

Figure S1. Long-lived mutants exhibit different magnitudes of lifespan extension. In order to 

compare the length of lifespan extension between different long-lived mutants, we measured the 

lifespan of nine long-lived mutants simultaneously, under the same conditions. As demonstrated 

previously, ife-2 (A), clk-1 (B), sod-2 (C), eat-2 (D), osm-5 (E), nuo-6 (F), isp-1 (G), daf-2(H) 

and glp-1(I) mutants all show increased lifespan compared to wild-type control worms. The 

length of lifespan extension varied from 4 days (25% increase) in ife-2 worms to 22 days (138% 

increase) in daf-2 worms (J). For glp-1 worms and their wild-type controls, worms were grown 

at 25°C during development and were shifted to 20 °C at adulthood. Three biological replicates 

per strain were performed. Significance was determined using the log-rank test. 
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Figure S2. All long-lived mutants have increased resistance to heat stress. ife-2 (A), clk-1 (B), 

sod-2(C), eat-2 (D), osm-5 (E), nuo-6 (F), isp-1 (G), daf-2 (H) and glp-1 (I) worms show 

increased resistance to 37°C heat stress compared to wild-type worms. For glp-1 worms and their 

wild-type controls, worms were grown at 25°C during development and were shifted to 20 °C at 

adulthood. Error bars represent SEM. Three biological replicates per strain were performed. 

Significance was determined using a repeated measures ANOVA. 
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Figure S3. Most but not all long-lived mutants exhibit increased resistance to chronic oxidative 

stress resulting from exposure to paraquat. Resistance to chronic oxidative stress was measured 

by monitoring survival on plates containing 4 mM paraquat. ife-2 (A) and sod-2 (C) mutants 

show less resistance to paraquat compared to wild-type worms. clk-1 (B), eat-2 (D), osm-5(E), 

nuo-6(F), isp-1(G), daf-2 (H), and glp-1 (I) worms show increased resistance to paraquat 

compared to wild-type worms. All six of the longest lived strains show increased resistance to 

paraquat. For glp-1 mutants and their wild-type controls, worms were grown at 25°C during 

development and were shifted to 20 °C at adulthood. Three biological replicates per strain were 

performed. Significance was determined using the log-rank test. 

  



83 

 

Figure S4. Long-lived mutants show variable resistance to acute oxidative stress resulting from 

exposure to juglone. Resistance to acute oxidative stress was measured by monitoring survival 

on plates containing 300 µM juglone. ife-2 (A), clk-1 (B), sod-2 (C) and glp-1 (I) mutants show 

less resistance to juglone compared to wild-type worms. eat-2 (D), osm-5 (E), isp-1 (G), and daf-

2(H) worms show increased resistance to juglone compared to wild-type worms, while nuo-6(F) 

worms showed no difference. For glp-1 mutants and their wild-type controls, worms were grown 

at 25°C during development and were shifted to 20 °C at adulthood. Three biological replicates 

per strain were performed. Significance was determined using the log rank test. 
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Figure S5. Most but not all long-lived mutants exhibit increased resistance to bacterial pathogen 

stress. Resistance to bacterial pathogen stress was assessed by exposing worms to Pseudomonas 

aeruginosa strain PA14 in a slow kill assay. While eat-2 (D) worms show less resistance to PA14 

compared to wild-type worms, ife-2 (A), clk-1 (B), sod-2 (C), osm-5 (E), nuo-6 (F), isp-1(G), 

daf-2(H) and glp-1 (I) mutants all show increased resistance to PA14 compared to wild-type 

worms. For glp-1 worms and their wild-type controls, worms were grown at 25°C during 

development and were shifted to 20 °C at adulthood. Three biological replicates per strain were 

performed. Significance was determined using the log-rank test. 
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Figure S6. Long-lived genetic mutants exhibit significant modulation of genetic targets of DAF-

16-mediated stress response pathway. Upregulated genetic targets of DAF-16 (grey) overlap with 

upregulated genes in long-lived mutants (teal), ranging from 3% to 49% overlap (Top). 

Downregulated genetic targets of DAF-16 (grey) overlap with downregulated genes in long-lived 

mutants (lavender), ranging from 1% to 34% overlap (Bottom).  
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Figure S7. Long-lived genetic mutants exhibit significant modulation of genetic targets of the 

p38-mediated innate immunity pathway. Upregulated genetic targets of p38-mediated innate 

immunity pathway (grey) overlap with upregulated genes in long-lived mutants (teal), ranging 

from 4% to 57% overlap (Top). Downregulated genetic targets of p38-mediated pathway (grey) 

overlap with downregulated genes in long-lived mutants (lavender), ranging from 0.4% to 37% 

overlap (Bottom). 
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Figure S8. Long-lived genetic mutants exhibit significant modulation of genetic targets of HIF-

1-mediated hypoxia pathway . Upregulated genetic targets of HIF-1 (grey) overlap with 

upregulated genes in long-lived mutants (teal), ranging from 4% to 32% overlap (Top). 

Downregulated genetic targets of HIF-1 (grey) overlap with downregulated genes in long-lived 

mutants (lavender), ranging from 0% to 17% overlap (Bottom). 
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Figure S9. Long-lived genetic mutants exhibit significant modulation of genetic targets of SKN-

1-mediated oxidative stress response pathway . Upregulated genetic targets of SKN-1 (grey) 

overlap with upregulated genes in long-lived mutants (teal), ranging from 4% to 48% overlap 

(Top). Downregulated genetic targets of SKN-1 (grey) overlap with downregulated genes in 

long-lived mutants (lavender), ranging from 0.2% to 76% overlap (Bottom). 
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Figure S10. Long-lived genetic mutants exhibit significant modulation of genetic targets of the 

mitochondrial unfolded protein response pathway . Upregulated genetic targets of the mitoUPR 

pathway (grey) overlap with upregulated genes in long-lived mutants (teal), ranging from 10% to 

70% overlap (Top). Downregulated genetic targets of mitoUPR pathway (grey) overlap with 

downregulated genes in long-lived mutants (lavender), ranging from 1% to 77% overlap 

(Bottom). 
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Figure S11. Long-lived genetic mutants exhibit significant modulation of genetic targets of 

cytoplasmic unfolded protein response pathway . Upregulated genetic targets of cyto-UPR 

pathway(grey) overlap with upregulated genes in long-lived mutants (teal), ranging from 2% to 

46% overlap (Top). Downregulated genetic targets of the cyto-UPR pathway (grey) overlap with 

downregulated genes in long-lived mutants (lavender), ranging from 0% to 64% overlap 

(Bottom). 

  



91 

 

Figure S12. Long-lived genetic mutants exhibit significant modulation of genetic targets of the 

ER unfolded protein response pathway . Upregulated genetic targets of ER-UPR pathway (grey) 

overlap with upregulated genes in long-lived mutants (teal), ranging from 1% to 45% overlap 

(Top). Downregulated genetic targets of ER-UPR pathway (grey) overlap with downregulated 

genes in longlived mutants (lavender), ranging from 1% to 33% overlap (Bottom). 
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Figure S13. Long-lived genetic mutants exhibit significant modulation of antioxidant genes. 

Antioxidant genes (grey) overlap with upregulated genes in long-lived mutants (teal), ranging 

from 6% to 54% overlap. 
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Figure S14. Relative contribution of different stress response pathways in long-lived mutants. 

Gene expression in the long-lived mutant strains was examined by RNA sequencing (RNA-seq) 

of six biological replicate per genotype of pre-fertile day 1 young adult worms. Differentially 

expressed genes that are significantly upregulated in the long-lived mutant strains were 

compared to genes that are upregulated by activation of different stress response pathways 

including the DAF-16-mediated stress response (DAF-16), the p38-regulated innate immune 

signaling pathway (p38), the HIF-1-mediated hypoxia response (HIF-1), the SKN-1-mediated 

oxidative stress response (SKN-1), the mitochondrial unfolded protein response (mitoUPR), the 

cytoplasmic unfolded protein response (Cyto-UPR), the ER unfolded protein response (ER-

UPR), and antioxidant gene expression (Antioxidant). For each stress pathway, the ratio of the 

observed number of overlapping genes with the long-lived mutant to the expected number of 

overlapping genes if picked randomly was determined. All of the long-lived mutants showed a 

significant enrichment of genes involved in at least three stress response pathways. For each 

mutant, the stress response pathways are arranged in descending order of observed 

overlapping genes/expected overlapping genes.



94 

 

 

Figure S15. Degree of overlap with genes in the cytoplasmic unfolded protein response pathway 

and DAF-16-mediated stress response pathway are correlated with lifespan. While there is a 

significant degree of overlap between genes involved in stress response pathways and genes 

upregulated in longlived mutants, there is only a significant correlation between the degree of 

overlap and the magnitude of lifespan extension for the DAF-16-mediated stress response 

pathway and the cytoplasmic unfolded protein response. 
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Figure S16. Expression levels of inducible superoxide dismutase genes are correlated with 

magnitude of lifespan extension. Comparing the magnitude of gene upregulation of target genes 

of different stress response pathways to the magnitude of lifespan extension in nine long-lived 

mutants revealed that the expression levels of target genes from the DAF-16-mediated stress 

response pathway (sod-3) and antioxidant defense pathway (sod-5) are significantly correlated 

with the magnitude of lifespan extension. 
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Figure S17. Genes correlated with resistance to different external stressors. The expression 

levels of all ofthe genes in the genome were determined by RNA sequencing in nine long-lived 

mutants. These expression levels were compared to the survival of these strains when exposed to 

different types of stress to determine which genes are correlated with stress resistance. There are 

numerous genes that exhibit either a positive or negative correlation with each type of stress 

resistance indicating a strong influence of genetics on stress resistance. Complete lists of genes 

that are significantly correlated with each type of stress resistance can be found in Table S3. 
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Figure S18. Genes upregulated by activation of stress response pathways exhibit partial overlap 

with other stress response pathways. This inclusive UpSetR plot compares genes that are 

upregulated by activation of each stress response pathway. Stress response pathways are listed on 

the left in order of number of upregulated genes from top to bottom. The number of genes that 

are upregulated by activation of each pathway is indicated by black bars and associated numbers. 

On the main plot, the height of each bar and the number above the bar indicate the number of 

genes in common between the gene sets indicated by the dots below the plot. The complete lists 

of genes that are upregulated by activation of each stress response pathway can be found in Table 

S2. Cyto-UPR = cytoplasmic unfolded protein response; DAF-16 = DAF-16-mediated stress 

response pathway; SKN-1= SKN-1-mediated oxidative stress response pathway; mitoUPR = 

mitochondrial unfolded protein response; Innate immunity = p38-mediated innate immune 

pathway; ER-UPR = endoplasmic reticulum unfolded protein response; HIF-1 Hypoxia = HIF-1-

mediated hypoxia pathway. 
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Figure S19. Enrichment analysis of genes correlated with resistance to stress reveals a role for 

mitochondrial function and structures providing a barrier to the environment in stress 

resistance.To determine the functional classes that are overrepresented in genes correlated with 

at least one type of stress, we used the statistical overrepresentation test of Gene Ontology (GO) 

terms with PANTHER Classification System (version 16.0) and compared the genes to the C. 

elegans genome. PANTHER recognized 2997 genes and found 3 significantly enriched classes 

for Biological Process (A), 4 significantly enriched classes for Molecular Function (B), and 5 

significantly enriched classes for Cellular Component (C). 
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Figure S20. Highly significant overlap between genes the are correlated with resistance to stress 

and genes that are correlated with lifespan extension. Inclusive UpSetR plot comparing genes 

correlated with lifespan and genes correlated with different types of stress resistance including 

bacterial pathogens (P. aeruginosa), anoxic stress (72-96 hours), acute oxidative stress (300 µM 

juglone), chronic oxidative stress (4 mM paraquat), osmotic stress (450-500 mM NaCl), and heat 

stress (37°C). Black bars on the left indicate the number of genes in each gene set. Full lists of 

genes correlated with each type of stress resistance can be found in Table S3. Bars indicate the 

number of genes in common between the gene sets indicated by the dots below the plot. The 

exact number of genes in each intersection is shown above the graph. Intersections involving two 

gene sets are shown in blue. Intersections involving 3, 4 or 5-6 gene sets are shown in green, 

yellow or red, respectively. 
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Figure S21. Highly significant overlap between genes the are negatively correlated with 

resistance to stress and genes that are negatively correlated with lifespan extension. In examining 

the degree of overlap between genes that have a significant negative correlation with lifespan and 

genes that exhibit a significant negative correlation with resistance to stress, we observed a 

significant degree of overlap with each of the six types of stress resistance that we examined 

including heat stress (A; 37°C), chronic oxidative stress (B; 4 mM paraquat), acute oxidative 

stress (C; 300 µM juglone), bacterial pathogen stress (D; P. aeruginosa), osmotic stress (E; 450-

500 mM NaCl), and anoxia stress (F; 72-96 hours). The degree of enrichment ranged from 3.9 

fold up to 53.7 fold with percent overlap between 4% and 41%. The most highly significant 

overlap with genes negatively correlated with lifespan was with genes negatively correlated with 

bacterial pathogen stress survival. 

  



101 

 

Figure S22. Model for relationship between stress resistance and lifespan. The genetic factors 

contributing to stress resistance and lifespan share a high degree of overlap, but there are also 

groups of genes that contribute only to one phenotype or the other. Modulating genes that 

contribute to both stress resistance and longevity will affect both phenotypes and account for the 

significant correlation that is observed between these two phenotypes. Modulating “Longevity 

ONLY genes” or “Stress resistance ONLY genes” affects longevity or stress resistance 

independently of the other, thereby allowing for these phenotypes to be experimentally 

dissociated. 
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2.13 Supplementary Tables 

 

 

 

Table S1. Summary of stress resistance in long-lived mutant strains. “=” indicates no significant 

difference from wild-type “-” indicates decreased compared to wild-type; “+” indicates increased 

compared to wild-type; “++” indicates markedly increased compared to wild-type. 
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Preface to Chapter 3 

The mitochondrial unfolded protein response (mitoUPR) is a stress response pathway to help 

restore homeostasis in the mitochondria, mediated by the transcription factor activating 

transcription factor associated with stress-1 (ATFS-1). The role of mitoUPR in longevity has been 

studied, but less is known about its role in defense against exogenous stress. Here we show that 

activation of mitoUPR is sufficient to increases resistance to various exogenous stresses through 

the activation of multiple other stress response pathways. We demonstrate that ATFS-1 is 

important for transcriptional changes in response to oxidative stress and bacterial pathogenic 

exposure. Although ATFS-1-dependeng genes are upregulated in many long-lived mutants, 

chronic ATFS-1 activation does not extend longevity. Overall, we demonstrate the importance of 

ATFS-1 in defense against exogenous stressors. This work originally appeared as a publication 

entitled “Activation of mitochondrial unfolded protein response protects against multiple 

exogenous stressors” in Life Science Alliance in September 2021.  
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CHAPTER 3: Activation of mitochondrial unfolded protein 

response protects against multiple exogenous stressors 

  



105 

Activation of mitochondrial unfolded protein response protects against multiple exogenous 

stressors 

 

Sonja K. Soo1,2, Annika Traa1,2, Paige D. Rudich1,2, Meeta Mistry3, Jeremy M. Van 

Raamsdonk1,2,4,5 

 

1Department of Neurology and Neurosurgery, McGill University, Montreal, Quebec, Canada 

2Metabolic Disorders and Complications Program, and Brain Repair and Integrative 

Neuroscience Program, Research Institute of the McGill University Health Centre, Montreal, 

Quebec, Canada 

3Bioinformatics Core, Harvard School of Public Health, Harvard Medical School, Boston. MA, 

USA 

4Division of Experimental Medicine, Department of Medicine, McGill University, Montreal, 

Quebec, Canada 

5Department of Genetics, Harvard Medical School, Boston, MA, USA 

 

 

 

 

 

 

 

 

Keywords: Aging; Mitochondria; Mitochondrial unfolded protein response; ATFS-1; Stress 

resistance; C. elegans 

  



106 

3.1 Abstract 

The mitochondrial unfolded protein response (mitoUPR) is an evolutionarily conserved pathway 

that responds to mitochondria insults through transcriptional changes, mediated by the 

transcription factor ATFS-1/ATF-5, which act to restore mitochondrial homeostasis. In this 

work, we characterized the role of ATFS-1 in responding to organismal stress. We found that 

activation of ATFS-1 is sufficient to cause upregulation of genes involved in multiple stress 

response pathways including the DAF-16-mediated stress response pathway, the cytosolic 

unfolded protein response, the endoplasmic reticulum unfolded protein response, the SKN-1-

mediated oxidative stress response pathway, the HIF-mediated hypoxia response pathway, the 

p38-mediated innate immune response pathway, and antioxidant genes. Constitutive activation of 

ATFS-1 increases resistance to multiple acute exogenous stressors, while disruption of atfs-1 

decreases stress resistance. Although ATFS-1-dependent genes are upregulated in multiple long-

lived mutants, constitutive activation of ATFS-1 decreases lifespan in wild-type animals. 

Overall, our work demonstrates that ATFS-1 serves a vital role in organismal survival of acute 

stressors through its ability to activate multiple stress response pathways, but that chronic ATFS-

1 activation is detrimental for longevity.  

3.2 Introduction 

The mitochondrial unfolded protein response (mitoUPR) is a stress response pathway that acts to 

reestablish mitochondrial homeostasis through inducing transcriptional changes of genes 

involved in metabolism and restoration of mitochondrial protein folding 1. Various perturbations 

to the mitochondria can activate the mitoUPR, including disruption of mitochondrial translation, 

disruption of mitochondrial protein synthesis, impairment of oxidative phosphorylation, 

disruption of mitochondrial proteostasis, altered metabolism, defects in mitochondrial DNA, 

excess reactive oxygen species (ROS), disruption of protein degradation, and defects in 

mitochondrial import 2. The mitoUPR is mediated by the transcription factor ATFS-1 (activating 

transcription factor associated with stress-1) in C. elegans 3, and ATF5 (activating transcription 

factor 5) in mammals 4.  

 

ATFS-1/ATF5 regulates the mitoUPR through its dual targeting domains: a mitochondrial 

targeting sequence (MTS) and a nuclear localization signal (NLS). Under normal unstressed 

conditions, the MTS causes ATFS-1 to enter the mitochondria through the HAF-1 import 



107 

channel. Inside the mitochondria, ATFS-1 is degraded by the protease CLPP-1/CLP1 3. 

However, when mitochondrial import or degradation of ATFS-1 are disrupted under conditions 

of mitochondrial stress, ATFS-1 accumulates in the cytoplasm. The NLS of the cytoplasmic 

ATFS-1 then targets it to the nucleus, where ATFS-1 acts with the transcription factor DVE-1 

and transcriptional regulator UBL-5 to upregulate expression of chaperones, proteases, and other 

proteins 5.  

 

In order to study the role of the mitoUPR in longevity, we previously disrupted atfs-1 in long-

lived nuo-6 mutants, which contain a point mutation that affects Complex I of the electron 

transport chain 6. nuo-6 mutants have a mild impairment of mitochondrial function that leads to 

increased lifespan and enhanced resistance to multiple stressors. We found that loss of atfs-1 not 

only decreased the lifespan of nuo-6 worms, but also abolished the increased stress resistance of 

these worms, thereby suggesting that ATFS-1 contributes to both longevity and stress resistance 

in these worms7.  

 

While a role for the mitoUPR in longevity has been reported 8–11, and debated 12,13, little is 

known about the role of ATFS-1 in response to exogenous stressors. Activation of ATFS-1 can 

increase organismal resistance to the pathogenic bacteria P. aeruginosa 14 and can protect against 

anoxia-reperfusion-induced death 15. 

 

In this study, we use C. elegans to define the relationship between ATFS-1 and organismal stress 

resistance and to explore the underlying mechanisms. We find that activation of ATFS-1 is 

sufficient to upregulate genes from multiple stress response pathways and is important for 

transcriptional changes induced by oxidative stress and bacterial pathogen exposure. Constitutive 

activation of ATFS-1 is also sufficient to increase resistance to multiple external stressors. While 

ATFS-1-dependent genes are upregulated in several long-lived mutants that are representative of 

multiple pathways of lifespan extension, chronic activation of ATFS-1 does not extend 

longevity. Overall, our results demonstrate a crucial role for ATFS-1 in organismal stress 

response through activation of multiple stress response pathways. 

 

3.3 Results 
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ATFS-1 activates genes from multiple stress response pathways 

Mild impairment of mitochondrial function through a mutation in nuo-6 results in the activation 

of the mitoUPR. We previously performed a bioinformatic analysis of genes that are upregulated 

in nuo-6 mutants in an ATFS-1-dependent manner and discovered an enrichment for genes 

associated with the GO term “response to stress” 7. Based on this observation, we hypothesized 

that ATFS-1 may be able to activate other stress response pathways. To test this hypothesis, we 

quantified the expression of established target genes from eight different stress response 

pathways under conditions where ATFS-1 is either activated, or where ATFS-1 is disrupted.  

 

For this analysis, we picked target genes that have been commonly used in the literature to 

represent their associated stress response pathway. These target genes included hsp-6 in the 

mitochondrial unfolded protein response (mitoUPR) pathway 16,17; hsp-4 in the endoplasmic 

reticulum unfolded protein response (ER-UPR) pathway 16,18 ; hsp-16.2 in the cytoplasmic 

unfolded protein response pathway (cytoUPR) 16,19; sod-3 in the DAF-16-mediated stress 

response pathway 16,20; gst-4 in the SKN-1-mediated stress response pathway 16,21; nhr-57 in the 

HIF-1-mediated hypoxia response pathway 16,22; Y9C9A.8 in the p38-mediated innate immunity 

pathway 23,24; and trx-2, an antioxidant gene 25 (Table S1).  

 

To activate ATFS-1, we used the nuo-6 mutation. We also examined gene expression in two 

different gain-of-function (GOF) mutants with constitutively active ATFS-1: atfs-1(et15) and 

atfs-1(et17). Both of these constitutively active ATFS-1 mutants have mutations in the MTS 

which increase nuclear localization of ATFS-1 26. To identify ATFS-1 dependent genes, we used 

a loss-of-function (LOF) atfs-1 deletion mutation (gk3094) to disrupt ATFS-1 function in wild-

type worms and nuo-6 mutants. 

 

We found that compared to wild-type worms, atfs-1(gk3094) deletion mutants did not have 

decreased expression levels for the target genes of any of the stress response pathways (Fig 1). 

This indicates that ATFS-1 is not required for the basal expression levels of these stress response 

genes.  
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Activation of the mitoUPR through mutation of nuo-6 resulted in significant upregulation of 

target genes from the mitoUPR (hsp-6; Fig 1A), the DAF-16-mediated stress response (sod-3; 

Fig 1D), the SKN-1-mediated oxidative stress response (gst-4; Fig 1E), the HIF-1-mediated 

hypoxia response (nhr-57; Fig 1F), the p38-mediated innate immunity pathway (Y9C9A.8; Fig 

1G), and antioxidant defense (trx-2; Fig 1H). Importantly, for all of these genes, inhibiting the 

mitoUPR through deletion of atfs-1 prevented the upregulation of the stress response in nuo-

6;atfs-1(gk3094) worms (Fig 1A, D-H), indicating that ATFS-1 is required for the activation of 

these stress pathway genes during mitochondrial stress.  

 

Constitutive activation of ATFS-1 in atfs-1(et15) mutants resulted in upregulation of the majority 

of the target genes upregulated in nuo-6 mutants, except for the SKN-1 target gene gst-4 (Fig 1A, 

D-H). Similarly, constitutively active atfs-1(et17) mutants have significant upregulation of hsp-6, 

sod-3, Y9C9A.8 and trx-2, and a non-significant 77% increase in nhr-57 expression (Fig 1). This 

indicates that ATFS-1 activation is sufficient to induce upregulation of specific stress response 

genes independent of mitochondrial stress. Activating the mitoUPR through the nuo-6 mutation 

or through the constitutively active ATFS-1 mutants did not significantly increase the expression 

of the ER-UPR target gene hsp-4 (Fig 1B) or the cyto-UPR target gene hsp-16.2 (Fig 1C). 

However, both the nuo-6 mutant and the constitutively active ATFS-1 mutants had a 2.5-19.5-

fold increase in hsp-16.2 levels, which failed to reach significance due to variability between 

replicates, and the fact that hsp-16.2 expression levels can be increased up to 60-fold.   

 

As only one gene was examined per stress response pathway, it is possible that different target 

genes may yield a different result. In addition, some of the stress response genes that we 

examined are not exclusively activated by the pathway that they are frequently used to represent. 

For example, gst-4 is an antioxidant gene that is commonly used as a readout of SKN-1 activity 

but can also be activated by DAF-16 and the mitoUPR (see Table S3 for lists of genes that are 

upregulated by activation of different stress response pathways).  

 

To circumvent these potential limitations and to gain a more comprehensive view of the extent to 

which mitoUPR activation causes upregulation of genes in other stress response pathways, we 

compared genes upregulated in the constitutively active atfs-1 mutant, atfs-1(et15), to genes 
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upregulated by activation of different stress response pathways. As a proof-of-principle, we first 

examined the overlap between upregulated genes in atfs-1(et15) mutants and genes upregulated 

by activation of the mitoUPR with spg-7 RNAi in an ATFS-1-dependent manner3. 

 

We identified genes upregulated by the activation of other stress response pathways from 

published gene expression studies. The genes and relevant pathways are listed in Table S3). ER-

UPR pathway target genes were defined as genes upregulated by tunicamycin exposure and 

dependent on either ire-1, xbp-1, pek-1 or atf-6 27. Cyto-UPR pathway genes are genes 

upregulated by overexpression of heat shock factor 1 (HSF-1) and genes bound by HSF-1 after a 

thirty-minute heat shock at 34°C 28,29. DAF-16 pathway genes were identified by Tepper et al. by 

performing a meta-analysis of forty-six previous gene expression studies, comparing conditions 

in which DAF-16 is activated (e.g., daf-2 mutants) and conditions in which the activation is 

inhibited by disruption of daf-16 (e.g., daf-2;daf-16 mutants)30. SKN-1 pathway genes were 

identified as genes that exhibit decreased expression in wild-type worms treated with skn-1 

RNAi, genes that are upregulated in glp-1 mutants in a SKN-1-dependent manner, genes that are 

upregulated by germline stem cell removal in a SKN-1-dependent manner 31, and genes 

upregulated in daf-2 mutants in a SKN-1-dependent manner 32. HIF-1-mediated hypoxia genes 

are genes induced by hypoxia in a HIF-1-dependent manner 33. Innate immunity genes are 

defined as genes upregulated by exposure to Pseudomonas aeruginosa strain PA14 in a PMK-1- 

and ATF-7-dependent manner 24, where PMK-1 and ATF-7 are part of the p38-mediated innate 

immune signaling pathway. Finally, antioxidant genes include a comprehensive list of genes 

involved in antioxidant defense such as superoxide dismutases (sod), catalases (ctl), 

peroxiredoxins (prdx), or thioredoxins (trx).   

 

In comparing genes upregulated in the constitutively active atfs-1 mutant et15 to the previously 

published gene lists, we found that 51% of genes upregulated by spg-7 RNAi in an ATFS-1-

dependent manner are also upregulated by constitutive activation of ATFS-1 (Fig 2A). Similarly, 

there was a highly significant overlap of upregulated genes between atfs-1(et15) mutants and 

each of the other stress response pathways. atfs-1(et15) had a 25% overlap with genes of ER-

UPR pathway (Fig 2B); 22% overlap with genes of the Cyto-UPR pathway (Fig 2C); 26% 

overlap with genes of the DAF-16-mediated stress response pathway (Fig 2D); 30% overlap with 
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genes of the SKN-1-mediated oxidative stress response pathway (Fig 2E); 23% overlap with 

genes of the HIF-1-mediated hypoxia response pathway (Fig 2F); 22% overlap with genes of the 

p38-mediated innate immunity pathway (Fig 2G); and 33% overlap with antioxidant genes (Fig 

2H). Combined, this indicates that activation of ATFS-1 is sufficient to upregulate target genes 

in multiple stress response pathways.  

 

To determine the extent to which genes common to multiple stress response pathways are 

upregulated by ATFS-1 activation, we generated an UpSetR plot to simultaneously compare the 

overlaps between all of these gene sets. We found that there are many genes that can be 

upregulated by activation of different stress response pathways (Fig 2I; Fig S1A,B; Table S4). In 

addition, there are multiple genes that are upregulated by ATFS-1 activation that are independent 

of other stress response pathways (Table S4).  

 

ATFS-1 can bind to the same promoter as other stress responsive transcription factors 

The fact that ATFS-1 activation results in the upregulation of the same genes as activation of 

other stress response pathways, does not imply direct regulation of these genes by either 

transcription factor. ATFS-1 could modulate these genes either directly by binding to promoter 

or enhancer elements, or indirectly by acting on other transcription factors or altering metabolism 

or physiology. To gain insight into the mechanism of regulation, we sought to determine if 

ATFS-1 can bind to the same genes as other stress responsive transcription factors. We 

compared previously published chromatin immunoprecipitation sequencing (ChIP-seq) 

experiments involving ATFS-1 34, HSF-1 35, DAF-16 36,37, SKN-1 38, HIF-1 39 and ATF-7. 

 

We found that ATFS-1 can bind to several of the same genes as other stress responsive 

transcription factors (Fig S2). The degree of overlap ranged from 16% for HSF-1 to 61% for 

HIF-1. This suggests that ATFS-1 can directly regulate these genes. However, indirect regulation 

of gene expression could also contribute to the overlap in gene expression observed in Fig 2. It is 

important to note that these ChIP-seq experiments were performed under different conditions 

(e.g., ATFS-1 was examined in response to spg-7 RNAi, ATF-7 was examined in response to 

bacterial pathogen exposure etc.). If these experiments were performed under the same 

conditions, the degree of overlap could be different than under these specific conditions.       
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ATFS-1 is required for transcriptional responses to exogenous stressors 

Having shown that constitutive activation of ATFS-1 can induce upregulation of genes involved 

in various stress response pathways, we next sought to determine the role of ATFS-1 in the 

genetic response to different stressors. To do this, we exposed wild-type animals and atfs-

1(gk3094) loss-of-function mutants to six different external stressors and quantified the resulting 

upregulation of stress response genes using quantitative RT-PCR (qPCR). The examined stress 

response genes were the established target genes of the stress response pathways that we 

examined in Fig 1 and genes that we previously identified as upregulated by specific stressors 

using fluorescent reporter strains16. These genes included hsp-6, hsp-4, hsp-16.2, sod-3, gst-4, 

nhr-57, Y9C9A.8, trx-2, ckb-2, gcs-1, sod-5, T24B8.5/sysm-1, clec-67 and dod-22. We found that 

exposure to either oxidative stress (4 mM paraquat, 48 hours) or the bacterial pathogen 

Pseudomonas aeruginosa strain PA14 induced a significant upregulation of stress response genes 

in wild-type worms, which was suppressed by disruption of atfs-1 (Fig 3A,B; Fig S3,S4). In 

contrast, exposure to heat stress (35°C, 2 hours; Fig 3C; Fig S5), osmotic stress (300 mM NaCl, 

24 hours; Fig 3D; Fig S6), anoxic stress (24 hours; Fig 3E; Fig S7), or ER stress (tunicamycin for 

24 hours; Fig 3F; Fig S8) caused upregulation of stress response genes in both wild-type and 

atfs-1(gk3094) worms to a similar extent, or to a greater extent in atfs-1 deletion mutants. 

Combined, these results indicate that ATFS-1 is required for upregulating stress response genes 

in response to exposure to oxidative stress or bacterial pathogens. Although we did not observe 

evidence for a role of ATFS-1 in upregulating stress response genes following exposure to other 

stressors, it is possible that there are genes that we did not examine that are upregulated by the 

other four stressors in an ATFS-1-dependent manner. 

 

Modulation of ATFS-1 levels affects resistance to multiple stressors  

Due to the crucial role of ATFS-1 in upregulating genes in multiple stress response pathways, we 

next sought to determine the extent to which activating ATFS-1 protects against exogenous 

stressors. We quantified resistance to stress in two constitutively active atfs-1 gain-of-function 

mutants (atfs-1(et15), atfs-1(et17)) compared to wild-type worms. For comparison, we also 

included an atfs-1 loss-of-function deletion mutant (atfs-1(gk3094)), which we previously found 

to have decreased resistance to oxidative stress, heat stress, osmotic stress and anoxic stress7. 
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Resistance to acute oxidative stress was measured by exposing worms to 300 µM juglone. We 

found that both gain-of-function mutants, atfs-1(et15) and atfs-1(et17), have increased resistance 

to acute oxidative stress compared to wild-type worms, while atfs-1(gk3094) deletion mutants 

were less resistant compared to wild-type worms (Fig 4A). To quantify resistance to chronic 

oxidative stress, worms were transferred to plates containing 4 mM paraquat beginning at day 1 

of adulthood until death. Similar to the acute assay, atfs-1(et17) mutants were more resistant to 

chronic oxidative stress, while atfs-1(gk3094) mutants were less resistant to chronic oxidative 

stress compared to wild-type worms (Fig 4B). Oddly, atfs-1(et15) gain-of-function mutants 

exhibited decreased resistance to chronic oxidative stress. The diminished protection in atfs-

1(et17) mutants and lack of protection in the atfs-1(et15) mutants in the paraquat assay may be 

due to the chronic nature of the assay, compared to the juglone assay which measures resistance 

to acute oxidative stress. 

 

Resistance to heat stress was measured by incubating worms at 37°C. None of the mutants 

showed increased survival during heat stress, with both atfs-1(et15) and atfs-1(gk3094) mutants 

exhibited a significant decrease in survival compared to wild-type worms (Fig 4C). Resistance to 

endoplasmic reticulum (ER) stress was measured by exposing worms to 50 µg/ml tunicamycin. 

We found that atfs-1(et15) and atfs-1(et17) constitutively active mutants have increased 

resistance to ER stress, while atfs-1(gk3094) deletion mutants have an equivalent survival to 

wild-type worms (Fig 4D). Resistance to osmotic stress was quantified on plates containing 500 

mM NaCl after 48 hours. Under these conditions, the constitutively active atfs-1 mutants had 

increased survival compared to wild-type worms, while atfs-1(gk3094) deletion mutants had 

decreased survival (Fig 4E). Resistance to anoxic stress was measured by placing worms in an 

oxygen-free environment for 75 hours, followed by a 24-hour recovery period. We observed 

increased survival in atfs-1(et15) and atfs-1(et17) mutants and a trend towards decreased survival 

in atfs-1(gk3094) mutant compared to wild-type worms (Fig 4F).  

 

Lastly, to test resistance to bacterial pathogens, worms were exposed to Pseudomonas 

aeruginosa strain PA14 in either a fast kill assay, in which worms die from a toxin produced by 

the bacteria, or a slow kill assay, in which worms die due to the intestinal colonization of the 
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pathogenic bacteria40. In the fast kill assay, constitutive activation of ATFS-1 increased survival 

in atfs-1(et15) and atfs-1(et17) mutants compared to wild-type worms (Fig 4G). atfs-1(gk3094) 

deletion mutants also exhibited increased survival. For the slow kill assay, we used two 

established protocols: one in which the assay is initiated at the L4 larval stage and performed at 

25°C 14,16,40 and one in which the assay is initiated at day three of adulthood and performed at 

20°C 41. Surprisingly, at 25°C, we found that the atfs-1(et17) mutant had a small decrease in 

resistance to PA14, while atfs-1(gk3094) mutants exhibited a small increase in resistance to 

PA14 compared to wild-type worms (Fig 4H). At 20°C, both atfs-1(gk3094) and atfs-1(et17) 

mutants had a small increase in resistance to PA14 compared to wild-type worms (Fig 4I).  

 

All together, these data indicate that activation of ATFS-1 can protect against oxidative stress, 

ER stress, osmotic stress, anoxia, and bacterial pathogens, but not heat stress. They also show 

that ATFS-1 is required for resistance to oxidative stress, heat stress, osmotic stress, and anoxia 

in wild-type worms.  

 

Long-lived genetic mutants upregulate ATFS-1 target genes 

We previously showed that ATFS-1 target genes are upregulated in three long-lived 

mitochondrial mutants: clk-1, isp-1 and nuo-6 6,7,42,43. To determine if ATFS-1 target genes are 

specifically upregulated in long-lived mitochondrial mutants, or if they are also upregulated in 

other long-lived mutants, we compared genes upregulated by ATFS-1 activation to gene 

expression in six additional long-lived mutants, which act through other longevity-promoting 

pathways. These long-lived mutants included sod-2 mutants, which act through increasing 

mitochondrial ROS 44; daf-2 mutants, which have reduced insulin/IGF1 signaling 45; glp-1 

mutants, which have germline ablation 46; ife-2 mutants, which have reduced translation 47; osm-

5 mutants, which have reduced chemosensation 48; and eat-2 mutants, which have dietary 

restriction 49.  

 

After identifying differentially expressed genes in each of these long-lived mutants, we 

compared the differentially expressed genes to genes upregulated by ATFS-1 activation. We 

defined ATFS-1-upregulated genes in two ways: (1) genes that are upregulated by spg-7 RNAi in 
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an ATFS-1-dependent manner 3; and (2) genes that are upregulated in a constitutively active atfs-

1 mutant (et15; 7).  

 

The majority of the long-lived mutants examined had a significant enrichment of ATFS-1 target 

genes. Genes upregulated by spg-7 RNAi in an ATFS-1-dependent manner were significantly 

enriched in clk-1 mutants (6.7 fold enrichment), isp-1 mutants (6.0 fold enrichment), sod-2 

mutants (5.5 fold enrichment), nuo-6 mutants (4.1 fold enrichment), daf-2 mutants (2.6 fold 

enrichment), glp-1 mutants (2.0 fold enrichment), and ife-2 mutants (1.5 fold enrichment) (Fig 

5). We did not find a significant enrichment of spg-7 RNAi-induced ATFS-1 targets in osm-5 

and eat-2 worms (Fig 5). Similarly, genes upregulated in the constitutively active atfs-1(et15) 

mutant were significantly enriched in isp-1 mutants (3.5 fold enrichment), sod-2 mutants (3.4 

fold enrichment), clk-1 mutants (3.3 fold enrichment), nuo-6 mutants (2.5 fold enrichment), daf-

2 mutants (2.4 fold enrichment), glp-1 mutants (1.8 fold enrichment), ife-2 mutants (1.8 fold 

enrichment), and eat-2 mutants mutants (1.5 fold enrichment) (Fig S9). We did not observe a 

significant enrichment of ATFS-1 target genes in osm-5 mutants (Fig S9). 

 

Overall, these results indicate that ATFS-1 target genes are upregulated in multiple long-lived 

mutants, including mutants in which mitochondrial function is not directly disrupted. 

Interestingly, in six of the seven strains exhibiting a significant enrichment of ATFS-1-

modulated genes (all except ife-2, where the role of ROS has not been tested), there is an 

increase in ROS that contributes to their longevity, as treatment with antioxidants decreases their 

lifespan 44,50–52. This observation is consistent with the idea that ROS/oxidative stress is 

sufficient to activate the mitoUPR. As we have previously shown that exposure to a mild heat 

stress (35°C, 2 hours) or osmotic stress (300 mM, 24 hours) can extend lifespan but does not 

increase expression of the ATFS-1 target gene hsp-6 16, it appears that only specific genes or 

interventions that extend longevity result in the upregulation of ATFS-1 target genes. 

 

Constitutively active atfs-1 mutants have decreased lifespan despite enhanced resistance to stress 

Having shown that ATFS-1 target genes are activated in multiple long-lived mutants, we sought 

to determine if ATFS-1 activation is sufficient to increase lifespan, and whether the presence of 

ATFS-1 is required for normal longevity in wild-type worms. Despite having increased 
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resistance to multiple stressors, both constitutively active atfs-1 mutants (et15 and et17) have 

decreased lifespan compared to wild-type worms (Fig 6A,B), which is consistent with a previous 

study finding shortened lifespan in atfs-1(et17) and atfs-1(et18) worms12. Despite having 

decreased resistance to multiple stressors, atfs-1 deletion mutants (gk3094) had a lifespan 

comparable to wild-type worms (Fig 6C), as we previously observed 7. Combined, this indicates 

that constitutive activation of ATFS-1 does not increase lifespan in a wild-type background 

despite having an important role in stress resistance. 

 

3.4 Discussion 

Mitochondria are vital for organismal health as they perform multiple crucial functions within 

the cell including energy generation, metabolic reactions and intracellular signaling. Therefore, 

maintenance of mitochondrial function during times of acute stress and throughout normal aging 

is important for cell and organismal survival. The mitoUPR is a conserved pathway that 

facilitates restoration of mitochondrial homeostasis after internal or external stressors. In this 

work, we demonstrate a crucial role for the mitoUPR transcription factor ATFS-1 in the genetic 

response to external stressors which ultimately promotes survival of the organism. 

 

Throughout these studies, we utilized two different constitutively active atfs-1 mutants – et15 

and et17. These two mutants contain point mutations in the mitochondrial targeting sequence and 

differ only by one two amino acids (et15: G6E, et17: R4H)26. While atfs-1(et15) and atfs-1(et17) 

mutants generally behave similarly, they do exhibit differences, most notably in resistance to 

chronic oxidative stress and resistance to bacterial pathogens in the slow kill assay. These 

differences may result from atfs-1(et15) mutants having more extensive changes in gene 

expression than atfs-1(et17) mutants (6227 differentially expressed genes versus 958 

differentially expressed genes) 7. The et15 mutation may be more disruptive to the mitochondrial 

targeting sequence than et17, thereby resulting in increased nuclear localization and more 

widespread changes in gene expression.  

 

ATFS-1 is not required for normal longevity 

A number of studies have directly or indirectly examined the role of the mitoUPR and ATFS-1 in 

longevity. In these studies, activation of the mitoUPR was typically measured using a mitoUPR 
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reporter strain expressing GFP under the promoter of hsp-6, which is a target gene of ATFS-1 

and the mitoUPR.  

 

A relationship between the mitoUPR and longevity was first supported by the observation that 

disruption of the mitochondrial electron transport chain (ETC) due to RNAi knockdown of the 

cytochrome c oxidase-1 (cco-1) gene resulted in both activation of the mitoUPR 9,17 and 

increased lifespan 53. Since then, other lifespan-extending mutations have also been shown to 

activate the mitoUPR, including three long-lived mitochondrial mutants, clk-1, isp-1 and nuo-67.  

 

To explore this relationship in more comprehensive manner, Runkel et al. compiled a list of 

genes that activate the mitoUPR and examined their effect on lifespan. Of the 99 genes reported 

to activate the mitoUPR, 58 genes result in increased lifespan, while only 7 result in decreased 

lifespan 54. Bennet et al. performed an RNAi screen to identify RNAi clones that increase 

expression of a mitoUPR reporter strain (hsp-6p::GFP) and quantified the effect of a selection of 

the mitoUPR-inducing clones on lifespan12. Of the 19 examined RNAi clones, 10 RNAi clones 

increased lifespan, while 6 decreased lifespan12. Using a similar approach to screen for 

compounds that activate a mitoUPR reporter strain (hsp-6p::GFP), metolazone was identified as 

a compound that activates the mitoUPR, and extends lifespan in an ATFS-1-dependent manner 

55. Combined, these results indicate that there are multiple genes or interventions which activate 

the mitoUPR and extend longevity, but there are also instances where these phenotypes are 

uncoupled.  

 

Multiple experiments including the present study have examined the effect of the mitoUPR on 

lifespan directly by either increasing or decreasing the expression of components of the 

mitoUPR. RNAi knockdown of atfs-1 expression does not decrease wild-type lifespan 7,12,56, nor 

do deletions in the atfs-1 gene decrease wild-type lifespan (Fig 6; 7,12). Thus, despite mitoUPR 

activation being correlated with longevity, ATFS-1 is not required for normal lifespan in a wild-

type animal.  

 

ATFS-1 mediates lifespan extension in long-lived mutants 
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While ATFS-1 is dispensable for wild-type lifespan, ATFS-1 is required for lifespan extension of 

multiple long-lived mutants. Longevity can be extended by disrupting mito-nuclear protein 

balance through knocking down the expression of mitochondrial ribosomal protein S5 (mrsp-5), 

which also increases the expression of mitoUPR target gene hsp-6. The magnitude of the lifespan 

extension caused by mrsp-5 RNAi is decreased by knocking down key mitoUPR component 

genes haf-1 or ubl-5 10. In the long-lived mitochondrial mutant nuo-6, deletion of atfs-1 

completely reverts the long lifespan to wild-type length, and treatment with atfs-1 RNAi has 

similar effects 7. In the mitochondrial mutant isp-1, knocking down a key initiator of mitoUPR, 

ubl-5, decreases their long lifespan but has no effect on the lifespan of wild-type worms 9. In 

contrast, it has been reported that knockdown of atfs-1 using RNAi does not decrease isp-1 

lifespan 12. However, it is possible that in the latter study that the magnitude knockdown may not 

have been sufficient to have effects on lifespan, as lifelong exposure to atfs-1 RNAi prevents 

larval development of isp-1 worms 7,57. Similarly, differing results have been obtained for the 

requirement of the mitoUPR in the extended lifespan resulting from cco-1 knockdown. While it 

has been reported that mutation of atfs-1 does not decrease lifespan of worms treated with cco-1 

RNAi, despite preventing activation of mitoUPR reporter 12, a subsequent study found that atfs-1 

RNAi decreases the extent of lifespan extension resulting from cco-1 RNAi 56. While differing 

results have been observed in some cases, overall, these studies suggest that ATFS-1 and the 

mitoUPR have a role in mediating the lifespan extension in a subset of long-lived mutants.  

 

Despite the fact that long-lived mutants with chronic activation of the mitoUPR depend on 

ATFS-1 for their long lifespan, our current results using the constitutively active atfs-1(et15) and 

atfs-1(et17) mutants, as well as previous results using constitutively active atfs-1 mutants (et17 

and et18) show that constitutive activation of ATFS-1 in wild-type worms results in decreased 

lifespan (Fig. 6)12. This may be partially due to activation of ATFS-1 increasing the proportion 

of damaged mtDNA when heteroplasmy exists 58. Consistent with this finding, overexpression of 

the mitoUPR target gene hsp-60 also leads to a small decrease in lifespan 59. In contrast, 

overexpression of a different mitoUPR target gene, hsp-6, is sufficient to increase lifespan 60. It 

has also been shown that a hypomorphic reduction-of-function mutation allele of hsp-6 (mg583) 

also increases lifespan, while hsp-6 null mutations are thought to be lethal61. Combined, these 
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results indicate that chronic activation of the mitoUPR is mildly detrimental for wild-type 

lifespan, but that modulation of specific target genes can be beneficial. 

 

It is important to note that the lifespan assays completed in this study and previous studies were 

completed under laboratory conditions which are believed to be relatively unstressful. It is 

possible that constitutive activation of ATFS-1 may increase lifespan in an uncontrolled 

environment where worms encounter external stressors, as observed with our various stress 

assays. The magnitude of ATFS-1 activation may impact its effect on stress resistance and 

lifespan. Perhaps, a milder activation of ATFS-1 will be more beneficial with respect to lifespan, 

which could be determined through dose-response experiments involving RNAi-mediated 

knockdown of atfs-1 in the constitutively active atfs-1 mutants.  

 

ATFS-1 is necessary for stress resistance in wild-type animals 

While ATFS-1 is not required for longevity in wild-type animals, it plays a significant role in 

protecting animals against exogenous stressors. Disrupting atfs-1 function decreases organismal 

resistance to oxidative stress, heat stress, osmotic stress, and anoxia (Fig 4). Additionally, we 

previously determined that inhibiting atfs-1 in long-lived nuo-6 worms completely suppressed 

the increased resistance to oxidative stress, osmotic stress and heat stress typically observed in 

that mutant 7, and that disruption of atfs-1 in Parkinson’s disease mutants pdr-1 and pink-1 

decreased their resistance to oxidative stress, osmotic stress, heat stress, and anoxia 62. 

Combined, these results demonstrate that ATFS-1 is required for resistance to multiple 

exogenous stressors. 

 

Even though ATFS-1 is required for the upregulation of stress response genes in response to 

bacterial pathogens (Fig 3), deletion of atfs-1 (gk3094 mutation) did not decrease bacterial 

pathogen resistance. Similarly, another atfs-1 deletion mutation (tm4919) was found not to affect 

survival during exposure to P. aeruginosa 14. In contrast, Jeong et al. did observe decreased 

bacterial pathogen survival in atfs-1(gk3094) mutants 59. Knocking down atfs-1 through RNAi 

also inconsistently decreased survival on P. aeruginosa (e.g., Fig3a versus Fig3h in 14). It is 

unclear why disruption of atfs-1 has a variable effect on bacterial pathogen resistance but may 

result from subtle differences in the way the assay is conducted.  
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Consistent with our finding that atfs-1 deletion does not decrease resistance to bacterial 

pathogens in wild-type worms, we have shown that baseline expression of innate immunity 

genes in wild-type animals is also not affected by deletion of atfs-1 23. In contrast, disrupting 

genes involved in the p38-mediated innate immune signaling pathway does decrease resistance 

to bacterial pathogens, and does decrease the expression of innate immunity genes in a wild-type 

background 23. Combined, this indicates that baseline levels of innate immunity gene expression 

and bacterial pathogen resistance are dependent on the p38-mediated innate immune signaling 

pathway, and are not dependent on ATFS-1. In contrast, the expression of innate immunity genes 

can be enhanced by activation of ATFS-1, either in nuo-6 mutants 23 or constitutively active atfs-

1 mutants (Fig. 4G). 

 

Decreasing the expression of a downstream ATFS-1 target gene, hsp-60, by RNAi caused a 

robust decrease in organismal survival on P. aeruginosa 59. As we have previously found that 

disrupting atfs-1 induces upregulation of other protective cellular pathways 7 and others have 

observed a similar phenomenon when a mitoUPR downstream target, hsp-6, is disrupted 63, it is 

possible that the upregulation of other stress pathways may compensate for the inhibition of the 

mitoUPR in atfs-1 deletion mutants, ultimately yielding wild-type or increased levels of 

resistance to bacterial pathogens, and hiding the normal role of the mitoUPR in resistance to 

bacterial pathogens.   

 

Activation of ATFS-1 enhances resistance to exogenous stressors 

In this work, we show that constitutive activation of ATFS-1 (atfs-1(et15) and atfs-1(et17) 

mutants) is sufficient to increase resistance to multiple different exogenous stressors, including 

oxidative stress, ER stress, osmotic stress, anoxia and bacterial pathogens. Previous studies have 

shown that activating the mitoUPR, either through spg-7 RNAi or through a constitutively active 

atfs-1(et15) mutant, decreased risk of death after anoxia-reperfusion 15, and that constitutively 

active atfs-1(et18) mutants have increased resistance to P. aeruginosa 14. Overexpression of the 

mitoUPR target gene hsp-60 also increases resistance to P. aeruginosa 59. These results support a 

clear role for ATFS-1 in surviving external stressors.  
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While ATFS-1 activation protects against multiple external stressors, not all of these stressors 

activate ATFS-1. Previously, we exposed a mitoUPR reporter strain (hsp-6p::GFP) to heat 

stress, cold stress, osmotic stress, anoxia, oxidative stress, starvation, ER stress and bacterial 

pathogens, and only oxidative stress increased mitoUPR activity 16. As the constitutively active 

atfs-1 mutants (et15 and et17) exhibit activation of the mitoUPR under unstressed conditions 

(e.g., upregulation of hsp-6 in Fig 1A; upregulation of many other stress pathway target genes 

Fig. 2; increased fluorescence of hsp-6 and hsp-60 reporter strains in 26), it is likely that the 

activation of the mitoUPR and downstream stress response pathways under unstressed conditions 

is primarily responsible for the increased resistance to stress that we observe in the constitutively 

active atfs-1 mutants. 

 

ATFS-1 upregulates target genes of multiple stress response pathways 

In exploring the mechanism by which ATFS-1 and the mitoUPR modulate stress resistance, we 

found that activation of ATFS-1, through mild impairment of mitochondrial function (nuo-6), or 

through constitutive activation of ATFS-1 (atfs-1(et15)), causes upregulation of genes involved 

in multiple stress response pathways including the ER-UPR pathway, the Cyto-UPR pathway, 

the DAF-16-mediated stress response pathway, the SKN-1-mediated oxidative stress response 

pathway, the HIF-mediated hypoxia response pathway, the p38-mediated innate immune 

response pathway and antioxidant genes (Fig 2). These findings are consistent with earlier work 

demonstrating a role for ATFS-1 in upregulating innate immunity genes. Pellegrino et al. 

reported a 16% (59/365 genes) overlap between genes upregulated by activation of the mitoUPR 

through treatment with spg-7 RNAi and genes upregulated by exposure a bacterial pathogen14. A 

connection between the mitoUPR and the innate immunity pathway was also suggested by the 

finding that overexpression of a mitoUPR downstream target, hsp-60, increases expression of 

three innate immunity genes: T24B8.5/sysm-1, C17H12.8 and K08D8.5 59. Our results clearly 

indicate that the role of ATFS-1 in stress response pathways is not limited to the innate 

immunity, but extends to multiple stress response pathways, thereby providing a mechanistic 

basis for the effect of ATFS-1 on resistance to stress. 

 

While our results do not definitively distinguish between direct or indirect regulation of genes 

from other stress response pathways by ATFS-1, analysis of previous CHiP-seq experiments 
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demonstrates that ATFS-1 can bind to the same genes as other stress responsive transcription 

factors including HSF-1, DAF-16, HIF-1, SKN-1 and ATF-7. The ability of ATFS-1 to bind to 

these genes suggests that ATFS-1 may be able to directly regulate a subset of target genes of 

other stress response pathways.  

 

3.5 Conclusion 

 

The mitoUPR is required for animals to survive exposure to exogenous stressors, and activation 

of this pathway is sufficient to enhance resistance to stress (Table S5). In addition to 

upregulating genes involved in restoring mitochondrial homeostasis, the mitoUPR increases 

stress resistance by upregulating the target genes of multiple stress response pathways. Although 

increased stress resistance has been associated with long lifespan, and multiple long-lived 

mutants exhibit activation of the mitoUPR, constitutive activation of ATFS-1 shortens lifespan 

while increasing resistance to stress, indicating that the role of ATFS-1 in stress resistance can be 

experimentally dissociated from its role in longevity. Overall, this work highlights the 

importance of the mitoUPR in not only protecting organisms from internal stressors, but also 

improving organismal survival upon exposure to external stressors. 

 

3.6 Materials and Methods 

Strains 

C. elegans strains were obtained from the Caenorhabditis Genetics Center (CGC): N2 (wild-

type), nuo-6(qm200), atfs-1(gk3094), nuo-6(qm200);atfs-1(gk3094), atfs-1(et15), atfs-1(et17), 

ife-2 (ok306), clk-1(qm30), sod-2(ok1030), eat-2(ad1116), osm-5(p813), isp-1(qm150), daf-

2(e1370), and glp-1(e2141). Strains were maintained at 20°C on nematode grown medium 

(NGM) plates seeded with OP50 E. coli. atfs-1(et15) and atfs-1(et17) were outcrossed 10 times 

26. atfs(gk3094) were outcrossed 6 times. Young adult worms are picked on day 1 of adulthood 

before egg laying begins. The worms were not synchronized, but picked visually as close to the 

L4-adult transition as possible. 

 

Gene expression in response to stress 
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Stress treatment: Young adult worms were subject to different stress before mRNA was 

collected. For heat stress, worms were incubated at 35°C for 2 hours and 20°C for 4 hours. For 

oxidative stress, worms were transferred to plates containing 4 mM paraquat and 100 µM FUdR 

for 48 hours. FUdR was used for these samples because (1) with the 2-day duration of this stress, 

worms can produce progeny which would complicate the collection of the experimental worms; 

and (2) 4 mM paraquat often results in internal hatching of progeny when FUdR is absent, which 

might have affected the results. Since FUdR has the potential to alter gene expression, the 

control worms for the 48-hour 4 mm paraquat stress were also treated with 100 µM FUdR. For 

ER stress, worms were transferred to plates containing 5 µg/mL tunicamycin for 24 hours. For 

osmotic stress, worms were transferred to plates containing 300 mM NaCl for 24 hours. For 

bacterial pathogen stress, worms were transferred to plates seeded with Pseudomonas aeruginosa 

strain PA14 for 4 hours. For anoxic stress, worms were put in BD Bio-Bag Type A 

Environmental Chambers (Becton, Dickinson and Company, NJ) for 24 hours and left to recover 

for 4 hours. For unstressed control conditions, worms were collected at the young adult stage for 

heat stress and bacterial pathogens; 24 hours after the young adult stage for osmotic stress, ER 

stress and anoxia; and 48 hours after the young adult stage for oxidative stress.  

RNA isolation: RNA was harvested as described previously 64. Plates of worms were washed 

three times using M9 buffer to remove bacteria and resuspended in TRIZOL reagent. Worms 

were frozen in a dry ice/methanol bath and then thawed three times and left at room temperature 

for 15 minutes. Chloroform was mixed into the tubes and mixture was left to sit at room 

temperature for 3 minutes. Tubes were then centrifuged at 12,000 g for 15 minutes at 4°C. The 

upper phase containing the RNA was transferred to a new tube, mixed with isopropanol, and 

allowed to sit at room temperature for 10 minutes. Tubes were centrifuged at 12,000 g for 10 

minutes at 4°C. The RNA pellet was washed with 75% ethanol and resuspended in RNAse-free 

water.  

 

Quantitative RT-PCR: mRNA was converted to cDNA using a High-Capacity cDNA Reverse 

Transcription kit (Life Technologies/Invitrogen) as described previously65. qPCR was performed 

using a PowerUp SYBR Green Master Mix kit (Applied Biosystems) in a Viia 7 RT-PCR 

machine from Applied Biosystems. All experiments were performed with least three biological 
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replicates collected from different days. mRNA levels were normalized to act-3 levels and then 

expressed as a percentage of wild-type. Primer sequences are as follows:  

gst-4 (CTGAAGCCAACGACTCCATT, GCGTAAGCTTCTTCCTCTGC),  

hsp-4 (CTCGTGGAATCAACCCTGAC, GACTATCGGCAGCGGTAGAG),  

hsp-6 (CGCTGGAGATAAGATCATCG, TTCACGAAGTCTCTGCATGG),  

hsp-16.2 (CCATCTGAGTCTTCTGAGATTGTT, CTTTCTTTGGCGCTTCAATC),  

sod-3 (TACTGCTCGCACTGCTTCAA, CATAGTCTGGGCGGACATTT),  

sod-5 (TTCCACAGGACGTTGTTTCC, ACCATGGAACGTCCGATAAC),  

nhr-57 (GACTCTGTGTGGAGTGATGGAGAG, GTGGCTCTTGGTGTCAATTTCGGG),  

gcs-1 (CCACCAGATGCTCCAGAAAT, TGCATTTTCAAAGTCGGTC),  

trx-2 (GTTGATTTCCACGCAGAATG, TGGCGAGAAGAACACTTCCT),  

Y9C9A.8 (CGGGGATATAACTGATAGAATGG, CAAACTCTCCAGCTTCCAACA),  

T24B8.5 (TACACTGCTTCAGAGTCGTG, CGACAACCACTTCTAACATCTG),  

clec-67 (TTTGGCAGTCTACGCTCGTT, CTCCTGGTGTGTCCCATTTT),  

dod-22 (TCCAGGATACAGAATACGTACAAGA, GCCGTTGATAGTTTCGGTGT),  

ckb-2 (GCATTTATCCGAGACAGCGA, GCTTGCACGTCCAAATCAAC),  

act-3 (TGCGACATTGATATCCGTAAGG, GGTGGTTCCTCCGGAAAGAA).  

 

RNA sequencing and bioinformatic analysis: RNA sequencing was performed previously 66,67 

and raw data is available on NCBI GEO: GSE93724 67, GSE110984 7. Bioinformatic analysis for 

this study was used to determine differentially expressed genes and identify the degree and 

significance of overlaps between genes sets.   

 

Determining differentially expressed genes: Samples were processed using an RNA-seq pipeline 

based on the bcbio-nextgen project (https://bcbio-nextgen.readthedocs.org/en/latest/). We 

examined raw reads for quality issues using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) in order to ensure library generation 

and sequencing data were suitable for further analysis. If necessary, we used cutadapt 

http://code.google.com/p/cutadapt/ to trim adapter sequences, contaminant sequences such as 

polyA tails, and low quality sequences from reads. We aligned trimmed reads to the Ensembl 

build WBcel235 (release 90) of the C. elegans genome using STAR 68. We assessed quality of 
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alignments by checking for evenness of coverage, rRNA content, genomic context of alignments 

(for example, alignments in known transcripts and introns), complexity and other quality checks. 

To quantify expression, we used Salmon69 to find transcript-level abundance estimates and then 

collapsed down to the gene-level using the R Bioconductor package tximport 70. Principal 

components analysis (PCA) and hierarchical clustering methods were used to validate clustering 

of samples from the same batches and across different mutants. We used the R Bioconductor 

package DESeq271 to find differential expression at the gene level. For each wildtype-mutant 

comparison, we identified significant genes using an FDR threshold of 0.01. Lastly, we included 

batch as a covariate in the linear model for datasets in which experiments were run across two 

batches. 

 

Venn diagrams: Weighted Venn diagrams were produced by inputting gene lists into BioVenn 

(https://www.biovenn.nl/ ). Percentage overlap was determined by dividing the number of genes 

in common between the two gene sets by the gene list with the smaller gene list.   

 

Significance of overlap and enrichment: The significance of overlap between two gene sets was 

determined by comparing the actual number of overlapping genes to the expected number of 

overlapping genes based on the sizes of the two gene sets (expected number = number of genes 

in set 1 X number of genes in set 2/number of genes in genome detected). Enrichment was 

calculated as the observed number of overlapping genes/the expected number of overlapping 

genes if genes were chosen randomly.   

 

Resistance to stress 

For acute oxidative stress, young adult worms were transferred onto plates with 300 µM juglone 

and survival was measured every 2 hours for a total of 10 hours. For chronic oxidative stress, 

young adult worms were transferred onto plates with 4 mM paraquat and 100 µM FUdR and 

survival was measured daily until death. For heat stress, young adult worms were incubated in 

37°C and survival was measured every 2 hours for a total of 10 hours. For osmotic stress, young 

adult worms were transferred to plates containing 450 mM or 500 mM NaCl and survival was 

measured after 48 hours. For anoxic stress, plates with young adult worms were put into BD Bio-

Bag Type A Environmental Chambers for 75 hours and survival was measured after a 24-hour 



126 

recovery period. Resistance to ER stress was tested by transferring young adult worms to agar 

plates containing either 50ug/mL tunicamycin (EMD Millipore, 654380) in 0.5% DMSO (Sigma, 

472301) or 0.5% DMSO only at 20°C. Survival was measured every day until death. Two 

different bacterial pathogenesis assays involving P. aeruginosa strain PA14 were performed. In 

the slow kill assay worms are thought to die from intestinal colonization of the pathogenic 

bacteria, while in the fast kill assay worms are thought to die from a toxin secreted from the 

bacteria40. The slow kill assay was performed as described previously14,41. In the first protocol14, 

PA14 cultures were grown overnight and seeded to center of a 35-mm NGM agar plate. Plates 

were left to dry overnight, and then incubated in 37°C for 24 hours. Plates were left to adjust to 

room temperature before approximately 40 L4 worms were transferred onto the plates. The assay 

was conducted 25°C and plates were checked twice a day until death. In the second protocol41, 

overnight PA14 culture were seeded to the center of a 35-mm NGM agar plate containing 20 

mg/L FUdR. Plates were incubated at 37°C overnight, then at room temperature overnight before 

approximately 40 day three adults were transferred onto these plates. The assay was conducted 

20°C and plates were checked daily until death. The fast kill pathogenesis assay was performed 

as described previously40. PA14 cultures were grown overnight and seeded to Peptone-Glucose-

Sorbitol (PGS) agar plates. Seeded plates were left to dry for 20 minutes at room temperature 

before incubation at 37°C for 24 hours and then at 23°C for another 24 hours. Approximately 30 

L4 worms were transferred onto the plates and were scored as dead or alive at 2, 4, 6, 8 and 24 

hours. Fast kill plates were kept at 23°C in between scoring timepoints.  

  

Lifespan 

All lifespan assays were performed at 20°C. Lifespan assays included FUdR to limit the 

development of progeny and the occurrence of internal hatching. Based on our previous studies, 

a low concentration of FUdR (25mM) was used to minimize potential effects of FUdR on 

lifespan72. Animals were excluded from the experiment if they crawled off the plate or died of 

internal hatching of progeny or expulsion of internal organs.  

 

Statistical Analysis 

All of our statistical analyses are provided in Table S6 including number of replicates, worms per 

replicate, statistical test utilized and all p-values. To ensure unbiased results, all experiments 
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were conducted with the experimenter blinded to the genotype of the worms. For all assays, a 

minimum of three biological replicates of randomly selected worms from independent 

populations of worms on different days were used. For analysis of lifespan, oxidative stress, and 

bacterial pathogen stress, a log-rank test was used. For analysis of heat stress, repeated measures 

ANOVA was used. For analysis of osmotic stress and anoxic stress, a one-way ANOVA with 

Dunnett’s multiple comparisons tests was used. For quantitative PCR results we used a two-way 

ANOVA with Bonferroni post-test. For all bar graphs error bars indicate standard error of the 

mean and bars indicate the mean. 
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3.9 Figures 

 

Figure 1. Activation of ATFS-1 upregulates genes from multiple stress response pathways. To 

determine the role of ATFS-1 in the activation of genes from different stress response pathways, 

we activated ATFS-1 by mildly impairing mitochondrial function through a mutation in nuo-6 

(blue bars) and then examined the effect of disrupting atfs-1 using an atfs-1 deletion mutant atfs-

1(gk3094) (purple bars). We also examined the expression of these genes in two constitutively 

active atfs-1 mutants, atfs-1(et15) and atfs-1(et17) (green bars). Target genes from the 

mitochondrial unfolded protein response (A, mitoUPR, hsp-6), the endoplasmic reticulum 

unfolded protein response (B, ER-UPR, hsp-4) the cytoplasmic unfolded protein response (C, 

Cyto-UPR, hsp-16.2), the DAF-16-mediated stress response (D, sod-3), SKN-1-mediated 

oxidative stress response (E, gst-4), HIF-1-mediated hypoxia response (F, nhr-57), p38-mediated 

innate immune pathway (G, Y9C9A.8), and antioxidant defense (H, trx-2) were measured. Target 

genes from the mitoUPR, DAF-16-mediated stress response, SKN-1-mediated oxidative stress 

response, HIF-1-mediated hypoxia response, p38-mediated innate immune pathway, and 

antioxidant defense are all significantly upregulated in nuo-6 mutants in an ATFS-1-dependent 

manner (A, D, E, F, G, H). Target genes from the mitoUPR, DAF-16-mediated stress response, 

HIF-1-mediated hypoxia response, p38-mediated innate immune pathway and antioxidant 

defense are also upregulated in at least one of the constitutively activated atfs-1 mutants (A, D, 
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F, G, H). In contrast, activation of ATFS-1 by nuo-6 mutation or atfs-1 gain-of-function 

mutations did not significantly affect target gene expression for the ER-UPR or the Cyto-UPR 

(B, C). atfs-1(gk3094) is a loss-of-function deletion mutant. atfs-1(et15) and atfs-1(et17) are 

constitutively active gain-of-function mutants. A full list of genes that are upregulated by ATFS-

1 activation can be found in Table S2. Data information: Error bars indicate SEM. **p<0.01, 

***p<0.001. Statistical analysis was performed using a one-way ANOVA with Bonferroni 

posttest. Number of replicates and statistical analysis can be found in Table S6.    
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Figure 2. Constitutive activation of ATFS-1 results in upregulation of genes from multiple stress 

response pathways. Genes that are upregulated by constitutive activation of ATFS-1 were 

compared to previously published lists of genes involved in different stress response pathways, 

including the mitochondrial unfolded protein response (A, mitoUPR), the endoplasmic reticulum 

unfolded protein response (B, ER-UPR), the cytoplasmic unfolded protein response (C, Cyto-

UPR), the DAF-16-mediated stress response (D), the SKN-1-mediated oxidative stress response 

(E), the HIF-1-mediated hypoxia response (F), the p38-mediated innate immune response (G), 

and antioxidant genes (H). In every case, there was a significant degree of overlap ranging from 

22%-51%. Grey circles indicate genes that are upregulated by activation of the stress response 

pathway indicated. Turquoise circles indicate genes that are upregulated in the atfs-1(et15) 

constitutively active gain-of-function mutant. The numbers inside the circles show how many 

genes are upregulated. The percentage overlap is the number of overlapping genes as a 

percentage of the number of genes upregulated by the stress response pathway. p-values indicate 

the significance of the difference between the observed number of overlapping genes between 

the two gene sets, and the expected number of overlapping genes if the genes were picked at 
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random. Panel (I) shows an inclusive UpSetR plot displaying the overlap between upregulated 

genes associated with each stress response pathway. Vertical bars indicate the number of genes 

in common (overlap) between gene sets indicated by the dots below. Horizontal black bars 

indicate the number of genes within each gene set. mitoUPR = mitochondrial unfolded protein 

response. ER-UPR = endoplasmic reticulum unfolded protein response. Cyto-UPR = 

cytoplasmic unfolded protein response. DAF-16 = DAF-16-mediated stress response pathway. 

SKN-1 = SKN-1-mediated oxidative stress response pathway. HIF-1 = HIF-1-mediated hypoxia 

response pathway. Innate immunity = p38-mediated innate immunity pathway. Antioxidant = 

antioxidant genes. Stress pathway gene lists and sources can be found in Table S3. Lists of genes 

common to multiple stress response pathways can be found in Table S4.    
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Figure 3. ATFS-1 is required for upregulation of stress response genes after exposure to 

oxidative stress or bacterial pathogen stress. To determine the role of ATFS-1 in responding to 

different types of stress, we compared the upregulation of stress response genes in wild-type and 

atfs-1(gk3094) loss-of-function deletion mutants after exposure to different stressors. (A) 

Exposure to oxidative stress (4 mM paraquat, 48 hours) caused a significant upregulation of hsp-

6, nhr-57 and trx-2 in wild-type worms that was prevented by the disruption of atfs-1. (B) 

Exposure to bacterial pathogen stress (PA14, 24 hours) resulted in an upregulation of nhr-57, 

gcs-1 and sod-5 in wild-type worms that was prevented by the atfs-1 deletion. (C) Exposure to 

heat stress (35°C, 2 hours) caused increased expression of ckb-2 and a trend towards increased 

expression of hsp-16.2 and hsp-4 in both wild-type and atfs-1 worms. (D) Exposure to osmotic 

stress (300 mM, 24 hours) caused an upregulation of sod-3, gst-4 and Y9C9A.8 in wild-type 
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worms and to a greater magnitude in atfs-1 mutants. (E) Anoxia (24 hours) resulted in the 

upregulation of hsp-16.2, Y9C9A.8 and dod-22 in both wild-type and atfs-1 worms. (F) Exposing 

worms to endoplasmic reticulum stress (5 µg/ml tunicamycin, 24 hours) increased the expression 

of ckb-2 and trended towards increasing the expression of clec-67 in both wild-type and atfs-1 

worms. Data information: Error bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001. Statistical 

analysis was performed using a two-way ANOVA with a Bonferroni posttest. Number of 

replicates and statistical analysis can be found in Table S6.    
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Figure 4. Constitutive activation of ATFS-1 increases resistance to multiple external stressors. 

To determine the role of ATFS-1 in resistance to stress, the stress resistance of an atfs-1 loss-of-

function mutants (atfs-1(gk3094)) and two constitutively active atfs-1 gain-of-function mutants 

(atfs-1(et15), atfs-1(et17)) was compared to wild-type worms. (A) Activation of ATFS-1 

enhanced resistance to acute oxidative stress (300 µM juglone), while deletion of atfs-1 

markedly decreased resistance to acute oxidative stress. (B) Disruption of atfs-1 decreased 

resistance to chronic oxidative stress (4 mM paraquat). atfs-1(et17) mutants showed increased 

resistance to chronic oxidative stress, while atfs-1(et15) mutants had decreased resistance. (C) 

Resistance to heat stress (37°C) was not enhanced by activation of ATFS-1, while deletion of 

atfs-1 decreased heat stress resistance. (D) Constitutive activation of ATFS-1 increased 

resistance to endoplasmic reticulum (ER) stress (50 µM tunicamycin), while deletion of atfs-1 

had no effect.  (E) Activation of ATFS-1 increased resistance to osmotic stress (500 mM NaCl), 

while disruption of atfs-1 decreased osmotic stress resistance. (F) Constitutively active atfs-1 

mutants show increased resistance to anoxia (75 hours), while atfs-1 deletion mutants exhibit a 

trend towards decreased anoxia resistance. (G) Activation of ATFS-1 increased resistance to P. 

aeruginosa toxin in a fast kill assay. A slow kill assay in which worms die from internal 

accumulation of P. aeruginosa was performed according to two established protocols. (H) At 

25°C, atfs-1(et17) mutants showed a small decrease in resistance to bacterial pathogens (PA14), 
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while atfs-1(gk3094) mutants showed a small increase in resistance. (I) At 20°C, both atfs-

1(et17) and atfs-1(gk3094) mutants exhibited a small increase in resistance to bacterial 

pathogens. Data for WT and atfs-1(gk3094) in panel (I) is from Campos et al., 2021 as these 

strains were used as controls for two separate experiments that were performed at the same time.  

Data information: Error bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001. Statistical analysis 

for panels A, B, D, H and I were performed using the log-rank test. Statisitcal analysis for panels 

C and G were performed using a two-way ANOVA with Bonferroni posttest. Statistical analysis 

for panels E and F were performed using a one-way ANOVA with Bonferroni posttest. Number 

of replicates, N and statistical analysis can be found in Table S6.    
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Figure 5. Multiple long-lived mutants from different pathways of lifespan extension show 

upregulation of ATFS-1-dependent genes. To determine the extent to which long-lived genetic 

mutants from different pathways of lifespan extension show differential expression of ATFS-1 

target genes, we compared genes that are upregulated in nine different long-lived mutants to a 

published list of spg-7 RNAi-upregulated, ATFS-1-dependent target genes 3. clk-1, isp-1, nuo-6, 

sod-2, daf-2, glp-1 and ife-2 worms all show a highly significant degree of overlap with genes 

upregulated by spg-7 RNAi in an ATFS-1-dependent manner. The grey circles represent the 366 

genes that are upregulated by spg-7 RNAi in an ATFS-1 dependent manner. Turquoise circles 

are genes that are significantly upregulated in the indicated long-lived mutant based upon our 

RNA sequencing data. The number of unique and overlapping genes are indicated. Percent 

overlap is calculated as the number of genes in common between the two gene sets divided by 

the total number of genes that are upregulated by spg-7 RNAi in an ATFS-1 dependent manner. 

Enrichment is calculated as the number of overlapping genes observed divided by the number of 

overlapping genes predicted if genes were chosen randomly. p-values indicate the significance of 

the difference between the observed number of overlapping genes between the two gene sets, 

and the expected number of overlapping genes if the genes were picked at random.  
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Figure 6. Activation of ATFS-1 does not increase lifespan. To determine the effect of ATFS-1 

on aging, we quantified the lifespan of an atfs-1 deletion mutant and two constitutively active 

atfs-1 mutants. (A,B) Both constitutively active atfs-1 mutants, et15 and et17, have a 

significantly decreased lifespan compared to wild-type worms. (C) Deletion of atfs-1 does not 

affect lifespan compared to wild-type worms. atfs-1(gk3094) is a loss of function mutant 

resulting from a deletion. atfs-1(et15) and atfs-1(et17) are constitutively active gain-of-function 

mutants. Data information: Statistical analysis was performed using the log-rank test. Statistical 

analysis, number of replicates, N, and raw lifespan data is available in Table S6. 
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3.10 Supplemental Figures 

 

 

Figure S1. Overlap in gene expression between different stress response pathways. Panel (A) 

shows upregulated genes, panel (B) shows downregulated genes. The number of overlapping 

genes are indicated in each box along with the statistical significance of this overlap (p-value in 

brackets). The size of each gene set is indicated in the first column and row. ATFS-1 = genes 

upregulated by activation of ATFS-1 (genes upregulated in atfs-1(et15) mutant). mitoUPR = 

mitochondrial unfolded protein response (genes upregulated by spg-7 RNAi in an atfs-1 

dependent manner). ER-UPR = endoplasmic reticulum unfolded protein response. Cyto-UPR = 

cytoplasmic unfolded protein response. DAF-16 = DAF-16-mediated stress response pathway. 

SKN-1 = SKN-1-mediated oxidative stress response pathway. HIF-1 = HIF-1-mediated hypoxia 

response pathway. Innate immunity = p38-mediated innate immunity pathway. Antioxidant = 

antioxidant genes. Stress pathway gene lists and sources can be found in Table S3. Lists of genes 

common to multiple stress response pathways can be found in Table S4.   
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Figure S2. ATFS-1 can bind to the same promoters as other stress responsive transcription 

factors. In order to better understand the mechanisms underlying the overlap in gene expression 

changes between constitutively active atfs-1 mutants and other stress response pathways, we 

used previously published ChIP-seq datasets to determine if ATFS-1 can bind to the same genes 

other stress responsive transcription factors including HSF-1 (Cytoplasmic unfolded protein 

response), DAF-16 (DAF-16-mediated stress response), SKN-1 (SKN-1-mediated oxidative 

stress response), HIF-1 (HIF-1 mediated hypoxia response) and ATF-7 (p38-mediated innate 

immune response). In every case we found that there were a set of genes that could be bound by 

both ATFS-1 and the stress responsive transcription factor, and the number of genes in this 

overlapping set was significantly larger than if the genes were picked at random. The degree of 

enrichment compared to the expected number of genes in the overlap ranged from 1.2-fold to 

4.7-fold enrichment. Grey circles indicate genes bound by ATFS-1. Turquoise circles indicate 

genes bound by the stress responsive transcription factor indicated. The percentage overlap is the 

number of overlapping genes as a percentage of the number of genes bound by ATFS-1. p-values 

indicate the significance of the difference between the observed number of overlapping genes 

between the two gene sets, and the expected number of overlapping genes if the genes were 

picked at random.  
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Figure S3. ATFS-1 is required for upregulation of stress response genes after exposure to 

oxidative stress. To determine the role of ATFS-1 in responding to oxidative stress, we compared 

the upregulation of stress response genes in wild-type and atfs-1(gk3094) loss-of-function 

deletion mutants after exposure to 4 mM paraquat for 48 hours. Data information: Error bars 

indicate SEM. *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was performed using a two-

way ANOVA with a Bonferroni posttest. Three biological replicates were performed.  
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Figure S4. ATFS-1 is required for upregulation of stress response genes after exposure to 

bacterial pathogens. To determine the role of ATFS-1 in responding to bacterial pathogens, we 

compared the upregulation of stress response genes in wild-type and atfs-1(gk3094) loss-of-

function deletion mutants after exposure to P. aeruginosa for 4 hours. Data information: Error 

bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was performed using a 

two-way ANOVA with a Bonferroni posttest. Three biological replicates were performed. 
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Figure S5. ATFS-1 is not required for upregulation of stress response genes after exposure to 

heat stress. To determine the role of ATFS-1 in responding to heat stress, we compared the 

upregulation of stress response genes in wild-type and atfs-1(gk3094) loss-of-function deletion 

mutants after exposure to 35°C heat for 2 hours followed by 20°C for 4 hours.  

Data information: Error bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001. Statistical analysis 

was performed using a two-way ANOVA with a Bonferroni posttest. Three biological replicates 

were performed. 
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Figure S6. ATFS-1 is not required for upregulation of stress response genes after exposure to 

osmotic stress. To determine the role of ATFS-1 in responding to osmotic stress, we compared 

the upregulation of stress response genes in wild-type and atfs-1(gk3094) loss-of-function 

deletion mutants after exposure to 300 mM NaCl heat for 24 hours. Data information: Error bars 

indicate SEM. *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was performed using a two-

way ANOVA with a Bonferroni posttest. Three biological replicates were performed. 
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Figure S7. ATFS-1 is not required for upregulation of stress response genes after exposure to 

anoxic stress. To determine the role of ATFS-1 in responding to anoxic stress, we compared the 

upregulation of stress response genes in wild-type and atfs-1(gk3094) loss-of-function deletion 

mutants after exposure to complete anoxia for 24 hours followed by a 4-hour recovery at 

normoxia. Data information: Error bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001. 

Statistical analysis was performed using a two-way ANOVA with a Bonferroni posttest. Three 

biological replicates were performed. 
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Figure S8. ATFS-1 is not required for upregulation of stress response genes after exposure to ER 

stress. To determine the role of ATFS-1 in responding to ER stress, we compared the 

upregulation of stress response genes in wild-type and atfs-1(gk3094) loss-of-function deletion 

mutants after exposure to 5 µg/ml tunicamycin for 24 hours. Data information: Error bars 

indicate SEM. *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was performed using a two-

way ANOVA with a Bonferroni posttest. Three biological replicates were performed. 
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Figure S9. Multiple long-lived mutants from different pathways of lifespan extension show 

upregulation of ATFS-1-dependent genes. To determine the extent to which long-lived genetic 

mutants from different pathways of lifespan extension show differential expression of ATFS-1 

target genes, we compared genes that are upregulated in nine different long-lived mutants to 

genes upregulated in a constitutively active atfs-1 mutant (et15). All of the long-lived mutant 

worms, except for osm-5, show a highly significant degree of overlap with the constitutively 

active atfs-1 mutant. The grey circles represent genes that are significantly upregulated in the 

constitutively active atfs-1(et15) mutant. Turquoise circles are genes that are significantly 

upregulated in the long-lived mutant indicated. The number of unique and overlapping genes are 

indicated. Overlap is calculated as the number of genes in common between the two gene sets 

divided by the smaller gene set. Enrichment is calculated as the number of overlapping genes 

observed divided by the number of overlapping genes predicted if genes were chosen randomly. 

p-values indicate the significance of the difference between the observed number of overlapping 

genes between the two gene sets, and the expected number of overlapping genes if the genes 

were picked at random. 
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CHAPTER 4: General Discussion and Conclusions 
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4.1 Discussion 

 In my first aim (Chapter 2), I showed that long-lived mutants were more resistant to 

various types of stressors and upregulated both stress response pathways and stress-related 

genes. I also showed that genes correlated with stress resistance overlapped with genes correlated 

with lifespan, suggesting that similar genetic pathways drive both processes, though the overlap 

is not universal. Overall, this work highlights the importance of stress response pathways in 

longevity. In my second aim (Chapter 3), I showed that upregulation of stress pathway mitoUPR 

increased resistance to exogenous stress, upregulated stress pathways, and upregulated stress 

genes in response to stress. However, constitutive activation of mitoUPR decreased lifespan, 

suggesting that chronic activation is detrimental to longevity. 

    

A mechanism for hormesis 

 Previous studies have demonstrated the correlation between stress resistance and 

longevity120,264. In my first aim, using a combination of phenotypic data as well as gene set data, 

I showed that genes correlating with stress resistance overlapped with genes correlating with 

longevity in C. elegans. This suggests that the many of the same pathways contribute to both 

processes. This association suggests that activating these pathways increases both stress 

resistance and longevity. 

 The concept of hormesis has been known for centuries, documented by German 

philosopher Friedrich Nietzsche, “Was mich nicht umbringt, macht mich stärker/What does not 

kill me makes me stronger”. In the context of stress and aging, exposure to a mild stress 

improves an organism’s function through an adaptive and compensatory response265. For 

example, mild heat shock in young C. elegans increases lifespan and increases resistance to 
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further heat shocks266. Importantly, the stress is mild and/or short-lived, since longer heat shocks 

decreased longevity266, and upregulated stress response pathways161. Other studies have also 

noted that stress response pathways such as DAF-16 are activated upon exposure to stress267. The 

mechanisms of hormesis can thus be explained by our work showing the genetic overlap of 

pathways contributing to both stress resistance and longevity. Since exposure to mild stress 

activates stress pathways as a compensatory response, the stress pathways also promote 

longevity in the organism. Indeed, disrupting stress pathways mediated by daf-16, pmk-1, and 

hsf-1 in daf-2 worms decreased its lifespan and stress resistance125. A review of the literature also 

suggests a pattern of decreased lifespan when stress pathways are disrupted (Chapter 2, Table 1).  

 However, there are exceptions to this generalization. For example, not all long-lived 

mutants are resistant to all stresses, with some showing less resistance (Chapter 2, Figure 1). 

Since these long-lived mutants show constitutive activation of stress pathways, it is possible that 

adding more stress may exceed the beneficial effects of mild stress and instead become 

detrimental. For example, increasing ROS levels in clk-1 and sod-2 worms with the addition of 

juglone could be exceeding this threshold, causing these worms to die faster. An optimal level of 

stress and optimal level of stress pathway upregulation is thus needed to be beneficial to lifespan. 

Overactivation of stress pathways could thus be detrimental to longevity, which is what was 

observed with the constitutively activated ATFS-1 mutants (Chapter 3, Figure 6). Further 

analysis is needed to investigate the molecular mechanisms through which an organism makes 

the switch from a beneficial, hormetic pathway to a detrimental pathway that results in death. 

How relevant is hormesis in humans? Caloric restriction and exercise could be considered 

hormetic approaches to anti-aging in humans268. In a recent randomized control trial, participants 

with 2 years of 13% caloric restriction showed significant health benefits such as lowered 
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cholesterol, lowered blood pressure levels and improvements in other cardiometabolic risk 

factors68. Although the study did not directly measure lifespan, the researchers measured markers 

of age-related disease risk, suggesting that calorie restriction is a promising approach to 

increasing healthspan in humans. Exercise is also another form of mild stress that can have long-

term benefits. ROS is generated in muscles from physical exercise, and prolonged exercise can 

cause oxidative damage269. Regular physical exercise is associated with an increase in life 

expectancy by up to 6.9 years270 and a reduction in morbidity271. Thus, mild stress such as 

dietary restriction and exercise demonstrate the clinical relevance of hormesis. Whether these 

hormetic interventions rely on the same stress pathways as model organisms to exert their 

beneficial effects requires further investigation.  

 

The cost of longevity 

 Why aging exists is an unsolved mystery in the sciences. The antagonistic pleiotropy 

theory proposes that deleterious genes that impair the later stages of life may be selected due to 

their fitness benefits early in life2. The disposable soma theory focuses on the limited energy 

budget that must be allocated between fecundity and non-reproductive mechanisms that slow 

down aging272. According to these two theories, there must be a tradeoff between fecundity and 

aging, and there is evidence both from the laboratory and in the natural population to support 

these theories273. For example, in Drosophila, the Indy gene confers longevity but displays 

reduced fecundity under caloric restriction274. In C. elegans, long-lived daf-2 worms show 

reduced fertility275. Recent research has found that rather than the competitive constraint between 

reproduction and aging, these two may share common molecular signaling pathways276. Other 

forms of tradeoffs have been observed.  For example, age-1 worms live longer than wildtype 
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worms under replete conditions, but during starvation conditions, they are outcompeted by 

wildtype worms, suggesting a fitness cost to their longevity277. However, the negative correlation 

between reproduction and lifespan does not seem to be directly dependent on an energy tradeoff, 

and these two processes have also been observed to be dissociated21. Interestingly, daf-2 RNAi 

knockdown in worms during hatching increases lifespan and delays reproduction while daf-2 

RNAi knockdown from the young adult stage increases lifespan to the same extent but has no 

effect on reproduction278. Removing the reproductive system in C. elegans does not extend 

lifespan, though signals from the reproductive system influences lifespan75. There have also been 

observations of other forms of tradeoffs with longevity, such as developmental time and immune 

protection279. For example, in Drosophila, increased pathogen resistance seems to come with a 

cost of reduced lifespan280.  

 In our studies, we found that multiple long-lived mutants exhibited deficits in other 

phenotypes. For example, in some cases, the long-lived mutants are less resistant to some 

stressors compared to wildtype worms (Chapter 2, Figure 1). A study on four different long-lived 

mutants (ife-2, eat-2, clk-1, and daf-2) found that these mutants increased the proportion of time 

spent in a frail state, with significant reduction in movement capacity281, though another study 

challenges those findings for daf-2 in conditions without food282. Moreover, sod-2, clk-1, and 

isp-1 worms have slower development, slower defecation cycle, and decreased brood size51. The 

constitutively active ATFS-1 mutants, although more resistant to various exogenous stressors, 

had shorter lifespans compared to wildtype (Chapter 3, Figure 6). It is possible that since protein 

synthesis is an energy intensive process, lifespan was the cost of the constant upregulation 

mitoUPR and the constant production of chaperone proteins and enzymes. Overall, this observed 

tradeoff suggests that perhaps there is a cost to longevity. 
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Is extending lifespan enough? 

Although there have been many interventions that can extend lifespan, it is also important 

to study whether these interventions also increase healthspan – the period in which an organism 

is free from diseases and able to maintain function and mobility283. Up to 20% of an individual’s 

life will be spent in morbidity – and even longer for females and individuals with lower socio-

economic status or obesity284,285. Extending lifespan without extending healthspan, and in 

essence prolonging the period of morbidity would be counterproductive and decrease an 

individual’s quality of life. Thus, lifespan extending interventions should have the goal of 

extending healthspan and compressing morbidity later in life.  

In C. elegans, common measures of healthspan include movement, resistance to stress, 

and accumulation of autofluorescent pigments286. In our studies, we showed that nine long-lived 

mutants with different mechanisms of aging were more resistant to at least one type of stress, 

with some mutants showing more resistant to all types of stresses. This suggests that with 

increased lifespan, there is at least increase in one measure of the measures of healthspan. 

Previous work from our lab showed that delaying aging through decreasing insulin/IGF-1 

signaling reduces degeneration of dopamine neurons and rescues deficits in dopamine-dependent 

behaviours in a C. elegans model of Parkinson’s disease287. Compounds that delay aging in 

model organisms also show promise treating neurodegenerative diseases114.  

However, we also found that the constitutively active ATFS-1 mutants showed increased 

stress resistance but shorter lifespan, dissociating the positive relationship between these two 

processes for the mitoUPR pathway. One study with short-lived mutants found that although 

they had reduced healthspan and proportion of total life spent healthy, supporting the positive 
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association between lifespan and healthspan, these short-lived mutants showed increased 

thermotolerance286, further complicating the relationship. Further analysis of downstream targets 

of these pathways may shed light on pathways that could be beneficial to healthspan and 

targetable for therapeutics.  

4.2 Limitations and future directions 

  One of the major limitations in our study is only evaluating stress resistance starting 

from one time point of the animal’s life. Although our studies included some longer stress assays 

that followed the worms as they age (such as bacterial pathogen stress, and chronic oxidative 

stress with paraquat), the acute stress assays (such as heat stress, and acute oxidative stress with 

juglone) were only evaluated at one stage of the worm’s life. Since aging is a process that occurs 

over time, it would be important to measure stress resistance of the different long-lived mutants 

across different ages of each mutant’s life. For example, for the long-lived mutants that were 

found to be less resistant to stress at the young adult stage, would they be also less resistant at an 

older age compared to wildtype worms? Conversely, some long-lived mutants may also show 

increased resistance at the young adult age only. Thus, measuring stress resistance only at one 

age limits the scope of our understanding. Further research will help us gain more depth of 

insight into the relationship between stress resistance and aging.   

 Another limitation to these studies is that only long-lived mutants were used to study the 

relationship between stress and aging. We selected these specific long-lived mutants from 

different aging pathways based on previous research conducted with these mutants. However, 

there are also different mutant alleles of the same aging pathways that can also be tested. Thus, 

these long-lived mutants may not necessarily be representative of their different aging pathways. 

There are also mutants of other aging pathways that could also not be tested within the scope of 
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our experiments, such as those in the mTOR, AMPK and sirtuin pathways. Importantly, to gain a 

clearer picture of stress resistance and aging, experiments with short-lived mutants that age faster 

must also be studied.  

 With the constitutively active ATFS-1 mutants, our study was limited in the level of 

control over mitoUPR activation. The atfs-1(et15) and atfs-1(et17) mutants were first identified 

in a screen for statin-resistant mutants and showed upregulation of mitoUPR markers hsp-6 and 

hsp-60288. Decreasing the level of mitoUPR activation in these mutants (such as through RNAi 

knockdown) or using other ATFS-1 overexpression mutants may result in a longer (or shorter) 

lifespan. Overall, broadening the scope of the study to include different levels of ATFS-1 

activation may allow us to understand more precisely how the mitoUPR pathway influences 

lifespan. 

 Since both aging and stress resistance are complex, our study of one mutant per pathway 

limits our understanding of these processes. Future studies should incorporate mutations that 

affect more than one pathway to investigate their combined and possibly interactive effects.  

4.3 Conclusions 

 With the increasing proportion of elderly individuals in the population, there is a rise in 

age-related diseases, some of which lack effective treatment. Despite aging occurring in all 

organisms, the process remains poorly understood. My thesis work shows that overlapping 

genetic pathways can contribute to both stress resistance and lifespan, and that there may be a 

trade-off between activation of stress response pathways and longevity, such as with mitoUPR 

activation. Overall, these results may provide a mechanism for hormesis in the context of aging. 

Future work into different stress pathways and their possible interactions may serve as potential 

targets for therapeutic interventions.  
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