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Abstract  23 

 The heteroplasmic state of eukaryotic cells allows for cryptic accumulation of defective 24 

mitochondrial genomes (mtDNA). “Purifying selection” mechanisms operate to remove such 25 

dysfunctional mtDNAs. We found that activators of programmed cell death (PCD), including the 26 

CED-3 and CSP-1 caspases, the BH3-only protein CED-13, and PCD corpse engulfment factors, are 27 

required in C. elegans to attenuate germline abundance of a 3.1 kb mtDNA deletion mutation, 28 

uaDf5, which is normally stably maintained in heteroplasmy with wildtype mtDNA. In contrast, 29 

removal of CED-4/Apaf1 or a mutation in the CED-4-interacting prodomain of CED-3, do not 30 

increase accumulation of the defective mtDNA, suggesting induction of a non-canonical germline 31 

PCD mechanism or non-apoptotic action of the CED-13/caspase axis. We also found that the 32 

abundance of germline mtDNAuaDf5 reproducibly increases with age of the mothers. This effect is 33 

transmitted to the offspring of mothers, with only partial intergenerational removal of the 34 

defective mtDNA. In mutants with elevated mtDNAuaDf5 levels, this removal is enhanced in older 35 

mothers, suggesting an age-dependent mechanism of mtDNA quality control. Indeed, we found 36 

that both steady-state and age-dependent accumulation rates of uaDf5 are markedly decreased 37 

in long-lived, and increased in short-lived, mutants. These findings reveal that regulators of both 38 

PCD and the aging program are required for germline mtDNA quality control and its 39 

intergenerational transmission. 40 

  41 
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Introduction 42 

Mitochondrial diseases are a group of conditions that affect mitochondrial functions in 43 

up to 1 in 4,300 people [1–3]. Generally, these diseases present as dysfunction in the tissues or 44 

organs with the most intensive energy demands, most commonly in muscle and the nervous 45 

system [4]. Many of these diseases are attributable to mutations in the mitochondrial DNA 46 

(mtDNA) or nuclear DNA (nDNA), and include those disorders with defects in mitochondrial 47 

function, dynamics, or quality control, or in which there is miscommunication between the 48 

mitochondria and the endoplasmic reticulum (ER) [3,5]. The progressive advancement of the 49 

diseased state resulting from age-dependent accumulation of mutant mtDNA is a common trait 50 

among mitochondrial diseases [6–8]. While the severity of the disease varies with the nature of 51 

the mutation, the most severe phenotypes result in childhood death, as in Leigh syndrome and 52 

MELAS [5,9]. As there are currently no pharmacological treatments for mitochondrial diseases, it 53 

is of great importance to uncover the cellular processes that underlie the regulation of mtDNA 54 

quality control. 55 

mtDNAs show high mutation rates [10–12] and hence it is critical that cells possess 56 

mechanisms to remove detrimental mtDNA alleles, a process called purifying selection [13,14]. 57 

Defects in this process can result in mitochondrial diseases, allowing harmful mtDNA mutations 58 

to persist through the maternal germline and subsequent generations. Processes that regulate 59 

mtDNA quality control include mitochondrial fission/fusion dynamics and mitophagy [8,15–20], 60 

and the mitochondrial unfolded protein response (UPRMT; [21–27]. Further, it has also been 61 

found that the insulin/IGF-1 signaling pathway (IIS; [28,29]) ameliorates the fitness defects of 62 

mutant mtDNA.  63 
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One potential cellular process that could be used to eliminate defective mtDNAs is the 64 

culling of cells bearing mtDNA mutations by programmed cell death (PCD). The mechanisms of 65 

both developmentally controlled and genotoxicity-induced PCD have been shown to be well-66 

conserved across metazoans [30], and much of the machinery that choreographs this process is 67 

directed by mitochondria [31–33]. Mitochondrial-dependent processes participating in PCD 68 

include permeabilization of the inner mitochondrial membrane and release of mitochondrial 69 

factors that mediate transduction of intermediary events in the cell suicide program [31–33]. 70 

Both mitochondrial function and PCD are linked to the process of organismal aging [34]. mtDNA 71 

mutations accumulate in tissues as organisms age, and it has been suggested that this 72 

accumulation is a major contributor to aging [35–37].  73 

The nematode C. elegans provides an attractive model for exploring the potential role of 74 

PCD in mtDNA purifying selection. The well-described, conserved PCD regulatory pathway in C. 75 

elegans functions not only to eliminate 131 somatic cells during development through a rigidly 76 

stereotyped program [38], but is also activated apparently stochastically during germline 77 

development, resulting in the death of >95% of nuclei that would otherwise be destined to 78 

become oocytes in the mature hermaphrodite [30,39–41]. In addition to this “physiological” PCD, 79 

germline nuclei that have experienced genotoxic stress are eliminated through p53-dependent 80 

apoptosis, as is also the case in somatic mammalian cells [42,43]. Thus, germline PCD allows for 81 

selective removal of nuclei with damaged genomes, thereby preventing intergenerational 82 

transmission of defective nuclear DNA. Given the prominent role played by mitochondria in the 83 

PCD process, it is conceivable that mitochondrial dysfunction could trigger PCD in the germline 84 
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and, as such, might similarly provide a quality control mechanism for eliminating aberrant 85 

mtDNA, as seen for the nuclear genome.  86 

We report here that germline mtDNA quality control in C. elegans is influenced by 87 

regulators of both PCD and the aging program. We find that pro-apoptotic regulators of germline 88 

PCD, notably the caspases CED-3 and CSP-1, the BH3-only domain protein CED-13, and regulators 89 

of cell corpse engulfment, reduce abundance of an mtDNA deletion and that abrogation of their 90 

functions results in elevated levels of the defective mtDNA. Notably, however, loss of the CED-3 91 

activator CED-4/Apaf1 [44,45] does not result in elevated levels of defective mtDNA. These 92 

findings raise the possibilities that either the caspases and the other pro-apoptotic factors 93 

function in mtDNA purifying selection by a non-canonical CED-4-independent cell death program, 94 

or that these pro-apoptotic regulators function in mtDNA purifying selection through a PCD-95 

independent mechanism. We also report that defective mtDNA accumulates in the germline of 96 

animals with age and that although the abundance of the defective mtDNA is reduced in 97 

offspring, progeny of older mothers inherit higher levels of the mutant mtDNA than those from 98 

young mothers. Intergenerational removal of the defective mtDNA appears to be enhanced in 99 

older animals with defective mtDNA quality control. Further, we found that lifespan-extending 100 

mutations in both the IIS pathway and the non-IIS-dependent lifespan-regulator CLK-1/MCLK1 101 

decrease accumulation of defective mtDNA, and that short-lived mutants show elevated 102 

accumulation, implicating molecular regulators of the aging process in mtDNA purifying 103 

selection. Our findings reveal that the PCD machinery and the aging program contribute to the 104 

removal of mtDNA mutations during germline development and their intergenerational 105 

transmission.   106 

107 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2022. ; https://doi.org/10.1101/2021.10.27.466108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466108
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 
 

Results 108 

The stably maintained mtDNA deletion mutant uaDf5 contains multiple linked mutations 109 

resulting in aberrant proteins and shows deleterious effects on growth  110 

To test the role of potential regulatory factors in mtDNA purifying selection, we took 111 

advantage of uaDf5, a 3.1 kb mtDNA deletion mutation that removes part or all of four protein-112 

coding genes and seven tRNAs (Fig. 1A) [46]. Given the presumably deleterious nature of this 113 

defective mtDNA, it was of interest to understand how it is stably transmitted despite active 114 

purifying selection processes. While its maintenance at high levels is attributable in part to 115 

stabilization by the mitochondrial UPR [25], uaDf5 persists, albeit at lower levels, in animals 116 

lacking this activity. One possible explanation for this phenomenon is that the mutant mtDNA 117 

might be maintained in heteroplasmy with an otherwise intact mtDNA carrying a complementing 118 

mutation. We sought to test this possibility through deep sequencing of mtDNA isolated from 119 

the uaDf5-bearing strain. Comprehensive sequence analysis revealed that, in addition to the 120 

large deletion, the strain indeed carries a second mtDNA mutation, w47 (Fig. 1A, Fig. 1 – figure 121 

supplement 1A, B, C). w47 is a single base pair insertion in the nduo-4 gene that causes a 122 

frameshift, predicted to result in a truncated NADH dehydrogenase 4 (ND4) protein lacking 321 123 

residues (Fig. 1 – figure supplement 1D). ND4 is an essential transmembrane subunit within 124 

complex I of the mitochondrial respiratory chain (MRC), which drives NADH-oxidation-dependent 125 

transport of protons across the inner mitochondrial membrane [47–49]. While this raised the 126 

possibility of two complementing mtDNA genomes, we found that the w47 mutation is present 127 

at the same abundance as the uaDf5 deletion mutation (~75% of total mtDNA, Fig. 1 – figure 128 

supplement 1B) rather than that of the wild-type mtDNA, strongly suggesting that it resides on 129 
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the same mtDNA genome. As this second mutation cannot explain stabilization of the defective 130 

mtDNA by trans-complementation of two deleterious mutations, other mechanisms appear to 131 

promote the stable inheritance of uaDf5. 132 

In addition to the aberrant protein encoded by the w47 frameshift mutation in nduo-4, a 133 

second abnormal protein is encoded by the uaDf5 genome: one end of the deletion results in a 134 

fusion protein comprised of the first 185 amino acids of NADH dehydrogenase 1 (ND1, a homolog 135 

of the core MT-ND1 transmembrane subunit of complex I of the MRC [47,49,50]), and the last 81 136 

amino acids of mitochondrial-encoded cytochrome b (CTB-1/CYTB, a transmembrane subunit of 137 

complex III of the MRC [47,49,51]) (Fig. 1 – figure supplement 1E). It is conceivable that 138 

accumulation of these two abnormal proteins -- the truncated ND4 and the ND1-CYTB fusion 139 

protein resulting from w47 and uaDf5, respectively – activate the UPRMT, which has been shown 140 

to result in clearance of mtDNAuaDf5, dependent on the ATFS-1 transcription factor [25,27]. 141 

Animals harboring mtDNAuaDf5 are viable and fertile, presumably because they contain 142 

intact wildtype mtDNA [46]. However, we found that uaDf5-bearing animals displayed a 143 

significant reduction in brood size (WT 304 ± 4.8; uaDf5 201 ± 8.6 embryos laid, p < 0.001) (Fig. 144 

1B) and a significant increase in embryonic lethality (WT 1.4 ± 0.2%; uaDf5 4.2 ± 0.7%, p < 0.001) 145 

(Fig. 1C). Additionally, uaDf5 animals are slow-growing, evident in both the number of hours to 146 

reach gravidity (WT 63 ± 0.8; uaDf5 76 ± 1.4 hours at 20oC, p < 0.001) (Fig. 1D) and the stage of 147 

development reached after 60 hours of feeding (WT: adult; uaDf5: mid-L4) (Fig. 1E). In contrast, 148 

however, we were surprised to find that lifespan was not substantially affected (WT 14 ± 0.4; 149 

uaDf5 15 ± 0.5 days) (Fig. 1F, Fig. 1 – figure supplement 2). Given the significant decline in the 150 
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majority of fitness parameters tested, we conclude that uaDf5 is a useful tool for studying 151 

mitochondrial disease and mechanisms underlying mtDNA quality control. 152 

PCD regulators promote removal of mtDNAuaDf5 153 

During germline development in C. elegans, as many as 95% of nuclei destined to become 154 

potential oocytes are eliminated by PCD [39–41,52]. While this process has been proposed to be 155 

stochastically determined [39,52], it has also been suggested that it may function to selectively 156 

remove all but the most “fit” germline cells. As such, PCD could perform a role in purifying 157 

selection in the germline, wherein potential oocytes that undergo PCD are associated with higher 158 

levels of defective mtDNA. To test this hypothesis, we introduced uaDf5 into various PCD mutants 159 

and quantified abundance of the defective mtDNA by digital-droplet PCR (ddPCR; see 160 

Supplementary Table 1 for list of mutants tested).  In a wildtype genetic background, we found 161 

that the steady-state fractional abundance of uaDf5 in populations of 200 day 1 adults (first day 162 

of adulthood) is highly reproducible across four separate trials, demonstrating the reliability and 163 

robustness of the assay. Our analyses confirmed that mtDNAuaDf5 constitutes the major molar 164 

fraction of mtDNA in the uaDf5-bearing strain by a nearly 3:1 ratio (Fig. 2 – figure supplement 1).  165 

CED-3 in C. elegans is the major executioner caspase in the canonical PCD pathway 166 

[38,52,53] and is required for virtually all PCD both in the germline and the soma (Fig. 2 – figure 167 

supplement 2). We found that two ced-3 mutations that strongly block PCD [54] showed a 168 

significant increase in the ratio of defective to normal mtDNA from a molar ratio of 2.9:1 for ced-169 

3(+) to 3.5:1 for ced-3(n717) and 4.6:1 for ced-3(n1286) (Fig. 2A). This effect appears to be 170 

exclusively attributable to an increase in mtDNAuaDf5 in the PCD-deficient strains, as the 171 

abundance of mtDNAWT is not significantly different between the strains. These ced-3(-) 172 
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mutations both localize to the p15 domain of the protease portion of CED-3 (Fig. 2 – figure 173 

supplement 3), consistent with abolition of caspase activity. These findings implicate the CED-3 174 

caspase and its p15 domain in mtDNA quality control. We found that one other mutation located 175 

in the p15 domain showed only a very slight increase that was not statistically significant (n2454: 176 

2.9:1, Fig. 2B). While it is unclear why this allele showed a weaker effect it is noteworthy that, 177 

unlike the other two mutations, which result in a dramatic alteration of the protein, this mutation 178 

is predicted to result in a relatively modest (ala à thr) single amino acid substitution. 179 

A second caspase in C. elegans, CSP-1, also functions, albeit less prominently, in PCD. 180 

While loss of CSP-1 alone does not result in a strong reduction in PCD, it synergizes with loss of 181 

CED-3 both in PCD and in other caspase-dependent processes (Fig. 2 – figure supplement 2) [55–182 

57]. We found that removing CSP-1 in the csp-1(tm917) knockout mutant results in a significant 183 

increase in mtDNAuaDf5 abundance to a molar ratio of 3.9:1 (Fig. 2A). Further, we found that this 184 

mutation enhances the effect of the ced-3(n717) mutation, increasing the mtDNAuaDf5:mtDNAWT 185 

molar ratio from 3.5:1 to 4.7:1 (Fig. 2A). Together these findings demonstrate that caspase 186 

activity, and possible PCD-mediated clearance, are crucial for mtDNA quality control and function 187 

in purifying selection of defective mtDNA.  188 

We sought to further investigate a potential role for PCD in mtDNA purifying selection by 189 

evaluating the requirement for the pro-apoptotic factor CED-13, a BH3-only domain protein that 190 

acts specifically in the germline to activate PCD [38,58,59]. Consistent with a requirement for PCD 191 

in purifying selection, we found that two ced-13 alleles result in a very substantial increase in the 192 

mtDNAuaDf5:mtDNAWT molar ratio (sv32: 4.2:1 and tm536: 5.1:1) (Fig. 2A), supporting the notion 193 

that CED-13 promotes removal of defective mtDNA in the germline. CED-13 functions in PCD by 194 
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antagonizing the function of mitochondrially localized CED-9/Bcl-2 [58,59], which normally 195 

sequesters the apoptosome factor CED-4/APAF1 at mitochondria, thereby preventing it from 196 

triggering autocatalytic conversion of the executioner caspase zymogen proCED-3 to its pro-197 

apoptotic protease structure (Fig. 2 – figure supplement 2) [60]. An equivalent action is carried 198 

out in the soma by the BH3-only protein EGL-1 [60]. n1950, a gain-of-function allele of ced-9 that 199 

blocks the interaction of EGL-1 with CED-9 at the mitochondria, results in elimination of PCD in 200 

the soma but not the germline [39,52,60,61]. Consistent with the lack of effect of ced-9(n1950gf) 201 

on germline PCD, we found that the mtDNAuaDf5:mtDNAWT molar ratio was not increased in ced-202 

9(n1950gf) mutants (2.2:1) (Fig. 2B). Thus, CED-3, CSP-1, and CED-13 are required both for 203 

germline PCD and for removal of mtDNAuaDf5. 204 

Cells that undergo PCD are cleared by the surrounding cells in the process of engulfment 205 

and degradation, which is implemented through a set of redundant pathways that converge on 206 

the CED-10 GTPase [62–65] (Fig. 2 – figure supplement 2). Although this engulfment process is 207 

necessary primarily for removal of the resultant corpses, it also appears to play an active role in 208 

cell killing: inhibition of the engulfment pathway diminishes occurrence of PCD, likely through a 209 

complex feedback mechanism [66,67]. Further supporting a role for PCD in purifying selection, 210 

we found that single or double mutations of several genes that promote engulfment of cell 211 

corpses result in elevated mtDNAuaDf5:mtDNAWT molar ratios, ranging from 3.5:1 to 5.2:1 (4.1:1 212 

for ced-1(e1735), 4.5:1 for ced-2(e1752), 5.2:1 for the ced-1(e1735); ced-2(e1752) double 213 

mutant, 3.6:1 for ced-10(n1993), and 4.8:1 for ced-10(n3246); Fig. 2A). 214 

We tested whether generally increased germline PCD alters mtDNAuaDf5 abundance by 215 

examining the effect of removing the caspase-related factor, CSP-2, which has been shown to 216 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2022. ; https://doi.org/10.1101/2021.10.27.466108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466108
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

play an anti-apoptotic role through inhibition of CED-3 autoactivation in the germline  (Fig. 2 – 217 

figure supplement 2) [68]. We found that a loss-of-function mutation in csp-2, which elevates 218 

germline PCD, did not alter the mtDNAuaDf5:mtDNAWT molar ratio (2.9:1 for the csp-2(tm3077) 219 

knockout mutation) (Fig. 2B). This observation does not conflict with a requirement for PCD in 220 

purifying selection: a general increase in PCD in the germline of csp-2(-) animals would not be 221 

expected per se to alter the mechanism that discriminates defective from normal mtDNAs and 222 

therefore the relative abundance of the two forms. Rather, our findings suggest that the 223 

mechanisms that recognizes and disposes of the defective mtDNA specifically requires PCD 224 

components acting in a selective, rather than general process (i.e., in those cells with the highest 225 

burden of the defective mtDNA). 226 

 227 

Evidence for non-canonical action of PCD regulators in mtDNA purifying selection 228 

The foregoing results implicate a role for the pro-apoptotic CED-3 and CSP-1 caspases, 229 

CED-13, and the CED-1, 2, and -10 cell corpse engulfment factors in mtDNA purifying selection. 230 

However, several observations suggest that elimination of normal, physiological germline PCD 231 

per se is insufficient to increase accumulation of defective mtDNA, or that these factors promote 232 

purifying selection through a PCD-independent pathway. Specifically, we observed that the 233 

occurrence of PCD does not perfectly correlate with their effects on accumulation of mtDNAuaDf5 234 

in particular mutants.  235 

First, we found that the ced-3(n718) allele lowers, rather than elevates, the abundance of 236 

mtDNAuaDf5 (mtDNAuaDf5:mtDNAWT molar ratio of 1.8:1, Fig. 2C). This effect is likely to be 237 

attributable to the nature of the n718 mutation. Those ced-3 mutations that result in increased 238 
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mtDNAuaDf5 levels (Fig. 2A) both alter the p15 domain, which is essential to the active caspase 239 

function. In contrast, the n718 mutation changes a residue in the caspase activation and 240 

recruitment domain (CARD), located within the prodomain of the CED-3 zymogen, which is 241 

removed upon caspase activation and affects its activation by CED-4 (Fig. 2 – figure supplement 242 

3) [44,54]. While ced-3(n718) strongly compromises PCD, this mutation might not alter CED-3 243 

caspase function in a way that interferes with its role in mtDNA purifying selection.  244 

Our surprising finding that while CED-3 activity is required for mtDNA purifying selection, 245 

a CED-3 mutation that compromises its activation by CED-4 did not elevate mtDNAuaDf5 levels 246 

prompted us to investigate the requirement of CED-4 in mitochondrial purifying selection. 247 

Consistent with the effect of the ced-3(n718) mutation, we found that eliminating the function 248 

of the pro-apoptotic regulator CED-4, the C. elegans orthologue of mammalian Apaf1 and the 249 

upstream activator of CED-3 in the canonical PCD pathway [60,69], did not result in a marked 250 

increase in the relative abundance of mtDNAuaDf5. That is, while the mtDNAuaDf5:mtDNAWT molar 251 

ratio increased to 3.1:1 in the ced-4(n1894) mutant, the effect was not statistically significant. 252 

Moreover, the canonical allele ced-4(n1162) allele similarly showed no elevation in mtDNAuaDf5 253 

(molar ratio = 2.6:1; Fig. 2B). These results suggest that CED-3 caspase functions in mitochondrial 254 

purifying selection independently  of the caspase-activating factor CED-4.  255 

 256 

Evidence that decreased fitness, but not lifespan, is attributable to mtDNAuaDf5-induced PCD 257 

            Taken together, our results implicate many PCD regulatory factors, and potentially PCD, in 258 

the selective clearance of defective germline mtDNAs. Our additional observations suggest that 259 

defective mtDNAs may, in fact, trigger elevated germline PCD, resulting in the production of 260 
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fewer mature gametes and progeny. Specifically, we found that the significant decrease in brood 261 

size that we observed in uaDf5-bearing animals with a wildtype nuclear background is partially 262 

suppressed by both ced-3(-) and ced-13(-) mutations, which prevent PCD (Fig. 2D, Fig. 2 – figure 263 

supplement 4A), suggesting that elimination of PCD might rescue cells that would otherwise be 264 

provoked to die as a result of accumulation of defective mtDNA. Our findings further underscore 265 

the observation that accumulation of defective mtDNA in those animals that do survive does not 266 

affect longevity, as we found that lifespan is unaltered in these PCD mutants even when the levels 267 

of mtDNAuaDf5 are nearly doubled (Fig. 2 – figure supplement 4B, C).  268 

 269 

Age-dependent accumulation of mtDNAuaDf5 in the germline  270 

Our findings that PCD regulators are required to reduce mtDNAuaDf5 abundance, the 271 

central role that mitochondria play in PCD [31–33,70], the observed decline of mitochondrial 272 

health during the aging process [7,35–37,71–75], and the relationship between excessive PCD 273 

and the aging phenotype [34] led us to examine the dynamics of mtDNAuaDf5 accumulation as 274 

worms age. We measured the fractional abundance of uaDf5 in adults at progressively increased 275 

ages spanning day 1, defined as the first day of egg-laying, through day 10. Day 1 through day 4 276 

of adulthood encompasses the time during which nearly all self-progeny are produced. After day 277 

4, hermaphrodite sperm become depleted and the animals transition into a post-gravid, 278 

progressively aging state [76–78]. By day 10, animals exhibit indications of advanced age. Analysis 279 

of the abundance of mtDNAuaDf5 revealed a progressive increase throughout gravidity and post-280 

reproductive aging, with the mtDNAuaDf5:mtDNAWT molar ratio increasing from 2.9:1 to 5.5:1 (Fig. 281 

3A, Fig. 3 – figure supplement 1A). This age-related accumulation of uaDf5 in adult worms is 282 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2022. ; https://doi.org/10.1101/2021.10.27.466108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466108
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 

reminiscent of the accumulation of mtDNA mutations seen in aging mammals [35,73,79] and 283 

suggests that uaDf5 in C. elegans may be a useful tool for studying the role that mtDNA mutations 284 

play in aging. 285 

 Given that gametes are depleted with age, it is conceivable that the age-dependent 286 

increase in mtDNAuaDf5 is attributable to accumulation in somatic mitochondria. To assess 287 

whether the observed age-related accumulation of mtDNAuaDf5 occurs predominantly in the 288 

maternal germline or in somatic cells, we analyzed animals defective in germline development 289 

by taking advantage of the glp-4(bn2) mutant, which produces only a small number (~12) of 290 

germline cells compared to that in wildtype animals (~1,500), with no known effect on somatic 291 

gonad development [80]. In contrast to the increased mtDNAuaDf5 abundance with age seen at 292 

permissive temperature (mtDNAuaDf5:mtDNAWT of 1.8:1 at day 1, rising to 2.6:1 at day 4, for an 293 

overall increase by 48%), we found that glp-4(bn2) animals at the non-permissive temperature 294 

showed a slight decrease in the defective mtDNA from day 1 to day 4 of adulthood (2.2:1 at day 295 

1, dropping to 2:1 at day 4, for an overall decrease of 6.3%) (Fig. 3B). These results strongly 296 

suggest that the observed age-dependent increase in mtDNAuaDf5 abundance occurs exclusively 297 

in the germline. We found that mtDNAuaDf5 does eventually appear to accumulate in somatic cells 298 

with age, as day 10 adults grown at the restrictive temperature showed a marked increase in the 299 

mtDNAuaDf5:mtDNAWT molar ratio compared to day 1 adults even in the absence of a germline 300 

(day 10 glp-4(bn2) molar ratio of 3.4:1, a 57% increase from day 1 levels) (Fig. 3B). We conclude 301 

that the marked increase in mtDNAuaDf5 with age during the period of fecundity occurs primarily 302 

in the germline and that the defective mtDNA accumulates in both germline and somatic tissue 303 

during post-reproductive life.   304 
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 305 

Age-dependent increase in mtDNAuaDf5 burden is transmitted to progeny 306 

As the mtDNA is inherited strictly through the maternal germline, we posited that the 307 

age-dependent increase in the fractional abundance of germline mtDNAuaDf5 might be 308 

transmitted to progeny animals. To test this hypothesis, we measured the molar ratio of 309 

mtDNAuaDf5 in 200-worm populations of L1 larvae derived from day 1 – day 4 adults (Fig. 3C, Fig. 310 

3 – figure supplement 1B). This analysis led to two key observations: 1) the abundance of 311 

mtDNAuaDf5 is reduced during transmission between mother and offspring (average decrease 312 

ranging from 6% to 13%), presumably as a result of purifying selection, and 2) the abundance of 313 

the defective mtDNA in the offspring correlates with the age of the mothers: the progeny of older 314 

mothers contain a markedly higher mtDNAuaDf5:mtDNAWT molar ratio (4.2:1) than that of younger 315 

mothers (2.6:1) (Fig. 3C, D). A similar trend was observed for mother-to-offspring transmission in 316 

five mutant strains with altered levels of mtDNAuaDf5 (see below): in all cases, progeny contain 317 

lower abundance of mtDNAuaDf5 than their mothers, and progeny of younger adults inherit a 318 

lower load of mtDNAuaDf5 than progeny of older adults (Fig. 3C). These results reveal that mtDNA 319 

quality control occurs between primordial germ cell proliferation in the female germline and L1 320 

hatching, i.e., during oocyte maturation, embryogenesis, or both. 321 

 322 

The lifespan-determining IIS pathway regulates accumulation of mtDNAuaDf5 323 

We sought to determine whether the age-dependent accumulation of defective mtDNA 324 

is controlled by known molecular mechanisms that drive the aging program in C. elegans. The 325 

most prominent of these regulatory systems is the highly conserved insulin/IGF-1 (insulin-like 326 
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growth factor-1) pathway (IIS), which performs a pivotal regulatory function in aging and 327 

longevity [28,82,83] (Fig. 4 – figure supplement 1). Abrogation of the IIS signaling pathways, for 328 

example, as a result of mutations in the gene encoding the IIS receptor (DAF-2, in C. elegans), 329 

results in marked slowing of the aging program and extension of lifespan in worms, flies, and 330 

mice [84–87]. The IIS pathway also functions in a broad set of other processes including, in C. 331 

elegans, activation of two stages of developmental arrest, or diapause, at the L1 larval stage and 332 

in formation of the dispersal form, the dauer larva, as well as in the control of germline 333 

proliferation, stress resistance, fat metabolism, and neuronal/behavioral programs [28]. It was 334 

also reported that inhibition of the IIS pathway rescues various fitness parameters in a mtDNA 335 

mutator strain which contains a faulty mtDNA polymerase [29], consistent with a possible role in 336 

mtDNA quality control. 337 

We found that two mutant alleles of daf-2, which reduce rates of aging and increase 338 

lifespan, result in dramatically decreased mtDNAuaDf5:mtDNAWT molar ratios from 2.8:1 to as low 339 

as 0.3:1 (0.3:1 for daf-2(e1391); 0.8:1 for daf-2(e1370); Fig. 4A; see Suppl. Table 2 for a list of 340 

lifespan mutants used in the analyses). Thus, the lifespan-extending effects of daf-2 mutations 341 

are strongly correlated with diminished abundance of defective mtDNA, to the extent that it 342 

becomes the minor species of mtDNA.  343 

The DAF-2 receptor acts by antagonizing the DAF-16/FoxO transcription factor, the major 344 

effector of IIS downstream, in response to insulin-like ligands. Thus, removal of daf-16 function 345 

reverses the lifespan-extending effects of daf-2(-) mutants. We tested whether the DAF-2 à DAF-346 

16 pathway similarly functions in mtDNA purifying selection. We found that eliminating DAF-16 347 

in two daf-16 mutants results in slightly increased, albeit not statistically significant, 348 
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mtDNAuaDf5:mtDNAWT molar ratios (3.3:1 for daf-16(mu86); 3.5:1 for daf-16(mgDf50)) (Fig. 4B). 349 

Further, we found that removal of DAF-16 in the daf-16(mu86) mutant suppressed the decreased 350 

mtDNAuaDf5:mtDNAWT molar ratios observed in two daf-2 mutants, from 0.3:1 for daf-2(e1391) to 351 

1:1 for daf-16(mu86); daf-2(e1391) and from 0.6:1 for daf-2(e1370) to 1.8:1 for daf-16(mu86); 352 

daf-2(e1370), consistent with observations reported in a recent study [88]. While the daf-2(-) 353 

effect on mtDNAuaDf5 levels is largely dependent on DAF-16, neither double mutant restored 354 

mtDNAuaDf5 levels to those seen in animals with a fully intact IIS pathway, suggesting that other 355 

DAF-2 targets might participate in removal of defective mtDNA (Fig. 4C). We found, conversely, 356 

that two mutations that reduce lifespan by eliminating the function of AAK-2 (AMP activated 357 

kinase-2), a conserved factor acting in the IIS pathway [28,89], result in elevated 358 

mtDNAuaDf5:mtDNAWT molar ratios as high as 4.4:1 compared to 2.8:1 in wildtype animals (3.8:1 359 

for aak-2(ok524) and 4.4:1 for aak-2(gt33)) (Fig. 4B). These findings demonstrate that alterations 360 

in the IIS pathway coordinately affect both lifespan and accumulation of defective mtDNA and 361 

that the DAF-2/DAF-16/AAK-2 axis acts similarly in both processes. 362 

 363 

Synergistic effect of multiple aging pathways on mtDNAuaDf5 accumulation 364 

In addition to IIS, other molecular regulatory pathways independently contribute to the 365 

rate of aging. These include CLK-1, a mitochondrial hydroxylase that functions in the pathway for 366 

ubiquinone synthesis [90,91]. clk-1 mutants with a wildtype mitochondrial genome have been 367 

shown to contain levels of mtDNA that are elevated by 30%, perhaps as the result of a 368 

compensatory process that increases demand on mitochondrial abundance, or the action of CLK-369 

1 as a regulator of mtDNA abundance in response to energy availability within the cell [92]. As 370 
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with long-lived daf-2 mutants, we found that long-lived clk-1(qm30) mutants showed a greatly 371 

diminished mtDNAuaDf5:mtDNAWT molar ratio of 0.3:1 (Fig. 4A), comparable to that in daf-2 372 

mutants; again, mtDNAuaDf5 is the minor species in these animals. As the IIS pathway and CLK-1 373 

appear to act separately in controlling lifespan, we postulated that elimination of both 374 

mechanisms might further reduce levels of the defective mtDNA. Indeed, we found that 375 

mtDNAuaDf5 was completely eliminated in daf-2(e1391) clk-1(qm30) double mutants, revealing a 376 

strongly synergistic effect between the two age-determining systems (Fig. 4A). Thus, distinct 377 

regulatory pathways for longevity modulate the abundance of mtDNAuaDf5 by apparently different 378 

mechanisms and elimination of the two pathways abrogates its maintenance. 379 

 380 

Age-dependent accumulation rate of mtDNAuaDf5 strongly correlates with genetically altered 381 

rates of aging 382 

Our findings that the steady-state abundance of mtDNAuaDf5 increases with maternal age 383 

and that mutants with increased lifespan show lower levels of the defective mtDNA raised the 384 

possibility that purifying selection is subject to the same control as aging clocks. To assess this 385 

potential connection, we analyzed the time-dependent rates of mtDNAuaDf5 accumulation in 386 

animals with genetic backgrounds that alter the aging clock. Analysis of 21 different genetic 387 

backgrounds over the first ten days of adulthood revealed that the age-dependent progressive 388 

accumulation of mtDNAuaDf5 is a consistent phenomenon (Fig. 4D). Comparison of long-lived 389 

mutants and wildtype using a linear regression model revealed a striking positive correlation 390 

between aging rate and age-dependent rate of accumulation of mtDNAuaDf5: all long-lived 391 

mutants in either the IIS pathway or clk-1 accumulate mtDNAuaDf5 at a substantially slower rate 392 
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as they age than do wildtype animals (Fig. 4E, Fig. 4 – figure supplement 2A, B). Conversely, we 393 

analyzed six short-lived IIS pathway mutant combinations and found that the aak-2(ok524) and 394 

daf-16(mu86) single mutants and daf-16(-);daf-2(-) double mutants all showed increased rates of 395 

mtDNAuaDf5 accumulation (Fig. 4E, Fig. 4 – figure supplement 2C, D). These observations suggest 396 

that in both slower-aging and faster-aging strains, the rate of accumulation of deleterious mtDNA 397 

is a predictor of aging rate. In the two exceptional cases, the aak-2(gt33) and daf-16(mgDf50) 398 

single mutants, we did not observe an increased accumulation rate compared to wildtype; 399 

however, the mtDNAuaDf5 levels are consistently higher than in these two mutants than in 400 

wildtype at all stages (Fig. 4E, Fig. 4 – figure supplement 2D) and thus diminished removal of 401 

mtDNAuaDf5 overall correlates with decreased lifespan in these mutants as well. The greater 402 

mtDNAuaDf5 accumulation rates seen in the short-lived animals is not attributable to the higher 403 

steady-state levels per se, as the rates of accumulation of defective mtDNA observed in the PCD 404 

mutants with higher mtDNAuaDf5 levels show no correlation with the steady-state levels (Fig. 4 – 405 

figure supplement 2 E-H); rather these increased rates appear specifically to be a property of the 406 

shortened lifespan mutants. 407 

Consistent with a relationship between aging rates and accumulation of defective mtDNA, 408 

we found that brood size is decreased and embryonic lethality is increased in short-lived daf-16(-409 

) mutants compared to those in a wildtype nuclear background, while uaDf5 does not impact 410 

either fitness parameter in the long-lived clk-1 mutant (Fig. 4 – figure supplement 3). These 411 

results are consistent with the possibility that longevity pathways modulate fitness in part by 412 

regulating mitochondrial homeostasis. 413 

 414 
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Evidence for late adulthood-specific mechanisms for removal of mtDNAuaDf5 415 

We obtained evidence that defective mtDNA is more effectively removed in offspring of 416 

aging adults that carry an unusually high burden of mtDNAuaDf5. The offspring of day 4 adults in 417 

those strains (“high” strains) with significantly higher steady-state fractional abundance of 418 

mtDNAuaDf5 showed significantly greater rates of reduction of the defective mtDNA (reduction 419 

from 5.4:1 to 3.3:1 in atfs-1(et15), from an extraordinarily high 6.5:1 to 2.8:1 in ced-10(n1993), 420 

and from 6.4:1 to 3.3:1 in ced-13(sv32)) compared to offspring of (“low” strain) mothers with 421 

lower steady-state fractional abundance of the mutant mtDNA (reduction from 4.7:1 to 4.2:1 in 422 

WT, from 3.9:1 to 2.8:1 in ced-3(n2454), and from 3.2:1 to 2.5:1 in ced-4(n1162)). Remarkably, 423 

therefore, day 4 progeny from “high” strains actually inherit a lower mtDNAuaDf5 load than their 424 

siblings born from day 1-3 mothers (Fig. 3C, 5A). Indeed, we found a strong correlation (r2=0.61, 425 

p < 0.001) between the steady-state level of mtDNAuaDf5 in mothers and the capacity for its 426 

removal between mother and progeny during day 4 of adulthood (Fig. 5B). These results raise 427 

the possibility that very high levels of mtDNAuaDf5 in older mothers activate additional mtDNA 428 

purifying selection independent of the UPRMT and PCD machinery, thereby ensuring that progeny 429 

are not overloaded with defective mitochondria.    430 

431 
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Discussion 432 

We have obtained several lines of evidence indicating that regulators of PCD and the aging 433 

program function in mtDNA quality control and accumulation of defective mtDNA in C. elegans. 434 

We report eight major findings: 1) regulators of germline PCD are required for effective removal 435 

of deleterious mtDNA from the germline; 2) the cell death machinery functions in either a non-436 

canonical cell death pathway or in a non-apoptotic role to mediate mitochondrial purifying 437 

selection; 3) the CSP-1 caspase has as strong of an effect on mitochondrial purifying selection as 438 

the major PCD regulator CED-3; 4) mtDNAuaDf5 progressively accumulates in the germline as 439 

adults age; 5) this age-dependent accumulation of  mtDNAuaDf5 is transmitted to progeny; 440 

however, the burden of the defective mtDNA is lower in offspring than mothers suggesting 441 

intergenerational purifying selection; 6) two separate aging pathways, the IIS and CLK-1 442 

pathways, act synergistically to regulate mtDNAuaDf5 levels; longer-lived mutants show reduced 443 

levels of the defective mtDNA while shorter-lived mutants show increased levels compared to 444 

otherwise wildtype animals; 7) the rate of mtDNAuaDf5 accumulation is inversely correlated with 445 

lifespan in aging mutants; 8) intergenerational removal of mtDNAuaDf5 occurs more effectively 446 

during transmission from older mothers with high burden of the defective mtDNA. 447 

Previous reports demonstrated that UPRMT limits uaDf5 clearance, and that eliminating 448 

the UPRMT-mediating transcription factor, ATFS-1, lowers mtDNAuaDf5 abundance [25,27]. Our 449 

identification of a second mutation in the uaDf5 mutant that results in premature truncation of 450 

the ND4 gene product raises the possibility that expression of both the truncated ND4 and the 451 

ND1-CYTB fusion protein might together activate UPRMT. The possibility that it is the production 452 
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of aberrant polypeptides resulting from these mutations that trigger this response will require 453 

analysis of additional mtDNA mutants. 454 

 455 

Mitochondrial deletion mutant uaDf5 as a model for mitochondrial disease 456 

We found that uaDf5 affects brood size, embryonic lethality, and developmental rate, 457 

highlighting its use as a model for investigating mitochondrial diseases. The reduced brood size 458 

in uaDf5-bearing animals might reflect diminished germ cell proliferation, as mitochondria have 459 

been implicated in progression of germline maturation [93,94]. Alternatively, the defective 460 

mtDNA might trigger hyperactivation of the germline PCD pathway that specifically removes 461 

germ cells with the highest burden of defective mtDNA, as suggested by our results, resulting in 462 

the survival of fewer mature oocytes. The increased embryonic lethality in the uaDf5 strain may 463 

be a consequence of a genetic bottleneck effect, leading to rapid differences in mtDNA allele 464 

frequencies [95–97] and a subpopulation of oocytes containing levels of mtDNAuaDf5 that exceed 465 

a threshold required for viability.  466 

We were surprised to find, in contrast to a previous report [98], that mtDNAuaDf5 did not 467 

alter lifespan. Given that mitochondrial mutations are often coupled with compensatory 468 

mutations in the nuclear genome [99–103], one possible explanation for this discrepancy might 469 

be that a compensatory nuclear mutation exists in the strain analyzed, diminishing the impact of 470 

the defective mitochondrial genome. We note, however, that we backcrossed the uaDf5 strain 471 

extensively to the laboratory reference strain N2 prior to performing the reported analyses. It is 472 

conceivable that although we observed no effect in the lab, uaDf5 might alter lifespan under 473 

natural conditions. Exposure to increased stress from growth in the wild might be less tolerated 474 
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in animals bearing mtDNAuaDf5, as has been observed with other mitochondrial mutants [104], 475 

resulting in diminished lifespan.  476 

 477 

Caspases and cell death machinery regulate mitochondrial purifying selection 478 

Our results lend support to the hypothesis that germline PCD mechanisms may be used 479 

to cull germline cells with defective mtDNA (Fig. 6A). Developmentally programmed cell death 480 

and cell death in response to genotoxic stress are mediated by caspases upon activation by the 481 

C. elegans octameric apoptosome which is formed when the inhibition of CED-4 by CED-9 is 482 

disrupted through binding of BH-3-only proteins EGL-1 and CED-13 in the soma and germline, 483 

respectively. We propose that in response to mitochondrial genotoxic stress (increased 484 

mtDNAuaDf5 load), caspases CED-3 and CSP-1 are activated by the BH-3 only domain protein CED-485 

13 thereby triggering mitochondrial purifying selection independent of CED-9 and the CED-4 486 

apoptosome, either through germ cell PCD or a non-apoptotic role of these caspases (Fig. 6A).     487 

Mutations that eliminate the function of caspases that act in PCD result in elevated 488 

mtDNAuaDf5 levels. Two mutations affecting the p15 domain of the CED-3 caspase result in a 489 

significantly increased molar ratio of uaDf5, highlighting the importance of the p15 domain in 490 

mtDNA quality control.  It is noteworthy that the two mutations that result in a more substantial 491 

effect on mtDNAuaDf5 abundance affect CED-3 structure more dramatically: ced-3(n717) results in 492 

a splicing error, and ced-3(n1286) is a nonsense mutation [54]. In contrast, ced-3(n2454), which 493 

results in a subtle (statistically insignificant) increase in mtDNAuaDf5, is a substitution predicted to 494 

impart a much weaker effect on the protein structure [54]. The effect of the ced-3(n718) allele, 495 

which resides in the prodomain of CED-3, suggests that that portion of the protein may act to 496 
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inhibit mtDNA quality control. Taken together, our results suggest that CED-3 may carry out a 497 

specialized activity in mtDNA-activated PCD. We found that a second caspase, CSP-1, which plays 498 

a minor role in PCD [56,57], is also required in mtDNA quality control: a csp-1(-) knockout 499 

mutation results in increased abundance of mtDNAuaDf5 and enhances the effect of ced-3(n717), 500 

suggesting that CSP-1 may play a larger role in removal of defective mtDNA than it does in other 501 

forms of PCD. An exciting possibility is that caspases act in mtDNA quality control via a mechanism 502 

that is distinct from their normal action in PCD. Such putative roles for caspases and other 503 

mitochondrial factors in non-apoptotic mitochondrial quality control may have been co-opted 504 

during metazoan evolution with the innovation of PCD. 505 

Analysis of additional PCD components further implicate a role for germline PCD in 506 

mitochondrial purifying selection. These include CED-13, the germline-specific PCD effector, and 507 

components of the cell corpse engulfment pathway, which activate PCD likely through a complex 508 

feedback mechanism that ensures cells destined to die proceed irreversibly through the process 509 

[66,67]. In all cases, mutations in these components result in increased mtDNAuaDf5 levels. In 510 

vertebrates, mitochondrial reactive oxygen species (mtROS) trigger apoptosis via the intrinsic 511 

mitochondrial pathway [120]. Interestingly, elevated mtROS promotes longevity that is in part 512 

dependent on the core cell death machinery in C. elegans, involving CED-9, CED-4, CED-3 and 513 

CED-13, but not EGL-1 [105]. In that study, the authors reported that the protective effect of the 514 

cell death machinery on lifespan was independent of PCD in the soma; however, germline cell 515 

death was not characterized. Given that CED-13, and not EGL-1, is the predominant BH3-domain 516 

protein functioning in the germline [58] and that ablation of the germline leads to extended 517 

lifespan [106], our findings support the possibility that germline progenitors carrying defective 518 
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mitochondria selectively undergo PCD, ensuring homeostatic mtDNA copy number and health of 519 

progeny. 520 

A striking exception to our findings was seen with mutations that eliminate the function 521 

of the pro-apoptotic regulator CED-4. Neither the ced-3(n718) mutation that disrupts the CED-3 522 

CARD domain, which is involved in recruitment to the apoptosome by stabilizing its interaction 523 

with CED-4 [44,107], nor two ced-4(-) mutations, result in increased accumulation of mtDNAuaDf5, 524 

suggesting non-canonical, CED-4-independent activation of CED-3 in mitochondrial purifying 525 

selection. It is possible that the CARD mutation (G65R) in the ced-3(n718) mutant [54] reduces 526 

the fraction of CED-3 in complex with the apoptosome, which might release more of the protein 527 

for its role in mitochondrial purifying selection. Interestingly, the CARD linker domain has been 528 

found to have an inhibitory effect on the pro-caspase-9 zymogen [108]. ced-3(n718) could be 529 

effectively acting as a gain-of-function allele in the process of purifying selection, reflected by the 530 

lower levels of mtDNAuaDf5 in this mutant background. 531 

It is noteworthy that CED-4 and its mammalian Apaf1 relatives regulate a variety of 532 

cellular functions that are unrelated to their activities in PCD. These include cell growth control 533 

influenced by DNA damage, centrosomal function and morphology, neuronal regeneration, and 534 

inhibition of viral replication [109–112]. In addition, as a result of differential RNA splicing, ced-4 535 

encodes proteins with opposing activities, generating both an activator and a repressor of 536 

apoptosis [113], which further complicates analysis of its action. Thus, it is conceivable that CED-537 

4 might exert opposing effects on purifying selection, reflecting its pleiotropic activities in 538 

development and confounding an unambiguous interpretation of its action in this process.  539 

 540 
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IIS and CLK-1 synergistically regulate germline accumulation of mtDNAuaDf5 as adults age 541 

We found that most of the increase in the fractional abundance of mtDNAuaDf5 as worms 542 

age throughout the period of self-fertility (days 1-4) occurs in the germline. However, the relative 543 

amount of the defective mtDNA continues to increase in older animals when the germline is no 544 

longer actively proliferating [76], suggesting that mtDNA proliferation also occurs in somatic 545 

tissues throughout the aging process. This behavior mirrors the dynamics of mutant mtDNAs 546 

observed in other organisms, including human, mouse, rat, and rhesus monkey [35,73,79]. While 547 

removal of the germline in worms results in extended lifespan [114,115], it is not clear whether, 548 

or to what extent, this increased lifespan might be attributable to accumulation of mutant 549 

mtDNA, since the lack of germline leads to a variety of cellular responses [116,117], any of which 550 

might lead to lifespan extension.   551 

           These studies do not reveal whether, or how, aging and accumulation of defective mtDNA 552 

are causally linked. However, our findings that steady-state levels of mtDNAuaDf5 are lowered in 553 

long-lived mutants (daf-2 (IIS pathway; [28]) and clk-1 (mitochondrial function; [118,119])) and 554 

that rates of its accumulation are strongly inversely correlated with lifespan extension through 555 

independent pathways, suggests that mtDNA purifying selection mechanisms are influenced by 556 

aging programs (Fig. 6A). Further bolstering this potential link is our finding that short-lived 557 

mutants (daf-16 and aak-2, both involved in the IIS pathway [28]), show higher steady-state levels 558 

of mtDNAuaDf5. That this effect is greater in aak-2 mutants than in daf-16 mutants suggests that 559 

the AAK-2 branch of the IIS pathway influences mtDNA quality control more significantly than 560 

does the DAF-16 branch. One of the substrates of AAK-2 is SKN-1/Nrf2, a multifaceted 561 

transcription factor with roles in stress response and longevity, and one of its isoforms, SKN-1a, 562 
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localizes to the mitochondrial surface [120], raising the possibility that AAK-2 might influence 563 

clearance of defective mtDNA through SKN-1 action. It will be of interest to assess how defective 564 

mtDNA might coordinately trigger quality control and stress-response pathways.  565 

 Our observation that IIS pathway components and CLK-1 act synergistically on the mtDNA 566 

quality control machinery raises the possibility that these two distinct lifespan-regulating 567 

pathways converge on a common system for removal of defective mtDNA, such as a global 568 

mitochondrial stress response pathway. Candidates for mediating this removal process include 569 

mitochondrial fission/fusion [17,20,121], mitophagy [18,19,122], and the UPRMT [22–27], all of 570 

which are known to act in mtDNA quality control, as well as modulation of the regulatory 571 

pathway for PCD, as suggested by our findings.  572 

 573 

PCD is uncoupled from aging during intergenerational mitochondrial purifying selection in 574 

older mothers  575 

           Analysis of newly hatched L1 larvae revealed that the relative load of mtDNAuaDf5 is 576 

transmitted from mother to offspring, with evidence for intergenerational purifying selection 577 

(Fig. 6B). This finding implies that mtDNA quality control occurs between germline stem cell 578 

expansion in the mature female germline and L1 hatching, a developmental period that spans 579 

many potential stages at which it might occur, including germline PCD, oocyte maturation, and 580 

the entirety of embryogenesis. It is conceivable that this selection process acts at multiple stages 581 

throughout this developmental window and that the decreased burden of defective mtDNA in 582 

newly hatched L1 larvae reflect the summation of a series of sequentially acting processes that 583 

incrementally enrich for healthy mtDNA. 584 
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 The efficacy of intergenerational removal of mtDNAuaDf5 increases in old mothers, 585 

including in strains lacking pro-apoptotic regulators. The clearance is particularly precipitous in 586 

strains with a very high burden of defective mtDNA as seen in the absence of CED-13, CED-10, 587 

and ATFS-1, suggesting a critical threshold beyond which a germline PCD-independent mtDNA 588 

quality control process may be triggered in these older mothers (Fig. 6B). One possible 589 

explanation for this observation is that an mtDNA purifying selection mechanism that is typically 590 

inhibited by germline PCD might be activated in older mothers. This hypothesized purifying 591 

selection mechanism might be triggered by the unique cellular environment associated with 592 

aging such as increased organelle or macromolecule damage. Alternatively, the effect might be 593 

the result of an age-dependent genetic program.  594 

            While our study has uncovered new mechanisms acting in mtDNA purifying selection and 595 

its relationship to aging, it is of note that some level of mtDNAuaDf5 is maintained in all but the 596 

most extreme conditions we have observed (e.g., in the daf-2(e1391) clk-1(qm30) double 597 

mutant, in which the defective mtDNA is extirpated). This finding raises the possibility that 598 

some degree of heteroplasmy, even with defective mtDNA, is not only tolerated, but may be 599 

adaptive by providing a degree of evolutionary plasticity. Cells might purposefully allow for 600 

limited heteroplasmy as a way of increasing genetic heterogeneity that might prove 601 

evolutionarily advantageous. Such heterogeneity may also be essential to allow mtDNA to co-602 

evolve with changes arising in the nuclear genome. It may be that a dynamic balance between 603 

active mtDNA purifying selection, including the mechanisms identified here, and the 604 

permissibility of limited heteroplasmy, is modulated according to environmental or 605 

physiological demands.  606 
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Materials and Methods 607 
 608 
Culturing of nematodes 609 

Nematode strains were maintained on NGM plates as previously described at either 20°C 610 

or 15°C for the temperature-sensitive strains [123]. Supplementary Tables 1, 2 and 3 provide 611 

details of all strains used in this study. Strains without a JR designation were either provided by 612 

the CGC which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440) or 613 

were obtained from the Mitani lab (strains with a FX designation or JR strains containing alleles 614 

with a tm designation were generated from Mitani lab strains) [124]. 615 

Population collection by age 616 

Upon retrieval of a stock plate for a given strain, three chunks were taken from the stock 617 

plate and placed onto three separate large NGM plates to create three biological replicates 618 

(“lines”). Each of these lines was chunked approximately each generation to fresh large NGM 619 

plates (every 3 days if maintained at 20°C or 25°C, or every four days if maintained at 15°C, being 620 

careful to not let the worms starve between chunks). After four generations of chunks, an egg 621 

prep was performed on each line (as described previously; [123]) and left to spin in M9 overnight 622 

to synchronize the hatched L1s. The next day, each egg prep was plated onto three large seeded 623 

plates at an equal density and the worms were left to grow to day 2 adults (second day of egg 624 

laying). The day 2 adult worms were egg prepped for synchronization and left to spin in M9 buffer 625 

overnight. The next day, each egg prep was plated onto five large NGM plates at equal density. 626 

Once the worms reached day 1 of adulthood (first day of egg-laying), one of the plates was used 627 

to collect 200 adult worms by picking into 400 μl of lysis buffer, and the remaining adults on the 628 

plate were egg prepped for the collection of hatched L1 larvae in 400 μl lysis buffer the following 629 
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day. The worms on the four remaining plates were transferred to a 40 μm nylon mesh filter in 630 

order to separate the adults from the progeny, and the resulting adults were resuspended in M9 631 

and pipetted onto fresh large NGM plates. This process was repeated for the following three days 632 

(Day 2-4 of adulthood). Day 5-10 adults were moved to fresh NGM plates every 2nd day using a 633 

40 μm nylon mesh filter, and the resulting day 10 adults were collected in lysis buffer. 634 

ddPCR 635 

The worm lysates were incubated at 65°C for 4 hours and then 95°C for 30 minutes to 636 

deactivate the proteinase K. Each lysate was diluted; 100-fold for 200 worm adult population 637 

lyses, 2-fold for 200 worm L1 population lyses, and 25-fold for individual adult lyses. 2 μl of the 638 

diluted lysate was then added to 23 μl of the ddPCR reaction mixture, which contained a 639 

primer/probe mixture and the ddPCR probe supermix with no dUTP. The primers used were:  640 

WTF: 5’-GAGGGCCAACTATTGTTAC-3’ 641 

WTR: 5’-TGGAACAATATGAACTGGC-3’ 642 

UADF5F: 5’-CAACTTTAATTAGCGGTATCG-3’ 643 

UADF5R: 5’-TTCTACAGTGCATTGACCTA-3’ 644 

The probes used were: 645 

WT: 5’-HEX-TTGCCGTGAGCTATTCTAGTTATTG-Iowa Black® FQ-3’  646 

UADF5: 5’-FAM-CCATCCGTGCTAGAAGACAAAG- Iowa Black® FQ-3’  647 

The ddPCR reactions were put on the BioRad droplet generator and the resulting droplet-648 

containing ddPCR mixtures were run on a BioRad thermocycler with the following cycle 649 

parameters, with a ramp rate of 2°C/sec for each step: 650 

1. 95°C for 5 minutes 651 
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2. 95°C for 30 seconds 652 

3. 60°C for 2 minutes 653 

4. Repeat steps 2 and 3 40x 654 

5. 4°C for 5 minutes 655 

6. 90°C for 5 minutes 656 

After thermocycling, the ddPCR reaction plate was transferred to the BioRad droplet reader and 657 

the Quantasoft software was used to calculate the concentration of mtDNAuaDf5 (FAM positive 658 

droplets) and mtDNAWT (HEX positive droplets) in each well. 659 

Lifespan analysis 660 

Confluent large plates were egg prepped and left to spin in M9 overnight for 661 

synchronization. The hatched L1s were plated onto large thick plates and allowed to grow to day 662 

2 adults before being egg prepped a second time and left to spin in M9 overnight. The next 663 

morning, referred to as day 1 for lifespan determination, L1s were singled out onto small plates. 664 

Once the worms started laying eggs, they were transferred each day to a fresh small plate until 665 

egg laying ceased, after which the worms remained on the same plate unless bacterial 666 

contamination required transfer to a fresh plate. Worms were considered dead if there was no 667 

movement after being lightly prodded with a worm pick. Worms that died due to desiccation on 668 

the side of the plate were excluded from analysis. 669 

Brood size and embryonic lethality analysis 670 

Confluent large plates were egg prepped and left to spin in M9 overnight for 671 

synchronization. The hatched L1s were plated onto large thick plates and allowed to grow to day 672 

2 adults before being egg prepped a second time and left to spin in M9 overnight. The next 673 
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morning, L1s were singled out onto small plates. Once the worms started laying eggs, they were 674 

transferred each day to a fresh small plate until egg laying ceased. The day after transfer to a 675 

fresh plate, unhatched embryos and hatched larvae on the plate from the previous day were 676 

counted. This was done for each of the days of laying and the total of unhatched embryos and 677 

hatched larvae from all plates from a single worm were tabulated to determine total brood size. 678 

To determine embryonic lethality, the total number of unhatched embryos was divided by the 679 

total brood size. Worms that died due to desiccation on the side of the plate were excluded from 680 

analysis. 681 

Developmental time course analysis 682 

Confluent large plates were egg prepped and left to spin in M9 overnight for 683 

synchronization. The hatched L1s were plated onto large thick plates and allowed to grow to day 684 

2 adults before being egg prepped a second time and left to spin in M9 overnight. The next 685 

morning, L1s were singled out onto small plates. The stage of the worms was assayed every 12 686 

hours for the first 72 hours after plating. For determining the stage at 60 hours, L4 worms were 687 

divided up into three subgroups based on morphology: young-L4, mid-L4, and late-L4; otherwise, 688 

all other staged worms were not divided up into subgroups. Worms that died due to desiccation 689 

on the side of the plate were excluded from analysis. 690 

Genotyping the w47 allele 691 

DNA was collected from reference strain (N2) and two uaDf5-containing strains, LB138 692 

and JR3630. Mitochondrial DNA was extracted and the DNA libraries were prepared using 693 

Nextera Kit and then sequenced using an Illumina NextSeq500. Prior to alignment, reads from 694 

fastq files were trimmed using Trimmomatic. Trimmed, pair-end reads (2x150) were then 695 
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mapped to the C. elegans assembly reference sequence WBcel235 using Burrows-Wheeler 696 

Aligner (BWA) [125]. Picard Tools (http://broadinstitute.github.io/picard/) was used to mark 697 

duplicate reads, and SAMtools [126] was used to merge, index and create pile-up format. VarScan 698 

[127] was used to call variants, and only variants with minimum coverage of 100 and a minimum 699 

variant frequency call of 0.01 were considered for analysis. 700 

Statistical Analysis 701 

 Summary statistics, ANOVA, Mann-Whitney tests, and linear regression were calculated 702 

using R v3.4.1. The details of the statistical tests are reported in the figure legends. 703 

  704 
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Figures 705 

Figure 1 706 

 707 
Figure 1: Analysis of the impact of mtDNAuaDf5 on fitness parameters. (A) Diagram of C. elegans 708 

mtDNA. Black bars with arrows indicate the locations of genes and direction of transcription. 709 

Black lines with letters indicate the locations of tRNAs. Green bars show the locations of the 710 

mtDNAuaDf5 deletion as well as the linked w47 insertion that was identified via Illumina 711 

sequencing. (B) Brood size analysis of mtDNAuaDf5 compared to laboratory wildtype N2. (C) 712 

Embryonic lethality analysis of uaDf5 compared to laboratory wildtype N2. (D) Developmental 713 

rate analysis of mtDNAuaDf5 compared to laboratory wildtype N2, counting how many hours it 714 
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takes for starved L1s to reach gravidity once plated on food. (E) Developmental rate analysis of 715 

mtDNAuaDf5 compared to laboratory wildtype N2, staging worms 60 hours after synchronized, 716 

staved L1s are plated on food. (F) Survival curve analysis of mtDNAuaDf5 compared to laboratory 717 

wildtype N2, day 1 is defined as the day starved L1s are plated on food. Median lifespan and 718 

statistics are presented in Supplemental Figure 2. For B-E, box plots show median and IQR, and 719 

the diamond indicates the mean. Statistical analysis was performed using the Mann-Whitney 720 

test. (*** p < 0.001, n.s. not significant). 721 
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Figure 2 723 

 724 
 725 

Figure 2: Regulators of PCD act on mutant mtDNA. (A-C) ddPCR analysis of the steady-state 726 

molar ratio of mtDNAuaDf5 in 200 worm populations of day 1 adults of various PCD mutant 727 

backgrounds. (A) PCD mutants that result in a significant increase in the molar ratio of 728 

mtDNAuaDf5. (B) PCD mutants that result in no statistical change in the molar ratio of mtDNAuaDf5. 729 

(C) PCD mutant that results in a significant decrease in the molar ratio of mtDNAuaDf5. (D) The 730 

relative brood size of the animals with and without mtDNAuaDf5 in the indicated mutant 731 

backgrounds. For each nuclear genotype shown, the brood size of uaDf5-containing worms was 732 
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normalized by dividing by the average brood size of worms containing only WT-mtDNA. Box plots 733 

show the median and IQR, the diamond indicates the mean. For A-C, n=3 or more biological 734 

replicates of 200 worm populations were performed for each genotype. Statistical analysis was 735 

performed using one-way ANOVA with Dunnett’s correction for multiple comparisons. For D, 736 

statistical analysis was performed using the Mann-Whitney test. Error bars represent SEM. (*** 737 

p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1, n.s. not significant).  738 
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Figure 3 740 

 741 
Figure 3: mtDNAuaDf5 accumulates in the germline of aging adults, and evidence of purifying 742 

selection between mother and offspring. (A) Analysis of the molar ratio of mtDNAuaDf5 in aging 743 

adults in a wildtype nuclear background. (B) Analysis of the percent change of uaDf5:WT from 744 

day 1 (Y axis = (uaDf5:WT day x -uaDf5:WT day 1)/( uaDf5:WT day 1)). For glp-1(q231ts), fem-745 

3(q20ts), and glp-4(bn2ts), 15OC is the permissive temperature (germline development occurs) 746 

and 25OC is the restrictive temperature (female germline development is inhibited). Statistical 747 

analysis was performed using one-way ANOVA with Tukey correction for multiple comparisons. 748 

(*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1). Error bars represent SEM. (C) Analysis of the 749 

molar ratio of mtDNAuaDf5 in aging adults (P0 adult) and their L1 progeny (F1 L1) in various nuclear 750 

backgrounds shows that all strains decrease the uaDf5 load during transmission from mother to 751 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2022. ; https://doi.org/10.1101/2021.10.27.466108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466108
http://creativecommons.org/licenses/by-nc-nd/4.0/


40 
 

offspring, and that strains with significantly higher mtDNAuaDf5 levels (atfs-1(et15), ced-752 

10(n1993), and ced-13(sv32)) have a more significant removal mechanism at day 4 of adulthood. 753 

n=3 or more replicates of 200 worm populations were performed for each timepoint. Error bars 754 

represent SEM. Grey dashed line indicates a hypothetical threshold at which high mtDNAuaDf5 755 

burden activates enhanced intergenerational purifying selection in older mothers.  (D) Analysis 756 

of the measured loss of mtDNAuaDf5 between mother and offspring at each day of adulthood 757 

shows that mtDNAuaDf5 removal occurs. n=6 replicates of 200 worm populations for each 758 

condition. 759 
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Figure 4 761 

 762 
Figure 4: Lifespan mutants have both a lower steady-state level and accumulation rate of 763 

mtDNAuaDf5. (A-C) Analysis of molar ratio of mtDNAuaDf5 in day 1 adults of various mutant 764 

backgrounds. (A) Analysis of steady-state mtDNAuaDf5 levels in long-lived mutants. (B) Analysis of 765 

steady-state mtDNAuaDf5 levels in short-lived mutants, showing synergistic activity on mtDNAuaDf5 766 

removal capacity in the daf-2(e1391) clk-1(qm30) double mutant. (C) Analysis of steady-state 767 

mtDNAuaDf5 levels in daf-2(-) single and daf-16(-); daf-2(-) double mutants, showing a partial 768 

rescue of daf-2(-) phenotype by daf-16(-). (D) Analysis of the molar ratio of mtDNAuaDf5 in aging 769 

adults in 21 different nuclear backgrounds shows a consistent accumulation trend. (E) Summary 770 

of the rate of increase for the lifespan regulation mutants, showing that daf-16 rescues the daf-771 

2 accumulation rate phenotype. The normalized accumulation rate was calculated by fitting a 772 

regression line for each trial and then dividing the slope of the regression line by the slope of the 773 

averaged regression line found in a wildtype background. For all, n=3 or more replicates of 200 774 
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worm populations for each genotype and stage. For A and E, statistical analysis was performed 775 

using one-way ANOVA with Tukey correction for multiple comparisons. For C, statistical analysis 776 

was performed using one-way ANOVA. For B, statistical analysis was performed using one-way 777 

ANOVA with Dunnett’s correction for multiple comparisons. Error bars represent SEM.  (*** p < 778 

0.001, ** p < 0.01, * p < 0.05, . p < 0.1, n.s. not significant). 779 
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Figure 5 781 

 782 
Figure 5: Evidence for late adulthood-specific mechanisms for removal of mtDNAuaDf5 783 

 (A) Subtracting uaDf5:WT in progeny from day 1 adults from progeny of day 4 adults shows that 784 

day 4 F1-L1s tend to have higher mtDNAuaDf5 burden than their day 1 siblings, but this is no longer 785 

the case in nuclear backgrounds that result in a significantly higher steady-state levels of 786 

mtDNAuaDf5 in the adult. n=3 or more replicates for each genotype and statistical analysis was 787 

performed using the Mann-Whitney test. (B) Comparison of the molar ratio of mtDNAuaDf5 in day 788 

4 adult mothers to the absolute % removal of mtDNAuaDf5 from mother to offspring shows a 789 

positive correlation. (*** p < 0.001). 790 

 791 
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Figure 6 793 

 794 
Figure 6: Regulation of mtDNAuaDf5 accumulation and transmission by the PCD and aging 795 

pathways 796 

(A) Our results suggest that CED-3 and CSP-1, which are activated by BH-3 only protein CED-13, 797 

function cooperatively to promote mitochondrial purifying selection, independent of CED-9 and 798 

the CED-4 apoptosome. The clearance of mtDNAuaDf5 may therefore involve induction of a non-799 

canonical germline PCD mechanism or non-apoptotic action of the CED-13/caspase axis. 800 

Additionally, IIS and CLK-1 aging pathways act synergistically to regulate mitochondrial purifying 801 
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selection. (B) mtDNAuaDf5 (red) accumulates in the germline relative to mtDNAWT (blue) as adults 802 

age and the increased mtDNAuaDf5 levels are transmitted to the progeny, although the mtDNAuaDf5 803 

burden is consistently lower in progeny than mothers. This intergenerational purifying selection 804 

is enhanced in the older mothers of mutants with high steady-state mtDNAuaDf5 (e.g., ced-13, ced-805 

10, and atfs-1), suggesting a threshold beyond which a germline PCD-independent mtDNA quality 806 

control process may be initiated or enhanced in these older mothers.  807 
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Supplemental Materials 808 

Fig. 1 – figure supplement 1  809 

 810 
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Fig. 1 – figure supplement 1: Characterization of the uaDf5 allele. (A) The percentage of reads 811 

that mapped to the w47 insertion in uaDf5 samples (red) and wildtype samples (blue). Error bars 812 

represent SEM. (B) Table outlining the percentage of reads that mapped to the w47 and uaDf5 813 

mutations in uaDf5 samples. The number of variant reads was determined by averaging the 814 

mapped reads across the deleted region and subtracting that from the average number of reads 815 

mapped to the rest of the mtDNA genome (total reads). (C) Diagram showing the mitochondrial 816 

respiratory chain (MRC) machinery subunits. Blue indicates nDNA-encoded subunits, orange and 817 

green indicate mtDNA-encoded subunits. Green indicates those subunits that are knocked out in 818 

the uaDf5 allele (including ND4 which is knocked out by the linked w47 mutation). (D) Diagram 819 

showing the likely effect of the w47 mutation on ND4 protein translation. ND4 is a 409-aa long 820 

transmembrane subunit that spans the inner mitochondrial membrane 13 times. The w47 821 

mutation results in a premature stop codon at position 89, eliminating 10 of the 13 alpha-helix 822 

membrane domains. (E) Diagram showing the likely effect of the uaDf5 mutation on ND1 protein 823 

translation. ND1 is a 291-aa long transmembrane subunit that spans the inner mitochondrial 824 

membrane 8 times and CYTB is a 370-aa long transmembrane subunit that spans the inner 825 

mitochondrial membrane 8 times. The uaDf5 mutation results in a 266 amino acid long fusion 826 

protein that connects the first 185 amino acids (and 5 subunits) of ND1 with the last 81 amino 827 

acids (and 3 subunits) of CYTB. 828 
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Fig. 1 – figure supplement 2 830 

 831 

Fig. 1 – figure supplement 2: Lifespan analysis of the impact of uaDf5. Lifespan analysis of N2 832 

bearing uaDf5 compared to wildtype N2. Day 1 is defined as the day starved L1s are plated on 833 

food. Box plots show median and IQR, and the diamond indicates the mean. Statistical analysis 834 

was performed using the Mann-Whitney test. (n.s. not significant). 835 
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Fig. 2 – figure supplement 1  837 

 838 

Fig. 2 – figure supplement 1: Reproducibility of ddPCR measurement of uaDf5. Analysis of the 839 

steady-state of uaDf5 in a wildtype nuclear background shows highly stable steady-state levels. 840 

Trials were done months apart on different thaws. Dots represent biological replicates. Statistical 841 

analysis was performed using one-way ANOVA with Tukey correction for multiple comparisons. 842 

(n.s. not significant). 843 
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Fig. 2 – figure supplement 2  845 

  846 

 847 

Fig. 2 – figure supplement 2: PCD Signaling pathway. (A) Signaling pathway for programmed cell 848 

death. The canonical pathway is shown with black arrows, the noncanonical pathway is shown 849 

with green arrows, and the downstream engulfment pathway is shown with blue arrows. 850 

Adapted from [38]. 851 
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Fig. 2 – figure supplement 3  853 

 854 

Fig. 2 – figure supplement 3: Analysis of the ced-3 alleles. (A) Locations and consequences of 855 

the four tested ced-3 alleles, as well as the measured fractional abundance of uaDf5. (B) Diagram 856 

showing the locations of the mutations for each allele.  857 
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Fig. 2 – figure supplement 4  859 

 860 

Fig. 2 – figure supplement 4: Analysis of the impact of uaDf5 on fitness parameters in PCD 861 

mutants. (A) Brood size analysis of PCD mutants. (B) Lifespan analysis shows that uaDf5 does not 862 

affect lifespan in both wildtype background and in PCD mutant backgrounds. (C) Lifespan analysis 863 

shows that uaDf5 does not affect lifespan in a wildtype nuclear background nor in PCD mutant 864 
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backgrounds. For B and C, day 1 is defined as the day starved L1s are plated on food. For A and 865 

C, box plots show median and IQR, and the diamond indicates the mean. Statistical analysis was 866 

performed using the Mann-Whitney Wilcoxon test. (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 867 

0.1, n.s. not significant).  868 

 869 
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Fig. 3 – figure supplement 1  871 

 872 

Fig. 3 – figure supplement 1: uaDf5 accumulation in individual lines of adults and progeny. (A) 873 

Analysis of uaDf5 accumulation in individual lines of aging P0 adults shows a consistent 874 

accumulation trend as adults age. (B) Analysis of uaDf5 accumulation in individual lines of F1-L1 875 

progeny that were born from those mothers shown in panel A show a consistent trend of progeny 876 

born from older mothers inheriting a larger uaDf5 load than their siblings born from younger 877 

mothers.  878 
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Fig. 4 – figure supplement 1  880 

 881 

Fig. 4 – figure supplement 1: IIS Signaling pathway. Insulin-like peptides (ILPs) bind to DAF-2 and 882 

activate the PI3P pathway which prevents nuclear translocation of DAF-16. AAK-2 may 883 

phosphorylate and activate DAF-16 transcriptional activity. Loss of aak-2 or daf-2 (highlighted in 884 

red) reduces lifespan 885 
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Fig. 4 – figure supplement 2  887 

 888 

Fig. 4 – figure supplement 2: Analysis of the accumulation of mtDNAuaDf5 in PCD and lifespan 889 

mutants. Analysis of the normalized fractional abundance uaDf5 [(% uaDf5 day x- % uaDf5 day 890 

1)* % uaDf5 day 1] in steady-state populations, showing the accumulation rate of mtDNAuaDf5 as 891 

worms age from day 1 to day 4 of adulthood. (A) Analysis of the accumulation of uaDf5 in long-892 

lived mutants. (B) Analysis of the accumulation of mtDNAuaDf5 in short-lived mutants. (C-D) 893 
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Linear regression analysis of the normalized fractional abundance uaDf5 [(% uaDf5 day x- % 894 

uaDf5 day 1)* % uaDf5 day 1] in steady-state populations, showing the accumulation rate of 895 

mtDNAuaDf5 as worms age from day 1 to day 4 of adulthood. (C) Analysis of long-lived mutants. 896 

(D)  Analysis of short-lived mutants. (E) Analysis of the accumulation of mtDNAuaDf5 in PCD 897 

mutants. (F-H) Linear regression analysis of the normalized fractional abundance mtDNAuaDf5 898 

[(% uaDf5 day x- % uaDf5 day 1)* % uaDf5 day 1] in steady-state populations, showing the 899 

accumulation rate of mtDNAuaDf5 as worms age from day 1 to day 4 of adulthood. (F) Analysis of 900 

PCD mutants with significantly high steady-state level of mtDNAuaDf5. (G) Analysis of PCD 901 

mutants with significantly low steady-state level of mtDNAuaDf5. (H) Analysis of PCD mutants 902 

with no significant change in the steady-state level of mtDNAuaDf5. For C, D, F, G, and H dots 903 

represent actual datapoints, lines are fitted regression models of the data. For all, n=3 904 

replicates or more of 200 worm populations for each datapoint.  905 

 906 
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Fig. 4 – figure supplement 3  908 

 909 

Fig. 4 – figure supplement 3: uaDf5 differentially impacts fitness parameters in lifespan-910 

affecting mutants. (A-B) Brood size analysis showing how uaDf5 differentially impacts brood size 911 
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in lifespan mutant backgrounds. uaDf5 has no negative impact on the long-lived mutant clk-1 but 912 

has a modestly larger negative impact on the short-lived mutant daf-16 than it does in the 913 

wildtype background. (B) Relative brood size of the animals with and without uaDf5 in the 914 

indicated mutant backgrounds. (C-D) Embryonic lethality analysis showing how uaDf5 915 

differentially impacts embryonic lethality in lifespan mutant backgrounds. uaDf5 has no negative 916 

impact on the long-lived mutant clk-1 but has a modestly larger negative impact on the short-917 

lived mutant daf-16 than it does in a wildtype background. (D) Relative lethality of the animals 918 

with and without uaDf5 in the indicated mutant backgrounds. Box plots show median and IQR, 919 

and the diamond indicates the mean. For A and C, statistical analysis was performed using the 920 

Mann-Whitney test. For B and D, statistical analysis was performed using the Kruskal-Wallis test. 921 

(*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1, n.s. not significant). 922 
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Supplementary Table 1: A summary of all mutants analyzed in the PCD pathway, including their 924 

known homologs, whether they are part of the core PCD machinery, if they are pro-apoptotic or 925 

anti-apoptotic, whether they are mitochondrial proteins, and molecular details of the alleles 926 

analyzed. 927 

Gene Homolog Core 
Machinery 

Role in 
Apoptosis 

Mitocho
ndrial? 

Allele Parental 
Strain 

Molecular 
Nature of the 
Allele 

Protein 
Change 

ced-1 SCARF2 N Pro(engulf
ment) 

N e1735 CB3203 Substitution  Nonsense 
QàOchre 

ced-2 CRK N Pro(engulf
ment) 

N e1752 CB3257 Substitution Nonsense 
WàOpal 

ced-3 CASPASE Y Pro(execu
tor 
caspase) 

N n717 MT1522 Substitution Splice site 
CàT 

n1286 MT3002 Substitution Nonsense 
WàOpal 

n718 MT1743 Substitution Missense 
GàR 

n2454 MT8354 Substitution Missense 
AàT 

ced-4 APAF1 Y Pro(apopt
osome) 

Y/N 
(primaril
y nuclear 
membra
ne) 

n1162 MT2547 Substitution Nonsense 
QàOchre 

n1894 MT5287 Not curated Unknown 

ced-9 BCL2 Y Anti Y n1950 MT4770 Substitution Missense 
GàE 

ced-10 RAC N Pro(engulf
ment) 

N n1993 MT5013 Substitution Missense 
VàG 

n3246 MT9958 Substitution Missense 
GàR 

ced-13 BH3 N Pro N tm536 FX536 523bp 
deletion 

Only first 
17bp 
remain 

sv32 MD792 1304bp 
deletion 

Complete 
knockout, 
also inx-5 

csp-1 CASPASE N Pro(caspa
se) 

N tm917 JR3196 751bp 
deletion 

Only first 
59bp 
remain  

csp-2 CASPASE N Anti N tm307
7 

JR3397 319bp 
deletion 

Start at 
position 
7317, 
deletes 
parts of 
exon 13 
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and all of 
14 

 928 

  929 
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Supplementary Table 2: A summary of all lifespan mutants analyzed, including their known 930 

homologs, cellular pathways they are known to act in, whether the mutant extends or reduces 931 

lifespan, and molecular details of the alleles analyzed. 932 

Gene Homologs Pathway Allele Parenta
l Strain 

Molecular 
Nature of 
the Allele 

Protein 
Change 

Mutant 
lifespan 

Note 

aak-2 AMPK IIS pathway, 
adult 
lifespan, 
peptidyl-
serine 
phosphorylat
ion, 
regulation of 
protein 
localization 

gt33 TG38 606bp 
deletion 

Starts at 
position 
3979, 
deletes 
exon 3 

Decrease - 

ok524 RB754 408bp 
deletion 

Starts at 
position 
4136, 
deletes 
part of 
exon 3 

Decrease - 

clk-1 COQ7 Adult 
behavior, 
regulation of 
cellular 
metabolism 

qm30 MQ130 590bp 
deletion 

Starts at 
position 
1044, 
deletes 
part of 
exon 4 
and 5 

Increase - 

daf-2 IGFR IIS pathway, 
cellular 
response to 
salt, negative 
regulator of 
macromolec
ule 
metabolic 
processes, 
positive 
regulation of 
development
al growth 

e1391 DR1574 Substitution Missense 
PàL 

Increase ts 

e1370 CB1370 Substitution Missense 
PàS 

Increase ts 

m41 DR1564 Substitution Missense 
GàE 

Increase ts 

daf-
16 

FOXO IIS pathway, 
defense 
response to 
bacterium, 
regulation of 
cellular 
biosynthetic 
process, 
regulation of 
post-

mu86 CF1038 1098bp 
deletion 

Deletes 5 
exons 

Decrease - 

mgDf50 GR1307 20193bp 
deletion 
with 
TCTTCATTTT
CAG 
insertion 

Deletes 7 
exons 

Decrease - 
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embryonic 
development 

fem-3 novel Male somatic 
sex 
determinatio
n, 
masculinizati
on of 
hermaphrodi
te germline, 
positive 
regulation of 
macromolec
ule 
metabolic 
process 

q20 JK816 Not curated Unknown Increase Gof and 
ts; female 
germline 
developm
ent 
inhibited 

glp-4 VARS Cell fate 
specification, 
embryonic 
pattern 
specification, 
positive 
regulation of 
cell 
proliferation 

bn2 SS104 Substitution Missense 
GàD 

Increase ts; 
germline 
developm
ent 
inhibited 

 933 
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Supplementary Table 3: C. elegans strains used in this study. 935 

Strain Genotype Source 
N2 wildtype CGC 
LB138 him-8(e1489) IV; uaDf5/+ CGC 
JR3630 N2; uaDf5/+ (8x backcross version of LB138, 

him(e1489) was outcrossed) 
This study 

JR3688 pink-1(tm1779); uaDf5/+ This study 
JR3880 ced-3(n717) IV; uaDf5/+ This study 
JR4330 csp-1(tm917) II; uaDf5/+ This study 
JR3977 ced-3(n1286) IV; uaDf5/+ This study 
JR3955 ced-13(sv32) X; uaDf5/+ This study 
JR3976 ced-13(tm536) X; uaDf5/+  This study 
JR3926 ced-10(n1993) IV; uaDf5/+  This study 
JR4001 ced-10(n3246) IV; uaDf5/+  This study 
JR3972 ced-1(e1735) I; uaDf5/+  This study 
JR3978 ced-2(e1752) IV; uaDf5/+  This study 
JR4010 ced-1(e1735)I; ced-2(e1752)IV; uaDf5/+  This study 
JR3938 ced-3(n2454) IV; uaDf5/+ This study 
JR3925 ced-4(n1162) III; uaDf5/+  This study 
JR4017 ced-4(n1894) III; uaDf5/+  This study 
JR3986 csp-2(tm3077) IV; uaDf5/+  This study 
JR4027 ced-9(n1950) III; uaDf5/+  This study 
JR3983 ced-3(n718) IV; uaDf5/+  This study 
MT1522 ced-3(n717) IV CGC 
FX536 ced-13(tm536) X CGC 
JR3966 glp-4(bn2) I; uaDf5/+  This study 
JR3949 fem-3(q20) IV; uaDf5/+ This study 
JR3937 atfs-1(et15) V; uaDf5/+  This study 
JR3960 daf-2(e1370) III; uaDf5/+  This study 
JR3963 daf-2(e1391) III; uaDf5/+  This study 
JR3993 clk-1(qm30) III; uaDf5/+  This study 
JR4060 daf-2(e1391) clk-1(qm30) III; uaDf5/+  This study 
JR3995 daf-16(mu86) I; uaDf5/+  This study 
JR3997 daf-16(mgDf50) I; uaDf5/+  This study 
JR4011 aak-2(ok524) X; uaDf5/+  This study 
JR4012 aak-2(gt33) X; uaDf5/+  This study 
JR4008 daf-16(mu86) I; daf-2(e1391) III; uaDf5/+  This study 
JR4005 daf-16(mu86) I; daf-2(e1370) III; uaDf5/+  This study 
JR3941 glp-1(q231) III; uaDf5/+  This study 
CF1038 daf-16(mu86) I CGC 
MQ130 clk-1(qm30) III CGC 
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JR3981 csp-1(tm917) II; ced-3(n717) IV; uaDf5/+  This study 
 936 
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