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ABSTRACT 
 

Mitochondrial DNA Inheritance, Dynamics, and Quality Control: Insights from 

Caenorhabditis elegans 

by 

Sagen Elizabeth Flowers 

 

The endosymbiotic theory explains the origin of eukaryotic cells, in which one 

bacterium engulfed another bacterium resulting in the creation of mitochondria. Over 

time the engulfed bacterium transferred parts of its genome to the genome of the 

engulfing cell, eventually resulting in a dependence of the host on the organelle, and vice 

versa. However, with this theory, one must consider the problem of selfish DNA. 

Mitochondria contain their own DNA, containing a small set of essential genes that are 

involved in the oxidative phosphorylation machinery. How the host cell keeps this 

mtDNA in check is a large area of research, since if the population of mtDNA 

accumulates mutations, it results in mitochondrial disease. The general process by which 

mutated mtDNA is removed is known as purifying selection, but the various mechanisms 

through which this process operates are largely unknown.  

 My project tested various levels at which purifying selection may be operating 

using the genetically tractable nematode C. elegans and the mtDNA deletion mutant 

uaDf5. In this thesis, I describe foundational work to characterize mitochondrial 

dynamics and maintenance of mtDNA over the lifespan of the animal, focused primarily 

on the germline. Our data shows that there are three mechanisms through which purifying 

selection is operating: asymmetric segregation in early embryonic divisions, PCD in the 

mature female germline, and insulin signaling. In addition to the discovery of these 



 
 

x 

mechanisms, I also characterized the dynamics of mtDNA selection during development 

and aging, as well as the dynamics of mitochondrial activity in response to the 

environment. Lastly, I discovered a potent epigenetically activated mtDNA quality 

control mechanism that is activated in response to an initiating genetic event, or “IGE”. 

Altogether, my work shows how C. elegans is an extremely useful system for examining 

mtDNA dynamics and for the further elucidation of the various ways in which the 

mtDNA population is maintained. 
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Chapter One 

Introduction 
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SUMMARY 

Mitochondria perform a multitude of essential processes in cells and defects in 

mitochondrial function underlie aging and many diseases. Mitochondria contain their 

own DNA (mtDNA), which is replicated independently of the nuclear genome. Because a 

typical cell contains many mitochondria and thus many mtDNA copies, defective 

mtDNAs can accumulate, resulting in heteroplasmy. Defects in mitochondrial function 

underpin aging and mtDNA mutations may be associated with the aging process. 

Moreover, mutations in mtDNAs are associated with a range of mitochondrial diseases, 

serious illnesses that afflict up to 1 in every 4,300 people. The replicative advantage of 

truncated mtDNAs carrying deletions poses a particular danger as “selfish elements”. 

Mechanisms therefore exist to eliminate such defective mtDNAs, a process known as 

purifying selection.  

Thus far, mitochondrial dynamics (fission and fusion) and mitophagy (the 

autophagic removal of dysfunctional mitochondria) are the main cellular processes 

identified for removal of defective mtDNA, however it remains to be seen if there are 

additional mechanisms. Recently it was found that the mitochondrial unfolded protein 

response (UPRMT) and the insulin-signaling pathway (IIS) are processes which 

surprisingly are required for protection of defective mtDNAs. A deeper understanding of 

all mechanisms that act on deleterious mtDNA, and why there are pathways which shield 

defective mtDNA from removal, will improve the prospects for the fields of 

mitochondrial disease and aging. 
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MITOCHONDRIAL BIOLOGY 

Origin of Mitochondria 

Mitochondria are the main power producing element of the eukaryotic cell [1]. 

They are a double-membraned organelle with an outer membrane that is permeable to 

most things under 10kDa and a highly convoluted inner membrane which contains the 

oxidative phosphorylation machinery that is responsible for energy (ATP) generation [2]. 

The innermost compartment of the mitochondrion is known as the matrix and it contains 

proteins, ribosomes, and the mitochondrial genome (mtDNA) [3]. In addition to oxidative 

phosphorylation, mitochondria are also involved in a wide array of cellular processes, 

including heme [4–6] and lipid metabolism [7–11], the Krebs/TCA cycle [1,12], the urea 

cycle [13], ion homeostasis [14–16], and apoptosis [17–22]. 

Mitochondria are thought to have arisen from an endosymbiotic event that took 

place about 2.1 billion years ago in which an archaebacterial host engulfed a 

proteobacteria, and the proteobacteria became what is known as today’s mitochondria 

[23–25]. Over time, there was gene transfer from the mtDNA to the nuclear genome 

resulting in what is now an incredibly compact mitochondrial genome that only encodes 

highly hydrophobic essential subunits of the oxidative phosphorylation machinery (also 

known as the mitochondrial respiratory complex, MRC; [1]).  

One of the questions that arises in mitochondrial biology regards the persistence 

of the genome. Before the endosymbiotic event, the two genomes of the host and 

“parasite” would have certainly had strategies to outcompete other genomes [26–28]. 

This is a general tenant of biology and is a cornerstone of immunity [29–32]. How is it, 

that once the mitochondria came to be, that the mitochondria did not take over the host 

cell? Assuming its DNA is selfish, how did it, over time, actually come to live 
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harmoniously inside the host cell and why did it ever transfer its own genes to the host 

cell genome? How did this mutually dependent relationship arise? And, now that the 

eukaryotic cell is entirely dependent on mitochondria to survive, how does the host cell 

keep the mtDNA in check, given its assumed selfish behavior of replication?  

 

Mitochondrial DNA and the MRC 

In mammals, mtDNA is almost always a circular piece of DNA and its length is 

usually on the range of 15-18kb long [25,33]. In humans it is 16,569 bp long and contains 

37 total genes: 13 protein-coding genes, in addition to two rRNAs (16s and 12s) and 

22tRNAs, all of which are needed for the transcription and translation of the mtDNA 

(Fig. 1.1A) [34]. All of the 13 mitochondrial-encoded proteins are necessary subunits of 

the MRC which is made up of a total of 5 complexes (Fig. 1.1B) [1]. Complexes 1-4 are 

electron carriers; they are involved in the electron transfer from succinate or fumarate to 

the final electron acceptor oxygen (to make water). The energy from that electron transfer 

is then coupled to the movement of protons from the matrix across the mitochondrial 

inner membrane to the intermembrane space [35,36]. The 5th complex is the ATP 

synthase which then brings the protons back into the matrix, and the corresponding 

release of energy drives the production of ATP [37,38]. A single molecule of glucose can 

yield as many as 32 ATP molecules when catabolized via the aerobic oxidative 

phosphorylation pathway, as opposed to anaerobic catabolism (i.e., glycolysis and 

fermentation) which yields only 2 ATP molecules, signifying the importance of 

mitochondria for the high energy demands of the cell.  

Of the 13 MRC subunits encoded on the mtDNA, seven of them are in complex 1 

(NADH-ubiquinone oxidoreductase), one is in complex 3 (ubiquinol-cytochrome C 
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oxidoreductase), three are in complex 4 (cytochrome C oxidase), and two are in complex 

5 (ATP synthase/F0F1 ATPase) (Fig. 1.1B) [1,34]. The only complex that does not 

contain any mitochondrial-encoded subunits is complex 2 (succinate-ubiquinone 

oxidoreductase) [39]. One common quality of all of the mitochondrial-encoded subunits 

is that they are highly hydrophobic, which might explain why these genes never 

transferred to the nucleus [40].  

There is very little non-coding sequence within the mtDNA – the protein-coding 

genes contain no introns and there are few intergenic regions, and of those, they are only 

a few bases long [3]. The longest non-coding region is the displacement loop (D-loop) 

which is the main control region for replication and transcription [3]. It contains one of 

the origins of replication and two of the main promoters for transcription [41]. Unlike 

nuclear DNA (nDNA) replication, replication of mtDNA is not linked to the cell cycle 

[42–44] which allows for strong variation in the number of mtDNA molecules per cell 

(known as the copy number). Also unlike nuclear DNA, mtDNA is transmitted 

maternally in most species, except for rare occasions in which paternal inheritance has 

been shown [45–47].  

It has been shown that mtDNA has a much higher mutation rate than nuclear 

DNA, perhaps by as much as a magnitude fold higher [33,48,49]. The possible reasons 

for this are that the mitochondrial DNA polymerase, DNA polymerase gamma (POLG), 

is more error prone than the nuclear DNA polymerase [50–52], and the proximity of the 

mtDNA to the oxidative phosphorylation machinery makes it more likely to be hit with 

highly damaging reactive oxygen species (ROS; [53]), although this theory has 

undergone increased scrutiny in recent years [54]. If a cell or organism contains only 

wildtype mtDNA (WT-mtDNA) it is said to be homoplasmic. However, if there is a 
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mixture of WT-mtDNA and mutated mtDNA then this results in a state known as 

heteroplasmy [55,56]. Given the high mutation rate of mtDNA, it has become evident 

that the state of heteroplasmy is extremely common but is generally not tolerated well by 

the cell [55,56]. In addition to this observation, the mtDNA substitution rate at the long-

term phylogenetic scale is much lower than would be extrapolated from the short-term 

pedigree mutation rate [49], showing that there is a process in which mutations are 

removed from the population. This process is known as purifying selection [57,58] and is 

the main topic of this dissertation.  

  

Mitochondrial disease 

 Mitochondrial diseases are a group of conditions that affect mitochondrial 

function and affect as many as 1 in 4,300 people [55,59–64]. They can be due to 

mutations in either the mtDNA or the nDNA. Generally, these diseases present as 

dysfunction in the tissues or organs that have the largest energy demands, most 

commonly in the muscle and nervous system. Pathogenic mtDNA mutations were first 

discovered in human patients in the late 1980s [65,66] and since then the body of 

literature identifying mtDNA-related disease has significantly grown [55]. Mitochondrial 

diseases also include those disorders in which there is a defect in mitochondrial 

dynamics, quality control, or communication between the mitochondria and ER [61,62]. 

In order to progress toward mitochondrial disease therapy, we must learn more 

about the mechanisms that cells employ to remove deleterious mtDNA. There is evidence 

that some processes regulate mtDNA maintenance, such as mitochondrial fission/fusion 

dynamics and mitophagy [67–73], the mitochondrial unfolded protein response (UPRMT; 

[74–80]), and most recently the insulin signaling pathway (IIS; [81,82]). However, all of 
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these processes only seem to be part of the story in that their effects on mtDNA mutation 

levels are intermediate. C. elegans, a free-living nematode, is an extremely attractive 

model for the discovery of new mechanisms through which purifying selection operates. 

In addition to the ease with which one may study genetic questions with this organism, 

there are also various elements of C. elegans development, which show conservation 

across animals, that are attractive areas to examine for the potential of mitochondrial 

maintenance. These elements include selective segregation with the early embryo [83–

86], endodermal cannibalism of a portion of the germline progenitor cells during mid-

embryogenesis [87], and programmed cell death (PCD) in mature female germline 

[22,87–92] (described further below). Understanding how mtDNA mutations are 

removed is not only important for the treatment of the subset of mitochondrial diseases 

that are caused by mtDNA mutations but also for the prevention of aging (described 

next). 

 

Mitochondria in aging 

 The problem of aging has been one that has confounded scientists over the years 

[93]. Many theories that try to give a molecular basis of aging have been proposed, but 

there has been limited experimental evidence. However, the most widely accepted idea in 

the field of aging, the “free radical theory”, places mitochondria front and center [94–97].  

 The free radical theory of aging was first proposed by Denham Harman in 1956 

[96]. This theory states that increased mitochondrial respiration will lead to an increase in 

reactive oxygen species (ROS) levels, which in turn results in an accumulation of 

oxidative damage to nucleic acids, proteins, and lipids. This oxidative damage is thought 

to be the driving force behind aging.  
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Evidence supporting this theory includes mutations that affect ROS levels, 

mitochondrial function, and metabolism shifts [51,53,54,98]. Mutations that increase 

lifespan are associated with decreased oxygen consumption (isp-1; Rieske iron sulfur 

protein of complex III in the electron transport chain [99]), a shift from respiration to 

other metabolic pathways that don’t require mitochondria (the insulin/IGF-1 receptor 

(IGFR) homolog DAF-2 [100] and the leucyl-tRNA synthetase 2 (LARS2) homolog 

LARS-2 [101]), and loss of mitochondrial function (the mitochondrial hydroxylase 

(MCLK1) homolog CLK-1 [102]) [2] . If animals are treated with mitochondrial 

inhibitors, such as antimycin A, there is a notable increase in lifespan. Additionally, 

increased expression of ROS scavengers via treatment with superoxide dismutase 

mimetics such as EUK-8 and EUK-134 result in an increased lifespan [2]. Mutations that 

are associated with increased ROS levels (such as the succinate dehydrogenase complex 

subunit C (SDHC) homolog MEV-1 [103]), as well as sensitivity to oxidative damage 

and hyperoxia (such as the NADH:ubiquinone oxidoreductase core subunit S2 

(NDUFS2) homolog GAS-1 [104]), are associated with decreased lifespan [2].  

Given the likely central role that mitochondria play in the process of aging, 

examination of how deleterious mitochondrial mutations behave as the organism ages 

will give crucial insight for slowing the aging process. These dynamics will be examined 

in chapter 4. 

 

Mitochondria in C. elegans 

 A somewhat surprising and fascinating observation is that there are many 

similarities between human and C. elegans mtDNA (Fig. 1.1). Human mtDNA has only 

one extra gene compared to the C. elegans counterpart: ATP8, a subunit of complex 5 
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[3]. There is a high level of homology for all of the genes between species, and the 

overall size of the mitochondrial genome is roughly equal, with the size of the C. elegans 

mtDNA being 13,794bp (compared to 16,569 bp in humans) [2]. The organization of the 

genes, however, is quite different between the two, which is somewhat surprising given 

all of the similarities mentioned above.  

 The life cycle of the worm includes embryogenesis within an eggshell, and once it 

hatches it is in the first larval stage, L1, where it has about 560 somatic cells. The worm 

then goes through 3 more larval stages, L2, L3, and L4, before going through its final 

molt to become an adult hermaphrodite which has 959 somatic cells and can make up to 

300 self-progeny [105] (Fig. 1.2). The total time between fertilization and becoming a 

gravid adult takes about 3 days at 20° C. Estimates of the mtDNA copy number in C. 

elegans range from 25,000 [106] to 90,000 [107] in the single-cell embryo, which 

remains largely unchanged through the L3 stage of larval development, suggesting that 

the mitochondrial genomes are roughly equally divided amongst the cells up until the L3 

stage. The copy number then undergoes two incremental increases, concurrent with the 

growth of the germline. The L3-L4 transition sees an increase to 130,000 (5x) - 250,000 

(3x), followed by a secondary increase in the L4-adult transition, resulting in a total of 

800,000 (6x) - 4,000,000 (16x) copies. This results in an overall 30-40 fold increase in 

mtDNA in the animal between the embryo and adult, and the majority of this replication 

is specific to the oocytes (Fig. 1.2) [106,107]. 
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MITOCHONDRIAL QUALITY CONTROL 

Mitochondrial dynamics in purifying selection 

 One of the key processes identified thus far in mtDNA purifying selection is that 

of mitochondrial dynamics. Mitochondria are incredibly dynamic organelles. 

Mitochondria make up a network within the cell, and this filamentous network is 

constantly undergoing division/fission (usually assumed to be small bits breaking off the 

main mitochondrion) and fusion (in which the smaller bits refuse with the main 

mitochondrial network) [68,70,108]. The main players involved in the fission process are 

the dynamin 1 like (DNML1) homolog DRP-1 [109] and the fission mitochondrial 1 

(FIS1) homolog FIS-2 [110,111]. The main actors involved in fusion are the OPA1 

mitochondrial dynamin like GTPase (MGM1/OPA1) homolog EAT-3 [112], and the 

mitofusin (MFN1/2) homolog FZO-1 [113,114] (Fig. 1.3A).  

  If there is a disruption in either fusion or fission, there is an immediate 

impairment of the cell’s ability to remove mutated mtDNA [69]. It is believed that 

mitochondrial quality control is tightly linked to fission/fusion due to the necessity of 

separating the healthy genomes from the mutated genomes prior to mutant mtDNA 

removal. In order to selectively remove only mutated mtDNA, it makes sense that the 

mitochondria must fragment, so that you may end up with a mitochondrion with a single 

genome inside it. Thus, the role of fission is clear.  

Once divided, the cell may target a dysfunctional mitochondrion for degradation 

via a specialized form of autophagy that is specific to mitochondria, known as mitophagy 

[73,115]. Mitophagy, which works hand in hand with fission and fusion, has been shown 

to be an important process for selection against deleterious mtDNA [116]. In healthy 

mitochondria, the PTEN induced kinase 1 (PINK1) homolog, PINK-1, a serine threonine 
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kinase, is imported into the mitochondria and is then cleaved from the mitochondrial 

surface. However, if the mitochondrion has diminished membrane potential, which is 

thought to be a general indicator of reduced function, PINK-1 is only imported through 

the outer membrane and accumulates on the surface. This accumulation of PINK-1 

signals to several downstream players, most notably the parkin RBR E3 ubiquitin protein 

ligase (PARKIN) homolog PDR-1, which is then recruited to the mitochondrion to 

ubiquitinate proteins on its surface, tagging the organelle for degradation by the liposome 

(Fig. 1.3B) [71,72,117–122].  

 

The genetic bottleneck and Muller’s ratchet/mutational breakdown 

 The proportion of mutated mtDNA (i.e., the heteroplasmic load) can vary greatly 

between offspring from a common heteroplasmic mother [123,124]. The genetic 

bottleneck hypothesis, which is based on population genetic theory [125], explains this 

rapid change in allele frequency by saying that there is a small population of mtDNA 

molecules that are randomly sampled from in the production of oocytes. The mechanisms 

underlying the genetic bottleneck are largely unknown, as is its purpose [123], though 

there is speculation that it is a way to avoid mutational breakdown via Muller’s ratchet 

[126–130]. The genetic bottleneck appears to be one of many mechanisms through which 

purifying selection acts on mtDNA mutations. 

 

The mitochondrial UPR as a potent protector of mtDNA mutations 

 The mitochondrial UPR (UPRMT) is a quality control mechanism that is activated 

in response to mitochondrial stress and has been extensively studied in C. elegans [75–

77]. In the event of mitochondrial protein misfolding, the UPRMT is activated in order to 
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restore mitochondrial proteostasis. In mammals there are four axes of the UPRMT; the 

canonical axis involves the action of ATF4, ATF5, CHOP, chaperones, and proteases, the 

sirtuin axis involves SIRT3, FOXO3A, SOD2 and catalase, the UPRims/ERalpha axis 

involves AKT, ERalpha, NRF1, OMI1, the proteasome, and respiration, and lastly the 

translation axis involves the pre-RNA processing and translation machinery [76].  

In C. elegans the focus of research has been on the canonical UPRMT pathway 

involving Activating Transcription Factor associated with Stress-1 (ATFS-1, a 

transcriptional regulator [79]) (Fig. 1.4A). Studies show that accumulation of misfolded 

mitochondrial peptide fragments in the cytosol and the localization of ATFS-1 within the 

cell dictates the UPRMT response. Upon protein misfolding, a mitochondrial protease 

breaks up the proteins into smaller fragments which are then exported to the cytoplasm 

via the ABC transporter HAF-1. These peptide fragments then activate various proteins 

and may even act directly on ATFS-1 to regulate its location with the cell. Additionally, 

healthy mitochondria with a strong membrane potential import ATFS-1, whereas 

dysfunctional mitochondria are unable to import ATFS-1 due to the lowered membrane 

potential. When ATFS-1 is not imported, it, along with other proteins such as chromatin 

remodelers and transcription factors (including DVE-1, UBL-5, LIN-65, and MET-2) 

translocates into the nucleus and activates transcription of chaperones (including HSP-60 

and HSP-6) and proteases, thus resulting in an increased folding capacity in the 

mitochondria [74–77,79].  

Although the purpose of the UPRMT is to protect against dysfunctional 

mitochondria, it has an unintended consequence of protecting mtDNA mutations from 

being detected and cleaned up by the cellular machinery [78,80]. How the cell selected 

for a mechanism which results in decreased mitochondrial quality control is a question of 
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increasing significance. Perhaps it is a necessary consequence for the sake of protection 

under dire conditions. 

 

The insulin/IGF-1 signaling (IIS) pathway in mitochondrial surveillance 

 The highly conserved insulin/IGF-1 (insulin-like growth factor-1) pathway (IIS) 

has been studied for years in regard to its central role in aging [131–133]. In C. elegans, 

the IIS pathway is regulated by the binding of insulin-like peptides (ILPs) to the 

insulin/IGF-1 receptor (IGFR) homolog DAF-2, which ultimately results in inhibition of 

DAF-16/FoxO (a member of the FoxO family of transcription factors) from entering the 

nucleus to activate transcription of a set of genes that fight various forms of cellular stress 

[82,100] (Fig. 1.4B). Once bound by ILPs, DAF-2/IGFR activates AGE-1/PI3K, a 

phosphoinositide 3-kinase [134], which in turn activates a set of serine/threonine kinases 

including PDK-1/PDK (phosphoinositide-dependent kinase [135]) and Akt/Protein 

Kinase B (PKB) family members AKT-1 and AKT-2 [136]. Their activation then causes 

phosphorylation of DAF-16/FoxO, which then interacts with PAR-5 and FTT-2, a set of 

14-3-3 proteins, thus inhibiting DAF-16/FoxO from translocating to the nucleus to 

regulate transcription and interact with other nuclear factors including SIR-2.1/SIRT1 (in 

the sirtuin family of NAD+-dependent deacetylases; [137]), HCF-1/HCFC2 (host cell 

factor; [138]), HSF-1 (a heat shock transcription factor; [139]) and SKN-1/Nrf (a Nrf 

family transcription factor; [140]). DAF-18/PTEN (phosphatase and tensin homolog, a 

lipid phosphatase; [141,142]) counteracts AGE-1/PI3K signaling, and PPTR-1/PP2A (a 

serine-threonine phosphatase; [143]) counteracts AKT-1 signaling, thus acting as 

inhibitors of DAF-2/IGFR [82].  
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The IIS pathway is not only associated with regulation of lifespan and aging but is 

also implicated in a large set of processes, including dauer arrest, L1 arrest, germline 

proliferation, stress resistance, fat metabolism, and neuronal/behavioral programs [82]. 

Given the part that mitochondria play in aging and metabolism, it may not be surprising 

that researchers recently discovered that the IIS pathway is a crucial regulator of mtDNA 

quality control; they found that inhibition of the IIS pathway results in a rescue of various 

fitness parameters in a mtDNA mutator strain [81]. I explore the role of the IIS pathway, 

and other non-IIS dependent lifespan-regulating genes (including the coenzyme Q7 

hydroxylase (COQ7) homolog CLK-1/MCLK1 [144], the genotoxic stress response 

activator CEP-1/p53 [145], and the von Hippel-Lindau tumor suppressor (VHL) homolog 

VHL-1 [146]) on mtDNA maintenance in chapter 4. 

 

CELLULAR PROCESSES WHICH MAY ACT ON MTDNA MUTATIONS 

Embryonic segregation 

 When the C. elegans egg is fertilized by the sperm, an entire chain of invariant 

events is initiated. The establishment of cellular asymmetry is established rapidly, prior to 

the first cellular division, which is largely dependent on the action of the PAR proteins 

[147–150]. One of the consequences of this asymmetrical partitioning is the specific 

movement of P granules into the germline progenitor cell, P1, which undergoes several 

more divisions to give rise to the entire germline lineage (Fig. 1.5) [151,152]. P granules, 

also known as germ granules in other organisms, are RNA- and protein - rich spheres that 

form in the cytoplasm of the germline and are believed to be necessary for the 

specification of the germ cell fate. Following fertilization, these P granules are segregated 

into the posterior side of the one cell embryo, which after the first cell division, becomes 
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the P1 cell. The P1 cell then undergoes several more divisions, eventually creating the P4 

cell, which gives rise to the entire germline. With each of these divisions, the P granules 

are segregated into one of the daughters, so that the P4 cell is the only cell in the embryo 

containing the granules.  

 Another interesting phenomenon of selective sorting occurs with an intracellular 

bacterium called Wolbachia pipientis, most commonly referred to simply as Wolbachia. 

Wolbachia are bacteria in the order Rickettsiales, which interestingly enough, is thought 

to be the closest living relative to the ancestor of today’s eukaryotic mitochondria [153–

156]. Wolbachia typically infect arthropods and some filarial nematodes, and most of the 

studies have been done on their relationship with Drosophila melanogaster [157–160]. 

Wolbachia must be passed through the fly’s maternal germline in order to propagate, very 

similarly to mitochondria. Wolbachia have developed a suite of fascinating strategies for 

ensuring their transmission, perhaps the most interesting of which is known as 

“cytoplasmic incompatibility” (CI) which results in inviable embryos if the mother is 

uninfected. The selective movement of Wolbachia into the posterior pole of the mature 

oocyte (which gives rise to the germline) requires the plus end directed motor kinesin 

heavy chain, as well as movement along microtubules [157–159]. 

 Perhaps in a mechanism similar to P granule and/or Wolbachia sorting, the 

healthiest mitochondria may be selectively moved to the posterior region of the early 

embryo. Presumably, mitochondria that contain mutated mtDNA will have impaired 

oxidative phosphorylation machinery, which will present as a reduced or absent 

membrane potential. Conversely, mitochondria that contain WT-mtDNA probably have a 

robust membrane potential. So perhaps the machinery for the selective movement of 

healthy mitochondria uses a combination of the PAR/P granule-associated proteins and 
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microtubule motor proteins, as well as some sort of membrane potential sensor protein. 

As mentioned previously, PINK-1 is a mitochondrial membrane potential sensor, so it is 

an attractive candidate for this role. The potential role of early embryonic segregation as 

a mechanism for germline mtDNA quality control is explored in chapter 2. 

 

Germline-specific mitochondrial quiescence during embryonic development 

C. elegans can enter different developmental programs under cases of extreme 

stress or starvation. The most studied of these alternate developmental programs is dauer 

formation, which occurs if L2 larvae experience crowding, starvation, pheromones, or 

other forms of stress; dauers are able to remain in the dauer stage for several months until 

conditions improve, upon which they can resume normal development [82,161,162]. This 

alternate developmental stage results in worms closing up their cuticle and reducing 

movement in order to conserve energy in the absence of food. The other alternative 

developmental program is known as L1 arrest/diapause and occurs if L1 larvae hatch in 

the absence of food, in which they can halt development for up to several weeks until 

food becomes available [163–165]. There are several genes that are shared between dauer 

and L1 arrest, all of which are involved in the IIS pathway; daf-18, age-1, akt-1, and 

(likely) daf-2 [82]. However, unlike the dauer pathway, L1 arrest is not dependent on daf-

16 [165].  

L1 arrest is characterized by a developmental arrest in which the germline cells 

are locked in the G2 phase, and in the absence of DAF-18/PTEN, this G2 arrest is not 

seen, resulting in inappropriate growth of the germline even in the absence of food [165]. 

This arrest does not have a requirement for the downstream dauer pathway gene daf-16. 

Thus, the L1 arrest program is actively maintained by daf-18 by a pathway that differs 
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from longevity and the canonical dauer pathway. In addition to cell cycle arrest, this L1 

arrest program may specifically shut down mitochondrial activity in the germline cells in 

order to preserve the germline DNA. Mitochondrial activity is associated with increased 

ROS, which are known to be damaging to DNA [53]. Thus, it would make sense that the 

immortal, sacrosanct germ cell lineage would have programs in place to limit ROS 

production during times when cell growth is not happening. I will examine this as a 

possible level of germline mitochondrial quality control in chapter 2. 

 

Programmed cell death in the mature female germline  

 Programmed cell death (PCD), also known as cell suicide or apoptosis, is a 

process in which a cell undergoes a self-destruct program [166,167]. The conditions that 

influence a cell’s decision to do this include excess stress [167,168], immunity [169], and 

developmentally programmed death of extra cells [91,170]. The process of 

developmental PCD has been extensively studied in C. elegans, where 131 somatic cells 

are programmed to die, and in fact, it was the work done with C. elegans that greatly 

moved the understanding of apoptosis to where it is today [91]. The core machinery is 

highly conserved across metazoans [170], which makes it an attractive universal 

mechanism for maintaining the health of mtDNA. 

 In C. elegans, the genes involved in the canonical cell death pathway are egl-1, 

ced-9, ced-4, and ced-3 (Fig.6A) [91,92]. EGL-1, which is homologous to BH3-only 

(Bcl-1 homology 3) domain proteins, is the upstream activator which acts on the CED-

9:CED-4 complex that is present on the mitochondrial surface [171]. When EGL-1/BH3 

is activated, it binds to CED-9/BCL2, thereby releasing CED-4/APAF1 to the cytoplasm 

[172]. Once CED-4/APAF1 is in the cytoplasm, it is free to act on the main executioner 
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caspase CED-3, switching it from the inactive procaspase form (pro-CED-3) to the 

activated caspase form [173]. Once activated, CED-3 starts a cascade of cellular events 

which irreversibly result in death of the cell [91,174]. There are other caspase-like genes, 

including csp-1, csp-2, and csp-3, which seem to play somewhat minor roles in the 

execution of PCD [91,175]. It’s possible that CSP-2 and CSP-3 work together to inhibit 

improper activation of the cell death pathway by keeping CED-3 from undergoing 

autocleavage [176,177]. CSP-1, on the other hand, has more direct caspase activity, and 

seems to act in parallel with CED-3, acting upon different substrates. Importantly, CSP-1 

appears to act independently of the canonical pathway players CED-9/BCL2 and CED-

4/APAF1 [91,178]. The processes that occur downstream of caspase execution include 

nuclear DNA fragmentation, elimination of mitochondria, the inhibition of survival 

signals, and phosphatidylserine (PS) externalization on the outer cell membrane as an 

“eat me” signal [21,89,91,92,167,170,174,179]. The PS exposure on the cell surface 

signals to neighboring cells activates an engulfment program which is controlled by 

multiple redundant pathways, all of which converge on CED-10/RAC [180–182]. 

 In addition to developmental somatic PCD, there is PCD that occurs in the mature 

female germline, which kills off as many as >95% of the potential oocytes  

[89,170,179,183]. Germline PCD is of two types: physiological (thought to be stochastic, 

perhaps as a way of killing off nurse cells for the developing oocytes), and DNA damage-

induced [184]. Physiological germline PCD shares many of the same regulators as 

somatic PCD, except for the lack of requirement on egl-1 [184,185]. DNA damage-

induced PCD requires all of the core PCD machinery and is regulated by CEP-1/p53 in 

response to DNA damage [186]. In the event of UV-induced DNA image, CEP-1/p53 

upregulates EGL-1 and CED-13 (another BH3-only protein), which both then signal the 
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rest of the downstream core pathway [19,89,179,184–187]. The possible role of PCD in 

mtDNA quality control is investigated in chapter 3. 

 

Endodermal cannibalism  

 Recently, a fascinating discovery was made in C. elegans embryos. Termed by 

the authors “endodermal cannibalism”, the germline progenitor cells (PGCs) pinch off a 

lobe that is roughly half the size of the cell - notably composed majorly of mitochondria - 

and that lobe then undergoes scission and is degraded by the surrounding endodermal 

cells [87]. This endodermal cannibalism process happens about midway through 

embryogenesis, after the P4 cell has further divided to produce the 2 primordial germ 

cells (PGCs) Z2 and Z3. This cannibalism event is dependent on the dual actions of 

LST4/SNX9 and CED-10/RAC, which has been recognized largely as a major 

downstream player in cell corpse engulfment following apoptosis [92,180–182]. LST4 

and CED10 regulate dynamin and actin dynamics for the successful constriction and 

scission of the lobe (Fig. 1.6B). There are several components in these excised lobes, 

including P granules, but the majority of the material is actually mitochondria. This could 

be a quality control step for the developing organism to remove any deleterious genomes 

from the germline, since it occurs right after the bottleneck, when there is a reduced 

population of mitochondria, and right before the massive uptick in replication that is due 

to happen. The possible role of endodermal cannibalism is included in the experiments 

presented in chapter 3. 
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CONCLUSIONS 

 This dissertation explores the various pathways and genes that might be involved 

in the process of mtDNA quality control. In chapter 2 the roles of embryonic segregation 

and germline mitochondrial quiescence are investigated. Chapter 3 focuses on the 

regulation of a mtDNA deletion mutant “uaDf5” and examines the synergistic effects of 

genes in the mitophagy and PCD pathways. Finally, in chapter 4, both the dynamics and 

genetic basis of mtDNA mutation accumulation during aging is studied.  
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FIGURES 
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C. 

 

D. 

 

Figure 1. Human and C. elegans mtDNA and the MRC. (A) Diagram of human 

mtDNA. Blue bars with arrows indicate the locations of genes and direction of 

transcription. Black bars with letters indicate the locations of tRNAs. Genes and tRNAs 
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written in black are transcribed in the clockwise direction, and those written in orange are 

transcribed in the counter-clockwise direction. ATP8, indicated in red, is the only gene 

present on human mtDNA that is not present in C. elegans mtDNA. (B) Diagram 

showing the MRC machinery subunits in humans. Blue indicates nDNA-encoded 

subunits, orange indicates mtDNA-encoded subunits. Purple indicates the subunit that is 

present on human mtDNA but not C. elegans mtDNA. (C) Diagram of C. elegans 

mtDNA. Blue bars with arrows indicate the locations of genes and direction of 

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

the locations of the uaDf5 deletion as well as the linked w47 deletion that I identified via 

Illumina sequencing. (D) Diagram showing the MRC machinery subunits in C. elegans. 

Blue indicates nDNA-encoded subunits, orange indicates mtDNA-encoded subunits 
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Figure 2 

 

Figure 2. C. elegans developmental stages and mtDNA levels. Diagram of the 

developmental stages of C. elegans, including the time it takes between each stage 

(written in black on the outside of the circle). Estimates for total mtDNA copy number of 

each stage are indicated in blue. The outer circle shows the stages of development under 

fed conditions, the red arrows indicate alternative stages of development which C. 

elegans enter if they experience starvation (L1 arrest, dauer), or other forms of stress such 

as crowding or exposure to dauer pheromone (dauer). Once food is made available, 

worms can re-enter the normal development pathway via the green arrows. Not shown: 

adult hermaphrodites lay an average of 300 embryos over the course of about 4 days, then 

live in a post-gravid state for 10 or more days.  
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Figure 3 

A. 

 

B. 

 

Figure 3. Pathways that act in mtDNA quality control. (A) Diagram of the main C. 

elegans genes involved in mitochondrial fission and fusion. (B) Diagram of the main 

genes involved in mitophagy, with the serine threonine kinase PINK-1 highlighted. 

Human homologs are indicated in parenthesis. 
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Figure 4 

A. 

 

B. 

 

Figure 4. Pathways that protect deleterious mtDNA. (A) Diagram of the main C. 

elegans genes involved in the UPRMT. The purple region indicates how the cell functions 

under normal physiological conditions with healthy mitochondria. (B) Diagram of the 

main genes involved in the IIS pathway, with the inhibitors indicated in red.  
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Figure 5 

 

Figure 5. Early embryonic cellular divisions and cell lineages. Diagram outlining the 

divisions in the early embryo and the resulting cell lineages that each founder cell gives 

rise to. Green indicates the germline cell lineage up through the end of embryogenesis. 

After hatching, Z2 and Z3 expand to give rise to the entirety of the germline. 
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Figure 6 

A. 

 

B. 

 

Figure 6. Proposed pathways that may act in mtDNA quality control.  (A) Diagram 

of the main C. elegans genes involved in PCD. Black arrows and inhibition symbols 

indicate the canonical pathway, green indicates non-canonical players. The engulfing 

cells outlines genes involved in the proper clearance of apoptotic cell corpses following 

their death. (B) Diagram of the main genes involved in endodermal cannibalism, an event 

that occurs midway through embryogenesis and is an attractive level to investigate for its 

role in mtDNA quality control.  
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Chapter Two 

Dynamics of Mitochondrial Activity During C. elegans Development 
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SUMMARY 

Mitochondria are incredibly dynamic organelles which alter their form and 

activity continuously throughout development. Control of these dynamics underlie the 

resulting health of the mitochondrial DNA (mtDNA). Mitochondrial fission allows for 

the separation of dysfunctional mitochondrial contents from the mitochondrial network, 

and fusion allows for the mixing of contents to improve health of individual 

mitochondria. Mitochondrial activity, generally recognized as the membrane potential 

(ΔΨ), is an indicator of the health of the organelle. Using mitochondrial-specific dyes 

(tetramethylrhodamine, ethyl ester: TMRE; ΔΨ -dependent, and MitoTrackerTM Green 

FM, ΔΨ -independent), I found that mitochondria are sorted immediately following 

fertilization, resulting in an asymmetric distribution in which the more active 

mitochondria are concentrated in the posterior side of the zygote, which eventually gives 

rise to the germline. This suggests that early embryonic segregation is a quality control 

mechanism that results in a healthier mitochondrial pool to populate the germline lineage. 

Later in embryogenesis, the nuclei in the germline progenitor cells Z2 and Z3 undergo a 

DAF-18/PTEN-dependent cellular quiescence with no requirement on DAF-16/FOXO. 

This cellular quiescence reflects a lowered state of activity that is a likely mechanism for 

protection of the sacrosanct cell lineage. After hatching, Z2 and Z3 then switch from a 

quiescent state to an active state in response to food. I found that mitochondrial activity is 

also depressed in late embryogenesis in Z2 and Z3 and that their activity turns on in 

response to food after hatching. Similar to nuclear quiescence, I found the mitochondrial 

quiescence is maintained in a DAF-18/PTEN-dependent manner with no requirement for 

DAF-16/FOXO, and also observed a dependence on AAK-2/AMPK and DAF-2/IGFR. 
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INTRODUCTION 

Purifying Selection of mtDNA 

Mitochondrial DNA (mtDNA) is a highly compact genome that encodes subunits 

necessary for oxidative phosphorylation. Despite its importance for cellular function, it 

has been shown that mtDNA has a much higher mutation rate than nuclear DNA, perhaps 

by as much as a magnitude fold higher [33,48,49]. The possible reasons for this are that 

the mitochondrial DNA polymerase, DNA polymerase gamma (POLG), is more error 

prone than the nuclear DNA polymerase [50–52], and the proximity of the mtDNA to the 

oxidative phosphorylation machinery makes it more likely to be hit with highly damaging 

reactive oxygen species (ROS; [53]), although this theory has undergone increased 

scrutiny in recent years [54]. If a cell or organism contains only wildtype mtDNA (WT-

mtDNA) it is said to be homoplasmic. However, if there is a mixture of WT-mtDNA and 

mutated mtDNA then this results in a state known as heteroplasmy [55,56]. Given the 

high mutation rate of mtDNA, it has become evident that the state of heteroplasmy is 

extremely common but is generally not tolerated well by the cell [55,56]. In addition to 

this observation, the mtDNA substitution rate at the long-term phylogenetic scale is much 

lower than would be extrapolated from the short-term pedigree mutation rate [49], 

showing that there is a process in which mutations are removed from the germline 

population (termed purifying selection) or the mutation frequency is specifically reduced 

in the germline, or some combination of both.  

There is evidence for some processes that regulate mtDNA quality control, such 

as mitochondrial dynamics and mitophagy [67–73] and the mitochondrial unfolded 

protein response (UPRMT) [74–80]. However, all these processes identified thus far only 

seem to be part of the story, in that their effects on mtDNA mutation levels are 



 
 

32 

intermediate. C. elegans, a free-living nematode, is an extremely attractive model for the 

discovery of new mechanisms through which purifying selection operates. In addition to 

the ease with which one may study genetic questions with this organism, there are also 

various elements of C. elegans development, which show conservation across animals, 

that are attractive areas to examine for the potential of mitochondrial maintenance. These 

elements include selective segregation of mitochondria within the early embryo and 

modulation of mitochondrial activity in the germline during different stages of 

development to limit production of damaging ROS. Understanding how mtDNA 

mutations are not only removed from the germline but also how the germline mtDNA 

mutation rate is reduced is important for the treatment of the subset of mitochondrial 

diseases that are caused by mtDNA mutations. 

 

The early divisions of embryogenesis 

When the C. elegans egg is fertilized by the sperm, an entire chain of invariant 

events is initiated. The establishment of cellular asymmetry is established rapidly, prior to 

the first cellular division, which is largely dependent on the action of the PAR proteins 

[147–150]. One of the consequences of this asymmetrical partitioning is the specific 

movement of P granules into the germline progenitor cell, P1, which undergoes several 

more divisions to give rise to the entire germline lineage (Fig. 1.5) [151,152]. P granules, 

also known as germ granules in other organisms, are RNA- and protein - rich spheres that 

form in the cytoplasm of the germline and are believed to be necessary for the 

specification of the germ cell fate. Following fertilization, these P granules are segregated 

into the posterior side of the one cell embryo, which after the first cell division, becomes 

the P1 cell. The P1 cell then undergoes several more divisions, eventually creating the P4 
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cell, which gives rise to the entire germline. With each of these divisions, the P granules 

are segregated into one of the daughters, so that the P4 cell is the only cell in the embryo 

containing the granules.  

 Another interesting phenomenon of selective sorting occurs with an intracellular 

bacterium called Wolbachia pipientis, most commonly referred to simply as Wolbachia. 

Wolbachia are bacteria in the order Rickettsiales, which interestingly enough, is thought 

to be the closest living relative to the ancestor of today’s eukaryotic mitochondria [153–

156]. Wolbachia typically infect arthropods and some filarial nematodes, and most of the 

studies have been done on their relationship with Drosophila melanogaster [157–160]. 

Wolbachia must be passed through the fly’s maternal germline in order to propagate, very 

similarly to mitochondria. Wolbachia have developed a suite of fascinating strategies for 

ensuring their transmission, perhaps the most interesting of which is known as 

“cytoplasmic incompatibility” (CI) which results in inviable embryos if the mother is 

uninfected. The selective movement of Wolbachia into the posterior pole of the mature 

oocyte (which gives rise to the germline) requires the plus end directed motor kinesin 

heavy chain, as well as movement along microtubules [157–159]. 

Perhaps in a mechanism similar to P granule and/or Wolbachia sorting, the 

healthiest mitochondria may be selectively moved to the posterior region of the early 

embryo. Presumably, mitochondria that contain mutated mtDNA will have impaired 

oxidative phosphorylation machinery, which will present as a reduced or absent 

membrane potential. Conversely, mitochondria that contain WT-mtDNA probably have a 

robust membrane potential. So perhaps the machinery for the selective movement of 

healthy mitochondria uses a combination of the PAR/P granule-associated proteins and 

microtubule motor proteins, as well as some sort of membrane potential sensor protein. 
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As mentioned previously, PINK-1 is a mitochondrial membrane potential sensor, so it is 

an attractive candidate for this role. 

 

Alternative development in the starved state: L1 arrest 

C. elegans can enter different developmental programs under cases of extreme 

stress or starvation (Fig. 1.2). The most studied of these alternate developmental 

programs is dauer formation, which occurs if L2 larvae experience crowding, starvation, 

pheromones, or other forms of stress; dauers are able to remain in the dauer stage for 

several months until conditions improve, upon which they can resume normal 

development [82,161,162]. This alternate developmental stage results in worms closing 

up their cuticle and reducing movement in order to conserve energy in the absence of 

food. The other alternative developmental program is known as L1 arrest/diapause and 

occurs if L1 larvae hatch in the absence of food, in which they can halt development for 

up to several weeks until food becomes available [163–165]. There are several genes that 

are shared between dauer and L1 arrest, all of which are involved in the IIS pathway; daf-

18, age-1, akt-1, and (likely) daf-2 [82]. However, unlike the dauer pathway, L1 arrest is 

not dependent on daf-16 [165].  

L1 arrest is characterized by a developmental arrest in which the germline cells 

are locked in the G2 phase, and in the absence of DAF-18/PTEN, this G2 arrest is not 

seen, resulting in inappropriate growth of the germline even in the absence of food [165]. 

This arrest does not have a requirement for the downstream dauer pathway gene daf-16. 

Thus, the L1 arrest program is actively maintained by daf-18 by a pathway that differs 

from longevity and the canonical dauer pathway. In addition to cell cycle arrest, this L1 

arrest program may specifically shut down mitochondrial activity in the germline cells in 
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order to preserve the germline DNA. Mitochondrial activity is associated with increased 

ROS, which are known to be damaging to DNA [53]. Thus, it would make sense that the 

immortal, sacrosanct germ cell lineage would have programs in place to limit ROS 

production during times when cell growth is not happening. 

 

RESULTS 

Mitochondria are asymmetrically sorted during early embryonic division 

 One way the cell may select against deleterious mtDNA from populating the 

germline is by early embryonic sorting based on mitochondrial membrane potential (ΔΨ) 

so that more active mitochondria with a higher ΔΨ are moved to the posterior end of the 

embryo, which gives rise to the germline lineage (Fig. 1.5, 2.1A). In order to determine if 

mitochondria are sorted based on their ΔΨ along the anterior-posterior axis following 

fertilization, I stained pre-fertilized oocytes and early stage embryos with the ΔΨ-

dependent dye TMRE [188,189] with or without the ΔΨ-independent dye MitoTracker 

Green FM which stains all mitochondria regardless of ΔΨ [190,191] (Fig. 2.1B). 

MitoTracker Green FM was used in order to determine the location of all mitochondria 

within the cell, and the TMRE signal was then used to determine the ΔΨ of each 

mitochondrion. Without normalization to MitoTracker Green FM, there is no way to 

know if a brighter TMRE signal is due a population of more active mitochondria rather 

than to more concentrated mitochondria. I then imaged the oocytes and embryos in Z-

series every 5 minutes for the first 40 minutes of development, which brings them to the 

four-cell stage. During these first cellular divisions I quantified the ratio of the TMRE 

signal in the germline cell lineage, which is the most posterior cell in the early embryo, to 

the TMRE signal in the rest of the embryo. In our laboratory wildtype strain, N2, I found 
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that the mitochondria are symmetrically distributed in pre-fertilized oocytes (TMRE: 0.97 

± 0.02; TMRE/MitoTracker Green FM: 0.97 ± 0.0001) but then immediately following 

fertilization, as the male and female pronuclei are joining, there is a redistribution of 

mitochondria that results in an asymmetric distribution of mitochondria – resulting in 

both a higher concentration (TMRE: 1.46 ± 0.03) and in more active mitochondria 

(TMRE/MitoTracker Green FM: 1.27 ± 0.03) - in the posterior end of the cell (Fig. 2.1C, 

D). It appears that this movement is linked to the cytoplasmic flow which occurs during 

early embryogenesis to set up polarity within the cell. The mitochondrial activity in the 

posterior cell “P1” starts to turn down after the first embryonic division, (TMRE: 1.28 ± 

0.01; TMRE/MitoTracker Green FM: 1.18 ± 0.01 in the early two-cell stage), then 

remains at a constant level through the three-cell stage (TMRE: 1.27 ± 0.02; 

TMRE/MitoTracker Green FM: 1.16 ± 0.01), and then drops again at the four-cell stage 

to the point that the activity of the mitochondria in the P2 cell is equivalent to or perhaps 

even lower than the activity in its sister cell “EMS” (TMRE: 0.88 ± 0.007; 

TMRE/MitoTracker Green FM: 1.01 ± 0.008).   

 

PAR proteins and SPD-5 play a role in early embryonic mitochondrial sorting 

The PAR proteins are the key regulators for setting up polarity within the early 

embryo and are one of the responsible parties for the downstream movement of P 

granules into the posterior region of the one cell embryo [83,85,148,150–152,192]. To 

determine whether the pathways regulating P granule movement also control 

mitochondrial movement, I did TMRE analysis in mutants for the PAR proteins. To test 

if mitochondria use the same cellular machinery as Wolbachia (which rely largely on 
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microtubules for maternal germline transmission [157–159]), I also analyzed a mutant for 

the centrosome coiled-coil domain protein SPD-5 [193]. Additionally I analyzed two 

mutant alleles for the mitochondrial ΔΨ sensor protein PINK-1 [117,119,120,122], since 

it is the best candidate for how the cell can differentially tag mitochondria for ΔΨ-based 

sorting (All mutants used can be found in Table 2.1). Several of the PAR mutants had 

significantly reduced mitochondrial sorting in early one-cell embryos as measured with 

TMRE alone (1.18 ± 0.05 in par-2(e2030ts), 1.25 ± 0.08 in par-3(e2074), 1.19 ± 0.05 in 

par-5(it55), and 1.14 ± 0.04 in par-6(zu222)) (Fig. 2.2B). The PAR mutants par-

1(zu310ts) and par-4(it57ts) did not have any change (1.45 ± 0.09 and 1.42 ± 0.07, 

respectively), but it is possible that is due to the wildtype activity of the protein 

reactivating when the embryos were being imaged at room temperature on the 

microscope.  

The mutant spd-5(or213) disrupts the normal activity of the centrosomal 

scaffolding protein SPD-5, resulting in inhibition of both spindle formation and 

microtubule nucleation [193]. spd-5 mutants exhibited the strongest effect, with the 

TMRE ratio dropping all the way to 1.04 ± 0.02, indicating that this mutant exhibits no 

selective mitochondrial sorting. The trend of reduced sorting in the par mutants and spd-5 

remains up through the three-cell stage, at which point both the mutants and wildtype 

alike all start to approach a ratio of 1 (Fig 2.2C-F), suggesting that neither the PAR 

proteins nor SPD-5 are involved in the eventual shut down of germline mitochondrial 

activity after the first cellular division. By the four-cell stage, all strains analyzed had 

greatly reduced their germline mitochondrial activity. When the germline progenitor cell 

(P2) was compared to its sister cell, EMS, it had a ratio significantly less than 1 (0.88 ± 

0.007), suggesting the P2 cell has less mitochondrial activity than EMS in the 4 cell stage 
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(Fig. 2.2G), but when the TMRE signal of P2 was measured against the entire rest of the 

embryo instead of just EMS, it had a ratio closer to 1 (1.03 ± 0.008), suggesting that EMS 

is the cell with the highest mitochondrial activity starting at the four-cell stage (Fig. 

2.2H).  

 

pink-1 mutant embryos exhibit a PAR-like phenotype and the stronger allele has 

reduced mitochondrial sorting 

 Although the two alleles of pink-1 did not give statistically significant results  

with the TMRE analysis at the early one-cell stage (1.49 ± 0.07 in pink-1(ok3538) and 

1.37 ± 0.06 in pink-1(tm1779)), the stronger of the two alleles, pink-1(tm1779) 

(unpublished data from Julia Dey), did have a reduced ratio value, suggesting that it was 

approaching significance and may have reached it if more embryos were analyzed. In 

fact, by the early two-cell stage, pink-1(tm1779) did have a significantly lower TMRE 

ratio (1.2 ± 0.02), supporting its role in mitochondrial sorting. 

C. elegans embryogenesis is a highly nonvariant process and the orientation of the 

cells after each division is highly predictable. However, in PAR mutants, the lack of 

polarity establishment results in abnormal phenotypes such as equal sized cells at the 

two-cell stage and various deviations from the typical three-cell division times and 

orientation along the posterior-anterior axis [148,150]. An observation made while doing 

the TMRE analysis was that several pink-1 mutant embryos exhibited a PAR-like 

morphology in the three-cell stage (Fig 2.3). The lack of functional PINK-1 resulting in a 

PAR-like embryo suggests that PINK-1 is indeed playing a role in establishing 

asymmetry during early embryonic development. 
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Germline mitochondria shut off for the remainder of embryogenesis 

A strain containing a GFP reporter driven by the germline-specific pie-1 promoter 

[194,195] was utilized to easily identify the germline progenitor cells Z2 and Z3 in later 

stage embryos (Fig. 2.4A). The germline TMRE signal in bean, comma, 2-fold, and 3-

fold stage embryos was analyzed by drawing 7 random ROIs of similar size around the 

embryo, averaging their mean intensity, and then determining the ratio of the TMRE 

signal intensity from the germline ROIs to the averaged mean intensity from the rest of 

the embryo (Fig. 2.4B). Z2 and Z3 in each of these stages had a dimmer TMRE signal 

than the surrounding cells, suggesting that the germline cells have quiescent mitochondria 

throughout embryogenesis (Fig. 2.4C). In fact, the germline mitochondria appear to 

progressively decrease their activity throughout embryogenesis such that the germline 

mitochondrial is at its lowest at the 3-fold stage of embryogenesis, immediately prior to 

hatching.  

 

Upon hatching, germline mitochondria remain shut off until food is present 

 To see if germline mitochondrial activity is differentially regulated upon hatching, 

I imaged the germline mitochondria in TMRE-stained wildtype L1s hatched in either the 

presence of absence of food. The Z2 and Z3 cells can be easily identified via DIC 

because of their large size and unusual morphology compared to the surrounding cells in 

the L1 stage worm [196,197] (Fig. 2.5A). I found that starved L1s have reduced germline 

mitochondrial activity, similar to late stage embryos (only 5.4% of worms had active 

mitochondria). Conversely, if food is present upon hatching, the germline mitochondria 

switch to a high activity state (65.3% of worms have high activity after 5 hours feeding, 

100% after 10 hours on food), presumably surpassing the mitochondrial activity in the 
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surrounding cells based on the high intensity of the TMRE signal specific to the germline 

cells (Fig 2.5B). Time lapse studies reveal that the germline mitochondria start increasing 

their activity within a few hours of exposure to food, with the vast majority of worms 

(93.33%) having highly active germline mitochondria within 5 hours of feeding (Fig. 

2.5C).  

 

Mutant analysis reveals many mutants have delayed response to food 

 I selected a group of mutants based on their known roles in L1 arrest/diapause, 

dauer formation, and mitochondrial regulation (Table 2.2). Of these mutants analyzed, I 

was surprised to find that many of them had a higher percentage with active germline 

mitochondria after 5 hours of feeding than they did after a longer period of 10 hours of 

feeding, with the biggest effects seen in the laboratory alternative wildtype liquid culture 

strain LSJ1 (87.2% highly active after 5 hours down to 0% active after 10 hours). This 

trend was also observed in daf-2(e1368) (47.5% after 5 hours down to 0% after 10 

hours), uaDf5 (65% after 5 hours down to 7.9% after 10 hours), daf-18(e1375) (83% after 

5 hours down to 10% after 10 hours), aak-2(gt33) (90.7% after 5 hours down to 47.5% 

after 10 hours), daf-16(mu86) (64.4% after 5 hours and 45.8% after 10 hours), and pink-

1(tm1779) (13.6% after 5 hours down to 5% after 10 hours) (Fig. 2.6A). The high 

frequency with which I observed these dynamics suggests that the extended time protocol 

itself may have resulted in worms not being able to properly feed.  

Of note, I found several mutants that seem to have a general delayed response to 

food, including clk-1(qm30) (2.2% after 5 hours and 82.6% after 10 hours), ced-3(n717) 

(6.3% after 5 hours and 12.8% after 10 hours), aak-2(rr48) (29% after 5 hours and 100% 

after 10 hours), aak-2(ok524) (12.1% after 5 hours and 96.7% after 10 hours), daf-
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18(ok480) (38.5% after 5 hours and 56% after 10 hours), daf-2(e1370) (55.1% after 5 

hours and 60% after 10 hours), and daf-2(e1391) (17.5% after 5 hours, no data for 10 

hours). The clearest evidence for the delayed response to food is seen in the clk-1(qm30), 

aak-2(rr48), and aak-2(ok524) mutants, which show a marked increase in TMRE signal 

between the 5-hour and 10-hour timepoints.  

 

Mutant analysis reveals a role for daf-18, daf-2, and aak-2 in mitochondrial 

quiescence in the starved state 

 The same analysis was done for improper activation of germline mitochondria in 

starved L1s which enter the alternative developmental program of L1 arrest (Fig. 1.2). 

Here, I found that daf-18, daf-2, and aak-2 mutants show improper activation of germline 

mitochondria in the starved state (Fig. 2.7). This effect was seen in all daf-18 mutants 

analyzed (39.5% for ok480; 30.9% for e1375), all daf-2 mutants analyzed (36.6% for 

e1370; 33.3% for e1391; 25.6% for e1368), and two of three aak-2 mutants analyzed 

(38.8% for ok524; 16.5% for gt33). I also found that germline mitochondrial quiescence 

does not depend on DAF-16/FOXO activity (8.87% for mu86), suggesting mitochondrial 

activity is regulated by the same pathway that keeps the nucleus arrested at the G2 phase 

during L1 arrest [163–165]. 

 

DISCUSSION 

Mitochondria are sorted into the germline progenitor cell during early 

embryogenesis based on their ΔΨ 

I present evidence establishing the relationship between germline mitochondrial 

activity throughout early development in the nematode C. elegans. First, I show that 
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mitochondria are sorted between the posterior and anterior cells of the early embryo such 

that the mitochondria with a higher ΔΨ are concentrated into the posterior cell which 

gives rise to the germline. I propose that mitochondria with a higher ΔΨ contain a 

healthier population of mtDNA, so this sorting is a way of ensuring that the sacrosanct 

germline is populated with a higher concentration of wildtype mtDNA. I found that the 

sorting of more active mitochondria into the posterior region of the one-cell embryo is 

inhibited in mutants involved in polarity establishment of the early embryo, including 

par-2, par-3, par-5, and par-6 [85,147–150,192]. Polarity establishment is required for 

the sorting of germline-specific components such as P granules into the germline 

progenitor cell, suggesting that mitochondrial sorting may use the same machinery as P 

granules. Further studies need to be done in mutants involved more specifically in P 

granule sorting, including mutant analysis of the P granule associated proteins: the RGG-

domain proteins PGL-1 and PGL-2, and the DEAD-box proteins GLH1-4 

[83,84,152,198]. The strongest inhibition of this sorting process was observed in the spd-

5 mutant, which knocks out the function of a centrosomal protein that is involved in 

microtubule organization and spindle formation [193]. Wolbachia, which are an 

intracellular parasite that are propagated via the maternal germline, rely on microtubules 

for their movement into the germline progenitor cell [157–159]. This suggests that 

mitochondria and Wolbachia may rely on similar machinery. Further analysis of 

microtubule-associated proteins and the microtubule motor proteins needs to be done to 

determine if this is the case. 

I also analyzed mutants of the mitochondrial ΔΨ-sensor PINK-1 

[117,119,120,122], since I wanted to know if PINK-1 allows for the cell to distinguish 

the more active mitochondria from the less active ones. pink-1 mutants had a decreased 
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posterior enrichment across all stages, although it was not statistically significant until the 

early two-cell stage. This may be an issue with sample size or may suggest that PINK-1 

plays its role later than the other mutants analyzed. In addition to the analysis of 

mitochondrial sorting, I noted that a fraction of PINK-1 mutant embryos have abnormal 

morphology that parallels the abnormal embryonic morphologies observed in PAR 

mutants [150]. This suggests that PINK-1 is indeed playing a role in establishment of 

asymmetry in the early embryo, and future studies need to be done to examine how loss 

of PINK-1 affects various parameters of polarity establishment, including TMRE analysis 

of a stronger pink-1 allele. 

  

Germline mitochondrial activity shut downs at the four-cell stage and remains shut 

down for the remainder of embryogenesis 

 Analysis of the posterior enrichment of active mitochondria through the four-cell 

stage shows a sudden decrease in mitochondrial activity in the P2 germline progenitor 

cell such that its activity is lower than the activity in its sister cell “EMS”. When the P2 

cell activity is compared to the combined average activity in all of the other three cells of 

the embryo, its activity is shown to be equivalent, inferring that at the four-cell stage, 

EMS is the cell with the highest activity. It makes sense that the germline mitochondria 

begin to shut down their activity after their sorting into the posterior cell during the first 

division since the germline progenitor cell only undergoes a total of 4 divisions during 

early embryogenesis to make the Z2 and Z3 cells, which then enter a state of quiescence 

that lasts until the embryo hatches and proceeds with larval development. I examined the 

mitochondrial activity in the germline progenitor cells Z2 and Z3 throughout the 

remainder of embryogenesis and found that the mitochondria continue to decrease their 
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activity as embryogenesis progresses. This makes sense in terms of mtDNA quality 

control, since a negative consequence of oxidative phosphorylation is that it produces 

ROS which are mutagenic [53]. Thus, since Z2 and Z3 cells are in a quiescent state 

throughout embryogenesis [163,164,196], their energy demands are low, and perhaps as a 

protective mechanism, the germline mitochondria are entirely shut down in order to 

reduce ROS production. 

 

Germline mitochondria in hatched L1s remain quiescent until food is present in a 

DAF-18/PTEN, DAF-2/IGFR, and AAK-2/AMPK dependent manner 

 Upon hatching into the first larval state, L1, normal development proceeds in a 

food-dependent manner during which both the soma and germline expand [163,164,196]. 

Analysis shows that the mitochondrial response to food is delayed in several mutants, 

suggesting this process is controlled by several pathways. If, however, there is no food 

present upon hatching, the L1 larvae enter an alternative state known as L1 

arrest/diapause [163–165,196]. In this state, development is paused for up to two weeks 

at the L1 state until food becomes available, after which normal development proceeds. 

This alternative development program shares similarities with dauer development which 

is dependent on the IIS pathway [82,161,163–165]. The quiescent state observed in the 

germline cells of L1 arrested worms presents as condensed nuclear chromosomes that are 

arrested in the G2 phase of the cell cycle. Both L1 arrest and dauer formation are 

dependent on components of the IIS pathway, most notably, DAF-18/PTEN, although the 

two processes differ in that L1 arrest has no requirement for DAF-16/FOXO [165]. I 

found that germline mitochondrial activity also remains quiescent throughout L1 arrest, 

and that in the presence of food the germline mitochondria activate to levels higher than 
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the surrounding cells, with most worms exhibiting highly active mitochondria after 5 

hours of feeding. Mutant analysis of starved L1s shows that maintenance of germline 

mitochondrial quiescence throughout L1 arrest is dependent on DAF-2/IGFR, AAK-

2/AMPK, and DAF-18/PTEN, with no requirement for DAF-16/FOXO, suggesting the 

same machinery that acts to keep the nucleus in a quiescent state is also used for the 

mitochondrial state. Further studies need to be done with mutants known to act in the 

maintenance of germline cell cycle arrest, including AGE-1/PI-3 and AKT-1/PKB, to see 

if a common pathway acts on both the mitochondrial state and the nuclear state.  

 

MATERIALS AND METHODS 

Strains and culture conditions 

Nematode strains were maintained at on NGM plates as previously described at 

either 20°C or 15°C for the temperature-sensitive strains [199]. Please refer to appendix 

A1 for a table detailing all strains used in this dissertation. Strains without a JR 

designation were either provided by the CGC which is funded by NIH Office of Research 

Infrastructure Programs (P40 OD010440) or were obtained from the Mitani lab (strains 

with a FX designation or JR strains containing alleles with a tm designation were 

generated from Mitani lab strains) [200]. 

 

Staining of embryos 

50 µl of 10 µM tetramethylrhodamine, ethyl ester (TMRE) in DMSO with or 

without 10 µl of 5 mM MitoTrackerTM Green FM was pipetted and spread with a glass 

spreader onto small 3mm NGM plates and allowed to dry in a dark chamber. ~50 young 

adults were added to the plates after drying and incubated overnight at 20°C for the non-
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temperature sensitive (ts) strains, or at the restrictive temperature of 25°C for the ts 

strains.  

 

Slide preparation of early embryos 

For fluorescent imaging, 3% agarose pads were made. After overnight incubation 

on the TMRE +/- MitoTrackerTM Green FM plates, 10 gravid adults were transferred to a 

fresh NGM plate for 5 minutes to remove any excess bacteria that were stained with the 

mitochondrial dyes. After 5 minutes, the adults were picked off and transferred to 8 µl of 

M9 buffer containing levamisole on a coverslip. Using 25G1½ PrecisionGlideÒ needles 

as scissors, the worms were sliced in half at the midline, thus resulting in release of all 

early stage embryos from the uterus. The agar pad was then lightly placed on top of the 

liquid droplet to create a seal and imaged. 

 

Staining of L1s 

For the starved condition, egg preps were done (as previously described; [199]) 

on large TMRE plates (made by pipetting and spreading 50 µl of 10 µM TMRE in 

DMSO onto large 3mm NGM plates and allowed to dry in a dark chamber) containing 

healthy adult worms. The resulting embryos were pipetted onto a small unseeded TMRE 

plate (made by pipetting and spreading 50 µl of 10 µM TMRE in DMSO onto small 3mm 

unseeded plates and allowed to dry in a dark chamber) and incubated overnight before 

imaging the following morning. For the fed conditions, egg preps were done on large 

TMRE plates containing healthy adult worms. The resulting embryos were pipetted onto 

a small unseeded TMRE plate and incubated overnight. The next morning, the L1s were 

washed off the unseeded plate and transferred to a small seeded TMRE plate for the 
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amount of time described before imaging (made by pipetting and spreading 50 µl of 10 

µM TMRE in DMSO onto small 3mm NGM plates and allowed to dry in a dark 

chamber). 

 

Slide preparation of L1s 

For fluorescent imaging, 3% agarose pads were made. After incubation on the 

TMRE plates, L1s were picked off and transferred to an 8 µl droplet of M9 containing 

levamisole on the agar pad. A coverslip was then lightly placed on top of the liquid 

droplet to create a seal and the worms were imaged. 

 

Imaging 

Imaging was done on the Nikon Eclipse Ti. For early embryos, 8-20 slice Z-

stacks were performed every 5 minutes for the first 30 minutes of development using 

DIC, TxRed and/or TRITC, and GFP-YFP channels. For late staged embryos, 8-20 slice 

Z-stacks were taken using DIC, TxRed and/or TRITC, and GFP-YFP channels. For L1s, 

8-slice Z-stacks were performed on each worm using DIC, TxRed and/or TRITC, and 

GFP-YFP channels. 

 

Image Analysis 

For early embryos, the Z slice closest to the center of the embryo was used for 

analysis. Regions of interest (ROIs) were manually drawn and the average pixel intensity 

was calculated using the Nikon Elements software. For 1 cell embryos, the posterior and 

anterior ROIs started at the middle point of the embryo. For 2 cell embryos, the posterior 

ROI comprised the posterior (P1) cell and the anterior ROI comprised the anterior (AB) 
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cell. For 3 cell embryos, the posterior ROI comprised the posterior (P1) cell and the 

anterior ROI comprised both daughters of the AB cell (AB.a and AB.p). For 4 cell 

embryos, there were two ROI analyses performed. In both, the posterior ROI comprised 

the posterior (P2) cell. In one analysis, the anterior ROI comprised the sister cell to the P2 

cell (EMS), and in the other analysis, the anterior ROI comprised all 3 cells anterior to 

the P2 cell (EMS, AB.a, and AB.p). 

For late stage embryos, the GFP channel was used to determine the Z slice 

containing the germline progenitor cells Z2 and Z3 to be used for analysis of the TMRE 

signal in the TRITC channel. Regions of interest (ROIs) were manually drawn around the 

Z2 and Z3 cells, and 7 additional ROIs of equal size were placed randomly throughout 

the rest of the embryo. Average pixel intensity of the Z2 and Z3 cells as well as the 

combined average pixel intensity of the 7 randomly distributed ROIs was calculated 

using the Nikon Elements software. 

 For L1 analysis, The DIC channel images were first analyzed to determine the 

location of the Z2 and Z3 cells. After their location was identified, the TxRed channel 

was examined to determine if the TMRE signal was brighter or darker in the Z2 and Z3 

cells compared to the surrounding gut and muscle cells. 
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FIGURES 

Figure 1 

A.   

 
B. 

 

Membrane Potential (ΔΨ)

Low High

P0 (Zygote)

AB P1 P2        P3        P4

Germline

Pronucleus
Nucleus
mtDNA

StageChannel 
(dye)

DIC

TRITC
(TMRE, 

ΔΨ dependent)

GFP
(MitoTracker

Green, 
ΔΨ independent)

Merge

Early 1        Late 1       Early 2         Late 2         3 cell            4 cell

indicates posterior region/cell in DIC panel



 
 

50 

C. 

 
D. 

 

35 52 60 111 74 65 116

0.8

1.2

1.6

2.0
Pr

ef
er

til
iza

tio
n

Ea
rly

 1
 c

el
l

La
te

 1
 c

el
l

Ea
rly

 2
 c

el
l

La
te

 2
 c

el
l

3 
ce

ll

4 
ce

ll
Stage

[T
M

R
E 

(P
/A

)]
****************

******

*** *** *** ***

***

***

***

******n.s.

n.s.

n.s. n.s.

2 19 28 61 43 33 66

0.8

1.2

1.6

2.0

Pr
ef

er
til

iza
tio

n
Ea

rly
 1

 c
el

l
La

te
 1

 c
el

l
Ea

rly
 2

 c
el

l
La

te
 2

 c
el

l

3 
ce

ll

4 
ce

ll

Stage

[T
M

R
E 

(P
/A

)] 
/ [

M
TG

 (P
/A

)]

n.s.*********

******

*** *** *** ***

***

***

***

******n.s.

n.s.

n.s. n.s.



 
 

51 

Figure 1. Mitochondrial sorting during early embryogenesis. (A) Schematic of the 

expected results from staining early embryos with TMRE and MitoTracker Green FM. If 

mitochondria are sorted between the germline progenitor cell lineage (P1àP4) based on 

ΔΨ, I expect to see a higher TMRE signal (normalized by MitoTracker Green FM, which 

stains all mitochondria independently of ΔΨ) on the posterior side of the early embryo. 

(B) Example images of embryos stained with TMRE and MitoTracker Green FM. Early 1 

= before pronuclei have joined, Late 1 = immediately before P0 divides, Early 2 = 

immediately after P0 divides, Late 2 = immediately before AB divides, 3 cell = midway 

through the 3-cell stage, 4 cell = midway through the 4-cell stage. The posterior side of 

the embryo/germline progenitor cell is indicated with the red star. (C) Quantification of 

embryonic TMRE staining in N2 (laboratory wild type) animals. (D) Quantification of 

embryonic TMRE normalized to MitoTracker Green FM staining in N2 (laboratory wild 

type) animals. (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1) For each condition, N is 

indicated at the top of the graph. Statistical analysis was performed using one-way 

ANOVA with Tukey correction for multiple comparisons.  
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Table 1 

 

Table 1. Summary of mutants analyzed for early embryonic sorting. Table showing 

strains tested for early embryonic sorting, outlining the effect on protein for each mutant 

and the associated phenotype. 

  

Gene Allele Strain Protein Effect Developmental Impact
GFP 
reporter

axIs1677 [pie-1p::GFP::histone 
H2B::pgl-1 3'utr + unc-119(+)]

JH2320 - -

par-1 zu310(ts) KK822 Substitution IàN Polarity defects

par-2 e2030(ts) CB3886 Not curated Polarity defects

par-3 e2074 KK237 Not curated Polarity defects

par-4 it57(ts) JK1667 Substitution PàS Polarity defects

par-5 it55 KK299 Substitution AàV Polarity defects

par-6 zu222 KK818 Tc1 Transposon insertion Polarity defects

pink-1 tm1779 JR3298 350bp Deletion knocking 
out start codon

Mitophagy defects, oxidative stress

ok3538 JR3335 5bp insertion Mitophagy defects, oxidative stress

spd-5 or213 EU856 Substitution RàK No mitotic spindle assembly or 
microtubule nucleation
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Figure 2 

A.                                                                     B. 
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E.      F. 

 
G.      H. 

 
Figure 2. Mitochondrial sorting is altered in pink-1, par, and spd-5 mutants. (A) 

Quantification of TMRE staining of prefertilized oocytes in mutant animals. Oocytes do 

not have polarity, so the midline was randomly selected. (B) Quantification of TMRE 

staining of early 1-cell embryos in mutant animals. The midline was placed halfway 

between the posterior and anterior edge of the embryo. (C Quantification of TMRE 

staining of late1-cell embryos in mutant animals. The midline was placed halfway 

between the posterior and anterior edge of the embryo. (D) Quantification of TMRE 
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staining of early 2-cell embryos in mutant animals. The P1 and AB ROIs were manually 

drawn around each cell. (E) Quantification of TMRE staining of late 2-cell embryos in 

mutant animals. The P1 and AB ROIs were manually drawn around each cell. (F) 

Quantification of TMRE staining of 3-cell embryos in mutant animals. The P1 ROI was 

manually drawn around the P1 cell and the AB.a +AB.p ROI was manually drawn around 

both cells together. (G) Quantification of TMRE staining of 4-cell embryos in mutant 

animals. The P1 and EMS ROIs were manually drawn around each cell. (H) 

Quantification of TMRE staining of 4-cell embryos in mutant animals. The P1 ROI was 

manually drawn around the P1 cell and the AB.a +AB.p + EMS ROI was manually 

drawn around all 3 cells together. (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1) For 

each condition, N is indicated at the top of the graph. Statistical analysis was performed 

using one-way ANOVA with Dunnett’s correction for multiple comparisons.  
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Figure 3 

A. 
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B. 

 
Figure 3. A fraction of pink-1 mutants have a PAR phenotype. (A) Example images 

of 3-cell embryos. Normal 3-cell morphology is seen in the laboratory wildtype N2 

strain. Phenotypes observed in par and pink-1 mutants are shown. The posterior side of 

the embryo is on the left in each image. (B) Quantification of frequency of PAR-

associated phenotypes seen for each class of mutants. For each condition, N is indicated 

at the top of the graph.   
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Figure 4 

A. 

 
B.        C. 
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Figure 4. Mitochondrial activity drops for the remainder of embryogenesis. (A) 

Example images of JH2320 embryos showing the GFP signal indicating the location of 

the germline progenitor cells Z2 and Z3. Bean = 360 minutes after fertilization, comma = 

430 minutes after fertilization, 2-fold = 490 minutes after fertilization, 3-fold = 550 

minutes after fertilization. (B) ROI analysis of the 2-fold stage embryo shown in figure 

2.4A. ROIs #1 and #2 are drawn around the germline progenitor cells Z2 and Z3 based on 

the GFP signal shown in figure 1.4A. ROIs #3-#9 are of same size as #1 and #2 and are 

randomly distributed throughout the embryo to get an average of the TMRE signal in the 

somatic cells. (C) Quantification of the ratio of the TMRE signal in Z2 and Z3 compared 

to the averaged somatic signal shows a progressive decline in mitochondrial activity in 

the germline progenitor cells throughout embryogenesis.    
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Figure 5 
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Figure 5. Germline mitochondrial activity is controlled by food availability in L1s. 

(A) Example images of N2 L1 larvae showing the location and morphology of the 

germline progenitor cells Z2 and Z3 and the corresponding TMRE signal. A’, B’, C’, and 

D’ are zoomed in panels of A, B, C, and respectively. A,C = DIC; B,D = TMRE. (B) 

Quantification of the germline mitochondrial activity in Z2 and Z3 in laboratory wildtype 

N2 L1s based on the TMRE signal in those cells compared to the signal in the 

surrounding somatic cells. Quiescent = dimmer TMRE signal intensity in Z2 and Z3, 

some activity = equal TMRE signal intensity in Z2 and Z3, highly active = brighter 

TMRE signal intensity in Z2 and Z3. For each condition, N is indicated at the top of the 

graph. (C) Time series of laboratory wildtype N2 L1s showing the increase in germline 

mitochondrial activity in Z2 and Z3 in response to food based on the TMRE signal in 

those cells compared to the signal in the surrounding somatic cells. For each condition, 

N>20.    
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Table 2 

 

Table 2. Summary of L1 arrest mutants analyzed. Table showing strains tested for L1 

germline mitochondrial activity in response to food, outlining the associated pathway 

each gene is involved in. 

  

Gene Allele Strain Developmental Impact
- - LSJ1 Wildtype; grown in liquid culture

aak-2 gt33 TG38 IIS pathway; dauer; lifespan

ok524 RB754 IIS pathway; dauer; lifespan

rr48 MR507 IIS pathway; dauer; lifespan

ced-3 n717 MT1522 PCD

n718 MT3002 PCD

clk-1 qm30 MQ130 Lifespan; growth rate; metabolism

daf-2 e1368 DR1572 IIS pathway; dauer; lifespan

e1370 CB1370 IIS pathway; dauer; lifespan

e1391 DR1574 IIS pathway; dauer; lifespan

daf-16 mu86 CF1038 IIS pathway; dauer; lifespan

daf-18 e1375 CB1375 IIS pathway; dauer; lifespan

ok480 JR2669 IIS pathway; dauer; lifespan

mir-71 n4115 MT12993 Germ line mediated lifespan extension

pink-1 tm1779 JR3298 Mitophagy defects, oxidative stress

multiple: ATP6, 
CYTB, ND1, ND2

uaDf5 JR3630 mtDNA mutant: general reduced fitness, 
compromised mitochondrial function
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Figure 6 

 

Figure 6. Several mutants have delayed mitochondrial response to food availability. 

Quantification of the percent of L1 larvae that have highly active germline mitochondria 

in response to food. Red bars indicate response after 5 hours feeding, green bars indicate 

response after 10 hours feeding. N.D. = No data collected. For each condition, N is 

indicated at the top of the graph. Statistical analysis was performed using a pairwise 

proportion test with Bonferroni correction for multiple comparisons.  (*** p < 0.001, ** 

p < 0.01, * p < 0.05, . p < 0.1)  
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Figure 7 

 

Figure 7. daf-2, aak-2, and daf-18 mutants exhibit improper activation of L1 

germline mitochondria. Quantification of the percent of L1 larvae that have highly 

active germline mitochondria under the starved condition. Red bars indicate mutants, 

green bar indicates the control laboratory wildtype N2. For each condition, N is indicated 

at the top of the graph. Statistical analysis was performed using a pairwise proportion test 

with Bonferroni correction for multiple comparisons.  (*** p < 0.001, ** p < 0.01, * p < 

0.05, . p < 0.1)  
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Chapter Three 

Uncovering the synergistic roles of mitophagy and PCD-related genes in mtDNA 

quality control using C. elegans 
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SUMMARY 

     Defective mtDNA accumulates in heteroplasmic animal cells due to replicative 

advantage. While the removal of such deleterious mitochondrial genomes is critical for 

cellular function, the precise mechanisms through which these quality control systems act 

remain poorly understood. The C. elegans uaDf5 mtDNA mutant is a 3.1kb deletion that 

is normally stably maintained in a heteroplasmic state with wildtype mtDNA (WT-

mtDNA). I found that uaDf5 mitochondrial levels are elevated in mutants lacking either 

of two quality control systems: 1) mitophagy (pink-1(w46)), or 2) germline programmed 

cell death (PCD; ced-13(tm536)). Unexpectedly, I found that when both pink-1 and ced-

13 functions are eliminated, the opposite occurs: uaDf5 mtDNA is rapidly and 

completely removed, effectively curing the animal of mitochondrial disease. Even more 

startling, descendants of crosses between pink-1(w46) or ced-13(tm536) single mutant 

mothers with males lacking both PINK-1 and CED-13 also show rapid removal of uaDf5 

and this effect occurs irrespective of the differing descendant genotypes. These findings 

lead us to hypothesize that an initiating genetic event (IGE) from these crosses triggers a 

potent transgenerational epigenetic process that discriminates and effectively removes 

defective mtDNA. 

 

INTRODUCTION 

Mitochondrial disease and mtDNA purifying selection 

Mitochondrial diseases are a group of conditions that affect mitochondrial 

function and affect as many as 1 in 4,300 people [55,59–64]. They can be due to 

mutations in either the mtDNA or the nDNA. Generally, these diseases present as 

dysfunction in the tissues or organs that have the largest energy demands, most 



 
 

68 

commonly in the muscle and nervous system. Pathogenic mtDNA mutations were first 

discovered in human patients in the late 1980s [65,66] and since then the body of 

literature identifying mtDNA-related disease has significantly grown [55]. Mitochondrial 

diseases also include those disorders in which there is a defect in mitochondrial 

dynamics, quality control, or communication between the mitochondria and ER [61,62]. 

Unfortunately, there are few effective treatments for mitochondrial diseases.  

Interestingly, mtDNA has a high mutation rate ([33,48,49], and see Chapter 1) 

and yet, most normal cells can clear mitochondria carrying the mutations in a process 

called purifying selection. Learning more about the mechanisms that cells normally 

employ to remove deleterious mtDNA could provide insight into new therapies for 

mitochondrial diseases. There is evidence for some processes that regulate mtDNA such 

as mitochondrial fission/fusion dynamics and mitophagy [67–73], the mitochondrial 

unfolded protein response (UPRMT; [74–80]), and most recently the insulin signaling 

pathway (IIS; [81,82]). However, all of these processes only seem to be part of the story 

in that each has only an intermediate effect on mtDNA mutation levels. C. elegans, a 

free-living nematode, is an extremely amenable model for the discovery of new 

mechanisms through which purifying selection, the process in which defective mtDNA is 

removed from the germline, operates. In addition to the ease with which one may study 

genetic questions with this organism, there are also various elements of C. elegans 

development, which show conservation across animals, that are attractive areas to 

examine for the potential of mitochondrial maintenance. These elements include 

autophagic removal of dysfunctional mitochondria (mitophagy; [73,115]), endodermal 

cannibalism [87], and programmed cell death (PCD) in mature female germline 

[89,170,179].  
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C. elegans mtDNA and the mtDNA deletion “uaDf5” 

A somewhat surprising and fascinating observation is that there are many 

similarities between human and C. elegans mtDNA (Fig. 1.1). Human mtDNA has only 

one extra gene compared to the C. elegans counterpart: ATP8, a subunit of complex 5 

[3]. There is a high level of homology for all of the genes between species, and the 

overall size of the mitochondrial genome is roughly equal, with the size of the C. elegans 

mtDNA being 13,794bp (compared to 16,569 bp in humans) [2]. Thus, studying the 

experimentally tractable nematode is likely to provide insight into human mitochondrial 

function. A C. elegans strain that harbors a 3.1kb mtDNA deletion “uaDf5” is a useful 

tool for studying the mechanisms governing mtDNA quality control. The mutation is 

maintained indefinitely in a state of stable heteroplasmy, meaning that it is never lost 

from the mtDNA population even after over 100 generations of propagation [201]. 

 

Mechanisms of quality control: mitochondrial dynamics and mitophagy 

One of the key processes of mtDNA purifying selection is mitochondrial 

dynamics. Mitochondria are incredibly dynamic organelles that make up a network 

within the cell and this filamentous network is constantly undergoing division using a 

fission process (usually a small portion breaking off the main mitochondrion) and fusion 

(in which the smaller portions refuse with the main mitochondrial network) [68,70,108]. 

The main players involved in the fission process are the dynamin 1 like (DNML1) 

homolog DRP-1 [109] and the fission mitochondrial 1 (FIS1) homolog FIS-2 [110,111]. 

The main actors involved in fusion are the OPA1 mitochondrial dynamin like GTPase 

(MGM1/OPA1) homolog EAT-3 [112], and the mitofusin (MFN1/2) homolog FZO-1 

[113,114] (Fig. 1.3A).  
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  If a disruption in either fusion or fission occurs, then there is an immediate 

impairment of the cell’s ability to remove mutated mtDNA [69]. It is believed that 

mitochondrial quality control is tightly linked to fission/fusion due to the necessity of 

separating the healthy genomes from the mutated genomes prior to mutant mtDNA 

removal. In order to selectively remove only mutated mtDNA, it makes sense that the 

mitochondria must fragment so that a mitochondrion with a single genome inside it is the 

result. Thus, the role of fission is clear.  

Once divided, the cell may target a dysfunctional mitochondrion for degradation 

via a specialized form of autophagy that is specific to mitochondria, known as mitophagy 

[73,115]. Mitophagy, which works hand in hand with fission and fusion, has been shown 

to be an important process for selection against deleterious mtDNA [116]. In healthy 

mitochondria, the PTEN induced kinase 1 (PINK1) homolog, PINK-1, a serine threonine 

kinase, is imported into the mitochondria and is then cleaved from the mitochondrial 

surface. However, if the mitochondrion has diminished membrane potential, which is 

thought to be a general indicator of reduced function, PINK-1 is only imported through 

the outer membrane and accumulates on the surface. This accumulation of PINK-1 

signals to several downstream players, most notably the parkin RBR E3 ubiquitin protein 

ligase (PARKIN) homolog PDR-1, which is then recruited to the mitochondrion to 

ubiquitinate proteins on its surface, tagging the organelle for degradation by the liposome 

(Fig. 1.3B) [71,72,117–122]. In this way, the cell can maintain a population of healthy, 

functional mitochondria. 
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Programmed cell death in the mature female germline  

Programmed cell death (PCD), also known as cell suicide or apoptosis, is a 

process in which a cell undergoes a self-destruct program [166,167]. The conditions that 

influence a cell’s decision to do this include excess stress [167,168], immunity [169], and 

developmentally programmed death of extra cells [91,170]. The process of 

developmental PCD has been extensively studied in C. elegans, where 131 somatic cells 

are programmed to die, and in fact, it was the work done with C. elegans that greatly 

moved the understanding of apoptosis to where it is today [91]. The core machinery is 

highly conserved across metazoans [170], which makes it an attractive universal 

mechanism for maintaining the health of mtDNA. 

In C. elegans, the genes involved in the canonical cell death pathway are egl-1, 

ced-9, ced-4, and ced-3 (Fig.6A) [91,92]. EGL-1, which is homologous to BH3-only 

(Bcl-1 homology 3) domain proteins, is the upstream activator which acts on the CED-

9:CED-4 complex that is present on the mitochondrial surface [171]. When EGL-1/BH3 

is activated, it binds to CED-9/BCL2, thereby releasing CED-4/APAF1 to the cytoplasm 

[172]. Once CED-4/APAF1 is in the cytoplasm, it is free to act on the main executioner 

caspase CED-3, switching it from the inactive procaspase form (pro-CED-3) to the 

activated caspase form [173]. Once activated, CED-3 starts a cascade of cellular events 

which irreversibly result in death of the cell [91,174]. There are other caspase-like genes, 

including csp-1, csp-2, and csp-3, which seem to play somewhat minor roles in the 

execution of PCD [91,175]. It’s possible that CSP-2 and CSP-3 work together to inhibit 

improper activation of the cell death pathway by keeping CED-3 from undergoing 

autocleavage [176,177]. CSP-1, on the other hand, has more direct caspase activity, and 

seems to act in parallel with CED-3, acting upon different substrates. Importantly, CSP-1 
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appears to act independently of the canonical pathway players CED-9/BCL2 and CED-

4/APAF1 [91,178]. The processes that occur downstream of caspase execution include 

nuclear DNA fragmentation, elimination of mitochondria, the inhibition of survival 

signals, and phosphatidylserine (PS) externalization on the outer cell membrane as an 

“eat me” signal [21,89,91,92,167,170,174,179]. The PS exposure on the cell surface 

signals to neighboring cells activates an engulfment program which is controlled by 

multiple redundant pathways, all of which converge on CED-10/RAC [180–182]. 

 In addition to developmental somatic PCD, there is PCD that occurs in the mature 

female germline, which kills off as many as >95% of the potential oocytes  

[89,170,179,183]. Germline PCD is of two types: physiological (thought to be stochastic, 

perhaps as a way of killing off nurse cells for the developing oocytes), and DNA damage-

induced [184]. Physiological germline PCD shares many of the same regulators as 

somatic PCD, except for the lack of requirement on egl-1 [184,185]. DNA damage-

induced PCD requires all of the core PCD machinery and is regulated by CEP-1/p53 in 

response to DNA damage [186]. In the event of UV-induced DNA image, CEP-1/p53 

upregulates EGL-1 and CED-13 (another BH3-only protein), which both then signal the 

rest of the downstream core pathway [19,89,179,184–187]. Here we investigate the role 

of PCD in mtDNA quality control in the germline and describe a novel phenomenon 

whereby an initiating genetic event or “IGE” sets up a condition that results in an 

incredibly efficient mechanism for removal of deleterious mtDNA. 
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RESULTS 

uaDf5 affects several fitness parameters 

 Surprisingly, animals containing uaDf5 appear to be quite healthy at the 

superficial level, despite its deleterious nature. I wanted to see if uaDf5 results in any 

negative consequences on organismal fitness, suggesting its analysis would be useful as a 

model for mitochondrial disease. To do this I measured brood size, embryonic lethality, 

unfertilized oocyte production, developmental rate, and lifespan in uaDf5 and wildtype 

worms. uaDf5 animals displayed deficiencies in generation of viable progeny, as seen by 

measuring brood size (wildtype 304 ± 4.8; uaDf5 202 ± 8.6 embryos laid) (Fig. 3.1A), 

embryonic lethality (wildtype 1.94 ± 0.56%; uaDf5 4.18 ± 0.67%) (Fig. 3.1B), and 

unfertilized oocytes laid (wildtype 30 ± 1.1%; uaDf5 20 ± 1.6%) (Fig. 3.1C). uaDf5 also 

displayed deficiencies in developmental rate, measured in both the number of hours to 

reach gravidity (wildtype 63 ± 0.8; uaDf5 76 ± 1.4 hours) (Fig. 3.1D) and in the average 

stage of development after 60 hours of feeding (wildtype: adult; uaDf5: mid-L4) (Fig. 

3.1E). Lifespan, however, was unaffected (wildtype 14 ± 0.4; uaDf5 15 ± 0.5 days) (Fig. 

3.1F). This may be only the case in a lab environment, and it would curious to see the 

effect on lifespan in the wild. Given the significant decline in the majority of fitness 

parameters tested, I concluded that uaDf5 is a useful tool for studying mitochondrial 

disease and mtDNA quality control. 

 

Characterization of the mtDNA deletion “uaDf5” 

 uaDf5 is a 3.1kb deletion that knocks out the function of 4 protein-coding genes 

and 7 tRNAs (Fig. 3.2A,B) [201]. Given its presumably highly deleterious nature, how is 

it stably maintained? I first tested the hypothesis that uaDf5 stability is due to a 
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complementing allele or secondary mutation. To address this, I did Illumina high-

throughput sequencing of mtDNA isolated from the uaDf5 strain to see if I could detect a 

secondary mtDNA allele. Instead of finding a secondary allele, I found a secondary 

mutation, w47, which is actually linked to the uaDf5 deletion. This allele is a single base 

pair deletion in the nduo-4 gene which results in a frameshift that causes premature 

termination of the resulting ND4 protein at position 88 of the 409 amino-acid long 

wildtype protein (Fig. 3.2C). ND4 is a homolog of the core MT-ND4 transmembrane 

subunit of complex 1 of the MRC, and transports protons across the inner mitochondrial 

membrane upon oxidation of NADH [1–3,39,202].  Soon after this finding, papers came 

out reporting that the UPRMT protects uaDf5 from removal, in that a loss-of-function 

mutation in the UPRMT results in a lowered fractional abundance of uaDf5 [78,80]. Given 

the nature of the truncated ND4 protein, I propose that accumulation of this truncated 

protein may be one of the factors that results in this protection of uaDf5 by the UPRMT. 

 

ddPCR as a tool to study genes involved in mtDNA quality control 

 If mtDNA quality control pathways are compromised, the level of deleterious 

mtDNA (such as uaDf5) are predicted to increase. Conversely, if the mtDNA quality 

control machinery is more efficient, deleterious mtDNA levels are predicted to decrease. 

In order to measure the level of uaDf5, I employed droplet digital PCR (ddPCR), a highly 

quantitative method analogous to qPCR [78,203,204]. This highly sensitive technique 

makes it possible to measure DNA copy number with extreme accuracy. I first measured 

the fractional abundance of uaDf5 (% uaDf5) in a wildtype nuclear background in three 

lines that were grown separately for over five generations to see what kind of natural 

variation occurs under normal conditions. I measured the fractional abundance of uaDf5 
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in pooled populations of 200 worms in their fourth day of adulthood. I saw very little 

variation in the three independent lines (trial 1 66.66%, 68.6%, and 73.71%). I repeated 

this analysis three more times over the span of two years and saw no statistical change in 

the steady state fractional abundance of uaDf5 (trial 2 72.94%, 74.58%, and 79.44%; trial 

3 69.88%, 73.43%, and 74.36%; and trial 4 75.89%, 76.94%, and 77.90%) displaying the 

marked stability of uaDf5 in a wildtype background (Fig. 3.3A). To determine if the 

fractional abundance of uaDf5 is changed at a measurable level when mtDNA quality 

control machinery is modulated, I looked at the fractional abundance of uaDf5 in mutants 

of two known pathways to act on mtDNA: the UPRMT and mitophagy (Fig. 1.3B, 1.4A).  

Mitophagy is the process by which defective mitochondria (and their associated 

mtDNA) are eliminated from the cell [71,73,115,120]. As expected, I observed an 

increase in the fractional abundance of uaDf5, in mitophagy mutants (pink-1 and pdr-1). 

Because the only pink-1 mutant strains available are alleles that retain part of the pink-1 

gene, we used CRISPR to generate a pink-1(w46) null mutant that knocks out the entirety 

of the pink-1 locus. In worms in their fourth day of adulthood, both pink-1(tm1779) 

(84.29 ± 0.1%) and pink-1(w46) (83.94 ± 0.7%) have a significantly increased fractional 

abundance of uaDf5 compared to a nuclear wildtype background (81.66 ± 0.42%) and the 

pink-1(w46);pdr-1(gk448) double mutant increases the fractional abundance of uaDf5 to 

an even higher level (85.82 ± 0.29%). pdr-1(gk448) is the only allele available for pdr-1 

and does not have an increased fractional abundance of uaDf5 (82.11 ± 0.7%) (Fig. 

3.3B). This may be due to the nature of the allele not making it a complete null, or it may 

be due to secondary effects of alternate roles of pdr-1.  

The UPRMT has been shown to protect uaDf5 [78,80]. The atfs-1 gene, the main 

regulator of the UPRMT, has both loss-of-function (lof) and gain-of-function (gof) alleles, 
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so I tested both [78,80,205]. As expected, the lof allele atfs-1(tm4525) results in a 

decreased fractional abundance of uaDf5 (76.91 ± 0.45%) and the gof allele atfs-1(et15) 

has an increased fractional abundance of uaDf5 (84.43 ± 0.38%) (Fig. 3.3B). Given that 

uaDf5 levels were observed to change as expected when purifying mechanisms were 

affected, I conclude that ddPCR is a viable technique for quantitative analysis of mtDNA 

quality control. 

 

The role of germline PCD in mtDNA quality control 

 I next investigated whether other pathways might be involved in removal of 

mtDNA. In C. elegans, germline PCD removes as many as 95% of potential oocytes 

[89,179,183,184] and it is unknown if there is a selection process, mitochondrial or 

otherwise, for which potential oocytes undergo PCD. Currently the understanding is that 

the process is entirely stochastic. I hypothesize that, instead of random selection, the 

oocytes that undergo PCD are associated with higher levels of defective mtDNA. To test 

this hypothesis, I generated a set of PCD mutant strains that also contain uaDf5 mtDNA 

(for a list of mutants analyzed please refer to Table 3.1 and Fig. 1.6A 3.4A). Most of the 

mutants affect both developmental and germline PCD (ced-3, ced-4, csp-1, and the 

engulfment genes), while some only act in germline-specific PCD (ced-13 and cep-1) 

[91,92,170,184]. Despite the importance of PCD in development, none of the PCD 

mutants result in any severe fitness deficits. 

 To test for the role of germline-specific PCD I analyzed ced-13 mutants. CED-

13/BH3 is a germline-specific activator of PCD [91,185,187]. Both ced-13 alleles have a 

significantly higher fractional abundance of uaDf5 (sv32: 80.66 ± 0.7%; tm536: 83.5 ± 

0.39%) (Fig. 3.4A), supporting the idea that germline PCD removes uaDf5. CED-9/BCL2 
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is an inhibitor of PCD that acts upstream of CED-4/APAF1 [172]. ced-9(n1950) is a gof 

allele which results in inhibition of PCD, although this allele does not have an effect in 

the germline [89,184]. I observed no changes to the fractional abundance of uaDf5 with 

this allele (68.89 ± 0.1%) which supports the hypothesis that PCD is acting on uaDf5 

solely in the germline. CSP-2 has homology to the caspases but it has shown to play no 

significant role in PCD [175,177] and as expected, no change in the fractional abundance 

of uaDf5 was observed (73.97 ± 1.61%) (Fig. 3.4B).  

CED-3 is the executioner caspase in the canonical PCD pathway [91,174,184]. 

Our analysis of four strong ced-3 mutants [206] gave varying results, with two of the four 

showing an increased fractional abundance of uaDf5 in worms in their first day of 

adulthood (n717: 77.76 ± 0.75% and n1286: 82.26 ± 0.15%) compared to a wildtype 

nuclear background (74.73 ± 1.18%), one allele showing no significant change (n2454: 

74.01 ± 0.58%), and one allele showing a decrease (n718: 64.18 ± 0.21%). Analysis of 

cell corpses in embryos of these mutants reveals that developmental PCD is not 

occurring, but the inhibition of germline PCD has yet to be assayed. CSP-1 is another 

caspase which acts in a non-canonical role of PCD [174,175,178] and in combination 

with ced-3(n717) I see an additive effect with a greatly increased fractional abundance of 

uaDf5 (82.38 ± 0.7%) (Fig. 3.4C). Analysis of the nature of the alleles does not give any 

immediate clues as to why I observe different phenotypes, but our results with the ced-3 

alleles n717 and n1286 suggest that PCD may be playing a role in mtDNA quality 

control. 

 CED-4/APAF1 is the upstream activator of CED-3 in the canonical PCD pathway 

[172,173] and as such I expected to see an increased fractional abundance of uaDf5 in 
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ced-4 mutants. However, I observed no effect in both alleles tested (n1162: 74.94 ± 

1.51%; n1894: 77.05 ± 0.48%) (Fig. 3.4D). This either suggests that PCD is not acting on 

mtDNA, or it may be reflective of secondary effects from alternative roles that ced-4 has 

in development [207,208]. Additionally, analysis of embryonic cell corpses of these 

mutants reveals that developmental PCD is not occurring, but the inhibition of germline 

PCD has yet to be assayed. 

 Cells that undergo PCD must be cleared away by the surrounding cells in a 

process of engulfment and degradation which is carried out through a set of redundant 

pathways that converge on CED-10 [92,180–182]. Inhibition of the engulfment pathway 

actually results in inhibition of PCD, likely through a complex feedback mechanism. 

Consistent with the observation that PCD is regulating levels of uaDf5, analysis of 

engulfment mutants revealed an increased fractional abundance of uaDf5 (ced-10(n3246) 

82.72 ± 0.15%; ced-1(e1735) 80.41 ± 0.37%; ced-2(e1752) 81.79 ± 0.73%; ced-

1(e1735);ced-2(e1752) 83.8 ± 0.59%) (Fig. 3.4E). 

 To confirm that the steady state level of the fractional abundance of uaDf5 that I 

observe is indicative of the removal capacity of the cellular machinery, I did a multi-

generational experiment in which I tried to selectively remove uaDf5. To do this, I 

measured the fractional abundance of uaDf5 in ~15 individual worms and then measured 

~15 individual progeny from the worm that had the lowest fractional abundance of 

uaDf5. This was repeated over the course of at least 5 generations to determine the lower 

limit of the fractional abundance of uaDf5. Those strains that had increased steady state 

levels of uaDf5 (ced-3(n717) and ced-10(n1993)) were resistant to the selective removal 

of uaDf5 (within 8 generations ced-3(n717) dropped from 75.09% to 53.28% and ced-

10(n1993) dropped from 78.24% to 70.38%, compared to wildtype which dropped from 
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74.61% to 49.85%). Those lines that had lower steady state levels of uaDf5 (ced-

3(n2454) and ced-4(n1162)) were amenable to uaDf5 reduction each generation (ced-

3(n2454) dropped from 74.75% to 15.65% in 8 generations and ced-4(n1162) dropped 

from 72.65% to 32.88% in only 5 generations) (Fig. 3.4G). This supports the original 

findings in figures 3.4B-G that higher steady state levels of the fractional abundance of 

uaDf5 are evidence of a decreased capacity for removal of defective mtDNA. 

 CEP-1/p53 is an activator of germline PCD in response to nuclear DNA damage 

[19,186,187]. To test if CEP-1/p53 activates PCD, in not just the case of nuclear DNA 

damage but also in the event of an excessive fractional abundance of mutant mtDNA, I 

analyzed cep-1 mutants. Surprisingly, I found that cep-1(gk138) has a greatly reduced 

fractional abundance of uaDf5 (50.93 ± 1.76%) (Fig. 3.4F). In addition to its role in 

germline PCD, CEP-1 has actually been shown to act as an inhibitor of mitophagy [209]. 

It is interesting to note its dual role and how this may result in differential regulation of 

mtDNA quality control. This led us to question the interplay between the mitophagy and 

PCD pathways and to further investigate whether CEP-1 is a common element to both 

pathways in C. elegans. 

 

Combinatorial knock out of ced-13 with certain genes results in rapid removal of 

uaDf5, with no evidence of compromised organismal fitness 

 The question of the dual role of CEP-1 in mitophagy and germline PCD led us to 

generate a set of double mutants comprised of components of both pathways (Fig. 3.5A). 

If germline PCD is acting on uaDf5, I would expect to see double mutants composed of 

genes from the PCD pathway to have the same fractional abundance of uaDf5 as the 

single mutants. The same goes for double mutants of genes involved in mitophagy. If 
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there is crosstalk between the PCD and mitophagy pathways, I expect to see evidence of 

epistasis in double mutants composed of genes from both pathways. The cep-

1(gk138);pink-1(w46) double has a fractional abundance of uaDf5 similar to the pink-

1(w46) single mutant (cep-1(gk138);pink-1(w46): 82.41 ± 0.29%; pink-1(w46): 79.42 ± 

1.76%; cep-1(gk138): 50.93 ± 1.76%), suggesting that CEP-1 is largely acting on uaDf5 

through its role in mitophagy rather than PCD since PINK-1 is downstream of CEP-1. 

This same effect was also seen in cep-1(gk138);pdr-1(gk448) double mutants (cep-

1(gk138);pdr-1(gk448): 73.34 ± 1.14%; pdr-1(gk448): 64.22 ± 2.23%). The cep-

1(gk138);ced-3(n1286) double mutant has levels similar to the ced-3(n1286) single 

mutant (cep-1(gk138);ced-3(n1286): 82.36 ± 0.28%; ced-3(n1286): 82.26 ± 0.15%), 

indicating the possibility that improper activation of mitophagy only results in efficient 

removal of uaDf5 if PCD is functional. This suggests possible crosstalk between the 

activities of both pathways. The ced-4(n1162);ced-13(tm536) double mutant more 

closely resembles the downstream ced-4(n1162) single mutant rather than the ced-

13(tm536) single mutant (ced-4(n1162);ced-13(tm536): 77.62 ± 1.72%; ced-13(tm536): 

83.5 ± 0.39%; ced-4(n1162): 74.94 ± 1.51%).  

There were two double mutants analyzed which gave unexpected results, both 

containing ced-13(tm536).  Given the fact that both CED-13 and CED-3 are in the PCD 

pathway and loss of function in either results in an increased fractional abundance of 

uaDf5, the double mutant was expected to show a similarly high fractional abundance of 

uaDf5. However, I saw a greatly reduced fractional abundance of uaDf5 in the double 

mutant (8.62 ± 2.79%) suggesting that one or both genes are acting on mtDNA through 

novel pathways. Similarly, ced-13(tm536) and pink-1(w46) single mutants both have a 
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high fractional abundance of uaDf5, but the double mutant exhibits complete removal of 

uaDf5 (0 ± 0%). This suggests one of two events; that knocking out both PCD and 

mitophagy results in a cellular environment which is more efficient at mtDNA quality 

control, or that one or both of these genes is acting on mtDNA through some unidentified 

pathway(s) which have yet to be discovered. 

 We hypothesized that the removal phenotype was due to culling of uaDf5-

containing worms at the organismal level. We proposed that these genetic backgrounds 

set up an environment in the cell that is particularly intolerant of mtDNA mutations, 

resulting in a highly reduced level of production of viable progeny, such that only those 

worms that contain the lowest fractional abundance of uaDf5 are the ones that survive. 

To address this question, I performed sets of genetic crosses which would generate ced-

3(n1286);ced-13(tm536);uaDf5 and pink-1(w46);ced-13(tm536);uaDf5 double mutants 

and scored the F2 hermaphrodites for brood size (Fig. 3.5B) and embryonic lethality (Fig. 

3.5C). For generating ced-3(n1286);ced-13(tm536);uaDf5 lines I crossed ced-

3(n1286);ced-13(tm536);uaDf5 males into either ced-13(tm536);uaDf5 or ced-

3(n1286);uaDf5 hermaphrodites. I found that brood size was decreased following these 

crosses (ced-13(tm536);uaDf5 P0 hermaphrodites: 141 ± 14; ced-3(n1286);uaDf5 P0 

hermaphrodites: 98 ± 11; uaDf5 control 201 ± 9). I also saw that embryonic lethality was 

increased following these crosses (ced-13(tm536);uaDf5 P0 hermaphrodites: 6.82 ± 

1.59%; ced-3(n1286);uaDf5 P0 hermaphrodites: 10.45 ± 2.05%; uaDf5 control 4.18 ± 

0.67%). However, these deficits in brood size and embryonic lethality were not high 

enough to suggest that the sole mechanism of uaDf5 reduction is due to worms being 

culled at the organismal level due to an intolerance of uaDf5, which I propose would 

have had to be compromised at much higher levels.  
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For generating pink-1(w46);ced-13(tm536);uaDf5 lines I crossed pink-

1(w46);ced-13(tm536);uaDf5 males into either ced-13(tm536);uaDf5 or pink-

1(w46);uaDf5 hermaphrodites. Following these crosses, I actually found a slight increase 

in brood size (ced-13(tm536);uaDf5 P0 hermaphrodites: 238 ± 17; pink-1(w46);uaDf5 P0 

hermaphrodites: 241 ± 18) and a minimal to no increase in embryonic lethality (ced-

13(tm536);uaDf5 P0 hermaphrodites: 5.63 ± 1.1%; pink-1(w46);uaDf5 P0 

hermaphrodites: 4.59 ± 1.14%), indicating that culling at the organismal level is not a 

factor contributing to the removal phenotype in the pink-1(w46);ced-13(tm536);uaDf5 

lines. 

 

Despite low steady state fractional abundance of uaDf5 in stable ced-3(n1286);ced-

13(tm536);uaDf5 lines, uaDf5 removal is not observed in the 4 generations following 

the generation of the double mutant 

 How is it that knocking out two genes in the PCD pathway results in an increased 

capacity of uaDf5 removal? To understand the mechanism through which uaDf5 removal 

occurs, I carried out a generational analysis of the sets of crosses which would result in 

the ced-3(n1286);ced-13(tm536);uaDf5 double mutant and measured the fractional 

abundance of uaDf5 in the lines resulting from those crosses for four generations to see 

how quickly the removal of uaDf5 occurs (Fig. 3.6A,B). To make these lines, I 

performed the two crosses mentioned previously: ced-3(n1286);ced-13(tm536);uaDf5 

males mated to ced-13(tm536);uaDf5 hermaphrodites, and ced-3(n1286);ced-

13(tm536);uaDf5 males mated to ced-3(n1286);uaDf5 hermaphrodites, both of which 

result in F2 descendants with the ced-3(n1286);ced-13(tm536);uaDf5 genotype. I 

measured the fractional abundance of uaDf5 from the P0 to the F4 generation in 10 lines 
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resulting from the ced-3(n1286);ced-13(tm536);uaDf5 males mated to ced-

3(n1286);uaDf5 hermaphrodite cross (Fig. 3.6C,D), and in 7 lines resulting from the ced-

3(n1286);ced-13(tm536);uaDf5 males mated to ced-13(tm536);uaDf5 hermaphrodite 

cross (Fig. 3.6E,F). I also did genotyping of the F2 generation (capturing homozygotic 

segregants) to see if only the ced-3(n1286);ced-13(tm536);uaDf5 double mutants 

reconstituted from the cross exhibit the removal phenotype and that the other genotypes 

do not. Surprisingly, I found that none of the lines generated from either of the two 

crosses had greatly decreased fractional abundance of uaDf5 by the F4 generation, 

although the fractional abundance of uaDf5 had dropped slightly (the largest drop was by 

10.14%; from 80% down to 69.86%).  

In the steady state population analysis, the worms had gone through a step of 

starvation immediately following the F2 generation, so I wondered if starvation was a 

necessary step for the removal phenotype we observed. I starved the same lines that were 

used for the generational analysis and measured the fractional abundance of uaDf5 in the 

three generations following starvation and found that there was no measurable drop in the 

fractional abundance of uaDf5 (data not shown). Perhaps the ced-3(n1286);ced-

13(tm536);uaDf5 double mutant needs more generations before uaDf5 removal occurs, or 

perhaps the male used for the cross needs to have the ced-13(tm536);uaDf5 genotype 

(which was used for generation of the double mutant lines analyzed for steady state 

population levels) instead of ced-3(n1286);ced-13(tm536);uaDf5. Further analysis of this 

genetic condition must be done before I can determine more about the removal capacity. 
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pink-1(w46);ced-13(tm536);uaDf5 males crossed to ced-13(tm536);uaDf5 or pink-

1(w46);uaDf5 hermaphrodites result in half of the F2 lines rapidly removing uaDf5 

 I performed the same experimental analysis for the pink-1(w46);ced-

13(tm536);uaDf5 condition as I did for the ced-3(n1286);ced-13(tm536);uaDf5 condition 

outlined in figure 3.6 (Fig. 3.7). I measured the fractional abundance of uaDf5 from the 

P0 to the F4 generation in 16 lines resulting from crossing pink-1(w46);ced-

13(tm536);uaDf5 males to pink-1(w46);uaDf5 hermaphrodites (Fig. 3.7D-G) and in 18 

lines resulting from crossing pink-1(w46);ced-13(tm536);uaDf5 males to ced-

13(tm536);uaDf5 hermaphrodites (Fig. 3.7H-K). 16 of the 34 lines generated exhibited 

rapid removal of uaDf5 by the F4 generation (defined as dropping the fractional 

abundance of uaDf5 to below 25%, with the lowest dropping to 1.56%) with the 

remainder of the lines having a moderate level of removal (40-80% by the F4 

generation). For the 16 rapid removal lines, the removal starts as early as the F2 

generation and drops by an average of 25% each generation thereafter. When pink-

1(w46);ced-13(tm536);uaDf5 males were crossed to pink-1(w46);uaDf5 hermaphrodites, 

6 of the 16 lines had a low level of cleanup by the F4 generation with the fractional 

abundance of uaDf5 still above 70%, 3 lines had a moderate level of cleanup with the 

fractional abundance of uaDf5 down to 40-50%, and 7 had a high level of cleanup with 

the fractional abundance of uaDf5 below 25% representing a tri-modal removal 

phenotype. Analysis of embryonic lethality in the progeny laid by the F2 hermaphrodites 

shows a correlation between removal capacity and embryonic lethality (r2= 0.27) (Fig. 

3.7G), suggesting embryonic lethality may play a minor role in the removal capability. 

When pink-1(w46);ced-13(tm536);uaDf5 males were crossed to ced-13(tm536);uaDf5 

hermaphrodites, 9 of the 18 lines with a moderate level of cleanup by the F4 generation 
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with the fractional abundance of uaDf5 spanning the range of 50-80%, and the other 9 

lines had a high level of cleanup with the fractional abundance of uaDf5 below 20%, 

representing a bi-modal removal phenotype. Analysis of embryonic lethality in the 

progeny laid by the F2 hermaphrodites shows no correlation between removal capacity 

and embryonic lethality (r2= 0.017) (Fig. 3.7K) suggesting it plays no role when the 

hermaphrodite is ced-13(tm536);uaDf5. Further analysis of the differential dynamics 

through which uaDf5 removal occurs in different hermaphrodite genotypes needs to be 

done to dissect if there are different mechanisms occurring in each case. 

 

Following the “IGE”, genotype is not correlated with the uaDf5 removal capacity  

I noticed that half of the F2 lines had a high level of cleanup phenotype, which is 

much higher than predicted since only 25% of lines should have the double mutant 

genotype (pink-1(w46);ced-13(tm536);uaDf5) following the P0 cross. Perhaps most 

shockingly, genotyping of the F2 founder hermaphrodites for each set of crosses revealed 

that the double mutant genotype does not correlate with the removal capacity phenotype 

(Fig. 3.7). Rather, any of the five possible genotypes resulting from the two sets of 

crosses are able to efficiently remove uaDf5. This suggests that the removal phenotype is 

due to a heritable transgenerational epigenetic state resulting from the cross, rather than 

the genetic state of the worms. Thus, I now refer to the initial cross as the initiating 

genetic event or “IGE” which sets up a condition that results in an incredibly efficient 

uaDf5 removal mechanism. Why it is that not all lines resulting from the IGE remove 

uaDf5 at the same rate is a question for future studies, and suggests there may be a 

dosage-dependency factor at play. 
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The lines resulting from the IGE that have a rapid removal phenotype show a 

striking amplification of WT-mtDNA in the F3 generation, suggesting there is 

increased partitioning of uaDf5 from WT-mtDNA after the IGE 

 What is the mechanism through which uaDf5 is removed in these IGE lines? In 

order to get a better idea of what dynamics are at play, I analyzed mtDNA copy number 

dynamics in the generations following the IGE (Fig. 3.8A,B). I found that there is a 3-

step process that is common to the lines that rapidly remove uaDf5 (Fig. 3.8A): i) a 

preliminary decrease in both WT-mtDNA and uaDf5 copy number, followed by ii) a 

specific amplification of WT-mtDNA, and then lastly iii) a specific removal of uaDf5. 

For all lines, including those that do not rapidly remove uaDf5, I observed a global 

reduction in total mtDNA levels between the P0 (time of the cross) and F2 generations 

with a slight bias toward removal of uaDf5 (data not shown). For the lines that have a 

rapid removal phenotype, I found that between the F2 and F3 generations WT-mtDNA is 

specifically amplified to levels above what is normally seen (WT-mtDNA copy number 

is typically extremely non-variable in a stage-specific manner, even in the presence of 

uaDf5 [78,106,107,201]). This amplification is less prominent and less specific to WT-

mtDNA in the lines that do not exhibit a rapid removal phenotype (Fig 3.8B). In the lines 

that rapidly remove uaDf5, the WT-mtDNA-specific amplification precedes a secondary 

wave of uaDf5 removal (this time unaccompanied by removal of WT-mtDNA, unlike the 

first wave of removal seen in the P0 to F2 generation) between the F3 and F4 

generations. These dynamics give insight into a potential mechanism through which 

uaDf5 is removed following the IGE. The specific amplification of WT-mtDNA followed 

by the specific elimination of uaDf5 suggests that uaDf5 is separated from WT-mtDNA 

in a way in which the cell can properly act differentially on the two mtDNA populations. 
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I propose that there may be a global mitochondrial fission event that happens soon after 

the IGE, thus allowing for a distinct separation of the alleles into individual mitochondria 

(Fig. 3.8C). Further analysis of the IGE in a fission-deficient background must be done to 

determine if this is a crucial element of the IGE-associated removal phenotype. 

 

DISCUSSION 

 I present several lines of evidence indicating that germline PCD is a mechanism 

through which deleterious mtDNA is removed from the germline, and the startling 

discovery of a heritable transgenerational epigenetic mechanism of greatly increased 

mtDNA quality control following an initiating genetic event, or “IGE”. 

 

uaDf5 has negative consequences on fitness, making it a good model for 

mitochondrial disease 

 The 3.1kb mtDNA deletion mutant uaDf5 exhibits stable heteroplasmy despite its 

highly deleterious nature [201]. Why is uaDf5 maintained in a heteroplasmic state despite 

its presumably negative effect on cellular and organismal health? One possibility is that 

there is no WT-mtDNA in this strain, and instead there are two deleterious mtDNA 

alleles that complement each other. To answer this question, I used high throughput 

sequencing to determine the sequence of the presumed WT-mtDNA to see if it in fact 

contains a mutation that the uaDf5 allele complements. Instead, I found that the second 

mtDNA allele is indeed wildtype. However, our high throughput analysis led to the 

discovery of a secondary mutation that is linked to the uaDf5 deletion. This secondary 

mutation, “w47”, is a single base pair deletion in the ND4 gene which results in a 

frameshift leading to premature truncation of the protein such that only the first 88 amino 
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acids of the 409 amino acid long protein is produced. This tells us that the uaDf5 allele 

not only knocks out 7 tRNAs and the ATP6, ND1, ND2, and CYTB genes, but also 

knocks out a fifth gene, ND4. The nature of the allele presumably results in at least two 

truncated proteins that are necessary transmembrane subunits of complex 1 (ND1 and 

ND4) in addition to reduced capacity for making proteins due to the loss of several 

necessary tRNAs. Thus, uaDf5 mutants are anticipated to have heightened mitochondrial 

stress which would activate the mitochondrial UPR (UPRMT). In line with these 

discoveries, it was recently discovered that the UPRMT is increased in uaDf5 mutants and 

actually acts to protect uaDf5 from mtDNA quality control machinery [78,80]. 

To investigate whether there are detectable health consequences of this mutant 

mtDNA, I measured various fitness parameters in uaDf5 mutants. Surprisingly lifespan 

was unaffected, but there are observable negative consequences on brood size, embryonic 

lethality, and developmental rate showing that uaDf5 is a good model for mtDNA disease 

and that analysis of its regulation is a good tool for studying mechanisms of mtDNA 

quality control.  

Using the highly sensitive technique of droplet digital PCR (ddPCR; [203,204]) I 

was able to accurately measure the fractional abundance of uaDf5 in both individual 

worms and populations of worms. I first measured the fractional abundance of uaDf5 in 

pooled 200-worm-populations with a wildtype nuclear background in three biological 

replicates grown independently for over 8 generations. I found that there was very little 

variation between the replicates showing a marked stability of the steady state level of the 

fractional abundance of uaDf5. I repeated this experiment two more times, separated by 

many months, and found that the fractional abundance of uaDf5 remains constant. This 

tells us that the measurement of the fractional abundance of uaDf5 is a highly stable 
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value and that our control serves as a robust parameter for comparing mutants to. To see 

if modulation of mtDNA quality control results in a measurable change in the fractional 

abundance of uaDf5, I analyzed mutants in the mitophagy and the UPRMT pathways. As 

expected, inhibition of mitophagy results in an increase in the fractional abundance of 

uaDf5. Inhibition of the UPRMT results in a lowered fractional abundance of uaDf5, while 

overactivation results in an increase in the fractional abundance of uaDf5, which follows 

with the UPRMT being a protector of uaDf5. 

 

PCD mutants have increased fractional abundance of uaDf5 

 Is germline PCD, which kills off upwards of 95% of potential oocytes [183], a 

mechanism through which mtDNA quality control operates? To answer this, I analyzed 

the steady state fractional abundance of uaDf5 in populations of worms containing 

mutations in various PCD-related genes. Our analysis gave differing results, with most 

mutants exhibiting an effect, however there were several mutants which did not such as 

ced-4 and two of the ced-3 alleles analyzed. Why ced-4 mutants do not have an increased 

fractional abundance of uaDf5 may be explained by the fact that it has roles outside of 

PCD [207,208] and those alternative roles may act to reduce mtDNA quality control. 

Why certain alleles of ced-3 (n718 and n2454) do not show increased fractional 

abundance of uaDf5 is unclear since the nature of the mutations and their presumed 

impact on CED-3 function do not distinguish them from the two alleles (n717 and n1286) 

that did increase the fractional abundance of uaDf5 [206]. Further molecular analysis of 

the nature of the alleles needs to be done to determine the reason behind this. Curiously, 

analysis of a csp-1 mutant (CSP-1 is a non-canonical caspase that has largely been seen 

to play a minor role in PCD [175,178]) greatly increases the fractional abundance of 
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uaDf5 in a ced-3(n717) background, suggesting that CSP-1 may play a larger role in 

mutant mtDNA-induced germline PCD. Analysis of the csp-1 single mutant needs to be 

done to clarify the extent of its role. Mutations in the ced-13 gene result in a large 

increase in the fractional abundance of uaDf5 supporting the claim that it is germline-

specific PCD, and not developmental PCD, that acts in mtDNA quality control. To 

further bolster this claim, egl-1 mutants need to be analyzed which are expected to have 

no effect on the fractional abundance of uaDf5. 

Although the increased fractional abundance of uaDf5 seen in the engulfment 

mutants supports the idea that PCD is acting in mitochondrial quality control, these 

results could also be reflective of the potential role of a recently discovered process called 

“endodermal cannibalism” [87]. This discovery was made in C. elegans embryos and 

details an event in which the germline progenitor cells (PGCs) pinch off a decent-sized 

lobe - packed with mitochondria - which then undergoes scission and is degraded by the 

surrounding endodermal cells. This endodermal cannibalism process happens about 

midway through embryogenesis after the P4 cell has further divided to produce the 2 

primordial germ cells (PGCs) Z2 and Z3 [196]. This cannibalism event is dependent on 

the dual actions of LST4/SNX9 and CED-10/RAC, which has mostly been recognized as 

a major downstream player in cell corpse engulfment following apoptosis [92,180–182]. 

LST4 and CED-10 regulate dynamin and actin dynamics for the successful constriction 

and scission of the lobe (Fig. 1.6B). There are several things that are removed in these 

excised lobes, including P granules, but it seems that the majority of the material is 

actually mitochondria. This is a likely quality control step for the developing organism to 

remove any deleterious genomes from the germline, since it occurs immediately after the 

bottleneck when there is a reduced population of mitochondria, and precedes the massive 
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uptick in replication that is due to happen [106,107]. Our ced-10 results may therefore be 

the result of inhibition of endodermal cannibalism rather than cell corpse engulfment. 

Further studies using temperature sensitive mutants need to be done to narrow down the 

developmental time window at which CED-10/RAC is acting in mtDNA quality control. 

 

The interplay between mitophagy and PCD 

 Our ced-13 results led us to question if the upstream activator of CED-13/BH3 in 

response to genotoxic stress, CEP-1/p53 [184,186,187,210], activates the cell death 

pathway in response to mtDNA disease. This would be a fascinating result if true since 

CEP-1/p53 is largely thought to activate germline PCD in response to genotoxic stress in 

the nucleus. If it also responds to mitochondrial genotoxic stress, that would make it a 

crucial element for general DNA health in the germline. However, I found that knocking 

out CEP-1/p53 actually results in increased mtDNA quality control, seen as greatly 

reduced fractional abundance of uaDf5. This confounding result may be explained by the 

largely unexplored role of CEP-1/p53 in inhibition of mitophagy. CEP-1/p53 has been 

shown to directly inhibit PDR-1/PARKIN [209], the ubiquitin ligase that is activated by 

PINK-1 in the mitophagy pathway. Perhaps I have shown further evidence for its role in 

mitophagy and these results reveal potential crosstalk that may occur between the 

mitophagy and PCD pathways. It raises interesting questions about how players that are 

involved in both pathways may differentially regulate the levels of each pathway in 

response to mutant mtDNA.  

In order to further understand the possible crosstalk occurring between the 

pathways, I generated a set of double mutants composed of genes from each pathway to 

see what levels of epistasis occur. A cep-1(gk138);ced-3(n1286) double mutant has 
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increased fractional abundance of uaDf5, suggesting that even with increased mitophagy 

the lack of PCD results in an accumulation of uaDf5, further suggesting that PCD is a 

larger contributor to mtDNA quality control. Similar results were seen in the ced-

13(tm536);ced-4(n1162) double mutant. As expected, if you knock out both pathways, 

which was done in the cep-1(gk138);pink-1(w46), cep-1(gk138);pdr-1(gk448), and pdr-

1(gk448);ced-13(tm536) double mutants, you see increased fractional abundance of 

uaDf5.  

However, there were two double mutants which gave unexpected results. The 

ced-3(n1286);ced-13(tm536) double mutant, which is presumed to only inhibit PCD, 

shows an extreme decline in the fractional abundance of uaDf5. Fitness analysis of lines 

resulting from crossing ced-3(n1286);ced-13(tm536);uaDf5 males into either ced-

13(tm536);uaDf5 or ced-3(n1286);uaDf5 hermaphrodites show negative effects on brood 

size and embryonic lethality. This suggests that at least part of the reason for the removal 

of uaDf5 is due to a decreased tolerance of uaDf5 such that worms containing high levels 

of uaDf5 do not survive, resulting in culling at the organismal level. However, the effects 

on fitness are not as extreme as one would expect if organismal culling is the only factor 

resulting in uaDf5 removal, so there may be another element to the removal phenotype 

that has yet to be understood. In order to better understand how uaDf5 is being removed 

from the population in a ced-3(n1286);ced-13(tm536) background, I crossed ced-

3(n1286);ced-13(tm536);uaDf5 males into either ced-13(tm536);uaDf5 or ced-

3(n1286);uaDf5 hermaphrodites and then measured the fractional abundance of uaDf5 in 

the resulting lines up through the F4 generation following the cross. None of the lines 

analyzed had dropped their fractional abundance of uaDf5 below 70% within four 

generations, suggesting that the removal process may take more generations or may 
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require a certain environmental factor. Putting those lines through a round of starvation 

did not result in removal, so starvation is unlikely to be a necessary step. The reason that 

a ced-3(n1286);ced-13(tm536) double mutant is less tolerant to uaDf5 than any of the 

single mutants of the PCD pathway suggests that one or both genes are acting in roles 

outside of PCD. 

The other double mutant that gave a shocking result was the pink-1(w46);ced-

13(tm536) double, which is presumed to knock out both mitophagy and PCD. 

Surprisingly, this double mutant results in complete removal of uaDf5 within the 8 

generations it was grown before analysis. It is unlikely that CED-13 and/or PINK-1 are 

acting on mtDNA through their canonical pathways, seeing as how much the level of 

uaDf5 removal under this genetic condition differs from the results seen in other double 

mutants that knock out both mitophagy and PCD. Fitness analysis of lines resulting from 

crossing pink-1(w46);ced-13(tm536);uaDf5 males into either ced-13(tm536);uaDf5 or 

pink-1(w46);uaDf5 hermaphrodites show no deficits in brood size or embryonic lethality 

and the superficial appearance of the worms appears to be very healthy, suggesting the 

removal phenotype is not caused by decreased tolerance of uaDf5 resulting in culling at 

the organismal level. 

  

The “IGE”: pink-1(w46);ced-13(tm536);uaDf5 mutants show a striking uaDf5 

removal phenotype that is epigenetic in nature 

 In order to better understand how uaDf5 is being removed from the population in 

a pink-1(w46);ced-13(tm536) background, I crossed pink-1(w46);ced-13(tm536);uaDf5 

males into either ced-13(tm536);uaDf5 or pink-1(w46);uaDf5 hermaphrodites and then 

measured the fractional abundance of uaDf5 in the resulting lines up through the F4 
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generation following the cross. I observed immediate removal of uaDf5 in roughly half of 

the lines (16/34) generated from these crosses, with the fractional abundance dropping to 

below 50% as early as the F2 generation. By the F4 generation, one of the lines had 

already reduced the fractional abundance of uaDf5 down to 1.56%. Following the cross 

outlined above, there is a segregation of genotypes in the F2 generation such that only 

25% of the lines should have the reconstituted pink-1(w46);ced-13(tm536);uaDf5 

genotype. Genotyping of the F2 “line founder hermaphrodites” revealed that the double 

mutant genotype was not necessary for the rapid removal phenotype. In fact, any of the 

segregating genotypes are capable of the rapid removal phenotype, unlinking a genetic 

requirement from the transgenerational rapid removal of uaDf5. I suggest that this 

heritable, transgenerational phenotype is epigenetic in nature, and is the result of the 

event of the original P0 cross in which I crossed double mutant males into single mutant 

mothers, hereby referred to as the initiating genetic event, or “IGE”. The genotype of the 

P0 mother used in the IGE does not appear to be of consequence, as rapid removal is 

observed in lines when using either ced-13(tm536);uaDf5 or pink-1(w46);uaDf5 

hermaphrodites in the original cross. This raises the possibility that the only requirement 

for the IGE is that the male be a pink-1(w46);ced-13(tm536);uaDf5 double mutant which 

results in an epigenetic environment that is enormously efficient at removing mutant 

mtDNA with no expense to organismal health. 

 How is this IGE-associated removal of mutant mtDNA occurring? One possibility 

is that the paternal mitochondria are licensed to survive following the IGE, instead of 

being rapidly degraded as is the case during normal fertilization [45,47,211]. It is unlikely 

that the males used in the IGE still contain uaDf5 since the pink-1(w46);ced-13(tm536) 

nuclear background has been shown to result in rapid removal of uaDf5. If this is true, 
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then the males used in the IGE only contain WT-mtDNA, and perhaps something about 

the pink-1(w46);ced-13(tm536) background marks the male mitochondria in a way that 

their degradation does not occur after fertilization and they end up repopulating the 

resulting progeny in a transgenerational manner. Further studies need to be done to 

determine both the paternal and maternal requirements for the IGE-associated removal 

phenotype. Additionally, the generality of the phenomenon needs to be investigated. Is 

this removal phenotype specific to uaDf5, or does it act on all mtDNA mutants? Does the 

size of the deletion matter, or influence the rate of removal? Does the location of the 

deletion or the nature of the resulting truncated proteins matter, suggesting the UPRMT 

may play a crucial role in the IGE process? There are a set of mtDNA point mutation 

strains, deletion strains that vary in size and location around the genome, and a mtDNA 

duplication strain that is larger than WT-mtDNA, and studies of the IGE in those strains 

will give insight into the mtDNA requirements for the removal phenotype [212].  

 

Mitochondrial fission as a likely mechanism of uaDf5 removal following the IGE 

 In order to get a more thorough understanding of possible mechanisms through 

which the IGE results in uaDf5 removal, I analyzed the total copy number of both WT-

mtDNA and uaDf5 mtDNA in the generations following the IGE. I found that all of the 

lines exhibit a precipitous decrease in total mtDNA copy number between the P0 and F2 

generations, such that F2 worms have much lower mtDNA copy number than is normally 

seen. This decline in mtDNA has a slight bias toward uaDf5, though it is insignificant. 

Between the F2 and F3 generation, I saw that only those lines that exhibit the rapid 

removal phenotype have a specific amplification of WT-mtDNA to supranormal levels, 

considerably higher than is ever seen (WT-mtDNA copy number is highly invariable 
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even in the presence of uaDf5 [78,106,107,201]), with little to no amplification of uaDf5. 

This increase in WT-mtDNA copy number between the F2 and F3 generations is then 

followed by a specific decrease in uaDf5 copy number, with no decrease in WT-mtDNA 

copy number, between the F3 and F4 generations. The copy number dynamics observed 

in the rapid removal lines in the F2-F4 generations are not observed in those lines that 

maintain uaDf5 at a higher level through the F4 generation.  

 The specific amplification of WT-mtDNA followed by the selective removal of 

uaDf5 suggests that the cell is more capable of discerning between uaDf5 and WT-

mtDNA by the F2 generation. A possible mechanism for better discrimination is that of 

mitochondrial fission (Fig. 3.8C,D) [68,108,115]. If the mitochondrial network undergoes 

global fission, the mtDNA molecules are then divided up into individual mitochondria 

which would better allow the cellular machinery to differentially act on the different 

alleles. Mitochondria containing WT-mtDNA would presumably have a robust 

membrane potential and wouldn’t be leaky due to intact MRC machinery, and those 

mitochondria would be the only ones taking up replication machinery resulting in 

increased WT-mtDNA copy number. Mitochondria containing uaDf5 mtDNA would 

have diminished membrane potential (please refer to chapter 2) and may be leaky due to 

dysfunctional MRC machinery, which could inhibit the import of replication machinery. 

The mitophagic removal of mitochondria with a low membrane potential would normally 

happen in a PINK-1-dependent manner, but seeing as there is no functional PINK-1 in a 

fraction of the lines that have the rapid removal phenotype, the removal of uaDf5-

containing mitochondria must occur through some other mechanism. Further studies need 

to be done to elucidate if mitochondrial fission is indeed a mechanism through which the 
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IGE results in removal of uaDf5, and to uncover how a PINK-1-independent removal 

process proceeds. 

 Another question that is raised is why do only a fraction of the lines exhibit the 

removal phenotype following the IGE? Is there a dosage dependency, perhaps of a 

cytoplasmic component, or is there a threshold effect in which the rapid removal is 

observed as soon as either the fractional abundance of uaDf5, or the copy number of 

uaDf5, gets below a certain level? Further analysis of the lines that do not exhibit the 

rapid removal phenotype will give some insight here. Perhaps if given a few more 

generations, all of the lines following the IGE will eventually eliminate uaDf5. 

 

MATERIALS AND METHODS 

Culturing of nematodes 

Nematode strains were maintained at on NGM plates as previously described at 

either 20°C or 15°C for the temperature-sensitive strains [199]. Please refer to appendix 

A1 for a table detailing all strains used in this dissertation. Strains without a JR 

designation were either provided by the CGC which is funded by NIH Office of Research 

Infrastructure Programs (P40 OD010440) or were obtained from the Mitani lab (strains 

with a FX designation or JR strains containing alleles with a tm designation were 

generated from Mitani lab strains) [200]. 

 

Population collection by age 

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

the stock plate and placed onto three separate large NGM plates to create three biological 

replicate “lines”. Each of these lines was chunked approximately each generation to fresh 
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large NGM plates (every three days if maintained at 20°C or 25°C, or every four days if 

maintained at 15°C, being careful to not let the worms starve between chunks). After four 

generations of chunks, an egg prep was performed on each line (as described previously) 

and left to spin in M9 overnight to synchronize the hatched L1s. The next day, each egg 

prep was plated onto three large seeded plates at an equal density and the worms were left 

to grow to day 2 adults (second day of egg laying). The day two adult worms were egg 

prepped for synchronization and left to spin in M9 overnight. The next day, each egg 

prep was plated onto five large NGM plates at equal density. Once the worms reached 

day one of adulthood (first day egg-laying), one of the plates was used to collect 200 

adult worms by picking into 400 µl of lysis buffer, and the remaining adults on the plate 

were egg prepped for the collection of hatched L1 larvae in 400 µl lysis buffer the 

following day. The worms on the four remaining plates were transferred to a 40 µm 

nylon mesh filter in order to separate the adults from the progeny, and the resulting adults 

were resuspended in M9 and pipetted onto fresh large NGM plates. This process was 

repeated for the following three days (day two - day four of adulthood). Day 5-10 adults 

were moved to fresh NGM plates every 2nd day using a 40 µm nylon mesh filter, and the 

resulting day 10 adults were collected in lysis buffer. 

 

ddPCR 

The worm lysates were incubated at 65°C for 1.5-4 hours and then 95°C for 30 

minutes to deactivate the proteinase K. Each lysate was diluted; 100-fold for 200 worm 

adult population lyses, 2-fold for 200 worm L1 population lyses, and 25-fold for 

individual adult lyses. 2 µl of the diluted lysate was then added to 23µl of the ddPCR 
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reaction mixture, which contained a primer/probe mixture and the ddPCR probe supermix 

with no dUTP. The primers used were:  

WTF: 5’-GAGGGCCAACTATTGTTAC-3’ 

WTR: 5’-TGGAACAATATGAACTGGC-3’ 

UADF5F: 5’-CAACTTTAATTAGCGGTATCG-3’ 

UADF5R: 5’-TTCTACAGTGCATTGACCTA-3’ 

The probes used were: 

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

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

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

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

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

1. 95°C for 5 minutes 

2. 95°C for 30 seconds 

3. 60°C for 1 minute 

4. Repeat steps 2 and 3 40x 

5. 4°C for 5 minutes 

6. 90°C for 5 minutes 

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

reader and the Quantasoft software was used to calculate the concentration of uaDf5 

(FAM/HEX? positive droplets) and WT-mtDNA (FAM/HEX? positive droplets) in each 

well. 
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Selective uaDf5 removal experiment 

15 individual L4 worms were singled out onto small plates and allowed to lay 

eggs for one day before being lysed (as day one adults). After lysis, the fractional 

abundance of uaDf5 in each worm was quantified using ddPCR. The worm with the 

lowest fractional abundance of uaDf5 was selected, and 15 of its progeny were singled 

out onto small plates and were allowed to lay eggs for one day before being lysed as day 

one adults. Once again, the fractional abundance of uaDf5 was measured and the worm 

with the lowest % uaDf5 was selected for the next generation. This process was 

continued for as many as 12 generations. 

 

Lifespan analysis 

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

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

to day two adults before being egg prepped a second time and left to spin in M9 

overnight. The next morning, referred to as day one for lifespan determination, L1s were 

singled out onto small plates. Once the worms started laying eggs, they were transferred 

each day to a fresh small plate until egg laying ceased, after which the worms remained 

on the same plate unless bacterial contamination required transfer to a fresh plate. Worms 

were considered dead if there was no movement after being lightly prodded with a worm 

pick. 

 

Brood size, embryonic lethality, and unfertilized oocytes analysis 

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

synchronization. The hatched L1s were plated onto large thick plates and allowed to grow 
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to day two adults before being egg prepped a second time and left to spin in M9 

overnight. The next morning, L1s were singled out onto small plates. Once the worms 

started laying eggs, they were transferred each day to a fresh small plate until egg laying 

ceased. The day after transfer to a fresh plate, unfertilized oocytes, unhatched embryos, 

and hatched larvae on the plate from the previous day were counted. This was done for 

each of the days of laying and the total of unhatched embryos and hatched larvae from all 

plates from a single worm were tabulated to determine total brood size. To determine 

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

brood size. To determine unfertilized oocyte percentage, the total number of unfertilized 

oocytes was divided by the total brood size. 

 

Developmental time analysis 

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

synchronization as has been previously described [199]. The hatched L1s were plated 

onto large thick plates and allowed to grow to day two adults before being egg prepped a 

second time and left to spin in M9 overnight. The next morning, L1s were singled out 

onto small plates. The stage of the worms was assayed every 12 hours for the first 72 

hours after plating.  

 

Illumina identification of w47 

WT-mtDNA (N2) and uaDf5-containing strains (LB138, JR3630, and JR3688) 

were used for Illumina analysis. 20 large confluent plates were used for each strain. 

Worms were collected off the plates and a mitochondrial isolation followed by a DNA 

extraction was performed. The resulting DNA sample was prepped using the Nextera 
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library kit and was then run on the Illumina NextSeq 500 using the 300 cycle Mid-output 

kit with paired end reads (2x150). The corresponding reads were mapped to the C. 

elegans assembly reference sequence WBcel235. The reads were first trimmed using 

Trimmomatic before being mapped to the reference sequence using BWA. Picard Tools 

was used to sort the sam files giving a bam file output and then to mark and remove 

duplicates. The resulting bam files were merged, indexed and then converted to mpileup 

files using SamTools. SNP calling was done with the program VarScan, with a minimum 

coverage of 100 and a minimum variant frequency call of 0.01. 

 

Creation and analysis of IGE lines 

One mating plate contained ~30 pink-1(w46);ced-13(tm536);uaDf5/+ P0 males 

with ~10 pink-1(w46);uaDf5/+ P0 hermaphrodites, and another mating plate had ~30 

pink-1(w46);ced-13(tm536);uaDf5/+ P0 males with ~10 ced-13(tm536);uaDf5/+ P0 

hermaphrodites. Mating was allowed to continue overnight. The next morning, the P0 

hermaphrodites were singled out onto small plates. Three days later, one F1 

hermaphrodite was singled to a fresh plate from each plate containing ~50% male F1 

progeny, and the P0 hermaphrodite was lysed. On the first day of egg laying by the F1 

hermaphrodite, F2 embryos were singled out onto new plates, creating ~20 F2 lines from 

each original P0 mating plate, and the F1 hermaphrodite was lysed. F2 adults were lysed 

on the first day that they started laying eggs. Once the resulting F3 generation reached 

adulthood, 10 F3 adults were lysed together for each F2 line. Once the resulting F4 

generation reached adulthood, 20 F4 adults were lysed together for each F2 line. The 

resulting P0, F1, F2, F3, and F4 lysates were then used for genotyping via PCR and 

uaDf5 quantification via ddPCR.  
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FIGURES 

Figure 1 

A.                                                B. 
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E.                                                                             F. 

     

Figure 1. Analysis of the impact of uaDf5 on fitness parameters. (A) Brood size 

analysis of uaDf5 compared to laboratory wild type N2. Box plot shows median and IQR, 

number at the bottom indicates mean. (B) Embryonic lethality analysis of uaDf5 

compared to laboratory wild type N2. (C) Unfertilized oocyte analysis of uaDf5 

compared to laboratory wild type N2. Box plot shows median and IQR, number at the 

bottom indicates mean.  (D) Developmental rate analysis of uaDf5 compared to 

laboratory wild type N2, counting how many hours it takes for starved L1s to reach 

gravidity once plated on food. (E) Developmental rate analysis of uaDf5 compared to 

laboratory wild type N2, staging worms 60 hours after starved L1s are plated on food. 

Box plot shows median and IQR, number at the bottom indicates mean. (F) Lifespan 

analysis of uaDf5 compared to laboratory wild type N2, day 1 is defined as the day 

starved L1s are plated on food. (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1) For 

each condition, N is indicated at the top of the graph. Statistical analysis was performed 

using the Mann-Whitney Wilcoxon test.  
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Figure 2 

A. 

 

B. 
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C.  

 

 

Figure 2. Characterization of the uaDf5 allele. (A) Diagram of C. elegans mtDNA. 

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

bars with letters indicate the locations of tRNAs. Green bars show the locations of the 

uaDf5 deletion as well as the linked w47 deletion that I identified via Illumina 

sequencing. Red bars indicate other deletions that have been identified in the mtDNA that 

are available for analysis. The yellow bar indicates a duplication that is available for 

analysis. (B) Diagram showing the mitochondrial respiratory chain (MRC) machinery 

subunits. Blue indicates nDNA-encoded subunits, orange and green indicate mtDNA-

encoded subunits. Green indicates those subunits that are knocked out in the uaDf5 allele 

(including ND4 which is knocked out by the linked w47 mutation). (C) Diagram showing 

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

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

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

helix membrane domains.   
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Figure 3 

A. 

 

B. 
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Figure 3. ddPCR as a technique for studying mtDNA quality control. (A) Testing for 

reproducibility in measuring uaDf5 with ddPCR. Trials are each composed of 3 lines 

grown independently for at least 5 generations, trials were collected months or even years 

apart. (B) ddPCR analysis of uaDf5 levels in UPRMT and mitophagy mutants. For each 

strain, N is indicated at the top of the graph and represents the number of 200-worm 

populations analyzed.  (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1) Statistical 

analysis was performed using one-way ANOVA with Dunnett’s correction for multiple 

comparisons.  
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Table 1 

 

Table 1. Summary of PCD-associated mutants analyzed. A summary of all mutants 

analyzed in the PCD pathway, including their known homologs, whether they are part of 

the core PCD machinery, if they are pro-apoptotic or anti-apoptotic, and molecular details 

of the alleles analyzed. 

  

Gene Homolog Core Machinery Role in apoptosis Allele Parental Strain Molecular Nature of allele Protein Change

ced-1 SCARF2 N Pro (engulfment) e1735 CB3203 Substitution Nonsense QàOchre

ced-2 CRK N Pro (engulfment) e1752 CB3257 Substitution Nonsense WàOpal

ced-3 CASPASE Y Pro (executor caspase) n717 MT1522 Substitution Splice Site C to T

n1286 MT3002 Substitution Nonsense WàOpal

n718 MT1743 Substitution Missense GàR

n2454 MT8354 Substitution Missense AàT

ced-4 APAF1 Y Pro (apoptosome) n1162 MT2547 Substitution Nonsense QàOchre

n1894 MT5287 Not Curated Unknown

ced-5 DOCK N Pro (engulfment) n1812 MT4434 Substitution Nonsense EàOchre

ced-9 BCL2 Y Anti n1950gf MT4770 Substitution Missense GàE

ced-10 RAC N Pro (engulfment) n1993 MT5013 Substitution Missense VàG

n3246 MT9958 Substitution Missense GàR

ced-13 BH3 N Pro tm536 FX536 523bp Deletion Only first 17 bp remain

sv32 MD792 1304bp Deletion Complete knockout, also inx-5

cep-1 p53 N Pro (DNA damage response) gk138 VC172 1660bp Deletion Starts at position 1989, deletes part of exons 
8 and 10 and all of exon 9

ep347 CE1255 1827bp Deletion Starts at position 2545, removes part of exon 
9 through most of exon 13 (the last exon)

csp-1 CASPASE N Pro (caspase) tm917 JR3196 751bp Deletion Only first 59 bp remain

csp-2 CASPASE N Unknown tm3077 JR3397 319bp Deletion Starts at position 7317, deletes part of exon 
13 and all of 14
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Figure 4 

A.                                                                                B. 

 

 

 

C.                                                                                D. 
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E.                                                                                F. 

           

G. 

 

6 6 3 3 3 3

60

70

80

90

100

wild
typ
e

ced
−10

(n1
993

)

ced
−10

(n3
246

)

ced
−1(
e17

35)

ced
−2(
e17

52)

ced
−1(
e17

35)
;ce
d−2

(e1
752

)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts
6 6 3 3 3 3 3

60

70

80

90

100

wild
typ
e

ced
−10

(n1
993
)

ced
−10

(n3
246
)

ced
−1(
e17
35)

ced
−2(
e17
52)

ced
−1(
e17
35)
;ce
d−2

(e1
752
)

ced
−5(
n18

12)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts

Engulfment genes

**

*** *****n.s. ******6 6

0

25

50

75

100

wild
typ
e

cep
−1(
gk1

38)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts
cep−1

***

6 6

0

25

50

75

100

wild
typ
e

cep
−1(
gk1

38)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts

***

CEP-1
(p53)

EGL-1
(BH3)

CED-13 
(BH3)

CED-9
(Bcl-2)

CED-4
(Apaf-1)

CED-3
(Caspase)

Apoptosis
CSP-1

(Caspase)

CSP-2/3
(Caspase)

PS
exposure

CED-1

DYN-1

CED-6

CED-10

CED-12

CED-2
CED-5

Phagosome 
formation

DYING 
CELL

ENGULFING 
CELL

PCD Signaling
6 3 3 6 3 3

60

70

80

90

100

wildtype

ced−3
(n718)

ced−3
(n2454)

ced−3
(n717)

ced−3
(n1286)

csp−1
(tm

917); 

     
     

     
     

     
   c

ed−3
(n717)

Strain

%
 u

aD
f5

 in
 D

ay
 1

 A
du

lts

ced−3 alleles

*

**

***
6 3 3

60

70

80

90

100

wild
typ
e

ced
−4(
n11

62)

ced
−4(
n18

94)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts

ced−4 alleles

n.s.

6 3 3

60

70

80

90

100

wild
typ
e

ced
−13

(sv
32)

ced
−13

(tm
536
)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts

ced−13 alleles

**

***

6 3 3

60

70

80

90

100

wild
typ
e

ced
−9(
n19

50)

csp
−2(
tm3

077
)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts

ced−9 and csp−2

n.s.
6 6 3 3 3 3 3

60

70

80

90

100

wild
typ
e

ced
−10

(n1
993
)

ced
−10

(n3
246
)

ced
−1(
e17
35)

ced
−2(
e17
52)

ced
−1(
e17
35)
;ce
d−2

(e1
752
)

ced
−5(
n18

12)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts

Engulfment genes

**

***
6 6

0

25

50

75

100

wild
typ
e

cep
−1(
gk1

38)

Strain

%
 u
aD
f5

 in
 D

ay
 1

 A
du

lts

cep−1

***



 
 

112 

Figure 4. PCD mutant results show that germline PCD is likely acting on mtDNA 

maintenance. (A) ddPCR results of the ced-13 alleles. (B) ddPCR results of the ced-9 

and csp-2 alleles. (C) ddPCR results of the ced-3 and csp-1 alleles. (D) ddPCR results of 

the ced-4 alleles. (E) ddPCR results of the engulfment genes. (F) ddPCR results of the 

cep-1 allele. (G) uaDf5 removal experiment showing the average % uaDf5 between 15 

sibling worms each generation. The sibling with the lowest % uaDf5 was used as the 

parent for the following generation. (A-F) For each strain, N is indicated at the top of the 

graph and represents the number of 200-worm populations analyzed.  (*** p < 0.001, ** 

p < 0.01, * p < 0.05, . p < 0.1) Statistical analysis was performed using one-way ANOVA 

with Dunnett’s correction for multiple comparisons.  
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Figure 5 

A. 

 

 

B.            C. 
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Figure 5. Double mutant analysis shows a shocking synergistic removal effect 

between ced-13 and either pink-1 or ced-3, with no evidence of uaDf5 removal at the 

organismal level. (A) ddPCR analysis of double mutants. (B) Brood size analysis of F2 

lines generated from the crosses indicated. For each condition, N>50. Statistical analysis 

was performed using the Kruskal-Wallis test. (C) Embryonic lethality analysis of F2 lines 

generated from the crosses indicated. For each condition, N is indicated at the top of the 

graph. Statistical analysis was performed using the Kruskal-Wallis test. (*** p < 0.001, 

** p < 0.01, * p < 0.05, . p < 0.1)  
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Figure 6 

A. 

 

B. 

 

C.      D. 
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Figure 6. ced-3;ced-13 lines do not show uaDf5 removal within the first 4 

generations following the cross. (A) Multigenerational ddPCR analysis of lines 

following the crosses of ced-3(n1286);ced-13(tm536);uaDf5 males into ced-

13(tm536);uaDf5 (dashed lines) and ced-3(n1286);uaDf5 (solid lines) hermaphrodites. 

(B) Bar plot showing the relationship between % uaDf5 in F4 and F2 genotype for both 

crosses combined (ced-3(n1286);ced-13(tm536);uaDf5 males crossed to both ced-

13(tm536);uaDf5 hermaphrodites and ced-3(n1286);uaDf5 hermaphrodites). (C) 

Multigenerational ddPCR analysis of lines following the cross of ced-3(n1286);ced-

13(tm536);uaDf5 males into ced-3(n1286);uaDf5 hermaphrodites. (D) Bar plot showing 

the relationship between % uaDf5 in F4 and F2 genotype for crossing ced-3(n1286);ced-

13(tm536);uaDf5 males to ced-3(n1286);uaDf5 hermaphrodites. (E) Multigenerational 

ddPCR analysis of lines following the cross of ced-3(n1286);ced-13(tm536);uaDf5 males 

into ced-13(tm536);uaDf5 hermaphrodites.  (F) Bar plot showing the relationship 

between % uaDf5 in F4 and F2 genotype for crossing ced-3(n1286);ced-

13(tm536);uaDf5 males to ced-13(tm536);uaDf5 hermaphrodites. For all graphs, P0 and 

F2 both represent single worms, F1and F3 represent 10 worms pooled, and F4 is 20 

worms pooled. P0 worms were older adults of unknown age, F1-F4 worms were day one 

adults. The F2 genotype is indicated by color.   
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Figure 7. Following the IGE, lines show a striking and rapid removal of uaDf5 

within the first 4 generations following the cross that is not dependent on F2 

genotype. (A) Multigenerational ddPCR analysis of lines following the crosses of pink-

1(w46);ced-13(tm536);uaDf5 males into ced-13(tm536);uaDf5 (dashed lines) and pink-

1(w46);uaDf5 (solid lines) hermaphrodites. (B) Bar plot showing the relationship 

between % uaDf5 in F4 and F2 genotype for both crosses combined (pink-1(w46);ced-

13(tm536);uaDf5 males crossed to both ced-13(tm536);uaDf5 hermaphrodites and pink-

1(w46);uaDf5 hermaphrodites). (C) Table summarizing the number/percentage of lines 

resulting from both sets of crosses that have the rapid removal phenotype. (D) 

Multigenerational ddPCR analysis of lines following the cross of pink-1(w46);ced-

13(tm536);uaDf5 males into pink-1(w46);uaDf5 hermaphrodites. (E) Bar plot showing 

the relationship between % uaDf5 in F4 and F2 genotype for crossing pink-1(w46);ced-

13(tm536);uaDf5 males to pink-1(w46);uaDf5 hermaphrodites. (F) Table summarizing 

the number/percentage of lines resulting from crossing pink-1(w46);ced-

13(tm536);uaDf5 males to pink-1(w46);uaDf5 hermaphrodites that have the rapid 

removal phenotype. (G) Dot plot with a linear regression model showing the correlation 

between embryonic lethality and removal capacity of uaDf5 following crossing pink-

1(w46);ced-13(tm536);uaDf5 males to pink-1(w46);uaDf5 hermaphrodites. (E) 

Multigenerational ddPCR analysis of lines following the cross of pink-1(w46);ced-

13(tm536);uaDf5 males into ced-13(tm536);uaDf5 hermaphrodites. (F) Bar plot showing 

the relationship between % uaDf5 in F4 and F2 genotype for crossing pink-1(w46);ced-

13(tm536);uaDf5 males to ced-13(tm536);uaDf5 hermaphrodites. (G) Table summarizing 

the number/percentage of lines resulting from crossing pink-1(w46);ced-

13(tm536);uaDf5 males to ced-13(tm536);uaDf5 hermaphrodites that have the rapid 
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removal phenotype. (H) Dot plot with a linear regression model showing the correlation 

between embryonic lethality and removal capacity of uaDf5 following crossing pink-

1(w46);ced-13(tm536);uaDf5 males to ced-13(tm536);uaDf5 hermaphrodites. For all 

graphs, P0 and F2 both represent single worms, F1and F3 represent 10 worms pooled, 

and F4 is 20 worms pooled. P0 worms were older adults of unknown age, F1-F4 worms 

were day one adults. The F2 genotype is indicated by color.   
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Figure 8 

A.                                                                       B. 
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Figure 8. WT-mtDNA is amplified to supranormal levels before subsequent uaDf5 

removal, suggesting global mitochondrial fission is crucial for the IGE phenotype. 

(A) Copy number analysis of WT-mtDNA (red) and uaDf5 mtDNA (green) in lines 

exhibiting the rapid removal phenotype in the F2-F4 generation after the IGE. Dashed 

horizontal lines indicate the average uaDf5 and WT-mtDNA levels seen in a wildtype 

nuclear background. Thick solid lines indicate the average copy number values of all the 

individual lines (thin solid), shaded regions indicate the confidence intervals. uaDf5 copy 

number is normalized to WT-mtDNA copy number. Everything has been normalized to 

the same amount of input nDNA. (B) Copy number analysis of WT-mtDNA (red) and 

uaDf5 mtDNA (green) in lines that do not exhibit the rapid removal phenotype in the F2-

F4 generation after the IGE. Dashed horizontal lines indicate the average uaDf5 and WT-

mtDNA levels seen in a wildtype nuclear background. Thick solid lines indicate the 

average copy number values of all the individual lines (thin solid), shaded regions 

indicate the confidence intervals. uaDf5 copy number is normalized to WT-mtDNA copy 

number. Everything has been normalized to the same amount of input nDNA. (C) 

Proposed model in which the IGE results in global mitochondrial fission, thus allowing 

for mitochondria containing WT-mtDNA to import replication machinery, followed by 

mitochondria containing uaDf5-mtDNA to be selectively degraded in a PINK-1-

independent manner.  
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Chapter Four 

mtDNA dynamics and mitochondrial function in the context of aging  
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SUMMARY 

Mitochondrial DNA (mtDNA) mutations have been shown to accumulate in aging 

organisms and have been proposed to be a major contributor to the aging phenotype. In 

C. elegans, the occurrence of mitochondria carrying a 3.1 kb mtDNA deletion mutant, 

uaDf5, reproducibly increases in the germline with adult age, consistent with 

accumulation of mtDNA mutations in aging mammals. The fractional abundance of 

uaDf5 is reduced in L1 stage larval progeny of these adults, suggesting the deployment of 

a mitochondrial quality control system between oocyte production and larval hatching. 

However, we found that maternal age correlates with uaDf5 abundance in progeny: 

offspring of older mothers show a higher fractional abundance of uaDf5. We found that 

both the steady state, fractional abundance and age-related accumulation rate of uaDf5 in 

adults is lowered in long-lived mutants (clk-1, daf-2, and cep-1) and increased in short-

lived mutants (daf-16 and aak-2). We also see that various fitness phenotypes are affected 

by the presence of uaDf5 differentially in several lifespan mutants. Thus, the fractional 

abundance of uaDf5 is a consistent marker of aging, and, in offspring, is indicative of the 

age of their mother. 

 

INTRODUCTION 

Mitochondrial disease and mtDNA mutations 

Mitochondrial diseases are a group of conditions that affect mitochondrial 

function and affect as many as 1 in 4,300 people [55,59–64]. They can be due to 

mutations in either the mtDNA or the nDNA. Generally, these diseases present as 

dysfunction in the tissues or organs that have the largest energy demands, most 

commonly in the muscle and nervous system. Pathogenic mtDNA mutations were first 
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discovered in human patients in the late 1980s [65,66] and since then the body of 

literature identifying mtDNA-related disease has significantly grown [55]. Mitochondrial 

diseases also include those disorders in which there is a defect in mitochondrial 

dynamics, quality control, or communication between the mitochondria and ER [61,62]. 

One common trait among mitochondrial diseases is that they tend to be progressive in 

nature, due to the age-related accumulation of mutant mtDNA [60,63,67]. 

In order to progress toward mitochondrial disease therapy, we must learn more 

about the mechanisms that cells employ to remove deleterious mtDNA. There is evidence 

that some processes regulate mtDNA maintenance, such as mitochondrial fission/fusion 

dynamics and mitophagy [67–73], the mitochondrial unfolded protein response (UPRMT; 

[74–80]), and most recently the insulin signaling pathway (IIS; [81,82]). However, all of 

these processes only seem to be part of the story in that their effects on mtDNA mutation 

levels are intermediate. Understanding how mtDNA mutations are removed is not only 

important for the treatment of the subset of mitochondrial diseases that are caused by 

mtDNA mutations, but also for the prevention of aging. 

 

Mitochondria in aging 

 The problem of aging has been one that has confounded scientists over the years 

[93]. Many theories that try to give a molecular basis of aging have been proposed, but 

there has been limited experimental evidence. However, the most widely accepted idea in 

the field of aging, the “free radical theory”, places mitochondria front and center [94–97]. 

 The free radical theory of aging was first proposed by Denham Harman in 1956 

[96]. This theory states that increased mitochondrial respiration will lead to an increase in 

reactive oxygen species (ROS) levels, which in turn results in an accumulation of 
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oxidative damage to nucleic acids, proteins, and lipids. This oxidative damage is thought 

to be the driving force behind aging. 

Evidence supporting this theory includes mutations that affect ROS levels, 

mitochondrial function, and metabolism shifts [51,53,54,98]. Mutations that increase 

lifespan are associated with decreased oxygen consumption (isp-1; Rieske iron sulfur 

protein of complex III in the electron transport chain [99]), a shift from respiration to 

other metabolic pathways that don’t require mitochondria (the insulin/IGF-1 receptor 

(IGFR) homolog DAF-2 [100] and the leucyl-tRNA synthetase 2 (LARS2) homolog 

LARS-2 [101]), and loss of mitochondrial function (the mitochondrial hydroxylase 

(MCLK1) homolog CLK-1 [102]) [2] . If animals are treated with mitochondrial 

inhibitors, such as antimycin A, there is a notable increase in lifespan. Additionally, 

increased expression of ROS scavengers via treatment with superoxide dismutase 

mimetics such as EUK-8 and EUK-134 result in an increased lifespan [2]. Mutations that 

are associated with increased ROS levels (such as the succinate dehydrogenase complex 

subunit C (SDHC) homolog MEV-1 [103]), as well as sensitivity to oxidative damage 

and hyperoxia (such as the NADH:ubiquinone oxidoreductase core subunit S2 

(NDUFS2) homolog GAS-1 [104]), are associated with decreased lifespan [2].  

 

The insulin/IGF-1 signaling (IIS) pathway in mitochondrial surveillance 

 The highly conserved insulin/IGF-1 (insulin-like growth factor-1) pathway (IIS) 

has been studied for years in regard to its central role in aging [131–133]. In C. elegans, 

the IIS pathway is regulated by the binding of insulin-like peptides (ILPs) to the 

insulin/IGF-1 receptor (IGFR) homolog DAF-2, which ultimately results in inhibition of 

DAF-16/FoxO (a member of the FoxO family of transcription factors) from entering the 
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nucleus to activate transcription of a set of genes that fight various forms of cellular stress 

[82,100] (Fig. 1.4B). Once bound by ILPs, DAF-2/IGFR activates AGE-1/PI3K, a 

phosphoinositide 3-kinase [134], which in turn activates a set of serine/threonine kinases 

including PDK-1/PDK (phosphoinositide-dependent kinase [135]) and Akt/Protein 

Kinase B (PKB) family members AKT-1 and AKT-2 [136]. Their activation then causes 

phosphorylation of DAF-16/FoxO, which then interacts with PAR-5 and FTT-2, a set of 

14-3-3 proteins, thus inhibiting DAF-16/FoxO from translocating to the nucleus to 

regulate transcription and interact with other nuclear factors including SIR-2.1/SIRT1 (in 

the sirtuin family of NAD+-dependent deacetylases; [137]), HCF-1/HCFC2 (host cell 

factor; [138]), HSF-1 (a heat shock transcription factor; [139]) and SKN-1/Nrf (a Nrf 

family transcription factor; [140]). DAF-18/PTEN (phosphatase and tensin homolog, a 

lipid phosphatase; [141,142]) counteracts AGE-1/PI3K signaling, and PPTR-1/PP2A (a 

serine-threonine phosphatase; [143]) counteracts AKT-1 signaling, thus acting as 

inhibitors of DAF-2/IGFR [82].  

The IIS pathway is not only associated with regulation of lifespan and aging but is 

also implicated in a large set of processes, including dauer arrest, L1 arrest, germline 

proliferation, stress resistance, fat metabolism, and neuronal/behavioral programs [82]. 

Given the part that mitochondria play in aging and metabolism, it may not be surprising 

that researchers recently discovered that the IIS pathway is a crucial regulator of mtDNA 

quality control; they found that inhibition of the IIS pathway results in a rescue of various 

fitness parameters in a mtDNA mutator strain [81]. We further explore the role of the IIS 

pathway and other non-IIS dependent lifespan-regulating genes (including the coenzyme 

Q7 hydroxylase (COQ7) homolog CLK-1/MCLK1 [144], the genotoxic stress response 

activator CEP-1/p53 [145], and the von Hippel-Lindau tumor suppressor (VHL) homolog 
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VHL-1 [146]) on mtDNA maintenance. Given the likely central role that mitochondria 

play in the process of aging, examination of how deleterious mitochondrial mutations 

behave as the organism ages will give crucial insight into potential strategies for slowing 

the aging process.  

 

C. elegans mtDNA and the mtDNA deletion “uaDf5” 

Although separated by hundreds of million years of evolution, there are many 

similarities between human and C. elegans mtDNA (Fig. 1.1). Human mtDNA has only 

one more gene than the C. elegans counterpart, ATP8, a subunit of complex 5 [3], and the 

overall size of the mitochondrial genome is roughly equal, with the size of the C. elegans 

mtDNA being 13,794 bp (compared to 16,569 bp in humans) [2]. Interestingly, a strain of 

C. elegans harbors a 3.1kb mtDNA deletion “uaDf5” that is maintained indefinitely in a 

state of stable heteroplasmy, meaning that it is never lost from the mtDNA population 

even after over 100 generations of propagation, even though it is presumably deleterious 

[201]. uaDf5 thus serves as a valuable tool for studying the mechanisms governing 

mtDNA quality control throughout development (see Chapter 3). 

The life cycle of the worm includes embryogenesis within an eggshell and once it hatches 

it is in the first larval stage, L1, where it has 558 somatic cells. The worm then goes 

through 3 more larval stages, L2, L3, and L4, before going through its final molt to 

become an adult hermaphrodite which has 959 somatic cells and can make up to 300 self- 

progeny [105] (Fig. 1.2). The total time between fertilization and becoming a gravid adult 

takes about 3 days at 20° C. Estimates of the mtDNA copy number in C. elegans range 

from 25,000 [106] to 90,000 [107] in the single-cell embryo, which remains largely 

unchanged through the L3 stage of larval development, suggesting that the mitochondrial 
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genomes are roughly equally divided amongst the cells up until the L3 stage. The copy 

number then undergoes two incremental increases, concurrent with the growth of the 

germline. The L3-L4 transition sees an increase to 130,000 (5x) - 250,000 (3x), followed 

by a secondary increase in the L4-adult transition, resulting in a total of 800,000 (6x) - 

4,000,000 (16x) copies. This results in an overall 30-40 fold increase in mtDNA in the 

animal between the embryo and adult, and the majority of this replication is specific to 

the oocytes (Fig. 1.2) [106,107]. 

 

RESULTS 

Adults accumulate uaDf5 as they age, and progeny from older mothers have a 

higher fractional abundance of uaDf5 

 mtDNA mutations have been shown to accumulate in tissues as organisms age, 

and this accumulation has been suggested to be one of the main contributors to aging 

[54,213,214]. We wanted to know if the mtDNA deletion uaDf5 accumulates in aging 

worms. To do this, we measured the fractional abundance of uaDf5 in adults at different 

ages: day 1 (defined as the first day egg laying begins), day 2, day 3, day 4, and day 10 

(Fig. 4.1A). Day 1 through day 4 of adulthood spans the time in which the vast majority 

of progeny are laid. After day 4, adults transition into a post-gravid state due to the 

depletion of sperm [196,215,216]. Day 10 adults represent very old worms and is close to 

the average lifespan of a wildtype worm. Analysis of fractional abundance of uaDf5 in 

aging adult worm populations reveals an accumulation of uaDf5 by ~8% throughout 

gravidity (day 1: 72.56 ± 1.36%; day 2: 78.5 ± 0.43%; day 3: 80.48 ± 0.38%; day 4: 80.91 

± 0.59%), followed by another increase of about 4% over the 6 days post-egg laying 

(84.55 ± 0.14% for day 10 adults). Analysis of the fractional abundance of uaDf5 was 
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measured in 40 different mutant backgrounds and the trend was consistent across all 

strains (Fig. 4.1C). This age-related accumulation of uaDf5 in adult worms mirrors the 

accumulation of mtDNA mutants seen in aging mammals and suggests that investigation 

of uaDf5 in C. elegans could be a useful tool for studying the role that mtDNA mutations 

play in aging. 

 The measurable increase in the fractional abundance of uaDf5 in aging gravid 

adults led us to question if progeny from younger adults inherit a lower load of uaDf5 

than progeny from older adults. Therefore, we measured the fractional abundance of 

uaDf5 in populations of L1 larvae from day 1 – day 4 adults (Fig. 4.1A). We found that 

there is a reduction in uaDf5 load between mother and offspring (decrease of 1.03% from 

day 1 adults to offspring, 3.41% from day 2 adults, 2.3% from day 3 adults, and 0.61% 

from day 4 adults), and that offspring from older mothers have a higher fractional 

abundance of uaDf5 than the offspring of younger mothers (71.53% in L1 progeny from 

day 1 adults compared to 80.3% in L1 progeny from day 4 adults, showing an 8.77% 

increase). We measured the transmission of uaDf5 from mother to offspring in six other 

strains and found this trend to be consistent, with a noticeable increased level of removal 

between mother and offspring from day 4 adults in strains that have a higher steady state 

fractional abundance of uaDf5 (reduction of 8.2% in atfs-1(et15), 10.07% in ced-

10(n1993), and 9.55% in ced-13(sv32)) compared to strains that have a lower steady state 

fractional abundance of uaDf5 (reduction of 5.58% in atfs-1(tm4525), 6.14% in ced-

3(n2454), and 3.59% in daf-2(m41)) (Fig. 4.1B). This indicates that there is a level of 

mtDNA quality control that occurs sometime between oocyte production and L1 

hatching. 
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Age-related accumulation of uaDf5 occurs predominantly in the germline 

 We next wondered if the age-related accumulation of uaDf5 is occurring 

predominantly in the maternal germline or in the soma. To answer this, we measured 

uaDf5 accumulation in aging adults of temperature sensitive mutants that lack germline 

development when put at the restrictive temperature of 25C (but have normal germline 

development at the permissive temperature of 15C) (Fig. 4.2). The FEM proteins are 

required for spermatogenesis and a gain-of-function mutant in the fem-3 gene, fem-

3(q20), results in masculinization of the germline so that the hermaphrodites only 

produce excess sperm and no oocytes [89,106,217]. GLP-1 is a Notch family receptor 

that is necessary for the maintenance and proliferation of germline stem cells [218]. glp-

1(q231) is a temperature sensitive mutant that results in the production of only 4-8 

germline cells, compared to the ~1500 that are produced in wildtype worms, with no 

impact on somatic gonad development [106]. GLP-4 is another protein responsible for 

the proliferation of the germline, although its function at the molecular level is unknown 

[219]. The glp-4(bn2) mutant, similar to glp-1(q231), only produces a handful of 

germline cells (~12) compared to wildtype with no effect on somatic gonad development 

[106]. All three mutants showed a reduction of the accumulation of uaDf5 in aging 

adults, although glp-1 had a mild reduction which was not statistically significant (an 

increase of 2.8% by day 4 at the permissive temperature dropped to 1.28% by day 4 at the 

restrictive temperature). The fem-3(q20) mutant exhibited the strongest effect with a large 

decrease in uaDf5 levels as the worms aged (an increase of 6.56% by day 4 at the 

permissive temperature dropped to and actual decrease by 3.13% by day 4 at the 

restrictive temperature). glp-4(bn2) exhibited a strong effect with an overall decrease by 

day 4 of adulthood (an increase of 8.49% by day 4 at the permissive temperature dropped 
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to a slight decrease by 1.43% by day 4 at the restrictive temperature). These results 

support a model whereby the accumulation of uaDf5 is largely happening in the germline. 

Analysis of uaDf5 levels in these mutants in day 10 adults grown at the restrictive 

temperature shows a marked increase of uaDf5 (up by 7.44% from day 1 levels in fem-

3(q20), 0.87% in glp-1(q231), and 8.84% in glp-4(bn2)) suggesting that accumulation 

does occur in the soma after egg laying ceases. 

 

Long-lived mutants have lower steady state fractional abundance of uaDf5, short-

lived mutants have a higher steady state fractional abundance 

 The link between accumulation of mtDNA mutations and aging led us to question 

if long-lived mutants have lower steady state levels of uaDf5, since presumably these 

long-lived mutants should have more effective mtDNA quality control machinery. To 

answer this, we measured steady state population levels of uaDf5 in a set of long-lived 

mutants (see Table 4.1 for a list of lifespan mutants used in the analyses). The mutants 

analyzed are from the IIS pathway, the main pathway known to influence lifespan in C. 

elegans (daf-2, age-1) [82,100,144,220], the mitochondrial ubiquinone pathway (clk-1) 

[102,132,144,220,221], response to hypoxia (vhl-1) [146], and the DNA damage response 

system (cep-1) [19,145,186,210]. The majority of long-lived mutants had significantly 

lower steady levels of the fractional abundance of uaDf5, including three alleles of daf-2 

(e1391: 21.59 ± 1.31%; e1370: 42.86 ± 1.57%; m41: 56.86 ± 2.31%), clk-1(qm30) (23.18 

± 0.76%), and cep-1(gk138) (50.93 ± 1.76%). Mutants for age-1 and vhl-1 did not show a 

decrease in the fractional abundance of uaDf5 (Fig. 4.3A). Repeated studies need to be 

done on those three mutants to confirm that the results are not due to experimental error. 
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We also investigated if the converse is true: if short-lived mutants have higher 

steady state levels of the fractional abundance of uaDf5. To do this, we analyzed two 

genes involved in the IIS pathway that act downstream of daf-2: daf-16 and aak-2 (Fig. 

4.3B) [82]. Mutants in these genes result in a decreased lifespan. All mutants analyzed 

showed an increase in the fractional abundance of uaDf5 (daf-16(mu86) 76.93 ± 0.84%; 

daf-16(mgDf50) 77.56 ± 0.44%; aak-2(ok524) 79.28 ± 0.74%; aak-2(gt33) 81.6 ± 0.41%), 

although only the aak-2 alleles were significant. These results suggest a link between 

mtDNA cleanup capacity and aging. 

 

Long-lived mutants accumulate uaDf5 at a slower rate, short-lived mutants 

accumulate uaDf5 at a faster rate 

 The association between the steady state levels of the fractional abundance of 

uaDf5 and rate of aging led us to question if long-lived mutants accumulate uaDf5 at a 

slower rate. To test this, we measured the accumulation rate of uaDf5 in a set of long-

lived mutants (Fig. 4.4A). Several of the mutants are in the IIS pathway (daf-2 and age-1) 

which is the main lifespan-regulating pathway studied in C. elegans. Other long-lived 

mutants analyzed act in pathways independent of the IIS pathway and include clk-1, cep-

1, and vhl-1. Linear regression analysis reveals that most of the long-lived mutants 

accumulate uaDf5 at a slower rate than is observed in a wildtype background, as seen 

with a lower slope value on the linear regression model (Fig. 4.4B). The outlier that 

accumulates uaDf5 at a much higher rate than wildtype, daf-1(m41), may be the result of 

experimental error and more studies need to be done to see if the effect is real. Both the 

age-1 and vhl-1 mutants have a rate of accumulation similar to the uaDf5 control, but 
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their impact on lifespan extension is not as strong as daf-2, clk-1, or cep-1, so these 

results may be reflective of that fact (data not shown). 

 We next wanted to see if short-lived mutants have a higher rate of accumulation 

of uaDf5, which would support the theory that mtDNA mutant accumulation is causal of 

the aging phenotype. To confirm this, we measured uaDf5 accumulation in short-lived 

mutants involved in the IIS pathway (Fig. 4.4C). We analyzed daf-16 and aak-2 mutants, 

which act as downstream inhibitors of DAF-2/IGFR-dependent lifespan extension [82]. 

We also analyzed daf-16;daf-2 double mutants to see if the reduced accumulation of 

uaDf5 in daf-2 mutants is due to activity of the IIS pathway. While the aak-2(gt33) and 

daf-16(mgDf50) mutants did not have an increased accumulation rate, most of the short-

lived mutants analyzed, including the daf-16;daf-2 doubles, exhibit an increased rate of 

uaDf5 accumulation as seen with linear regression analysis (Fig. 4.4D) suggesting that 

mtDNA mutant accumulation is a predictor of aging.  

 

daf-16 partially rescues the daf-2 phenotype  

 The daf-2 and daf-16 results suggest that the IIS pathway may be acting directly 

on mtDNA quality control. In order to confirm this, we crossed daf-16(mu86) males into 

daf-2;uaDf5 mutant hermaphrodites to see if daf-16, which acts downstream of daf-2, 

rescues the daf-2 phenotype of a low fractional abundance of uaDf5. We observed a 

partial rescue in each of the double mutants analyzed  (daf-2(e1391);uaDf5 21.59 ± 

1.31% compared to daf-2(e1391);daf-16(mu86);uaDf5 51 ± 0.39%; daf-2(e1370);uaDf5 

36.64 ± 1.31% compared to daf-2(e1370);daf-16(mu86);uaDf5 64.91 ± 1.95%; daf-

2(m41);uaDf5 56.86 ± 2.31% compared to daf-2(m41);daf-16(mu86);uaDf5 68.8 ± 

1.06%), suggesting that daf-2 and daf-16 are indeed acting on uaDf5 via the IIS pathway 
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(Fig. 4.5). It is possible that the rescue was only partial because the double mutants were 

not grown for enough generations to get a full recovery of uaDf5 to its wildtype level. In 

order to determine if this is the case, further studies need to be done in which the double 

mutants are grown out for more generations to see if the fractional abundance of uaDf5 

continues to increase. 

 

There is an additive effect on the fractional abundance of uaDf5 in double mutants 

composed of long-lived mutants, suggesting they act on uaDf5 through independent 

pathways 

 The long-lived mutants analyzed are known to act on lifespan via independent 

pathways, but it is a formal possibility that they act on mtDNA via a common pathway. 

To investigate this, we generated double mutants comprised of long-lived mutants from 

the various pathways and measured the fractional abundance of uaDf5 in those double 

mutants to see if there is an additive effect, which would suggest there are multiple 

pathways that act on both lifespan regulation and mtDNA. Analysis of daf-2(e1391);cep-

1(gk138);uaDf5 (1.48 ± 0.85%), daf-2(e1391);clk-1(qm30);uaDf5 (0 ± 0%)  and cep-

1(gk138);clk-1(qm30);uaDf5 (0.0074 ± 0.007%) double mutants show an additive effect 

in which the double mutants have an extremely low fractional abundance or even 

complete removal of uaDf5, suggesting all three long-lived mutants are acting on mtDNA 

through entirely independent pathways (Fig. 4.6A,B).  

 

Fitness parameters are differentially affected by uaDf5 in lifespan mutants 

 Does the presence of a mtDNA mutant impact organismal fitness in lifespan 

mutants? We tested various fitness parameters, including lifespan, brood size, embryonic 
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lethality, and unfertilized oocyte production (see also Chapter 3) in lifespan mutant 

backgrounds from different pathways both with and without uaDf5 to see if these 

independently acting lifespan mutants tolerate uaDf5 differentially from wildtype (Fig. 

4.7). We tested fitness parameters in two long-lived mutants, clk-1(qm30) and cep-

1(gk138), and one short-lived mutant, daf-16(mu86). We found that lifespan was not 

affected by the presence of uaDf5 in all three mutants analyzed (wildtype 14 ± 0.7 days 

compared to uaDf5 15 ± 1.1 days; clk-1(qm30) 21 ± 1.2 days compared to clk-

1(qm30);uaDf5 22 ± 1.4 days; cep-1(gk138) 18 ± 1.1 days compared to cep-

1(gk138);uaDf5 16 ± 1 days; daf-16(mu86) 13 ± 0.6 days compared to daf-

16(mu86);uaDf5 12 ± 0.7 days)  (Fig. 4.7A). Analysis of the effect of uaDf5 on fitness in 

a cep-1(gk138) background gave the most shocking results, with a significant increase in 

brood size (cep-1(gk138) 240 ± 16 compared to cep-1(gk138);uaDf5 311 ± 10) (Fig. 

4.7B) and a marked decline in embryonic lethality (cep-1(gk138) 12.76 ± 3.94% 

compared to cep-1(gk138);uaDf5 5.71 ± 2.41%) (Fig. 4.7C), suggesting that the presence 

of uaDf5 actually increases fitness in a cep-1(gk138) background (see Discussion). The 

clk-1(qm30) mutant had a moderate reduction in brood size (clk-1(qm30) 163 ± 10 

compared to clk-1(qm30);uaDf5 151 ± 10) and a moderate increase in embryonic lethality 

(clk-1(qm30) 4.04 ± 0.57% compared to clk-1(qm30);uaDf5 5.65 ± 0.88%), both much 

less prominent than what is seen in a wildtype background (brood size: wildtype 308 ± 6 

compared to uaDf5 203 ±  17; and embryonic lethality: wildtype 1.79 ± 0.36% compared 

to uaDf5 4.44 ± 1.19%), suggesting that clk-1(qm30) is more tolerant of uaDf5. The daf-

16(mu86) mutant on the other hand had a reduction in brood size (daf-16(mu86) 286 ± 8 
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compared to daf-16(mu86);uaDf5 168 ± 16) and an increase in embryonic lethality (daf-

16(mu86) 1.9 ± 0.44% compared to daf-16(mu86);uaDf5 4.86 ± 1.24%) which both 

strongly resemble the trends seen in a wildtype background, suggesting its toleration of 

uaDf5 is unaltered. Lastly, analysis of unfertilized oocyte production shows a slight 

increase in the long-lived mutants, while the short-lived mutant daf-16(mu86) has a 

decrease that mirrors the wildtype background (wildtype 23.06 ± 1.91% compared to 

uaDf5 18.14 ± 2.39%; clk-1(qm30) 20.68 ± 2.76% compared to clk-1(qm30);uaDf5 28.58 

± 3.65%; cep-1(gk138) 26.86 ± 2.83% compared to cep-1(gk138);uaDf5 34.81 ± 2.43%; 

daf-16(mu86) 23.58 ± 2% compared to daf-16(mu86);uaDf5 12.38 ± 1.87%) (Fig. 4.7D). 

Thus, the long-lived mutants show an improvement in several fitness parameters in the 

response to uaDf5, while the short-lived mutant shows no observable deviation from 

wildtype. This suggests that mtDNA mutations in long-lived mutants may actually 

activate programs that improve overall health of the organism, though the mechanisms 

are unknown.  

 

DISCUSSION 

We present several lines of evidence showing an association between aging and 

the accumulation of mutant mtDNA in C. elegans, using the mtDNA deletion strain 

uaDf5. We show that uaDf5 accumulates in the germline of aging adults, that offspring 

from older mothers inherit a larger load of uaDf5 than their siblings from younger 

mothers, and that mtDNA quality control is improved in long-lived mutants. 
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The fractional abundance of uaDf5 increases during adulthood, and is largely 

occurring in the germline 

 Analysis of the fractional abundance of uaDf5 in aging adults with a wild type 

nuclear background shows an accumulation of uaDf5 in aging worms that occurs 

throughout gravidity and beyond. To determine if the accumulation is occurring in the 

germline, we analyzed three temperature sensitive mutants that inhibit female germline 

development. The gof mutant fem-3(q20) produce excess sperm and no oocytes, while the 

glp-1(q231) and glp-4(bn2) mutants both result in the production of only a handful of 

oocytes [106]. When oocyte production is inhibited in fem-3(q20), glp-1(q231), and glp-

4(bn2) backgrounds, we see a reduction of the accumulation rate during gravidity, 

showing that the majority of the age-related accumulation occurs in the germline. 

Analysis of the accumulation beyond gravidity [196], in day 10 of adulthood, shows an 

increase in the fractional abundance of uaDf5 demonstrating that accumulation is also 

occurring in the somatic tissues throughout the aging process. This demonstrates that 

uaDf5 dynamics during aging mirror those of mutant mtDNAs studied in other 

organisms. Does the accumulation specific to the germline result in the aging phenotype? 

Removal of the germline via ablation or mutations results in an extended lifespans 

[222,223], but it is unclear how much increased lifespan is due to the accumulation of 

mutant mtDNA since the lack of germline results in a plethora of cellular responses, any 

of which could be the main cause of the associated lifespan extension. Why is aging 

associated with accumulation of mutant mtDNA? Does aging cause the accumulation, or 

does the accumulation cause aging? These results do not give direct answers to these 

questions, and more studies need to be done to determine the causality linking these 

aging and mutant mtDNA accumulation. 
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uaDf5 is transmitted from mother to offspring with a moderate process of cleanup, 

and progeny from older mothers inherit a larger fractional abundance of uaDf5 

than progeny from young mothers 

 Analysis of L1 progeny from different aged-mothers reveals that the load of 

uaDf5 is transmitted from mother to offspring such that progeny from older mothers 

inherit a larger mutant mtDNA burden than their siblings from younger mothers, with 

evidence of a cleanup mechanism. This tells us that there is a level of mtDNA quality 

control that happens sometime between oocyte maturation and L1 hatching. This window 

spans many potential areas in development in which mtDNA quality control could be 

occurring, including germline PCD, oocyte maturation, and the entirety of 

embryogenesis. Narrowing down the window in which this cleanup occurs will lead to a 

better understanding of which processes are involved in the cleanup of mtDNA that we 

have observed between mother and offspring. Analysis of the transmission from mother 

to offspring in mutants in germline PCD, including ced-13(sv32) [19,89,179,183–186] 

and ced-10(n1993) [180–182], shows that the transmission-associated cleanup is slightly 

reduced in younger mothers but increased in old mothers, suggesting that germline PCD 

may play a larger role in mtDNA quality control in young mothers versus old mothers. 

This may indicate a switch from germline PCD to some other cleanup process that is 

inhibited by germline PCD as mothers get older, possibly due to increased stress 

associated with aging making the germline PCD pathway less efficient. To determine the 

level of cleanup occurring during the process of embryogenesis, analysis of different 

staged embryos needs to be done. Analysis of the fractional abundance in dead embryos 

will reveal how much of the decrease observed between mother and offspring is due to 

culling at the organismal level. 
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Mutants that regulate lifespan via independent pathways, including the IIS 

pathway, regulate the control of both the steady state fractional abundance and 

accumulation rate of uaDf5  

 The consistent rate of age-related uaDf5 accumulation observed in various genetic 

backgrounds led us to question if mutants that affect lifespan have a lower rate of 

accumulation of uaDf5. We found that not only is the rate of accumulation lowered in 

long-lived mutants (daf-2 (IIS pathway; [82]), clk-1 (mitochondrial function; [102,221]), 

and cep-1 (genotoxic stress-response; [19,145,186]), but also the steady state level of the 

fractional abundance of uaDf5 is drastically lowered. This was a common phenotype 

observed in long-lived mutants that act on lifespan through independent pathways. 

However, there were two long-lived mutants analyzed that did not have lowered steady 

state abundance or accumulation rate, vhl-1 (involved in hypoxia response [146]) and 

age-1 (in the IIS pathway [82]). Further analysis of these strains needs to be done to see if 

this is an allele-specific effect, or if some long-lived mutants do not act on mtDNA 

quality control, suggesting the link between lifespan and mtDNA quality control is not as 

global as our other results suggest.  

Overall, our results show a link between the ability to remove deleterious mtDNA 

and lifespan extension, supporting the idea that mutant mtDNA plays a central role in the 

aging phenotype. Further bolstering this link is our analysis of short-lived mutants (daf-

16 and aak-2, both involved in the IIS pathway [82]) which reveals that the converse is 

true; a reduction in lifespan is associated with an increased rate of accumulation of uaDf5 

in addition to higher steady state levels of the fractional abundance of uaDf5. Thus, we 

have shown that there is indeed a dependency on mtDNA quality control for regulation of 

lifespan. How it is that the independent lifespan regulation pathways act on mutant 
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mtDNA has yet to be determined. Perhaps the pathways all converge on a global 

mitochondrial stress response pathway such as mitophagy. Double mutant analysis of 

lifespan-extension mutants from the different pathways reveals that there is an additive 

effect on the mtDNA quality control machinery suggesting that the lifespan-regulating 

pathways converge on a common system for mutant mtDNA removal. Further studies 

need to be done to determine what the common mtDNA quality control system is. Likely 

candidates include mitochondrial fission/fusion [68,70,108], mitophagy [71,72,115], and 

the mitochondrial unfolded protein response (UPRMT; [75–80]) which are known to act in 

mtDNA quality control. 

 

uaDf5 has differential effects on fitness parameters in long-lived and short-lived 

mutants 

 Analysis of how the presence of mutant mtDNA affects fitness in lifespan-

associated mutants reveals that long-lived mutants have fewer negative consequences on 

health than short-lived mutants. Of particular note, cep-1(gk138) mutants actually exhibit 

increased fitness parameters (lifespan, brood size, and embryonic lethality) when uaDf5 

is present. How it is that a mutant mtDNA results in an improvement in organismal health 

is a question of great interest. Perhaps, in a cep-1 background, the presence of mutant 

mtDNA activates stress response pathways in a way that increases general quality control 

pathways to a level that is actually beneficial to the organism. Further analysis needs to 

be done to dissect how mutant mtDNA triggers various quality control pathways in 

lifespan-associated mutants in order to more thoroughly understand these dynamics of 

stress-response pathways and developmental fidelity. 
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MATERIALS AND METHODS 

Culturing of nematodes 

Nematode strains were maintained at on NGM plates as previously described at 

either 20°C or 15°C for the temperature-sensitive strains [199]. Please refer to appendix 

A1 for a table detailing all strains used in this dissertation. Strains without a JR 

designation were either provided by the CGC which is funded by NIH Office of Research 

Infrastructure Programs (P40 OD010440) or were obtained from the Mitani lab (strains 

with a FX designation or JR strains containing alleles with a tm designation were 

generated from Mitani lab strains) [200]. 

 

Population collection by age 

Upon retrieval of a stock plate for a given strain, 3 chunks were taken from the 

stock plate and placed onto 3 separate large NGM plates to create 3 biological replicate 

“lines”. Each of these lines was chunked approximately each generation to fresh large 

NGM plates (every 3 days if maintained at 20°C or 25°C, or every 4 days if maintained at 

15°C, being careful to not let the worms starve between chunks). After 4 generations of 

chunks, an egg prep was performed on each line (as described previously; [199]) and left 

to spin in M9 overnight to synchronize the hatched L1s. The next day, each egg prep was 

plated onto 3 large seeded plates at an equal density and the worms were left to grow to 

day 2 adults (second day of egg laying). The day 2 adult worms were egg prepped for 

synchronization and left to spin in M9 overnight. The next day, each egg prep was plated 

onto 5 large NGM plates at equal density. Once the worms reached day 1 of adulthood 

(first day egg-laying), one of the plates was used to collect 200 adult worms by picking 

into 400 µl of lysis buffer, and the remaining adults on the plate were egg prepped for the 
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collection of hatched L1 larvae in 400 µl lysis buffer the following day. The worms on 

the four remaining plates were transferred to a 40 µm nylon mesh filter in order to 

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

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

three days (day 2 - day 4 of adulthood). Day 5-10 adults were moved to fresh NGM 

plates every 2nd day using a 40 µm nylon mesh filter, and the resulting day 10 adults were 

collected in lysis buffer. 

 

ddPCR 

The worm lysates were incubated at 65°C for 1.5-4 hours and then 95°C for 30 

minutes to deactivate the proteinase K. Each lysate was diluted; 100-fold for 200 worm 

adult population lyses, 2-fold for 200 worm L1 population lyses, and 25-fold for 

individual adult lyses. 2 µl of the diluted lysate was then added to 23µl of the ddPCR 

reaction mixture, which contained a primer/probe mixture and the ddPCR probe supermix 

with no dUTP. The primers used were:  

WTF: 5’-GAGGGCCAACTATTGTTAC-3’ 

WTR: 5’-TGGAACAATATGAACTGGC-3’ 

UADF5F: 5’-CAACTTTAATTAGCGGTATCG-3’ 

UADF5R: 5’-TTCTACAGTGCATTGACCTA-3’ 

The probes used were: 

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

UADF5: 5’-FAM-CCATCCGTGCTAGAAGACAAAG- Iowa Black® FQ-3’ 
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The ddPCR reactions were put on the BioRad droplet generator and the resulting droplet-

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

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

1. 95°C for 5 minutes 

2. 95°C for 30 seconds 

3. 60°C for 1 minute 

4. Repeat steps 2 and 3 40x 

5. 4°C for 5 minutes 

6. 90°C for 5 minutes 

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

reader and the Quantasoft software was used to calculate the concentration of uaDf5 

(FAM/HEX? positive droplets) and WT-mtDNA (FAM/HEX? positive droplets) in each 

well. 

 

Lifespan analysis 

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

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

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

The next morning, referred to as day 1 for lifespan determination, L1s were singled out 

onto small plates. Once the worms started laying eggs, they were transferred each day to 

a fresh small plate until egg laying ceased, after which the worms remained on the same 

plate unless bacterial contamination required transfer to a fresh plate. Worms were 

considered dead if there was no movement after being lightly prodded with a worm pick. 



 
 

146 

Brood size, embryonic lethality, and unfertilized oocytes analysis 

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

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

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

The next morning, L1s were singled out onto small plates. Once the worms started laying 

eggs, they were transferred each day to a fresh small plate until egg laying ceased. The 

day after transfer to a fresh plate, unfertilized oocytes, unhatched embryos, and hatched 

larvae on the plate from the previous day were counted. This was done for each of the 

days of laying and the total of unhatched embryos and hatched larvae from all plates from 

a single worm were tabulated to determine total brood size. To determine embryonic 

lethality, the total number of unhatched embryos was divided by the total brood size. To 

determine unfertilized oocyte percentage, the total number of unfertilized oocytes was 

divided by the total brood size. 

 

Developmental time analysis 

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

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

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

The next morning, L1s were singled out onto small plates. The stage of the worms was 

assayed every 12 hours for the first 72 hours after plating.   
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FIGURES 

Figure 1: 

A. 

 

B. 
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C. 

 

Figure 1. uaDf5 accumulates in aging adults, and there is a moderate clean up that 

happens between mother and offspring. (A) ddPCR analysis of different aged adults 

and their L1 progeny in a wildtype nuclear background. D1 = day 1 adults (first day of 

egg laying), D2 = day 2 adults, D3 = day 3 adults, D4 = day 4 adults, D10 = day 10 
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adults. L1 progeny were not collected from day 10 adults because they are no longer 

gravid at that age. N=3 replicates of 200 worm populations per condition. Statistical 

analysis was performed using a one way ANOVA with Dunnett’s correction for multiple 

comparisons. (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1).  (B) ddPCR analysis of 

different aged adults and their L1 progeny in various mutant nuclear backgrounds. atfs-

1(et15), ced-10(n1993), and ced-13(sv32) have high steady state % uaDf5; atfs-

1(tm4525), ced-3(n2454), and daf-2(m41) have low steady state % uaDf5. D1 = day 1 

adults (first day of egg laying), D2 = day 2 adults, D3 = day 3 adults, D4 = day 4 adults, 

D10 = day 10 adults. L1 progeny were not collected from day 10 adults because they are 

no longer gravid at that age. N=3 replicates of 200 worm populations per condition.  (C) 

ddPCR analysis of the accumulation of uaDf5 in 40 backgrounds, rank ordered by the % 

uaDf5 in day 1 adults.   
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Figure 2 

  

Figure 2. Accumulation of uaDf5 occurs predominantly in the germline. ddPCR 

analysis of the absolute change of % uaDf5 from day 1 (Y axis = % uaDf5 day x -% 

uaDf5 day 1). For uaDf5, 20C is the normal growth temperature. For glp-1(q231ts), fem-

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

occurs) and 25C is the restrictive temperature (female germline development is 

inhibited). N=3 replicates of 200 worm populations per condition. Statistical analysis was 

performed using a one way ANOVA with Tukey correction for multiple comparisons. 

(*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1) 
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Table 1 

 

Table 1. Summary of lifespan mutants. A summary of all lifespan mutants analyzed, 

including their known homologs, cellular pathways they are known to act in, whether the 

mutant extends or reduces lifespan, and molecular details of the alleles analyzed.  

Gene Homologs Pathway Allele Parental 
Strain

Molecular Nature of 
allele

Protein Change Mutant 
increase 

or 
decrease 
lifespan

Note

aak-
2

AMPK IIS pathway, adult lifespan, peptidyl-
serine phosphorylation, regulation of 
establishment of protein localization

gt33 TG38 606 bp deletion Starts at 
position 3979, 
deletes exon 3

decrease

ok524 RB754 408 bp deletion Starts at 
position 4136, 
deletes part of 
exon 3

decrease

rr48 MR507 Substitution Missense HàY decrease

age-
1

PI3K IIS pathway, cellular response to salt, 
chemosensory behavior and chemotaxis

hx546 TJ1052 Substitution Missense PàS increase

cep-1 p53 Adult lifespan, intracellular signal 
transduction, response to hypoxia

gk138 VC172 1660 bp deletion Starts at 
position 1989, 
deletes part of 
exon 8, 9, 10

increase

clk-1 COQ7 Adult behavior, regulation of cellular 
metabolism

qm30 MQ130 590 bp deletion Starts at 
position 1044, 
deletes part of 
exon 4 and 5

increase

daf-2 IGFR IIS pathway, cellular response to salt, 
negative regulation of macromolecule 
metabolic process, positive regulation 
of developmental growth

e1391 DR1574 Substitution Missense PàL increase ts

e1370 CB1370 Substitution Missense PàS increase ts

m41 DR1564 Substitution Missense GàE increase ts

sa193 JT193 Not Curated - increase ts

daf-
16

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

mu86 CF1038 10980 bp Deletion Deletes 5 exons decrease

mgDf50 GR1307 20193 bp Deletion 
with 
TCTTCATTTTCAG 
insertion

Deletes 7 exons decrease

fem-
3

novel Male somatic sex determination, 
masculinization of hermaphrodite 
germline, positive regulation of 
macromolecule metabolic process

q20 JK816 Not Curated - increase Gof and ts; 
female 
germ line 
dev’ment
inhibited

glp-1 NOTCH Cell fate specification, embryonic 
pattern specification, positive 
regulation of cell population 
proliferation

q231 JK509 Substitution Missense GàE increase ts; germ 
line 
dev’ment
inhibited

glp-4 VARS Determination of adult lifespan bn2 SS104 Substitution Missense GàD increase ts; germ 
line 
dev’ment
inhibited

vhl-1 VHL Hypoxia response ok161 CB5602 1302 bp deletion Ends at position 
570, deletes 
exons 1 and 2

increase
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Figure 3 

A. 
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B. 

 

Figure 3. Steady state levels of uaDf5 are lower in long-lived mutants, higher in 

short-lived mutants. (A) ddPCR analysis of fractional abundance uaDf5 in steady state 

populations of long-lived mutants, with mutants rank ordered by the % uaDf5. (B) 

ddPCR analysis of fractional abundance uaDf5 in steady state populations of short-lived 

mutants, with mutants rank ordered by the % uaDf5. N=3 replicates of 200 worm 

populations per condition. Statistical analysis was performed using a one way ANOVA 

with Dunnett’s correction for multiple comparisons. (*** p < 0.001, ** p < 0.01, * p < 

0.05, . p < 0.1).   
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Figure 4 

A. 

 

B. 
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C. 

 

D. 
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Figure 4. uaDf5 accumulates more slowly in long-lived mutants, more quickly in 

short-lived mutants. (A) ddPCR analysis of the normalized fractional abundance uaDf5 

in steady state populations of long-lived mutants, showing the accumulation of uaDf5 as 

worms age. (B) Linear regression analysis of the normalized fractional abundance uaDf5 

in steady state populations of long-lived mutants, showing the accumulation of uaDf5 as 

worms age. (C) ddPCR analysis of the normalized fractional abundance uaDf5 in steady 

state populations of short-lived mutants, showing the accumulation of uaDf5 as worms 

age. (D) Linear regression analysis of the normalized fractional abundance uaDf5 in 

steady state populations of short-lived mutants, showing the accumulation of uaDf5 as 

worms age. For A and C the percent change from day x to day 1 was normalized to the 

day 1 steady state value. For B and D the percent change from day x to day 1 was 

normalized to the day 1 steady state value and a best fit linear regression model was then 

applied. The slope of the resulting line was maintained while the y intercept was adjusted 

to “0” for the purpose of data presentation. The slope for each line is indicated in the 

legend (higher slope means a higher rate of accumulation). N=3 replicates of 200 worm 

populations per condition.   
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Figure 5 

 

Figure 5. daf-16 partially rescues daf-2, suggesting that the IIS pathway is acting 

directly on mutant mtDNA. ddPCR analysis of fractional abundance uaDf5 in steady 

state populations of daf-16;daf-2 double mutants, showing a partial rescue of daf-2 by 

daf-16. Statistical analysis was performed using a one way ANOVA with Tukey 

correction for multiple comparisons. (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1). 
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Figure 6 

A.                                                                     B. 

 

Figure 6. Double mutant analysis shows an additive effect between lifespan 

extension genes, suggesting they act on mtDNA via different pathways. (A) ddPCR 

analysis of fractional abundance uaDf5 in steady state populations of double mutants 

composed of daf-2(e1391) in combination with long-lived mutants from independent 

pathways, showing an additive effect on uaDf5 removal capacity. (A) ddPCR analysis of 

fractional abundance uaDf5 in steady state populations of double mutants composed of 

the long-lived mutants cep-1(gk138) and clk-1(qm30), showing an additive effect on 

uaDf5 removal capacity. Statistical analysis was performed using a one way ANOVA 

with Tukey correction for multiple comparisons. (*** p < 0.001, ** p < 0.01, * p < 0.05, . 

p < 0.1). 

  

0

25

50

75

100
wt

ce
p−

1(
gk

13
8)

clk
−1

(q
m

30
)

Secondary Mutation

%
 u

aD
f5

 in
 d

ay
 1

 a
du

lts

Primary Mutation
wt
daf−2(e1391)

0

25

50

75

100

wt
ce

d−
3(

n1
28

6)
ce

p−
1(

gk
13

8)
clk
−1

(q
m

30
)

Secondary Mutation

%
 u

aD
f5

 in
 d

ay
 1

 a
du

lts

Primary Mutation
wt
daf−2(e1391)

***
***

******
******

0

20

40

60

80

100

uaDf5

cep−1
(gk138)

clk−1
(qm30)

cep−1
(gk138);clk−1

(qm30)

Genotype

Pe
rc

en
t u

aD
f5

 in
 D

1 
ad

ul
ts

******

***

****** ***



 
 

159 

Figure 7 

A.                                                                     B. 

 

C.      D. 

 

Figure 7. uaDf5 differentially impacts various fitness parameters in the lifespan 

regulating genes. (A) Analysis of the effect of uaDf5 on lifespan in lifespan-associated 

mutants. Day 1 is the day starved L1s are plated onto food. (B) Analysis of the effect of 

uaDf5 on brood size in lifespan-associated mutants. (C) Analysis of the effect of uaDf5 
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on embryonic lethality in lifespan-associated mutants. Embryonic lethality was calculated 

by dividing the total number of dead embryos by the total number of embryos laid. (D) 

Analysis of the effect of uaDf5 on unfertilized oocyte production in lifespan-associated 

mutants. % unfertilized oocytes was calculated by dividing the total number of 

unfertilized oocytes laid by the total number of embryos laid. clk-1 and cep-1 mutants 

extend lifespan, and the daf-16 mutant reduces lifespan. For each condition, N is 

indicated at the top of the graph. Statistical analysis was performed using the Kruskal-

Wallis test. (*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1) 
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Conclusions and future directions 
  



 
 

162 

CONCLUSIONS 

 This thesis describes a suite of experimental investigations into the relationship 

between mitochondrial health, mutation, and fitness of the individual, including ageing. 

Using the genetically tractable nematode C. elegans and the mtDNA deletion mutant 

uaDf5, I describe foundational work to characterize mitochondrial dynamics and 

maintenance of mtDNA over the lifespan of the animal, focused primarily on the 

germline. Our data shows that there are three mechanisms through which purifying 

selection is operating: asymmetric segregation in early embryonic divisions, PCD in the 

mature female germline, and insulin signaling. In addition to the discovery of these 

mechanisms, I also characterized the dynamics of mtDNA selection during development 

and aging, as well as the dynamics of mitochondrial activity in response to the 

environment. Lastly, I discovered a potent epigenetically activated mtDNA quality 

control mechanism that is activated in response to an initiating genetic event, or “IGE”. 

Altogether, my work shows how C. elegans is an extremely useful system for examining 

mtDNA dynamics and for the further elucidation of the various ways in which the 

mtDNA population is maintained. 

 

MITOCHONDRIAL DYNAMICS FROM FERTILIZATION TO L1 HATCHING 

In chapter two of this dissertation I present evidence establishing the relationship 

between germline mitochondrial activity throughout early development in the nematode 

C. elegans (Fig. 5.1). 
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Mitochondria undergo a sorting event based on membrane potential (ΔΨ) 

immediately after fertilization that is dependent on genes involved in polarity 

establishment and microtubule organization 

First, I show that mitochondria are sorted between the posterior and anterior cells 

of the early embryo such that the mitochondria with a higher ΔΨ are concentrated into 

the posterior cell which gives rise to the germline [151]. I found that the sorting of more 

active mitochondria into the posterior region of the one-cell embryo is inhibited in 

mutants involved in polarity establishment of the early embryo, including par-2, par-3, 

par-5, and par-6, which also control the movement of P granules into the germline 

[147,148,150–152]. The strongest inhibition of this sorting process was observed in the 

spd-5 mutant, which knocks out the function of a centrosomal protein that is involved in 

microtubule organization and spindle formation [193], showing the role of microtubules 

in mitochondrial movement in the early embryo. 

 

The membrane potential sensor PINK-1 appears to play a role in mitochondrial 

sorting 

I also analyzed mutants of the mitochondrial ΔΨ-sensor PINK-1 

[117,118,120,122], since I wanted to know if PINK-1 allows for the cell to distinguish 

the more active mitochondria from the less active ones. pink-1 mutants had a decreased 

posterior enrichment across all stages, although it was not statistically significant until the 

early two-cell stage. In addition to the analysis of mitochondrial sorting, I noted that a 

fraction of PINK-1 mutant embryos have abnormal morphology that parallels the 

abnormal embryonic morphologies observed in PAR mutants [147,148]. This suggests 

that PINK-1 is indeed playing a role in establishment of asymmetry in the early embryo. 
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Germline mitochondria shut down their activity by the four-cell stage and remain 

shut down throughout embryogenesis 

Analysis of the posterior enrichment of active mitochondria through the four-cell 

stage shows a sudden decrease in mitochondrial activity in the P2 germline progenitor 

cell such that its activity is lower than the activity in its sister cell “EMS” [224]. When 

the P2 cell activity is compared to the combined average activity in all of the other three 

cells of the embryo, its activity is shown to be equivalent. I examined the mitochondrial 

activity in the germline progenitor cells Z2 and Z3 throughout the remainder of 

embryogenesis and found that the mitochondria continue to decrease their activity as 

embryogenesis progresses. This makes sense in terms of mtDNA quality control, since a 

negative consequence of oxidative phosphorylation is that it produces ROS which are 

mutagenic [53]. Thus, since Z2 and Z3 cells are in a quiescent state throughout 

embryogenesis, their energy demands are low, and perhaps as a protective mechanism, 

the germline mitochondria are entirely shut down in order to reduce ROS production. 

 

After hatching, the germline mitochondria activate in response to food in a DAF-2, 

DAF-18, and AAK-2 – dependent manner 

Upon hatching into the first larval state, L1, normal development proceeds in a 

food-dependent manner during which both the soma and germline expand [163,164,196]. 

If, however, there is no food present upon hatching, the L1 larvae enter an alternative 

state known as L1 arrest/diapause [163,164,196]. This alternative development program 

shares many similarities with dauer development which is dependent on the IIS pathway  

[82,161,163–165]. The quiescent state observed in the germline cells of L1 arrested 

worms presents as condensed nuclear chromosomes that are arrested in the G2 phase of 



 
 

165 

the cell cycle. Both L1 arrest and dauer formation are dependent on components of the 

IIS pathway, most notably, DAF-18/PTEN, although the two processes differ in that L1 

arrest has no requirement for DAF-16/FOXO [165]. I found that germline mitochondrial 

activity remains quiescent throughout L1 arrest, and that in the presence of food the 

germline mitochondria activate to levels higher than the surrounding cells, with most 

worms exhibiting highly active mitochondria after 5 hours of feeding. Mutant analysis of 

starved L1s shows that maintenance of germline mitochondrial quiescence throughout L1 

arrest is dependent on DAF-2/IGFR, AAK-2/AMPK, and DAF-18/PTEN, with no 

requirement for DAF-16/FOXO, suggesting the same machinery that acts to keep the 

nucleus in a quiescent state is also used for the mitochondrial state.  

 

ESTABLISHMENT OF A MODEL FOR MITOCHONDRIAL DISEASE IN THE 

NEMATODE C. ELEGANS 

The 3.1kb mtDNA deletion mutant uaDf5 exhibits stable heteroplasmy despite its 

highly deleterious nature [201]. Why is uaDf5 maintained in a heteroplasmic state despite 

its unavoidable negative effect on organismal health? Our investigation of the uaDf5 

allele led to the discovery of a secondary mutation that is linked to the uaDf5 deletion. 

This secondary mutation, “w47”, is a single base pair deletion in the ND4 gene which 

results in a frameshift leading to premature truncation of the protein such that only the 

first 88 amino acids of the 409 amino acid long protein is produced [1–3,39,202].  . This 

tells us that the uaDf5 allele not only knocks out 7 tRNAs and the ATP6, ND1, ND2, and 

CYTB genes, but also knocks out a fifth gene, ND4. The nature of the allele presumably 

results in at least two truncated proteins (ND1 and ND4) in addition to reduced capacity 

for making proteins due to the loss of several necessary tRNAs. Thus, uaDf5 mutants are 



 
 

166 

anticipated to have heightened mitochondrial stress which would activate the 

mitochondrial UPR.  

To uncover the consequences on organismal health of this mutant mtDNA, I 

measured various fitness parameters in uaDf5 mutants. Surprisingly, lifespan was 

unaffected, but there are observable negative consequences on brood size, embryonic 

lethality, and developmental rate, showing that uaDf5 is a good model for mtDNA 

disease, and that analysis of its regulation is a good tool for studying mechanisms of 

mtDNA quality control.  

 

MTDNA MAINTENANCE DURING AGING 

In chapter four of this dissertation I present several lines of evidence showing the 

link between aging and the accumulation of mutant mtDNA using the C. elegans mtDNA 

deletion strain uaDf5. I show that uaDf5 accumulates in the germline of aging adults, that 

offspring from older mothers inherit a larger load of uaDf5 than their siblings from 

younger mothers, and that mtDNA quality control is improved in long-lived mutants. 

 

uaDf5 accumulates in aging adults predominantly in the germline, though there is 

evidence that there is also somatic accumulation as is seen in post-gravid adults 

Analysis of the fractional abundance of uaDf5 in aging adults with a wildtype 

nuclear background shows an accumulation of uaDf5 as the worms get older that occurs 

throughout gravidity and beyond. To determine if the accumulation is occurring in the 

germline I analyzed three temperature sensitive mutants that inhibit female germline 

development and saw a reduction of the accumulation rate during gravidity, showing that 

the majority of the age-related accumulation occurs in the female germline. Analysis of 
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the accumulation beyond gravidity, in day 10 of adulthood [196,215,216], shows an 

increase in the fractional abundance of uaDf5, demonstrating that accumulation is also 

occurring in the somatic tissues throughout the aging process. This demonstrates that 

uaDf5 dynamics during aging mirror those of mutant mtDNAs studied in other organisms 

[54,213,214].  

 

The load of mutant mtDNA is transmitted from mother to offspring with evidence 

of a level of mtDNA quality control 

Analysis of L1 progeny from different aged-mothers reveals that the load of 

uaDf5 is transmitted from mother to offspring such that progeny from older mothers 

inherit a larger mutant mtDNA burden than their siblings from younger mothers, with 

evidence of a cleanup mechanism. This tells us that there is a level of mtDNA quality 

control that happens sometime between oocyte maturation and L1 hatching. Analysis of 

the transmission from mother to offspring in mutants in germline PCD, including ced-

13(sv32) [19,89,179,184–187] and ced-10(n1993) [180–182], shows that the 

transmission-associated cleanup is slightly reduced in younger mothers, but actually 

increased in old mothers, suggesting that germline PCD may play a larger role in mtDNA 

quality control in young mothers than in old mothers. This may indicate a switch from 

germline PCD to some other cleanup process that is inhibited by germline PCD as 

mothers get older, possibly due to increased stress associated with aging making the 

germline PCD pathway less efficient.  
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Lifespan-associated mutants alter the capacity of mtDNA quality control, with 

evidence of the IIS pathway acting directly on mutant mtDNA 

The consistent rate of age-related uaDf5 accumulation I observed in various 

genetic backgrounds led us to question if mutants that affect lifespan have a lower rate of 

accumulation of uaDf5. I found that not only is the rate of accumulation lowered in long-

lived mutants (daf-2 (IIS pathway; [82,100,144,220]), clk-1 (mitochondrial function; 

[102,132,144,220,221]), and cep-1 (genotoxic stress-response; [19,145,186,210])), but 

also the steady state level of the fractional abundance of uaDf5 is drastically lowered. 

This was a common phenotype observed in long-lived mutants that act on lifespan 

through independent pathways. However, there were two long-lived mutants analyzed did 

not have lowered steady state abundance or accumulation rate, vhl-1 (involved in hypoxia 

response [146]) and age-1 (in the IIS pathway [82]). It is possible that this is showing 

allele-specific effects; the alleles analyzed may have activity in regulation of lifespan but 

not on mtDNA quality control. Further analysis with more alleles of vhl-1 and age-1 need 

to be analyzed to determine if this is the case. If no alleles of age-1 show a role in 

mtDNA quality control, it is possible that a non-canonical version of the insulin signaling 

pathway acts on mtDNA quality control.  

Overall, our results show a link between the ability to remove deleterious mtDNA 

and lifespan extension, supporting the idea that mutant mtDNA plays a central role in the 

aging phenotype. Further bolstering this link is our analysis of short-lived mutants (daf-

16 and aak-2, both involved in the IIS pathway [82]) which reveals that the converse is 

true; a reduction in lifespan is associated with an increased rate of accumulation of uaDf5 

in addition to higher steady state levels of the fractional abundance of uaDf5. Thus, I 

have shown that there is indeed a dependency on mtDNA quality control for regulation of 
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lifespan. Double mutant analysis of lifespan-extension mutants from the different 

pathways reveals that there is an additive effect on the mtDNA quality control machinery, 

suggesting that the lifespan-regulating pathways converge on a common system for 

mutant mtDNA removal, which is something that has not been reported previously and is 

of great interest to look into going forward.  

Analysis of how the presence of mutant mtDNA affects fitness in lifespan-

associated mutants reveals that long-lived mutants have fewer negative consequences on 

health than short-lived mutants. Of particular note, cep-1(gk138) mutants actually exhibit 

increased fitness parameters (lifespan, brood size, and embryonic lethality) when uaDf5 

is present. 

 

SYNERGISM OF PINK-1 AND CED-13 ON MUTANT MTDNA 

In chapter three of this dissertation I present several lines of evidence indicating 

that germline PCD is a mechanism through which deleterious mtDNA is removed from 

the germline, and the startling discovery of a heritable transgenerational epigenetic 

mechanism of greatly increased mtDNA quality control following an initiating genetic 

event, or “IGE”. 

 

Analysis of PCD mutants suggests a role in mtDNA quality control 

To investigate whether germline PCD is involved in mtDNA quality control I 

analyzed the steady state fractional abundance of uaDf5 in populations of worms 

containing mutations in various PCD-related genes [89,179,183,184]. Our analysis gave 

differing results, with most mutants exhibiting an effect (including two ced-3 alleles and 

the engulfment-related genes ced-1, ced-2, and ced-10), however there were several 
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mutants which did not, such as ced-4 and two of the ced-3 alleles analyzed. Curiously, 

analysis of a csp-1 mutant (CSP-1 is a non-canonical caspase that has largely been seen 

to play a minor role in PCD [174,175,178]) greatly increases the fractional abundance of 

uaDf5 in a ced-3(n717) background, suggesting that CSP-1 may play a larger role in 

mutant mtDNA-induced germline PCD. Mutations in the ced-13 gene result in a large 

increase in the fractional abundance of uaDf5, supporting the model that it is germline-

specific PCD, and not developmental PCD, that acts in mtDNA quality control.  

 

The reduction in the fractional abundance of uaDf5 in a cep-1 mutant suggests there 

is crosstalk occurring between mitophagy and PCD 

Our ced-13 results led us to question if the upstream activator of CED-13/BH3, 

CEP-1/p53 [19,186,187], activates the cell death pathway in response to mtDNA disease. 

However, I found that knocking out CEP-1/p53 actually results in increased mtDNA 

quality control, seen a greatly reduced fractional abundance of uaDf5. This confounding 

result may be explained by the largely unexplored role of CEP-1/p53 in inhibition of 

mitophagy [209]. These results may represent further evidence for its role in mitophagy 

and reveal potential crosstalk that could be occurring between the mitophagy and PCD 

pathways. It raises interesting questions about how players that are involved in both 

pathways may differentially regulate the levels of each pathway in response to mutant 

mtDNA.  

In order to further understand the possible crosstalk occurring between both 

pathways, I generated a set of double mutants composed of genes from both pathways to 

see what levels of epistasis occur. A cep-1(gk138);ced-3(n1286) double mutant has 

increased fractional abundance of uaDf5, suggesting that PCD is a larger contributor to 
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mtDNA quality control. Similar results were seen in the ced-13(tm536);ced-4(n1162) 

double mutant. As expected, if you knock out both pathways, which was done in the cep-

1(gk138);pink-1(w46), cep-1(gk138);pdr-1(gk448), and pdr-1(gk448);ced-13(tm536) 

double mutants, you see increased fractional abundance of uaDf5.  

However, there were two double mutants which gave unexpected results. The 

ced-3(n1286);ced-13(tm536) double mutant, which is presumed to only inhibit PCD, 

shows an extreme decline in the fractional abundance of uaDf5. Further analysis of the 

fitness of this double mutant shows negative effects on brood size and embryonic 

lethality, which suggests that at least part of the reason for the removal of uaDf5 is due to 

a decreased tolerance of uaDf5 such that worms containing high levels of uaDf5 do not 

survive, resulting in culling at the organismal level. However, the effects on fitness are 

not as extreme as one would expect, so there may be another element to the removal 

phenotype that has yet to be understood. Further analysis of the ced-3(n1286);ced-

13(tm536) double mutant needs to be done to determine when and where uaDf5 removal 

occurs and the conditions necessary to initiate the removal process. This includes first 

replicating the removal outcome initially observed via experimental crosses and testing 

different conditions after those crosses to see what results in removal. After the precise 

conditions that result in removal are determined, we need to take a closer look at the 

details underlying the removal process, such as examination of fitness parameters, 

cellular and mitochondrial morphology, and mutant analysis to determine which 

pathways are necessary for uaDf5 removal. 

The other double mutant that gave a shocking result was the pink-1(w46);ced-

13(tm536) double, which is presumed to knock out both mitophagy and PCD. 

Surprisingly, this double mutant results in complete removal of uaDf5 within the 8 
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generations it was grown before analysis. It is unlikely that CED-13 and/or PINK-1 are 

acting on mtDNA through their canonical pathways, seeing as how much this genetic 

condition differs from the results seen in other double mutants that knock out both 

mitophagy and PCD. Fitness analysis of lines resulting from crossing pink-1(w46);ced-

13(tm536);uaDf5 males into either ced-13(tm536);uaDf5 or pink-1(w46);uaDf5 

hermaphrodites show no deficits in brood size or embryonic lethality, and the superficial 

appearance of the worms appears to be very healthy, suggesting the removal phenotype is 

not due decreased tolerance of uaDf5 resulting in culling at the organismal level. 

 

The removal capacity following the IGE is not dependent on the double mutant 

genotype, suggesting the cross itself may result in an epigenetic state that is 

propagated transgenerationally 

In order to better understand how uaDf5 is being removed from the population in 

a pink-1(w46);ced-13(tm536) background, I crossed pink-1(w46);ced-13(tm536);uaDf5 

males into either ced-13(tm536);uaDf5 or pink-1(w46);uaDf5 hermaphrodites and 

observed immediate removal of uaDf5 in roughly half of the lines (16/34) generated from 

these crosses, with the fractional abundance dropping to below 50% as early as the F2 

generation. Genotyping of the F2 “line founder hermaphrodites” revealed that the double 

mutant genotype was not necessary for the rapid removal phenotype. In fact, any of the 

segregating genotypes are capable of the rapid removal phenotype, unlinking a genetic 

requirement from the transgenerational rapid removal of uaDf5. I thus suggest that this 

heritable, transgenerational phenotype is epigenetic in nature, and is the result of the 

event of the original P0 cross in which I crossed double mutant males into single mutant 

mothers, hereby referred to as the initiating genetic event, or “IGE”. The genotype of the 
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P0 mother used in the IGE does not appear to be of consequence either, as you get rapid 

removal lines when using either ced-13(tm536);uaDf5 or pink-1(w46);uaDf5 

hermaphrodites in the original cross. This raises the possibility that the only requirement 

for the IGE is that the male be a pink-1(w46);ced-13(tm536);uaDf5 double mutant, and 

that results in an epigenetic environment that is enormously efficient at removing mutant 

mtDNA with no expense to organismal health.  

 

Specific amplification of WT-mtDNA to supranormal levels in the generation 

preceding the subsequent removal of uaDf5 

In order to get a more thorough understanding of possible mechanisms through 

which the IGE results in uaDf5 removal, I analyzed the total copy number of both WT-

mtDNA and uaDf5 in the generations following the IGE. Between the F2 and F3 

generation, I saw that only those lines that exhibit the rapid removal phenotype have a 

specific amplification of WT-mtDNA to supranormal levels, considerably higher than is 

ever seen (WT-mtDNA copy number is highly invariable even in the presence of uaDf5  

[78,106,107,201]), with little to no amplification of uaDf5. This increase in WT-mtDNA 

copy number between the F2 and F3 generations is then followed by a specific decrease 

in uaDf5 copy number, with no decrease in WT-mtDNA copy number, between the F3 

and F4 generations. The copy number dynamics observed in the rapid removal lines in 

the F2-F4 generations are not observed in those lines that maintain uaDf5 at a higher 

level through the F4 generation.  
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FUTURE DIRECTIONS 

 

EMBRYONIC SEGREGATION 

How do the polarity establishment, microtubule organization, and membrane-

potential sensing genes work together to regulate mitochondrial movement during 

early embryogenesis? 

Are proteins associated with P granules players in mitochondrial sorting? Further 

studies need to be done in mutants involved more specifically in P granule sorting, 

including mutant analysis of the P granule associated proteins: the RGG-domain proteins 

PGL-1 and PGL-2, and the DEAD-box proteins GLH1-4 [83,84,152,198]. Do other 

alleles of pink-1 have a stronger effect? Future studies need to be done to examine how 

loss of PINK-1 affects various parameters of polarity establishment, including TMRE 

analysis of a stronger pink-1 allele. 

 

L1 DIAPAUSE 

What is responsible for turning off mitochondria during embryogenesis? 

 What players are involved in the shutting down of mitochondria in the PGC 

starting at the four-cell stage? Are those same players responsible for the maintenance of 

mitochondrial quiescence throughout embryogenesis? The IIS pathway, which shows a 

role for the maintenance of nuclear quiescence during L1 arrest [82,161,163–165], is 

likely to be involved in this process and should be studied. 
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Do AAK-2, DAF-2, and DAF-18 all regulate germline mitochondrial activity 

through a common pathway? 

 Analysis of cell cycle arrest in the PGCs during L1 arrest show a requirement for 

DAF-2 and DAF-18 with no dependence on DAF-16 [165], similarly to our results for 

regulation of mitochondrial quiescence during L1 arrest. Double mutant analysis needs to 

be done to determine if the genes responsible for mitochondrial quiescence are acting in a 

common pathway that is known to regulate L1-diapause associated cell cycle arrest in the 

germline. 

 

MTDNA QUALITY CONTROL IN AGING 

Why is aging associated with accumulation of mutant mtDNA and how are mutant 

mtDNA differently regulated in long-lived mutants?  

Does aging cause the accumulation, or does the accumulation cause aging? These 

results do not give direct answers to these questions, and more studies need to be done to 

determine the causality linking these aging and mutant mtDNA accumulation. Further 

analysis of the age-1 and vhl-1 genes needs to be done to see if their lack of control on 

the fractional abundance of uaDf5 is an allele-specific effect, or if some long-lived 

mutants do not act on mtDNA quality control, suggesting the link between lifespan and 

mtDNA quality control is not as global as our other results suggest.  

How it is that the independent lifespan regulation pathways act on mutant mtDNA 

has yet to be determined. Perhaps the pathways all converge on a global mitochondrial 

stress response pathway such as mitophagy. Further studies need to be done to determine 

what this common mtDNA quality control system, and likely candidates include 

mitochondrial fission/fusion [68,70,108], mitophagy [71,72,115], and the mitochondrial 



 
 

176 

unfolded protein response (UPRMT; [75–80]) which are known to act in mtDNA quality 

control. 

How mutant mtDNA results in an improvement in organismal health is a question 

of great interest. Perhaps in a cep-1 background, the presence of mutant mtDNA activates 

stress response pathways in a way that increases general quality control pathways to a 

level that is actually beneficial to the organism. Further analysis needs to be done to 

dissect how it is that mutant mtDNA triggers various quality control pathways in 

lifespan-associated mutants in order to more thoroughly understand these dynamics of 

stress-response pathways and developmental fidelity. 

 

What mechanisms results in mutant mtDNA removal between mother and 

offspring? 

Narrowing down the window in which this cleanup occurs will lead to a better 

understanding of which processes are involved in the cleanup of mtDNA that I have 

observed between mother and offspring. To determine the level of cleanup occurring 

during the process of embryogenesis, analysis of different staged embryos needs to be 

done. Additionally, analysis of the fractional abundance in dead embryos will reveal how 

much of the decrease observed between mother and offspring is due to culling at the 

organismal level. 

 

THE ROLE OF GERMLINE PCD IN MTDNA QUALITY CONTROL 

Is germline PCD indeed acting in mtDNA quality control? 

Why ced-4 mutants do not have an increased fractional abundance of uaDf5 may 

be explained by the fact that it has roles outside of PCD [207,208], and those alternative 
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roles may act to reduce mtDNA quality control. Why certain alleles of ced-3 (n718 and 

n2454) do not show increased fractional abundance of uaDf5 is immediately unclear, 

since the nature of the mutations and their presumed impact on CED-3 function do not 

distinguish them from the two alleles (n717 and n1286) that did increase the fractional 

abundance of uaDf5 [206]. Further molecular analysis of the nature of the alleles needs to 

be done to determine the reason behind this. Analysis of the csp-1 single mutant needs to 

be done to clarify the extent of its role. Mutations in the ced-13 gene result in a large 

increase in the fractional abundance of uaDf5, supporting the claim that it is germline-

specific PCD, and not developmental PCD, that acts in mtDNA quality control. To 

further bolster this claim, egl-1 mutants need to be analyzed, and are expected to have no 

effect on the fractional abundance of uaDf5. 

Although the increased fractional abundance of uaDf5 seen in the engulfment 

mutants supports the idea that PCD is acting in mitochondrial quality control, these 

results could also be reflective of the potential role of a recently discovered process called 

“endodermal cannibalism” [87]. This discovery was made in C. elegans embryos and 

details an event in which the germline progenitor cells (PGCs) pinch off a lobe that is 

roughly half the size of the cell - notably composed majorly of mitochondria - and that 

lobe then undergoes scission and is degraded by the surrounding endodermal cells. This 

endodermal cannibalism process happens about midway through embryogenesis, after the 

P4 cell has further divided to produce the 2 primordial germ cells (PGCs) Z2 and Z3 

[196]. This cannibalism event is dependent on the dual actions of LST4/SNX9 and CED-

10/RAC, which has mostly been recognized as a major downstream player in cell corpse 

engulfment following apoptosis [92,180–182]. LST4 and CED10 regulate dynamin and 

actin dynamics for the successful constriction and scission of the lobe. There are several 



 
 

178 

things that are removed in these excised lobes, including P granules, but it seems that the 

majority of the material is actually mitochondria. This seems like a likely quality control 

step for the developing organism to remove any deleterious genomes from the germline, 

since it occurs right after the bottleneck, when there is a reduced population of 

mitochondria, and right before the massive uptick in replication that is due to happen 

[106,107]. Our ced-10 results may therefore be the result of inhibition of endodermal 

cannibalism rather than cell corpse engulfment, and further studies using temperature 

sensitive mutants need to be done to narrow down the developmental time window at 

which CED-10/RAC is acting in mtDNA quality control. 

 

INVESTIGATION OF THE IGE 

What is the developmental time, tissue, and age-dependence of uaDf5 removal after 

the IGE? 

 In order to determine the precise mechanisms through which the IGE is occurring, 

investigation of the developmental time in which the removal is occurring must be done. 

Is the process only occurring during embryogenesis, larval development, or adulthood, or 

is it happening continuously throughout development? Answering this question will 

narrow down the list of possible mechanisms. Additionally, examination of the rate of 

removal in individual tissues will help elucidate the removal process. 

 

What is the generality of the IGE response? 

The impressive removal of uaDf5 has huge implications in the field of 

mitochondrial disease research, and the generality of the phenomenon needs to be 

investigated. Is this removal phenotype specific to uaDf5, or does it act on all mtDNA 
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mutants? Does the size of the deletion matter, or influence the rate of removal? Does the 

location of the deletion or the nature of the resulting truncated proteins matter, suggesting 

the UPRMT may play a crucial role in the IGE process? There are a set of mtDNA point 

mutation strains, deletion strains that vary in size and location around the genome, and a 

mtDNA duplication strain that is larger than WT-mtDNA, and studies of the IGE in those 

strains will give insight into the mtDNA requirements for the removal phenotype [212].  

Additionally, it is of probing interest as to whether the IGE is an allele-specific 

phenomenon, and to answer this, analysis needs to be done with alternate alleles of pink-1 

and ced-13. 

 

Is the IGE triggered by loss of mitophagy and PCD, or are we uncovering 

noncanonical actions of PINK-1 and CED-13 in the paternal lineage? 

How is this IGE-associated removal of mutant mtDNA occurring? One possibility 

is that the paternal mitochondria are licensed to survive following the IGE, instead of 

being rapidly degraded as is the case during normal fertilization [45,47,211]. It is unlikely 

that the males used in the IGE still contain uaDf5 since the pink-1(w46);ced-13(tm536) 

nuclear background has been shown to result in rapid removal of uaDf5. If this is true, 

then the males used in the IGE only contain WT-mtDNA, and perhaps something about 

the pink-1(w46);ced-13(tm536) background marks the male mitochondria in a way that 

they are not degraded after fertilization and end up repopulating the resulting progeny in 

a transgenerational manner.  

Another interesting hypothesis is that the males need to be “primed” with uaDf5 

in order to observe the IGE. Perhaps even after uaDf5 is completely removed, there is a 

memory of uaDf5 left in the paternal epigenetic landscape which makes it highly efficient 
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at removal if uaDf5 is encountered again, similarly to an immune response. If the male 

line has never “seen” uaDf5, will the IGE still occur? Further studies need to be done to 

determine both the paternal and maternal requirements for the IGE-associated removal 

phenotype. Additionally, transcription profiling will offer insights into which pathways 

are modulated in response to the IGE. 

 

Does the IGE require mitochondrial fission for the removal phenotype? 

The specific amplification of WT-mtDNA followed by the selective removal of 

uaDf5 suggests that the cell is more capable of discriminating between uaDf5 and WT-

mtDNA by the F2 generation. A possible mechanism for better discrimination is that of 

mitochondrial fission (Fig. 5.2) [68,108,115]. If the mitochondrial network undergoes 

global fission, the mtDNA molecules are then divided up into individual mitochondria, 

which would better allow the cellular machinery to differentially act on the different 

alleles. Mitochondria containing WT-mtDNA would presumably have a robust 

membrane potential and wouldn’t be leaky due to intact MRC machinery, and those 

mitochondria would be the only ones taking up replication machinery, resulting in 

increased WT-mtDNA copy number. Mitochondria containing uaDf5 mtDNA would 

have diminished membrane potential  and may be leaky due to dysfunctional MRC 

machinery, which could inhibit the import of replication machinery. The mitophagic 

removal of mitochondria exhibiting a low membrane potential would normally happen in 

a PINK-1-dependent manner, but seeing as there is no functional PINK-1 in a fraction of 

the lines that have the rapid removal phenotype, the removal of uaDf5-containing 

mitochondria must occur through some other mechanism. Further studies need to be done 

to elucidate if mitochondrial fission is indeed a mechanism through which the IGE results 
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in removal of uaDf5, and to uncover how a PINK-1-independent removal process 

proceeds. 

 

Is WT-mtDNA amplification a necessary step for the IGE to remove defective 

mtDNA? 

 What happens to the removal capacity of the IGE if WT-mtDNA amplification is 

inhibited? Would the inhibition affect the rate or completely inhibit the removal of 

uaDf5? To answer this question, the dynamics of uaDf5 removal need to be analyzed in 

animals treated with ethidium bromide (EtBr; [225]) or RNAi against POLG (the mtDNA 

polymerase [1,226]), which both inhibit mtDNA replication [107,227–230]. It would be 

curious to find that WT-mtDNA replication is necessary and suggests that the IGE 

process is more dependent on clonal expansion of specific mtDNA rather than selective 

removal of uaDf5. 

 

Does the IGE antagonize the UPRMT? 

 The stability of uaDf5 has been associated with the activity of the UPRMT  

[78,80], and thus it would be of interest to see if the UPRMT is actually inhibited after the 

IGE. Analysis of the removal capacity after the IGE in the atfs-1 gain-of-function mutant, 

which results in constitutive activity of the UPRMT, will give insights into whether the 

activity of the UPRMT is a crucial component of the IGE-associated removal phenotype. 
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Is the transgenerational removal of uaDf5 following the IGE transmitted through 

the nucleus, the mitochondrion, or the cytoplasm? 

 Have I indeed found an epigenetic state that results in increased mtDNA quality 

control? If so, at what level in the cell are the epigenetics occurring? Is this a case of 

traditional nuclear epigenetics [231–235], or have I found epigenetic control at the 

mitochondrial level [236–239], or even the cytoplasmic level? Epigenetic analysis of the 

chromatin structure needs to be performed, as well as mutational analysis of epigenetic 

regulators. Another question that is raised is why do only a fraction of the lines exhibit 

the removal phenotype following the IGE? Is there a dosage dependency, perhaps of a 

cytoplasmic component, or is there a threshold effect in which the rapid removal is 

observed as soon as either the fractional abundance of uaDf5, or the copy number of 

uaDf5, gets below a certain level? Further analysis of the lines that do not exhibit the 

rapid removal phenotype will give some insight here. Perhaps if given a few more 

generations, all of the lines following the IGE will eventually eliminate uaDf5. 
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FIGURES 

Figure 1 

 

Figure 1. Mitochondrial dynamics during early development. Diagram outlining the 

dynamics of the regulation of mitochondrial activity throughout early development, 

starting at the one-cell embryo and extending through to the first larval state L1. 

Mitochondrial activity is high at the one-cell stage such that mitochondria can be sorted 

between the PGC and soma, then they enter a state of quiescence at the four-cell stage 

that lasts throughout embryogenesis. Upon hatching, mitochondria remain quiescent in a 

DAF-18, DAF-2, and AAK-2 dependent manner until food is available, after which they 

turn on their activity.  
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Figure 2:  

 
 
Figure 2. Proposed model of the IGE-associated removal mechanism. Diagram of our 

proposed model in which the IGE results in global mitochondrial fission, thus allowing 

for mitochondria containing WT-mtDNA to import replication machinery, followed by 

mitochondria containing uaDf5-mtDNA to be selectively degraded in a PINK-1-

independent manner.  
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APPENDIX 

Additional studies in C. elegans: mtDNA quality control 
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A1. Strain Table 

Strain Genotype Paternal Maternal Ch. Strain Genotype Strain Genotype 
CB1370 daf-2(e1370) - - - - 2, 4 
CB1375 daf-18(e1375) - - - - 2, 4 
CB3886 par-2(e2030ts) - - - - 2 
CF1038 daf-16(mu86) - - - - 2, 4 
DR1572 daf-2(e1368) - - - - 2, 4 
DR1574 daf-2(e1391) - - - - 2, 4 
EU856 spd-5(or213) - - - - 2 
FX536 ced-13(tm536) - - - -  

JH2320 

axIs1677 [pie-
1p::GFP::histone 
H2B::pgl-1 3’UTR 
+unc-119(+)] 

- - - - 2 

JK1667 par-4(it57)ts - - - - 2 

JR2669 daf-18(ok480) N2 (2x) wildtype RB712 daf-
18(ok480) 2, 4 

JR3298 pink-1(tm1779) N2 (5x) wildtype FX017
79 

pink-
1(tm1779) 

2 

JR3335 pink-1(ok3538) N2 (3x) wildtype RB254
7 

pink-
1(ok3538) 

2 

JR3487 uaDf5 N2 wildtype LB138 him-
8(e1489); 
uaDf5 

 

JR3630 uaDf5 N2 (8x) wildtype JR3487 uaDf5 all 
JR3634 ced-3(n717); uaDf5 MT1522 ced-3(n717) JR3630 uaDf5 

 

JR3648 edIs20[F25B3.3::G
FP; pRF4]; him-
8(e1489); uaDf5 

JR797 edIs20[F25B
3.3::GFP; 
pRF4]; him-
8(e1489) 

JR3630 uaDf5 
 

JR3680 myo-
3p::TOM20::mRFP
; uaDf5 

PS6192 myo-
3p::TOM20::
mRFP 

JR3630 uaDf5 
 

JR3688 pink-1(tm1779); 
uaDf5 

JR3298 pink-
1(tm1779) 

JR3630 uaDf5 3 

JR3880 ced-3(n717); uaDf5 MT1522 ced-3(n717) JR3630 uaDf5 3 
JR3925 ced-4(n1162); 

uaDf5 
MT2547 ced-4(n1162) JR3630 uaDf5 3 

JR3926 ced-10(n1993); 
uaDf5 

MT5013 ced-
10(n1993) 

JR3630 uaDf5 3 

JR3927 ced-10(n1993); 
uaDf5 

MT5013 ced-
10(n1993) 

JR3630 uaDf5 3 

JR3928 ced-10(n1993); 
uaDf5 

MT5013 ced-
10(n1993) 

JR3630 uaDf5 3 
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JR3929 atfs-1(tm4525); 
uaDf5 

TM4525 atfs-
1(tm4525) 

JR3630 uaDf5 3 

JR3930 atfs-1(tm4525); 
uaDf5 

TM4525 atfs-
1(tm4525) 

JR3630 uaDf5 3 

JR3931 ced-4(n1162); 
uaDf5 

MT2547 ced-4(n1162) JR3630 uaDf5 3 

JR3932 ced-4(n1162); 
uaDf5 

MT2547 ced-4(n1162) JR3630 uaDf5 3 

JR3937 atfs-1(et15); uaDf5 QC115 atfs-1(et15) JR3630 uaDf5 3 
JR3938 ced-3(n2454); 

uaDf5 
MT8354 ced-3(n2454) JR3630 uaDf5 3 

JR3941 glp-1(q231ts); 
uaDf5 

JK530 glp-1(q231ts) JR3630 uaDf5 4 

JR3942 glp-1(q231ts); 
uaDf5 

JK530 glp-1(q231ts) JR3630 uaDf5 4 

JR3948 daf-2(m41); uaDf5 DR1564 daf-2(m41) JR3630 uaDf5 4 
JR3949 fem-3(q20ts); 

uaDf5 
JK816 fem-3(q20ts) JR3630 uaDf5 4 

JR3950 fem-3(q96ts); 
uaDf5 

JK1973 fem-3(q96ts) JR3630 uaDf5 4 

JR3955 ced-13(sv32); 
uaDf5 

MD792 ced-13(sv32) JR3630 uaDf5 3 

JR3956 ced-13(sv32); 
uaDf5 

MD792 ced-13(sv32) JR3630 uaDf5 3 

JR3957 pink-1(w46); uaDf5 JR3879 pink-1(w46) JR3630 uaDf5 3 
JR3958 pink-1(w46); uaDf5 JR3879 pink-1(w46) JR3630 uaDf5 3 
JR3959 daf-2(e1370); 

uaDf5 
CB1370 daf-2(e1370) JR3630 uaDf5 4 

JR3960 daf-2(e1370); 
uaDf5 

CB1370 daf-2(e1370) JR3630 uaDf5 4 

JR3961 dyn-1(ky51ts); 
uaDf5 

CX51 dyn-
1(ky51ts) 

JR3630 uaDf5 
 

JR3962 dyn-1(ky51ts); 
uaDf5 

CX51 dyn-
1(ky51ts) 

JR3630 uaDf5 
 

JR3963 daf-2(e1391); 
uaDf5 

DR1574 daf-2(e1391) JR3630 uaDf5 4 

JR3964 daf-2(e1391); 
uaDf5 

DR1574 daf-2(e1391) JR3630 uaDf5 4 

JR3965 glp-4(bn2ts); uaDf5 SS104 glp-4(bn2ts) JR3630 uaDf5 4 
JR3966 glp-4(bn2ts); uaDf5 SS104 glp-4(bn2ts) JR3630 uaDf5 4 
JR3972 ced-1(e1735); 

uaDf5 
CB3203 ced-1(e1735) JR3630 uaDf5 3 

JR3973 ced-1(e1735); 
uaDf5 

CB3203 ced-1(e1735) JR3630 uaDf5 3 

JR3974 ced-5(n1812); 
uaDf5 

MT4434 ced-5(n1812) JR3630 uaDf5 3 
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JR3975 ced-5(n1812); 
uaDf5 

MT4434 ced-5(n1812) JR3630 uaDf5 3 

JR3976 ced-13(tm536); 
uaDf5 

FX536 ced-
13(tm536) 

JR3630 uaDf5 3 

JR3977 ced-3(n1286); 
uaDf5 

MT3002 ced-3(n1286) JR3630 uaDf5 3 

JR3978 ced-2(e1752); 
uaDf5 

CB3257 ced-2(e1752) JR3630 uaDf5 3 

JR3979 cep-1(gk138); 
uaDf5 

VC172 cep-1(gk138) JR3630 uaDf5 3, 4 

JR3980 cep-1(gk138); 
uaDf5 

VC172 cep-1(gk138) JR3630 uaDf5 3, 4 

JR3981 csp-1(tm917); ced-
3(n717); uaDf5 

JR3196 csp-
1(tm917); 
ced-3(n717) 

JR3880 ced-3(n717); 
uaDf5 

3 

JR3982 csp-1(tm917); ced-
3(n717); uaDf5 

JR3196 csp-
1(tm917); 
ced-3(n717) 

JR3880 ced-3(n717); 
uaDf5 

3 

JR3983 ced-3(n718); uaDf5 MT1743 ced-3(n718) JR3630 uaDf5 3 
JR3984 ced-3(n718); uaDf5 MT1743 ced-3(n718) JR3630 uaDf5 3 
JR3986 csp-2(tm3077); 

uaDf5 
JR3397 csp-

2(tm3077) 
JR3630 uaDf5 3 

JR3987 csp-2(tm3077); 
uaDf5 

JR3397 csp-
2(tm3077) 

JR3630 uaDf5 3 

JR3992 clk-1(qm30); uaDf5 MQ130 clk-1(qm30) JR3630 uaDf5 3, 4 
JR3993 clk-1(qm30); uaDf5 MQ130 clk-1(qm30) JR3630 uaDf5 3, 4 
JR3995 daf-16(mu86); 

uaDf5 
CF1038 daf-

16(mu86) 
JR3630 uaDf5 4 

JR3996 daf-16(mu86); 
uaDf5 

CF1038 daf-
16(mu86) 

JR3630 uaDf5 4 

JR3997 daf-16(mgDf50); 
uaDf5 

GR1307 daf-
16(mgDf50) 

JR3630 uaDf5 4 

JR3998 daf-16(mgDf50); 
uaDf5 

GR1307 daf-
16(mgDf50) 

JR3630 uaDf5 4 

JR4001 ced-10(n3246); 
uaDf5 

MT9958 ced-
10(n3246) 

JR3630 uaDf5 3 

JR4002 ced-10(n3246); 
uaDf5 

MT9958 ced-
10(n3246) 

JR3630 uaDf5 3 

JR4003 age-1(hx546); 
uaDf5 

TJ1052 age-1(hx546) JR3630 uaDf5 4 

JR4004 age-1(hx546); 
uaDf5 

TJ1052 age-1(hx546) JR3630 uaDf5 4 

JR4005 daf-16(mu86); daf-
2(e1370); uaDf5 

CF1038 daf-
16(mu86) 

JR3960 daf-
2(e1370); 
uaDf5 

4 
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JR4006 daf-16(mu86); daf-
2(e1370); uaDf5 

CF1038 daf-
16(mu86) 

JR3960 daf-
2(e1370); 
uaDf5 

4 

JR4007 daf-16(mu86); daf-
2(e1391); uaDf5 

CF1038 daf-
16(mu86) 

JR3963 daf-
2(e1391); 
uaDf5 

4 

JR4008 daf-16(mu86); daf-
2(e1391); uaDf5 

CF1038 daf-
16(mu86) 

JR3963 daf-
2(e1391); 
uaDf5 

4 

JR4010 ced-1(e1735); ced-
2(e1752); uaDf5 

JR3972 ced-
1(e1735); 
uaDf5 

JR3978 ced-
2(e1752); 
uaDf5 

3 

JR4011 aak-2(ok524); 
uaDf5 

RB754 aak-2(ok524) JR3630 uaDf5 4 

JR4012 aak-2(gt33); uaDf5 TG38 aak-2(gt33) JR3630 uaDf5 4 
JR4013 aak-2(gt33); uaDf5 TG38 aak-2(gt33) JR3630 uaDf5 4 
JR4014 vhl-1(ok161); 

uaDf5 
CB5602 vhl-1(ok161) JR3630 uaDf5 4 

JR4015 vhl-1(ok161); 
uaDf5 

CB5602 vhl-1(ok161) JR3630 uaDf5 4 

JR4016 cep-1(gk138); ced-
3(n1286); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3977 ced-
3(n1286); 
uaDf5 

3 

JR4017 ced-4(n1894); 
uaDf5 

MT5287 ced-4(n1894) JR3630 uaDf5 3 

JR4024 daf-16(mu86); daf-
2(m41); uaDf5 

CF1038 daf-
16(mu86) 

JR3948 daf-2(m41); 
uaDf5 

4 

JR4025 daf-16(mu86); daf-
2(m41); uaDf5 

CF1038 daf-
16(mu86) 

JR3948 daf-2(m41); 
uaDf5 

4 
 

ced-9(n1950); 
uaDf5 

MT4770 ced-9(n1950) JR3630 uaDf5 3 

JR4027 ced-9(n1950); 
uaDf5 

MT4770 ced-9(n1950) JR3630 uaDf5 3 

JR4029 pdr-1(gk448); 
uaDf5 

VC1024 pdr-1(gk448) JR3630 uaDf5 3 

JR4030 pdr-1(gk448); 
uaDf5 

VC1024 pdr-1(gk448) JR3630 uaDf5 3 
 

cep-1(gk138); pink-
1(w46); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3957 pink-1(w46); 
uaDf5 

3 

JR4035 cep-1(gk138); pink-
1(w46); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3957 pink-1(w46); 
uaDf5 

3 

JR4042 cep-1(ep347); 
uaDf5 

CE1255 cep-1(ep347) JR3630 uaDf5 3 

JR4043 cep-1(ep347); 
uaDf5 

CE1255 cep-1(ep347) JR3630 uaDf5 3 
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JR4048 pdr-1(gk448); ced-
13(tm536); uaDf5 

VC1024 pdr-1(gk448) JR3976 ced-
13(tm536); 
uaDf5 

3 

JR4049 pdr-1(gk448); ced-
13(tm536); uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR4029 pdr-
1(gk448); 
uaDf5 

3 

JR4053 cep-1(gk138); daf-
2(e1370); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3960 daf-
2(e1370); 
uaDf5 

4 

JR4054 cep-1(gk138); daf-
2(e1370); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3960 daf-
2(e1370); 
uaDf5 

4 

JR4055 ced-13(tm536); 
ced-4(n1126); 
uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3925 ced-
4(n1162); 
uaDf5 

3 

JR4056 ced-13(tm536); 
ced-4(n1126); 
uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3925 ced-
4(n1162); 
uaDf5 

3 

JR4057 ced-13(tm536); 
ced-3(n1286); 
uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3977 ced-
3(n1286); 
uaDf5 

3 

JR4058 ced-13(tm536); 
ced-3(n1286); 
uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3977 ced-
3(n1286); 
uaDf5 

3 

JR4059 clk-1(qm30); daf-
2(e1391); uaDf5 

MQ130 clk-1(qm30) JR3963 daf-
2(e1391); 
uaDf5 

4 

JR4060 clk-1(qm30); daf-
2(e1391); uaDf5 

JR3963 daf-
2(e1391); 
uaDf5 

JR3993 clk-1(qm30); 
uaDf5 

4 

JR4061 cep-1(gk138); pdr-
1(gk448); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR4029 pdr-
1(gk448); 
uaDf5 

3 

JR4062 cep-1(gk138); pdr-
1(gk448); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR4029 pdr-
1(gk448); 
uaDf5 

3 

JR4065 pdr-1(gk448); pink-
1(w46); uaDf5 

VC1024 pdr-1(gk448) JR3957 pink-1(w46); 
uaDf5 

3 

JR4066 pdr-1(gk448); pink-
1(w46); uaDf5 

VC1024 pdr-1(gk448) JR3957 pink-1(w46); 
uaDf5 

3 

JR4067 ced-13(tm536); 
pink-1(w46); uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3957 pink-1(w46); 
uaDf5 

3 

JR4068 ced-13(tm536); 
pink-1(w46); uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3957 pink-1(w46); 
uaDf5 

3 
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JR4069 ced-13(tm536); 
cep-1(gk138); 
uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

3 

JR4070 ced-13(tm536); 
cep-1(gk138); 
uaDf5 

JR3976 ced-
13(tm536); 
uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

3 

JR4071 cep-1(gk138); clk-
1(qm30); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3993 clk-1(qm30); 
uaDf5 

4 

JR4073 cep-1(gk138); clk-
1(qm30); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3993 clk-1(qm30); 
uaDf5 

4 

JR4074 cep-1(gk138); daf-
2(e1391); uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

JR3963 daf-
2(e1391); 
uaDf5 

4 

JR4075 cep-1(gk138); daf-
2(e1391); uaDf5 

JR3963 daf-
2(e1391); 
uaDf5 

JR3979 cep-
1(gk138); 
uaDf5 

4 

JR4076 daf-2(e1391); ced-
3(n1286); uaDf5 

JR3963 daf-
2(e1391); 
uaDf5 

JR3977 ced-
3(n1286); 
uaDf5 

4 

KK237 par-3(e2074) - - - - 2 
KK299 par-5(it55) - - - - 2 
KK818 par-6(zu222) - - - - 2 
KK822 par-1(zu310ts) - - - - 2 
LSJ1 wildtype - - - - 2 
MQ130 clk-1(qm30) - - - - 2, 4 
MR507 aak-2(rr48) - - - - 2, 4 
MT1299
3 mir-71(n4115) - - - - 2 

MT1522 ced-3(n717) - - - - 2 
MT3002 ced-3(n718) - - - - 2 
RB754 aak-2(ok524) - - - - 2, 4 
TG38 aak-2(gt33) - - - - 2, 4 
VC172 cep-1(gk138) - - - - 4 
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A2. Illumina as a technique to measure mtDNA heteroplasmy  

 

INTRODUCTION 

 In order to better characterize the consequences of uaDf5, we wanted to determine 

if the uaDf5 strain has excess levels of general heteroplasmy (increased number of SNPs 

across the mtDNA genome). To do this we utilized Illumina sequencing to quantify 

heteroplasmies. We did 3 separate runs and got varying results from all runs. However, 

our third run revealed that the strain containing uaDf5 has a 1 base pair deletion at 

position 6752 in the nduo-4 gene, which results in premature truncation of the ND4 

protein. 

 

RESULTS AND FIGURES 

A. Initial Illumina run reveals that uaDf5 (green) has greatly increased frequency of 

SNPs across the entire mtDNA genome as compared to wildtype (red). Frequency 

of each SNP is represented on the y axis, location along the mtDNA genome is 

indicated on the x axis. 
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B. The second run shows that uaDf5 strain only has an increased number of SNPs as 

compared to wildtype (red) if grown for 12 generations with no starvation (green), 

suggesting starvation results in cleanup of mtDNA SNPs. showed higher numbers 

of low frequency SNPs across both wildtype (red) and uaDf5 (1 generation post-

starvation = blue; 12 generations post-starvation = green) strains. SNP calling, 

shown in the second figure, shows that the sample grown for 16 generations has a 

greatly increased frequency of SNPs (indicated as the black lines along the x 

axis). The effects of those called SNPs are tabulated in the third image and the 

table at the end. 
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Sample Total # 
SNPs 

# Silent # Amino Acid 
substitution 

# tRNA # rRNA 

N2- F1 30 2 9 19 0 
uaDf5 – F1 39 4 7 28 0 
uaDf5- F12 598 71 349 (24 stop) 79 75 
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C. Our third run revealed low levels of SNP frequency in all samples analyzed. The 

first image shows N2 results, with starved samples on top and fed samples on 

bottom. The second image shows uaDf5 results, with starved samples on top and 

fed samples on bottom. The third image shows the called SNPs in all strains 

analyzed, and these results show no correlation between starvation and 

heteroplasmy frequencies. However, analysis of a 1 base pair deletion at base 

position 6752 shows it is specific to uaDf5 samples (shown in the fourth image). 

The fifth image shows our analysis of this SNP in a strain containing a pink-1 

mutation (pink-1(tm1779)), and shows that both the uaDf5 deletion and deletion at 

position 6752 was represented by ~70% of reads, suggesting the two deletions are 

linked on the same mtDNA chromosome. 
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Sample Total # 
SNPs 

#  SNPs 
before 
strand 
bias 

# 
Silent 

# Amino 
Acid 
substitution 

# 
tRNA 

# 
rRNA 

N2-F1 fed A 2 4 (31) 2 0 0 0 
N2-F1 starved B 2 5 (45) 2 0 0 0 
uaDf5-F1 fed A 2 3 (52) 2 0 0 0 
uaDf5-F1 
starved B 

3 5 (25) 3 0 0 0 

N2-F10 starved 
A 

2 4 (20) 2 0 0 0 

N2-F10 starved 
B 

2 6 (15) 2 0 0 0 

uaDf5-F10 
starved A 

3 7 (21) 3 0 0 0 

uaDf5-F10 
starved B 

2 3 (34) 2 0 0 0 

N2-F13 F->S A 2 5 (19) 2 0 0 0 
N2-F13 F->S B 2 6 (13) 2 0 0 0 
uaDf5-F13 F->S 
A 

3 3 (26) 3 0 0 0 

uaDf5-F13 F->S 
B 

2 6 (18) 2 0 0 0 

N2-F10 fed A 2 3 (33) 2 0 0 0 
N2-F10 fed B 2 5 (16) 2 0 0 0 
uaDf5-F10 fed A 3 3 (20) 3 0 0 0 
uaDf5-F10 fed 
B*** 

2 2 (198) 2 0 0 0 

uaDf5-F17 
fed*** 

2 2 (148) 2 0 0 0 
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EXPERIMENTAL PROCEDURES 

WT-mtDNA (N2) and uaDf5-containing strains (LB138, JR3630, and JR3688) 

were used for Illumina analysis. 20 large confluent plates were used for each strain. 

Worms were collected off the plates and a mitochondrial isolation followed by a DNA 

extraction was performed. The resulting DNA sample was prepped using the Nextera 

library kit and was then run on the Illumina NextSeq 500 using the 300 cycle Mid-output 

kit with paired end reads (2x150). The corresponding reads were mapped to the C. 

elegans assembly reference sequence WBcel235. The reads were first trimmed using 

Trimmomatic before being mapped to the reference sequence using BWA. Picard Tools 

was used to sort the sam files giving a bam file output and then to mark and remove 

duplicates. The resulting bam files were merged, indexed and then converted to mpileup 

files using SamTools. SNP calling was done with the program VarScan, with a minimum 

coverage of 100 and a minimum variant frequency call of 0.01. 

  

w47 is on same chromosome as uaDf5

• Illumina: Pink-1;uaDf5 strain had mtDNA that was 
>75% uaDf5. w47 was also present at >75% 
frequency

• Gitschlag et al 2016: 
• uaDf5 maintained 
due to UPR
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A3. Development of a technique for generating heteroplasmic “transmitic” C. 

elegans 

 

INTRODUCTION 

 In order to determine if uaDf5 is maintained due to replicative advantage and acts 

as a true “selfish” DNA element, we generated a technique for making “transmitic” 

animals. To do this, we purified intact mitochondria from the uaDf5 strain, labeled them 

with MitoTracker Red as a co-injection marker, and injected them into adult gonads with 

wildtype mtDNA in order to introduce uaDf5 into the germline. We then imaged embryos 

laid from the injected hermaphrodites to see if any embryos successfully took up the 

injected uaDf5 mitochondria. We have shown that embryos do take up the introduced 

mitochondria, but we have not developed an efficient selection method to determine if 

any of the resulting lines amplify uaDf5 via this method. 
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RESULTS AND FIGURES 

A. Our proposed scheme for generating transmitic worms. If uaDf5 undergoes clonal 

expansion as a selfish DNA element, one would expect to see a large increase in 

the fractional abundance of uaDf5 following the generation of a transmitic worm. 

 

B. Imaging of MitoTracker-labeled injected mitochondria, in both uninjected and 

injected adult gonads and the resulting F1 embryos shows successful uptake of 

introduced mitochondria. 

 

 

Replicative advantage?
• Introgression of uaDf5

into wild isolate 
background
• Assumes N2 lost ability 

to adequately clear out 
deleterious mtDNA

• Mitochondrial 
injections

-uaDf5 allele
-wildtype allele

After x 
generations…

Injected gonads and embryos

• Would mito:GFP be 
better than using 
MitoTracker Red?
– “Leakage”
– How to purify GFP 

positive mitochondria-
flow cytometry?

• Pretreatment of LB138 
worms with EtBr to 
reduce the amount of 
endogenous mtDNA?
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EXPERIMENTAL PROCEDURES 

Mitochondrial Isolation 

Worms were collected from 20 large plates in M9 and after spinning down were 

resuspended in 10 ml ice-cold isolation buffer (IB: 210 mM Mannitol, 70 mM 

Sucrose, 0.1 mM EDTA pH 8.0, 5 mM Tris-HCl pH 7.4) with 1 mM PMSF 

(phenylmethanesulfonylfluoride). The worms were then homogenized with 30 strokes of 

a chilled 50 ml homogenizer. The homogenate was transferred to a 50 ml tube and the 

volume was increased to 20 ml with IB + PMSF. The samples were pelleted for 10 min at 

750g. The supernatant was transferred to a fresh 50 ml tube and the pellet was 

resuspended in 10 ml IB + PMSF and homogenized a second time with 30 more strokes 

of the homogenizer. The homogenate was transferred to a fresh 50 ml tube and the 

volume was increased to 20 ml with IB + PMSF and then spun down for 10 min at 750g. 

The supernatants were spun down for 10 min at 12,000 g at 4C. The resulting pellet was 

resuspended in 12 ml IB and then centrifuged for 10 min at 750g. The resulting 

supernatant was then centrifuged a second time at 12,000g for 10 min.  

 

Injections and imaging 

10 μM MitoTracker Red was added to the isolated mitochondrial solution and the 

resulting solution was loaded into a microinjection needle. Young adults were injected 

with the solution into the gonad and resulting embryos were collected 10 hours after 

injection for imaging on a Nikon Eclipse Ti. 
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A4. Fitness parameters of various mutants 

 

INTRODUCTION 

 In order to determine how uaDf5 affects various fitness parameters in various 

mutant backgrounds that we have shown act in mtDNA quality control, we measured 

brood size, embryonic lethality, unfertilized oocyte production, developmental rate, and 

lifespan.  

 

RESULTS 

A. Analysis of brood size shows that uaDf5 has no impact on ced-10 and ced-13 

mutants, with evidence of a small decline in ced-3 mutants. 
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B. Analysis of embryonic lethality shows that uaDf5 has no impact in ced-10 

mutants, a small increase in ced-3 mutants, and a large increase in ced-13 

mutants. 

 

 

C. Analysis of unfertilized oocyte production shows that uaDf5 has no impact on 

ced-10 and ced-3 mutants, with evidence of a small increase in ced-13 mutants. 
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D. Analysis of the number of hours it takes to reach gravidity shows that uaDf5 

slows developmental rate in ced-10 mutants, with no evidence of an impact in 

ced-3 mutants. 

 

 

E. Analysis of the developmental stage at 60 hours shows that uaDf5 has no impact 

on both ced-10 and ced-3 mutants. 
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F. Analysis of lifespan shows that uaDf5 has no impact on ced-10, ced-3, and ced-13 

mutants. 

 

 

 

EXPERIMENTAL PROCEDURES 

Lifespan analysis 

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

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

to day two adults before being egg prepped a second time and left to spin in M9 

overnight. The next morning, referred to as day one for lifespan determination, L1s were 

singled out onto small plates. Once the worms started laying eggs, they were transferred 

each day to a fresh small plate until egg laying ceased, after which the worms remained 

on the same plate unless bacterial contamination required transfer to a fresh plate. Worms 

were considered dead if there was no movement after being lightly prodded with a worm 

pick. 
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Brood size, embryonic lethality, and unfertilized oocytes analysis 

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

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

to day two adults before being egg prepped a second time and left to spin in M9 

overnight. The next morning, L1s were singled out onto small plates. Once the worms 

started laying eggs, they were transferred each day to a fresh small plate until egg laying 

ceased. The day after transfer to a fresh plate, unfertilized oocytes, unhatched embryos, 

and hatched larvae on the plate from the previous day were counted. This was done for 

each of the days of laying and the total of unhatched embryos and hatched larvae from all 

plates from a single worm were tabulated to determine total brood size. To determine 

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

brood size. To determine unfertilized oocyte percentage, the total number of unfertilized 

oocytes was divided by the total brood size. 

 

Developmental time analysis 

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

synchronization as has been previously described [199]. The hatched L1s were plated 

onto large thick plates and allowed to grow to day two adults before being egg prepped a 

second time and left to spin in M9 overnight. The next morning, L1s were singled out 

onto small plates. The stage of the worms was assayed every 12 hours for the first 72 

hours after plating.  
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A5. How mother’s age affects fitness 

 

INTRODUCTION 

 Our observation that uaDf5 increases in the germline as adults age led us to 

question if uaDf5-containing strains have larger fitness deficits in progeny born from 

older mothers. To answer this we measured brood size, embryonic lethality, unfertilized 

oocyte production, developmental rate, and lifespan. 

 

RESULTS AND FIGURES 

A. Analysis of brood size shows that the there is a decrease in brood size of progeny 

born from older mothers in strains containing uaDf5.  
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B. Analysis of embryonic lethality shows that the there is an increase in embryonic 

lethality in progeny born from older mothers in strains containing uaDf5.  

 

 

C. Analysis of unfertilized oocyte production shows that the there is a decrease in the 

production of unfertilized oocytes in progeny born from older mothers in strains 

containing uaDf5 as compared to wildtype.  
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D. Analysis of the hours it takes to reach gravidity shows that the there is a decreased 

developmental rate in progeny born from older mothers in strains containing 

uaDf5.  

 

 

E. Analysis of lifespan shows that the there is no impact on lifespan of progeny born 

from older mothers in strains containing uaDf5.  
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EXPERIMENTAL PROCEDURES 

Lifespan analysis 

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

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

to the appropriate aged adults (day 1- day 4) before being egg prepped a second time and 

left to spin in M9 overnight. The next morning, referred to as day one for lifespan 

determination, L1s were singled out onto small plates. Once the worms started laying 

eggs, they were transferred each day to a fresh small plate until egg laying ceased, after 

which the worms remained on the same plate unless bacterial contamination required 

transfer to a fresh plate. Worms were considered dead if there was no movement after 

being lightly prodded with a worm pick. 

 

Brood size, embryonic lethality, and unfertilized oocytes analysis 

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

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

to the appropriate aged adults (day 1- day 4) before being egg prepped a second time and 

left to spin in M9 overnight. The next morning, L1s were singled out onto small plates. 

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

until egg laying ceased. The day after transfer to a fresh plate, unfertilized oocytes, 

unhatched embryos, and hatched larvae on the plate from the previous day were counted. 

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

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

size. To determine embryonic lethality, the total number of unhatched embryos was 
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divided by the total brood size. To determine unfertilized oocyte percentage, the total 

number of unfertilized oocytes was divided by the total brood size. 

 

Developmental time analysis 

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

synchronization as has been previously described [199]. The hatched L1s were plated 

onto large thick plates and allowed to grow to the appropriate aged adults (day 1- day 4) 

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

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

every 12 hours for the first 72 hours after plating.  
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