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Abstract 

The Role of Meiotic Genes in Regulating Somatic Aging in C. elegans 

 

Julia Alison Loose, PhD.  

 

University of Pittsburgh, 2022 

 

 

 

Reproduction and longevity have a complex relationship due to the resources needed for 

procreation and somatic maintenance of an aging organism. There is evidence in many species that 

reproduction can be harmful to the health of the organism and detrimental for longevity. However, 

there is also evidence to suggest that reproduction can be advantageous beyond the evolutionary 

benefit of species propagation, and can improve maternal health and longevity. Many of these 

studies, especially in human populations, are strictly correlative and there is a lack of 

understanding of causation and mechanisms. We were interested in determining if the health of 

the germ line has a causative role in the overall health and aging of an organism. C. elegans have 

proven to be a powerful model system to study the biology of aging and reproduction. Here we 

utilized these strengths of C. elegans, to explore the relationship between germ line integrity and 

longevity. We discovered that multiple mutations in the germline-specific process of meiosis 

shorten the lifespan in C. elegans. In detailed analysis of three meiotic genes, HTP-3, a component 

of the synaptonemal complex, SPO-11, an enzyme functioning during double-strand break 

formation along with DSB-2, revealed that this lifespan shortening is also accompanied with 

accelerated aging and impaired healthspan of the animal. We found that these meiotic mutants 

shared their transcriptomic profiles with older C. elegans and the transcriptomes of aging human 

tissues, underscoring the role of these genes in controlling aging. Through mechanistic 

explorations, we identified somatic protein aggregation as a potential downstream target through 

which SPO-11 and HTP-3 impact aging. These results demonstrate that the integrity of the germ 
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line has a causative role in the maintenance of somatic aging and broaden our understanding of the 

relationship between reproduction and longevity. 
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1.0 Introduction 

With age, organisms accumulate damage and mechanisms have evolved to clear or repair 

damage. Over time, however, the repair mechanisms cannot compensate for the increased load of 

damage or the repair mechanisms themselves accumulate damage which eventually leads to 

dysfunction and results in aging. Additionally, aging is a risk factor for many diseases and life-

threatening conditions including cancer, neurodegeneration, and cardiovascular disease (1). It is 

predicted that by 2030, older people are going to outnumber children, and by 2050, there will be 

more people over the age of 60 than adolescents and young adults (10-24) (2). With increased life 

expectancy, there will only be more people living with these age-related diseases. Research 

targeted towards understanding the mechanisms of aging in model organisms has demonstrated 

that delaying aging can often delay the onset of age-associated diseases. Therefore, it is of great 

importance and interest to public health to further understand the mechanisms and relationships 

that impact aging as a method to combat many of these diseases.  

1.1 Classical theories of aging  

One of the first theories of the cause of aging was developed with the assumption that like 

machines, organisms degrade with use and time and eventually stop working. This premise formed 

the basis of the “Wear and Tear Theory of Aging”, posited by evolutionary biologist, August 

Weismann, in 1882 (3). Over the next few decades, there were multiple theories that focused on 
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the specific cause of aging as different contributors to the accumulation of damage. In 1942, Johan 

Bjorksten presented the “Cross-Linking Theory” that suggested that with age, proteins become 

crosslinked, which leads to slower functioning and eventually death. (4). Harman proposed the 

“Free Radical Theory of Aging” that suggested that the harmful side effects of metabolic by-

products, the free radicals, caused oxidative damage that led to aging (5). In 1972, Harman 

expanded this theory further, stating that mitochondria play a key role in both producing reactive 

oxygen species and serving as a target for the harmful effects of reactive oxygen. This led to the 

influential “Mitochondrial Free Radical Theory of Aging” (6). 

In 1952, Peter Medawar developed the “Accumulated Mutation Theory”, which suggested 

that there may be evolutionary selection for self-maintenance that declines with age (3). There is 

greater selective pressure for mutations that are deleterious in younger organisms, considering that 

the mutations would decrease fitness. But as animals age and are no longer reproducing, there 

would be less selective pressure against these deleterious mutations. This would imply that harmful 

mutations are likely to accumulate freely in older organisms, which then cause aging. George 

Williams published a theory in 1957, which expanded upon Medawar’s idea that there was no 

selective pressure on genes that negatively impact an organism in old age (7). His “Antagonistic 

Pleiotrophy Theory” posited that there is selection for genes which benefit early life but impair 

late life. Together, these ‘classical’ theories substantiated the concept that there must be an 

evolutionary trade-off during an animal’s lifetime between reproducing and living. 



 3 

 

1.1.1 The Disposable Soma Theory of Aging 

In 1979, Thomas Kirkwood and Robin Holliday developed the “Disposable Soma Theory 

of Aging” which builds upon the “Antagonistic Pleiotrophy Theory” with an emphasis on the 

energy involved in either reproduction or maintaining an aging organism through repair (8). This 

theory stated that in order for an organism to survive, it must repair and maintain against many 

extrinsic forces that are detrimental to survival, including predation, lack of resources, and 

environmental stress, while still combatting intrinsic damage. But to be evolutionarily successful, 

an organism must survive until it is able to reproduce. It would not be beneficial for an organism 

to continue to put resources into repair and maintenance at the disadvantage of its progeny, 

specifically during the post-reproductive phase of an organism’s life (8). This theory accepts that 

accumulation of cellular and molecular damage results in aging. However, there are limited 

resources that can be allocated either to maintaining the organism and repairing the damage that 

accumulates or to reproduction. Therefore, there are mechanisms in place that control aging 

through the allocation of resources into either repair of the soma, or through investment into 

reproduction (8). This theory also highlights the dichotomy between germ line and soma: that the 

germ line is immortal and passed on in a pristine state to the future generations, while the soma is 

mortal and accumulates age-related damage. This theory was highly influential in shaping the 

dogma about an antagonistic relationship existing between reproductive fitness and longevity. 
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1.2 The relationship between reproduction and aging  

The “Disposable Soma Theory of Aging” set up the seemingly simple, antagonistic 

relationship between fertility and longevity. Studies exploring this relationship have been 

conducted in laboratory animals, in nature and on human populations. The resulting evidence has 

provided support for the existence of trade-off. However, innumerable exceptions and contrary 

relationships have been observed that cannot be explained by simplistic trade-off between 

reproduction and aging. This relationship has been explored both as the impact of reproduction on 

aging and the opposite relationship of the impact of aging on reproduction. In the following 

sections, key studies in humans, mammals as well as model organisms are described to underscore 

the complexity of the reproduction-aging relationship.  

1.2.1 Antagonistic and beneficial relationships between reproduction and longevity  

The “Disposable Soma Theory of Aging” would suggest that organisms that reproduce 

have a shorter lifespan than their counterparts that do not have progeny. This hypothesis has been 

applied to different historical populations to better understand how reproduction, or the lack 

thereof, impacts aging. Kirkwood found that female longevity of a population of British Aristocrats 

was negatively correlated with the number of children a woman produced (9). However, this study 

has been criticized for its analytical methods (10). Later studies of other historical populations that 

try to answer the same question have resulted in mixed conclusions of no correlation, positive 

correlation or negative correlation between reproduction and longevity (10). Studies and reviews 

of historical populations from Gagnon et al., and Hurt et al., have found no association between 
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lifespan and number of children (11, 12). Many of these studies have focused on the trade-off of 

reproduction and longevity in women, but the “Disposable Soma Theory of Aging” has also been 

applied to men. Another group identified that in a population of Korean eunuchs, which was 

composed of a group of castrated men, the sterile men were found to have lived 14.4-19.1 years 

longer than non-castrated men of similar socio-economic status (13). Therefore, the analysis of 

historical populations resulted in differing opinions about reproduction’s effect on longevity.  

In addition to these analyses of historical data, modern populations have also been 

analyzed, including a study of women in England, Wales, and Austria that found having no 

children was in fact correlated with higher mortality (14). A study of women from England and 

Wales during the 20th century found that mortality and number of children resulted in a “U” shaped 

curve, in which women who have no children or more than five children had the highest rates of 

mortality (15). This study suggests that the physical strain of bearing more than five children may 

have a negative effect on mortality (15). However, it is worth noting that just comparing number 

of children to longevity does not always give a conclusive answer to the trade-off between 

reproduction and longevity. There are other factors, such as the cost of breastfeeding, raising the 

child, socioeconomic factors, and resources, that make much of this data difficult to interpret for 

a causative effect (16).  

The “Disposable Soma Theory of Aging” has been applied outside of human populations 

as well. Analysis of 30 species of mammals and birds in captivity determined that there was no 

relationship between number of offspring and longevity (17). Another study of 20 datasets of 

terrestrial vertebrates found that those with earlier age-at-first-procreation had faster senescence 

rates (18). These studies illustrate the complex, context-dependent links between reproduction and 

aging, but lack the causative evidence to suggest that there is a trade-off of resources.  
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1.2.2 Impact of the timing of reproduction on aging  

The relationship between reproduction and longevity has also been studied in the context 

of the timing of reproduction. The “Disposable Soma Theory of Aging” would suggest that an 

organism has either a long lifespan or a successful reproductive span (8). Many of the previous 

studies measured reproductive success by the number of progeny or the absence of progeny. 

Reproductive success can also be considered through the length of time of successful reproduction. 

Many studies in human populations have shown that early reproduction is detrimental to longevity, 

and that women who were able to bear children later in life had the highest post-reproductive 

survival (14, 15, 19-25). However, while there seems to be a benefit towards delayed reproduction 

in terms of mortality, there is still risk of pregnancy that is higher in very young or older mothers, 

including hypertension, preeclampsia, gestational diabetes, preterm birth, and post-partum 

hemorrhage (20). Also, while some studies find that mortality risk is decreased with delayed age-

at-first births, other studies find an increase in breast cancer risk that accompanies an increase in 

age-at-first birth (20). Similar to the controversy surrounding the previously mentioned 

conclusions about a trade-off between number of children and longevity, re-analysis of historical 

datasets has found no impact of age at first or last reproduction on longevity (26). Studies in model 

systems also present conflicting results on the relationship between lifespan and timing of 

reproduction. This question has been asked experimentally in the fruitfly, Drosophila 

melanogaster, in which selection for animals with longer reproductive spans resulted in isolation 

of strains with longer lifespan (27). Experiments that manipulated the timing of reproduction of 

the nematode Caenorhabditis elegans, through the use of sperm to mate with genetic females, 

found that early reproduction does not impact reproductive aging (28).  
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More recently, menopause has been utilized as an indicator for mortality risk as early 

menopause in women has been found to be associated with increased mortality risk in later life 

(29-33). Similarly, premature ovarian insufficiency has been linked to increased risk of 

cardiovascular disease and increased mortality rate (34). Early age at natural menopause has also 

been found to be associated with increased marks of epigenetic aging (35). Overall, evidence from 

these diverse areas of investigation have made clear that reproductive health and germline status 

impact somatic aging; however, it remains unclear as to what the extent is or through what 

mechanism(s). Many of these observations are correlative in nature and exemplify the difficulty 

in determining causality.  

1.2.3 Impact of mating and pregnancy on aging  

Some molecular hallmarks of aging can be observed in women during pregnancy or are 

prevalent in complications that arise due to pregnancy. Reactive oxygen species (ROS) can cause 

damage through creating DNA breaks, and this is combatted by antioxidant defense. With age, 

there can be a buildup of ROS. Similarly, the balance of ROS and antioxidants shifts during 

pregnancy and has been found to be associated with pre-eclampsia, hypertension and spontaneous 

abortion (36, 37). Inflammation also has a key role during aging, with immune activation beneficial 

at low levels, but chronic activation of the immune system, or ‘imflammaging’, causing cellular 

damage. Throughout pregnancy, there are major shifts to the immune profiles of women(38). 

Genetic and epigenetic observations have suggested that the number of pregnancies a women has 

correlates with a decrease in telomere length and an increase in markers of age-related DNA-

methylation (39).  
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Benefits and harmful side effects of mating have been also observed in both mammalian 

systems and invertebrate model organisms. Male mice release a pheromone that accelerates female 

puberty and can also increase body mass and stress responses (40, 41). Mating is detrimental to 

female D. melanogaster due to transfer of proteins in the male seminal fluid that shorten female 

longevity (42). In C. elegans, mating causes female shrinkage and a decrease in lifespan, in 

addition to onset of aging features, including slowed movement, increase in paralysis, and a decline 

in tissue structure (43, 44). It was recently discovered that young C. elegans are protected from 

the harmful effects by self-sperm and this protective mechanism functions in other Caenorhabditis 

species as well (45). In worms, the harmful side effects of mating were found to originate from 

both the seminal fluid from the males as well as the pheromones released by the males (43, 44). 

The small compound nacq #1, which is produced by males, impacts the lifespan of hermaphrodites 

(46). However, aside from the evolutionary benefit of reproducing, there is also evidence to 

suggest that mating can be beneficial in some organisms. For example, arthropod males transfer 

edible gifts that increase the fitness of their mate, while female butterflies also gain nutrients 

through mating (47, 48). Reproduction is also positively correlated with longevity in ant queens, 

African mole rats, and some bird species (49-51) 

1.2.4  Effects of aging on fertility: reproductive aging across species  

The impact that increasing maternal age has on female fertility has been well documented. 

Decline of female reproductive fitness is one of the first indicators of aging. Reproductive aging 

in females begins many years before the end of life and over a decade before menopause, marked 

by oocyte depletion (52). Data from historical studies and in vitro fertilization demonstrate the 
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sharp decline of fertility with age as well as an increase in aneuploidy and miscarriage (53). 

Research in humans and mammalian model organisms suggest that one of the primary causes of 

reproductive senescence is the gradual depletion of the oocyte pool that females are born with, in 

addition to the decline in oocyte quality with age (53). During development, germ cells go through 

a series of mitotic divisions and arrest in prophase (54). Only one oocyte per cycle will enter the 

first stage of meiosis, and if fertilized, will complete the second stage of meiosis (54). This long 

process and state of arrested division have been thought to contribute to the increased opportunity 

for damage and dysfunction with age (54).  

Humans and C. elegans both display reproductive declines as early signs of aging before 

the end of life. Also, both organisms arrest oocytes at meiotic prophase 1 (55). In C. elegans 

reproduction begins to decline by Day 5 of adulthood, while the animal survives for another 10-

15 days. And while the number of progeny declines rapidly around this time, there are not many 

other markers of aging in the soma of the animal at this time. The reduction in progeny number is 

also accompanied by an increase in embryonic lethality and the laying of unhatched oocytes (56). 

Morphologically, young oocytes are large and closely packed together in the germ line, whereas, 

oocytes in older worms appear smaller, and showing more cavities between oocytes (57). Older 

oocytes are also more prone to stressors as tested in the laboratory such as bleaching (57).  

While the exact cause of reproductive aging is still being investigated, oocyte quality is 

one of the main contributing factors to reproductive decline in both worms and humans (55). 

Similar to humans, C. elegans exhibit increased chromosomal abnormalities with age (55, 58). 

Another possible mechanism of reproductive aging is through DNA damage caused by impaired 

DNA damage repair mechanisms, reviewed in (58). Chromosomal nondisjunction is also increased 

with maternal age in multiple organisms, including humans, Drosophila, and C. elegans, reviewed 
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in (58). Specifically, this may be due to the loss of cohesion, which holds sister chromatids together 

during meiosis, or through dysfunction of the spindle assembly checkpoint, which ensures proper 

chromosomal segregation during meiosis, reviewed in (58). Proteostasis, the mechanism through 

which cells ensure proteins are properly folded and that damaged proteins are disposed of, also 

contributes to reproductive aging. In C. elegans, there is an increase in protein aggregation in 

maturing oocytes (59). Accordingly, the transcriptional changes observed in older oocytes include 

a decline in pathways related to oocyte maintenance and function, such as chromosome 

segregation, cell cycle, DNA damage response, and proteolytic pathways. Indeed, the human 

homologs of many of these genes undergo aging-associated transcriptional changes in human 

oocytes (55).  

Genetic mutations that result in extended reproductive span have provided fundamental 

insights into the genetic pathways regulating reproductive aging in C. elegans. Pathways that sense 

nutrient availability, growth and development are potential candidates for impacting reproductive 

aging. It was determined that mutations in the insulin/IGF-1 signaling pathway which results in 

extended lifespan also result in extended reproductive span (28).  Another longevity pathway, 

through dietary restriction, has also been shown to extend reproductive longevity (28). The 

influence of these two pathways on reproduction indicates that environmental stressors and 

nutrient status influence reproductive longevity in addition to somatic aging. And while these 

reproductive aging pathways were first shown in C. elegans, there have also been studies to suggest 

that these pathways shape reproductive aging in other organisms including as flies and mice, 

reviewed in (60). The transforming growth factor  (TGF-) pathway, which in C. elegans 

includes two branches, the dauer and the Sma/Mab pathway, has also been studied as a regulator 

of reproductive aging (61). Interestingly, mutations in sma-2, of the TGF- branch, increase 
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reproductive span without impacting the longevity of the animal, acting through an independent 

pathway outside of the known longevity pathways (62). More recently it was determined that TGF-

 functions in the hypodermis to regulate aging of the germ line, with the C. elegans cAMP 

response binding element (CREB) functioning downstream and regulating a Hedgehog signaling 

factor, WRT-10 in the hypodermis (63, 64). Although daf-2 mutants with reduced insulin signaling 

and sma-2 mutants with reduced TGF- Sma/Mab signaling have reduced progeny production, it 

is not reduced oocyte usage that underlies the extended reproductive span (62). Instead, daf-2 and 

sma-2 mutants produce successfully fertilized embryos later in life, whereas, older wild type 

animals lay unfertilized oocytes suggesting that oocyte quality is maintained with age (62). In fact, 

these two mutants also have a decrease in the number of chromosomal errors observed in older 

oocytes of wild type animals (62). The rates of DNA damage-induced apoptosis are maintained in 

daf-2 and sma-2 mutants compared to the decline observed in aging wild type animals (62). 

However, sma-2 mutants produce fewer progeny in the first days of reproduction and along with 

daf-2 mutants have smaller brood sizes (62, 65). Therefore, in both of these pathways in C. elegans, 

reproductive span can be uncoupled from lifespan, demonstrating the complexity of this 

relationship. C. elegans signaling pathways that regulate reproductive aging have been implicated 

in mammalian reproductive aging as well (55). Genes found to be upregulated in TGF- Sma-Mab 

mutants with extended reproductive spans, show overlap with genes that have been found to 

decline in older mouse and human oocytes (55).  
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1.3 Using C. elegans as a model to study aging and reproduction  

C. elegans was established as a model organism by Sydney Brenner in 1963 and has since 

proven to be a useful platform to investigate innumerable biological processes. It offers numerous 

advantages as a model system including ease of growth and maintenance. They are very small at 

only 1mm in length and grow on an agar plate with Escherichia coli as a food source and can 

survive for months without food in the dauer state (66). They develop quickly from eggs to adults 

in about three days. Each hermaphrodite produces about 300 progeny that are genetically identical 

to the parent. It serves as a powerful genetic tool and was the first metazoan to have its genome 

sequenced. It was determined that 83% of the worm proteome also had human homologs (67). 

They are also transparent, allowing for the use of genetic tools with fluorescent tags to study live 

animals. In addition, RNAi libraries generated by two labs cover 94% of the genome, and more 

recently, CRISPR has been adapted extensively for use in C. elegans (68-70).  

1.3.1 Using C. elegans as a model system to study aging  

In addition to the general benefits of C. elegans as a model system, worms offer particular 

advantages for studying aging. Their lifespan is only 2-3 weeks, which allows for researchers to 

quickly determine impacts on aging due to a specific genetic mutation, drug intervention, or 

environmental condition. Their small size and easy maintenance allow for large screens to identify 

conditions that extend or shorten lifespan. In addition to a short length of life, C. elegans 

demonstrate age-related decline that can be easily quantified in the lab, and some of these 

characteristics of aging have similarities to those in humans (71). Many of the physiological or 
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behavioral changes that decline with age can be easily measured in the lab to further understand 

the impact of aging from a mutation or intervention, as later discussed in Section 1.3.3 (71).  

Anatomical changes associated with age can be easily visualized in C. elegans due to their 

transparent body. The cells of young adults have clear boundaries; with age, this definition is 

diminished and it becomes more difficult to identify nuclei with the appearance of necrotic cavities 

(72). While neurons appear to maintain their structural integrity well into old age, a decline in 

synaptic integrity that correlates with a functional decline in the neurons occurs in a measurable 

manner (73). The pharynx also degrades with age with the number of myofibrils and pharyngeal 

muscles declining with age (73). Considering that C. elegans in the laboratory consume E. coli, 

this accumulates in both the pharynx and intestine with age (73). The body wall muscles decline 

in structure and function with fewer myosin thick filaments and bent or broken thick filaments 

increase with age (74). The C. elegans reproductive system also shows signs of aging as described 

above in the section 1.2.4 .  

At the cellular level, there are age-related changes in the nucleus and mitochondria. With 

age, there is a decline in the integrity of the nuclei, as well as a decline in the number and size of 

the intestinal nuclei (73). The nuclei in the muscle develop dark patches, and the nucleoli size 

increases with age. Also, the nuclear lamina becomes irregular (73).  

There is a change in mitochondrial integrity too with age. The mitochondria in muscle cells 

becomes enlarged due to fusion, and there is an increase in fragmented mitochondria with age (73). 

At the molecular level, there is an increase in the level of reactive oxygen species, carbonylated 

proteins, and DNA damage (73). There is also the accumulation of fluorescent compounds mostly 

in the intestine of the animal, including lipofuscin that is oxidized, crosslinked macromolecules, 

and advanced glycosylation end products (75). The well-documented changes with age in C. 
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elegans have allowed researchers to discover mechanisms and genetic pathways that contribute to 

the length of life, as well as the different physiological and molecular changes associated with age. 

1.3.2 Longevity pathways discovered and studied in C. elegans  

Historically, aging was considered a ‘non-regulated’ random process that was a result of 

use over time (76). However, the discovery of single gene mutations that doubled worm lifespan 

were instrumental in establishing that aging is regulated through genetic pathways. In 1977, Klass 

determined that C. elegans could be used for aging studies and observed that altering the 

temperature or the food intake changes the lifespan. Klass conducted a genetic screen for mutants 

with altered lifespan and identified mutants with extended lifespan (77). It was later established 

that these mutants all mapped to the age-1 gene (78). The age-1 gene encodes for the catalytic 

subunit of PI 3-kinase, which functions in insulin/IGF-1 signaling (IIS) (79). These exciting 

discoveries determined that a single mutation has the potential to alter lifespan, paving the way for 

further researchers to identify other genetic determinants of lifespan. 

One of the first interventions found to impact lifespan was dietary restriction, which has 

been shown in many species to both extend lifespan and delay the onset of disease, including 

cancer and neurodegeneration (80). It was later demonstrated that dietary restriction functions to 

increase longevity through other well studied pathways including the IIS, target of rapamycin 

(TOR) signaling, AMP kinase, and sirtuins (76). In C. elegans, eat-2 mutants have been used as 

the genetic model to study dietary restriction. These mutants consume less food and display a 30% 

increase in lifespan (81). Research using the eat-2 mutant has revealed the importance of 

autophagy and inhibition of mTOR for lifespan extension through dietary restriction (76).  
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As previously mentioned with the discovery of lifespan extension through the age-1 

mutation, IIS has been found to increase lifespan in C. elegans. Another mutation in this pathway, 

daf-2, an IGF-1/insulin receptor, has also been shown to double lifespan in C. elegans (82). This 

pathway converges on the activity of transcription factors especially the FOXO-family 

transcription factor, DAF-16, as well as other conserved transcription regulators such as heat shock 

factor, HSF-1, and the Nrf-like xenobiotic response factor, SKN-1 (76). These transcription factors 

regulate downstream genes to promote longevity (76). These pro-longevity genes include stress 

response, antimicrobial peptides, chaperones and lipases (76). Furthermore, this pathways does 

not seem to be specific to C. elegans, as inhibiting insulin/IGF-1 signaling in Drosophila extends 

lifespan (76). Mutations in the FOXO3A, the human homolog of DAF-16, as well as the human 

IGF-1 receptor and other components of the IIS pathway, have been linked to extraordinary 

longevity in centenarians (76). 

Other pathways involved in nutrient sensing have been identified as important regulators 

of longevity. The TOR pathway, a nutrient sensor, also has a role in longevity in C. elegans. In the 

presence of abundant resources, the TOR kinase stimulates growth and blocks salvage pathways, 

while TOR inhibition causes a shift towards tissue maintenance (76).  Inhibition of TOR extends 

the lifespan of C. elegans through a pathway that is distinct from the IIS/IGF-1 pathway (76). 

Specifically, the transcription factor PHA-4 is required by which autophagy is stimulated and 

inactivation of S6 kinase downregulates translation (83). AMP Kinase (AMPK) is another nutrient 

sensor and its overexpression in C. elegans increases lifespan (84). Interestingly, treatment with 

Metformin, which increases AMPK activity, promotes healthy aging and increases lifespan in mice 

(85). In C. elegans, overexpression of aak-2, which encodes one of the AMPK paralogs, extends 

lifespan and activates DAF-16 (84). There is also a timing component involved in the various 
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nutrient sensors’ impacts on longevity. When calories are restricted in middle aged C. elegans, 

AMPK is required for lifespan extension, but AMPK is not required for caloric restriction for the 

entirety of the animals lifespan (76). Sirtuins, NAD+ dependent protein deacetylases, also have a 

role in regulating lifespan. In C. elegans, overexpression of the sirtuin gene, sir-2.1, extends 

lifespan through DAF-16 (86). This same pathway has been found to be extend lifespan in yeast 

and flies (76). Lastly, C. elegans studies provided initial evidence that signals from the 

reproductive system can impact longevity beyond the simplistic trade-off assumption as detailed 

in section 1.3.5 below. These pathways are summarized in Figure 1. 
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Figure 1: Major longevity pathways  

Examples of major longevity pathways with a focus on pathways discovered or studied in C. elegans. Key 

transcription factors and key downstream cellular processes are also listed 

1.3.3 Investigating healthspan using C. elegans  

Initially, the length of life was the only determinant for identifying regulators of aging. 

This was especially the case for large screens, where lifespan was an easy and quantitatively 

precise readout. However, lifespan can be modulated while other aspects of aging remain constant 
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or vice versa. Therefore, in addition to quantifying lifespan, it is important to study healthspan, 

which encompasses many of the above-mentioned qualities of aging. Many assays have been 

developed to measure these age-related traits, especially in C. elegans (71). With age, there is a 

decline in muscle function that can be identified through locomotion. This healthspan assay can 

be measured by quantifying the number of body bends, or thrashes, in liquid (71). Another 

healthspan assay measures muscle function through locomotion by instead measuring movement 

on a solid agar plate through speed (71). Muscle function can be measured in other parts of the 

animal, for example, through pharyngeal pumping, which the animal uses to grind and eat E. coli 

which can be quantified by counting the number of pharyngeal pumps over time (71). The 

molecular changes that occur in C. elegans with age can also be utilized as measurements of 

healthspan. This includes the accumulation of lipofuscin, which can be visualized with 

fluorescence microscopy (71). The response to stress also declines with age and this can be 

measured by exposing animals to various stressors at different ages (87). Of the abiotic stressors, 

animals can be exposed to low or high temperatures, oxidative stress, and xenobiotic compounds. 

There are also biotic stress assays, including exposure to pathogenic bacteria such as Pseudomonas 

aeruginosa and Staphylococcus aureus. Pathogenic stress response can be measured by replacing 

the animals normal E. coli food with a pathogenic bacteria and determining the survival rate, 

similar to lifespan (71). 

Many mutations that extend the lifespan of C. elegans also delay the age-related decline of 

characteristics associated with aging. Animals with a mutation in daf-2 showed similar signs of 

tissue aging; however, this timeline was delayed compared to wild type (72). Knockdown of heat 

shock factor, hsf-1, shortened the lifespan of animals, but also accelerated aging based on 

qualitative measurements of tissue aging (72). These studies have contributed to our understanding 



 19 

 

of aging as not simply an animal that dies faster due to sickness, but due to acceleration of tissue-

specific aging mechanisms. Another study asked if healthspan and lifespan are correlated by 

measuring both aspects in a group of long-lived and short-lived mutants (88). It was determined 

that body movement and pharyngeal pumping were positively correlated with lifespan; however, 

reproductive span was not correlated with lifespan, body movement, or pumping (89). Another 

study examined heathspan in long-lived strains – clk-2, daf-2, ife-2, eat-2, which are known long-

lived strains with mutations in genes with roles in mitochondrial signaling, IIS, protein translation 

and dietary restriction  (90). This study tested resistance against stressors (heat and oxidative), 

distance moved on solid media, thrashing in liquid, pharyngeal pumping, and autofluorescence. 

and concluded that the rate of decline was similar in all long-lived mutants and wild-type animals 

(90). Another study examined the relationship between short-lived mutants and healthspan 

parameters and found that short-lived mutants included daf-16, mev-1, hsf-1, and sir-1, which have 

roles in the IIS pathway, mitochondria, heat shock response, and metabolic homeostasis, have 

reduced locomotion but not reduced resistance to heat stress  (91). Other mutants affect healthspan 

but not lifespan. Two mutations hpa-1 and hpa-2, were found to act through the EGF pathway to 

increase healthspan (swimming, lipofuscin accumulation, decreased advanced glycation end-

product accumulation) with only a small increase in median and mean lifespan (92). Interestingly, 

there are other examples of transcription factors that are necessary for longevity but suppress 

aspects of healthspan, such as stress resistance, as exemplified later in the supplemental chapter of 

this thesis (93). Evidence from many of these studies emphasizes both the importance of measuring 

both lifespan and healthspan, since these are not interchangeable and also that doing so provides a 

better understanding of the impact a mutation or intervention has on an organism.  
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1.3.4 Using C. elegans to study reproduction 

In addition to studying aging, C. elegans has also been an incredibly useful system to study 

germ line development and reproductive biology. The C. elegans reproductive system consists of 

two arms, with the somatic distal tip cell at the end of the arms, where signals from LIN-12/Notch 

pathway regulate germ cell proliferation (94). After proliferation, the germ cells begin meiosis in 

the transition zone (Figure 2). Multiple fundamental discoveries on germ-cell proliferation and 

differentiation, oogenesis, and spermatogenesis have been made through worm studies. One of 

these areas is the process of meiosis which is also a major focus of the work in this thesis and 

hence is detailed below. 

  

Figure 2: C. elegans germline and meiotic progression 

The C. elegans germ line is composed of two gonad arms. Meiosis progresses in a spatiotemporal manner. Oocytes 

are then fertilized from sperm stored in the spermatheca. Created using BioRender.com 
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Meiosis in C. elegans: Meiosis is required for the generation of haploid gametes, sperm or eggs, 

which contain one copy of each chromosome. In worms, the stages of meiosis I are spaced spatio-

temporally along the gonad arms (Fig 2) (94).  To finish with four haploid gametes, DNA 

replication is followed by two rounds of division, meiosis I and meiosis II, where first homologous 

chromosomes segregate, then sister chromatids separate respectively. During replication, sister 

chromatid cohesion is established to hold together sister chromatids. Meiotic-specific cohesion 

proteins REC-8, COH-3, and COH-4 are important for holding together sister chromatids during 

the first meiotic division, which occurs during anaphase I (95). These proteins are also important 

for assembly of the synaptonemal complex (SC) assembly, the protein structure which forms 

between homologous chromosomes (95).  The second meiotic division is similar to mitosis, with 

sister chromosomes separating but results haploid gametes. During the first meiotic division, 

homologous chromosomes must pair, synapse, and then exchange genetic material during 

crossover recombination (Fig 3). Meiotic prophase consists of leptotene, zygotene, pachytene, 

diplotene and diakinesis. During leptotene and zygotene, homologous chromosomes must first find 

and pair with each other. To enable this process, chromosome ends become tethered to the nuclear 

envelope, which is facilitated by pairing centers (PCs) (96). Each PC is bound by one of the four 

C2H2 zinc finger proteins, HIM-8, ZIM-1, ZIM-2 or ZIM-3, which are required for proper 

chromosome pairing and synapsis (96). The PC nucleoprotein complex acts as a recruitment site 

for polo kinase, PLK-2 (and PLK-1) (97). PLK-2 then triggers the structural reorganization of the 

nuclear envelope, including inner and outer nuclear envelope proteins, SUN-1 and ZYG-12, which 

aggregate to where PCs localize on the nuclear envelope (98, 99). SUN-1 and ZYG-12 form a 

SUN/KASH protein complex that connects the chromosomes to the cytoskeleton (98, 100). The 

formation of SUN-1/ZYG-12 aggregates and connections to the PCs are essential for pairing and 
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SC assembly (100). The SC begins to form during zygotene, with four C. elegans HORMA-

domain proteins HIM-3, HTP-1, HTP-2, and HTP-3, making up the axial element of the SC (101). 

The central structure of the SC consists of SYP-1, SYP-2, SYP-3, SYP-4, SYP-5 and SYP-6  (102-

106).   

One requirement for proper chromosome segregation in meiosis is recombination, which 

structurally helps to hold homologous chromosomes together. Meiotic recombination is initiated 

by the formation of double-strand breaks by the conserved topoisomerase-like enzyme SPO-11 

(107). Other proteins functioning to promote break formation include HIM-17, DSB-1, DSB-2, 

XND-1, MRE-11 and HIM-5 (108-112). SPO-11 is covalently bound to the DNA, which has to be 

removed by an endonuclease and then the DNA strand is resected to generate 3’ single strand DNA 

tails. These processes are carried out by a complex of proteins including MRE-11 (or EXO-1, if 

MRE-11 is absent), RAD-50, NBS-1 along with COM-1 (113). COM-1 and NBS-1 also promote 

crossover formation via homologous recombination (HR) by inhibiting repair via non-homologous 

end joining (NHEJ) (114). The ssDNA gets coated with RAD-51, which then promotes homology 

search and strand invasion of the homologous chromosome. The coated filaments invade the 

homologous chromosome at the same DNA sequence, resulting in a D loop and then extension 

occurs (113, 115). The nucleation of the RAD-51 filament and stabilization requires BRC-2 (116).  

RAD-54 promotes stand invasion of the homologous DNA, along with HELQ-1 and RFS-1 (117, 

118). After strand exchange, the DSB can either be repaired as a crossover (CO) or noncrossover 

(NCO). Meiosis specific proteins MSH-4 and MSH-5, as well as COSA-1 and ZHP-3, are 

important for CO designation (104, 119, 120). The COs are resolved through the actions of 

resolvases, which include SLX-4, and complexes XPF-1/HIM-6 and SLX-1/ MUS-81 (121). 

Alternatively, repair via NCO requires RTEL-1 and the DSBs are repaired via synthesis dependent 
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strand annealing (122). The SMC-5/6 complex and BRC-1 function during repair via inter-

homolog NCO or inter-sister repair (123).  

The formation of chiasmata, or physical linkages that results from CO events, connects 

homologous chromosomes. (124). In diplotene, the synaptonemal complex disassembles and in 

diakinesis chromosomes are condensed (125). The homologous chromosomes are then oriented so 

that during anaphase of meiosis 1, homologous chromosomes segregate away from one another 

(125). During meiosis II, the sister chromatids segregate to opposite poles, resulting in haploid 

gametes (126). Oocytes are arrested during meiotic prophase I, and sperm trigger oocyte meiotic 

maturation and the onset of the cell divisions just described (94). Once meiotic maturation is 

complete, the oocyte is ovulated through the spermatheca, where the sperm are stored, and into the 

uterus where fertilization and the cell divisions are completed. The fertilized embryo can then be 

laid (94).  

C. elegans have proven to be an excellent model for studying reproduction due to their 

transparent nature and spatiotemporal layout for meiosis. Also, because males arise during events 

of chromosomal nondisjunction, it is relatively easy to track meiotic errors or mutations that result 

in an excess of males (127). C. elegans hermaphrodites have two copies of the X chromosomes, 

while males have only one copy of the X chromosome, therefore mistakes during meiosis are easily 

quantified through increase in male production. From a normal wild-type hermaphrodite mother, 

males are produced only at a frequency of about 0.2% (127). Therefore, in addition to studying 

aging, C. elegans have proven to be a useful model for studying questions related to meiosis and 

reproductions, and the mechanisms and pathways that shape these processes.  
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Figure 3: Overview of C. elegans meiosis 

Chromosomes replicate, then homologous chromosomes pair and synapse. During meiotic recombination a double-

strand break is formed which can be repaired via crossover or noncrossover. After homolog seperation, this results 

in four haploid gametes. Some of the major proteins studied in this thesis are listed next to the step of meiosis. 

Thanks to Dr. Judith Yanowitz for generation of this figure 
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1.3.5 Germline signals impact aging  

As mentioned previously, one of the major regulators of lifespan discovered in C. elegans 

is the proliferation of germline stem cells. It was discovered that the lifespan of C. elegans is 

significantly increased, up to 60%, when the germline stem cells are ablated (128). Similarly in 

Drosophila, germ line ablation also increases lifespan (129). On the face of it, these observations 

would seem to reinforce the “Disposable Soma Theory of Aging”. However, further research has 

suggested a more nuanced relationship. For instance, removal of the entire gonad, not just the 

germline stem cells, does not result in extended longevity (128, 130). Other mutations that result 

in sterility of C. elegans do not always extend lifespan (130). Instead, it has been determined that 

the proliferating germline stem cells (GSCs) regulate lifespan, through signaling pathways that are 

tissue- and stage-specific in C. elegans (130).  

The signaling network responsible for longevity upon C. elegans GSC ablation involves a 

network of transcriptional changes that occur in the soma following GSC removal. One of those 

is through intestinal nuclear relocation of DAF-16, the worm homolog of FOXO3A, which also 

has a role in IIS longevity (128). Although there is some overlap in the transcriptions factors 

necessary for IIS longevity and germline signaling of longevity, the two longevity paradigms are 

additive in terms of lifespan extension (131). One of the specific factors needed for longevity via 

GSC-loss is kri-1, encoding an Ankyrin-repeat containing protein, which stimulates the nuclear 

localization of DAF-16 (132). This gene was found to be necessary for lifespan extension only in 

the background of a glp-1 mutant, while lifespan is not impacted in wild type animals or daf-2 

mutants (132). Considering that DAF-16 accumulates in the nucleus in the intestine, but the signal 

originates in the germ line, the signal should be communicated from the germ line to the intestine. 
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Researchers found that kri-1 expression in the intestine and the pharynx rescued the lifespan 

extension of a glp-1;kri-1 mutant (132). Another factor that is specific to the longevity of glp-1 

mutants is the transcription elongation  and splicing factor, TCER-1 (133). Studying TCER-1 has 

revealed that germline stem cell removal increases the expression of tcer-1 which promotes the 

expression of a set of DAF-16 target genes that are important for longevity (133).  

Reproductive control of aging involves hormone and steroid signaling. This includes, 

DAF-12, a nuclear hormone receptor, which is required for germline ablation to extend lifespan 

(128). DAF-12 induces DAF-16 nuclear localization and upregulates downstream pro-longevity 

targets (128, 132, 134). In a wild type animal, DAF-12 is involved in reproductive development in 

C. elegans and responds to the binding of the ligand, dafachronic acids (DA) (134). Other 

components of this pathway that are also important for glp-1 longevity, including DAF-9 and 

DAF-36, are required for DAF-12 ligand biosynthesis (134, 135). Research has found that DAF-

12 must be bound to DA and be transcriptionally active for longevity, but supplementation with 

DA restores the longevity in animals with mutations in either daf-9 or daf-12 (135). Interestingly, 

DAF-12 seems to have roles other than merely the nuclear localization of DAF-16, potentially 

through its own targets independent of DAF-16 activity (132). This was found through an 

experiment using constitutively nuclear localized DAF-16, in which daf-9 and kri-1 are not 

necessary for lifespan extension, but daf-12 is still required (132). DAF-12 has also been shown 

to stimulate microRNAs, including mir-84 and mir-241, and function in the longevity pathway 

through DAF-16 (136). Another microRNA, mir-71, has also been shown to have a role in 

germline longevity, independent of DAF-12 activation. It was determined that mir-71 deletion 

results in reduced DAF-16 nuclear localization (137).  
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In addition to the requirement of the above-mentioned transcription factors, researchers 

have identified the cellular processes that change upon GSC-removal. Some of these cellular 

processes include lipid metabolism, stress resistance, autophagy, and proteasomal degradation, 

many of which are hallmarks of aging (138). When considering the re-allocation of resources from 

reproduction that are shifted towards longevity, it was discovered that both the processes of fat 

production and degradation increase in germlineless mutants (139). Another nuclear hormone 

receptor, NHR-80 was also found to be necessary, specifically for the longevity of GSC-less 

animals, by promotion of fatty acid desaturation (140). Nuclear hormone receptor, NHR-49 is also 

essential and specific for the GSC-less longevity pathways (141). In germlineless animals, nhr-49 

is upregulated by both TCER-1 and DAF-16, and has a role in the of metabolic changes of 

germlineless animals that help facilitate extended lifespan (141). Another cellular process, 

autophagy, has also been shown to be upregulated upon GSC-removal, through the transcription 

factor PHA-4 (142). Autophagy is a process that degrades damages organelles or proteins in the 

cytoplasm of the cell. This process has been shown to have an important role in many longevity 

paradigms in C. elegans, including through reduced insulin signaling, dietary restriction, and 

reduced mitochondrial respiration (143).  HLH-30 also has a role in autophagy during GSC-less 

longevity; however, it is required for many longevity pathways, not only in the context of GSC-

loss (144). Additionally, it was determined that MML-1 and MXL-2 promote the nuclear 

localization of HLH-30 and are needed for GSC-less longevity (145).  

glp-1 animals also exhibit increased stress resistance and multiple factors involved in stress 

response pathways have been identified as important for germline pathway of longevity (138). 

SKN-1 which regulates stress response pathways in many different longevity paradigms, promotes 

longevity in GSC-less mutants as well. (146). Heat shock factor, hsf-1, which is involved stress 
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response, was also found to be required for lifespan extension of a GSC-less animal (147). The 

proteasome, which in normal animals decreases in function with age, is also more active in a glp-

1 mutant (148). The proteasome includes the ubiquitin proteasome system, which functions to 

correctly fold proteins as well as degrading misfolded or aggregating proteins.  In addition to an 

increased ability to combat proteotoxic stress, glp-1 animals have demonstrated an upregulation 

of other stress responses such as pathogen stress, heat stress, and oxidative stress (138). Research 

into the transcriptional and cellular changes, which occur upon germline stem cell removal and 

contribute to longevity, indicate that there is not a simple trade-off between reproduction and 

longevity. Rather, there are widespread changes in many different cellular processes that culminate 

in increased lifespan.  

1.3.6 Molecular mechanisms linking somatic health and reproductive aging  

Nine cellular and molecular hallmarks of aging that contribute to the decline of an organism 

have been identified across species. These hallmarks were selected for their prevalence in 

mammalian aging and for their simple quantification in organisms such as C. elegans (149). The 

hallmarks are genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 

deregulated nutrient sensing, mitochondrial dysfunction, cellular senesce, stem cell exhaustion, 

and altered intercellular communication (149). One of these hallmarks, the decline of protein 

homeostasis, is particularly interesting due to its connection with the germ line. Aging and age-

related diseases, especially neurodegenerative diseases, are linked to the loss of protein 

homeostasis with age.  
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Studies in C. elegans demonstrate that proteostasis decline in germ cells begins during the 

onset of reproduction (150). Additionally, mutations that arrest germline stem cell proliferation 

(glp-1) also delay proteostasis decline (150). Protein homeostasis includes the maintenance of 

proper protein folding and degradation of misfolded proteins. The proteosome consists of the 

ubiquitin proteasome system and autophagy. While somatic proteostasis declines with age, cells 

such as embryonic stem cells and germline stem cells must maintain increased proteasomal activity 

in order to pass on high quality genetic information (151). Interestingly, while the glp-1 animals 

are sterile, there is a shift to increased proteasomal activity in the soma (148). To maintain an 

immortal germ line in C. elegans, the oxidized proteins in the germline cells that accumulate are 

removed during oocyte maturation (152). It was also discovered that in C. elegans, there is a 

lysosomal switch that is stimulated by sperm to clear protein damage (153). A more recent study 

expanded this pathway to include the endoplasmic reticulum and also links genes involved in 

germline protein aggregation clearance with somatic protein homeostasis (154).  

In conclusion C. elegans have proven to be an excellent model system in which to study 

both reproduction and aging. Research in this system has contributed towards the understanding 

of the genetics of aging, as well as different aspects of reproduction, including meiosis and 

reproductive aging. However, there remain many unknowns in these fields, and a core question 

lingers about the causative role of the germline health status on somatic aging. Studies in the glp-

1 animal, where the germline stem cells are not proliferating, have enhanced our knowledge of 

how germline status controls aging. However, the results of these studies are complicated by the 

reliance upon animals without a germ line. Therefore, to understand the causative role between 

germline integrity and somatic aging, another approach must be utilized. This thesis provides an 

alternative approach by examining the role that mutations in meiosis have on somatic aging. 
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2.0 Meiotic dysfunction shortens lifespan and diminishes healthspan  

2.1 Introduction 

The global aging population is growing rapidly with older people estimated to outnumber 

children by 2050 (10-24) (2). Considering that with increased age there is a dramatic increase in 

susceptibility to many diseases including cardiovascular disease, neurodegenerative disease, 

osteoporosis and cancer, it is of public health interest to understand the pathways and factors that 

influence aging (155). One of the most influential evolutionary theories of aging, The “Disposable 

Soma Theory of Aging”, suggested that aging is a consequence of animals investing their cellular 

resources towards maintaining their germ line to be passed to the next generation in a pristine state, 

and diverting them away from maintenance of the mortal somatic tissues (9). This implies an 

energy trade-off --and hence an antagonistic relationship-- between reproduction and longevity. 

There has been evidence in nature, laboratory models and human studies (discussed in detail in 

chapter 1) that both support and contradict this antagonistic relationship. For example in worms, 

flies and other species, mating shortens lifespan of the mother and increases immune-susceptibility 

(43, 44). Indeed, pregnancy was considered to be an extended state of generalized 

immunosuppression until recently, reviewed in (38). While it is now evident that immune 

alterations during pregnancy are complex and nuanced, it remains true that pregnant women 

exhibit increased susceptibility to, and severity during, many infections (38). But there is also 

evidence to suggest that mating and reproduction are beneficial for health and longevity across 

species. For example, in some species of insects, males transfer nuptial gift to females and in 
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eusocial animals such as ants, bees and African mole rats, increased procreation is associated with 

greater longevity (48-51). Transplantation of ovaries from younger mice into older mice has been 

shown to extend the lifespan and induce a cardio-protective advantage of older mice (156). The 

application of the “Disposable Soma Theory of Aging” to historical human records of births and 

deaths has led to conflicting results, in which reproduction has no impact on longevity and 

reproduction and number of progeny having a negative effect on aging (9, 10). Further, studies in 

females have found a link between the age at natural menopause and biomarkers of aging, as 

measured through epigenetic marks of DNA methylation (35). However, there is widespread 

evidence to suggest that the relationship between reproduction and aging is not based on a simple 

trade-off of resources, and that germline health and integrity are intimately connected with overall 

organismal health and aging. However, investigating this association and examining the cause-

and-effect relationship is severely challenging in humans and mammalian systems.  

To circumvent the limitations inherent in mammalian systems, we used C. elegans to 

investigate the relationship between germline integrity and organismal aging. To this end, we 

focused on the process of meiosis to tease apart the cause-and-effect relationship. Meiosis is a 

germline-restricted process that occurs in almost all multicellular organisms and leads to the 

production of haploid gametes. It is driven by a cascade of genes broadly conserved across species. 

In C. elegans, as in other organism, meiosis begins with the pairing and synapsis of homologous 

chromosomes (htp-3, rec-8, coh-3,4, chk-2, him-8 and zim genes, syp genes, prom-1) (Fig 3). This 

is followed by a double-strand break during meiotic recombination (spo-11, dsb-2, dsb-1, him-17, 

rec-1, dsb-3.xnd-1, mre-11, rad-50) that is then resected (exo-1, mre-11/rad-50/nbs-1 complex). 

Subsequently, the single-strand DNA end is coated by RAD-51 and repaired by crossover or non-

crossover pathways that occur by strand invasion, strand exchange (rad-54, rfs-1, helq-1, rmh-1), 
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and distinct processing of NCO and CO intermediates. The crossovers are designated (msh-4, msh-

5, zhp-3, cosa-1) and resolved (xpf-1, him-6, slx-1, mus-81, slx-4) (126). Some of these genes (rad-

51, rec-8, mre-11, rad-50, rad-54) are also have roles in DNA damage repair in somatic cells 

(157). A recent genome wide association study (GWAS) that aimed to identify genetic 

determinants of age at natural menopause (ANM) found that many DNA damage response genes 

were associated with age at natural menopause, including various genes that function in meiosis 

(158). In mammals, it is difficult to tease apart the roles of many of these genes in their DNA 

damage repair in the soma and their role in meiosis in the germ line. However, in C. elegans all 

adult somatic cells are post-mitotic, allowing us to specifically examine the roles of such genes 

specifically in meiosis in the germ line.  

We assessed the rate of aging of mutants of genes involved in different steps of meiosis 

utilizing three methods. First, we measured how long the mutants lived compared to wild type to 

understand if the meiotic mutations impact lifespan. Second, we were interested in determining if, 

in addition to the length of life, these mutations impacted other features of aging i.e. healthspan. 

C. elegans have conserved longevity pathways shared with humans, and there are also 

characteristics of aging which resemble mammalian aging (71, 76) as summarized in Chapter 1.3. 

We utilized a combination of these assays to measure healthspan to get a clearer picture for how 

these mutations impact aging beyond the length of life. Third, we wanted to examine molecular 

mechanisms through which meiotic dysfunction could impact aging of the soma. One of the 

potential mechanisms that we explored is protein homeostasis, one of the earliest age-related 

deficits in C. elegans (159). The results of our lifespan analyses, the impact of meiotic mutations 

on somatic healthspan and protein homeostasis are described below.  
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2.2  Results  

2.2.1 Mutations in all aspects of meiosis impact lifespan  

To address a potential causative role of the status of the germ line on organismal aging, we 

asked how mutations in genes involved in meiosis impact lifespan. We tested the lifespan of 38 

strains that had at least one mutation in a gene involved in meiosis. These genes were selected for 

their variety of roles in meiosis, so we could unravel the impact of specific meiotic steps on 

lifespan. We found initially that 31 of these strains exhibited a shortened lifespan at least once 

(Appendix Table 1). Of the 31 strains, we selected for retesting 25 strains that exhibited the greatest 

impacts on lifespan and that affected genes that operate during different steps of meiosis. Of these, 

13 showed reduced lifespan in at least two trials (Fig 4, Appendix Table 1). Interestingly, we found 

that genes associated with a reduced lifespan were not specific to a defined step of meiosis, but 

rather had diverse roles in meiosis, for example, double-strand break formation (dsb-2, spo-11), 

synaptonemal complex formation (htp-3) and meiotic DNA damage repair and crossover 

formation (slx-1, rad-51).  
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Figure 4: Representative lifespan of mutants of genes in different aspects of meiosis compared to WT  

lifespan. Human homolog is indicated on each bar and the step of meiosis is grouped by color and indicated on the 

right side  * p <0.05, **p <0.001, ***p <0.0001 
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Table 1: Apoptosis, DNA breaks, and fertility phenotype of meiotic mutants with shortened lifespan 

Gene/ 

mutation 

Human 

ortholog 

Avg. 

percent 

change 

in 

lifespan 

DNA breaks 

(RAD-51 

foci) 

Germ cell 

apoptosis 

fertility (% 

viable progeny) 

Percentage 

of males 

chk-2(gk212) CHEK2 -19.68  WT levels 

(160) 
  

htp-3(y428) 

HORMA 

domain 

protein 

-32.70   
88% and 39% 

survive to 

adulthood (161) 

 

him-8(me4)  -23.32 

similar to 

WT but 

delayed 

repair (162) 

 96% (162) 
39.70% 

(162) 

spo-11(me44) SPO11 -54.50 
no breaks 

(163) 
 2.5% (109) 37% (109) 

spo-11(ok79) SPO11 -30.19 
no breaks 

(163) 

WT 

levels(164) 
0.50%  (107)  

dsb-1(we11) REC114 -23.92 
no breaks 

(109) 
 3.20% (109) 38% (109) 

dsb-2(me96) REC114 -30.61 
decreased 

(110) 
 39% (110) 12% (110) 

him-17(e2707)  -35.53 

WT levels 

but delayed 

repair (108) 

 63% (108) 33% (108) 

rad-50(ok197) RAD50 -30.66 
reduced 

(163) 

increased 

(163) 
1.2% (163) 19% (163) 

exo-1(tm1842) EXO1 -28.85 
WT levels 

(113) 
 99.10% (165) 

0.10% 

(165) 

mre-11(iow1) MRE11 -18.48 
reduced 

(113) 

increased 

(113) 
0.2%(113)  

rad-51(Ig8701) RAD51 -20.93  increased 

(166) 
0% (166)  

slx-1(tm2644) SLX1 -17.63 

WT levels 

but persist 

longer (167) 

Increased 

(167) 
92.70% (167) 

0.40% 

(167) 

 

Per the “Disposable Soma Theory of Aging” that postulates a trade-off of resources 

between somatic maintenance and reproductive fitness, mutations that cause a decrease in fertility 

would be predicted to result in an increase in lifespan. Indeed, sterile mutants have been shown to 

exhibit enhanced longevity in worms and flies (128, 168). We reviewed results from previously 

published papers describing the fertility defects in meiosis mutants. We found the mutations in our 

short-lived strains had a variety of fertility defects ranging from ones with less than 3% fertility 
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(spo-11(ok79), spo-11(me44), rad-51, rad-50, mre-11) to ones which produced >80% viable 

progeny (slx-1, him-8, exo-1) (162, 165, 167). Given previous observations that sterility and 

fertility loss are often associated with increased longevity, it was noteworthy that 9/13 mutants had 

>80% fertility loss but still exhibited significant lifespan reduction (Table 1). Defects in the DNA 

damage repair pathways, as well as excessive DNA breaks, have been reported to have an impact 

on aging (169). Of the 13 genes that reduced lifespan, 9 of the genes encode proteins that have no 

known roles in homologous recombination-mediated DNA repair. While many of the genes encode 

proteins that do not have a direct role in DNA repair, some of the mutations in these genes had 

reduced or very few breaks as indicated by RAD-51 foci (dsb-2, dsb-1, rad-50, mre-11, spo-11) 

(Table 1) (109, 110, 113, 163). Mutations in meiosis also can results in changes to the level of 

germ cell apoptosis including increased apoptosis in rad-50, mre-11, rad-51, and slx-1 mutants 

with other mutants maintaining wild-type levels of apoptosis such as chk-2 and spo-11(ok79) 

(Table 1) (113, 160, 163, 164, 166, 167). Thus, mutations in genes functioning at different steps 

of meiosis shortened lifespan significantly independent of their impacts on DNA repair, germline 

apoptosis or fertility. 

To further understand how meiotic mutations impact reproduction, we selected three genes 

to further investigate. These genes included spo-11 and dsb-2, which encodes proteins involved in 

the formation of the double-strand break during meiotic recombination, and htp-3, encodes a 

component of the synaptonemal complex (125). We selected these genes because of their specific 

role in meiosis, predicted germline-restricted expression, and the consistent reduction of lifespan 

that we observed in their mutants. We found that mutations in spo-11(me44) reduced mean lifespan 

from 26-54% (Fig 5A), htp-3 mutants reduced mean lifespan from 17% - 33% (Fig 5B), and dsb-

2 mutants reduced mean lifespan from 6% to 31% (Fig 5C).  
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2.2.2 Germline-specific inactivation of meiotic genes shortens lifespan   

Many, but not all meiotic genes, including spo-11, dsb-2 and htp-3, are germline-restricted 

in expression. To test if their lifespan impacts were due to germline function, and to determine 

their sites of action, we asked if germline-specific RNAi inactivation of these genes shortened 

lifespan of worms.  We used a recently developed transgenic strain in which mutant strain of rde-

1 (which encodes an Argonaute protein, a key component of the RNAi machinery pathway and 

essential for response to feeding RNAi) expresses the RDE-1 protein solely in the germ line (driven 

by the germline-specific promoter, sun-1). This strain has been used widely for germline-specific 

RNAi knockdown of genes (170-172). We found that if we initiated RNAi inactivation from early 

larval stages and maintained it throughout the entirety of the animal’s lifespan, there was a 

reduction of mean lifespan by 12%-17% when htp-3 was knocked down, 19-20% when spo-11 

was knocked down, and 19% when dsb-2 was knocked down (Fig 5D, Appendix Table 2). C. 

elegans produce sperm during larval stage 3 (L3), then switch to producing oocytes in early 

adulthood and continue to do so throughout the rest of the reproductive span (126). To obtain a 

temporal perspective on the meiotic genes function, we inactivated dsb-2, htp-3 and spo-11,  only 

in adulthood by initiating RNAi in larval stage 4 (L4) poised on the cusp of adulthood. We found 

that ‘adult-only’ RNAi of any of the three genes had no impact on lifespan (Fig 5E). These results 

demonstrated that knockdown of dsb-2, htp-3, or spo-11 in the germ line is sufficient to decrease 

lifespan, but the timing of the knockdown is important.  
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Figure 5: Lifespans of meiotic mutants and germline-specific RNAi knockdown of htp-3, spo-11, and dsb-2.  

(A)  N2 (m = 19.49 ± 0.62)  n= 43/100, spo-11(ok79) n = 53/80 (m = 16.33 ± 0.62) P vs. N2 0.0008. (B) N2 (m = 

19.55 ± 0.53)  n= 49/72, dsb-2 n = 62/78 (m = 14.84 ± 0.58) P vs. N2 <0.001  (C) N2 (m=19.8 ± 0.58) n = 45/100, 

htp-3 n=52/80 (m = 16.42 ± 0.81) P vs N2 = 0.0014. (D) sun-1p::rde-1 on L4440 control RNAi (m=18.94 ± .8) n = 

75/90, sun-1p::rde-1 on htp-3 RNAi (m=15.77 ± .45) n = 82/90 P vs sun-1p::rde-1 on L4440 <0.0001,  sun-1p::rde-

1 on spo-11 RNAi (m=15.04 ± .48) n = 89/107 P vs sun-1p::rde-1 on L4440 <0.0001,   sun-1p::rde-1 on dsb-2 

RNAi (m=15.36 ± .42) n = 86/107 P vs sun-1p::rde-1 on L4440 <0.0001. (E) sun-1p::rde-1 on L4440 control RNAi 

(m=17.19 ± 0.53) n = 55/62, sun-1p::rde-1 on htp-3 RNAi (m= 17.94 ± .61) n = 74/106 P vs sun-1p::rde-1 on 

L4440  0.0732,  sun-1p::rde-1 on spo-11 RNAi (m=17.43 ± .41) n = 66/107 P vs sun-1p::rde-1 on L4440 0.0485,   

sun-1p::rde-1 on dsb-2 RNAi (m=16.29 ± .52) n = 88/97 P vs sun-1p::rde-1 on L4440=0.8605. Survival data 

analyzed using Kaplan Meier curve shown as mean lifespan (m) ± standard error of the mean n=observed/total * p 

<0.05, **p <0.001, ***p <0.0001 
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We further tested the germline-specific role by introducing the three meiotic mutations 

(independently) into temperature-sensitive mutants of the gene glp-1. It has been previously 

reported that the removal of germline-stem cells (GSC) increases the lifespan of C. elegans by 

about 60%, and this has been replicated genetically through a mutation in glp-1, which encodes 

the receptor for a germline proliferation signal (128, 130) These temperature-sensitive mutants 

have a defect in germline cell proliferation when shifted from the normal laboratory conditions of 

20 °C to 25 °C. The loss of GSCs extends lifespan through a network of transcriptional changes 

and upregulation of pro-longevity genes (138). We hypothesized that if the meiotic mutations 

functioned in the germ line to impact lifespan, then in the germline-less glp-1 mutant background, 

there would not be a reduction in lifespan. We found that the glp-1;dsb-2 double mutant showed 

no significant difference in lifespan from the glp-1 single mutant, as expected based on our 

hypothesis (Fig 6A, Appendix Table 4). The htp-3;glp-1 mutant showed a partial shortening of 

lifespan compared to glp-1 (Fig 6E, Appendix Table 4). Surprisingly, the spo-11 mutation in the 

glp-1 background produced a significant decrease in lifespan (Fig 6B, Appendix Table 4). A 

similar result was observed with two alleles of spo-11, ok79 and me44. Since glp-1 mutants have 

an extended lifespan compared to wild type, the interpretation of this result would be complicated 

due to the lifespan extending signals generated through glp-1 mutation. To obviate this, we used 

an another germline-less mutant, carrying the glp-4(bn2), temperature sensitive mutation that 

prevents germline development, but does not have an extended lifespan in the wild-type 

background (173). Again we found that the spo-11;glp-4 double mutants had a similar decrease in 

lifespan to  the spo-11 single mutant. (Fig 6D, Appendix Table 4).  
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Figure 6: Impact of meiosis mutants in germlineless background.  

(A) WT (m=16.5 ± 0.51) n = 71/113 P vs glp-1 <0.0001, dsb-2  n = 35/41 (m= 9.69 ± .71) P vs N2 <0.0001, P vs 

glp-1 <0.0001, glp-1  n = 94/118 (m= 19.87 ± .61) P vs N2 <0.0001, dsb-2;glp-1  n = 82/95 (m= 18.33 ± .67) P vs 

N2 <0.0167, P vs glp-1 0.1325. (B) WT (m=19.92 ± 0.76) n = 87/111 P vs glp-1 <0.0001 , spo-11(ok79) n = 42/43 

(m= 15.07 ± .1.08) P vs N2 0.0005 , P vs glp-1 <0.0001, glp-1  n = 48/49 (m= 26.53 ± .1.25) P vs N2  <0.0001, spo-

11(ok79);glp-1  n = 36/52 (m= 20.22 ± .1.99) P vs N2  0.4799, P vs glp-1 0.0989. (C) WT (m=16.56 ± 0.56) n = 

78/113 P vs glp-1 <0.0001 , spo-11(me44) n = 47/62 (m= 13.04 ± .0.5) P vs N2 <0.0001 , P vs glp-1 <0.0001, glp-1  

n = 39/40 (m= 20.93 ± 1.03) P vs N2  <0.0001, spo-11(me44);glp-1  n = 38/61 (m= 11.05 ± 0.64) P vs N2  <0.0001, 

P vs glp-1 <0.0001. (D) WT (m=19.93 ± 0.65) n = 60/122 P vs glp-4 <0.0625 , spo-11(me44) n = 57/70 (m= 14.66 ± 

0.78) P vs N2 <0.0001 , P vs glp-4 <0.0013, glp-4  n = 75/124 (m= 17.92 ± 0.66) P vs N2  <0.0625, spo-
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11(me44);glp-4  n = 118/125 (m= 13.27 ± 0.45) P vs N2  <0.0001, P vs glp-4 <0.0001. (E): WT (m=14.71 ± 0.52) n 

= 91/102, htp-3 n = 98/110 (m= 11.67 ± 0.61) P vs N2 <0.0001 , glp-1  n = 117/137 (m= 22.13 ± 0.68) P vs N2  

<0.0001, htp-3;glp-1  n = 116/121 (m= 19.03 ± 0.64) P vs N2  <0.0001, P vs htp-3 <0.0001. (F): expression of spo-

11 in N2 animals and glp-1 animals, statistical significances were calculated using a one-tailed t test, combined 3 

biological replicates. (G): Whole life exposure: WT (m=15.25 ± 0.58) n = 75/123 P vs auxin <0.0001 , dsb-2:degron 

n = 90/125 (m= 18.17 ± 0.68) P vs N2 on EtOH = 0.0015 , P vs auxin = 0.2373, spo-11:degron  n = 77/124 (m= 

17.65 ± 0.76) P vs N2  =0.0188, P vs auxin = 0.7307, WT on 1 mM auxin (m=19.64 ± 0.81) n = 69/120 P vs WT on 

EtOH <0.0001,   dsb-2:degron on 1 mM auxin n = 93/129 (m= 17.42 ± 0.6) P vs N2 on EtOH = 0.0182, spo-

11:degron on 1mM auxin  n = 106/122 (m= 18.25 ± 0.61) P vs N2  = 0.0006. (H): Adult-only exposure WT 

(m=14.47 ± 0.39) n = 91/104 P vs auxin =0.0503 , dsb-2:degron n = 95/118 (m= 13.86 ± 0.4) P vs N2 on EtOH = 

0.4258 , P vs auxin = 0.1161, spo-11:degron  n = 104/124 (m= 14.25 ± 0.52) P vs N2  = 0.5875, P vs auxin = 

0.8986, WT on 1 mM auxin (m=15.55 ± 0.6) n = 75/92 P vs WT on EtOH =0.0503,   dsb-2:degron on 1 mM auxin n 

= 97/155 (m= 14.64 ± 0.45) P vs N2 on EtOH = 0.4259  spo-11:degron on 1mM auxin  n = 112/141 (m= 14.36 ± 

0.43) P vs N2  = 0.6288 Survival data analyzed using Kaplan Meier curve shown as mean lifespan (m) ± standard 

error of the mean n=observed/total * p <0.05, **p <0.001, ***p <0.0001 

  

 To address the discrepancy between the results of the germline-specific RNAi knockdown 

and the germline-less mutants, we sought another strategy to eliminate SPO-11 or DSB-2 protein 

specifically in the germ line using the Auxin-Inducible Degron (AID) system. Two strains had 

been previous developed that consisted of degron-tagged SPO-11 or DSB-2, which resulted in 

SPO-11 or DSB-2 proteins degrading specifically in the germ line and only in the presence of 

auxin (174).  This tool would allow us to ask if loss of either of these two proteins specifically in 

the germ line impacted the lifespan of the animal. We found that degrading these proteins in the 

germ line, using two different concentrations of auxin (1mM or 4mM), either for the entire life of 

the animal or beginning during adulthood (L4 stage), does not impact lifespan of the animal (Fig 
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6 G,H, Appendix Table 3). However, these observations were also confounded by our discovery 

that both auxin exposure and the expression of the AID construct impacted lifespan (discussed in 

Chapter 5). Taken together, these experiments suggest that germline-specific whole life 

inactivation of meiotic genes is sufficient to shorten lifespan, but in some cases such as spo-11 

there may be somatic functions as well.  

2.2.3 Mutations in meiosis impact healthspan 

While conducting the lifespan experiments, we noticed that the meiosis mutants appeared 

older than the wild type animals of the same age.  Considering that mutations in dsb-2, htp-3, and 

spo-11 decrease lifespan, we were also interested in determining if these mutations also showed 

signs of accelerated aging i.e., diminished healthspan. It has been well documented that C. elegans 

show age-related decline in many different physiological, cellular, and molecular parameters as 

detailed in Chapter 1.3 (75). Multiple assays that measure aspects of age-related deterioration in 

anatomic, physiological and molecular aspects have been developed by our lab and others that 

together help assess the rate of aging of the animal (71). We assessed the meiotic mutants using 

these parameters. First, we tested if there were changes to the tissue integrity with age. The 

transparent nature of C. elegans allows for visualization of specific tissues that change with age 

(72). As the animals get older, the clearly defined nuclear boundaries in certain tissues, such as 

muscle cells, are less defined and necrotic cavities appear (72). The pharynx of the animals also 

shows clear degradation with age, with the older animals showing signs of degraded tissue and 

bacteria packing in the pharynx (72). We imaged middle-aged (Day 5) animals and found that the 

appearance of the spo-11 mutants, compared to wild type animals of the same age, appeared to 
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show a marked decline in tissue integrity (Fig 7A, B). We quantified this by taking images of three 

different ages throughout the lifespan (Day 1, 5, and 10) of wild type animals and spo-11 mutants 

and asked researchers who work with C. elegans across the University of Pittsburgh to blindly 

score the animals on a scale of 1-3, with 1 being the healthiest and 3 being the unhealthiest, with 

example images of each score provided for training purposed. The images were blinded for both 

genotype and age of the animal. The results from these examinations resulted in spo-11 mutants 

on Day 5 and Day 10 of adulthood consistently receiving a score of 3 at a significantly higher rate 

than age-matched wild-type animals (Fig 7C). Interestingly, dsb-2 and htp-3 mutants appeared 

indistinguishable from their wild-type counterparts at all ages. 

Another hallmark of aging in C. elegans is loss of mobility (175). Loss of mobility, as a 

measure of healthspan, can be quantified in C. elegans through a variety of different assays (71).  

Here we used thrashing rate, which we measured by counting the number of body bends each 

animal made while swimming in liquid during a set amount of time (see methods). Wild-type 

animals exhibit a well-documented, steady decline in thrashing rate between young (Day 2), 

middle (Day 5) and old (Day 7 or later) ages (Fig7D-F, Appendix Table 5.). We found that animals 

with a mutation in spo-11 exhibited an accelerated decline in their thrashing rate between Day 5 

and Day 7 of adulthood (Fig 7D, Appendix Table 5). htp-3 mutant animal demonstrated an 

accelerated decline in thrashing rate later in life, between Day 7 to 9 of adulthood (Fig 7E, 

Appendix Table 5). However, dsb-2 mutants showed a similar decline in thrashing rate from Day 

2 to Day 9 of adulthood as the wild-type animals (Fig 7F, Appendix Table 5). Thrashing was 

initially measured starting at Day 2 of adulthood, but to rule out that the mutations caused 

developmental defects that impaired movement, we also quantified thrashing rate in L4 larvae. We 

found that only dsb-2 mutants had a reduced thrashing rate during this developmental stage, while 
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spo-11 and htp-3 mutants had a similar thrashing rate as wild type. Interestingly, the dsb-2 mutant 

animal was the only animal that we examined in which thrashing rate did not demonstrate an 

accelerated decline with age (Fig 7O).  

C. elegans process their food, the normal lab diet of E. Coli, through grinding of their 

pharyngeal muscle, which is a neuromuscular organ whose rhythmic ‘pumping’ contractions break 

down bacterial cells (75).  Wild-type pumping rates peak at Day 2 of adulthood and then decline 

throughout the rest of an animal’s lifespan (75).  We found that htp-3 mutant animals had an 

accelerated decline in pumping rate compared to wild-type, specifically between Day 5 and Day 7 

of adulthood (Fig 7H, Appendix Table 6). Animals with a mutation in spo-11 or dsb-2 showed a 

similar rate of decline in pumping as wild type (Fig 7G, I, Appendix Table 6).  

The fourth healthspan feature that we measured was neuronal function, as assessed by 

chemotaxis and short-term memory. Remarkably, the nervous system remains structurally intact 

during aging, but associative learning and long-term associative memory decline with age (176). 

Using an established associative learning assay, we trained the animals to associate the scent of 

butanone with food and then 30 minutes later, quantified the number of animals on an nematode 

growth media (NGM) plate that moved towards a drop of butanone versus a drop of the control 

(ethanol) (176). We measured this neurological function on Days 1 and 5 of adulthood. We found 

that dsb-2 mutants demonstrated an accelerated decline in neurological function with age, while 

htp-3 and spo-11 mutants had no change compared to wild type (Fig 7J-L, Appendix Table 7). 

As in many species, the ability of C. elegans to combat stress declines with age (71).  One 

source of stress that can be easily quantified in the lab is exposure to pathogenic bacteria. The 

decline in resistance against pathogen attack, immunosenescence, is well documented in worms 

(177). This was the fifth healthspan feature that we measured, by exposing the animals to the 



 45 

 

opportunistic pathogen Pseudomonas aeruginosa strain PA14 (PA14). C. elegans are typically 

grown on plates that are seeded with E. coli as food, but to measure pathogen stress resistance, 

worms grown on normal E. coli lawn during development can be transferred to plates seeded with 

the pathogenic PA14 strain and survival measured over time. We found that upon exposure to 

PA14, dsb-2 mutant animals had a shorter survival time compared to wild-type animals (Fig 7M, 

Appendix Table 8). Thus, at least one meiotic mutant exhibited immune-susceptibility.  

Lastly, we asked if in addition to premature signs of anatomical and physiological decline, 

the meiotic mutants also showed early induction of molecular markers of aging. Many previous 

studies have identified genes that undergo age-related gene expression changes in C. elegans (178-

180). The expression of one such gene, ins-7, was upregulated earlier in dsb-2 mutants compared 

to wild type and the other mutant animals (Fig 7N). Overall, these experiments demonstrated that, 

in addition to reducing lifespan, mutations in dsb-2, spo-11 and htp-3 also caused accelerated 

decline in healthspan features. Interestingly each mutant demonstrated a decline in at least one 

healthspan feature, however, there was not a single healthspan feature that we measured for which 

all of the mutants demonstrated an accelerated decline. These experiments led us to conclude that 

disrupted meiosis not only shortened lifespan, but also impaired healthspan.  
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Figure 7: Healthspan of dsb-2, spo-11, and htp-3 mutants 
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Image of wild type (A) or spo-11(ok79) (B) Day 5 adult. (C) Average percent of images, given the unhealthiest 

looking score. Statistical significance was calculated using a one-tailed t test, averaging data from 10 different 

people scoring images Fig D-E: Thrashing compared between wild type (WT, black) and spo-11(ok79) (blue) (D), 

htp-3  (red) (E), and dsb-2 (green) (F).  Data shown are combined from 3 (or 4 for dsb-2) independent biological 

replicates with 20 animals tested per strain, per replicate. Values for each biological replicate are normalized to the 

thrashing rate for Day 2 of each strain. Statistical significance was calculated using an unpaired two-tailed t test (G-

I): Pumping compared between wild type (WT, black) and spo-11(ok79) (blue) (G), htp-3 (red) (H), and dsb-2 

(green) (I).  Data shown are combined from 3 independent biological replicates with 20 animals tested per strain, per 

replicate. Values for each biological replicate are normalized to the pumping rate for Day 2 of each strain Statistical 

significance was calculated using an unpaired two-tailed t test (J-L): Learning compared between wild type (WT, 

black) and spo-11(ok79) (blue), (J), htp-3 (red) (K), or dsb-2 (green) (L). Data shown are combined from 3 

independent biological replicates with 20 animals tested per strain, per replicate. More details for how learning 

index was calculated are in the methods section. Values for each biological replicate are normalized to the learning 

index for Day 2 of each strain Statistical significance was calculated using an unpaired two-tailed t test. (M) 

Pathogen exposure to P. aeruginosa (PA14) WT (m=83.49 ± 2.26) n = 57/87 dsb-2 n = 42/58 (m= 63.95 ± 2.06) P 

vs N2 <0.0001. survival data analyzed using Kaplan−Meier test, shown as mean lifespan in hours (m) ± standard 

error of the mean (SEM). ‘n’ refers to number of animals analyzed/total number in experiment (see Methods for 

details) (N)  expression of ins-7 in N2 animals and dsb-2 animals, statistical significances were calculated using a 

one-tailed t test, combined 3 biological replicates (O) Thrashing rate of L4 animals of N2(WT), dsb-2, htp-3, and 

spo-11 strains, with data shown combined for 3 biological replicates. Statistical significance was calculated using 

one tailed t test Asterisks indicate statistical significance <0.05 (*), <0.001 (**), <0.0001 (***). 

2.2.4 Mutations in meiosis impact protein homeostasis  

Loss of protein homeostasis is one of the hallmarks of aging across species and is linked 

with age-related and neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s 

disease (149). Protein homeostasis is imperative for maintaining protein quality control in a cell 
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through proper protein folding and clearance of misfolded proteins. These processes require 

chaperone-mediated protein folding, the autophagy-lysosomal system, and the ubiquitin-

proteasome system (181). Aging-associated proteostatic collapse can cause the accumulation of 

protein aggregates, some of which have toxic properties and contribute to disease (181). Research 

using C. elegans has contributed towards our understanding of the functional importance of 

components of protein homeostasis in aging. Multiple models for measuring protein homeostasis 

decline in aging and neurodegenerative diseases, have been developed for use in C. elegans. For 

example, strains expressing the A peptide and polyglutamine stretches have been used 

extensively to study the biology of Alzheimer’s Disease and Huntington’s Disease respectively 

(181). These models were developed to answer specific questions about these diseases, but they 

can be used more generally to understand protein homeostasis. In fact, studies in C. elegans have 

led to the discovery that animals that overexpress specific chaperones live longer, and that 

interventions in C. elegans that activate autophagy can also extend lifespan (182, 183). In addition 

to the role of protein homeostasis as one of the hallmarks of aging, there have also been studies 

that identified a link between reproduction and the timing of reproduction with protein 

homeostasis. This includes the finding that the loss of protein homeostasis is one of the first 

markers of aging, and interestingly, occurs as soon as the animals begin reproducing (159). There 

is also evidence to suggest that the germ line is involved in controlling somatic protein 

homeostasis, including evidence to suggest germline protein homeostasis impacts protein 

homeostasis in various somatic tissues (150, 154).  

We asked if, in addition to the lifespan and healthspan declines, protein homeostasis was 

also diminished in meiotic mutants, which would point then towards a potential underlying 

mechanism. We used the aforementioned models and additional assays of protein accumulation to 



 49 

 

determine if the trajectory of protein-homeostasis decline was altered in dsb-2, htp-3 or spo-11 

mutants. The first model that we used was a previously developed strain that expresses the RNA 

binding protein, PAB-1, tagged to the fluorescent reporter, tagRFP (184). This protein tends to 

aggregate with age and the level of aggregation in the worm pharynx was found to be correlated 

with longevity and overall fitness (184). In order to understand if aggregation was altered in 

meiosis mutants, we categorized each animal as having low, medium, or high aggregation, as 

described in the original publication (184). These categories correspond to either less than 10 

aggregates in the posterior pharyngeal bulb (low), more than 10 aggregates in the posterior bulb 

(medium), or more than 10 aggregates in the anterior bulb (high). As reported in the original 

publication, we also saw that wild-type animals had an increase in the number of animals with 

medium or high aggregation from Day 5 to Day 8 from about 5%-50% of animals to about 65%-

85% of animals (Fig 8A-C, Appendix Table 9). In addition to these three previously published 

categories, we observed a fourth category in older animals: “diffuse” florescence where the 

aggregates lost discrete boundaries. Few animals belonging to this category were observed in wild 

type and rarely before Day 8.  dsb-2 mutants had a similar increase in worms with medium, high, 

or diffuse aggregation (Fig 8D-F, Appendix Table 9). The spo-11 mutants had about 95% of 

animals with medium, high, or diffuse aggregation on Day 5, and in 2 of 3 trials, 100% of animals 

had medium, high, or diffuse aggregation on Day 8 (Fig 8G-I, Appendix Table 9). Surprisingly, 

80%-100% of the spo-11 mutants showed diffuse aggregation on Days 8 and Day 10 of adulthood, 

whereas only about 2% of wild-type animals did. htp-3 mutant animals across three trials had an 

increase in the number of animals with medium, high, or diffuse aggregation from Day 5 to Day 8 

from about 25%-60% to 60% - 80% (Fig 8J-L, Appendix Table 9). In htp-3 mutants, 40-75% of 

animals displayed diffuse aggregation on day 12. The reasons underlying the production of the 
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‘diffuse’ aggregates remains unclear, however in spo-11 and htp-3 mutants, diffuse fluorescence 

manifests earlier and at higher rates. These data suggest that in at least two of the three meiotic 

mutants, age-related protein aggregation occurred prematurely and at high levels.  

We also examined protein aggregation using a C. elegans strain expressing 35 Glutamine 

repeats (CAG repeats, or polyQ aggregation). PolyQ expansions have been identified as having a 

role in cellular toxicity during Huntington’s disease, and researchers have expressed these repeats 

in model organisms, such as C. elegans to study further (185). It has been determined through 

genetic studies and studies in model organisms that 35-40 repeats causes proteotoxic stress (185). 

Previous research has identified that animals with 40 repeats (Q40) quickly develop aggregates 

within 1-2 days, Q29 animals show aggregates after a week, while animals with Q33 or Q35 

develop aggregates in about 4-5 days (185). We asked if there was a change in the development 

of these polyQ aggregates in the meiosis mutants. The Q35 animals have Q35 tagged to YFP, 

under the promoter unc-54, which allows for expression in the muscle. With age, these proteins 

aggregate and can be visualized in the muscle of the animals. We found that there was no difference 

in the number or rate of aggregation formation in wild type and in spo-11 mutants (Fig 8 M,N). 

We did not test the accumulation of polyQ 35 aggregates in the other meiosis mutants, dsb-2 or 

htp-3.  

Another method that we used to test the efficiency of the protein folding environment was 

a mutant with a known protein destabilizing mutation. unc-52 encodes the worm homolog of 

mammalian Perlecan protein that is critical for myofilament function. A temperature sensitive 

mutation in unc-52 results in age-dependent paralysis (159). We asked how knockdown of dsb-2, 

htp-3, or spo-11 impacted the misfolding of UNC-52 as measured by the paralysis of the animal. 

We kept the animals at 15 °C and then shifted the animals to the 20 °C and checked for paralysis 
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every 4-12 hours. We found that animals with dsb-2 or spo-11 knocked down showed an early 

increase in the number of paralyzed animals, with about 80% of animals paralyzed after 2 days of 

adulthood (Fig 8O, Appendix Table 10).  

Lastly, we also assessed protein homeostasis by measuring the expression levels of three 

heat shock proteins. Previously, the expression of genes encoding several chaperones/heat-shock 

proteins have been reported to increase with age in C. elegans (186). hsp-16.2 encodes a heat shock 

protein predicted to enable unfolded protein binding activity when part of the heat-shock response 

(HSR) is upregulated. We asked if the meiotic mutants showed this upregulation prematurely 

compared to wild-type animals of a similar age. Using quantitative PCR (qPCR), we compared the 

hsp-16.2 mRNA levels of Day 1 adults from three meiotic mutants with age-matched wild-type 

controls. We found that in Day 1 htp-3 and spo-11 mutants, there was an increase in hsp-16.2 

expression of 8- and 19-fold, respectively, compared to wild type (Fig 8P). We measured the 

expression of two other heat shock proteins hsp-6, which functions in the mitochondrial unfolded 

protein response (UPRmt), and hsp-4, which regulates the endoplasmic reticulum unfolded protein 

response (UPRer). hsp-6 had 1.5- and 1.2 fold elevated expression in spo-11 and htp-3 mutants, 

respectively, compared to wild type (Fig 8Q). No differences were observed in hsp-4 mRNA levels 

between the strains (Fig 8R). Overall, these experiments provided significant evidence that protein 

homeostasis was disrupted in the meiotic mutants and at an earlier age than wild type.  
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Figure 8: Protein homeostasis of dsb-2, spo-11, and htp-3 mutants.  
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(A-L) Quantification of percent of animals in each category of aggregation levels with age. Low aggregation (grey) 

<10 aggregates in posterior pharyngeal bulb. Medium + high aggregation (blue) includes animals with >10 

aggregates in posterior pharyngeal bulb or high >10 aggregates in anterior bulb. Diffuse aggregation (orange) 

animals with aggregates without clear boundaries. Data shown in one representative trial with 20 animals per strain 

per timepoint, other trials shown in supplemental table. Cartoon representation of aggregate levels in anterior and 

posterior pharyngeal bulbs in Day 5 and Day 8 animals. Representative images of Day 5 WT (B), dsb-2 (E), spo-11 

(H), htp-3 (K) animals in tagRFP::pab-1 strain background. Representative images of Day 8 WT (C), dsb-2 (F), spo-

11 (I), htp-3 (L) animals in tagRFP::pab-1 strain background. (M, N) Images of Day 5 WT animals or spo-11 

mutants in the background of unc-54p::Q35::YFP animals. (O) Percent of animals paralyzed after exposure to 

increased temperature of 20 °C for two days with control RNAi strain (L4440, black), dsb-2, (green), htp-3 (red), or 

spo-11 (blue) knocked down. Details about experiment are in the methods section. Data is combined from 2 

biological replicates with 82-99 animals observed per strain per biological replicate. Statistical significance was 

calculated using one-tailed t test. (P-R): mRNA expression levels of hsp-16.2 (P), hsp-6 (Q), and hsp-4 (R) in WT 

(black) dsb-2 (green), htp-3(red), and spo-11 (blue) mutants, statistical significances were calculated using a one-

tailed t test, combined 3 biological replicates.  

2.3 Discussion 

Correlative evidence suggests a relationship between reproduction and aging; however, it 

is difficult to study the causative role of germline status on organismal aging. Here we used the 

model organism, C. elegans, and the germline-restricted process of meiosis to ask how mutations 

in meiosis impact aging. We found that overall, many mutations in meiosis reduce lifespan and 

specifically, mutations in dsb-2, htp-3 and spo-11 reduce healthspan in addition to lifespan. We 

also found that knockdown in the germ line of dsb-2, htp-3, or spo-11 is sufficient to reduce 

lifespan. In addition to the many healthspan parameters we measured, such as tissue integrity, 
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muscle function, mobility, stress resistance, and gene expression changes, we also found that there 

was an early decline in protein homeostasis as measured by various models.  

2.3.1 Mutations in meiosis impact lifespan  

While genes involved in meiosis have been extensively studied to understand reproduction 

and their roles in meiosis, very few studies have examined how these mutations impact aging. 

However, genes involved in other aspects of the germ line, such as glp-1, have been extensively 

studied in terms of how germline stem cell arrest impacts somatic health (130). In addition to C. 

elegans, there is also evidence in flies that blocked oogenesis extends longevity (168). In humans 

and rodents, castration increases lifespan (13, 187), but there are also mutations in C. elegans that 

result in sterility which do not increase lifespan (130). Based on previous research, we found that 

while the majority of meiotic mutants impacting lifespan had a decrease in fertility, some mutants 

had very little impact on fertility (exo-1, him-8, slx-1) (162, 165, 167). According to the 

“Disposable Soma Theory of Aging”, animals that do not invest resources into reproduction invest 

energy and resources into somatic maintenance. Therefore, it is surprising that these mutants, 

which have reduced fertility and, in some cases, have below 5% viable progeny (spo-11(me44), 

spo-11(ok79), dsb-1, rad-50, mre-11, rad-51), reduced, instead of extended, lifespan (107, 109, 

113, 163, 166) 

Another process that has previously been found to impact aging and health is DNA break 

repair. Other studies have identified that mutations in DNA damage repair genes, including brc-1 

and xpf-1, which are involved in various DNA damage repair pathways such as homologous 

recombination, interstrand crosslink repair, and nucleotide excision repair, impair stress resistance 
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and reduce lifespans (169). Additionally, exo-3, an AP endonuclease, shortens lifespan and 

functions in the gonad as well as the soma (188). However, another study found that DNA damage 

in germ cells actually increases stress resistance in the soma (189). Previous research has identified 

that some mutants that we examined had altered numbers and persistence of DNA double-strand 

breaks, as measured by RAD-51 (him-17, slx-1, exo-1, him-8), while some mutants had either no 

breaks or reduced breaks (htp-3, dsb-2, dsb-1, spo-11, rad-50, mre-11) (108-110, 113, 162, 163, 

167). Prior evidence suggested that apoptosis plays a role in oocyte quality; however, blocking 

apoptosis does not impact lifespan (56, 72).  Mutants that reduced lifespan in this study had 

variable impacts on levels of apoptosis. Some mutants exhibited WT levels or decreased levels of 

apoptosis (chk-2, spo-11) and some mutants displayed increased levels of apoptosis (mre-11, rad-

50, rad-51, slx-1) (113, 160, 163, 164, 166, 167). Interestingly, while the majority of the mutants 

that we tested impacted lifespan, there were some genes for which mutations had no impact on 

lifespan (htp-1, rfs-1, rec-1, helq-1, rad-54, sws-1, rmh-1) or had increased lifespan (plk-2). This 

could be due to redundancy in function in meiosis. We also did not test every gene that functions 

in meiosis. Instead, we focused on examining mutations in genes that are specific to meiosis or 

have predicted mostly germline expression, while also testing genes from a variety of different 

molecular processes in meiosis.  

2.3.2 Knockdown of dsb-2, htp-3 and spo-11 in the germ line for the entirely of the animal’s 

life decreases lifespan 

We utilized three different methods to understand if meiotic genes in the germ line impact 

lifespan. Utilizing germline restricted RNAi, we found that knockdown of dsb-2, htp-3, and spo-
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11 reduced lifespan. However, we found that lifespan was only reduced when the animals were 

exposed to the RNAi over the entire duration of the animal’s life. When we asked if knocking 

down these genes during the young adult (L4) stage impacts lifespan, we did not find a lifespan 

change. This indicates that the stage for which the function of these genes is important for aging 

and might begin earlier than the start of reproduction. C. elegans first produce sperm and then 

switch to oogenesis in the L4 stage. Future studies could determine if the meiotic genes are 

impacting either oogenesis or spermatogenesis by also studying the impact of meiotic mutations 

in males or animals that only produce oocytes due to a genetic mutation.  

We were surprised that a mutation in htp-3 in the germline-less background had a small 

reduction in lifespan. We also found that spo-11 mutants had a similar reduction in lifespan in the 

germline-less background as they do in wild type. We found this to also occur in the other 

germline-less background, glp-4, which has a normal lifespan. We used two different alleles of the 

spo-11 mutation to rule out the possibility that this was a mutation specific result. Interestingly, 

we measured the expression level of spo-11 in glp-1 animals and found no gene expression in day 

1 adults (Fig 7F).  These results could indicate that the level of spo-11 expression in glp-1 animals 

is undetectable by qPCR or potentially that it is expressed before Day 1. This could be examined 

in the future by using another tool to quantify spo-11 expression in germline-less animals such as 

smFISH or by conducting qPCR on L4 germline-less animals.   

Utilizing the auxin inducible degradation system, we attempted to knockdown SPO-11 and 

DSB-2 in the germ line for either the entirety of the animal’s lifespan, or just for adulthood. These 

results were confounded due to the impact of auxin and the AID strains on lifespan (discussed 

further in Chapter 5). Interestingly, we found that while knockdown of SPO-11 caused sterility, 

these effects were reversed later in the animal’s reproductive span. This potentially could indicate 
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that the effects of auxin did not stretch beyond a few days. We addressed this by frequently 

transferring the animals to fresh plates containing auxin, and by increasing the concentration of 

auxin. However, this did not change the phenotype of return of fertility. This indicates that SPO-

11 may not have been completely knocked down for the entirety of the animals’ lifespan and that 

could explain why we did not see a change in lifespan.  

2.3.3 Mutations in meiosis have variable impacts on healthspan and protein homeostasis 

We found that there was not a single measure of healthspan for which all three meiosis 

mutants had a faster decline compared to wild type. Similarly, no single mutant we tested displayed 

healthspan deficits in all assays. This is similar to other short-lived and long-lived mutants, where 

some aspects of healthspan correlate with lifespan, while other measurements of healthspan do not 

(90, 91). Therefore, this seems to be a consistent feature of aging such that different characteristics 

or healthspan features decline at different rates. While we tested a variety of healthspan parameters, 

there are a number of aspects that we did not test such as gut autofluorescence, heat stress, 

oxidative stress and pathogen stress for htp-3 and spo-11. Therefore, the possibility that all meiotic 

mutants share an impact on a healthspan measure cannot be overruled without further analyses. 

2.3.4 Mutations in dsb-2, htp-3, and spo-11 impact the status of protein homeostasis 

We were interested in the mechanism through which mutations in meiosis impact aging 

and wanted to determine if any of the common hallmarks of aging were altered. Interestingly, the 

meiosis mutants, specifically spo-11, had variable impacts on the different models of protein 
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homeostasis we tested. We found that there was a premature decline in protein homeostasis using 

the PAB-1-aggregation model. Similarly, using the temperature sensitive unc-52 protein-folding 

model, we observed protein homeostasis defects upon inactivation of spo-11 and dsb-2 mutant. 

However, there was no difference observed in the number of poly Q aggregates. The PAB-1::RFP 

protein homeostasis model is expressed in the pharynx of the animal. Both the PolyQ aggregation 

model is under the control of body wall muscle, unc-54 promoter and unc-52(ts) is also expressed 

in the in the body wall muscle. Therefore, there may be differences in the tissue-specific impact of 

germline dysfunction on protein homeostasis in the soma. Additionally, protein homeostasis was 

slightly altered in htp-3 mutants using the PAB-1 model and the unc-52 model, whereas in dsb-2 

mutants, there was no significant change in the protein homeostasis models and the dsb-2 mutants, 

other than the slight change to paralysis of the unc-52(ts) mutant. Therefore, even though lifespan 

and healthspan are altered in these mutant animals, there may be tissue specificity. 

In conclusion, we found that while the “Disposable Soma Theory of Aging” predicts that 

meiotic mutations would increase lifespan, our data shows that this relationship is much more 

complex because we find mutations in meiosis that decrease lifespan. We found that three of these 

mutants, dsb-2, htp-3, and spo-11, have a decline in healthspan as well. Our data points to protein 

homeostasis as a potential mechanism though which disruption of meiosis impacts aging. In 

contrast to the predictions of the “Disposable Soma Theory of Aging”, animals which have 

mutations which alter reproduction to produce fewer progeny also have a shorter lifespan. In the 

future, it will be interesting to determine exactly how germline disruption is sensed by the animal 

to alter lifespan. 
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2.4 Methods 

2.4.1 C. elegans strains and culture 

Strains were maintained at 20 °C on nematode growth media (NGM) plates seeded with E. 

coli strain OP50. Strains were acquired from the CGC or shared by the Yanowitz lab.  These strains 

include N2 (WT), DCL569 mkcSi13 [sun-1p::rde-1::sun-1 3'UTR + unc-119(+)] II, CF1903 glp-

1(e2144), SS104 glp-4(bn4), AGP285 spo-11(ok79)/nT1;glp-1, AGP310 spo-11(me44);glp-4, 

AGP304 dsb-2(me96);glp-1, AGP322 htp-3;glp-1, CA1421 meIs8 [pie-1p::GFP::cosa-1 + unc-

119(+)] II. ieSi38 [sun-1p::TIR1::mRuby::sun-1 3'UTR + Cbr-unc-119(+)] IV, CA1423 meIs8 

[pie-1p::GFP::cosa-1 + unc-119(+)] II. ieSi38 [sun-1p::TIR1::mRuby::sun-1 3'UTR + Cbr-unc-

119(+)] IV, WS3455 chk-2(gk212), QP1298 rec-8/nT1;coh-3,4, QP0455 htp-1(gsk150), htp-

1(gk174);htp-2(tm2543), htp-2(t2543), TY4986 htp-3(y428) ccIs4251 I/hT2 [bli-4(e937) let-

?(q782) qIs48] (I,III)., CA1230 htp-3(tm3655)/hT2, AV307 syp-1(me17)/nT1g, AC276 syp-

2(ok307)/nT1, CV2 syp-3(ok758)/hT2, CA998 ieDf2/mLs11, CA151 him-8(me4), RB1183 prom-

1(ok1140), RB1582 plk-2(ok1936), AV157 spo-11(me44)/nT1, AV106, spo-11(ok79)/nT1, 

RB1562 him-5(ok1896), CA1117 dsb-1(we11)/nT1g, QP938 dsb-2(me96), KR5301 rec-1(h2875), 

CB5423 him-17(e2707), AV473 rad-50(ok197), SSM72 exo-1(tm1842), QP0900 mre-

11(iow)/nTg, CA538 rad-51(lg8701)/nTg, brc-1(tm1842), RB1279 rfs-1(ok1372), VC531 rad-

54(ok615), TG1792 helq-1(tm2134), QP1208 sws-1(ea12), rmh-1(ad92), him-14(ok230)/mln1, 

AV115 msh-5(me23)/nTiU, CV98 him-18(tm2181)III/qCq dpy-19(e1259)glp-1(q339)nls189 III, 

TG1760 mus-81(tm1937), TG1868 slx-1(tm2644), VC193 him-6(ok412), CB1487 xpf-1(e1487). 

To generate double mutants we crossed genetic strains using standard genetic cross methods and 

https://cgc.umn.edu/strain/search?st1=htp-3&sf1=all
https://cgc.umn.edu/strain/search?st1=y428&sf1=all
https://cgc.umn.edu/strain/search?st1=ccIs4251&sf1=all
https://cgc.umn.edu/strain/search?st1=hT2&sf1=all
https://cgc.umn.edu/strain/search?st1=bli-4&sf1=all
https://cgc.umn.edu/strain/search?st1=e937&sf1=all
https://cgc.umn.edu/strain/search?st1=let-%3F&sf1=all
https://cgc.umn.edu/strain/search?st1=let-%3F&sf1=all
https://cgc.umn.edu/strain/search?st1=q782&sf1=all
https://cgc.umn.edu/strain/search?st1=qIs48&sf1=all
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confirmed homozygous or heterozygous mutations using PCR or DNA sequencing. For strains 

which are balanced, animals were maintained as heterozygotes and homozygotes were picked for 

the experiment.  

2.4.2 Lifespans  

All lifespan experiments were conducted at 20 °C on E. coli OP50 plates, unless otherwise 

noted. Between 20 and 30 L4 hermaphrodites were transferred to 4-5 plates per strain. For 

experiments involving RNAi, NGM plates were supplemented with 1 mL 100 mg/mL Ampicillin 

and 1 mL 1 M IPTG (Isopropyl--D-1-thiogalactopyranoside) per liter of NGM. The plates were 

observed at 24−48 h intervals to record live, dead or censored (animals that were missing or 

bagged). For lifespan assays that included strains with the temperature sensitive glp-1 or glp-4 

mutation, all eggs for that experiment were picked and transferred to 25 °C for 48 h. Then the 

animals were transferred to fresh plates for the lifespan and maintained at 20 °C. RNAi strains 

were acquired from Ahringer or Vidal Library (69, 70). The lifespan assays were analyzed using 

the program Online Application of Survival Analysis (OASIS 2) and Kaplan Meier survival curves 

to calculate P-values (190). GraphPad prism (version 9) was used to graph the results.  

2.4.3 Thrashing assay 

Thrashing assay was based on a previously optimized protocol (191). To measure thrashing 

rate with age, L4-stage larvae were picked and maintained at 20 °C. On day 2, adults were 

transferred to an unseeded NGM plate (to remove excess OP50 from the body of the animal), then 
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transferred one at a time into 1 ml of M9 media in an unseeded 3 cm plate. The animals were 

allowed to acclimate for 5 minutes in the liquid, then the number of body bends counted for a 30 

second interval. A body bend constituted the movement of the head and/or tail beyond the midline 

of the body. Thrashing rate was measured similarly on animals aged to 5, 7, and 9 days of 

adulthood at 20 °C. Thrashing was quantified for 10-20 animals per timepoint per strain and 

repeated for a total of 3 biological replicates. Both strains were normalized to the average number 

of thrashes in 30 seconds for that biological replicate for Day 2. P values were calculated for each 

timepoint between the mutant strain and the wild-type strain using Student’s t test.   

2.4.4 Pumping assay 

To measure pumping rate with age, L4-stage larvae were picked and maintained at 20 °C. 

On day 2, about 20 adults were transferred to a fresh NGM plate seeded with OP50. The animals 

were allowed to acclimate for about 2-5 minutes. The number of pumps in the terminal bulb was 

counted for 30 seconds using a counter for every 5 pumps. The count was repeated on the same 

worm 3 times. Pumping rate was measured similarly on animals aged 5, 7, and 9 days of adulthood 

at 20 °C. Pumping was quantified for 10-20 animals per timepoint per strain and then repeated for 

a total of 3 biological replicates. Both strains were normalized to the average number of pumps in 

30 seconds, for that biological replicate for Day 2. P values were calculated for each timepoint 

between the mutant strain and the wild-type strain using Student’s t test.  
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2.4.5 Learning 

Chemotaxis response was measured from a sample size of 20-40 worms per trial and was 

repeated three times. Methods used for the study were adapted from similar past studies (Kauffman 

et al., 2010). L4’s were picked and maintained at 20 °C until D1 of adulthood. The population was 

then split into 2 groups of trained with the chemotaxis response and untrained control group. To 

perform the chemotaxis assay, 20-40 worms were placed at the center of a 10 cm plate, and their 

migration towards butanone (1L 1:10 butanone:ethanol) and ethanol control (1L ethanol) at 

opposite ends of the plate (1 cm away from the edge) was recorded. For the pre-training group, 

this assay was done immediately, after washing the worms in M9 buffer. For the other group, 

training consists of a short starvation period, 1 hour in M9 buffer, and conditioning 50 min with 

food and butanone (1:10 butanone:ethanol) on inside of the plate lid. The worms were then washed 

and kept on plates with food and no butanone for 30 min. After this brief starvation period the 

chemotaxis assay was completed as defined above. The same protocol was then repeated with 

animals from day 5 of adulthood. After each chemotaxis assay was performed, the chemotaxis 

index (CI) is calculated for each group. 

𝐶𝐼 =
(# 𝑎𝑡 𝐵𝑢𝑡𝑎𝑛𝑜𝑛𝑒 − # 𝑎𝑡 𝐶𝑜𝑛𝑡𝑟𝑜𝑙)

(𝑇𝑜𝑡𝑎𝑙 # − # 𝑎𝑡 𝑂𝑟𝑖𝑔𝑖𝑛)
 

CI was then used to calculate the learning index a measure of short-term associative 

memory. 

𝐿𝑒𝑎𝑟𝑛𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 = 𝑃𝑜𝑠𝑡 𝐶𝐼 − 𝑃𝑟𝑒 𝐶𝐼 

Learning index was then used to compare the short-term associative memory (STAM) of 

day 1 animals to day 5 animals. Both strains were normalized to the learning index for Day 1, for 
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that biological replicate. P values were calculated for each timepoint between the mutant strain 

and the wild-type strain using Student’s t test.   

2.4.6 Aggregation assay 

Protocol based on method previously developed by Lechler et al., (184). Animals were 

picked at the L4 stage and maintained on OP50 NGM plates at 20 °C.  On Day 2 of adulthood, 

animals were imaged using a Leica M250 FA stereoscope to count the number of aggregates per 

animal. The animals were quantified as have low (<10 aggregates), medium (>10 aggregates in 

posterior bulb), high (>10 aggregates in anterior bulb), or diffuse aggregation (aggregates not 

countable). About 20 animals per strain per timepoint were categorized with three biological 

replicates. For the representative images a Nikon A1r confocal microscope was used to take 0.2 

m Z -stacks.  

2.4.7 Pathogen stress assays 

Frozen stocks of Pseudomonas aeruginosa (PA14) were streaked out on an LB plate and 

incubated overnight at 37 °C. A single colony was inoculated in Kings Broth, which was incubated 

overnight in a 37°C shaker incubator. Then 25 uL of the culture was seeded on NGM plates, which 

were modified to have high peptone (0.35%). The plates were then incubated overnight at 37 °C 

and sat at room temperature for 24 hours before use. Between 20-30 L4 animals were added to 

each PA14 seeded plate at 25°C, and the animals were monitored for survival every 6-12 hours. 

The animals were marked as live, dead, or censored animals to account for the bagged, exploded 
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or missing animals. The animals were transferred to fresh plates every day of the experiment until 

they stopped laying eggs. The survival data was analyzed using the program Online Application 

of Survival Analysis (OASIS 2) and a Kaplan Meier survival curve was used to calculate P-values 

(190). GraphPad prism (version 9) was used to graph the results.  

2.4.8 qPCR 

RNA was isolated from three biological replicates of Day 1 adults. These animals were 

picked as L4’s and maintained on OP50 E. coli plates at 20 °C until collected for RNA. On day 1 

of adulthood, the animals were washed with M9 three times. Then TRIzol was added to the rinsed 

pellet and stored at -80 °C. The samples were then freeze thawed 6 times and the RNA was isolated 

using a standard phenol chloroform method with ethanol precipitation (192). The concentration 

was determined using a Nanodrop. RNA was treated with DNase 1 (Sigma Aldrich) and cDNA 

was made using the High Capacity RNA-to-cDNA kit (Applied Biosystems). qPCR reactions were 

made using PowerUP SYBR Green Master mix (Thermo Fisher), 0.25 M primers, and 10 ng cDNA 

and conducted using the CFX Connect Real-Time PCR detection system.  

2.4.9 unc-52 paralysis assay 

Paralysis assay was adapted from the method as described in Ben-Zvi et al., (159) unc-

52(e669su250) animals were maintained at 15 °C, then L4 animals were picked and moved to 

RNAi or OP50 control plates at 20 °C to monitor for paralysis. For each experiment, 50-110 

animals were used per condition, and the experiment was blinded for the RNAi clone that was 
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seeded on each plate. Paralysis was monitored every 4 - 12 hours by prodding the animal with a 

pick. If the animal did not immediately respond and move across the plate, the animals was marked 

as paralyzed. GraphPad prism (version 9) was used to graph the results for the percent of animals 

that were paralyzed at a specific timepoint and student’s t-test was used to calculate P-value.  

2.4.10 Generation of dsb-2 RNAi clone  

To generate the RNAi clone to knockdown dsb-2, PCR was used to amplify the region of 

interest (Appendix Table 15). The PCR product was then run on a gel, the single band was excised 

from the gel and purified using QIAquick gel extraction kit (ID: 28704). The fragment was then 

ligated into the L4440-TA vector (provided by Mainpal Rana, Yanowitz lab) using the NEBNext 

Quick Ligase Reaction kit (cat # E6056S). After verifying the sequence, the plasmid was 

transformed into HT115.  
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3.0 Meiotic mutants exhibit prematurely-aging transcriptional profiles 

3.1 Introduction 

One of the classical theories of aging, the “Antagonistic Pleiotropy Theory”, posited that 

aging was a consequence of evolutionary positive selection for genes that are beneficial to younger 

reproducing organisms but become detrimental to older ones (7). This theory ascribes a 

significance to age-related gene regulation that has also been supported by subsequent discoveries 

on the genetic regulation of aging. Hence, there has been intense interest in documenting the 

transcriptional changes that are associated with age across species, including in worms and 

individual human tissues. Studies investigating age-related gene expression changes have 

indicated that up to 30% of the C. elegans transcriptome may in fact changes with age (193). While 

the global transcriptional changes are not completely understood, there are some functional 

categories of genes that are known to be dysregulated with age in C. elegans. These transcriptional 

changes include differential expression of actin related genes, stress response, lipid metabolism 

and genes associated with cell death (73, 193). In addition to studying transcriptional changes that 

occur during normal aging, there has also been extensive research on the gene expression changes 

associated with long-lived and short-lived C. elegans mutants. This includes a mutation in glp-1, 

which is essential for germline proliferation. glp-1 mutants are sterile and have a 60% increase in 

lifespan, which is specific to loss of the proliferating germline stem cells (128, 130). These mutants 

have been extensively studied to understand the underlying transcriptional changes associated with 

longevity. The transcriptional changes associated with the glp-1 mutation include a shift in lipid 
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metabolism, autophagy, stress resistance and proteasomal degradation (138). Therefore, previous 

research has demonstrated that germline mutations can have a broad impact on somatic gene 

expression, including determinants of longevity.  

Following our discoveries, that mutations in many different steps of meiosis decrease 

lifespan and diminish healthspan features, we investigated the underlying mechanisms causing this 

accelerated aging. We continued to focus on dsb-2, spo-11 and htp-3, the three genes whose 

detailed lifespan and healthspan phenotypes we had documented so far. As described below, we 

applied large scale RNA sequencing to map the transcriptomes of these meiotic mutants and found 

transcriptional changes that were significantly shared between them as well as unique to each. 

Strikingly, the transcriptional changes associated with these mutations resembled changes 

observed in both older C. elegans and in genes differentially expressed with age in humans. 

Finally, using previously published datasets, as well as the results from our RNA sequencing study, 

we identified 10 genes which are differentially expressed with age in wild-type animals, and in 

spo-11 and htp-3 mutants. These represent homologs of human genes which change in expression 

with age. Overall, this study adds to our evidence that mutations in meiosis affect the normal aging 

of C. elegans.  
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3.2 Results 

3.2.1 The meiotic mutants share significant fractions of their transcriptomes 

We utilized RNA sequencing (RNAseq) to map the transcriptomes of the three mutants: 

spo-11, dsb-2, and htp-3. We chose these mutant animals because of their distinct roles in meiosis, 

together with our observations of the impact on aging from these mutants. Day 1 adults of the three 

mutant animals and wild-type animals were collected in three independent biological replicates for 

RNA isolation, library preparation and sequencing (75 bp single end reads). The resulting raw 

sequencing data was analyzed using two independent pipelines that are regularly used in our lab, 

the Galaxy pipeline and the CLC Genomics Workbench (194). The final lists of differentially 

expressed genes (DEGs) were derived from the CLC analysis with a cut off 2 fold change and a p 

value of <0.05 (Supplemental Table S1-6). We found that spo-11 mutants had the most 

differentially regulated genes, with 7,654 genes upregulated, referred to as SPO-11 UP and 3,584 

genes downregulated, referred to as SPO-11 DOWN. htp-3 mutants had the second most 

differentially expressed genes, with 4,730 genes upregulated (HTP-3 UP) and 1,666 genes 

downregulated (HTP-3 DOWN).  And dsb-2 mutants had the fewest differentially expressed 

genes, with 106 genes upregulated (DSB-2 UP) and 91 genes downregulated (DSB-2 DOWN). 

We found that htp-3 mutants shared 86% of their transcriptomes with spo-11 mutants (4069/4730 

UP, 1430/1666 DOWN; P <0.0001, P<0.0001) (Fig. 9). Additionally, despite the small number of 

DEGs identified in dsb-2 mutants, it was striking that 63 of 106 DSB2-UP genes were also 

upregulated in both spo-11 and htp-3 mutants (Fig. 9). 
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Figure 9: Differentially expressed genes in meiosis mutants.  

(A) Number of genes upregulated in Day 1, spo-11(me44), htp-3, and dsb-2 mutant animals with overlapping 

number of genes shown between genotypes. (B) Number of genes downregulated in Day 1, spo-11(me44), htp-3, 

and dsb-2 mutant animals with overlapping number of genes shown between genotypes.  

 

Using DAVID and WormBase Gene Expression Analysis to identify enriched functional 

categories, we found specific gene ontology (GO) terms that were differentially regulated in the 

three meiosis mutants (https://wormbase.org/tools/enrichment/tea/tea.cgi) 

(https://david.ncifcrf.gov/). In dsb-2 mutants, the upregulated genes were enriched for GO terms 

associated with extracellular matrix, cell adhesion, and basement membrane organization, 

whereas, the downregulated gene list was enriched for the terms development and growth. The 

GO Terms associated with genes upregulated in htp-3 mutants included immune response, biotic 

stimulus and response to other organisms and the downregulated terms include development and 

reproduction (Fig 10). GO terms associated with upregulated genes in spo-11 mutants included 

immune response and transmembrane transport, whereas, the downregulated category was 

https://david.ncifcrf.gov/
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enriched for development and reproduction functions (Table S1-6). We also examined the tissue-

distribution of the DEGs identified using a previously described prediction pipeline  and found 

them to be enriched for expression in the germ line and reproductive systems, expectedly, but 

also tissues such as the nervous system, intestine, hypodermis and muscle (Table S1-6 ) (195).  
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Figure 10: GO terms associated with differentially regulated genes in dsb-2, htp-3 and spo-11 mutants 

WormBase Gene enrichment analysis was used to determine GO terms. The top significant terms are displayed 

above 
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3.2.2 Genes differentially regulated in htp-3 and spo-11 mutants share similarities with C. 

elegans aging  

We next asked if the gene-expression changes induced by meiotic dysfunction had any 

relevance to normal aging. We hypothesized that the mutants would exhibit a prematurely-aged 

transcriptional profile i.e., during young adulthood show high expression of genes normally 

upregulated in old WT animals. Due to the very small size of the dsb-2 mutants’ DEG list, we used 

the spo-11 and htp-3 mutants’ DEGs for these analyses. We compared the transcriptomes of Day 

1 spo-11 and htp-3 mutants with the datasets from Rangaraju et al., that comprises a comprehensive 

RNAseq map of the transcriptomic changes observed during middle age (Day 5) and aging (Day 

10) in WT animals (196). We found significant overlap in SPO-11 UP with genes upregulated in 

Day 10 wild-type animals (66%, 2037/3113 genes, p <2.414e163) as well as SPO-11 DOWN and 

Day 10 wild-type downregulated genes (44% 1259/2834 genes, p < 3.152e-182) (Fig 11A, Table 

S10,11). We also found significant overlap when we compared the differentially expressed genes 

in the htp-3 mutants, with 41% of the genes upregulated in Day 10 wild-type animals also 

upregulated in htp-3 mutants (1274/3113 genes, p < 6.15e-80) and 26% (727/2834 genes, p < 

1.919e-177) of the genes downregulated in Day 10 wild-type animals also downregulated in htp-

3 mutants  (Fig 11A, Table S10,11) (196). The overlap with the middle-aged, Day 5 wild-type 

transcriptomes was also significant: 55% (1413/2548, R factor: 1.3, P<5.190e-40) and 42% 

(1069/2548, R factor 1.6, P < 3.40e-72) for SPO11-UP and HTP3-UP gene lists, respectively 

(Table S9-12). Lastly, genes downregulated in Day 1 spo-11 and htp-3 mutants were also highly 

enriched for genes which were downregulated at Day 10 in wild-type animals with 40% 
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(1113/2834, R factor: 1.9, P < 7.363e-145) and 26% (727/2834, R factor: 2.7, p < 1.919e-177) 

overlap, respectively (Table S10,11). 

We also compared our datasets to another C. elegans study in which Golden et al., 

conducted a microarray analysis on worms that were collected at 7 different times throughout the 

lifespan of the animal, from Day 4 to Day 24 (193). They identified sets of genes which increased 

for the entirety of the animals’ lifespan as measured until Day 24. We found that of the 1164 genes 

upregulated with age in wild-type animals, 574 genes were also upregulated in spo-11 mutants 

(49%, p < 1.876e-05) (Fig 11A). Similarly, we found that the htp-3 mutants shared 380 genes that 

were also upregulated throughout the animal’s lifespan (32% p < 3.484e-06) (Fig 11B). Between 

the genes upregulated in both spo-11 and htp-3 mutants, 358/1164 genes or 31% were also 

upregulated in the Golden et al., study of genes which increase throughout lifespan (p<3.145e-10) 

(Fig 11B) (193). Through comparison with these two studies of the transcriptome of aging C. 

elegans, we identified that there are shared gene expression changes in spo-11 and htp-3 mutants 

that are associated with chronological as well as physiological age.  
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Figure 11: Comparison of differentially-expressed genes in spo-11 and htp-3 mutants with aging studies.  

(A) Number of differentially regulated genes which are shared between this study of genes upregulated in Day 1 

spo-11 mutants, htp-3 mutants, and genes shared between spo-11 and htp-3 mutants with genes upregulated in 

Rangaraju et al., study of genes upregulated in wild-type Day 10 animals. (B) Number of differentially regulated 

genes which are shared between this study of genes upregulated in Day 1 spo-11 mutants, htp-3 mutants, and genes 
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shared between spo-11 and htp-3 mutants with genes upregulated in Golden et al., study of genes upregulated with 

age up to Day 24 of adulthood. (C) Number of genes differentially regulated in our study of spo-11, htp-3, and htp-3 

and spo-11 overlap, which overlap with the C. elegans orthologs of genes differentially regulated with age in human 

blood from Sutphin et al., study. (D) Number of genes upregulated in our study of SPO-11 UP, HTP-3 UP, and 

HTP-3 and SPO-11 UP overlap, which overlap with the C. elegans orthologs of genes upregulated with age in at 

least three tissues up regulated in human aging from Chatsirisupachai et al., study. (E) Number of genes upregulated 

in our study of SPO-11 UP, HTP-3 UP, and HTP-3 + SPO-11 UP overlap, which overlap with the C. elegans 

orthologs of matrisome genes upregulated with age in humans with age from Statzer et al., study.  

3.2.3 Genes differentially regulated in htp-3 and spo-11 mutants share similarities with 

genes differentially regulated in human aging  

We were also curious to determine if the gene expression changes we observed in the htp-

3 and spo-11 mutants resembled the genes expression changes associated with human aging. 

Sutphin et al., analyzed gene expression changes using the Cohorts of Heart and Aging Research 

in Genomic Epidemiology (CHARGE) dataset of genes, which are differentially expressed with 

age in human peripheral blood (178). From that dataset, they wanted to determine if the C. elegans 

homologs of these genes had a functional impact on aging of the animal. First, they converted the 

top 125 genes that were differentially expressed with age to the predicted C. elegans ortholog using 

WORMHOLE and identified the corresponding 87 C. elegans orthologs (178). Of the 87 genes, 

we found 49 genes also in the spo-11 mutant DEGs, 31/87 genes in the htp-3 DEGs, and 29/87 

genes differentially regulated in both spo-11 and htp-3 mutants (Fig 11C). Interestingly, Sutphin 

et al., identified five genes with the greatest impact on lifespan through RNAi knockdown, which 

included kynu-1, iglr-1(upregulated in spo-11 and htp-3), tsp-3 (upregulated in spo-11 and htp-3), 
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rcan-1 (upregulated in spo-11), and unc-36 (upregulated in spo-11) (178). Additionally, we were 

interested in the larger CHARGE dataset of 1,497 differentially expressed genes with age in human 

peripheral blood (197). We converted these human genes into C. elegans orthologs using OrthoList 

(http://ortholist.shaye-lab.org/) and found 1534 C. elegans genes corresponding to 891 of the 1497 

human genes. The larger number of C. elegans genes may be due to gene duplication events in the 

C. elegans genome as well as the inclusion of orthologs with partial matches (198). Remarkably, 

917 of the 1534 genes (60%, R factor 0.9 P < 3.458e-04) were included in the spo-11 DEGs (Table 

S11,12), while 533 (35%, R factor 1.0 P < 0.094) were included in the htp-3 DEGs (Table S9,10); 

442 were shared between spo-11 and htp-3 DEGs (29%, R factor 0.9 p <0.018) (Table S9-12). 

Therefore, in addition to sharing a similar transcriptome to differentially expressed genes in C. 

elegans with age, the htp-3 and spo-11 mutants also share a transcriptomic signature with the 

orthologs of genes associated with aging in human peripheral blood and some genes with 

functional significance to C. elegans lifespan.  

While the CHARGE data set consists of the transcriptomic changes observed in human 

blood, we were also interested if there were other tissues that shared a transcriptomic signature 

with htp-3 and spo-11 mutants. In a previous study, Chatsirisupachai et al., analyzed gene-

expression datasets from the Genotype-Tissue Expression (GTEx) project to identify age-related 

DEGs from 26 human tissues (199). We identified the top 10 tissues (adipose, adrenal, blood 

vessel, brain, colon, lung, muscle, ovary, prostate, and uterus) that had an extensive list of genes 

with an age-related increase in expression. The strongest overlaps were observed between genes 

SPO11-UP and HTP3-UP gene lists and those upregulated in muscle, ovary, prostate, adipose, 

uterus and the brain (21% to 32%) (Table S13). Interestingly, we found that there were very few 

genes that were common among the human homologs of the genes downregulated in spo-11 or 

http://ortholist.shaye-lab.org/
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htp-3 mutants and the genes downregulated in various human tissues with age (<10%) (Table S13) 

Since the number of upregulated genes varied between the top 10 tissues, we looked for genes that 

were commonly upregulated between the tissues. We found that 286 genes were upregulated 

between at least 3 of the 10 tissues (Table S13). C. elegans orthologs were identified for 135 of 

these 286 genes and resulted in 318 C. elegans orthologs (http://ortholist.shaye-lab.org/). Of those 

318 C. elegans orthologs, 188 genes were upregulated in spo-11 mutants (59%, R factor 1.4, p < 

1.086e-08) and 124 genes upregulated in htp-3 mutants (39%, R factor 1.5, p < 1.348e-06). We 

found that of the genes that were jointly upregulated between spo-11 and htp-3 mutants, 116 of 

the 318 genes were also upregulated in the different tissues (36%, R factor 1.6 p < 4.021e-08 (Fig 

11D).  

A recent study collected gene expression changes with age in humans and utilized multiple 

datasets with focus of identifying age-related changes in matrisome i.e., genes encoding extra-

cellular matrix (ECM) components (200). 1027 protein encoding genes comprise the human 

matrisome (200). Many of these genes or functional categories associated with these genes are 

implicated in healthy aging.  As such, this category of genes has been of interest to those studying 

aging. Statzer et al., identified 99 genes that encompass the human aging ‘matreotype,’ or 

matrisome genes that change with age (92 upregulated, 7 downregulated). Again, using OrthoList 

(http://ortholist.shaye-lab.org/), we identified, 78 C. elegans orthologs (corresponding to 59 of the 

99 genes). Of these, 50 (64%, R factor 1.5, P<1.870e-04), 35 (45%,  R factor 1.7, P < 4.598e-04) 

and 34 ( 44%, R factor 1.9, P <4.854e-05) were also upregulated in Day 1 spo-11 mutants,  htp-3 

mutants, and the common genes between both mutants, respectively (Fig 11E, S9-12). Overall, the 

transcriptional profiles of genes upregulated in spo-11 and htp-3 mutants showed similarities with 

three studies mapping age-related gene expression changes in a variety of human tissues. This 

http://ortholist.shaye-lab.org/
http://ortholist.shaye-lab.org/
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suggests that the prematurely-aging meiotic mutants may express a molecular signature shared 

with human aging. 

In addition to determining if there was a broad transcriptional change, we also wanted to 

identify if there were specific genes that were upregulated in our dataset as well as the published 

datasets of genes upregulated with age in C. elegans and humans. We found that between the 

Rangaraju et al., Golden et al., and CHARGE dataset of genes, there are differentially expressed 

in spo-11 and htp-3 mutants, there is a common “aging signature.” This includes, 10 C. elegans 

genes encoding proteins involved in extracellular matrix and collagen binding (spon-1 and mua-

3), transport activity (pgp-8, sulp-4, ncr-2), a cytochrome P450 (cyp43A), ribosomal (rpl-11.2) and  

calpain genes (clp-4) and predicted transmembrane protein, (tag-120), and an annexin (nex-2). 

3.3 Discussion  

3.3.1 Differences between spo-11, dsb-2, and htp-3 mutant transcriptomes 

Overall, we found that dsb-2, htp-3, and spo-11 mutations, which have predicted germline- 

restricted expression, impact the genes expressed in the entirety of the animal. Interestingly we 

found that there were few genes that were differentially expressed in dsb-2 mutants, even though 

we found striking effects of the dsb-2 mutation on both lifespan and healthspan. DSB-2 is involved 

in the double-strand break formation during meiotic recombination, as an accessory factor to SPO-

11. However previous research has suggested that the dsb-2 mutation has an age-related defect in 

meiosis (109). We sequenced the transcriptome of Day 1 animals, but in the future, it may be 
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interesting to sequence the transcriptome of older animals, considering the previous evidence from 

other reports that dsb-2 mutants have more pronounced meiotic defects later in the reproductive 

ages.  

While spo-11 and htp-3 shared DEGs, they also exhibited uniquely differential expressions 

that are likely due to their specific roles in meiosis. HTP-3 functions during the formation of the 

synaptonemal complex to pair and physically attach the homologous chromosomes together (125). 

SPO-11 functions to form the DNA double-strand break during meiotic recombination (107). 

There may be some compensatory mechanisms or other proteins involved in pairing and synapsis 

which prevents an even more widespread transcriptional change in htp-3 mutants. There are four 

HORMA domain proteins in C. elegans that have overlapping function; however, HTP-3 has a 

specific role in sister chromatid cohesion and break formation (101). Interestingly, we found that 

in animals with a spo-11 mutation, there was a drastic shift in the transcriptome. This could be 

because spo-11 encodes an enzyme that is uniquely responsible for forming a double-strand break 

during meiosis. Considering that the break formation has a pivotal role during meiosis and thus 

reproduction, there may be a checkpoint or other signal triggered upon spo-11 mutation.  

3.3.2 Gene expression changes from meiosis mutations are widespread in different tissues 

Our tissue-enrichment prediction analyses showed that the DEGs were expressed in the 

germ line as expected, but there was also enrichment in tissues such as the intestine, muscle and 

hypodermis. This is interesting because many of the regulators of glp-1 longevity are required to 

be expressed in the intestine (134). In future studies, it will be interesting to conduct RNA Seq 

experiments on the soma and the germ line separately. It will also be interesting to determine if 
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there is a specific tissue that is responsible for signaling between the germ line and the soma to 

cause the aging defects we observed in the meiosis mutants. In the future, tissue specific rescue or 

knockdown experiments will be required to determine the somatic tissues that coordinate meiotic 

signals from the germ line to influence lifespan and healthspan. 

3.3.3 Similarities between human aging transcriptomes and spo-11 or htp-3 mutant 

transcriptomes 

While the length of life varies greatly between organisms, there are similarities between 

organisms in terms of the underlying mechanisms of aging. This includes the “hallmarks of aging” 

as well as some of the longevity pathways discovered in C. elegans, which have be found to be 

conserved in mice and humans (149, 201). Previous research has found similarities in the functions 

of the genes differentially regulated with age in multiple organisms (197, 202, 203) Therefore, it 

is not surprising to find an overlap between genes differentially regulated in htp-3 and spo-11 

mutants and human homologs differentially regulated with age. 

Finally, we identified 10 C. elegans genes that were commonly dysregulated with age in 

multiple published studies as well as in spo-11 and htp-3 mutants, including pon-1, mua-3, pgp-8, 

sulp-4, ncr-2, cyp43A, rpl-11.2, clp-4, tag-120, and nex-2 (196, 197, 204). Some of these genes 

are related to pathways or functions known to impact longevity. For example, the extracellular 

matrix has been previously identified to have an important functional role in aging of multiple 

organisms (205). Additionally, rpl-11.2 is required for upregulation of PHA-4 to respond to 

nucleolar stress, and pha-4 has an important role in caloric restriction-induced longevity in C. 

elegans (206). This list of 10 genes also includes genes with known impacts on neurodegenerative 
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disorders including clp-4, which has been found to be upregulated in a transgenic C. elegans model 

used to study Alzheimer’s Disease (207). Similarly, ncr-2 encodes the C. elegans homolog of the 

human NPC1, which is implicated in a neurodegenerative disorder (208). One of the other genes 

identified, pgp-8, has been identified as having a role in endoplasmic reticulum stress resistance, 

which may contribute to the aging phenotype we observed (209). In the future, it would be 

interesting to determine if and how any of these genes have a functional impact on lifespan or 

healthspan of normal animals.  

In conclusion we found that the genes differentially regulated in meiotic mutants share 

similarities with the genes differentially regulated in older C. elegans and the homologs of genes 

differentially regulated with age in humans. This supports our finding that meiotic mutations 

impact the length of the life and the physiological changes that occur during aging, as measured 

through healthspan. Thus, meiotic dysfunction not only shortens lifespan and diminishes 

healthspan, but also induces gene expression profiles highly similar to those of older animals.  

3.4 Methods  

3.4.1 C. elegans strains and culture 

Strains were maintained at 20 °C on nematode growth media (NGM) plates seeded with E. 

coli strain OP50. Strains were acquired from the CGC or shared by the Yanowitz lab.  These strains 

include N2 (WT), TY4986 htp-3(y428) ccIs4251 I/hT2 [bli-4(e937) let-?(q782) qIs48] (I,III)., 

https://cgc.umn.edu/strain/search?st1=htp-3&sf1=all
https://cgc.umn.edu/strain/search?st1=y428&sf1=all
https://cgc.umn.edu/strain/search?st1=ccIs4251&sf1=all
https://cgc.umn.edu/strain/search?st1=hT2&sf1=all
https://cgc.umn.edu/strain/search?st1=bli-4&sf1=all
https://cgc.umn.edu/strain/search?st1=e937&sf1=all
https://cgc.umn.edu/strain/search?st1=let-%3F&sf1=all
https://cgc.umn.edu/strain/search?st1=q782&sf1=all
https://cgc.umn.edu/strain/search?st1=qIs48&sf1=all
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AV157 spo-11(me44)/nT1, QP938 dsb-2(me96). For strains which are balanced, animals were 

maintained as heterozygotes and homozygotes were picked for the experiment.  

3.4.2 RNA Seq 

RNA was isolated from Day 1 adults of 3 biological replicates of wild type, dsb-2(me96), 

htp-3(y428), and spo-11(me44) mutants, which were collected in Trizol (Invitrogen) and stored in 

the -80°C freezer until RNA was isolated. To isolate RNA, the animals were freeze thawed 6 times, 

and the RNA was harvested using the TRIzol method (192). RNA was checked for quality and 

concentration using the Agilent Tapestation and Qubit Fluorometry. The library was prepared 

using the NEBNext Poly(A) mRNA Magnetic Isolation module (E7490) and NEBNext Ultra II 

RNA Library Prep Kit for Illumina (E7775) with NEBNext Multiplex Oligos for Illumina. The 

DNA libraries were checked for quality and quantified using Tapestation D1000 and Qubit High 

Sensitivity. The sequencing was run on Illumina NextSeq 500 with 75 bp single end reads at the 

Health Sciences Sequencing Core at UPMC Children’s Hospital of Pittsburgh. The sequencing 

data was then analyzed using CLC Genomics Workbench (version 21) using the RNA-Seq 

pipeline. Differentially regulated genes were filtered for significance using a fold change of greater 

than 2 and a p value <0.05.   

3.4.3 Transcriptome analysis  

Enrichment analysis was conducted for each gene group using Wormbase Gene Set 

Enrichment Analysis tool https://wormbase.org/tools/enrichment/tea/tea.cgi 

https://wormbase.org/tools/enrichment/tea/tea.cgi
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http://nemates.org/MA/progs/representation.stats.html was utilized to determine if there was 

significant overlap between data sets of differently expressed genes. This program took into 

account the size of the gene lists for both sets, the size of the overlapping gene list and the size of 

the C. elegans genome. http://ortholist.shaye-lab.org/ was used to convert the C. elegans genes 

lists into human homologs or the human genes into C. elegans homologs (210). 

http://nemates.org/MA/progs/representation.stats.html
http://ortholist.shaye-lab.org/
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4.0 Molecular mechanisms underlying meiotic control of aging  

4.1 Introduction  

The studies described in this chapter address key mechanistic questions: What genes and 

molecules are involved in signaling meiotic dysfunction to the soma and subsequent lifespan 

reduction? Do the transcriptional changes associated with meiosis disruption have any functional 

relevance to organismal lifespan? C. elegans studies have not only been instrumental in identifying 

genetic pathways that modulate aging, they have also revealed fundamental knowledge about the 

cellular processes that these pathways act on to change the animal’s lifespan. In mutants of daf-2, 

that encodes the worm insulin and IGF-1 receptor, extended lifespan is reliant upon the FOXO 

transcription factor, DAF-16, as well as other pro-longevity factors such as HSF-1, SKN-1 and 

others. Mapping the transcriptomes in daf-2 mutants dictated by DAF-16 and other such factors 

led to the discovery of downstream targets that included stress response genes, antimicrobial 

peptides, protein homeostasis- and metabolic- factors (76). Functional studies with these 

downstream effectors helped establish that these pro-longevity factors acted by increasing stress 

resistance, immune-resistance, improving lipid homeostasis and proteostasis (76). Since then, 

studies in other model organisms and systems have consolidated evidence for these processes’ 

roles in lifespan and health maintenance. This paradigm applies to dietary restriction (DR), i.e, 

increased longevity due to reduced caloric intake, a pro-longevity intervention found to be 

conserved across species (80). Notably, DR has been found to modulate these pathways to not only 

extend C. elegans lifespan, but also in Drosophila, mouse, and dog (76). Similarly, our laboratory, 
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and other studies, have used transcriptional profiling coupled to functional analysis of long-lived 

germline-less mutants to identify genes and processes that promote longevity upon GSC loss (139). 

While the studies described in the previous chapter demonstrated that one such process, protein 

homeostasis, is impaired in meiotic mutants, it remained unclear how this impairment is brought 

about and what the functional relevance of the transcriptional changes could be. 

As described in the previous chapters, we identified that mutations in C. elegans meiosis 

impact aging. We focused on three genes, spo-11 and dsb-2, which encode proteins that function 

during meiotic recombination to form double-strand breaks, and htp-3, which encodes a 

component of the synaptonemal complex. We identified that mutations in these three genes reduce 

lifespan and accelerate healthspan. We also found that spo-11 and htp-3 mutants share similarities 

to the gene expression profile of aging worms as well as the human homologs associated with 

human aging. But it remains mostly unknown through what mechanism or pathway mutations in 

dsb-2, spo-11, or htp-3 were influencing somatic aging. Here, we explored the functional relevance 

of the DEGs identified through these mutants’ RNAseq study. These studies also led us to explore 

the role of protein chaperones in this lifespan paradigm. We found that rpn-6.1, that encodes a 

subunit of the 19S proteasome, undergoes differential expression in meiotic mutants and its 

overexpression partially rescued the reduced lifespan of spo-11 mutants (148). Additionally, we 

identified two genes, irld-53 and Y19D10A.5, as potential anti-longevity genes. These two genes 

were upregulated in short lived mutants, dsb-2, htp-3, and spo-11, and have predicted roles as 

transmembrane transporters. We found that inactivation of irld-53 and Y19D10A.5 extended the 

lifespan of wild-type animals underscoring their functional relevance to longevity.  
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4.2 Results 

We wanted to understand how mutations in meiosis signal to the rest of the animal to 

impact somatic aging. To answer this question, we investigated the status of one common 

mechanism of aging, protein homeostasis (149). We utilized both the RNA sequencing data that 

we had previously collected as well as previous publications that studied pathways between the 

germ line and soma (211, 212).  

4.2.1 Germline-to-soma signaling in meiotic mutants does not require coelomocyte 

endocytosis  

While attempting to identify a potential mechanism responsible for signaling from the germ 

line to the soma, we asked if a physical link between the two tissues is necessary for the lifespan 

change. C. elegans have six coelomocytes that sit in the pseudocoelomic cavity and are physically 

connected to both the intestine and the germ line. They are phagocytic, taking up soluble 

macromolecules, and their function has been compared to the function of macrophages (213). 

CUP-4 is required for efficient endocytosis by C. elegans coelomocytes (214). A recent study from 

Lan et al., discovered that CUP-4 is required for germline to intestinal signaling to regulate UPRmt, 

AMPK, and lifespan (211). We hypothesized that if a similar endocytic pathway signaled meiotic 

dysfunction to the intestine, then preventing signal transmission by inactivating cup-4 would 

rescue meiotic mutant’s lifespan. However, we found that the spo-11 mutants had the same 

shortened lifespan on control RNAi as on cup-4 RNAi (Fig 12A, Appendix Table 11). This 

suggests that a physical connection between the germ line and soma may not be necessary for the 
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lifespan reduction in spo-11 mutants, although this remains to be tested in the other mutants and 

by other means of coelomocyte elimination. 

4.2.2  Wnt signaling does not impact the lifespan of spo-11 or htp-3 mutants 

We next asked if longer range signaling molecules were responsible for the somatic aging 

in the meiosis mutants.  A recent paper by Calculli et al., identified that a germline mutation 

impacted somatic protein aggregation and functioned through the Wnt ligand, egl-20 (212). We 

hypothesized that since the meiotic mutations also impacted somatic protein homeostasis, the Wnt 

signaling pathway could be a potential mechanism for this role. C. elegans have five Wnt ligands 

that are encoded by egl-20, lin-44, cwn-1, cwn-2, and mom-2 (215). Based on our RNA sequencing 

results, we found that egl-20, lin-44, and cwn-2 were upregulated in spo-11 and htp-3 mutants, 

while cwn-1 was upregulated in spo-11 only. Expression of these genes remained the same in dsb-

2 mutants. Therefore, we asked if mutations in spo-11 and htp-3 functioned through a similar 

pathway to impact lifespan by knocking down these Wnt ligands in spo-11 and htp-3 mutants. We 

found that neither cwn-1 nor cwn-2 knockdown had an impact on lifespan in either the wild-type 

background or the spo-11, or htp-3 mutants (Appendix Table 12). However, knockdown of egl-20 

increased the lifespan of wild-type animals in 2 of 3 trials and increased the lifespan of spo-11 

mutants in 1 of 3 trials; it had no impact on htp-3 mutant lifespans (Fig 12B, Appendix Table 12). 

Thus, Wnt signaling did not appear to be a shared signaling pathway activated in all meiotic 

mutants, it may play a role in spo-11 mutants.  
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4.2.3  Genes commonly upregulated in meiosis mutants impact lifespan 

We also utilized the results from RNA sequencing to identify potential signals or pathways 

that have a functional impact on lifespan. First, we focused on the genes that were commonly 

upregulated in all three meiosis mutants and we identified 63 genes. This included genes with roles 

in cytoskeleton (ttn-1, unc-54, che-3, myo-1, myo-2, epi-1, lam-2, ketn-1), matrix/adherence (him-

4, dig-1, mua-3), transmembrane transporters/signaling (irld-53, irld-35, Y19D10A.5, 

Y19D10A.4, F56A4.10, C01B4.8, C01B4.7, T26H5.9, unc-2, nca-2), and genes involved in 

known longevity pathways (lrp-2, lrp-1, sma-1), cytoskeleton (ttn-1, unc-54, che-3, myo-1, myo-

2, epi-1, lam-2, ketn-1), matrix/adherence (him-4, dig-1, mua-3), transmembrane 

transporters/signaling (irld-53, irld-35, Y19D10A.5, Y19D10A.4, F56A4.10, C01B4.8, C01B4.7, 

T26H5.9, unc-2, nca-2), and genes previously identified for roles in known longevity pathways 

(lrp-2, lrp-1, sma-1). We hypothesized that if these genes were upregulated in short-lived mutants 

and performed anti-longevity functions, then inactivating them in wild-type animals could extend 

the lifespan of the latter. From the original list of 63 upregulated genes, we selected 12 based on 

previous roles in longevity pathways, predicted membrane and signaling functions and 

conservation with human proteins. Two genes encoding putative membrane proteins with insulin-

receptor-like domains, irld-35 and irld-53, were included in this group. Two of the four coding 

transcripts of irld-53 share an identical sequence with the irld-35 transcripts. We expected that the 

RNAi clone we created inactivated the expression of both genes simultaneously. Whole-life RNAi 

increased wild-type lifespan ~10-20% significantly and consistently (Table 2). Similarly, RNAi of 

Y19D10A.5, another putative membrane protein, also reliably increased by 10%-21% (Fig 12C, 

Appendix Table 13). Upon inactivation of C01B4.7, predicted to encode a transmembrane 
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transporter, lifespan was extended 11% but this was inconsistent across trials (Table 2) 

Knockdown of some genes tested did not impact lifespan (mua-3, unc-2, F45D3.4, and lrp-2), 

whereas, some shortened lifespan upon whole-life RNAi (sma-1, ketn-1, F39C12.1, him-4, and 

dig-1) (Table 2). We wanted to distinguish if the gene knockdown was impacting aging or 

development by knocking down the genes beginning in adulthood, starting by L4. Similar to when 

we knocked down these genes during the entirety of the lifespan, we found that knockdown of the 

genes with predicted developmental roles, sma-1, ketn-1, dig-1, and him-4, again reduced lifespan. 

 

Table 2: Genes upregulated in spo-11, dsb-2, and htp-3 mutants 

Upregulated genes which were knocked down by RNAi are shown. The lifespan results for both knockdown during 

whole life or adult only are represented as a percent change in lifespan. Lifespans which were significantly different 

than wild type are highlighted based on if they increased lifespan (green) or decreased lifespan (red) 

 

 

 

 

Genes upregulated by 

dsb-2, htp-3, spo-11

Impact on 

Lifespan 

(whole life)

Impact on 

lifespan 

(adult only) 

Description 

irld-53
9.97%, 

21.2%
N.S. 

Insulin/EGF Receptor L Domain protein; DD 

neuron-enriched putative insulin-binding protein

C01B4.7
10.61%, 

N.S.
N.S. 

predicted to have transmembrane transporter 

activity, simialr to human Anion/sugar tranporter, 

solute carrier family 17

ketn-1 -19.50% -13.84% enables actin filament binding activity 

Y19D10A.5
9.46%, 

20.4%, N.S.
N.S. 

predicted to have transmembrane transporter 

activity - daf-12 target

him-4 -80.72% -21.93% extracellular matrix structural constituent

dig-1 -15.71% -7.80% predicted to enable calcium ion binding activity

sma-1 -30.93% -15.78%
Ortholog of human voltage-gated Ca+2 channel, 

CACNA1A. Negative regulator of TGFb pathway

unc-2 N.S. N.S. 

predicted to have voltage-gated calcium channel 

activity, negative regulation of transforming 

growth factor beta receptor signaling

mua-3 N.S. N.S. 
Transmembrane protein linking epithelial 

cytoskeletal intermediate filaments in to cuticle

lrp-2 N.S. N.S. 

Ortholog of human LRP1 (Low Density 

Lipoprotein receptor related protein 1) implicated 

in Keratosis Pilaris Atrophicans & Alzheimer's 

Disease; Membrane-localized.

F39C12.1 -19.71% N.S. 

Ortholog of human GATOR complex protein 

MIOS involved in cellular response to amino acid 

starvation & positive regulation of TOR signaling

F45D3.4 N.S. N.S. 

Uncharacterized DAF-7 interactor; Impacts 

dauer development; HIF independent hypoxia-

induced factor 
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4.2.4 Protein homeostasis genes are differentially regulated in spo-11 and htp-3 mutants 

and overexpression of rpn-6.1 rescues spo-11 mutant lifespan 

Considering the earlier indication that somatic protein homeostasis was altered in spo-11 

and htp-3 mutants, we identified several proteostasis genes that were downregulated in spo-11 and 

htp-3 mutants. We were particularly interested in rpn-6.1, encoding a subunit of the 19S 

proteasome, and chaperonin encoding genes, cct-8 and cct-2, for their identified role in germline 

control of longevity (148, 154, 216). Overexpression of RPN-6.1 and CCT-2 extends lifespan at 

higher temperature (25 °C) and over expression of CCT-8  extends lifespan at normal temperature 

(20 °C) (148, 216). We found that while knockdown of spo-11 in the control strain (myo-3p::GFP) 

decreased lifespan from 12% - 26.5 % consistent with our mutations studies, knockdown of spo-

11 in the RPN-6.1 overexpressing animals caused no lifespan shortening (Fig 12D, Appendix 

Table 14). Overexpression of neither CCT-2 nor CCT-8 did not provide similar protection against 

spo-11(RNAi)-induced lifespan shortening (Appendix Table 14).  
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Figure 12: Mechanisms of meiotic gene control of aging  

(A) Lifespan of cup-4 RNAi knockdown WT on L4440 RNAi (m=16.59 ± 0.4) n = 80/98 P vs spo-11(me44) 

<0.0001 , spo-11(me44) on L4440 n = 43/47 (m= 11.01 ± 0.46) P vs N2 <0.0001 , WT cup-4 RNAi  n = 85/91 (m= 

15.76 ± 0.45) P vs N2 =0.439, spo-11(me44) cup-4 RNAi  n = 43/45 (m= 11.11 ± 0.47) P vs N2  <0.0001, P vs spo-

11(me44) L4440 RNAi <0.0001. (B) Lifespan of Wnt ligand knockdown WT on L4440 RNAi (m=15.88 ± 0.53) n = 

55/93, WT on cwn-2 RNAi (m=16.52 ± 0.36) n = 84/113, P vs N2 L4440 = 0.4299, WT on egl-20 RNAi (m=15.79 

± 0.67), n= 52/111 p vs N2 L4440 = 0.9184,  spo-11(me44) on L4440 RNAi n=51/78 (m=11.63 ± 0.42) p vs N2 

L4440 < 0.0001, spo-11(me44) on cwn-2 RNAi n=38/89 (m=12.04 ± 0.35) p vs N2 L4440 < 0.0001, p vs spo-11 on 

L4440 = 0.3516, spo-11(me44) on egl-20 RNAi n=50/78 (m=13.04 ± 0.42) p vs N2 L4440 < 0.0001, p vs spo-11 on 

L4440 = 0.035, htp-3  on L4440 RNAi n=20/46 (m=17.84 ± 0.99) p vs N2 L4440 =0.0658, htp-3 on cwn-2 RNAi 

n=19/33 (m=19.51 ± 0.74) p vs N2 L4440 = 0.0007, p vs htp-3 on L4440 = 0.2223, htp-3 on egl-20 RNAi n=17/43, 

(m=14.79 ± 0.45) p vs N2 L4440 =0.1861, p vs htp-3 on L4440 = 0.5898. (C) Lifespan of irld-53 and Y19D10A.5 
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knockdown. WT on L4440 RNAi (m=14.83 ± 0.47) n = 92/120, WT on Y19D10A.5 RNAi (m=17.85 ± 0.6) n = 

76/116, P vs WT L4440 = 0.0001, WT on irld-53 RNAi (m=17.97 ± 0.62), n= 59/95 p vs N2 L4440 <0.0001 Other 

trials shown in supplemental data. (D) Lifespan of overexpression of rpn-6.1 myo-3p::GFP on L4440 RNAi 

(m=14.49 ± 0.6) n = 54/80, myo-3p::GFP on spo-11 RNAi (m=12.75 ± 0.64) n = 38/59, P vs myo-3p::GFP L4440 = 

0.0403, sur-5p::rpn-6 on L4440 RNAi (m=16.68 ± 0.47), n= 73/89 p vs myo-3p::GFP on L4440 = 0.2074, sur-

5p::rpn-6 on spo-11 RNAi (m=16.87 ± 0.57), n= 67/78 p vs myo-3p::GFP on spo-11 RNAi <0.0001. Survival data 

analyzed using Kaplan Meier curve shown as mean lifespan (m) ± standard error of the mean n=observed/total * p 

<0.05, **p <0.001, ***p <0.0001 

4.3 Discussion  

4.3.1 Wnt signaling does not affect lifespan in meiosis mutants 

The Wnt signaling pathway has many important, conserved roles in development in 

regulating biological processes. Wnts are secreted lipid modified glycoproteins and trigger many 

functions during development such as cell fate, cell migration and polarity (217). We examined 

the role of Wnt signaling in meiotic mutants’ longevity because Wnts were identified to be 

upregulated in two of our three meiotic mutants and because previous research has reported that 

knockdown of Wnt ligands has varying impacts on wild-type lifespan in worms. Lezzerini and 

Budovskaya found that cwn-2 mutants have increased lifespan, and egl-20 mutants and animals 

with lin-44 knocked down both have decreased lifespan (218). Of the five Wnt ligands, egl-20 has 

been found to be the only ligand that can function across long distances within the worm (219). 

egl-20 has also found to be involved in signaling from the nervous system to other tissues to induce 

the mitochondrial unfolded protein response (220). However, our preliminary mechanistic studies 
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did not find a unifying role for Wnts in meiotic mutants’ lifespan regulation. Considering that 

Calculli et al., identified that the Wnt ligand egl-20 was responsible for signaling from the germ 

line to impact somatic protein homeostasis, it would be interesting in future studies to determine 

if knockdown of egl-20 altered the early decline in protein homeostasis that we observed in both 

spo-11 and htp-3 mutants (212). 

4.3.2 irld-53 and Y19D10A.5 knockdown increase lifespan  

Interestingly some of the genes that were commonly upregulated in the dsb-2, htp-3, and 

spo-11 mutants had known roles or encoded proteins in functional categories that have known 

roles in longevity. This includes genes involved in cytoskeletal integrity (ttn-1, unc-54, che-3, 

myo-1, myo-2, epi-1, lam-2 and ketn-1). It has been previously demonstrated that genes involved 

in cytoskeletal integrity and integrin-signaling complexes, which have an important role in 

cytoskeletal organization and cell adhesion, also have roles in longevity and stress response (221, 

222). The genes that we identified, which were upregulated in spo-11, dsb-2, and htp-3 mutants, 

and whose knock down increased lifespan, were irld-53, irld-35 and Y19D10A.5. These genes are 

predicted to encode transmembrane transporter proteins, which is interesting in terms of the 

functional role in signaling to impact lifespan. irld-53 and irld-35 encode an insulin/EGF-Receptor 

L domain protein; irld-53  has been reported to be enriched in the neurons and intestine whereas 

irld-35 expression domains remain unknown (223). Y19D10A.5 encodes a substrate transporter 

like protein and has been identified as a DAF-12 target (224). daf-12 encodes a nuclear hormone 

receptor that modulates insulin-IGF-1 signaling as well as gonadal signals to regulate lifespan 

(128). A mutation in daf-12(m20) extends longevity of daf-2 mutants (225). Considering that these 
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two genes were found to be upregulated in dsb-2, htp-3, and spo-11 mutants, and have roles in 

both lifespan and insulin signaling, it would be interesting to further investigate the status of the 

insulin signaling pathways in the meiosis mutants. Pertinently, we found that the DAF-2 agonist, 

ins-7, was upregulated in spo-11 and htp-3 mutants. Previously it has been determined that 

reduction of ins-7 extends C. elegans lifespan (226).  

4.3.3  Overexpression of RPN-6.1 extends spo-11 lifespan  

One of the hallmarks of aging is decline in protein homeostasis (149). Therefore, it is not 

surprising that some of the genes that were differentially expressed in dsb-2, htp-3, and spo-11 

mutants included genes with roles in protein homeostasis. However, the identification of central 

chaperone-encoding genes with established pro-longevity functions, rpn-6.1, cct-2 and cct-8, 

suggested a specific modulation of proteostasis in response to meiotic dysfunction. Indeed, we 

found that overexpression of rpn-6.1 increased the lifespan in animals with spo-11 knocked down. 

Previous research identified that overexpression of rpn-6.1 increased proteasome activity in wild-

type animals and increased the lifespan of wild-type animals at higher temperatures of 25°C, but 

not at 20°C (148). Vilchez et al., also identified that DAF-16 regulates rpn-6.1 expression in 

germline-less animals to promote longevity (148). In the future, we could investigate the role of 

DAF-16 in response to meiotic mutations to determine if this transcription factor regulates the 

somatic aging program.  

Overall, these studies suggest that the genes upregulated and downregulated upon meiosis 

impairment have functional roles in lifespan determination. Study of genes upregulated in dsb-2, 

htp-3, and spo-11 identified anti-longevity candidates and a potential role for insulin signaling. 
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Study of genes downregulated in these mutants revealed the importance of a proteasomal subunit, 

RPN-6.1, in this process. The partial rescue of spo-11 mutants’ lifespan upon overexpression of 

the regulatory proteasomal subunit RPN-6.1, which has key roles in modulating somatic 

proteasome activity in the context of the long-lived germline-less C. elegans is pertinent. Further 

investigation into these known longevity pathways will reveal details of the mechanism through 

which meiotic mutations accelerate somatic aging.  

4.4 Methods 

4.4.1 C. elegans strains and culture 

Strains were maintained at 20 °C on nematode growth media (NGM) plates seeded with E. 

coli strain OP50. Strains were acquired from the CGC and strains generously shared by the Vilchez 

lab. These strains include N2 (WT), AGD614 uthEx633 [myo-3p::GFP], AGD598 uthEx557 [sur-

5p::rpn-6 + myo-3p::GFP], AGD597 uthEx556 [sur-5p::rpn-6 + myo-3p::GFP], DVG9 

ocbEx9[myo3p::GFP], DVG47 ocbEx47[psur5::cct-2, pmyo3::GFP], ocbEx47[psur5::cct-2, 

pmyo3::GFP].  

4.4.2 Lifespans  

All lifespan experiments were conducted at 20 °C on NGM plates seeded with E. coli OP50 

plates unless otherwise noted. Between 20 and 30 L4 hermaphrodites were transferred to 4-5 plates 

per strain. The plates were observed at 24−48 h intervals to record live, dead, or censored (animals 
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that were missing or bagged). For experiments involving RNAi, NGM plates were supplemented 

with 1 mL 100 mg/mL Ampicillin and 1 mL 1 M IPTG (Isopropyl--D-1-thiogalactopyranoside) 

per liter of NGM. RNAi strains were acquired from Ahringer or Vidal Libraries (69, 70). The 

lifespan assays were analyzed using the program Online Application of Survival Analysis (OASIS 

2) and Kaplan Meier survival curves to calculate P-values (190). GraphPad prism (version 9) was 

used to graph the results.  

4.4.3 Generation of irld-53 RNAi clone  

To generate the RNAi clone to knockdown irld-53, PCR was used to amplify the region of 

interest (Primers in Appendix Table 15). The PCR product was then run on a gel, the single band 

was excised from the gel and purified using QIAquick gel extraction kit (ID: 28704). The fragment 

was then ligated into the L4440-TA vector (provided by Mainpal Rana, Yanowitz lab) using the 

NEBNext Quick Ligase Reaction kit (cat # E6056S). After colony PCR and verified through 

sequencing, the plasmid was transformed into HT115.  
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5.0 Auxin treatment increases lifespan in C. elegans  

This chapter is a modified version of Loose and Ghazi, 2021, Biology Open 

DOI: 10.1242/bio.058703. Licensed under a Creative Commons Attribution 4.0 International 

License. 

5.1 Introduction  

C. elegans has been a very useful model organism, in part because of the ease of gene 

knockdown or mutation. Gene knockdown through RNA interference (RNAi) was first discovered 

in C. elegans, and two libraries have been made that cover 94% of the genome (70, 227, 228). 

Recent advances have adapted CRISPR gene editing, condition gene depletion using FLP and CRE 

recombinases, the Q-system, and cGAL in C. elegans for conditional gene knockdown (68).  These 

systems have their advantages to easily target knockdown of any gene, but disadvantages include 

off target effects. For example, the mutant C. elegans strain, rrf-1, which encodes a gene essential 

for amplification of the dsRNA signal in the soma, has been used to for restricting RNAi 

knockdown to only the germ line. But upon further investigation, researchers have found that there 

is also knockdown of the target genes in the soma (229). There have also been off-target cross 

reaction effects when the dsRNA shares sequence similarity with the target mRNA, which can 

occur if 25 nucleotides are shared between multiple genes (230, 231). While many of these systems 

target mRNA, there are instances where protein knockdown is the preferred tool. This includes 

https://doi.org/10.1242/bio.058703
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instances where the targeted gene is maternally deposited, or if there are temporal specific needs 

to observe rapid protein knockdown in, for example, an essential developmental gene (68) 

Recently, Auxin inducible degradation (AID) has been developed by borrowing a system 

from plants that allows for a tissue specific, temporal specific, and reversible method for protein 

knockdown. The system was adopted from Arabidopsis, which uses the substrate recognition F-

box protein TIR1, a component of an Skp1-Cullin-Fbox (SCF) E3 ubiquitin ligase complex. In the 

presence of auxin, TIR1 binds a short 44 amino acid degron sequence to target for protein 

degradation (Fig 13A). By tagging specific proteins with the degron sequence in tandem with 

expression of TIR1 driven by a tissue specific promoter, this results in tissue specific degradation 

that can be reverse upon removal of auxin (232). The AID system had previously been adapted for 

use in yeast and mammalian cell culture, but C. elegans were the first metazoan system where this 

method of protein degradation was successfully used (232).  

The plant hormone indole-3-acetic acid, or auxin, functions in many developmental 

processes such as cell division, elongation and differentiation and was also identified as the 

stimulus that causes plants to move towards light (233). During the development of the AID system 

for use in C. elegans,  researchers verified that both TIR1 expression as well as exposure to auxin 

do not impact normal development, fertility, or viability at normal 20 °C temperature and lower 

concentrations of auxin (1 mM) (232). Considering the benefits of using the AID system for 

understanding gene function in a temporal and spatially controlled manner, it would be useful in 

the context of aging. It has not been previously studied if and how auxin and expression of TIR1 

impacts C. elegans over a longer period of time, during the aging process.  

We were interested in understanding how germline integrity impacts somatic aging, and 

used previously developed AID C. elegans strains to target two germline-specific, meiosis 
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proteins, and a control strain with GFP tagged to the degron sequence (174, 232). We found that 

exposure to auxin for the entirety of the animal’s lifespan increased the length of life, independent 

of beginning the auxin exposure at the egg stage or at the beginning of adulthood, L4. We also 

found that animals expressing TIR1 and the degron tagged proteins increased lifespan in two of 

the three strains. Therefore, it is important to exercise caution when using tools and interpreting 

data for studying effects on longevity.  

5.2 Results  

5.2.1 Auxin exposure beginning during development or beginning during adulthood 

extends lifespan  

The AID system has been utilized in C. elegans for spatial and temporal specific protein 

knockdown. This system has been adapted in C. elegans by tagging the protein of interest with a 

degron tag in conjunction with TIR1 expression in the tissue of interest. Upon exposure of the 

animal to auxin, via supplementation of IAA to the NGM plates, the protein of interest is degraded. 

In order to determine if long-term exposure could be utilized for aging studies, we conducted 

experiments with control animals with different auxin concentrations to first determine the 

baseline impact on lifespan. We transferred the animals to fresh NGM plates containing either 1 

mM or 4 mM auxin every 48 hours until the end of reproduction (Day 5). We found that exposing 

WT animals to either 1 mM auxin or 4 mM auxin for the entirety of the animals lifespan extended 
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lifespan during three of four trials, with two trials significantly extending lifespan (29% and 34%) 

(Fig 13B, C) 

We wanted to understand if the increased longevity was due to developmental defects 

originating from auxin exposure. To test this, we kept the animals on normal NGM plates until the 

beginning of adulthood larval stage 4 (L4) and then transferred to plates containing auxin. We 

found that lifespan was significantly increased upon adult only exposure to 1 mM auxin by 37% 

and 7% (Fig 13D). Adult only exposure to 4 mM auxin extended lifespan by 12% but was not 

statistically significant (Fig 13E). Additionally, we found that transferring the animals to fresh 

NGM plates containing auxin more frequently (every 24 hours), did not further increase the 

lifespan in both the 1 mM or 4 mM auxin and exposure beginning as adult or eggs (Table 3). 
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Figure 13: Auxin exposure increases lifespan  

A. Schematic of auxin degradation system (B-E) Lifespans of N2 animals on either 2.5% ethanol control or 1mM or 

4 mM auxin. (B) eggs placed on either auxin or EtOH plate.  N2 on EtOH (m= 15.25 ±  0.58, n= 75/123) N2 on 1 

mM auxin (m=19.64 ± 0.81, n= 69/120) (p vs N2 on EtOH > 0.0001) (C) eggs placed on either auxin or control 

plates. N2 on EtOH (m= 14.54 ± 0.89, n= 54/67) N2 on 4 mM auxin (m = 19.46 ± 1.15, n= 28/45) (p vs N2 on 

EtOH = 0.0083) (D) L4’s placed on either auxin or control plates N on EtOH (m= 13.4 ± 0.49, n=104/118) N2 on 

1mM auxin (m = 18.35 ± 0.51, n= 91/125) ( p vs N2 on EtOH > 0.0001) (E) L4’s placed on either auxin or control 

plates N2 on EtOH ( m= 14.64 ± 0.66, n = 71/101) N2 on 4 mM auxin (m = 16.43 ± 0.78, n = 53/90) ( p vs N2 on 

EtOH = 0.1343). The same controls for this experiment are also in Chapter 2, figure 5. Survival data analyzed using 

Kaplan Meier survival curve m = mean lifespan ± standard error, n = animals observed/total animals. 
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Table 3: Lifespans of animals exposed to auxin 

Lifespan of strains exposed to auxin (1 mM or 4 mM) during the entirety of lifespan or just adulthood. Results from 

this study were controls for auxin experiment in Chapter 2, figure 5 and Appendix Table 3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain Plate Mean + S. E. n = obs/tot P vs N2 EtOH

 N2 2.5% EtOH 15.25 + 0.58 75/123

 N2 auxin 1 mm 19.64 +  0.81 69/120 0.000017
 CA1421 2.5% EtOH 18.17 + 0.68 90/125 0.0015

 CA1423 2.5% EtOH 17.65 + 0.76 77/124 0.0188

 N2 2.5% EtOH 14.87 + 0.5 93/119

 N2 auxin 1 mm 14.39 + 0.39 95/119 2.43E-01

 CA1421 2.5% EtOH 14.54 + 0.39 104/127 0.3907

 CA1423 2.5% EtOH 14.79 + 0.4 98/128 9.24E-01
 N2 2.5% EtOH 14.5 + 0.67 74/93

 N2 auxin 4 mm 15.56 + 0.77 50/80 0.229

CA1202 2.5% EtOH 18.63 + 0.61 69/89 0.0002

CA1421 2.5% EtOH 16.71 + 0.76 62/92 0.0264

CA1423 2.5% EtOH 18.53 + 0.75 71/90 0.0004
 N2 2.5% EtOH 14.54 + 0.89 54/67
 N2 auxin 4 mm 19.46 + 1.15 28/45 0.0083

CA1202 2.5% EtOH 16.23 + 1.15 42/80 0.159

CA1421 2.5% EtOH 17.81 + 0.82 61/99 0.0157
CA1423 2.5% EtOH 13.96 + 0.68 70/99 0.5062

Strain Plate Mean + S. E. n = obs/tot P vs N2 EtOH
 N2 2.5% EtOH 13.4 + 0.49 104/118
 N2 auxin 1 mm 18.35 + 0.68 91/125 3.70E-09

 CA1421 2.5% EtOH 16.49 + 0.63 88/115 0.0002

 CA1423 2.5% EtOH 17.47 + 0.64 82/119 4.10E-07

 N2 2.5% EtOH 14.47 + 0.39 91/104

 N2 auxin 1 mm 15.55 + 0.6 75/92 5.03E-02
 CA1421 2.5% EtOH 13.86 + 0.4 95/118 0.4258
 CA1423 2.5% EtOH 14.25 + 0.52 104/124 5.88E-01
 N2 2.5% EtOH 14.64 + 0.66 71/101
 N2 auxin 4 mm 16.43 + 0.78 53/90 0.1343
CA1202 2.5% EtOH 15.59 + 0.66 83/125 0.3834
CA1421 2.5% EtOH 15.04 + 0.62 56/79 0.7827
CA1423 2.5% EtOH 15.71 + 0.71 82/100 0.3071

Lifespans of animals - exposure beginning during development

Lifespans of animals - exposure beginning during adulthood
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5.2.2 Strains facilitating AID-mediated germline depletion are long-lived  

The Arabidopsis TIR1 protein was optimized for C. elegans expression to facilitate auxin 

dependent protein degradation by adding two codons and making two point mutations to increase 

auxin sensitivity and substrate affinity (232). Zhang et al., developed the system in C. elegans, and 

has created a variety of strains expressing TIR1 in different tissues, including the strains used in 

this study, which were initially used to investigate the roles of germline proteins in crossover 

during meiosis  (174). Considering our interest in germline proteins involved in meiosis and how 

they impact aging, we were interested in determining how knockdown of these proteins 

specifically in the germ line impacts aging. We tested the lifespan of these strains, which have 

mRuby tagged TIR1 under the control of the promoter and 3’UTR of sun-1 (Psun-

1::TIR1::mRuby). The two strains in which we were interested also have the spo-11 or dsb-2 locus 

tagged with the degron sequence and a 3xFLAG epitope (Fig 14A). We used a third strain as a 

control for our experiments, which has the mRuby-tagged TIR1 and GFP tagged to a degron 

sequence under the control of the promoter of eft-3, which has universal somatic expression (174, 

232). We found that two of the three strains were significantly longer lived than the wild-type 

animals under the control conditions, without exposure to auxin. We found that CA1421 (DSB-

2::degron) exhibited a lifespan increase in five of seven trials with an extension of 3% to 23% (Fig 

14B, Table 3). The CA1423 (SPO-11::degron) strain was long-lived in five of seven trials with an 

extension of 6% to 28% (Fig 14C, Table 3). The third strain CA1202, showed a 6% to 28% lifespan 

extension in all three trials with one trial significantly longer lived (Fig 14D, Table 3).  
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Figure 14:  Strains expressing TIR1 and degron tagged proteins extend lifespan 

 (A) Schematics of transgenic animals expressing TIR1 in either the germ line (CA1421 and CA1423) or soma 

(CA1202) with degron tagged protein (B) Lifespan of N2 (m= 15.25 ±  0.58, n= 75/123) CA1421 (m=18.17 ± 0.68, 

n= 90/125) (p vs N2 = 0.0015) (C) N2 on 2.5% EtOH (m= 13.4 ± 0.9, n= 104/118) CA1423 (m = 17.47 ± 0.64, n= 

88/115) (p vs N2 > 0.0001) (D) N2 (m= 14.5 ± 0.67, n=74/93) CA1202 (m = 18.63 ± 0.61, n= 69/89) (p vs N2 = 

0.0002) All lifespans conducted on NGM plates containing 2.5% ethanol. The same controls for this experiment are 

also in Chapter 2, figure 5. Survival data analyzed using Kaplan Meier survival curve m = mean lifespan ± standard 

error, n = animals observed/total animals. Created using BioRender.com 
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5.3 Discussion 

In exploring the impact of meiotic genes on somatic longevity, we made the serendipitous 

discovery that two features of the auxin inducible degradation system increase lifespan. We found 

that exposing wild-type animals to two different concentrations of auxin during two different type 

periods increased lifespan. We also found that the expression of the TIR1 protein increased 

lifespan in these transgenic animals independent of exposure to auxin.  

Other studies have found that altering the level of indoles, which are precursors to auxin, 

impact aging in C. elegans, Drosophilia, and mice. Sonowal et al., found that exposure to E. coli-

derived indoles extend lifespan and healthspan in C. elegans, including increased thrashing and 

pharyngeal pumping (234). Lee et al., discovered that exposure to indole deficient versus indole 

producing bacteria decreased survival of C. elegans in a dose dependent manner, with 0.5 mM 

indole reducing survival by 8 days and 1mM indole reducing lifespan by 12 days (235). 

Interestingly, C. elegans may have developed defense against higher levels of indoles. Its 

metabolite, 2-oxindole reduced survival, but N--D-glucopyranosyl-indole did not decrease 

survival (235). In addition to lifespan, it was determined that exposing animals to auxin functions 

through the XBP-1 branch of the Unfolded Protein Response (UPR) to promote resistance to 

endoplasmic reticulum stress, which could have an indirect role in regulating aging (236, 237). 

Also, it is noteworthy that our experiments were conducted using live E. coli. It is possible that 

there was impact on E. coli from the auxin treatment that indirectly effected longevity in the C. 

elegans feeding off of the E. coli. Additionally, the auxin we used in these experiments, IAA, was 

not water soluble, so auxin was dissolved in ethanol. While these experiments were compared to 

a control of ethanol added to the NGM plates without auxin, this could introduce a confounding 
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factor. Therefore, our findings seem to align with previous findings that exposure to auxin or an 

auxin precursor have variable impacts on longevity.  

The AID system has also been used to induce sterility in animals in experiments where 

fertility would be considered a confounding factor, or in longevity experiments where it is 

imperative to eliminate contamination from progeny. Kasimatis et al., used AID in C. elegans to 

target the spermatogenesis gene, spe-44 (238). Other methods to ensure sterility or contamination 

from progeny during an experiment are labor intensive or cause unwanted side effects. Therefore, 

the knockdown of spe-44 using AID was an appealing option. However, Kasimatis et al., found 

that animals that were exposed to auxin starting in the L4 stage had an extended lifespan (238). 

Later experiments conducted by Dilberger et al., used this same strain to determine if there were 

unwanted side effects related to using this strain to induce sterility (239). One of the common 

methods to induce sterility is exposure to 5-Fluoro-2’-deoxyridine (FUdR). This study compared 

the spe-44 AID animals with animals treated with FUdR, on days 2 and 10 of adulthood. They 

found that while FudR increased lifespan and healthspan parameters and mitochondrial function, 

the auxin treated spe-44 AID strain had similar aging parameters to the control (239). In our 

experiments, we found that germline specific sun-1 driven expression of TIR1 increased the 

lifespan of the animal, while two different experiments found that the expression of TIR1 in the 

germ line using a different promotor pie-1 to facilitate protein degradation of SPE-44, both 

increased lifespan in one experiment and had no impact on lifespan in another experiment (238, 

239). Considering that expression of TIR1 in the germ line increased lifespan in two of three 

independent experiments, there should be caution applied to interpreting longevity data using these 

AID reagents.  
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We also observed phenotypes suggesting that the knockdown of target proteins may not 

have been sustained for the entirety of the animal’s lifespan. This was observed in a strain 

previously generated for auxin induced knockdown of SPO-11, which is required for meiotic 

recombination (174). Previous experiments have identified that animals with a homozygous 

mutation in spo-11 result in embryonic lethality (107, 110). We found that after exposure to auxin, 

the SPO-11 degron strain did not have any viable progeny for the first few days of adulthood, but 

after about 4 days, viable larvae were visible on the plate and they seemed to have resumed 

reproduction. Also, we used a control strain that had GFP with a degron tag, and we found while 

initially there was a lack of GFP signal, after about 8 Days of continuous auxin exposure some 

GFP signal was visible. More recently, there have been alternative auxins and AID tools developed 

that minimize these leaky effects and reduction of function. This includes an IAA analogue, 5-Ph-

IAA, and mutations made in the auxin binding site of TIR1 to promote higher efficacy, and also 

to avoid degradation of non-target proteins (237, 240). 

5.4 Methods  

5.4.1 Caenorhabditis elegans maintenance 

Strains were maintained at 20 °C on nematode growth media (NGM) plates seeded with E. 

coli strain OP50. Strains used include N2 (WT), and strains obtained from the CGC CA1421 

(meIs8 [pie-1p::GFP:: cosa-1+unc-119(+)]II;dsb-2(ie58[dsb-2::AID::3xFLAG] ieSi38 [sun-1p:: 

TIR1::mRuby::sun-1 3′UTR +Cbr-unc-119(+)] IV, CA1423 (meIs8 [pie1p::GFP::cosa-1+unc-
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110(+)]II; spo-11(ie59[spo-11::AID::3xFLAG]) ie Si38, [sun-1p::TIR1::mRuby::sun-1 3′UTR 

+Cbr-unc-119(+)] IV and CA1202 (ieSi57 [eft3p::TIR1::mRuby::unc-54 3′UTR+Cbr-

unc119(+)] II; ieSi58 [eft-3p::degron::GFP::unc-54 3′UTR+Cbr-unc-119(+)] IV 

5.4.2 Lifespan assays 

All lifespan experiments were conducted at 20 °C on E. coli OP50 plates unless otherwise 

noted. Between 20 and 30 L4 hermaphrodites were transferred to 4-5 plates per strain. The plates 

were observed at 24−48 h intervals to record live, dead or censored (animals that were missing or 

bagged).  

For the auxin lifespan assays, either eggs to larval stage 4 (L4) young adults were placed 

on auxin (1 mM or 4mM) supplemented or ethanol (2.5%) control added to NGM plates. Indole-

3-acetic acid from Alfa Aesar (A#10556) was dissolved in ethanol and filter sterilized before 

adding to cooled NGM media before plates were poured. The lifespan assays were conducted at 

20 °C with L4 stage marked as Day 0. Animals were observed every other day and transferred 

every other day during the reproductive period unless otherwise noted. Animals were categorized 

as dead, alive or censored (bagged or missing). The lifespan assays were analyzed using the 

program Online Application of Survival Analysis (OASIS 2) to calculate P-values (190). 

GraphPad prism (version 9) was used to graph the results.  
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6.0 General Discussion 

The goal of this research was to determine the causative role of germline integrity in 

somatic aging. Using C. elegans we found that mutations in many aspects of meiosis reduced 

lifespan and at least three meiotic mutants, dsb-2, spo-11, and htp-3, exhibited an accelerated 

decline in features of healthspan, especially impairments of protein homeostasis. We used RNAseq 

to map the transcriptomes of these three mutants and found that at least two of them, spo-11 and 

htp-3, showed remarkable similarities with the transcriptional profiles of aging wild-type C. 

elegans. Indeed, they also shared significant similarities with the transcriptional profiles associated 

with human aging tissues. The following sections explore our research in context of existing 

literature, unanswered questions, and future directions.  

6.1 Short lived mutants with reduced fertility 

The “Disposable Soma Theory of Aging” predicts that organisms invest resources into 

either reproduction or somatic maintenance. Application of this theory suggests that an animal 

with reduced fertility or sterility would live longer. However, evidence in multiple other species 

shows that the relationship between reproduction and aging is more nuanced than a simple trade-

off, as summarized in Chapter 1. Our results add to the evidence that the relationship between 

reproduction and aging is complex. We tested 38 strains that had at least one mutation in genes 

involved in meiosis and 31 strains demonstrated a reduction in lifespan at least once. We repeated 
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these lifespans and identified 13 strains that showed reliable lifespan reduction. Many of the 

mutants with reduced lifespan also had reduced fertility. While it is not surprising that inactivating 

genes in an essential germline process impaired fertility, these results were surprising as dogma 

often associates sterility with longevity. However, in addition to our work, there have been many 

reports of long-lived mutants, including a specific mutation in age-1, which actually have greater 

reproductive success (241). Conversely, short lived mutants including mev-1 and  hsf-1 mutants 

have reduced brood sizes (171, 242). The contradictory evidence is not limited to C. elegans 

studies, in humans, pregnancy can have rejuvenating effects and reduce risk of future disease 

(243). By specifically inactivating a germline-specific process and demonstrating its impact on 

overall aging, our study provides direct evidence for the nuanced and highly interlinked 

relationship between germ line and somatic health.  

6.2 Why do mutations in different meiotic genes have different impacts on aging? 

We found that some –but not all—of the meiotic mutations reduced lifespan. In part, this 

could be attributed to redundant functions and genetic compensation for some of the genes where 

mutations did not impact aging. It would be interesting to ask if, in such cases, double or triple 

mutants exhibit lifespan reductions. The unique healthspan defects of the mutants that we studied 

raise the possibility that some meiotic genes’ inactivation would only reduce healthspan. If so, our 

study would not have identified them. Considering recent research indicating genes which have 

differential effects on healthspan and lifespan (93), it would be interesting to address whether any 

meiotic genes impact healthspan alone. There are at least 91 identified genes involved in C. elegans 
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meiosis (244). Our study was limited by the number of genes we selected to ask how they impacted 

lifespan and the three genes we decided to further investigate how they impacted aspects of 

healthspan. We tried to focus on genes were meiosis specific, while it can be hard to tease apart 

roles that are specific to the germ line. Recent advances in C. elegans research including the 

development of tools for automated healthspan and lifespan screen, would allow this to be 

conducted in a high throughput and automatic manner in the future (245).  

6.3 Are there sex specific differences in how meiotic gene mutations impact aging? 

C. elegans germ cells enter meiosis during the L3 larval stage, first producing sperm and 

then switching to oocytes (246, 247). Therefore, when we initiated knockdown of dsb-2, htp-3, or 

spo-11 starting during L4, we only affected the production of oocytes. We found that there was 

only a lifespan reduction when these three genes were knocked down during the entirety of the 

animal’s lifespan. It is possible that beginning gene knockdown during the L4, as the animal is 

beginning to produce oocytes, did not result in a lifespan reduction because a signal is sent earlier 

during spermatogenesis or early oogenesis which is important for aging. We studied the impact of 

meiosis on hermaphrodites alone and do not know if there are sex-specific differences in the aging 

phenotype. These questions could be addressed using C. elegans males or genetically feminized 

hermaphrodites such as fog-2 mutants (248). Interestingly, a recent study found that Day 1 adult 

feminized fog-2 mutants animals had similar transcriptomic profiles as Day 6 hermaphrodites 

which were depleted of sperm (249). While that study did not hypothesize a potential mechanism 

for this aged transcriptome, it is surprising that they found an aging phenotype in the feminized 
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mutants. While we did not compare the genetic signatures of the meiosis mutants to these fog-2 

mutants, it would be interesting to determine if similar genes are differentially regulated. This 

could indicate a potential cause for the shortened lifespan, in that an animal with meiosis disrupted 

may sense the end of reproduction earlier in its life than an animal with meiosis fully intact. 

Another avenue would be to explore if there are any age-related phenotypes in the fog-2 mutant or 

any similar pathways that are regulated in both the meiosis mutants and the fog-2 mutant. 

Recent research has suggested that knockdown of regulatory genes such as daf-2 later in 

life, in a post-reproductive animal increases lifespan (250). This suggests that aging can be 

modulated throughout the lifespan and that interventions do not need to occur early in development 

or from birth. In addition to our temporally-controlled adult-only RNAi, it would also be 

interesting to use reversible gene or protein knockdown to ask if restoring meiosis in adulthood 

could mitigate the longevity phenotypes. We intended to test this question using the AID system, 

but the confounding impact of Auxins and AID strains on wild-type lifespan, described in Chapter 

5, prevented the acquisition of reliable data. But newer developments with this system may resolve 

some of these side effects (237).  

6.4 How is meiotic disruption signaled to the soma to impact aging? 

We used both targeted and unbiased techniques to identify the changes that occur in the 

soma during meiotic disruption. We found that somatic proteostasis declined earlier in dsb-2, htp-

3, and spo-11 mutants. This data informed our understanding of a potential mechanism through 

which aging was being impacted. We also were able to identify that overexpression of proteasomal 
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subunit, RPN-6.1 partially rescued spo-11 lifespan defects. Disruption of protein homeostasis is a 

common hallmark of aging and the modulation of protein homeostasis is frequently altered in 

many longevity pathways (149). While our data point to proteostasis as a downstream mechanism 

that may be causing the shortened lifespan, the signaling mechanism or molecule involved is 

unknown. We ruled out that endocytosis between the germ line and the soma is required for 

lifespan shortening, by observing that knockdown of cup-4 did not suppress the shortened lifespan 

of spo-11 mutants. Somatic regulation of the germ line has been studied extensively in C. elegans. 

This includes communication of environmental conditions to stimulate meiotic progression 

through DAF-2 and the RAS-ERK pathway (251, 252). In addition, the TGF- pathway functions 

in regulating reproductive aging and balances proliferation and differentiation of germ line stem 

cells based on environmental conditions (252).  

Signaling from the germ line also modulates aging and has been studied predominantly in 

the context of the glp-1 longevity pathway.  This includes DAF-16, which must be 

dephosphorylated to be translocated to the nucleus (134). But recently these endocrine pathways 

have also been implicated in regulating reproduction after starvation in worms (253). These studies 

highlight that some of the signaling pathways function--both from the germ line to the soma, as 

well as in the opposite direction, from the soma to the germ line. Therefore, it would be interesting 

to determine if these pathways are altered in the meiosis mutants we identified that shorten 

lifespan, either by measuring expression levels of genes involved in these pathways or by 

determining if their knockdown or overexpression altered meiotic mutant lifespan. Similarly, 

supplementation with signaling molecules such as oleic acid, which has been demonstrated to have 

protective effects from the increased mortality of mating in C. elegans, could be tested for potential 

protective effects on meiosis mutants (254).  
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Our RNA sequencing data provided us with an unbiased approach to address the 

mechanism through which meiotic mutations impacted aging. Further analysis of the 

transcriptomic data could uncover other signaling pathways that are affected, as well as could 

determine if previously uncharacterized genes are involved in regulation of aging. We began to 

uncover this through identification of the anti-longevity targets of irld-53 and Y19D10A.5  

(Section 4.3.2) but considering the number of differentially regulated genes in spo-11 and htp-3 

mutants, there are many more candidates remaining to be tested. In the future, an RNAi screen 

knocking down more of the top upregulated targets in spo-11 and htp-3 mutants could be 

conducted to determine other anti-longevity genes and the pathways they function through. We 

also identified 10 genes that were commonly upregulated in spo-11 and htp-3 mutants and 

published datasets of genes upregulated with age in C. elegans and humans (Section 3.2.3).  We 

could verify the upregulation of these genes using qPCR and then can could construct a fluorescent 

reporter(s) to use as a readout for aging. We could then conduct a genetic screen for genes which 

reduced the expression of these aging biomarkers. Our screen could include genes upregulated in 

the meiosis mutants or could also be used to identify more general regulators of aging that had 

been previously unidentified.  

6.5 Using basic research to understand complex relationships 

Recently there has been an increased interest in understanding how infertility and 

reproductive disorders correspond to overall health in humans (243, 255). Women, especially in 

the United States are delaying childbearing with an increase in women having children in their 
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30’s and 40’s (256).  There has also been an increase in the number of people using infertility 

services at older ages (257). Therefore, it is essential and topical to decipher how reproductive 

health impacts overall health.  

Evidence of the close relationship between reproductive and somatic aging in women has 

accrued. Diminished ovarian reserve has been associated with shortened telomeres, indicating 

early somatic aging (258). Interestingly, estrogen has been identified as having a neuroprotective 

effect on women. Bilateral salpingo-oophorectomy, or the removal of ovaries and fallopian tubes, 

before the onset of menopause has been associated with increased cognitive impairment or 

dementia in women (259). In contrast,  a more recent study found an association between a longer 

reproductive period and earlier menarche with pre-clinical markers for Alzheimer disease, 

indicating that longer exposure to endogenous estrogen may also be detrimental (260). There are 

also primarily reproductive disorders that have systemic implications, such as the association 

between polycystic ovary syndrome (PCOS) and cardiovascular disease (261). Changes to 

estrogen and progesterone levels have been implicated in hormone sensitive cancers such as breast, 

ovarian, and endometrial cancers (243). These correlative observations are not limited to women 

as there has been data to suggest a link between fertility status and diseases such as testicular 

cancer in men (262, 263). However, these examples demonstrate the difficulty in teasing apart 

causation in the relationship between reproduction and longevity. The hormonal changes 

associated with reproduction complicate interpreting causation. It is difficult to determine if 

syndromes that manifest primarily in the reproductive system, but have systemic symptoms, such 

as PCOS, are caused by reproductive dysfunction or caused by other mechanisms.  

Through our research that showed meiotic mutants had short lifespan irrespective of their 

fertility status, we were able to separate the impact of reproduction per se on the soma and ask 
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how germline integrity impacted aging. Our study highlighted the benefits of using a model 

organism to determine causation. A major benefit of this approach is that many of the genes we 

studied in C. elegans have direct human homologs and roles in mammalian meiosis. Some of these 

genes were also included in studies in women that identified genetic determinants for age at natural 

menopause (ANM).  Ruth et al., identified 91 genes associated with genetic determinants of 

ovarian aging (264). The goal of their research was to identify reproductive aging mechanisms and 

they found that genetic manipulation of these genes in a mouse model extended reproductive span 

(264). However, it would take years in a mouse model to understand if these manipulations to 

extend the reproductive span have negative effects on longevity, as some of the correlative data in 

humans has suggested. Indeed, we found that some of the genes identified as genetic determinants 

of ANM by Ruth et al., were also included in our list as their C. elegans orthologs demonstrated a 

shortened lifespan in our study (Table 4) (264). Day et al., also had a similar goal and identified 

similar genes to the Ruth et al., as genetic determinants of ANM (158). Some similarities between 

these studies including HELQ1, CHEK2, RAD54L, and RAD51, all genes with meiotic functions. 

Strikingly, we found that mutations in the C. elegans orthologs of these genes also had a reduced 

lifespan  (Chapter 2 and Table 5) (158). These discoveries can form the basis for future studies on 

shared mechanisms for the meiotic control of aging between worms and mammals.  
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Table 4: Shared genes in ANM genetic variants and our study 
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7.0 Other Contributions 

The specific healthspan phenotypes of meiotic mutants described above impelled my 

interest in the links between lifespan and healthspan and how lifespan-regulatory proteins shaped 

them. Hence, I participated in projects in our laboratory that focused on two such factors, TCER-

1 and NHR-49. Our laboratory recently demonstrated that the pro-longevity factor, TCER-1, 

represses stress resistance and healthspan. My contribution to this study was elaboration of the 

healthspan phenotypes of tcer-1 mutants. While my thesis project focused on how somatic aging 

was impacted due to the disruption of germline health through mutations in meiosis, the NHR-49 

studies focused on its role in the germline-less longevity pathway. I helped enumerate that although 

NHR-49 promotes both longevity and immune-resistance, it does so through distinct mechanisms. 

The following sections summarize my involvement in projects directed by other lab members, both 

published studies where I am a contributing author as well as unpublished projects. 

7.1 Transcription elongation factor, TCER-1 impacts longevity, stress resistance and 

healthspan 

The following section highlights my contributions to Amrit, F.R.G., Naim, N., Ratnappan, 

R. et al. The longevity-promoting factor, TCER-1, widely represses stress resistance and innate 

immunity. Nat Commun 10, 3042 (2019). https://doi.org/10.1038/s41467-019-10759-z Licensed 

under a Creative Commons Attribution 4.0 International License. 

https://doi.org/10.1038/s41467-019-10759-z
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The transcriptions elongation factor, TCER-1 has been previously identified as essential 

for longevity in a germline-less animal (133). Often genes that are required for lifespan extension 

are also required for enhanced stress resistance (265). Surprisingly, our lab discovered that TCER-

1 inhibits resistance against both abiotic and biotic stressors.   

Considering that tcer-1 mutants have increased resistance to a variety of stressors, we were 

curious if tcer-1 mutants also impacted healthspan. We measured the rate of thrashing in liquid 

with age, and found tcer-1 mutants had enhanced stress resistance specifically during the 

reproductive period. Interesting, tcer-1 mutants had increased thrashing rate during day 2 of 

adulthood compared to wild type (Table S14). By day 5, the tcer-1 mutants had a similar thrashing 

rate as wild type (Table S14). During the post reproductive timepoints, Day 7 and Day 9, the tcer-

1 mutants had an impaired thrashing rate compared to wild type (Table S14). Considering the 

improvement to mobility, we were also curious if the tcer-1 mutants demonstrated improvements 

in other aspects of healthspan. Therefore, we utilized a C. elegans model of amyloid  (A) 

proteotoxicity, which expressed the human A1-42 in the muscle cells, causing the animals to 

paralyze at 25˚C (266). We found that tcer-1 mutants exhibited a delay in the onset of paralysis. 

In one trial, 50% of the wild-type animals were paralyzed by 33 hours, and 100% by 50 hours, 

while the tcer-1 mutant strain had 50% of the population paralyzed by 95 hours and 100% 

paralyzed by 125 hours (Table S14). Overall, this data suggested that the TCER-1 may also impact 

measurements of healthspan in addition to its role in stress resistance. These results also highlight 

the complexity of the timing of TCER-1 expression in improving healthspan.  
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7.2 The functional impact of TCER-1 splicing on stress response and healthspan 

We continued to examine how the pro-longevity gene, tcer-1, impacts healthspan and stress 

resistance by studying potential mechanisms through which tcer-1 represses stress resistance. 

Considering tcer-1’s role in alternative splicing, our lab identified several target genes that have 

either exons skipped or introns retained in the tcer-1 mutant background. We used a CRISPR 

generated mutant with an exon deleted in the dagl-2 gene, which is normally upregulated by tcer-

1. This mutant mimics the exon skipping event that occurs in tcer-1 mutants. To determine the 

functional significance of this event, we used measurements of both healthspan and resistance to 

both abiotic and biotic stressors to determine the impact of these dagl-2 Exon 7 mutants. DAGL-

2 is a diacylglycerol Lipase homolog with predicted function in the endocannabinoid pathway 

(267). We determined the resistance to biotic stressors, including two strains of the gram-negative 

bacteria Pseudomonas aeruginosa (PA14 and PA01) and gram-positive bacteria Enterococcus 

faecalis, and an abiotic stressor through oxidative stress. We also investigated how 

supplementation with various components of the endocannabinoid pathways, including 2-

arachidonyl glycerol (2-AG) or arachidoinic acid, also influenced the ability to survive pathogen 

stress (Table S14). Overall, this data contributes towards our understanding of how a specific 

isoform of dagl-2 as well as other components of its pathway impact stress resistance and 

healthspan, in the context of TCER-1.  
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7.3 Tissue specific immune regulation through NHR-49 

The following section highlights my contributions to Naim, N., Amrit, F. R. G., Ratnappan, 

R., DelBuono, N., Loose, J. A., & Ghazi, A. (2021). Cell nonautonomous roles of NHR-49 in 

promoting longevity and innate immunity. Aging Cell, 20, e13413. 

https://doi.org/10.1111/acel.13413 Licensed under a Creative Commons Attribution 4.0 

International License. 

Nuclear hormone receptor NHR-49 was previously identified for its essential pro-longevity 

role in germline-less C. elegans (141). Our lab investigated the tissue specific role of NHR-49 in 

both stress resistance and longevity in the context of a wild-type animal or a germline-less long-

lived animal. Other pro-longevity factors, including DAF-16, have been identified for its cell non 

autonomous role in extended lifespan (268). Our lab previously demonstrated that a gene that 

promotes longevity can also be detrimental towards stress resistance; therefore, we wanted to 

understand if NHR-49 contributes toward stress resistance and longevity through a similar site of 

action (93). We found that NHR-49 is required in the neurons to promote stress resistance (Table 

S15). Overall, this data contributes towards our understanding of the necessity of NHR-49 in 

various tissues, based on the context of germline status as well as the type of stress.  

https://doi.org/10.1111/acel.13413
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Appendix  Supplementary Data 

Appendix Table 1: Lifespans of all meiosis mutants  

 

Strain Genotype

mean 

lifespan 

(days)

S.E

N2 mean 

Lifespan 

(days)

S.E. P v N2

16 0.73 19.92 0.91 0.0013

12.91 1.21 16.78 0.33 0.0006

18.55 0.75 17.12 0.62 0.3077

16.75 0.39 20.32 0.43 <0.0001

14.37 0.66 15.98 0.57 0.0528

15.22 1.04 17.12 0.62 0.3543

15.6 0.63 15.98 0.57 0.5263

htp-1(gk174);htp-

2(tm2543)

15.91 0.83 18.05 0.59 0.0203

htp-2(tm2543) 14.15 0.43 20.07 0.54 <0.0001

14.2 0.2 21.1 0.2 <0.0001

16.42 0.81 19.8 0.58 0.0014

14.06 0.47 16.97 0.61 0.0005

CA1230 htp-3(tm3655)/ht2 15.45 0.64 20.07 0.54 <0.0001

16.4 0.6 19.4 0.6 0.0026

19.6 0.72 20.7 0.56 0.1724

AC276 syp-2(ok307)/nT1 18.41 0.69 20.32 0.43 0.0158

CV2 syp-3(ok758)/hT2 15.3 0.3 21.1 0.2 <0.0001

CA998 ieDf2/mLs11 22.12 0.76 20.32 0.43 0.0036

15.22 0.72 19.85 0.8 <0.0001

15.88 0.99 16.78 0.33 0.6769

13.68 0.62 15.98 0.57 0.0187

17.25 0.8 16.73 0.4 0.4734

14.28 0.65 14.9 0.6 0.2866

18.91 0.62 16.81 0.8 NS

17.73 0.45 20.32 0.43 0.0002

20.06 0.57 16.97 0.61 0.0007

9.6 0.1 21.1 0.2 <0.0001

13.8 0.4 19.6 0.7 <0.0001

14.5 0.15 21.2 0.5 <0.0001

12.67 0.64 19.55 0.53 <0.0001

11.8 0.68 16.07 0.83 0.0009

16.33 0.6 19.4 0.6 0.0048

14.8 0.3 21.2 0.5 <0.0001

11.27 1.13 16.07 0.83 0.0003

RB1562 him-5(ok1896) 18.8 0.2 21.1 0.2 0.03

17.99 0.86 17.12 0.62 NS

14.76 1.01 19.85 0.8 0.0001

15.46 0.49 20.32 0.43 <0.0001

13.6 0.6 19.6 0.7 <0.0001

18.2 0.5 21.2 0.5 <0.0001

14.84 0.58 19.55 0.53 <0.0001

CA1117

QP938

CA151

RB1183

RB1583

AV157

AV106

WS3455

QP1298

QP0455 

TY4986

AV307

dsb-1(we11)/nT1g

dsb-2(me96)

him-8(me4)

prom-1(ok1140)

plk-2(ok1936)

spo-11(me44)/nT1

spo-11(ok79)/nT1

chk-2(gk212)

rec-8/nT1;coh-3,4

htp-1(gsk150)

htp-3(y428) 

ccIs4251 I/hT2 [bli-

4(e937) let-?(q782) 

qIs48] (I,III).

syp-1(me17)/nT1g
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Appendix Table 2: Germline specific RNAi lifespans for meiosis gene knockdown 

 

  

Trial #1

Strain Genotype RNAi condition n= obs/tot Mean (days) ± S.E P vs DCL569 

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
pad-12 (control) 71/91 17.85 ± 0.49

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
spo-11 77/99 14.42 ± 0.52 <0.0001

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
htp-3 59/94 15.55 ± 0.63 0.0247

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
L4440 (control) 75/90 18.94 ± 0.8

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
dsb-2 86/107 15.36 ± 0.42 <0.0001

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
spo-11 89/107 15.04 ± 0.48 <0.0001

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
htp-3 82/90 15.77 ± 0.45 <0.0001

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
L4440 (control) 55/62 17.19 ± 0.53

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
dsb-2 88/97 16.29 ± 0.52 0.8605

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
htp-3 74/106 17.94 ± 0.61 0.0732

DCL569
sun-1p::rde-1::sun-1 

3'UTR + unc-119(+)
spo-11 66/107 17.43 ± 0.41 0.0485

  

Germline specific lifespan (whole life)

Germline specific lifespan (adult only)

Trial #2 (shown in Fig 1)
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Appendix Table 3: Lifespan of AID strains 

 

 

 

Strain Genotype Plate Mean + S. E. n = obs/tot P vs N2 EtOH P vs auxin P vs N2 on auxin 

 N2 2.5% EtOH 15.25 + 0.58 75/123 0.000017 0.000017

 CA1421 dsb-2:degron 2.5% EtOH 18.17 + 0.68 90/125 0.0015 0.2373 0.1415

 CA1423 spo-11:degron 2.5% EtOH 17.65 + 0.76 77/124 0.0188 0.7307 0.054

 N2 auxin 1 mm 19.64 +  0.81 69/120 0.000017

 CA1421 dsb-2:degron auxin 1 mm 17.42 + 0.6 93/129 0.0182 0.0152

 CA1423 spo-11:degron auxin 1 mm 18.25 + 0.61 106/122 0.0006 0.0739

 N2 2.5% EtOH 14.87 + 0.5 93/119 2.43E-01 0.2434

 CA1421 dsb-2:degron 2.5% EtOH 14.54 + 0.39 104/127 0.3907 0.245 0.7219

 CA1423 spo-11:degron 2.5% EtOH 14.79 + 0.4 98/128 9.24E-01 0.683 0.4391

 N2 auxin 1 mm 14.39 + 0.39 95/119 2.43E-01

 CA1421 dsb-2:degron auxin 1 mm 13.96 + 0.32 105/126 0.0625 0.4497

 CA1423 spo-11:degron auxin 1 mm 15.23 + 0.37 111/129 0.976 0.1353

Strain Genotype Plate Mean + S. E. n = obs/tot P vs N2 EtOH P vs auxin P vs N2 on auxin 

 N2 2.5% EtOH 14.47 + 0.39 91/104 5.03E-02 0.0503

 CA1421 dsb-2:degron 2.5% EtOH 13.86 + 0.4 95/118 0.4258 0.1161 0.0169

 CA1423 spo-11:degron 2.5% EtOH 14.25 + 0.52 104/124 5.88E-01 0.8986 0.1237

 N2 auxin 1 mm 15.55 + 0.6 75/92 5.03E-02

 CA1421 dsb-2:degron auxin 1 mm 14.64 + 0.45 97/155 0.4259 0.1827

 CA1423 spo-11:degron auxin 1 mm 14.36 + 0.43 112/141 0.6288 0.0928

 N2 2.5% EtOH 13.4 + 0.49 104/118 3.70E-09 3.70E-09

 CA1421 dsb-2:degron 2.5% EtOH 16.49 + 0.63 88/115 0.0002 0.5795 0.0096

 CA1423 spo-11:degron 2.5% EtOH 17.47 + 0.64 82/119 4.10E-07 0.008 0.2073

 N2 auxin 1 mm 18.35 + 0.68 91/125 3.70E-09

 CA1421 dsb-2:degron auxin 1 mm 16.25 + 0.51 106/124 0.0003 0.0043

 CA1423 spo-11:degron auxin 1 mm 19.07 + 0.67 77/120 0 0.98

Trial #2

Trial #1 (shown in figure)

Adult only 1 mM auxin exposure

Trial #1 (shown in figure)

Whole Life 1 mM auxin exposure

Trial #2
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Appendix Table 4: Lifespan of meiosis mutants in germline-less background 

 

Strain Genotype n=obs/tot Mean (days) ± S.E. P vs N2 P vs glp-1

N2 wildtype 87/111 19.92 ± 0.76

AV106 spo-11(ok79)/nT1 42/43 15.07 ± 1.08 0.0005

CF1903 glp-1 48/49 26.53 ± 1.25 <0.0001

AGP285 spo-11(ok79)/nT1;glp-1 36/52 20.22 ± 1.99 0.4799

N2 wildtype 97/123 15.28 ± 0.43 <0.0001

AV106 spo-11(ok79)/nT1 96/102 14.03 ± 0.49 0.057 <0.0001

CF1903 glp-1 115/123 21.53 ± 0.71 <0.0001

AGP285 spo-11(ok79);glp-1 38/50 16.83 ± 1.35 0.0244 0.0104

N2 wildtype 73/98 16.56 ± 0.44 <0.0001

AV157 spo-11(me44)/nT1 39/97 13.63 ± 0.7 0.0007 <0.0001

CF1903 glp-1 97/105 27.51 ± 0.65 <0.0001

AGP310 spo-11(me44);glp-1 21/45 13.59 ± 0.62 0.0012 <0.0001

N2 wildtype 79/124 16.65 ± 0.47 <0.0001

AV157 spo-11(me44)/nT1 47/62 13.04 ± 0.45 <0.0001 <0.0001

CF1903 glp-1 39/40 20.93 ± 1.03 <0.0001

AGP310 spo-11(me44);glp-1 38/61 11.05 ± 0.64 <0.0001 <0.0001

N2 wildtype 78/113 16.5 ± 0.51 <0.0001

AV477 dsb-2(me96) 35/41 9.69 ± 0.71 <0.0001 <0.0001

CF1903 glp-1 94/118 19.87 ± 0.61 <0.0001

AGP304 dsb-2;glp-1 82/95 18.33 ± 0.67 0.0167 0.1325

N2 wildtype 113/123 16.29 ± 0.44 <0.0001

CF1903 glp-1 99/120 25.2 ± 0.82 0 0

AV477 dsb-2(me96) 99/120 11.85 ± 0.6 <0.0001

AGP304 dsb-2;glp-1 100/116 23.26 ± 0.86 0 0

N2 wildtype 99/118 17.36  ± 0.5 <0.0001

CF1903 glp-1 50/90 29.27  ± 1.25 <0.0001

AGP322 htp-3;glp-1 117/145 20.92  ± 0.72 <0.0001 <0.0001

TY4986 htp-3(y428)/hT2 82/103 15.77  ± 0.53 0.0534 <0.0001

N2 wildtype 91/102 14.71 ± 0.52 <0.0001

CF1903 glp-1 117/137 22.13 ± 0.68 <0.0001

AGP322 htp-3;glp-1 116/121 19.03 ± 0.64 <0.0001 <0.0001

TY4986 htp-3(y428)/hT2 98/110 11.67 ± 0.61 0.0088 <0.0001

N2 wildtype 60/122 19.93±0.65 0.0625

SS104 glp-4 75/124 17.92±0.66 0.0625

AV157 spo-11(me44) 57/70 14.66±0.78 <0.0001 0.0013

spo-11(me44);glp-4 118/125 13.27±0.45 <0.0001 9.30E-09

Trial #1

Trial #2

Trial #1

Trial #1

Trial #2

Trial #1

Trial #2

Trial #1

Trial #2
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Appendix Table 5: Thrashing rate of meiosis mutants 
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Appendix Table 6: Pumping rate of meiosis mutants over time 
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Appendix Table 7: Learning index of meiosis mutants with age 

 

 

Appendix Table 8: Survival of dsb-2 mutants upon exposure to PA14 

 

 

 

 

 

 

Strain n= obs/tot

Mean + SE 

(hours) P vs N2

N2 45/79 79.68 + 2.97

dsb-2 69/91 65.07 + 1.79 0.000023

N2 95/116 87.31+1.78

dsb-2 78/95 70.42+1.37 <0.0001

N2 52/87 83.49 +2.26

dsb-2 42/58 62.78 +2.06 <0.0001

Trial #1

Trial #2

Trial #3 (Figure)
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Appendix Table 9: Aggregation of PAB-1 in meiosis mutant 

Percent of animals in each category of aggregation levels over time for each meiosis mutant  

 

 

low medium high diffuse low medium high diffuse

Day 2 100 0 0 0 100 0 0 0
Day 5 95 0 5 0 52.63 21.053 26.32 0
Day 8 35 25 40 0 25 25 35 15

Day 10 0 29.412 70.588 0 0 21.429 57.14 21.4286

Day 12 0 0 50 50 0 0 72.22 27.7778

low medium high diffuse low medium high diffuse

Day 2 95 5 0 0 90 10 0 0
Day 5 50 45 5 0 80 5 15 0

Day 8 10 35 50 5 5 45 50 0
Day 10 5 35 45 15 0 20 75 5

Day 12 0 0 93.333 6.667 0 0 94.12 5.88235

low medium high diffuse low medium high diffuse 
Day 2 100 0 0 0 100 0 0 0

Day 5 85 15 0 0 100 0 0 0

Day 8 27.8 50 22.222 0 26.32 26.316 47.37 0

Day 10 9.52 14.286 76.19 0 35.29 17.647 47.06 0

Day 12 0 12.5 81.25 6.25 0 0 84.62 15.3846

low medium high diffuse low medium high diffuse
Day 2 75 25 0 0 36.84 31.579 10.53 21.0526
Day 5 43.8 31.25 18.75 6.25 5.263 21.053 36.84 36.8421

Day 8 19 28.571 38.095 14.29 10 0 5 85

Day 10 0 27.778 33.333 38.89 0 0 5 95

Day 12 0 0 57.143 42.86
Trial #2

low medium high diffuse low medium high diffuse
Day 2 90 5 0 5 25 75 0 0

Day 5 75 10 10 5 5 20 25 50
Day 8 42.1 31.579 21.053 5.263 0 0 0 100

Day 10 0 38.095 33.333 28.57 0 0 0 100

Day 12 0 6.25 31.25 62.5

low medium high diffuse low medium high diffuse 
Day 2 89.5 10.526 0 0 45 55 0 0
Day 5 68.4 26.316 0 5.263 0 33.333 11.11 55.5556
Day 8 38.9 50 11.111 0 0 13.333 0 86.6667
Day 10 10 5 85 0 0 0 6.25 93.75
Day 12 0 4.7619 23.81 71.43

spo-11

Trial #2

Trial #3Trial #3

Trial #2

Trial #3

WT

Trial #1

Trial #1Trial #1

Trial #2

Trial #3

Trial #1

dsb-2

htp-3
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Appendix Table 10: Paralysis of unc-52 animals with meiosis genes knocked down 

 

Appendix Table 11: Knockdown of cup-4 in spo-11 mutants 

 

 

 

 

 

Strain/Condition n= tot/obs Mean + S.E. P vs N2 on L440 P vs spo-11(me44) on L440

N2 on L440 92/106 16.01 + 0.53 <0.0001

spo-11(me44) on L440 80/88 11.38 + 0.36 <0.0001

N2 on cup-4 65/96 13.63 +0.54 0.0025 0.0003

spo-11(me44) on cup-4 80/90 12.92 + 0.45 0.000011 0.0057

Strain/Condition n= tot/obs Mean + S.E. P vs N2 on L440 P vs spo-11(me44) on L440

N2 on L440 80/98 16.59 + 0.4 < 0.0001

spo-11(me44) on L440 43/47 11.01 + 0.46 < 0.0001

N2 on cup-4 85/91 15.76 + 0.45 0.439 < 0.0001

spo-11(me44) on cup-4 43/45 11.11 + 0.47 < 0.0001 < 0.0001

Strain/Condition n= tot/obs Mean + S.E. P vs N2 on L440 P vs spo-11(me44) on L440

N2 on L440 69/99 17.79 + 0.6 < 0.0001

spo-11(me44) on L440 39/46 9.63 + 0.59 < 0.0001

N2 on cup-4 66/91 16.5 + 0.6 0.118 < 0.0001

spo-11(me44) on cup-4 44/61 9.5 + 0.48 < 0.0001 0.8814

Trial #1

Trial #2 - JL - shown in figure

Trial #3  (Cassandra Rios)
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Appendix Table 12: Wnt ligand knockdown in spo-11 and htp-3 mutants  

 

 Strain RNAi n = obs/tot mean (days) ± S.E. P vs N2 L4440 P vs L4440 

N2 L4440 55/93 15.88 ± 0.53

N2 cwn-2 84/113 16.52 ± 0.36 0.4299 0.4299

N2 egl-20 52/111 15.79 ± 0.67 0.9184 0.9184

spo-11 L4440 51/78 11.63 ± 0.42 1.60E-08

spo-11 cwn-2 38/89 12.04 ± 0.35 5.20E-07 0.3516

spo-11 egl-20 50/78 13.04 ±  0.42 0.0001 0.0352

htp-3 L4440 20/46 17.84 ± 0.99 0.0658

htp-3 cwn-2 19/33 19.51 ± 0.74 0.0007 0.2223

htp-3 egl-20 17/43 14.79 ±  0.45 0.1861 0.5898

Strain RNAi n = obs/tot mean (days) ± S.E. P vs N2 L4440 P vs L4440 

N2 L4440 82/103 14.31 ± 0.43

N2 cwn-1 87/100 15.7 ± 0.35 0.0704 0.0704

htp-3 L4440 100/128 15.7 ± 0.53 0.0012

htp-3 cwn-1 67/88 15.75 ± 0.57 0.0036 0.5972

spo-11 L4440 65/76 11.59 ± 0.37 <0.0001

spo-11 cwn-1 89/100 10.06 ± 0.3 <0.0001 0.003

Strain RNAi n = obs/tot mean (days) ± S.E. P vs N2 L4440 P vs L4440 

N2 L4440 103/123 15.26 ± 0.39 

N2 cwn-2 70/111 16.08 ± 0.57 0.05 0.05

N2 egl-20 97/135 17.58 ± 0.44 0.000015 0.000015

N2 lin-44 119/136 13.64 ± 0.41 0.0461 0.0461

htp-3 L4440 97/112 15.77 ± 0.63 0.0175

htp-3 cwn-2 93/108 14.6 ± 0.68 0.4516 0.3933

htp-3 egl-20 77/89 15.41 ± 0.7 0.0988 0.5787

htp-3  lin-44 84/92 14.89 ± 0.7 0.2481 0.4292

spo-11 L4440 50/71 11.35 ± 0.47 6.80E-09

spo-11 cwn-2 60/73 11.58 ± 0.35 <0.0001 0.8307

spo-11 egl-20 42/63 10.57 ± 0.48 <0.0001 0.2693

spo-11 lin-44 86/93 10.28 ± 0.36 <0.0001 0.0788

Strain RNAi n = obs/tot mean (days) ± S.E. P vs N2 L4440 

N2 L4440 73/88 16.82 ± 0.49

N2 egl-20 59/117 17.16 ± 0.42 0.013

spo-11 L4440 77/113 12.3 ± 0.46

spo-11 egl-20 66/76 12.5 ± 0.55 <0.0001

Trial #1 - shown in figure

Trial #2

Trial #3
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Appendix Table 13: Knockdown of upregulated genes in dsb-2, htp-3, and spo-11 mutants 

 

 

 

 

Strain RNAi n = obs/tot Mean ± S.E. P vs L4440

N2 L4440 104/132 16.49  ± 0.43

N2 ketn-1 100/119 13.27  ± 0.41 5.50E-07

N2 him-4 88/91 3.18  ± 0.3 0

N2 mua-3 88/118 16.27  ± 0.53 0.8699

N2 F39C12.1 96/118 13.24  ± 0.4 5.60E-07

N2 unc-2 95/121 15.8  ± 0.51 0.6618

N2 F45D3.4 107/128 16.02  ± 0.35 0.1366

N2 C01B4.7 99/121 18.24  ± 0.5 0.0047

N2 sma-1 110/128 11.39  ± 0.38 0

N2 dig-1 107/130 13.9  ± 0.39 0.000033

N2 lrp-2 96/127 17.1  ± 0.45 0.4871

N2 Y19D10A.5 109/131 18.05  ±0.4 0.0275

Strain RNAi n = obs/tot Mean ± S.E. P vs L4440

N2 L4440 70/108 15.65 ± 0.51

N2 C01B4.7 97/114 15.48 ± 0.39 0.6533

N2 irld-53 87/130 17.21 ± 0.46 0.0277

N2 Y19D10A.5 72/101 15.95 ± 0.52 0.6448

Strain RNAi n = obs/total Mean ± S.E. P vs L4440 

N2 L4440 92/120 14.83 ± 0.47 

N2 C01B4.7 57/97 15.23 ± 0.67 0.4343

N2 Y19D10A.5 76/116 17.85 ± 0.6 0.0001

N2 irld-53 59/95 17.97 ± 0.62 <0.0001

Strain RNAi n=obs/tot Mean (days) P vs L4440

N2 L4440 44/86 19.33 ± 0.71

N2 unc-2 39/76 18.28 ± 0.72 0.312

N2 F39C12.1 35/72 18.08 ± 0.77 0.3423

N2 Y19D10A.5 54/93 19.58 ± 0.55 0.8287

N2 sma-1 55/84 16.28 ± 0.58 0.0004

N2 mua-3 52/91 17.59 ± 0.49 0.1233

N2 C01B4.7 42/68 19.68 ± 0.83 0.5526

N2 irld-53 57/97 18.07 ± 0.6 0.1469

N2 F45D3.4 60/89 18.28 ± 0.61 0.2353

N2 ketn-1 44/70 16.65 ± 0.56 0.0029

N2 dig-1 48/98 17.82 ± 0.54 0.041

N2 him-4 34/96 15.09 ± 0.83 0.0001

N2 lrp-2 32/82 20.07 ± 0.72 0.3772

Trial #1 - Whole life

Trial #2 - Whole life 

Trial #3 - Whole life - in figure

Trial #1 Adult only 
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Appendix Table 14: Lifespans of RPN-6.1, CCT-2, or CCT-8 overexpression strains with spo-11 or htp-3 

knocked down 

 

Appendix Table 15: Primers 

 

Strain genotype RNAi n=obs/tot

mean 

(days) S.E. vs myo-3p::GFP

vs myo-3p::GFP on 

L4440

AGD597 sur-5p::rpn-6 L4440 68/75 14.73 0.47 0.0051

AGD598 sur-5p::rpn-6 L4440 77/99 15.7 0.41 0.0345

AGD614 myo-3p::GFP L4440 43/48 16.69 0.86

AGD597 sur-5p::rpn-6 htp-3 88/104 14.99 0.47 0.8271 0.0203

AGD598 sur-5p::rpn-6 htp-3 113/138 15.66 0.4 0.3772 0.0751

AGD614 myo-3p::GFP htp-3 33/39 14.8 0.79 0.0358

AGD597 sur-5p::rpn-6 spo-11 71/94 14.78 0.46 0.306 0.0081

AGD598 sur-5p::rpn-6 spo-11 87/117 16.25 0.5 0.0084 0.2816

AGD614 myo-3p::GFP spo-11 31/66 12.27 0.34 0.0074

Strain Genotype RNAi n=obs/tot

mean 

(days) S.E. vs myo-3p::GFP

vs myo-3p::GFP  on 

L4440

AGD597 sur-5p::rpn-6 L4440 73/89 16.68 0.47 0.2074 0.2074

AGD597 sur-5p::rpn-6 spo-11 67/78 16.87 0.57 0.000035 0.1642

AGD614 myo-3p::GFP L4440 54/80 14.49 0.6

AGD614 myo-3p::GFP spo-11 38/59 12.75 0.64 0.0403

Strain genotype RNAi n=obs/tot

mean 

(days) S.E. 

 vs 

myo3p::GFP] vs L4440

DVG9 ocbEx9[myo3p::GFP] L4440 40/50 12.39 0.65

DVG9 ocbEx9[myo3p::GFP] spo-11 42/43 11.95 0.5 0.3896 0.3896

DVG47

ocbEx47[psur5::cct-2, 

pmyo3::GFP L4440 104/140 12.96 0.29 0.6817

DVG47

ocbEx47[psur5::cct-2, 

pmyo3::GFP spo-11 77/110 12.35 0.26 0.3688 0.1434

DVG48

ocbEx48[psur5::cct-8, 

pmyo3::GFP L4440 89/109 11.55 0.32 0.3772

DVG48

ocbEx48[psur5::cct-8, 

pmyo3::GFP spo-11 95/143 12.4 0.32 0.7183 0.0127

Trial #1 P value

Trial #2 - in figure P value 

Trial #1 P value
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