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2 ABSTRACT 

The discovery of novel longevity genes, through the use of model organisms 

has revealed different conserved molecular pathways involved in the ageing 

process. RNAi or mutagenesis based screens are powerful tools however both 

possess limitations. To ease the challenge of mutagenesis screens we 

incorporated ARD as tool to allow direct selection of longevity mutants. 

Starvation conditions encountered at the late larval stage of wild type C. elegans 

induces ARD. This delays reproduction and extends the lifespan compared to 

animals grown in ad libitum (AL) conditions, to survive more than 80 days 

without food. Known longevity mutants displayed additive ARD lifespan 

extension, therefore, we hypothesised the selection of longevity mutants 

through an ARD mutagenesis screen would also show longevity in AL 

conditions. This allowed us to directly select for longevity mutants. We 

performed four different screens and obtained longevity mutants through this 

method. However, we discovered the method requires optimisation to obtain a 

higher number of longevity mutants with more robust phenotypes to discover 

novel longevity genes.   

Upon re-evaluation, we observed a high number of our mutants were long lived 

under ARD and decided to focus on deciphering the mechanism driving ARD 

longevity. Since previous work from our laboratory discovered signalling 

pathways known to regulate longevity are additive to ARD lifespan, this 

suggests an independent mechanism for survival. We discovered mutants of 

upp-1, encoding uridine phosphorylase, to extend ARD lifespan as well as 

improve recovery from ARD. upp-1 is a key regulator of pyrimidine metabolism, 

catalysing the conversion of uridine to uracil and ribose phosphate. In C. 

elegans, upp-1 exhibits uridine and thymine phosphorylase activity. We 

performed metabolomic analysis of upp-1 mutants after 10 days of ARD and 

discovered elevated levels of uridine and thymine compared to wild type. 

Interestingly, supplementation of thymine increased ARD lifespan in wild type 

animals but not upp-1 mutants, revealing that thymine enhanced ARD survival 
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through a similar mechanism as upp-1 mutants. Altogether, we discovered a 

role for pyrimidine metabolism in regulated ARD longevity. 

Our laboratory recently identified HLH-30/TFEB as a master regulator of ARD. 

hlh-30 mutants drastically reduces ARD lifespan, depletes fat stores, rapidly 

reduces body length, reduces oxygen consumption and fails to recover from 

ARD upon refeeding. This reveals HLH-30 to be essential for regulating ARD 

survival, morphogenesis and recovery. To investigate the mechanism by which 

HLH-30 modulates ARD survival, we performed an unbiased suppressor screen 

to identify mutants rescuing hlh-30 ARD shortevity. We discovered mutations on 

daf-1 (TGF-β receptor subtype 1 of the TGF-β pathway) and pdk-1 

(phosphoinositide dependant protein kinase of the IIS pathway) to not only 

increase hlh-30 ARD lifespan but also prevented the rapid body shrinkage and 

decreased fat content of hlh-30 mutants in ARD. We also discovered other 

components of these pathways, daf-7 (TGF-β ligand) and daf-2 (insulin 

receptor) to show similar effects to daf-1 and pdk-1 respectively. We performed 

a second screen and discovered other components of the TGF-β pathway, daf-

3, further validating our first screen, as well as some new interesting candidates 

such as mxl-2, part of the Myc superfamily, let-363, the C. elegans orthologue 

of mammalian mTOR, and ceh-60, a homeodomain transcription factor. Taken 

together, these results suggest a role of the TGF-β pathway in regulating hlh-30 

ARD longevity and survival.  
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3 ABBREVIATIONS 
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4 INTRODUCTION 

Hallmarks of ageing 
Ageing is the time dependant decline of physiological functions vital for survival 

leading to diseases, such as cancer, neurodegenerative diseases and 

cardiovascular disorders. The curiosity in ageing has baffled the scientific 

community, however research within the field has excelled since the isolation of 

the first long-lived strains in Caenorhabditis elegans (C. elegans) (Klass, 1983). 

This research has led to the discovery that the rate of ageing is determined, to 

some extent, by conserved genetic pathways and biological processes.  

Nine cellular and molecular hallmarks of ageing have been categorised that 

contribute to an ageing phenotype: genomic instability, telomere attrition, 

epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, 

mitochondrial dysfunction, cellular senescence, stem cell exhaustion and 

altered intercellular communication (López-Otín et al., 2013). López-Otín et al 

clusters the hallmarks into three different groups: primary hallmarks, 

antagonised hallmarks and integrative hallmarks. The primary hallmarks 

determine negative factors leading to cellular damage, including genomic 

instability and telomere attrition. Antagonistic hallmarks of ageing at low levels 

alleviate damage, however at higher levels, become detrimental to the 

organism. These include mitochondrial dysfunction and cellular senescence. 

Integrative hallmarks are responsible for the functional decline in ageing, directly 

affecting tissue homeostasis and function. These comprise of stem cell 

exhaustion and altered intercellular communication.  

Improved understanding of the molecular pathways involved in the ageing 

process will aid to establish better interventions for age related diseases where 

the main challenge is to discover pharmacological targets with minimal side 

effects to improve human health during ageing. Ageing research has been 

conducted in many different model organisms from yeast to apes however; the 

small nematode C. elegans has proven to be a powerful model organism in 

ageing research.  
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4.2 C. elegans as a model organism for ageing research 

Since the introduction of the nematode, C. elegans, for genetic studies in 1965 

by Sydney Brenner, the model has become a beneficial tool in diverse fields of 

research, ranging from neuroscience to ecotoxicology to ageing (Brenner, 

1974). The ease and versatility of C. elegans has led to several breakthroughs 

in biomedical science, including the use of green fluorescent protein as a protein 

marker and the discovery of RNA interference, which has aided the discovery 

of characterised genes and signalling pathways that regulate longevity. Their 

small size, short lifespan (~3 weeks) when cultured at 20oC and well-established 

genetic tools, makes C. elegans an ideal model organism for ageing research.  

Furthermore, this transparent nematode, made up of 959 somatic cells gives 

them an advantage towards extensive microscopic studies. The annotation of 

the C. elegans genome (C. elegans sequencing consortium, 1998) has also 

revealed 35% homology with Homo Sapiens making them ideal for studying 

conserved pathways.  

This free-living, self-fertilising hermaphrodite nematode is optimal for chemical 

mutagenesis screens to identify candidate genes in an unbiased manner.  This 

method was used in C. elegans to isolate the first long lived mutants, mostly 

associated with reduced calorie intake (Klass, 1983). Mutants from this screen 

underwent further experimentation to identify the long-lived mutant age-1 

(Friedman & Thomas, 1987). Subsequent genetic studies then defined the 

insulin/insulin-like growth factor 1 signalling (IIS) pathway as the first lifespan 

regulating pathway (C. Kenyon, 2011).  

Another major advantage of using C. elegans is the well-established RNAi 

library, where knockdown of a specific gene by feeding double stranded RNA 

expressing bacteria (Boutros & Ahringer, 2008), making C. elegans the ideal 

tool to conduct large scale RNAi screens. Additionally, they are a suitable model 

for drug screenings to identify lifespan-extending compounds, and for external 

interventions such as stress resistance and caloric restriction. The low cost and 

ease of maintenance and handling, allow these animals to be propagated on a 
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large scale.  Another advantage is the ability to freeze C. elegans in glycerol, 

aiding large scale storage (Brenner, 1974) which has led to a large, valuable 

library of mutant strains (CGC, NBRP). To summarise, the short lifespan, highly 

conserved genome and the availability for easy genetic and external 

manipulations, has allowed C. elegans to become a valuable organism to study 

ageing and age-related diseases.  

4.3 Lifespan regulating genes and pathways in C elegans 
Research in different model organisms have highlighted a number of genetics 

factors, vital for regulating the ageing process, which integrate into different 

conserved molecular pathways influencing longevity. These include the 

insulin/IGF-1, TOR and germ line signalling pathways, which control many 

crucial processes such as development, metabolism, reproduction and stress 

resistance.  

4.3.1 Insulin/IGF-1 signalling (IIS) 
Genes involved in this pathway were the first to be implicated in lifespan 

regulation in C. elegans, with the identification of age-1 and daf-2 genes, the 

orthologues of mammalian phosphoinositide 3-kinase (PI3K) and the 

insulin/IGF-1 receptor (InR) respectively, where mutations in these genes 

doubles the lifespan (Friedman & Thomas, 1987; C. Kenyon et al., 1993). 

Subsequent studies in Drosophila melanogaster (Tatar 2001) and Mus 

musculus (Selman 2008) have shown conserved functions of this pathway in 

regulating longevity. Human studies researching genetic variations in 

centenarians may also link insulin signalling and longevity in humans 

(Flachsbart et al., 2009; Willcox et al., 2008).  

Ligand binding to the DAF-2 initiates the canonical pathway, activating a series 

of phosphorylation events triggering several kinases such as AGE-1/PI3K, 3-

phosphatidyinositide-dependant kinase 1(PDK-1), AKT-1/2 and 

serine/threonine-protein kinase (SGK-1). This cascade ultimately leads to the 

phosphorylation and inactivation of DAF-16, a FOXO transcription factor, 

preventing its nuclear translocation and blocking the transcription of target 



14 
 

genes (R. Y. N. Lee et al., 2001; K. Lin et al., 2001; Paradis et al., 1999; Paradis 

& Ruvkun, 1998). Reduced insulin signalling, for example by mutations in daf-

2, relieves the phosphorylation of daf-16 allowing translocation into the nucleus 

thereby inducing the expression of downstream target genes, promoting stress 

resistance and longevity (C. T. Murphy et al., 2003). Evidence has shown daf-

16 plays a central role in lifespan extension, however evidence suggests it does 

not act alone. Firstly, sole overexpression of DAF-16 in wild type animals only 

leads to a mild lifespan extension (Henderson & Johnson, 2001). Furthermore, 

inducing nuclear localisation of DAF-16 is also not sufficient to extend lifespan 

(K. Lin et al., 2001). Lastly, the DAF-16-binding element (Furuyama et al., 2000) 

is present in the 5kb upstream region of 78% of C. elegans genes, however only 

few of these genes are activated in young adult animals (C. T. Murphy et al., 

2003). Therefore, other factors must be involved with DAF-16 for lifespan 

extension. There are several mechanisms encouraging DAF-16 nuclear 

localisation. The overexpression of kinases, JNK-1 (the C. elegans homolog of 

c-Jun N-terminal kinase) and CST-1 (the C. elegans homolog of mammalian 

ste20-like kinase (MST)) have shown daf-16 dependent lifespan extension 

(Lehtinen et al., 2006; Oh et al., 2005), suggesting their influence with daf-16 

activity. Components of the ubiquitin proteasome system has also shown to 

regulate DAF-16 activity. RLE-1, a E3 ubiquitin ligase, catalyses ubiquitination 

of DAF-16/FOXO to target it for degradation (Wensheng Li et al., 2007). The rle-

1 loss of function mutant extends lifespan (Wensheng Li et al., 2007) while the 

gene encoding deubiquitylase, math-33, suppresses daf-2 lifespan extension 

(Heimbucher et al., 2015). Mutations on the gene encoding the ligand for the 

transforming growth factor-β (TGF-β) family, daf-7, leading to lifespan 

extension, is dependent on DAF-16, suggesting the TGF-β pathway operates 

as an upstream regulator of IIS pathway activity (Shaw et al., 2007). Mutations 

in other transcription factors such as, hsf-1 (C. elegans homolog of heat-shock 

transcription factor) and skn-1 (C. elegans homolog of nuclear respiration factor 

2 (Nrf2)) suppresses daf-2 lifespan extension suggesting a co-regulatory 

function with daf-16 (Hsu et al., 2003; Tullet et al., 2008). Reduced insulin 
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signalling triggers SKN-1 nuclear localisation, allowing activation of target genes 

required for stress resistance and longevity independent of daf-16 (Tullet et al., 

2008). Identification of daf-16 target genes have highlighted genes involved in 

several cellular processes such as immunity, proteostasis, metabolism and 

oxidative stress (Halaschek-Wiener et al., 2005; McElwee et al., 2003; C. T. 

Murphy et al., 2003). Examples of these genes are heat shock proteins, 

cytochrome P450 enzymes and superoxide dismutase. IIS in specific tissues 

has also been implicated in regulating lifespan. Intestinal or neuronal expression 

of daf-16 can extend the lifespan of the short lived mutant daf-2;daf-16 

suggesting daf-16 acts cell non-autonomous to modulate intercellular signals 

(C. T. Murphy et al., 2003).  

A recent study has shown daf-16 acts in combination with hlh-30/TFEB, forming 

a complex under harmful conditions to promote longevity and resistance to 

oxidative stress. Under stress conditions, both transcription factors translocate 

to the nucleus, forming a complex to co-regulate specific target gene sets, 

promoting optimal survival (X. X. Lin et al., 2018).  

4.3.2 TOR signalling and Calorie Restriction 
TOR (target of rapamycin), a serine/threonine kinase, is part of a nutrient 

sensing pathway which regulates growth, reproduction, motility and survival in 

response to nutrient availability (Wullschleger et al., 2006). TOR inhibition 

extends lifespan across a wide range of species from yeast, to mice (Harrison 

et al., 2009; Kaeberlein et al., 2005; Kapahi et al., 2004; Sheaffer et al., 2008; 

Tibor Vellai et al., 2003). Under sufficient nutrient conditions, TOR is activated 

leading to growth stimulation and inhibition of salvage pathways, such as 

autophagy (Wullschleger et al., 2006). Therefore, reducing TOR activity is 

speculated to mirror the effects of dietary restriction conditions. Following this, 

reducing TOR activity by RNAi of mTOR/let-363 or daf-15/raptor (mTORC1 

component) leads also to longevity which is independent of daf-16 (Jia et al., 

2004; Tibor Vellai et al., 2003). Reduced TOR signalling leads to reduced 

phosphorylation of S6 kinase (S6K) or activation of the translational inhibitor, 4E 

BP, resulting in decreased protein translation (Meijer & Codogno, 2008; T. 
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Vellai, 2009). The longevity effect is mediated by PHA-4 (a FOXA transcription 

factor), which is a regulator of autophagy (Sheaffer et al., 2008). Lifespan 

extension by rapamycin, a TOR inhibitor, is also dependent on autophagy genes 

(Bjedov et al., 2010).  

Lifespan extension by rapamycin is not the only intervention that spans across 

many species. Longevity by calorie restriction (CR) also extends throughout 

many model organisms from C. elegans to Drosophilia melanogaster and Mus 

Musculus (R. M. Anderson et al., 2009; Lakowski & Hekimi, 1998; Pletcher et 

al., 2002). Evidence suggest these interventions are comparable since they 

display similar physiological effects, plus, TOR inhibition fails to increase the 

lifespan extension from CR (Kaeberlein & Kapahi, 2009) . Additionally, the 

genetic CR model in C. elegans, eat-2 mutants, which displays lower pharyngeal 

pumping, extends lifespan by reducing TOR signalling (Lakowski & Hekimi, 

1998). Moreover, lifespan extension of eat-2 mutants was not further increased 

by inhibiting TOR. Lifespan extension in eat-2 mutants is also dependent on the 

transcription factor pha-4, which is also essential for the longevity demonstrated 

by TOR inhibition as previously described (Panowski et al., 2007).  

A transcriptional factor connecting TOR and CR is the hypoxia inducible factor, 

HIF-1. Studies in mammalian and Drosophila cells have implicated HIF-1 as a 

target of the TOR pathway (Bernardi et al., 2006; Dekanty et al., 2005; Hui et 

al., 2006; Treins et al., 2002). In C. elegans, HIF-1 normally functions in 

response to oxygen deprivation; however, it also plays a role in modulating 

lifespan extension by CR in C. elegans (D. Chen et al., 2009). Animals deficient 

in HIF-1 exhibit a longevity phenotype under nutrient rich conditions, where 

genetic epistasis experiments have proven it operates downstream of RSKS-

1/S6 kinase to modulate lifespan (D. Chen et al., 2009). Under normoxia, HIF-1 

is hydrolated by the PH superfamily of dioxygenase encoded by egl-9.  

Mutations in egl-9 increases HIF-1 activity and reduces the lifespan extension 

under CR (D. Chen et al., 2009). 
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Another factor linking longevity by TOR and CR is AMP-activated protein kinase 

(AMPK). Activation of AMPK occurs under low energy availability, such as 

starvation or CR conditions, and senses the ratio of AMP to ATP. Genetically 

overexpressing AMPK,  mirrors starvation conditions, which leads to lifespan 

extension in C. elegans (Apfeld et al., 2004). Pharmacologically activating 

AMPK by the drug metformin has also shown a similar longevity effect (Onken 

& Driscoll, 2010).  

Knockdown of several ribosomal protein genes and translation initiation factors 

results in lifespan extension, as well as, mutations on the ribosomal protein S6 

kinase/RSKS-1. In C. elegans, rsks-1 mutants displayed increased AAK-2 

phosphorylation, implying, similar to mice studies, loss of S6 kinases increased 

AMPK activity (Selman et al., 2009). This further solidifies similar mechanisms 

between TOR and CR for lifespan extension. Furthermore, AMPK modulates 

longevity through the post-translational modification of CRTC-1, the worm 

homologue of CREB- regulated transcriptional coactivators (Mair et al., 2011).  

4.3.3 Germline signalling  
In C. elegans, germline signalling is another pathway modulating ageing. Laser 

ablation to remove the germline cells increases lifespan by 60%, however 

complete removal of the gonad (both the germline and somatic gonad) abolishes 

this longevity suggesting opposing signals from the germline and somatic gonad 

(Hsin & Kenyon, 1999). This longevity can also be achieved genetically in glp-

1/Notch receptor mutants, resulting in the lack of germ cells (Arantes-Oliveira et 

al., 2002).  

Components of the steroid hormone-signalling pathway are closely associated 

with germline longevity. The nuclear hormone receptor, DAF-12, which 

responds to a steroid hormone called dafachronic acid (DA), is a key regulator 

of germline-less longevity (Hsin & Kenyon, 1999). DAF-9/cytochrome P450 and 

DAF-36/Rieske oxygenase, regulates DAF-12 activity and are also both 

essential for the lifespan extension of germline absent animals (Birgit Gerisch 

et al., 2001, 2007; Wollam et al., 2011). Interestingly, supplementation of DA to 
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animals lacking both the germline and somatic gonad, restored the expression 

of DAF-12 and their lifespan was increased, suggesting a role of the somatic 

gonad to promote longevity through the steroid signalling pathway (Yamawaki 

et al., 2010). However, tissue specific production of DA is not vital for the 

longevity since DAF-9 overexpression in other tissues was able to increase the 

lifespan in animals lacking a full gonad (Yamawaki et al., 2010).  

DAF-16, a key component of the IIS, is a regulator of germline-less induced 

longevity, linking these two longevity pathways. daf-12 and daf-9 regulates the 

nuclear localisation of DAF-16 in germline-deficient animals (Berman & Kenyon, 

2006; Birgit Gerisch et al., 2007). DAF-12 target genes include mir-84 and mir-

241, where increased expression of these genes stimulates DAF-16 nuclear 

localisation and activation by downregulating two inhibitors of DAF-16, AKT-1 

and LIN-14 (Shen et al., 2012). 

Other transcription factors in addition of DAF-12 and DAF-16 are required for 

germline-less longevity, including NHR-80 and PHA-4 (Goudeau et al., 2011; 

Lapierre et al., 2011). Lifespan extension occurs overexpressing nhr-80 in 

germline-less animals in a DAF-16 independent manner, however relies on the 

presence of DAF-12 (Goudeau et al., 2011). A key target of NHR-80 is FAT-6, 

a gene encoding an acyl-CoA desaturase, which is vital to promote germline-

deficient longevity, linking fatty acid desaturation and longevity in germline-less 

animals (Goudeau et al., 2011). Germline-loss induces autophagy through PHA-

4, which is required to extend lifespan. TOR expression in reduced in glp-1 

mutants, inducing lipl-4 (a gene encoding a triglyceride lipase) expression, 

which is dependent on PHA-4 and other autophagy genes. Reciprocally, lipl-4 

is essential for autophagy induction (Lapierre et al., 2011). This implies TOR 

may function upstream of autophagy and lipl-4 in germline-less animals to 

regulate lifespan, as well as, underlining a potential role of fatty acids in 

modulating ageing.  
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4.3.4 Convergent mechanisms for longevity  
The signalling pathways regulating longevity highlighted above operate 

independent of each other, however recent reports have underlined several 

factors involved in the crosstalk between these pathways (Figure 1). One such 

factor is the mammalian transcription factor EB (TFEB), shown to regulate 

multiple genes in the autophagy process (Settembre et al., 2011). The predicted 

TFEB orthologue in C. elegans is HLH-30, which regulates the expression of 

multiple autophagy-related and lysosomal genes (Settembre et al., 2011). It has 

been implicated as a key player for lifespan extension across several longevity 

models, such as, TOR inhibition, germline removal, reduced IIS and dietary 

restriction (Lapierre et al., 2013), suggesting a central role for HLH-30 in 

determining lifespan in C. elegans. HLH-30 becomes nuclear localised across 

these longevity models to drive the expression of its downstream targets for 

autophagy and lysosomal processes. It was also shown that overexpression of 

HLH-30 can also extend the lifespan of C. elegans (Lapierre et al., 2013). The 

Myc-like HLH transcription factor network consisting of Mondo/Max-like complex 

is another factor involved in the convergent mechanisms regulating C. elegans 

lifespan. A suppressor screen to identify factors regulating germline-mediated 

longevity identified the Myc superfamily members MML-1(Myc/Mondo-like) and 

MXL-2(Max,Max-like) as novel regulators of the gonadal longevity pathway, as 

well as, mediating longevity in other known pathways, such as, reduced TOR, 

IIS,                     mitochondrial function and calorie restriction (Nakamura et al., 

2016). MML-1 and MXL-2 function to reduce TOR signalling, stimulating 

autophagy and HLH-30 activity in the nucleus (Nakamura et al., 2016). 

The nucleolus is another convergent point of regulating major longevity 

pathways across species. A suppressor screen to unravel the regulators of 

longevity induced by dietary restriction identified the nucleolar factor NCL-1 

(Tiku et al., 2016).  NCL-1 also mediates lifespan of other known longevity 

models such as reduced IIS, TOR, mitochondrial and gonadal longevity, where 

overexpression in a wild type background was also sufficient to increase lifespan 
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(Tiku et al., 2016). NCL-1 regulates nucleolar size, where ncl-1 mutants have 

enlarged nucleoi compared to wild type (Tiku et al., 2016). Strikingly, multiple 

longevity mutants displayed reduced nucleolar size compared to wild type, 

reduced ribosomal biogenesis and decreased levels of the nucleolar marker, 

FIB-1, a protein involved in regulation and maturation of rRNA (Tiku et al., 2016). 

Intriguingly, the effects from the loss of NCL-1 can be reversed further 

enhancing the use of nucleolar size as a predictive marker for longevity. This 

marker also hold true as a predictor for life expectancy in higher model 

organisms (Tiku et al., 2016), further validating the role of convergent factors 

regulating lifespan across species. 

 

Figure 1. Lifespan regulating signalling pathways and convergent 
mechanisms of ageing. Several molecular interventions have been discovered 
to regulate longevity in C. elegans including insulin/IGF-1 signalling, TOR 
signalling, germline and calorie restriction, which converge on factors such as 
the Mondo/Max-like complex (MML-1/MXL-2), TFEB (HLH-30) and the 
nucleolar factor, NCL-1, to modulate ageing. Adapted from (Lapierre & Hansen, 
2012; Uno & Nishida, 2016).  
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4.4 Effect of starvation on development 
The natural habitat for C. elegans is a microbe-rich environment, especially from 

decomposing plant matter, including rotting fruit and stems (Schulenburg & 

Félix, 2017). This species-rich microbial community can be the worm’s food, 

become part of the gut microbiome, parasites and pathogens, or even 

competitors. This nematode often experiences periods of over-population 

because of the short generation time and rapid growth, limiting the availability 

of food. This induces the worm’s robust response to starvation, involving 

complex and dynamic processes, dependent on the developmental stage of 

nutrient deprivation. Other than dauer diapause, the most characterised 

response, C. elegans can also enter L1 arrest, late-larval arrest and adult 

reproductive diapause (ARD) in times of low nutrient availability (Figure 2).  

 

        

(Figure 2: refer to page 22 for legend) 
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Figure 2. C. elegans starvation response at different developmental time-
points. Differential arrest outcomes are dependent upon encountering 
unfavourable conditions at different larval stages. Under favourable conditions, 
C. elegans develop from eggs through L1 to L4 larval stages before developing 
into mature adults. Eggs hatching in starvation undergo L1 arrest (Baugh, 2013), 
while high population density and low nutrient availability in young larvae (L1) 
induces dauer diapause (Cassada & Russell, 1975). Starvation conditions at the 
L2 and L3 stages results in late larval arrest (Schindler et al., 2014), while acute 
starvation in the mid L3 stage induces adult reproductive diapause (ARD) (B. 
Gerisch et al., 2020). Solid black arrows indicate larval development in 
favourable (ad libitum) conditions. Dotted black arrows indicate induction of 
diapause in unfavourable conditions with the developmental arrest stage in red. 
Solid green arrows indicate recovery from the arrest stage by re-introduction to 
food. Adapted from (Altun & Hall, 2009). 

4.4.1 Dauer diapause 

R. Cassada and R. Russell first observed the dauer larvae in 1975. They 

described an arrested developmental stage that forms when young larvae 

encounter environmental stresses such as overpopulation or starvation 

(Cassada & Russell, 1975). Dauer larvae are morphologically different to C. 

elegans grown in optimal conditions where they adopt a thicker protective 

cuticle, a constricted pharynx that ceases to pump, the germline is 

developmentally arrested and shrinkage of muscle, intestine and hypodermal 

cells that allows for radial constriction. These changes allow C elegans to 

become increasingly resistance to starvation and other stressors, which aids 

survival for several months. Specialised behaviours, such as nictation where 

dauer larvae stand on its tail and waves its head, is exhibited to allow attachment 

to other animals to promote dispersal (Yang et al., 2020). Encountering a 

favourable environment, C. elegans exit dauer diapause and become 

reproductive adults.  

This reversible alternative stage has since been extensively studied for the 

regulatory mechanisms governing morphological changes during development. 

Recently, the identification of genes involved in dauer arrest were discovered in 

mutants exhibiting abnormal dauer formation (daf mutants). They revealed the 

evolutionarily conversed pathways in insulin signalling, transforming growth 
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factor-β (TGF-β), guanylyl cyclase and hormonal signalling to be critical in the 

regulation of dauer arrest.  

4.4.1.1 Molecular pathways regulating dauer formation 
The molecular mechanisms governing the formation of dauer is understood to 

operate through four distinct pathways. Firstly, environmental conditions are 

sensed through the secretion of ascarosides (also known as the dauer 

pheromone) which indicate population density (A. Ludewig & Schroeder, 2013). 

This information is conveyed through the conserved DAF-7/TGF-β and DAF-2 

insulin-like growth factor receptor pathways (Fielenbach & Antebi, 2008; Hu, 

2007; Riddle & Albert, 1997). The outputs from these two signalling pathways 

converge on the steroid hormonal signalling pathway for bile acid hormone 

(dafachronic acid (DA)) production to activate the nuclear hormone receptor, 

DAF-12 (Fielenbach & Antebi, 2008; Hu, 2007). Unfavourable conditions will 

ultimately results in an unliganded form of DAF-12 to promote dauer 

development (Schaedel et al., 2012) (Figure 3). 

The four distinct pathways regulating dauer formation, guanylyl cyclase 

pathway, insulin-like signalling, transforming growth factor-β (TGF-β), and 

steroid hormonal signalling will be explained in more detail below.  

4.4.1.1a Guanylyl cyclase pathway 
The receptor guanylyl cyclases are vital for sensory processing in C. elegans, 

catalysing the conversion of GTP to cGMP. In C. elegans, daf-11, encodes the 

transmembrane guanylyl cyclase (GCY) (Birnby et al., 2000) and tax-2 and tax-

4 encodes the subunits of a cGMP-gated ion channel (Coburn & Bargmann, 

1996; Komatsu et al., 1996). cGMP acts as a second messenger for several 

chemosensory seven-transmembrane G protein-coupled receptors (7TM 

GPCRs), to sense environmental conditions for regulating the decision to enter 

dauer or continue in reproductive development. Sensing of the dauer 

pheromone is a well-studied example of chemosensory 7TM GPCRs in 

regulating development through cGMP (A. Ludewig & Schroeder, 2013). C 

elegans constitutively secretes dauer pheromone, consisting of different 
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ascarosides, allowing C. elegans to sense population density, where high 

concentrations of the pheromone induces dauer formation (Golden & Riddle, 

1982). There are several 7TM GPCRs which senses different combinations of 

dauer inducing ascarosides including SRBC-64, SRBC-66, SRG-36, SRG-37, 

DAF-37 and DAF-38 (K. Kim et al., 2009; McGrath et al., 2011; Park et al., 

2012), which signal through the Gα subunits, GPA-2 and GPA-3 (K. Kim et al., 

2009). In high dauer pheromone levels, DAF-11 is inhibited by GPA-2 and GPA-

3, causing decreased concentrations of cGMP (K. Kim et al., 2009). Mutations 

inactivating GPA-2 and GPA-3 results in a dauer-defective (Daf-d) phenotype 

(Zwaal et al., 1997) 

Loss of function daf-11 mutants are dauer-constitutive (Daf-c) and displays 

defects in chemosensation and olfaction (Vowels & Thomas, 1994). 

Supplementation of the cGMP analogue 8-bromo-cGMP rescues the Daf-c 

phenotype of daf-11 mutants suggesting the Daf-c phenotype is due to reduced 

cGMP synthesis (Birnby et al., 2000). However, it fails to rescue dauer arrest 

seen in tax-4 mutants (Birnby et al., 2000) suggesting TAX-4 is a target of cGMP 

signalling through DAF-11. Additionally, the transcript levels of antagonistic 

insulin like peptides in the IIS pathway, ins-7 and daf-28, increases with the 

supplementation of 8-bromo-cGMP (Hahm et al., 2009) 

The weak Daf-c phenotype observed in tax-4 mutants compared to daf-11 

(Coburn et al., 1998), indicates activation of several downstream modulators by 

DAF-11 to inhibit dauer arrest. Interestingly, a gain of function mutation on daf-

21, a gene encoding a HSP90 homolog, has similar phenotypes and patterns of 

epistasis to daf-11 (Birnby et al., 2000), proposing an unknown role for Hsp90 

in regulating cGMP levels.  

Previous reports have indicated that cGMP signalling is upstream of IIS and 

TGF-β signalling. Firstly, Daf-d mutants, daf-5 and daf-16, part of the TGF-β and 

IIS signalling respectively, partially suppress the Daf-c phenotype of daf-11 

mutants. (Thomas et al., 1993; Vowels & Thomas, 1992).  Secondly, exogenous 

cGMP rescues the Daf-c phenotype of daf-11 mutant unlike mutants from the 
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TGF-β and IIS signalling pathways. Lastly, daf-11 mutants are defective in 

expressing daf-7 in ASI neurons (Murakami et al., 2001) and the insulin-like 

peptide, daf-28, expressed in ASI and ASJ neurons, is downregulated in dauer 

conditions in daf-11 mutants (Weiqing Li et al., 2003). 

4.4.1.1b  Insulin-like signalling pathway 
Daf-c and Daf-d mutants were originally isolated from genetic screens 

performed by the Riddle lab. These mutants defined the Daf-c genes, daf-2 and 

age-1, and Daf-d gene, daf-16. Characterisation of these genes has led the 

discovery of a conserved insulin-like pathway inhibiting dauer arrest by the 

activation of DAF-2, the insulin receptor homolog. As previously described, 

unfavourable conditions decreased IIS signalling leading to DAF-16 nuclear 

localisation turning on genes for stress resistance, longevity and dauer 

formation. Additionally, DAF-18/PTEN phosphatase counteracts the activity of 

AGE-1/PI3K, downregulating the pathway (Gil et al., 1999; Mihaylova et al., 

1999; Ogg & Ruvkun, 1998; Rouault et al., 1999). Mosaic and specific tissue 

rescue studies have shown the non-autonomous function of DAF-2 and AGE-1 

to inhibit dauer formation and DAF-2 functions predominately in the nervous 

system to regulate lifespan and dauer arrest (Apfeld & Kenyon, 1998; Wolkow 

et al., 2000). However, similar studies have suggested DAF-16, the major target 

of IIS, displays tissue specific regulation of dauer arrest and lifespan. Intestinal 

DAF-16 activity has a greater influence on lifespan whereas DAF-16 activity in 

neurons exhibits stronger control over dauer arrest (Libina et al., 2003).  

Additionally, IIS functions temporally to influence the outcome out the pathway. 

IIS during adulthood has a greater influence on ageing, while during larval 

development, the pathways regulates dauer arrest (Dillin, Crawford, et al., 

2002). 

Additional signalling through insulin-like peptides (ILPs) may also regulate dauer 

arrest. There are 40 ILPs, primarily expressed in neurons, and exhibit functional 

diversity towards IIS. The most similar to human insulin among these peptides 

is INS-1. Expressed in ASI neurons, INS-1 is antagonist towards DAF-2 and is 
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potentially involved in sensing the environmental cues for dauer formation 

(Fernandes de Abreu et al., 2014; Matsunaga et al., 2012; Pierce et al., 2001). 

ins-7 is an agonist of DAF-2, whose activity is repressed by DAF-16, suggesting 

positive feedback (C. T. Murphy et al., 2003, 2007). Interestingly, mutations on 

daf-28, encoding an insulin-like protein, results in dauer arrest and 

downregulation of DAF-2 signalling. A daf-28 GFP transgene, was 

downregulated upon exposed to dauer pheromone and starvation implying the 

expression of daf-28 is regulated by the environmental cues which normally 

promote dauer formation (Weiqing Li et al., 2003).   

Insulin-like molecules can activate components of the TOR pathway to trigger 

reproductive development (Oldham & Hafen, 2003). let-363/TOR and daf-

15/Raptor mutants show dauer-like larval arrest, implying regulation of dauer 

diapause by TOR signalling (Jia et al., 2004). Mutants of let-363 and daf-15 

causes increase fat accumulation and increased lifespan. These phenotypes 

are epistatic to daf-16 suggesting LET-363 and DAF-15 function downstream or 

parallel of DAF-16 to control C. elegans development and metabolism (Jia et 

al., 2004).  

4.4.1.1c  Transforming Growth Factor-β Signalling Pathway 
The TGF-β pathway operate downstream of the guanylyl cyclase pathway to 

regulate dauer formation. Components of the pathway include DAF-7, a TGF-β 

homolog (Ren et al., 1996) and DAF-1 and DAF-4 as the type I and type II 

serine/threonine kinase TGF-β receptors respectively (Estevez et al., 1993; 

Georgi et al., 1990). DAF-3, DAF-8 and DAF-14 are SMAD transcription factors 

(Inoue & Thomas, 2000; Patterson et al., 1997); and lastly DAF-5 is a SNO/SKI 

oncoprotein that binds to DAF-3/SMAD (da Graca et al., 2004; Tewari et al., 

2004).  Expression of DAF-7/TGF-β is primarily in the ASI amphid neurons (Ren 

et al., 1996; Schackwitz et al., 1996), while other components of the pathway 

are widely expressed (da Graca et al., 2004; Gunther et al., 2000; Inoue & 

Thomas, 2000; Patterson et al., 1997). The dauer pheromone and high 

temperature inhibits the expression of daf-7 and promotes dauer formation, 

while the presence of food reactivates daf-7 expression and induces recovery 
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from dauer arrest, suggesting a clear connection with environmental cues (Neal 

et al., 2015; Ren et al., 1996).  

Under favourable conditions, high levels of DAF-7/TGF-β are secreted and bind 

to the type I and type II receptor kinases, DAF-1 and DAF-4. Receptor activation 

induces phosphorylation of SMADs, DAF-8 and DAF-14 resulting in their nuclear 

localisation, where they inhibit the function of DAF-3 and DAF-5, which promote 

dauer formation. This signalling cascade is downregulated under unfavourable 

conditions due to reduced DAF-7/TGF-β binding, allowing the DAF-3/DAF-5 

complex to induce dauer induction. Several studies have also identified 

modulators of this pathway outside of its core components (Aoyama et al., 2004; 

Daniels et al., 2000; Morita et al., 2001; Y. Wang & Levy, 2006).  

Interestingly, expressed primarily in the nervous system, daf-4 and daf-5 can 

rescue phenotypes throughout the body indicating downstream components 

determine dauer induction (da Graca et al., 2004; Inoue & Thomas, 2000). 

Further evidence has revealed a strong link between the IIS and TGF-β 

pathways. Gene expression research comparing wild type and TGF-β mutants 

revealed regulation of genes involved in the IIS and steroid hormone pathway 

(Liu et al., 2004). The expression profiling also showed regulation in a large 

group of genes with putative binding sites for DAF-16 (Liu et al., 2004). In 

addition, daf-16 mutants partially suppresses the Daf-c phenotype of daf-7 

mutants (Thomas et al., 1993) and becomes nuclear localised (R. Y. N. Lee et 

al., 2001). The cross talk between TGF-β and IIS also spans further than dauer 

formation. The life span extension observed in Daf-c TGF-β mutants is 

dependent on DAF-16, in the presence of 5-fluorodeoxyuridine (FUDR) to 

decreased premature death by egg retention (Shaw et al., 2007), suggesting 

TGF-β converges on IIS for survival.  

4.4.4.1d  Steroid Hormone Pathway 
Previous reports through genetic epistasis experiments have shown the insulin-

like, TGF-β and cyclic GMP pathways converge on the nuclear hormone 

receptor, DAF-12, to control the regulation of dauer (Riddle et al., 1981; Thomas 
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et al., 1993; Vowels & Thomas, 1992). Among dauer formation, DAF-12 is also 

associated with fat metabolism, developmental timing, gonadal maturation and 

longevity. Suitable environmental conditions, conveyed through high levels of 

DAF-2/insulin receptor or DAF-7/TGF-β signalling, stimulate the production of 

dafachronic acids (DAs). They are synthesised by the cytochrome P450 

enzyme, DAF-9, and bind to DAF-12 to promote reproductive development 

(Butcher, 2017; Fielenbach & Antebi, 2008; Motola et al., 2006; Riddle & Albert, 

1997). Unfavourable conditions would leave DAF-12 in the unliganded form, 

promoting dauer arrest.  

Further evidence has implemented DAF-9 and DAF-12 in the regulation of dauer 

arrest through a steroid hormone pathway. Sterols may act as a substrate of 

daf-9 and a ligand of daf-12 since cholesterol deprivation phenocopies daf-9 and 

daf-12 mutants (Birgit Gerisch et al., 2001). Also since DAF-9 functions in a cell 

non-autonomous manner to inhibit dauer arrest provides further evidence of a 

hormonal function (Birgit Gerisch & Antebi, 2004; Mak & Ruvkun, 2004). As 

previously described above, daf-9 encodes a cytochrome P450, with similarity 

to steroid hydroxylases (Birgit Gerisch et al., 2001; Jia et al., 2002), and daf-12 

encodes a nuclear hormone receptor containing a DNA and ligand binding 

domain with close relationship to vertebrate vitamin D and pregnane-X receptors 

(Antebi et al., 2000). Null mutants of daf-9 exhibit a Daf-c phenotype; however 

recover to sterile, stress resistance and long-lived adults. Mutants of daf-12 

suppresses these phenotypes, suggesting DAF-9 inhibits DAF-12 activity (Birgit 

Gerisch et al., 2001; Jia et al., 2002). Mutations on the ligand-binding domain of 

DAF-12 express a Daf-c phenotype, implying insensitivity of these mutants to 

DAF-9 inhibition, because of their inability for ligand binding (Antebi et al., 2000). 

Supplementation of DA successfully rescues the dauer and longevity 

phenotypes observed in daf-9 mutants, as well as, the Daf-c phenotypes of 

upstream IIS and TGF-β mutants; however has no effect on the downstream 

ligand binding domain (LBD) mutants of daf-12 (Motola et al., 2006).  

Interactions between co-regulators and DAF-12 aid to mediate the decision for 

dauer arrest. The homolog of mammalian SHARP corepressor, DIN-1, forms a 
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complex with DAF-12 to regulate lipid metabolism, longevity and dauer diapause 

(A. H. Ludewig et al., 2004).  

Mutants with enhanced Daf-c phenotypes by cholesterol deprivation may 

highlight other components of this pathway (J. Li et al., 2004; Ohkura et al., 

2003). Another hormone biosynthetic enzyme, DAF-36, a Rieske oxygenase, 

operates upstream of DAF-9 to synthesise DA (Rottiers et al., 2006). DAF-9 

expression occurs in the hypodermis, somatic gonad and the endocrine XXX 

cells (Birgit Gerisch et al., 2001; Jia et al., 2002; Ohkura et al., 2003), however, 

expression of DAF-36 is primarily intestinal and is not in the XXX cells (Rottiers 

et al., 2006) implying transportation of sterol metabolites from tissue and cells 

expressing DAF-36 to the hypodermis. Niemann-Pick C (NPC) proteins, NCR-

1,2, are predicted to be involved in intracellular cholesterol trafficking (Chang et 

al., 2005). Single mutants of ncr-1 and ncr-2 exhibit a weak Daf-c phenotype 

while the double mutant, ncr-1;ncr-2 displays a strong Daf-c phenotype (J. Li et 

al., 2004; Sym et al., 2000) which is rescued by the supplementation of DA 

(Motola et al., 2006). Cholesterol deprivation also triggers a Daf-c phenotype, 

cementing a link between dietary sterols and dauer signalling (Birgit Gerisch et 

al., 2001). 
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(Figure 3: refer to page 31 for legend) 
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Figure 3. Schematic overview of the cellular signalling pathways involved 
in regulation of dauer formation. The process of dauer formation is regulated 
by four signalling pathways: guanylyl cyclase pathway, insulin/IGF-1 signalling 
(IIS) pathway, dauer TGF-b pathway and the steroid hormone pathway. In 
unfavourable conditions, dauer induction is stimulated by decreased cGMP 
production leading to increased antagonistic insulin-like peptide production and 
decreased expression of the TGF-b ligand, resulting in down-regulation of both 
IIS and TGF-b pathways respectively, which ultimately inhibits production of 
DAs. Dotted lines represent down-regulated signalling and black lines represent 
up-regulated signalling. Coloured proteins are active and greyed out proteins 
are inactive. Adapted from (Fielenbach & Antebi, 2008; Stoltzfus et al., 2014). 

4.4.2 L1 Arrest 
Larvae hatching in compete starvation conditions arrest in a non-morphological 

modified, stress resistant stage termed L1 arrest/diapause (Baugh, 2013) 

exercising their ability to arrest development as an acute starvation response. 

Animals are able to survive for weeks in this state and upon refeeding, are able 

to recover to resume development. Mutations in daf-2 cause constitutive L1 

arrest under nutrient conditions at a high temperature (Gems et al., 1998). 

However low temperatures reverses this effect to produce reproductive adults 

(Baugh & Sternberg, 2006). They also survive longer in L1 arrest compared to 

wild type, suggesting resistance to starvation by the regulation of L1 arrest by 

IIS. Disrupting insulin-like peptide secretion also leads to constitutive L1 arrest 

providing further evidence that IIS regulates L1 arrest (Kao et al., 2007). The 

FOXO transcription factor, DAF-16 is required for L1 arrest (Baugh & Sternberg, 

2006), are sensitive to starvation, and die quickly (Muñoz & Riddle, 2003). 

Nuclear localisation of DAF-16 occurs during L1 arrest to regulate gene 

expression (Weinkove et al., 2006). Cell divisions, migrations and fusions occurs 

normally in daf-16 mutant L1 arrest-defective phenotype, however at a slower 

rate than normal development in well-fed larvae. DAF-18/PTEN, a negative 

regulator of the insulin-like pathway, regulates L1 arrest in the germline, which 

is dependent on AGE-1 and AKT-1, but not DAF-16 (Baugh & Sternberg, 2006; 

Fukuyama et al., 2006). The L1 arrest phenotypes of daf-2 and daf-16 mutants 
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suggest the role of IIS in the regulation of L1 development in a nutrient 

dependent manner.  

Downstream of IIS for L1 arrest and development is the cyclin-dependent kinase 

inhibitor, cki-1, and the microRNA (miRNA), lin-4 (Baugh & Sternberg, 2006; 

Hong et al., 1998). CKI-1 activity is required to suspend division of blast cells 

during L1 arrest and cease cell cycling at G1/S transition (Hong et al., 1998). 

Expression of cki-1 is upregulated in blast cells during L1 arrest, which requires 

daf-16 suggesting a connection between IIS and cell cycle arrest (Baugh & 

Sternberg, 2006). Expression of lin-4 occurs during mid-late L1 stage, where the 

timing of accumulation determines postembryonic development timing 

(Feinbaum & Ambros, 1999). The expression is supressed by daf-16, placing 

IIS upstream of developmental timing (Baugh & Sternberg, 2006). Another 

microRNA, mir-235 (the orthologue of mammalian miR-92), is a vital modulator 

for L1 arrest (Kasuga et al., 2013). During L1 arrest, expression of mir-235 is 

upregulated and decreases upon exit from the diapause state in a daf-16 

dependent manner (Kasuga et al., 2013). Upregulation of the mir-235 target, 

nhr-91 (encoding the mammalian germ cell nuclear factor), is epistatic to mir-

235 for the arrest defective phenotype of mir-235 mutants (Kasuga et al., 2013).  

The germ cells, Z2 and Z3, arrest at different points of the cell cycle to the 

somatic gonad via different mechanisms during L1 arrest, which is dependent 

on daf-18/PTEN (Fukuyama et al., 2006; Ogg & Ruvkun, 1998). Likewise, the 

α-subunits of AMPK, aak-1 and aak-2, are also required for germ cell arrest 

(Fukuyama et al., 2012; I. Lee et al., 2012). Although functioning independently 

for germ cell regulation, DAF-18 and AMPK, both converge on inhibition of TOR 

complex 1, which is required for aberrant germ cell proliferation during L1 arrest 

(Fukuyama et al., 2012).  

There is evidence revealing IIS may function in a cell-nonautonomous manner 

to regulate L1 arrest and recovery. Genetic mosaic analysis and tissue specific 

transgenic rescue of IIS components have revealed cell-nonautonomous 

regulation of lifespan (Apfeld & Kenyon, 1998; Libina et al., 2003; Wolkow et al., 
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2000). Tissue specific transgenic rescue of daf-16 in a daf-2 mutant background 

showed the constitutive developmental arrest phenotype observed in daf-2 

mutants can result from daf-16 activity in different somatic tissues (Libina et al., 

2003). Furthermore, tissue specific expression of daf-16 in the intestine, 

epidermis and neurons have revealed cell non-autonomous regulation of L1 

arrest by daf-16 (Kaplan et al., 2015).  

As mentioned above, the TGF-β and steroid hormone signalling pathways 

regulated dauer development in addition to IIS (Hu, 2007). As well as DAF-7, 

another known TGF-β ligand is DBL-1. The dbl-1/TGF-β pathway is distinct from 

the daf-7/TGF-β pathway, and regulates body size and male tail development 

and acts through the Sma/Mab pathway (Savage-Dunn, 2005). Mutants of daf-

16 in L1 arrest were upregulated for dbl-1, daf-12 and daf-36 (Kaplan et al., 

2015), suggesting the repression of these genes by daf-16 (Kaplan et al., 2015). 

Genetic epistasis analysis also showed the dbl-1/TGF-β and daf-12/NHR steroid 

hormone signalling pathways are required for the arrest-defective phenotype of 

daf-16 mutants (Kaplan et al., 2015). Altogether, this implies the daf-16 

regulated induction of L1 arrest by inhibiting other pathways involved in 

promoting development.  

The widespread feedback regulation of IIS is likely to influence homeostasis. 

The transcription for the DAF-2 agonist, ins-7, is repressed by daf-16 (C. T. 

Murphy et al., 2003, 2007), while transcription is activated for the antagonist ins-

18 (Matsunaga et al., 2012; C. T. Murphy et al., 2003), suggesting positive 

feedback for IIS. Integrated analysis of insulin like peptides (ILPs) identified an 

ILP-to-ILP signalling network, predicted for feedback regulation (Fernandes de 

Abreu et al., 2014). Gene expression analysis for insulin-like mRNAs in daf-2 

and daf-16 mutants in L1 arrest to feeding, illustrated positive and negative 

feedback for a majority of the ILPs (Kaplan et al., 2019). Cross talk between 

tissues presumably occurs to support organismal homeostasis. As previously 

mentioned, dauer development involves IIS between the intestine and neurons 

(Hung et al., 2014). External and internal conditions are likely to be processed 

through chemosensory neurons and the intestine respectively, with feedback 



34 
 

incorporating these inputs by broadcasting signalling throughout the animal to 

achieve organisation of postembryonic development (Kaplan & Baugh, 2016). 

Food or polypeptide perception, without ingestion, significantly alters gene 

expression and lipid metabolism to activate IIS in a daf-28 dependent manner 

in starved L1 larvae (Kaplan et al., 2018).  
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Figure 4. Schematic diagram representing the mechanisms involved in L1 
arrest. Unfavourable conditions during hatching disrupts ILP secretion, 
decreasing DAF-2 activity and preventing the inhibition of DAF-16 nuclear 
localisation, allowing DAF-16 to promote stress resistance during starvation. 
Nuclear DAF-16 stimulates expression of MIR-235, required for arresting cell 
division, and the cyclin-dependant kinase inhibitor, CKI-1, but inhibits LIN-4, 
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required for the regulation of post-embryonic development. Dafachronic acid 
synthesis and TGF-b/DBL-1 signalling is also inhibited encouraging L1 arrest. 
DAF-16 produces positive and negative feedback by repressing and activating 
different ILPs. DAF-18 is a negative regulator of IIS and is required for L1 arrest. 
Red proteins are active and greyed out proteins are inactive. Adapted from 
(Baugh & Sternberg, 2006; Kaplan & Baugh, 2016; Kasuga et al., 2013). 

4.4.3 Late larval arrest 
The ability for larvae to induce an acute response to starvation is not limited to 

the L1 stage. Starved L2 or L3 larvae initially complete a molt cycle before 

arresting at the beginning of the next developmental stage, uncovering 

developmental checkpoints before the molt cycle of L3 and L4 larvae (Schindler 

et al., 2014). Similar to L1 diapause, L3 and L4 arrested larvae lack 

morphological modifications, with L3 arrested larvae absent in dauer specific 

features (Schindler et al., 2014). The lifespan duration of late larval arrest lasts 

for weeks rather than months, similar to L1 arrest, although L3 larvae are more 

resistant to starvation than L1 larvae (Hibshman et al., 2018).  

In line with L1 arrest and dauer diapause, insulin signalling also regulates late 

larval arrest (Schindler et al., 2014). The absence of daf-16 in starved larvae 

during L2 and L3 causes animals to bypass the arrest checkpoint, with the 

majority of animals progressing to adulthood (Schindler et al., 2014). Shifting 

temperature-sensitive daf-2 mutants from the permissive to the restrictive 

temperature at the mid L2 stage (bypassing dauer formation), leads to a 

developmental delay at the L3 and L4 checkpoints in fed larvae, which was 

shown to be dependent on daf-16 (Schindler et al., 2014). Additionally, daf-16 

functions cell-nonautonomously to regulate L3 and L4 development (Schindler 

et al., 2014). 

It is probable that IIS also regulates steroid hormone signalling in late larval 

development. The reduction in daf-9/CYP2 expression partially suppresses the 

late larval arrest defective phenotype of daf-16 mutants. Furthermore, 

overexpression of daf-9 promotes continued development of L2 and L3, 

bypassing the checkpoints, in the absence of food, revealing a more robust 

effect than loss of daf-16 (Schindler et al., 2014). Interestingly, daf-12/NHR 
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mutants do not bypass the L3 checkpoint during starvation, and failed to 

suppress the arrest-defective phenotype of daf-16 mutants and daf-9 

overexpression animals (Schindler et al., 2014). Taken together, these results 

suggest daf-16 promotes L3 and L4 arrest during starvation by inhibiting daf-9, 

similar to L1 and dauer diapauses, however not through the effector daf-

12/NHR. The C. elegans genome encodes 284 nuclear hormone receptors 

(Antebi, 2006), therefore it is speculated DAF-9 functions through an 

uncharacterised steroid hormone pathway to modulate the effects of starvation 

through late larval development.  

4.4.4 Adult Reproductive Diapause 
Adult reproductive diapause (ARD) is an alternative stress-resistant stage in the 

life cycle of C. elegans where by developmentally mature adults facing 

starvation conditions induces ARD. Removal of the bacterial food source during 

the mid L3 stage of C. elegans larval development establishes an ARD (B. 

Gerisch et al., 2020). During ARD, reproduction is delayed with the inhibition of 

embryo production, atrophy of the intestine, tissue and cellular ageing 

progresses over several weeks and the appearance of dead embryos can be 

observed in the uterus (Angelo & Van Gilst, 2009). Germline cells in the gonad 

decreases to a small population as ARD progresses, which is maintained 

throughout the duration of ARD, suggesting their protection from mechanisms 

inducing cell death to the rest of the germline (Angelo & Van Gilst, 2009). ARD 

animals have a longer lifespan up to 80 days in 20°C compared to animals in ad 

libitum (AL) conditions (22 days) (B. Gerisch et al., 2020). ARD animals 

maintained at 15°C showed even greater resilience, living past 200 days, more 

than 5 times the normal AL lifespan at this temperature. Due to metabolic 

remodeling, they are able to survive for long periods of starvation.  

Induction of diapause occurs to increase the survivability of C. elegans under 

unfavourable conditions. The ability of the arrested worms to exit the diapause, 

search for nutrients and produce progeny can determine the effectiveness of the 

diapause. The regeneration of the germline and lifespan upon exit from this 

diapause demonstrates the robust survivability of C. elegans in ARD. The 
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reintroduction of food triggers ARD exit, marked by drastic morphological 

changes which allows for a normal adult lifespan equivalent to animals under ad 

libitum conditions, and the ability to produce progeny even after 80 days of 

starvation, comparable to worms starved for shorter periods (B. Gerisch et al., 

2020). ARD animals differ greatly from dauer diapause in environmental inputs, 

physiology, timing, stress resistance and behaviour (Fielenbach & Antebi, 

2008).   

Unlike dauer diapause, a pheromone controlling the entry and exit from ARD 

has not been discovered. ARD animals are partially dependant on population 

density since high densities of worms were require for successful induction into 

ARD. Isolation of individual ARD animals led to exit from ARD, supporting 

evidence of a potential ARD pheromone (Angelo & Van Gilst, 2009).  

The reduction of TOR signalling leads to longevity across several species (C. J. 

Kenyon, 2010), however both reducing and increasing TOR signalling led to a 

decreased ARD lifespan (B. Gerisch et al., 2020), suggesting a precise 

signalling output for longevity. The upstream regulator of TOR activity, AMP-

kinase, was required for ARD longevity, while loss of downstream TOR targets, 

such as S6K and factors promoting protein synthesis such as RAGA extended 

AL lifespan but reduced ARD lifespan (B. Gerisch et al., 2020). The nucleolar 

regulator, NCL-1, inhibits ribogenesis and is required for multiple longevity 

pathways (Tiku et al., 2016). Mutants of ncl-1 have increased nucleolar size and 

upregulated rRNA (Frank & Roth, 1998), which also reduced ARD lifespan (B. 

Gerisch et al., 2020). In line with this, activation of ribosomal RNA synthesis is 

essential for recovery from ARD (Burnaevskiy et al., 2018).  

The HLH transcription factor, TFEB, previously associated for its requirement in 

major known longevity pathways (Lapierre et al., 2013) is vital for ARD longevity. 

The loss of hlh-30, the orthologue of TFEB in C. elegans, dramatically reduces 

the lifespan of ARD animals by 88% which is companied by drastic phenotypic 

changes: body shrinkage, loss of neutral lipids and failure to recover after 24hr 

of ARD (B. Gerisch et al., 2020), highlighting the importance of hlh-30 for ARD 
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survival, recovery and metabolic remodelling. Rapid nuclear translocation of 

HLH-30 occurred upon ARD entry, accompanied with major transcriptional 

changes to suppress growth, morphogenesis and reproduction (B. Gerisch et 

al., 2020). TFEB/HLH-30 is a master regulator of autophagy and lipid biogenesis 

(Napolitano & Ballabio, 2016), however the reduction of autophagy via 

mutations in pha-4 and unc-51 and impaired lipid metabolism (nhr-80, fat-6, fat-

7) did not reduce ARD lifespan (B. Gerisch et al., 2020), suggesting a different 

requirement for hlh-30 for ARD longevity. The HLH-30 transcriptional outputs 

Max-like HLH factors, MXL-2 and MXL-3, reduced ARD lifespan (B. Gerisch et 

al., 2020) suggesting an extended HLH network for promoting ARD longevity. 

Another HLH-30 target vital for ARD survival is AMPK, previously implicated in 

L1 and dauer diapause (Fukuyama et al., 2012), AMPK and TOR are crucial 

modulators of mitochondrial dynamics (López-Lluch et al., 2018), which also 

plays a role in ARD survival. 

To maintain integrity under stressful conditions, mitochondria continuously 

undergo fission and fusion events (Gomes & Scorrano, 2011). Mutations of fzo-

1, encoding mitofusin which is involved in mitochondrial fusion, decreased ARD 

longevity, consistent with the mitochondrial fragmentation and reduced oxygen 

consumption observed in hlh-30 mutants in ARD. Mutations in the gene drp-1, 

involved in mitochondrial fission, modestly increases ARD lifespan (B. Gerisch 

et al., 2020) signifying a role of mitochondrial signalling for ARD longevity.  
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Figure 5. Overview of the factors regulating ARD longevity. Under ARD 
starvation conditions TFEB/HLH-30 functions through the potential direct targets 
of AAK-2, MXL-2 and MXl-3 to regulate ARD longevity. Active FOXO/DAF-16 is 
also partially required for ARD survival as well as other processes including TOR 
activity (RAGA-1), protein synthesis (NCL-1 and RSKS-1) and mitochondrial 
function (FZO-1). Adapted from (B. Gerisch et al., 2020).  

4.5 Previous longevity screens in C. elegans  
The progression of ageing research has identified many genetic and 

environmental factors that influence longevity across several species (Fontana 

et al., 2010; Kaeberlein, 2007; C. J. Kenyon, 2010). C. elegans has become an 

invaluable model system for investigating the molecular mechanisms of ageing, 
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where the development of modern laboratory techniques utilising C. elegans 

can largely be attributed to the pioneering research performed by Sydney 

Brenner and John Sulston (Brenner, 1974; Sulston & Brenner, 1974).  

Ageing research using C. elegans became fashionable since the seminal work 

of Michael Klass, by employing mutagenesis techniques to isolate long-lived 

mutants. This led to the first identified and described C. elegans longevity gene 

age-1 (Klass, 1983). A decade later with the enhancement of methods and 

technologies to advance beyond the identification of single genes, began the 

classification of genetic and molecular pathways regulating ageing. This led to 

the discovery of daf-2 and its dependence on daf-16 for lifespan extension (C. 

Kenyon et al., 1993; Larsen et al., 1995). The formally discovered longevity 

gene, age-1, was then implicated to operate within the same genetic pathway 

as daf-2 and daf-16, defining the insulin /IGF-1-like signalling pathway to 

modulate ageing in C. elegans. Several factors modulating lifespan have since 

been characterised including germline signalling, calorie restriction and 

mitochondrial respiration.  

A unique feature of using C. elegans is the common genetic background, wild 

type N2, used in a majority of studies for ageing research. Therefore, it is often 

assumed that experimental methodology between laboratories is relatively 

consistent. However, subtle differences in methodologies can have a substantial 

effect on the outcome, such as the use of live verses dead E.coli, the 

temperature at which the experiment was performed; and the use of 5-

fluorodeoxyuridine (FUDR) to prevent progeny from hatching.  

Before the development of RNAi technology in C. elegans, ageing research was 

limited to a ‘forward’ genetics approach, whereby the induction of random 

mutations leading to a longevity phenotype were identified and validated. The 

discovery of RNA interference (RNAi) has allowed extensive forward and 

reverse genetic screens for genes modulating lifespan. Injecting C. elegans with 

double-stranded RNA was an effective method for genetic interference (Fire et 

al., 1998). Soaking and feeding worms dsRNA (Tabara et al., 1998; Timmons & 
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Fire, 1998) was later recognised to be equally effective as injecting methods to 

induce RNAi knockdown. The development of the bacterial feeding RNAi 

method led to the construction of extensive RNAi libraries comprising 

approximately 80% of the genes in the C. elegans genome, becoming an 

extremely useful systematic tool for C. elegans ageing research. This unlocked 

the direct measurement of how knocking down individual genes effected 

lifespan. It also allowed other age-related phenotypes, such as, developmental 

rate, fecundity and lipofuscin accumulation to be measure on a larger scale. 

Several laboratories have utilised this technology to perform genome wide RNAi 

screens for longevity to discover the importance of mitochondria, signal 

transduction, stress responses, protein translation, gene expression and 

metabolism in regulating lifespan in C. elegans (Dillin, Hsu, et al., 2002; 

Hamilton et al., 2005; Hansen et al., 2005, 2007; S. S. Lee et al., 2003). The 

overlap of longevity genes discovered between the major genome wide RNAi 

studies was surprisingly low. Several factors including differences in 

temperature, strain background and the use of FUDR may have contributed to 

this lack of replication. Although high throughput, RNAi screens to identify 

longevity genes has technical limitations. For instance, depending on the time 

of RNAi induction, genes required for development capable of modulating 

lifespan could be overlooked. Subsequent studies focussing on this particular 

gene set revealed new genes influencing longevity, which was not identified in 

the initial RNAi screens (Curran & Ruvkun, 2007).  

Known longevity genes have established roles in stress tolerance and 

development. Mutations in genes modulating lifespan also exhibited stress 

resistance and therefore implicated in stress response pathways (T. E. Johnson 

et al., 2002; Thomas E. Johnson et al., 2001). Several studies have screened 

for altered stress resistance as a primary phenotype before testing for longevity. 

Many studies used either forward (mutagenesis) or reverse (RNAi) genetics 

prior to screening for stress phenotypes, for example, related to oxidative stress 

(Y. Kim & Sun, 2007), heat resistance (Muñoz & Riddle, 2003), the hypoxic 
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response (Mehta et al., 2009) and ER stress (Denzel et al., 2014) before 

examining the longevity effect.  

Network biology is another approach to gain insight into known longevity genes 

and to identify novel regulator of lifespan, providing vital information about 

complex interactions between biological systems. Networks can be constructed 

from protein-protein interactions, transcriptional co–regulation, putative 

microRNA targets and annotated biological pathways (De Magalhães & 

Toussaint, 2004; S. K. Kim et al., 2001; Tacutu, Budovsky, Wolfson, et al., 

2010). Databases for such interactions exist for many species from yeast to flies 

to humans (Rohl et al., 2006). Previous network analysis studies have 

demonstrated longevity genes to have more protein-protein interactions with 

other proteins than non-longevity genes in the interactome (Tacutu, Budovsky, 

& Fraifeld, 2010). Other studies have used these networks to construct longevity 

networks in both humans and C. elegans to predict novel longevity regulators 

(Tacutu et al., 2012). 

C. elegans is an optimal organism to study drugs that influence ageing. It has 

proven to be a worthy pharmacological tool to identify small molecules with pro-

longevity effects (Lucanic et al., 2013). As previously described, screening 

following resistance to acute stress has also become a strategy to identify 

potential pharmacological agents that extend lifespan based on their ability to 

enhance resistance to oxygen radicals or other stressors (Gill et al., 2003). 

Several small compound screens using drugs already known to have effects on 

human physiology identified pro-longevity effects of anticonvulsant drugs 

(Evason et al., 2005) and antidepressants (Petrascheck et al., 2007). High 

throughput methodology and the use of FUDR allowed follow up screens to 

identify 115 small molecules (Petrascheck et al., 2009) and 60 compounds of 

known mammalian pharmacology (Ye et al., 2014) to extend the lifespan of C. 

elegans. Recent screens combining manual and automated assays (Lucanic et 

al., 2016) and the development of microfluidic devices (Xian et al., 2013) has 

identified new lifespan extending chemicals and interventions.  
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Although there have been several studies to determine the mechanisms of 

ageing there is still plenty to learn regarding this process. Mutagenesis screens 

can produce subtle genetic changes in the genome to manipulate longevity, 

which can highlight novel longevity genes. Here we show that this high 

maintenance method can be simplified by using ARD as a tool. 
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5 AIMS OF THE STUDY 

AIM 1: Assessing ARD as a tool to screen for novel regulators of longevity 

The use of model organisms to study ageing has revealed different conserved 

molecular pathways in regulating longevity. RNAi screens to find new loci have 

helped illuminate new activities, but are limited to gene knockdown and loss of 

function. The discovery of long-lived mutants through mutagenesis screens has 

the advantage of identifying point mutations that more subtly alter gene function. 

However, this approach is hindered by the challenge of finding mutants through 

post-reproductive clonal screens. Notably, longevity is a post reproductive 

phenotype, and therefore selection of longevity mutants is only possible if there 

are thousands of clonal lines to go back to. To overcome these limitations, we 

took advantage of the diapause stage, adult reproductive diapause (ARD). As 

previously mentioned starvation in the late larval stage of wild type C. elegans 

induces ARD, delays reproduction and triples the lifespan, compared to animals 

in ad libitum (AL) conditions. The re-introduction to food regenerates the germ 

line tissues capable of producing progeny. This then allows the direct selection 

of strains that exceed the normal survival times, and the subsequent recovery 

of progeny. The discovery that known longevity interventions are additive to 

ARD lifespans suggests longevity mutants obtained through ARD selection 

would display similar lifespan extension in AL conditions.  We induced ARD in a 

mutagenised population and screened for ARD longevity. Long-lived mutants 

under ARD were selected, reintroduced to food to induce recovery, and 

analysed further to isolate the causative gene for longevity.  

AIM 2: Identify novel factors regulating ARD longevity 

The screen to identify novel regulators of longevity yielded several mutants with 

ARD specific longevity. Research in our laboratory has characterised this 

relatively unknown diapause stage and discovered that regulators of known 

longevity pathways are additive to ARD lifespan. Therefore, it is curious to 

understand the mechanism driving ARD longevity. We further analysed the ARD 

longevity mutants, looking for alleleism, to highlight a causative gene or pathway 
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inducing ARD longevity. To ARD specific longevity mutants, may provide 

insights into regeneration and rejuvenation processes after long periods of 

starvation.  

AIM 3: Decipher the role of HLH-30 in regulating ARD survival 

Our research into ARD has uncovered HLH-30/TFEB to be essential to ARD 

survival. The loss of this HLH transcription factor, previously implicated to be 

required in known major longevity pathways, completely abolished ARD lifespan 

extension. HLH-30 mutants in ARD exhibit adult features but lacked embryos, 

as well as, a dumpy morphology, vacuolisation of tissues, germline pathology, 

depleted fat stores and failure to recover upon refeeding. This reveals HLH-30 

to be vital for metabolic remodelling, ARD morphogenesis and recovery. To 

decipher the role of hlh-30 in ARD, we performed a suppressor screen by 

inducing ARD in a mutagenised hlh-30 mutant population and screening for 

mutants rescuing hlh-30 ARD shortevity. Mutants surpassing hlh-30 mutant 

lifespan under ARD were collected and analysed to help understand the critical 

role of HLH-30 for ARD survival.   
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6 RESULTS 

6.1 Using extended ARD survivorship to select for longevity mutants  

6.1.1 Selecting for longevity mutants using extended ARD survivorship 
The discovery of novel longevity genes through RNAi and mutagenesis based 

approaches have greatly aided in illuminating new activities involved in the 

ageing process (Ailion et al., 1999; E. Yanos et al., 2012; Klass, 1983; Larsen 

et al., 1995). However, each method possesses its own limitations. The 

advantage of mutagenesis screens is that they allow for identification of point 

mutations that subtly alter gene function, but are hindered by the challenge of 

finding mutants through post-reproductive clonal screens, since longevity is a 

post reproductive phenotype, and therefore selection of longevity mutants can 

only be performed if there are thousands of clonal lines to go back to. To 

overcome these challenges, we used ARD as a tool to aid in selecting long-lived 

mutants. Wild type animals in ARD exhibit an extended lifespan compare to 

animals grown in AL conditions and often survive more than 80 days without 

food (B. Gerisch et al., 2020) yet can recover to produce progeny. Known 

longevity interventions through reduced insulin signalling, reduced reproductive 

signalling and reduced mitochondrial function further extended ARD lifespan (B. 

Gerisch et al., 2020) revealing that ARD lifespan is additive with these longevity 

mutants. Therefore, we hypothesised that long-lived mutants obtained through 

ARD selection and recovery, would also show lifespan extension in AL 

conditions. This approach allows one to select rather than screen for long lived 

mutants, and recover individual mutants and their progeny, and does not require 

a F3 clonal screen. 

We performed ethyl methanesulfonate (EMS) mutagenesis to induce random 

germline point mutations before ARD induction in the F2 generation and 

selected for mutants surpassing wild type ARD lifespan (Figure 6A).  
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Figure 6. Using extended ARD survivorship to identify longevity mutants. 
A) Mutagenesis screen workflow used to select for long-lived mutants. ARD is induced 
in a mutagenised WT population and surviving animals picked after a fixed number of 
days beyond the maximal wild type survivorship of 80 days. Re-introduction to food 
initiates recovery and progeny production to retrieve mutant strains for sequencing 
and analysis. B) Table summarising the screens conducted and the number of mutants 
obtained for each screen. Screen 2 was performed using daf-16(mgDf50), whose 
maximal survivorship is 40 days in ARD, in order to discover mutants downstream or 
independent of daf-16. 

Four different screens were carried out as summarised in (Figure 6B). To obtain 

mutants with a robust longevity phenotype, we initially induced ARD for 120 

days in the wild type background, greatly surpassing the survival of N2 in ARD 

(80 days). In addition, we carried out screens in the daf-16 mutant background. 

DAF-16/FOXO is a transcription factor implicated as the key downstream 

regulator to several signalling pathways involved in longevity, including the 

insulin/IGF-1 pathway, mTOR signalling, AMPK pathway and germline 

signalling (Sun et al., 2017). daf-16 mutants are shorter lived in ARD (maximal 

survival of 40 days). To discover longevity mutants independent of DAF-

16/FOXO, we selected for mutants exceeding daf-16 ARD lifespan. For these 

screens, we decreased the concentration of EMS to limit the number of 

background mutations. We also altered the duration of time in ARD to increase 

the spectrum of potential longevity mutants.  



49 
 

We washed the selected mutants onto bacteria to induce recovery from ARD 

and allowed them to produce progeny. From the four screens, we obtained 223 

mutants, which were long lived in ARD. We next examined if these mutants were 

also long lived under AL conditions, therefore we analysed their lifespan using 

the DNA synthesis inhibitor, 5-flurodeoxyuridine (FUDR), to block progeny 

production, allowing simultaneous lifespan analysis of many mutants without 

transferring the mothers. FUDR also helps circumvent the issue of internal 

hatching seen in several long-lived mutants (Pickett & Kornfeld, 2013). After the 

FUDR ageing analysis under AL conditions, 44 of the original 223 mutants 

showed longevity (Figure 7A-D).  
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Figure 7. FUDR ageings of ARD longevity candidates. Ad libitum (AL) 
lifespan analysis in the presence of FUDR of the isolated long-lived mutants 
from A) screen 1 (WT background) B) screen 2 (daf-16 (mgDf50) background) 
C) screen 3 (WT background) and D) screen 4 (WT background), showing the 
44 potential mutants to further validate and characterise. (n=1). Bar charts show 
the mean lifespans of the mutants.  

In recent years, many laboratories have observed various effects of FUDR on 

longevity in certain mutants of C. elegans (Aitlhadj & Stürzenbaum, 2010; E. N. 

Anderson et al., 2016; Burnaevskiy et al., 2018; van Raamsdonk & Hekimi, 

2011). Therefore, to address this issue we next analysed the positive mutants 

A 

B 

C 

D 
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in the absence of FUDR. Of the 44 mutants from the secondary FUDR 

screening, 8 mutants continued to show longevity in the absence of FUDR 

(Figure 8A & B) 

 

Figure 8. Mutant lines giving longevity in the absence of FUDR.  A) Lifespan 
analysis of the long-lived candidate mutants in ARD and ad libitum (FUDR 
conditions) yielded 8 mutants that exhibit longevity compared to wild type in AL 
conditions in the absence of FUDR (Mantel-Cox Log Rank test, n=3). B) Mean 
lifespans of the mutants. 

6.1.2 Identifying the causative mutations leading to longevity     
To pinpoint the causative gene or pathway for longevity, we obtained whole 

genome sequencing and analysed the data using the Galaxy platform 

(usegalaxy.eu) to generate single nucleotide polymorphism (SNP) tables for 

each mutant. Notably, one of the limitations of our approach is that we could not 

B 

A 
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readily outcross the long-lived candidates, and therefore the number of 

candidate loci was high. To narrow down the candidates, we selected genes 

harbouring mutations within a coding region, residing in a conserved domain, 

which were evolutionarily conserved with higher organisms totalling 27 genes 

(Figure 9A). We also prioritised nonsense and missense mutations as these 

mutations are prone to disrupt gene function. To further narrow down the list of 

candidates, I assumed that most mutations would represent loss of function, and 

performed an RNAi longevity screen to measure lifespan extension. Of the RNAi 

clones, knockdown of 4 genes, eplc-2, marc-6, png-1 and ogdh-1, showed 

modest lifespan extension (Figure 9B). We then used CRISPR-Cas9 to 

generate the exact SNP mutation and performed lifespan analysis. 

Unfortunately, none of the four CRISPR generated mutations elicited lifespan 

extension (Figure 9D), leading us to re-evaluate the screen.  

Taken together, these results suggest that ARD can be used a tool to select for 

long-lived mutants; however, the screen requires optimisation to yield higher 

numbers of longevity mutants with more robust phenotypes to discover novel 

genes in regulating lifespan. 
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(Figure 9: Refer to page 55 for legend) 
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(Figure 9: Refer to page 55 for legend) 

C 

D 
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Figure 9. Analysis of RNAi screen candidates. A) Table summarising the 
RNAi clones tested for longevity B) Lifespan analysis of 27 RNAi candidate 
genes chosen from the whole genome sequencing analysis of the long-lived 
mutants, of which knockdown of 4 genes (highlighted in bold) showed lifespan 
extension compared to luciferase control. (Mantel-Cox Log Rank test, n=2, refer 
to appendix table 4 for statistics). C) Genomic position showing the location of 
the exact amino acid change obtained from the original mutagenesis screen and 
sequence alignments of wild type showing the conserved location of the amino 
acid change. D) Mutants of the 4 candidate genes from the RNAi screen, were 
created holding the exact SNP from the mutagenesis and analysed for longevity 
against wild type, however the mutants failed to show lifespan extension against 
wild type (Mantel-Cox Log Rank test, n=2, refer to appendix table 4 for 
statistics). 

6.2 Deciphering the mechanism behind ARD longevity 

6.2.1 Identification of factors regulating ARD longevity 

Upon re-evaluation, we decided to focus on the 179 mutants that showed 

longevity more specifically under ARD conditions in order to decipher 

mechanisms driving longevity in this newly characterised diapause state (B. 

Gerisch et al., 2020) (Figure 6B). Notably, signalling pathways known to regulate 

longevity (insulin/IGF-1 signalling, germline signalling, reduced mitochondrial 

activity) are mostly additive with ARD longevity (B. Gerisch et al., 2020), 

suggesting an independent mechanism to survival. We prepared 25 mutants 

from the first (WT background) and second (daf-16 (mgDf50) background) 

screens for whole genome sequencing and analysed the data using the Galaxy 

platform (usegalaxy.eu) to generate SNP tables for each of the mutants. In this 

case, we searched for alleleism to help narrow down the candidates. We 

generated a list of 11 potential candidates based on two or more independent 

mutations in the same gene and, if the SNP resided within conserved between 

higher organisms and within a conserved domain in an evolutionarily conserved 

residue (Figure 10A). Using the CRISPR-Cas9 method, we obtained individual 

lines (from SunyBiotech) containing the mutation from the gene of interest to 

examine the ARD lifespan. Among the 11 mutants tested for ARD longevity, 4 

mutants exhibited promising lifespan extension in ARD (Figure 10B). Further 

validating the longevity through a secondary ARD lifespan, we identified the 
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gene encoding uridine phosphorylase, upp-1, and to a lesser extent, the splicing 

factor, prp-21, to exhibit max lifespan extension in ARD by 0.7 fold compared to 

wild type (Figure 10D). We performed AL lifespan analysis in parallel and, 

interestingly, upp-1(syb659) and prp-21(syn755) mutants also demonstrated 

modest longevity in AL conditions (Figure 10E).  

 

 

 

(Figure 10: Refer to page 57 for legend) 
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Figure 10. Identification of upp-1 as a modulator of ARD longevity. A) Table 
representing the 11 candidate genes identified from whole genome sequencing 
and analysis of 50 ARD longevity mutants. B) ARD lifespan analysis of the 11 
candidates showed 4 potential genes with ARD longevity to be further validated, 
n=1. C) Genomic position showing the location of the exact amino acid change 

C continued  

D  

E  
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obtained from the original mutagenesis screen and sequence alignments of wild 
type showing the conserved location of the amino acid change. D) upp-
1(syb659) and prp-21 (syb755) are potential regulators of ARD longevity since 
the mutants showed lifespan extension compared to wild type in ARD (Mantel-
Cox Log Rank test, n=3, refer to appendix table 4 for statistics). E) upp-
1(syb659) and prp-21 (syb755) also exhibited lifespan extension under AL 
conditions (Mantel-Cox Log Rank test, n=2, refer to appendix table 4 for 
statistics).  

6.2.2 Characterisation of upp-1 as a regulator of ARD longevity 

UPP-1 is a uridine phosphorylase enzyme, a key regulator of pyrimidine 

metabolism, which catalyses the conversion of uridine to uracil and ribose 

phosphate (Yan et al., 2006). The C. elegans enzyme exhibits both uridine and 

thymidine phosphorylase activity (S. Kim et al., 2009) (Figure 11A & F) . The 

original upp-1(syb659) mutation resides in a conserved residue, causing H95Y 

change. We also obtained an independent allele of this gene from our screen 

that causes a S185N change in a conserved residue. We generated this other 

mutation, upp-1(syb2043), via CRISPR-Cas9 and measured ARD lifespan. As 

expected, I also observed robust extension of ARD lifespan with upp-

1(syb2043), further extending max lifespan by 0.7 fold compared to wild type, 

which was comparable to the first allele of upp-1(syb659) (Figure 11B), further 

validating the role of upp-1 in ARD longevity. While this work was in progress, a 

study came out demonstrating how intermediates of pyrimidine metabolism, 

including uridine and thymine, can increase the lifespan of C. elegans, and 

knockdown of upp-1 via RNAi leads to lifespan extension  under AL conditions 

(Wan et al., 2019). 

I next asked if upp-1(syb569) would affect the ability to emerge from ARD by 

recovering worms at day 30, 60 and 90 and measuring their brood size. The 

splicing factor, prp-21, was also included since it also displayed ARD longevity. 

Even after 90 days of starvation, 10% of recovered upp-1 mutants were still able 

to produce progeny, suggesting not only increased ARD survival but enhance 

recovery (Figure 11C). Surprisingly, prp-21 mutants survived but did not recover 

after 60 days of ARD to produce progeny, suggesting a role of this splicing factor 

for ARD longevity but not recovery. As ARD lifespan progresses, wild type 
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worms exhibit age related physiological changes such as muscle deterioration, 

body shrinkage and cuticle wrinkling. Mutation in upp-1 appeared to delay these 

morphological changes compared to wild type even after 60 days of ARD. 

Deterioration of pharyngeal tissue is slower in upp-1 mutants and appears less 

degraded compared to wild type (Figure 11D).  

To understand the effect of our upp-1 mutant in regulating ARD longevity, we 

performed metabolomic analysis of upp-1 mutant animals after 10 days of ARD. 

Strikingly, the levels of uridine and thymine were significantly increased >10 fold 

in upp-1 mutants compared to wild type in ARD (Figure 11E) suggesting a loss 

of function mutation of upp-1.  

Given the accumulation of thymine and uridine in the mutant background, I next 

asked whether the supplementation of these compounds could mimic the effect 

of upp-1 mutation and extend ARD longevity. I therefore performed ARD ageing 

analysis with supplemented uridine and thymine at concentrations of 0mM, 

0.5mM and 1mM. Supplementation of 1mM thymine increased wild type but not 

upp-1 mutant lifespan (Figure 11G) revealing that thymine enhances ARD 

survival and functions through the same pathway as the upp-1 mutant to 

regulate ARD longevity. Uridine also had a similar but smaller effect. 

Altogether, these results suggest a role for pyrimidine metabolism in regulating 

ARD longevity, which can be manipulated genetically, via the upp-1 mutant, and 

supplementation of pyrimidine intermediates. Since upp-1(syb659) mutants also 

displayed decreased levels of uracil and thymidine (Figure 11E), it would be 

important to test if supplementation of these metabolites would decrease upp-1 

or WT ARD lifespan. Interestingly, we also observed that several other 

metabolites were altered in the upp-1 background, including elevated NAD 

levels and related metabolites. 
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(Figure 11: refer to page 61 for legend) 
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Figure 11. Characterisation of upp-1 as a regulator of ARD survival. A) upp-
1 in C. elegans exhibits both uridine and thymidine phosphorylase activity, 
catalysing the conversion of uridine to uracil and ribose phosphate, and 
thymidine to thymine and ribose phosphate respectively. B) The second upp-1 
allele obtained from the mutagenesis screen, upp-1(syb2043), showed ARD 
lifespan extension compared to wild type (Mantel-Cox Log Rank test, n=2, refer 
to appendix table 4 for statistics). C) Brood size measurement showed upp-
1(syb659) but not prp-21 (syb755) had improved progeny production upon exit 
from ARD in comparison to WT (n=1). D) Representative photos of the pharynx 
of upp-1(syb659) (right) in ARD compared to WT (left) after 60 days of ARD 
using 63X DIC microscopy. Scale bars 50 µm. E) Comparison of metabolomics 
profiles of upp-1(syb659) versus WT after 10 days of ARD showed increased 
levels of uridine, thymine, NAD and NMN, and decreased levels of uracil and 

F  

G  
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thymidine. Significance was assessed using t-test * p<0.5, **p<0.01, ***p<0.001 
(n=5). F) KEGG pathway analysis performed using Pathview showing the 
complete pyrimidine metabolism. Coloured circle represents changes in upp-1 
mutants compared to wild type. G) Supplementation of thymine increased WT 
lifespan but failed to further increase upp-1(syb659) lifespan (Mantel-Cox Log 
Rank test, n=2, refer to appendix table 4 for statistics).    

6.3 Mechanism of hlh-30 in regulating ARD survival 

6.3.1 Suppressor screen to identify factors involved in hlh-30 ARD 
survival 

HLH-30/TFEB is a conserved regulator of autophagy, lysosome biogenesis, and 

fat metabolism (Lapierre et al., 2013; O’Rourke & Ruvkun, 2013; Settembre et 

al., 2011) that integrates signalling from multiple longevity pathways (Lapierre 

et al., 2013). Our laboratory recently identified HLH-30 as a master regulator of 

ARD. Mutants of hlh-30 exhibited a dramatic reduction of mean lifespan, rapid 

reduction in body length, loss of body fat, reduced oxygen consumption and the 

inability to recover from ARD and produce progeny. These findings suggests an 

essential role of HLH-30 in regulating ARD survival, morphogenesis and 

recovery (B. Gerisch et al., 2020). To explore the mechanism by which HLH-30 

modulates ARD survival, we took advantage of the short ARD lifespan of hlh-30 

mutants and performed an unbiased suppressor screen to identify mutants 

rescuing the shortevity. Similar to the longevity screen described above, we 

performed EMS mutagenesis in a hlh-30(tm1978) mutant background before 

ARD induction and screened for mutants surpassing the ARD lifespan of hlh-30 

mutants (Figure 12A). After isolating mutants rescuing hlh-30(tm1978) ARD 

shortevity, we performed whole genome sequencing and galaxy analysis to 

identify putative lesions, including stop codons and frameshift mutations. We 

cross referenced the different point mutants for the appearance of allelic hits 

within the same genes. We validated the candidate genes by generating double 

mutants with hlh-30(tm1978) and examining the rescue of hlh-30(tm1978) 

phenotypes in ARD.  

In the initial screen, we found that several of the mutants exhibited a Daf-c 

phenotype in ad libitum conditions at 25°C. Therefore, we concentrated on Daf-
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c genes in the sequencing analysis. This identified singleton mutations in daf-1 

(TGF-β receptor subtype 1 of the TGF-β pathway) and pdk-1 (phosphoinositide 

dependant protein kinase of the IIS pathway) as potential candidate suppressors 

of hlh-30 in ARD (Figure 12B & C) In daf-1, we obtained a G203E change, a 

non-conserved residue of the extracellular domain. In pdk-1, we found a 

R85STOP located near to the N-terminus that is presumed null.  In a second 

genetic screen, we obtained another mutation in daf-1 (R631W) confirming this 

locus as important for survival. 

 

Figure 12. Identification of daf-1 and pdk-1 as factors modulating hlh-30 
ARD lifespan. A) EMS screen workflow to identify mutations that extends hlh-
30 ARD lifespan. B) Table summarising the mutations of daf-1 and pdk-1 
obtained from the hlh-30 suppressor screen. C) Schematic overview showing 
daf-1 and pdk-1 loci of the SNPs obtained from the screen reference alleles of 
daf-1(m40) and pdk-1(sa680) which were mainly used for this thesis.  

A second suppressor screen was conducted to gain further insight into the 

mechanism of hlh-30 in ARD. From this screen we isolated 213 mutants with 

longevity against hlh-30(tm1978). After validating the rescue of the hlh-30 short 

lived phenotype, 14 of the 213 mutants were shown to extend the lifespan of 

hlh-30 in ARD. We tested these mutants for a Daf-c phenotype, performed 

whole genome sequencing and SNP analysis, concentrating on SNPs inducing 

missense, nonsense, frame shift and stop gained mutations, which were also 

A  

B  

C  
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conserved and within a conserved domain to identified potential factors that 

suppress hlh-30 in ARD (Figure 13A & B).  

      

Figure 13. Second hlh-30 suppressor screen identifies additional 
candidates for hlh-30 ARD regulation. A) Mutants obtained from the second 

hlh-30 suppressor screen. B) Potential candidates identified after whole 

genome sequencing, to be tested for supressing hlh-30 ARD shortevity.  

 

 

 

 

 

A 

B  
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6.3.2 Components of TGF-β and IIS signalling rescues hlh-30 ARD 
phenotypes  

To test if daf-1 and pdk-1 were causal for hlh-30 suppression, we generated 

double mutants of daf-1(m40);hlh-30(tm1978) and pdk-1(sa680);hlh-

30(tm1978) using the canonical reference alleles, and examined if they rescued 

the specific phenotypes of hlh-30 in ARD. We first analysed the ARD lifespan 

and found that mutations of daf-1 and pdk-1 significantly increased hlh-

30(tm1978) lifespan in ARD, from 10 days to 50 days, representing a 5 fold 

increase (Figure 14A) though not to the level of wild type. hlh-30(tm1978)  

mutants also show significant loss of neutral lipids after 48hr of ARD (B. Gerisch 

et al., 2020). We therefore performed BODIPY staining in the double mutants 

and saw that daf-1 and pdk-1 rescued the loss of fat in hlh-30(tm1978) almost 

back to WT levels (Figure 14B). hlh-30 mutants also exhibit a dramatic 

shrinkage in body size, mutation of daf-1 and pdk-1 partially rescued this 

phenotype as well (Figure 14C). Lastly, hlh-30(tm1978) mutants fail to recover 

from ARD and produce progeny. Surprisingly, daf-1 mutants but not pdk-1 

mutants restored the brood size of hlh-30(tm1978) animals recovered from ARD 

(Figure 14D). Altogether these results show that both daf-1 and pdk-1 enhance 

survival of hlh-30 in ARD but that daf-1 appears to play a greater role in recovery 

and progeny production upon ARD exit in hlh-30(tm1978) mutants.   

DAF-1 and PDK-1 are both critical factors of TFG-β signalling and insulin/IGF-1 

signalling respectively. We next investigated whether other components in these 

pathways influence hlh-30 ARD survival. We constructed double mutants of hlh-

30 with daf-7, encoding the TGF-β ligand, and daf-2, encoding the IIS receptor. 

First, we measured ARD lifespan and observed that daf-7 and daf-2 loss of 

function mutations increased hlh-30 ARD lifespan by 20% and 9% respectively, 

though not to the same extent daf-1 and pdk-1 mutations (Figure 14E). Second, 

we examined fat content by BODIPY staining and observed that daf-7(e1372) 

and daf-2(e1368) restored levels of fat in hlh-30 mutant, similar to daf-1(m40) 

and pdk-1(sa680) (Figure 14F). Brood size assays to measure progeny 

production upon ARD recovery yielded results comparable to daf-1(m40) and 
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pdk-1(sa680), where daf-7(e1372) partially rescued the brood size of hlh-30 

mutants to WT, but daf-2;hlh-30 double mutants were unable to produce 

progeny upon recovery from ARD (Figure 14H). Lastly, mutations in daf-7 and 

daf-2 prevented the shrinkage in body size of hlh-30(tm1978) in ARD (Figure 

14G). These results further validate the involvement of the TGF-β and IIS 

signalling pathways in hlh-30 ARD survival and recovery.  

 

(Figure 14: refer to page 67 for legend) 
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Figure 14. TGF-β and IIS signalling mutants restore hlh-30 survival and 
recovery. A) daf-1(m40) and pdk-1(sa680) rescue the short lifespan of hlh-
30(tm1978) in ARD (Mantel-Cox Log Rank test, n=3). B) daf-1(m40) and pdk-
1(sa680) restore the loss of neutral lipids associated with hlh-30 mutants in ARD 
measured by bodiPY staining and using the Biosorter after 48hr in ARD, (n=2). 
Each dot represents one experiment (600 worms per experiment), error bars 
indicate SEM, anova test, **** p<0.0001). C) daf-1(m40) and pdk-1(sa680) 
increase the body size of hlh-30 mutant at day 4 ARD. Images of worms were 
taken using 40X DIC microscope and the length was determined using image J. 
(n=2, each dot represents one worm, >25 worms used per experiment, error 
bars indicate SEM, t-test, **** p<0.0001). D) Brood size assays reveal that daf-
1(m40) but not pdk-1(sa680) promotes recovery of hlh-30 mutants after 24hr of 
ARD. (n=2, each dot represents one experiment, 60 worms per experiment), 
error bars indicate SEM, t-test, **p<0.079). The same analysis was conducted 
for daf-7(e1372) and daf-2(e1368) and yielded similar results to daf-1(m40) and 
pdk-1(sa680) respectively for E) lifespan, F) bodiPY staining, G) body size and 
H) brood size. E – H) Experiments with daf-7(e1372) and daf-2(e1368) were 
conducted the same way as with daf-1(m40) and pdk-1(sa680) using the same 
statistical tests.  
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6.3.3 TGF-β signalling depends on downstream transcription factors to 
rescue hlh-30 ARD phenotypes 

From the previous results, we speculated TGF-β signalling had a greater impact 

on hlh-30 ARD survival than IIS signalling since downregulation of daf-1 and 

daf-7 rescued hlh-30(tm1978) phenotypes not only during ARD but also upon 

ARD recovery. Therefore, we decided to focus on unravelling how TGF-β 

signalling is involved in hlh-30 survival and recovery in ARD. As previously 

described, DAF-7 interacts with receptor subtypes, DAF-1 and DAF-4, to induce 

the phosphorylation of DAF-8 and DAF-14, resulting in their nuclear localisation 

and inhibiting the function of DAF-3 and DAF-5 (da Graca et al., 2004; Estevez 

et al., 1993; Georgi et al., 1990; Inoue & Thomas, 2000; Patterson et al., 1997; 

Ren et al., 1996). We conducted epistasis experiments to observe if the effect 

of daf-1 on hlh-30(tm1978) operated through daf-3 or daf-5. I constructed triple 

mutants of daf-1;hlh-30;daf-3 and daf-1;hlh-30;daf-5 and measured the ARD 

lifespan. I found that the loss of daf-3 and daf-5 completely abolished the 

increased ARD lifespan of daf-1;hlh-30 to hlh-30(tm1978) ARD lifespan (Figure 

15A). Previous reports have shown that the TGF-β pathway regulates also 

longevity via insulin signalling by inducing nuclear localisation of DAF-16 and 

transcription of DAF-16 target genes (Shaw et al., 2007). We speculated TGF-

β also operates via a similar mechanism in hlh-30 mutants in ARD. I conducted 

epistasis experiments using triple mutants of daf-1;hlh-30;daf-16 and measured 

ARD lifespan. Interestingly, I found that the triple mutant lifespan was 

comparable to hlh-30 lifespan in ARD (Figure 15A) suggesting ARD lifespan 

increase of hlh-30 mutants by daf-1 downregulation is dependent on daf-16. We 

also found that daf-3(e1376) and daf-5(e1386) showed a similar ARD lifespan 

compared to wild type, however daf-1(m40) showed a 1.7 fold increase in ARD 

lifespan suggesting a parallel pathway (Figure 15B). The daf-3(e1376);daf-

5(e1386) also displayed a 0.7 fold increased in ARD lifespan. In summary, this 

data suggests a crucial role of the full canonical TGF-β pathway in influencing 

hlh-30 ARD lifespan, which might ultimately act through daf-16.  
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Figure 15. daf-1 rescue of hlh-30 ARD lifespan is dependent on 
downstream transcription factors. A) Triple mutant lifespan analysis of daf-
1;hlh-30;daf-3, daf;1;hlh-30;daf-5 and daf;1;hlh-30;daf-16 abolished the lifespan 
extension by loss of daf-1 in hlh-30(tm1978) (Mantel-Cox Log Rank test n=2, 
refer to appendix table 4 for statistics). B) ARD lifespan analysis of daf-3(e1376), 
daf-5(e1386), daf-1(m40) and daf-3(e1376);daf-5(e1386)  (Mantel-Cox Log 
Rank test n=2, refer to appendix table 4 for statistics).  

6.3.4 hlh-30 regulates TGF-β signalling in ARD 

From the results above, we speculated that hlh-30 might regulate TGF-β 

signalling. To address this hypothesis we took advantage of a daf-1p::gfp 

transgenic line and crossed it to hlh-30(tm1978), induced ARD and measured 

green fluorescence using the Copas Biosorter – an apparatus allowing 

fluorescent analysis of large worm populations, thereby strengthening statistical 

significance. After 0hr, 24hr and 48hr of ARD, we collected synchronised worms 

and measured GFP expression in WT and hlh-30(tm1978) backgrounds. We 

discovered at 0hr ARD hlh-30(tm1978) already expressed higher levels of green 

fluorescence compared to WT. After 48hr of ARD, hlh-30(tm1978) expressed 

even higher levels of fluorescence compared to WT (Figure 16A). To explore 

this hypothesis further, I examined the transcriptional levels of daf-1 and daf-7 

in hlh-30(tm1978) compared to WT at 0hr, 24hr and 48hr of ARD by qPCR. I 

observed increased mRNA expression levels of daf-1 (Figure 16B) in hlh-

30(tm1978) compared to WT at 0hr ARD, which was further enhanced after 48hr 

in ARD. Together these results suggest hlh-30 regulates components of the 

TGF-β signalling pathway in ARD. mRNA expression was normalised to 

F44B9.5 as this gene was unchanged in AL and ARD conditions. 

A  B  
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Figure16. hlh-30 regulates expression of daf-1 and daf-7. A) hlh-30(tm1978) 
regulates expression of daf-1p::GFP at 0hr, 24hr and 48hr of ARD measured by 
the Corpus Biosorter, Each dot represents one worm (n=3, error bar indicting 
SEM, t-test * p<0.01). Transcript levels of B) daf-1 and C) daf-7 in hlh-30 
mutants at 0hr, 24hr and 48hr of ARD measured by qPCR (n=4, error bar 
indicates SEM).  

6.3.5 Transcriptomic analyses of hlh-30 and daf-1 interactions in ARD and 
upon ARD recovery 

Given the effect of TGF-β signalling in hlh-30 mutants in ARD, we reasoned that 

the identification of differentially regulated genes and processes upon 

downregulation of TGF-β in hlh-30 mutants could shed light on the mechanism 
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of ARD survival in the absence of hlh-30. We took an unbiased global approach 

and performed transcriptomic analysis comparing N2/WT, hlh-30(tm1978), daf-

1(m40) and daf-1;hlh-30 double mutant, after 48hr in ARD and upon 12hr of 

recovery to capture differences upon ARD and recovery. Principle component 

analysis revealed clear separation of all genotypes in ARD. However, upon 

recovery, daf-1;hlh-30 clustered more closely with WT than hlh-30 mutants 

(Figure 17A). Heat maps depicting differentially expressed transcripts of wild 

type, hlh-30(tm1978) mutants and daf-1(m40);hlh-30(tm1978) double mutants 

revealed the similar expression pattern of wild type and daf-1;hlh-30 double 

mutant after 48hr in ARD and upon ARD recovery (Figure 17A & B).     

        

(Figure 17: refer to page 74 for figure legend) 

A 
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(Figure 17: refer to page 74 for figure legend) 

 

B 
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(Figure 17: refer to page 74 for figure legend) 

 

C 
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Figure 17. Transcriptomic analysis comparing factors regulating TFG-b 
signalling in hlh-30 mutants in ARD and upon recovery. A) Principal 
component (PC) analysis with replicates showing global transcriptome patterns 
of hlh-30 mutants and daf-1;hlh-30 in ARD and upon ARD recovery. B) Heat 
map of clustered expression profiles of 5365 transcripts in wild type, hlh-
30(tm1978) and daf-1(m40);hlh-30(tm1978) after 48hr in ARD (blue = decrease; 
white = no change; red = increase). C) Heat map of clustered expression profiles 
of 4353 transcripts in wild type, hlh-30(tm1978) and daf-1(m40);hlh-30(tm1978) 
upon ARD recovery (blue = decrease; white = no change; red = increase). 

To gain insight into the role of daf-1(m40) in hlh-30 mutants after 48hr in ARD 

and upon ARD recovery, I analysed the differentially expressed genes (DEGs) 

between hlh-30(tm1978) vs N2 and daf-1(m40);hlh-30(tm1978) vs hlh-

30(tm1978). In particular I focused on reversal of gene expression reversal 

between these two datasets. For example I examined genes downregulated in 

hlh-30(tm1978) vs N2 which were then upregulated in daf-1(m40);hlh-

30(tm1978) vs hlh-30(tm1978) and visa versa (Figure 18B & E). I performed this 

analysis for DEGs after 48hr in ARD and upon ARD recovery. Transcriptomic 

analysis identified 2648 and 1665 overlapping differentially regulated transcripts 

between hlh-30 vs N2 and daf-1;hlh-30 vs hlh-30(tm1978) (significance p<0.05) 

after 48hr in ARD and upon ARD recovery respectively (Figure 18A & D).  

I further analysed the overlap for reversal of gene expression (Figure 18B & E) 

which diagrams the genes oppositely regulated in the different genotypes 

(quandrants 1, 4).  2648 of genes during ARD and 1665 gene upon recovery 

showed significant opposite expression, consistent with a profound reversal of 

phenotype. I then performed GO enrichment analysis to gain an overview of the 

enriched genes. During ARD, genes downregulated in hlh-30 vs N2 and then 

upregulated in daf-1;hlh-30 vs hlh-30(tm1978) were enriched for oxidation-

reduction process, carboxylic acid metabolic process and metabolic processes 

for lipid and flavonoids. Genes upregulated in hlh-30 vs N2 and then 

consequently downregulated in daf-1;hlh-30 vs hlh-30(tm1978) were enriched 

for innate immune response, tRNA aminoacylation for protein translation and 

regeneration processes (Figure 18G).  
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Upon ARD recovery, GO enriched terms for immune response, membrane raft 

and response to bacterium were enriched for genes downregulated in hlh-30 vs 

N2 and upregulated in daf-1;hlh-30 vs hlh-30(tm1978). There was enrichment 

for carboxylic acid metabolic process, glutamine family amino acid metabolic 

process and flavonoid metabolic and biosynthetic process for genes 

upregulated in hlh-30 vs N2 and then downregulated in daf-1;hlh-30 vs hlh-

30(tm1978). The transcriptomic data shows regulation of similar processes by 

daf-1(m40) in hlh-30 mutants during ARD and upon ARD recovery (Figure 18H).  
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(Figure 18: refer to page 79 for figure legend) 
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(Figure 18: refer to page 79 for figure legend) 
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(Figure 18: refer to page 79 for figure legend) 

G 
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Figure 18. Comparison analysis of hlh-30(tm1978) vs WT and daf-1;hlh-30 
vs hlh-30 during ARD and upon recovery. A and D) Venn diagram 
representation of differentially expressed genes and common genes between 
hlh-30(tm9178) vs WT and daf-1(m40);hlh-30(tm1978) vs hlh-30(tm1978) 
during ARD (A) and upon recovery (D) (significance p<0.05). B and E) Scatter 

H 
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plot of common differentially expressed genes in hlh-30(tm9178) vs WT and daf-
1(m40);hlh-30(tm1978) vs hlh-30(tm1978). X axis represents DEGs in hlh-
30(tm9178) vs WT (left side = downregulation; right side = upregulation). Y axis 
represents DEGs in daf-1(m40);hlh-30(tm1978) vs hlh-30(tm1978) (top, 
upregulation; bottom, downregulation) during ARD (B) and upon recovery (E). 
Horizontal line represents genes of interest. C and F) Heat maps representing 
reversal of gene expression by daf-1(m40) in ARD (C) and upon recovery (F). 
G and H) GO enrichment term analysis for significantly changed genes during 
ARD (G) and upon recovery (H).  

Work performed in our laboratory previously characterising ARD identified 

several genes involved in ARD survival (B. Gerisch et al., 2020). To gain insight 

if these genes were involved in the enhanced survival of hlh-30 mutants by 

mutations on daf-1, I cross-referenced these genes with the overlapping DEGs 

between hlh-30 vs N2 and daf-1;hlh-30 vs hlh-30(tm1978) after 48hr in ARD and 

upon ARD recovery. Interestingly the extended HLH network factors, mdl-1 and 

mxl-3, which are required for ARD survival, were downregulated in hlh-30 

mutants compared to wild type. This effect was reversed in daf-1;hlh-30 

compared to hlh-30(tm1978) which upregulated their expression 2 fold during 

ARD. This effect also occurs during ARD recovery but to a lesser extent 

suggesting a stronger role of these factors during ARD survival than in recovery. 

Similarly, aak-2 also required for ARD survival, was downregulated in hlh-30 but 

upregulated in daf-1;hlh-30. (Figure 19). 

The expression of the lysosome lipase, lipl-3, exhibited similar patterns of 

regulation during ARD and upon recovery. lipl-3 is downregulated in hlh-30 

mutants compared to WT but was upregulated 4 fold in daf-1;hlh-30 compared 

to hlh-30(tm1978). Another component of fat metabolism, fat-5, a fatty acid 

desaturase, also revealed a similar pattern of expression to lipl-3 but to a lesser 

degree. Other fat metabolism genes acs-2, encoding an acyl-CoA synthetase, 

and pod-2, a, acetyl-CoA carboxylase, were only regulated during ARD and not 

upon recovery. (Figure 19) 



81 
 

Collectively, this data sheds lights on processes regulated during ARD and upon 

recovery and how mutations on daf-1 induces the reversal of genes and 

processes to restore hlh-30 ARD survival and recovery.  

 

Figure 19. daf-1(m40) regulates genes involved in ARD survival and 
longevity in hlh-30 mutants. Heat map representing expression of genes 
involved in ARD survival and recovery in hlh-30(tm9178) vs WT and daf-
1(m40);hlh-30(tm1978) vs hlh-30(tm1978) during ARD and upon recovery 
(significance p<0.05).  
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7 DISCUSSION 

The study of diapause states in model systems has led to some of the most 

profound discoveries in biology of ageing. Notably many of the first mutants 

affecting animal life span, such as daf-2, age-1, and daf-16, were first found for 

their role in regulating the C. elegans dauer diapause.  Furthermore, several 

mammalian species use similar mechanisms to depress metabolic rate in 

response to unfavourable environmental conditions (Wu & Storey, 2016) which 

allow the organism to enter a quiescence to endure these stressful conditions. 

Thus, what is learned in simple models can inform physiology of somatic 

endurance and longevity in higher animals. 

The adult reproductive diapause (ARD) represents a newly characterised state 

of long-lived quiescence in the nematode, C. elegans, whereby starvation in 

mid-L3 leads to the formation of long lived mini adults that can live up to 80 days, 

and upon refeeding, recover and produce progeny. However, the underlying 

mechanisms of entry, survivorship, and recovery are not fully understood. 

Previous work in our lab had shown that survivorship and recovery was highly 

dependent on HLH-30/TFEB transcription factor as a master regulator of ARD 

(B. Gerisch et al., 2020) but pathways downstream of HLH-30/TFEB remain 

unknown. 

For this project, I employed a unique protocol utilising the quiescent state, ARD, 

to allow direct selection of longevity mutants following mutagenesis. This 

approach circumvents the high maintenance requirements of previous 

mutagenesis longevity screens and additionally yields insight into molecular 

determinants of ARD survival. From this approach, we discovered a role for 

pyrimidine metabolism in regulating ARD survival and longevity. We also 

discovered lesions in TGF-b and insulin signalling pathways as suppressors of 

HLH-30/TFEB. As well, we identified a handful of other potential candidate 

survival factors for further follow up and validation.  
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7.1 Using ARD as a tool to select for longevity mutants 
From longevity screens in ARD, we obtained a large number of mutants that 

lived longer than wild type in ARD. However, upon ad libitum conditions, most 

of these mutants did not display longevity against wild type. This phenomenon 

could be due to a number of factors required to optimise the methodology. 

Firstly, ARD induction is performed on the whole population with bleaching of 

the F1 generation after mutagenesis. Successful ARD induction only occurs 

within a short period of the C. elegans life cycle and if induced too early or too 

late results in failure to enter the diapause state. As previously known, many 

longevity mutants exhibit a slow growth phenotype, such as insulin signalling 

mutants (daf-2), calories restriction (eat-2) and mitochondrial mutants (isp-1). 

Our current methodology did not fully consider potential slow growing mutants 

in the F2 generation and therefore unintentionally lost potential long-lived 

mutants. This can be overcome by inducing ARD after mutagenesis at different 

time points to incorporate slow growing mutants. Another factor to consider for 

the screen is the use of fluorodeoxyuridine (FUDR). FUDR inhibits thymidylate 

synthetase, blocking DNA synthesis, therefore preventing development of C. 

elegans progeny. Although, FUDR does not affect wild type lifespan, 

fluorodeoxyuridine treatment has been shown to affect the lifespan of several 

other phenotypes. Artifactual lifespan extension has been observed in animals 

with mutations in tub-1, a gene involved in fat storage (Aitlhadj & Stürzenbaum, 

2010), gas-1, a mitochondrial mutant (van Raamsdonk & Hekimi, 2011), and 

exo-3, an apurinic/apyrimidinic endonuclease (Kato et al., 2016). FUDR is also 

implicated in extending lifespan, under conditions such as hypertonic stress (E. 

N. Anderson et al., 2016). Therefore, FUDR treatment is likely to cause false 

positives or negative outcomes for screening purposes for lifespan phenotypes 

where the opportunities to avoid using FUDR should be considered. Collectively, 

even with these limitations requiring optimisation, these results show a novel 

lower maintenance method for mutagenesis screens, allowing the direct 

selection for longevity.  
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7.2 Pyrimidine metabolism plays a role in ARD longevity and survival 
Pyrimidine metabolism is an essential process, functioning in the synthesis of 

DNA, RNA, lipids and carbohydrates (Garavito et al., 2015). Disruption to 

pyrimidine metabolism has been associated with different disorders, such as 

Alzheimer’s disease (Ansoleaga et al., 2015) and growth retardation (Simmonds 

et al., 1997). Previous studies have connected pyrimidine metabolism with 

ageing, where aged mice show differential expression of genes involved in 

pyrimidine metabolism (Brink et al., 2009) and studies using C. elegans reported 

intermediates of pyrimidine metabolism were downregulated in aged worms 

(Wan et al., 2017). In this work, we identified a causal role of pyrimidine 

metabolism in ARD longevity and survival. We found a mutation in upp-1, a gene 

encoding uridine phosphorylase which exhibits both uridine and thymidine 

phosphorylase activity in C. elegans, to extend ARD lifespan. We confirmed this 

effect with another independent allele of upp-1 from our screen. It is still 

unknown if these non-synonymous point mutations are loss or gain of function 

alleles. However evidence may points towards a loss of function, previous 

studies using RNAi against upp-1 show lifespan extension in ad libitum (AL) 

conditions (Wan et al., 2019). Our upp-1 mutant also displays modest longevity 

against wild type in AL suggesting a loss of function mutation. 

We also discovered the splicing factor, prp-21, to show mild lifespan extension 

in ARD and AL conditions. Upon refeeding, upp-1 displayed increased resilience 

for recovery after long periods of starvation in ARD. A higher number of upp-1 

mutants became reproductive adults to produce progeny after 60 and 90 days 

of ARD compared to WT and prp-21 mutants. This implies improved 

regeneration and rejuvenation in upp-1 mutants and reveals a potential vital role 

of pyrimidine metabolism in ARD recovery.  

In line with our work, a recent study demonstrated the lifespan-extending effects 

of supplementing intermediates of pyrimidine metabolism including, uridine and 

thymine, which function through the inhibition of reproductive signalling (Wan et 

al., 2019). Since UPP-1 exhibits uridine and thymidine phosphorylase activity in 

C. elegans we wondered if there was regulation of the different metabolites 
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involved in pyrimidine metabolism in our upp-1 mutants. Targeted metabolomics 

revealed increased levels of uridine and thymine, and decreased levels of uracil 

and thymidine in our upp-1 mutants. We hypothesised the upp-1 ARD longevity 

was due to the increased levels of uridine and thymine and examined ARD 

lifespan whilst supplementing uridine and thymine to WT and upp-1 mutants. 

Interestingly thymine supplementation increased ARD lifespans in WT but not 

in upp-1 mutants, suggesting a parallel mechanism for thymine and upp-1 

mutants to increase ARD lifespan. Since we observed decreased levels of uracil 

and thymidine in upp-1 mutants, we speculate supplementation with these 

metabolites would decreased ARD longevity in WT, to additionally validate this 

pathway in regulating ARD longevity.  

Studies investigating nucleotide homeostasis and human health have 

established links between several diseases and increased levels of pyrimidine 

intermediate metabolites. Excessive pyrimidine biosynthesis causing 

overproduction of uracil results in urea cycle disorders (Matsumoto et al., 2019) 

while uncontrolled proliferation of cancer cells requires a high nucleotide supply 

(Chi & Han, 2016). However, deficiency of pyrimidine nucleotides are associated 

with behavioural abnormalities, seizures, developmental delay and 

immunodeficiency (Page et al., 1997). We discovered increasing pyrimidines 

metabolites, uridine and thymine, by mutations in upp-1 or by exogenous 

supplementation increased ARD lifespan. C. elegans senses nucleotide levels 

through Notch signalling (Chi et al., 2016). During low levels of nucleotide 

availability, C. elegans shut down germline proliferation through the Notch 

pathway as a protective measure to avoid deleterious damage to mother and 

progeny, which exhausts the nucleotide pool (Chi et al., 2016). In ARD, germline 

proliferation is arrested thus preventing nucleotide pool exhaustion in the short 

term, but perhaps eventually leading to nucleotide pool exhaustion in the long 

term. With altered pyrimidine levels, such as the upp-1 mutant, the nucleotide 

pool is maintained enhancing nucleic acid integrity, but germline proliferation 

remains arrested, extending ARD lifespan. In this scenario measuring Notch 

signalling in upp-1 mutants may provide an insight into nucleotide pool 
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maintenance throughout ARD. Unbalanced nucleotide pools also leads to DNA 

damage by mis-incorporation during DNA synthesis in cells (Hastak et al., 

2008). We speculate that the increased ARD longevity of upp-1 mutants could 

also be due to reduced DNA damage compared to WT.  

Several enzymes of the metabolic pathways responsible for the metabolism of 

ribo- and deoxyribo-nucleotides are located in the mitochondria (Desler et al., 

2010). Inducing mitochondrial fragmentation, by mutation on fzo-1, reduces 

ARD longevity (B. Gerisch et al., 2020) potentially affecting these metabolic 

pathways and limiting the availability of these nucleotides leading to DNA 

damage. Pyrimidine metabolism in upp-1 mutants may operate to maintain 

mitochondrial integrity to induce ARD longevity.  

Taken together, these observations strongly imply a role for pyrimidine 

metabolism in ARD survival and longevity, where upp-1 and thymine 

supplementation operate through a similar mechanism to extend ARD lifespan.  

7.3 Downregulation of TGF-β signalling rescues hlh-30 shortevity 
ARD survival and longevity requires the transcription factor TFEB/HLH-30. 

Mutants of hlh-30 exhibit drastic morphological and physiological changes in 

ARD, including shortened ARD lifespan, failure to recover from ARD and rapid 

decrease in body size upon ARD entry, suggesting TFEB/HLH-30 is a master 

regulator of ARD (B. Gerisch et al., 2020). To help understand factors involved 

in the critical role of HLH-30 for ARD survival we performed a hlh-30 suppressor 

screen and discovered components of the TGF-β (daf-1 – TGF-β receptor type 

I) and IIS (pdk-1 – phosphoinositide-dependent kinase) signalling pathways to 

partially rescue hlh-30 lifespan. Mutations on daf-1 and pdk-1, not only 

increased hlh-30 ARD lifespan, but also prevented the rapid body shrinkage and 

decreased fat content previously observed in hlh-30 mutants in ARD. However, 

we observed that only daf-1(m40) rescued the inability of hlh-30 mutants to 

recover from ARD and become reproductive adults. C. elegans have two highly 

conserved TFG-β signalling pathways, TFG-β/DAF-7 and TFG-β/DBL-1 

pathways, where both pathways are associated with increasing reproductive 
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lifespan in C. elegans. Mutants of these pathways exhibit an extended 

reproductive period compared to wild type animals (Luo et al., 2009). In contrast, 

reduction of the insulin-signalling pathway results in decreased early progeny 

production of C. elegans (Hughes et al., 2007). This may explain the inability of 

daf-2 mutants to recovery from ARD in hlh-30 mutants. Our results suggest a 

similar mechanism affects the ability to produce progeny upon exit from ARD 

and reproductive lifespan, which requires insulin signalling.  

Downstream of TFG-β signalling are the DAF-3/Co-smad and DAF-5/Sno/Ski 

transcription factors (da Graca et al., 2004; Patterson et al., 1997). TGF-β 

pathway also regulates longevity via insulin signalling by inducing nuclear 

localisation of DAF-16.  We discovered daf-1 rescue of hlh-30 ARD shortevity is 

dependent on these transcription factors. Transcription expression of daf-

1p::GFP and qPCR expression analysis of daf-1 and daf-7 indicated increased 

levels of these TGF-β components in hlh-30(tm1978) mutants suggesting an 

upstream regulatory mechanism of TGF-β signalling by hlh-30. On the one 

hand, these findings argue that HLH-30/TFEB and TGF-β signalling are part of 

a regulatory axis important for ARD survival and recovery. On the other hand, 

daf-3 and daf-5 single mutants were not essential for ARD survival and daf-1 

single mutation increased ARD longevity suggesting a parallel pathway. 

However daf-3;daf-5 double mutants displayed ARD longevity, suggesting 

knockdown of both genes are required for ARD lifespan extension implying a 

compensatory mechanism operating between daf-3 and daf-5. Nevertheless, 

daf-16 mutants decreased ARD longevity by 40% (B. Gerisch et al., 2020) 

suggesting the importance of TGF-β signalling acting through daf-16 for ARD 

survival. In accordance with this view, previous studies have discovered upon 

reduced nutrient availability, neuroendocrine signalling acts through DAF-7 

allowing animals to sense low abundance of food resulting in activation of DAF-

16 (Fletcher & Kim, 2017). Despite the rescue of hlh-30 shortevity by daf-1 being 

dependant on daf-16, daf-3 and daf-5, our data suggests daf-16 may player a 

larger role in influencing hlh-30 ARD lifespan through TGF-β signalling, similar 

to what is previously known (Figure 20).  
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Nutrient deprivation during adulthood triggers several mechanisms to respond 

to starvation to enhance survival in C. elegans (Henderson et al., 2006; Mair & 

Dillin, 2008). As previously mentioned, secretion of DAF-7, TGF- β ligand, 

promotes lifespan extension in response to dietary restriction (DR) by 

suppressing activity of DAF-3 (Fletcher & Kim, 2017). When DAF-7 activity is 

reduced or absent, increasing DAF-3 activity also abolishes the lifespan 

extension of DR. DAF-7 is upregulated upon refeeding after fasting suggesting 

it also mediates food sensing (J. Wang & Kim, 2003) where daf-7 mutants are 

also long lived depending on the availability of food (Entchev et al., 2015), 

further linking TGF-β signalling and nutrient deprivation. Earlier studies have 

also highlighted a central role of HLH-30/TFEB in starvation responses (Lapierre 

et al., 2013; O’Rourke & Ruvkun, 2013; Peña-Llopis et al., 2011), where hlh-30 

mutants prematurely die during starvation (Lapierre et al., 2013). Our work 

strengthens the links between components of TGF-β signalling and the 

response to starvation and provides a potential novel mechanism for surviving 

nutrient deprivation in the absence of HLH-30/TFEB, through TGF-β and IIS 

signalling.  

DAF-7 is a key neuroendocrine signal in ASI neurons to induce lifespan 

extension under dietary restriction (Fletcher & Kim, 2017). Previous 

transcriptomic data also revealed hlh-30 mutants in ARD exhibited elevated 

levels of daf-7 compared to wild type. Tissue specific ARD longevity is unknown; 

however, this work may allude to neuronal specific ARD lifespan extension or 

uncover cell non-autonomous effects of daf-7 in hlh-30 mutant for ARD survival 

and longevity. 

Transcriptomic analysis comparing hlh-30(tm1978) with daf-1(m40);hlh-

30(tm1978) in ARD revealed interesting changes in gene expression upon  

downregulation of TGF-β signalling. As previously mentioned, hlh-30 mutants 

are unable to recover after 48hr of ARD. Global transcriptions patterns of hlh-

30(tm1978) and WT upon recovery from ARD differ greatly, however 

downregulation of TGF-β signalling in hlh-30 mutants showed a similar pattern 

to WT suggesting the restoration of the gene expression of hlh-30 mutants to a 
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similar pattern to WT. The expression profile during ARD between WT, daf-

1(m40) and daf-1(m40);hlh-30(tm1978) also displays clustering of gene 

expression compared to hlh-30(tm1978) but to a lesser extent than upon 

recovery suggesting a greater role for daf-1 during ARD.  

In accord with a signalling pathway, we observed a reversal of hlh-30 dependant 

transcriptional changes by daf-1. Specifically, we observed 4814 genes with 

reversal of expression showing transcriptional epistasis by daf-1(m40). This 

comparison of the transcriptomic analysis suggests daf-1 operates to reverse 

processes involved in the innate immune response and oxidation-reduction 

process to counteract the loss of hlh-30 in ARD and upon recovery. It is 

interesting genes involved in the immune response become enriched upon daf-

1 mutations in hlh-30 mutants. HLH-30/TFEB is also a known key transcription 

factor for host defence against infection. Activation of HLH-30 occurs upon early 

infection, where hlh-30 mutants display a defect against pathogenic bacteria 

(Visvikis et al., 2014). We could speculate that from our data the absence of 

HLH-30/TFEB in ARD regulates immunity though downregulation of the TGF-β 

pathway preventing pathogenic mechanisms, leading to increased ARD 

survival. 

As previously mentioned, work in our lab identified several genes vital for ARD 

survival (B. Gerisch et al., 2020). We wondered if there was regulation of these 

genes in hlh-30 mutants reversed by mutations on daf-1. Interestingly, factors 

of the extended HLH network, mdl-1 and mxl-3, previously shown to promote 

ARD survival, were upregulated by daf-1(m40) in hlh-30 mutants, suggesting 

that reducing daf-1 activity induces expression of these factors to aid ARD 

survival in hlh-30 mutants, implying an inhibitory role of the TGF-β pathway for 

these factors. The energy sensing AMPK, is a conserved target of mammalian 

TFEB which plays a key role in cellular and organismal survival during stress 

via the ability to maintain metabolic homeostasis (Salminen et al., 2011). 

Previously we showed that AMP-kinase subunit aak-2 is required for ARD 

survival. We found aak-2, was downregulated in hlh-30 mutants but upregulated 
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by daf-1(m40) suggesting activation of aak-2 through the hlh-30/daf-1 axis is 

important for increased ARD longevity and survival (Figure 20).  

Interestingly the transcriptomic data also revealed the reversal of upp-1 

expression by daf-1 in hlh-30 mutants in ARD and upon recovery. Expression 

of upp-1 was upregulated in hlh-30 mutants; but downregulated by daf-1 

consistent with the idea that downregulated upp-1 extends survival.  Existent 

data from the Modencode project (Celniker et al., 2009) also reveals that the 

upp-1 promoter binds HLH-30 and DAF-16 and potentially connects pyrimidine 

metabolism and hlh-30 for ARD survival. We speculated that hlh-30 mutants in 

ARD have increased DNA damage causing the pathological decrease of ARD 

longevity. Our data revealed increased NAD levels in upp-1 mutants (Figure 

11E). Since NAD influences DNA repair mechanisms (Croteau et al., 2017), we 

hypothesised the downregulation of upp-1 by daf-1 aids in repairing the DNA 

damage of hlh-30 mutants by the increased NAD levels (Figure 11E). 
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During ARD 

 

Figure 20. HLH-30 downregulated TGF-β signalling to regulate ARD 
longevity and survival. hlh-30 regulates ARD longevity and survival through 

TGF-β signalling. This is dependent on downstream transcription factors, daf-3, 

daf-5 and daf-16, and potentially through pyrimidine metabolism via upp-1.  

Our second genetic screen revealed some interesting genes that potentially 

rescue hlh-30 ARD shortevity. mxl-2, part of the Myc superfamily, which 

regulates gonadal longevity as well as other longevity pathways (Nakamura et 

al., 2016), forms a complex with mml-1 which was shown to be downregulated 

by hlh-30 in ARD. Repressors of the Myc superfamily comprises mxl-1 and mdl-

1, where our transcriptomic data also showed regulation of mdl-1 by daf-1 in hlh-

30 mutants potentially highlighting the Myc superfamily as a major player for hlh-

30 ARD survival. Interestingly, daf-3, also emerged as a candidate. DAF-1 

activation in the TGF-β pathway inhibits the activity of DAF-3 (Hu, 2007), 

therefore daf-1 mutants have increased DAF-3 activity. We know from our data 
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daf-1 mutation rescues hlh-30 ARD shortevity, so we hypothesise the mutation 

we obtained from the second screen is potentially a daf-3 gain of function 

mutation. Another interesting candidate is ceh-60. This homeodomain 

transcription factor normally co-ordinates a transcriptional networks to repress 

longevity and stress response genes while simultaneously activating genes 

involved in reproduction (Dowen, 2019). The C. elegans orthologue of 

mammalian mTOR, let-363, was also highlighted as a candidate. Reduced TOR 

signalling, activates autophagy and extends lifespan (Wullschleger et al., 2006). 

Both gain of function and reduction of mTOR led to shortened ARD lifespan, 

suggesting that the fine tuning of mTOR signalling is important (B. Gerisch et 

al., 2020). Starved hlh-30 mutants have decreased levels of let-363 compared 

to wild type (J. T. Murphy et al., 2019) suggesting hlh-30 promotes transcription 

of let-363 during starvation. This potentially implies our let-363 mutation is gain 

of function. Another interesting candidate is tax-4. This gene encodes the 

subunits of the cGMP-gated ion channel part of the guanylyl cyclase pathway 

which functions upstream of TGF-β and IIS pathways in dauer regulation (Hu, 

2007). Altogether, these candidates represent some exciting novel genes in the 

regulation of hlh-30 during ARD to be validated in the future.  

 

 

 

 

 

 

 

 

 

 



93 
 

8 FUTURE PERSPECTIVES 

8.1 Further characterisation of upp-1 mutants 
Our results clearly show there is a connection between pyrimidine metabolism 

and ARD survival. By increasing levels of uridine and thymine genetically 

through upp-1 mutants or supplementation with these metabolites we observed 

enhanced longevity in ARD. We also found improved recovery of upp-1 mutants 

after 60 days of ARD suggesting enhanced survival after long periods of 

starvation. However, the mechanism of how these intermediates contributes to 

ARD longevity remains unclear. Previous reports have shown supplementation 

of thymine or upp-1 RNAi increased AL lifespan, however missense or 

nonsense upp-1 mutants were short lived. They speculated these mutants 

enhances pyrimidine metabolite to detrimental levels affecting the physiological 

state (Wan et al., 2019). We would first address if our upp-1 mutants are loss of 

gain of function alleles. Since our upp-1 mutant displayed a mild lifespan 

extension in AL, this suggests a loss of function allele, however using qPCR to 

measure expression of upp-1 will aid to address this question.  

A study investigating the pyrimidine biosynthesis pathway screened for 

resistance to 5-fluorouracil (5-FU), a major pyrimidine antagonist currently used 

in cancer chemotherapies, identified mutations in upp-1 renders worms resistant 

to 5-FU (S. Kim et al., 2009). Several upp-1 mutants displayed resistance to 5-

FU and exhibited very low levels of enzyme activity. Conferring resistance to 5-

FU, may suggests low enzymatic activity of upp-1(syb659) and upp-1(syb2043) 

mutants imply potential loss of function alleles. We also plan to obtain a upp-

1::GFP line to track expression of upp-1 during ARD. This can potentially 

highlight any tissue specific effects of upp-1 during ARD and upon recovery, 

which may uncover cell non-autonomous effects of upp-1.  

We only measured the intermediates of pyrimidine metabolism after 10 days of 

ARD. It would be interesting to see how the levels of these metabolites changes 

throughout the ARD lifespan, if levels of the pyrimidine metabolites remains 

increased through the ARD lifespan or they decreased after a certain time since 
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high levels of uridine may have detrimental effects (Wan et al., 2019). We plan 

to induce ARD in WT and upp-1 mutants and perform targeted metabolomics to 

observe any changes throughout the lifespan.  

8.2 Investigating NAD longevity and pyrimidine metabolism for ARD 
longevity.   
Interestingly, from our metabolomics data, we found increased levels of 

nicotinamide adenine dinucleotide (NAD) and nicotinamide mononucleotide 

(NMN) in upp-1 (syb659) mutants after 10 days of ARD. Studies have previously 

connected NAD and longevity, revealing reduced NAD levels in aged mice and 

decreasing levels of NAD in C. elegans further reduces their lifespan 

(Mouchiroud et al., 2013). Dietary supplementation of NAD precursors such as 

nicotinamide riboside (NR) induced mitochondrial unfolded protein response 

leading to rejuvenation processes, delaying senescence in muscle tissue and 

increasing lifespan in aged mice (Zhang et al., 2016). We will analyse ARD 

lifespan with NAD and NMN supplementation to examine potential longevity 

effects in WT and upp-1 mutants. It would be interesting to observe if there is 

an additive lifespan extension with NAD or NMN supplementation in upp-1 

mutants to investigate if the mechanism of upp-1 ARD longevity operates in a 

parallel or distinct pathway to NAD supplementation.  

Poly (ADP-ribose) (PAR) is synthesised from NAD by PAR polymerases (PARP) 

to modulate cell survival and cell death programmes (Schreiber et al., 2006). 

PARPs are key players in DNA break repairs responses as well as inflammation 

and apoptosis induction. Increasing PARP activity can potentially delay ageing 

by maintaining DNA integrity. We speculate the higher NAD levels in upp-1 

results in increased PARP, enhancing processes maintaining DNA damage 

leading to improved cellular homeostasis and longevity. To examine this theory, 

we plan to measure levels of DNA damage by western blot of the product of the 

enzymatic activity of PARP1, polyADP-ribose (ADPr). Upon DNA damage the 

levels of ADPr increases dramatically (Q. Chen et al., 2018). We will collect 

samples from WT and upp-1 mutants at different time points of ARD to measure 
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ADPr and hypothesise lower levels of ADPr will be present in upp-1 (syb659) 

mutants. 

To solidify the potential connection between NAD and pyrimidine metabolism a 

study discovered the role of uridine monophosphate synthetase, umps-1, to 

enable NAD biosynthesis (McReynolds et al., 2017). Operating upstream of 

UPP-1 in the pyrimidine metabolism pathway, UMPS-1, exhibits orotate 

phosphoribosyltransferase and orotidine-5’-phosphate decarboxylase activity. 

We plan to analyse the ARD lifespan of umps-1 mutant to examine potential 

longevity effects. ARD longevity observed in these mutants can strengthen the 

link between downregulation of pyrimidine metabolism and ARD longevity, 

through potential increased NAD levels to maintain DNA damage after long 

periods of starvation.  

8.3 Finding novel regulators of hlh-30 in ARD 
As previously mentioned, we conducted a second hlh-30 suppressor screen to 

uncover novel genes involved in bypassing the requirement of hlh-30 for ARD 

longevity and survival. Through whole genome sequencing and SNP analysis, 

we are currently validating potential novel candidates through the construction 

of double mutants with hlh-30(tm1918) to examine potential rescue of hlh-30 

ARD shortevity. Positive genes will be further characterised for their role in hlh-

30 ARD.  

8.4 Connection to mammals  
Connecting our work to higher organism will allow translation of this work to 

humans. Investigating starvation mechanisms in C. elegans has revealed highly 

conserved pathways, which are informative towards potential dietary 

interventions, or therapeutic targets for improving health span of humans. 

Studying ARD in C. elegans further enhances our understanding of dietary 

restriction, nutrient sensing, rejuvenation and lifespan extension. Starvation 

induced quiescence in mammals initiates a reduced metabolic rate and 

reprogramming as a response to extreme environmental conditions to enter a 

state of torpor or hibernation (Wu & Storey, 2016). The mechanisms governing 
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this metabolic depression is likely to be conserved across species and similar 

adaptive stress responses such as dauer diapause, since studies have shown 

stress resistance signalling during hibernation through pathways such as FOXO 

signalling (Seim et al., 2013). It would be interesting to examine if the genes and 

pathways regulating ARD survival, also influence torpor or hibernation 

mechanisms in mammals.  
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9 MATERIALS AND METHODS 

9.1 Methods 

9.9.1 C. elegans stains and culture 

Nematodes were cultured and maintained at 20oC on nematode growth media 

(NGM) agar plates seeded with the E. coli OP50 bacteria strain. The following 

strains were used (Table 1) provided by the C. elegans Genomic Centre (CGC) 

with the exception of DR1767 (mEx40[rol-6(su1006) daf-1p::GFP]) from the 

Donald L Riddle laboratory, University of British Columbia; and PHX656 (alg-

1(syb656)), PHX635 (alg-4(syb635)), PHX742 (anoh-1(syb742)), PHX658 (piki-

1(syb658)), PHX755 (prp-21(syb755)), PHX633 (ptr-10(syb633)), PHX659 

(upp-1(syb659)), PHX2043 (upp-1(syb2043)), PHX682 (xpb-1(syb682)), 

PHX662 (ZC581.7(syb662)), PHX2331 (C09H5.7(syb2331)), PHX2718 (let-

363(syb2692)), PHX2905 (pde-2(syb2905)), PHX2984 (cgt-2(syb2984)), 

PHX3033 (fgt-2(syb3033)) which were created by Suny Biotech; and AA4975 

(ogdh-1(dh1202)), AA4976 (elpc-2(dh1203)), AA4973 (marc-6(dh1204)) and 

AA4977 (png-1(dh1205)) which were created by our lab. These strains were 

then crossed into the respective genotypes. To decontaminate strains and to 

obtain an aged synchronised population, worms were treated with bleach 

solution (sodium hypochlorite, potassium hydroxide and water). Animals were 

washed off the plated with M9 buffer into a 15ml falcon tube. Once the worms 

had settled to the bottom and the supernatant was discarded, bleach solution 

was applied and incubated at room temperature for 5-10 minutes. Examination 

via microscopy for fully dissolved worms was performed before eggs were 

washed four times in M9 buffer and transferred to plates seeded with E. coli 

OP50 bacteria.  
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Table 1: List of strains used for the experiments described in this thesis
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9.1.2 Adult Reproductive Diapause (ARD) induction, recovery and 
lifespan 
Nematodes were age synchronised by hypochlorite treatment 42-43 hours prior 

to ARD induction. Optimal adult diapause entry occurred if the population of 

animals are observed to be in the mid L3 larval stage, assessed by DIC 

microscopy for the migration of the gonad arms. Animals were collected from 

seeded NGM plates in M9 buffer and washed four times with M9 buffer in 5ml 

Eppendorf tubes. Animals were left to settle for 20 minutes after every wash to 

allow for expulsion of bacteria from the gut. The worms were then plated onto 

unseeded 3cm agarose plates containing 4ml Nematode Growth Medium 

containing UltraPureTM agarose (Thermo Fisher Scientific) and 50mg/ml 

ampicillin, at a density of approximately 500 worms per plate. One day after 

ARD induction, plates were wrapped in parafilm and maintained at 20oC. The 

plates were monitored regularly for contamination in which case plates were 

discarded. 

 

To recover from ARD, the animals were gently washed off the plates with M9 

buffer and transferred to a 10 cm NGM plate seeded with E. coli OP50. 

Successful exit and recovery of animals from ARD was determined by visual 

improvements (body size, motility, intestine colouration, germline growth) and 

the ability to produce progeny, indicating regeneration of the germline. Adults 

were categorised as adults with progeny, sterile and unrecovered worms. 

 

To examine the lifespan of animals in ARD, plates were scored every 2-3 days 

where dead worms were picked off the plate. Day 0 corresponds to the time of 

induction at the L3 stage. ARD lifespan was determined by scoring a population 

of around 500 worms per genotype. The first day of scoring was dependant on 

the genotype, for example, scoring was initiated on day 25-30 for wild type 

worms since they do not show sign of mortality before this day, compared to the 

hlh-30(tm1978) which starts to show signs of death after 48hr of ARD. Lifespan 

plates were monitored regularly for contamination and discarded if 
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contamination was present. Supplementation lifespans were performed on 

plates containing either 0.5mM uridine, 1mM uridine, 0.5mM thymine and 1mM 

thymine. Metabolites were added in aqueous solution into the NGM agar at the 

indicated concentrations.  

 

9.1.3 ARD longevity and hlh-30 suppressor screen 
Wild type (Bristol N2) and hlh-30(tm1978) strains were used for the ARD 

longevity and hlh-30 suppressor screen respectively.  Synchronised L4 larvae 

were exposed to 0.15-0.5% ethyl methane sulfonate (EMS) in M9 buffer for 4 

hours. After the EMS incubation period, worms were washed in M9 4 times 

before overnight recovery on seeded 10cm NGM plates. The following day, the 

P0 generation were transferred to new plates, 10 worms per plate, and allowed 

to lay eggs overnight. P0 were discarded the following day allowing the F1 to lay 

eggs. ARD was induced in the F2 generation to examine the longevity in a wild 

type or hlh-30 background. Longevity mutants were picked or washed off and 

transferred to 10cm NGM plates seeded with E. coli OP50 to promote exit from 

ARD and recovery.  

 

9.1.4 RNAi screen of ARD longevity candidates 
E. coli HT115 (DE3) bacteria expressing dsRNA targeting the gene of interest 

were obtained from the Ahringer or Vidal libraries (Boutros & Ahringer, 2008; 

Rual et al., 2004). RNAi clones were grown overnight at 37oC in Luri Broth with 

50 μg/ml ampicillin. Cultures were spun down at 4000rpm, 4oC for 10 mins, and 

diluted 1 in 4 fold, before being seeded onto agar plates containing 1M IPTG to 

induce dsRNA expression. unc-22 RNAi was used a control for RNAi induction 

as this produces an uncoordinated and ‘twitching’ phenotype.  

 

9.1.5 Lifespan Assays 
For lifespan analysis, animals were transferred every day onto fresh NGM plates 

seeded with E. coli OP50 until reproduction had ceased. All assays were carried 

out and 20oC and scored every second day for alive and dead worms. Worms 
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were logged as dead after failure to respond to mechanical stimulation by a 

platinum wire or pharyngeal pumping had ceased. Worms displaying internal 

hatch, explosion through vulva or had crawled off the plate were censored. 

Assays initially started with 150 worms across five 6cm seeded NGM plates. 

Three biological replicates were performed for each lifespan experiment and 

carried out blinded. For the ARD screen, lifespan analysis was carried out on 

plates containing 50 μM 5-Fluoro-2′- deoxyuridine (FUDR, Sigma). RNAi ARD 

longevity candidates were performed using N2 upon RNAi knockdown from egg 

on and luci as a control. To determine significance between the lifespan curved 

(Mantel-Cox) analysis was used. 

 

9.1.6 Whole genome sequencing and Galaxy Mimodd analysis 
Mutant strains were grown on 10cm seeded NGM plates, collected in M9 buffer 

and washed with M9 buffer four times preceding genomic DNA preparation 

(QIAGEN Gentra PureGene tissue kit). Sequence libraries were created using 

the TruSeq DNA sample prep (Illumina, San Diego, CA).  Libraries were 

sequenced on a HiSeq 2500 (Illumina, San Diego, CA) to generate single-end 

50bp reads. The reference genome used for alignment was obtained from 

WormBase version WS220 (www.wormbase.org). Sequencing data was 

analysed by Galaxy software (www.usegalaxy.org).  

 

9.1.7 CRISPR alleles and microinjections 
CRISPR guideRNA were designed using http:://crispr.mit.edu/guides and 

developed into oligos to order with NeBio sgRNA designer. Two guides were 

designed per targeted gene. Engen sgRNA synthesis kit was used to synthesise 

the guides and analysed by gel electrophoresis and NanoDrop. Guides were 

stored immediately at -80oC. Repair templates containing the SNP change were 

designed using SeqBuilder (DNASTAR) targeting the desired gene and area of 

interested. Synonomous mutations were included to change the PAM sequence 

to prevent further cutting by Cas9. An injection mix comprising of Cas9 EnGen 

(NEB), dpy-10 sgRNA, dpy-10 repair template, KCl, Hepes pH 7.4 and water 
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with either sgRNA targeting marc-6, elpc-2, ogdh-1 and png-1 and their 

respective repair templates were prepared. L4 N2 larvae were used for the 

microinjections. Worms were placed in a drop of halocarbon oil (Sigma) on a 

2% agarose pad. Injections were performed using a Carl Zeiss imager Z1 

microscope, which was installed with a manual micromanipulator connected to 

a microinjector (Femtojet4). The F1 generation was monitored for a dpy 

phenotype and singled out for genotyping for the either marc-6, elpc-2, ogdh-1 

and png-1 SNP change.  

 

9.1.8 BODIPY Staining in ARD animals 
C1-BODIPY-C12 solution (5mM/L) was dissolved in DMSO and stored at -20oC. 

Solutions were freshly prepared and diluted in M9 to 1uM/L concentration, 

100uL of BODIPY solution was applied to the surface of the ARD plate and left 

for 2.5 hours to allow the BODIPY solution to absorb into the ARD worms. After 

2.5 hours, ARD worms were collected and fluorescence was measured on the 

Biosorter.  

 

9.1.9 Dauer Assay 
To determine dauer formation worms were age synchronised by allowing 20 

worms to lay eggs for 4 hours. 100 eggs were picked to another plate and 

incubated at 25oC or 27oC for 48 hours. Dauer characteristics such as 

constricted pharynx, long and thin body shape, small gonads and dauer alae 

(using a Zeiss Axio Imager Z1 microscope (DIC contrast, 63x and 100x)) 

determined dauer larvae.  

 

9.1.10 Brood Size Assay 
Single worms were maintained on single 3cm NGM plates containing OP50 and 

transferred every day until reproduction has ceased. The number of progeny 

produced each day was scored. Minimum of 10 worms were used for each 

genotype and was repeated 3 times.  
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9.1.11 Body size determination 
Images of worms were taken with Zeiss Axio Imager Z1 microscope using the 

Axiovisiob program. Body length was determined using Image J to measure the 

length of the worm. At least 25 worms were used per genotype.  

 
9.1.12 Quantitative RT-PCR and RNA sequencing analysis 
For quantification of transcript levels of daf-1 and daf-7 in N2 and hlh-

30(tm1978) worms, samples were collected after 0hr, 24hr and 48hr in ARD in 

TRIzol (Invitrogen), snap frozen in liquid nitrogen and stored at -80oC. For RNA 

isolation, samples were thawed at 37oC in a water bath and snap frozen in liquid 

nitrogen for five cycles. Samples were lysed using the water bath sonicator, 

Bioraptor, for 30mins in 30sec on and off cycles at 4oC. 120μl Chloroform was 

added to the samples and spun down at 12000 x g at 4oC. The aqueous phase 

was isolated for RNA extraction using the RNeasy Mini kit (Qiagen) according 

to the instructions. RNA concentration and quality were determined using the 

NanoDrop 2000c (peqLab) for each sample. 

 

cDNA was prepared in respect to the quantity of each sample with reverse 

transcriptase using iScript cDNA Synthesis Kit (BioRad). Pipetting of 384 well 

mRNA plates was performed using the JANUS automated workstation 

(PerkinElmer). To RNA quantification, Power SYBR Green Master Mix (Applied 

Biosystems) was used. Four technical replicates of the reaction were measured 

with ViiA 7 RealTime PCR system (Applied Biosystems). The standard program 

for comparative CT values including the melting curve was used. Primer 

validation was confirmed with the standard curve program. F44B9.5 was used 

as an internal control for RNA (See table 2 for primer sequence). 

 

For RNA sequencing analysis a minimum of 3000 worms were collected for 

each genotype and condition in TRIzol. Sample were prepared as described 

above. Libraries were quantified, followed be sequencing-by-synthesis on a 

HiSeq2500 at the Max Planck Genome Center (Cologne, Germany) 



104 
 

(https://mpgc.mpipz.mpg.de/home/). Reads were quality trimmed with Flexbar 

version 2.5, then mapped to the reference genome (WBcel235.80) using hisat2 

version 2.0.4. Respective assemblies were merged with cuffmerge, version 

2.2.1, differential gene expression analysis was performed with Cuffquant 

version 2.2.1 and Cuffdiff version 2.2.1. GO annotation and enrichment was 

performed using DAVID bioinformatics resource database analysis via the 

Flaski (version 6b4e5ee) developed by the Bioinformatics Core Facility of the 

Max Planck Institute for Biology of Ageing, Cologne, Germany. 

 
9.1.13 daf-1p::GFP Fluorescence expression with Copus Biosorter 
The strain DR1767 (mEx40[rol-6(su1006) daf-1p::GFP]) was used and crossed 

with hlh-30(tm1978). Samples were collected after 0hr, 24h and 48hr ARD in 

50ml Falcon tube and measured on the Copus Biosorter. GFP expression was 

captured using Union Biometric Copus Biosorter and measured using FlowJo.  

 

9.1.14 Imaging 
For imaging ARD worms, each genotype was mounted on 5% agarose pads in 

M9 and imaged using the Zeiss Axio Imager Z1 microscope using Zeiss 

Axiocam 506 mono camera using AxioVision software. Images were taken using 

63X DIC.  A minimum of 15-20 worms were quantified.  

 

9.1.15 Untargeted metabolomics  
After 10 days in ARD, N2 and upp-1(syb659) samples were collected in five 

biological replicates in single tubes and washed 3 times in buffer M9 solution, 

before being snap frozen in liquid nitrogen and stored at -80oC. Worm pellets 

were homogenised using Qigen tissue lyser for 30mins at 4oC. Protein 

concentration was determined using a BCA kit and the lysate volume 

corresponding to 150 μg of proteins was subjected to Bligh and Dyer extraction 

(chloroform: methanol, 2:1) for 1 hour at 4°C. Samples were centrifuged at 

maximum speed for 5 min at 4°C and supernatant was transferred into a new 

tube for drying. Before LC injections samples were reconstituted in 10% 
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aqueous acetonitrile. Samples were analysed using an untargeted method for 

total metabolomics.  
 

Analytes were separated using an UHPLC system (Vanquish, Thermo Fisher 

Scientific, Bremen, Germany) coupled to an HRAM mass spectrometer (Q-

Exactive Plus, Thermo Fischer Scientific GmbH, Bremen, Germany) using a 

modified RP-MS method from Wang L et al (L. Wang et al., 2019). Briefly, two 

microliters of the sample extract were injected into a X Select HSS T3 XP 

column, 100 Å, 2.5 μm, 2.1 mm x 100 mm (Waters), using a binary system A 

water with 0.1% formic acid, B: acetonitrile with 0.1 formic acid with a flowrate 

of 0.1 mL/min, with the column temperature kept at 30 °C. Gradient elution was 

conducted as follows: isocratic step at 0.1 % eluent B for 0.3 min, gradient 

increase up to 2% eluent B in 2 min, then increase up to 30% eluent B in 6 min 

and to 95% eluent B in 7 min, isocratic step at 95% eluent B for 2 min. Gradient 

decreases to 0.1 % eluent B in 3 min and held at 0.1% eluent B for 5 min. Mass 

spectra were recorded from 100-800 m/z at a mass resolution of 70,000 

at m/z 400 in both positive and negative ion modes using data dependent 

acquisition (Top 3, dynamic exclusion list 10 seconds). Tandem mass spectra 

were acquired by performing CID (isolation 1,5 a.u., stepped collision energy 20 

and 80 NCE). The m/z of Leucine enkephaline was used as lock mass. Sample 

injection order was randomized to minimize the effect of instrumental signal drift. 

MS data analysis was performed using Xcalibur software 4.0. 

 

For compound identification and quantification, a metabolite search was 

performed using Compound discover2.0 and m/z Cloud as online databases, 

considering precursor ions with a deviation > 5 ppm, 0.3 min maximum retention 

time shift, minimum peak intensity 100000, intensity tolerance 10, FT fragment 

mass tolerance 0.0025 Da, group covariance [%] less than 30, p-value less than 

0.05 and area Max greater or equal to 10000. When at least 2 specific fragments 

were found in the MS2 spectra, this was considered as correctly identified 

metabolites. Because of the high mass accuracy >3 ppm, predicted elemental 
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compositions of the unknown features were submitted to other online databases 

such as Chemspider (http://www.chemspider.com/), HMDB 

(http://www.hmdb.org/), KEGG (http://www.genome.jp/kegg/), METLIN 

(http://metlin.scripps.edu/).  Unassigned features were additionally submitted to 

PIUMet algorithm for pathway prediction (http://fraenkel-

nsf.csbi.mit.edu/piumet2/). The output was processed using R packages ‘gplot’ 

in order to visualize the cluster of metabolites and to highlight the connection 

between the predicted proteins and enzymes.  

 

Quantification was performed using Trace finder 4.1, using genesis detection 

algorithm, nearest RT, S/N threshold 8, min peak height (S/N) equal to 3, peak 

S/N cutoff 2.00, valley rise 2%, valley S/N 1.10. Relative quantification was 

obtained by dividing the area of individual metabolites to spiked internal 

standards (Leucine enkephaline, myrystic acid and cysteamine sodium salt). 

 

Materials 

Solution Composition 
NMG plates 25 g Agarose  

25 ml 1M KPO4 
3 g NaCl  
2.25 g Peptone 
Make up to 1L with water 
AUTOCLAVE 
Add:  
1 ml CaCl2 1M,  
5mg/ml MgSO4  
1M cholesterol  
50mg/ml Ampicillin 

ARD plates 12.5g Agarose (Ultrapure) 
1.5g NaCl 
1.26g Peptone 
12.5ml 1M KPO4 
Make up to 500ml with water 
AUTOCLAVE 
Add: 
500 l 1M CaCl2  
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500µl 1MMgSO4 
500µl 5mg/ml Cholesterol 
250 µl 50mg/ml Ampicillin 

M9 Buffer 3 g KH2PO4  
1 ml 1M MgSO4 
5 g NaCl  
6 g Na2HPO4  
Make up to 1L 
AUTOCLAVE 
Add: 
MgSO4 

RNAi Plates 17 g Agarose  
25 ml 1M KPO4  
3 g NaCl  
2.5 g Peptone  
Make up to 1L 
AUTOCLAVE 
Add: 
1 ml 1M CaCl2  
5mg/ml MgSO4  
1M cholesterol  
50mg/ml Ampicillin 
1M IPTG 

LB medium 10 g NaCl  
10 g tryptone 
5 g yeast  
Make up to 1L 
Adjust the pH to 7.0 using 1N 
NaOH 

Single worm lysis buffer 50 mM KCl  
2.5 mM MgCl2 
0.45 % NP-40 (or Triton-X100)  
10 mM Tris pH 8.3  
0.45 % Tween 
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11 APPENDIX 

Table 2: Primers used for genotyping, qPCR designed using SeqBuilder 
(DNASTAR) and CRISPR oligos.  

 



128 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



129 
 

Table 3: Complete metabolomics analysis of the differentially regulated 
metabolites between upp-1(syb659) and N2.  
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Table 4: Lifespan analysis, p-values for statistical analysis were 
calculated using Mantel-Cox Log Rank test. Worms displaying internal 
hatching or burst vulva and escaped from the plate were censored.  
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