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Poorna Murali  

Abstract 

Ageing is a complex process shaped by genetic, environmental, and stochastic factors. It is one of 

the major causes of cancer, cardiovascular, and neurodegenerative diseases. Identifying the 

underlying mechanisms and the genes that contribute to longevity would alleviate the socio-

economic burden of age-related diseases. This study focused on identifying novel anti-ageing 

genes and understanding their roles in lifespan and neuromuscular function using Drosophila 

melanogaster to use as potential drug targets.  

A previous study in our lab generated long-lived strains (S1, S2) through artificial selection, 

achieving a 15% increase in lifespan compared to controls (C1, C2). RNASeq analysis of 

differentially expressed genes (DEGs) identified candidate anti-ageing genes requiring phenotypic 

testing and validation. 

Using the GeneSwitch expression system, RNAi knockdown and overexpression of nine candidate 

genes were tested for effects on lifespan and negative geotaxis, a measure of neuromuscular 

function. However, no significant changes were observed, suggesting that the role of these genes 

in lifespan extension is not significant under the tested conditions. 

Challenges included validating gene expression, fungal infections, and technical issues with the 

GeneSwitch system, such as leaky drivers and mosaic expression. The results emphasise the 

complexity of ageing and the interplay between genetic and environmental factors. 

Future studies should focus on tissue-specific RNASeq and gene expression, expanded sample 

sizes, and multi-gene manipulations to explore synergistic effects. Combining transcriptomic, 

proteomic, and metabolomic analyses could provide deeper insights into ageing mechanisms. This 

study lays the groundwork for further exploration of genetic determinants of ageing and potential 

therapeutic strategies.  
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1. Literature Review 

The global landscape of human ageing presents a compelling scientific and societal challenge. 

According to the World Health Organization, the global population of individuals aged 60 years 

and older is expected to reach 2.1 billion by 2050, representing an increase from 962 million in 

2017 (World Health Organisation, 2024). This demographic transformation is driven by declining 

fertility rates, improved healthcare, and increasing life expectancy.  

Age-associated physiological deterioration increases the risk of cardiovascular disorders, cancer, 

neurodegenerative diseases, and diabetes. Although clinical interventions alleviate age-related 

morbidity, translational research into ageing, to understand the mechanisms that drive it, is critical.  

Although many genes have been implicated to contribute to the ageing process, there is no single 

gene or gene set that is the primary genetic cause of ageing (Kenyon et al., 2010). Identifying more 

candidate genes would provide more drug targets for potential anti-ageing interventions.  

1.1. What do we know about ageing? 

In his book On the Origin of Species, Charles Darwin proposed theories of evolution and natural 

selection. However, this posed an important question ï if evolution produced complex organisms 

that survived from birth to adulthood, with a high-functioning system, what ultimately pushes 

them to death? As a result, several theories of ageing were proposed, with the earliest in the late 

19th century. Although more than 300 theories of ageing have been proposed (Medvedev, 1990), 

they can be broadly classified into a few categories (figure 1), with key theories discussed in this 

thesis, mainly due to their influence on biogerontology.  
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Figure 1 Although there are over 300 theories of ageing, some of the most prominent theories, mainly 

based on their influence on biogerontology, are mentioned here. Categorisation of the theories is not 

universally agreed upon, and the above figure is adapted for the thesis from multiple reviews cited in text 

1.1.1. Evolutionary Theories of Ageing 

Evolutionary theories of ageing and longevity attempt to explain the differences in ageing rates 

and lifespan across species through the interplay of mutation and natural selection (Gavrilov and 

Gavrilova, 2002).  

1.1.1.1. Mutation Accumulation Theory 

Extrinsic factors, such as infections and predation, reduce the genetic contribution of elderly 

organisms to the population. This diminishes selection pressure on older individuals, allowing 

deleterious mutations to accumulate by evading natural selection. The mutation accumulation 

theory posits that ageing results from the build-up of late-acting deleterious mutations (Medawar, 

1952).  

An example supporting this theory is the manifestation of late-onset genetic disorders like 

Huntingtonôs disease, which often arise after reproductive age and thus escape strong selective 

pressure (Albin, 1993). The theory also suggests that protection from extrinsic mortality 

contributes to longevity. For instance, arboreal mammals generally outlive terrestrial ones due to 

reduced predation risks (Shattuck and Williams, 2010). Similarly, chemical defence mechanisms 
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increase lifespan in amphibians but not in snakes, as they serve defensive rather than offensive 

purposes in the former (Hossie et al., 2013). 

However, the theory does not explain why specific ageing phenotypes occur or the mechanisms 

driving the ageing process. Although somatic mutations accumulate with age, the relatively 

modest burden and stochastic nature of these mutations suggest that mutation accumulation alone 

may not fully account for ageing (Chatsirisupachai and de Magalhães, 2024). In Alzheimerôs 

disease neurons, somatic mutations were distributed randomly across the genome and did not 

overlap with known risk loci. These mutations might be secondary effects caused by the high 

accumulation of reactive oxygen species (ROS) in neurons from Alzheimerôs patients (Miller et 

al., 2022). 

1.1.1.2. Antagonistic Pleiotropy Theory 

Antagonistic pleiotropy theory is a key evolutionary explanation for ageing. It suggests that genes 

beneficial in early life, but detrimental later, persist because their early advantages enhance 

reproductive success, outweighing post-reproductive harm (Williams, 1957). As natural selection 

weakens with age, these late-life effects are not effectively removed from the population. This 

theory predicts that species exposed to higher environmental risks, such as predation, may evolve 

to reproduce earlier, leading to faster ageing. In contrast, species with extended post-reproductive 

lifespans, such as humans, may evolve mechanisms to mitigate these late-life disadvantages. 

Huntingtonôs disease provides a notable example supporting this theory. The disease-causing 

alleles escape elimination through selection as they confer early-life fertility advantages (Carter 

and Nyugen, 2011). Another example involves fibroblasts. These cells produce growth factors, 

chemokines, and extracellular matrix, facilitating wound healing and tumour suppression (Kalluri 

and Zeisberg, 2006). However, senescent fibroblasts in humans promote tumour formation by 

inducing proliferation in malignant and pre-malignant cells in mice. This contrasts with their early-

life role in tumour suppression, highlighting antagonistic pleiotropy in cellular senescence 

(Krtolica et al., 2001). Another widely observed trade-off supporting this theory is between 

reproduction and longevity. Studies in multiple organisms show that early reproduction often 

comes at the cost of reduced lifespan. Early-breeding North American red squirrels have lower 

survival rates compared to late breeders (Descamps et al., 2006). 

However, the theory has limitations. It does not account for genes that are neutral or harmful 

throughout life, nor does it explain interspecies variation in ageing, particularly in species with 
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negligible senescence, such as turtles (da Silva et al., 2022). Additionally, some species show no 

trade-off between reproduction and longevity, particularly in captive mammals and birds (Ricklefs 

and Cadena, 2007). The interactions between environment, lifestyle, and genetic predispositions 

are also not fully addressed by this theory.  

1.1.1.3. Disposable Soma Theory 

Building on previous theories, it has been proposed that organisms allocate finite energy and 

nutrient resources between somatic maintenance and reproduction. Greater investment in somatic 

maintenance ensures long-term survival but reduces resources available for reproduction. 

Conversely, allocating fewer resources to repair and maintenance allows for increased growth and 

reproduction but leads to the accumulation of molecular damage, driving ageing. This damage 

includes telomere attrition, mitochondrial dysfunction, and protein aggregation, which impair 

cellular signalling, trigger inflammation, and induce senescence, resulting in physical decline 

(Kirkwood, 1977). 

While the germline is preserved to ensure species survival, the soma is considered disposable after 

reproduction. Supporting this, a study on British aristocracy found that women with longer 

lifespans had fewer children, suggesting a trade-off between longevity and reproductive success 

(Westendorp and Kirkwood, 1998). However, this study has been criticised for limitations, 

including its focus on a population with reduced fecundity and an overrepresentation of childless 

women (Le Bourg, 2001). The theory also assumes strict trade-offs, which are not universal. For 

instance, baboons exhibit long lifespans despite high reproductive output (Rhine et al., 2000). 

Additionally, species like naked mole rats challenge the theory; despite producing similar levels 

of reactive oxygen species (ROS) as mice and lacking superior antioxidant systems, they are 

significantly longer-lived (Lewis et al., 2013). While the absence of trade-offs does not entirely 

disprove the theory, it highlights that not all predictions are consistently met (Le Bourg, 2001). 

1.1.2. Mechanistic Theories of Ageing 

Evolutionary theories attempt to explain why organisms age, while mechanistic theories focus on 

ageing-causing mechanisms. Mechanistic theories are further sub-categorised into program 

theories, damage theories and combined theories. According to programmed theories, ageing 

follows a genetic timetable that regulates its pace, while damage or error theories attribute ageing 

to the cumulative effects of environmental factors, leading to the accumulation of biological errors 

over time.   
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1.1.2.1. Free radical Theory 

In the early 20th century, Raymond Pearl's rate of living theory proposed that lifespan is inversely 

related to metabolic rate and body size in mammals. Larger mammals generally live longer than 

smaller ones because smaller mammals, such as mice, typically have higher metabolic rates than 

larger mammals like elephants. These higher metabolic rates were thought to accelerate the 

accumulation of cellular damage. Environmental conditions that reduce the metabolic rate inC. 

elegans have been shown to extend lifespan, suggesting a positive correlation between metabolic 

stability and longevity (Van Voorhies and Ward, 1999; Olshansky and Rattan, 2009).  

However, the rate of living theory does not account for outlier species with similar body sizes but 

vastly different lifespans. For example, a naked mole rat has an average lifespan of 30 years, while 

a similarly sized mouse lives only 3ï4 years, and bats can live up to 37 years (Buffenstein, 2005; 

Hemann and Greider, 2000; Magalhães et al., 2007). The theory also fails to explain intraspecies 

variation, such as smaller dog breeds living longer than larger ones (Selman et al., 2013). While 

the rate of living theory does not fully explain the genetic, environmental, and evolutionary factors 

influencing ageing and has fallen out of favour, it laid the foundation for many subsequent theories 

exploring the relationship between metabolism and ageing.  

According to the oxidative stress theory or free radical theory, metabolic by-products affect ageing. 

Metabolic reactions partially reduce oxygen metabolites into reactive oxygen species (ROS).  

Accumulation of ROS with age and/or increased metabolic activity leads to oxidative damage, 

imitating conditions caused by irradiation, resulting in mutations, cancer, and ageing (Harman, 

1956). The theory predicts that lifespan correlates with the ability to neutralize ROS, with long-

lived species having more effective antioxidant systems.  

Overexpressing enzymes that reduce ROS production, like superoxide dismutase (SOD) and 

catalase, increased Drosophila lifespan by 30-40% and 65% in worms (Orr and Sohal, 1994; 

Parkes et al., 1998; Larsen, 1993; Kirkwood, 2012). However, knockout of glutathione peroxidase 

in mice does not alter mean survival when exposed to hyperoxia (Ho et al., 1997). SOD 

overexpression in C. elegans could increase lifespan by activating pro-longevity genes instead of 

removing oxygen radicals (Cabreiro et al., 2011). This questions the universality of this theory of 

ageing.  
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1.1.2.2. Telomere Attrition 

The telomere attrition theory of ageing attributes ageing to the progressive shortening of telomeres. 

Telomeres, repetitive sequences at chromosome ends, prevent the loss of genetic information 

during cell division and protect chromosomes from degradation and erroneous recombination 

(Harley et al., 1990). Telomere shortening arises from end-replication errors by DNA polymerases 

during replication and is exacerbated by oxidative stress, inflammation, and environmental factors. 

Critically shortened telomeres halt cell division and induce replicative senescence, contributing to 

organismal ageing. Senescent cells may adopt a senescence-associated secretory phenotype 

(SASP), which serves as a tumour-suppressive mechanism by preventing the proliferation of 

damaged cells. However, the accumulation of senescent cells and reduced regenerative capacity 

due to telomere attrition leads to tissue dysfunction and ageing-related decline. Telomere 

shortening is linked to weakened immune function, impaired wound healing, and increased 

susceptibility to age-related diseases (He and Sharpless, 2017). 

Telomere length correlates with lifespan in many species. In mice, defective telomeres cause 

chromosomal abnormalities, premature ageing phenotypes, shortened lifespan, and increased 

cancer risk, while in aged baboons, skin fibroblasts show damaged telomeres (Sahin and DePinho, 

2010; Herbig et al., 2006). However, telomere shortening is not universal across species. Mice 

lacking the telomerase gene display no ageing-related defects or reduced lifespans until three 

generations post-knockout (Blasco et al., 1997). Additionally, species with shorter telomeres may 

have similar lifespans as those with longer telomeres, as observed in rodents (Hemann and Greider, 

2000). Humans have shorter telomeres but longer lifespans than rodents, suggesting that the rate 

of telomere shortening may be a better lifespan predictor than absolute telomere length 

(Whittemore et al., 2019). But multiple species need to be investigated to answer many other 

questions, and hence the theory is not a prevalent theory, although telomere attrition is considered 

an ageing biomarker (López-Otín et al., 2023).  

1.1.3. Quasi-programmed Theories of Ageing 

Quasi-programs are continued processes or hyperfunctional programs that havenôt been switched 

off upon completion (Blagosklonny, 2021).  
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1.1.3.1. Hyperfunction theory 

The hyperfunction theory of ageing suggests that ageing results from the dysregulation of growth 

and developmental processes that persist beyond their intended timeframe, leading to the 

accumulation of damage and dysfunction (Blagosklonny, 2012). Processes such as growth and 

cell proliferation, which are tightly regulated during development to ensure proper tissue 

formation, may remain overactive later in life. This overstimulation, particularly of pathways like 

mTOR and IIS, accelerates organismal decline, promoting cellular damage, senescence, and 

cancer. For example, early-life treatment of mice with rapamycin, an mTOR inhibitor, delayed 

reproductive maturity and extended median lifespan by 10%. Similarly, in Daphnia magna (a 

planktonic crustacean), rapamycin treatment extended lifespan while reducing body size 

(Shindyapina et al., 2022). 

1.1.4. Other recent ageing theories 

1.1.4.1. Epigenetics 

Epigenetic theories of ageing are modern theories of ageing propose that changes in epigenetic 

regulation significantly contribute to the ageing process. The epigenetic clock theory posits that 

DNA methylation patterns can accurately predict chronological and biological age (Li et al., 2022). 

The information theory of ageing suggests that the loss of epigenetic organisation, rather than 

genetic code changes, is a reversible driver of ageing (Yang et al., 2023). The histone modification 

theory highlights how alterations in histone modifications, such as acetylation and methylation, 

affect gene expression and contribute to ageing (Zhang et al., 2023). These epigenetic theories, 

along with others, provide a framework for understanding how environmental and lifestyle factors 

influence ageing beyond genetic predisposition. They also highlight potential targets for 

therapeutic interventions aimed at slowing or reversing the ageing process.  

1.1.4.2. Inflammageing 

Theories linking chronic, low-grade inflammation with ageing suggest that this persistent 

inflammatory state significantly contributes to the ageing process and age-related diseases 

(Franceschi et al., 2000). The network theory of ageing attributes ageing to a multifactorial 

mechanism involving defective mitochondria, aberrant proteins, free radicals, and impaired 

antioxidant enzymes (Kirkwood and Kowald, 1997). The oxidation-inflammation theory proposes 

that oxidative stress and inflammation are interconnected, jointly driving ageing (Miquel, 2009). 

Additionally, the inflammatory clock of ageing posits that biological age can be estimated by 
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measuring inflammatory mediators, such as the chemokine CXCL9, in the blood (Aranda et al., 

2024). Together, these theories highlight the complex relationship between inflammation, 

physiological processes, and ageing, providing insights into potential therapeutic targets for 

promoting healthy ageing. 

1.2. Gerontology  

Lifespan is species-specific despite shared biochemistry, as demonstrated by the 30-year lifespan 

of naked mole rats compared to the 4-year lifespan of similarly sized mice, suggesting a genetic 

component (Munro et al., 2019). Gerontologists must account for both conserved lifespan-

regulating mechanisms and variations in ageing processes across/within species. Practical factors 

like lab techniques, resources, expertise, and technology, along with study objectives, time 

constraints, and experimental design all influence the selection of experimental model. 

1.2.1. How do we study ageing in humans? 

Human ageing is characterized by a decline in physiological homeostasis, physical, and cognitive 

functions. As ageing correlates with increased disease susceptibility and mortality, geroscience 

aims to slow ageing by investigating its mechanisms. Centenarians (100+ years) and super-

centenarians (110+ years) are of particular interest as they surpass typical mortality limits (Robine 

and Vaupel, 2002). Studying their phenotypes, compared to younger individuals, may deepen our 

understanding of human ageing, prompting studies on their health span (Zenin et al., 2019). 

Whole genome analysis tests the correlation between phenotypes of interest and common SNP 

variants. Alleles associated with reduced lifespan should decline in older individuals, while alleles 

linked to longevity should increase. However, studying lifespan as a phenotype is challenging, as 

it requires data collected at life's end, but genotypes can only be taken from living individuals. 

This can be addressed by studying the lifespan of deceased parents from specific birth cohorts and 

using their progenyôs genotypes for association mapping. Such studies, however, demand large 

sample sizes for robust statistical associations (Pilling et al., 2016; Joshi et al., 2016). Human 

studies are limited by small sample size, high costs, and extensive investment of time and 

resources. It is further confounded by study dropouts, lifestyle factors, and ethical concerns 

(Melzer et al., 2020). This necessitates the use of model organisms to study ageing mechanisms.   
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1.2.2. The ideal model organism 

No single organism serves as a perfect model due to inherent strengths and limitations. The choice 

of model organism depends on the specific requirements of the study. Vertebrates are 

advantageous for their physiological similarity to humans but are constrained by significant 

financial and ethical challenges. Conversely, invertebrates, despite their evolutionary divergence, 

provide valuable insights due to conserved genes and pathways. However, findings in 

invertebrates are not always directly translatable to humans. By leveraging their individual 

experimental advantages, invertebrates can form an effective discovery pipeline for identifying 

evolutionarily conserved lifespan-enhancing interventions, which can then be tested in longer-

lived vertebrate systems (Piper and Partridge, 2018). 

 

Figure 2 Phylogenetic tree of humans, and classic model organism used in ageing showing divergence of 

species over millions of years. Human-chimpanzee is a relatively recent divergence (around 30 million 

years) while human-fruit fly diverged more than 700 million years ago (Image generated based on 

information from Roede et al (2013)) 

 

1.2.2.1. In-vitro studies 

Cell cultures allow in-vitro study of ageing pathways by manipulating gene expression, cellular 

mechanisms, and culture conditions (Phipps et al., 2007).  Some of the most commonly used cells 
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- fibroblasts, induced pluripotent stem cells and their derivatives, and immune cells ï are used to 

study ageing mechanisms, neurodegenerative diseases, cardiovascular diseases, and 

immunosenescence (Campisi, 2013; Pitrez et al., 2024). Fibroblasts were used to establish the 

Hayflick limit which demonstrated that cells have finite proliferation in culture (Hayflick, 1965). 

Senescent cells characterised by arrested growth, have a secretory phenotype called senescent-

associated secretory phenotype (SASP) which could explain the role of cellular senescence in 

organismal ageing (Campisi et al., 2011). However, tissue and organ-level information is limited 

in cell culture studies. This can be addressed by using organoids, but the setup is more expensive 

(Hu et al., 2018). These techniques require specific technical expertise and are more labour-

intensive.  

1.2.2.2. Unicellular ageing model  

1.2.2.2.1. Yeast (Saccharomyces cerevisiae and Saccharomyces pombe) 

The budding yeast, Saccharomyces cerevisiae, has a short lifecycle (2 hours) and a fully sequenced 

genome, making it a good candidate for basic ageing studies. It allows high throughput studies 

like screening pharmacological compounds and offers both replicative and chronological lifespan 

models (Mirisola et al., 2014). Many ageing-associated pathways in humans are conserved in yeast. 

Unlike cell models, yeast is a complete organism offering a holistic image of ageing processes. 

However, like cell culture studies, yeast cannot provide information on tissue and organ ageing 

mechanisms (Zimmermann et al., 2018). However, initial studies in yeast can help develop 

intervention studies and design calorie restriction mimetics to be tested in higher organisms 

(Howitz et al., 2003).    

1.2.2.3. Multicellular vertebrate ageing model  

1.2.2.3.1. Mus musculus and Rattus norvegicus 

Rodents are widely used in ageing studies, offering species with varying lifespans for comparative 

research. Mice (Mus musculus) and rats (Rattus norvegicus) have an average lifespan of 3 years 

and share physiological similarities with humans. Approximately 99% of mouse genes have 

human orthologues, and their well-characterized mutant and inbred strains enable protocol 

reproducibility and in-depth biological investigation (Vanhooren and Libert, 2013; Kõks et al., 

2016; Taormina et al., 2019).  
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Many mice strains exhibit accelerated or delayed ageing and are responsive to caloric 

manipulation, making them suitable for survival, physiological, and behavioural studies 

(Taormina et al., 2019; Giacomello and Toniolo, 2021). However, their use is limited by higher 

maintenance costs, handling expertise, and ethical concerns, as well as differences in DNA repair, 

immune responses, and protein expression compared to humans. 

Invertebrates, though physiologically distant from humans, are valuable models for longevity 

studies due to their ease of genetic manipulation, short lifespans, large sample sizes, and minimal 

ethical concerns. 

1.2.2.4. Multicellular invertebrate ageing models  

1.2.2.4.1. Caenorhabditis elegans 

Since the early 21st century, the hermaphroditic nematode Caenorhabditis elegans has become a 

primary model for ageing studies due to its short lifespan (3 weeks), ease of handling, well-

annotated genome, orthologous similarity to humans, and robust genetic tools (Mack et al., 2018). 

Despite its simplicity (about 1000 cells), C. elegans possesses distinct tissues and organs. It was 

the first fully sequenced multicellular organism, with protein-coding genes sharing 40-80% 

similarity to humans (C. elegans Sequencing Consortium, 1998; Wheelan et al., 1999). Its 

extensive RNAi library enables screening for ageing genes, and its transparent body allows live 

imaging of age-related changes. C. elegans exhibits plasticity in ageing, with more than 10-fold 

increases in lifespan through various interventions (Kern et al., 2023). It also facilitates the study 

of tissue-specific age-related phenotypes and epigenetic regulation of ageing (Zhang et al., 2020). 

Studies in C. elegans pioneered the discovery of multiple ageing genes and pathways, including 

IIS and nutrient sensing pathways, epigenetic modifiers, and protein homeostasis decline with age 

(Denzel et al., 2019; Naranjo-Galindo et al., 2022). It also exhibits age-associated changes such 

as tissue degeneration, reduced movement, and reproductive cessation (Huang et al., 2004; Hughes 

et al., 2007). Additionally, the dauer larval stage, induced under unfavourable conditions, is 

resistant to stress and ageing, resuming normal development under ideal conditions (Riddle et al., 

1981). 

While studying the dauer stage has led to discoveries of key longevity pathways, its relevance to 

vertebrates remains limited. C. elegans does not have blood transport systems or blood-brain 

barrier, and equivalents to some human age-related conditions (McElwee et al., 2006). 
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Furthermore, studies on somatic stem cell biology, telomere attrition, immunosenescence, and the 

senescence-associated secretory phenotype (SASP) are constrained by the roundwormôs simple 

body structure (Raices et al., 2005; Lans and Vermeulen, 2015). 

1.2.2.4.2. Drosophila melanogaster 

Drosophila melanogaster (fruit fly) is a widely used model organism for longevity studies, with 

an average lifespan of 70 days at 25°C (Piper and Partridge, 2018). Its well-defined life stages, 

fully sequenced genome, ease of maintenance, genetic manipulation, and access to stocks with 

altered gene profiles contribute to its popularity as a model (Helfand and Inouye, 2003; Tower, 

2019). 

Drosophila has structures analogous to mammalian organs. Biomarkers, such as advanced 

glycation end products and carbonylated proteins, show age-related changes in both flies and 

humans (Jacobson et al., 2010). Molecular ageing pathways in Drosophila are highly conserved 

(77%) in mammals, with 14,000 genes belonging to the same families as mammals, and 715 of 

the 929 human disease genes having Drosophila analogues, enabling functional analysis of human 

ageing orthologues. They also have complex organ systems analogous to human systems (Reiter 

et al., 2001; Geesaman, 2006; Pandey and Nichols, 2011). Drosophila models have been 

developed to study age-related processes, including stem cell decline, Alzheimer's disease, and 

cardiovascular deterioration. Their complex nervous system facilitates the behavioural assays to 

assess age-associated cognitive decline (Ding et al., 2022). Post-mitotic cells, a key focus in 

human ageing, are well-suited for study in Drosophila, which contains synchronously ageing cell 

populations (Arking and Buck, 1995; Helfand and Inouye, 2003). The extensive availability of 

mutant and transgenic strains, inducible gene expression systems, and RNAi libraries allow large-

scale demographic screens in Drosophila (He and Jasper, 2014; Perkins et al., 2015).  
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Table 1 Most commonly used model organisms to study ageing, with their respective advantages and 

disadvantages 

Model Organism Lifespan Number 

of 

protein 

coding 

genes 

Advantages Disadvantages 

Yeast 1ï2 

weeks 

~ 6000 Simple growth 

requirements, well 

annotated genome, rapid 

growth, ease of genetic 

manipulation, conserved 

ageing pathways (TOR) 

can be studied 

Limited relevance to 

multicellular ageing 

and complex 

organismal processes 

Caenorhabditis 

elegans 

2-3 

weeks 

~19,000 Short lifespan, low 

research costs, 

conserved ageing 

pathways (IIS), ease of 

genetic manipulation, 

availability of transgenic 

and mutant libraries, 

high throughput 

screening, high 

fecundity, easy 

maintenance, transparent 

body that is ideal for 

imaging studies, strains 

can be frozen and 

revived for future use, 

minimal or no ethical 

concerns 

Lack of specific organs 

and organ systems 

(vascular, endocrine) 

comparable to 

vertebrate models, lack 

of adult stem cells, not 

ideal for drug 

intervention studies, 

lack of adaptive 

immunity, limited 

physiological relevance 

to human ageing 
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Drosophila 

melanogaster 

~3 

months 

~14,000 Short lifespan, low 

research costs, ease of 

genetic manipulation, 

availability of transgenic 

and mutant libraries, 

extensive genetic tools, 

high throughput 

screening, high 

fecundity, easy 

maintenance, minimal or 

no ethical concerns, 

presence of stem cells, 

wide range of tissue 

types, distinct 

developmental stages 

Limited physiological 

relevance to human 

ageing, limited in 

modelling complex 

tissues like the liver or 

kidney 

Rodents 2-3 years ~23,000 Relatively short-lived 

mammal, highly 

conserved genetic and 

proteomic profiles with 

humans, well-

established transgenic 

and knockout 

technologies, disease 

investigative models, 

can be used for drug 

testing and screening, 

availability of many 

genetic and disease-

model strains, can be 

used to study tissues and 

systems at a high 

Requires ethical 

clearance and training 

to handle animals, high 

research costs, low 

throughput screening, 

time-consuming for 

lifespan studies 
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physiological 

complexity 

Non-human 

primates 

30-60 

years 

~20,000 Closely related to 

humans in physiology 

and genetics, models 

complex human ageing 

processes and diseases 

 

High research costs, 

long developmental 

periods and lifespans, 

high ethical concerns, 

difficult to work with, 

small sample sizes 

Humans ~80 

years 

~22,000 Highly relevant for 

understanding human 

ageing and improving 

health, availability of 

extensive medical 

records, epidemiological 

data, and longitudinal 

cohort studies for robust 

analysis of ageing trends 

and factors, studying 

complex traits across 

diverse phenotypes 

High research costs, 

long developmental 

periods and lifespans, 

high ethical concerns, 

difficult to work with, 

small sample sizes, 

difficult to perform 

intervention studies, 

difficulty controlling 

environmental variables 

 

1.3. Gerontogenes 

Organismal wear-and-tear induces cellular and molecular damage, countered by DNA repair 

mechanisms. Inefficient repair pathways, often seen in ageing, result from mutations in genes 

involved in these processes. These genes, termed longevity assurance genes or gerontogenes, 

regulate stress response, antioxidative defense, repair, maintenance, and genetic information 

transfer, thus directly influencing lifespan (Rattan, 2006). Genes impact survival at older ages 

through longevity- or disease-associated pathways (Hjelmborg et al., 2006). With approximately 

35% of human lifespan heritability attributed to genetics, understanding the genetic mechanisms 

of longevity is crucial for improving human lifespan and health span (van den Berg et al., 2019). 
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1.3.1. Searching for single gene mutations that cause longevity 

Studies in model organisms have mapped highly conserved key genes and pathways regulating 

ageing. Using genetic approaches, lifespan-altering mutations and/or mechanisms can be 

identified without dependence on preconceived ageing models. By employing forward genetics 

approach, mutants with altered lifespan were screened to identify gerontogenes.  

Studies in flies discovered mutant strains and X-ray-induced mutations with accelerated ageing 

compared to wild-type strains (Gould and Clark, 1977; Leffelaar and Grigliatti, 1983). Mutant 

worm strains with spontaneous dauer formations, defective chemotaxis, or paralysis had increased 

lifespan. However, this was attributed to calorie restriction, not a longevity-associated locus (Klass, 

1983). Lifespan-extending mutations and mutant strains indicate genes and/or gene products that 

alter lifespan-limiting molecular and physiological processes.  

The first well-characterised lifespan-extending genetic locus was age-1, in C. elegans. Mutation 

in age-1 increased mean lifespan by 40-65% and maximum lifespan by 60-110%, at different 

temperatures, without affecting worm development or behaviour. The worms had reduced fertility 

without affecting the length of the reproductive period, which could contribute to the longevity 

phenotype (Friedman and Johnson, 1988).  Mutations in genes responsible for dauer formation in 

worms, daf-2 and daf-16, doubled the lifespan. However, other daf genes did not affect lifespan, 

suggesting that dauer formation and lifespan extension can be uncoupled (Kenyon et al., 1993). A 

key mediator in endocrine signalling, daf-2 encodes an insulin receptor (Kimura et al., 1997). This 

redirected gerontogenes discovery studies to the insulin signalling pathways.  

Mutations in the insulin-like receptor (InR) gene of D. melanogaster, homologous to mammalian 

insulin receptor and daf-2 in C. elegans, induced developmental delays, dwarfism and female 

sterility, resembling the phenotypes of tyrosine kinase receptor loss (Chen et al., 1996). Mutations 

in InR extended adult lifespan (by 85% in females) but reverted to wild-type level when treated 

with a juvenile hormone analogue. Lifespan effects could be due to the deficiency of the juvenile 

hormone analogue resembling diapause/dauer-like conditions (Tatar et al., 2001). Mutations in the 

gene for an insulin receptor substrate in flies, chico, increased lifespan by 36-48%, and was not 

correlated with increased stress resistance, impaired oogenesis or dwarfism. This established that 

insulin/IGF signalling was evolutionarily conserved in regulating animal ageing (Clancy et al., 

2001).  
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1.3.2. Searching for longevity/stress-resistance phenotypes and identifying 

genes responsible for them 

Due to the conservation of genetic, molecular, and physiological pathways across organisms, 

specific pathways can be tested for their effect on lifespan and ageing. Prominent ageing theories 

link stress, insulin signalling and chromatin silencing with lifespan. Exploiting this relationship 

identified many gerontogenes.  

1.3.2.1. Role of IIS/IGF Pathway in Ageing 

The earliest longevity correlation determined that calorie restriction significantly increased mice 

lifespan (McCay et al., 1935). Dietary restriction (DR) could potentially redirect resources to 

somatic maintenance through various pathways (Holliday, 1989). The discovery of long-lived daf-

2 (an insulin receptor analogue) and daf-16 (transcription factor homologous to forkhead 

transcription factor O) mutants implicated the insulin/IGF-1 signalling (IIS) pathway in 

influencing ageing (Kenyon et al., 1993). Slowing of ageing by mutations in chico (insulin/insulin-

like growth factor) is dependent on nutrient content, i.e., they both occur by overlapping 

mechanisms, confirming the role of the IIS/IGF pathway in nutrient sensing and longevity (Clancy 

et al., 2002).  

The IIS/IGF signalling pathway and its role in longevity are conserved across species. Mice with 

fat-specific insulin receptor knockout (FIRKO) had an 18% increase in mean lifespan (~134 days). 

They also had reduced fat mass and protection against age-related obesity and metabolic issues, 

despite normal food intake, suggesting that reduced fat mass, independent of caloric restriction, 

may enhance longevity through effects on insulin signalling (Bluher et al., 2003). dFOXO, a 

Drosophila analogue of daf-16, extends female lifespan by 20-50% and reduces fecundity by 50% 

when overexpressed in adult fat body (Giannakou et al., 2004). Increasing dFOXO in fat body of 

the brain decreases circulating insulin peptides, significantly delaying ageing (Hwangbo et al., 

2004). 

1.3.2.2. Heat Stress and Longevity 

Heat shock proteins (Hsp) protect cells from a broad spectrum of damage, including heat 

(Lindquist, 1986). DR increased Hsp expression in mice, partly explaining the mechanism of DR 

action on longevity (Aly et al., 1994). Unrelated yeast strains with varied lifespans were 

mutagenised by exposure to starvation, heat shock and other stress assays. A genetic screen 
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identified mutations in 4 genes ï UTH-1, UTH-2, UTH3, and UTH-4 - that increased lifespan by 

20-55% in stress-resistant strains. UTH-2 is homologous to SIR4, a yeast-silencing gene. 

Mutations in SIR4 change its locus of activity, increasing lifespan by 30% (Kennedy et al., 1995).  

As thermotolerance is closely associated with longer lifespans, screening for genetic mutations 

based on longevity-associated phenotypes is less time-consuming than testing the lifespan 

phenotype (Walker et al., 1998). Methuselah (mth), a gene coding for a family of G protein-

coupled receptors, aids synaptic transmission in Drosophila larvae. Mutations in mth increased 

mean lifespan by 35% and increased resistance to starvation, high temperature, and dietary 

paraquat (Lin et al., 1998; Ja et al., 2009). Investigation of Drosophila enhancer-trap lines revealed 

two lines with 40-80% increased lifespan, without decreasing fertility/fecundity, neuromuscular 

activity, or behaviour. Analysis of the insertion site helped discover mutations in Indy (Iôm not 

dead yet), a dicarboxylate in Krebôs cycle (Rogina et al., 2000).   

1.3.2.3. Antioxidants and Ageing 

Reactive oxidant species (ROS) are metabolic by-products of cellular processes, and their over-

accumulation over time causes damage, leading to ageing (Harman, 1956; Sohal and Weindruch, 

1996). Enzymes like superoxide dismutase and catalase protect cells against ROS activity. 

Overexpression of MnSOD and CuSOD increased mean lifespan by 16-33% in flies (Sun et al., 

2002). However, oxidative stress does not correlate to longevity and heat stress is positively 

correlated with longevity in C. elegans, making a strong argument against oxidative stress as an 

important determinant of longevity (Benedetto et al., 2019). 

1.3.2.4. Role of TOR (Target Of Rapamycin) in Longevity 

Rapamycin, an immunosuppressant, arrests cell cycle growth in yeast. Mutations in the TOR1 and 

TOR2 (TOR ï target of rapamycin) genes confer rapamycin resistance, and the genes are 

homologous to the human, fly and worm variants (Heitman et al., 1991; Brown et al., 1994; 

Oldham et al., 2000). TOR enzymes are checkpoint kinases in a growth-regulating nutrient-

sensing signalling pathway (Fafournoux et al., 2000).  

In C. elegans, downregulation of TOR by RNAi doubles the lifespan, independent of daf-16 

(Vellai et al., 2003). In flies, ubiquitous overexpression of the dTOR gene with a rapamycin-

binding domain increased mean lifespan by 24% at 29°C. In DR conditions, inhibition of TOR did 

not extend lifespan, supporting the idea that TOR extends Drosophila lifespan by dietary 
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restriction (Kapahi et al., 2004). In human cells, senescence induced by DOX (doxorubicin), a 

DNA-damaging agent, was rescued by TOR inhibition (Demidenko and Blagosklonny, 2008).  

 Late-life feeding of rapamycin to mice increased their lifespan by 14% in females and 9% in 

males (Harrison et al., 2009), emphasising the importance of TOR pathway in regulating lifespan 

across species.  

1.3.2.5. Protein repair and lifespan 

Ubiquitous over-expression of protein carboxyl methyltransferase (PCMT), a repair protein, at 

29°C, increased lifespan by 32-39% and enzyme activity by 3- to 7-fold.  However, no lifespan 

extension occurred at 25°C, indicating a temperature-dependent impact on longevity, highlighting 

the role of protein repair in lifespan under certain environmental conditions (Chavous et al., 2001).   

1.3.3. Genome-wide association studies (GWAS) 

Genome-wide association studies (GWAS) identify genotype-phenotype associations by 

comparing whole genomes across individuals. GWAS is performed using whole genome 

sequencing or SNP arrays. Initially used to find polymorphisms linked to age-associated macular 

degeneration, GWAS has since uncovered genetic variants related to coronary artery disease, type 

2 diabetes, and cancers (Klein et al., 2005; Nikpay et al., 2015; Mahajan et al., 2014; Sud et al., 

2017). 

Although expensive and explaining only a small fraction of heritability with limited effect sizes 

and challenging replication, larger sample sizes enhance loci discovery rates. Despite its cost, 

GWAS remains an unbiased approach for identifying loci of complex traits without requiring prior 

biological knowledge (Manolio et al., 2009; Visscher et al., 2012). 

One of the earliest human GWAS studies identified a longevity locus on chromosome 4 (Puca et 

al., 2001). Subsequent GWAS studies identified allelic variants in AKT1, FOXO and APOE genes 

that are associated with human longevity (Lunetta et al., 2007; Pawlikowska et al., 2009; Nebel et 

al., 2011; Wright et al., 2019). The Ů4 allele of APOE, which promotes premature atherosclerosis, 

is significantly less frequent in centenarians compared to controls, suggesting pleiotropic age-

dependent effects on longevity (Schächter et al., 1994). GWAS studies on supercentenarians 

showed that age of onset and absence of diseases is homogenous, indicating common mechanisms 

across longevity phenotypes (Garagnani et al., 2013). 



20 
 

1.3.4. Selection for Longevity 

Based on damage theories, ageing is the late-life expression of deleterious mutations with or 

without pleiotropic effects. Early selection experiments focussed on senescence and reproductive 

trade-offs. 

Age at reproduction was considered a major factor affecting longevity, with progeny of young 

parents living longer than those with old parents in Philodina citrina, a parthenogenic rotifer 

(Lansing, 1947). Selecting for longevity is a more straightforward approach to identifying 

gerontogenes. Exploiting the longevity phenotype would reveal the genetic makeup of the long-

lived organisms, and if they follow mutation accumulation or antagonistic pleiotropy model of 

ageing.  

Eight generations of selection for increased longevity in Drosophila melanogaster had no 

selection response, although all lines exhibited a significant longevity increase between F2 and F4 

generations. This increase was not due to genetic drift or environmental changes, nor was the lack 

of selection response caused by insufficient selection pressure, lack of genetic variability, 

measurement errors, or recurrent old-age reproduction (Lints et al., 1979).  

Natural selection for late-age fitness in flies increased late-life fecundity, female longevity, and 

reproductive duration, while early fecundity and average egg-laying rate declined (Rose and 

Charlesworth, 1981; Rose, 1984). When selected for late reproduction, Drosophila melanogaster 

populations had significantly longer lifespans and delayed senescence, accompanied by reduced 

early fecundity, indicating pleiotropic genetic control of the ageing process (Luckinbill et al., 

1984). Selection for age-at-reproduction could target increased late fecundity, which is dependent 

on selection for increased longevity (Clark, 1987). However, both studies did not control larval 

densities, potentially confounding the findings. High larval density cultures give rise to smaller 

adults with increased mean lifespans in flies (Shenoi et al., 2015), while in mice, crowding during 

early life increases mean and maximal lifespan, and increased insulin sensitivity with age 

(Sadagurski et al., 2014).  

Selecting for longevity produced two lines, "young" and "old," derived from young and old adult 

flies. Virgin and mated flies from the old lines lived longer than those from the young lines, with 

the old lines showing higher later-life fecundity and fertility. This suggests a reproductive trade-

off with longevity, potentially due to mutation accumulation or pleiotropic factors, excluding 
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early-life fecundity. However, a key limitation was the differences in reproductive history between 

the lines (Partridge and Fowler, 1992). 

Addressing the limitations of the previous selection experiments, a familial method of selecting 

for longevity was developed, where sibling progeny of single-pair crosses were reared at different 

temperatures (Zwaan et al., 1995). Progeny preordained as parents for the next generation were 

maintained at 15°C, while their siblings were maintained at 29°C, effectively exploiting its 

poikilothermic nature, where low temperatures increase lifespan (David, 1988; Zwaan et al., 1992). 

Median lifespan of the flies at 29°C determined the parental strains for the next generation of 

selection. Six of the longest-lived and six of the shortest-lived strains were the ñselectedò strains, 

while six random families were chosen as controls. This was repeated for 6 generations, and both 

sexes were housed separately until mating, to avoid any confounding effects of reproduction.  

In both sexes, selection for increased lifespan was significantly high and heritable, without 

relaxation of the selection response. Control lines, particularly females, had a significant decrease 

in lifespan. Adult body weight, viability, and starvation resistance were not significantly different 

between long-lived-selected and control strains. Short-lived selected strains were less successful 

than long-lived selected strains, however, recombining lines and easing selection pressure for two 

generations significantly improved their response. Familial selection is a successful alternative to 

selection for age at reproduction in selecting for longevity.  

Only six families were selected per generation, resulting in severe inbreeding, and reduced 

effective population numbers. Any lifespan extension achieved at 29°C need not be representative 

of longevity at other temperatures. However, rearing them at 29°C determined the parental lines 

from the siblings at 15°C before senescence. A major advantage was the use of virgin flies, proving 

any observed longevity was unrelated to reproductive behaviour or physiology.  

Despite these drawbacks, direct selection remains the only way to unambiguously select for longer 

life, without introducing bias into the evolutionary path taken, i.e. selecting on stress resistance 

may extend lifespan because of changes in stress resistance but selecting on lifespan makes it more 

likely that a novel or unexpected mechanism is responsible for any observed lifespan extension. 

While Drosophila lifespan can be genetically extended, uncoupling of decreased early fecundity 

to longer lifespan has been challenging. However, the familial method for lifespan extension 

avoids selecting for ageing-associated factors such as stress response or fecundity. It can also 
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identify novel drug targets as lifespan-extending mechanisms are not biased (Zwaan, Bijlsma and 

Hoekstra, 1995). 

1.4. Project Overview 

1.4.1. Study on selecting for longevity 

An earlier study by Dr. Daniel Palmer in our laboratory (unpublished) hypothesised that a healthy 

lifespan can be inherited and manipulated in a population by artificial selection because lifespan 

is a heritable trait (Lindquist and Craig, 1998). Since lifespan has a genetic basis, the transcriptome 

of the longevity selected strains will differ from the controls (Carnes et al., 2015). Dr. Palmerôs 

project aimed to generate long-lived Drosophila strains by artificial selection, and phenotypically 

compare the selected strains to controls, to identify correlated responses associated with longevity 

phenotype. Novel anti-ageing genes can be identified by transcriptomic analysis, for further drug-

targeting studies.  
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Figure 3 A) Wild-caught D. melanogaster was crossed into a single base population, after brief lab 

adaptation. From this population, 35 breeding pairs (1 male and 1 virgin female) created 35 individual 

families. The lifespan of these 35 families was assayed, with the longest-lived families chosen to propagate 
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the S1 and S2 lines, and the remaining families propagated the C1 and C2 lines; B) After 5 generations of 

selection, the selected lines showed a 14.5% increase in median lifespan 

Recently caught wild-type Drosophila melanogaster were selected for longevity using a modified 

familial method of Zwaan et al (1995). Four lines were generated: two control (C1 and C2) and 

two longevity-selected lines (S1 and S2), with the selected lines showing a 14.5% increase in 

lifespan after 6 generations of selection. S1 consistently exhibited a longer lifespan than C1 and 

C2, while S2 showed greater longevity at 25°C but was less consistent at 27°C. Phenotypic 

comparisons between strains showed that survival under stressðsuch as starvation, desiccation, 

and heat stressðincreased in the S lines. 

This selection aimed to develop a model organism to study evolutionary pathways for longevity 

and identify ageing mechanisms as potential intervention targets. The objective was to create a 

custom model, loosely based on human centenarians, through artificial selection. The previous 

study was concluded with the RNASeq of the two control and two selected strains. Analysing 

RNASeq data could identify novel anti-ageing genes, which can be manipulated to test for effects 

on lifespan and health span, offering valuable insights into the modulation of developmental 

pathways observed in this study.   

1.4.2. Objectives   

Understanding the molecular events underlying normal ageing and age-related diseases could aid 

in developing strategies to mitigate their effects, ultimately improving health and extending human 

lifespan. 

1.4.2.1. Analyse the RNASeq data to identify novel anti-ageing genes 

This could reveal interesting pathways that might not have previously been implicated in ageing 

studies. The unbiased nature of the selection ensures that any genes that are differentially 

expressed between the control and long-lived selected strains are not due to trade-offs with other 

ageing-associated responses (Zwaan et al., 1995).  

1.4.2.2. Test novel genes for effect on lifespan and health span 

Potential anti-ageing genes shortlisted from the RNASeq can be manipulated by gene expression 

methods to study the effect on fly survival and fitness. The expression of the selected genes will 

resemble their expression profile from the RNASeq data to mimic the long-lived selected strains.  
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1.4.2.3. Prepare gene constructs to generate over-expression fly strains and test for 

effect on lifespan and health span 

Limited availability of over-expresser Drosophila strains specific to this study necessitates the 

generation of the required strains in the lab. These cloned genes will be microinjected into 

Drosophila eggs, and their overexpression will be tested for effects on fly survival and health.   
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Chapter I ï Analysing RNASeq Data 

2. Introduction  

2.1. Overview  

The aim of evolutionary genetics is to discover the underlying mechanisms accounting for the 

genetic basis of phenotypic variation. It aims to identify phenotypic and genotypic changes, while 

understanding the effect evolutionary pressures have on them. Variation in gene expression 

patterns is key for evolution of morphological phenotypes (Stern and Orgogozo, 2008).   

 

Characterising and comparing gene expression levels is the common method to study evolution of 

gene regulation. One method of studying phenotypic differentiation of traits is through 

experimental evolution. Using high-throughput -omics technologies, these populations can help 

identify genetic variants and gene expression level driving ageing mechanisms (Mallard et al., 

2018). This framework can help identify genetic regions and uncover unexpected molecular 

mechanisms influencing ageing and related traits.  

2.2. Pathways associated with ageing 

Ageing affects all systems in the body and is associated with widespread changes in the 

transcriptome (Cellerino and Ori, 2017; Stoeger et al., 2022). While some ageing-related 

expression changes may be unique to individuals, core mechanisms are often conserved within a 

species or even across species. These changes can serve as biomarkers of biological age, offering 

a non-invasive method for assessing disease risks and supporting personalised care. They also 

facilitate research by enabling the normalisation of subjects by biological rather than chronological 

age, especially useful in human studies where ageing rates are highly variable.  

 

Pathways involved in lipid and carbohydrate metabolism, stress response, DNA repair, immune 

response, and maintenance of cellular integrity contribute to the ageing phenotype in flies (Ma et 

al., 2018; Ogienko et al., 2022). Mitochondrial function, linked to oxidative stress and muscle 

health, declines with age (Zahn et al., 2006). Genes related to mitochondrial respiration, ATP 

synthesis, and the citric acid cycle also contribute to Drosophila ageing (McCarroll et al., 2004). 
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Stress resistance also plays a key role in ageing. Heat shock proteins (Hsp) are essential for cellular 

stress resistance and protein repair. In Drosophila, upregulation of Hsp70 extends lifespan 

following mild heat shock (Sarup et al., 2014).   

 

Signalling pathways that are evolutionarily conserved across multiple ageing models, including 

IIS, TOR, NF-əB and JNK are critical for regulating stress and ageing-associated phenotypes. 

Activation of IIS and TOR pathways shortens Drosophila lifespan, while activation of JNK 

pathway increases lifespan by suppressing TOR activity (Clancy et al., 2001; Hwangbo et al., 

2004; Kapahi et al., 2004; Gan et al., 2021). Violation of the NF-əB pathway results in a decrease 

in lifespan. The Imd sub-branch of the NF-əB pathway is constitutively ready for activation and 

both activating and repressing components of the IIS and the TOR pathways are constitutively 

expressed (Ogienko et al., 2022).  Identifying novel genes associated in longevity-associated 

pathways and/or discovering new pathways can help further our understanding of the ageing 

phenotype, helping us design better interventions for improved life and health span. 

2.3. Technological advancements in gene expression studies  

The application of modern technologies to ageing research is invaluable in unravelling the 

complex genetic mechanisms behind longevity. Advances in genomic technologies have 

facilitated high-throughput studies of panomics (transcriptome, metabolome, epigenome) enabling 

the investigation of gene regulation evolution, genetic and epigenetic factors dictating expression 

levels and regulatory variation (Valdes et al., 2013).   

2.3.1. Microarray   

Microarray, or expression microarray, allows relative mRNA quantification of many genes 

simultaneously (Schena et al., 1995). Microarray analysis identified ageing-associated 

differentially expressed genes involved in inflammation and immune response, lysosome, collagen, 

energy metabolism, mitochondrial functions, apoptosis, and cell cycle (De Magalhães et al., 

2009).   

 

Microarray transcriptomics is useful for investigating the link between longevity and stress 

resistance, with longevity selected lines sharing many common expression changes with those 

selected for starvation and desiccation resistance (Sørensen et al., 2007).   
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2.3.2. Genome-wide association studies (GWAS) in Drosophila 

Annotation of the genes identified through the Drosophila genome project enabled small-scale 

sequencing studies (Rogina et al., 2000). Wider sequencing studies have used whole genomes for 

associations between longevity and gene expression profiles, called Genome Wide Association 

Study (GWAS). GWAS identified pathways enriched for carbohydrate metabolism, proteolysis, 

apoptosis, and TOR regulation, although individual longevity-associated SNPs could not be 

detected due to low power (Ivanov et al., 2015).  

2.3.3. RNA Sequencing (RNASeq)   

Before next-generation sequencing technologies, DNA microarrays were the primary method for 

genome-wide measurement and comparison of gene expression levels. However, their application 

was limited to species with sequenced genomes, as microarray design relies on pre-existing 

genomic information.  

 

RNASeq is a transcriptome profiling method that uses deep sequencing to measure and compare 

gene expression levels across species, even in the absence of complete genomic data. It offers 

more comprehensive expression level estimation than microarrays, can identify previously 

unannotated transcripts, and helps characterize genetic diversity in expressed genes. RNASeq is 

particularly beneficial for providing detailed and accurate insights into gene expression, offering 

greater flexibility and depth compared to older technologies like microarrays (Wang et al., 2009).   

2.3.4. Enrichment Analysis   

High throughput expression data is analysed using gene set enrichment analysis (GSEA). Gene 

set enrichment analysis (GSEA) focusses on gene sets that share biological function, chromosomal 

location, or regulation (Subramanian et al., 2005).  GSEA eases the interpretation of a large-scale 

experiment by identifying pathways and processes, by focusing on gene sets instead of poorly 

annotated high-scoring genes. GSEA boosts the signal-to-noise ratio to detect modest changes in 

individual genes.   

 

Gene networks are also increasingly used to determine gene hubs that regulate biological processes, 

investigate the relationships between genes and ageing-related diseases and the network topology 

features of ageing genes (Wang et al., 2009; Bell et al., 2009).  
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2.4. Conclusion   

Expression analysis has long been a valuable method for studying ageing and longevity. Recent 

advances in transcriptomic technologies, particularly RNA-Seq, provide exciting opportunities to 

examine the ageing transcriptome in detail. Longevity selection experiments, which offer an 

unbiased approach to extending lifespan, are well-suited for RNA-Seq analysis. This method not 

only confirms known ageing mechanisms but also helps identify novel pathways and associations 

that may not be found in traditionally obtained longevity models.  

2.4.1. Objective 

The objective of this chapter is to analyse the RNASeq data to identify differentially expressed 

genes and pinpoint candidate genes for further investigation in lifespan and negative geotaxis 

studies.  
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3. Methods 

3.1. Overview 

I aimed to identify candidate anti-ageing genes through RNA sequencing and subsequent 

bioinformatic analysis, and the methods to achieve that are detailed here. RNA extracted from 

experimental samples was sequenced by Novogene. The resulting raw sequencing data was 

processed and analysed using the iDEP platform, focusing on differential gene expression (DEG) 

analysis to identify significantly expressed genes. Functional annotations of these genes were 

performed using KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis to explore 

biological pathways and processes associated with ageing. From this analysis, a comprehensive 

list of candidate genes was generated. These genes were then filtered based on predefined 

parameters, yielding a selection of testable candidate genes with potential roles in delaying ageing 

and increasing lifespan. All work in sections 3.2 and 3.3 was done by Dr. Daniel Palmer as part 

of his PhD work.   

3.2. Fly Rearing and Maintenance for RNA Sequencing 

Flies were reared on standard food and rearing conditions (25°C, 70% relative humidity and 12/12 

light/dark cycle). 3-day old mated male flies were sorted into 20 vials at a density of 20 flies per 

vial per line (two control lines ï C1 and C2 and two selected lines ï S1 and S2). Only five 

replicates per line, and 2 lines per treatment were maintained due to financial and technical 

constraints. Although the aim was to ensure differential expression was not restricted to one sex, 

the pilot study was performed with male flies only due to financial constraints, to prevent 

confounding results from reproductive trade-offs from female flies. 

 Flies were tipped to fresh vials every 2 days under light CO2 anaesthesia, while scoring for death. 

At 25 days old, these flies were removed with an aspirator, 24 hours after the previous change, 

and snap-frozen in liquid nitrogen.  
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3.3. RNA Extraction, Cleaning and Quality Control  

RNA was extracted from 20 male flies per sample using Norgen Total RNA Purification Kit, 

treated with DNase and cleaned with Norgen RNA Cleanup and Concentration Kit. This produced 

70ɛl of a concentrated sample, from which 10ɛl was taken for quality control, and the remainder 

was immediately frozen at -80°C.  

Samples were tested qualitatively and quantitatively using a Nanodrop spectrophotometer and 

were considered of sufficient quantity and purity if the concentration was above 20ng/ɛl and the 

260/280 and 260/230 ratios were at least 2.0 and 1.8 respectively. The accepted samples were sent 

to Novogene, Cambridge for RNA-Seq. Samples were assessed for RNA integrity by determining 

the RNA Integrity Number (RIN) and values above 5.7 were considered qualified for library 

preparation. After sending the samples for sequencing, there was no more frozen RNA sample, 

preventing future repeats of RNASeq.  

3.4. Library preparation for RNA-Seq 

Library preparation was done for 20 samples overall - 5 samples per line, 2 lines per treatment 

(C1, C2, S1 and S2). RNASeq was done on Illumina NovaSeq X Plus Sequencing System which 

utilises a paired-end 150 bp sequencing strategy (short-reads). Data output was obtained as Ó 20 

million read pairs per sample.  

3.5.  Data analysis 

RNASeq data was analysed by iDEP (integrated Differential Expression and Pathway analysis), a 

web-based tool that employs R/bioconductor packages to analyse RNA-seq data (Ge et al., 2018).  

For exploratory data analysis, principal component analysis (PCA) is performed, while DESeq2 

package detects differentially expressed genes. Pathway analysis is done by GSEA (gene set 

enrichment analysis). Analysis started on iDEP 0.96 but eventually repeated on iDEP 2.0 upon 

software upgrade. 
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3.5.1. Data pre-process on iDEP 

3.5.1.1. Filtering of counts data 

Gene expression levels can vary between samples and those with low or no expression across 

samples need to be filtered out. CPMs are calculated by normalizing the read counts by the total 

counts per sample.  

ὅέόὲὸί ὴὩὶ άὭὰὰὭέὲ ὅὖὓ
ὔόάὦὩὶ έὪ ὶὩὥὨί άὥὴὴὩὨ ὸέ ὥ ὫὩὲὩ ὼ ρπ

Ὕέὸὥὰ ὲόάὦὩὶ έὪ άὥὴὴὩὨ ὶὩὥὨί
 

Since the RNASeq resulted in 20 million reads (section 3.4), and the number of reads mapped to 

a gene was set to 3 (as suggested by Dr. Daniel Palmer), the analysis was fixed at 0.15 counts per 

million (CPM) in at least 6 libraries. The data is normalized by cpm function in edgeR and the 

number of samples above a minimum CPM is counted. Only genes with levels above 0.15 CPM 

in at least 6 libraries are retained. This filtering is automatically performed by iDEP based on user-

defined parameters, using an ENSEMBL reference genome of Drosophila (Ensembl/String-db ID 

ï dmelanogaster_gene_ensembl; taxonomy ID ï 7227; Assembly ID - BDGP6.32). Filtering of 

data was performed by idep, however some filtering parameters were unclear. No other program 

was used to analyse RNASeq data.  

3.5.2. Clustering 

Heatmaps can give a holistic view of data due to hierarchical gene clustering based on their 

standard deviation across all samples (Ge et al., 2018). Data centering involves subtraction of 

average expression level of each gene, with the top 1000 genes clustered in the heatmap. 

Enrichment analysis is done by clustering genes into groups based on their expression pattern 

across all samples (k-means clustering).  

3.5.3. Principal component analysis (PCA) 

Principal component analysis (PCA) is a linear transformation of the data, with the first component 

pointing to the direction of the most variation among samples (Jolliffe and Cadima, 2016). This 

enables sample projection into two-dimensional space. A one-sample t-test on each gene set in the 
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biological processes branch of Gene Ontology (GO) gives adjusted p-values that rank the 

pathways for each of the first 5 principal components.  

3.5.4. Differentially expressed genes (DEGs) 

DESeq2 is employed to generate a list of differentially expressed genes across multiple sample 

comparisons with individual line comparisons, where I selected controls as the baseline and 

compared the expression of the selected strains versus the control strains (Love et al., 2014). Fold 

change filter was set to 1.15, with a 0.05 FDR (false discovery rate) cut-off. These parameters 

were selected to prevent the filtering out of critical DEGs like transcription factors which have 

lower levels of expression than other genes (Naqvi et al., 2023). 

An ANOVA was performed on the list of differentially expressed genes with all the individual 

comparisons for each gene to obtain p-values. Genes with significant p-values across all 4 

comparisons (S1-C1, S1-C2, S2-C1, and S2-C2) in the same direction were selected for further 

analysis. Gene information was annotated from FlyBase and genes that are only expressed in one 

sex, only in developmental stages, without a human homolog were filtered out.  

3.5.5. Enrichment Analysis 

Fold Enrichment is a measure of effect size and indicates how drastically genes of a certain 

pathway are overrepresented. Enrichment p-values are calculated based on one-sided 

hypergeometric test, which is then adjusted for multiple testing using the Benjamini-Hochberg 

procedure and converted to FDR (false discovery rate). The filtered genes are those that are passed 

a low filter in RNA-seq. Pathways are filtered based on an FDR cutoff (0.05). Gene sets for 

pathways are derived from KEGG and gene sets for biological process are derived from GOBP 

(Gene Ontology Biological Processes). Sample tree clustering uses genes with maximum 

expression level at the top 75% to transform and cluster data. Two pathways are connected if they 

share 30% or more genes. 
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4. Results 

4.1. Overview 

The objective for this chapter was to identify candidate anti-ageing genes through RNA 

sequencing and subsequent bioinformatic analysis. RNA extracted from experimental samples 

was sequenced by Novogene and the resulting raw sequencing data was processed and analysed 

using the iDEP platform. Differential gene expression (DEG) analysis identified significantly 

expressed genes, while functional annotations of these genes were performed using KEGG 

analysis to explore ageing-associated biological pathways and processes. This analysis generated 

a comprehensive list of candidate genes, which were further filtered based on predefined 

parameters, yielding a selection of testable candidate genes with potential roles in delaying ageing 

and increasing lifespan. 

4.2. RNA Quality and Integrity 

The samples were checked for concentration, purity, and integrity using a Nanodrop 

Spectrophotometer and Agilent 2100 bioanalyser. Four replicates of the control strain C1 had 

lower RNA integrity numbers than desirable for library preparation (table 2). Although the 

samples did not completely meet the requirements of library construction and sequencing, the 

library was constructed, as only samples below a RIN value of 4 were rejected. This could, 

however, compromise sequencing quality.   
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Table 2 RNA concentration and integrity as tested by Novogene before library preparation for RNA-Seq 

showed that some samples had lower RIN and hence, lower quality for RNASeq 

Sample Concentration (ng/ml) RIN Conclusion 

C1.1 119 5.3 Unqualified RIN 

C1.2 98 5.6 Unqualified RIN 

C1.3 103 5.7 Unqualified RIN 

C1.4 73 5.6 Unqualified RIN 

C1.5 89 5.9 Pass 

C2.1 44 6.7 Pass 

C2.2 46 6.3 Pass 

C2.3 45 6.1 Pass 

C2.4 77 5.8 Pass 

C2.5 41 6.3 Pass 

S1.1 114 6.2 Pass 

S1.2 121 6.2 Pass 

S1.3 99 5.9 Pass 

S1.4 95 6.2 Pass 

S1.5 98 5.8 Pass 

S2.1 105 6.1 Pass 

S2.2 53 6.1 Pass 

S2.3 97 6 Pass 

S2.4 75 6 Pass 

S2.5 59 6.4 Pass 

 

4.3. Data pre-process 

On obtaining the RNASeq data from Novogene, the data was processed and analysed using iDEP 

2.2 software. Of the 17,562 genes in 20 samples, 14,771 genes passed the CPM filter (0.15 counts 

per million (CPM) in at least 6 samples). Bias in sequencing depth can be identified with the 

variation in library sizes (read counts data), as seen in samples C1.2, C2.3, C2.4 and S2.3, where 
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read counts are lower compared to the other samples (figure 3). However, this is not reflected by 

the RIN (table 2), so the results could be affected by factors other than RNA integrity.  

 

Figure 4 Diagnostic plot for total read counts per library across all 20 samples. C11-C15 are replicates 

of the C1 line, C21-25 of C2 line, S11-15 of S1 line, and S21-25 of S2 line, where C1 and C2 are control 

and S1 and S2 are selected strains 

4.4. Exploratory Data Analysis (EDA)  

In hierarchical clustering, genes are ranked based on standard deviation and the top 2000 genes are 

plotted. There is considerable difference between the expression profiles of C1 and C2, with the 

expression majorly being in diametrically opposite directions i.e., upregulated genes in C1 are 

downregulated in C2 (figure 5A). This pattern is also observed between S1 and S2, indicating that the 

variation between biological replicates and between technical replicates is significantly high. This is 

confirmed by the linkage analysis (figure 5B).  A PCA plot of the first two components shows that there 

is a clear difference between the selected samples (S1 and S2) and C1 (figure 5C), along the first 

principal component (PC1) that explains 29.3% of the variance. PC1 (p = 7.70 x 10-13), PC2 (p = 1.60 x 

10-13), and PC3 (p = 4.01 x 10-9) are significantly correlated with strain. However, C2 is different from 

C1, on PC1-PC2, and is more similar to the selected strains, as observed in the PCA and linkage analysis 

(figure 5B and C). However, when comparing PC1 to PC3, there is a better separation between the 

control and selected strains, which could explain the variance (PC3 variance is 8.7%) (figure 5C and D).  
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Figure 5 Hierarchical clustering (A) indicates substantial differences in expression profiles across samples, 

with high variation among biological replicates (C1-C2 and S1-S2). Linkage analysis (B) and PCA of PC1-

PC2 (C) shows that the selected strains have high variance with C1, but C2 has less variance with the 

selected strains. PCA of PC1-PC3 (D) however shows a better segregation between the control and 

selected strains (image generated on iDEP 2.0) 
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4.5. Differentially expressed genes (DEGs) 

The DESeq2 package identified differentially expressed genes across different comparisons using 

a threshold of false discovery rate (FDR) of 0.05 and fold-change >1.15, with the control strains 

as baseline. Although comparisons against both controls showed genes with high fold changes, 

most genes had expression changes between 0 and 2-fold (figure 6).  

 

Figure 6 Volcano plots of all 4 comparisons showed low number of genes with very high fold-change in 

expression, with only C2 comparisons having genes with more than 8-fold expression change (image 

generated on iDEP 2.0) 

With control strains as baseline, S1 and S2 have an overlap of 32 upregulated genes and 51 

downregulated genes, while individual comparisons vary in the number of shared genes (figure 7).  
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Figure 7 Differentially expressed genes with control as baseline A) upregulated genes B) downregulated 

genes across all comparisons (image generated on iDEP 2.0) 

With C1 as the baseline, S1 has 2712 upregulated and 2462 downregulated genes, while S2 has 

3377 upregulated and 3196 downregulated genes. With C2 as the baseline, S1 has 702 upregulated 

and 624 downregulated genes, while S2 has 1123 upregulated and 1195 downregulated genes 

(figure 8).  
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Figure 8 Differentially expressed genes obtained by DESeq2 package revealed a smaller set of genes 

common between S1 and S2 with C2 as baseline, than C1 

The up and down-regulated genes were then subjected to enrichment analysis based on the 

hypergeometric distribution. Across all S vs C comparisons, upregulated genes are related to starch 
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and sucrose metabolism, purine metabolism, MAPK signalling, Wnt signalling, and lysine 

degradation. The downregulated genes are significantly enriched with DNA replication, 

nucleotide and base excision repair, ribosome biosynthesis, and drug metabolism genes.  

The selected strains had more DEGs with C1, than with C2 (figure 9) with most genes in 

chromosomes 2 and 3, and the least in chromosome 4.  
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Figure 9 Chromosome plots of differentially expressed genes across all 4 comparisons (selected vs 

control strains) with the control strains as baseline (image generated on iDEP 2.0) 

4.6. Enriched Pathways  

Different pathways and GO biological processes were enriched and depleted in the two selected 

strains (S1 and S2) compared to the controls.  
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4.6.1. Gene Ontologies 

The gene ontologies (GO) of the top 2000 genes that were significantly enriched across all 

comparisons were mostly biological functions belonging to the organism structural and nervous 

system development (terms given by iDEP), while the depleted GO biological functions belonged 

to translation and sensory perception (figure 10 and 11).  

 

Figure 10 Gene Ontologies of the top 2000 genes in individual comparisons of Selected vs Control strains 

with an FDR cut-off of <0.03 (image generated on iDEP 2.0) 
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Figure 11 Gene Ontology terms of the top 2000 downregulated (A) and upregulated (B) genes across all 4 

comparisons 

 

4.6.2. Pathway Analysis 

The KEGG pathways that were most enriched across all comparisons were circadian rhythm (fly), 

starch and sucrose metabolism, glycine serine and threonine metabolism, phosphatidylinositol 

signaling system, lysine degradation, purine metabolism and MAPK signaling pathway (fly). The 

KEGG pathways that were depleted across comparisons were DNA replication and repair, 
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ribosome biogenesis in eukaryotes, and drug metabolism (mediated by cytochrome P450) 

pathways (figure 12 and 13). 

 

Figure 12 KEGG pathways of the top 2000 genes with an FDR cut off <0.03 in individual comparisons of 

Selected vs Control strains (image generated on iDEP 2.0) 
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Figure 13 KEGG analysis of the top 2000 downregulated (A) and upregulated (B) pathways across all 4 

comparisons 

 

4.7. Candidate genes 

Based on the DEGs obtained from the DESeq2 package, genes were filtered based on study 

parameters. Genes were selected for expression in both sexes, with known human orthologs, and 

based on the fold change in expression. We aimed for an unbiased selection of candidate genes 

and restricted our study to commercially available strains, due to time and financial constraints.  
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Table 3 Candidate genes filtered for the study, based on fold-change of expression in Selected strains (S1 

and S2) compared to the controls, human orthologues, expression in both sexes, and throughout adulthood 

FlyBase Gene 

ID  

Gene Name 

Fold 

change 

Function Expression in the 

body 

Expression levels in 

adulthood 

Male Female 

FBgn0030607 

doppelganger 

von brummer 

1.83 Triglyceride lipase activity, lipid 

homeostasis and triglyceride catabolic 

process 

Organism Low 

Expression 

Medium 

Expression-

Medium 

High 

Expression 

FBgn0052191 1.69 Sulfuric ester hydrolase activity Organism Low 

Expression 

Low 

Expression 

FBgn0033999 1.55 Lipase activity, multicellular organism 

reproduction 

Midgut Medium 

High 

Expression-

High 

Expression 

Low 

Expression-

High 

Expression 

FBgn0036428  

Glycogen 

binding 

subunit 70E 

1.33 Glycogen binding activity and protein 

phosphatase 1 binding activity, 

behavioural response to ethanol and 

regulation of glycogen metabolic 

process 

Blastoderm 

embryo, embryonic 

epidermis, 

extended germ 

band embryo, germ 

layer, and gut 

section 

Medium 

High 

Expression 

Medium 

High 

Expression 

FBgn0031170 

ATP binding 

cassette 

subfamily A 

member 3 

1.24 ATPase-coupled transmembrane 

transporter activity and lipid 

transporter activity, lipid transport 

Adult head and 

organism 

Low 

Expression-

Medium 

Expression 

Low 

Expression-

Medium 

Expression 

FBgn0034381 1.23 L-amino acid transmembrane 

transporter activity, amino 

Adult brain, adult 

gut, adult head, and 

Low 

Expression 

Very Low 

Expression-
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Lithium-

inducible 

SLC6 

transporter 

acid:sodium symporter activity, and 

neurotransmitter transmembrane 

transporter activity, response to 

lithium ion 

adult ventral 

nervous system 

Low 

Expression 

FBgn0052549 1.23 5'-nucleotidase activity Adult head, adult 

heart, 

embryonic/larval 

somatic muscle, 

presumptive 

embryonic/larval 

system, and yolk 

nucleus 

Medium 

High 

Expression-

High 

Expression 

Medium 

High 

Expression-

High 

Expression 

FBgn0085478 1.22 Palmitoyltransferase activity, protein 

palmitoylation 

Adult head and 

embryonic/larval 

central nervous 

system 

Low 

Expression 

Medium 

Expression 

FBgn0030286  

GTPase 

activating 

protein and 

VPS9 domains 

1 

1.19 GTPase activating protein binding 

activity and Rab guanyl-nucleotide 

exchange factor activity, regulation of 

Rab protein signal transduction and 

regulation of protein transport 

Adult fat body and 

spermatozoon 

Medium 

Expression 

Medium 

High 

Expression 

FBgn0035529 

Ferredoxin 2 

1.18 Electron transfer activity, positive 

regulation of ecdysteroid biosynthetic 

process 

Adult heart, gut 

section, posterior 

endoderm, and 

presumptive 

embryonic/larval 

digestive system 

Medium 

High 

Expression 

Medium 

High 

Expression-

High 

Expression 

FBgn0260747 

Coiled-coil-

helix-coiled-

coil-helix 

1.18 Mitochondrion organization Embryonic 

Malpighian tubule, 

Embryonic/larval 

Very High 

Expression 

High 

Expression-

Very High 

Expression 
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domain 

containing 2 

muscle system, gut 

section, and head 

FBgn0003748 

Trehalase 

1.16 Alpha, alpha-trehalase activity, 

neuronal stem cell population 

maintenance and trehalose catabolic 

process 

Circulatory system, 

dorsal ectoderm, 

embryonic/larval 

muscle system, 

head, and 

presumptive 

embryonic/larval 

system 

High 

Expression 

High 

Expression 

FBgn0031318 1.16 mRNA binding activity, mRNA 

splicing, via spliceosome 

Embryonic brain, 

organism, and 

ventral nerve cord 

Medium 

Expression 

Medium 

Expression 

FBgn0016984 

skittles 

1.14 1-phosphatidylinositol-4-phosphate 5-

kinase activity involved in several 

processes, including basement 

membrane organization, germ cell 

development, and negative regulation 

of histone phosphorylation 

Anterior ectoderm 

anlage, ectoderm, 

embryonic/larval 

gut, extended germ 

band embryo, and 

gonad 

Medium 

Expression 

Medium 

High 

Expression-

High 

Expression 

FBgn0003964 

ultraspiracle 

1.13 Nuclear receptor activity, protein 

heterodimerization activity, and 

transcription regulatory region 

sequence-specific DNA binding 

activity, DNA-binding transcription 

activator activity, RNA polymerase II-

specific and ecdysone binding activity, 

border follicle cell migration, instar 

larval or pupal development, and 

nervous system development 

Central nervous 

system, gut, 

imaginal disc, 

reproductive 

system, and ring 

gland 

Medium 

Expression 

Medium 

High 

Expression-

High 

Expression 

FBgn0001308 

Kinesin heavy 

chain 

1.11 Microtubule binding activity, 

microtubule motor activity, and 

tropomyosin binding activity. 

Adult heart, glial 

cell, gonad, head, 

Medium 

High 

Expression 

High 

Expression 



52 
 

Involved in several processes, 

including cytoskeleton organization, 

neuron differentiation, and oogenesis 

and photoreceptor 

cell 

FBgn0039730 1.09 mRNA binding activity Adult head and 

organism 

Medium 

Expression 

Medium 

Expression 

FBgn0039585 0.43 Histone acetyltransferase activity (H4-

K16 specific), histone binding activity, 

and transcription coregulator activity, 

negative regulation of transcription, 

DNA-templated and positive 

regulation of transcription by RNA 

polymerase II 

Undetermined Very Low 

Expression 

Very Low 

Expression-

Low 

Expression 

FBgn0030332 0.48 17-beta-hydroxysteroid 

dehydrogenase (NADP+) activity, 17-

beta-ketosteroid reductase activity, 

and 3-keto sterol reductase activity 

Adult head, 

embryonic midgut 

chamber, and 

embryonic/larval 

midgut 

Medium 

High 

Expression-

High 

Expression 

Medium 

Expression-

High 

Expression 

FBgn0027583 0.85 Oxidoreductase activity Adult head Medium 

Expression 

Medium 

Expression-

Medium 

High 

Expression 

FBgn0030061 0.82 5S rRNA binding activity, rRNA 

processing and ribosomal large 

subunit assembly 

Anterior endoderm, 

Anterior endoderm 

anlage, 

embryonic/larval 

muscle system, 

extended germ 

band embryo, and 

gut section 

Low 

Expression-

Medium 

Expression 

Medium 

High 

Expression-

High 

Expression 

FBgn0029839 0.77 Undetermined Adult head Low 

Expression-

Very Low 

Expression-
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Medium 

Expression 

Low 

Expression 

FBgn0037298 

Saccheropin 

dehydrogenase 

1 

0.79 Oxidoreductase activity, glycolipid 

biosynthetic process 

Adult head, adult 

heart, and organism 

High 

Expression-

Very High 

Expression 

Expression 

High 

Expression 

FBgn0035149 

Mediator 

complex 

subunit 30 

0.82 Transcription coregulator activity, 

positive regulation of transcription, 

DNA-templated 

Undetermined Medium 

Expression 

Medium 

Expression 

FBgn0000404 

Cyclin A 

0.80 Cyclin-dependent protein 

serine/threonine kinase regulator 

activity, asymmetric neuroblast 

division, regulation of mitotic cell 

cycle, and syncytial blastoderm 

mitotic cell cycle 

Ectoderm, 

extended germ 

band embryo, 

gonad, presumptive 

embryonic/larval 

nervous system, 

and sensory 

nervous system 

primordium 

Medium 

Expression 

Very High 

Expression 

FBgn0038964 

Nop56 

0.80 snoRNA binding activity Undetermined Medium 

Expression 

Very High 

Expression 

FBgn0029524 0.76 CD27 receptor binding activity, 

extrinsic apoptotic signalling pathway 

Embryonic brain, 

Embryonic/larval 

nervous system, 

extended germ 

band embryo, and 

gonad 

Very Low 

Expression 

Very Low 

Expression 

FBgn0032247 0.86 Aminopeptidase activity and 

metalloexopeptidase activity, 

proteolysis 

Adult head Low 

Expression 

Low 

Expression 
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FBgn0039337 

Mediator 

complex 

subunit 28 

0.86 Transcription coregulator activity, 

regulation of transcription by RNA 

polymerase II 

Eye, organism Medium 

Expression 

Medium 

Expression 

FBgn0000092 

daywake 

0.19 Circadian rhythm, positive regulation 

of sleep/wake cycle, multicellular 

organism reproduction 

Epidermis, eye Very Low 

Expression-

Medium 

High 

Expression 

Very Low 

Expression-

High 

Expression 

FBgn0035039 

aarF domain 

containing 

kinase 1 

1.56 ATP binding activity and protein 

kinase activity, negative regulation of 

mitochondrial fusion, positive 

regulation of cristae formation, and 

protein phosphorylation 

Adult fat body, 

adult head, and gut 

section 

Medium 

Expression 

Medium 

Expression 

FBgn0004797 

midway 

1.46 Diacylglycerol O-acyltransferase 

activity, negative regulation of lipid 

storage and regulation of nurse cell 

apoptotic process 

Adult head and 

embryonic/larval 

muscle system 

Low 

Expression 

Low 

Expression-

Medium 

Expression 

FBgn0036337 

Adenosine 

kinase 2 

1.28 Adenosine kinase activity, AMP 

biosynthetic process 

Adult head, 

embryonic/larval 

midgut, 

embryonic/larval 

midgut 

primordium, and 

embryonic/larval 

muscle system 

Medium 

Expression-

Medium 

High 

Expression 

Medium 

High 

Expression-

High 

Expression 

FBgn0040305 

Metal 

response 

element-

binding 

1.26 DNA-binding transcription factor 

activity and transcription regulatory 

region sequence-specific DNA 

binding activity, several processes, 

including metal ion homeostasis, 

Embryonic/larval 

garland cell, 

Embryonic/larval 

midgut, 

Embryonic/larval 

muscle system, 

Low 

Expression 

Medium 

Expression 
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Transcription 

Factor-1 

response to copper ion, and stress 

response to cadmium ion 

garland cell 

primordium, and 

presumptive 

Embryonic/larval 

digestive system 

FBgn0027569 

ceramide 

transfer 

protein 

1.18 Ceramide binding activity and 

ceramide transfer activity, ceramide 

transport and sphingolipid metabolic 

process 

Organism Medium 

Expression 

Medium 

Expression 

FBgn0035529 

Ferredoxin 2 

1.18 Electron transfer activity, positive 

regulation of ecdysteroid biosynthetic 

process 

Adult heart, gut 

section, posterior 

endoderm, and 

presumptive 

embryonic/larval 

digestive system 

Medium 

High 

Expression 

Medium 

High 

Expression-

High 

Expression 

FBgn0038672 0.84 Regulation of phosphatidylinositol 3-

kinase activity, wound healing, early 

endosome to late endosome transport 

Undetermined Medium 

Expression 

Low 

Expression-

Medium 

Expression 

FBgn0034049 

bedraggled 

1.29 Neurotransmitter: sodium symporter 

activity, R3/R4 cell fate commitment, 

integral component of membrane and 

plasma membrane 

Embryonic/larval 

central nervous 

system, imaginal 

disc, mesectoderm 

anlage, midline 

primordium, and 

photoreceptor cell 

Medium 

Expression 

Low 

Expression 

FBgn0035082 0.77 Gamma-

glutamylaminecyclotransferase 

activity 

Embryonic midgut 

chamber and 

Embryonic/larval 

midgut 

Medium 

Expression 

Medium 

Expression-

Medium 

High 

Expression 
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4.8. Summary 

This chapter identified candidate anti-ageing genes from RNASeq analysis using iDEP bioanalysis 

software. Differential gene expression (DEG) analysis identified significantly expressed genes, 

while KEGG database performed functional annotations of these genes to identify longevity-

associated biological pathways and processes. This comprehensive list of DEGs was filtered based 

on predefined parameters, yielding a selection of candidate genes, which will be tested in 

subsequent chapters for their effect on lifespan and neuromuscular function in flies (figure 14). 

Two of the genes tested in subsequent chapters are not part of the original candidate gene list due 

to a fold-change value over the threshold, and these were included due to an incorrect filtering of 

earlier data. 

 

Figure 14 Overview of the filtering to obtain candidate genes to be tested for effect on lifespan and 

neuromuscular health in Drosophila 
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5. Discussions 

5.1. Overview 

This study identified a range of differentially expressed genes (DEGs) linked to key pathways, 

including metabolism, signalling, and cellular maintenance, which contribute to our understanding 

of the molecular mechanisms underpinning longevity. The observed divergence in gene 

expression between selected and control lines, along with the substantial within-group variability, 

highlights the complexity of adaptive responses to selection pressures. While RNASeq analysis 

has provided a robust foundation for identifying candidate genes, the functional roles of these 

genes in ageing and longevity remain largely unexplored. 

5.2. RNA integrity affecting data quality 

Gene expression analysis relies heavily on RNA quality and integrity. While most of our samples 

showed adequate RNA integrity for library preparation, four samples (replicates of C1) had poor 

RNA Integrity Numbers (RINs), which may have compromised the sequencing data (table 2). 

While RNA-Seq is capable of detecting genes even in degraded samples, the relative expression 

levels can be significantly affected by RNA degradation (Romero et al., 2014). Fortunately, this 

degradation can be partially mitigated by statistical methods, especially when sample RINs are 

roughly similar, though normalization is not always necessary in such cases. 

For this study, I applied RPKM (Reads Per Kilobase of transcript per Million mapped reads) for 

library size normalization, which helps to correct technical biases in sequencing data. Ideally, 

RPKM provides a consistent measure of relative RNA concentration across samples; however, the 

variation in average RPKM values between samples limits its reliability for cross-sample RNA 

comparisons (Zhao et al., 2020). Nonetheless, since RPKM in this study was primarily used for 

library size normalization, and differential expression analysis (DEA) was performed using 

DESeq2 and edgeR (Robinson et al., 2010), the limitations of RPKM are less critical for the 

analysis of gene expression in this study.  

The iDEP software utilizes the DESeq2 method, which employs a negative binomial model to 

address differences in count data. This approach links variance and mean through local regression, 

effectively modeling the null distribution. The negative binomial model is particularly suited for 

counts data with overdispersion, as it accommodates variance exceeding the mean. This method 
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ensures type-I error control, maintaining an acceptable false-positive rate while offering robust 

detection power, balancing sensitivity with specificity (Anders and Huber, 2010). 

5.3. Variance between the control and selected strains 

Hierarchical clustering and PCA of the control (C1, C2) and long-lived selected (S1, S2) strains 

revealed an unexpected similarity between C2 and S2, suggesting shared genetic variants or 

inadvertent selection pressure. PCA showed greater variance between C1 and C2 than C2 and the 

selected strains. This similarity may reflect common genetic variants or unintentional selection 

pressures. The high variance between S1 and S2 suggests distinct adaptive routes to longevity, 

aligning with evolutionary theory. These differences could arise from varying selection responses 

or genetic drift, similar to natural selection experiments, where multiple genetic pathways lead to 

convergent phenotypic outcomes (Barghi et al., 2019). However, using only two lines per regime 

limits the conclusions about the contributions of drift, selection pressures, or stochastic effects. 

Incorporating more replicate lines would reduce noise, mitigate inbreeding depression, and 

provide better insight into different adaptive pathways (Rose, 1984; Partridge and Fowler, 1992; 

Harshman and Hoffman, 2000). Including more selection lines in future experiments would 

improve the power to detect consistent longevity effects while minimizing the influence of chance 

allele fixation (Wilson et al., 2013). Though the experimental design minimized inbreeding 

bottlenecks by using wild-caught flies, which provided higher initial genetic variation to offset 

diversity loss during selection, it could not eliminate them, potentially contributing to line-specific 

differences unrelated to selection. This preservation of genetic variation during evolution 

underscores the importance of maintaining diversity in experimental designs (Burke, 2012; Graves 

et al., 2017). 

Repeating the experiment with at least five lines per regime and extending selection for two more 

generations after relaxation would minimize non-responding lines and better account for genetic 

drift. In males, about 61% of the genome changes expression with age (Carnes et al., 2015) and 

hence, conducting RNA-Seq at different life stages across all lines would capture transcriptomic 

changes over time. Although resource-intensive, integrating metabolomic and proteomic studies 

would significantly enhance our understanding of longevity mechanisms. 
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5.4. Statistical Design 

Differentially expressed genes (DEGs) in this study were identified from individual line 

comparisons (e.g., S1 vs. C1, S2 vs. C1, S1 vs. C2, S2 vs. C2) using ANOVA. This approach 

captures line-specific gene expression changes but does not fully address variability or interactions 

across replicates. A two-factorial analysis, with "selection" (Control vs. Selected) as one factor 

and nested replicates (C1, C2, S1, S2) as a secondary term, could better account for such variability 

if within-group variance were minimal. 

However, principal component analysis (PCA) revealed substantial differences between replicates 

(e.g., S1 vs. S2, C1 vs. C2), indicating significant within-group variability. This violates the 

homogeneity assumption required for nested ANOVA, reducing its accuracy. Collapsing 

replicates into broader categories (Control vs. Selected) simplifies analysis and enhances statistical 

power but risks overlooking line-specific DEGs, potentially masking biologically relevant effects 

unique to individual lines. 

Nested ANOVA can account for hierarchical variability, but its statistical power depends on low 

within-group variance (Lark, 2011). High variance diminishes sensitivity, potentially reducing the 

number of detectable DEGs. For datasets with considerable within-group differences, individual 

pairwise comparisons or alternative models, such as mixed-effects models that explicitly 

accommodate within-group variability, may provide a better fit. 

Thus, the choice of statistical model must align with the biological structure and variability of the 

data. Given the observed differences among replicates, alternative approaches beyond nested 

ANOVA should be considered to ensure robust and biologically meaningful interpretations. 

5.5. Differentially expressed genes  

There was an approximately even spread of over- and under-expressed genes across the genome 

in this study (table 2). This is interesting since historically most expression-based interventions 

and transgenics have relied more on gene knockdowns to extend lifespan, yet it appears here that 

upregulated genes are at least equally represented in longevity phenotypes. The only other RNA-

Seq experiment performed on longevity selected flies also found an even split in over- and under-

expressed genes (Carnes et al., 2015), however this could be more of a technical artefact instead 

of having any biological significance. This could imply that there is no overarching trend in the 

data favouring gene regulation in either direction.  
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The most significantly enriched or depleted GO categories primarily relate to metabolism, 

signalling, and DNA replication and repair. Upregulated pathways include carbohydrate 

metabolism, Wnt, and MAPK signalling, while downregulated pathways involve DNA replication, 

repair, and ribosome biosynthesis (figure/table), consistent with prior longevity studies (Wilson et 

al., 2013). Interestingly, while downregulation of reproduction-related genes aligns with the 

disposable soma theory (Kirkwood, 1977), the suppression of DNA replication and repair 

mechanisms suggests alternative maintenance strategies may compensate for this loss in long-

lived strains. 

The hyperfunction theory postulates that ageing results from hyperfunction of signal transduction 

pathways (Blagosklonny, 2012). According to this theory, long-lived Drosophila should have 

reduced growth and development rate, like long-lived insulin mutants with growth defects (Clancy 

et al., 2001). For instance, the activation of p38 MAPK in long-lived strains aligns with its role in 

stress response and immune regulation, acts as a pro-longevity pathway (Vrailas-Mortimer et al., 

2011). These findings suggest that longevity may be linked to shifts in energy metabolism and 

cellular maintenance pathways. The upregulation of growth-regulating pathways may reflect a 

context-dependent role where metabolic reprogramming supports longevity without triggering 

ageing-related pathologies. Interestingly, the downregulation of DNA replication, repair 

mechanisms, and ribosome biosynthesis, coupled with the upregulation of carbohydrate 

metabolism and key signalling pathways like Wnt and MAPK (identified in the long-lived strains, 

S1), aligns with previous studies on longevity (Han et al., 1998; Carnes et al., 2015; Fabian et al., 

2021).  

5.6. Genes of interest 

The GO terms identified in this study encompassed a range of biological functions previously 

linked to ageing, including metabolism regulation, macromolecule biosynthesis, immune response, 

reproduction, and DNA repair and replication. Notably, many genes influenced developmental 

processes, such as nervous system development and function, which have not been traditionally 

associated with lifespan. This suggests that genes involved in early developmental processes may 

also contribute to the long-term maintenance of these structures in adulthood. Interestingly, about 

one-third of the candidate genes associated with delayed senescence lack known biological 

functions.  
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Ageing is not purely a stochastic process but regulated by a complex, interconnected signalling 

network. This network integrates ageing-regulatory stimuli like fertility, nutrient availability, and 

environmental stresses, into gene regulatory events. Transcription factors act as central nodes in 

this network, coordinating these regulatory processes. Gene Ontology (GO) analysis of the top 

2000 differentially expressed genes (DEGs) in this study revealed significant enrichment in terms 

related to age-modulating pathways such as translation, nutrient sensing, and organism 

reproduction, highlighting the need for further investigation into these specific GO terms. Special 

focus should be given to downstream targets of transcription factors and other key regulators. 

Although transcription factors are primarily regulated post-transcriptionally, their downstream 

targets, even if individually insignificant, can collectively illuminate critical metabolic changes 

associated with ageing. 

The candidate genes examined in this study are intriguing for their potential roles in longevity. To 

determine if previously known ageing genes were differentially expressed in this analysis, I 

compared the results to the GenAge data. Some exhibit effects that contrast with existing literature, 

highlighting possible novel mechanisms or context-specific influences on ageing. Others lack any 

established connection to ageing-related pathways, emphasizing their novelty in the ageing 

context and the need for further exploration to understand their contributions to lifespan regulation.  

5.6.1. Pro-longevity Genes 

5.6.1.1. Forkhead (fkh) 

Forkhead (fkh, CG10002) encodes a winged-helix nuclear transcription factor crucial for salivary 

gland development. It mediates the anti-ageing effects of rapamycin and modulates intestinal 

insulin/insulin-like growth factor (IGF) signaling (IIS) through phosphorylation by AKT and 

Target of Rapamycin (TOR). Moderate intestinal fkh upregulation extends median lifespan by 

14%, while strong induction shortens it. Gut-specific fkh upregulation enhances gut barrier 

function in aged flies and increases nutrient transporter expression, mirroring the effects of 

reduced IIS (Bolukbasi et al., 2017). 

5.6.1.2. Metal Response Element-Binding Transcription Factor-1 (MTF-1) 

Metal Response Element-Binding Transcription Factor-1 (MTF-1, CG3743) regulates trace metal 

homeostasis and detoxifies non-essential, toxic heavy metals. Variations in its DNA binding site 

influence metal-specific responses. MTF-1 mutation reduces lifespan under disrupted metal 

homeostasis, while its overexpression extends lifespan on iron- or cadmium-supplemented media 
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but shortens it on zinc-supplemented media. Neuronal overexpression increases lifespan by 40% 

and protects against hyperoxia, highlighting the sensitivity of neural tissues to metal imbalance. 

This underscores the interplay between oxidative stress protection, metal toxicity, and their tissue-

specific roles in ageing and lifespan regulation (Bahadorani et al., 2010). 

5.6.1.3 aarF domain containing kinase 1 (Adck1) 

The aarF domain containing kinase 1 (Adck1, CG3608) is responsible for mitochondrial function 

and cristae formation and regulates mitochondrial structural proteins. It could potentially be 

involved in tracheal development and larval molting through sterol modification and/or 

intracellular lipid trafficking (Wisidagama et al., 2019). Knockdown of Adck1 in Drosophila 

(dAdck1) causes developmental defects, muscular abnormalities, increased ROS levels and 

apoptosis, and shortened lifespan, which can be rescued by ubiquitous overexpression of Adck1 

(Yoon et al., 2019).  

5.6.2. Anti-longevity Genes 

5.6.2.1. Glycerol-3-phosphate dehydrogenase 1 (Gpdh1) 

Glycerol-3-phosphate dehydrogenase 1 (Gpdh1, CG9042) encodes a dehydrogenase that catalyzes 

the oxidation of glycerol-3-phosphate to dihydroxyacetone phosphate, playing key roles in 

triglyceride metabolism, hyperoxia response, and flight behavior (Merritt et al., 2006). Gpdh1 

supports mitochondrial energy production, triglyceride accumulation, and redox balance. 

Mutations in Gpdh1 reduce its activity by 40%, extending lifespan by 20%, but also result in 

defects in larval development, lifespan, and fat storage (Talbert et al., 2015; Rai et al., 2022). 

The gene is crucial for oogenesis and embryogenesis, with homozygous mutants showing distinct 

larval metabolic defects compared to F1 mutants, underscoring its significance in early 

development (Li et al., 2019).  

5.6.3. Genes unexplored in the ageing context 

5.6.3.1. Daywake (dyw) 

Daywake (dyw, CG2650) is a circadian clock component or downstream effector that suppresses 

daytime sleep (siesta) under ambient temperatures, promoting extended daytime activity (Yang 

and Edery, 2019). Notably, dyw is found in the circulatory system but is absent in the brain, where 

wake-sleep centers reside. It regulates daytime sleep behavior in response to environmental 
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temperatures, contributing to heat avoidance mechanisms by minimizing heat exposure risks 

(Villegas et al., 2024). 

5.6.3.2. CG2811 

The gene annotation CG2811, a putative gamma-glutamylcyclotransferase, is involved in the 

fibrin degradation pathway and is orthologous to human GGACT (Oakley et al., 2010). However, 

its role in Drosophila and relevance to ageing studies remain unexplored. 

5.6.3.3. CG6005 

The gene annotation CG26005 is involved in wound healing (Campos et al., 2010) and predicted 

to enable phosphatidylinositol 3-kinase regulator activity. It is orthologous to human WDR91 

(WD repeat domain 91), but there have been no studies on this gene in any capacity.  

5.6.3.4. Adenosine kinase 1 (Adk1) 

Adenosine kinase 1 (Adk1, CG3809) is predicted to facilitate adenosine kinase activity, 

contributing to AMP biosynthesis and purine nucleobase metabolism. It is homologous to the 

human ADK gene, which is associated with hypermethioninemia caused by adenosine kinase 

deficiency.  

5.6.3.5. Bedraggled (Bdg) 

Bedraggled (Bdg, CG8291) encodes a putative transporter essential for the fate commitment of 

the R3/R4 photoreceptor pair and imaginal disc development. Ubiquitous overexpression of Bdg 

cDNA using actin- or hs-Gal4 is lethal, while Bdg mutant escapers display movement-related 

abnormalities, indicative of neurotransmission deficiencies, suggesting a potential role in neural 

communication or motor function (Rawls et al., 2007). 

5.6.3.6. Ceramide transfer protein (Cert) 

Ceramide transfer protein (Cert, CG7207) facilitates ceramide transport from the endoplasmic 

reticulum to the Golgi complex, essential for sphingolipid synthesis and maintenance. In 

Drosophila melanogaster, Cert mutants exhibit ~60% reduction in lifespan and over 70% decrease 

in ceramide phosphoethanolamine (the sphingomyelin analog in Drosophila) and ceramide levels. 

This deficit increases plasma membrane fluidity, heightening susceptibility to reactive oxygen 

species and oxidative damage to cellular proteins. As a result, mutants display reduced thermal 

tolerance, exacerbated with ageing, alongside metabolic disruptions, including decreased ATP and 

elevated glucose levels, indicative of premature ageing (Rao et al., 2007).  
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5.6.3.7. Doppelganger von brummer (Dob) 

Doppelganger von brummer (Dob, CG5560) is predicted to enable triacylglycerol lipase activity, 

and involved in lipid homeostasis and triglyceride catabolic process (Dalton et al., 2010; Wat et 

al., 2020). It is orthologous to several human genes including PNPLA2 (patatin like phospholipase 

domain containing 2), PNPLA3 (patatin like phospholipase domain containing 3), and PNPLA5 

(patatin like phospholipase domain containing 5), which are implicated in autosomal recessive 

congenital ichthyosis 10, coronary artery disease, liver disease (multiple), and type 2 diabetes 

mellitus. 

5.6.3.8. Ferredoxin 2 (Fdx2) 

Ferredoxin 2 (Fdx2, CG1319) encodes a protein involved in ecdysteroid biosynthesis regulation 

(Palandri et al., 2015) and is orthologous to human FDX1 (ferredoxin 1).  

5.6.3.9. Midway (Mdy) 

Midway (Mdy, CG31991) encodes an acyl coenzyme A: diacylglycerol acyltransferase that 

functions in the formation of triglycerides (Girard et al., 2021). Lack of Mdy leads to female 

sterility and impaired fat metabolism in larvae and adults. Expression of midway in insect cells 

changes acylglycerol lipid metabolism and disrupts normal egg chamber development in 

Drosophila (Buszczak et al., 2002). 

5.7. Conclusion 

The candidate genes identified in this study provide a promising resource for future functional 

validation, with many having human orthologs that could enhance our understanding of conserved 

ageing and longevity mechanisms. However, it is important to note that the differentially 

expressed genes (DEGs) are not necessarily causal for the observed longevity phenotypes. 

Identifying causal candidates is crucial to exploring their pleiotropic effects on fitness and 

understanding their persistence as segregating variants in natural populations, offering empirical 

examples of evolutionary theories on ageing. 

The discrepancies between pro- and anti-longevity genes in existing literature and their altered 

expression in this study underscore the need for further investigation. It is important to determine 

if these expression changes shift their functional roles in ageing pathways. While most ageing-

related genes have been studied in a tissue-specific context, testing their function under ubiquitous 

expression could reveal broader organismal impacts. 
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The influence of select DEGs on lifespan and locomotor function will be validated through 

targeted genetic interventions. By examining their effects on lifespan and negative geotaxisðtwo 

established proxies for ageing and health spanðthe RNASeq transcriptomic insights can relate to 

organismal phenotypes. This approach will help determine whether the DEGs play causal roles in 

modulating longevity or represent compensatory adaptations to selection. 
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Chapter II ï Testing candidate genes for 

effect on lifespan and health 

6. Introduction 

6.1. Gene regulation in ageing studies using Drosophila 

melanogaster 

Ageing is the progressive decline in biological function over time, ultimately leading to death. 

Survival studies on Drosophila populations provide valuable insights into ageing mechanisms and 

non-ageing related mortality through survival studies. Additionally, tracking physical activity 

(negative geotaxis, cardiac function, gut barrier function), behaviour (feeding, courtship, sleep 

patterns), and physiological changes (protein/lipid synthesis, metabolic rate) reveals age-

associated functional decline. While lifespan is a reliable measure of ageing in Drosophila, pairing 

it with behavioural assays, such as negative geotaxis (a simple and non-destructive neuromuscular 

assay), allows assessment of both lifespan and health span. This is crucial for understanding the 

effects of lifespan-modifying interventions on health over time and for determining their role in 

demographic ageing. 

In model organisms, gene effects on lifespan are often studied by inducing mutations through gene 

knockouts or strong overexpression, both of which can substantially impact lifespan. However, 

such mutations are unlikely to occur in natural populations, including humans (Ivanov et al., 2015). 

Gene knockdowns offer a more nuanced approach by tempering these large effects, better 

simulating natural allelic variation. 

Gene manipulation in Drosophila employs traditional genetic screens, which introduce point 

mutations to reveal key transcription factors and signalling molecules. Enhancer-suppressor 

screens uncover genes that are partially disrupted by other mutations, while clonal screens use 

site-specific recombination to study phenotypes in cloned cells. Misexpression screens allow gain-

of-function studies, providing insights that loss-of-function screens may miss (St Johnston, 2002). 
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Genomic manipulation in Drosophila advanced markedly in the 1980s, from using transposable 

element vectors to rescue mutants, to developing enhancer traps that mimic bacterial operon 

fusions, eliminating the need for specific mutant phenotypes. The era also saw the rise of 

insertional mutagenesis with transposable elements and site-specific recombination techniques, 

broadening the scope of genetic research (Rubin and Spradling, 1982; Kane and Gehring, 1987; 

Cooley et al., 1988; Golic and Lindquist, 1989).    

6.1.1 RNA Interference (RNAi) mediated gene regulation 

Introducing dsRNA into Drosophila cell lines is commonly used for studying signal transduction 

pathways (Clemens et al., 2000), with most research focusing on phenotypes associated with gene 

loss- of- function. To achieve this, dsRNA is either microinjected into embryos or generated in 

vivo. Injecting dsRNA into embryos degrades both maternal and zygotic mRNA, though the 

resulting phenotype varies in expression and severity. Effective phenotypic analysis requires 

control injections with non-homologous dsRNA and often fails to downregulate genes in later 

developmental stages (Misquitta & Paterson, 1999; Adams & Sekelsky, 2002). 

Generating dsRNA in vivo allows gene knockouts by introducing an inverted repeat to form a 

double-stranded hairpin controlled by a Drosophila gene expression system. This versatile method 

can target any gene, allows spatiotemporal induction, and is effective for adult knockouts without 

causing permanent gene disruption (Kennerdell & Carthew, 2000; Piccin et al., 2001; Dietzl et al., 

2007).  

RNA interference (RNAi) is a potent gene-silencing technique regulated by sequence-specific 

short RNAs, such as short interfering RNA (siRNA) or microRNA (miRNA). Double-stranded 

RNA (dsRNA) introduced into the cell is cleaved into siRNA by the Dicer enzyme. The siRNA, 

in conjunction with the RNA-induced silencing complex (RISC), binds to the target mRNA. The 

RISC, containing argonaute proteins with endonuclease activity, cleaves the complementary 

mRNA, preventing protein translation. The specificity of siRNA-mRNA binding ensures gene-

specific silencing (figure 15) (Fire et al., 1998; Kim and Rossi, 2008; Wu and Belasco, 2008). 
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Figure 15 Gene knockdown involves a dicer molecule that attaches to the dsRNA and ñdicesò it to produce 

a siRNA; the siRNA induces gene knockdown by cleaving the mRNA (Image generated in Biorender) 

While RNAi is primarily used for transgene downregulation, rare instances of upregulation have 

been reported (Vasudevan et al., 2007). RNAi uncovers gene signatures distinguishing healthy 

ageing from age-related decline, enabling novel therapeutic strategies. However, gene silencing 

efficiency varies across driver lines and genomic insertion sites (Piccin et al., 2001). Genome-

wide RNAi screens and multi-omics approaches enhance insights into age-related gene 

interactions beyond traditional ageing research methods (Minois et al., 2010). 

6.2 Gene expression systems in Drosophila 

Ectopic gene expression is valuable for studying cell fate switches and gene roles in development. 

Early techniques used heat shock promoters, where gene expression was activated by heat-

shocking transgenic animals (Struhl, 1985). While this method allowed inducible expression, it 

was ubiquitous and sometimes induced basal expression of endogenous genes instead of the 

transgene. Additionally, it lacked the spatial specificity provided by tissue-specific promoters, and 

repeated heat shock treatments made it challenging to distinguish primary from secondary gene 

expression responses (Gibson and Gehring, 1988). 

An alternative approach involved using transcriptional regulatory sequences from defined 

promoters (Zuker et al., 1988). While tissue-specific promoters limited transcription to specific 

cell subsets, their limited availability and the toxic effects of certain gene products, which hinder 

the generation of stable transgenic lines, were significant limitations of this system. 
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6.2.1 UAS-GAL4 System  

To address the limitations of early gene expression techniques, the UAS-GAL4 system was 

developed to generate tissue-specific ectopic expresser strains rapidly and is widely used for 

constitutive gene expression in Drosophila melanogaster. This approach uses two distinct 

transgenic linesðone containing the gene of interest (responder) and the other having the 

transcriptional activator (driver) (figure 16). Each parent is transcriptionally silent and viable, but 

their progeny expresses the gene of interest, making it convenient for misexpression studies. 

Crossing the transgene with different tissue-specific promoters produces various gene expression 

patterns (Brand and Perrimon, 1993). 

 

Figure 16 UAS-GAL4 gene expression system employs a driver that drives constitutive expression of the 

responder (UAS-gene of interest/RNAi) (image generated on Biorender) 

This bipartite system includes a yeast transcription factor, GAL4, which is transcriptionally 

inactive in flies unless it binds to upstream activating sequences (UAS) (Fischer et al., 1988). 

GAL4 binding to UAS activates downstream gene transcription, making it possible to control gene 

expression in specific cells without damaging them. The system is predominantly used in genetic 

studies, such as neural development, behaviour, cell ablation, and disease modelling (Niemann 

and O'Kane, 1995; Zhou et al., 1997). 

However, the UAS-GAL4 system has limitations, such as leaky expression, where there is 

background expression in the absence of GAL4 activation, which can lead to unintended gene 

activation in non-target cells. Moreover, GAL4-driven expression starts early in development due 

to lack of temporal control, which can be lethal. To counter this, the FLP-FRT system was 
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introduced, where the gene and promoter are separated to allow induced expression. However, 

this system favours expression in dividing cells, with varying levels of ectopic expression among 

organisms (Brand et al., 1994). Additionally, genetic background differences between strains can 

affect results, necessitating careful validation. 

Since UAS-GAL4 lacks temporal control, the GAL80 repressor was introduced to inhibit GAL4-

mediated transcription. GAL80 provides temporal control without affecting viability or fertility 

(Lee and Lou, 1999). The creation of temperature-sensitive GAL80 proteins enabled precise 

spatiotemporal control in the TARGET system (McGuire et al., 2003). At low temperatures (19°C), 

GAL80 represses transgene expression, but at higher temperatures (30°C), GAL80 is inactivated, 

allowing expression. This system is especially useful when early developmental expression is 

lethal, although temperature changes can affect viability and behaviour in ectothermic animals 

like Drosophila (Abram et al., 2017). Despite these challenges, the UAS-GAL4 system remains 

foundational to Drosophila research, with ongoing improvements extending its applicability 

across biological disciplines. 

6.2.2 Tet-on/Tet-Off System 

To overcome the temporal control limitations and provide chemical induction of the UAS-GAL4 

system, the ñTet-onò/ñTet-offò method was developed, using regulatory proteins with a non-toxic 

effector. Transgene expression is controlled by the binding of the E. coli tetracycline repressor 

protein (tetR) or a mutant tetracycline transactivator (rTA) to the tetracycline operator (tetO) 

sequences in the presence of tetracycline (tc) or derivatives like doxycycline (dox) (Gossen et al., 

1995; Bello et al., 1998). In the Tet-On system, tc/dox enables binding of rTA to tetO, activating 

transcription. In the Tet-Off system, tc/dox prevents tetR from binding to tetO, inhibiting 

transcription and repressing gene expression. This allows flexibility, with the rTA system better 

for occasional gene activation and tetR for occasional repression (Baron and Bujard, 2000). 

Although promising, this system requires generating new tissue-specific tetR or rTA drivers and 

tetO responder lines in Drosophila. This issue was mitigated by using drivers for ubiquitous rTA 

expression in dox-inducible systems, with minimal background expression in non-induced 

conditions (Stebbins and Yin, 2001). However, doxycycline negatively affects cell viability, 

disrupts the gut microbiome, inhibits mitochondrial translation, delays growth, and increases 

mobility in worms and flies (Ermak et al., 2003; Moullan et al., 2015; Boynton et al., 2017). 
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6.2.3 GeneSwitch System 

While the UAS-GAL4 system provides spatial control of gene expression, its lack of temporal 

control limits its utility, especially as early dominant transgene effects can hinder adult-stage 

genetic analysis. Despite modifications to UAS-GAL4 and Tet-on systems, these approaches 

remain cumbersome. To address this, an inducible system was developed using pre-characterized 

UAS-GAL4 lines, offering both spatial and temporal control (Osterwalder et al., 2001). This 

system relies on modified GAL4 proteins activated by steroid hormones or analogues. Specifically, 

yeast GAL4 is fused to a modified human progesterone receptor and human p65 to form the fusion 

protein "GeneSwitch" (figure 17). Upon binding to an anti-progestin, mifepristone (RU486), 

GeneSwitch activates the GAL4 promoter, inducing transgene expression (Burcin et al., 1999). 

 

 

Figure 17 GeneSwitch gene expression system employs a driver (Actin- or daughterless-GeneSwitch) that 

drives expression of the responder (UAS-gene of interest/RNAi) in the presence of an inducer (RU486) 

(image generated on Biorender) 

In this system, "driver" strains express the GeneSwitch transcription factor, while "responder" 

strains carry the UAS-transgene. The main advantage is that RU486 administration enables precise 

spatiotemporal control of transgene activation. Feeding RU486 to adults alone restricts UAS-

transgene activation to adult stages, preventing unintended developmental effects. As 

experimental and control groups differ only by RU486 treatment, genetic background variation is 

minimised, making the system ideal for ageing studies (Wang et al., 1994; Burcin et al., 1998). 

Despite its advantages, the GeneSwitch system has some limitations. The GeneSwitch-GAL4 

protein exhibits "leaky" activity even in the absence of RU486, causing reporter protein expression 
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under uninduced conditions (Poirier et al., 2008). The level of transgene expression leakage 

depends on the driver and transgene, with strong drivers like tubulin-GeneSwitch (tubGS) showing 

no significant differences between induced and uninduced flies when testing RNAi transgenes 

(Scialo et al., 2016). RU486's impact on lifespan varies, with some studies reporting no significant 

effect (Ford et al., 2007), while others report lifespan reductions (Shen et al., 2009) or increases 

(Ren and Hughes, 2014). RU486 effects are also dose- and diet-dependent, as undernutrition 

reduces lifespan in low-nutrient conditions, but nutrient-rich diets not having a significant effect 

(Yamada et al., 2017). 

6.3 Conclusion and Chapter objectives  

In this chapter, the candidate genes will be evaluated by RNAi-mediated knockdown or 

overexpression with the GeneSwitch system for their potential role in regulating Drosophila 

lifespan, while neuromuscular health will be assessed by negative geotaxis.   
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7. Methods 

7.1 Overview  

This study investigates the role of candidate genes in influencing longevity and health in 

Drosophila by combining lifespan analysis with behavioural assays that evaluate neuromuscular 

function. Lifespan studies assess the impact of genetic modifications on overall survival, while 

behavioural assays provide insights into health-specific effects of these modifications. 

Gene expression will be manipulated via RNA interference (RNAi) for gene knockdown or 

overexpression using the GeneSwitch system for precise temporal control, with transgenics 

selected to replicate their respective RNASeq gene expression profiles. qPCR will validate gene 

expression efficiency, facilitating the investigation of how changes in gene activity affect both 

lifespan and health span metrics. 

The methods outlined are broadly applicable across experiments, with minor modifications as 

required. General methods are presented first, followed by experiment-specific adaptations. 

7.2 Fly stocks 

Flies were obtained from either Vienna Drosophila Research Centre (VDRC) or Bloomington 

Drosophila Stock Centre (BDSC), Indiana University, USA or FlyORF (Zurich). The following 

strains are assayed in this chapter for their role in regulating lifespan and health span in Drosophila 

melanogaster. Fly strains used to generate the GD strains is w1118 (VDRC ID 60000), 

y,w[1118];P{attP,y[+],w[3`]} (VDRC ID 60100) for the KK strains, ūX-86Fb for CG3743, and 

w1118 for CG3608 (table 4). These were standard strains used by the transgenic providers and 

were not selected specifically by me.  

Strain validation prior to experimental set up was based on phenotypic markers, with transgenic 

flies with red eyes indicating successful insertion of the UAS-transgene into the genome. Since all 

the strains exhibited red-eyes, downstream experiments were set up.  

  



74 
 

Table 4 Drosophila melanogaster strains were obtained either as RNAi or UAS-transgene based on their 

respective RNASeq profiles 

Annotation 

Number 

Fly Base 

Number 

Library/ 

Construct 

ID 

Name 

Gene 

Abbrev

iation 

Gene Function 

Gene 

expression 

Chro

moso

me 

of 

inser

tion 

Source 

CG9042 
FBgn000

1128 
KK/107796 

Glycerol-

3-

phosphate

-

dehydrog

enase 

 

Gpdh1 

Involved in triglyceride 

metabolism, response to 

hyperoxia and flight 

behaviour 

RNAi 

Knockdown 

2 

VDRC 

CG9042 
FBgn000

1128 
GD/14102 3 

CG10002 
FBgn000

0659 
GD/4661 Forkhead fkh 

Salivary gland 

formation, enables RNA 

polymerase II DNA-

binding trans-factor 

activity 

RNAi 

Knockdown 
3 

VDRC 

CG2811 
FBgn003

5082 
KK/101676 

Gamma-

glutamyla

mine 

cyclotran

sferase 

CG2811 

Predicted to enable 

gamma-

glutamylaminecyclotran

sferase activity 

RNAi 

Knockdown 
2 

VDRC 

CG2650 
FBgn000

0092 

KK/107026 

 

Daywake dyw 

Circadian clock 

component that 

suppresses daytime 

sleep and allows longer 

RNAi 

Knockdown 
2 

VDRC 
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periods of daytime 

activity 

CG6005 
FBgn003

8672 
KK/107310 

No name. 

Ortholog

ous to 

human 

WDR91. 

CG6005 

Wound healing 

Predicted - Regulation 

of PI Kinase activity. 

RNAi 

Knockdown 
2 VDRC 

CG3743 
FBgn004

0305 
P003100 

Metal 

response 

element-

binding 

Transcrip

tion 

Factor-1 

MTF-1 

Encodes a zinc finger 

protein that primarily 

controls the homeostasis 

of physiological trace 

metals 

Over-

expression 
3 FlyORF  

CG3608 
FBgn003

5039 
84088 

aarF 

domain 

containin

g kinase 1 

Adck1 

Responsible for 

mitochondrial cristae 

formation and 

mitochondrial function 

Over-

expression 
2 BDSC 

 

7.3 Backcrossing 

To ensure a common genetic background across all strains, flies were backcrossed with the wild-

type white Dahomey (wDah) strain (gift from Patridge lab). Originally collected in Dahomey and 

now widely used in laboratories, the wDah strain is characterized by its white eyes, distinguishing 

it from the typical, red-eyed phenotype (Grandison et al., 2009). 

Backcrossing, a chromosome replacement technique, involves mating flies with one of their 

parents, producing progeny genetically closer to the recurrent parental strain. In this study, male 

flies carrying the transgene (donor parent) were crossed with virgin wDah females (recurrent 

parent). Eye colour differences served as a selection marker for progeny in subsequent 
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backcrossing generations. After several generations, isogenic strains were established, differing 

only in the transgenic region but otherwise genetically identical to the recurrent parent (Evangelou 

et al., 2019) (figure 18). 

 

Figure 18 Backcrossing transgenic male flies with virgin wDah for 4 generations gives near-isogenic 

strains (image generated on Biorender) 

7.4 Fly husbandry and maintenance 

All flies were maintained on standard sugar-yeast food (appendix), and cultures incubated at 25 , 

70% relative humidity and 12-12 light-dark cycle (Piper and Patridge, 2016).  

7.5 Embryo collection 

Driver and responder strains are developed in fresh food bottles supplemented with live yeast 

granules for three days. As egg-laying peaks after 72 hours on nutrient-rich food, flies are in 

optimal condition for transfer to egg-laying cages at this stage (Piper and Partridge, 2016). 
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Fly egg-laying cages consist of acrylic cylinders with mesh on one end and a petri dish containing 

standard sugar-yeast medium on the other (figure 19). The petri dish is coated with yeast paste, 

and the setup is left undisturbed in the dark for 24 hours to encourage egg-laying. 

After 24 hours, flies in the cages are lightly anesthetized to remove the egg-laying plate. Any 

unconsumed yeast paste is discarded, and the plate is covered with a thin layer of phosphate-

buffered saline (PBS) to gently dislodge the eggs from the food using a paintbrush. The egg-PBS 

suspension is transferred to a 15 ml centrifuge tube, where the eggs are allowed to settle. Most of 

the supernatant PBS is discarded, and the eggs are washed with fresh PBS. After the final settling, 

a minimal amount of PBS is retained, just enough to cover the egg mass. 

Approximately 35 ɛl of the egg suspension is transferred into a fresh bottle with sugar-yeast (SY) 

medium using a wide-mouthed pipette tip to ensure intact egg transfer. The process is repeated to 

collect as many eggs as needed. After 10 days, newly eclosed flies are transferred to fresh SY 

bottles and allowed to mate for three days. On the fourth day, all male flies are collected under 

CO  anesthesia and transferred to SY vials at a density of 20 flies per vial.   
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Figure 19 A generic overview of the experimental setup applicable for fly lifespan experiments in chapter 

2 and 3. Experiment-specific alterations to protocol have been addressed in respective sections (image 

generated on Biorender) 

7.6 Induction of the GeneSwitch System 

For gene expression through GeneSwitch, 70 µl of mifepristone (RU486 dissolved in 100% 

ethanol) was added to the food vials in varying concentrations, and left to dry for a day, before 

transferring the flies into the vials. In the vials with 0 µg/ml concentration of the drug, 100% 

ethanol (diluent) was added, instead of the drug. This procedure was repeated for the entire length 

of the experimental set up.  
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7.7  Lifespan Setup 

Lifespan set up adhered to the protocols suggested by (Landis et al., 2020). Male transgenic flies 

were crossed with virgin females of the driver possessing a GAL4 promoter that can activate the 

UAS-transgene or transgene-RNAi in the responder, and their progeny were used for the lifespan 

assay. To test the effects of mifepristone (RU486) independent to the responder, the progeny of 

wDah (without the UAS-component) crossed to the driver was used as a control strain. Flies were 

allowed to mate for 48 hours to help them acclimatize before embryo collection.  

Every lifespan experiment (in chapter 2 and 3) was performed only once, due to time, logistical 

and financial constraints.  

7.7.1 Lifespan Experiment 1 

Two UAS-RNAi strains of Glycerol-3-phosphate-dehydrogenase (Gpdh1) gene  - KK/107796 and 

GD/14102 (VDRC), were tested. The two strains differ from each other in the site of transgene 

insertion. GD strains are P-element based, with random insertion sites, while KK strains are űC31-

based, with defined insertion sites.  

To test gene expression, two doses of RU486 were used (112 µg/ml and 224 µg/ml), with vials 

without the drug (0 µg/ml) acting as a control. There were 3 genotypes and 3 doses of drug 

(RU486), resulting in 9 treatments. Controls (daGS x wDah progeny) had 6 replicates of 20 flies 

each per dose of treatment, while transgenic flies (daGS x Gpdh1-RNAi) had 7 replicates of 20 

flies each per dose of treatment, with gene expression being induced from 11 days post-eclosion 

until end of fly lifespan.  

7.7.2   Lifespan Experiment 2 

Based on the results of the previous lifespan experiment, I wanted to test if the strength of the 

driver affects longevity or mobility. I tested da-GS, a weak GeneSwitch driver (Scialo et al., 2016) 

alongside a strong GeneSwitch driver, Act-GS-255B (Ford et al., 2007).   

Four UAS-RNAi (VDRC) and one UAS-transgene overexpresser (FlyORF) strains were tested 

for effect on lifespan and negative geotaxis using two ubiquitous drivers ï da-GS and Act-GS-

255B. The genes that were knocked down were dyw-RNAi, CG2811-RNAi, fkh-RNAi, and 

CG6005-RNAi, while UAS-MTF-1 was overexpressed, like their RNASeq expression profile.  
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To test gene expression, two doses of RU486 were used (56µg/ml and 224 µg/ml), with vials 

without the drug acting (0 µg/ml) as a control. There were 6 genotypes, 2 drivers and 3 doses of 

drug (RU486), resulting in 36 treatments, with 8 vials of 20 flies per treatment. Gene expression 

was induced from 9 days post-eclosion until end of fly lifespan.  

7.7.3  Lifespan Experiment 3 

Based on the results of the previous lifespan experiment, I used Act-GS-255B for all succeeding 

lifespan experiments.  

One gene, UAS-Adck1, was overexpressed using the Act-GS-255B driver, to test its role in lifespan 

and mobility. In previous experiments, gene expression was induced at around 10 days of fly 

adulthood, until the end of its lifespan. I wanted to test if duration of and age at gene expression 

induction affected fly lifespan and climbing ability. So, I restricted RU486 dose to 224 µg/ml, 

while varying time points for gene expression. Expression was induced between 3 days and 25 

days, 20 and 25 days, 3 days until death, 10 days until death, and 20 days until death. Time points 

centered around 25 days to mimic the fly age at RNASeq.   

To test gene expression, only one dose of RU486 was used (224 µg/ml), and vials without the drug 

(0 µg/ml) were the control. There were 2 genotypes, 5 time points, and 2 drug doses (RU486), 

resulting in 20 treatments, with 8 vials of 20 flies per treatment. 

7.8 Fly Tipping  

Every two days, dead and censored flies were recorded, before transferring live flies to fresh food 

vials under light CO2 anesthesia. 

7.9 Negative Geotaxis 

Negative geotaxis measures fly climbing height to assess age-related neuromuscular health using 

a modified rapid iterative negative geotaxis (RING) assay is used (Gargano et al., 2005). The 

negative geotaxis assay was performed to evaluate the locomotor abilities and climbing behaviour 

of Drosophila melanogaster in response to gene manipulation. This assay assesses the flies' natural 

tendency to move upward against gravity, which is a common behavioural response.  

Flies are transferred without anesthesia into 1 cm wide polystyrene tubes placed in a wooden rack, 

with a sponge plug at the base. After a two-minute acclimatization, the rack is tapped on the table 
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to uniformly bring all flies to the base. Fly positions are recorded 15 seconds after they begin 

climbing. This assay is repeated at multiple time points across the lifespan to monitor any age-

related decline.  

7.9.1 Negative Geotaxis Experiment 1 

Negative geotaxis assay for da-GS x wDah and da-GS x Gpdh flies was performed for 5 vials per 

treatment (20 flies per vial) with two readings (ages 24 and 33) during their lifespan.  

7.9.2 Negative Geotaxis Experiment 2 

Negative geotaxis assay for Act-GS-255B x wDah, da-GS x wDah, Act-GS-255B x fkh-RNAi, 

and da-GS x fkh-RNAi flies was performed for 5 vials per treatment (20 flies per vial) with four 

readings (ages 14, 26, 33 and 40) during their lifespan.  

Negative geotaxis assay for Act-GS-255B x dyw-RNAi, da-GS x dyw-RNAi, Act-GS-255B x 

CG2811-RNAi, da-GS x CG2811-RNAi, Act-GS-255B x CG6005-RNAi, da-GS x CG6005-

RNAi, Act-GS-255B x UAS-MTF-1, and da-GS x UAS-MTF-1 flies was performed for 5 vials 

per treatment (20 flies per vial) with four readings (ages 16, 28, 35 and 42) during their lifespan.  

7.9.3 Negative Geotaxis Experiment 3 

Negative geotaxis assay for Act-GS-255B x UAS-Adck1 and Act-GS-255B x wDah flies was 

performed for 5 vials per treatment (20 flies per vial) with five readings (ages 18, 23, 32, 39, and 

46) during their lifespan. 

7.10 Collecting flies for qPCR assays 

To determine gene expression levels, RNA was extracted from 25-day-old flies and quantified 

using qPCR. Four random vials per treatment were selected and three male flies per vial were 

aspirated into Eppendorf tubes, snap-frozen in liquid nitrogen to preserve RNA integrity, and 

stored at -80°C until further processing. 

7.11 RNA Extraction and cDNA synthesis 

RNA from the frozen flies was extracted using Norgen Biotek total RNA purification kit. Bashing 

bead tubes were placed onto a cold box and 600µl of lysis buffer was added. Flies were tipped 

into these tubes and placed in the Ribolyser for two sets of 20 seconds each, at 6 metres/second to 

release cell contents. Samples were centrifuged at 12,000 x g for 2 minutes for all the cell debris 
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to settle. The lysate (approximately 600 µl) was transferred into RNase-free microcentrifuge tubes. 

600 µl of 70% ethanol was added to each sample and vortexed.  Samples were placed on ice 

between each of the following steps. Lysate (600 µl) was pipetted onto spin columns and spun at 

12,000 x g for 1 minute for all lysate to pass through. This step was repeated after discarding the 

flow through. Wash buffer (400 µl) was added to each column and spun at 12,000 x g for 1 minute. 

Flow through was discarded and this step was repeated twice. A final spin was done for 2 minutes 

without the addition of the wash buffer.  Columns were transferred to fresh tubes and 20 µl elution 

buffer was added to each tube. The samples were shaken for 15 minutes, spun at 2,000 x g for 2 

minutes and at 14,000 x g for 1 minute. The samples were qualitatively and quantitatively analysed 

with a NanoDrop 2000. cDNA synthesis was done with Takara PrimeScript 1st strand cDNA 

synthesis kit.  

7.12 Quantitative Analysis by qPCR 

Primers for the qPCR reaction were designed using Primer3Plus software, ensuring a GC content 

of 40ï60% and melting temperatures between 50ï60°C. For the assay, samples were tested for 

both target and housekeeping genes, with housekeeping genes acting as internal controls to 

validate RNA expression and normalize data. Samples were loaded in triplicate onto a 96-well 

PCR plate, with water-only wells as negative controls. EF1-g-A (Elongation Factor 1-gamma) was 

used as a housekeeping gene for all experiments. Repeats of experiments 2 and 3 were performed 

with actin and rpl32 as housekeeping genes. All transgenes were analysed for expression via qPCR 

with 4 biological replicates and 3 technical replicates. 

7.13 Data Analysis 

7.13.1  Lifespan Data Analysis 

Lifespan data were analyzed using survival analysis techniques within JMP v8 (SAS Institute). 

Kaplan-Meier survival curves were generated for each experimental group to visualize survival 

differences over time. Statistical comparisons between groups were made using the log-rank test 

to identify significant differences in survival distributions. Median and maximum lifespans were 

also calculated for each group, providing additional measures for comparative analysis. Statistical 

significance was set at p < 0.05. 



83 
 

7.13.2  Negative Geotaxis Data Analysis 

Negative geotaxis data were analyzed with ANOVA to compare mean performance across groups, 

followed by least square means calculations to assess differences between specific groups. 

Statistical significance was determined at p < 0.05. 

7.13.3  qPCR Data Analysis 

Gene expression was analyzed using REST 2009 software, with a housekeeping gene serving as 

the reference for transgene expression quantification. Triplicate means were calculated for each 

sample, and an overall mean was determined across samples. The analysis followed the delta-

delta-Ct method (relative expression method), assuming a reaction efficiency of 1. This method 

enabled relative quantification of gene expression by comparing Ct values between the transgene 

and the reference gene. 
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8 Results 

8.1 Overview 

This chapter investigated the influence of candidate genes on longevity and health in Drosophila 

melanogaster by combining lifespan studies with climbing assays to assess neuromuscular 

function. Lifespan analysis was essential to determine the effects of genetic modifications on 

survival, while behavioural assays provided insights into health-specific impacts. Gene expression 

was regulated using the GeneSwitch system, allowing precise temporal control, and gene 

expression efficiency was validated by qPCR, enabling detailed investigation into the effects of 

gene modulation on lifespan and health span metrics. 

Three experiments were conducted, each testing different genes under different parameters. 

Lifespan data was analysed with JMP v8 (SAS Institute), generating Kaplan-Meier survival curves 

for each group to visualize survival differences. Log-rank tests assessed statistical significance in 

survival distributions, with median lifespans calculated for additional comparison. A significance 

level of p < 0.05 was used. 

Negative geotaxis data were analysed using MANOVA with repeated measures, followed by least 

square means calculations to examine differences between specific groups over time. Least square 

means, less influenced by sample size than regular means, provided accurate comparisons across 

treatments to assess health and mobility in flies. 

Gene expression was analysed with REST 2009 software, using a housekeeping gene as the 

reference for quantifying transgene expression. Triplicate means for each sample and an overall 

mean across samples were calculated. The delta-delta-Ct method (relative expression method) was 

applied, assuming a reaction efficiency of 1, to enable relative quantification by comparing Ct 

values between the transgene and the reference gene. 

8.2 Experiment 1  

The survival analysis was conducted to evaluate the effect of the knockdown of two strains of 

Glycerol-3-phosphate-dehydrogenase (Gpdh1) gene - GD/14102 and KK/107796 using RNAi on 

overall Drosophila survival and fly climbing height.  
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To test gene expression, two doses of RU486 were used 112 µg/ml and 224 µg/ml, with vials 

without the drug (0 µg/ml) acting as a genetic control. There were 3 genotypes and 3 doses of drug 

(RU486), resulting in 9 treatments. Gene expression was induced from 11 days post-eclosion until 

end of fly lifespan. 

8.2.1 Knockdown of Gpdh1 does not extend lifespan  

Two strains of UAS-Gpdh1-RNAi differing in the methods and chromosome of transgene 

insertion were tested with a da-GS driver for their effect on lifespan. While one strain (GD/14102) 

has no significant difference between the control and treated flies, one strain (KK/107796) had a 

detrimental effect on fly survival, with a higher RU486 dose (= stronger gene knockdown) 

significantly reducing lifespan (figure 20).  

8.2.1.1 Knockdown of da-GS x Gpdh1-RNAi (GD/14102) had no significant effect 

on the overall survival 

The log-rank test indicated no statistically significant difference in survival between the three 

groups (p = 0.44), suggesting that knockdown of the Gpdh1 gene had no effect on the overall 

survival. 

Flies treated with different doses of RU486 did not have any significant difference in the median 

overall survival. The median overall survival was 72 days across all treatments.  

8.2.1.2 Knockdown of da-GS x Gpdh1-RNAi (KK/107796) reduced fly survival 

significantly over time 

Knocking down the transgene significantly affected survival between the three groups (p = 0.0026), 

with the higher dose of RU486 reducing fly survival over time.  

Flies treated with different doses of RU486 also had different median time of survival, with 

controls (0 µg/ml) having a median survival of 62 days while the treatments (112 µg/ml and 224 

µg/ml) had shorter median times of 59 and 56 days respectively. 

8.2.1.3 RU486 did not affect da-GS x wDah survival significantly 

RU486 did not affect fly survival significantly (p = 0.50). 

 The median survival time was 62 days for the controls (0 µg/ml) and one treatment (112 µg/ml), 

and 61 days for the other treatment (224 µg/ml). 
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8.2.1.4 Median lifespans and rate of ageing were different between the strains 

Although neither of the transgenic strains extended lifespan, they both had different patterns of 

survival over time, where knockdown of da-GS x Gpdh1-RNAi (GD/14102) between age 40 and 

60 had higher survival estimate than the no-drug control at the same age. This pattern is not 

observed in da-GS x wDah, negating the possibility of RU486 contributing to the effect. It is also 

not seen in the da-GS x Gpdh1-RNAi (KK/107796) strain, suggesting that site of transgene 

insertion as a contributing factor.  

It is also interesting to note that median survival times are similar between da-GS x Gpdh1-RNAi 

(KK/107796) and da-GS x wDah, with the highest median rate (62 days) seen in no-drug controls. 

However, da-GS x Gpdh1-RNAi (GD/14102) has a much higher median survival time, of 72 days.  

The survival analysis indicates that there is no statistically significant difference in survival 

between control and test strains, i.e. knockdown of Gpdh1 gene had no effect on the overall 

survival with the current experimental design.  

8.2.2 Knockdown of Gpdh1 does not have a significant effect on mean fly 

climbing height over time 

The negative geotaxis assay was performed on days 24 and 33 to evaluate the locomotor abilities 

and climbing behaviour of Drosophila melanogaster in response to knockdown of Gpdh1 gene.  

8.2.2.1 da-GS x Gpdh1-RNAi (GD/14102) and da-GS x wDah have a higher early 

climbing height and a greater decline in climbing height than da-GS x 

Gpdh1-RNAi (KK/107796) 

On day 24, da-GS x Gpdh1-RNAi (GD/14102) and da-GS x wDah flies climbed significantly 

higher than da-GS x Gpdh1-RNAi (KK/107796). i.e., strain affects climbing height significantly 

over time (p = 0.005) irrespective of dose.   

8.2.2.1.1 Dose of RU486 does not have a significant effect on climbing height  

Dose of RU486 (figure 20) reduces mean height climbed significantly across all strains (p = 0.03), 

with the 224 µg/ml treatment showing most decline in da-GS x wDah and da-GS x Gpdh1-RNAi 

(KK/107796), while the 112 µg/ml declining most in da-GS x Gpdh1-RNAi (GD/14102). 

However, dose loses this significance over time (p = 0.21) and the treatments themselves have no 

significant effect on the climbing height over time (p = 0.37).  
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Between the two Gpdh1 strains, da-GS x Gpdh1-RNAi (KK/107796) shows a greater decline over 

time across all treatments (67%, 71%, 85% reduction in height for 0 µg/ml, 112 µg/ml and 224 

µg/ml respectively), compared to da-GS x Gpdh1-RNAi (GD/14102) (65%, 70%, 57% reduction 

in height for 0 µg/ml, 112 µg/ml and 224 µg/ml respectively). This suggests that da-GS x Gpdh1-

RNAi (KK/107796) affects the motor function and coordination of Drosophila melanogaster more 

than da-GS x Gpdh1-RNAi (GD/14102).   

While the decrease in negative geotaxis over time is expected, the results observed could be a 

result of generalised health decline than a specific effect of knockdown of the Gpdh1 gene on 

motor function and tracking fly climbing heights for a longer period would determine the role of 

gene manipulation better.  
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Figure 20 Kaplan-Meier curves show that knockdown of Gdph1 gene GD/14102 showed (KK/107796) does 

not affect survival (A/B/C) and mean climbing height (D) over time (LSM units are in image pixels) 
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8.2.3 da-GS downregulated Gpdh1 expression by 56% in the GD/14102 

strain and 47% in the KK/107796 strain 

Knockdown of Gpdh1 with the da-GS driver was significant for both strains, with a 44% 

expression in GD/14102 (p = 0.016) and 53% expression in KK/107796 (p = 0.007) (figure 21). 

 

Figure 21 Relative expression of Gpdh1 gene with the da-GS driver was determined by the delta-delta-Ct 

method with EF1-g as a housekeeping gene 

8.3 Experiment 2 

Based on the results of the previous lifespan experiment, I wanted to test if the strength of the 

driver affects longevity or mobility. I tested da-GS, a weak GeneSwitch driver and Act-GS-255B, 

a strong GeneSwitch driver.   

The survival analysis was conducted to evaluate the effect of knocking down four genes (dyw, 

CG2811, fkh, and CG6005) and overexpressing one gene (MTF-1) using two ubiquitous drivers ï 

da-GS and Act-GS-255B.  

To test gene expression, two doses of RU486 were used (56 µg/ml and 224 µg/ml), with vials 

without the drug acting (0 µg/ml) as a genetic control. There were 6 genotypes, 2 drivers and 3 

doses of drug (RU486), resulting in 36 treatments. Gene expression was induced from 9 days post-

eclosion until end of fly lifespan. 
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8.3.1 Knockdown of fkh does not extend lifespan 

Knockdown of the fkh gene significantly decreased fly survival over time, with higher dose of 

RU486 being detrimental to survival in both Act-GS x UAS-fkh-RNAi (p = 0.02) and da-GS x 

UAS-fkh-RNAi (p = 7.53 x 10-6) (figure 22).  
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Figure 22 Kaplan-Meier curves show that survival (A/B) and mean climbing height (C) are not affected by 

knockdown of fkh. Flies with Actin-GeneSwitch driver climb significantly higher than the flies with 

daughterless-GeneSwitch driver (* indicates significance) (LSM units are in image pixels) 
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8.3.1.1 Knockdown of fkh with da-GS driver is more detrimental to survival than 

with Act-GS driver  

Although treatments across both drivers were affected by the dose of RU486 used, treatments with 

da-GS had significantly lower survival estimates than those with Act-GS (p = 0.03). This could 

be attributed to the leakiness of the da-GS driver. This is also observed in the difference in median 

ages of treatments between the drivers (table 5).  

8.3.1.2 Rate of ageing was different between the drivers 

Although neither of the transgenic strains extended lifespan, they both had different patterns of 

survival over time, where da-GS x UAS-fkh-RNAi had a steeper decline in the rate of ageing 

between 40 and 60 days compared to its control, and even the treatments of the Act-GS x UAS-

fkh-RNAi cross. However, this is not reflected in their median ages of survival, indicating that the 

populations were similar in terms of health. The survival analysis indicates that knockdown of fkh 

gene does not extend lifespan with the current experimental design.  

Table 5 Median ages of survival for UAS-fkh-RNAi when crossed with Act-GS and da-GS 

Driver  Dose of RU486 Median Age 95% CI (LCI ï UCI)  

Act-GS 0 µg/ml 62 60 - 64 

Act-GS 56 µg/ml 60 55 - 62 

Act-GS 224 µg/ml 55 53 - 60 

da-GS 0 µg/ml 62 60 ï 64 

da-GS 56 µg/ml 55 55 ï 57 

da-GS 224 µg/ml 53 53 - 57 

 

8.3.2 Knockdown of fkh does not have a significant effect on mean fly 

climbing height over time 

The negative geotaxis assay was performed on days 14, 26, 33 and 40 to evaluate the locomotor 

abilities and climbing behaviour of Drosophila melanogaster in response to knockdown of fkh 

gene.  
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8.3.2.1 Act-GS x UAS-fkh-RNAi has a higher early climbing height and a greater 

decline in climbing height than da-GS x UAS-fkh-RNAi 

On day 14, all Act-GS x UAS-fkh-RNAi flies climbed significantly higher than da-GS x UAS-

fkh-RNAi flies (p = 0.03), with the drivers significantly affecting climbing height over time (p = 

0.01), irrespective of dose.   

8.3.2.1.1 Dose of RU486 does not have a significant effect on climbing height 

over time in UAS-fkh knockdown flies 

Dose of RU486 (figure 22) reduces mean height climbed significantly across all treatments (p = 

0.02), with the 56 µg/ml treatment showing most decline with both drivers. However, dose loses 

this significance over time (p = 0.27) and the treatments themselves have no significant effect on 

the climbing height over time (p = 0.58).  

Both drivers show similar rate decline over time, but the Act-GS x UAS-fkh-RNAi flies have a 

slightly lower rate of decline with time across all treatments (93%, 96%, 92% reduction in height 

for 0 µg/ml, 56 µg/ml and 224 µg/ml respectively), compared to da-GS x UAS-fkh-RNAi (91%, 

96%, 95% reduction in height for 0 µg/ml, 56 µg/ml and 224 µg/ml respectively). This suggests 

that da-GS affects the motor function and coordination in fkh knockdown flies more than Act-GS.   

8.3.3 Knockdown of CG2811 does not extend lifespan 

Knockdown of the CG2811 gene significantly decreased fly survival over time, with higher dose 

of RU486 being detrimental to survival in da-GS x UAS-CG2811-RNAi (p = 0.03), however it 

has no significant effect on survival in Act-GS x UAS-CG2811-RNAi (p = 0.14) (figure 23).  
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Figure 23 Kaplan-Meier curves show that survival (A/B) and mean climbing height (C) are not 

significantly affected by knockdown of CG2811 (LSM units are in image pixels) 

8.3.3.1 Knockdown of CG2811 with da-GS driver is more detrimental to survival 

than with Act-GS driver  

Treatments with da-GS had significantly lower survival estimates than those with Act-GS (p = 

1.04 x 10-11), potentially due to the leakiness of the da-GS driver. This is also observed in the 

difference in median ages of treatments between the drivers (table 6).  
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8.3.3.2 Median lifespans and rate of ageing were different between the drivers 

Although neither of the transgenic strains extended lifespan, they both had different patterns of 

survival over time, where da-GS x UAS-CG2811-RNAi had a steeper decline in the rate of ageing 

between 40 and 60 days compared to its control, and to the treatments of the Act-GS x UAS-

CG2811-RNAi cross. This is reflected in their median ages of survival, indicating that the strength 

of the driver can influence median survival in fly populations. The survival analysis indicates that 

there is no statistically significant difference in survival between control and test strains, i.e. 

knockdown of CG2811 gene does not extend lifespan with the current experimental design.  

Table 6 Median ages of survival for UAS-CG2811-RNAi when crossed with Act-GS and da-GS 

Driver  Dose of RU486 Median Age 95% CI (LCI ï UCI)  

Act-GS 0 µg/ml 60 57 ï 62 

Act-GS 56 µg/ml 60 57 ï 62 

Act-GS 224 µg/ml 60 57 - 62 

da-GS 0 µg/ml 57 53 ï 60 

da-GS 56 µg/ml 55 53 ï 57 

da-GS 224 µg/ml 53 48 - 53 

 

8.3.4 Knockdown of CG2811 does not have a significant effect on mean fly 

climbing height over time 

The negative geotaxis assay was performed on days 16, 28, 35 and 42 to evaluate the locomotor 

abilities and climbing behaviour of Drosophila melanogaster in response to knockdown of 

CG2811 gene.  

8.3.4.1 Driver does not have a significant effect on climbing height of UAS-

CG2811 knockdown flies 

Although da-GS x UAS-CG2811-RNAi flies have a higher climbing height than Act-GS x UAS-

CG2811-RNAi flies, the difference is not significant on individual days (p = 0.33) and over time 

(p = 0.55).   
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8.3.4.2 Dose of RU486 does not have a significant effect on climbing height UAS-

CG2811 knockdown flies 

Dose of RU486 (figure 24) does not affect mean height climbed across treatments (p = 0.28), 

although the 56 µg/ml treatment has the most decline with both drivers. Over time, dose still does 

not affect climbing height significantly (p = 0.95) and the treatments also have no significant effect 

on the climbing height over time (p = 0.75).  

This suggests that neither the drivers nor the dose of RU486 affect the motor function and 

coordination in CG2811 knockdown flies.   

8.3.5 Knockdown of dyw does not extend lifespan 

Knockdown of the dyw gene does not significantly affect fly survival over time, with either driver 

- da-GS x UAS-dyw-RNAi (p = 0.07) and Act-GS x UAS-dyw-RNAi (p = 0.10) (figure 24). 
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Figure 24 Kaplan-Meier curves show that survival (A/B) and mean climbing height (C) are not significantly 

affected by knockdown of dyw (LSM units are in image pixels) 

8.3.5.1 Knockdown of dyw with da-GS driver is more detrimental to survival than 

with Act-GS driver  

Treatments with da-GS had significantly lower survival estimates than those with Act-GS (p = 

1.96 x 10-21), potentially due to the leakiness of the da-GS driver. This is also observed in the 

difference in median ages of treatments between the drivers (table 7).  
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8.3.5.2 Median lifespans and rate of ageing were different between the drivers  

Although neither of the transgenic strains extended lifespan, they both had different patterns of 

survival over time. Onset of ageing occurs much later (after 45 days) in the Act-GS x UAS-dyw-

RNAi strain but starts around 30 days for da-GS x UAS-dyw-RNAi. They also differ in the rate of 

decline, where da-GS x UAS-dyw-RNAi between age 40 and 60 had a steeper decline in the rate 

of ageing compared to its control, and to the treatments of the Act-GS x UAS-dyw-RNAi cross. 

This is reflected in their median ages of survival, indicating that the strength of the driver can 

influence median survival in fly populations. The survival analysis indicates that there is no 

statistically significant difference in survival between control and test strains, i.e. knockdown of 

dyw gene does not extend lifespan with the current experimental design.  

Table 7 Median ages of survival for UAS-dyw-RNAi when crossed with Act-GS and da-GS 

Driver  Dose of RU486 Median Age 95% CI (LCI ï UCI)  

Act-GS 0 µg/ml 66 64 ï 66 

Act-GS 56 µg/ml 64 64 ï 66 

Act-GS 224 µg/ml 64 60 - 64 

da-GS 0 µg/ml 55 53 ï 57 

da-GS 56 µg/ml 53 53 ï 57 

da-GS 224 µg/ml 53 50 - 55 

 

8.3.6 Knockdown of dyw does not have a significant effect on mean fly 

climbing height over time 

The negative geotaxis assay was performed on days 16, 28, 35 and 42 to evaluate the locomotor 

abilities and climbing behaviour of Drosophila melanogaster in response to knockdown of dyw 

gene.  

8.3.6.1 Driver does not have a significant effect on climbing height in UAS-dyw 

knockdown flies 

Although da-GS x UAS-dyw-RNAi flies have a higher climbing height than Act-GS x UAS-dyw-

RNAi flies, the difference is not significant on individual days (p = 0.09) and over time (p = 0.65).   
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8.3.6.2 Dose of RU486 does not have a significant effect on climbing height in 

UAS-dyw knockdown flies 

Dose of RU486 (figure 24) does not affect mean height climbed across treatments (p = 0.54), with 

all treatments showing same rate of decline across Act-GS x UAS-dyw-RNAi while the 224 µg/ml 

shows the most decline over time. Over time, dose still does not affect climbing height 

significantly (p = 0.96) and the treatments also have no significant effect on the climbing height 

over time (p = 0.56).  

This suggests that neither the drivers nor the dose of RU486 affect the motor function and 

coordination in dyw knockdown flies.   

8.3.7 Knockdown of CG6005 does not extend lifespan 

Knockdown of the CG6005 gene significantly decreased fly survival over time, with higher dose 

of RU486 being detrimental to survival in da-GS x UAS- CG6005-RNAi (p = 1.1 x 10-4), however 

it has no significant effect on survival in Act-GS x UAS- CG6005-RNAi (p = 0.23) (figure 25).  
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Figure 25 Kaplan-Meier curves show that (A/B) survival is significantly reduced in da-GS x UAS- CG6005-

RNAi but not Act-GS x UAS- CG6005-RNAi; Mean climbing height (C) is not affected by knockdown of 

CG6005 (LSM units are in image pixels) 
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8.3.7.1 Knockdown of CG6005 with da-GS driver is more detrimental to survival 

than with Act-GS driver  

Treatments with da-GS had significantly lower survival estimates than those with Act-GS (p = 

7.08 x 10-33), potentially due to the leakiness of the da-GS driver. This is also observed in the 

difference in median ages of treatments between the drivers (table 8).  

8.3.7.2 Median lifespans and rate of ageing were different between the drivers 

Although neither of the transgenic strains extended lifespan, they both had different patterns of 

survival over time. Onset of ageing occurs much later (around 45 days) in the Act-GS x UAS-

CG6005-RNAi strain but starts around 30 days for da-GS x UAS-CG6005-RNAi. They also differ 

in the rate of decline, where da-GS x UAS-CG6005-RNAi between 35 and 60 had a steeper decline 

in the rate of ageing compared to its control, and to the treatments of the Act-GS x UAS-CG6005-

RNAi cross. The highest dose of da-GS x UAS-CG6005-RNAi achieves almost 95% mortality by 

60 days, while the same treatment of Act-GS x UAS-CG6005-RNAi only reaches that after 75 

days. This is also reflected in their median ages of survival, indicating that the strength of the 

driver can influence age at onset, median survival, and rate of decline in fly populations. The 

survival analysis indicates that knockdown of CG6005 gene does not extend lifespan with the 

current experimental design.  

Table 8 Median ages of survival for UAS-CG6005-RNAi when crossed with Act-GS and da-GS 

Driver  Dose of RU486 Median Age 95% CI (LCI ï UCI)  

Act-GS 0 µg/ml 62 60 ï 64 

Act-GS 56 µg/ml 62 60 ï 64 

Act-GS 224 µg/ml 60 60 - 62 

da-GS 0 µg/ml 53 50 ï 55 

da-GS 56 µg/ml 53 48 ï 55 

da-GS 224 µg/ml 46 43 - 50 

8.3.8 Knockdown of CG6005 does not have a significant effect on mean fly 

climbing height over time 

The negative geotaxis assay was performed on days 16, 28, 35 and 42 to evaluate the locomotor 

abilities and climbing behaviour of Drosophila melanogaster in response to knockdown of 

CG6005 gene.  
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8.3.8.1 Driver does not have a significant effect on climbing height in UAS-

CG6005 knockdown 

Although da-GS x UAS-CG6005-RNAi flies have a higher climbing height than Act-GS x UAS-

CG6005-RNAi flies, the difference is not significant on individual days (p = 0.41) and over time 

(p = 0.38).   

8.3.8.2 Dose of RU486 does not have a significant effect on climbing height in 

UAS-CG6005 knockdown 

Dose of RU486 (figure 25) does not affect mean height climbed across treatments (p = 0.84), with 

the control (0 µg/ml) having a greater rate of decline than the other treatments across Act-GS x 

UAS-CG6005-RNAi while the 56 µg/ml treatment shows the least decline over time. Over time, 

dose still does not affect climbing height significantly (p = 0.84) and the treatments also have no 

significant effect on the climbing height over time (p = 0.94).  

This suggests that neither the drivers nor the dose of RU486 affect the motor function and 

coordination in CG6005 knockdown flies.   

8.3.9 Overexpression MTF-1 does not extend lifespan 

Overexpression of the MTF-1 gene significantly decreased fly survival over time, with higher dose 

of RU486 being detrimental to survival in da-GS x UAS-MTF-1 (p = 0.01), however it has no 

significant effect on survival in Act-GS x UAS-MTF-1 (p = 0.51) (figure 26).  
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Figure 26 Kaplan-Meier curves show that survival (A/B) is significantly reduced in da-GS x UAS-MTF-1 

but not Act-GS x UAS-MTF-1; Mean climbing height (C) is not significantly affected by overexpression of 

MTF-1 (LSM units are in image pixels) 
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8.3.9.1 Overexpression of MTF-1 with da-GS driver is more detrimental to survival 

than with Act-GS driver  

Treatments with da-GS had significantly lower survival estimates than those with Act-GS (p = 4.7 

x 10-30), potentially due to the leakiness of the da-GS driver. This is also observed in the difference 

in median ages of treatments between the drivers (table 9).  

8.3.9.2 Median lifespans and rate of ageing were different between the drivers  

Although neither of the transgenic strains extended lifespan, they both had different patterns of 

survival over time. Onset of ageing occurs much later (around 45 days) in the Act-GS x UAS-

MTF-1 strain but starts around 35 days for da-GS x UAS-MTF-1. They also differ in the rate of 

decline, where da-GS x UAS-MTF-1 between 35 and 60 had a steeper decline in the rate of ageing 

compared to its control, and to the treatments of the Act-GS x UAS-MTF-1 cross. The highest 

dose of da-GS x UAS-MTF-1 achieves almost 90% mortality by 60 days, while all the treatments 

of Act-GS x UAS-MTF-1 only reach that after 75 days. This is also reflected in their median ages 

of survival, indicating that the strength of the driver can influence age at onset, median survival, 

and rate of decline in fly populations. The survival analysis indicates that overexpression of MTF-

1 gene does not extend lifespan with the current experimental design.  

Table 9 Median ages of survival for UAS-MTF-1 when crossed with Act-GS and da-GS 

Driver  Dose of RU486 Median Age 95% CI (LCI ï UCI)  

Act-GS 0 µg/ml 62 60 ï 64 

Act-GS 56 µg/ml 64 64 ï 66 

Act-GS 224 µg/ml 64 62 - 64 

da-GS 0 µg/ml 57 55 ï 60 

da-GS 56 µg/ml 55 53 ï 55 

da-GS 224 µg/ml 53 50 - 53 

 

8.3.10  Overexpression of MTF-1 does not have a significant effect on mean 

fly climbing height over time 

The negative geotaxis assay was performed on days 16, 28, 35 and 42 to evaluate the locomotor 

abilities and climbing behaviour of Drosophila melanogaster in response to overexpression of 

MTF-1 gene.  
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8.3.10.1 Driver does not have a significant effect on climbing height in UAS-MTF1 

overexpressed flies 

Although Act-GS x UAS-MTF-1 flies have a slightly higher climbing height than da-GS x UAS-

MTF-1 flies, the difference is not significant on individual days (p = 0.20) and over time (p = 0.96).   

8.3.10.2 Dose of RU486 does not have a significant effect on climbing height in 

UAS-MTF1 overexpressed flies 

Dose of RU486 (figure 26) does not affect mean height climbed across treatments (p = 0.93), with 

the 56 µg/ml treatment having the least rate of decline among the Act-GS x UAS-MTF-1 

treatments, while the rate of decline is same across Act-GS x UAS-MTF-1 treatments. Over time, 

dose still does not affect climbing height significantly (p = 0.46) and the treatments also have no 

significant effect on the climbing height over time (p = 0.65).  

This suggests that neither the drivers nor the dose of RU486 affect the motor function and 

coordination in MTF-1 overexpresser flies.   

8.3.11  Lifespans of Act-GS x wDah treatments have no significant 

differences but survival of da-GS x wDah treatments are dose-

dependent  

Treating flies with RU486 significantly decreased fly survival over time in da-GS x wDah with 

higher dose of RU486 being detrimental (p = 0.01), however it has no significant effect on survival 

in Act-GS x wDah (p = 0.79) (figure 27).  
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Figure 27 Kaplan-Meier curves show that survival (A/B) is significantly reduced in da-GS x wDah but not 

Act-GS x wDah; Mean climbing height (C) is not affected by treating Act-GS x wDah and da-GS x wDah 

with RU486 (LSM units are in image pixels) 

 

 






















































































































































































































































































































































































































































































































































































































































































































































