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Abstract

Ageing is a complex process shaped by genetic, environmental, and stochastic factors. It is one of
the major causes ofancer, cardiovasculagnd neurodegenerative diseasédentifying the
underlying mechanisms and the genes that contribute to longevity would alleviate the socio
economic burden of agelated diseases. This study focused on identifying novelagetng

genes and understanding their roles in lifespan andomeiscular function usin@rosophila

melanogasteto use as potential drug targets

A previous study in our lab generatezhdtlived strains (S1, S2bhrough artificial selection,
achieving al5% increase in lifespan compared to contr@d, C2). RNASeq analysi®f
differentially expressed genes (DE@®ntified candidatantiageing genesequiring phenotypic

testing and validatian

Using the GeneSwitabxpressiorsystem, 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 lifespanextensionis not significanunder 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 envirdainfiectors.

Future studies should focus on tisspecific RNASegand gene expression, expanded sample
sizes, and mukgene manipulations to explore synergistic effects. Combining transcriptomic,
proteomic, and metabolomic analyses could provide deeper insights into ageing mechanisms. This
study lays the groundwork for finér 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 scientiffo@rthl 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, representimggcieease 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 alleied&atage

morbidity, translational research into ageing, to undergstenthechanisms 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 (KetralgR010). Identifying more
candidate genes would provide more drug targets for potentisdgeitig 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 questibevolution produced complex organisms

that survived from birth to adulthood, with a hifyinctioning sptem, what ultimately pushes
them to death?s a result, several theories of ageing were proposed, with the earliest in the late
19th centuryAlthough more than 300 theories of ageing have been proposed (Medvedev, 1990),
they can be broadly classifiedana 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 theoriesarfeing, 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 adaptetthéothesis 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 sé@atiolov and
Gavrilova, 20Q).

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 seled@ii@nmutation accumulation
theory posits that ageing results from the buitdof lateacting deleterious mutations (Medawar,
1952).

An example supporting this theory is the manifestation ofdatet genetic disorders like
Huntingtonds disease, which often arise after
pressure (Albin, 1993). The theory also suggests that protectiom évdrinsic 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



increase lifespan in amphibians but not in snakes, as they serve defensive rather than offensive

purposes in the former (Hosseal.,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 thannactatmulation alone

may not fully account for ageing (Chatsirisupachai and de Magalhdes, 224)A|l z hei mer 0
disease neurons, somatic mutations were distributed randomly across the genome and did not
overlap with known risk loci. These mutations midpet secondary effects caused by the high
accumul ation of reactive oxygen species (ROS)
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 pasgtroductive harm (Wiams, 1957). As natural selection
weakens with age, these ldife 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, lean) to faster ageing. In contrast, species with extendeerppsiductive

lifespans, such as humans, may evolve mechanisms to mitigate thdse thsadvantages.

Huntingtonds disease provides a not &zdusing e x amj
alleles escape elimination through selection as they conferlgarfgrtility advantages (Carter

and Nyugen, 2011). Another example involves fibroblasts. Thelte 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 amae-malignant cells in mice. This contrasts with their early

life role in tumour suppression, highlighting antagonistic pleiotropy in cellular senescence
(Krtolica et al., 2001)Anotherwidely observed tradeff supporting this theory is between
reproduction and longevity. Studies in multiple organisms show that early reproduction often
comes at the cost of reduced lifespBarly-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 turttsSilva et al., 2022)Additionally, some species show no
tradeoff 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 addreed 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 lotym survival but reduces resources avwddafor 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 siynction, 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 t@ifidetween longvity and reproductive success
(Westendorp and Kirkwoodl998). However, this study has been criticised fionitations,
including its focus on a population with reduced fecundity and an overrepresentation of childless
women (Le Bourg, 2001). The theory also assumes strict-tffslevhich are not universal. For
instance, baboons exhibit long lifespans despigd 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 longe-lived (Lewis et al., 2013). While the absence of tratfe 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
ageingcausing mechanisms. Mechanistic theories are furthercatgigorised into program
theories, damage theories and combined theories. According to prograimeoeeds, 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.



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, typiga#iyhigher metabolic rates than

larger mammals like elephants. These higher metabolic rates were thought to accelerate the
accumul ation of cellular damage. Envir@nment a
eleganshave been shown to extentéBpan, 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 8years andbats can live up to 37 years (Buffenstein, 2005;
Hemann and Greider, 2000; Magalh&esl.,2007). The theory also fails to explain intraspecies
variation, such as smaller dog breeds living longer than larger ones (Sxlag2013). While

the rate of livig 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, metabglimioycts affect ageing.
Metabolic reactions partially reduce oxygen metabolites into reactive oxygen species (ROS).
Accumulation of ROS with age and/or increased metabolicicteads 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 Ri@Slong

lived species having more efta@ antioxidant systems

Overexpressing enzymes that reduce ROS production, like superoxide dismutase (SOD) and
catalase, increasddrosophilalifespan by 3040% and 65% in worms (Orr and Sohal, 1994;
Parkeset al.,1998; Larsen, 1993; Kirkwood, 2012). However, knockout of glutathione peroxidase

in mice does not alter mean survival when exposed to hyperoxiae(Hu., 1997). SOD
overexpressiom C. elegangould increase lifespan by activating pomgevity genes instead of
removing oxygen radicals (Cabreibal.,2011).This questions the universality of this theory of

ageing.



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 degradatiwh erroneous recombination
(Harleyet al.,1990). Telomere shortening arises from-eglication 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 senesssooéated secretory phenotype
(SASP), which serves as a tuma@uppressive mechanism by prevegtithe proliferation of
damaged cells. However, the accumulation of senescent cells and reduced regenerative capacity
due to telomere attrition leads to tissue dysfunction and agelatpd decline. Telomere
shortening is linked to weakened immune funttianpaired wound healing, and increased

susceptibility to ageelated 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 tetof8ahin and DePinho,

2010; Herbiget al.,2006). However, telomere shortening is not universal across species. Mice
lacking the telomerase gene display no ageatgted defects or reduced lifespans until three
generations postnockout (Blascet 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 tdomere shortening may be a better lifespan predictor than absolute telomere length
(Whittemoreet al.,2019). But multiple species need to be investigated to answer many other
guestionsand hence the theory is reoprevalent theory, although telomereittin is considered

an ageing biomarket.¢pezOtinet al.,2023).

1.1.3.Quastprogrammed Theories of Ageing

Quastprograms areontinuedprocesses dnyperfunctionaprogramsthah avenét been sw

off upon completior{Blagosklonny, 2021)



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). Procsdess 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 declp@moting cellular damage, senescence, and
cancer.For example, arly-life treatment of mice with rapamycin, an mTOR inhibitor, delayed
reproductive maturity and extended median lifespan by 10%. Similaraphnia magnaa
planktonic crustacean), rapamycin treatment extended lifespan while reducing body size
(Shindyapina et al., 2022).

1.1.4.0Otherrecent ageingheories

1.1.4.1. Epigenetics
Epigenetic theories of ageirsge modern theories of ageipgopose that changes in epigenetic

regulation significantly contribute to the ageing process. €figenetic clock theorgosits that

DNA methylation patterns can accurately predict chronological and biological age (Li et al., 2022).
The information theory of ageinguggests that the loss of epigenetic organisation, rather than
genetic code changes, is a reversible driver of ageing (Yang et al., 202Bjstdbhe modification
theoryhighlights how alterations in histone madétions, such as acetylation and methylation,
affect gene expression and contribute to ageing (Zhang et al.,. J023e 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 sloworgeversing the ageing process.

1.1.4.2. Inflammageing
Theories linking chronic, lovgrade inflammation with ageing suggest that this persistent

inflammatory state significantly contributes to the ageing process andelated diseases
(Franceschi et al., 2000). Theetwork theory of ageingttributes ageing to a multifactorial
mechanism involving defective mitochondria, aberrant proteins, free radicals, and impaired
antioxidant enzymes (Kirkwood and Kowald, 1997). ©kelationinflammation theoryproposes

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

Additionally, theinflammatory clock of ageingosits that biological age can be estimated by



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 potentiapthgrc targets for
promoting healthy ageing.

1.2.  Gerontology

Lifespan is speciespecific despite shared biochemistry, as demonstrated by {yeaBlfespan

of naked mole rats compared to thgehr lifespan of similarly sized mice, suggesting a genetic
component (Munroet 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. Centesafi00+ 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, mayalgepen
understanding of human ageing, pq@ting studies on their health span (Zegiiral.,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 lifesgsaa 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
usi ng t hei motypges for gssatigtionrsmagpi|g. Such studies, however, demand large
sample sizes for robust statistical associations (Pi#ingl.,2016; Joshket 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

(Melzeret al.,2020). This necessitates the use of model organisms to study ageing mechanisms.



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 coestrédy 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 translatablehitmans. By leveraging their individual
experimental advantages, invertebrates can form an effective discovery pipeline for identifying
evolutionarily conserved lifespanhancing interventions, which can then be tested in lenger

lived vertebrate systentRiper and Partridge, 2018).

Homo sapiens

Pan troglodytes

Mus musculus

D. melanogaster

C. elegans

S. cerevisiae

I

| | | | |
1200 1000 800 600 400 200 0

Time (million years)

Figure 2 Phylogenetic tree of humans, and classic model organism used in ageing showing divergence of
species over millions of years. Hummelmmpanzee is a relatively recent divergence (around 30 million
years) while humaifruit fly diverged more than 700 milih years ago (Image generated based on

information from Roede et al (2013))

1.2.2.1.  In-vitro studies
Cell cultures allow irvitro study of ageing pathways by manipulating gene expression, cellular

mechanisms, and culture conditions (Phiepal.,2007). Some of the most commonly used cells

9



- fibroblasts,induced pluripotent stem cells and their derivatiaes immune cell$ are used to

study ageing mechanisms, neurodegenerative diseases, cardiovascular diseases, and
immunosenescenc€&mpisj 2013;Pitrez et al., 2024 Fibroblasts were used to establisie

Hayflick limit which demonstrated that cells have fim@liferation in culture (Hayflick1965)
Senescent cells characterised by arrested grdwatrea secretory phenotype called senescent
associated secretory phenotype (SA®Rjch could explainthe role of cellular senescence in
organismal ageingdampisi et al., 2011}However, tissue and orgdevel 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 $accharomyces cerevisiand 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 pharmacologicadmpoundsndoffers both replicative and chronologitiéspan

models (Mirisola et al., 2014Ylany ageingassociated pathways in humans are conserved in yeast.
Unlike cell models, yeass a complete organism offering a holistic image of ageing processes
However, ike cell culture tidies,yeastcannot provide information on tissue and organ ageing
mechanisms (Zimmermanet 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 musculuandRattus norvegicus

Rodents are widely used in ageing studies, offering species with varying lifespans for comparative
research. MiceMlus musculusand rats Rattusnorvegicu$ have an average lifespan of 3 years

and share physiological similarities with humans. Approximately 99% of mouse genes have
human orthologues, and their weharacterized mutant and inbred strains enable protocol
reproducibility and irdepth biologicainvestigation (Vanhooren and Libert, 2013; Kaksal.,

2016; Taorminat 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
(Taorminaet 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 nem&agaorhabditis elegarsas 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 toole{Ma@018).

Despite its simplicity (about 1000 cell€}, elegangpossesses distinct tissues and organs. It was
the first fully sequenced multicellular organism, with proteming genes sharing BD%
similarity to humans . elegansSequencing Consortium, 1998; Wheelanal., 1999). Its
extensive RNAI library enables screening for ageing genes, and its transparent body allows live
imaging of ageelated change€. elegangxhibits plasticity in ageing, with more than-fudd
increases in lifespan through variongerventionsKern et al., 2023)lt also facilitates the study

of tissuespecific ageelated phenotypeand epigenetic regulation of ageinthang et al., 2020).
Studiesin C. elegangioneeredhe discovery of multiple ageing geresd pathways, including

[IS and nutrient sensingathwayg, epigenetic modifiers, anatotein homeostasdeclinewith age
(Denzel et al., 2019yaranjeGalindoet al., 2022)It also exhibits agassociated 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 stresnd ageing, resuming normah@éopment 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 limite€. elegansdoes nothave blood transport systerns bloodbrain

barrier and equivalents to some human agdated conditions(McElwee et al., 2006).
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Furthermore, studies on somatic stem cell biology, telomere attrition, immunosenescence, and the
senescenca s soci ated secretory phenotype (SASP) ar
body structure (Raicest al.,2005; Lans and Vermeulen, 2015).

1.2.2.4.2. Drosophila melanogaster
Drosophila melanogastd(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). igefiredid life stages,
fully sequenced genome, ease of maintenance, genetic manipulation, and acceg&s twitstoc
altered gene profilesontribute to its popularity as a modelelfand and Inouye, 2003; Tower,
2019).

Drosophila has structures analogous to mammalian organs. Biomarkers, such as advanced
glycation end products and carbonylated proteins, showedgied changes in both flies and
humans (Jacobsaat al.,2010). Molecular ageing pathwaysDmosophilaare highly conserved

(77%) in mammals, with 14,000 genes belonging to the same families as mammals, and 715 of
the 929 human disease genes haldrmsophilaanalogues, enabling functional analysis of human
ageing orthologuesrhey also haveomplex organ systesranalogous to human syste(Reiter

et al., 2001; Geesaman, 2006; Pandey and Nichols, 2@djsophila models have been
developed to study agelated processes, including stem cell decline, Alzheimer's disease, and
cardiovascular deterioratioitheir complex nervous system facilitates the behavioural assays to
assess agassociated cognitive declin®ifg et al., 2022)Postmitotic cells, a key focus in
human ageing, are weduited for study irbrosophilg 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 RNA. libraries altlow large

scale demographic screeinDrosophila(He and Jasper, 2014; Perkatsal.,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 Advantages Disadvantages
of

protein
coding
genes

Yeast 1i2 ~ 6000 Simple growth Limited relevance to

weeks requirements, well multicellular ageing

annotated genome, rap and complex

growth, ease of genetic organismal processes

manipulation, conserve:

ageing pathways (TOR

can be studied
Caenorhabditis 2-3 ~19,000 Short lifespan, low  Lack of specific organs
elegans weeks research costs, and organ systems
conserved ageing (vascular, endocrine)
pathways (IIS), ease of comparable to

genetic manipulation, vertebrate models, lacl

availability of transgenic of adult stem cells, not

and mutant libraries, ideal for drug
high throughput intervention studies,
screening, high lack of adaptive
fecundity, easy immunity, limited

maintenance, transpare physiological relevance
body that is ideal for to human ageing
imaging studies, strains
can be frozen and
revived for future use,
minimal or no ethical

concerns
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Drosophila

melanogaster

Rodents

~3

months

~14,000 Short lifespan, low
research costs, ease ¢
genetic manipulation,
availability of transgenic
and mutant libraries,
extensive genetic tools
high throughput
screening, high
fecundity, easy
maintenance, minimal ¢
no ethical concerns,
presence of stem cells
wide range of tissue
types, distinct
developmental stages
2-3 years ~23,000 Relatively shorived
mammal, highly
conserved genetic anc
proteomic profiles with
humans, wel
establishedransgenic
and knockout
technologiesdisease
investigative models,
can be used for drug
testing and screening,
availability of many
genetic and disease
model strains, can be
used to studyissues anc

systems at a high

14

Limited physiological
relevance to human
ageing, limited in
modelling complex
tissues like the liver or

kidney

Requires ethical
clearance and training
to handle animals, higt

research costs, low
throughput screening,
time-consuming for

lifespan studies



physiological

complexity
Non-human 3060 ~20,000 Closely related to High research costs,
primates years humans in physiology  long developmental

and genetics, models periods and lifespans,
complex human agein¢ high ethical concerns,
processes and disease difficult to work with,
small sample sizes
Humans ~80 ~22,000 Highly relevant for High research costs,
years understanding human  long developmental
ageing and improving periods and lifespans,
health, aailability of high ethical concerns,
extensive medical difficult to work with,
records, epidemiologice  small sample sizes,
data, and longitudinal  difficult to perform
cohort studies for robus intervention studies,
analysis of ageing trenc difficulty controlling
and factors, studying environmental variable
complex traits across

diverse phenotypes

1.3. Gerontogenes

Organismal weaandtear 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 assurancerggerestogenes,
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 diseas@associated pathwa (Hjelmborget 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 dereBalig2019).
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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, lifesptiering mutations and/or mechanisms can be
identified without dependence on preconceived ageing madgiglemploying forward genetics

approach, mutants with altered lifespan weresred to identifygerontogenes.

Studies in flies discovered mutant strains anthjinduced mutations with accelerated ageing
compared to wildype strains (Gould and Clark, 1977; Leffelaar and Grigliatti, 1983). Mutant
worm strains with spontaneous dauer formations, defective chesyaiapiaralysis had increased
lifespan. However, this was attributed to calorie restriction, not a longasstyciated locus (Klass,
1983). Lifesparextending mutations and mutant strains indicate genes and/or gene products that
alter lifespadimiting molecular and physiological processes.

The first weltcharacterised lifespa@xtending genetic locus wage1, in C. elegans Mutation

in agel increased mean lifespan by-88% and maximum lifespan by 800%, at different
temperatures, without affecting worm development or behaviour. The worms had reduced fertility
without affecting the length of the reproductive period, which could contributiee longevity
phenotype (Friedman and Johnson, 1988). Mutations in genes responsible for dauer formation in
worms,daf-2 anddaf16, doubled the lifespan. However, otliaf genes did not affect lifespan,
suggesting that dau@rmation and lifespan extension can be uncoupled (Keayah,1993). A

key mediator in endocrine signallindgf-2 encodes an insulin receptor (Kimuizaal.,1997). This

redirected gerontogenes discovery stuthdle insulin signalling pathways.

Mutations in the insulisike receptor (hR) geneof D. melanogasteomologous to mammalian

insulin receptor andaf2 in C. elegansinduced developmental delays, dwarfism and female
sterility, resembling the phenotypes of tyrestmase receptor loss (Chenal.,1996). Mutations

in InR extended adult lifespan (by 85% in females) but reverted tetypl level when treated

with a juvenile hormone analogue. Lifespan effects could be due to the deficiency of the juvenile
hormone analogue resemblingphase/daudike conditions (Tataet al.,2001). Mutations in the

gene for an insulin receptor substrate in fldsco increased lifespan by 38%, and was not
correlated with increased stress resistance, impaired oogenesis or dwarfism. This established that
insuli/IGF signalling was evolutionarily conserved in regulating animal ageing (Cltnaly,

2001).
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1.3.2.Searching for longevity/stregssistance 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 pes Exploiting this relationship
identified many gerontogenes.

1.3.2.1. Role of lIS/IGF Pathway in Ageing

The earliest longevity correlation determined that calorie restriction significantly increased mice
lifespan (McCayet al.,1935). Dietary restriction (DR) could potentially redirect resources to
somatic maintenance through various pathways (Holliday, 1989). The discovery-of&ahdaf-

2 (an insulin receptor analoguegnd daf16 (transcription factor homologous to forkhead
transcription factor O)mutans implicated the insulin/IGR signalling (IIS) pathway in
influencing ageing (Kenyoet al.,1993). $owing of ageing by mutations thico(insulin/insulir:

like growth factor) is dependent on nutrient content, i.e., they both occur by overlapping
mechanisms, confirming the role of the 1IS/IGF pathway in nutrient sensing and longevity (Clancy
et al.,2002).

The lIS/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 againselatgsl 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 (Bleheal., 2003). dFOXQ a
Drosophilaanalogue oflaf-16, extends female lifespan by ZD% and reduces fecundity by 50%
when overexpressed in adult fat body (Giannaéoal.,2004).IncreasingdFOXOin fat body of

the brain decreases circulating insulin peptides, significantly delaying ageing (Hwethgbo

2004).

1.3.2.2. Heat Stress and Longevity
Heat shock proteinsHsp) protect cells from a broad spectrum of damage, including heat
(Lindquist, 1986). DR increasedspexpression in mice, partly explaining the mechanism of DR
action on longevity (Alyet 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 genésUTH-1, UTH-2, UTH3, andUTH-4 - that increased lifespan by
20-55% in stressesistant strainsUTH-2 is homologous tdSIR4, a yeassilencing gene.

Mutations inSIR4 change its locus of activity, increasing lifespan by 30% (Kenaedly,1995).

As thermotolerance is closely associated with longer lifespans, screening for genetic mutations
based on longevitgssociated phenotypes is less timoasuming than testing the lifespan
phenotype (Walkeet al.,1998). Methuselahngth), a gene coding for a family of G protein

coupled receptors, aids synaptic transmissioDriosophilalarvae. Mutations irmth increased

mean lifespan by 35% and increased resistance to starvation, high temperature, and dietary
paraquat (Liret al.,1998; Jeet al.,2009). In\estigation oDrosophilaenhancetrap lines revealed

two lines with 4080% increased lifespan, without decreasing fertility/fecundity, neuromuscular
activity, or behaviour. Analysis of the insertion site helped discover mutatidngyrf | 6 m n ot
dead yet), a dicarboxvya,200@ in Krebds cycle (R

1.3.2.3.  Antioxidants and Ageing

Reactive oxidant species (ROS) are metabolipimgucts of cellular processes, and their ever
accumulation over time causes damage, leading to ageing (Harman, 1956; Sohal and Weindruch,
1996). Enzymes like superoxide dismutase and catalase protect gaillstaROS activity.
Overexpression of MNSOD and CuSOD increased mean lifespan-®3%46n flies (Suret al.,

2002). However, oxidative stress does not correlateldagevity and heat stress is positively
correlated with longevity II€. elegansmaking astrong argument againgkidative stress as an

important determinant of longevifi3enedetto et al., 2019)

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

Rapamycin, an immunosuppressant, arrests cell cycle growth in yeast. MutatiornBOrirthand

TOR2 (TOR'i target of rapamycin) genes confer rapamycin resistance, and the genes are
homologous to the human, fly and worm variants (Heitregal., 1991; Brownet al., 1994;
Oldhamet al., 2000). TOR enzymes are checkpoint kinases in a groghlating nutrient
sensing signalling pathway (Fafournceixal.,2000).

In C. elegansdownregulation offOR by RNAIi doubles the lifespan, independentdaif-16
(Vellai et al.,2003). In flies, ubiquitous overexpression of thEOR gene with a rapamycin
binding domain increased mean lifespan by 24% at 29°C. In DR conditions, inhibifi@Rafid

not extend lifespan, supporting the idea th&R extendsDrosophila lifespan by dietary

18



restriction (Kapahet al.,2004). In human cells, senescence induced by DOX (doxorubicin), a

DNA-damaging agent, was rescuedlfyRinhibition (Demidenko and Blagosklonny, 2008).

Latelife feeding of rapamycin to mice increased their lifespan by 14% in females and 9% in
males (Harrisort al.,2009), emphasising the importance of TOR pathway in regulating lifespan

across species.

1.3.2.5. Protein repair and lifespan

Ubiquitous ovetexpression of protein carboxyl methyltransferase (PCMT), a repair protein, at
29°C, increased lifespan by-3®% and enzyme activity by B 7-fold. However, no lifespan
extension occurred at 25°C, indicating a temperadependent impdon longevity, highlighting

the role of protein repair in lifespan unaertainenvironmental conditions (Chavoetal.,2001).

1.3.3.Genomewide association studies (GWAS)

Genomewide association studies (GWAS) identify genobgbenotype associations by
comparing whole genomes across individuals. GWAS is performed using whole genome
sequencing or SNP arrays. Initially used to find polymorphisms linked tassypeiated macai
degeneration, GWAS has since uncovered genetic variants related to coronary artery disease, type
2 diabetes, and cancers (Kl@hal.,2005; Nikpayet al.,2015; Mahajaret al.,2014; Sucet 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 ofigertraits without requiring prior

biological knowledge (Manoliet al.,2009; Visscheet al.,2012).

One of the earliest human GWAS studies identified a longevity locus on chromosome ét(Puca
al.,2001). Subsequent GWAS studies identified allelic variandginl, FOXOandAPOEgenes

that are associated with human longevity (Lunettal.,2007; Pawlikowskat al.,2009; Nebekt

al.,2011; Wrightetal.,2 01 9) . T h eéAP@EAvhiehlproraote® preméture atherosclerosis,

is significantly less frequent in centenarians compared to controls, suggesting pleiotrepic age
dependent effects on longevitycf®ichteret al., 1994). GWAS studies on supercentenarians
showed that age of onset and absence of diseases is homogenous, indicating common mechanisms

across longevity phenotypes (Garagretral.,2013).

19



1.3.4.Selection for Longevity

Based on damage theories, ageing is thelilateexpression of deleterious mutations with or
without pleiotropic effects. Early selection experiments focussed on senescence and reproductive

tradeoffs.

Age at reproduction was considered a major factor affecting longevity, with progeny of young
parents living longer than those with old parent®mlodina citring 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 mutatiomcamulation or antagonistic pleiotropy model of

ageing.

Eight generations of selection for increased longevityDnosophila melanogastehad 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 ctigle pressure, lack of genetic variability,

measurement errors, or recurrent-atge reproduction (Lintst al.,1979).

Natural selection for latage fitness in flies increased ldife fecundity, female longevity, and
reproductive duration, while early fecundity and averagelaggg rate declined (Rose and
Charlesworth, 1981; Rose, 1984). When selected for late regimaDrosophila melanogaster
populations had significantly longer lifespans and delayed senescence, accompanied by reduced
early fecundity, indicating pleiotropic genetic control of the ageing process (Lucketlall,
1984). Selection for agat-repraluction 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 findingBgh larval density cultures give rise to smaller
adults withincreased mean lifespans in flies (Shenoi et al., 2@d%)e in mice crowding during

early life increases mean and maximal lifespand increased insulin sensitivityith age
(Sadagursket 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 latéfe fecundity and fertity. 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 shpgle crosses were reared at different
temperatures (Zwaaet 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; &edat092).

Median lifespan of the flieat 29°C determined the parental strains for the next generation of
selection. Six of the longestved and six of the shortesti ved str ains were the
while six random families were chosen as controls. This was repeated for 6 genesatidnsth

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 starvatiosistance were not significantly different
between longived-selected and control strains. Shlbred selected strains were less successful
than longlived selected strains, however, recombining lines and easing selection pressure for two
generations sigficantly 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 28€ndined 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 resistaiselecting on lifespan makes it more
likely that a novel or unexpected mechanism is responsible for any observed lifespan extension.
While Drosophilalifespan can be genetically extended, uncoupling of decreased early fecundity
to longer lifesparhasbeenchallenging. However, the familial method for lifespan extension

avoids selecting for ageirgssociated factors such as stress response or fecundity. It can also
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identify novel drug targets as lifespartending 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 (unpublishggdthesised 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 selectestrains will differ from the controls (Carnetal.,2015).Dr . Pal mer 0 :
project aimed to generate lotiged Drosophilastrains by artificial selection, and phenotypically

compare the selected strains to controls, to identify correlated responses@dsath longevity

phenotype. Novel artigeing genes can be identified by transcriptomic analysis, for further drug

targeting studies.
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Breeding pairs were used to create
individual lines

Siblings (of the longest-lived
flies at 27°C) stored at 15°C
were used as parents for the
next generation \

Lifespan of progeny was assayed at
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After 5 generations of selection, the longest-lived families were chosen to propagate the S1
and S2 lines, while the remaining families propagated the C1 and C2 lines
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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 assay#dthe longestived families chosen to propagate
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the S1 and S2 lines, and the remaining families propagated the C1 and CB)iAd®r 5 generations of

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

Recently caught wildype Drosophila melanogastevereselected for longevity using a modified
familial method of Zwaan et al (1995). Four lines were generated: two control (C1 and C2) and
two longevityselected lines (S1 and $2jyith the selected lines showing 4.%6 increase in
lifespan after 6 generations of selecti®1 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 savival under stregssuch as starvation, desiccation,

and heat stredsincreased 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, througharséitection. The previous

study was concluded with the RNASeq of the two control and two selected strains. Analysing
RNASeq data could identify novel aiatgeing genes, which can be manipulated to test for effects

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

pathways observed in this study.

1.4.2.0bjectives

Understanding the molecular events underlying normal ageing amelatgd 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-agging 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 Hingd selected strains aretndue to tradeffs with other

ageingassociated responses (Zwadml.,1995).

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

Potential antiageing 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 nilmitonglived selected strains.
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1.4.2.3. Prepare gene constructs to generate egpression fly strains and test for
effect on lifespan and health span
Limited availability of overexpresseDrosophilastrains specific tahis study necessitates the
generation of the required strains in the lab. These cloned genes will be microinjected into

Drosophilaeggs, and their overexpression will be tested for effects on fly survival and health.
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Chaditlempasi ng RNASedq

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 highroughput-omics technologies, theg®pulations can help
identify genetic variants and gene expression level driving ageing mechanisms (Mdakdrd

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 Stoegeret al., 2022) While some ageingelated
expression changes may be unique to individuals, core mechanisms are often conserved within a
species or even acrosgecies. These changes can serve as biomarkers of biological age, offering
a noninvasive method for assessing disease risks and supporting personalised care. They also
facilitate research by enabling the normalisation of subjects by biological rathehtbanlogical

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 phendtigsgMa et

al., 2018; Ogienkeet al.,2022). Mitochondrial function, linked to oxidative stress and muscle
health, declines with age (Zala al.,2006). Genes related to mitochondrial respiration, ATP

synthesis, and the citric acid cycle also contributBrtmsophilaageing (McCarrolet al.,2004).
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Stress resistance also plays a key role in ageing. Heat shock pridsgraréessential for cellular
stress resistance and protein repair.Dimsophila upregulation ofHspr0 extends lifespan
following mild heat shock (Sarugt al.,2014).

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

IS, TOR,NFe B and JNK are <criti cal -assouiated prempiydeaat i ng
Activation of 1IS and TOR pathways shorteBsosophila lifespan, while activation of JNK

pathway increases lifespan by suppressing TOR activity (Clanhe&y.,2001; Hwangbcet al.,

2004; Kapahet al.,2004; Garet al.,2021). Violationofthe N B pat hway resul ts |
in lifespan. The Imd subranch of the NFeB pathway is constitutively ready for activation and

both activating and repressing components of the 1IS and the TOR pathways are constitutively
expressed (Ogienket al., 2022). Identifying novel genes associated longevity-associated

pathways anat discovering new pathways cdrelp further our understanding of the ageing

phenotype, helping us design better interventions for imprbfeesand health span.

2.3.  Technological advancemenisgene expressiostudies

The application of modern technologies to ageing research is invaluable in unravelling the
complex genetic mechanisms behind longevity. Advances in genomic technologies have
facilitated highthroughput studies of panomics (transcriptome, metabolome, epggrenabling

the investigation of gene regulation evolution, genetic and epigenetic factors dictating expression
levels and regulatory variation (Valdesal.,2013).

2.3.1.Microarray

Microarray, or expression microarray, allows relative mRNA quantification of many genes
simultaneously (Schenat al., 1995). Microarray analysis identified ageiagsociated
differentially expressed genes involved in inflammation and immune response, lysosome, collagen,
energy metabolism, mitochondrial functions, apoptosis, and cell cycle (De Magathaks

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 (Sgrehak2007).
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2.3.2.Genomewide association studies (GWAR)Drosophila

Annotation of the genes identified through tsophilagenome project enabled smatlale
sequencing studies (Rogiagtal.,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, andfOR regulation, although individual longewiagsociated SNPs could not be

detected due to low power (lvaneval.,2015).

2.3.3.RNA Sequencing (RNASeq)

Before nextgeneration sequencirigchnologies, DNA microarrays were the primary method for
genomewide measurement and comparison of gene expression levels. However, their application
was limited to species with sequenced genomes, as microarray design reliesegistprg

genomic infornation.

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 microarraysidesatify 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 comparexidlder technologies like microarrays (Waetigl.,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 (Subramanianal.,2005). GSEA eases the interpretation of a lasgale
experiment by identifying pathways and processes, by focusing on gene sets instead of poorly
annotated higiscoring genes. GSEA boosts the sigioahoise 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 agalatgd diseases and the network topology

features of ageing genes (Waetal.,2009; Bellet 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 Rdé&, provide exciting opportunities to
examine the ageing transcriptome in detail. Longevity selectperenents, which offer an
unbiased approach to extending lifespan, are-seted for RNASeq analysis. This method not

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

that may not be found in traditionallptained longevity models.

2.4.1.0Dbjective

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

| aimed to identify candidate anfigeing 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 sequencingsdata w
processed and analysed using the iIDEP 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 ando@es) 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 testaialedidate genes with potential roles in delaying ageing

and increasing lifespadll work in sections 3.2 and 3.3 was donelly 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). 2day oldmatedmale flies were sorted into 20 vials at a density of 20 flies per
vial per line (two control line§ C1 and C2 and two selected linesS1 and ). Only five
replicates per line, and 2 lines per treatment were maintained due to financial and technical
constraintsAlthough the aim was to ensure differential expression was not restricted to one sex,
the pilot sudy was performedvith male flies only due to financial constraintse prevent

confounding results from reproductive traofés from female flies.

Flies were tipped to fresh vials every 2 days under light&@@esthesia, while scoring for death.
At 25 days old, these flies were removed with an aspirator, 24 hours after the previous change,

and snagrozen 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
70¢l of a concentrated sampl e, I[fandtmeremainderh 10¢

was immediately frozen aB0°C.

Samples were tested qualitatively and quantitatively using a Nanodrop spectrophotometer and
were considered of sufficient quantity and pu
260/280 and 260/230 ratios were at least 2.0 and 1.8 respeclivelgccepted samples were sent

to Novogene, Cambridge for RN8eq. Samples were assessed for RNA integrity by determining

the RNA Integrity Number (RIN) and values above 5.7 were considered qualified for library
preparationAfter sending the samples foecquencing, there was no more frozen RNA sample,

preventing future repeats of RNASeq.
3.4. Library preparation for RNASeq

Library preparation was done for 20 samples overalsamples per line, 2 lines per treatment
(C1, C2, S1 and S2). RNASeq was done on lllumina NovaSeq X Plus Sequencing System which
utilises a pairegtnd 150 bp sequencing strategy (shedds). Dataoptut was obt ai ned

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 analysesBijdata (Get 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 analysispnalysis startedon iIDEP 0.96 but eventually repeated ddEP 2.0 upon
software upgrade.
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3.5.1.Data preprocess 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.

0 0GR QOGN N/ RL'QQ WA Tt

6 &€ 0 NG Q& & & &
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Sincethe RNASeq resulted in 20 million readsegtion 3.4, and the number of reads mapped to

a genavas seto 3(as suggested by Dr. Daniel Palménganalysis 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 retaoh This filtering is automatically performed by iDEP based on-user
defined parameters, using ENSBVIBL reference genome @frosophila(Ensembl/Strinegdb ID

I dmelanogaster_gene_ensembl; taxonomy (227 Assembly ID- BDGP6.33. Filtering of

data was performed by idep, however some filtering parameters were uNdezher 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
standarddeviation across all sampl¢Se 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-keans clugring).
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 sam@leliffe and Cadima, 2036 This

enables sample projection into tonensional space. A orsample #test on each gene set in the
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biological processes branch of Gene Ontology (GO) gives adjustedugs that rank the

pathways for each of the first 5 principal components.
3.5.4.Differentially expressed genes (DEGS)

DESeg2 is employed to generate a list of differentially expressed genes across multiple sample
comparisons with individual line comparisons, whérgelected controls as the baseline and
compared the expression of the selected strains versus the control strairet @lq2614). Fold

change filter was set to 1.15, with a 0.05 FDR (false discovery rat@ffcthese parameters

were selected tprevent the filtering out of critical DEGs like transcription factors wineke

lower levels of expression thather genegNaqvi et al., 2023).

An ANOVA was performed on the list of differentially expressed genes with all the individual
comparisons for each gene to obtakvgtues. Genes witlsignificant pvalues across all 4
comparisons (SC1, S1C2, S2C1, and SZC2) in the same directionwere 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 genertdia
pathway are overrepresented. Enrichmenvalpes are calculated based on -sied
hypergeometric test, which is then adjusted for multiple testing using the Benjdotinberg
procedure and converted to FDR (false discovery rate). The filtered getlessarthat are passed

a low filter in RNAseq. Pathways are filtered based on an FDR cutoff (0.05). Gene sets for
pathways are derived from KEGG and gene sets faodpical 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 -agging genes through RNA
sequencing and subsequent bioinformatic analysis. RNA extracted from experimental samples
was sequenced by Novogene and the resulting raw sequencing data was procemssalysedl

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 ageiragsociated biological pathways andgesses. 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 striaad C1
lower RNA integrity numbers than desirable for library preparation (tapléAlthough te
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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Table2 RNA concentration and integrity as tested by Novogene before library preparation feBENA

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

Sample Concentration (ng/ml) RIN  Conclusion

Cl.1 119 5.3  Unqualified RIN
Cl.2 98 5.6  Unqualified RIN
C1.3 103 5.7  Unqualified RIN
Cl4 73 5.6  Unqualified RIN
C15 89 59 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
C25 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 58 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 preprocess

On obtaining the RNASeq data from Novogene, the data was processed and analysed using iDEP
2.2 softwareOf the 17,562 genes 20 samplesl4,771 genepassed the CPM filter (0.15 counts
per million (CPM) in at least 6 sample®ias 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 (Byur®wever, this is not reflected by
the RIN (table2), so the results could be affected by factors other than RNA integrity.
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Figure 4 Diagnostic plot for total read counts per library across all 20 samples-C13 are replicates
of the C1 line, C2:R5 of C2 line, S115 of S1 line, and S2325 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 direxgid.e., upregulated genes in Cl are
downregulated in C2 (figurgA). 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 bythe linkage analysis (figui®B). A PCA plot of the first two components shows that there

is a clear difference between the selected samples (S1 and S2) and C15@guatong the first
principal component (PC1) that explains 29.3% ofviiéance. PC1 (p = 7.70 x 1), PC2 (p = 1.60 x

1013, and PC3(¢ = 4.01 x 10°) are significantly correlated with strain. However, C2 is different from

C1, on PCAPC2, 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 expllaenvariace (PC3 variance &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 (€2 and SiS2). Linkage analysis (B) and PCA of RC1

PC2 (C) shows that the selected strains have hagrance with C1, but C2 has less variance with the
selected strainsPCA of PC1PC3 (D) however shows a better segregation between the control and

selected strainémage generated on iDEP 2.0)
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4.5. Differentially expressed genes (DEGS)

The DESeq?2 package identified differentially expressed genes across different comparisons using
a threshold of fal sse di schangeell$y, withahe eontfollSttaiRg o f
as baselineAlthough comparisons against both controls showed geneshigithfold changes,

most genes had expression changes between Ofafdi (Bgure 6).
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Figure 6 Volcano plots of all 4 comparisons showed low number of genes with very higindolge in
expression, with only C2 comparisons havgenes with more than-8ld expression change (image
generated on iDEP 2.0)

With control strains as baseline, S1 and S2 have an overlap of 32 upregulatecrgbhds

downregulated genes, while individual comparisons vary in the number of shared geneg)(figure
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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 anddid®®gllated 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 dowanegulated 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 signalligt 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 DE@ish C1, than with C2 (figure@) 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 asaselinglimage generated aDEP 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.

42



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 developmefiterms given by iDER)Wwhile the depleted GO biological functions belonged
to translation and sensory percept{tigure 10 and 1).
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Maltose metabolic process

Defense response to insect

Induction of bacterial
agglutination

Detection of chemical
stimulus involved in sensory
perception of sweet taste

] Detection of chemical
Defense response to ————sli involved in sensory
Gram-positive bacterium

Detection of chemical eption of taste
stimulus  Detection of chemical
stimulus involved in sensory
perception

¥

Detection of chemical
stimulus involved in sensory
perception of smell

Figure 10 Gene Ontologies of the top 2000 genes in individual comparisons of Selected vs Control strains
with an FDR cuoff 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 MAPKlisigmpathway (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)
pathwaygqfigure 12and 13.

.
‘ Lysosome
Toll and Imd signaling
pathway

Neuroactive ligand-receptor

Mucin type O-glycan interaction
biosynthesis

\
Starch and sucrose metabolism

Ascorbate and aldarate

Galactose metabolism metabolism \
Drug metabolism-cytochrome
P450

Retinol metabolism

Thiamine metabolism

Figure 12 KEGG pathways of the top 2000 genes with an FDR cut off <0.03 in individual comparisons of
Selected vs Control strairfgnage generated aDEP 2.0
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Figure 13KEGG analysi®f the top 2000 downregulated (A) and upregulatecp@Bhwaysacross 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 expressie 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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Table3 Candidate genefiltered for the study, based on fetthange of expression in Selected strains (S1

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

FlyBase Gene Fold Function Expression in the Expression levels in
ID change body adulthood
Gene Name Male Female
FBgn0030607 1.83 Triglyceride lipase activity, lipid Organism Low Medium
doppelganger homeostasis and triglyceride catabo Expression Expression
von brummer process Medium
High
Expression
FBgn0052191 1.69 Sulfuric ester hydrolase activity Organism Low Low
Expression Expression
FBgn0033999 1.55 Lipase activity, multicellular organisr Midgut Medium Low
reproduction High Expression

Expression High
High Expression

Expression
FBgn0036428 1.33  Glycogen binding activity and proteil Blastoderm Medium Medium
Glycogen phosphatase 1 binding activity, embryo, embryonic High High
binding behavioural response to ethanol ar epidermis, Expression Expression
subunit 70E regulation of glycogen metabolic extended germ
process band embryo, gern
layer, and gut
section
FBgn0031170 1.24 ATPasecoupled transmembrane Adult head and Low Low
ATP binding transporter activity and lipid organism Expression Expression
cassette transporter activity, lipid transport Medium Medium
subfamily A Expression Expression
member 3
FBgn0034381 1.23 L-amino acid transmembrane Adult brain, adult Low Very Low
transporter activity, amino gut, adult head, ani Expression Expression
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Lithium- acid:sodium symporter activity, anc adult ventral Low

inducible neurotransmitter transmembrane  nervous system Expression
SLC6 transportemlctivity, response to
transporter lithium ion
FBgn0052549 1.23 5-nucleotidase activity Adult head, adult  Medium Medium
heart, High High

embryonic/larval Expression Expression
somatic muscle, High High

presumptive Expression Expression
embryonic/larval

system, and yolk

nucleus
FBgn0085478 1.22  Palmitoyltransferase activity, proteir  Adult head and Low Medium
palmitoylation embryonic/larval Expression Expression

central nervous
system
FBgn0030286 1.19 GTPase activating protein binding Adult fat body and Medium Medium

GTPase activity and Rab guamyiucleotide spermatozoon  Expression High
activating exchange factor activity, regulation ¢ Expression
protein and Rab protein signal transduction anc
VPS9 domains regulation of protein transport
1
FBgn0035529 1.18 Electron transfer activity, positive ~ Adult heart, gut Medium Medium
Ferredoxin 2 regulation of ecdysteroid biosyntheti sectionposterior High High
process endoderm, and Expression Expression
presumptive High
embryonic/larval Expression

digestive system

FBgn0260747 1.18 Mitochondrion organization Embryonic Very High High
Coiled-coil- Malpighian tubule, Expression Expression
helix-coiled Embryonic/larval Very High

coil-helix Expression
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muscle system, gu

domain
containing 2 section, and head
FBgn0003748 1.16 Alpha, alphatrehalase activity, Circulatory system. High High
Trehalase neuronal stem cell population dorsal ectoderm, Expression Expression
maintenance and trehalose catabol embryonic/larval
process muscle system,
head, and
presumptive
embryonic/larval
system
FBgn0031318 1.16 MRNA binding activity, mRNA Embryonic brain,  Medium Medium
splicing, via spliceosome organism, and  Expression Expression

ventral nerve cord

FBgn0016984 1.14  1-phosphatidylinositeh-phosphate 5 Anterior ectoderm  Medium Medium
kinase activity involved in several anlage, ectoderm, Expression High

skittles
processes, including basement  embryonic/larval Expression
membrane organization, germ cell gut, extended gern High
development, and negative regulatic band embryo, and Expression
of histone phosphorylation gonad
FBgn0003964 1.13 Nuclear receptor activity, protein Central nervous  Medium Medium
ultraspiracle heterodimerization activity, and system, gut, Expression High
transcription regulatory region imaginal disc, Expression
sequencespecific DNA binding reproductive High
activity, DNA-binding transcription  system, and ring Expression
activator activity, RNA polymerase-ll gland
specific and ecdysone binding activi
border follicle cell migration, instar
larval a pupal development, and
nervous system development
FBgn0001308 1.11 Microtubule binding activity, Adult heart, glial Medium High
Kinesin heavy microtubule motor activity, and cell, gonad, head, High Expression
chain tropomyosin binding activity. Expression
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Involved in several processes,  and photoreceptor
including cytoskeleton organization cell
neuron differentiation, and oogenes
FBgn0039730 1.09 MRNA binding activity Adult head and Medium Medium

organism Expression Expression
FBgn0039585 0.43  Histone acetyltransferase activity (H ~ Undetermined Very Low = Very Low

K16 specific), histone binding activity Expression Expression
and transcription coregulator activity Low
negative regulation of transcription, Expression

DNA-templated and positive
regulation of transcription by RNA

polymerase Il
FBgn0030332 0.48 17-betahydroxysteroid Adult head, Medium Medium
dehydrogenase (NADP+) activity, 17 embryonic midgut High Expression
betaketosteroid reductase activity, chamber, and  Expression High
and 3keto sterol reductase activity embryonic/larval High Expression
midgut Expression
FBgn0027583 0.85 Oxidoreductase activity Adult head Medium Medium
Expression Expression
Medium
High
Expression
FBgn0030061 0.82 5S rRNA binding activity, rRNA  Anterior endoderm Low Medium
processing and ribosomal large = Anterior endoderm Expression High
subunit assembly anlage, Medium  Expression

embryonic/larval Expression High
muscle system, Expression
extended germ
band embryo, and
gut section

FBgn0029839 0.77 Undetermined Adult head Low Very Low

Expression Expression
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FBgn0037298
Saccheropin
dehydrogenast
1

FBgn0035149
Mediator
complex

subunit 30

FBgn0000404

Cyclin A

FBgn0038964
Nop56
FBgn0029524

FBgn0032247

Medium
Expression

0.79 Oxidoreductase activity, glycolipid  Adult head, adult High

biosynthetic process heart, and organisr Expression
Very High
Expression
Expression
0.82 Transcription coregulator activity, Undetermined Medium
positive regulation of transcription, Expression
DNA-templated
0.80 Cyclin-dependent protein Ectoderm, Medium
serine/threonine kinase regulator ~ extended germ = Expression
activity, asymmetriceuroblast band embryo,
division, regulation of mitotic cell gonad, presumptivi
cycle, and syncytial blastoderm ~ embryonic/larval
mitotic cell cycle nervous system,
and sensory
nervous system
primordium
0.80 snoRNA binding activity Undetermined Medium
Expression
0.76 CD27 receptor binding activity, Embryonic brain, Very Low
extrinsic apoptotic signalling pathwa Embryonic/larval Expression
nervous system,
extended germ
band embryo, and
gonad
0.86 Aminopeptidase activity and Adult head Low
metalloexopeptidase activity, Expression

proteolysis
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Low
Expression
High

Expression

Medium

Expression

Very High

Expression

Very High
Expression
Very Low

Expression

Low

Expression



FBgn0039337
Mediator
complex

subunit 28

FBgn0000092

daywake

FBgn0035039
aarF domain
containing

kinase 1

FBgn0004797

midway

FBgn0036337
Adenosine

kinase 2

FBgn0040305
Metal
response
elemert
binding

0.86

0.19

1.56

1.46

1.28

1.26

Transcription coregulator activity,

regulation of transcription by RNA

polymerase Il

Circadian rhythm, positive regulatiol
of sleep/wake cycle, multicellular

organismreproduction

ATP binding activity and protein

mitochondrial fusion, positive
regulation of cristae formation, and
protein phosphorylation
Diacylglycerol Gacyltransferase
activity, negative regulation of lipid

storage and regulation of nurse cel

apoptotic process

Adenosine kinase activity, AMP

biosynthetic process

DNA-binding transcription factor
activity and transcription regulatory
region sequenespecific DNA
binding activity, several processes

including metal ion homeostasis,
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Eye, organism

Epidermis, eye

Adult fat body,

kinase activity, negative regulation ¢ adult head, and gu

section

Adult head and
embryonic/larval

muscle system

Adult head,
embryonic/larval
midgut,
embryonic/larval
midgut
primordium, and
embryonic/larval
muscle system
Embryonic/larval
garland cell,
Embryonic/larval
midgut,
Embryonic/larval

muscle system,

Medium

Expression

Very Low
Expression
Medium
High
Expression
Medium
Expression

Low

Expression

Medium
Expression
Medium
High
Expression

Low

Expression

Medium

Expression

Very Low
Expression
High
Expression

Medium
Expression

Low
Expression
Medium
Expression
Medium
High
Expression
High
Expression

Medium
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Transcription

Factor-1

FBgn0027569

ceramide

1.18

transfer

protein
FBgn0035529
Ferredoxin 2

1.18

FBgn0038672 0.84

FBgn0034049
bedraggled

1.29

FBgn0035082 0.77

response to copper ion, and stres:

response to cadmium ion

Ceramide binding activity and
ceramide transfer activity, ceramide
transport and sphingolipid metaboli

process
Electron transfer activity, positive
regulation of ecdysteroid biosynthet|

process

Regulation of phosphatidylinositot 3
kinase activity, wound healing, earl

endosome to latendosome transpor

Neurotransmitter: sodium symporte
activity, R3/R4 cell fate commitment
integral component of membrane ar

plasma membrane

Gamma
glutamylaminecyclotransferase

activity
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garland cell
primordium, and
presumptive
Embryonic/larval
digestive system
Medium

Organism Medium

Expression Expression

Adult heart, gut Medium Medium
section posterior High High
endoderm, and = Expression Expression
presumptive High
embryonic/larval Expression
digestive system
Undetermined Medium Low

Expression Expression
Medium
Expression
Low

Embryonic/larval  Medium

central nervous = Expression Expression
system, imaginal
disc, mesectodern
anlage, midline
primordium, and
photoreceptor cell
Medium

Embryonic midgut  Medium

chamber and Expression Expression

Embryonic/larval Medium
midgut High
Expression



4.8. Summary

This chapter identified candidate aageing genes from RNASeq analysis using iDEP bioanalysis
software. Differential gene expression (DEG) analysis identified significantly expressed genes,
while KEGG database performed functional annotations of thasesge identify longevity
associated biological pathways and processes. This comprehensive list oivB&iGsred based

on predefined parameters, yielding a selection of candidate genes, which will be tested in
subsequent chapters for their effect daspan and neuromuscular function in fl{gure 14)

Two of the genes tested in subsequent chapters are not part of the original candidate gene list due
to a foldchange value over the threshold, and these were included due to an incorrect filtering of

earlier data.

Total genes analysed from RNASeq data

Filter - Minimum CPM (0.15) in at least 6 libraries

Differential Expression of Genes (DEG) with FDR cut off of 0.05 and a minimum fold change of 1.15

Genes with significant p value across all comparisons, in the same direction, were considered.

Filters applied: genes that are not fly specific, genes that are expressed in both sexes, genes expressed
in adulthood (not just developmental stages), genes that have a human orthologue

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 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 étween selected and control lines, along with the substantial witbup variability,
highlights the complexity of adaptive responses to selection pressures. While RNASeq analysis
has provided a robust foundation for identifying candidate genes, thiéohalaoles 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 theiesszing datatéble 2).

While RNA-Seq is capable of detecting genes even in degraded samples, the relative expression
levels can be significantly affected by RNA degradation (Roreerd.,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,| 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 sdnogwieger, the
variation in average RPKM values between samples limits its reliability for-semsple RNA
comparisons (Zhaset al.,2020). Nonetheless, since RPKMthis study was primarily used for
library size normalization, and differBal expression analysis (DEA) was performed using
DESeg2 and edgeR (Robinsenal.,2010), the limitations of RPKM are less critical fitve

analysis of gene expressionthis 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 binomiabeias particularly suited for

couns data with overdispersion, as it accommodates variance exceeding the mean. This method
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ensures typé error control, maintaining an acceptable fgiesitive 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-losegl selected (S1, S2) strains
revealed an unexpected similarity between C2 and S2, suggesting shared genetic variants or
inadvertent selection pressure. PCA showed greater variance b&Wveewnl 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. Tke differences could arise from varying selection responses

or genetic drift, similar to natural selection experiments, where multiple genetic pathways lead to
convergent phenotypic outcomes (Barghal.,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 inefugdperiments would
improve the power to detect consistent longevity effects while minimizing the influence of chance
allele fixation (Wilsonet al., 2013). Though the experimental design minimized inbreeding
bottlenecks by using witdaught flies, which mvided higher initial genetic variation to offset
diversity loss during selection, it could not eliminate them, potentially contributing tepewfic
differences unrelated to selection. This preservation of genetic variation during evolution
underscoes 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 sresponding lines and better account for genetic
drift. In males, about 61% of the genome changes expressibrage (Carnest al.,2015) and

hence, conducting RNAeq at different life stages across all lines would capture transcriptomic
changes over time. Although resouingensive, integrating metabolomic and proteomic studies

would significantly enhance ounderstanding 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 linespecific gene expression changes but does not fully addréssiNgror interactions

across replicates. A twiactorial 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 wemminimal.

However, principal component analysis (PCA) revealed substantial differences betpleates

(e.g., S1 vs. S2, C1 vs. C2), indicating significant wHipiaup variability. This violates the
homogeneity assumption required for nested ANOVA, reducing its accuracy. Collapsing
replicates into broader categories (Control vs. Selected) §ies@nalysis and enhances statistical
power but risks overlooking lingpecific 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 consideraltigngitoup differences, individual
pairwise comparisons or alternative models, such as raffedts models that explicitly

accommodate withigroup 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 biologicadgnimgful interpretations.

5.5. Differentially expressed genes

There was an approximately even spread of-caed undegexpressed genes across the genome
in this study (table 2) This is interesting since historically most expresdiased interventions
and transgenics have relistbreon gene knockdowns to extend lifespan, yet it appears here that
upregulated genes are at least equally represented in longevity phendhgesly other RNA

Seq experiment performed on longevity selected flies also found an even splitiara/ander
expressed genes (Carretsal., 2015) however this could beore of a technical artefact instead

of having any biological signifance.This couldimply that there is no overarching trend in the

data favouringgene 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
metabolismWnt, and MAPK signalling, while downregulated pathways involve DNA replication,
repair, and ribosome biosynthesis (figure/table), consistent with prior longevity studies (8Yilson

al., 2013). Interestingly, while downregulation of reproductietated genes aligns with the
disposable soma theory (Kirkwood, 1977), the sepgion 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, ldhgd Drosophila should have
reduced growth and development rate, like lwgd insulin mutants with growth defects (Clancy

et al.,2001).For instance, the activation of p38 MAPK in Ielingged strains aligns with its role in
stress response and immuegulation, actas a prdongevity pathway (Vrailadlortimer et al.,

2011). These findings suggest that longevity may be linked to shifts in energy metabolism and
cellular maintenance pathways. The upregulation of groeghnlating pathwaysay reflect a
contextdependent role where metabolic reprogramming supports longevity without triggering
ageingrelated pathologiesinterestingly, the downregulation of DNA replication, repair
mechanisms, and ribosome biosynthesis, coupled with the upregulation ahydhdie
metabolism and key signalling pathways atand MAPK (identified in the londjved strains,

S1), aligns with previous studies on longeyianet al.,1998; Carnest al.,2015; Fabiaret al.,

2021).

5.6. Genes of interest

The GO terms identified ithis 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
processs, 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 lorgrm maintenace of these structures in adulthood. Interestingly, about
onethird 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 ageiregulatory stimuliike fertility, nutrient availability, and
environmental stresses, into gene regulatory events. Transcription factors act as central nodes in
this network, coordinating these regulatory processese Ontology (GO) analysis of the top

2000 differentially expressed genes (DE(Bghis studyrevealed significant enrichment in terms
related to agemodulating pathways such dasanslation, nutrient sensingand organism
reproduction highlighting the need for further investigatimo these specific GO termSpecial

focus should be given to downstream targets of transcription factors and other key regulators.
Although transcription factors are primarily regulated gomtscriptionally, their downstaen

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 lorigevity.
determine if previously known ageing genes were differentially expressed in this analysis,
comparedheresults to the GenAge datdome exhibit effects that contrast with existing literature,
highlighting possible novel mechanisms or contpécific influences on ageing. Others lack any
established connection to ageirgjated pathways, emphasizing their novelty in the ageing

context and the need for fthrer exploration to understand their contributions to lifespan regulation.

5.6.1.Prolongevity Genes

5.6.1.1. Forkhead tkh)

Forkheadikh, CG10002) encodes a winghadlix nuclear transcription factor crucial for salivary
gland development. It mediates the ageing effects of rapamycin and modulates intestinal
insulin/insulinlike growth factor (IGF) signaling (1IS) through phosphorylatioy AKT and
Target of Rapamycin (TOR). Moderate intestifidl upregulation extends median lifespan by
14%, while strong induction shortens it. &ecific fkh upregulation enhances gut barrier
function in aged flies and increases nutrient transportpresgion, mirroring the effects of
reduced IIS (Bolukbagt al.,2017).

5.6.1.2. Metal Response ElemeBinding Transcription Factel (MTF-1)

Metal Response ElemeBinding Transcription Factet (MTF-1, CG3743) regulates trace metal

homeostasis and detoxifies ressential, toxic heavy metals. Variations in its DNA binding site

influence metakpecific responseMTF-1 mutation reduces lifespan under disrupted metal

homeostasis, while its overexpression extends lifespan onor@admiumsupplemented media
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but shortens it on zinsupplemented 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 pootetietal toxicity, and their tissue
specific roles in ageing and lifespan regulation (Bahadetaaii,2010).

5.6.1.3 aarF domain containing kinase AqcKLl)

The aarF domain containing kinaseAd¢klL, 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 tafficking (Wisidagamaet al., 2019). Knockdown ofAdcKL in Drosophila
(dAdcKl) causes developmental defects, muscular abnormalities, increased ROS levels and
apoptosis, and shortened lifespan, which can be rescued by ubiquitous overexpresdiokh of
(Yoonet al.,2019).

5.6.2.Anti-longevity Genes

5.6.2.1.  Glycerol3-phosphate dehydrogenase@pdHl)
Glycerol3-phosphate dehydrogenasezp@hl, CG9042) encodes a dehydrogenase that catalyzes
the oxidation of glycereB-phosphate to dihydroxyacetone phosphate, playing key roles in
triglyceride metabolism, hyperoxia response, and flight behavior (Metrt., 2006). GpdhL
supports mitochondrial energy production, triglyceride accumulation, and redox balance.
Mutations inGpdHhlL reduce its activity by 40%, extending lifespan by 20%, but also result in
defects in larval development, lifespan, and fat @@ alberet al.,2015; Raiet 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 (Let al.,2019).

5.6.3.Genes unexplored in the ageing context

5.6.3.1. Daywake dyw)
Daywake @yw, 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). Notablgywis found in the circulatory system but is absent in the brain, where

wakesleep 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
(Villegaset al.,2024).
56.3.2. CG2811

The gene annotatio@G2811 a putative gammglutamylcyclotransferase, is involved in the
fibrin degradation pathway and is orthologous to hu@@&RACT(Oakleyet al.,2010). However,

its role inDrosophilaand relevance to ageing studies remain unexplored.

5.6.3.3. CG6005
The gene annotatiodG26005is involved in wound healing (Campesal.,2010) and predicted

to enable phosphatidylinositobnase 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 Adkl)

Adenosine kinase 1A@KL, CG3809) is predicted to facilitate adenosine kinase activity,
contributing to AMP biosynthesis and purine nucleobase metabolism. It is homologous to the
humanADK 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 amdaginal disc development.difjuitous overexpression &dg
cDNA using actin or hsGal4 is lethal, whileBdg mutant escapers display movemegiated
abnormalities, indicative of neurotransmission deficiencies, suggesting a potential role in neural

communication or motor functiafRawlset al.,2007).

5.6.3.6. Ceramide transfer proteirCert)

Ceramide transfer proteirCért, CG7207) facilitates ceramide transport from the endoplasmic
reticulum to the Golgi complex, essential for sphingolipid synthesis and maintenance. In
Drosophila melanogaste€ertmutants exhibit ~60% reduction in lifespan and over 70% decrease

in ceramide phosphoethanolamine (the sphingomyelin ana@gsophilg and ceramide levels.

This deficit increases plasma membrane fluidity, heightening susceptibility to reactive oxygen
species and oxidative damage to cellular pnsteAs a result, mutants display reduced thermal
tolerance, exacerbated with ageing, alongside metabolic disruptions, including decreased ATP and

elevated glucose levels, indicative of premature ageing éRalo,2007).
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5.6.3.7. Doppelganger von brummebob)

Doppelganger von brummedd¢b, CG5560) is predicted to enable triacylglycerol lipase activity,
and involved in lipid homeostasis and triglyceride catabolic process (Del&in2010; Watet
al.,2020). It is orthologous to several human genes including PNPLAZ2 (patatin like phospholipase
domain containing 2), PNPLA3 (patatin like phospholipase domain containing 3), and PNPLA5
(patatin like phospholipase domain containing 5), which are implicatedtosomal recessive
congenital ichthyosis 10, coronaryterly disease, liver disease (multiple), and type 2 diabetes

mellitus.

5.6.3.8. Ferredoxin 2 Fdx2)

Ferredoxin 2 kdx2, CG1319) encodes a protein involved in ecdysteroid biosynthesis regulation

(Palandriet al.,2015) and is orthologous to humaBX1 (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 (Giraed al.,2021). Lack ofMdy leads to female
sterility and impaired fat metabolism in larvae and adults. Expressiondafayin insect cells
changes acylglycerol lipid metabolism and disrupts normal egg chamber development in
Drosophila(Buszczaket 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 tiate 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 fithess and
understanding their persistence as segregatngnts in natural populations, offering empirical

examples of evolutionary theories on ageing.

The discrepancies between pemd antilongevity genes in existing literature and their altered
expression inthis 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 tispeeific context, testing theirriation 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 getvtaxis
established proxies for ageing and health 8pae RNASeq transcripinic insights camelate 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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Chaptielresltli ng candi d

effect on |1 fespan

6.Introduction

6.1. Gene regulation in ageing studies usidgrosophila
melanogaster

Ageing is the progressive decline in biological function over time, ultimately leading to death.
Survival studies odrosophilapopulations provide valuable insights into ageing mechanisms and
nontageing related mortality through survival studies. Additionally, tracking physical activity
(negative geotaxis, cardiac function, gut barrier functibejaviour(feeding, courtship, sleep
patterns), and physiological changes (protein/lipid synthesis, metabolic rate) reveals age
associated functional decline. Wiifespan is a reliable measure of agein@iasophila pairing

it with behaviourahssays, such as negative geotaxis (a simple andasiructive neuromuscular
assay), allows assessment of both lifespan and health span. This is crucial for understanding the
effects of lifesparmodifying interventions on health over time and for detamng 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 populationkjditegg humans (lvanoet al.,2015).

Gene knockdowns offer a more nuanced approach by tempering these large effects, better

simulating natural allelic variation.

Gene manipulation irbrosophila employs traditional genetic screens, which introduce point
mutations to reveal key transcription factors aighalling molecules. Enhanceuppressor
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 alow gain

of-function studies, providinmsights that los®f-function screens may miss (St Johnston, 2002).
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Genomic manipulation iDrosophilaadvanced 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 mutgenesis with transposable elements andsgigzific recombination techniques,
broadening the scope of genetic research (Rubin and Spradling, 1982; Kane and Gehring, 1987;
Cooleyet al.,1988; Golic and Lindquist, 1989).

6.1.1 RNA Interference (RNAIi) mediated gene regulation

Introducing dsRNA int@rosophilacell lines is commonly used for studying signal transduction
pathways (Clemenret 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
realting phenotype varies in expression and severity. Effective phenotypic analysis requires
control injections with nothomologous dsRNA and often fails to downreguigémes 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
doublestranded hairpin controlled bybaosophilagene 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; Ricin2001; Dietzlet al.,

2007).

RNA interference (RNAI) is a potent gesgencing technique regulated by sequespecific

short RNAs, such as short interfering RNA (siRNA) or microRNA (miRNA). Dowglanded

RNA (dsRNA) introduced into the cell is cleaved into siRNA by the Dicer erzyiine siRNA,

in conjunction with the RNAnduced 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 S/RmMRNA binding ensures gene
specific silencing (figurd5) (Fireet al.,1998; Kim and Rossi, 2008; Wu and Belasco, 2008).
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Figurel5Gene knockdown involves a dicer molecule that

a siRNA; the siRN#&duces 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 (Vasudeva al.,2007). RNAIi uncovers gene signatures distinguishing healthy
ageing from ageelated decline, enabling novel therapeutic strategies. However, gene silencing
efficiency varies across driver lines and genomic insertion sites (Riteh,2001). Genome

wide RNAI screens and mutimics approaches enhance insights into-raefged gene

interactions beyond traditionabeingresearchmethods (Minoist al.,2010).

6.2 Gene expression systemdlnosophila

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 activaat by
shockingtransgenic 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 tispefic promoters, and
repeated heat shock treatments maadallenging to distinguish primary from secondary gene

expression responses (Gibson and Gehring, 1988).

An alternative approach involved using transcriptional regulatory sequences from defined
promoters (Zukeet al.,1988). While tissuespecific promoters limited transcription to specific
cell subsets, their limited availability and the toxic effectsestaingene 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, theGBAS system was
developed to generate tisssggecific ectopic expresser strains rapidly and is widely used for
constitutive gene expression Drosophila melanogasterThis approach uses two distinct
transgenic lined one containing the gene of interest (responder) and the other having the
transcriptional activator (drive(figure 16). Each parent is transcriptionally silent and viable, but
their progeny expresses the gene of intereskimg it convenient for misexpression studies.
Crossing the transgene with different tisspecific promoters produces various gene expression

patterns (Brand and Perrimon, 1993).

Tissue/Ubiquitous promoter-GAL4 UAS-Target Gene (overexpresser or
(Driver line) RNAi)(Responder line)

—

-{ Promoter j GALA ju= Gene of interest /
! UAS { RNAI

AN

GAL4
protein
UAS-Gene x GAL4
Progeny i
Over
s::{:.,. expression
{ Gene of interest /
\GAM ProteT/
Knockdown

Figure 16 UASGAL4 gene expression system emplogsier that drives constitutive expression of the

responder (UASJene 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) (Fetchler1988).

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 developméethaviouy cell ablation, and diseaseodelling (Niemann

and O'Kane, 1995; Zhoet al.,1997).

However, the UASGAL4 system has limitations, such as leaky expressidmere there is
background expressian the absence of GAL4 activatiowhich can lead to unintended gene
activation in nortarget cells. Moreover, GAl-driven expression starts early in developntre

to lack of temporal contrplwhich can be lethal. To counter this, the HERT system was
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introduced, where the gene and promoter are separated to allow induced expression. However,
this systenfavoursexpression in dividing cells, with varying levels of ectopic expression among
organisms (Brandt al.,1994). Additionally, genetic background differences between strains can
affect results, necessitating careful validation.

Since UASGAL4 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 temperateesitive GAL80 prains enabled precise
spatiotemporal control in the TARGET system (McGetral.,2003). At low temperatures (19°C),
GALS8O represses transgene expression, but at higher temperatures (30°C), GAL8O0 is inactivated,
allowing expression. This system is espédgialseful when early developmental expression is
lethal, although temperature changes can affect viabilitybah@viourin ectothermic animals

like Drosophila(Abramet al.,2017). Despite these challenges, the UA&L4 system remains
foundational toDrosophila research, with ongoing improvements extending its applicability

across biological disciplines.

6.2.2 Teton/TetOff System

To overcome the temporal control limitations and provide chemical induction of theGAA8
system,on bdedfifdetmet hod was devel oped, todici ng r €
effector. Transgene expression is controlled by the binding of tleliBetracycline 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) (Eaasen

1995; Belloet al.,1998). Inthe TetOn system, tc/dox enables binding of rTA to tetO, activating
transcription. In the TeDff system, tc/dox prevents tetR from binding to tetO, inhibiting
transcription and repressing gene expression. This allows flexibility, with the rTA systiem bet

for occasional gene activation and tetR for occasional repression (Baron and Bujard, 2000).

Although promising, this system requires generating new tisgeeific tetR or rTA drivers and
tetO responder lines idrosophila This issue was mitigated by using drivers for ubiquitous rTA
expression in dowmnducible systems, with minimal background expression in-indaced
conditions (Stebbins and Yin, 2001). However, doxycycline negatively affects cell viability,
disrupts thegut microbiome, inhibits mitochondrial translation, delays growth, and increases
mobility in worms and flies (Ermadt al.,2003; Moullanet al.,2015; Boyntoret al.,2017).
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6.2.3 GeneSwitch System

While the UASGAL4 system provides spatial control of gene expression, its lack of temporal
control limits its utility, especially as early dominant transgene effects can hindeistddt
genetic analysis. Despite modifications to US8L4 and Teton sysems, these approaches
remain cumbersome. To address this, an inducible system was developed ushagaoterized
UAS-GAL4 lines, offering both spatial and temporal control (Osterwaddeal., 2001). This

system relies on modified GAL4 proteins activhlby steroid hormones or analogues. Specifically,
yeast GAL4 is fused to a modified human progesterone receptor and human p65 to form the fusion
protein "GeneSwitch" (figurd7). Upon binding to an anprogestin, mifepristone (RU486),

GeneSwitch activates the GAL4 promoter, inducing transgene expression (@&uakih999).

Actin-GeneSwitch (or) daughterless- :  Actin-GeneSwitch (or) daughterless- Gene of Interest (overexpresser or RNAI)
GeneSwitch Geneof interest w“’::'"““’ or RNAI) GeneSwitch (Responder line)

(Driver line)_ (Responder line) (Driver line) 4

: X —
reaEeaaTrl

U | Gene of interest /

_{ vas r—t RNAI o

Control flies Test flies

Act-GS x UAS-GOI Act-GS x UAS-GOI (or)
(or) da-GS x UAS-GOI da-GS x UAS-GOI

o transgene
expression
Gene of interest /
he

® /

N Knockdown
& No RU486

Figure 17 GeneSwitch gene expression system employs a driver-(@ictlaughterlessseneSwitch) that

drives expression of the responder (Ugedie 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&ansgene. The main advantage is that RU486 administration enables precise
spatiotemporal control of transgene activation. Feeding RUd&&ltlts 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 agestigdies (Wangt al.,1994; Burcinet al.,1998).

Despite its advantages, the GeneSwitch system has some limitations. The Ger&3witch

protein exhibits "leaky" activity even in the absence of RU486, causing reporter protein expression
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under uninduced conditions (Poiriet al., 2008). The level of transgene expression leakage
depends on the driver and transgene, with strong drivers like tu®atieSwitch (tubGS) showing

no significant differences between induced and uninduced flies when testing RNAI transgenes
(Scialoet al.,2016). RU486's impact on lifespan varies, with some studies reporting no significant
effect (Fordet al.,2007), while others report lifespan reductions (Séteal.,2009) or increases

(Ren and Hughes, 2014). RuBl@ffects are also dosand dietdependent, as undernutrition
reduces lifespan in lowmutrient conditions, but nutriemich diets not having a significant effect
(Yamadeet al.,2017).

6.3 Conclusion and Chapter objectives

In this chapter, the candidate genes will be evaluated by Ridliated knockdown or
overexpression with the GeneSwitch system for their potential role in regultospphila

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
Drosophilaby 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 hesfifcific effects of theseadifications.

Gene expression will be manipulated via RNA interference (RNAI) for gene knockdown or
overexpression using the GeneSwitch systemprecise temporal controlvith transgenics
selected to replicate their respective RNA8eqe expression profilegPCR 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 experspecitic adaptations.

7.2 Fly stocks

Flies were obtained from either VienBaosophilaResearch Centre (VDRC) or Bloomington
DrosophilaStock CentrdBDSC), Indiana University, USA or FlyORF (Zurich). The following
strains are assayed in this chapter for their role in regulating lifespan and healthBipsophila
melanogaster Fly strains usedio generate the GD strains w1118 (VDRC ID 60000)
y,w[1118];P{attP,y[+],w[3"]} (VDRC ID 60100) for the KK straingl X86Fbfor CG3743 and
w1118for CG3608(table4). These were standard strains used by the transgemialers and

were not selected specifically by me.

Strain validation prior to experimental set up was based on phenotypic markers, with transgenic
flies with red eye#dicatng successful insertion of the UABansgene into the genome. Since all

the strains exhibited reglyes,downstream experimentvere set up.
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Table4 Drosophila melanogaster strains were obtained either as RNAI orttéhSgene based on their

respective RNASeq profiles
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7.3 Backcrossing

To ensure a common genetic background across all strains, fliebas@ossed with the wid

type white Dahomey (wDah) strajgift 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, reeeyed phenotype (Grandisenal.,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 wittn wiDah femalegrecurrent

parent). Eye colour differences served as a selection marker for progeny in subsequent



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).

;HQ x oW

wosh : UAS

Figure 18 Backcrossing transgenic male flies with virgin wDah for 4 generations givesisugnic

strains(image generated on Biorender)

7.4 Fly husbandry and maintenance

All flies were maintained on standardsugae a st f ood (appendix), and
70% relative humidity and 122 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 elfrying peaks after 72 hours on nutrieith food, flies are in
optimal condition for transfer to edgying cages at this stageiper and Partridge, 2016).
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Fly egglaying cages consist of acrylic cylinders with mesh on one end and a petri dish containing
standard sugayeast medium on the oth@irgure 19) The petri dish is coated with yeast paste,

and the setup is left undisturbed in the dark for 24 hours to encouratgeysgg

After 24 hours, flies in the cages are lightly anesthetized to remove tHayeug 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 aspaintbrush. The ed?BS
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 retained, just enough to cover the egg mass.

Approxi mately 35 €l of the egg suspywass($Ydpn i s
medium using a widenouthed pipette tip to ensure intact egg transfer. The process is repeated to
collect as many eggs as needed. After 10 days, newly ddliise are transferred to fresh SY

bottles and allowed to mate for three days. On the fourth day, all male flies are collected under
CcO anesthesia and transferred to SY vials at
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Figure 19 A generic overview of the experimental setup applicable for fly lifespan experiments in chapter
2 and 3. Experimergpecific 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 ul of mifepristBtu86 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 O ug/ml concentration of the drug, 100%
ethanol (diluent) was added, instead @& dinug. 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 (Letralis2020). Male transgenic flies

were crossed with virgin females of the driver possessing a GAL4 promoter that can activate the
UAS-transgene or transgefNAI in the responder, and their progeny were used for the lifespan
assay. To test the effects of mifespone (RU486) independent to the responder, the progeny of
wDah (without the UASomponent) crossed to the driver was used as a control strain. Flies were
allowed to mate for 48 hourse help them acclimatize before embryo collection.

Every lifespan experimer{tn chapter 2 and 3yas performed only once, due to tinhegistical

and financiakonstraints

7.7.1 Lifespan Experiment 1

Two UAS-RNAI strains of GlyceraB-phosphatalehydrogenaséspdhl) gene- KK/107796 and
GD/14102 (VDRC), were tested. The two strains differ from each other in the site of transgene
insertion. GD strainsare®| ement based, with random i naAsertio

based, with defined insertion sites.

To test gene expression, two doses of RU486 were used (112 pg/ml and 224 pg/ml), with vials
without the drug (0 pg/ml) acting as a contrbhere were 3 genotypes and 3 doses of drug
(RU486, resulting in 9 treatments. ControlaGSx wDah progeny) had 6 replicates of 20 flies
each per dose of treatment, while transgenic flile&Ex Gpdhl-RNAI) had 7 replicates of 20

flies each per dose of treatment, with gene expression being induced from 11 dacgsosh

until end of fly lifespan.

7.7.2 Lifespan Experiment 2

Based on the results of the previous lifespan experinhevdnted to test if the strength of the
driver affects longevity or mobility.testedda-GS a weak GeneSwitch driver (Sciabal.,2016)
alongside a strong GeneSwitch drivec;-GS255B(Fordet al.,2007).

Four UASRNAI (VDRC) and one UASransgene overexpresser (FlyORF) strains were tested
for effect on lifespan and negative geotaxis using two ubiquitous diiveéasGS and ActGS
255B The genes that were knocked down wdya+RNAI, CG2811RNAI, fkh-RNAI, and
CG6005RNAI, 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 (56pg/ml and 224 pg/ml), with vials
without the drug acting (0 pg/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 fliedneatment. Gene expression

was induced from 9 days pestlosion until end of fly lifespan.

7.7.3 Lifespan Experiment 3

Based on the results of the previous lifespan experirhesged ActGS255B for all succeeding

lifespan experiments.

One gene, UARdcKL, was overexpressed using tha-GS255Bdriver, 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 lifespdnwanted to test if duration of and age at gene expression
induction affected fly lifespan and climbing ability. Saestricted RU486 dose to 224 ug/ml,
while varying time points for gene expression. Expression was induced between 3 days and 25
days, 20 and 25 days, 3 days Laéath, 10 days until death, and 20 days until ddathe points
centered around 25 days to mimic the fly age at RNASeq.

To test gene expression, only one dose of RU486 was used (224 pg/ml), and vials without the drug
(O png/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 transferrfhgditefresh food

vials under light CQanesthesia

7.9 Negative Geotaxis

Negative geotaxis measures fly climbing height to assesselged neuromuscular health using

a modified rapid iterative negative geotaxis (RING) assay is used (Gaeyah92005). The
negative geotaxis assay was performed to evaluate the locomotor abilities and climbing behaviour
of Drosophila melanogasten 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 withoahesthesiato 1 cm wide polystyrene tubes placed in a wooden rack,

with a sponge plug at the base. After a-{wimute 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-@5 x wDah and d&S xGpdhflies 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 AGIS255B x wDah, daGS x wDah, ActGS-255B x fkh-RNAI,
and daGS xfkh-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 AGIS-255B x dyw-RNAI, daGS x dyw-RNAI, Act-GS-255B x
CG2811RNAI, daGS x CG2811RNAI, Act-GS255B x CG6005RNAI, daGS x CG6005

RNAI, Act-GS-255B x UASMTF-1, and daGS x UASMTF-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 AGIS-255B x UASAdcKL and ActGS-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 g°PCR assays

To determine gene expression levels, RNA was extracted fredaybld flies and quantified

using gPCR. Four random vials per treatment were selected and three male flies per vial were
aspirated into Eppendorf tubes, sdegzen in liquid nitrogen to presgee RNA integrity, and

stored at80°C until further processing.

7.11 RNA Extraction and cDNA synthesis

RNA from the frozen flies was extracted using Norgen Biotek total RNA purificatioB&shing
bead tubes were placed onto a cold box and 600ul of lysis buffer was added. Flies were tipped
into these tubes and placed in the Ribolyser for two sets of 20 secondst &actetres/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 pl) was transferred into Riksesenicrocentrifuge tubes.

600 ul of 70% ethanol was added to each sample and vort&esdples were placed on ice
between each of the following steps. Lysate (600 pl) 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 pl) was added to each column and spun at 12,000 x g for 1 minute.
Flow through was discarded atids step was repeated twice. A final spin was done for 2 minutes
without the addition of the wash buffe€olumns were transferred to fresh tubes and 20 pl 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 minuiée samples were qualitatively and quantitatively analysed
with a NanoDrop 200@DNA synthesis was done with Takara PrimeScriptsttand cDNA
synthesis Kit.

7.12 Quantitative Analysis by gPCR

Primers for theyPCR reaction were designed using Primer3Plus software, ensuring a GC content
of 40/ 60% and melting temperatures between@0C. For the assay, samples were tested for
both target and housekeeping genes, with housekeeping genes acting as internal toontrols
validate RNA expression and normalize data. Samples were loaded in triplicate ortcelh 96

PCR plate, with wateonly wells as negative controls. EB4A (Elongation Factor-jamma) was

used as a housekeeping gene for all experiments. Repeats exps 2 and 3 were performed

with actin and rpl32 as housekeeping genes. All transgenes were analysed for expression via gPCR

with 4 biological replicates and 3 technical replicates.

7.13 Data Analysis

7.13.1Lifespan 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 wdeeusig the logank 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
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7.13.2Negative 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.

7.13.3gPCR 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. Thes dolibyged the delta

deltaCt 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 hBatikaphila
melanogasterby 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 hapigeific impacts. Gee expression

was regulated using the GeneSwitch system, allowing precise temporal control, and gene
expression efficiency was validated by gPCRalding 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 IMP v8 (SAS Institute), generating Klsliglien survival curves

for each group to visualize survival differences. dragk tests asssed 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, prav@egdte 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-deltaCt method (relativexpression 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
Glycerol3-phosphatalehydrogenasespdHl) gene- GD/14102 and KK/107796 using RNAI on

overallDrosophilasurvival and fly climbing height.
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To test gene expression, two doses of RU486 were used 112 pug/ml and 224 pg/ml, with vials
without the drug (0 pg/ml) acting as a genetic control. There were 3 genotypes and 3 doses of drug
(RU486), resulting in 9 treatments. Gene expression was induced fraays pos¢closion until

end of fly lifespan.

8.2.1 Knockdown ofGpdHhL does not extend lifespan

Two strains of UASGpdHL-RNAI differing in the methods and chromosome of transgene
insertion were tested with a-@&S 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 (figur20).

8.2.1.1 Knockdown otla-GS xGpdHhL-RNAI (GD/14102had nosignificanteffect

on the overall survival

The logrank test indicated no statistically significant difference in survival between the three
groups (p = 0.44), suggesting that knockdown of@pelhl 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 ofdaGS xGpdHl-RNAI (KK/107796)educed 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 (Oug/ml) having a median survival of 62 days while the treatmerii8{g/ml and 224

png/ml) had shorter median times of 59 and 56 days respectively.

8.2.1.3 RUA486 did not affeada-GS x wDatsurvival significantly
RUA486 did not affect fly survival significantly (p = 0.50).

The median survival time was 62 days for the controjsy{énl) and one treatment{2 pug/ml),
and 61 days for the other treatme224 pg/m).
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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-@&5 xGpdhl-RNAI (GD/14102) between age 40 and
60 had higher survival estimate than thednog control at the same age. This pattern is not
observed in d&S x wDah, negating the possibility of RU486 contributing to the effect. It is also
not seen in the d&S x Gpdhl-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 betwee8 d&pdhl-RNAI
(KK/107796) and d&S x wDah, with the highest median rate (62 days) seendnugpcontrols.
However, daGS xGpdhl-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. knockdowiGpéihil gene had no effect on the overall

survival with the current experimental design.

8.2.2 Knockdown ofGpdHhL 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 ddrosophila melanogasten response t&nockdown ofGpdhl gene

8.2.2.1 daGS xGpdHhl-RNAIi (GD/14102) and d&S x wDah have a higher early
climbing height and a greater decline in climbing height tharGa x
GpdHl-RNAi (KK/107796)
On day 24, d&GS x GpdHl-RNAI (GD/14102) and d&S x wDah flies climbed significantly
higher than d&GS xGpdHhL-RNAi (KK/107796). i.e., strain affects climbing height significantly
over time (p = 0.005) irrespective of dose.

8.221.1 Dose of RU486 does not have a significant effect on climbing height
Dose of RU486 (figur@0) reduces mean height climbed significantly across all strains (p = 0.03),
with the 224 pg/ml treatment showing most decline rGd&ax wDah and d&S xGpdhl-RNAI
(KK/107796), while the 112 pg/ml declining most in-@& x Gpdhl-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 tw&pdHl strains, deGS xGpdhl-RNAI (KK/107796) shows a greater decline over
time across all treatments (67%, 71%, 85% reduction in height for O pg/ml, 112 ug/ml and 224
pg/ml respectively), compared to-&S xGpdHl-RNAI (GD/14102) (65%, 70%, 57% reduction

in height for O pg/ml, 112 pg/ml and 224 pg/ml respectively). This suggests t$ da&spdhl-

RNAI (KK/107796) affects the motor function and coordinatioBasophila melanogastenore

than daGS xGpdHhl-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 Gipitill. 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 Gdphl1 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 daGS downregulatedspdhl expression by 56% in th&D/14102
strain and 47% in the KK/107796 strain

Knockdown of GpdhL with the daGS 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) Ziyure
Relative expression of da-GS x UAS-Gpdh1-RNAi

0.9

0.8
0.7
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0.2
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Expression Ratio

Figure 21 Relative expression of Gpdhl gene with the&S&driver was determined by the delielta-Ct
method with EF4 as a housekeeping gene

8.3 Experiment

Based on the results of the previous lifespan experinhevdnted to test if the strength of the
driver affects longevity or mobility. testedda-GS a weak GeneSwitch driver addt-GS 2558

a strong GeneSwitch driver.

The survival analysis was conducted to evaluate the effect of knocking down four dymes (
CG2811 fkh, andCG6005 and overexpressing one geMeT-1) using two ubiquitous driveiis
da-GSandActGS255B.

To test gene expression, two doses of RU486 were used (56 pg/ml and 224 pg/ml), with vials
without the drug acting (0 pg/ml) as a genetic control. There were 6 genotypes, 2 drivers and 3
doses of drug (RU486), resulting in 36 treatments. Gene expressionduaed from 9 days pest
eclosion until end of fly lifespan.
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8.3.1 Knockdown offkh does not extend lifespan

Knockdown of the€kh gene significantly decreased fly survival over time, with higher dose of
RUA486 being detrimental to survival in both A86 x UASTKkh-RNAI (p = 0.02) and d&S x
UAS-fkn-RNAI (p = 7.53 x 10) (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 fkhFlies with ActinGeneSwitch driver climb significantly higher than the flies with

daughterlessGeneSwitch driver (* indicates significanc&SM units are in image pixels)

91




8.3.1.1 Knockdown ofkh with daGS driver is more detrimental to survival than
with ActGS driver

Although treatments across both drivers were affected by the dose of RU486 used, treatments with
daGS had significantly lower survival estimates than those withG®t(p = 0.03). This could
be attributed to the leakiness of the@8 driver. This is alsobserved in the difference in median

ages of treatments between the drivers (t&ple

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 daS x UASfkh-RNAI had a steeper decline in the rate of ageing
between 40 and 60 days compared to its control, and even the treatments of G&>XAAS
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 knockd&tvn of

gene does not extend lifespaithwthe current experimental design.

Table5 Median ages of survival for UARBh-RNAI when crossed with A@S and deGS

Driver Dose of RU486 Median Age 95% CI (LCI 7 UCI)
Act-GS 0 pg/ml 62 60- 64
Act-GS 56 ug/mi 60 55- 62
Act-GS 224 pg/ml 55 53-60
da-GS 0 pg/ml 62 6071 64
da-GS 56 pug/mi 55 5571 57
da-GS 224 ug/ml 53 53-57

8.3.2 Knockdown offkh 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 @rosophila melanogastan response t&nockdown offkh
gene
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8.3.2.1 ActGS x UASKh-RNAI has a higher early climbing height and a greater
decline in climbing height than €aS x UASKkh-RNAI
On day 14, all AcGS x UASTkh-RNAI flies climbed significantly higher than daS 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 timein UAS-fkh knockdown flies
Dose of RU486 (figur2?2) reduces mean height climbed significantly across all treatments (p =
0.02), with the 56 pg/ml treatment showing most decline with both drivers. However, dose loses
this significance over time (p = 0.27) and the treatments themselves have no sigrfigecamine

the climbing height over time (p = 0.58).

Both drivers show similar rate decline over time, but the@8tx UASfkh-RNAI flies have a
slightly lower rate of decline with time across all treatments (93%, 96%, 92% reduction in height
for O pg/ml, 56 pg/ml and 224 pg/ml respectively), compared t&8ax UASTKh-RNAI (91%,
96%, 95% reduction in height for 0 ug/ml, 56 pg/ml and 224 ug/ml respectively). This suggests

that daGS affects the motor function and coordinatiofkimknockdown flies more than A¢S.

8.3.3 Knockdown ofCG2811does not extend lifespan

Knockdown of theCG2811gene significantly decreased fly survival over time, with higher dose
of RU486 being detrimental to survival in-@&85 x UASCG2811RNAI (p = 0.03), however it
has no significant effect on survival in AGIS x UASCG2811RNAI (p = 0.14) (figure23).
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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 war&sn image pixels)

8.3.3.1 Knockdown ofcG2811with daGS driver is more detrimental to survival

than with ActGS driver

Treatments with d&S had significantly lower survival estimates than those withG&t(p =

1.04 x 10", potentially due to the leakiness of the®3 driver. This is also observed in the

difference in median ages of treatments between the drivers §able
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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 daS x UASCG2811RNAI had a steeper decline in the rate of ageing
between 40 and 60 days compared to its control, and to the treatments of-B8 AAAS
CG2811RNAi 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 sigficant difference in survival between control and test strains, i.e.

knockdown ofCG2811gene does not extend lifespan with the current experimental design.

Table6 Median ages of survival for UASG2811RNAIi when crossed with AGS and deGS

Driver Dose of RU486 Median Age 95% CI (LCI T UCI)
Act-GS 0 pg/ml 60 5771 62
Act-GS 56 pg/mi 60 571 62
Act-GS 224 pg/ml 60 57-62
da-GS 0 pg/ml 57 5371 60
da-GS 56 pug/ml 55 5371 57
da-GS 224 ug/ml 53 48-53

8.3.4 Knockdown ofCG2811does 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 ddrosophila melanogastein response tdknockdown of
CG2811gene

8.3.4.1 Driver does not have a significant effect on climbing heightUAS
CG2811 knockdown flies

Although daGS x UASCG2811RNAi: flies have a higher climbing height than A6 x UAS
CG2811RNAi 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 HeABt
CG2811 knockdown flies

Dose of RU486 (figure4) does not affect mean height climbed across treatments (p = 0.28),
although the 56 pg/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 rficaigreffect

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 inCG2811knockdown flies.

8.3.5 Knockdown ofdywdoes not extend lifespan

Knockdown of thalywgene does not significantly affect fly survival over time, with either driver
- daGS x UASdywRNAI (p = 0.07) and AcGS x UASdyw-RNAI (p = 0.10) (figure24).
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Figure24Kaplan-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 otlywwith daGS driver is more detrimental to survival than
with ActGS driver
Treatments with d&S had significantly lower survival estimates than those withG&t(p =
1.96 x 107, potentially due to the leakiness of the@®s driver. This is also observed in the

difference in median ages of treatments between the drivers JJable
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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 #H@SACtUASdyw

RNAI strain but starts around 30 days for@8 x UASdywRNAI. They also differ in the rate of
decline, where d&S x UASdywRNAI between age 40 and 60 had a steeper decline in the rate
of ageing compared to its control, and to the treatments of thi&8.ct UASdywRNAI cross.

This is reflected in their median ageksurvival, 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

dywgene does not extend lifespan with the current experimental design.

Table7 Median ages of survival for UAG/WRNAi when crossed with AGS and deGS

Driver Dose of RU486 Median Age 95% CI (LCI 7 UCI)
Act-GS 0 pg/ml 66 647 66
Act-GS 56 pg/ml 64 641 66
Act-GS 224 ug/ml 64 60- 64
da-GS 0 pg/ml 55 5371 57
da-GS 56 pg/ml 53 5371 57
da-GS 224 ug/ml 53 50- 55

8.3.6 Knockdown ofdyw 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 &@rosophila melanogasten response t&nockdown ofdyw

gene

8.3.6.1 Driver does not have a significant effect on climbing height ASdyw

knockdown flies

Although daGS x UASdywRNAI flies have a higher climbing height than A86 x UASdyw-
RNA. 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
UASdyw knockdown flies
Dose of RU486 (figur@4) does not affect mean height climbed across treatments (p = 0.54), with
all treatments showing same rate of decline acros€3&cx UASdywRNAI while the 224ug/ml
shows the most decline over tim®ver 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 indywknockdown flies.

8.3.7 Knockdown ofCG6005does not extend lifespan

Knockdown of theCG6005gene significantly decreased fly survival over time, with higher dose
of RU486 being detrimental to survival in-@&8 x UAS CG6005RNAiI (p = 1.1 x 1¢%), however
it has no significant effect on survival in AGS x UAS CG6005RNAI (p = 0.23) (figure25).
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Figure 25KaplanMeier curves show that (A/B) survival is significantly reduced #&&ax UASCG6005
RNAI but not AeGS x UAS CG6005RNAI; Mean climbing height (C) is not affectedkmockdown of
CG6005 (LSM units are in image pixels)
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8.3.7.1 Knockdown ofcG6005with daGS driver is more detrimental to survival
than with ActGS driver
Treatments with d&S had significantly lower survival estimates than those withG€t(p =
7.08 x 10%), potentially due to the leakiness of the@®8 driver. This is also observed in the

difference in median ages of treatments between the drivers §able

8.3.7.2 Median lifespans and rate of ageing were different between the drivers

Although neither of théransgenic strains extended lifespan, they both had different patterns of
survival over time. Onset of ageing occurs much later (around 45 days) in H&ESACUAS
CG6005RNAI strain but starts around 30 days for@& x UASCG6005RNA.. They also differ

in the rate of decline, where-@&S x UASCGG6005RNAI between 35 and 60 had a steeper decline

in the rate of ageing compared to its control, and to the treatments of HESACUASCG6005

RNAI cross. The highest dose of@&% x UASCG6005RNAI achieves Bnost 95% mortality by

60 days, while the same treatment of -&3$ x UASCG6005RNAI 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 indicatethat knockdown ofCG6005gene does not extend lifespan with the

current experimental design.

Table8 Median ages of survival for UASG6005RNAI when crossed with AGS and deGS

Driver Dose of RU486 Median Age 95% CI (LCI T UCI)
Act-GS 0 pg/ml 62 6071 64
Act-GS 56 pg/ml 62 6071 64
Act-GS 224 pg/ml 60 60- 62
da-GS 0 pg/ml 53 5071 55
da-GS 56 pug/mi 53 4871 55
da-GS 224 ug/ml 46 43-50

8.3.8 Knockdown ofCG6005does 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 ddrosophila melanogastein response tdknockdown of
CG6005gene
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8.3.8.1 Driver does not have a significant effect on climbing heighUAS
CG6005 knockdown
Although daGS x UASCG6005RNAI flies have a higher climbing height than A86 x UAS
CG6005RNAi 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 hieight
UASCG6005 knockdown
Dose of RU486 (figur@5) does not affect mean height climbed across treatments (p = 0.84), with
the control (Oug/ml) having a greater rate of decline than the ofteatments across AGS x
UAS-CG6005RNAI while the 56ug/ml treatment shows the least decline over ti@weer 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 inCG6005knockdown flies.

8.3.9 OverexpressioMTF-1 does not extend lifespan

Overexpression of thiRITF-1 gene significantly decreased fly survival over time, with higher dose
of RU486 being detrimental to survival in-@& x UASMTF-1 (p = 0.01), however it has no
significant effect on survival in Aé6S x UASMTF-1 (p = 0.51) (figure26).
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Figure 26 Kaplan-Meier curves show that survival (A/B) is significantly reduced iG&ax UASVITF-1
but not ActGS x UASMTF-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 dITF-1 with daGS driver is more detrimental to survival
than with ActGS driver
Treatments with d&S had significantly lower survival estimates than those withkG®{p = 4.7
x 1039, potentially due to the leakiness of the®$ driver. This is also observed in the difference

in median ages of treatments between the drivers @ble

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 H&ESACUAS
MTF-1 strain but starts around 35 days for@& x UASMTF-1. They also differ in the rate of
decline, where d&S x UASMTF-1 between 35 and 60 had a steeper decline in the rate of ageing
compared to its control, and to the treatments of theG®&x UASMTF-1 cross. The highest
dose of daGS x UASMTF-1 achieves almo€0% mortality by 60 days, while all the treatments
of Act-GS x UASMTF-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 thaxpvession oMTF-

1 gene does not extend lifespan with the current experimental design.

Table9 Median ages of survival for UASTF-1 when crossed with AGS and deGS

Driver Dose of RU486 Median Age 95% CI (LCI 7 UCI)
Act-GS 0 pg/ml 62 6071 64
Act-GS 56 pg/mi 64 647 66
Act-GS 224 ug/ml 64 62- 64
da-GS 0 pg/ml 57 5571 60
da-GS 56 ug/mi 55 537 55
da-GS 224 ug/ml 53 50- 53

8.3.100verexpression dITF-1 does not have 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 drosophila melanogasten response t@verexpression of
MTF-1 gene
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8.3.10.1 Driver does not have a significant effect on climbing heigldASMTF1
overexpressed flies
Although ActGS x UASMTF-1 flies have a slightly higher climbing height than@3 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 hieight
UASMTF1 overexpressed flies
Dose of RU486 (figur@6) does not affect mean height climbed across treatments (p = 0.93), with
the 56 pg/ml treatmenthaving the least rate of decline among h&-GS x UASMTF-1
treatments, while the rate of decline is same acros&8ck UASMTF-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 inMTF-1 overexpresser flies.
8.3.11Lifespans of ActGS x wDah treatments have no significant
differences but survival of d@S x wDah treatments are dose
dependent

Treating flies with RU486 significantly decreased fly survival over time #&G8ax 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) (figur2?).
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Figure 27 Kaplan-Meier curves show that survival (A/B) is significantly reduced #&&ax wDah but not
Act-GS x wDah; Mean climbing height (C) is not affected by treating&k wDah and d&S x wDah
with RU486 (LSM units are in image pixels)
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