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Abstract 

 

It has long been recognized that changes in gene regulation, specifically mutations in cis-

regulatory elements that tend to be stable and additive, are important to adaptive processes and 

phenotypic evolution. Since cis-regulatory elements are found in the vicinity of the genes they 

regulate, the direct effect of changes in these sequences is typically limited to a particular gene 

that allows for refined, situation-specific control of gene expression but are not exclusive of 

downstream or trans-acting elements. This dissertation focuses on examining mechanisms 

responsible for maintaining adaptive cis-regulatory polymorphisms in two Drosophila 

melanogaster genes: fezzik (fiz) and Metallothionein A (MtnA) and their associated effect on gene 

expression and organismal phenotype. 

 Previous experiments show that the 3’ untranslated region of MtnA contains an 

insertion/deletion (indel) polymorphism, wherein the deletion is rare or absent in the ancestral 

African range but its deletion frequency appears to follow a latitudinal cline in derived 

populations worldwide. By genotyping biannual collections of wild caught D. melanogaster 

across a 5-year period, I show that the deletion is maintained at a high frequency (~90%) in a 

single German population with no evidence for overdominant, seasonally fluctuating or sexually 

antagonistic selection. Expression analysis on pairs of nearly-isogenic lines and on data from a 

North American population indicated significant differences in expression associated to the 

indel. Furthermore, the data from this North American population showed that expression 

variation was only partially explained by the deletion and the effect on oxidative stress tolerance 

was significantly associated with menadione sodium bisulfite and not paraquat. Altogether these 

findings suggested a scenario in which MtnA expression and consequently oxidative stress 
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tolerance is likely a polygenic adaptation that varies with genomic background. Indeed, the effect 

of the deletion allele on oxidative stress tolerance was dependent on the genomic background 

with some indication of sign epistasis. Transcriptomic analysis revealed that MtnA expression 

was induced by oxidative stress independent of the indel status, indicating a general role of this 

gene in stress tolerance as well as suggesting additional levels of context-dependent expression 

regulation. The transcriptional response to oxidative stress between lines with and without the 

deletion was mostly similar but interestingly, there were consistently larger numbers of 

differentially expressed genes associated with the deletion which is possibly related to regulatory 

cascades resulting from aberrant microRNA epigenetic regulation due to the loss of microRNA 

binding sites in the deleted region. In general, the response to MSB indicated the significance of 

functional categories such as general stress response, oxidative stress response, metabolism, 

apoptosis and autophagy. In particular among the differentially expressed genes with the largest 

fold-change in response to MSB-induced oxidative stress were several genes related to 

glutathione metabolism and biosynthesis, suggesting a strong association between this pathway 

and oxidative stress tolerance.  

Another instance of expression divergence between ancestral and cosmopolitan 

populations being associated with a regulatory polymorphism is represented by a single 

nucleotide polymorphism (SNP) located 67 base pairs upstream of the start codon, in the 

enhancer region of the gene fezzik, referred to here as “SNP67”. SNP67 has two variants 

segregating in natural populations of D. melanogaster: the ancestral “C” variant, and the derived 

“G” variant that is found outside of the ancestral range at intermediate frequencies and is 

associated with increased fiz expression. Previous studies suggest that this SNP was a recent 

target of balancing selection; therefore to determine the forces of selection maintaining this SNP 
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in cosmopolitan populations we genotyped biannually collected wild-caught D. melanogaster 

from a single European (Munich, Germany) population. A model-based approach using allele 

and genotype frequency data of the SNP67 variants across seasons and sexes was employed. The 

model indicated that sexually antagonistic and temporally fluctuating selection may help 

maintain variation at this site, with the derived variant likely being female-beneficial but there 

was some uncertainty of dominance estimates in the model. Gene expression and body-size 

phenotypes that were dependent on genomic background and developmental stage indicated that 

variable dominance may play a role in the maintenance of this polymorphism. Lastly, we 

identified a novel sex-dependent association between fiz expression and starvation resistance that 

may suggest that this trait is a potential phenotypic target of selection.  

Interestingly our findings for the MtnA and fiz regulatory polymorphisms both indicated 

that the relationship between gene expression divergence and population-level genetic 

mechanisms underlying phenotypic evolution is potentially complicated by context-dependent 

factors such as genomic background or spatial and temporal differences. By integrating extensive 

experimental work to identify the mechanisms of selection in natural populations along with 

functional characterizations, a refined understanding of these adaptive regulatory polymorphisms 

was achieved. 
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Objectives 

  

In this dissertation the overall aim is to investigate adaptive regulatory polymorphisms in D. 

melanogaster associated with new environmental conditions and their effect on gene expression 

and phenotype while also exploring the potential mechanisms responsible for their population 

dynamics. Specifically, this thesis examines two genes, Metallothionein A (MtnA) and fezzik 

(fiz), initially identified in investigations of expression divergence between European (derived) 

and sub-Saharan African (ancestral) D. melanogaster (Hutter et al. 2008; Catalán et al. 2012). 

Papers 1 and 2 focus the indel polymorphism in the 3’ UTR of MtnA in which the deletion allele 

has been shown to increase in frequency with distance from the Equator and significantly 

contributes to the observed expression divergence between ancestral and derived populations 

(Catalán et al. 2012; Catalán et al. 2016). Paper 3 builds on previous data and examines the 

phenotypic association and plausible selection scenario of a SNP in the gene fiz, which is at 

intermediate frequencies in cosmopolitan populations and has been previously linked to 

expression variation (Hutter et al. 2008; Saminadin-Peter et al. 2012; Glaser-Schmitt et al. 2013; 

Glaser-Schmitt and Parsch 2018).  

In Paper 1, using a qRT-PCR expression assay on generated paired allelic lines with 

reduced background variation I provide further evidence that the MtnA expression divergence 

between cosmopolitan and ancestral populations is associated with the MtnA 3’ UTR indel 

polymorphism. Combining functional and population genetic analyses, including repeated 

biannual allele frequency measures of a German population, revealed the complexity of this 

adaptive process and implicated that MtnA is just one of many loci involved in a polygenic 

adaptation. In Paper 2, I continue the investigative work of Paper 1 on the oxidative stress 
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tolerance adaptation associated with the MtnA indel polymorphism. For this purpose, I employ 

the usage of tolerance assays and transcriptomic profiling in response to oxidative stress of D. 

melanogaster lines from various genomic backgrounds but with known MtnA indel status. Using 

tolerance assays, I demonstrate that the beneficial effect of the deletion polymorphism on 

oxidative stress tolerance is dependent on genomic background, while the transcriptomic profiles 

of these lines allowed for the identification of oxidative stress tolerance candidate genes and 

processes, some of which are correlated with other stress responses and to the indel 

polymorphism. I also provide evidence for an indirect effect of the deletion polymorphism on 

gene regulation due to the loss of microRNA binding sites.  

Paper 3 continues the investigation of a previously identified case of a cis-regulatory SNP 

(SNP67) in the gene fiz and attempts to discover how selection maintains genetic and phenotypic 

SNP67 variation in natural populations. To assess potential mechanisms of selection that affect 

this regulatory element, I genotyped wild-caught D. melanogaster across multiple years and 

seasons from a single population. Using a modeling approach, the genotype and allele frequency 

data allowed for the determination of relevant forms of balancing selection that maintain 

variation at this site. I also provide evidence for a potential novel phenotypic target of selection 

using a starvation resistance assay on fiz knockdown strains and individuals from two European 

genetic backgrounds derived from natural populations to demonstrate the sex-dependent 

correlation between starvation resistance and fiz expression. 
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General introduction 

 

“The essential quality of life is living; the essential quality of living is change; 

change is evolution: and we are a part of it.” 

- John Wyndham, The Chrysalids 

 

Nature imposes a constantly shifting gauntlet of challenges that each species must 

respond to in order to survive and thrive, this is the process of adaptation and evolution. Starting 

with Charles Darwin and continuing on through the works of various scientists, naturalists, and 

great thinkers we have achieved our current understanding of these concepts. The combined 

driving forces of evolution: genetic drift, mutation, selection, and gene flow, shape the genetic 

composition of all species. In the event of variation in environmental conditions or when a 

species expands its range, novel biotic or abiotic conditions impose selection pressure through 

new fitness challenges that evoke changes in the gene pool. Therefore, generally speaking, 

adaptation is the dynamic biological process by which organisms adjust and pass on genetic 

information that allows them to fit to their habitat. Accordingly, by studying species that occupy 

variable environments or with global spread we are able to investigate the components of 

adaptation events. 
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Environmental adaptation and evolutionary history 

An adaptation is a characteristic that becomes more common in a population through 

selection because it confers a competitive advantage by affecting survival and/or reproductive 

success, usually in response to variations in the environment. There are three main modes of 

selection: (i) balancing, (ii) positive and, (iii) negative or purifying which can have distinctive 

effects on population variation. In the case of balancing selection, multiple alleles may be 

maintained in the gene pool by mechanisms such as heterozygote advantage where the 

heterozygote has a higher relative fitness than homozygotes consequently preventing fixation of 

a particular allele in the population. Positive selection promotes the prevalence of heritable 

genetic changes which increase an organism’s chances of surviving and reproducing (Ronald and 

Akey 2005). These beneficial changes usually give rise to a variety of traits which may, for 

example, involve tolerance or resistance to selective pressures imposed by new biotic (e.g. 

disease) or abiotic (e.g. temperature) factors encountered during species range expansion. 

Positive selection leading to fixation of a variant can leave distinctive signatures in the genome 

such as a selective sweep which is marked by the reduction in genetic variation among linked 

variants or nucleotide sequences in close proximity to the beneficial allele (Smith and Haigh 

1974; McVean 2007). In contrast, negative or purifying selection refers to the system of 

maintaining biological systems by the purging of alleles that have harmful or deleterious impacts 

on fitness of the organism. Therefore the distinction between these two categories often involves 

the variant of interest or the focus of the study: positive selection is used to describe a situation in 

which a rare variant that improves optimal fitness is observed to increase in prevalence in a 

population and the term negative selection is used when the focus is on the removal of harmful 

variants. It is important to note however that when studying a single locus there can be 
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confounding effects of natural selection and population demographic histories as the latter can 

impart similar patterns of DNA sequence variation which complicate detection of selection 

signatures (Ronald and Akey 2005). However, population demographic history is likely to affect 

patterns of variation at all loci in the genome whereas selection acts on specific loci, therefore 

identifying genes that appear as outliers in comparison to numerous loci can assist in the 

identification of genes that are specifically targets of selection (Biswas and Akey 2006).  

The evolutionary trajectories of a population are largely determined by two factors: 

standing genetic variation and evolutionary history (Barrett and Schluter 2008; O’Donnell et al. 

2014). Standing genetic variation in a population is the existence of alternative forms of a gene 

or genetic polymorphisms, also called alleles, that are mostly neutral. However, some alleles 

may become beneficial or deleterious to survival in the event of changes in the environment (Orr 

and Betancourt 2001). Environmental changes that affect fitness favor particular alleles by 

exerting selection pressure on the standing genetic variation. Empirical evidence supporting the 

idea that selection on standing genetic variation allows for more rapid adaptation of the 

population to environmental changes compared to adaptation from new mutations, is limited but 

accumulating (Bitter et al. 2019; Dayan et al. 2019; Lai et al. 2019). Therefore it follows that 

adaptive response to environmental change is primarily limited by the supply of mutations, 

which is related to the effective population size and genetic diversity (Barrett and Schluter 2008; 

Samani and Bell 2010; Rousselle et al. 2020). In this regard, the evolutionary history of a species 

can provide context for studying potential adaptive processes by correlating population genetics 

and functional analyses with demographic history.  
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Genetic basis of adaptation  

To observe the genetic components that may contribute to an adaptation we can 

investigate genomic alignments for variations in genetic sequences from individuals within a 

derived population and compare these sequences against similar alignments from the ancestral 

population. Theoretically, the sequences that are the same between populations may indicate 

shared ancestry with little time for mutations to occur, or there has been no differential selection 

to drive differences between populations or that these sequences are conserved probably due to 

functional importance. On the other hand, genomic regions that are variable may contain 

different types of structural differences that may affect gene function. Structural differences may 

involve substitutions (single nucleotide polymorphisms), alteration of a sequence length 

(insertion/deletion polymorphism), sequence rearrangement (translocation or inversion) or 

multiplicity (duplication or copy number variant) of a gene or part of it, or multiple genes 

(Figure 1). In particular, single nucleotide polymorphisms (SNPs) and insertion/deletion (indel) 

polymorphisms are two of the most common forms of genetic variation in most diploid 

organisms (Dawson et al. 2001; Mills et al. 2006; Huang et al. 2014). SNPs also serve as markers 

for evolutionary events and are often used to assess the genetic variation of a particular locus in a 

population (Schmidt et al. 2008; Kapun et al. 2016). However demographic events may also lead 

to sequence divergence or changes in allele frequencies in a population, thereby underscoring the 

importance of the demographic history when interrogating genetic sequences for adaptation. 

.    
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Figure 1. Types of genetic variants: (A) insertion/deletion polymorphism, (B) inversion and 

translocation, (C) tandem and interspersed duplications (D) Single nucleotide polymorphism and 

(E) copy number variants, which may be entire repeated genes or partial sequences. 

 

Importance of gene expression regulation in phenotypic evolution 

A persistent challenge in evolutionary genetics is not only identifying genetic variants but 

also determining the role of these variations in specific adaptive traits. The seminal paper by 

King and Wilson (1975), which described the similarity in protein sequence between 

chimpanzees and humans, also recognized that the small degree of molecular divergence could 

not account for the totality of divergence among closely related species. Rather, evolutionary 
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changes are more likely to be based in the mechanisms controlling gene expression than protein 

sequences. The rationale employed here is that protein sequence mutations result in greater 

pleiotropic effects, which increases the chance of deleterious effects on organismal fitness, thus 

coding sequence variation will be a less common source of adaptive variation than mutations 

with less widespread effects such as regulatory variation (Stern 2000; Carroll 2005). Heritable 

gene expression changes are due to the presence of genetic variants in cis-regulatory elements 

(CREs) such as promoters, enhancers, silencers and insulators or trans-regulatory elements (e.g. 

transcription factors or non-coding RNAs), and these elements are not mutually exclusive. 

Studies have confirmed, however, that morphological differences among closely related species 

may be due to changes in gene expression patterns involving specifically CREs (Barrier et al. 

2001; Wittkopp et al. 2002; Gompel et al. 2005; Loehlin et al. 2019). CREs affect gene 

expression allele-specifically resulting in reduced pleiotropic effects and are therefore more 

likely to be fixed within a population over time (Wray 2007; Wittkopp et al. 2008). Furthermore, 

CREs have been robustly implicated in rapid evolution and development of adaptive phenotypes 

in variety of organisms, such as plants (Steige et al. 2017; Groen et al. 2020), yeast (Chen et al. 

2010; Renganaath et al. 2020), mice (Johnsen et al. 2009; Mack et al. 2018), fish (Santos et al. 

2014; Verta and Jones 2018), and Drosophila (Wittkopp et al. 2008; Glaser-Schmitt and Parsch 

2018; Hsu et al. 2020). Additionally, cis-acting factors are mechanistically important for 

controlled spatial and temporal expression of a specific gene and downstream elements, allowing 

for refined context-dependent changes in gene expression limited to a particular tissue, life stage 

or environmental condition, for example (Prud’homme et al. 2007; Wittkopp and Kalay 2012; 

Berndt et al. 2015; Weasner et al. 2016; Combs and Fraser 2018). Both cis- and trans-regulatory 

changes contribute to gene expression divergence between closely related species but trans-
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acting factors may alter expression levels of numerous transcripts within a gene network thereby 

increasing the chance of deleterious pleiotropic effects, this may explain why cis-regulatory 

changes are more common and subsequently account for a majority of interspecific expression 

difference (Wittkopp et al. 2004).  

 

Gene expression regulation and non-coding RNAs 

Approximately 82% of the D. melanogaster genome is non-coding (Alexander et al. 

2010; Milo et al. 2010), through advances in sequencing technology and subsequent 

investigations, we now realize the significant regulatory role of non-coding genes that have 

functions as RNAs (ncRNAs) in eukaryotic transcription and without protein translation in a 

variety of organisms (Carninci et al. 2005; Hon et al. 2017; Fernandes et al. 2019; Dou et al. 

2021). Primarily ncRNAs regulate transcription through various epigenetic mechanisms but may 

also involve splicing, interaction with RNA polymerase II or the initiation complex, for example. 

Regulatory ncRNAs are classified into two categories by their size: (i) long non-coding RNAs 

(lncRNAs) that are greater than 200 nucleotides and can be further divided based on their 

location with respect to protein coding genes and (ii) small non-coding RNAs that are less than 

200 nucleotides.  

Small ncRNAs such as microRNAs (miRNAs), small interfering RNAs (siRNAs) and P-

element-induced wimpy testis-interacting RNAs (piwi-interacting RNAs or piRNAs) are 

classified typically based on their interaction with Argonaute (Ago) proteins, which are essential 

components of the RNA-induced silencing complex (RISC). Small non-coding RNAs modulate 

gene expression by acting as a template for RISC to recognize the complementary mRNA 
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transcript, and after successful base-pairing the Ago protein activates, leading to either mRNA 

transcript cleavage or translation inhibition depending on the degree of sequence 

complementarity (Murphy et al. 2008; Lucas and Raikhel 2013).  

In humans, over 2000 miRNAs have been discovered (Griffiths-Jones et al. 2006) with 

most protein-coding genes being targeted by one or more miRNAs, highlighting the 

pervasiveness of this particular form of ncRNA regulatory control (Baek et al. 2008; Selbach et 

al. 2008). miRNAs are defined as a class of endogenous regulatory RNA molecules, 21-24 

nucleotides in length and are typically the most abundant small ncRNAs in transcriptomic 

profiles (Zhang et al. 2019; Isakova et al. 2020). They are transcribed from DNA sequences as 

primary miRNAs (pri-miRNAs) that are cleaved into precursor miRNAs (pre-miRNAs) and to 

form a miRNA duplex that contains the mature miRNA and the miRNA passenger strand, which 

is usually degraded. miRNAs function as guides for RISC by base-pairing with target mRNA to 

negatively regulate its expression with the degree of base-pairing determining the type of 

silencing mechanism (Figure 2). As the degree of base-pairing between miRNA and mRNA is 

critical to the regulatory process, the binding is affected by polymorphisms in the miRNA target 

site often resulting in the loss of binding sites or the creation of illegitimate binding sites, 

consequently yielding aberrant gene expression of target genes (Chen and Rajewsky 2006; 

Saunders et al. 2007; Gao et al. 2009). 
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Figure 2. Canonical biogenesis and mechanism of miRNA expression regulation. The mature 

miRNA duplex is comprised of the guide strand (labelled as “miRNA”) and the passenger strand 

(labelled as “miRNA*”), which is degraded by cellular machinery. 

 

Drosophila melanogaster as a model organism 

In terms of experimental feasibility and scalability, Drosophila melanogaster is relatively 

uncomplicated to culture, has a short life cycle and shares extensive genetic similarities to other 

(more complex) organisms. Moreover, due to its near-global distribution, tractable experimental 

work across a variety of scientific fields and, supply of genetic information and tools that 

includes a well-annotated genome, D. melanogaster has become a leading model organism for 
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studying the molecular basis of adaptation (Tamura et al. 2004; Pool et al. 2012; Grenier et al. 

2015; Long et al. 2018). Analyses of population genomics indicate that D. melanogaster 

originated in sub-Saharan Africa based on the high level of genetic variation observed in these 

populations (Ometto et al. 2005; Li and Stephan 2006; Kapopoulou et al. 2018).  

 

 Figure 3. Illustration of demographic history of D. melanogaster from Africa to Eurasia. 

Estimated time in years ago (ya) of species range expansions in D. melanogaster from sub-

Saharan Africa (“X”) to Europe and Asia (Sprengelmeyer et al. 2020). Climatic zones are 

indicated by color: tropical (red); subtropical (yellow); temperate (green), and polar/subpolar 

(blue).  

 

X 
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 A recent study estimates that expansion from the ancestral region began ~13,000 years 

ago (Figure 3) during a time when the Sahara was becoming less arid (Chevalier and Chase 

2015; Sprengelmeyer et al. 2020). Subsequently, persistence of the human-commensal D. 

melanogaster outside of the ancestral range may have been facilitated by the advent of fig 

cultivation in the Middle East which was estimated to be ~11,000 years ago (Kislev et al. 2006; 

Sprengelmeyer et al. 2020). More recently, an expansion from the Middle East into Europe and 

Asia is estimated to have taken place ~1,800 years ago (Figure 3) and colonization of the “new 

world” occurred within the last ~200 years, (Keller 2007; Duchen et al. 2013; Sprengelmeyer et 

al. 2020) implying that this species rapidly adapted to new environmental conditions such as 

seasonality and cold temperatures. The historical biogeography of D. melanogaster provides 

evidence for a strong association between the distribution of this species and human activity 

from a early time point in this species’ history (David and Capy 1988; Lachaise et al. 1988), 

which may explain instances of admixture in demographic studies of derived populations 

(Bergland et al. 2016; Mateo et al. 2018; Arguello et al. 2019).  

 

Local adaptation and clinal variation 

Different environments select for different genotypes. Given that the demographic history 

of D. melanogaster reveals that this species has colonized a variety of climatic regions, we 

expect to observe genetic variation in locally adaptive traits. The identification of these traits and 

the molecular and genetic mechanisms responsible requires in-depth investigational studies that 

are informed by evolutionary history. Previous studies have compared populations from 

contrasting environments and/or populations sampled along environmental gradients (clines) to 
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identify genetic variants and/or gene expression variation associated with spatially or temporally 

varying selection (Huylmans and Parsch 2014; Reinhardt et al. 2014; Fabian et al. 2015). 

Subsequently leading to the discovery of polymorphisms linked to a particular environment 

(Vieira et al. 2000; Lazzaro et al. 2008) and polymorphisms that show allele frequency 

oscillations indicating an effect of seasonality (Bergland et al. 2014; Machado et al. 2021). These 

polymorphisms may then be assessed for functional association, such as changes to development, 

morphology or sensitivity/tolerance to stress (Robinson and Partridge 2001; Pitchers et al. 2013; 

Rajpurohit et al. 2018). Thermal stress tolerance, for example, has been well-studied and it has 

been demonstrated to be a trait that is both highly plastic and highly adaptable as gene expression 

variants may affect thermal tolerance through changes in the dynamic plastic response or 

anticipatory production of relevant proteins (Sørensen et al. 2001; Sørensen and Loeschcke 

2001; Rako et al. 2007). As temperature-based selection increases due to climate change, 

seasonality or range expansion, the frequencies of heritable differences that exist in the 

population shift, thereby causing differences in evolutionary trajectories. It follows therefore that 

the resultant adaptation to thermal stress often follows a latitudinal cline as average temperature 

ranges decrease with increasing distance from the Equator (Gibert and Huey 2001; Overgaard et 

al. 2011; Castañeda et al. 2015).  

 

Adaptation to cold and fluctuating temperatures 

Insects are, for the most part, considered to be ectotherms, meaning their survival is 

largely dependent on non-internal physiological sources of heat. Thus, thermal stress is likely to 

have been and continues to be a major selective determinant of survival and persistence affecting 
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the evolution and development of most insect species (Chen et al. 2015; Tobler et al. 2015; 

Lecheta et al. 2020). Temperature can also vary on a daily, seasonal, or spatial scale, thus 

temperature fluctuations can affect fitness components linked to various physiological and 

metabolic stress responses (Mitchell and Hoffmann 2010; Williams et al. 2014; Sørensen et al. 

2016) such as the generation of reactive oxygen species (ROS), which then leads to oxidative 

damage (Lalouette et al. 2011; Doelling et al. 2014; Dampc et al. 2020). Given the worldwide 

spread of D. melanogaster, the environmental differences between the tropical ancestral habitat 

and more recently colonized habitats in the evolutionary history of this species, we may consider 

the traits related to dealing with temperature and by extension, oxidative stress, to be crucial to 

range expansion.  

The genetic architecture of the regulation of temperature-dependent traits is exceedingly 

complex. For example, a study showed that in response to cold acclimation nearly one third of 

the transcriptome and half of the metabolome was differentially regulated (MacMillan et al. 

2016). The response also seems to be stage-specific and also variable depending on the 

methodology of the experiment as some studies demonstrate minimal differential gene overlap 

between responses to cold shock and chill coma recovery (Teets and Hahn 2018) and no overlap 

between the genes associated to cold hardiness across the metamorphic boundary (Freda et al. 

2017). Furthermore, there have been studies that have identified CREs involved in various 

phenotypic traits that show clinal variation with temperature in global populations and using the 

Drosophila Genetic Reference Panel (DGRP), a set of fully sequenced inbred lines derived from 

a natural population from Raleigh, North Carolina, USA (Mackay et al. 2012; Lavington et al. 

2014; Juneja et al. 2016; Akhund-Zade et al. 2017). Additionally, in Drosophila, genome wide 

association studies (GWAS) and other quantitative genetic approaches have implicated more 
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specific but still widely varying biological processes that are highly polygenic and may play a 

role in temperature-based adaptations such as organ development (Božičević et al. 2016), 

reproductive behavior (Hsu et al. 2020), and  metabolism (Mallard et al. 2018; Barghi et al. 

2020). However, due to the complexity of polygenic traits additional studies focused on 

integrating genomic information with different levels of analysis such as functional 

characterization, epigenomics, transcriptomics and proteomics are required to provide a greater 

understanding of polygenic traits.  
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General Discussion  
 

Advances in the fields of genomics and genetics have revealed that sequence variation 

that alters the expression of genes strongly contributes to inter- and intra-species differences and 

adaptive evolution in general. By first identifying instances of regulatory divergence and 

combining investigations on the effect of this divergence on organismal phenotype with 

population genetics, discoveries of specific gene function can be made while also providing 

insight into environmental selection mechanisms. In particular, cis-regulatory changes directly 

affect the expression of a gene but may do so in various ways, such as the disruption or 

enhancement of transcription factor binding or post-transcriptional modification. Furthermore, 

cis-regulatory mutations may result in dynamic, pleiotropic effects through interactions with 

downstream elements and trans-acting factors, possibly making each instance of cis-regulatory 

divergence unique (Genissel et al. 2008). Therefore studying a single cis-polymorphism requires 

an in-depth evaluation of a plethora of molecular interactions but ultimately leads to a better 

understanding of the mechanistic pathways and constituent candidate genes involved in adaptive 

traits. Many fundamental insights into regulatory polymorphisms and their impact on phenotypic 

evolution are based on whole organisms or focus on adult stages (Buchberger et al. 2019). 

However a growing body of evidence has demonstrated that the evolution of gene expression and 

gene regulation is situation-specific wherein the phenotypic impacts of a genetic change are 

affected by factors such as sex, genomic background, cell/tissue-specificity, developmental stage 

and, stress imposed by heterogeneous environments (Waskar et al. 2009; Kalay and Wittkopp 

2010; Plaisier et al. 2014; Jardine et al. 2021). In addition to regulatory elements at the 

transcriptional level these context-dependent effects may be facilitated and influenced by the 

regulatory machinery at the pre-transcriptional genome organisation level and post-

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-mutation
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transcriptional level attributable to RNA modification and RNA regulatory molecules 

(Buchberger et al. 2019).  

  This thesis focuses on the adaptive regulatory role and phenotypic evolution of an indel 

polymorphism in the 3’ UTR of the gene MtnA and a SNP located in the enhancer region of the 

gene fiz in natural populations of D. melanogaster. By combining population genetics 

approaches and functional analyses we further our understanding of the phenotypic traits 

influenced by these polymorphisms and how selection maintains these polymorphisms in natural 

populations. In Papers 1 and 2 we demonstrated that the MtnA indel is likely part of a polygenic 

adaptation related to temperature-dependent oxidative stress, which involves compensatory 

metabolic modifications with some evidence for sign epistasis. Furthermore, we provide 

preliminary evidence that the MtnA indel may indirectly affect the regulation of multiple 

functional pathways through an epigenetic mechanism. In Paper 3 we identified sexual 

antagonism, temporal fluctuation and variable dominance as the mechanisms of selection 

potentially acting on SNP67 and provide empirical evidence for the context-dependent 

correlation between SNP67 and starvation resistance.      
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Mechanisms of selection  

In Paper 1, an evaluation of genotype and allele frequencies of the MtnA 3’ UTR indel 

polymorphism across multiple seasons for the period of 2016-2017 revealed that the deletion 

frequency (0.91) was not significantly different than the estimated frequency from genotyping 

individual flies from isofemale lines (0.91) reported by Catalán et al. (2016) and showed no 

evidence for sexual antagonism, seasonal fluctuation or heterozygote advantage. Repeated 

measures of this population for the period 2018-2020 indicated a similar frequency (0.90) but 

still did not show any evidence for the aforementioned mechanisms of selection (Table 1 and 2). 

The minor shift in deletion frequency over this five year period is mostly due to the June 2020 

collection, which had an uncharacteristically low deletion frequency, and consequently showed 

the only significant instance of a seasonal difference when compared to September 2020 

(Fisher’s exact test, P = 0.01). 

 

Table 1. Frequency of the MtnA 3’ UTR deletion across seasons and sexes in Munich wild-

caught D. melanogaster for the years 2018-2020; N = number of chromosomes, Freq = 

frequency of the MtnA 3’UTR deletion. 

Collection N female Freq female (95% CI) N male Freq male (95% CI) 

June 2018 134 0.948 (0.895-0.979) 78 0.910 (0.824-0.963) 

Sept 2018 144 0.917 (0.874-0.966) 44 0.955 (0.845-0.994) 

June 2019 212 0.915 (0.869-0.949) 138 0.942 (0.889-0.975) 

Sept 2019 264 0.890 (0.846-0.925) 60 0.900 (0.795-0.962) 

June 2020 206 0.806 (0.745-0.858) 90 0.756 (0.654-0.840) 

Sept 2020 172 0.890 (0.833-0.932) 128 0.844 (0.769-0.902) 
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Table 2. Genotype counts of the MtnA 3’ UTR indel polymorphism in Munich wild-caught D. 

melanogaster for the years 2018-2020; Del = deletion allele; Non = non-deletion allele; PHWE= 

P-value of a chi-square test (observed vs. expected) of Hardy-Weinberg equilibrium.  

 

Collection Del/Del Non/Non Del/Non P
HWE

 

June 2018 92 0 14 0.767 

Sept 2018 81 1 12 0.774 

June 2019 150 1 24 0.999 

Sept 2019 127 0 35 0.305 

June 2020 97 11 40 0.082 

Sept 2020 113 2 35 0.928 

 

Thus the deletion frequency of this population has remained high (~90%) without going to 

fixation and mostly consistent for ~15 years. The additional measurements included here would 

suggest that there is likely little effect from genetic drift and that MtnA is being subjected to a 

more complex form of selection. Functional analyses presented in Papers 1 and 2: expression 

divergence and oxidative stress tolerance, lends support to the idea that these traits are influenced 

by variation at multiple loci. Meaning, the indel polymorphism was found to only partially 

account for expression divergence and the magnitude of the effect of the indel polymorphism on 

both MtnA expression and oxidative stress tolerance was found to be background-dependent. 

Altogether these findings suggest a scenario in which the MtnA indel polymorphism is part of a 

polygenic adaptation in which multiple genetic variants influence a selected trait. Contrastingly, 

as discussed in Paper 3, the SNP67 polymorphism in fiz is unlikely to be maintained by 
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interactions with other loci because non-parallelism between populations, one of the two criteria 

of this type of adaptive architecture is absent (Gnad and Parsch 2006; Graze et al. 2014; Barghi 

et al. 2020). SNP67, which has been maintained in a polymorphic state with the “G” variant at 

intermediate frequencies in Europe for multiple decades, has a much larger effect on expression 

divergence between ancestral and cosmopolitan populations in adults and a majority of the 

expression divergence in larvae in comparison to two other SNPs in the fiz enhancer region, at 

position 1063 and 1147 that showed signatures of a selective sweep (Glaser-Schmitt et al. 2013; 

Glaser-Schmitt and Parsch 2018). Previous work has proposed that this may be explained by 

fixation occurring more quickly with advantageous regulatory mutations that have small effects, 

whereas the fitness optimum may be exceeded by mutations with larger effect leading to 

maintenance of a polymorphic state by balancing selection (Sellis et al. 2011). In Paper 3, an 

analysis involving a modelling approach using genotype and allele frequencies of biannually 

collected wild-caught D. melanogaster over a period of five years, revealed that variation in 

SNP67 in fezzik is maintained by a combination of sexual antagonism and temporally varying 

selection and potentially, spatial variation in dominance that may be dependent on genomic 

background. More specifically, from the empirical data the “G” variant of SNP67 appears to be 

more often beneficial in females and mostly recessive, but dominance switching may be an 

important component shaping allele frequency dynamics at position 67. Sexually antagonistic 

selection is thought to be of great importance in the maintenance of polymorphisms in sexually 

dimorphic species and, by decoupling male and female fitness, mutations that can be attributed to 

sex-specific patterns of selection or sex-by-genotype interactions may be revealed (Connallon 

and Clark 2014). The classic view of evolutionary theory predicts that the X chromosome should 

favor female beneficial variants more than male-beneficial variants because the X chromosome 
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spends twice as much evolutionary time in females as in males (Frank and Crespi 2011; Gardner 

and Úbeda 2017). More recent mathematical and empirical research suggest that the X 

chromosome may favor male-beneficial alleles more than alleles at autosomal loci (Patten 2019; 

Frank and Patten 2020). These seemingly contrasting ideas may be resolved when we consider 

the inclusive-fitness interests of a single gene rather than a whole genotype (Hitchcock and 

Gardner 2020). In other words, the fitness components of a gene are modulated by the biological 

context. 

Based on the maintenance of genetic variation in cosmopolitan populations and rarity in 

the ancestral range, it is possible to infer that both of these polymorphisms represent separate 

examples of environmental adaptations that are conditionally favored in cosmopolitan 

populations by different mechanisms of selection (Table 3). Alternatively, though difficult to 

distinguish, it may be that repeated migration events contribute to the allele frequency. However, 

to correlate genetic variation with variable selection patterns involves the identification of the 

affected organismal trait(s), which can also prove particularly difficult in polygenic adaptations.  
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Table 3. Summary of the current population genetics view of the two regulatory variants 

investigated in this thesis. 
a
expression change of derived allele relative to ancestral allele; 

b
average

 
derived allele frequency from biannual (June and September) collections of wild-caught 

D. melanogaster from a population in Munich, Germany during the years 2016-2020. 

Gene name Metallothionein A fezzik 

Chromosome 3R (autosomal) X (sex) 

Regulatory polymorphism 3’ UTR indel Enhancer region SNP 

Derived allele Deletion  G  

Ancestral allele Non-deletion  C  

Expression (derived/ancestral)
a
 Increase Increase 

Derived allele prevalence
b
 High (~90%) Intermediate (~43%) 

Type of selection/context-dependence 

detected 

Complex; likely polygenic 

Genomic background 

Epigenetic interactions 

Sexual antagonism 

Temporal fluctuation 

Variable dominance 

Developmental stage 

Genomic background 
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Relating sequence variation with organismal phenotype 

 The difficulty in mapping genotype to phenotype can be attributed to a number of factors, 

including a lack of phenotypic descriptions, a scarcity of genotype data, the underlying intricacy 

of the networks that control cellular processes, and pleiotropic effects. Furthermore, phenotypic 

alterations are more often due to the degree, rather than presence or absence of a trait (Wittkopp 

et al. 2008; Gibert et al. 2016; Ramirez-Corona et al. 2021) implying that single-gene 

knockdown experiments, for example, can provide useful but limited evidence of gene function 

and network interactivity. Recent technological advancements in the acquisition of genome-wide 

data and the statistical power to correlate quantitative trait loci with the variation of the trait, 

promise to improve predictions of genotype to phenotype associations. However, robust 

functional analyses in controlled settings still need to be performed in tandem with sequence 

analysis to confirm and refine the association of adaptive regulatory changes with expression 

divergence and subsequently the affected trait(s).  

Regarding the indel polymorphism in MtnA, the deletion's position in the 3' UTR 

suggests that its effect on expression is most likely post-transcriptional, possibly through the 

deletion of microRNA binding sites (Catalán et al. 2016). Metallothioneins show expression in a 

variety of tissues and are known to be involved in heavy metal homeostasis and tolerance and 

protection against oxidative stress (Egli et al. 2006; Chintapalli et al. 2007; Atanesyan et al. 

2011; Gaudet et al. 2011; Catalán et al. 2016; Luo et al. 2020). In Paper 1, expression was 

primarily quantified through qRT-PCR, while functional associations were investigated in Paper 

2 through transcriptomic profiling by RNA-Seq and an improved tolerance assay based on the 

findings using DGRP data in Paper 1. In both Paper 1 and 2, experimental work was performed 

on multiple natural populations with and without reduced background variation to further define 
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the functional role of this adaptive regulatory polymorphism. In these efforts, the technique used 

to generate nearly-isogenic lines was effective in minimizing the contribution of other 

background variants to strengthen the case of expression divergence due to the indel 

polymorphism. However, the variable effect of the deletion on oxidative stress tolerance wherein 

the deletion was beneficial in German, lines but not significant (or even deleterious), in others, 

provides evidence for fitness-related sign epistasis. In other words, interactions between the indel 

polymorphism and other loci may have negative or positive effects on phenotype that are 

dependent on the genomic background and the environment in which certain combinations occur 

and, consequently, constrain fixation in certain genetic backgrounds (Weinreich et al. 2005; 

Hoekstra et al. 2013; Nghe et al. 2018). This may partially explain the clinal trend of the deletion 

allele in global populations reported by Catalán et al. (2016) and the stable deletion frequency 

measured in our five year collection from Munich, Germany. Interestingly, increased oxidative 

stress tolerance showed substrate-specificity in the analysis of DGRP data that may suggest that 

the molecular pathways affected by MtnA expression and the indel are affected by the mode of 

chemical action of MSB. Indeed previous studies in mice (Bauman et al. 1991; Sato and 

Bremner 1993) and yeast (Liu and Thiele 1996; Kim et al. 2011) have demonstrated that 

metallothioneins are capable of free-radical scavenging activity, and induction of metallothionein 

synthesis along with other antioxidant enzymes are essential to protecting against cellular 

damage through menadione-mediated oxidative damage. 

 The causal SNPs in the fiz enhancer are in close proximity to the transcription start site, 

thus they are likely to affect expression by influencing transcription factor binding and 

consequently transcription initiation or rate (Glaser-Schmitt and Parsch 2018). In general fiz 

expression is high in both sexes but shows male-biased expression in adult somatic tissues, 
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specifically the Malpighian tubule and head (Gnad and Parsch 2006; Huylmans and Parsch 2014; 

Newell et al. 2016; Leader et al. 2018). It is likely that this sex-biased expression is due to gene-

specific regulation rather than dosage compensation, as fiz is not located within close proximity 

to any dosage compensation component binding site (Bachtrog et al. 2010; Straub et al. 2013; 

Huylmans and Parsch 2015). Furthermore, in previous publications, fiz has been shown to have 

diverse functional roles in oxidoreductase activity, ecdysone metabolism, larval growth, and 

body size (Iida et al. 2007; Gaudet et al. 2011; Glaser-Schmitt and Parsch 2018) with expression 

divergence being associated with insecticide resistance and cold tolerance (Glaser-Schmitt and 

Parsch 2018) and, specifically in Paper 3, a novel sex-dependent, female beneficial association to 

starvation resistance. In these assays we were only able to detect a significant effect of fiz 

expression on starvation resistance when expression was knocked down in males and increased 

from an already high level in females. We proposed that, native fiz expression and the effect on 

starvation resistance is dependent on relative fitness optima for each sex. It should be noted that 

starvation resistance is not technically classified as a life-history characteristic, but it is an 

essential component of fitness since it aids survival (Flatt 2020). Taking into consideration the 

diverse mechanisms that are affected by fiz expression, in order to draw definitive conclusions 

about the adaptive role of SNP67 in natural environments would require further investigations of 

the correlation between starvation resistance and other affected fitness components.  

 

Conserved transcriptional response to oxidative stress  

The resulting gene ontology terms associated to MSB-induced oxidative stress implicated 

several metabolic processes as being relevant to oxidative stress tolerance but specifically there 

was up-regulation of genes related to glutathione. This may be partially due to chemical action of 
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MSB, which has been shown to be affect the expression of glutathione metabolic genes directly 

(Chang et al. 1992; Kavitha and Chandra 2014; Thomas et al. 2016), but it is also likely that this 

is part of an important mechanistic consequence in protecting the organism against oxidative 

challenge. For example, oxidative stress may cause a release of zinc ions that regulates 

metallothionein and glutathione expression that cooperatively work to scavenge reactive oxygen 

species (Maret 1994; Jiang et al. 1998; Ruttkay-Nedecky et al. 2013). Further support for the 

involvement and relevance of metallothioneins may be extrapolated from our dataset, which 

shows the strong induction of three metallothionein genes (MtnA, MtnD and, MtnE) in response 

to oxidative stress.  

 Additionally, in response to oxidative stress we observed the categories of general stress 

response, proteolysis, apoptosis, and autophagy that consist of significantly differentially 

expressed genes and/or represented by strongly connected nodes in co-expression pathways. The 

majority of these genes are not known for their direct association to oxidative stress but may be a 

consequence of oxidative challenge and cytotoxicity resulting in DNA/protein damage and 

subsequent removal of damaged cellular components (Simonsen et al. 2008; McClung et al. 

2010; Pickering et al. 2013; Reynolds-Peterson et al. 2020). Interestingly, we also observe a 

small group of genes related to animal organ development that show a divergent expression 

pattern compared to similar genes under cold stress (MacMillan et al. 2016). This is likely due to 

the metabolic signalling properties of reactive oxygen species (Owusu-Ansah and Banerjee 

2009; Landis et al. 2012; Engelhart et al. 2020) and therefore represents a potential stress-

specific response on developmental phenotype.  
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Environmental adaptation in Drosophila melanogaster 

 Expansion of D. melanogaster out of Africa into global climates exposed this species to a 

variety of new biotic and abiotic stresses. During this expansion, adaptations to colder 

temperatures and temperature ranges likely played a significant role, as D. melanogaster is a 

chill-susceptible species. Sustained low temperatures cause water and ion loss in adult flies, 

leading to cell membrane disruption, cell death, tissue damage, deficient physical performance 

and mortality (Yi et al. 2007; MacMillan et al. 2015b). Thus, at the biochemical level, evolved 

differences in cold tolerance often relate to modifications to energy and metabolite consumption 

and processing (MacMillan et al. 2015a). Furthermore, adaptations to cold stress have been 

linked to a variety of organismal phenotypes such as alterations to metabolic processes and 

development pathways and in some instances ROS detoxification and starvation resistance 

(Lalouette et al. 2011; MacMillan et al. 2016; Glaser-Schmitt and Parsch 2018; Pathak et al. 

2018).  

The results of the transcriptomic analysis in Paper 2 displayed a strong similarity to a 

transcriptomic dataset involving cold stress reported by von Heckel et al. (2016) and emphasize 

the importance of metabolic processes, particularly genes related to glutathione metabolism, to 

both stress responses. In a study by MacMillan et al. (2016), cold acclimated D. melanogaster 

were shown to be under increased oxidative challenge compared to control conditions, with the 

strongest functional associations between cold tolerance and metabolism of glutathione and 

proline. Glutathione metabolism and in particular, glutathione-S-transferase (GST) genes were 

suggested to be important in avoiding or repairing oxidative damage at low temperatures 

(MacMillan et al. 2016). On the other hand, proline metabolism seems to be specific to the 

experimental measure of cold tolerance employed as there was divergent alterations for cold 
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acclimation and chill coma recovery time (CCRT), which is the time taken for adults to 

become active again after being knocked down by exposure to near-freezing temperatures 

(MacMillan et al. 2016). Mutations in metabolite allocation or in metabolism-related genes in 

general are likely to incorporate trade-offs in neighboring pathways but may be important in 

responses that maintain fitness components across heterogeneous environments (Marden et al. 

2003; Hoffmann et al. 2005; Mockett and Sohal 2006; MacMillan et al. 2016; Buchanan et al. 

2018). Therefore genetic variants that impact metabolism may be mechanistically affected by 

selection acting upon the affected pleiotropic traits. In turn, the benefit or hindrance to survival 

that these variants provide varies in relation to other loci in genomic backgrounds and according 

to the conditional effects of selection that change in a spatial or temporal context.  

An additional example of an environmental adaptation involving oxidative stress is 

represented by the insertion of a transposable element into the intergenic region of Juvenile 

hormone epoxide hydrolase (Jheh) genes, referred to as the Bari-Jheh transposon, which shows 

evidence for a partial selective sweep in non-African D. melanogaster (González et al. 2009), as 

it is found more frequently in populations outside of the ancestral range. The Bari-Jheh 

transposon is attributed with adding extra antioxidant response elements upstream of Jheh1 and 

Jheh2 genes leading to up-regulation of these genes and increased oxidative stress tolerance 

(Guio et al. 2014). Thus it is likely that oxidative stress is a determinant of environmental 

adaptive processes, however it is important to note that the specific relationship between 

oxidative stress and the causal environmental factor may not be obvious, as ROS may be 

introduced by a number of biotic and abiotic factors such as UV light, radiation, infection or 

exposure to chemicals or toxins (Landis et al. 2012; Wu et al. 2012; Ng et al. 2017). Therefore, 

an understanding of the relationship between oxidative stress tolerance and all latitudinally and 
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locally changing environmental sources of selection, as well as important morphological features 

and molecular pathways, is critical for understanding and drawing accurate conclusions about the 

adaptation process. 

Previous work has suggested that the increase in fiz expression that results in reduced 

larval growth rate, subsequently smaller adult body size, reduced wing loading and improved 

flight dynamics in colder temperatures, is potentially related to energy or metabolic conservation 

in response to temperate climate colonization, where temperature range and seasonality represent 

strong selective forces (Frazier et al. 2008; Glaser-Schmitt and Parsch 2018). Furthermore, fiz 

expression was also found to be positively associated with cold tolerance, but in females only 

(Glaser-Schmitt and Parsch 2018). In Paper 3, the elucidation of a novel functional correlation 

between fiz expression and genotype to starvation resistance, which also occurs in a sex-

dependent manner, seems to match the proposed pleiotropic profile of an ecologically varying, 

temperature-based adaptation that affects development and metabolism (Mensch et al. 2008; 

Glaser-Schmitt et al. 2013; Hoekstra et al. 2013; Glaser-Schmitt and Parsch 2018). Previous 

work in experimental evolution has also shown that developmental timing and body size  are 

correlated with starvation resistance, specifically implicating hormone signalling and metabolic 

processing as important pathways (Hardy et al. 2018; Kawecki et al. 2021). Thus, a possible way 

of relating fiz expression to organismal phenotype may involve the action of the steroid hormone 

ecdysone, a central regulator of insect developmental transitions (Takeuchi et al. 2005; Iida et al. 

2007; Gaudet et al. 2011). Normally, ecdysone antagonizes insulin signaling and suppresses 

larval growth rate but does not alter developmental time (Caldwell et al. 2005; Colombani et al. 

2005). As part of a previous study with fiz knockdown, developmental timing was not affected 

but larval growth rate increased (Glaser-Schmitt and Parsch 2018). Furthermore, temperature, 
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along with other environmental cues, has been associated to other polymorphisms that may affect 

insulin signaling or the interaction between insulin and the steroid hormone ecdysone (Robinson 

and Partridge 2001; Fabian et al. 2012; Paaby et al. 2014; Durmaz et al. 2019) thereby 

emphasizing the importance of these hormones as major mediators of life-history adaptations.  

 

Epigenetic regulation by indel-associated miRNAs in response to oxidative stress 

In Paper 2, we hypothesized that the mechanism by which the MtnA 3’ UTR deletion 

affects expression: post-transcriptional modification through the action of miRNAs, may also 

produce a consistent transcriptomic effect across genomic backgrounds (Chen and Rajewsky 

2006; Catalán et al. 2016). Therefore, the transcriptomic profile was interrogated for the paired 

allelic lines in each background, excluding the Zambian lines, which were all homozygous for 

the non-deletion allele. These pairwise comparisons showed that the response to oxidative stress 

in deletion and non-deletion lines was mainly similar but a consistently larger number of genes 

was differentially expressed in deletion lines. Furthermore, the target genes of the miRNAs 

predicted to bind within MtnA 3’ UTR deleted region show greater down-regulation under stress 

in comparison to non-deletion lines, which support possible aberrant effects on expression from 

miRNAs (Figure 4).  
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 Figure 4. Schematic representation of the effect of the indel polymorphism in the MtnA 3’ UTR 

on post-transcriptional modification of miRNA target genes. 

 

Several of these miRNA target genes are implicated in regulatory processes but 

specifically three of these genes were linked to oxidative stress response. Among these genes is 

alphabet (alph) that functions as a negative regulator of various components of stress-activated 

protein kinase (SAPK) pathways (Baril et al. 2009; Gaudet et al. 2011; Ashton-Beaucage et al. 

2014). In particular, alph inactivation has been directly implicated in increases to oxidative stress 

tolerance and life span. Furthermore alph is involved in the negative regulation of the c-Jun N-

terminal kinase (JNK) cascade that functions in the control of various cellular processes, 

including proliferation, development, metabolism, immune responses, and apoptosis (Agnes et 

al. 1999; Jasper et al. 2001; Wang et al. 2003; Delaney et al. 2006; Pinal et al. 2018). The other 

two genes are period (per) and Adar (Adenosine deaminase acting on RNA). In addition to 

affecting oxidative stress tolerance, divergent expression of these genes has been linked to 

changes to metabolic processes, behavior and lifespan (Gaudet et al. 2011). Therefore, the 

disparity in the number of differentially expressed genes between deletion and non-deletion lines 
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may be due to regulatory cascades affected by the miRNA-associated down-regulation of 

particular genes. It should be noted, however, that miRNA target predictions are still subject to a 

high false positive rate but are being improved by functional studies in Drosophila and other 

organisms. These studies are aimed at defining the biological roles of miRNAs as well as the 

effect of target gene polymorphisms on miRNA regulatory pathways (Saunders et al. 2007; Liu 

et al. 2014; Agarwal et al. 2018) thereby reducing the reliance on computational methods for 

miRNA target prediction. 

In humans, polymorphisms such as SNPs and indels that alter complementarity between 

the mRNA target and miRNA have been linked to disease pathologies and variation in 

physiological and behavioral phenotypes (Chang and Mendell 2007; Moszyńska et al. 2017; 

Rivera-Barahona et al. 2017). However the interaction between miRNAs and their targets is 

affected by more than sequence complementarity, as it has been shown that the repressive effects 

of miRNAs are modulated by stress (Ashraf et al. 2006; Bhattacharyya et al. 2006; Schratt et al. 

2006) and miRNAs may regulate other non-coding RNAs including their own transcripts (Zhao 

et al. 2008), which may imply that miRNAs interact with their targets in a reversible manner. 

Overall, the depth and application of knowledge within the field non-coding RNAs and the 

mechanisms of expression regulation on gene networks is currently limited, thus necessitating 

future experimental work that demonstrates these interactions and the proposed effects 

mentioned above. 
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Final Remarks 

 

This thesis continues the investigation of the roles of cis-regulatory polymorphisms in 

two genes, MtnA and fiz, as examples of environmental adaptations that potentially affect 

organismal phenotype and survival through metabolic processes.  

In the case of MtnA, it appears that the indel polymorphism in derived populations is a 

result of selection on an ecological factor related to oxidative stress tolerance, or more 

specifically, metal ion homeostasis and glutathione metabolism in response to oxidative 

challenge. However the exact mechanism of selection and the oxidative stress-causative 

ecological factor maintaining this polymorphism in a German population over a period of five 

years are yet to be determined. The previously demonstrated clinal patterns of allele frequencies 

in global populations (Catalán et al. 2016) and the similarities between oxidative stress and cold 

stress transcriptomic profiles strongly suggest that temperature plays a key role. Furthermore, the 

MtnA indel may represent a complex case of epigenetic regulatory control through the loss of 

miRNA binding sites and the consequent reversal of negative regulation processes such as those 

enacted by the alph gene in the JNK cascade, a major signal transduction network that 

coordinates the induction of protective genes in response to oxidative stress. Using nearly-

isogenic lines created in the laboratory we were able to reduce the effect of genetic background 

and confirm the effect of the indel on expression divergence. However, conclusions about the 

effect of expression divergence and organismal phenotype were complicated by indications of 

sign epistasis. Therefore, it is likely that future studies focusing on the identification of additional 

variants across genomic backgrounds that may interact with the MtnA polymorphism and 
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tolerance experiments using combinations of these variants in a common background are 

necessary to further define this mechanism. 

In the case of fiz, expression divergence was primarily linked to SNP67 in which the “G” 

allele is associated to an increase in fiz expression that reduces growth, body size and wing 

loading and has a sex-dependent effect on cold tolerance (Glaser-Schmitt and Parsch 2018). It is 

likely that the effect of fiz expression on regulation of growth rate and body size determination is 

facilitated by the modulation of levels of ecdysone, a steroid hormone and an insulin antagonist 

that is involved in the regulation of insect developmental stages levels and expression of growth 

factors (Glaser-Schmitt and Parsch 2018). The sex-dependent effect of fiz expression on cold 

tolerance led to the initial hypothesis that climatic variation involving temperature in the derived 

species range led to selection for reduced wing loading (Glaser-Schmitt and Parsch 2018). A 

further sex-dependent association between fiz expression and starvation resistance was 

demonstrated in this thesis. Starvation resistance may be a by-product of changes in overall body 

size and mating-related sex differences, with females needing more resources for egg production, 

thereby necessitating enhanced starvation resistance (Wayne et al. 2006; Ballard et al. 2008). 

However, the exact mechanism by which fiz expression affects starvation resistance remains 

unknown. Using a modelling approach it was determined that variation at SNP67 is likely 

maintained through a combination of temporally fluctuating and sexually antagonistic selection. 

Furthermore, dominance of the “G” allele was variable, as it was dependent on developmental 

stage and genomic background. Additionally, the temporal fluctuation was not purely seasonal. 

A possible explanation may be that variation in dominance and interaction with other loci may 

result in modulation of selection coefficients at SNP67. Alternatively, the effect of seasonality 

may be influenced by additional environmental factors that are related to food availability or 
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nutritional stress at developmental stages that vary with climate or anthropological factors such 

as agriculture or land development. 

Overall, population genetics approaches combined with genomic and transcriptomic data 

can elucidate the intricate interactions between the forces driving sequence evolution and 

expression divergence and how this relates to phenotypic targets of selection. By functionally 

investigating two specific instances of regulatory variants in natural populations of D. 

melanogaster, this combinatorial approach provided new and exciting mechanistic insights into 

the evolutionary process of environmentally-based adaptation. These insights were further 

informed by taking aspects of demographic and life history into consideration, leading to a 

refinement of our understanding of the complexity and context dependency of gene regulation as 

it pertains to this species’ expansion from the ancestral range and eventual global colonization. 

Although the mechanisms responsible for the maintenance of these polymorphisms and the 

functional pathways affected by expression divergence in these genes are different, there are 

some unifying attributes. For example, they both appear to be components of adaptive processes 

linked to climatic variation that involve metabolic adjustments, thereby implicating that 

environmentally-adaptive responses are strongly influenced and driven by metabolic regulation. 
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