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Abstract 

Evolutionary developmental biology (evo-devo) is the study of trait evolution through 

variation in development. As early as the modern synthesis, it was recognized that to an 

understanding of the function of genes during development was critical to understanding 

evolution as a whole. To that end, modern evo-devo leverages advances in next-generation 

sequencing to study both the molecular changes that produce interspecific differences in 

development, as well as the molecular changes associated with evolution in life-history.  

In this thesis, I use lab-adapted populations selected for early (Fast) and late-life (Slow) 

fertility to better understand how life-history selection has led to changes in development and 

gene expression. These replicated selection lines provide a microevolutionary lens of 

development time and associated changes in gene expression, both at the transcriptome and the 

individual gene level. 

I found development time to be highly diverged between Fast and Slow selection 

treatments, though the differences are not proportionate throughout ontogeny. Furthermore, 

development was highly convergent, with replicate Fast/Slow lines exhibiting highly similar 

development time. Preliminary transcriptome analysis through RNA-seq suggests the difference 

in development could be at least partially due to differential ecdysone regulation. Overall, 

differences in the developmental transcriptome between Fast and Slow were driven by trans-

regulatory divergence – a result consistent with strong selection on a microevolutionary 

timescale. Lastly, I found no clear evidence that Fast and Slow flies differ greatly in their 

molecular response to stress, suggesting the heat-shock stress response does not trade-off with 

divergent life-history in this system. 

In this thesis, I have shown that the developmental transcriptome can change dramatically 

on a microevolutionary time-scale. Furthermore, I showed some evidence that developmental 

evolution can be highly convergent at the phenotypic and global transcriptome level. However, 

this is not necessarily the case when looking at specific pathways. Overall, my research adds to 

the growing body of literature on gene expression evolution and provides a foundation for further 

research into the molecular dynamics of evo-devo changes on microevolutionary time-scales. 
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Chapter 1 

General Introduction 

The expression “live fast and die young” reflects a central tenet of life-history 

theory: the balance between investment in early reproduction and longevity. This is 

illustrated in the well-documented trade-off between early life fertility and longevity. To 

“live fast and die young” means organisms that invest in development and early-life 

fertility will grow rapidly and die young. Paramount to this idea is that life-history 

characteristics are intertwined in a complex network of trade-offs. The trade-offs in life-

history traits is produced by underlying physiological and biochemical processes. This is 

perhaps most clearly highlighted during development, where complex trade-offs between 

developmental traits manifest through the re-tooling of genes expressed throughout 

ontogeny. The chapters contained within this thesis explore molecular mechanisms 

underlying the evolution of life-history traits in populations under selection. 

 

1.1 Evolution of Development 

Evolutionary developmental biology (evo-devo) is a branch of biology aimed at 

understanding how species differences evolve through variation in development. 

Naturalists as early as Aristotle in 350BC have been looking towards development to 

explain inter-specific differences in morphology (Gould 1977). Darwin was also 

convinced that developmental differences among species produces morphological 

variation. He speculated that selective pressure on adults for morphological change 

resulted in developmental differences among species. Darwin further noted that 
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identifying similar features in developing embryo of closely related species would 

provide the best evidence for descent with modification (Darwin 1859). Intrigued and 

motivated by Darwin, Ernst Haeckel (a mid 1800s naturalist) was keen to understand how 

species differences develop during ontogeny. Haeckel is perhaps best known for his 

controversial drawings (the so-called Haeckel’s embryos), where he drew different 

animal species during stages of embryonic development. Though initially a landmark 

piece in support of descent with modification, it is now acknowledged that Haeckel 

highlighted similarities and ignored differences in his drawings (Pennisi 1997).  

In addition to his controversial drawings, Haeckel advanced the field of evo-devo 

by developing the idea of recapitulation. In this framework, species evolve through the 

addition of traits later in development. A direct consequence of this ‘terminal addition’ is 

that ontogeny recapitulates phylogeny (Gould 1977). One could look at the development 

of a species and see its entire evolutionary history play out. However, recapitulation is 

problematic because it incorrectly predicts evolution will always progress towards greater 

complexity and longer development time as more features get added. Much of Haeckel’s 

later work was focussed on addressing how terminal addition could occur without 

prolonging development. He suggested that in order for evolution to lead to greater 

complexity without longer development time, later stages in ontogeny would be sped up 

or passed over entirely (McKinney and McNamara 1991). It was during this time that 

Haeckel introduced the concept of heterochrony to describe the displacement in time or 

change in order of development of organs. In contrast, de Beer used heterochrony in its 

more modern context to describe ontogenetic differences in the relative rate or timing of 

developmental events (Smith 2001). Over time, the literature has adopted the “de Beer-
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sian” broader definition of heterochrony to include any changes in development timing 

among species (Smith 2001, McNamara and McKinney 2005, McNamara 2012). This 

includes total time to maturation or difference in the timing of development of specific 

juvenile features. Nevertheless, no matter the definition invoked, heterochrony is 

pervasive across many species (Gould 1977). In the suite of traits that make up life-

histories, the timing of development is seen as critical: “The timing of maturation is a 

primary variable in setting life history strategies” (Gould 1977).  

While Haeckel turned out to be incorrect about the broad applicability of 

recapitulation, he correctly identified a major theme in evo-devo: evolution of 

morphology can result from changes to the relative timing of developmental processes.  It 

wasn’t for nearly a century until the blending of evolution and heredity that genetics was 

recognized as an important consideration in evo-devo. During the formulation of the 

Modern Synthesis, when ideas of evolution and heredity were blending, Huxley wrote: 

“… a study of the effects of genes during development is as essential for an 

understanding of evolution as are the study of mutation and that of selection (Huxley 

1942).” Despite Huxley’s early recognition of the importance of genetics in development, 

the availability of molecular tools wouldn’t become broadly accessible to blend genetics 

and evolution for several decades.  

Modern day approaches to evo-devo blend comparative approaches of old with 

modern genetic tools. This is perhaps best illustrated in the discovery of the homeobox, a 

sequence found in several linked genes (Hox genes) controlling embryonic segmentation 

in Drosophila (Lewis 1978, Scott and Weiner 1984). This cluster of genes encodes 

transcription factors whose temporal and spatial expression patterns determine embryonic 
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segmentation. The same cluster of genes has been identified in all bilaterians, exhibiting 

only differences in number of copies and developmental expression pattern (Mcginnis et 

al. 1984, Gellon and McGinnis 1998). The repurposing of the common genetic toolkit to 

define animal body plan highlights two major themes in evo-devo: 1) genes serve 

multiple functions during development and 2) changes to a gene’s coding sequence and 

regulation of expression collectively contribute to evolutionary change.  

Faster development often means reaching sexual maturity before rivals, 

potentially ensuring greater mate and resource availability. Furthermore, juveniles of 

many species are susceptible to predation and, over time, reduced food quality. 

Therefore, selection in the wild will often favour the evolution of faster development. 

However, many studies show there exists standing genetic variation for development time 

within many species. Evidence comes primarily from two types of studies: 1) 

measurement of heritable developmental variation within a species (Simmons and Ward 

1991, Land et al. 1999, Berven and Gill 1983) 2) selection experiments on development 

time in populations newly introduced to the laboratory setting (Matos et al. 2000, 

Griffiths et al. 2005, Lehmann et al. 2006). There are several reasons why there may exist 

standing genetic variation for development time within populations. For example, 

development time may be subject to strong trade-offs with other life history 

characteristics such as body size (Boots and Begon 1993, Sgro and Hoffmann 2004, 

Rantala and Roff 2005, but see del Castillo and Núñez-Farfán 1999). Assuming constant 

growth rate, more rapid development means less time spent developing leading to smaller 

adult body size.  
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1.2    Experimental evolution and life-history selection 

In 1932, Haldane speculated that pleiotropy (when a single gene effects more than 

one trait) could be universal since all cells of a multicellular organism contained a copy 

of all genes. During the formulation of the modern synthesis, Fisher established a 

theoretical framework that is the foundation of our understanding of pleiotropy in 

evolutionary developmental genetics (Fisher 1958, Stern 2000). In his landmark book 

The Genetical Theory of Natural Selection, Fisher produced the mathematical framework 

describing how mutations in a gene can produce phenotypic effects on multiple 

phenotypic axes. The implication of this model is that improvements on one of these axes 

through mutation often produces deleterious effects on another axis. Fisher showed the 

probability of a single mutation resulting in a net fitness benefit to the organism when it 

alters traits across all axes is lower the larger the effect. Changes in pleiotropic traits are 

more likely the result of small changes over macroevolutionary time.  

During development, genes are often utilized to perform multiple spatially or 

temporally distinct functions (Carroll 2008). For example, some genes such as Sonic 

hedgehog (Shh) / Hedgehog (Hh) can be involved in the development of several 

anatomical features in many animals (McMahon et al. 2003, Tickle and Towers 2017). 

Such repurposing of genes during development introduces a complex network of spatio-

temporally interacting loci. Developmental processes are, therefore, highly pleiotropic 

(Carroll 2008). Pleiotropy is not limited to juvenile development. For instance, most 

genes in the Drosophila genome are also expressed during adulthood, introducing the 

potential for trade-offs throughout an organisms’ life history.  
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 Experimental evolution (EE) is an extremely powerful tool for studying life-

history trade-offs on a microevolutionary time scale. It involves applying selective 

pressures to laboratory populations under controlled conditions. Such an experimental 

approach provides several advantages. First, the net effect of persistent selection on one 

or many of traits can be measured. This allows teasing apart the effect of selection on 

traits with complex life-history trade-offs. Second, EE allows for control over many 

aspects of the selected population. Food availability, population size, population structure 

and light/dark cycle can all be controlled during selection. Third, EE provides the 

opportunity for evolutionary replication. Several replicate selected populations can be 

established to test for replicability in independently evolved populations. Lastly, the 

phylogenetic relationship and evolutionary history among selection treatments and 

replicates is known. This framework makes EE an excellent tool to investigate 

evolutionary patterns in life-history traits. 

 EE on development time has been applied to a rather narrow range of animals 

including Tribolium castaneum (Englert and Bell 1970), Drosophila pseudoobscura 

(Marien 1958), Drosophila subobscura (Clarke et al. 1961) and Drosophila melanogaster 

(Sang and Clayton 1957, Sang 1962, Chippindale et al. 1997, Nunney 1996, Prasad et al. 

2001). Drosophila is an especially useful model system for EE and life-history traits 

given its short generation time and easy quantification of fitness-related traits such as 

viability, fecundity, egg hatchability and longevity. Development time typically evolves 

in the direction of selection applied.  However, selection for faster development is more 

challenging or even not possible under certain laboratory conditions (Sang and Clayton 

1957, Clarke et al. 1961). Furthermore, selection for slower development may be 
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inadvertently selecting for poorer condition. Conflicting results in selection on 

development time seems to result from less strict control over laboratory conditions such 

as crowding, food availability and temperature. Nevertheless, development time is a trait 

that can evolve in response to both direct and indirect selection as part of a complex 

pleiotropic network of numerous life-history traits.  

 

1.3 Environmental, hormonal and genetic control of developmental transitions 

In the 1930s, a series of influential experiments by V.B. Wigglesworth identified 

a hormone responsible for regulating molting in Rhodnius prolixus (Wigglesworth 1934). 

By decapitating developing R. prolixus nymphs, molting was delayed suggesting the 

‘molting hormone’ is produced in the brain. However, molting was not delayed if the 

nymphs were decapitated shortly before transition, suggesting the molting hormone 

produced in the brain diffuses throughout the nymph. To confirm, Wigglesworth (1934) 

fused the body of two decapitated nymphs together: one that was not molting with one 

where molting had already been initiated. After fusing the bodies, the non-molting nymph 

was induced to molt. This suggested the molting was induced by a diffused hormone in 

the body of the nymph wherein the transition had already been initiated. 

Decades of research since the experiments of Wigglesworth have shown that 

developmental transitions in insects such as R. prolixus are controlled primarily by two 

hormones with opposing effects: juvenile hormone (JH) and ecdysone (a cholesterol-

derived steroid hormone; Riddiford 2008, Riddiford 2012). During development, JH and 

ecdysone act to suppress and induce molting respectively. Titers of JH are highest early 

during a developmental stage and drop off towards the end. Conversely, ecdysone titers 
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are highest in the moments before molting and lowest early in developmental stages. 

There must be both low levels of JH and high levels of ecdysone to induce molting. 

Interestingly, artificially feeding Drosophila larvae ecdysone and methoprene (JH 

analogue) has been shown to expedite and delay development respectively (Ono 2014, 

Riddiford and Ashburner 1991). As a result, larvae fed ecdysone had smaller adult body 

size, while those fed methoprene had much larger body sizes, suggesting molting 

hormone levels during development determine adult body size. Thus, the duration of 

developmental stages is under control of the gene regulatory mechanisms which regulate 

molting hormone production (Yamanaka et al. 2013).  

The genetic mechanisms underlying ecdysone production have been best studied 

in Drosophila melanogaster. In Drosophila, ecdysteroidogenesis takes place in the 

prothoracic gland in the larval brain.  Ecdysone synthesis is triggered by the production 

of prothoracicotropic hormone (PTTH) via innervating PTTH-producing neurosecretory 

cells. In Drosophila, several of the genes involved in ecdysone synthesis from cholesterol 

are a class of cytochrome p450s collectively called the Halloween genes:  phantom, 

disembodied, shade, shadow, shroud spook, and spookier (Figure 1.1). Down-regulation 

of many of the Halloween genes has been shown to lower ecdysone production and 

prolong development (reviewed in Gilbert 2004). The last step in ecdysteroidogenesis is 

the production of active ecdysteroid from a “proto-ecdysone” which is secreted and 

diffuses in the haemolymph to somatic and reproductive tissue throughout the body. 

Somatic targets express an ecdysone receptor (EcR). Once EcR is bound by 20-

Hydroxyecdysone, downstream transcriptional cascades modulate the expression of 

morphogenic and molting-related pathways in somatic tissue. 
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Figure 1.1 Diagram showing the role of Halloween genes in the prothoracic gland 

and cytosol during ecdysteroidogenesis. Cholesterol is converted to active ecdysone 

(20-Hydroxecdysone; 20HE) though a series of biochemical reactions with protein 

products of the Halloween genes (reviewed in Gilbert 2004).   
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By regulating key transitions related to final size and the timing of reproductive 

maturity, molting hormones are at the nexus of several key tradeoffs (Flatt et al. 2005). 

Ecdysone levels have also been linked to life-history traits in addition to its role in 

development time (Flatt et al. 2005, Galikova et al. 2011). For instance, molting 

hormones could underlie the correlation between body size and development. Tweaking 

the titers of molting hormones can alter development time. Assuming a constant growth 

rate, faster development (a result of higher haemolymph ecdysone levels) would yield a 

smaller body size and vice-versa. Therefore, it is no surprise that ecdysone levels and 

timing of expression are connected to adult body size. In addition, ecdysone levels have 

also been connected to a variety of fitness-related traits across several insect species 

(Zera and Bottsford 2001, Galikova et al. 2011, Oostra et al. 2014). Thus, hormone 

regulation of development and other life-history traits is one possible mechanism by 

which life-history trade-offs manifest. 

 

1.4  The evolution of gene expression 

Over 40 years ago, King and Wilson (1975) were the among the first to suggest 

that phenotypic evolution can occur through changes in gene expression. They argued 

there is insufficient coding variation between humans and chimps to account for their 

immense phenotypic differences (King and Wilson 1975). Instead, they proposed that 

regulatory regions controlling gene expression in addition to coding variation contribute 

to species diversification. Some have gone so far as to suggest the vast majority of 

phenotypic evolution to be the result of regulatory variation (Carroll 2008). What is it 

that makes regulatory regions such a likely target of selection? The pleiotropic nature of 
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coding variants may partially explain this result. For instance, a mutation in the coding 

region of a gene may impact all pleiotropic functions of that gene.  For instance, the white 

gene in Drosophila, mutation of which causes white eyes, is known to be highly 

pleiotropic. The white-eye trait, later mapped to the white gene, was originally 

characterized by Thomas Hunt Morgan in 1910. Since then, mutations in white have been 

linked to reductions in traits such as life-span and retinal degeneration (Ferreiro et al. 

2018), behaviour (Xiao et al. 2017) and recently, anoxia tolerance (Xiao et al. 2016). An 

outstanding question in genomics is how many such pleiotropic genes exist? Many 

experimental approaches including gene disruption, gene knockout and mutation 

accumulation have been used to estimate the number of pleiotropic genes across the 

genome. Ultimately, these approaches all yield similar conclusions: many genes 

(potentially as high as 1/3rd of the yeast genome) have pleiotropic functions in yeast and 

C. elegans (Ohya et al. 2005, Giaever et al. 2002, Sonnichsen et al. 2005, Zou et al. 2008 

but see Dudley et al. 2005).  

There are two mechanisms of gene expression regulation. Cis-regulatory elements 

(henceforth CREs) are small genomic regions close to a gene that affect its expression 

including promoters and enhancers. The second type, trans-regulatory factors (henceforth 

TRFs), are proteins or miRNA which bind to CREs or mRNA products to regulate a 

gene’s expression. The expression level of a gene is the net result of a network of 

interacting CREs and TRFs. Coding variants will generally be pleiotropic as mutations in 

coding regions will be expressed in all functions of the gene without impact to the gene’s 

expression pattern. On the other hand, CREs and TRFs can impact the function of a gene 

in a temporally or spatially specific manner.  
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Experiments on the evolution of gene expression during ontogeny, where 

pleiotropic gene networks are extensive, provide a glimpse into the pervasiveness of 

regulatory evolution. The first study to explore global regulatory evolution during 

development was a comparative transcriptome analysis among D. melanogaster and 

closely related D. simulans and D. yakuba during late third-instar stage (Rifkin et al. 

2003). Across the three species, key master regulators of developmental transitions early 

in the ecdysone synthesis pathway were conserved, while the downstream targets of these 

transcription factors were differentially regulated. However, given technical limitations, 

they were unable to make specific inferences on the mechanism driving evolution of gene 

expression levels. They found that in addition to regulatory variation among species, 

there is plenty of variation among individuals for regulatory variation. Assuming this 

variation is heritable, there is likely ample standing variation to support selection on gene 

expression levels. 

 

1.5 Relative contribution of cis- and trans-regulatory evolution 

Over the past 20 years, there has been a surge in studies quantifying the relative 

contribution of cis- and trans-regulatory evolution to transcriptional variation across 

species. Early approaches involved targeted measurements of allele-specific expression in 

interspecific or intraspecific hybrids. The most widely used means to differentiating CRE 

from TRF effects on gene expression is through allele specific expression of hybrids. By 

generating hybrids, alleles controlling a gene’s expression are brought into a common 

trans regulatory environment (Cowles et al. 2002, Yan et al. 2002). If a gene had evolved 

via cis-regulatory mechanisms, the hybrid allelic bias would be correlated with the 
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parental expression bias. If hybrids had no expression bias in spite of a parental 

difference in gene expression, then the gene expression difference would be consistent 

with trans regulatory evolution. In these early studies, measurements of allelic expression 

in hybrids would be measured with qRT-PCR and allelic bias would be compared with 

differences among the parental strains or species to determine the mechanism of 

regulatory evolution. Early utilization of this approach identified CRE evolution as a 

primary driver of regulatory evolution of genes measured. However the experimental 

limitation of quantifying expression gene-by-gene is both costly and time-consuming. 

The advent and affordability of next-generation sequencing (NGS) facilitated a 

greater understanding of mechanisms of gene regulatory evolution. It provided the 

opportunity to investigate genome-wide patterns of regulatory evolution instead of 

focussing on individual genes. Across most studies, regulatory differences among species 

suggest cis-regulatory elements are responsible for more divergence than trans-regulatory 

factors (Wittkopp et al. 2008, Graze et al. 2009, Tirosh et al. 2009, Goncalves et al. 

2012). There exist only a few examples where trans-regulatory factors are of greater or 

equal proportion to cis-regulatory elements (e.g. McManus et al. 2010, Metzger et al. 

2016). These studies conclude that trans-regulatory variation has a larger contribution to 

intraspecific transcriptome variation, while cis-regulatory changes have a greater 

contribution to interspecific transcriptome evolution (reviewed in Signor et al. 2018). 

Their large mutational target size is the main argument for the surplus of trans-regulatory 

effect on intraspecific transcriptome variation. This is in contrast to the mutational target 

size of cis-regulatory elements which are typically small DNA sequences upstream of the 

gene whose expression they regulate. However, trans-regulatory mutations typically 
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come with a pleiotropic cost by impacting many downstream targets. Conversely, cis-

regulatory elements typically only effect the expression of one gene, and can do so in a 

temporally and spatially specific manner. Therefore, over macroevolutionary timescales, 

cis-regulatory elements contribute more to interspecific differences in gene expression. 

Under certain circumstances, such as a history of strong directional selection or 

population bottlenecking, trans-regulatory evolution can contribute substantially to 

transcriptomic evolution between species (e.g. McManus et al. 2010).  

1.6 The stress response 

Individuals of a species frequently encounter stressful fluctuations in 

environmental conditions including extreme temperature, salinity or drought. If unable to 

cope, cells experience irreparable damage leading to reduced fitness and death. Species 

have evolved a wide range of biochemical mechanisms by which they mitigate stressful 

environments. The stress response is the up-regulation of pathways that mitigate or repair 

cellular damage. Many pathways are up-regulated in response to stress due to common 

damage imposed on cells. These common effects include changes in cell membrane 

stability, chromatin conformation and protein structure. Due to the common underlying 

effects on the cell of different stressors, many proteins involved in remediation of cell 

damage are up-regulated in response to stress in general.  

 Response to stress can be broadly characterized as a three-step process (Iwama et 

al. 1999). The primary response is the recognition of a stress. Cellular mechanisms detect 

damage to the cell such as accumulation of misfolded proteins, irregular protein 

interactions, alteration to membrane fluidity or disruption in chromatin structure. The 

secondary response is biochemical and physiological changes which result in up-
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regulation of genes that mitigate cell damage. This involves a signalling cascade that 

dramatically alters the transcriptional profile of a cell. The genes involved in secondary 

response include members of the generalized stress response and those which are stress-

specific. The tertiary response includes broad changes to the organism as a whole. This 

can include behavioural changes to avoid stress if the secondary response is insufficient 

to mitigate damage.   

The function of stress response gene products known as the heat shock proteins 

(HSPs) are the most widely studied. HSPs are a family of highly conserved proteins 

found in organisms as diverse as E. coli (Lemaux et al. 1978) and D. melanogaster.  They 

were originally conceptualized by analyzing chromatin puffs in Drosophila following 

heat-shock (Ritossa 1964). These puffs correspond to the unfolding of chromatin 

allowing for up-regulation of genes which respond to heat stress (Ashburner and Bonner 

1979). Expression of HSPs is induced by accumulating deleterious cellular damage (note 

that other stressors can induce similar damage and HSPs are a part of the generalized 

stress response in many species). Once translated, most HSPs function as molecular 

chaperones, ensuring proper protein folding and function (Tower 2011). However 

different members of the HSP family have various cytological localizations.  

Laboratory natural selection in insects has been used to understand the connection 

between stress tolerance and longevity. For instance, selection for either greater life-span 

or stress tolerance can result in a correlated response in the other trait (e.g. Rose et al. 

1992, Zwaan et al. 1995, Chippindale et al. 1998; but see Bubily and Loeschcke 2005). 

This corelated response is consistent with genetic and physiological link between stress 

tolerance and longevity. It has even been suggested that variation in longevity is simply a 
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consequence of selection on stress tolerance in the so-called stress theory of aging 

(Parsons 1995). Therefore, studies which investigate how the stress response differs in 

lines selected for longevity or other correlated life-history traits are valuable in 

understanding the evolution of the stress response. 

 

1.7 Experimental goals 

In this thesis, I use genetic and genomic techniques to better understand the 

evolution of life-history traits. Specifically, I try to understand the broad gene regulatory 

changes associated with differences in development time. All experiments in this thesis 

utilize laboratory populations of Drosophila melanogaster that have been undergoing 

divergent selection for age of peak fertility for over 1000 generations. This makes it 

possibly the longest running experimental evolution project in animals, providing a 

unique opportunity to explore phenotypic and genotypic responses to long-term 

laboratory selection.  

Development is comprised of many stages. In holometabolous insects such as 

Drosophila melanogaster, molting defines the boundaries of these stages. Evolved 

differences in development time could be the result of proportional changes across all 

stages or inter-molt periods. Alternatively, certain stages of development may be resistant 

to truncation or elongation if the duration is a developmental constraint. Chapter 2 in this 

thesis uses these long-term selection lines to highlight the difference in development time 

and probe the underlying molecular mechanisms. Measuring stage-specific differences in 

development time provides insight into whether/which stages act as developmental 

constraints. The emphasis on development time is for two reasons: 1) the importance of 
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development time in life-history evolution and 2) the dramatic reported difference in 

development time of the selection lines used.  

Understanding the molecular basis of phenotypic evolution is seen as a key goal 

in evo-devo. Both coding and non-coding variants of genes expressed during ontogeny 

play a role in morphological evolution. Genetic pleiotropy is perhaps at its greatest during 

development. Therefore, loci affecting gene expression (specifically cis-regulatory 

variants) are expected to largely contribute to morphological variation among populations 

or species. In chapter 3, I correlate the phenotypic differences of development time 

observed in chapter 2 with differences in transcript levels using RNA-seq. I extend this 

analysis to quantify relative contribution of different regulatory regions to the observed 

differences in gene expression between selected lines.   

Both magnitude and duration of the stress response are important aspects of 

survival. Somewhat unclear is the importance of the rate by which an organism responds 

to stressful environments. Conceivably, an organism which responds rapidly to changes 

in environmental conditions could reap benefits from less cellular damage. This should 

be more pronounced in organisms with short life-spans as delayed response is a greater 

fraction of their longevity. In chapter 4 of this thesis, I explore whether populations 

selected for different life-cycles (and consequently different life-spans) have evolved 

differences in their response to environmental stress.  

The chapters contained within this thesis utilize two selection treatments that have 

been under divergent life-history selection for over 25 years (Chippindale, 1997). We 

estimate that over 1000 generations of selection have been imposed in total (Chippindale 

et al. 1997). As a result of their extreme divergent selection, the Fast and Slow 
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populations have evolved dramatic differences in life-history traits including 

development time. The focus of this thesis is to explore the developmental and gene 

regulatory consequences of long-term selection. Furthermore, I explore the consequences 

to other life-history traits (stress tolerance) and the effect of long-term divergent selection 

on gene expression on a genomic scale. 
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Chapter 2 

Microevolutionary heterochrony: Stage-specific phenotypic and 

molecular evolution of rapid development in Drosophila 

2.1 Abstract 

Understanding the developmental and molecular architecture of growth  

and ontogeny is a key goal of evolutionary developmental biology (evo-devo).  

Experimental evolution is a powerful tool for connecting molecular changes with 

phenotypes, yet has seldom been applied in this discipline. We focused on development 

time and transcriptome differences in two well-replicated selection treatments in 

Drosophila melanogaster, “Fast” and “Slow”, which have been divergently selected for 

developmental timing phenotypes for over 1000 generations. To investigate the 

molecular basis for developmental differences between the two treatments, we assessed 

the duration of developmental transitions by assessing larval and pupal morphology every 

two hours for 6 days. We observe highly concordant phenotypic adaptations among 

independently evolved lines, suggesting the existence of a limited set of developmental 

pathways involved. The developmental stage most impacted by selection treatment is the 

duration of the 3rd instar larvae, which shows an average difference of ~30%. RNA-Seq 

analysis corroborated our observations with enrichment for body morphogenesis-related 

pathways and strong conservation of gene expression changes among independently 

evolved biological replicates. Transcriptome similarity among replicates changed 

throughout the time-course of development leading to stage-specific evolutionary 



 

 

 

20 

patterns. Together these findings suggest that divergent selection produces differences in 

gene regulation that are not necessarily mirrored by the selected phenotype.  

 

2.2  Introduction 

The complex choreography of growth and morphogenesis determines the duration 

and phenotypic outcome of development. The fact that these processes have been shown 

by evolutionary developmental biology (evo-devo) to often be separately shaped by 

natural selection is evidence for the pervasiveness of heterochrony (Gould 1977) in the 

diversification of multicellular life. Much of what evo-devo has taught us comes from the 

comparative analyses and the identification of “deep homologies” across disparate taxa – 

the so called “developmental-genetic toolkit” of macroevolution (Carroll 2008). How 

much variation in these processes contributes to inter-individual or inter-population 

adaptation (i.e., microevolutionary phenomena) is less explored. However, the growing 

accessibility of molecular tools that quantify gene expression offers the potential to 

characterize the role of heterochrony on a microevolutionary scale. 

Development rate may often be a key determinant of individual fitness but is also 

subject to strong trade-offs. For example, all else being equal, prolonging development 

should lead to increased body size and energy resources available to the adult, but at the 

cost of delaying age at first reproduction. Such developmental trade-offs may be 

especially acute in organisms that cease growing prior to reproductive maturity. In 

holometabolous insects, the size of their cuticle is fixed when they initiate 

metamorphosis. Juveniles and adults differ in the resources they exploit, often making 

preadult growth and energy acquisition critical to adult survival and reproductive success 
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(e.g., Nicholson 1957; Stearns 1989). Indeed, many insect species are partially or fully 

aphagous as adults, relying entirely on larval reserves for reproduction (Nicholson 1957; 

Williams et al. 1977). Insects that exploit patchy and ephemeral environments, such as 

decomposing fruit, are likely to encounter not only a broad range of developmental 

environments but also uncertain conditions for the emerging adult, creating a 

correspondingly varied set of selective agents acting upon growth and ontogeny (e.g., 

Stearns 1989; Freda et al. 2019). 

Laboratory selection experiments, particularly those using the fruit fly Drosophila 

melanogaster, have played a vital role in our understanding of how development evolves. 

Development time has been shown to evolve in response to selection for thermal 

tolerance (Huey et al. 1991; Watson and Hoffman 1996), larval crowding (Lints and 

Lints 1969; Mueller and Ayala 1981), stress resistance (Chippindale et al. 1996, 1997; 

Harshman et al. 1999), body size (Partridge and Fowler 1993), and postponed senescence 

(Luckinbill et al. 1984; Partridge and Fowler 1992; Chippindale et al. 1994). A general 

result appears to be that growth rate is negatively correlated with juvenile viability, 

suggesting that rapid growth is a developmental stress. Comparatively few studies have 

selected directly on development time, but these studies corroborate a trade-off between 

growth and survival (Zwaan et al. 1995; Nunney 1996; Chippindale et al. 1997; Prasad et 

al. 2000 & 2001). 

Most evolutionary studies incorporating development time in Drosophila (e.g., 

those cited immediately above) have looked at development from egg to adult eclosion, 

without exploring which ontogenetic stages evolved (but see Chippindale et al. 1997; 

Prasad et al. 2001).  Each stage of development may be subject to different selection 
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pressures and constraints.  In D. melanogaster, larvae feed intensely and grow rapidly up 

until the end of L3 where they seek a suitable pupation site. At that point the animal 

begins a period of starvation lasting until after the completion of metamorphosis. Unlike 

larval duration, selection might favour short pupal length under all conditions to 

minimize starvation time, so this stage might be less responsive to selection (Chippindale 

et al. 1997). Hence measuring stage-specific responses to selection is critical to 

understanding which stages are malleable, which constrain the evolution of development 

time, and what impact development rates will have on Darwinian fitness.  

Molecular studies of heterochrony have identified some of the genetic pathways 

governing development time. In insects, ecdysone, prothoracicotropic hormone and 

juvenile hormone play major roles in regulating stage-specific development time. Studies 

from C. elegans and D. melanogaster have also highlighted the importance of miRNA in 

regulating the timing of developmental events. Interspecific studies across animal taxa 

suggest some of these heterochronic pathways are highly conserved for their function in 

governing development time, though not necessarily in their pattern of expression 

(reviewed in Faunes and Larraín 2016). For instance, the miRNA lin-4 is an important 

regulator of early development in C. elegans, while its orthologue (miR-125) is an 

important regulator of later developmental transitions in D. melanogaster (Faunes and 

Larraín 2016). The existence of conserved genes with taxa-specific expression patterns 

suggests that regulatory evolution is important for developmental evolution.  

We use a laboratory natural selection experiment that has been ongoing for 25 

years and over 1000 generations to investigate stage-specific development time and 

underlying gene expression evolution. To the best of our knowledge, this is the longest 
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running laboratory selection experiment undertaken in an animal species, at least in terms 

of the number of generations. Populations in one selection treatment, ACO (here referred 

to as Fast for simplicity), have been under selection for rapid development and extremely 

early-life reproduction (Chippindale et al. 1997). The other selection treatment (CO, or 

Slow) has been under selection for late-life fertility (Chippindale et al. 1994). The system 

been used to study adult life-history trade-offs and stress resistance, however we have 

little insight into whether evolution has been convergent at the level of specific preadult 

stage transitions. Genomic studies suggest some molecular pathways involved in 

development have diverged at the allelic level (Burke et al 2010; Graves et al 2017) but 

that does not inform us about the timing of gene expression during development. Here we 

characterize stage specific growth profiles of these selected lines coupled with analysis of 

the underlying transcriptome from two lines. We show transcriptome divergence between 

selection treatments consistent with heterochronic change on a microevolutionary scale, 

extending a paradigm often applied to species differences to population-level evolution. 

 

 

2.3 Methods 

This study utilizes two selection treatments that have been under divergent 

selection for over 25 years (Chippindale, 1997).  All of the populations are ultimately 

descended from the Ives (IV) base population, which is maintained on a 14-day cycle 

(Rose 1984). The IV population and its descendants have all been kept with census 

population sizes of over 1500 adults/generation to minimize genetic drift and inbreeding, 

and supply variation for selection to act upon. 
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One treatment, CO, has been selected for late life fertility (28-day life). Each of 

the five Slow replicates originated from the O selection treatment (selected for extreme 

late-life fertility; Rose 1984). Following 27 generations of Slow selection, the ACO 

selection treatment (here referred to as the “Fast” populations) was initiated. For the first 

175 generations, the five Fast lines were selected directly for early eclosion and fertility, 

achieving complete egg-to-egg generations in about 8 days. In 1995, the Fast selection 

treatment was relaxed to a fixed generation time of 10 days in the Rose Lab at UC Irvine. 

Early in 2010, copies of the CO/Slow and ACO/Fast populations were shipped to the 

Chippindale Lab at Queen’s University where a nine-day fixed life cycle was imposed on 

ACOs. We estimate that over 1000 generations of selection have been imposed in total; 

approximately 260 generations under the current Fast protocol of 9 days (Chippindale et 

al. 1997). Each Fast line is a direct descendant of a Slow line (Fast1 from Slow1; Fast2 

from Slow2; etc.). One of these replicates (Fast2 and Slow2) did not produce sufficient 

offspring numbers to be included in this study.  

 

2.3.1 Larval and pupal development time 

To reduce any potential maternal and grandmaternal effects related to selection, 

flies were briefly maintained on a ‘relaxed’ two-week generation time.  After two 

generations of relaxed selection, approximately 2000 flies per population were placed in 

1.5 L population cages and furnished with banana-corn-syrup agar medium and ad 

libitum supplemental yeast for 2 days at room temperature to stimulate egg production by 

females. Flies from each replicate Fast/Slow population were left to lay for 2 hours to 

remove eggs that had initiated development within females. These eggs were discarded, 
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helping to synchronize the beginning of embryogenesis across females and provide an 

accurate estimate of development time. The flies were then supplied with fresh food and 

allowed to lay for one hour. These eggs were placed in vials at low density (30 eggs/vial, 

n= 1000 vials for each treatment and line). Low density was specifically chosen in 

accordance with similar studies to reduce accumulation of waste and other crowding 

stresses, reducing the potential for phenotypic plasticity to contribute to differences 

among treatments and replicates (Prasad et al. 2001). 

 

 

2.3.2 Embryo + 1st instar and 2nd instar development 

Preliminary analysis suggested 36 hours after egg laying for Fast and 44 hours 

after egg laying for Slow were appropriate first time-points to begin sampling, capturing 

all the transitions from 1st to 2nd instar. Beginning at these times, 4-5 vials per 

population were flash-frozen in liquid nitrogen and placed in a -20°C freezer for future 

assessment of development stage. To assess developmental stage, larvae were removed 

from their vial and placed on a microscope slide. Sampling was repeated every 2 hours 

until 86hrs after egg laying. Data were collected as number and proportion of individuals 

at a larval stage. Mouth hook morphology, an accurate predictor of larval stage 

(Ashburner 1989), was assessed under a light microscope. Our sampling scheme did not 

allow assessment of embryonic development time, and thus embryo and 1st instar 

development time are lumped together for all analyses and figures.  

We analyzed these data using a multinomial logistic regression to identify time-

specific probabilities of molting. Analysis was conducted in R version 3.5.1 using the 
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“nnet” package (R Core Team (2013), R: A language and environment for statistical 

computing, Vienna, Austria). For each time point, molting was treated as a binary 

response, where 1 meant a larva had molted and 0 meant a larva had not yet molted. In all 

cases, the full model (Time X Selection History X Treatment : Selection History X Vial) 

was tested against a reduced model with a likelihood ratio test. Treatment was nested 

within section history because each Fast line was derived from an independent Slow line. 

Vial number, reflecting setup order and position in a rack, did not have a significant 

effect on the model fit and thus was dropped from the model. Predicted median molting 

time was calculated as the time in which the predicted probability of molting was 0.5 (log 

odds = 0) from the multinomial logistic regression model. Confidence intervals were 

calculated by bootstrapping. To test for significant differences among stages, a 

permutation test was performed on 10,000 iterations. In brief, for each iteration, treatment 

assignments were randomized and a model developed to get “null” difference in 

development time. The fraction of times the observed difference in development time 

was greater than the randomly iterated difference was used to approximate the p-value.  

 

2.3.3 3rd instar and pupal development 

A pilot study suggested pupariation begins at approximately 96 hours after egg 

laying for Fast, and 120 hours for the Slow treatment. Vials were monitored every 2 

hours beginning 16 hours prior to the onset of pupariation and continuing until all larvae 

had pupated. At each time-point, newly formed pupae (identified by everted anterior 

spiracles and immobility) were marked with a label on the side of the vial, and the 

number of newly pupated flies recorded. Similarly, to get pupal development time, vials 
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were assessed every two hours from the emergence of the first adult fly up until all flies 

had emerged or no flies emerged for eight consecutive hours. For this assay, the same 

cohorts of flies were observed continuously. Therefore, a logistic regression (used for 

Egg+1st instar and 2nd instar duration) was not appropriate. Instead, pupariation time and 

eclosion time were analyzed by interval-censored survival analysis using the “flexsurv” 

package in R (Jackson 2016). Data were collected as a binary response such that, at each 

time point, 1 meant a fly had pupated or eclosed at a particular time, and 0 meant they 

had not. Median times were calculated from the survival curves. For each analysis, the 

baseline semiparametric function was compared with parametric models (exponential, 

Weibull, gamma, lnorm, loglogistic, and generalgamma) by qualitative visual inspection. 

Gamma best fit the data and was used in all subsequent survival analyses. 

 

2.3.4 Transcriptomics of larval development 

We sought to identify genes and pathways that show differential expression 

during development, choosing two replicates for RNA-seq. Trizol was used to extract 

total RNA from a single larva/pupa from the midpoint of the 2nd instar, 3rd instar, and 

pupa from Fast1/Fast3 and Slow1/Slow3. Libraries were constructed using NEBNext 

library prep kits (New England Biolabs) using supplier-recommended workflows for low-

input tissue samples. Each library was assessed for quality on an Agilent 2100 

bioanalyzer before being sequenced on an Illumina HighSeq 2500 platform. Resulting 

transcriptome sequence data were run through the FastQC package 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) to verify quality. The 

libraries were then aligned using NovoAlign V2.07.18 (www.novocraft.com) to 
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Drosophila melanogaster release 5 (dm3). We used a Rosetta error model on gene counts 

to identify genes that were significantly different between Fast/Slow for each replicate 

separately.  

 

 

2.3.5 Analysis of genes and pathways of differential regulation 

Gene expression values were analyzed separately for each evolved replicate and 

stage. Only genes that were significantly differentially expressed across both evolved 

replicates were included in the gene ontology analysis. Significant differences in gene 

expression were identified using a Rosetta error model on gene count data. Only genes 

which were significant beyond the Bonferroni adjusted p<0.05 and a log fold change 

greater than 1.5 were considered significantly differentially regulated. To identify gene 

ontology categories that differentiate Fast and Slow, genes that were significantly 

differentially expressed between both Fast and Slow replicates were run through online 

DAVID software analysis. Only those categories with a Benjamani-corrected p-value < 

0.05 and an FDR < 0.05 were considered significantly enriched. 

 

 

2.4 Results 

In this study, we were interested in three main questions: how Fast and Slow lines 

differ in their development time (between-treatment evolution), whether there is evidence 

of evolutionary convergence in development time (among lines within a selection 

treatment) and whether these differences in development time are associated with 

changes in the developmental transcriptome. 
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2.4.1 Stage-specific development time 

The impact of selection on the timing of developmental transitions can be seen in 

Figure 21. Flies from the Fast lines eclose ~40hrs earlier than those from the Slow lines, 

representing a 20% average reduction in egg to adult development time. Overall, evolved 

replicates had similar transition times, where eclosion among lines was similar to within a 

few hours.  

Selection on development time has resulted in Fast lines that reach 1st instar to 2nd 

instar molt ~15% faster (Table 2.1; Figure 2.1; Figure 2.2; Figure 2.S1). There was a high 

degree of similarity among all replicates within a selection treatment in the median 

duration of Embryo + 1st instar (Table 2.1). Most pairwise comparisons of lines within a 

selection treatment were not significantly different suggesting evolved replicates 

responded similarly to selection (Table 2.2). Overall, of the twelve possible within-

treatment comparisons, only two were significantly different from one another (Slow3 

and Slow5, Slow4 and Slow5).  

For 2nd instar duration, though there is a trend toward Fast flies developing more 

rapidly, no Fast line develops significantly faster than any Slow line during this stage 

(Figure 2.2; Table 2.2; Figure 2.3). The differences in duration during this stage are the 

smallest across the entire life-history of the two selection treatments. These findings are 

consistent with the results of Prasad et al. 2001.  

 The differences in 3rd instar development time were relatively the largest between 

the two selection treatments with an average of 23% faster development by Fast lines 

relative to Slow lines. Interestingly, despite being the stage with the greatest proportional  
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Figure 2.1 Development time differences between Fast and Slow lines. Mean 

proportion of flies for each selection treatment and line were calculated over time (n=4-5 

for each point). Error bars indicate standard error around the mean. 
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Figure 2.2 Stage-specific development time differences between fast and slow as a 

proportion of slow development time. 
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Figure 2.3 Bootstrapped L2 duration from multinomial logistic regression and p-

value estimation from permutation test for each Fast and Slow Line (A = Fast1 vs. 

Slow1, B = Fast3 vs Slow3, C = Fast4 vs Slow4, D = Fast5 vs Slow5). Shown in red are 

the permuted values greater than the observed values. P-value is calculated as the fraction 

of permuted values greater than the observed difference between Fast and Slow. 
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Figure 2.S1 Multinomial logistic regression model fit against raw data. Proportion in 

a particular stage shown with blue dots. Predictions from the model are shown with a red 
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line. Dashed lines show the estimated median development time as predicted by the 

model (log odds of molting = 0; odds of molting = 0.5). 
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Figure 2.S2 Bootstrapped L3 duration values and p-value estimated from 

permutation test 
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Figure 2.S3 Bootstrapped L3 duration values and p-value estimated from 

permutation test 
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Table 2.1 Estimated median development times (h) as predicted from multinomial 

logistic regression and Cox Proportional Hazards models. 

Stage Line Fast Slow 

Embryo + L1* 

1 47.86 55.72 

3 47.41 57.47 

4 47.61 56.57 

5 48.21 58.02 

L2* 

1 22.07 22.32 

3 20.47 24.62 

4 22.17 23.37 

5 20.82 19.76 

L3 + 

1 32.96 45.07 

3 34.83 40.22 

4 32.09 42.31 

5 33.23 46.02 

Pupa +  

1 73.19 89.78 

3 73.40 92.33 

4 73.35 92.35 

5 73.06 90.30 
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Table 2.2 P-values for all possible pairwise durations of L2 calculated from 

permutation test. Significant differences after correcting for multiple testing are 

italicized. 

 

 Fast 1 Fast 3 Fast 4 Fast 5 Slow 1 Slow 3 Slow 4 Slow5 

Fast 1 - - - - - - - - 

Fast 3 0.071 - - - - - - - 

Fast 4 0.859 0.048 - - - - - - 

Fast 5 0.153 0.752 0.085 - - - - - 

Slow 1 0.877 0.365 0.935 0.368 - - - - 

Slow 3 0.357 0.117 0.314 0.111 0.109 - - - 

Slow 4 0.521 0.176 0.52 0.165 0.24 0.442 - - 

Slow 5 0.385 0.838 0.296 0.715 0.021 0.001 <0.001 - 
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difference in development time, there was considerable variation among Slow replicate 

lines yet very little variation among Fast replicates (Table 2.3). All pairwise comparisons 

of Fast lines except for two were not significantly different from one another after 

correcting for multiple testing. This is consistent with their history of strong selection on 

development time leading to little variation in 3rd instar duration. Furthermore, all 

pairwise comparisons except for two Slow lines were significantly different from one 

another.  This may be suggestive of relatively relaxed selection for 3rd instar duration in 

Slow populations.  

The pattern of differences in development time for pupal duration largely 

mirrored those of the 3rd instar stage except the differences between Fast and Slow lines 

were not as pronounced (Figure 2.2; Table 2.4). None of the Fast lines had a significantly 

different pupal duration, consistent with a pattern of selection on development time, 

while most pairwise comparisons among Slow populations were significantly different. 

 

 

2.4.2 Developmental transcriptomes of Fast and Slow 

A summary of the number of genes with significant expression differences 

between Fast and Slow can be seen in Figure 2.4A. In total, there were 334 genes 

significantly Fast-biased and 290 genes significantly Slow-biased in both evolved 

replicates. The number of Slow-biased genes is distributed approximately evenly across 

all stages. Conversely, there was not an even distribution of Fast-biased genes. The 

majority of genes with differential expression between selection treatments is found in 2nd 

instar.  
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Table 2.3 P-values for all possible pairwise duration of L3 calculated from 

permutation test. Significant differences after correcting for multiple testing are 

italicized. 

 

 Fast 1 Fast 3 Fast 4 Fast 5 Slow 1 Slow 3 Slow 4 Slow5 

Fast 1 - - - - - - - - 

Fast 3 0.030 - - - - - - - 

Fast 4 0.022 <0.001 - - - - - - 

Fast 5 0.975 0.037 0.049 - - - - - 

Slow 1 <0.001 <0.001 <0.001 <0.001 - - - - 

Slow 3 <0.001 <0.001 <0.001 <0.001 <0.001 - - - 

Slow 4 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 - - 

Slow 5 <0.001 <0.001 <0.001 <0.001 0.091 <0.001 <0.001 - 
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Table 2.4 P-values for all possible pairwise duration of Pupal stage calculated from 

permutation test. Significant differences after correcting for multiple testing are 

italicized. 

 

 Fast 1 Fast 3 Fast 4 Fast 5 Slow 1 Slow 3 Slow 4 Slow5 

Fast 1 - - - - - - - - 

Fast 3 0.366 - - - - - - - 

Fast 4 0.609 0.851 - - - - - - 

Fast 5 0.621 0.194 0.316 - - - - - 

Slow 1 <0.001 <0.001 <0.001 <0.001 - - - - 

Slow 3 <0.001 <0.001 <0.001 <0.001 <0.001 - - - 

Slow 4 <0.001 <0.001 <0.001 <0.001 <0.001 0.851 - - 

Slow 5 <0.001 <0.001 <0.001 <0.001 0.027 <0.001 <0.001 - 
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Figure 2.4 Significantly differentially expressed genes throughout ontogeny of Fast 

and Slow selection treatments (A) and the corresponding gene ontology terms 

enriched among the dataset (B). Genes listed below the Venn-diagram (A) are those 

which overlap two developmental stages. Stage-specific biological processes with 

A) 

B) 
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significant enrichment across development (B). All categories are significant (Benjamani-

adjusted p < 0.05 with FDR < 0.05). Graphed are the adjusted p-values. 
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Surprisingly, there were no genes that were significantly differentially expressed 

across all three stages of development. There was some overlap amongst the 2nd instar 

and pupal stage, as well as 2nd instar and 3rd instar, yet the 3rd instar and pupal stages had 

no overlap in differential gene expression. None of the genes which are significantly 

different across two stages have any obvious causal relationship to development time, 

growth, or other phenotypes that may be relevant in the selection treatments (Figure 

2.4A). This lack of overlap across developmental stages, coupled with the pattern of 

stage-specific differences in development time, is consistent with selection acting 

independently on each stage. Furthermore, there is a very weak but significant positive 

correlation in fold change across all development stages (L2-L3[adj-r2 = 0.001683, p < 

0.001], L2-Pupa[adj-r2 = 0.0005, p < 0.005], L3-Pupa[adj-r2 = 0.002259, p < 0.005]). 

Together, these results show that developmental evolution occurred through differential 

expression of several unique genes.  

Several development-related pathways were represented among the genes that 

were differentially expressed between Fast and Slow lines (Figure 2.4B; Table 2.S1). 

Notable common pathways enriched throughout all stages is the gene ontology category 

“cuticle-related developmental processes”. Overall, few enriched ontological categories 

were obviously related to growth or development time. The only exception is the 

enrichment of ecdysone biosynthesis during 3rd instar in genes with Fast-biased 

expression. It should be noted that significant differences in this pathway correlate with 

the stage with the greatest difference in development between Fast and Slow (Figure 2.5). 

The well-documented role of ecdysone biosynthesis in developmental transitions in  



 

 

 

45 

Table 2.S1 Results of gene ontology analysis from DAVID online software tool. Results are arranged by selection treatment (Fast 

= Yellow/ Slow = Blue) and stage (L2 = 2nd instar, L3 = 3rd instar, Pup = Pupa). Only significant results (Benjamani-adjusted p-value 

< 0.05 and FDR < 0.05). Input genes for this analysis were those which were significantly biased towards Fast in both replicates, or 

Slow in both replicates. 

 
 

Term Count % PValue Fold 
Enrichment 

Benjamini FDR  Stage 

GO:0042335~ 
cuticle 
development 

22 9.52 7.17E-12 6.76 6.72E-09 1.12E-10 L2 

GO:0006629~ 
lipid metabolic 
process 

22 9.52 9.34E-08 4.01 4.38E-05 1.46E-06 L2 

GO:0016476~ 
regulation of 
embryonic cell 
shape 

7 3.03 1.79E-06 18.22 5.59E-04 2.81E-05 L2 

GO:0003383~ 
apical constriction 

6 2.6 2.99E-06 24.99 6.99E-04 4.68E-05 L2 

GO:0070252~ 
actin-mediated cell 
contraction 

6 2.6 6.30E-06 21.73 0.001 9.87E-05 L2 

GO:0003382~ 
epithelial cell 
morphogenesis 

6 2.6 1.75E-05 17.85 0.003 2.75E-04 L2 

GO:0040003~ 
chitin-based 

12 5.19 1.95E-05 5.15 0.003 3.06E-04 L2 
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cuticle 
development 
GO:0030048~ 
actin filament-
based movement 

6 2.6 2.95E-05 16.12 0.003 4.61E-04 L2 

GO:0008299~ 
isoprenoid 
biosynthetic 
process 

5 2.16 5.17E-05 23.13 0.005 8.10E-04 L2 

GO:0044710~ 
single-organism 
metabolic process 

39 16.88 2.71E-04 1.78 0.025 4.23E-03 L2 

GO:0006720~ 
isoprenoid 
metabolic process 

5 2.16 3.16E-04 14.88 0.027 4.93E-03 L2 

GO:0051017~actin 
filament bundle 
assembly 

5 2.16 3.16E-04 14.88 0.027 4.93E-03 L2 

GO:0007015~ 
actin filament 
organization 

9 3.9 4.37E-04 4.97 0.034 6.83E-03 L2 

GO:1901617~ 
organic hydroxy 
compound 
biosynthetic 
process 

6 2.6 5.22E-04 8.93 0.037 8.15E-03 L2 

GO:0061572~ 
actin filament 
bundle 
organization 

5 2.16 5.34E-04 13.02 0.035 8.34E-03 L2 

GO:0030029~ 
actin filament-
based process 

12 5.19 5.40E-04 3.54 0.033 8.42E-03 L2 
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GO:0006022~ 
aminoglycan 
metabolic process 

9 3.9 6.16E-04 4.71 0.035 9.61E-03 L2 

GO:0045995~ 
regulation of 
embryonic 
development 

7 3.03 6.60E-04 6.55 0.036 1.03E-02 L2 

GO:0006637~ 
acyl-CoA 
metabolic process 

5 2.16 6.76E-04 12.25 0.035 1.05E-02 L2 

GO:0035383~ 
thioester metabolic 
process 

5 2.16 6.76E-04 12.25 0.035 1.05E-02 L2 

GO:0006030~ 
chitin metabolic 
process 

8 3.46 7.56E-04 5.29 0.037 1.18E-02 L2 

GO:1901071~ 
glucosamine-
containing 
compound 
metabolic process 

8 3.46 0.001 5.01 0.048 1.62E-02 L2 

        
GO:0040003~ 
chitin-based 
cuticle 
development 

15 17.65 7.00E-13 14.66 2.84E-10 2.84E-12 L2 

GO:0042335~ 
cuticle 
development 

15 17.65 6.51E-11 10.49 1.32E-08 1.32E-10 L2 

GO:0016998~ cell 
wall 
macromolecule 
catabolic process 

5 5.88 4.48E-07 72.91 6.05E-05 6.05E-07 L2 
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GO:0044036~ cell 
wall 
macromolecule 
metabolic process 

5 5.88 8.49E-07 63.2 8.59E-05 8.59E-07 L2 

GO:0071554~ cell 
wall organization 
or biogenesis 

5 5.88 1.13E-06 59.245 9.13E-05 9.13E-07 L2 

GO:0019835~ 
cytolysis 

4 4.71 2.12E-05 68.94 0.001 1.43E-05 L2 

GO:0050830~ 
defense response 
to Gram-positive 
bacterium 

5 5.88 1.95E-04 16.93 0.011 1.12E-04 L2 

        

GO:1901617~ 
organic hydroxy 
compound 
biosynthetic 
process 

5 7.58 9.94E-05 20.04 0.059 0.001 L3 

GO:0044711~ 
single-organism 
biosynthetic 
process 

11 16.67 1.12E-04 4.46 0.034 0.002 L3 

GO:0045456~ 
ecdysteroid 
biosynthetic 
process 

4 6.06 1.68E-04 35.91 0.034 0.003 L3 

        

GO:0006508~ 
proteolysis 

32 24.81 3.02E-12 4.2 2.05E-09 4.53142E-11 L3 

GO:0008152~ 
metabolic process 

79 61.24 5.38E-08 1.46 1.82E-05 8.08241E-07 L3 
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GO:1901565~ 
organonitrogen 
compound 
catabolic process 

9 6.98 5.51E-05 6.66 0.012 0.0001 L3 

GO:0019835~ 
cytolysis 

4 3.1 9.20E-05 42.54 0.015 0.001 L3 

GO:0016998~ cell 
wall 
macromolecule 
catabolic process 

4 3.1 1.58E-04 35.99 0.021 0.002 L3 

GO:0071704~ 
organic substance 
metabolic process 

68 52.71 1.97E-04 1.35 0.022 0.003 L3 

GO:0044036~ cell 
wall 
macromolecule 
metabolic process 

4 3.1 2.48E-04 31.19 0.024 0.003711117 L3 

GO:0071554~ cell 
wall organization 
or biogenesis 

4 3.1 3.03E-04 29.24 0.025 0.004537841 L3 

GO:0006026~ 
aminoglycan 
catabolic process 

5 3.88 3.82E-04 14.27 0.028 0.005723812 L3 

GO:0009056~ 
catabolic process 

18 13.95 6.09E-04 2.5 0.04 0.009105174 L3 

        

GO:0042335~ 
cuticle 
development 

7 20 2.53E-05 10.92 0.012 0.000363564 Pup 

        
GO:0003382~ 
epithelial cell 
morphogenesis 

6 6.74 2.81E-07 40.63 1.77E-04 4.17E-06 Pup 
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GO:0030048~ 
actin filament-
based movement 

6 6.74 4.80E-07 36.69 1.51E-04 7.13E-06 Pup 

GO:0042335~ 
cuticle 
development 

11 12.36 1.09E-06 7.69 2.28E-04 1.62E-05 Pup 

GO:0003383~ 
apical constriction 

5 5.62 2.96E-06 47.4 4.65E-04 4.39E-05 Pup 

GO:0070252~ 
actin-mediated cell 
contraction 

5 5.62 5.34E-06 41.21 6.71E-04 7.94E-05 Pup 

GO:0016476~ 
regulation of 
embryonic cell 
shape 

5 5.62 2.09E-05 29.62 0.002 3.11E-04 Pup 

GO:0042303~ 
molting cycle 

6 6.74 2.13E-04 10.73 0.019 3.16E-03 Pup 

GO:0022404~ 
molting cycle 
process 

5 5.62 4.13E-04 13.94 0.032 6.12E-03 Pup 

GO:0030855~ 
epithelial cell 
differentiation 

10 11.24 4.29E-04 4.26 0.03 6.35E-03 Pup 

GO:0030029~ 
actin filament-
based process 

8 8.99 5.98E-04 5.38 0.037 8.85E-03 Pup 
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Figure 2.5 Expression of ecdysteroidogenesis-related genes across development. 

Green is greater expression in Fast, red is greater expression in Slow. Fold change is 

calculated from the expression of each gene averaged across selection treatments as 

Log10(FastRPKM/SlowRPKM). 
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Drosophila make this pathway a candidate for the evolution of rapid development. 

Consistent with no genes being differentially regulated across all stages, no gene 

ontology categories were enriched among differentially regulated genes across all stages 

(Figure 2.5). Given the important role of ecdysone in the timing of larval moults, we 

predicted that Fast/Slow3 2nd instar may also have upregulated ecdysone. Indeed, many of 

genes involved in ecdysone biosynthesis that were upregulated in 3rd instar are also 

upregulated in the Fast/Slow3 2nd instar, but not the Fast/Slow1 2nd instar (Figure 2.4B).   

 
 

2.5 Discussion 

While experimental evolution has been employed to examine development as a 

whole, surprisingly few studies have coupled experimental evolution with an Evo-Devo 

approach. For example, little attention has been given to questions like the lability of the 

developmental program and the flexibility of its genetic architecture. Here we show that 

long-term selection on generation time has resulted in extreme and replicable differences 

in developmental phenotypes. Our data show that selection has led to divergence in egg 

to adult development time of ~40hrs (or 20%) between Fast and Slow lines and we show 

evidence for marked stage-specific differences in development time between Fast and 

Slow populations in response to experimental evolution. 

All juvenile stages measured exhibited evolutionary lability with the exception of 

the 2nd instar stage. The 3rd instar stage showed the greatest evolutionary divergence. In 

a comparable study, Prasad et al (2001) also showed that the 2nd instar did not change 

measurably in response to selection for rapid development. They speculated that this 

could be due to an absence of standing genetic variation for 2nd instar duration stemming 
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from selection in the wild. Their ≈70 generation study combined with the more than 1000 

generations of sustained selection and large population sizes in our experiment suggest 

the possibility of fundamental constraint on this developmental stage. This is surprising 

because 2nd instar duration is flexible in response to environmental disturbance and 

genetic manipulation (e.g., Aggarwal et al. 2013; Shingleton et al. 2005). Furthermore, 

2nd instar larval duration is different between closely related D. ananassae and D. nasuta 

nasuta (Nagarajan et al. 2016). Since the populations studied by Prasad et al. (2001) 

share their origins with our experimental lines in the IV population, albeit separated by 

hundreds of generations of differing selection treatments, it is possible that standing 

genetic variation for L2 duration was absent in the IV population, and that favoured new 

mutations affecting it are rare. 

Although we did not measure the IV population, earlier data (Chippindale et al. 

1997) suggest that evolution has acted bidirectionally on development time from the 

ancestor population. Fast populations accelerated dramatically (≈20% faster) while Slow 

populations increased slightly (≈ + 5%). Fast populations have paid for rapid 

development with a marked decrease in dry mass: They are ≈40% lighter (dry mass at 

eclosion), and thus actually a net 30% slower growing than Slow populations, as 

calculated from egg-to-adult (Shavrova & Chippindale in prep). Xiao et al. (2019) show 

that body length differs between Fast and Slow treatments by about 15%, with Fast being 

10% smaller, and Slow 5% larger, than sister populations of IV. Given the purported 

advantages of greater size (e.g., Robertson, 1957; Partridge & Farquhar, 1983) it is 

unclear why there hasn’t been a greater increase in total development time in Slow flies 

over their evolutionary history: They are allowed 14 days to reach adulthood, yet they do 
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so in ≈8.5 days under the test conditions we applied. Stock densities are somewhat 

higher, but mean development time of the Slow populations is still ≈10 days (Chippindale 

et al., 1997; unpublished contemporary data). The reasons for this rapidity are not clear 

but could relate to deteriorating conditions experienced by larvae. There is a notable 

accumulation of urea and other waste products, as well as declining nutritional value of 

the food media throughout the time larvae are feeding in vials (Joshi et al. 1996). 

Prolonged exposure to this potentially toxic environment may be detrimental, creating a 

selective force to reach adulthood more quickly than the two-week window allows. 

One goal of molecular studies of heterochrony is to understand the genetic basis 

of evolutionary changes in development. In a simple model, development time is 

governed by a small set of genes. When mutations arise that alter expression of these 

genes, the duration of all developmental stages would change proportionately to become 

faster or slower, much like the compression and expansion of a concertina. However, the 

results from this study show that the evolution of development time does not display the 

“concertina effect” across all developmental stages. However, many of the genes 

involved in the duration of the stages tested herein are known to be under at least partial 

control of regulators and hormones. Together, this lends support to a more complex 

molecular model whereby the expression pattern of a common set of genes governing 

development time is triggered by some yet to be identified upstream cue(s) that act stage-

specifically. For example, ecdysteroidogenesis in Drosophila is believed to be under the 

control of several internal and external cues (reviewed in Yamanaka et al. 2013). These 

cues are thought to include circadian rhythm, size, nutritional condition and the 

concentration of other hormones such as juvenile hormone. The interaction of these cues 
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with ecdysteroidogenesis and their involvement in stage-specific patterns of expression 

are not well understood yet.  

Although few specific genes were differentially up- or down-regulated across all 

stages by selection treatment, some pathways were enriched across multiple stages. 

During the 2nd instar and pupal period, there was enrichment of cuticle developmental 

processes among both Fast-biased and Slow-biased transcripts. The Drosophila cuticle is 

a critical component of the exoskeleton. Every molt, a new cuticle is developed and the 

old one is shed. The cuticle plays a major role in larval/adult morphology, desiccation 

resistance and stress tolerance. This pattern of cuticle expression could explain 

phenotypic data concerning this selection treatment from previous studies: Fast flies are 

both smaller and have reduced desiccation resistance compared to Slow flies 

(Chippindale et al. 1996). Though reduced desiccation resistance was attributed to 

smaller body size (and therefore fewer energy reserves or higher surface area to volume 

ratio), it is possible that cuticular differences could also play a role in reducing 

evaporative water loss. 

There were surprisingly few developmental pathways enriched among 

differentially regulated genes. Of the enriched terms, only ecdysteroid biosynthetic 

process during 3rd instar has obvious connections to development time. Ecdysone is a 

hormone synthesized prior to each major developmental transition, acting as a cue to 

initiate molting and metamorphosis. Knockdown of many of the genes in the ecdysone 

pathway results in extended larval development time and larger adult body size (reviewed 

in Huang et al. 2007). Increasing ecdysone levels by feeding it to larvae results in 

premature developmental transitions and reduced body size. Thus, the enrichment of 
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ecdysteroid metabolic processes among genes with higher expression in Fast 3rd instar 

larvae could be what is driving the dramatic phenotypic difference at this stage. From this 

study, we also found an intriguing exception: Fast/Slow3 have a marked difference in 2nd 

instar duration. Furthermore, expression patterns of ecdysteroidogenesis in the 

Fast/Slow3 2nd instar correlated with the pattern of 3rd instar larvae with up-regulation of 

many genes in Fast3 relative to Slow3 (note: this is the only replicate with a significant 

difference in duration during 2nd instar). It is possible this lineage evolved a unique 

pattern of ecdysteroidogenesis that increased ecdysone titers during 2nd instar and thus 

shortened its duration. On longer time scales, spontaneous mutations which allow for 

evolutionary novelty have been documented in long-term evolution experiments in E. coli 

(Blount et al. 2012). Such evolutionary novelties in animals have not yet been reported in 

correlation with a phenotype (Burke et al. 2010 & 2016). Further data are needed on this 

system to determine if such an evolutionary novelty has occurred. However, since 

feeding larvae ecdysone during 2nd instar shortens its duration, it is likely a Fast-biased 

expression pattern for ecdysteroidogenesis is responsible for the observed difference in 

Fast/Slow3.  

We have shown evidence for stage-specificity in evolution of extreme 

developmental timing differences. Juvenile stages showed considerable variation in their 

evolvability, perhaps reflecting the degree to which they are conserved and vital to 

successful developmental outcomes, or limits to requisite genetic variation. Both our 

phenotypic and molecular data emphasize the modularity inherent throughout ontogeny 

with the development time of each stage seemingly acting as an independently selectable 
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unit. This highlights the importance of recognizing heterochronic change in studies of life 

history and development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

58 

Chapter 3 

Mechanisms of Regulatory Divergence in Developing Drosophila 

melanogaster 

 

3.1 Abstract 

 Identifying the molecular targets of selection which alter gene expression is 

essential to understanding phenotypic evolution. Global regulatory evolution in animals 

has shown that intra-specific changes usually occur via trans-regulatory evolution, while 

interspecific divergence in gene expression typically evolves via cis-regulatory evolution. 

However, the dynamics of divergence in gene expression during ontogeny has not yet 

been investigated. In this study, I use allele-specific expression to quantify the relative 

contribution of cis-regulatory elements and trans-regulatory factors to evolved 

differences in developmental gene expression in laboratory selected Drosophila 

melanogaster. The selection treatments “Fast” and “Slow” have been divergently selected 

for shortened and prolonged generation time respectively for over 1000 generations 

cumulatively, and have evolved extreme differences in development time. In this study, I 

show that nearly ½ of the genes expressed during 3rd instar are conserved in their 

expression level (44.6%).  Most of the genes with evolved difference in developmental 

gene expression between Fast and Slow showed a pattern of trans- (~15%) compared 

with cis-regulatory evolution (~2.5%). The proportion of genes evolved via different 

mechanisms of regulatory evolution was highly consistent among independently evolved 

replicates. Taken together, these results suggest that despite having diverged for a 
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cumulative 1000 generations, Fast and Slow flies may not have diverged to the extent 

observed among species in the wild.  

 

3.2 Introduction 

Identifying genetic changes which underlie variable phenotypes within and 

between species is a major goal of evolutionary biologists. It has been over 40 years since 

King and Wilson (1975) wrote their influential paper arguing that coding variation alone 

is insufficient to describe the extensive phenotypic differences between humans and 

chimps. Instead, they suggested that evolution at loci controlling gene expression led to 

the high degree of observed divergent morphology. Evolution at regulatory elements in 

the genome are now believed to be a major mechanism of diversification both within and 

between species (Whitehead and Crawford 2006, Stern and Orgogozo 2008, Zheng et al. 

2011, Romero et al. 2012). Some evidence for this viewpoint comes from studies that 

show interspecific differences in gene expression levels correlate with differences in 

morphology, even when controlling for coding variation. For example, differences in 

abdominal pigmentation in some Drosophila species are the result of cis-regulatory 

variation in the gene yellow (y). Pigmentation patterns of one species can be made to look 

like another simply by transformation of the regulatory elements upstream of y (Wittkopp 

et al. 2002).  

There are two mechanisms of gene expression regulation. Cis-regulatory elements 

(henceforth CREs) are small genomic regions close to a gene that affect its expression 

including promoters and enhancers. Identifying CREs is challenging as it requires 

scanning large genomic regions for small functional elements whose variation is 
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associated with changes in a target gene’s expression. However, advances in genomic and 

transcriptomic technology have made their discovery easier. The second type, trans-

regulatory factors (henceforth TRFs), are proteins or miRNA which bind to CREs or 

mRNA products to regulate a gene’s expression. The expression level of a gene is the net 

result of a network of interacting CREs, TRFs and mRNA degradation. Cis-regulatory 

variation is thought to be the primary mechanism of inter-specific variation in gene 

regulation (Wittkopp et al. 2004, Wray 2007, Wittkopp et al. 2008, Carroll 2008, 

Wittkopp and Kalay 2012, but see Hoekstra and Coyne 2007). CREs often act in a 

spatially or temporally specific manner, providing an opportunity for selection to act on 

gene expression at a particular developmental timepoint or in a specific tissue. In 

contrast, evolution of TRFs may have large pleiotropic effects as they typically have 

many downstream targets. Until recently, quantifying the relative contributions of CREs 

and TRFs to divergent gene expression levels has been challenging.  

Measurements of the allele specific expression (ASE) of a gene in hybrids can be 

used to identify genes which have standing variation in CREs and TRFs leading to inter- 

or intra-specific divergence in gene expression. This technique brings alleles from both 

populations or species into a common trans regulatory environment through 

hybridization. In F1 hybrids, CREs of both species or populations are exposed to the 

same suite of TRFs. Genes that are differentially expressed between species but have no 

allelic imbalance in hybrids are presumed to have evolved through trans-regulatory 

evolution. Genes in hybrids where the allelic imbalance matches the direction and 

magnitude of differential expression between parental lines would be consistent with 

evolution via cis-regulatory evolution. This technique was first developed to characterize 
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mechanisms underlying regulatory differences among mice strains (Cowles et al. 2002) 

but has since been applied across several species and taxa using both targeted and 

genomic approaches (Wittkopp et al. 2004, Wittkopp et al. 2008, Tirosh et al. 2009, 

McManus et al. 2010, Bell et al. 2013, Lemmon et al. 2014, Coolon et al. 2014, Combs 

and Fraser 2018, Verta and Jones 2018, Matos et al. 2019). 

Looking at ASE across the transcriptome may help to reveal the genomic 

architecture of regulatory evolution. Across most species, studies of inter-specific 

regulatory evolution suggest CREs are responsible for more divergence than TRFs 

(Wittkopp et al. 2008, Graze et al. 2009, Tirosh et al. 2009, Gonclaves et al. 2012) while 

the opposite seems true of intra-specific studies (Wittkopp et al 2008, Emerson et al. 

2010, Suvorov et al.  2013, Coolon et al. 2014). This can be explained by the greater 

mutational target size of TRFs. As populations diverge, their genomes accumulate TRF 

variation. Over evolutionary time, some of these mutations are purged due to their 

pleiotropic effects, leaving a greater fraction of CRE differences (Denver et al. 2005, 

Landry et al. 2007). There exist only a few examples known to this author where TRFs 

are responsible for a greater or equal proportion of genes with differential expression 

between species (McManus et al. 2010, Lemmon et al. 2014). Two non-mutually 

exclusive explanations have been offered to explain these results (McManus 2010): first, 

an evolutionary history involving intense bottlenecks can lead to the fixation of TRF 

variation due to drift; second, strong and persistent directional selection can overcome 

pleiotropic costs, leading to a greater fraction of TRF contribution to gene expression 

divergence.  
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In this experiment, I measured ASE during development in hybrids between two 

experimentally evolved populations of Drosophila to explore the molecular architecture 

of gene expression divergence. The selection treatments utilized are the same as Alpern 

and Chippindale (2020). In brief, Slow flies have been selected for late-life fertility and 

slower development time for over 300 generations while Fast flies have been selected for 

early-life fertility and rapid development for over 1000 generations. In response to 

selection, Fast flies develop ~30% more rapidly than Slow flies. As shown by Alpern and 

Chippindale (2020), rapid development time of Fast flies is primarily due to a 

disproportionate decrease in the duration of 3rd instar. I extend upon that study here to 

examine the extent to which CREs and TRFs contribute to global transcriptome 

divergence during the 3rd instar of Fast and Slow flies. I show most genes with 

differential expression show a pattern of TRF.  

 

3.3 Methods 

3.3.1 Fast and Slow system 

The Fast and Slow system used for this experiment is the same as described 

Alpern and Chippindale. (2020). In brief, two selection treatments selecting for divergent 

reproductive senescence have been ongoing for over 1000 generations for Fast and over 

350 for Slow (Chippindale et al. 1997). Flies are selected for early life fertility and rapid 

development by enforcing a strict 9-day generation time. Conversely, flies are selected 

for late-life fertility and slower development by rearing on a 28-day generation time. As a 

result of this selection protocol, flies differ in many traits including egg to adult 

development time, sperm production rates, behaviour and desiccation resistance. 
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Previously, I showed how this difference in development time is largely due to 

differences in the duration of the 3rd instar larval stage (Alpern and Chippindale. 2020). 

 

3.3.2 Inbred Lines 

Inbred lines were initiated by taking a single female and allowing her to lay eggs 

in a vial for 3 days. After 3 days, the female was removed and offspring allowed to 

develop. For the first generation, the offspring may have been a mix of full- and half-

siblings, depending on the female’s mating history. For each subsequent generation, a 

single virgin female was placed in a vial with a random half or full-sib brother for 3 days 

to populate the next generation. This process was repeated for 20 generations for Fast 1, 

Fast 3, Slow 1, and Slow 3. Only 10% of the 100 lines survived the 20 generations of 

inbreeding. One inbred line from each Fast/Slow replicate was haphazardly selected to 

continue with the experiment. To generate F1 hybrids, five males from the Slow inbred 

line and five virgin females from the Fast inbred line were haphazardly selected and 

paired together in a single vial.  

 

3.3.3 Extraction and preparation of genomic DNA and RNA for sequencing 

For each selection treatment replicate, genomic DNA was extracted from 10 adult 

virgin females using gSYNC DNA extraction kit (Geneaid) following manufacturers 

specifications. Sample concentration and quality was analyzed with a NanoDrop and 

Bioanalyzer. Genomic DNA was then sent to The Centre for Applied Genomics (TCAG) 

at the University of Toronto for library prep and paired-end (2 x 126 bp) Illumina HiSeq 

2500 sequencing. RNA was extracted from five larvae at the midpoint of 3rd instar from 
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each line or hybrid sample using Trizol following manufacturers specifications. RNA 

concentration and quality was assessed using a NanoDrop and Bioanalyzer. RNA 

libraries were prepped using the NEBNext Ultra II RNA library prep kit (New England 

BioLabs) following manufacturers recommendations. Library quality was validated using 

a Bioanalyzer. Libraries were then sent to TCAG for paired-end (2 x 126 bp) Illumina 

HiSeq 2500 sequencing. 

 

3.3.4 Analysis of genomic DNA 

Library quality and complexity was checked with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and PreSeq (Daley and 

Smith 2014). Once the quality and complexity were validated, sequences were trimmed 

with Skewer. Trimmed reads were mapped with Bowtie2 (Langmead et al. 2009) to latest 

release of the Drosophila melanogaster genome (dm6). Variants were called using 

BCFtools caller (Li 2011). Mpileups were generated with SAMtools (Li et al. 2009). 

Using a combination of Genome Analysis Tool Kit’s (GATK; DePristo et al. 2011) 

variant filtering and custom scripts, variants were filtered to ensure at least ten high 

quality reads supporting each call. Using custom scripts, variants were then limited to 

sites where there is a confident SNP call in one treatment and a confident reference call in 

the other. I used custom scripts to determine the location of SNPs in the genome. Since 

we were interested in allele-specific expression, we were particularly interested in alleles 

present in expressed regions of the genome (exons & UTRs). 
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3.3.5 Analysis of transcriptomic data and measurement of allele-specific expression 

As with the genomic data, RNA-seq data were first quality checked with FastQC. 

Trimmed transcriptome reads were aligned to the latest release of the Drosophila 

melanogaster genome (dm6) with TopHat2. Gene counts were made using htseq-count. 

A custom script using a Rosetta error model on gene counts was used to analyze 

difference in gene expression between treatments (Weng et al. 2006). For the hybrid 

transcriptomes, variant calling and filtering was done the same as with the genomic data. 

Hybrid SNP counts in the transcriptome data were compared with the SNPs generated in 

the genomic data to assign ASE. Significant differences in allelic bias were estimated 

using a binomial test. Significant trans effects were identified by significant differences 

between the ratio of expression a gene between Fast and Slow and the ratio of allelic bias 

in F1 hybrids. The p-values for both estimates of allelic bias and trans effects were 

Benjamini-Hochberg corrected. 

 
 

3.3.6 Determining mode of regulatory evolution 

Determining the mode of regulatory evolution came from analyzing both the 

extent of differential expression (magnitude and direction) in the inbred lines and the 

allelic bias in hybrids. For consistency, I followed the same protocol as those from 

McManus et al. 2010. The criteria for classifying mode of regulatory evolution are shown 

in Table 3.1. Those that don’t fit into any of the categories outlined in Table 3.1 are 

classified as ambiguous. Due to the fact that we did not separate male from female larvae, 

we restricted analysis of ASE to autosomal loci.  
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Table 3.1 Summary of method used to determine mode of regulatory divergence. 

These are the same parameters used in the McManus et al 2010. 

 

Differential gene 

expression in 

inbred line? 

Allelic bias 

in hybrid? 

Direction of allelic 

bias if also different 

in inbred line? 

Mode of divergence 

No No N/A Conserved 

Yes Yes Same Cis-regulatory Divergence 

Yes No N/A Trans-regulatory Divergence 

Yes Yes Different Cis x Trans 

No Yes N/A Compensatory 
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3.3.7 Dominance in gene expression 

To determine evolutionary patterns in the dominance pattern of gene expression, 

we used the same classification as McManus et al. 2010. In brief, if the expression pattern 

of hybrid deviated by >1.25 fold-change from the parental, it was determined to have an 

evolved pattern of gene expression. Classifying the mode of inheritance was dependent 

upon the similarity of expression of a gene between the hybrid and the two parental lines. 

A summary of the classification is found in Table 2. 

 

3.4 Results 

In order for measurement of allele-specific expression to be effective, we need 

both confidence in SNP identity so alleles in hybrids can be confidently assigned as well 

as adequate coverage of SNPs across the genome. This can be challenging when dealing 

with flies from the Fast and Slow selection treatments as they are reared in large 

population sizes to maximize genetic variation. An initial analysis of Fast and Slow stock 

lines showed them to be too genetically variable to confidently assign alleles. To mitigate 

the genetic variability limiting our confidence to assign alleles in hybrids, we decided to 

take an inbreeding approach to reduce variation and fix as many alleles as possible. 

Following twenty generations of inbreeding, we successfully generated lines with a high 

number of fixed alleles in each selection treatment and line (Figure 3.1). This high level 

of fixed alleles lends itself well to ASE analysis where the parents of individuals being 

tested are unavailable for sequencing as transcript alleles can be measured against the 

inbred library.  In order for these alleles to be useful in ASE, the alleles must be present 

in the mRNA. Coverage at expressed loci (exons and UTRs) was high in the genomic  
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Table 3.2 Summary of method used to determine dominance relationship in gene expression. These are the same parameters used 

in the McManus et al 2010. 

 

 

Hybrid Gene 

Expression > Fast 

Hybrid Gene 

Expression < Fast 

Hybrid Gene 

Expression > Slow 

Hybrid Gene 

Expression < Slow 

Mode of 

Inheritance 

No No No No Conserved 

Yes No No No Slow Dominant 

No No Yes No Fast Dominant 

Yes No Yes No Over Dominant 

No Yes No Yes Under Dominant 

Yes No No Yes Additive 

No Yes Yes No Additive 
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Figure 3.1 Minor allele frequency of inbred genomes generated from stock Fast 1/3 

and Slow 1/3. After 20 generations of inbreeding, nearly all alleles are fixed in all lines. 
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Figure 3.2 Distribution of coverage within genes of inbred lines. Average base 

coverage within a gene for the different inbred lines was generally high allowing for 

confident reference and SNP calls. The number of genes with low-depth coverage (all 

bases < 10 reads within a gene) was quite low in all libraries. 
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libraries allowing for confident assignment of fast and slow alleles in the transcriptome 

data (Figure 3.2). Only a small number of genes had too low coverage that SNPs couldn’t  

be confidently assigned to any parental lineage. The remaining genes did not possess any 

SNPs differentiating Fast and Slow alleles. 

A summary of the number of SNPs from each inbred genome can be seen in 

Figure 3.3. In total, there is sufficient genomic differentiation in both replicates that we 

can confidently assign ASE for over half the estimated ~17,000 genes in the D. 

melanogaster genome. The distribution of SNPs that differentiate Fast and Slow is not 

uniform across the genome (Figure 3.S1).  This pattern is very consistent across both 

replicates. The strong enrichment of upstream and downstream loci differentiating Fast 

and Slow loci is consistent with gene expression evolution governing differentiation of 

Fast and Slow in addition to coding variants. 

When aligning genomic data, reads containing variants can be scored as a 

sequencing errors since they differ from the reference genome. In a hybrid transcriptome, 

this would make one biased towards detecting a reference allele. There is no biological 

reason a reference allele should be expressed at a greater frequency than a true variant. 

Furthermore, we expect most genes not to be biased in their allelic expression. Therefore, 

we should expect an average reference allele bias of 50% across the genome. A gene 

possessing a greater number of reference alleles would be more at risk for such artifacts 

as the greater number of SNPs would increase the likelihood of a read being assigned as a 

sequencing error. Overall there are a small number of mutations per gene. Though there 

are many which have >10 mutations in expressed parts of the gene (Figure 3.4 A/B). In 

both replicates, the SNP-level reference allele bias from the hybrid transcriptomes is  
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Figure 3.3 Venn diagram shows the number of SNP calls in the inbred genomes. Venn diagram shows the number of SNP calls in the 

inbred genomes. Below indicates the number of loci where we can confidently assign ASE in Fast/Slow hybrids.  
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A) 

 
B) 

 
C) 

 
D) 

 
Figure 3.S1 Uneven distribution of SNPs across the genome of all libraries (A: Fast 

1, B: Slow 1, C: Fast 3, D: Slow 3). There is a remarkable consistency in the genomic 

localization of these SNPs across replicates. 
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Figure 3.4 Summary of quality of RNA-seq alignment in hybrids. Expression portion 

of most genes in replicate 1 (A) and replicate 2 (B) have a small number of mutations. 
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While there is a large distribution of SNP-level (C) and gene-level (D) reference bias in 

both replicates, the mode hovers at 0.5 suggesting no systematic preference against SNPs. 

This effect was not dependent on the number of mutations present in expression regions 

of a gene (E). Note: HybA1C1 = Hybrids between Fast1 and Slow1, HybA3C3 = Hybrids 

between Fast3 and Slow3. 
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exactly what we would expect from both replicates: a wide distribution with a strong 

mode at ~ 50% (Figure 3.4C). This suggests the sequencing run was confidently able to  

assign variants in the hybrid transcriptome libraries and reads were not penalized for 

harboring variants. This is further highlighted when averaged across at the gene level 

(Figure 3.4D). The number of SNPs per gene did not influence the reference allele bias 

(Figure 3.4E). Taken together, these results show that variants did not have an obvious 

negative effect on assigning allele-specific expression, allowing us to confidently assign 

allelic bias in our hybrid transcriptomes. 

Across both hybrid transcriptomes, 1624 genes showed significant cis-regulatory 

divergence. 746 genes were significantly cis-diverged in Fast1/Slow1 hybrids and 878 

genes were significantly cis-diverged in Fast3/Slow3 hybrids with 258 of those genes 

being significantly cis-diverged in both replicates. There was a significant correlation in 

extent of ASE across both replicates for all genes (Figure 3.5A) and for those with a 

significant difference in ASE (Figure 3.5B). Interestingly, this shows that allelic bias in 

expression for genes tended to evolve the same manner in both replicates. Of the 258 

genes with significant cis-divergence in both replicates, the majority (169) of them show 

allelic bias in the same direction. These genes are candidates for regulatory divergence 

leading to differences in development time. There was no significant enrichment of 

particular gene ontology categories amongst those 169 genes. Of the 169, only a small 

subset have been connected in any way to phenotypes of growth or development time 

(Adgf-A, bun, shd, Cpr67B, Cpr67Fa2, Eip55E, Hr96, Rps17, and Wbp2).  

Comparing the divergence in expression across two treatments and with the extent 

of allelic bias in hybrids can provide insight into the evolutionary path of a gene’s  
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A      B 

 

              
 

Figure 3.5 Correlation in allelic bias between the two replicates in this study. A) 

shows the results for all genes. B) shows the results only for the genes for which there 

was a significant allelic bias. 
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Figure 3.6 Genomic landscape of regulatory evolution in Fast and Slow. Each dot in 

the scatter plots are the values for a single gene. If that gene is found in both replicates, 

the dot represents an average from the two replicates. The bar graph shows the fraction of 

genes within a particular category as a fraction of the total genes for which we were 

capable of detecting ASE. See Figure 3.S2 and Figure 3.S3 for the individual replicates. 
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Figure 3.S2 Genomic landscape of regulatory evolution in Fast1 and Slow1. Each dot 

in the scatter plots are the values for a single gene. The bar graph shows the fraction of 

genes within a particular category as a fraction of the total genes for which we were 

capable of detecting ASE. Note: HybA1C1 = Hybrids between Fast1 and Slow1. 
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Figure 3.S3 Genomic landscape of regulatory evolution in Fast3 and Slow3. Each dot 

in the scatter plots are the values for a single gene. The bar graph shows the fraction of 

genes within a particular category as a fraction of the total genes for which we were 

capable of detecting ASE. Note: HybA3C3 = Hybrids between Fast3 and Slow3. 
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expression. Our key results are highlighted in Figure 3.6. Most genes for which we were 

capable of detecting ASE showed a conserved pattern of expression during third instar.  

The most striking finding is that most of the genes showed an evolutionary pattern of 

divergence consistent with trans-regulatory divergence. This was not only true of 

combined replicates, but true of the individual replicates as well (Figure 3.S2/3.S3). 

There is an astonishingly high similarity amongst both replicates despite the low number 

of genes shared among them for which ASE can be determined. Overall, these results 

suggest that trans-regulatory control is the primary mechanism by which genes have 

evolved differences in expression between Fast and Slow. 

In addition to measuring allelic bias, we also measured inheritance of gene 

expression patterns in hybrids of Fast and Slow. We found that most genes are conserved 

in their expression pattern between Fast and Slow (Figure 3.7). One of the more 

surprising findings is that, in both replicates, there were substantially more genes with a 

Slow dominance expression pattern (Figure 3.7). This is surprising as there is no obvious 

biological reason hybrids should more closely resemble the expression patterns seen in a 

particular parental treatment. Very few genes exhibited a pattern of Fast dominance, 

additive inheritance, underdominance or overdominance.  

 

3.5 Discussion 

Divergence in gene regulation is believed to be a primary driver of phenotypic 

differences among populations and species. In general, cis-regulatory element (CRE) and 

trans-regulatory factor (TRF) evolution dominates the genomic landscape of regulatory 

divergence in interspecific and intraspecific comparisons respectively (Wittkopp et al.  
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Figure 3.7 Dominance relationship in expression level of Fast and Slow alleles in 

Hybrids. As mentioned earlier, the assignment of a gene into different dominance classes 

is based on McManus et al. 2010. In brief, the assignment is based on the expression 

level of a gene compared to both Fast, Slow and Hybrid. 
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2004; McManus et al. 2010). In this study, we analyzed mechanisms of gene regulatory 

evolution in divergently selected D. melanogaster populations. Experimentally evolved 

lines are well suited to studies on genomic evolution due to the strength, rigidity and 

consistency of selection. Furthermore, they allow for controlled replication of evolution 

and a known time since divergence. The selection treatments explored herein are 

extraordinary in that they have these characteristics as well as nearly three decades of 

sustained selection, resulting in over 1300 generations of independent evolution between 

replicate pairs. Here we show that the majority of genes with differential expression 

between replicated selection treatments are the result of evolution at TRFs.  

CREs are believed to dominate the landscape of inter-specific regulatory 

evolution since they can vary with limited pleiotropic effect (Wittkopp et al. 2004, 

Wittkopp et al. 2008). Spontaneous mutations in a CRE may have only temporally- or 

spatially-specific effects on a gene’s expression. The importance of CREs in the 

evolution of morphology during development is especially relevant due to the frequent 

repurposing of molecular pathways (Carroll 2008). However, intraspecific studies of gene 

expression evolution show TRFs contribute to a greater fraction of gene expression 

differences than CREs. To the best of our knowledge, all studies investigating genomic 

patterns of gene expression evolution on microevolutionary timescales are focussed on 

adults. Given that the measurements of ASE in this study were taken during 

development, it is somewhat surprising that CRE variation contributed so little, and TRF 

so much, to differential gene expression in both independently evolved replicate pairs.  

Several studies have investigated whether cis- or trans-regulatory mechanisms 

dominate the landscape of intra- and inter-specific differences in gene expression. 
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Generally, these studies show that intraspecifc differences in gene expression result more 

often by trans-regulatory variation (eg. Signor et al. 2018). The main reason for this is 

believed to be that, for a given gene, there is a much larger mutational target size for 

TRFs than for CREs (as high as 256-301X larger in TRFs than CREs for yeast; Metzger 

et al. 2016). Consistent with this finding, Fast and Slow flies had a much higher fraction 

of genes which evolved via trans-regulatory mechanisms alone. However, gene 

expression during development is predicted to evolve via changes in cis- more often than 

trans-regulatory mechanisms (Carroll 2005). This is believed to be due to the pleiotropic 

cost associated with TRF variants which have many potential downstream targets during 

development. Therefore, it is somewhat surprising there were not more genes which had 

evolved via cis-regulatory mechanisms.   

Surprisingly there were far more genes that evolved Slow dominance expression 

pattern than any other mechanism of regulatory divergence. It is currently unclear why 

this pattern of expression dominance may have occurred so prominently in both 

independently evolved replicates. Since hybrids were produced in only one direction of 

crosses (Slow males x Fast females) it is possible that the results of this experiment could 

be explained as parent-of-origin (PO) effects on gene expression. However, there have 

been no convincing cases suggesting parent-of-origin effects on a genomic scale. The 

most extensive study conducted on this to date in Drosophila showed that transcriptional 

noise can produce PO-like effects, but these are masked when controlling for false 

positives (Coolon et al. 2012). Therefore, it is likely these results are not confounded by 

PO-like effects on expression patterns. The surplus of Slow dominant genes is consistent 

with an abundance of recessive, low-frequency TRF variants in the ancestral Slow 
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selection treatment which confer rapid development, reduced body size or other fitness 

advantage under selection for a shortened generation time, but are otherwise detrimental 

under prolonged generation time. Such variation could provide the raw material for the 

rapid evolution and increase in frequency of these variants under the strong Fast selection 

protocol. 

Quantifying ASE in independently evolved replicates can be a useful step to 

determining the targets of selection and the molecular underpinnings of developmental 

evolution. Genes that evolve differences in expression through similar means (cis vs. 

trans) in isolated replicates are good candidates to further explore the evolution of 

development through changes in gene regulation. To that end, I found a positive 

correlation in cis-regulatory effects on gene expression between independently evolved 

replicates, consistent with a pattern of convergent evolution. However, there were no 

significantly enriched ontological pathways among the genes with a correlated cis-

regulatory evolution pattern. This lends further support to the predominance of evolution 

at trans-regulatory factors between developing Fast and Slow larvae. 

Studies using ASE to evaluate evolutionary history of gene expression in animals 

have typically only looked at adult traits. This study represents the first evaluation of 

mechanisms of regulatory divergence during development. Studies on developmental 

traits are important and have been recognized as a gap in the understanding of regulatory 

divergence as evolutionary dynamics may differ throughout ontogeny (McManus et al. 

2010). I specifically focused on 3rd instar larvae which was previously shown (chapter 2) 

to be the stage of greatest difference in duration between Fast and Slow selection 

treatments. In this chapter, I show that variation in TRFs underlies more regulatory 
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divergence than CREs during development. This confirms previous studies that 

intraspecific differences in gene expression are the result of changes in TRFs even during 

development. 
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Chapter 4 

Evolution of the molecular stress response in Drosophila melanogaster 

4.1 Abstract 

For most organisms, the ability to respond to stressful and changing environments 

is essential for survival and Darwinian fitness. One might expect species with a high “rate 

of living” – typically smaller and faster growing species – to also be quicker in up-

regulating stress-mitigating pathways.  In this study, we address whether there is such a 

relationship between rate of living and cellular response to stress using populations of 

Drosophila melanogaster which have been selected for highly divergent ages of 

reproduction for over 1000 generations.  One selection treatment, here designated “Fast” 

for simplicity, goes through a complete generation every 9 days, while its “Slow” 

counterpart reproduces every four weeks; each treatment has five-fold replication at the 

population level. In response to selection, Fast and Slow flies now differ markedly in 

many traits. Fast flies develop in seven days, compared to 9 – 10 days for Slow. Fast flies 

are also smaller-bodied at reproductive maturity. To investigate the relationship between 

stress response and rate of living, flies from both selection treatments were exposed to 

temperatures known to up-regulate heat shock proteins (HSPs).  We predicted that, due to 

their higher rate of living, Fast flies would have a higher baseline HSP expression level, 

as well as a higher HSP expression in response to heat-shock. To measure the extent of 

heat shock response, we exposed flies to heat-shock (37 ºC for 1 hour). We then 

measured gene expression of several HSPs using qRT-PCR. We found that, at baseline, 

Fast flies had a generally similar HSP expression pattern to Slow flies with only hsp26 

and hsp70 differing in their expression level. However, following heat-shock, ½ of the 
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genes showed a difference in expression between Fast and Slow. Furthermore, the pattern 

of HSP expression in Fast and Slow flies appears consistent with contingent evolution 

where ancestry having a larger impact on HSP expression profile than selection 

treatment. Overall, our results show no evidence that rate of living had an impact on the 

overall HSP expression profile in Fast and Slow. 

 

4.2 Introduction 

Organisms frequently experience changes in environmental conditions. Stressful 

environmental fluctuations can result in harmful physiological changes at the cellular 

level, such as irregular protein conformation, chromatin degradation, altered membrane 

fluidity and production of reactive oxygen species (ROS). When sufficient cellular 

damage is detected, stress-response pathways that mitigate further damage are up-

regulated (reviewed in Richter et al. 2010). Since stressful environments can be regularly 

encountered, an organism’s ability to up-regulate these stress response pathways is 

essential for proper development, fertility and longevity. Thermal stress is a particular 

challenge many organisms frequently encounter throughout their life cycle. All 

organisms have an optimal thermal range at which they can exist without experiencing 

physiological stress. Exposure to temperatures outside of this optimal thermal range can 

induce cellular damage (Jolly and Morimoto 2000 and Verghese et al. 2012). Phenotypic 

plasticity in the face of such variable temperatures is essential for organismal survival 

and achieving Darwinian fitness. 

To combat the effects of thermal stress, many species possess a highly conserved 

pathway known as the heat-shock response (Richter et al. 2010). The genes involved in 
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the response to high temperature stress are appropriately called the heat-shock proteins 

(HSPs). Some HSPs are induced in response to thermal stress while others are 

constitutive in expression (Schlesinger 1990, Morimoto 1996, Heikkila 2010, Roncarati 

and Scarlato 2017, Garbuz 2017). HSPs are molecular chaperones expressed in all 

kingdoms of life and contain some of the most highly conserved protein sequences of any 

genes (Schlesinger 1990). The increase in some HSPs in response to heat (such as hsp70) 

represents the most pronounced gene activation known. In the case of HSP70 protein in 

Drosophila melanogaster, exposure to thermal stress can increase protein levels by as 

much as 1000x on very short time-scales (Vlazquez et al. 1983). In Drosophila, the rapid 

induction of hsp70 transcription is achieved in two ways. First, the genomic regions 

corresponding to HSP cis-regulatory elements is decondensed, facilitating binding of 

RNA polymerase and necessary transcription factors (Duarte et al. 2016, Vihervaara et al. 

2013, Guertin and Lis 2010). Second, in the case of hsp70, RNA-polymerase is present 

and paused at the promoter, ready for immediate up-regulation in response to heat shock 

(Fuda et al. 2015). 

Not all HSPs are inducible. Some, such as hsc70 in D. melanogaster, are 

expressed constitutively, providing a basal level of heat tolerance or serving to induce 

other HSPs (Bettencourt et al. 2008). Why some HSPs have evolved to be reactive to 

stress while others are constitutive is not entirely clear. Why haven’t some organisms 

evolved a molecular wall of constant defense against regularly encountered stressors? It 

could be that there exists a trade-off between constitutive expression of inducible genes 

and other fitness-related traits. In Drosophila, constitutive expression of a typically 

induced stress-response gene leads to reduced fecundity in females (Silberman and Tatar 
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2000). Furthermore, the energetic cost of constant gene expression could be greater than 

condition-specific activation (Hoekstra and Montooth 2013).  

Organisms with a more rapid life-cycle may be under heightened selective 

pressure to respond to stressful environments as delays in response represent a larger 

fraction of their lifespan. Species with more rapid development time may have an overall 

higher level of cellular stress, and therefore higher expression of stress response 

pathways, at baseline (Merry 1995, Chippindale et al. 1997, Cichon 1997, Morgen et al. 

2000, Jennings et al. 2000, Rollo 2002, Metcalfe and Monaghan 2003). From a 

mechanistic perspective, this may manifest in maintaining higher levels of constitutive 

pathways in animals that grow faster. Here, we explore whether a consequence of 

divergent selection in life-cycle duration is divergent HSP activation.  

Tradeoffs between evolution of HSPs and interactions with development have 

been shown in many studies (e.g. Krebs and Feder 1997, Krebs and Feder 1998, Sørenson 

and Loeschcke 2004). Laboratory selection experiments have proven particularly useful 

in understanding the flexibility in HSP expression over evolutionary time and the trade-

off between stress tolerance or HSP expression and life-history traits (Chippindale et al. 

1998, Loeschcke and Krebs 1996, Djawdan et al. 1998, Bettencourt et al. 1999, Lerman 

and Feder 2001, Bubliy and Loeschcke 2005, Chen et al. 2007). In one study, D. 

melanogaster selected under exposure to slightly elevated but “non-stressful” 

temperatures evolved rapid development time and reduction in larval hsp70 gene (~40%) 

expression following heat-shock and slightly lower overall tolerance to heat-shock 

(Bettencourt et al. 1999). Furthermore, artificially elevated levels of hsp70 gene 

expression reduces development time and overall survival (Krebs and Feder 1997). The 
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authors argued that the cost of delayed development time coupled with evolution at non-

stressful temperatures would favour the evolution of lower overall hsp70 expression. 

Selection upon generation time can also impact HSP expression. In an experiment using 

flies related to those used in this chapter, selection for longer generation time slowed 

development and lowered levels of hsp26 compared to flies selected for a more rapid 

generation time (Chen et al. 2007). The lower level of hsp26 expression was the result of 

a p-element insertion in the promoter region. Transgenic flies homozygous for the p-

element insertion upstream of hsp26 also develop at a rate similar to the flies selected for 

increased generation time. The authors argue that the difference in frequency of the p-

element insertion and its association with development time is consistent with a history of 

selection at the hsp26 locus. 

Here we examine the transcriptional response of several HSPs to heat shock in 

Drosophila melanogaster lines divergently selected for generation time. The selection 

treatments used are the same as the ones used in Alpern and Chippindale (2020). In brief, 

Slow flies have been selected for late-life fertility and slower development time for over 

300 generations while Fast flies have been selected for early-life fertility and rapid 

development for over 1000 generations. In response to selection, Fast flies develop ~30% 

faster than Slow flies. We ask if selection for rate of living impinges upon the role or 

regulation of HSPs, expecting to see that Fast animals will have higher constitutive HSP 

expression, and greater response to thermal stress.    

 

4.3 Methods 

4.3.1 Fly rearing 
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The Fast and Slow system used herein have been diverging for over 1000 

generations of laboratory selection. Flies are selected for early life fertility and rapid 

development by enforcing a 9-day, non-overlapping generation time. Divergent flies 

selected for late-life fertility and slower development by enforcing a 28-day, non-

overlapping generation time. Refer to Alpern and Chippindale 2020 for an in-depth 

description of the rearing conditions of both selection treatments.  

 

4.3.2 Heat shock exposure 

Prior to heat-shock, 9-days after eclosion, flies from a single vial of a selection 

treatment were anaesthetized with CO2 and separated by sex. Males were discarded, and 

females were transferred in groups of 5 to 1.5mL Eppendorf tubes. Females were 

specifically chosen due to the known sex-specific expression pattern of certain HSPs 

(Palter et al. 1986, Dahlgaard et al. 1998, Folk et al. 2006). A piece of filter paper was cut 

into rectangles roughly 1mm x 0.5mm and soaked in distilled water. One cut piece of 

moistened filter paper was added to each Eppendorf tube containing anaesthetized flies to 

provide a water source. The tube was then plugged with a piece of cotton to allow airflow 

within the tube. Tubes containing female flies were then placed in an incubator at 25 °C 

for 1 hour to acclimate to their environment. After 1 hour, all flies from both the heat 

shock and control were removed from the incubator. The tubes designated for heat shock 

were then transferred to a water bath at 37 °C. Control flies were left at room 

temperature. The temperature of the room was recorded with a thermometer at 22 °C. To 

eliminate batch effects, heat shock was applied to flies from all selection treatments 

simultaneously.  
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Preliminary time-course experiments (Figure 4.1) were conducted on Fast and 

Slow flies from lines 1 and 3 to determine the rate at which mRNA accumulated in 

response to heat stress. All samples were then transferred to a freezer at -80 °C until RNA 

extraction. 

Samples were taken prior to treatment (0 min) then at times ranging from 2 min to 

60 min. There was no difference in the kinetics of mRNA accumulation between lines, 

with maximal levels seen over the range of 30 min to 60 min. Consequently, subsequent 

experiments compared pre-treatment to 60 min treatment at 37 ºC.   

 

4.3.3 RNA extraction, cDNA synthesis and qPCR 

RNA was extracted from frozen samples in 500 µL Trizol following 

manufacturers recommendations. Samples were checked for quality and concentration on 

a NanoDrop and stored at -80 °C until cDNA synthesis. cDNA synthesis was performed 

with 1250 ng of RNA following manufacturers specifications, including a DNase 

treatment of using 1 unit of DNase1 for 30 min at 37 ºC. Following DNase treatment, the 

cDNA was diluted 5-fold for qPCR analysis. qPCR was performed on a Bio-Rad CFX96 

using the Luna qPCR Master Mix (New England BioLabs) following manufacturer 

recommendations for 25 µL reactions. Each reaction included 10 uM primers and 5 ul 

cDNA. Negative control reactions (no RT step) showed no amplification of product.   

Several different HSPs (both induced and constitutive) were selected for 

measurement in this study. The primers used in this study are shown in Table 1. Melt 

curves demonstrated single peaks for all primer pairs. Each primer pair resulted in the 

expected amplification efficiency, assessed by using 10-fold dilutions, from 1:1 to 
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Figure 4.1 Expression time-course of hsp70 mRNA of flies exposed to heat stress (35 

ºC) for different lengths of time. Expression levels (y-axis) are calculated as a fraction 

of max relative expression level for a given selection treatment and replicate line. All 

expression data was collected as ΔCT normalized to housekeeping genes as described in 

the methods. 
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Table 4.1 Primer sequences used for qPCR 

 

Gene Fwd/Rev Primer Sequence (5’- 3’) 

actin 
Fwd GCGTCGGTCAATTCAATCTT 

Rev AAGCTGCAACCTCTTCGTCA 

Ef1 
Fwd GCGTGGGTTTGTGATCAGTT 

Rev GATCTTCTCCTTGCCCATCC 

tubulin 
Fwd TGTCGCGTGTGAAACACTTC 

Rev AGCAGGCGTTTCCAATCTG 

hsp22 
Fwd GCCTCTCCTCGCCCTTTCAC 

Rev TCCTCGGTAGCGCCACACTC 

hsp23 
Fwd GGTGCCCTTCTATGAGCCCTACTAC 

Rev CCATCCTTTCCGATTTTCGACAC 

hsp26 
Fwd GTCACATCATGCGCCACTTTG 

Rev TTGTAGCCATCGGGAACCTTGTAG 

hsp27 
Fwd GGCCACCACAATCAAATGTCAC 

Rev CTCCTCGTGCTTCCCCTCTACC 

hsp40 
Fwd GAGATCATCAAGCCCACCACAAC 

Rev CGGGAAACTTAATGTCGAAGGAGAC 

hsp60 
Fwd ACATCTCGCCGTACTTCATCAACTC 

Rev GGAGGAGGGCATCTTGGAACTC 

hsp70 
Fwd TCGATGGTACTGACCAAGATGAAGG 

Rev GAGTCGTTGAAGTAGGCTGGAACTG 

hsc70 
Fwd TGCTGGATGTCACTCCTCTGTCTC 

Rev TGGGTATGGTGGTGTTCCTCTTAATC 
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1:10000.  The geometric mean of 3 house-keeping genes were used to standardize the 

expression of the measured genes (actin, EF1 and tubulin).  Reactions were run in 

triplicate.  

4.4 Results 

In this study, we were interested in two main questions. Firstly, do flies selected 

for more rapid development have a higher baseline expression level of stress response 

genes? Secondly, do flies selected for more rapid development have a higher level of 

gene expression after exposure to a stressor? 

4.4.1 Basal HSP gene expression 

Our first question sought to address if the lines differed in baseline expression of 

HSPs, including both induced and constitutive isoforms.  There was mRNA detected 

across all evolved replicates at normal growth temperatures (Figure 4.2). Only two genes 

showed a significant difference in expression at baseline between Fast and Slow: hsp26 

and hsp70 (Table 2). For both of these genes, replicate lines trended towards higher 

expression in Fast flies (Figure 4.2/4.3). Half of the genes measured showed a significant 

difference among replicate lines (hsp40, hsp60, hsp70, hsc70; Table 4.2) suggesting the 

expression of these genes may be contingent at least somewhat based on evolutionary 

lineage (Table 4.2, Figure 4.2/4.3). Only hsc70 showed a significant interaction between 

selection treatment and line, though it should be noted that hsp23 was marginally not 

significant (Table 4.2). Taken together, these results suggest there is either a small or no 

difference in HSP expression at baseline for most genes. 
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Figure 4.2 Normalized expression of HSP genes across selection treatments and evolved replicates in baseline (untreated) flies. 
Each graph represents the results for a different gene. Plot is faceted by replicate line. The data are expressed relative to the geometric 
mean of the three housekeeping genes. Reported are adjusted p-values from Tukey’s post-hoc test. 
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Figure 4.3 Difference in expression of different HSP genes at baseline (non-stressed). 
Values are expressed as Log-fold change Fast vs. Slow flies. 
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Table 4.2 Results of ANOVA for each gene comparing expression by selection treatment, replicate line, and the interaction 
between selection treatment and replicate line. 
 

Gene Baseline / Heat 
Shock 

Term Mean Sum of 
Squares 

F P DF 

hsp22 

Baseline 

Selection Treatment 0.006 3.211 0.09 1 
Replicate Line 0.002 1.259 0.308 2 

Selection Treatment x 
Replicate Line 0.003 1.690 0.212 2 

Heat Shock 

Selection Treatment 1.855 22.207 <0.001 1 
Replicate Line 0.901 10.788 <0.001 2 

Selection Treatment x 
Replicate Line 0.117 1.398 0.273 2 

hsp23 

Baseline 

Selection Treatment 3.006x10-5 0.630 0.438 1 
Replicate Line 8.845x10-5 1.854 0.185 2 

Selection Treatment x 
Replicate Line 1.683x10-5 3.528 0.051 2 

Heat Shock 

Selection Treatment 0.859 11.23 <0.01 1 
Replicate Line 1.783 23.31 <0.001 2 

Selection Treatment x 
Replicate Line 0.457 5.98 <0.05 2 

hsp26 

Baseline 

Selection Treatment 1.227 17.359 <0.001 1 
Replicate Line 0.126 1.777 0.199 2 

Selection Treatment x 
Replicate Line 0.106 1.494 0.252 2 

Heat Shock 

Selection Treatment 8.014 4.11 0.059 1 
Replicate Line 0.194 0.1 0.906 2 

Selection Treatment x 
Replicate Line 1.507 0.773 0.477 2 
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Gene Baseline / Heat 
Shock 

Term Mean Sum of 
Squares 

F P DF 

hsp27 

Baseline 

Selection Treatment 0.004 0.272 0.608 1 
Replicate Line 0.022 1.415 0.267 2 

Selection Treatment x 
Replicate Line 0.042 2.764 0.088 2 

Heat Shock 

Selection Treatment <0.0001 <0.0001 0.986 1 
Replicate Line 8.311 11.452 <0.001 2 

Selection Treatment x 
Replicate Line 5 6.884 <0.01 2 

hsp40 

Baseline 

Selection Treatment 0.061 0.405 0.532 1 
Replicate Line 0.772 5.095 <0.05 2 

Selection Treatment x 
Replicate Line 0.249 1.644 0.217 2 

Heat Shock 

Selection Treatment 9.264 0.797 0.383 1 
Replicate Line 25.381 2.183 0.14 2 

Selection Treatment x 
Replicate Line 14.971 1.288 0.299 2 

hsp60 

Baseline 

Selection Treatment 6.5x10-5 0.018 0.893 1 
Replicate Line 0.018 5.115 <0.05 2 

Selection Treatment x 
Replicate Line 0.006 1.717 0.208 2 

Heat Shock 

Selection Treatment 9.13x10-4 0.256 0.619 1 
Replicate Line 0.01 2.787 0.088 2 

Selection Treatment x 
Replicate Line 2.66x10-4 0.075 0.928 2 
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Gene Baseline / Heat 
Shock 

Term Mean Sum of 
Squares 

F P DF 

hsp70 

Baseline 

Selection Treatment 1.279 13.821 <0.05 1 
Replicate Line 0.946 10.222 <0.001 2 

Selection Treatment x 
Replicate Line 0.325 3.516 0.05 2 

Heat Shock 

Selection Treatment 6544 18.442 <0.001 1 
Replicate Line 7887 22.227 <0.001 2 

Selection Treatment x 
Replicate Line 2223 6.264 <0.05 2 

hsc70 

Baseline 

Selection Treatment 0.008 1.992 0.174 1 
Replicate Line 0.015 3.625 <0.05 2 

Selection Treatment x 
Replicate Line 0.021 4.982 <0.05 2 

Heat Shock 

Selection Treatment 0.018 32.011 <0.001 1 
Replicate Line 0.005 8.555 <0.01 2 

Selection Treatment x 
Replicate Line 3.15x10-4 0.572 0.574 2 



 

 

 

102 

 

4.4.2 Heat Shock Gene Expression 

Our second question was to identify if Fast and Slow flies differed in their 

expression following exposure to heat shock. Half of the genes measured (4/8) showed a 

significant effect of selection treatment on expression following heat shock (hsp22, 

hsp23, hsp70, and hsc70; Table 4.2). For hsp22 and hsc70, all replicate lines trended 

towards higher expression in Slow flies, though not all pairwise comparisons were 

statistically significant (Figure 4.4/4.5). hsc70, a constitutively expressed gene which did 

not have a significant effect of selection treatment at baseline, is among those with a 

difference between selection treatments following heat shock. This unexpected finding 

suggests that exposure to heat shock in some way impacted the expression of this 

constitutively expressed HSP. Similarly to baseline, many genes showed a significant 

effect of replicate line on expression following exposure to heat shock (hsp22, hsp23, 

hsp27, hsp70, hsc70; Table 4.2). This further shows how the expression of many HSPs 

may be contingent upon evolutionary lineage both at baseline and following exposure to 

heat shock. Lastly there were 3 genes where the interaction between selection line and 

replicate significantly impacted expression (hsp23, hsp27 and hsp70; Table 4.2). Taken 

together, these results show that following heat shock, many genes are expressed 

differently between Fast and Slow. 

4.4.3 Induction of gene expression 

As expected, many HSPs were induced following exposure to heat-shock (hsp22, 

hsp23, hsp26, hsp27, hsp40 and hsp70; Figure 4.6). There was substantial variation  
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Figure 4.4 Normalized expression of HSP genes across selection treatments and evolved replicates in heat-shocked (stressed) 

flies. Reported are adjusted p-values for pairwise comparisons between divergently evolved pairs. 
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Figure 4.5 Difference in expression of different HSP genes in heat-shocked (stressed) 

flies. Values are expressed as Log-fold change Fast vs. Slow flies. 
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Figure 4.6 Induction of heat-shocked genes (expression at heat-shock / expression at 

baseline) across different selection treatments and replicates. Induction is calculated 

as relative expression following heat shock divided by relative expression at baseline. 
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across evolved replicates for the magnitude of gene induction following heat-shock. For 

instance, small HSPs hsp22 and hsp23 had 150 and 300-fold levels of induction 

respectively in Slow3 while only ~10-fold levels of induction in Slow1. Only two genes 

showed a consistent pattern of induction across all replicates: both hsp70 and hsp26 were 

induced at higher levels in Slow replicates. Both of these genes were trending towards 

lower expression in Slow replicates at baseline, though they were not significantly 

differentially expressed in all replicates. Only hsc70 and hsp60 were not induced at high 

levels in either Fast or Slow flies, suggesting they act as constitutive stress-response 

genes under these conditions. 

4.4.4 Evolution of HSP expression 

While the evolution of gene expression can act at the individual gene level, it may 

also act at the pathway level. To that end, I compared the expression profile of all HSPs 

in Fast and Slow replicates. At baseline, there was no clear clustering of either selection 

treatment or replicate line (Figure 4.7). For example, Fast5 clustered with Slow5, 

suggesting there is similarity in their expression profile at baseline; however, Slow3 

clustered with Slow1, suggesting selection treatment had an impact on their expression.  

When looking at the expression profile following heat-shock, the HSP expression profile 

of Fast1/Slow1 and Fast3/Slow3 represented similarly clustered expression profiles 

(Figure 4.7). This result is consistent with a pattern of contingency in evolution of gene 

expression, where lineage has a stronger signal than selection treatment. 
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Figure 4.7 Heatmap of z-normalized expression of HSPs at baseline (A) and 

following heat-shock (B) across Fast and Slow replicates. Expression values are 

column-normalized for ease of comparison. Both column and row dendrograms highlight 

similarity in expression profile by Euclidian distance. Column dendrograms show pattern 

of distance of expression profile among genes across replicates. Row dendrograms show 

pattern of distance among selection treatment expression profile for all genes. 
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4.5 Discussion 

An organism’s ability to mitigate stressful environmental fluctuations is essential 

for survival. The Drosophila heat-shock response is comprised of several highly 

conserved genes that are both constitutively expressed and up-regulate in response to 

heat-stress. Here, we measured the molecular heat-shock response in two Drosophila 

selection treatments, selected for divergent life-history traits for over 1000 cumulative 

generations. Many of the deleterious cellular effects associated with senescence are the 

same as those that occur during exposure to stress. As a result, there is overlap in the 

pathways involved in mitigating senescence and stress response. Furthermore, 

constitutively higher expression level of stress-response pathways is associated with 

increased longevity (Calderwood et al. 2009, Tower 2011).  

Given that Slow flies live much longer than Fast flies (Rose et al. 2002) and 

develop much quicker (Metcalfe & Monaghan 2002), we predicted Fast flies to express 

higher basal levels of HSPs. While most genes were not differentially expressed between 

Fast and Slow, two genes (hsp26 and hsp70) had a significant effect of selection 

treatment on expression level with all replicates trending towards higher expression in 

Fast flies than Slow flies at baseline. hsp70 and hsp26 are chaperones up-regulated 

generally in response to various stressors. hsp70 is perhaps the most evolutionarily 

conserved gene and is widely studied due to its involvement in stress response, cancer 

and ageing. Expression of hsp70 is associated with longevity (e.g. Tatar et al. 1997, 

Silberman & Tatar 2000, Wang et al. 2004). Additionally, hsp26 is part of the family of 

small HSPs. While its developmental function remains unknown, it is expressed during 

development and is embryonic-lethal if knocked out (Jagla et al. 2018). Furthermore, 
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unlike other stress-response genes, hsp26 expression does not increase in expression with 

fly age suggesting it may not be involved in the senescence-related stress response 

(Marin et al. 1993).  

Why are baseline levels of hsp26 and hsp70 gene expression in Fast higher than 

Slow in some replicates? It has been suggested that rapid development imposes a type of 

developmental and cellular instability not too dissimilar from the deleterious effects of 

stress (Metcalfe and Monaghan 2003, Møller 1999, Robinson and Wardrop 2002, de 

Block et al. 2008). For instance, heightened metabolism may be needed to facilitate rapid 

development, leading to faster accumulation of waste products like ROS. While there 

doesn’t appear to be a general syndrome of higher stress-response genes at baseline in 

Fast flies, it could be that as a consequence of faster development, Fast flies have had to 

express higher levels of certain stress response genes (such as hsp26 and hsp70) to cope 

with the physiological stress of faster development. Another possibility is adaptation to 

differences in environment during the life-cycle. Fast flies are housed at 25°C except for 

the ~2hr culture every generation where they are housed at uncontrolled room 

temperature. Slow flies are housed at 25°C for 2 weeks and then ~20°C for the following 

2 weeks. We believe this difference is not sufficient to explain the difference in hsp70 

and hsp26 in at least some replicates as neither 25°C nor 20°C is sufficient to induce the 

thermal stress response in Drosophila. Lastly, the possibility of selection-imposed stress 

cannot be ruled out as a possible cause of differential HSP expression.  

Previously, a study of a similar selection protocol using genetic cousins of those 

used in this study showed Slow-like flies had higher frequency of a p-element insertion 

(RsP26) than Fast-like flies in the promoter region of hsp26 (Chen et al. 2007). 
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Homozygous insertion of this p-element reduces hsp26 expression both at baseline and in 

response to heat shock. The authors showed that p-element mediated down-regulation of 

hsp26 was correlated with an increase in fecundity, explaining why it may exist in wild 

populations of Drosophila melanogaster. Furthermore, homozygous insertion of the p-

element produces a delay in development time and greater survival percentage in males 

(though curiously not in females), traits associated with the pattern of expression of Fast 

and Slow flies in this experiment and development time from Alpern and Chippindale 

(2020). Therefore, it is possible the same or a similar p-element is segregating in our 

populations. However, the authors also showed the inserted p-element resulted in lower 

hsp26 expression following heat-shock. In our experiment, Slow flies have equal or even 

greater expression of hsp26 than Fast flies following exposure to heat-shock, a finding 

not consistent with the p-element insertion. While I did not explore the presence or 

absence of p-elements within the promoter of any HSP in this study, the similarities in 

expression pattern to those previously found leaves open an interesting area of further 

research.  

In this study, we were also interested in determining if there exists a different 

response to heat shock following selection on life-history in Drosophila. Here I show that 

evolutionary history has a significant effect on HSP expression following heat shock for 

many genes (hsp22, hsp23, hsp70, hsc70). Of these genes, only hsp70 is significantly 

different between selection treatments at baseline. All genes with significant difference in 

expression following heat shock trended towards greater expression in Slow flies. This is 

consistent with Slow flies having evolved to induce these genes to greater levels than Fast 

following heat shock. In this study, I did not measure resistance to or tolerance of heat-
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shock. However, the results of a difference in expression of 4/8 HSPs suggests Slow may 

be better equipped to handle heat-shock than Fast. Why the evolution of molecular 

plasticity in response to heat-shock may evolve in one lineage but not others is unclear.  

In this experiment, we were interested in two key questions. Firstly, do flies 

which have been subjected to selection for more rapid development have higher baseline 

levels of stress response genes? We found two genes which have a difference between 

Fast and Slow flies (hsp26 and hsp70), suggesting selection on development time can 

lead to heightened levels of at least a few stress-response genes. Secondly, we wanted to 

know if flies selected for more rapid development have a higher expression of HSPs 

following exposure to heat stress. We show evidence that in response to heat-shock, some 

HSPs are induced to greater levels in Slow, leading to a significant difference in 

expression between Fast and Slow flies. Taken together, these results show how selection 

on life-history traits can influence the evolution of the stress response.  
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Chapter 5 

General Discussion 

 

If you were to go back in time and re-run the evolutionary history of an organism, 

how likely is it to produce the same outcome? Gould called this “re-winding the tape of 

life” in his book on the Burgess Shale. He argued that many organisms are in a delicate 

battle for survival. Sometimes a species perishes due to stochastic factors leading to 

extinction. Gould, therefore, suggests evolution is rarely a replicable, and therefore not a 

predictable process. However, in the wild, we see many cases of organisms evolving 

independently towards certain characteristics. Of great interest to evolutionary biologists 

are the conditions that facilitate such convergent or parallel evolution. Laboratory 

evolved populations, such as the ones used in this thesis, provide a great opportunity to 

study convergent evolution. Selection is consistent and applied across independently 

evolving replicates (lineages) for generations. 

Laboratory selection has greatly advanced our understanding of 

microevolutionary dynamics. Having control over many aspects of the environment have 

allowed scientists to study phenotypic evolution and the underlying genetics. In some 

cases, experimental evolution has also been applied to evo-devo questions. These include 

“how does selection on development time shape life history traits?” and “how does 

selection on life history traits shape development?” However, there seems to be a divide 

in the field of evo-devo between those that study phenotypic/genetic correlation 

following selection and those that seek to understand the molecular changes underlying 

developmental change. While there is more collaboration between the “hard-core” 
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molecular-developmental biologists and “traditional” evolutionary biologists, there 

remains both a technical and theoretical divide. This thesis addresses an interest of mine 

by attempting to fill that niche, blending new-school genetic mechanisms with an ancient 

on-going Drosophila selection experiment that has been studied for decades. 

Experimental evolution has been used to understand short-term evolutionary 

patterns for decades. Investigating macro-evolutionary patterns is challenging as it can 

take a long time to generate the experimental populations. The longest running 

experimental evolution experiment has been occurring in Richard Lenski’s E. coli lab 

(dubbed the long-term evolution experiment or LTEE), studying long-term evolution of 

nutrient limitation. E. coli are a convenient model system as they have extremely short 

generation time and ability to freeze and thaw samples as desired, providing a fantastic 

‘fossilized’ record of the evolutionary history.  

In animals (and plants), such long-term experiments are much more challenging 

due to practical limitations. For example, a generation in even short-lived animals like 

Drosophila can take weeks. But it certainly is worthwhile. For instance, E. coli are 

asexually reproducing organisms. While there exist mechanisms to transfer genetic 

material amongst bacterial cells, the main driver of genetic variation remains mutation. In 

contrast, animal sexual reproduction and recombination in addition to mutation provides 

a wide array of variation upon which selection can act. In a long-term selection 

experiment in animals, this may manifest as many different solutions to the same 

evolutionary problem as a greater number of unique genomic combinations can occur. In 

this thesis, I used a long-running and on-going laboratory selection experiment in animals 

by way of generation time. Selection has been on-going for over 1000 generations, 
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yielding insight into relatively long-term evolutionary patterns. On-going work in the lab 

has shown evidence for the evolution of mating preference among selection treatments, 

consistent with the early signs of speciation. 

The chapters contained within this thesis utilize this on-going selection 

experiment to show how selection on life-history traits has led to changes in gene 

expression. Selection for abbreviated generation time in Fast flies has led to a reduction 

in egg lay to adult development time of ~20% (chapter 2). Rapid development of Fast 

flies is associated with many changes at the transcriptome level, most notably to the 

ecdysone pathway. Divergence in trans regulatory factors appears to account for most 

differences in developmental gene expression, with only a small fraction being due to cis-

regulatory evolution (chapter 3). 

 

5.1 Convergent Evolution 

In this thesis I show that overall development time has evolved convergently across all 

Fast/Slow replicates (chapter 2). The amount of variation in development time among 

replicates was remarkably small, though each developmental stage did not shrink 

proportionately. The greatest change in relative duration was found in 3rd instar larvae 

with 2nd instar relative duration being the smallest. However, one replicate did not follow 

this pattern, suggesting not all independently evolved replicates have convergently 

evolved at the level of developmental stage duration.  

 Mutations in many genes within pathways that contribute to development time 

can have a similar phenotypic outcome. In chapter 3, I explored convergent molecular 

evolution of the developmental transcriptome between Fast and Slow flies by quantifying 
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allele-specific expression in Fast/Slow hybrids. At the gene level, there was a weak but 

significant positive correlation in the strength and direction of allelic bias in both 

replicates. This suggests that many genes in both replicates have evolved a similar 

expression pattern.  

 In chapter 4, I used a targeted approach to quantify expression of stress-response 

genes at baseline and following exposure to heat-shock. By measuring gene expression 

across several treatment replicates, it is possible to look for evidence of convergent 

molecular evolution in stress-response genes across different environments. I found that 

HSP expression showed evidence of similarity according to lineage (eg. Fast/Slow 1 were 

more similar than Fast1/Fast3) rather than by selection treatment. 

 The results from all three chapters show two consistent patterns. Firstly, there 

exists some evidence of convergent evolution among the independently evolved selection 

lines. Development time was markedly consistent among Fast and Slow replicates. The 

number of genes impacted by cis- and trans-regulatory mechanisms was very similar 

among replicates. Lastly, expression pattern of HSPs was correlated among some 

replicates. While these findings are consistent with convergent evolution, interpreting the 

exceptions to these patterns is challenging. For instance, in chapter 2, I identified one 

replicate Fast/Slow where L2 duration was not conserved and where L3 duration was not 

markedly different from the other stages. In chapter 3, many genes whose expression 

evolved via cis-regulatory evolution in one replicate had evolved via trans-regulatory 

evolution in the other. In chapter 4, there was large expression variation in HSPs, with 

some replicates having genes of higher expression in Fast, and others with higher 

expression in Slow.  
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Do these exceptions to convergent evolution represent novel solutions to selection 

much like the citrate metabolism in the E. coli LTEE? Or perhaps our understanding of 

the role of selection on life-history and the measured traits in each chapter isn’t fully 

clear. The work outlined in this thesis is a first step towards addressing the role of 

convergent evolution and evolutionary novelty in this system both at the phenotypic and 

molecular level.  

 

5.2 Conclusion 

Drosophila is a fantastic model system to study evolutionary trends due to the 

mixture of rapid generation time, extensive genomic work and historical record of study. 

In the Chippindale lab, we have access to the longest running laboratory selection 

experiment in animals. Selection for divergence in generation time has been on-going for 

over 1000 generations and continues to this day. For this thesis, I utilize this ancient, on-

going selection treatment in Drosophila to understand how selection on life-history can 

lead to extreme phenotypic and gene expression changes. These experiments build upon 

the decades of work on this system which has been used to study evolutionary pattens 

such as life-history evolution, stress tolerance, body size, senescence and genomic 

evolution. 

Throughout this thesis, I used a combination of “old-school” laboratory selection 

in combination with more modern molecular techniques to better understand how 

selection leads to extreme phenotypic and transcriptomic change. At the phenotypic level, 

my thesis showed how differences in development time do not evolve via the 

proportional changes of all developmental stages. Instead, evolved differences in 
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development are achieved through preferential shrinking/extending of specific stages. 

These results show that broad phenotypic traits can change disproportionately across the 

sum of its parts. Determining both the components susceptible to change and those that 

restrict it are essential in understanding phenotypic evolution.  

I further showed the utility of modern RNA-seq and real-time PCR techniques to 

profile molecular targets of phenotypic selection. I was able to highlight how 

development time may evolve by targeting developmental hormone regulation. However, 

I was unable to identify any clear pattern of evolution in stress-response pathways 

following selection for generation time. Lastly, I show how evolution at trans-regulatory 

factors may be far more common than cis-regulatory elements under certain situations 

such as a history of strong selection. Taken together, the results of this thesis show that 

introducing modern molecular techniques to long-standing evolutionary questions can 

yield insight into how traits evolve via gene regulation. 
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