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Abstract  
 
Adaptive evolution occurs when selection acts on genetic variation for 

phenotypic traits. In doing so, selection is expected to remove fitness 

variation in the population. Contrary to this expectation, DNA sequencing has 

shown that populations harbour high levels of standing genetic variation for 

fitness. This paradox results in a long-standing question: what maintains 

genetic variation? One possible mechanism is ‘balancing selection’, where 

selection actively maintains polymorphism. Once considered unlikely, studies 

using genomic and phenotypic approaches have recently given new support 

for balancing selection and have provided evidence of balancing selection in 

several species. However, it is often difficult to connect genetic and 

phenotypic evidence for balancing selection with evidence of the action of 

selection in real time. This limits our understanding of how balancing 

selection occurs and its contribution to maintaining genetic variation.  

 

To address these knowledge gaps, I first assayed the fitness effects of 

a polymorphism in the Drosophila melanogaster gene fruitless, which shows 

a signature of balancing selection in wild populations. I show that this 

polymorphism displays antagonistic pleiotropy, a possible mechanism for 

balancing selection at this locus (Chapter 2). I next used experimental 

evolution and pool-sequencing to track the frequency of the fruitless 

polymorphism over time in laboratory populations (Chapter 3). I was able to 

demonstrate that the fruitless polymorphism is probably evolving under 

balancing selection in these populations, although this result is complicated 

by 44% of putatively neutral SNPs also being diagnosed as under balancing 

selection. I next expanded this approach to diagnose selection at 397 

candidate sexually antagonistic SNPs. 60% appeared to be under balancing 

selection (Chapter 4). The equilibrium allele frequency of these SNPs was 

positively related to that in two wild populations, illustrating that the short-

term evolution in the cages is correlated to long-term evolution in wild 



 4 

populations. That shows that selection is consistent and supports the 

inference of balancing selection. 

 

Overall, this thesis describes the action of balancing selection in 

maintaining fitness influencing polymorphisms in D. melanogaster and 

develops methods to diagnose active balancing selection at the population 

level. 
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Impact statement 
 
This thesis focuses on balancing selection and its contribution to maintaining 

genetic variation. Without genetic variation species would be unable to adapt 

to new environments and speciation would not happen. The forces that 

maintain genetic variation have long been debated, but recently balancing 

selection has received revived interest as an important mechanism. 

However, there are no well described balanced polymorphisms where there 

is a combination of: a clear genomic signature of balancing selection; the 

fitness effects of the polymorphism are known; and the polymorphism is 

shown to be currently evolving under balancing selection. This hinders 

research into the effects of balancing selection and the role it plays in 

maintaining genetic variation. To rectify this, I investigated a polymorphism in 

the D. melanogaster gene fruitless and show that this both impacts fitness 

and evolves in a manner consistent with balancing selection. Together with 

previous evidence, this provides a first example of a well described balanced 

polymorphism and describes a methodology others could follow to diagnose 

active balancing selection. I also expanded my analysis to detect balancing 

selection at candidate sexually antagonistic (SA) sites using a combination of 

experimental evolution and genome-wide association studies. This method 

could prove useful to researchers in the future and improve the number of 

balanced polymorphism loci described.  

 

Outside of academic research, this work has implications for other 

fields. As climate change and other human impacts continue to threaten 

species, their genetic variation may be reduced, limiting their ability to adapt 

to the changing conditions. The maintenance of genetic variation is therefore 

of great interest to conservation programs which aim to protect species. 

Genetic variation is also important for agricultural crops which are impacted 

by climate change and typically harbour low genetic diversity. There is 

increasing evidence for the role balancing selection plays in maintaining 

variation in disease resistance loci. Understanding how and why individuals 
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possess the variation they do could be extremely useful to inform disease 

responses such as for the covd-19 pandemic. SA loci have also been 

implicated in the maintenance of several genetic medical conditions and 

therefore a knowledge of how these types of loci evolve is of great interest to 

clinicians.   

 

The work described in this thesis has been communicated to the wider 

scientific community. Data and results contained in this thesis have been 

presented at the Genetics Society Meeting, ‘Genotype to Phenotype to 

Fitness’ (Exeter, 22nd – 23rd November 2018) and at PopGroup 52 (Oxford, 

3rd – 6th January 2019). A poster of the finalised work contained in Chapter 2 

was presented when I attended the EMBO Course in Population Genomics 

(Online, 16th – 25th March 2021). Additional presentation of the material 

presented here has been made at the annual joint DTP conference (London, 

12th -13th September 2019). In terms of publication in peer-reviewed scientific 

journals, the work presented in Chapter 2 was submitted for publication in 

Proceedings of the Royal Society B, in December 2020, and was published 

12th May 2021, (doi.org/10.1098/rspb.2020.2958). I am the first named 

author on this publication. 
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1.1 Genetic diversity 
 

The natural world is incredibly diverse. A wish to account for the vast array of 

species, their evolution and the various ways they react to their environment, 

is one of the main goals of evolutionary biology (Darwin 1859; Gloss et al. 

2016). This diversity is underpinned at the molecular level by genetic 

variation. Many genetic variants are neutral, that is they have no impact on 

the survival or reproduction of the organism in which they are found 

(Charlesworth and Charlesworth 2010). More important are genetic variants 

which impact phenotypes, and thereby the fitness of the organism. These 

fitness affecting variants are the targets of selection (Haldane 1937; Lewontin 

1974). Without genetic variation resulting in fitness variation in phenotypic 

traits, there would be nothing for selection to act on, meaning that no 

evolutionary change could ever occur (Fisher 1930; Orr 2009). This would 

prevent species from adapting to meet the challenges to survival such as 

diseases or environmental change, and new species would never form 

(Barrett and Schulter 2007; Barton and Keightley 2002). Hence, genetic 

variation for fitness has been described as the ‘fuel’ which powers selection 

and evolution (Fisher 1930).  

 

Genetic variation is not only of academic interest to evolutionary 

biologists, but also important in other fields (Romiguier et al. 2014; Velland 

and Geber 2005). In conservation, the survival of a species is often 

dependent on maintaining genetic variation in small and threatened 

populations so as to preserve their capacity to adapt to changing conditions 

(DeWoody et al. 2021; Teixeira and Huber 2021). In plants, for example, 

higher genetic variation is associated with greater establishment success for 

re-introduced species (Schäfer et al. 2020). Without an adequate volume of 

standing genetic variation, populations are vulnerable to extinction as 

adaptation is slow and individuals react in a similar manner to environmental 

changes (Barret and Schulter 2007). This will become increasingly important 

as climate change accelerates, forcing species to adapt quickly to new 
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conditions (Ryding et al. 2021; Pauls et al. 2013). Variation also impacts on 

the ability of individuals and populations to resist infection by pathogens (Key 

et al. 2014; DeWoody et al. 2021). In less diverse populations, more 

members share variation making them more likely susceptible to the same 

infections (Habel and Schimdt 2012). This is a major issue for threatened 

species with small population sizes which typically harbour less variation 

(Hughes et al. 2008; Reed and Frankham 2003). Environmental change and 

pathogen resistance are of great concern to the agricultural industry as crop 

strains often have low genetic variation (Pauls et al. 2013; Zhu et al. 2000). 

For example, bananas almost all originate from a single clonal strain leaving 

the whole industry vulnerable to new pests due to a lack of immunity (Penna 
et al. 2019). The introduction of genetic material through breeding and gene 

editing techniques is currently being investigated to increase the genetic 

variation in this crop, and others, to protect them from future infections and 

climate impacts (Penna et al. 2019; Zhu et al. 2000) 

 

While genetic variation is clearly important for selection to occur, it’s 

less clear how variation is maintained (Lewontin 1974). All genetic variation 

originates as mutations which occur spontaneously in the genome. Most of 

these mutations are neutral, with no effect on fitness and will evolve purely 

by drift (Ellegren and Gaultier 2016; Eyre-Walker and Keightley 2007). For 

those mutations that do affect fitness, directional selection fixes beneficial 

mutations and removes deleterious ones, thereby reducing the number of 

variants in the population over time (Lewontin 1974; Kimura 1983; Lande 

1976). Thus, variation affecting fitness is not expected to persist for long in 

the population. However, the first study quantifying genetic variation at the 

molecular level, Lewontin and Hubby (1966), used allozymes, enzyme 

variants that differ in structure but not function, to describe genetic variation 

in wild populations of Drosophila pseudoobscura. They found that the level of 

genetic variation was much higher than previously thought and further 

studies supported the finding that populations harbour large quantities of 

genetic variation. But if this is the case, then how is this level of genetic 
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variation maintained when selection is expected to remove variation? Without 

a mechanism for it maintenance, genetic variation for fitness won’t build up to 

the levels observed or those required to facilitate the process discussed 

above. Understanding what maintains this genetic variation is one of the 

main aims of research in population genetics as we seek to explain why and 

how life is the way it is (Gloss et al. 2016; Lewontin 1974).  

 

Two main theories for the maintenance of genetic diversity have 

emerged: (i) mutation-selection balance (Muller 1950), and (ii) balancing 

selection (Dobzhansky 1955). While both of these phenomena likely occur 

(Lewontin 1974), the relative contribution of each to the maintenance of 

genetic diversity for fitness has been fiercely debated for several decades 

(Beatty 1987). Below I give a brief account of each of these theories and then 

develop the argument that balancing selection is worthy of further study and 

investigation.  

 

1.2. How is genetic variation maintained? 
 

1.2.1. Mutation-selection balance 
Mutation-selection balance, or mutation-selection-drift balance (MSDB), is 

one of the major theories to explain how genetic diversity for fitness is 

maintained (Leffler et al. 2012; Mitchell-Olds et al. 2007). MSDB describes a 

situation where the level of genetic variation in the genome is determined by 

the balance of mutation creating new variation and, on the other hand, 

selection and drift removing variation (Kimura and Ohta 1971). Considering a 

single 'average' locus in a diploid organism, new mutations are created at a 

rate, µ. They are removed from the population by selection, with strength s, 

with the effectiveness of selection dependent on how visible the mutation is 

to selection, i.e. its dominance, h (Crow and Kimura 1970). The effects of 

mutation and selection reach an equilibrium where the expected frequency of 

a mutation, q, in the population occurs where the rate at which new 

mutations occur equals the rate at which selection removes them, q = µ/hs 
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(in the absence of drift) (Crow and Kimura 1970). It is easy to see that the 

equilibrium frequency (and hence genetic variation) will vary depending on 

the values of the parameters. Increased mutation rate will lead to higher 

equilibrium frequencies, while increased strength of selection and dominance 

will reduce q.  

 

MSDB was a popular theory for the maintenance of genetic variation for 

fitness, in part due to its simplicity (Barton and Keightley 2002). Drift also 

plays an important role through the random selection of alleles at each 

generation which can end up fixing or removing variants, especially in 

smaller populations (Lynch 2011; Kimura and Ohta 1971). Population size, 

and in particular effective population size, is therefore an important factor 

governing the amount of genetic variation maintained under MSDB as larger 

populations are less vulnerable to the effects of drift and selection against 

deleterious mutations is more effective (Leffler et al. 2012; Ellegren and 

Gaultier 2016).  

 

Mutation-selection balance has been shown to be theoretically 

capable of maintaining genetic diversity in populations (Lande 1975; Desai 

and Fisher 2007). Assuming that most novel mutations are mildly deleterious 

and recessive, MSDB predicts that most variants will exist at low frequencies 

as selection is less effective at removing recessive mutations or those at very 

low frequencies (Kimura and Crow 1964; Crow and Kimura 1970). While 

evidence for such patterns has been found in D. melanogaster (Elyashiv et 

al. 2016), MSDB is not capable of explaining patterns of genetic diversity 

where polymorphisms are maintained at intermediate frequencies or for long-

lived polymorphisms (Charlesworth 2015; Fijarcsk and Babik 2015) as have 

been observed in genetic data. By comparing measures of genetic variation 

from multiple studies of D. melanogaster, Charlesworth (2015) proposed that 

although MSDB does contribute to genetic variation for fitness, it cannot 

account for all the variation observed in this species. Coupled with increasing 

evidence for balancing selection detected by genomic and phenotypic 
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studies from both D. melanogaster and other species (Lindtke et al. 2017; 

Mérot et al. 2020), this means that genetic diversity being maintained solely 

by MSDB is not the full story. This represents a shift in understanding from 

past decades, and now the main question is what other mechanisms could 

account for the disparity between the observed and explained volume of 

standing genetic diversity? The major alternative theory is balancing 

selection.  

 

1.2.2. Balancing selection 
Balancing selection describes a situation where no one allele at a locus 

confers a consistent fitness advantage (Gloss and Whiteman 2016). That is, 

no one allele results in producing a phenotype that is always favoured by 

selection (Llaurens et al. 2017). For example, consider a locus with two 

alternative alleles: A and B. Within one selective environment, allele A is the 

fitter allele and individuals carrying this allele are selected for. The frequency 

of A in the population thereby increases. However, in a different selective 

environment the situation flips and now the B allele is fittest, resulting in an 

increase in the frequency of the B allele. In cases where both the 

environment favouring A and the environment favouring B are not consistent 

over space and time, neither allele reaches fixation, as neither is always fitter 

than the other. This inconsistency on selective pressures which maintains 

genetic variation at this locus is called balancing selection (Charlesworth 

2015, Lewontin 1974) (Figure 1.1).  

 

The selective environment is any intrinsic or external condition where 

an allele may find itself and which affects its fitness selection. This could be 

external climatic conditions, the life-history stage of the organism the allele is  

present in, the organism’s sex, or the genotype of other population members. 

Different mechanisms to describe the process by which balancing selection 

occurs have been proposed. These mechanisms include: negative frequency 

dependent selection (Sinervo and Lively 1996; Amambua-Ngua et al. 2012), 

reciprocal sign epistasis (Ono et al. 2017), heterozygote advantage 
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(Johnstone et al. 2013), fluctuating environmental conditions (Abdul-Rahman 

et al. 2021; Bergland et al. 2014), sexual antagonism (SA) (Pennell and 

Morrow 2013), and antagonistic pleiotropy (AP) (Rose 1982). Despite the 

number of alternative mechanisms, the general principle of action is roughly 

the same, namely that selection is context dependent (Charlesworth and 

Hughes 2000; Llaurens et al. 2017).  

 

Balancing selection is an intriguing solution to the problem of what 

maintains genetic variation. This theory is now receiving the recognition that 

it deserves and research seeking to identify loci under balancing selection 

and their role in evolution is increasingly common (Fijarcsk and Babik 2015). 

However, why was balancing selection long considered to contribute little to 

the maintenance of genetic in comparison to MSDB, and what developments 

have occurred to change this situation?  
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Figure 1.1. Balancing selection and its effect on allele frequency. Assume a 

population with a locus polymorphic for two alleles A and B. Both alleles are present 

in roughly equal numbers in the population. At Time 1 some perturbation (such as a 

seasonal change in temperature) occurs causing the fitness of allele A to be greater 

than that of B. The frequency of A therefore increases. At a later point, Time 2, this 

perturbation shifts and now allele B is fitter and the allele frequencies return towards 
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their starting positions. After Time t of subsequent perturbations or generations, the 

fitness of the 2 alleles balance out and the frequency of the two alleles reach an 

equilibrium point. Both alleles are retained and genetic diversity for fitness is 

maintained at this locus through balancing selection. This is a theoretical case and 

specific mechanisms of balancing selection will produce different patterns. Loci 

affected by seasonal fluctuations in selection will not reach an equilibrium point, but 

will cycle over long time periods. However, for loci affected by antagonistic 

pleiotropy, it would be very difficult to detect any fluctuation in allele frequencies. 

 

1.3. The case for balancing selection 
 

1.3.1 Initial support and criticism of balancing selection 
Balancing selection as a means to maintain genetic diversity for fitness was 

initially suggested by Theodosius Dobzhansky in the 1950s (Dobzhansky 

1955). Building on the theoretical work of Levene (1953) and the 

investigation of sickle-cell disease (Haldane 1949; Allison 1954), 

Dobzhansky proposed that fluctuations in the strength and direction of 

selection could potentially maintain genetic variation (Gloss and Whiteman 

2016). The balancing selection view postulates that alternative alleles could 

be maintained at intermediate frequencies, and for long periods of time, and 

that variation would have some fitness benefits (Dobzhansky 1970; 

Charlesworth and Huges 2000). This clashed with the ‘classical’ mutation-

selection balance model (Beatty 1987; Muller 1950). Since this was in the 

days before genetic variation could be measured at the molecular level, the 

argument for balancing selection was primarily theoretical (Beatty 1987; 

Charlesworth 2015). This led to a number of theoretical models being 

developed to investigate how the strength, timing, population size, fluctuation 

frequency, and various other selection parameters impact the probability of 

balancing selection occurring (Clarke 1972, 1979, Dempster 1955, Haldane 

and Jayakar 1963, Levene 1953, Hedrick 1976, 1986, 1990, Gillespie and 

Turelli 1989, Turelli and Barton 2004, Lande and Shannon 1996; Kidwell et 

al. 1977; Felsenstein 1976). Although many of these have been criticised for 

lacking biological realism and robustness since they largely only considered 
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alleles of large affect in haploid organisms with narrow niches (Maynard 

Smith and Hoekstra 1980; Hoekstra et al. 1985),  they did demonstrate that, 

as long as each alternative allele is favoured by selection at one time or 

another, balancing selection could develop and maintain genetic variation 

(Gloss and Whiteman 2016; Llaurens et al. 2017). 

 

The first molecular investigations of genetic variation emerged in the 

1960s with Lewontin and Hubby’s work using allozyme electrophoresis to 

provide a measure of genetic diversity in Drosophila pseudoobscura 

(Lewontin and Hubby 1966; Hubby and Lewontin 1966). This work initially 

seemed to support the picture proposed by balancing selection, that genetic 

variation was abundant in natural populations, and launched a host of similar 

studies assaying allozyme variation (Charlesworth 2010; Lewontin 1974). 

However, two important factors led to a decline in the belief that balancing 

selection played a major role in maintaining genetic variation.  

 

The first was that although allozyme data showed that variation was 

abundant, there was little evidence that this variation had any effect on 

fitness (Charlesworth 2010; Casillas and Barbadilla 2017). Such variation 

could therefore be neutral and play no real role in evolution, so could not be 

maintained by balancing selection. This gave credence to the ‘neutral theory’ 

of molecular evolution (Kimura 1968) which proposed that most fitness 

affecting mutations will be deleterious and selected against. Therefore, the 

majority of the genetic variation observed is due to neutral mutations evolving 

by drift (Kimura 1968). Variation could also exist temporally by rare beneficial 

mutations moving towards fixation, known as a selective sweep (Maynard 

Smith and Haigh 1974). This theory, and the later developed ‘nearly neutral 

theory’ (Ohta 1973) were compatible with the observed patterns from 

allozyme data and supported MSDB being the major process by which 

genetic variation was maintained (Otha 1992; Mitchell-Olds et al. 2007).  
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The second factor which led to a decline in support for balancing 

selection was that although several models had been proposed describing 

the conditions under which balancing selection could evolve, actual 

examples were difficult to find (Charlesworth and Hughes 2000; Prout 2000). 

In the absence of a clear link between molecular markers and fitness effects, 

the demonstration that traits and their underlying molecular variation were 

under balancing selection was very difficult to prove (Gloss and Whiteman 

2016). This compared unfavourably with the combination of the neutral 

theory and MSDB which were more compatible with the existing molecular 

and theoretical evidence at the time (Casillas and Barbadilla; Charlesworth 

2010). The role of balancing selection was considered to play only a minor 

role, reserved for a few cases where clear-cut examples of heterozygote 

advantage were described (Mitchell-Olds et al. 2007; Leffler et al. 2012). 

Such examples included major genetic diseases in humans such as sickle-

cell anaemia (Haldane 1949) and cystic fibrosis (Gabriel et al. 1994), or the 

self-incompatibility loci of plants (Wright 1939).  

 

Without clear examples of balanced polymorphisms, balancing 

selection theory also struggles to account for the detrimental effects of 

genetic load (Bernatchez 2016). The volume of less fit or deleterious 

mutations which the genome carries, referred to as load, negatively impacts 

the average fitness of individuals within the population and hinders the 

process of adaptation (Kimura 1968, Agrawal and Whitlock 2012). This is a 

problem with balancing selection which maintains more genetic variation than 

MSDB. Since balanced variation is maintained due to beneficial effects under 

certain circumstances, the rest of the time it may be detrimental, or at least 

not as fit as other alternative variation (Haldane 1957). Hitchhiking of linked 

deleterious mutations to loci under balancing selection can also contribute to 

the volume of load (Kimura 1968; Llaurens et al. 2017). This hitchhiking 

variation can be a bigger problem as it partially offsets the beneficial effects 

of balanced variation. An additional problem, referred to as segregation load, 

occurs for cases of heterozygote advantage, as sexual reproduction creates 
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a number of unfit homozygotes at each generation (Uyenoyama 2005). 

Kimura (1968) pointed out that the volume of genetic load that would be 

incurred if all of the genetic diversity measured from allozyme data was due 

to balancing selection would place too great of a strain on the population. In 

light of these various factors, the proposition that balancing selection was a 

major contributing mechanism to maintaining genetic variation became more 

difficult to support (Lewontin 1974). 

 

1.3.2 The renaissance of balancing selection 
However, things has changed somewhat over the past couple of decades, 

forcing us to take a closer look at the potential contribution of balancing 

selection towards maintaining genetic variation (Hedrick 2006). This has 

occurred in part due to the rapid development of sequencing technology. 

Modern next-generation technology is able to produce sequencing data of a 

volume many orders of magnitude greater than that which was possible in 

the past (Casillas and Barbadilla 2017). These developments mean that high 

quality whole genome sequences can be rapidly and cheaply generated for 

individuals or whole populations. Sequence polymorphisms can be 

accurately linked to real-life fitness effects – something that is not so easy 

with allozyme data (Charlesworth 2010). This has provided the opportunity to 

investigate how the genome responds to selection at the molecular level 

(Casillas and Barbadilla 2017). Modern sequencing technology allows the 

tracking of allele frequencies in real time (Franssen et al. 2017) while 

genomic scans allow us to search the genome for signatures of variation 

expected to be generated by balancing selection (Andrés et al. 2009, 

Bitarello et al. 2018; Leffler et al. 2013; Karasov et al. 2014). Sequencing can 

also uncover the genetic architecture of phenotypic traits which were 

previously not possible (Llaurens et al. 2017). One important conclusion from 

new sequencing was made by Charlesworth (2015). As mentioned in section 

1.2.1., Charlesworth compared studies measuring the amount of genetic 

variation for fitness in D. melanogaster. He showed that the amount of 

genetic diversity for fitness cannot be explained by MSDB alone. The 
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difference must be made up by variants maintained by balancing selection 

(Charlesworth 2015). 

 

Secondly, there has been a shift in focus away from primarily 

considering balancing selection in the context of overdominance, and other 

mechanisms capable of generating balancing selection have gained greater 

attention (Hedrick 2012; Novak and Barton 2017). One such class of 

polymorphisms are antagonistic loci which generate balancing selection not 

as a result of their zygotic state, but because each one is fitter under different 

circumstances resulting in conflict between two alternative alleles. These 

types of polymorphisms typically don’t suffer from the issue of segregation 

load in the same way as those expressing overdominance do (Haldane 1957; 

Kimura 1983). Several studies have found evidence for antagonistic variation 

in nature including in D. melanogaster (Rice 1992), bank voles (Myodes 

glareolus) (Mokkonen et al. 2011), and red deer (Cervus elephus) (Forester 

et al. 2007). These examples all describe sexually antagonistic variation, a 

situation where variation at a locus affects a trait in both males and females, 

but where the sexes disagree on which is the fitter allele (Bonduriansky and 

Chenoweth 2009). This is a potential source of balancing selection as fitness 

variation is maintained due to conflict between the sexes. This type of 

genetic variation may be common given that the sexes often differ in the 

ways they can maximise their fitness (Connallon and Clark 2014a; Pennell 

and Morrow 2013). Other mechanisms of balancing selection, such as 

antagonistic pleiotropy, where the fittest variant varies between life-history 

stages (Williams 1957), have received less attention, possibly a result of 

theoretical studies doubting the role such loci play in maintaining variation 

(Curtsinger et al. 1994; Hedrick 1999). However, recent theoretical (Zajikteck 

and Connallon 2018) and empirical work (Mérot et al. 2020) show that the 

dismissal of antagonistic pleiotropy as an important mechanism for 

maintenance of variation may be premature. Consideration of other types of 

polymorphisms increases the opportunity that variation and fitness patterns 

resembling balancing selection will be described. New instances generate 
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enthusiasm for the field, further increasing our ability to examine the role of 

balancing selection as a viable explanation for maintaining genetic variation 

for fitness.  

 

Thirdly, theoretical developments have suggested that the genetic 

load generated by balancing selection could be mitigated by epistasis, 

dominance reversal, differential expression, or by fixation in small 

populations (Connallon and Chenoweth 2019; Agrawal and Whitlock 2012). 

A number of the classic examples of balanced polymorphism such as sickle-

cell anaemia are Mendelian traits, where one locus is responsible for the 

phenotype. However, many traits are polygenic in nature where the effect 

each locus has on fitness is small (Lande 1981; Wright 1968) Therefore, the 

negative impact of an ill-fitted allele will not have such an acute disadvantage 

on an organism’s fitness since it only has a small impact on fitness overall 

(Yeaman 2015; Yeaman and Otto 2011). The load associated with each 

locus will also be reduced as more time is available for recombination to 

break up associations between a balanced polymorphism and load before 

negative impacts are felt (Barton and Keightley 2002; Kardos and Luikart 

2021). Other work has shown that the negative consequences of balancing 

selection are lessened, and balancing selection is more likely to establish, 

when mutations with varying effect sizes, and direction, on fitness are 

considered. For example, Sellis et al. (2011) showed that, when considering 

balancing selection in the framework of Fisher’s geometric model, balanced 

polymorphisms could stabilise variation during a trait’s adaptive walk towards 

its optima, and provide an insurance against changing conditions. The 

potential for balanced polymorphisms to become established is even greater 

for dioecious species as sex-dependant selection increases the number of 

means by which variable selection may occur (Connallon and Clark 2014b). 

Different forms of balancing selection may also influence each other, 

facilitating the establishment of multiple mechanisms to generate balancing 

selection (Zajikteck and Connallon 2018). Genotype by environment 

interactions may also increase the probability that balancing develops and 
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can maintain genetic variation, especially for polygenic traits (Turelli and 

Barton 2004). Early models of balancing selection were criticised for lacking 

biological realism (Maynard Smith and Hoekstra 1980) which contributed to 

balancing selection being difficult to justify. However, many recent models 

include greater biological realism and also support the idea that balancing 

selection can evolve and maintain genetic variation for fitness (Wittman et al. 

2017; Tellier et al. 2007).   

 

In light of these various developments, the plausibility of balancing 

selection as a major contributor to maintaining genetic variation for fitness 

has been reassessed. The detection and identification of loci under balancing 

selection and how these contribute towards the maintenance of genetic 

variation for fitness is not only of great interest to resolving a key issue in 

population genetics. By maintaining genetic variation for fitness, balancing 

selection has the potential to have large impacts on aspects of health care, 

conservation, and agriculture (Amambua-Ngua et al. 2012; Barret and 

Schulter 2007; Reed and Frankham 2003). To understand the contribution 

and mechanisms by which balancing selection occurs, it is necessary to both 

identify loci under balancing selection and gain some insight into the 

phenotypic effects of balanced polymorphisms. To this end, two avenues of 

investigation have proved fruitful: (i) detection of balancing selection from 

genomic data, (ii) studies relating genotypic data to fitness measures. I will 

now review some of the findings from these investigations and explain how 

they contribute to the understanding of the maintenance of genetic diversity 

by balancing selection. 

 

1.3.3 Evidence for balancing selection from genomic data  
The patterns of genetic variation are expected to vary depending on the 

mode of selection acting (Charlesworth 2006; Charlesworth et al. 1997). 

Directional selection reduces genetic variation through fixation or removal of 

mutations, not just at the site under selection but also at linked sites 

(Charlesworth 1993). Neutral variation will fluctuate over time due to drift in 
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accordance with the population size (Charlesworth et al. 1995; Kimura 1968). 

Balancing selection on the other hand is expected to result in more elevated 

and consistent levels of nucleotide variation as alternative alleles can 

contribute to fitness (Fijarcsk and Babik 2015). As with directional selection, 

linkage maintains variation not just at the site under selection, but at linked 

neutral loci (Charlesworth 2006). This creates a distinct allele frequency 

spectrum indicating greater variation around a balanced polymorphism 

(Charlesworth 2006; Fijarcsk and Babik 2015). Therefore, the genome can 

be scanned for regions where the allele frequency spectrum is indicative of 

balancing selection rather than neutrality (Andrés et al. 2009; Charlesworth 

2006; Fijarcsk and Babik 2015). This search often makes use of statistics 

such as Tajima’s D where values > 0 can indicate balancing selection, and 

new methods are routinely developed to improve the process (Bitarello et al. 

2018; Isildak et al. 2021; Siewert and Voight 2017). Long-term maintenance 

of genetic variation is another classic signature of balancing selection 

(Fijarcsk and Babik 2015). This can be detected using coalescence time, an 

estimate of how long it has been since sequences shared a common 

ancestor (Takahata and Nei 1990). Regions under balancing selection will 

have longer coalescent times than neutral ones (Fijarcsk and Babik 2015; 

Richman 2000).  

 

Signatures of long-term balancing selection have been detected for 

several genes in humans. By comparing genome sequences from 39 people 

from two distinct populations, (20 of European decent and 19 of African) 

Andrés et al. (2009) identified 60 genes with a strong signature of balancing 

selection based on increased estimated coalescence times and an excess 

number of intermediate frequency alleles. These genes have likely been 

under balancing selection for thousands of years, at least since before the 

split between the two populations. While 60 genes may not be a large 

number considering the thousands of genes in the human genome, it 

nevertheless represents an important finding as even a single gene can have 

wide-ranging effects on fitness and therefore genetic variation. The 
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identification of specific genes, such as immunity related genes, can be 

informative about the types of genes that may be targets of balancing 

selection (Andrés et al. 2009). As the number of genomes that have been 

sequenced has increased and detection methods have improved so has the 

rate of detection of balancing selection patterns. A recent study 

demonstrated the use of a new statistic called non-central deviation (NCD). 

Using this technique to scan for signatures of balancing selection in genomes 

of four human populations from the 1000 genomes project (1000 genomes 

project 2012), Bitarello et al. (2018) found evidence for balancing selection 

covering 1.6% of the human genome. This included 1,594 genes (8.5% of all 

protein coding genes), meaning that a sizable proportion of human variation 

for fitness could be under balancing selection.  

 

Long-term balancing selection can even extend over millions of years 

and be retained after speciation events (Fijarcsk and Babik 2015; Richman 

2000). Signatures of balancing selection have been found to be shared 

between humans and chimpanzees in immunity genes and in another 125 

regions where the same haplotypes were segregating in the two species 

(Leffler et al. 2013), and also potentially between humans and Neanderthals 

(Hsieh et al. 2021), demonstrating that balancing selection can maintain 

genetic diversity over very long periods of time. This first study in 

chimpanzees (Leffler et al. 2013) is an example of the progress that can be 

made thanks to modern sequencing technology; a similar study conducted 8 

years before using an earlier, less complete Chimpanzee genome, failed to 

find any evidence of shared balancing selection (Asthana et al. 2005). As 

genome sequencing develops, and more nuanced methods of detecting 

selection follow, our ability to detect signatures of balancing selection will 

likely become more sensitive and refined.  

 

Genomic scans have frequently detected balancing selection at loci 

associated with evolutionary arms races, particularly those involved in 

immunity and pathogen response (Key et al. 2014). In humans, genes which 
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form part of the major histocompatibility complex (MHC or the Human 

Leukocyte Antigen system—HLA) are responsible for much of our immune 

response (Harding and Geuze 1993). These genes are locked in an arms 

race with various pathogens as rarer alleles are less likely susceptible to 

attack, and pathogens adapt to our defences and will tend to target common 

genotypes (Ejsmond and Radwan 2015). This causes negative-frequency 

dependent selection on both our MHC genes and the invasion genes of 

pathogens which can lead to balancing selection (Key et al. 2014; Hedrick 

1998; Ejsmond and Radwan 2015; MacPherson et al. 2020). MHC genes 

display elevated levels of genetic diversity consistent with balancing selection 

(Key et al. 2014). For example, the peptide loading genes ERAP1 and 

ERAP2 are associated with defence against viral pathogens including HIV 

(Andrés et al. 2010; Cagliani et al. 2010). MHC genes are not just present in 

humans but in all vertebrates and balancing selection at these loci are 

important in maintaining diversity in pathogen resistance in many species 

(van Oosterhout et al. 2006). Selection at the MHC also results in 

corresponding selection at invasion loci in parasites and identification of such 

loci is an important tool in tackling infectious diseases, focussing research 

and developing prophylaxes or cures (Amambua-Ngua et al. 2012).  

 

The role of balancing selection maintaining genetic diversity at 

pathogen resistance loci appears widespread and has been detected at both 

resistance genes in plants (Höger et al. 2012; Karasov et al. 2014) and 

antimicrobial peptide (AMP) genes in Drosophila (Unkless et al. 2016). AMPs 

are highly variable in dipteran species and appear to have been retained 

across speciation events (Unkless et al. 2016; Chapman et al. 2019). 

Medically important genes under balancing selection are not limited to those 

responsible for immunity. Sato and Kawata (2018) detected balancing 

selection at the mammalian gene SLC18A1 in humans. The variant Thr136Ile 

has been associated with bipolar disorder and anxiety personality traits 

(Lohoff et al. 2006, 2008), but is maintained at intermediate frequencies of 

between 20-61% in non-African populations (Sato and Kawata 2018). Quite 
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why this gene is under balancing selection is unclear, but it does contribute 

to understanding how variation related to serious psychological disorders 

persists.  

 

Although pathogen resistance and immunity genes in humans and 

Drosophila have been the most commonly identified targets of balancing 

selection, other studies have found signatures of balancing selection for loci 

associated with sexual conflict (Sayadi et al. 2019), sex determination (Ding 

et al. 2021), and colour morphology (Lindtke et al. 2017) in a range of 

organisms. Croze et al. (2017) identified 183 candidate genes under 

balancing selection in D. melanogaster which included a richness of genes 

involved in neural development and circadian rhythm, although the strongest 

signals were found for immunity genes. The increasing ease of collecting 

genomic data from patients has facilitated the construction of large genomic 

datasets such as the UK’s ‘bio-bank’ (Bycroft et al. 2018). These datasets 

are a valuable resource and allow the detection of genetic variants under 

balancing selection, not just at sites associated with immunity to pathogens, 

but also those maintained by other mechanisms such as sexual antagonism 

(Ruzicka et al. 2021). 

 

An issue with studies which detect balancing selection using genomic 

approaches is that they work by comparing the observed allele frequency 

spectrum to an ideal distribution where loci are evolving either neutrally or 

under directional selection (Fijarcsk and Babik 2015). Therefore, the chances 

of detecting balanced polymorphisms are greater the longer polymorphisms 

have existed, where demographic changes have been small, and where 

equilibrium allele frequencies are nearer to 0.5, as the different selective 

forces have had a greater chance to become established (Charlesworth 

2006; Fijarcsk and Babik 2015; Charlesworth et al. 2003; Clark 1997). More 

recent or short-lived balanced polymorphisms will be missed as they produce 

less distinct genomic signatures (Charlesworth et al. 1997). Such cases are 

therefore difficult to distinguish from soft selective sweeps or neutral variation 
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under drift (Fijarcsk and Babik 2015; Hermission and Pennings 2005). Other 

and more sensitive methods are required to try and detect such balanced 

polymorphisms.  

 

One such approach used to detect loci under selection has been 

evolve and re-sequence studies (E&R) (Schlötterer et al. 2015, Kofler and 

Schlötterer 2014; Garland and Rose 2009). This is a form of experimental 

evolution (Kawecki et al. 2012) where an experimental population is 

maintained under a set of selective conditions, for example, a warmer 

environment than they are used to (Orozco-terWengel et al. 2012), and the 

population’s evolutionary response is measured (Schlötterer et al. 2015). The 

outcomes are a consequence of the conditions which are applied to the 

whole population. Such studies could be considered a form of ‘laboratory 

natural selection’ rather than being a ‘true’ experiment. In contrast, with 

artificial selection the individuals contributing to the next generation are 

specifically chosen based on some trait value which enforces a correlation 

between that trait and fitness (Kawecki et al. 2012; Garland and Rose 2009). 

In E&R studies, after a number of generations, a sample of individuals is 

taken from the experimental population and sequenced. By comparing 

changes in allele frequency between the beginning and the end of the 

experiment, it is possible to detect which loci are under selection during the 

experiment (Schlötterer et al. 2015).  

 

 Although E&R studies have not been widely applied to detect 

balancing selection, they have been successful in identifying genes under 

directional selection in D. melanogaster. Different studies have identified 

genes responsible for adaptation in temperature tolerance (Orozco-

terWengel et al. 2012; Tobler et al. 2013); pathogen and disease resistance 

(Jalvingh et al. 2014; Martins et al. 2014); and lifespan (Remolina et al. 

2012). Signatures of selection can be difficult to detect and vary between 

experiments meaning that usually results are compared to simulated 

datasets to identify the loci involved (Franssen et al. 2017; Kofler and 
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Schlötterer 2014). However, it can be difficult to confirm that an allele 

frequency change at a particular locus is actually contributing to adaptation 

and is not due to other factors such as selection at linked loci (Kapun et al. 

2014; Franssen et al. 2015). It is sometimes also difficult to understand how 

changes in variation manifest phenotypically to create fitness differences 

acted on by selection. The E&R approach has not yet been widely applied to 

detect loci under balancing selection although there are some recent 

examples (Chelo and Teotónio 2013; Kazangıoğlu and Arnqvist 2014). One 

recent study used an E&R methodology to track mitochondrial haplotypes in 

D. subobscura (Novičić et al. 2020). They found evidence of negative-

frequency dependent selection which maintained two genetically diverged 

mitochondrial haplotypes in the population, likely through differing effects on 

resource acquisition (Novičić et al. 2020). A second study established 10 

field populations of D. melanogaster to track how environmental fluctuations 

affect selection over the course of the year (Rudman et al. 2021). They found 

that selection fluctuated over time resulting in adaptive allele frequency shifts 

at many independent loci which contributed to maintained genetic variation at 

these loci.  

 

A related approach of sequencing a population at multiple time points 

has been performed for wild D. melanogaster populations. Bergland et al. 

(2014) discovered that allele frequencies varied throughout the year but were 

consistent between years. Modelling supported that this was due to seasonal 

fluctuations in environmental conditions over the year (Wittman et al. 2017), 

and such patterns were consistent with balancing selection maintaining 

diversity for seasonally adapted traits. While the precise effect on fitness 

provided by individual fluctuating polymorphisms is unclear, such patterns 

have been observed in D. melanogaster populations across different 

latitudes (Machado et al. 2021) and continents (Kapun et al. 2020). A similar 

result was found in the mussel species Septifer virgatus, where genetic 

variation associated with thermal tolerance covaried throughout the year with 

the ambient temperature of the water (Han et al. 2020). Such temporally 
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modulated variation could have serious knock-on effects for populations as 

climate change destabilises climate patterns (Friedman et al. 2017; Ryding et 

al. 2021). This could result in a halt to balancing selection helping to maintain 

the genetic variation in some species leaving them more vulnerable to 

environmental change (Han et al. 2020). On the other hand, species which 

experience fluctuating environmental selection may possess higher genetic 

variation allowing for greater adaptive potential to changing conditions 

(Barrett and Schulter 2007; Friedman et al. 2017; Wittman et al. 2017). Either 

way, the sequencing of populations has shown that balancing selection has 

an important part to play in the survival of species in a changing world. 

 

1.3.4 Phenotypic examples of balancing selection  
An alternative approach to studying balancing selection comes from 

identifying instances where variation in phenotypic traits results in 

corresponding variation in fitness. Cases where phenotypic variation is 

maintained over time due to different phenotypes having advantages over 

others at different times, or where variation is maintained despite an 

apparent directional relationship between the phenotype and fitness, are 

likely to be under balancing selection. Variation in the fitness of these 

phenotypes translates to the molecular level and maintains genetic variation 

for fitness. Identifying such traits can be a difficult since the recording of the 

necessary fitness information is a laborious task taking much time and effort 

(Pardo-Diaz et al. 2015; Wilkinson et al. 2015; Mullon 2012). However, 

several studies have identified phenotypic variation in fitness related traits 

that is maintained by balancing selection.  

 

One classic example comes from side-blotched lizards (Uta 

stansburiana) (Sinervo and Lively 1996). Males of these species have three 

different colour morphs, orange, blue and yellow, each of which displays a 

specific mating strategy which are respectively: aggressive ‘ultradominance’, 

mate guarding, and sneaking (Sinervo et al. 2000). Each morph outcompetes 

one of the other morphs, but loses out to another in rock-paper-scissors type 
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dynamics (Maynard Smith 1982) where each morph and behavioural strategy 

is maintained (Sinervo and Lively 1996). The fittest phenotype depends on 

which other phenotype is most common at any one time, an example of 

negative frequency-dependent selection (Allen and Clarke 1982). While this 

clearly demonstrates an ability to maintain phenotypic diversity and therefore 

an example of balancing selection in action, the genetic determinants of this 

trait are unknown. However, it has been found that populations of side-

blotched lizards have particularly high levels of genetic diversity (Micheletti et 

al. 2012). It remains to be seen if this diversity is truly a result of the 

balancing selection on male mating strategy, but alternative reproductive 

traits such as these are a prime candidate for balancing selection (Stewart et 

al. 2019).  

 

Another study carried out on a population of Red Deer (Cervus 

elaphus) on the Isle of Rum recorded the life-time reproductive success of 

individuals to form a genealogy of the populations over several generations 

(Foerster et al. 2007). This was analysed using an ‘animal model’ to estimate 

a value of life-time reproductive success for each individual (Kruuk 2004). 

They found that males with higher than average lifetime reproductive 

success produced daughters with relatively low fitness (Foerster et al. 2007). 

This points towards the presence of sexually antagonistic (SA) genetic 

variation, that is, variation that contributes to high fitness in one sex but poor 

fitness in the other (Cox and Calsbeek 2009; Bonduriansky and Chenoweth 

2009). SA relationships can generate balancing selection as variants are 

selected for in one sex but not in the other and thereby contribute to the 

maintenance of genetic variation (Connallon and Clark 2012; Mullon et al. 

2012). However, without genomic data we are not able to identify the specific 

genes responsible for this SA relationship and for maintaining variation for 

lifetime reproductive success.  

 

Other studies have documented balancing selection on individual 

genes. For example, variation in male horn size of wild Soay Sheep (Ovis 
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aries) is mostly controlled by a single gene, RXFP2 (Johnstone et al. 2011). 

This gene has two alternate alleles. Ho+ confers greater horn size and thus 

greater reproductive success, while the HoP allele grants greater survival to 

adulthood (Johnstone et al. 2013). Those males heterozygous at this gene 

have greater lifetime fitness than either homozygote, therefore it appears that 

genetic variation for this trait is maintained by heterozygote advantage 

(Johnstone et al. 2013). Both this example and that of the Red Deer cited 

above, come from long-term closely studied populations of animals on 

isolated islands and these aspects may contribute to the identification of 

genetically derived fitness traits. These types of polymorphism are likely 

common in other species where populations are not so well studied or 

isolated. 

 

Sometimes a change in environmental pressures can reveal genes 

under balancing selection by altering how some traits are selected. One 

example is the DDT resistance allele, DDT-R, of the gene Cyp6g1 in D. 

melanogaster. This allele was initially intermediate in populations until the 

widescale spraying of DDT as an insecticide (Daborn et al. 2002). After this 

there is evidence of a strong selective sweep in a 20Kbp region around the 

Cyp6g1 gene (Daborn et al. 2002). Apart from the fitness advantages when 

DDT is present, DDT-R females also show greater fitness in the absence of 

DDT. They lay more eggs with greater viability than do non DDT-R females 

(McCart et al. 2005). Why therefore did the DDT-R allele not sweep through 

the population before the addition of pesticide? Further investigation found 

that although DDT-R was beneficial in females it had adverse effects on 

fitness in males resulting in smaller males with lower mating success (Smith 

et al. 2011). It was proposed that variation at the Cyp6g1 gene was 

maintained due to SA effects on the mating performance of the two sexes. 

But after spraying of DDT this balance broke down and the DDT-R allele 

swept to fixation, decreasing the genetic diversity in this region (Smith et al. 

2011). The strength and duration of balancing selection is sensitive to 

influence from external factors in the environment and changes in selection 
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regime experienced by linked loci (Turelli and Barton 2004). Genomic 

investigations are effective for long-term detection of balancing selection, but 

struggle to identify more temporal short-term balancing selection since 

genomic signatures can take time for detection to be possible (Fijarcsk and 

Babik 2015). In the case of the Cyp6g1 gene the disruption of balancing 

selection resulting in a loss of genetic diversity would have been difficult to 

uncover using genomic inferences alone.  

 

Ultimately a combination of approaches is needed to identify loci 

under balancing selection and to quantity their phenotypic effects. A recent 

study employed various methods to identify the variation responsible for life-

history differences in the seaweed fly Coelopa frigida (Mérot et al. 2020). 

This species contains a large inversion with two allelic forms: α and β (Mérot 

et al. 2018, Day et al. 1983). The allele affects the size of the adult fly, αα 

flies are larger than αβ flies, which are in turn larger than ββ flies (Butlin and 

Day 1984, 1985). This size difference has knock-on effects for reproduction 

where larger flies are generally fitter in both sexes, but the frequency of the 

two alleles are roughly equal in wild populations. Mérot et al. found that 

although αα males achieved more matings and αα females laid more eggs, 

both sexes had poorer survival to adulthood and αα males also took nearly 

twice as long to develop than ββ individuals (Mérot et al. 2020). 

Heterozygotes had intermediate performance compared to homozygotes for 

both reproduction and development. This relationship where each allele is 

fitter than the other at a different life-history stage is an example of 

antagonistic pleiotropy (Rose 1982, 1985). Using a series of simulations 

Mérot et al. showed that the differences in fitness were substantial enough to 

create balancing selection across the inversion as the seaweed substrate on 

which the flies live is only available for a short and variable amount of time. 

The two alleles differ by >2.5% in the coding regions (Mérot et al. 2018), thus 

this polymorphism is an example where both the genotype and the 

environment interact to maintaining genetic diversity through balancing 

selection (Turelli and Barton 2004). The identity of the causative variant as 



 42 

an inversion is interesting and points towards the potentially important role 

that inversions play in maintaining genetic diversity via balancing selection 

and adaptation more generally (Mérot et al. 2021; Wang et al. 2013; Kapun 

and Flatt 2019).  

 

Another study used a combination of phenotypic and genomic 

approaches to identify balancing selection maintaining a regulatory 

polymorphism in the D. melanogaster X-linked gene fezzik (fiz) (Glaser-

Schmitt et al. 2021). A single SNP located in a regulatory region of the fiz 

gene had previously been identified in all non-African populations of  D. 

melanogaster at roughly intermediate frequencies (Glaser-Schmitt and 

Parsch 2018; Saminadin-Peter et al. 2012). Through repeated annual 

sampling of a wild population Glaser-Schmitt et al. (2021) discovered that the 

frequency of the fiz polymorphism fluctuated depending on the season in 

females, but not males, and the overall frequencies were consistent year-on-

year, similar to results recorded by Bergland et al. (2014). Modelling showed 

that the frequency dynamics at this locus were consistent with the action of 

both environmentally fluctuating selection and sexual antagonism, both 

sources of balancing selection. Expression patterns found that the two fiz 

alleles varied in their phenotypic dominance, and that this was dependent on 

their life-history stage and genetic background (Glaser-Schmitt et al. 2021). 

Polymorphism variation also showed distinct differences in starvation 

resistance but not in other morphological traits such as body size (Glaser-

Schmitt et al. 2021). The precise connection between this polymorphism, 

starvation resistance, and balancing selection is unclear, but this does show 

how different approaches are required to illuminate patterns of balancing 

selection and how these maintain genetic diversity for fitness. Future studies 

will also need to employ a variety of methods to uncover the identities and 

actions of genes contributing the genetic variation.    

 

1.4. Knowledge gaps 
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Genomic approaches have been successful in identifying regions of the 

genome under long-term balancing selection and loci that are likely to be 

involved in maintaining diversity in fitness. Such studies weren’t feasible until 

recently and are a major source of support for the role of balancing selection 

in evolution. However, genomic approaches do suffer from a number of 

issues limiting their interpretation and usefulness. The detection of balancing 

selection is based on identifying regions of the genome where the allele 

frequency spectrum has an elevated level of variation and intermediate allele 

frequencies, compared to that expected under neutrality or directional 

selection (Charlesworth 2006; Fijarcsk and Babik 2015). This method can 

struggle to pinpoint the loci responsible for generating balancing selection, 

but rather detects selection occurring in a region of the genome (Andrés et 

al. 2009; Bitarello et al. 2018). These patterns are also affected by factors 

such as drift, demography, structural variation (e.g. inversions), and linkage-

disequilibrium that are not linked to balancing selection (Charlesworth et al. 

1997, 2003). Although methods attempt to account for such affects, it can still 

be difficult to be certain that detected variation actually has an impact on 

fitness and is maintained by balancing selection. Even if candidates are real, 

the mechanism by which balancing selection occurs, e.g. sexual antagonism 

versus frequency dependence, cannot be determined (Fijarcsk and Babik 

2015). Without phenotypic evaluation of variants we are unable to 

understand how a polymorphism reacts to selection and how this maintains 

variation. Finally, genomic approaches are poor at detecting either transient 

balancing selection or younger polymorphisms which have less obvious 

genomic signatures (Charlesworth et al. 1997; Fijarcsk and Babik 2015).  

 

Phenotypic studies have been useful in demonstrating how variation in 

phenotypic traits translates to differences in fitness capable of generating 

balancing selection. By observing the fitness of different phenotypes we can 

also understand the mechanism by which balancing selection occurs. 

However, examples can be difficult to uncover and laborious to describe. A 

major issue is that studies typically describe balancing selection maintaining 
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genetic variation at just one locus. If balancing selection is a major factor in 

maintaining genetic variation across the genome, then only a few examples 

don’t really tell us much, we required more (Bernatchez 2016). The solution 

is to vastly increase the number of well described examples of loci under 

balancing selection. However, the amount of work required to fully 

investigate balancing selection at the number of loci identified by genomic 

studies makes this impractical (Mullon et al. 2012, Ruzicka et al. 2020).  

 

One approach that could be helpful is a combined approach using 

genome wide association studies (GWAS) and experiential evolution. GWAS 

detect associations between values of fitness traits and genetic variation. 

Variants consistently correlated with trait values are considered candidate 

loci affecting fitness in this trait. Combining GWAS and experimental 

evolution is effective as the GWAS identifies a set of candidate loci which 

can then be tracked to see how they respond to selection (Magwire et al. 

2012; Martins et al. 2014; Turner and Miller 2012; Turner et al. 2013). This 

helps by both increasing the number of candidate loci for a trait and by 

providing a test that these loci respond to selection in the manner expected 

(Schlötterer et a. 2015). This combined approach has not yet been applied to 

investigate candidate loci possibly under balancing selection, but a recent 

GWAS by Ruzicka et al. (2019) did produce a list of candidate SA SNPs 

which are promising targets for balancing selection. 

 

Experimental evolution also provides a solution to a shared problem of 

genomic and phenotypic approaches, that is, neither approach is good at 

demonstrating that a polymorphism is actively maintained by balancing 

selection. Genomic scans require time to build detectable genetic signatures 

of selection which may not represent the current situation, while newer 

polymorphisms will be missed. For phenotypic studies, just because a 

polymorphism is shown to have an effect on fitness, it does not mean that 

this will result in balancing selection at the population level. Experimental 

evolution can be combined with these approaches to potentially resolve 
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these issues by tracking the behaviour of a polymorphism over time 

(Franssen et al. 2017; Schlötterer et al. 2015). 

 

Genomic and phenotypic approaches of balancing selection are rarely 

used in combination with each other, despite the complementary strengths 

and weakness of each approach. Therefore, the number of described 

polymorphisms where there is: (i) a genomic signature of balancing selection; 

(ii) demonstration that genetic variation directly relates to the phenotype and 

fitness variation; and (iii) demonstration that the polymorphism is actively 

maintained by balancing selection, are exceptionally rare. These three 

requirements need to be met for a polymorphism to be fully validated as a 

locus of balancing selection (Bernatchez 2016; Fijarcsk and Babik 2015). 

Only by identifying such loci will we be able to form a complete picture of how 

balancing selection contributes to maintaining genetic variation for fitness. 

 

 Additionally, future investigation should aim not just to explore 

balancing selection maintaining variation at a single locus but go further to 

add insight into the identity and biological role of such loci. Such information 

is required to understand how balancing selection acts across the genome to 

maintain genetic variation (Grieshop et al. 2021; Mérot et al. 2020; Key et al. 

2014). Any new methodology that is developed should also be replicable, 

allowing for quicker, easier and more robust assessment of multiple 

candidate loci (Ruzicka et al. 2020).  

 

1.5 Thesis overview 
 

1.5.1 Thesis aims 
To address some of these knowledge gaps, in this thesis I investigate the D. 

melanogaster gene fruitless as a candidate gene under balancing selection. 

Previous genomic work has detected an indel polymorphism in this gene 

which is stable at intermediate frequencies across distant populations. In this 

thesis I have: i) described the fitness effects of the fruitless polymorphism in 
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order to uncover how the variation at this locus impacts upon the fly’s 

phenotype and fitness; and (ii) observed how the fruitless polymorphism 

behaves in populations and used comparative simulations to diagnose the 

mode of selection acting on the fruitless polymorphism. The result 

demonstrates a clear link between the fruitless polymorphism, fitness, and 

balancing selection. This fulfils the three criteria needed to confidently 

identify and describe fitness influencing polymorphisms which are maintained 

by balancing selection. I also extended the methodology of the fruitless 

analysis to detect the mode of selection acting upon candidate SA SNPs 

identified in the GWAS of Ruzicka et al. (2019). Doing so provides an 

approach to validate the balancing selection credentials of multiple SNPs at 

once. I hope to provide a better understanding of how balancing selection 

occurs, how it can be detected, the types of loci affected, and processes 

maintaining genetic variation.  

 

1.5.2 Specific methodology 
I will now expand on three key topics of this thesis and provide more 

background to them. These topics are: (i) the fruitless gene, where the 

polymorphic indel that is the subject of Chapters 2 and 3 is located; (ii) the 

next generation sequencing approach, pool-sequencing; (iii) the statistical 

method, Approximate Bayesian Computation, which was employed to 

diagnose the mode of selection acting at particular loci in Chapters 3 and 4. I 

then finish with an overview of the thesis structure. 

 

1.5.2.1 fruitless 

In Chapters 2 and 3, I focus on a polymorphism in the fruitless gene of D. 

melanogaster as a candidate balanced polymorphism. fruitless (fru) is a BTB-

zinc-finger transcription factor gene which is highly conserved across many 

taxa of insects for the last 250Myr (Gailey et al. 2006). In Drosophila 

melanogaster, fru is an essential part of the sex-determination regulatory 

cascade and involved in the development of the sex-specific neural system 

(Ryner et al. 1996; Kimura et al. 2005). fru possesses 4 different promotor 
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regions (Anand et al. 2001) and produces several mRNA isoforms which 

interact with hundreds of other sites across the genome, many of which are 

on the X-chromosome (Neville et al. 2014; Vernes 2014). Some of these 

mRNA isoforms are spliced in a sex-specific manner and manage the 

development of the nervous system in each sex (Neville et al. 2014; Parker 

et al. 2014; Usui-Aoki et al. 2000). In males, the presence of the protein 

isoform FRUMC determines the fate of neurons in the fly’s nervous system 

(Kimura et al. 2005; Nojima et al. 2014). Females, which lack the FRUMC 

protein experience programmed cell death of mLA neurons (Kimura et al. 

2005; Sato and Yanamoto 2020). If females are forced to produce male 

specific isoforms they will display mating behaviours typical of males, such 

as attempted courtship and mating with other females (Demir and Dickson 

2005).  Males with mutations in the fru gene display altered mating behaviour 

including a loss of all sexual behaviours (Anand et al. 2001; Ryner et al. 

1996) or alteration in courtship traits such as song (Rideout et al. 2007). 

Knock-out mutations in fru are lethal in both sexes. The strong phenotypic 

effects of fru (Anand et al. 2001; Ryner et al. 1996), the sex-specific splicing 

(Parker et al. 2014), and the multiple isoforms with various targets (Neville et 

al. 2014; Vernes 2014) makes fru a likely source of pleiotropic effects on 

various traits. This in turn makes fru a potential candidate for balancing 

selection as any genetic variation is likely to affect multiple traits in both 

sexes.      

 

Previous work in our laboratory has focussed on identifying natural 

polymorphisms that may be targets of antagonistic selection. In connection to 

these efforts, previous PhD students Mark Hill and Filip Ruzicka identified a 

naturally occurring 43bp indel polymorphism in the regulatory region of the 

fru gene (Hill 2017, Ruzicka 2018). The polymorphism consists of the 

reference haplotype (S allele) and an extended haplotype carrying an 

insertion relative to the reference genome (L allele). Ruzicka (2018) showed 

that fru haplotype sequences from two long-time separated populations of D. 

melanogaster from the USA (Mackay et al. 2012) and Zambia (Lack et al. 
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2015), clustered based on their fru indel genotype rather than population of 

origin. The indel polymorphism has been stable over a long period of time, as 

shown by its persistence in both populations and that it exists at intermediate 

frequencies in them (USA: f(L)=0.475, f(S)=0.525, and Zambia: f(L)=0.511, 

f(S)=0.489) (Ruzicka 2018). The length of time over which this polymorphism 

has been preserved, the frequencies that it has been maintained at, and the 

pleiotropic nature of the fru gene, make it a promising candidate as a site 

where diversity is maintained through balancing selection.  

 

1.5.2.2 Pool-sequencing 

In Chapters 3 and 4 I investigate data which were generated using the 

sequencing technique pool-sequencing (pool-seq). Pool-seq is a genome 

sequencing technique that allows for highly cost-effective allele frequency 

data to be gathered for a group of individuals (Schlötterer et al.2014; Gautier 

et al. 2013). Rather than performing sequencing on samples generated from 

individuals, pool-seq uses DNA samples containing multiple individuals, 

referred to as a pool, representing a sample of the population (Futschik and 

Schlötterer 2010; Sham et al. 2002). Pooling thereby drastically reduces the 

library preparation costs of a sequencing experiment. For example if we had 

five populations and sampled 50 individuals from each one, we would require 

up to 250 DNA libraries for individual sequencing, compared to only five 

libraries for pool-seq. This cost effectiveness has made pool-seq an 

increasingly popular tool as sequencing experiments are now feasible even 

for those working with modest budgets (Schlötterer et al. 2014; Graves et al. 

2017). Considerations when designing a pool-seq experiment include the 

number of individuals within each pool, ensuring that these contribute 

equally, and the sequencing read depth (coverage) (Schlötterer et al. 2014). 

Although coverage and a greater number of contributors to the pool are ideal, 

these need to be balanced in order to achieve an effective pool-seq 

experiment as both of these factors increase the volume of sequencing data 

required, costing more money. Due to its cost effectiveness, pool-seq is 

usually applied to whole-genome sequencing, but can be adapted for 
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targeted sequencing approaches such as exome RAD-seq strategies 

(Schlötterer et al. 2014).    

 

There are a number of caveats to be aware of when designing a pool-

seq experiment. The first is that since the sequenced read data comes from 

a mix of individuals and current sequenced read lengths are quite short (75-

150bp), it is very difficult to gather any information on linkage or haplotype 

blocks, as there is no way of associating reads to specific individuals and 

hence infer linkage of SNP alleles across reads (Futschik and Schlötterer 

2010; Schlötterer et al. 2014). New methods are being developed to alleviate 

this limitation, including large scale individual sequencing before the pool-seq 

experiment begins (Tilk et al. 2019) and constructing haplotype blocks from 

correlated allele trajectories (Michalak et al. 2019; Otte and Schlötterer 

2021), but these have not yet been widely applied. Also, no information 

regarding the frequencies of diploid genotypes (homo-/heterozygotes) can be 

gathered, as SNP frequencies can only be measured for the pool as a whole 

(Schlötterer et al. 2014). This prevents the study of some biological 

processes which require information on the specific genotype of individuals, 

for example inbreeding using the statistic FIS (Wright 1922). Despite these 

issues, pool-seq has been successfully applied to a variety of research areas 

in biology including: genome-wide association studies (Sham et al. 2002), 

experimental evolution (Schlötterer et al. 2015; Franssen et al. 2017), 

selective sweeps (Tobler et al. 2013), mapping complex traits (Ehrenreich et 

al. 2010), and tracking population clines (Bergland et al. 2014). In all these 

applications, pool-seq provides an effective way to obtain allele frequency 

data about a population.   

 

1.5.2.3 Approximate Bayesian Computation 

In Chapter 3 I use the statistical method Approximate Bayesian Computation 

to diagnose the mode of selection acting at first the fru locus, and then a set 

of 100 short intron SNPs. In Chapter 4 I employ this method again to 

diagnose selection at SA candidate SNPs. Approximate Bayesian 
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computation, or ABC, is a statistical method applied to complex datasets 

where traditional likelihood methods of inference are either mathematically or 

computationally difficult (Blum and François 2010). ABC offers a method to 

deal with complex biological data and test for specific effects and/or estimate 

statistical parameters in a manner that explicitly incorporates complexity, 

while at the same time avoiding the need to derive explicit likelihood 

functions. This is achieved by comparing simulations of a system run under a 

wide range of parameter values and (where applicable) different models to 

the real observations (Csilléry et al. 2010). Since its initial development by 

Pritchard et al. (1999) and Beaumont et al. (2002), ABC has been applied to 

answer questions in a wide range of research areas including population 

genetics (Sjödin et al. 2012), epidemiology (McKinley et al. 2018), and 

environmental modelling (Cui et al. 2018). In this thesis I apply ABC to 

diagnose the mode of selection acting in populations of Drosophila 

melanogaster. 

 

ABC is mainly applied for two purposes (Csilléry et al. 2010, 2012). 

The first is model choice. Given a set of simulations which describes a 

phenomenon of interest under different models, ABC can calculate which 

model has the highest probability of giving rise to the real observed data. The 

second purpose of the ABC is parameter estimation. Simulations are built 

using a range of values for a set of parameters, and ABC can estimate the 

parameter values which would produce a simulation most closely matching 

the real data. To accomplish these tasks ABC uses large volumes of 

simulated data which describe the phenomena of interest under different 

conditions. ABC then compares these simulated data to the real observed 

data to determine the similarity between them (Csilléry et al. 2010). This 

comparison is performed using a number of summary statistics, which are 

measures taken of both the observed and simulated data, and which should 

ideally capture some aspect of their variation. These statistics can be formal, 

established statistics such as Tajima’s D or Watterson’s theta, or new 

measures specific to the experimental set up (Csilléry et al. 2010).  
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When comparing summary statistics ABC attempts to match the real 

data summary statistics to those of the simulations to find those with the 

closest match (Csilléry et al. 2012). For parameter estimation this is done by 

calculating the distance, d, between a simulation’s value and the observed 

data. A tolerance rate is set so all those simulations where d is too large are 

rejected and the accepted simulations form a posterior distribution from the 

which the parameter values are estimated. For model choice the process is 

similar, but rather than estimating specific values, ABC calculates a 

probability of a model class generating the observed data from the proportion 

of simulations of that type contributing to the posterior distribution. A number 

of algorithms have been developed to improve this process and correct for 

mismatches between the summary statistics. The most commonly used are 

the ‘rejection’ method which removes one summary statistic and tests if that 

improves d or not, or regression based techniques, such as multinomial 

logistic regression or local linear regression, which weight the posterior 

distribution based on how well a summary statistic describes a parameter 

value or model class. The development of new algorithms is an active area of 

research as new methods seek to make improvements (Beaumont 2019). 

Increasingly these make use of machine learning algorithms such as the 

‘neural net’ method which are better than rejection- or regression-based 

approaches at dealing with highly dimensional data with large numbers of 

summary statistics (Blum and François 2010; Csilléry et al. 2010). However, 

the best algorithm choice will vary depending on the data and summary 

statistics which is why cross-validation of approaches to estimate the errors 

associated with different methods is essential (Blum and François 2010). 

Although ABC is a powerful statistical tool it is also important to understand 

its limitations and not to blindly accept the results. It is therefore important to 

perform cross validation of all tests to have some idea of the power that ABC 

has and to estimate the error in its calculations (Csilléry et al. 2010, 2012). It 

is also important to curate the summary statistics used to ensure that all are 
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informative and help to differentiate the simulations performed under different 

models and with different parameter values.  

 

1.5.3 Thesis structure 
This thesis is composed of this introduction together with three data 

chapters, a discussion and three appendices. I will now give a brief 

description of each element that follows this introduction.  

 

In Chapter 2, I investigate the fruitless (fru) polymorphism with the aim 

of characterising the fitness effects of the two alleles. This was done with six 

isogenic populations of D. melanogaster, three fixed for the S allele and three 

fixed for the L allele. These lines were subjected to a number of fitness 

assays to measure the performance of each genotype. I found that flies from 

lines fixed for the S allele showed improved performance relative to L flies in 

reproductive fitness traits in both sexes. However, L allele flies had greater 

survival to adulthood, and in some cases decreased likelihood of death with 

age. This pattern where one allele is beneficial for traits related to fitness at 

one stage of life and the other allele for those at another indicates 

antagonistic pleiotropy (AP) at the fru locus. I hypothesise that genetic 

diversity at the fru locus is maintained by AP generating balancing selection.  

 

In Chapter 3, I use a suite of replicated experimental populations of 

flies to study the behaviour over time of the fru polymorphism at the 

population scale. Ten populations were established, five with one value of 

the initial frequency of the S and L alleles and five with a different initial 

frequency. I sampled all of these cages periodically and sequenced the fly 

samples using pool-sequencing. From this I obtained information about the 

trajectories of the fru allele frequencies over the course of the experiment. I 

use ABC to compare these trajectories to those from simulations with the fru 

locus subject to different selective conditions. From this it appears as though 

the fru locus is under some form of balancing selection, as predicted from 

Chapter 2.  
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In Chapter 4, I expand on the methodology developed in Chapter 3 to 

diagnose the mode of selection acting at multiple loci. The loci investigated 

come from a genome-wide association study (GWAS) which identified 2372 

SA loci in the LHM population (Ruzicka et al. 2019). SA loci are expected to 

experience balancing selection and contribute to genetic variation but have 

traditionally been difficult to identify. Again I used ABC to compare the 

frequency trajectories of focal SNPs with simulation of SNPs under different 

selective conditions. I found that 60% of the candidate loci investigated 

appeared to be under some form of balancing selection, but precisely which 

loci experience balancing selection is difficult to predict from the GWAS 

results alone. I also took a closer look at five candidate loci which have been 

chosen to create gene edited lines using CRISPR technology. 

 

In Chapter 5, the general discussion, I first summarise the main 

findings from each chapter. I then discuss my findings in relation to the field 

at large and what they mean for how we understand balancing selection and 

how genetic diversity is maintained in general. I also discuss some of the 

caveats of the work, suggest aspects of future study that could resolve these 

caveats and identify other areas of investigation that will aid in the further 

study of balancing selection.   

 

This thesis also contains three appendices. Appendix A contains 

additional information relating to Chapter 2 about how the isogenic fruitless 

lines were created. Appendix B presents a copy of a paper and 

accompanying supplementary information published in Proceedings of the 

Royal Society B on which I was the lead author. This paper is composed 

mostly of work from Chapter 2. Appendix C describes additional methods 

and results from Chapter 3 regarding the development of summary statistics 

used to compare simulations by ABC. 
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2.1 Declaration 
 

All work presented here is my own, except for two sections which were 

performed by collaborators and are included for context. Section 2.4.2, 

‘Creation of allelic lines’, was conducted by Filip Ruzicka as a follow-on from 

his previous work identifying the fru polymorphism that is described in the 

introduction of this chapter and is described in full in Appendix A. Section 

2.4.5, ‘Balancer stock genotyping’, was performed by Quentin Saintain using 

samples that I provided. 

 

The work contained in this chapter was published in the Proceedings 

of the Royal Society B on the 12th of May 2021 

(https://doi.org/10.1098/rspb.2020.2958) and this chapter is an adapted 

version of the published article. A copy of the article itself and its 

accompanying supplementary information is presented in Appendix B.  
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2.2 Abstract 
 
The amount of genetic variation for fitness within populations tends to exceed 

that expected under mutation-selection-drift balance. Several mechanisms 

have been proposed to actively maintain polymorphism and account for this 

discrepancy, including antagonistic pleiotropy, where allelic variants have 

opposing effects on different components of fitness. A non-coding indel 

polymorphism in the fruitless gene of Drosophila melanogaster has 

previously been identified and here I measure survival and reproductive 

components of fitness in males and females of replicate lines carrying each 

respective allele. Expressing the fruitless region in a hemizygous state 

reveals a pattern of antagonistic pleiotropy, with one allele generating greater 

reproductive fitness and the other conferring greater survival to adulthood. 

Different fitness effects were observed in an alternative genetic background, 

which may reflect dominance reversal and/or epistasis. These findings link 

sequence-level variation at a single locus with complex effects on a range of 

fitness components, thus helping to explain the maintenance of genetic 

variation for fitness. Transcription factors, such as fruitless, may be prime 

candidates for targets of balancing selection since they interact with multiple 

target loci and their associated phenotypic effects.  
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2.3 Introduction 
 

Genetic variation for fitness provides the raw material for selection and 

genetic drift to cause genetic evolution of populations (Fisher 1930). The 

action of both forces, however, tends to reduce genetic variation. This is 

particularly relevant in the case of traits that are closely linked to fitness and 

therefore, by definition, under strong directional selection. The classic 

explanation for the presence of heritable variation for fitness in populations is 

mutation-selection-drift balance, where standing variation is maintained at an 

equilibrium between the generation of new variation by recurrent mutation 

and its reduction through selection and drift (Muller 1950; Lewontin 1974). 

Yet most populations typically harbour considerable amounts of genetic 

variation for traits and fitness—and more than can be accounted for by 

mutation-selection-drift balance alone (Charlesworth 2015). This discrepancy 

between theoretical expectations and empirical data constitutes a central and 

perennial puzzle in evolutionary biology (Charlesworth and Hughes 2000; 

Charlesworth 2015). 

 

One possible resolution of this paradox is that fitness variation is 

actively maintained by balancing selection. Initially popularised by 

Dobzhansky (Dobzhansky 1955), balancing selection is a force actively 

maintaining two or more allelic variants at a locus. The active maintenance of 

polymorphism requires that the selective value of an allele depends on the 

context in which it finds itself (Gloss and Whiteman 2016; Llaurens et al. 

2017). Allelic fitness effects can depend on the genetic context within an 

individual, as in the case of overdominance (Johnston et al. 2013) or 

reciprocal sign epistasis (Ono et al. 2017) or the genetic context in the 

population, as with negative frequency-dependent selection (Sinervo and 

Lively 1996) or variable environmental conditions (fluctuating selection, 

(Wittmann et al. 2017)). In the case of antagonistic selection, polymorphism 

is maintained because the fitness effect of an allele depends on the sex of 

the carrier (sexual antagonism, (Kidwell et al. 1977; Bonduriansky and 
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Chenoweth 2009)), or on an individual's life history stage (antagonistic 

pleiotropy, (Williams 1957)). 

 

Antagonistic pleiotropy (AP) occurs when mutations have a beneficial 

effect on one fitness component but a deleterious effect on another. Initially 

conceived in the 1950s (Caspari 1950; Williams 1957), AP has become a 

major hypothesis for the evolution of ageing, where mutations that increase 

fitness early in life are proposed to cause deterioration and increased 

mortality later in life (Williams 1957; Williams and Day 2003). AP could 

maintain genetic variation if, for example, one allele confers increased early-

life fitness and a shorter lifespan, while the other causes a more even 

reproductive output over a longer life, with both strategies providing similar 

long-term fitness pay-offs and greater fitness than an intermediate strategy 

(Rose 1982; Stearns 1989). Despite some empirical evidence of pleiotropic 

trade-offs (Rose and Charlesworth 1981), modelling has shown that the 

conditions under which AP generates balancing selection and maintains 

polymorphism are quite restrictive (Rose 1982, 1985; Curtsinger et al. 1994; 

Hedrick 1999). This, combined with relatively few empirical examples of AP 

in nature, has led researchers to question whether AP is a major contributor 

to the maintenance of genetic variation for fitness (Curtsinger et al. 1994; 

Mérot et al. 2020). 

  

However, recent theoretical and empirical studies have re-ignited 

interest in AP as a mechanism generating balancing selection. Models of 

metapopulation structure in fungi (Tellier et al. 2007) and viability and fertility 

selection in flowering plants (Brown and Kelly 2018) have demonstrated a 

crucial role of AP in maintaining genetic variation for fitness in wild 

populations. Similarly, Mérot et al. (2020) found that AP in fitness effects and 

the resulting variation in life-history trade-offs is most likely responsible for 

the maintenance of an inversion polymorphism in the seaweed fly Coelopa 

frigida. More recent theoretical models have further shown that the conditions 

required for AP to generate balancing selection are less stringent than 
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initially believed. For example, taking into account sex-specific fitness effects 

or even small variations in dominance between traits over time may be 

enough for AP to generate balancing selection under a wider range of 

conditions (Zajitschek and Connallon 2018). Furthermore, AP may generate 

excess fitness variance (relative to unconditionally deleterious mutation-

selection balance) by slowing the removal of deleterious variation, rather 

than maintaining it per se (Llaurens et al. 2017; Zajitschek and Connallon 

2018). Together these developments suggest that the proportion of AP 

genetic variation (and possibly balanced variation) has been historically 

under-estimated (Charlesworth 2015), underscoring the need for further 

experiments that link sequence-level polymorphism with measurements of 

fitness components at different life stages, ideally in both sexes.  

  

Here, I investigate fitness effects associated with a polymorphism in a 

non-coding region of the fruitless gene (fru) of Drosophila melanogaster. The 

fru gene is a key component of the sex-determination cascade and is 

responsible for sex-specific nervous system development and courtship 

behaviour (Ryner et al. 1996; Kimura et al. 2005; Neville et al. 2014). In line 

with its crucial functions, fru's protein coding sequence is conserved across 

insect taxa (Gailey et al. 2006). Contrasting with the evolutionary constraint 

that is evident at the phylogenetic level, fru also exhibits evidence of positive 

selection (Parker et al. 2014).  

 

Previous work in this laboratory by a former PhD student (Filip 

Ruzicka) identified a polymorphism within the 5' non-coding region of the fru 

gene (Ruzicka 2018). This was achieved by investigating signatures of 

balancing selection in population genomic data from two collections of wild 

flies from Raleigh, US (MacKay et al. 2012) and Zambia (Lack et al. 2015), 

using metrics of genetic diversity (nucleotide diversity, Tajima’s D) and 

linkage disequilibrium, which can indicate if a region is under balancing 

selection (Fijarczyk and Babik 2015). Sanger sequencing of a 400bp region 

of LHM (a laboratory-adapted population (Rice et al. 2005)) revealed a 43bp 
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indel polymorphism, (henceforth referred to as the fru indel) that is in perfect 

LD with seven SNPs in the flanking sequence (Figure 2.1A). A haplotype 

network constructed from these SNPs showed that haplotypes do not cluster 

by population but fall into divergent allelic classes that occur at intermediate 

frequencies in both populations (Figure 2.1C). Given the large evolutionary 

distances between the Raleigh and Zambia populations, this is suggestive 

evidence that the fru indel (and/or alleles linked to it) is under some form of 

antagonistic and/or balancing selection.  

 

To investigate why this locus is consistently polymorphic, I designed 

and performed fitness experiments to assess the consequences of bearing 

each respective allele for multiple fitness components in both sexes. I found 

that one allele confers higher reproductive fitness in both sexes, while the 

alternative allele results in greater larval survival and, in some cases, greater 

adult longevity. These effects further depend on the genetic background in 

which the alleles are expressed, suggesting that dominance reversal and/or 

epistasis may also contribute to the maintenance of this polymorphism. This 

study adds to the growing body of evidence for a reassessment of the role 

played by antagonistic pleiotropy, and possibly balancing selection, in 

maintaining individual allele polymorphisms and genetic variation for fitness.  
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2.4 Methods 
 

2.4.1 Fly culture and husbandry 
Unless otherwise stated, flies were maintained on corn-agar-molasses 

medium with a powdering of live yeast in either vials (8ml of media) or bottles 

(50ml) in 25°C constant temperature rooms at 50% humidity on a 12:12hr 

light-dark cycle. When required, flies were collected as virgins, every 0-6 

hours post-eclosion until sufficient numbers were obtained. Flies were 

anaesthetised using a CO2 pad for short periods of time and manipulated 

using a fly aspirator or paint brush. 

 

2.4.2 Creation of allelic lines  
Isogenic allelic lines, which were fixed for either the S or L allele but 

otherwise isogenic for a Canton-S background were created in order to study 

the fitness effects of the fru polymorphism. Details for this process are 

described in Appendix A. 

 

2.4.3 Generating focal flies 
Fitness assays were performed on “focal” flies generated by crossing 

individuals from the allelic lines to flies from the Df(3R)fru4-40/TM6B stock. 

The resulting individuals carried the fru allele (L or S) of a line complemented 

either by the Df(3R)fru4-40 deficiency (D) or by the TM6B balancer 

chromosome (B). Since the deleted region of the Df(3R)fru4-40 chromosome 

extends over the fru locus, flies which inherit this chromosome (D) are 

hemizygous for whichever fru allele they inherit. The fru alleles can therefore 

be studied in isolation in D flies. The B chromosome (TM6B) was found to 

carry the S allele. The contrast of allelic fitness effects between flies 

complemented with the D deficiency or the B chromosome thus allows us to 

gain information on dominance effects of the fru alleles and epistatic 

interactions with the genetic background. The cross to generate focal flies 

also ensures that line-specific recessive deleterious alleles are masked by 

complementing with both B and D chromosomes, so as to minimally affect 
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fitness measurements associated with the fru alleles. Before crossing, flies 

were maintained for multiple (>10) generations in bottles containing 

molasses media, at a population size of 200-300 flies per bottle and 3 bottles 

per line.  

 

For each line (S1–3 and L1–3), crosses were performed by setting up 

replicate vials containing 10 virgin allelic line females and 10 Df(3R)fru4-

40/TM6B males. These vials were left overnight for the flies to mate. To limit 

larval densities, I twice transferred flies to fresh vials for 4-hour egg lays 

(~10am–2pm and ~2–6pm). To establish focal flies carrying the fru allele 

paired with either the D complement (wildtype pupal phenotype) or the B 

complement (Tb pupal phenotype), emerging pupae were sorted into 

separate vials based on their phenotype. Twelve total line sets were thus 

established, i.e. lines S1–3 and L1–3 in D or B background, referred as S/D, 

S/B, etc. when referring collectively to all 3 lines carrying a particular allele.  

 

2.4.4 Fitness assays  

2.4.4.1 Reproductive success 

Focal females were mated to males from their own vial before being placed 

as triplets at 3 days old into vials containing 1% agar and fed by a capillary 

tube through the stopper containing a 4:1 yeast to sugar solution (6.5g yeast 

extract and 1.625g sugar per 100ml) at 25°C and 80% humidity, with new 

food capillaries supplied daily. Triplets were maintained until the focal 

females were 4–5 days old, since females are initially reluctant to lay in this 

novel environment and need time to grow accustomed to it. Triplets were 

then transferred to new agar vials (this time 0.8% agar was used since a 

lower agar % produced clearer photos) at ~4pm and allowed to lay eggs for 

18 hours. Vials were photographed using webcamSeriesCapture 

(github.com/groakat/webcamSeriesCapture) software and a Logitech HD Pro 

webcam C920. I used the machine learning programme QuantiFly 

(github.com/dwaithe/quantifly) (Waithe et al. 2015) to count the eggs in each 

picture. Vials where a female died or where bubbles, debris, or other 
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contaminants caused counting problems were removed from further analysis. 

Fitness was assayed in 3 experimental blocks. In total, 863 successful 

female fecundity trials were performed. 

 

Focal males were reared on standard food in vials of 30 mixed sex 

flies until 4–5 days old. To assay male mating success, focal males were 

paired with a competitor male from the Df(3R)fru4-40/TM6B stock. Pairs of 

males were held in vials overnight. The next morning a virgin Df(3R)fru4-

40/TM6B female was added to the vial without CO2 anaesthesia and the two 

males competed for mating. The males were allowed to compete for 90mins, 

thereby maximising the likelihood of a single mating while keeping the rate of 

double matings negligible. The males were then removed and the female left 

to lay eggs over a period of several days. Once the larvae pupated, paternity 

was scored using the pupal phenotype. If all pupae displayed the Tb 

phenotype then paternity was assigned to the competitor (Df(3R)fru4-

40/TM6B) male. If pupae were a mixture of wildtype and Tb, paternity was 

assigned to the focal male. Only vials with >10 pupae were included in 

further analysis, to ensure that the probability of not observing any wildtype 

pupae among the offspring of a wildtype male would be minimal (0.510 = 

0.001) and paternity could be reliably scored. In total, I obtained data on 

mating success for 1149 males across 3 experimental blocks.  

 

2.4.4.2 Larval survival, sex ratio and development time 

Fifty virgin females from the fru allelic lines and fifty males from the 

Df(3R)fru4-40/TM6B line were placed together into egg-laying chambers 

(~2.5cm diameter, 5cm height) to mate and lay eggs. The floor of these 

chambers was composed of a grape juice/agar mixture (172ml concentrated 

grape juice per litre) with a small quantity of yeast as a protein source. After 

48 hours, once they had acclimatised to the conditions, the flies were 

transferred to an identical chamber with the same food source and left for a 

further 24–30 hours to lay the eggs which would become the “focal” larvae 

assessed in this assay. Newly hatched, 1st instar larvae were picked and 
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placed in groups of 50 into vials containing standard medium and left to 

develop. Newly formed pupae were removed from the vial and placed into 

new vials depending on their phenotype (Tb or wildtype). For each vial and 

line, the number of eclosing flies of each sex, the proportion of surviving 

larvae, and the sex ratio (once all flies eclosed) was recorded. Development 

time was recorded as the number of days from when larvae were placed in 

the vial until eclosion as an adult. Complete data on larval survival, sex ratio 

and development time was collected for 2052 flies (1049 females and 1003 

males) from 180 vials. 

 

2.4.4.3 Lifespan 

Due to the larger number of flies required for this assay compared to 

previous assays, focal flies were generated using a slightly different method. 

Groups of 100 fru allelic line females and 100 Df(3R)fru4-40/TM6B line males 

were placed together in an enclosure containing a petri dish filled with corn-

agar-molasses medium and left to lay eggs overnight. The next day, small 

sections of the media, each containing a similar number of eggs, were cut 

out and placed into individual vials. The eggs were then left to hatch and the 

larvae to develop. As pupae emerged the flies were separated into vials 

depending on the pupal phenotype (Tb or wildtype). The vials were checked 

daily until sufficient flies for the experiment eclosed on the same day, which 

occurred 10 days after eggs were laid. All flies used in the assay were virgins 

and varied in age by no more than 24 hours. Newly eclosed flies were 

anaesthetised with CO2, separated by sex, and placed in vials in groups of 

10. Every other day (Monday, Wednesday, Friday), flies were transferred to a 

new vial without anaesthesia. The number of dead flies at each transfer was 

recorded and dead flies removed. If a fly escaped this was recorded and 

included in the analysis by censoring. This process was continued until all 

flies had died. Complete lifespan data was collected for 1659 flies, with 

partial data obtained for another 257 flies. 
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2.5.5 Balancer stock genotyping 
In order to asses any sex- or trait-specific dominance of the fru alleles I 

needed to know the allele carried by the TM6B balancer chromosome. DNA 

was extracted from several Df(3R)fru4-40/TM6B flies and the indel region was 

then PCR-amplified. The size of the PCR product was checked on an 

agarose gel (using control reaction with L- and S-bearing DNA templates 

from our isogenic lines as controls) and Sanger-sequenced to confirm allelic 

identity. 
 

2.4.6 Statistical analyses  
All statistical analyses were performed in RStudio (R Core Team 2019). 

Mixed effects models were fitted using the package lme4 (Bates et al. 2015). 

All mixed effects models included the flies' line ID (S1–3 or L1–3) as a 

random variable. If the assay was carried out in multiple blocks, this was also 

included as a random effect. P-values for each model term were calculated 

using parametric bootstrapping (package pbkrtest (Halekoh and Højsgaard, 

2014)) based on 1000 simulations.  

 
Egg count output from the QuantiFly programme was square root 

transformed (to achieve better model fitting) and analysed using a linear 

mixed effects model (LMM) with Gaussian error. The model included the fru 

allele (L or S), chromosomal complement (B or D) and their interaction as 

fixed effect parameters.  

 

Male mating success was recorded by scoring paternity (focal vs. 

competitor male) as a binary response variable. A GLMM (generalised linear 

mixed effects model) with logit link function and binomial error structure was 

then fitted for this variable, containing the male’s fru allele, its chromosomal 

complement, and the interaction between the two, as fixed effects. This 

assay also included experimental block as a random effect in the model.  
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Larval survival was measured as the number of adult flies emerging 

from each vial. An LMM with Gaussian error was applied to the log-

transformed number of surviving offspring as a response variable. This 

produced a better fit according to log-likelihood and AIC than using a GLMM 

with a Poisson error distribution. The offspring’s fru allele and chromosomal 

complement were included in the model as fixed effects. An additional 

random variable was added to account for the identity of the vial housing 

each fly before separation at the pupal stage.  

 

Sex ratio was calculated as the number of males divided by the total 

number of flies which emerged from each vial and square-root transformed. 

A Gaussian LMM was applied to the sex ratio values which included fru allele 

and chromosomal complement as fixed effects and an additional random 

variable to account for differences between individual vials.  

 

Development time was analysed using a Gaussian LMM including fru 

allele, chromosomal complement, sex and their interactions as fixed effects 

and larval vial and fly line as random effects. Development time was log-

transformed to improve the model fit.  

 

Lifespan data was analysed using Cox proportional hazard models 

(CPH) from the R package survival (Therneau 2015). A model was 

constructed including fru allele, sex and chromosomal complement as 

explanatory variables. Significance of model terms was assessed with 

sequential likelihood ratio tests. Additional models were run with single 

explanatory variables on either the entire or stratified datasets to estimate 

hazard ratios for significant model terms. Kaplan-Meier survival curves were 

fitted using functions from the survminer package (Kassambara et al. 2019). 
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2.5 Results 
 

2.5.1 Reproductive success 
There was no effect of the fru allele alone on the number of eggs laid 

(𝜒"#=2.62, p=0.189; Figure 2.2A). However, there was an effect on fecundity 

due to the chromosomal complement, with D females laying 7.3% more eggs 

than B females (𝜒"#=4.31, p=0.041; Figure 2.2A). Furthermore, there was a 

significant allele-by-complement interaction, whereby S/D flies laid more 

eggs (21.6% excess) than all other genotypes (𝜒"#=4.29, p=0.031; Figure 

2.2A).  

  

There was no effect of the fru allele on male mating success (𝜒"#=0.49, 

p=0.562; Figure 2.2B). The success rate of B males was 32.5% higher than 

that of D males (𝜒"#=17.38, p=0.001; Figure 2.2B). There was a difference 

between the alleles when in a hemizygous state (D complement) with S/D 

males achieving 35.8% more matings than L/D males, though the allele-by-

complement interaction was nearly statistically significant (𝜒"#=3.52, 

p=0.058).  

 

2.5.2 Larval survival and sex ratio 
A greater number of L allele larvae survived to adulthood compared to S 

allele larvae (a 51.2% survival benefit of the L allele; 𝜒"#=7.64, p=0.016; 

Figure 2.3) and more larvae inheriting the D chromosome survived to 

adulthood than those inheriting the B chromosome (22.56% more D than B 

larvae survived; 𝜒"#=17.95, p<0.001; Figure 2.3). There was no evidence for 

an interaction between fru allele and chromosomal complement (𝜒"#=1.25, 

p=0.275; Figure 2.3). There were also no significant effects on the sex-ratio 

of emerging adult flies due to either fru allele (𝜒"#=0.054, p=0.809), 

chromosomal complement (𝜒"#=2.14, p=0.158) or their interaction (𝜒"#=2.89, 

p=0.097; Figure 2.4).  
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2.5.3 Development time 
Females developed 2.1% faster than males across all genotypes (𝜒"#=98.69, 

p=0.001, Figure 2.5) and the B chromosome led to faster development than 

the D chromosome by 2.5% (𝜒"#=9.21, p=0.003). Yet, the fru allele had no 

significant effect on development time (𝜒"#=0.36, p=0.655), nor was there 

support for two-way interactions between any of the variables (allele-by-sex: 

𝜒"#=0.91, p=0.357; allele-by-chromosome: 𝜒"#=0.038, p=0.848; chromosome-

by-sex: 𝜒"#=2.52, p=0.106) nor between all three variables (𝜒"#=0.012, 

p=0.921) (Figure 2.5).  

 

2.5.4 Lifespan 
A global analysis across the entire dataset did not reveal a significant effect 

of allele (p=0.71; Figure 2.6). However, a significant effect of complement 

was not found (p<0.001), with greater lifespan (smaller hazard) in flies with 

the D than the B complement (HRD/B=0.72), and sex (p<0.001), with greater 

lifespan in males (HRM/F=0.82). The latter effect is probably largely driven by 

a significant complement-by-sex interaction (p<0.001), where the direction of 

the sex-difference in survival is reversed between the D complement 

(HRM/F=1.27) and the B complement, with a large drop in survival of B 

females (HRM/F=0.50, Figure 2.6). In addition, significant pairwise interactions 

between allele and complement were found (p=0.001; D complement: 

HRS/L=0.84; B complement: HRS/L=1.14) and between allele and sex 

(p=0.028; females: HRS/L=1.04; males: HRS/L=0.93). The three-way 

interaction was not significant (p=0.25). For full survival results see Table 2.1. 
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2.6 Discussion 
 

In this chapter, I describe the fitness consequences of variation at an indel 

polymorphism in the fruitless gene, previously identified by Ruzicka (2018), 

by measuring the performance of allelic lines for a number of relevant fitness 

components, in both sexes. The data provide evidence for complex allelic 

fitness effects (see Table 2.2 for a summary), with variation in the impact of 

the fru alleles between fitness components, sexes and chromosomal 

complements. 

 

For cases where the fru allele was present in a hemizygous state, i.e. 

paired with the D chromosome, the effects are compatible with AP, in which 

alleles affect fitness in different and opposing ways (Table 2.2). Thus, flies 

inheriting the S allele outperformed L flies in assays of male and female adult 

reproductive fitness, with S females laying more eggs than L females and S 

males tending to have greater competitive mating success than L males. 

Conversely, flies inheriting the L allele had greater larval survival than those 

with the S allele in both sexes. These contrasting effects on reproductive 

fitness and survival suggest that allelic variants at the fru locus act 

antagonistically, contributing to a major life history trade-off. 

 

In addition to AP effects, I also find evidence for interactions between 

the focal fru alleles and their chromosomal complement, which is either a 

wildtype chromosome carrying the deficiency Df(3R)fru4-40 (D) or a balancer 

chromosome TM6B (B). Because the latter carries an S allele, such that L/B 

flies are L/S heterozygotes while S/B flies are S/S homozygotes, the 

comparison between the genotypes in the two complements allows us to 

make some inferences about dominance. Estimates of phenotypic means 

from the data suggest dominance for two traits, male mating success and 

larval survival. For male mating success, S/B (S/S) and L/B (L/S) males 

perform equally well while S/– males have greater mating success than L/– 

males (Figure 2.2B, significant allele-by-complement interaction), possibly 
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suggesting dominance of the S allele. For larval survival, in contrast, the 

difference in eclosion rate between S/S and S/L individuals is similar to the 

difference between S/– and L/– individuals (Figure 2.3; significant allelic 

effect but no allele-by-complement interaction), suggesting that the L allele is 

dominant for this phenotype. These potential findings of trait-specific 

dominance raise the intriguing possibility of adaptive dominance reversal, 

where the beneficial allele is dominant for both traits.  

 

Yet there is also evidence for more complex genetic interactions. 

There was no difference between the effect of the two alleles on adult 

mortality when paired with the D chromosome, but in females L flies had 

lower adult mortality than S flies when paired with the B chromosome. This 

pattern is indicative of epistatic interactions between the focal polymorphism 

and the genetic background (as well as the sex-determining pathway). It is 

not surprising that such interactions should be apparent in these data, given 

the large number of sequence differences that will be present between the B 

and D chromosomes. What is less clear is to what degree these effects are 

biologically meaningful, given the presumably unnaturally high deleterious 

mutation load on the balancer chromosome. Nevertheless, the fact that 

epistatic allelic differences for particular fitness components arise in the 

presence of both complements makes it plausible that similar, albeit 

potentially weaker, effects would occur in interactions of fru alleles with 

naturally occurring polymorphisms elsewhere in the genome. 

 

Life-history traits, such as adult fecundity and survival probability 

(Rose 1982, 1985) that I measured here, are often thought to be associated 

with genetic trade-offs (Stearns 1989). In such cases, an increase in 

performance in one fitness component leads to concurrent decreases in 

performance in another, for example due to resource allocation. Within this 

framework, AP is likely to occur when mutations affect the allocation that 

underlies the trade-off. AP effects can sometimes maintain genetic 

polymorphism in general models (Rose 1982, 1985), models replicating the 
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properties of specific natural systems (Tellier et al. 2007; Brown and Kelly, 

2018) and in empirical observations (Mérot et al. 2020). Similarly, the 

antagonistic fitness relationship uncovered between the two fru alleles may 

maintain genetic variation at the fru locus.   

 

Supporting this interpretation, the findings presented here contradict 

some of the assumptions used when arguing against a plausible role of AP in 

maintaining polymorphism through balancing selection (Curtsinger et al. 

1994; Hedrick 1999). For example, classic theory predicts that in order for AP 

to maintain polymorphism, fitness effects need to be large and similar across 

fitness components, leading to doubts about the ability for AP as a source of 

balancing selection based on the assumption that fitness effects are small 

(≤1%) in most cases (Curtsinger et al. 1994; Charlesworth and Hughes 

2000). Interestingly, however, the fitness differences observed is 

considerable. In D flies, where AP is evident, S females lay 25.1% more eggs 

than L females (29.67 versus 23.57) and S males achieve a third more 

matings than L males (40% versus 30%), while L flies of both sexes survive 

to adulthood with a probability that is 46.5% greater than that of S flies 

(14.62% versus 9.98%). The efficacy of AP-selection would also be 

weakened if fitness effects were limited to one sex (Curtsinger et al. 1994; 

Hedrick 1999). But this again is not the case here: we observe similar effects 

in both sexes for both reproductive fitness and egg-to-adult survival, although 

no reversal of fitness effects is found between the sexes (sexual 

antagonism), which could have further facilitated maintenance of 

polymorphism in conjunction with AP (Zajitschek and Connallon 2018). 

Another property that aids the maintenance of polymorphism via AP is 

dominance reversal, where the beneficial effect of each allele on a given 

fitness component is dominant (Hedrick 1999). Interestingly, this data 

provides some evidence for such a pattern, with the S allele exhibiting a 

dominant beneficial effect on male mating success, while the L allele exhibits 

a dominant beneficial effect on larval survival (see Figures 2.2B and 2.3 and 

discussion above). However, conclusions of trait specific dominance should 
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be treated cautiously since these cannot be tested fully without the the full 

complement of possible genotypes. The aggregate heterozygote advantage 

produced by these two effects will generate balancing selection that helps 

stabilise the polymorphism at fru. In addition, genetic variation could be 

further stabilised by epistatic interactions (Llaurens et al. 2017) such as those 

observed in fly survival (Figure 2.6) and discussed above. Theoretical 

models don’t often consider epistatic effects in regards to AP, but models 

have shown that epistasis can help maintain polymorphism at sexually 

antagonistic loci (Arnqvist et al. 2014) and similar processes could, in 

principle, affect AP loci.  

 

Beyond evolutionary dynamics, these results raise the question of how 

genetic variation at the fru locus generates phenotypic effects across the 

different fitness components measured. The FRU protein is a BTB-zinc-finger 

transcription factor and is produced in multiple isoforms, some of which are 

sex-limited (Ryner et al. 1996; Anand et al. 2001; Neville et al. 2014). The 

sequence differences between the L and S alleles are upstream of the 

coding regions, close to the sex-specific promotor P1. Accordingly, the 

differences observed here between the alleles must arise due to differences 

in expression levels rather than coding changes, and potentially due to the 

relative concentrations of different sex-limited and shared isoforms. Both the 

absolute and relative concentrations of different isoforms could potentially 

have important consequences on organismal function and phenotypes, given 

fru’s role as a top-level transcription factor. The number of its targets 

(between 217–291 depending on the particular isoform, (Vernes 2014)) 

would be expected to generate considerable trickle-down effects through the 

regulatory cascade. Even slight initial differences in fru expression between L 

and S alleles could potentially result in major, and pleiotropic, effects on a 

range of phenotypes. For example, mutations in fru can result in drastic 

changes in male mating behaviour and brain development (Kimura et al. 

2005; Neville et al. 2014; Nojima et al. 2014). The large number of target 

sites also provides a potential mechanism for the epistatic interactions 
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observed, depending on the interplay between the abundance of the different 

FRU isoforms, the specific sites they bind to and the regulation that results 

from that binding. It is difficult to make inferences about these regulatory 

effects. But investigation of the sites which interact with fruitless is ongoing 

(Vernes 2014) and together with a more detailed knowledge of how the 

target loci are involved in behavioural and morphological traits, this will shed 

light on the mechanism(s) that link fru to downstream traits.  

 

In addition to the effects of allelic variants, complements and their 

interaction, a significant amount of fitness variation between individual lines 

carrying the same genotype is observed. The method of introgression used 

to create the allelic lines involved naturally occurring, stochastically placed 

break points. As a consequence, introgressing a specific allelic variant into 

the region of interest will also introduce some flanking sequence of unknown 

size. Variation in the extent of that flanking sequence can generate 

differences in phenotype between lines carrying a given genotype in the 

target region. In principle, variation in flanking sequence could also produce 

systematic differences between S and L lines. In this case, however, the 

causative variation would require high LD with the S and L alleles. 

  

Notwithstanding these caveats, this study provides a rare manipulative 

experimental test of the hypothesis that AP maintains polymorphic variation 

at an individual candidate gene. These results provide evidence for allelic 

variants at the fru locus generating AP between fitness components where 

one allele (L) enhances survival and the other allele (S) enhances 

reproduction. Since the fru polymorphism influences multiple fitness 

components, and each allele is beneficial in some instances and deleterious 

in others, the data supports the idea that the fru polymorphism is maintained 

through large antagonistic effects on fitness components, in conjunction with 

dominance reversal. The results complement recent findings in other 

systems (Mérot et al. 2020), indicating that AP is a plausible mechanism for 

maintaining genetic variation for fitness. 
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2.7 Figures and Tables  
 

 

 

Figure 2.1. Population genetic signatures of polymorphism in the fru gene. 

A) Map of the fru gene, including breakpoints of chromosome bands, gene 

model, approximate span of the Df(3R)fru4-40 deletion, nucleotide diversity (in 

RAL) in 1000bp windows (grey horizontal lines = median genome-wide 

nucleotide diversity; dark grey horizontal lines = 95% quantile of genome-

wide nucleotide diversity) and position of the fru indel (vertical red dashed 

line). Alignments of a subset of the ~400bp region spanning the fru indel 

(brackets) obtained through Sanger sequencing of LHM-derived 

chromosomes are also shown, with closely linked SNPs (used to construct 

the haplotype network shown in C.) shown as red arrows. B) Histograms of 

nucleotide diversity, Tajima’s D and Kelly’s ZnS for all 1000bp windows 

across the genome in RAL and ZI populations, with the vertical red dashed 

line representing the 1000bp window encompassing the fru indel. C) 
Haplotype network constructed from SNPs closely linked to the fru indel (red 

arrows in A.) in RAL and ZI populations. 
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Figure 2.2. The fru polymorphism and reproductive fitness traits. A) Number 

of eggs laid by triplets of focal females from each line (L1-3 and S1-3) and 

chromosomal complement (B and D) over an 18-hour period. Allelic means 

represented by dashed lines (L/B: 23.57±0.79; S/B: 26.03±1.06; L/D: 

23.57±0.78; S/D: 29.67±1.13). B) Proportion of matings (±standard error) 

obtained by focal males for each line (L1-3 and S1-3) and chromosomal 

complement (B and D). Allelic means represented by dashed lines (L/B: 

0.47±0.028; S/B: 0.468±0.031; L/D: 0.299±0.027; S/D: 0.407±0.029). 

Individual data points are not shown in panel B, as the response is binary 

(taking only values of 0 and 1). 
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Figure 2.3. Number of offspring surviving from egg to adulthood for each line 

(L1-3 and S1-3) and chromosomal complement (B and D). Allelic means 

represented by dashed lines (L/B: 12.22±0.57; S/B: 7.78±0.64; L/D: 

14.62±0.6; S/D: 9.98±0.51). 
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Figure 2.4. Sex ratio among surviving offspring presented for each line (L1-3 

and S1-3) and chromosomal complement (B and D). Allelic means 

represented by dashed lines (L/B: 0.476±0.019; S/B: 0.466±0.035; L/D: 

0.477±0.021; S/D: 0.0523±0.024). Sex ratio is defined as the proportion of 

males among offspring at eclosion.  
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Figure 2.5. Development time (days ±standard error) of fru allelic lines (L1-3 

and S1-3), for each chromosomal complement (B and D). Allelic means 

represented by dashed lines. Since sex was the most important factor in 

determining development time, this data is presented for the sexes 

separately: A) male flies (L/B: 10.28±0.03; S/B: 10.4±0.05; L/D: 10.55±0.036; 

S/D: 10.72±0.054), and B) female flies (L/B: 10.1±0.027; S/B: 10.22±0.056; 

L/D: 10.33±0.028; S/D: 10.42±0.056). 
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Figure 2.6. Kaplan-Meier survival curves of flies carrying the B complement 

(A) and D complement (B). Line colour designates fru genotype (red = L 

allele, and blue = S) and line type indicates sex (solid line = females and 

dashed line = males). For example, the blue dashed line represents S allele 

males.  
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Model Term (comparison) HR 95%-CI HR p-
value 𝝌𝟏𝟐 p-value 

All flies 

fru allele (S:L) 1.318 1.126-
1.544 <0.001 0.139 0.71 

Chro. (D:B) 0.519 0.44-
0.612 <0.001 43.79 <0.001 

Sex (M:F) 0.531 0.449-
0.627 <0.001 31.886 <0.001 

Allele x chro. 
(S/D:L/F) 0.693 0.57-

0.841 <0.001 10.411 0.0013 

Allele x sex (S/D:L/B) 0.821 0.676-
0.997 0.046 4.856 0.0276 

Chro. x sex 
(D/M:B/F) 2.624 2.154-

3.198 <0.001 90.752 <0.0001 

Allele x chro. x sex 
(S/D/M:L/B/F) 1.258 0.852-

1.856 0.249 1.331 0.249 

B only 

fru allele (S:L) 1.386 1.16-
1.655 <0.001 3.848 0.049 

Sex (M:F) 0.572 0.472-
0.692 <0.001 105.65 <0.001 

Allele x sex (S/D:L/B) 0.731 0.561-
0.953 0.02 5.368 0.021 

D only 

fru allele (S:L) 0.87 0.715-
1.059 0.164 5.317 0.021 

Sex (M:F) 1.32 1.081-
1.614 0.0066 10.705 0.001 

Allele x sex (S/D:L/B) 0.927 0.696-
1.234 0.604 0.269 0.604 

Females 
only 

fru allele (S:L) 1.381 1.157-
1.65 <0.001 2.334 0.127 

Chro. (D:B) 0.542 0.449-
0.655 <0.001 14.879 <0.001 

Allele x chro. 
(S/D:L/F) 0.611 0.469-

0.798 <0.001 13.127 <0.0001 

Males 
only 

fru allele (S:L) 1.039 0.854-
1.263 0.705 1.276 0.259 

Chro. (D:B) 1.301 1.061-
1.595 0.011 3.119 0.077 

Allele x chro. 
(S/D:L/F) 0.772 0.58-

1.029 0.077 3.117 0.077 
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Table 2.1. Results from Cox Proportional Hazard (CPH) models applied to 

lifespan data. Five models were used. One was for all flies and then the data 

was split to have separate models for each chromosome complement (B and 

D) and sex (female or male). The first column indicates the set of data that 

the model is applied to, while the second column indicates the term being 

tested in that model. CPH models use one level of a term as the reference 

level with a value of one. Other levels are then compared to this. The 

comparison made is shown in brackets as: (compared level:reference). Each 

term in a model has a hazard-ratio (H-R), a 95% confidence interval and a H-

R p-value, which indicates if the compared level differs from the reference 

level. Also presented are 𝜒"# and its p-value, indicating the contribution of 

each term to the overall risk of mortality. 
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Table 2.2. Summary of the effects of fru alleles S and L on fitness 

components, in each sex and chromosome complement. The table indicates 

instances where, based on data, the S allele or the L allele resulted in 

greater or smaller values (S > L and S < L, respectively) or similar values (S 

= L) for measures of a fitness component. NA denotes cases where a trait 

could not be measured.  
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Chapter 3  
 
 

3. Determining the mode of selection 
acting at the Drosophila melanogaster 
fruitless locus by tracking allele frequency 
trajectories under replicated experimental 
evolution 
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3.1 Declaration 
 
All work presented here is my own, except for parts of section 3.4.2 ‘Cage 

population establishment and maintenance’ which was performed by Filip 

Ruzicka with help from Harvindar Pawar and Olivia Donaldson. Additionally, 

SLiM scripts for selection modelling were written in collaboration with Carl 

Mackintosh. 
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3.2 Abstract 
 
The question of how genetic variation is maintained is a perennial problem in 

population genetics. One of the solutions to this problem is balancing 

selection. In Chapter 2 I showed that fitness patterns at the fru locus may 

generate balancing selection which had also been suggested by genomic 

signatures of variation. However, neither of these findings demonstrate that 

the fru locus is currently maintained by balancing selection. Evolve and re-

sequence studies have proved a valuable tool to detect loci under selection, 

but have rarely been applied to balancing selection. I conducted 

experimental evolution on 10 cage populations of Drosophila melanogaster 

and performed pool-sequencing on flies from these populations. I 

constructed allele frequency trajectories for three proxy SNPs upstream of 

the fruitless (fru) polymorphism to track the frequency the fru polymorphism 

over 56 generations. I next used Approximate Bayesian Computation to 

diagnose the mode of selection at fru and differentiate between neutrality, 

directional or balancing selection. I found that all three proxy SNPs, and by 

extension most likely the fru indel polymorphism, were detected as under 

balancing selection. While in line with the findings of Chapter 2, these results 

are complicated by the fact that 44/100 putatively neutral short intron SNPs 

were also diagnosed as under balancing selection. It therefore remains 

unclear whether balancing selection at the fru locus reflects the fitness 

effects we detected at this locus, or other phenomena, such as associative 

overdominance. Future efforts should seek to clarify if this signature is real 

and could also extend this work to diagnose the mode of selection acting at 

loci within the fru cascade or those identified from association studies.  
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3.3 Introduction 
 

A perennial problem in population genetics is why populations harbour large 

and stable amounts of genetic variation (Charlesworth and Hughes 2000; 

Lewontin 1974). Variation occurs due to mutation and is removed over time 

due to selection, as populations move towards fitness optima, or lost 

stochastically by drift (Leffler et al. 2012; Ellegren and Gaultier 2016; Muller 

1950, 1958). Early investigations using allozyme data revealed abundant 

genetic variation in wild populations (Lewontin and Hubby 1966), which could 

be accounted for by the neutral (Kimura 1968) and subsequent nearly neutral 

theories (Ohta 1973, 1992) which proposed that most of the observed 

genetic variation had no or very little effect on fitness. The lack of any 

substantial evidence to the contrary led to the mutation-selection-drift 

balance theory becoming the dominant explanation for the maintenance of 

genetic variation (Beatty 1987; Charlesworth 2015; Prout 2000). The amount 

of genetic variation in a population was therefore considered to be a result of 

mutation rate or population size (Lewontin 1974; Leffler et al. 2012; Ellegren 

and Galtier 2016) with occasional non-neutral beneficial mutations being 

rapidly fixed by selection or rare cases of overdominance maintaining a few 

specific polymorphisms (Hedrick 2012, Kimura 1968). However, this 

consensus has been challenged recently, in part due to the rapid 

development of next-generation sequencing technologies (Casillas and 

Barbadilla 2017).  

 

The comparison of genome sequences has led to some intriguing 

findings that have led to a re-examination of how genetic variation is 

maintained. The first comes from a study by Charlesworth (2015), which 

compared measures of genetic diversity in wild populations of Drosophila 

melanogaster. He found that the extent and patterns of genetic diversity were 

not compatible with maintenance by mutation-selection-drift balance alone 

and therefore concluded that genetic diversity must be maintained by another 

force: balancing selection. The second comes from the identification of loci 



 91 

under long-term balancing selection (Fijarcsk and Babik 2015). Genomic 

scans compare sequences from multiple individuals and locate regions 

where the allele frequency is indicative of that expected under balancing 

selection (Charlesworth 2006). Andrés et al. (2009) found 60 genes in the 

human genome with elevated levels of genetic diversity compared to neutral 

expectations, with intermediate allele frequencies shared across long-

separated populations. They concluded that this was due to long-term 

balancing selection maintaining genetic variation at these loci. This study 

was followed by others that have detected patterns of long-term balancing 

selection in humans (Bitarello et al. 2018; Siewert and Voight 2017), 

chimpanzees (Leffler et al. 2013), fish (Barson et al. 2015; Bernatchez 2016), 

insects (Croze et al. 2017; Lindtde et al. 2017; Sayadi et al. 2019; Unckless 

et al. 2016), pathogens (Amambua-Ngwa et al. 2012), and plants (Höger et 

al. 2012; Karasov et al. 2014; Koenig et al. 2019). In light of these studies, it 

appears that mutation-selection-drift balance is not the only force by which 

genetic diversity is maintained. 

 

There are limitations as to what these studies can tell us, however. 

One problem is that a genomic signature of balancing selection doesn’t 

inform us about the fitness effects resulting from such variation and how 

these give rise to a mechanism that generates balancing selection. Allele 

frequency patterns are also influenced by other factors, such as drift or 

demography, and so balancing selection is difficult to confirm from these 

alone. Phenotypic studies of polymorphisms have been useful in this regard 

where experiments are performed that assay the fitness effects of alleles at 

polymorphic loci to see if these are consistent with balancing selection. While 

these experiments can directly link variation and fitness effects, the 

identification of the causative genetic variation in the first place can be 

difficult, and fitness assays are extremely labour intensive. Due to this, very 

few examples of such polymorphisms have been described (see Smith et al. 

2011; Mérot et al. 2020; Johnstone et al. 2013; Glaser-Schmitt et al. 2021).  
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In Chapter 2 I described the fitness effects of an indel polymorphism in 

the D. melanogaster gene fruitless (fru). Fitness assays showed that the S 

allele was associated with higher reproductive fitness in both sexes, while the 

L allele was associated with higher rates of larval survival to adulthood. Such 

a fitness pattern, where the allele with the highest fitness varies between 

different life-history traits, is indicative of antagonistic pleiotropy (AP), which 

is theoretically a mechanism for generating balancing selection. Therefore, I 

hypothesised that the fru polymorphism is maintained due to balancing 

selection occurring at this locus.  

 

However, evidence of fitness variation is not the same as 

demonstrating the action of balancing selection itself. For this we need to 

show that the candidate polymorphism is actively maintained by balancing 

selection at the population level. This is something that neither genomic or 

phenotypic approaches can satisfactorily manage. To ultimately show that a 

polymorphism is maintained by balancing selection we must show: (i) there is 

a genomic signature of long-term maintenance; (ii) the polymorphism has 

variable effects on fitness consistent with the maintenance of that 

polymorphism; and (iii) the polymorphism is demonstrated to currently be 

maintained by balancing selection at the population level. Without a 

knowledge of all these complementary pieces of information, our ability to 

demonstrate unequivocally which loci are evolving under balancing selection 

and are thereby contributing to maintaining genetic variation is limited.  

 

Our work with the D. melanogaster gene fruitless (fru) does provide an 

opportunity to accomplish this. Previous work identified that the indel 

polymorphism showed elevated levels of intermediate allele frequencies 

across distant populations (Hill 2017; Ruzicka 2018) – a genetic signature of 

balancing selection. As mentioned above, in Chapter 2 I showed that the 

alleles of the fru polymorphism affect fitness in a manner demonstrative of 

antagonistic pleiotropy – a mechanism that can generate balancing selection. 

The next step is to experimentally test if the antagonistic relationship at the 
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fru polymorphism can generate balancing selection at the population level. 

This would form a unique example of balancing selection, uniting genomic, 

phenotypic, and population level experimental approaches to investigate the 

maintenance of a polymorphic locus. 

 

Balanced polymorphisms are expected to behave in a predictable and 

replicable manner where the allele frequencies are expected to converge 

around an equilibrium frequency determined by the relative fitness of the 

heterozygotes and homozygotes across different episodes of selection (such 

as juvenile survival and adult reproduction). Furthermore, this equilibrium 

frequency should be attained regardless of the initial allele frequency in the 

population (Fijarcsk and Babik 2015). This is in contrast to directional 

selection where the allele frequency will move in a consistent direction until 

the allele is either fixed or lost, and with neutrality where the allele frequency 

changes stochastically because of drift. By tracking the allele frequency over 

time, we can see if its behaviour is consistent with that expected by 

balancing selection or not.  

 

This can be done with the use of evolve and re-sequence studies 

(E&R) (Burke et al. 2010; Schlötterer et al. 2015; Turner et al. 2011), an 

approach that combines experimental evolution with high-throughput 

sequencing to characterise the genetic composition of populations (Kawecki 

et al. 2014; Schlötterer et al. 2015). Experimental populations as a whole are 

subjected to a selective regime over many generations and individuals are 

sampled and sequenced at the start and end of the experiment, as well as 

sometimes at regular intervals throughout the experimental period 

(Schlötterer et al. 2015; Franssen et al. 2017). Sequencing of these samples 

enables changes in allele frequency to be detected and tracked, and allows 

for patterns of selection to be detected and candidate loci underpinning 

certain traits to be identified (Burke et al. 2010; Schötterer et al. 2015). For 

example, Remolina et al. (2014) identified 156 genes that showed signals of 

adaptive divergence when selecting for long lived D. melanogaster. E&R 
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experiments typically use several replicate populations, which can involve 

sets of populations under opposite selective conditions, or populations with 

alternate starting mixtures of genetic variation. These replicates demonstrate 

whether patterns of allele frequency change are consistent. In the case of fru, 

the starting frequencies of the two alleles were manipulated and then tracked 

over time in otherwise identical populations. If the allele trajectory is 

consistent across cages regardless of the initial frequency of fru, showing 

signs of coalescing, and the polymorphism is maintained in all populations, 

this would show support for balancing selection. While E&R studies have 

huge potential, the approach is still relatively new and has not yet been 

applied to specifically look for balancing selection.  

 

An approach related to E&R experiments has detected evidence of 

balancing selection by regularly sampling wild populations of D. 

melanogaster  to track seasonal changes in allele frequencies. By correlating 

changes in allele frequencies with variation in conditions over space and 

time, Bergland et al. (2014) showed that allele frequencies of loci associated 

with adaptation to particular seasonal conditions vary across the year. An 

allele which confers better survival during the winter is selected for during 

that season, but selected against during the summer when an alternative 

allele is favoured (Bergland et al. 2014). Further sampling has shown that 

this fluctuating selection pattern occurs across clines as different populations 

are affected by similar patterns of seasonal variation, with consistency across 

years, metapopulations and continents in D. melanogaster (Kapun et al. 

2020; Machondo et al. 2021) and other species (Han et al. 2020). Such 

patterns indicate the occurrence of balancing selection acting to maintain 

genetic diversity in traits related to seasonal adaptation. Both these studies 

and some E&R experiments make use of simulations to discern between 

changes in allele frequency that are due to balancing selection and those 

from other forms of selection (Wittman et al. 2017; Franssen et a. 2017). 

Selection modelling can simulate the fate of a locus under different modes of 

selection. These simulations can then be compared to the observed allele 
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frequency patterns to determine if these show signs of selection. The use of 

simulations can also help account for factors affecting the trajectory of the 

allele frequencies such as drift, the influence of linkage caused by inversions 

and regions of low recombination (Franssen et al. 2015) or the influence of 

linked deleterious mutations (Kapun et al. 2014). 

 

 E&R and population sampling studies frequently employ pool-

sequencing (pool-seq) to obtain allele frequency measures. Pool-seq is a 

highly efficient method of collecting genomic data by sequencing whole 

groups of individuals, rather than each individual separately (Futschik and 

Schlötterer 2010; Schlötterer et al. 2014). Though some data is lost since 

individual genotypes are unknown, pool-seq is highly cost effective and 

produces high quality measures of population allele frequencies (Schlötterer 

et al. 2014; Gautier et al. 2013). Since pool-seq is cheaper than individual 

sequencing, lots of individuals can contribute to pools and data can be 

collected on a population as a whole, on multiple populations, or on the same 

population at multiple time points. (Bergland et al. 2014; Franssen et al. 

2017; Schlötterer et al. 2015). Taking multiple pooled samples of the same 

population allows for the construction of allele trajectories, which follow the 

frequency of alleles over time (Franssen et al. 2017). This has been used to 

track a polymorphisms to see if they show signs of balancing selection 

(Bergland et al. 2014; Rudman et al. 2021).  

 

In this chapter, I apply an approach inspired by E&R and population 

tracking studies to analyse the frequency trajectories of the two fru alleles 

over time in replicate populations of D. melanogaster and diagnose the mode 

of selection acting at the fru locus. I used a series of 10 populations of D. 

melanogaster evolving in parallel, with biased starting frequencies of the fru 

alleles of either 0.9 or 0.1, to detect changes in allele frequency indicative of 

balancing selection. I refer to this study as an ‘experiment’, but should 

perhaps more truly be classed as ‘laboratory natural selection’ due to a lack 

of a true control. However, previous studies using a similar design have used 
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the term experimental evolution (Schlötterer et al. 2015) and I follow that 

example here. Populations were sampled periodically across >50 

generations. I used pool-seq to generate whole genome sequencing data for 

these populations at nine timepoints, from which I created time series 

trajectories of fru allele frequencies.  

 

I analysed this data using Approximate Bayesian Computation (ABC), 

a powerful method based on contrasting observed data with large numbers 

of datasets generated by simulation under different modes of selection and a 

wide range of parameter values. The approach can then be used to assess 

the (posterior) probability of different models and infer the most likely 

parameter values (Csilléry et al. 2010). ABC was also used to determine the 

selection parameters responsible for the behaviour of the fru locus in our 

populations. Cross-referencing the results obtained for fru to putatively 

neutral loci located in short introns provides a method to compare our results 

to neutral expectations and enabled me to assess potentially confounding 

factors such as associative overdominance (Clemente and Vogl 2012; 

Parsch et al. 2010; Schlötterer et al. 2015). Through this process it appears 

as though the fru locus is under some form of balancing selection in our 

populations. However, there is also balancing selection detected at 44 out of 

100 putatively neutral short intron SNPs that were analysed in parallel, which 

casts doubt on whether the patterns of selection at fru are truly due to 

balancing selection or other forces such as selection at linked loci. 

 

 

 

 



 97 

3.4 Methods 
 
3.4.1 Fly culture and husbandry 
All flies were maintained at 25°C in constant temperature rooms at 50% 

humidity on a 12:12hr light-dark cycle. When required, flies were 

anaesthetised using a CO2 pad for short periods of time and manipulated 

using an aspirator or paint brush. Food was supplied as corn-molasses 

media either in vials (8ml) or bottles (50ml). 

  

3.4.2 Cage population establishment and maintenance 

In order to be able to manipulate the starting frequency of the fru allele in 

each of the experimental populations, two populations were created, one 

fixed for the S and the other for L allele, but variable elsewhere across the 

genome. Each population was composed of 14 inbred lines, selected from 

the Drosophila Genetics Reference Panel, or DGRP, a set of 205 fully inbred 

lines collected from a wild population in Raleigh, North Carolina (Mackay et 

al. 2012). Each of these lines has been sequenced and the genotype at 

genome-wide SNPs is known (Huang et al. 2014). The specific lines used to 

establish each population are listed in Table 3.1. The 14 lines for each 

population were mated together in a round robin design (♀1 x ♂2, ♀2 x ♂

3, ♀3 x ♂4, etc.) using 25 virgin offspring from each line. The resulting 

offspring were then mixed together and equally allocated across three bottles 

for 3 generations.   
 

To track the population allele frequency of the fru polymorphism 

through time, 10 replicate populations of D. melanogaster were established 

by selecting individuals from these two populations. Five were established 

with a starting allele ratio of 9:1 S:L and the other five established with a 1:9 

S:L ratio. For the five cages starting with a high frequency of the L allele, 450 

virgin flies (225 males, 225 females) were chosen per cage from the 

population fixed for the L allele, and 50 virgin flies (25 males, 25 females) per 
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cage chosen from the population fixed for the S allele. This results in a 

population with a fru allele proportion of nine L alleles to every 1 S allele, in 

other words, an S allele frequency of 0.1. The same process was repeated 

for those populations which started with a high S allele frequency, but on this 

occasion taking the higher numbers of flies from the population fixed for the 

S allele. These cages have a starting S allele frequency of 0.9. At this stage, 

each cage was provided with three bottles of media, sprinkled with additional 

yeast. Each week three bottles were added to each cage until each cage 

contained 12 bottles. After this, the three oldest bottles of media were 

removed each week and replaced with three new bottles, ensuring that each 

cage always contained 12 bottles of media.  

 

Each population was housed in a cage made of hard transparent 

plastic, 33cm x 22cm x 20cm, with two circular holes (12cmø) at each end. 

One of these holes was covered with a piece of cloth, glued around the edge, 

which provided air flow. The other hole had a lip of plastic around the edge 

and over this was fitted a cut piece of black tights, approximately 20cm long. 

One end of this material was secured around the plastic lip with an elastic 

band, while the other end was knotted to prevent the flies escaping. This 

could be easily untied to allow access to the cage for food replacement and 

periodic sampling of flies. See Figure 3.1 for photos of an example cage. 

 

3.4.3 Cage sampling and pool-sequencing 
Experimental cage populations were established in July 2017. Approximately 

100 flies were sampled using an aspirator from each cage each month for 

the first two months of the experiment and every second month after that. Fly 

samples were checked for an roughly equal sex ratio and frozen at -20°C.  

 

Due to their large number, it was not feasible to sequence all samples 

collected over the course of the experiment, even when using pool-seq. A 

decision therefore had to made regarding the experimental design for the 

sequencing, including the number of timepoints to sequence, the number of 
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flies for each population and sample to be included in the sequenced DNA 

pool, and the sequencing coverage for each pool. The first decision was to 

include 48 flies (or 96 chromosomes) per pool. This was the highest number 

of flies that could be included while keeping the number of flies in each pool 

the same because some flies had been previously used for individual PCR 

genotyping. It is also greater than the minimum number of flies advised for 

pooled sequencing by Schlötterer et al. (2014). 

 

To guide the decision on the number of timepoints and depth of 

sequencing, a series of simulations were performed. I produced a simulated 

data set of a population where an allele, S, increases in frequency linearly 

from 0.1 to 0.7 over 12 equally spaced timepoints. I then simulated 

subjecting this population to pool-sequencing by performing 2 rounds of 

binomial sampling (chromosomes sampled from the population and reads 

sampled from the chromosome pool). The total volume of sequencing data 

generated (and therefore the amount of money spent) under each scenario 

was fixed. I then plotted the results to see how well different combinations of 

coverage and timepoints affected the estimation of the increase of the S 

allele over time (Figure 3.2). Combining this information with published best 

practices for pool-seq experiments (Schlötterer et al. 2014), the decision was 

made to sequence flies from nine different timepoints for a total of 90 pool 

samples, at a coverage of 40X. It was also decided to spread timepoints in 

an uneven manner since most change was expected to occur during the first 

few months of the experiment. The nine collections that were chosen were 

August, September, and November 2017; January, May, and September 

2018; and January, May and November 2019. Assuming a generation time of 

two weeks, these were 2, 4, 8, 12, 20, 28, 36, 44 and 56 generations from 

the start of the experiment.  

 

To avoid contamination from gut microbiota, sperm, and fertilised 

eggs, DNA was extracted from fly heads (Griffin et al. 2017). The heads were 

removed by briefly freezing an Eppendorf tube containing a group of flies in 
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liquid nitrogen. The tube was then held against a vortex to spin the flies 

inside, detaching the flies’ heads from their bodies. The contents were then 

transferred to a glass petri dish and the heads sifted out using a paint brush 

and placed together in a new tube. To try and ensure that all heads 

contributed to the pool of DNA equally, heads were placed in groups of eight 

with six groups per pool. 

 

DNA was extracted from each group of eight heads using a DNeasy 

Blood and Tissue kit (Qiagen, Velno, Netherlands). DNA concentration was 

measured for each group of eight and the six groups combined such that 

each contributed the same amount of DNA to the overall DNA pool from the 

48 fly heads. This was repeated for each sample to create 90 pools. After 

checking DNA concentration and quality, the samples were shipped on dry 

ice for library preparation and sequencing at Novogene (UK) Company 

Limited. DNA libraries were prepared using NEBNext DNA Library Prep Kit 

and 1µg of DNA per sample. Resulting PCR products were purified (AMPure 

XP system) and the resulting libraries analysed for size distribution using 

Agilent 2100 Bioanalyzer and quantified using real-time PCR. Whole genome 

sequencing for all 90 samples was performed using Illumina paired-end 

150bp reads.   

 

3.4.4 Bioinformatics and data analysis 

Data was received from Novogene in a fastq file format. Adapter sequences 

were removed and reads trimmed with Cutadapt (version 2.5, Martin 2011). 

Reads were mapped to the D. melanogaster reference genome release 6 

(Hoskins et al. 2015; dos Santos et al. 2015) using bowtie 2 (version 2.3.5.2, 

Langmead and Salzberg 2012) producing a SAM output file. Samtools 

(version 1.9; Li et al. 2009) was used to remove poorly mapped reads 

(quality <20), sort SAM files and convert to BAM files. Duplicate reads were 

removed and read groups defined with Picard-tools (version 2.20.3; Picard 

Toolkit, 2019), before indexing BAM files with Samtools.  Indel realignment 

was then carried out using the ‘RealignerTargetCreator’ and then 
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‘IndelRealigner’ tools in GATK (version 3.8.1.0; McKenna et al. 2010; Van 

der Auwera et al. 2013). Once all 90 samples were processed, BAM files 

were indexed and data for genomic positions of interest combined into a 

single mpileup file using Samtools. I focussed on two sets of positions, a 

~131kbp region around the fru indel and a set of SNPs in short autosomal 

introns that served as an a priori neutral point of comparison. Variant calls for 

the selected positions were produced by the package Popoolation2 (Kofler et 

al. 2011) in a two-step process. First, the mpileup file was converted into a 

sync file which records the number of each nucleotide at each position for 

every sample. This file was then converted to an _rc file which contains a 

count of the number of each variant for each pool sample for polymorphic 

sites only. 

 

All further analysis was performed in RStudio (R core Team, 2019) 

and figures produced using the package ggplot2 (Wickham, 2016). The 

analysis included the following steps, summarised in Figure 3.3. The _rc file 

was filtered to include biallelic SNPs and allele counts converted to 

frequencies of the same allele. The fact that the fru polymorphism is an indel, 

an insertion relative to the reference genome (Ruzicka 2018, flybase.org 

2021a), compromises read mapping in the immediate vicinity of the indel and 

can therefore result in a read desert (Bennet et al. 2020; Palmieri and 

Schötterer 2009; Ratan et al. 2015). To track the frequency of the indel, I 

therefore needed to identify SNPs in linkage with the indel, but far enough 

away that they had sufficient read coverage. I first refined the list of SNPs to 

a smaller 9.7kbp region from positions 18,516,272 to 18,525,973 on 

chromosome arm 3R, resulting in 4001 SNPs. Since many of these SNPs 

are not real polymorphisms but are isolated alternative nucleotide calls due 

to sequencing error, I developed a polymorphism filter to select SNPs that 

displayed significant levels of polymorphism similar to the fru locus. This 

focussed solely on samples from timepoint 1 which was estimated to be 2 

generations after the start of the experiment. Since the 10 cages started at a 

frequency of either 0.9 or 0.1 for each fru allele, any true polymorphism 
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linked to the indel should show appreciable frequency variation among the 

cages. The filter therefore selects those SNPs where the allele that was more 

common across all cages was found at a frequency of  <0.5 in at least 4/10 

cages, i.e. was the less common allele in those cages. This criterion 

produced a much smaller list of 19 possible candidate SNPs. Three of these 

occurred within 525bp upstream of the fru indel. PLINK (Purcell et al. 2007) 

was used to calculate linkage disequilibrium between the locus nearest to the 

indel included in the DGRP dataset (obtained from 

http://dgrp2.gnets.ncsu.edu/data.html) (18,520,985) and loci closest to the 

proxy SNPs. All further analyses focus on these three SNPs as replicate 

proxies for the fru indel. 

 

3.4.5 Diagnosing the mode of selection acting at the fru polymorphism 
using Approximate Bayesian Computation  
To diagnose the form of selection acting at the fru locus, Approximate 

Bayesian Computation (ABC) analysis was performed using the package 

‘abc’ in R (Csillery et al. 2012). ABC is a statistical method which uses 

simulated data to describe observed data patterns that would be difficult to 

analyse using traditional likelihood methods. ABC works by comparing 

observed data to simulations which describe an experiment or biological 

phenomenon of interest under one or more models and a range of parameter 

values. ABC can then be applied to investigate two aspects of the data: 1) 

‘model choice’ - if several models are considered, the ABC can determine 

which is the most probable given the observed data, and 2) ‘parameter 

estimation’ - which parameter values most closely recreate the observed 

data. ABC makes these judgements by assessing the similarity between 

observed data and simulations, based on a number of ‘summary statistics', 

which are calculated for both the observed and simulated data and describe 

some aspect of their properties. Those simulations where the summary 

statistics most closely match the data are retained and used to calculate 

posterior probabilities of alternative models (e.g. the proportional 

representation of different models among the retained set) and posterior 
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distributions of parameter values (parameter values used in simulations in 

the retained set). The size of the posterior distribution is determined by the 

tolerance rate, a percentage of the total dataset to be included, while the 

matching of simulated and observed statistics can be performed using 

different algorithms. The best algorithm will vary depending on the number, 

complexity and covariance of the summary statistics and parameter values, 

and should be determined by cross-validation before the main ABC analysis. 

I used ABC for both ‘model choice’, to diagnose the mode of selection acting 

at on the three proxy fru SNPs from a choice of five alternative selection 

models, and ‘parameter estimation’, to estimate the selection parameters 

which most accurately describe the observed data.  

 

3.4.5.1 Population modelling using SLiM 
Simulations were performed in SLiM 3 (Haller and Messer 2019). I 

implemented a standard Wright-Fisher model with a single locus with two 

alleles (the L and S alleles). Simulations were designed to mimic the 

structure of the actual study as closely as possible. They included ten 

populations with no migration, five starting with a frequency of 0.9 of the focal 

allele and the other five with a frequency of 0.1. Simulations were run at a 

fixed population size of 1000 (also meaning Ne=1000 in the Wright-Fisher 

model). The real-life cage populations started with 500 flies established from 

28 DGRP lines, but quickly grew to a size of several thousand. An Ne of 1000 

was used to accommodate the fact that effective size is typically significantly 

smaller than the census size of a population, due to factors such as elevated 

reproductive variance (Mueller et al. 2013; Phillips et al. 2016; Wright 1931). 

In the first generation, chromosomes in each population were randomly 

seeded with the focal and alternative alleles according to the corresponding 

starting frequencies of the population. Simulations were then run for 56 

generations and the frequency of the focal allele tracked. 

 

Selection was implemented using a selection coefficient, s, and 

dominance coefficient, h, associated with the focal allele. Simulations were 
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run for five selection models: neutrality, positive and negative directional 

selection, and positive and negative balancing selection.. Under neutrality, s 

was set to 0, while under positive directional selection s>0 and 0<h<1 and 

under negative directional selection s<0 and 0<h<1. Models of balancing 

selection were implemented as overdominance, where the heterozygote 

genotype is fitter than either homozygote. In Chapter 2 I state that the 

mechanism I believe is acting at the fru locus is AP rather than 

overdominance. Distinguishing between the two mechanisms of balancing 

selection can be difficult and depends on multiple fitness traits being 

considered. The selection models implemented here do not distinguish 

between different traits, but summarise fitness as whole. This is both simpler 

mathematically to describe and allows direct comparison with other selection 

models by using the same two parameters. Additionally, the behaviour of loci 

under overdominance and AP is similar regardless of the underlying 

mechanisms. For positive balancing selection we set s>0 and h>1, resulting 

in the focal homozygote being fitter than the alternative homozygote, but less 

fit than the heterozygote. To accommodate the opposite case of negative 

balancing selection, where a focal allele homozygote has the lowest fitness, I 

set selection parameters to s'>0 and h'>1 for the alternative allele and then 

converted them as s= - s'/(1 + s') and h= 1- h' for the focal allele. For 

simulations with selection, the values of s and h were drawn from a uniform 

distribution within parameter ranges provided in Table 3.2, following pilot 

analyses (see Appendix C for details).  

 

One million simulation runs were performed for each selection model. 

In each, the frequency of the focal allele in each population was recorded at 

the end of generations 2, 4, 8, 12, 20, 28, 36, 44 and 56, in line with the 

sampling times of the cages. As these data were true frequencies, 

determined by counting alleles among all chromosomes in a population, two 

further rounds of binomial sampling were applied to mimic the actual 

experiment. The first was the selection of 96 chromosomes (48 flies) from 

each population to represent the cage sampling at each timepoint. This used 
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the simulated true frequencies for each timepoint and population as binomial 

probabilities. The second round of binomial sampling represented the 

number of reads (coverage) for a SNP at a particular timepoint and for a 

specific population. This second sampling was performed separately for each 

of the three empirically observed fru SNPs and used the frequencies 

obtained in the first round of binomial sampling as probabilities and the 

observed read depth of the 90 empirical samples for a particular SNP as the 

numbers of binomial draws.  

 

3.4.5.2 Summary statistics for describing frequency trajectories 

The frequency values at each timepoint were used to construct allele 

frequency trajectories for both the proxy SNPs and simulations which 

describe the allele frequency pattern over time. To capture the variation in 

these patterns, I calculated 13 summary statistics that describe the behaviour 

of a focal allele across all cages over the course of the experiment, where 

the focal allele is arbitrarily chosen to be the SNP allele associated with the S 

form for the fru indel polymorphism. Each of these summary statistics were 

designed to help distinguish between different selection models, for example 

SNPs under directional selection will more likely fix than those under 

balancing selection. The information contained in the statistics was assessed 

using correlation matrices and violin plots (see Appendix C for deatils). The 

13 summary statistics used in this analysis are: 

1. Fixation – the proportion of cages where fixation occurred. Frequency 

must be 0 or 1 in the last sampled generation and 0 or 1 in the second 

to last generation to confirmed as fixed.  

2. Persistence time – if fixation occurs, the time in generations that it took to 

fix. Calculated as the earliest generation where the frequency is 0 or 1 

and all succeeding frequencies are 0 or 1.  

3. Absolute change – the final frequency per cage minus the starting 

frequency of that cage (0. 9 or 0.1), converted to absolute value. A 

mean is taken across all cages.  
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4. Slope of best fit line – a best fit line is fitted to the frequency trajectory for 

each cage, the gradient calculated, and a mean taken of the 10 cages.  

5. Sum of squares – the sum of the squared residual values from the best fit 

line. A mean is taken of the 10 cages. 

6. Monotonicity – a measure of the degree of monotony in the frequency 

trajectory. Starting from 0, the score of this metric is incremented by +1 

or -1 each time the frequency change from one timepoint to the next 

has an absolute value of >0.05 or <-0.05, respectively. Scores are then 

averaged across cages.  

7. Final variance – the variance of the frequency values at generation 56.  

8. Change in variance – the variance at generation 56 minus the variance in 

frequency at the first sampled timepoint (generation 2). 

9. The mean number of timepoints close to the final frequency – count how 

many of the previous timepoints have a frequency <0.1 different from 

the final frequency value. A mean is taken of the 10 cages. 

10. Mean change per generation – the mean change in frequency per 

generation. Calculated per cage and then averaged across all cages. 

11. Final values within 0.1 range – a mean of the frequency at the final 

timepoint (generation 56) is calculated. Then the proportion of cages 

within 0.1 of this value is calculated. 

12. Final mean frequency – mean of the final frequency value of each cage. 

13.  Difference in final value means – the mean final frequency value of the 

five cages which started at a low frequency (0.1) is subtracted from the 

mean final value of the five cages starting with at high frequency (0.9).  

 

3.4.5.3 Application of ABC 

With summary statistics calculated for all simulations models and the three 

proxy SNPs, ABC was applied to diagnose the mode of selection occurring at 

the fru locus using the model choice function. First, I performed a cross-

validation step to ensure that the different modes of selection could be 

differentiated from each other using different matching algorithms. This 

randomly took 50 simulations from each class of selection model and asked 
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the program if it could correctly identify which class of selection model it 

belonged to base only on its summary statistic values. This cross-validation 

showed that the use of the multinomial logistic regression algorithm could 

accurately discern between all five modes of selection (Figure 3.4). 

 

Model choice was then performed to diagnose the mode of the 

selection the proxy SNPs were under. This is done by calculating the 

proportion of simulations from each selection model class which contribute to 

the posterior distribution as formed by ABC. This used a 5% tolerance limit 

and the multinomial logistic regression algorithm. I combined models into 

three types: neutral, directional and balancing and diagnosed selection if the 

posterior probability was >0.5.  

 

The final step was to perform model goodness-of-fit. The previous 

model choice step only identifies which of the alternative models has the 

highest probability of having generated the data. This doesn’t necessarily 

mean that it is an ideal model, just that it is better than the alternatives. 

Model goodness-of-fit checks if the simulated data overlaps sufficiently with 

the real data to see if it could have feasibly produced that data. This was 

done using 100 samples from each selection model.   

 

Parameter estimation was also performed using the ‘abc’ package 

(Csillery et al. 2012). Cross validation of parameter estimation was first done 

to compare the error in estimating s and h associated with three estimation 

algorithms (Appendix C). Parameter estimation was then performed using 

the ‘neural net’ algorithms with a 0.5% tolerance to estimate s and h for each 

SNP.  

 

3.4.6 Short intron SNPs 

In order to provide a set of control SNPs as comparison for those associated 

with the fru polymorphism, I also analysed data for 100 autosomal SNPs 

located in short introns. Short intron polymorphisms have been found to be 
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close to neutral in D. melanogaster (Clemente and Vogl 2012). The allele 

frequency at these loci at the beginning of the experiment was estimated 

based on the genome sequences of the DGRP lines used to establish the 

cage populations. For this purpose, I filtered the VCF file for all DGRP lines 

(obtained from http://dgrp2.gnets.ncsu.edu/data.html) using vcftools (version 

0.1.16; Danecek et al. 2011) to create two subset files, one containing data 

for the 14 lines used to establish the population fixed for the S allele and 

another for the 14 lines used to establish the population fixed for the L allele 

(Table 3.1). Starting from a list of 11,142 short intron SNPs identified among 

genome sequences from worldwide D. melanogaster populations (Lack et al. 

2015, 2016) I identified sites that were polymorphic in the sets of the DGRP 

lines used to found the cage populations. For each of those SNPs I then 

calculated the allele frequencies in each set and then combined those in a 

weighted average to obtain the expected starting frequencies in the cages 

starting at 9:1 and 1:9 S:L ratio. This approach assumed that all lines 

contributed equally to the establishment of the S and L fixed populations. The 

list of short intron SNPs was filtered to remove SNPs where the expected 

allele frequency was either <0.025 or >0.975, as polymorphism at these loci 

could be easily lost due to drift or unequal sampling. 

 

Popoolation2 was used to create the _rc files for these filtered SNPs 

in the same way as above (Figure 3.3). The _rc file was then used to filter for 

only biallelic short intron SNPs. From the resulting list, 100 loci widely spaced 

along the major autosomal chromosome arms (2L, 2R, 3L and 3R) were 

chosen to give a semi-random spread of putatively neutral sites from across 

the genome. Frequency data from these SNPs were treated in the same 

manner as those from the fru SNPs, including calculating summary statistics 

from the observed frequency trajectories and ABC model choice and 

parameter inference. SLiM simulations were started from the frequencies 

calculated for each SNP in the two types of cages (see above).  
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Based on the ABC results, SNPs were assigned to a particular mode 

of selection if the posterior probability of that model was greater than 0.5 and 

results were summarised as counts of SNPs associated with each mode of 

selection. An additional count combined the two balancing selection models 

and the two directional selection models. Parameter estimation was 

performed using a 5% tolerance, therefore producing a posterior distribution 

for each parameter of 25,000 values (from a total of 5,000,000 simulations) 

for each locus. Parameter values were converted to positive values of the 

fitter allele to make these easier to compare.  

 

Previous experimental evolution studies using D. melanogaster similar 

to this one, have noted issues in assigning the effect of selection at a SNP 

due to its position within large segregating inversions (Kapun et al. 2014). 

These inversions are frequent in D. melanogaster and have been linked to 

adaptive clines and adaptation (Durmaz et al. 2018; Kapun et al. 2016; 

Kapun and Flatt 2019). Since inversions do not recombine with equivalent 

chromosomal regions, linkage disequilibrium is elevated and the effect of 

linked selection can be much larger within these inversions, meaning that 

neutral sites can be affected by hitchhiking and background selection due to 

selection on linked loci within the inversion. Two large inversions are carried 

by the 28 DGRP lines used to found our populations In(2L)t (2L: 2,225,744–

13,154,180, 10.93Mbp) and In(3R)Mo (3R: 21,406,917–29,031,297, 

7.62Mbp) (data from dgrp2.gnets.ncsu.edu/data.html). To account for the 

potential hitchhiking effect caused by these inversions I checked for short 

intron loci occurring within the range of the two inversions. I then counted the 

number of loci within each inversion to see if there were any biases in the 

type of selection model they had reported the greatest probability for. 

Additionally, another study by Franssen et al. (2015) identified regions in the 

D. melanogaster genome with particularly low recombination rates which 

could have similar effects on linked loci as inversions do. I therefore checked 

if any short-intron SNPs occur in these regions in order to check for bias in 

the mode of selection.  
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3.5 Results 
 

By November 2019, 28 months after the start of the experiment, flies had 

been collected at 15 timepoints (every 2 months plus August 2017) resulting 

in ~15,000 flies sampled. All cages supported viable breeding populations, 

with several thousand flies in each. Although the sides of cages had become 

obscured by fly excrement, the flies appeared healthy and no outbreaks of 

mould or other contamination issues occurred in any cage.  

 

3.5.1 Polymorphism around the fru indel   
The total volume of sequencing data received from Novogene was 696.5Gbp 

across all 90 samples. Each sample had between 42,260,026 and 

69,790,844 million reads. The sequencing error rate was estimated at 0.03%. 

 

 A 9,701bp region of chromosome 3R, centred around the position of 

the fru indel, was specified containing 4,001 SNPs. Within this, 19 SNPs met 

the polymorphism criterion where at least 4 cages had an allele frequency of 

the most common allele across the ten cages less than 0.5. Of these, three 

SNPs were chosen as proxies for the fru indel polymorphism. They were the 

three closest SNPs to the fru indel and their frequencies showed the greatest 

difference between the two sets of cages and were in line with expectations 

from the 9:1 and 1:9 ratios in which the cages were set up. These proxy 

SNPs were located at positions 18,521,181, 18,521,208, and 18,521,521 on 

chromosome arm 3R. In all further analysis these are referred to by the last 4 

digits of their chromosomal position, i.e. 1181, 1208, 1521. These loci were 

183, 210, and 523bp upstream of the fru indel located at 3R:18,520,998 (fru 

is on the reverse strand) and all are within the same regulatory region as the 

fru polymorphism  which is located between 3R:18,520,191 and 

3R:18,523,122 (flybase.org 2021b). SNPs 1181, 1208, and 1521 had 

respective sequencing coverages of 21.3, 24.1, and 40.0. Because none of 

the proxy SNPs were covered in the polymorphism data available for the 

DGRP lines, linkage disequilibrium was calculated between the loci in those 
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data that were closest to the proxy SNPs  (position 18,521,175, which lies 6 

and 28bp downstream of proxy SNPs 1181 and 1208, respectively, and 

position 18,521,462, which lies 59bp downstream of 1521) and that closest to 

the indel (position 18,520,985, which lies 13bp downstream for the indel). R2 

between positions 18,521,175 and 18,520,985 was 0.86, while that between 

18,521,462 and 18,520,985 was 0.4.  

 

3.5.2 Investigation of fru using Approximate Bayesian Computation 
Frequency trajectories of the three proxy SNPs are shown in Figure 3.5 and 

the values of the summary statistics are presented in Table 3.3. The patterns 

of change suggest a convergence of frequencies towards intermediate 

values over the course of the experiment. In line with this impression, 

performing ABC model choice on the empirical data provided strong support 

for balancing selection for all three proxy SNPs based on their posterior 

probabilities (1181: post. prob.=0.815, 1208: post. prob.=0. 985, 1521: post. 

prob.=0. 999). No other mode of selection achieved a probability >0.2. The 

maximum probability value of any model can have is 1. Full model choice 

results are presented in Table 3.4. Goodness-of-fit testing showed a good fit 

(p>0.05) between the individual model with the strongest support, positive 

balancing selection, and the observed data of all three SNPs (1181: D=8.3, 

p=0.13; 1208: D=10.4, p=0.07; 1521: D=10.32, p=0.11). Full goodness-of-fit 

results are presented in Table 3.5.  

 

Parameter estimation with neural net and a posterior distribution size 

of 20,000 produced an estimated mean s between 0.01 and 0.017 (1181: 

mean s=0.0474, 95%HPD=0.005–0.056; 1208: mean s=0.01, 

95%HPD=0.0004–0.026; 1521: mean s=0.017, 95%HPD=0.001–0.04). A 

mean value of h between 1.721 and 3.797 was estimated for the three SNPs 

(1181: mean h=2.032, 95%CI=0.932–3.819; 1208: mean h=1.721, 

95%CI=0.126–5.144; 1521: mean h=3.797, 95%CI=2.578–5.074). From 

these estimated parameter values equilibrium frequencies of the minor allele 

(MAF) of 0.337, 0.295, and 0.422 were calculated for SNPs 1181, 1208 and 
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1521 respectively. Posterior distributions of estimated parameters are shown 

in Figure 3.6.   

 

3.5.3 Short intron SNPs 
Of the 100 short-intron loci, combining selection types resulted in 44 SNPs 

being diagnosed as under balancing selection, 37 as under directional 

selection, 13 as evolving neutrally, and 6 as undefined (all posterior 

probabilities <0.5) (Figure 3.7 and Table 3.6).   

 

Parameter estimates were converted to be those of the favoured allele 

for easier comparison between SNPs. The median mean s was 0.102 and 

estimates ranged from 0.004 to 0.253. These values extend beyond the 

range of the input parameters as the neural net is capable of projecting 

beyond these limits. Posterior means of h had a median of 1.008 and the 

values ranged between 0.005 and 3.975. These values were used to 

calculate predicted equilibrium frequencies for the minor allele are shown in 

Figure 3.8. Comparing parameter estimate values to those produced for the 

three proxy SNPs, the three SNPs show a distinct combination of high h and 

low s compared to the short intron loci (Figure 3.9). 

 

Investigation of short introns loci located within large inversions found 

17 loci within the In(2L)t inversion (2L: 2,225,744 – 13,154,180). Nine loci 

were diagnosed as balancing selection (all positive), three as directional 

selection (all positive), four as neutral, and for one locus no model had a 

probability >0.5. Of seven loci located within inversion In(3R)Mo (3R: 

21,406,917 – 29,031,297), five loci were diagnosed as directional selection 

(1 positive and 4 negative) and two loci as positive balancing selection. The 

patterns of selection of these SNPs did not differ from that overall (𝜒'#=1.272, 

p=0.736) Regions of low recombination in the D. melanogaster genome 

identified by Franssen et al. (2015) covered 15,112,165bp. 12 short intron 

SNPs were located within these regions. Six were diagnosed as directional 

selection (three negative and three positive), 4 loci as balancing selection 
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(three positive and one negative), and two loci as neutral. This did not differ 

from the overall pattern (𝜒'#=1.702, p=0.636). 
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3.6 Discussion 
 

3.6.1 Diagnosing selection at the fru polymorphism 
In this chapter I used laboratory evolution to experimentally test if the fru 

indel polymorphism described in Chapter 2 is under balancing selection. By 

comparing allele frequency trajectories obtained from sequencing data of 

flies from replicate populations of D. melanogaster to those generated from 

simulations of five different selection models, it appears that the fru locus is 

under some form of balancing selection. Balancing selection, with a positive 

s for the S allele, is the most supported selection model, reporting a posterior 

probability of >0.5 for all three proxy SNPs (Table 3.4) when analysed using 

ABC. Thus, simulation runs produced under balancing selection models 

(positive or negative) produced allele frequency trajectories with summary 

statistics most similar to those of the empirical data from all three proxy 

SNPs. When the probabilities of the two balancing selection models are 

combined for SNPs 1181, 1208, and 1521, the overall probability of 

balancing selection is 0.816, 0.985, and 0.999 respectively. Therefore, 

balancing selection is clearly the most probable form of selection occurring at 

all three proxy SNPs. The positive balancing selection model also reported 

an agreeable goodness-of-fit with the data (Table 3.5), confirming that this 

mode of selection could plausibly have produced the summary statistics 

observed rather than simply being more probable than the alternatives. Since 

the three SNPs are in close linkage with the fru polymorphism, it would 

appear highly likely from these analyses that the fru indel polymorphism is 

also under balancing selection.  

 

The evidence discussed thus far is consistent with the findings from 

Chapter 2. There I found a difference in the fitness benefits of the two fru 

alleles which was indicative of AP. AP has been proposed as a mechanism 

capable of generating balancing selection by which both alleles are 

maintained in the population. This is illustrated in Figure 3.5 where 

polymorphism is maintained in all 10 cage populations for each proxy SNP 
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and the trajectories show consistent change from their initial biased 

frequencies. This is further supported by the estimated equilibrium 

frequencies for the S allele. The use of experimental evolution to track alleles 

through time and diagnosis of balancing selection occurring is one of the first 

of its kind. This complements the fitness assay results from Chapter 2 and 

the previous work which found long-term patterns of balancing selection 

around the fru indel polymorphism (Hill 2017; Ruzicka 2018). These results in 

isolation support the hypothesis that the fru locus is under balancing 

selection which maintains genetic variation in real time.  

 

3.6.2 Short intron loci 
But in order to put the results observed for the fru locus in perspective, a 

comparison between the proxy SNPs and the genome at large is required. 

The most appropriate contrast is with neutral genetic variation which is 

unaffected by selection (Parsch et al. 2010). Very little of the D. 

melanogaster genome is truly neutral (Andolfatto 2005). However, loci 

located within short introns are considered a good neutral approximation 

(Parsch et al. 2010). The process of diagnosing the mode of selection acting 

was therefore applied to a data set of 100 short intron SNPs. 

 

Of these 100 short intron SNPs, 13 were diagnosed as being neutral 

based on their model choice posterior probabilities (Table 3.6). A further six 

SNPs did not record posterior probabilities >0.5 for any mode of selection 

and no mode of selection could be diagnosed. This means that only between 

18% of short intron loci are not under some form of selection. While it is 

encouraging that neutrality was detected for some of the short intron SNPs, 

the fact that the number is much lower than the number of loci diagnosed as 

under balancing (44) or directional selection (37) is worrying. Equilibrium 

frequencies based on estimated parameter values increase the number of 

loci expected to eventually fix, including some diagnosed as balancing 

selection (Figure 3.8). 
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Plotting the estimated s and h values shows that the three proxy SNPs 

are differentiated from the short intron loci with a unique combination of 

relatively low s and high h parameter estimates (Figure 3.9). These values 

show that the patterns near the fru polymorphism are at least different from 

the short intron loci. Nevertheless, the results of selection at the short intron 

SNPs are a potentially confounding result for this study. These SNPs may 

not be neutral in the purest sense and to have found a few with signatures of 

selection would have been unsurprising, but the fact that 82/100 were 

diagnosed as being under some form of selection, and the high incidence of 

balancing selection (44/100) in particular, are concerning. Ultimately the 

diagnosis of balancing selection at the fru locus, although stronger and with 

an unusual combination of selection parameter estimates, could be 

questioned if the high number of short intron SNPs diagnosed as balancing 

selection cannot be accounted for.   

 

The first possible explanation is that balancing selection is much more 

pervasive in the D. melanogaster genome than previously thought. Previous 

studies have found signatures of long-term balancing selection in the D. 

melanogaster genome (Croze et al. 2017, Unckless et al. 2016; Sato et al. 

2016), however, these are neither common nor widespread enough to 

account for the selection patterns of the short intron SNPs. It is possible that 

balancing selection resulting in younger polymorphisms than can be detected 

by these studies may be common in D. melanogaster and these may account 

for the patterns seen in short intron SNPs. While this scenario is possible, the 

discrepancy between the small number loci detected as under balancing 

selection in previous genome scans and the high incidence of balancing 

selection detected does not suggest this as a plausible explanation. 

 

Secondly, results of previous studies aiming to detect loci under 

selection have been confounded by the presence of large segregating 

inversions in the D. melanogaster genome and by regions of low 

recombination (Franssen et al. 2015), which both prevent recombination and 
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thereby extend the distance over which linkage can occur (Kapun et al. 

2014). However, the mode of selection diagnosed for loci within these 

regions does not differ from the total set of short SNPs although the small 

numbers of loci found within these regions may make any pattern difficult to 

observe. There are some patterns observed when looking at chromosome 

arms. Chromosome arm 3R, where fru is located, has 18 of the short intron 

loci. 14 of these were diagnosed as directional selection meaning the 

presence of balancing selection at the fru locus stands out. 

 

Third and finally, heterozygosity could be maintained through linkage 

to other loci under selection, a phenomenon known as associative 

overdominance (AO; Ohta and Kimura 1970; Ohta 1971). AO occurs when 

each allele at a neutral locus is linked to a different recessive deleterious 

allele. Each focal allele and its associated deleterious allele will then act as a 

single haplotype and since the linked alleles are recessive, heterozygotes 

carrying chromosomes with different haplotypes will enjoy a fitness 

advantage as both deleterious recessive alleles are masked. This can create 

the illusion of balancing selection by heterozygote advantage at the focal 

locus (Ohta 1971). Differentiating between true balancing selection and AO is 

a major issue for experimental evolution studies, especially where the length 

of time is not sufficient to break down tight linkage relationships between loci 

(Schötterer et al. 2015, Franssen et al. 2015). AO has even been found to 

contribute significantly to the maintenance of polymorphisms in some studies 

(Becher et al. 2020; Gilbert et al. 2020; Schou et al. 2017). Furthermore, the 

risk of AO occurring is particularly high in this experiment, since the 

populations were created from a small set of inbred lines, leading to higher 

levels of LD and linkage over longer ranges. It is therefore possible that the 

balancing selection detected at fru or the short intron SNPs is not due to 

selection, but rather a result of AO.  

 

The problem of accounting for apparent patterns of selection at short 

intron SNPs is not unique to this study as previous studies have also 
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struggled to find any difference between the behaviour of candidate selection 

loci and short intron SNPs (Tobler et al. 2013). That neutrality is observed in 

some cases is a positive result, especially since some of these loci may not 

be ‘truly’ neutral (Clemente and Vogl 2012). The suggestion of neutrality of 

short introns comes from between species comparisons where the low 

mutation rate in introns (Nolte and Schlötterer 2008) and their high AT 

content mean that short introns behave neutrally over long time frames 

(Parsch et al. 2010). However, it is not possible at this time to rule out that 

the patterns of balancing selection observed for the three proxy SNPs are 

due to AO. These potential confounding effects pose a problem for the 

results of this study and will be need to be accounted for in future to have 

complete confidence in the action of balancing selection at fru. 

 

As the experiment progressed, recombination will have continued to 

break down the effect of AO likely resulting in more short intron loci behaving 

neutrally. This could be investigated if further sequencing can be performed. 

A larger data set of short intron loci could also be helpful, although identifying 

independent short intron loci which are also polymorphic in our DGRP lines 

has proved difficult. Alternatively, a model specifically simulating the AO 

would be useful to discern between this and balancing selection and I am 

currently working on developing such a model. For the time being, while the 

results of the three proxy SNPs clearly demonstrate a case for balancing 

selection, the fact that 44/100 putatively neutral short intron SNPs also 

appear to be under balancing selection means that the results pertaining to 

fru should be taken with some caution until this discrepancy is accounted for. 

 

3.6.3 Evaluation of methodology  
An important step of this project was the planning and performing of the pool 

sequencing. All analysis is based on pool-seq data, with simulations 

designed to mirror population sampling and sequencing coverage. If the 

pool-seq design is biased, subsequent conclusions are tainted (Schlötterer et 

al. 2014). To ensure a successful pool-seq experiment there were three main 
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things to consider: 1) the number of samples (pools) to be sequenced; 2) the 

number of individuals per pool; and 3) the sequencing depth (coverage) in 

each pool. The simulations performed here showed that the highest accuracy 

and lowest error in estimating the allele frequency occurred when using nine 

time points and keeping the sequencing effort constant (Figure 3.2). 

Combining this with the advice of Schlötterer et al. (2014) resulted in 48 flies 

per pool and average sequencing coverage of 40. In reality sequencing 

coverage for 2/3 of the proxy SNPs was lower than 40 (1181=21.3 and 

1208=24.1). This is unfortunate, but expected due to the poor mapping of 

reads in regions near substantial indels. However, other studies have 

achieved high predicted accuracy using coverage values nearer to 20 

(Bergland et al. 2014; Machondo et al. 2016, 2021). The level of coverage of 

the proxy SNPs is still adequate for results to be considered accurate and 

reliable. Based on a balance of the simulations performed, advice from both 

reviews and other published studies, and personal communication with 

experienced pool-seq users (Dmitri Petrov, Stanford University), I am 

confident that the sequencing approach taken has been effective.  

 

Previous efforts to identify selection such as E&R studies have 

typically used traditional statistics like Tajima’s D (Tajima 1989) and FST or 

used a comparison measure like a Cochran-Mantel test (Cochran 1954; 

Mantel and Haenszel 1959; Kofler et al. 2011, 2014). However, I have taken 

a different approach of using ABC to discern to diagnose the mode of 

selection occurring. This has provided a useful and efficient way of capturing 

the variation seen in the allele trajectories (Figure 3.4) and contrasting these 

with simulated data. The advantage of this method is that the summary 

statistics can be tailored to the experiment itself rather than relying on the 

assumptions of other statistics. Calculating one value for all 10 cages also 

takes advantage of the multiple parallel populations as any difference in 

measure necessitates a consistent difference shared by populations and is 

less prone to random fluctuations of individual cages (Graves et al. 2017). 
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The summary statistics also provide a straightforward method to compare 

sequencing and simulated data.  

 

The development of the ABC approach in terms of selecting 

appropriate summary statistics was important part of this project (see 

Appendix C for details). It was essential to understand how the summary 

statistics differed between the selection models (Figures C.2 and C.3) and 

determine if they were capturing the variation they were designed to. Without 

this process the number and design of the summary statistics would have 

been very different and far less useful in differentiating modes of selection. 

Comparing the summary statistics values to the parameters (Figure C.1) was 

also a useful step in refining the models. One potential issue with the 

summary statistics is that they were initially designed with the original 

experimental design in mind and thereby make use of the difference in 

starting fru allele frequencies (0.9 or 0.1). While this works well for the fru 

locus, this could be part of the problem when investigating the short intron 

SNPs, many of which do not have such drastic differences in starting 

frequencies. However, in Chapter 4 I show that there is no relationship 

between the starting frequency, or difference in frequencies and their 

probability of balancing selection. It would still be useful to review the 

summary statistics to ensure they capture the variation expected for a range 

of experimental set ups to see if improvements could be made. The summary 

statistics could be further improved to form a general method for identifying 

the mode of selection acting at sites in the genome, similar to that 

demonstrated by Wittman et al. (2017) for identifying selection in seasonally 

fluctuating populations. By adapting simulations, summary statistics could be 

monitored to see how they respond to changes in selection, calculate which 

statistics are capturing the most useful information and develop further 

statistics.  

 

The development of useful summary statistics was essential for the 

application of ABC. The results from model fitting cross-validation, Figure 3.4 
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show that the models can be differentiated from each other based on these 

statistics alone. I am therefore confident both in the ability of the selection 

summary statistics to capture the differences between the selection models, 

and in the result of the model selection process that positive balancing 

selection is the most probable selection model generating the allele 

frequency trajectories. ABC can be applied using a number of different 

algorithms. When a large number of summary statistics are used for ABC it 

has been advised to use a machine learning algorithm like neural net rather 

than methods like rejection or multinomial logistic regression (Blum and 

François 2010; Csilléry et al. 2010). This is due to difficulties sometimes 

encountered in the use of correlations and confusion between large numbers 

of summary statistics (Beaumont 2019; Csilléry et al. 2010). However, I 

found that the model fitting cross-validation did not improve with a neural net 

method. The multinomial logistic regression method employed was therefore 

used for model choice of the proxy fru SNPs since it is just as good and far 

less computationally intensive.  

 

One issue with the methodology is that balancing selection was 

modelled as overdominance. While in Chapter 2 I state that the mechanism 

acting at fru is AP rather than overdominance, modelling the locus in this 

manner was a more straightforward way to model balancing selection since 

this uses only two parameters, s and h. Using the same pair of parameters 

as the other selection models enables straightforward direct comparison 

using ABC which would be difficult with a more complicated model of 

balancing selection such as AP. The estimated parameters support the 

conclusion that fru is under balancing selection, as the mean estimated 

parameter value of h is greater than 1 for all three SNPs (Figure 3.6) as 

would be expected under overdominance. Also, by simulating balancing 

selection as overdominance, I could use the estimated parameter values to 

calculate the predicted equilibrium frequency of the S allele (Figure 3.9). It 

appears that, assuming that selection is sufficiently strong compared to drift, 

polymorphism at these loci and the fru indel could be maintained for 
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prolonged periods of time, a hallmark of balancing selection. However, 

building and testing a model of AP using the fitness values from Chapter 2 

would be a valuable continuation of this work 

 

3.6.4 Future applications 

I have discussed above potential improvements that could be made or further 

work relating to differentiating between AO and true balancing selection, and 

for investigation and refinement of the summary statistics. There are other 

potential applications of the data and methodology developed here which 

could allow further questions on the maintenance of genetic variation to be 

investigated.  

 

Sequencing was not restricted to these sites alone, but was generated 

for the whole genome. The methodology performed here could therefore be 

expanded to detect balancing selection at other putatively antagonistic 

polymorphisms. Ruzicka et al. (2019) generated a list of 2372 putative 

sexually antagonistic from a GWAS of D. melanogaster lines. SA loci have 

also been proposed as a means of generating balancing selection and 

maintaining genetic variation for fitness (Pennell and Morrow 2013; Schenkel 

et al. 2018). The mode of selection acting on the candidates of Ruzicka et al. 

(2019) in my populations could be investigated in a similar way as for the 

short intron loci. Although not all candidate SA loci will give rise to balancing 

selection, a locus that is both identified as SA by the GWAS of Ruzicka et al., 

and is diagnosed as evolving under balancing selection in our populations, is 

more likely to represent a true SA locus and not be an artifact of correlation 

in the GWAS. Evidence of balancing selection at SA candidates would add to 

their case as true SA loci without the need to perform time-consuming 

phenotypic assays.  

 

In Chapter 2, I hypothesised that fru’s role as a transcription factor 

may influence selection at multiple sites in the genome through the 

regulatory cascade (Vernes 2014). The proposed differential expression of 
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the three fru iso-forms expected from the indel polymorphism has the 

potential to impact on hundreds of sites across the genome. Therefore, any 

selection on the polymorphism could result in balancing selection being 

exerted over a much wider range than a single locus. To investigate this, the 

mode of selection acting at other loci within the fru regulatory cascade could 

be tested to see if these are affected by selection in a similar manner. This 

would add both support to the hypothesis in Chapter 2 and also demonstrate 

the power of antagonistic loci in maintaining genetic variation for fitness.  

 

3.6.5 Conclusion  
I have shown that the fru indel polymorphism is likely to be under balancing 

selection. This comes from the time series sampling and sequencing of flies 

from 10 parallel populations, and then a comparison of the resulting allele 

trajectories with simulations of the fru polymorphism under different selection 

models. I propose that the balancing selection observed at fru is a result of 

the AP detected in Chapter 2, meaning that AP is capable of maintaining 

genetic variation for fitness in populations. Yet this result is somewhat 

confounded by the substantial number of short intron loci which also 

displayed signs of balancing selection. Until the issue of balancing selection 

at these loci is satisfactorily resolved the conclusion that the fru 

polymorphism is maintained by balancing selection should be treated with 

some caution and this will need to be investigated in the future. The 

methodology described here could be developed to investigate the behaviour 

of loci within the fru regulatory cascade to examine the reach of balancing 

selection and also to investigate putatively antagonistic sites detected from 

association studies. Overall, this study indicates the possible occurrence of 

balancing selection in maintaining genetic variation in D. melanogaster, thus 

providing a unique case of active balancing selection occurring in real time, 

where both the fitness effects of the polymorphism are understood and 

where a historical signature of long-term balancing selection is detected in 

the genome.  
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3.7 Figures and Tables  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. A cage used to house an experimental population. The left-hand 

picture shows the cage from the side with the entrance on the left. The right-

hand picture is taken from above showing the 12 bottles of food that each 

cage contained.  

 

 

 

 

 

 

 

 



 125 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



 126 

Figure 3.2. Results from simulations of variable pool-seq design. A) The 

gradient of the increase in the S allele measured by different numbers of 

timepoints. The true gradient is 0.05. Although fewer timepoints are nearly as 

accurate as more timepoints, there is more movement around the true value 

as the precise choices of the timepoints affect the measured gradient. B) 
Variance in slope against the number of timepoints and coverage depth used 

to estimate the gradient. The x-axis is shown as: number of 

timepoints/average sequencing coverage. The volume of sequencing data for 

each point, so those with more timepoints also have lower average coverage. 

Variance increases slowly with less coverage. There is a distinct change 

after nine timepoints at 38X coverage, as any further decrease in coverage 

results in poor estimate of allele frequencies.  
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Figure 3.3. Flow diagram of steps taken to diagnose selection at fru. 
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Figure 3.4. Model choice cross-validation confusion matrices. Each sample’s 

true selection model identity by the total number of samples for each of the 

three SNPs (A) SNP 1181, B) SNP 1208, C) SNP 1521). The model class to 

which they were assigned by the cross-validation process is shown by 

colour. 50 samples were used per model. For every model and SNP, the 

majority of samples were assigned to their true model classification indicating 

that the models can be differentiated from each other based on their metric 

values alone.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 130 

 

 

 

 

 

 

 

 

 



 131 

Figure 3.5. Allele frequency trajectories for the three proxy SNPs over the 

number of months during the experiment. SNPs are colour coded by cage 

number. Odd numbered cages started with a S allele frequency of 0.9 and 

even numbered cages with a frequency of 0.1. The location of each SNP 

appears above its frequency trajectory.  
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Figure 3.6. Histograms of the estimated parameter values. A) SNP 1181; B) 
SNP 1208; C) SNP 1521. All parameters were estimated using ABC and 

neural net method. Estimated values were all converted to be positive.  
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Figure 3.7. Number of short intron SNPs where the posterior probability is 

>0.5. A) Probability counts for all five selection models, plus no overall best 

model (NOBM). Positive balancing selection (Balancing (Pos)) has the 

highest number of loci fitting this model of selection. B) The two forms of 

balancing selection and the two forms of directional selection are combined 

to give four probability outcomes. 
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Figure 3.8. Predicted minor allele frequencies of short intron SNPs. 

Frequencies are calculated from the estimated parameter values. Loci are 

coloured by the selection model diagnosed by model choice posterior 

probability. The equilibrium frequencies of the three proxy SNPs are shown 

by the dashed lines (1181= blue, 1208=red, 151=green). While many short 

intron SNPs are predicted to become fixed, some have similar predicted 

equilibrium frequencies as the proxy fru SNPs. 

 

 

 

 

 

 

 



 136 

 

Figure 3.9. Selection (s) against dominance (h) for 100 short intron SNPs. 

While there is a large spread of values estimated for these loci, there are 

patterns also with clusters reporting a high s and h~0, or low s and 

intermediate h. The same measurements for the three proxy SNPs are 

shown by the red dots. These occur on the edge, away from the main 

distribution with a unique combination of low s and high h.  
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Table 3.1. Names of the 14 DGRP lines fixed for the S or L allele. These 

populations were then combined to establish the 10 cage populations using 

different ratios of the two fixed populations. Each cage population contains a 

mix of all the above DGRP lines.   

 

 

 

 

 

 

 

 

 

 

Lines fixed for S 
allele

Lines fixed for L 
allele

RAL-109 RAL-142
RAL-129 RAL-26
RAL-228 RAL-315
RAL-321 RAL-320
RAL-385 RAL-380
RAL-399 RAL-40
RAL-439 RAL-441
RAL-461 RAL-492
RAL-584 RAL-509
RAL-799 RAL-517
RAL-801 RAL-589
RAL-88 RAL-596
RAL-908 RAL-832
RAL-93 RAL-850
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Table 3.2. Ranges of parameter values for the various selection models. 

Values refer to the focal SNP tracked by SLiM. The specific value used in 

each simulation is taken in a random uniformly distributed manner with the 

range.  

 

 

 

 

 

 

 

 

 

 

 

 

Selection model Selection coefficient, 
s

Dominance coefficient, 
h

Neutrality 0 0
Positive directional 0 – 0.25 0 – 1
Negative directional -0.25 – 0 0 – 1
Positive balancing 0 – 0.25 1 – 5
Negative balancing -0.2 – 0 -4 – 0
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Table 3.3. Selection summary statistic values for the three proxy SNPs. 

Summary statistics are referred to by the number given during the 

descriptions. SNPs are labelled with the final 4 numbers of their position. 

Values are reported to 3 decimal places. 
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Table 3.4. Posterior model probabilities of ABC model choice. Values >0.5 

appear in bold and indicate the most probable model to have produced the 

observed data. Values are reported to 4 decimal places. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neutral Positive Negative Balancing (positive) Balancing (negative)
1181 0.0046 0.1795 <0.0001 0.8147 0.0012
1208 0.0127 0.0025 0.001 0.569 0.4157
1521 <0.0001 0.0004 <0.0001 0.9977 0.0019

Model Type
SNP
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Table 3.5. Model goodness-of-fit for each SNP and selection model. 

Distance is a test statistic comparing the true SNP value to the model’s 

posterior distribution. A p-value >0.05 indicates that the model fit is good. 

Values are reported to 3 decimal places. 
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Table 3.6. The number of short intron SNPs diagnosed as under each mode 

of selection. Loci were assigned to a selection model if the posterior 

probability calculated by ABC was >0.5. If no model’s probability was >0.5, 

no form of selection could be diagnosed and such loci are counted in the ‘no 

best model’ category. The above table is split into two, the top half treats the 

five selection models separately, while the bottom half combines the 

probabilities of the two directional and two balancing selection models.  

  

No. of loci with >0.5 model probability
Neutral 13
Positive 25

Negative 12
Balancing (positive) 38
Balancing (negative) 3

No best model 9

Neutral 13
Directional (total) 37
Balancing (total) 44
No best model 6
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Chapter 4  
 
 
 

4. Investigating the occurrence of 
balancing selection at candidate SA SNPs 
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4.1 Declaration 
Much of the data used in this chapter was produced by the same experiment 

described in Chapter 3, including section 3.4.2 ‘Cage population 

establishment and maintenance’ which was performed by Filip Ruzicka with 

help from Harvindar Pawar and Olivia Donaldson. The SLiM scripts for 

selection modelling were written in collaboration with Carl Macintosh. All 

other work presented here is my own.  
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4.2 Abstract 
 

Sexual conflict emerges as the two sexes have different paths to achieving 

higher life-time reproductive success but also share most of the same 

genetic architecture. Sexual antagonism is a type of conflict occurring at a 

single locus, where the allele associated with greater fitness is different in 

each sex. This can result in balancing selection and maintain genetic 

diversity at such loci. Studies have predicted and found evidence for sexually 

antagonistic (SA) variation in many species. However, there are few clear 

examples where both the genetic and phenotypic variation of SA loci are 

understood, or where it is known that these loci are actively maintained by 

balancing selection. A recent study by Ruzicka et al. (2019) identified 2372 

candidate SA SNPs which show signals of stable excess polymorphism 

across populations. In this chapter I experimentally test for the presence of 

balancing selection at these candidate SA SNPs using experimental 

evolution. Using a similar approach to Chapter 3, I track the frequency of 397 

candidate SNPs over 56 generations to create allele trajectories for each. 

Comparing these trajectories to those from simulations of each SNP under 

different modes of selection allows the mode of selection most likely acting at 

each SNP to be diagnosed using Approximate Bayesian Computation. This 

found that >60% of SNPs appear to be under some form of balancing 

selection. I found no relationship between the SA effect sizes estimated by 

Ruzicka et al. (2019) and the probability of balancing selection in this study. 

There was a positive relationship between the predicted minor allele 

frequency of a SNP in both the cages and in two wild populations. I repeated 

the analysis looking at five SNPs which were chosen for editing with CRISPR 

for fitness assays. I found that two of these showed strong signs of balancing 

selection and are therefore prime candidates for investigation. This chapter 

shows that a majority of SA candidates are likely under balancing selection 

and thereby represent true SA SNPs. The analysis has several areas for 

future development which could improve the analysis performed.  

  



 148 

4.3 Introduction 
 

Sexual dimorphism, where individuals of two separate sexes display different 

morphological, physiological and behavioural phenotypes, is a widespread 

occurrence across many forms of life (Cox and Calsbeek 2009; Hedrick and 

Temeles 1989). This dimorphism is a phenotypic reflection of the divergence 

in the reproductive roles the sexes perform. This divergence, in turn, is 

ultimately a result of anisogamy, the sex difference in gamete sizes (Parker 

1979; Trivers 1972). Males produce many, small, cheap gametes while 

females produce fewer, large, more expensive gametes. As a result, the path 

to maximising fitness is different for the two sexes (Parker 1972, 1979). For 

males, the limiting factor to high reproductive fitness is the number of 

matings they can attain, since their gametes are cheap to produce and they 

usually don’t have any futher investment in any offspring. Females, on the 

other hand, have large and expensive gametes requiring substantial 

resources, meaning that they are typically more careful than males about the 

resources they invest in reproduction (Trivers 1972; Chapman et al. 2003). 

This was demonstrated by Bateman (1948) who showed that male fitness 

increased with the number of matings completed, while female fitness did 

not. The different paths to increased fitness have knock-on effects on any 

other trait that enhances the reproductive strategy of either sex, resulting in 

different phenotypic optima for traits in each sex (Connallon and Clark 

2014a; Pennell and Morrow 2013). For example, it may be beneficial for 

males of a species to be large and colourful so that they can attract mates 

and fight off rivals, whereas for females, who do not need to do either of 

those things, it’s better to be inconspicuous and smaller in order to avoid 

predation. Disagreement between the sexes of this kind in how to maximise 

fitness can result in different and conflicting selective pressures on each sex 

– a situation known as sexual conflict (Chapman et al. 2003). 

 

Conflict between the sexes comes in two main forms: inter- and intra-

locus sexual conflict (Pennell et al. 2016; Schenkel et al. 2018). Inter-locus 



 149 

sexual conflict describes a situation where the sexes disagree about each 

other's optimum trait or strategy—and hence genotype at the loci underlying 

them (Chapman et al. 2003; Chapman 2006). For example, one trait in males 

may be selected to maximise fitness in a way that has detrimental effects on 

female fitness. Other traits in females may then be selected to resist such 

action leading to continued rounds of co-evolution or inter-sexual arms races 

(Van Valen 1973). A classic example of this dynamic is that of the seminal 

fluid peptides of Drosophila melanogaster. Males produce these to 

manipulate females into laying more eggs, boosting the fitness of the male 

while also resulting in shorter lifespan for the female (Chapman et al. 1995; 

Fowler and Partridge 1989). Experimental evolution in which female 

adaptation to male harm is prevented results in increased virulence of male 

mating, indicating that females are normally under selection to resist the 

effect of the seminal fluid proteins (Rice 1996).  

 

Intra-locus conflict occurs when the sexes disagree over the optimum 

genotype at a single locus that underlies variation of a shared fitness trait 

(Bonduriansky and Chenoweth 2009; Pennell and Morrow 2013, Van Doorn 

2009). Such loci are commonly referred to as sexually antagonistic (SA). To 

illustrate this, assume that we have a locus for a shared trait, such as body 

size, where the relationship between the trait and fitness is different in each 

sex, e.g. large males and small females have greater fitness. This locus has 

two alleles, A and B, and the phenotypic effect of each allele is the same in 

each sex. Let’s say that the A allele contributes to producing larger 

individuals than the B allele. This results in greater reproductive fitness for 

males that carry the A allele compared to B carrying males. The A allele is 

therefore selected for in this sex. However, the A allele carrying females 

have lower fitness than B carrying females. The B allele is thereby selected 

for in females, the opposite scenario compared to males. This means that the 

direction of selection for each allele is sex-specific, as neither is fittest in both 

sexes (Lande 1980; Kidwell et al. 1977). Since the locus is shared and has 

similar effects in both sexes, both sexes cannot simultaneously attain their 
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fitness optima, leading to some maladaptation in at least one sex and 

decreased average fitness for the population as a whole (Figure 4.1) (Cox 

and Calsbeek 2009; Bonduriansky and Chenoweth 2009). Furthermore, 

balancing selection may result (Kidwell et al. 1977) where neither allele 

becomes fixed and SA variation is maintained, contributing to the overall 

amount of genetic variation for fitness in the population (Rice 2000; Schenkel 

et al. 2018).  

 

As the sexes mostly share the same genome, and have greatly 

different strategies to maximise fitness, there is potential for widespread SA 

genetic variation (Pennell and Morrow 2013). The balancing selection this 

may generate could be a major factor in maintaining genetic variation for 

fitness (Connallon and Clark 2014a; Kidwell et al. 1977; Rice 2000). As a 

consequence, SA variation may play a role in other phenomena, including 

speciation (Bonduriansky and Chenoweth 2009), gene regulation (Fisher 

1931), ontogeny (Rice and Chippendale 2001), sex-chromosome formation 

(Vicoso and Charlesworth 2009), and genome structure (Charlesworth and 

Charlesworth 1980; Kirkpatrick 2016). SA variation also has been found in 

humans (Ruzicka et al. 2021) and may be particularly important for 

understanding sex differences relating to disease (Harper et al. 2021). 

Specifically, SA variation has been implicated in the maintenance of 

polycystic ovary syndrome (Casarini and Brigante 2014) and in the variable 

pathology of STIs (Wardlaw and Agrawal 2019). In these examples, 

balancing selection as a result of SA variation maintains alleles that are 

detrimental to the health and fitness of one sex because of positive effects 

they have in the other sex (Gilks et al. 2014; Van Doorn 2009).  

 

A number of studies have demonstrated varying levels of evidence for 

SA genetic variation in a wide range of organisms, including mammals 

(Foerster et al. 2007; Mokkonen et al. 2011), birds (Merilä et al. 1997; Price 

and Burley 1994), reptiles (Svensson et al. 2009), insects (Chippendale et al. 

2001; Fedorka and Mousseu 2004; Gibson et al. 2002; Rice 1992) and 
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dioecious plants (Delph et al. 2011). These studies are based on two main 

approaches. The first is to demonstrate that a specific trait has different and 

opposing effects on the fitness of each sex. Examples include testosterone 

production in bank voles (Myodes glareolus), where increased production is 

beneficial to males but harmful to females (Mokkonen et al. 2011), and bill 

colour in Zebra finches (Taeniopygia gutta), where males prefer females with 

duller bills and females prefer males with brighter bills (Price and Burley 

1994).  

Other studies use quantitative genetics (correlations between 

individuals that share variation) to show the presence of SA variation in 

general fitness measures such as lifetime breeding success. SA is assessed 

by measuring the intersexual genetic correlation for fitness ( rMF) which 

reflects the relationship between male and female fitness across genotypes 

(Connallon and Clark 2014a; Bonduriansky and Chenoweth 2009; Long and 

Rice 2007; Chippendale et al. 2001). When shared genetic variation 

produces similar effects on fitness in both sexes (sexually concordant 

selection), rMF will be positive. Conversely, rMF is negative when the shared 

genetic variation results in opposing fitness effects between the sexes, a sign 

of SA variation. For example, Chippendale et al. (2001) found a negative rMF 

for sex-specific fitness among a sample of genotypes extracted from an 

outbred laboratory population of D. melanogaster, where genotypes that 

have high relative fitness in males tended to have low relative fitness in 

females and vice versa. Related approaches have demonstrated the 

presence of SA fitness variation in red deer (Cervus elaphus) (Foerster et al. 

2007), and ground crickets (Allonemobius socius) (Fedorka and Mousseau 

2004). 

 

While the approaches above may detect evidence of SA genetic 

variation, they are not able to identify the individual genes and sequence 

polymorphism involved (Fry 2010; Pennell and Morrow 2013). This is a major 

limitation to understanding the role that SA plays in evolution and its 

contribution, through balancing selection, to maintaining genetic variation 
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(Bonduriansky and Chenoweth 2009). Two individual examples of SA genes 

have been identified through detailed studies of phenotypes and are well 

described: the ‘orange blotch’ phenotype caused by a mutation in the Pax7 

gene results in cryptic colouration in Lake Malawi cichlids, which is beneficial 

for females wanting to avoid predators, but detrimental for males who attract 

mates with bright colour patterns (Roberts et al. 2009; Seehausen et al. 

2008); and the Cyp6g1 gene of D. melanogaster. The allele DDT-R in this 

gene is SA in the absence of the pesticide DDT as it promotes female fitness 

but can have negative epistatic interaction on male reproductive success. 

When DDT is present the DDR-R allele is fittest for both sexes. (Daborn et al. 

2002; McCart et al. 2005, Smith et al. 2011).  

 

A solution to identifying SA loci on a larger scale and studying their 

general properties comes from the use of Genome-Wide Association Studies 

(GWAS). GWAS combine phenotypic measures (here of sex-specific fitness) 

and variant calls to identify loci associated with specific traits. GWAS are 

therefore a powerful method of identifying the genetic variation that 

contributes to fitness variation. A recent GWAS by Ruzicka et al. (2019) 

investigated SA in 202 hemiclonal lines from the laboratory adapted D. 

melanogaster population LHM which has been maintained since 1996 and 

has been used extensively in investigation of SA fitness variation 

(Chippendale et al. 2001; Pischedda and Chippendale 2006; Rice et al. 

2005). This produced the first list of candidate SA SNPs in D. melanogaster, 

identifying 2372 SNPs. Based on these candidates, Ruzicka et al. (2019) 

carried out additional tests to assess evidence for the signatures of balancing 

selection that one could expect for SA sites. Specifically, they compared the 

strength of SA effects with signatures of polymorphism in non-LHM 

populations (to avoid confounding effects of increased GWAS power at more 

polymorphic sites). These revealed a positive relationship between the SA 

effect size and the minor allele frequency (MAF) (a measure of 

polymorphism) of the SNP in D. melanogaster populations in North Carolina 

(the DGRP, Mackay et al. 2012) and Zambia (DPGP3, Lack et al. 2015, both 
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population samples are whole-genome sequenced collections of wild-derived 

inbred lines). They also found elevated Tajima’s D (another measure of 

polymorphisms) in SA regions compared to non-SA sites that matched the 

candidates in their frequency in the study population LHM. These results 

show that the candidate SNPs may also be sites under balancing selection, 

which both increases their SA credentials and means that they may 

contribute to maintaining genetic diversity in D. melanogaster. 

 

While the results of Ruzicka et al. (2019) have allowed us to get a first 

genome-wide appreciation of SA in flies, both the identification of the SA 

candidates in the first place and then the further population genomic 

comparisons of SA effect and polymorphism in other populations, are 

currently based on correlative associations. This is problematic because, 

even though care was taken to remove any confounding effects at more 

polymorphic sites, these efforts might not have been entirely successful. 

Much stronger proof would be provided if these candidate loci could be 

shown experimentally to be under balancing selection. Experimental 

evolution provides an approach to accomplish this (Schötterer et a. 2015). By 

tracking the frequency of SA candidate SNPs in populations over time, we 

can observe if their patterns of change in allele frequency are consistent with 

that expected under balancing selection. Balanced polymorphisms are 

expected to remain polymorphic over time and also to converge towards a 

stable equilibrium frequency. By comparing the allele frequency trajectories 

of the candidate SNPs to simulations of the SNPs under different selection 

regimes, as previously demonstrated in Chapter 3, it is possible to diagnose 

the mode of selection that the SNPs experience. The diagnosis of balancing 

selection will add support for the notion that the SNPs are true SA loci and 

evolve under balancing selection. Such an approach combining GWAS and 

experimental evolution has been used previously to investigate the genes 

responsible for resistance to Drosophila C virus (Magwire et al. 2012; Martins 

et al. 2014), and to identify the loci behind variation in courtship song in D. 

melanogaster (Turner and Miller 2012; Turner et al. 2013). 
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In this chapter, I use an experimental evolution approach to assess 

selection at 397 of the SA candidate SNPs identified by Ruzicka et al. (2019). 

My analysis makes use of the sequencing data generated from the cage 

populations in Chapter 3, and I employ the methodology developed there to 

diagnose the mode of selection acting at these SNPs. I find that >60% of the 

candidate SNPs are diagnosed as being under balancing selection. I then 

relate the findings of selection at SA SNPs to properties of these loci 

calculated from the GWAS of Ruzicka et al. (2019) and to two wild 

populations. This forms a test of balancing selection at these loci to see if 

patterns of selection are consistent and predictable. I also investigate 

selection at five SNPs chosen to create gene-edited lines using CRISPR to 

see which of these should be prioritised for fitness assays. 
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4.4 Methods 
 

4.4.1 Experimental design, sequencing, and bioinformatics 
Sequencing data were obtained from the same experimental populations of 

D. melanogaster as described in Chapter 3. All treatment of replicate 

populations, sampling, DNA extraction, and bioinformatic analysis (sections 

3.4.1-3.4.4) were the same as for all data presented here.  

 

4.4.2 Diagnosing the mode of selection at candidate SA loci 
The SA GWAS by Ruzicka et al. (2019) carried out in our laboratory 

identified 2372 putatively SA SNPs. Popoolation2 (Kofler et al. 2011) was 

used to extract the polymorphic SNPs from a whole genome BAM file of the 

pool-seq data for the putative SA candidate loci identified by Ruzicka et al. 

(2019). This created a _rc file of allele counts for our 90 pools covering the 

SA SNPs with sequencing variation. These SNPs were cross referenced with 

those loci expected to be polymorphic based on the DGRP data. This 

produced a reduced list of 442 candidate SA loci which were both predicted 

to be polymorphic from the DGRP data and were found to be so in our cage 

populations. Loci with more than two allele states were removed. Further 

data manipulation was performed to first extract the read coverage depth at 

each locus for each sample and then to convert allele counts to frequencies. 

The same 13 selection summary statistics used in Chapter 3 were then 

calculated for these SA candidates     
 

Starting frequencies of loci in the cage populations were estimated 

from the whole genome sequence data provided from the DGRP lines. This 

was obtained from http://dgrp2.gnets.ncsu.edu/data.html where there is a vcf 

file containing whole genome sequences of all 205 DGRP lines. I filtered the 

vcf file using vcftools (Danecek et al, 2011) to create two subset files, one 

containing only data for the 14 lines fixed for the S allele and another dataset 

with the 14 L allele lines. The lines included in each set are in Table 3.1. 

vcftools then calculated the allele frequency at each locus across the 14 
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lines. The frequencies of the two sets were then combined in two different 

ratios, lines fixed 9:1 for S:L and the other 1:9 S:L. Assuming that all lines in 

each set contribute equally during the round robin cross (see section 3.4.2 – 

Chapter 3) and were allocated to the cages equally, these calculated 

frequencies should be the starting frequencies of each SNP when the cages 

were established. The list of loci was trimmed to remove loci where either 

allele was fixed and therefore there was no expected variation in the cage 

populations. This was trimmed again to remove those loci with expected 

starting frequencies either <0.025 or >0.975. Such loci are close to fixation 

already and therefore may fix during the set-up of cage populations or in the 

first few generations of the experiment due to drift rather than any selective 

forces. The output of this should be a full list of all polymorphic loci and their 

expected starting frequencies for each set of cages. 

 

Selection model simulations were performed using SLiM (Haller and 

Messer, 2019). Five models were performed for each SA SNP: a neutral 

model, positive selection, negative selection, positive balancing selection, 

and negative balancing selection. These model types were formed using 

different ranges of the selection parameters, the selection coefficient, s, and 

dominance, h. The range for parameters used in each model type is shown 

in Chapter 3 Table 3.2. For each simulation the values of s and h were drawn 

from a uniform distribution and the value of each was recorded. Simulations 

were performed for 56 generations, the estimated length of the experiment 

which ran from July 2017 to November 2019. Simulations contained 10 

subpopulations with no migration between them to represent the 10 cage 

populations in the study. The effective population size of each subpopulation 

was 1000. For each SA SNP each model was initialised with a different 

starting frequency using the value estimated from the DGRP lines. The allele 

frequency was then recorded for each of the 10 subpopulations after the end 

of generations 2, 4, 8, 12, 20, 28, 36, 44 and 56 representing the sampling 

points of the sequenced flies. These were then saved and passed to R (R 



 157 

Core Team, 2019) for analysis. One million simulations were run for each 

model type resulting in five million simulations per candidate SNP.  

 

Allele frequencies were then treated to two rounds of sampling to 

represent (i) the sampling of 48 flies from each of the cage populations 

included in the sequencing, and (ii) the read coverage at each site, from 

which the allele frequencies from Popoolation2 are calculated. 13 selection 

summary statistics were calculated for each simulation to describe the allele 

frequency trajectories over time (details of these summary statistics are 

described in section 3.4.4.1 in Chapter 3). The R package ‘abc’ (Csillery et 

al., 2012) was used to perform model choice to find the selection model with 

the greatest probability of having produced the real data of each SNP. 

Probabilities of selection models of the same type of selection, balancing or 

directional, were combined, irrespective of their direction. If the probability 

was >0.5 for any particular model that type of selection was determined to be 

the model responsible for the allele frequency dynamics at that locus. If no 

model recorded a probability >0.5 the best selection model could not be 

determined. Parameter estimation was also performed using ‘abc’ to 

estimate the range of s and h values most likely to have generated the real 

data. These values were converted to positive values (s’= - s/(1 + s) and h’ 

=1- h) for an allele under positive balancing selection to make comparisons 

easier. A diagram depicting the stages used in the analysis is shown in 

Figure 4.2. 

 

4.4.3 Comparing experimental and GWAS results 

To see if the results of Ruzicka et al. had any predictive power for the 

probability of balancing selection in this study, I used linear modelling to test 

for a relationship between the SA effect size estimated from the GWAS and 

the total posterior probability of balancing selection at each locus. The SA 

effect size was converted to an absolute value and the total posterior 

probability of balancing selection was normalised using the ‘orderNorm’ 
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transformation technique from the R package ‘bestNormalize’ (Peterson 

2021; Peterson and Cavanaugh 2020).  

 

To test if signatures of balancing selection measured in this study 

were consistent with those found in other populations, I tested for a 

relationship between the total posterior probability of balancing selection and 

the values of regional Tajima’s D (Tajima 1989) in the DGRP (Mackay et al. 

2012) and DPGP3 (Lack 2015, 2016) populations. These values were 

calculated by Ruzicka et al. (2019) over a region of 1000bp around each SA 

candidate SNP. Higher values of Tajima’s D are associated with greater 

levels of polymorphism and thereby regions more likely under the influence 

of balancing selection. As a second measure of the maintenance of 

polymorphism I also tested if there was a relationship between the 

equilibrium minor allele frequency (MAF) in the cage populations, as 

predicted from the estimated parameter values, and the MAF reported at that 

locus in the DGRP and DPGP3 populations. I also tested if there was a 

relationship between the predicted equilibrium MAF and the SA effect size of 

each locus to see if this was predictable from the GWAS results.  

 

To ensure that the experimental set up or the ABC analysis did not 

bias the results, I checked for a relationship between the mean starting allele 

frequency of each locus and its predicted MAF. Finally, a relationship 

between the difference in starting frequencies of the two sets of cages and 

the predicted equilibrium MAF was investigated. Both the difference in 

starting frequencies and the mean starting frequency were normalised using 

the ‘orderNorm’ technique. All tests were performed using linear models 

which included the chromosome arm where the locus was located, either 2L 

or 3L as an additional factor.  

 

4.4.4 CRISPR SNPs 
Eight putative SA SNPs were selected from the dataset of Ruzicka et al. 

(2019) by Ted Morrow (Karlstad University) and Jon Harper (University of 
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Sussex) to create a series of genetically modified fly lines. These lines are 

identical apart from at the SNPs chosen which were edited using 

CRISPR/Cas9 (referred to simply as CRISPR) genome editing technology to 

contain alternative alleles of the candidate SA loci. CRISPR allows for 

precise alteration of the genome, even by a single nucleotide (Doench 2018) 

and is derived from a defence mechanism against phage found in many 

strains of bacteria and archaea, which recognise DNA sites called Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) (Marrafini and 

Sontheimer 2010). At such sites, the Cas9 protein induces a double strand 

break, killing the phage. This is exploited by using two Cas9 proteins, with 

different user-defined target sequences, to excise and replace a portion of 

DNA with any desired alternative sequence (Lamb et al. 2017; Xi et al. 2015). 

Therefore, the creation of tailor-made modified organisms can be achieved, 

enabling the study of the fitness impact of small genetic variations (Doench 

2018). This is a much more precise method of introducing genetic material 

than using introgression to create hemiclones (Abbot and Morrow 2011; Rice 

et al. 2005) and means that any fitness difference observed is directly due to 

the introduced genetic material (Doench 2018).  CRISPR was performed 

using a two-step process by WellGenetics (Taipei City, Taiwan). SNPs were 

chosen based on the strength of the antagonistic signal detected by Ruzicka 

et al. (2019), if they occurred within protein coding genes, represented non-

synonymous mutations and to cover the four main chromosome arms and 

the X-chromosome. The loci chosen are shown in Table 4.1.  

 

I investigated the behaviour of the eight SNPs chosen for the creation 

of CRISPR lines within the cage population experiment. The expected 

starting frequencies calculated from the DGRP lines above were examined, 

but only two out of the eight SNPs were covered by the DGRP sequencing 

data, both being polymorphic in our cages. However, the _rc file output from 

Popoolation2 contains sequencing information covering all 8 selected 

CRISPR SNPs at frequencies not indicative of sequencing error. To make 

use of the information from more than just the two loci covered by the DGRP 
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data I altered the approach used above, ignoring the DGRP starting 

frequency estimates. I instead focused only on the 54 generations covered 

by the sequencing data generated from Popoolation2 taking the first sampled 

timepoint as the starting point of the experiment. I removed those SNPs 

which had more than two allelic states, of which there were two: 

2L:18,998,623 and 3L:6,210,720. I also restricted myself to analysis of 

autosomal SNPs, thereby removing SNP X:2,937,496. Five SNPs remained 

to be investigated. Read coverage data were extracted for those SNPs and 

read count data from Popoolation2 converted to allele frequencies. Functions 

to calculate the 13 selection summary statistics had to be adapted to fit the 

shortened time frame of the analysis. This required some measure of the 

allele’s starting frequency. For this I took the mean allele frequency at the 

first sampled timepoint of each set of five cages, i.e. the mean of cages 1-5 

and the mean of cages 6-10. These values were used as the starting 

frequencies for these cages and are presented in Table 4.2. Summary 

statistics were then calculated for the five SNPs. 

 

Simulations were run for these five SNPs using SLiM 3 (Haller and 

Messer, 2019). As before, five selection models were performed: neutrality, 

positive directional selection, negative directional selection, positive 

balancing selection, and negative directional selection. Selection models 

were specified with different ranges of s and h as before, drawn from a 

uniform distribution. Simulations were run for 54 generations with a 

population size of 1000. 250,000 simulations were run for each CRISPR 

SNP. Selection summary statistics were then calculated for each simulation 

using the same adapted functions as for the real sequencing data. ABC was 

performed using the abc package in R (Csilléry et al. 2012) to diagnose the 

mode of selection acting at each SNP. Model choice was performed using a 

neural net algorithm and 5% tolerance, while parameter estimation also used 

the neural net approach and using both model choice and parameter 

estimation calculations. A diagram depicting the stages of this analysis is 

shown in Figure 4.3.  
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4.5 Results 
 

4.5.1 Diagnosing the mode of selection at SA loci 
A total of 397 candidate SA SNPs were investigated. The most common 

selection model diagnosed was balancing selection with a total of 251 

(63.22%) loci being diagnosed as evolving under either positive or negative 

balancing selection (see Table 4.3 for details). For the remainder of the 

SNPs, 55 (13.85%) were diagnosed as showing either form of directional 

selection, and 52 (13.1%) were behaving neutrally. For the remaining 39  

(9.82%) SNPs, no model reported a probability value greater than 0.5 (Figure 

4.4 and Table 4.3). The SA candidate SNPs tested here were selected from 

two of the four major autosomal chromosome arms, 2L and 3L. There were 

only minor differences between the two arms in the proportion of SNPs 

diagnosed as being affected by each type of selection. This was the case 

when distinguishing between the major types of selection (balancing and 

directional), neutrality and undetermined (𝜒'#=1.207, p=0.751) but also when 

considering all individual selection models (𝜒(#=3.97, p=0.554). While both 

chromosome arms were similar in their patterns of selection, the proportional 

representations of selection types inferred for SA SNPs here were different 

from those detected in short intron SNPs in Chapter 3 (major selection types: 

𝜒'#=100.506, p<0.0001; individual selection models: 𝜒(#=118.597, p<0.0001).  

17 of the SA candidate SNPs are located within the span of the In(2L)t 

inversion (2L: 2,225,744 – 13,154,180). Nine of these loci were diagnosed as 

under balancing selection, three as directional, three were neutral, and for 

two no selection model had a posteriori probability >0.5.  

 

Parameter estimates varied between the 397 candidate SA loci. The 

median posterior mean selection coefficient, s, was 0.104 and point 

estimates ranged between 1.04x10-4 and 0.25. Posterior mean dominance, 

h, had a median of 1.455 with values ranging between 0.029 and 4.279. 

There was no difference in the posterior mean s between SA loci on the two 

chromosome arms (2L: s=0.11, 3L: s=0.113; Welch’s 2-sample t-test: t=-
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0.345, df=176.36, p=0.73) or for h (2L: h=1.689, 3L: h=1.68; Welch’s 2-

sample t-test: t=0.077, df=167.93, p=0.939). Estimated parameter values 

were used to calculate the predicted equilibrium minor allele frequencies of 

each SNP, and are shown in Figure 4.5. This shows that the majority of 

SNPs that were diagnosed as exhibiting balancing selection also had 

estimated parameter values that predict that the SNP will not become fixed.  

 

4.5.2 Comparing experimental and GWAS results 
A number of comparisons were made to test for relationships between the 

GWAS data of Ruzicka et al. (2019) and the findings of this chapter. The aim 

was to uncover any ability the GWAS data had in predicting the behaviour of 

the SNPs as calculated by ABC and if selection inferred here was consistent 

with that in other populations. All analyses accounted for potential differences 

between chromosome arms, but since none were detected these results are 

not described here (Results from all models is presented in Table 4.4).  

 

First I assessed the relationship between the size of the SA effect of 

each SNP calculated from the GWAS of Ruzicka et al. (2019) and the 

evidence for balancing selection from the ABC. SA loci can give rise to 

balancing selection when the effects on male and female fitness are equal. In 

such a case, SNPs with more strongly antagonistic fitness effects would 

show clearer evidence of balancing selection in short-term frequency 

change. Yet there was no relationship between the SA effect size from the 

GWAS and the posterior probability of balancing selection from the ABC 

(F1,394=0.231, p=0.631) (Figure 4.6A). There was also no relationship 

between the SA effect size and the equilibrium minor allele frequency (MAF) 

calculated from estimated selection parameter values (F1,394=0.024, p=0.877; 

Figure 4.7A). 

 

Ruzicka et al. (2019) found that the SA effect size and Tajima’s D 

calculated from their GWAS correlated with population genetic measures of 

balancing selection from natural populations of D. melanogaster. I also tested 
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for an association between the same measures of balancing selection from 

wild populations and evidence for balancing selection from the ABC directly. 

Specifically, I focussed on two measures, Tajima’s D and the MAF, 

calculated in a North American population (DGRP) and a Zambian population 

(DPGP3) in the species' ancestral range. Linear models provided no support 

for a relationship between the probability of balancing selection and Tajima’s 

D from DGRP (F1,394=2.114, p=0.149) (Figure 4.6B). However, there was an 

indication of a possible relationship between the probability of balancing 

selection and Tajima’s D calculated in the DPGP3 lines (F1,394=3.659, 

p=0.056) (Figure 4.6C). Contrasting with these somewhat equivocal 

associations, I detected a positive relationship between the MAF predicted 

from selection parameters inferred in the ABC and MAF estimated in the two 

wild populations. This was true both in the DGRP (F1,390=32.609, p<0.0001; 

Figure 4.7B) and in the DPGP3 lines (F1,359=27.78, p<0.0001; Figure 4.7C). 

For both sets of lines, roughly 7% of the variance in the predicted cage MAF 

is explained by the MAF value from population genomic samples. The 

relationship between the estimated cage MAF and the MAF calculated for the 

two wild populations was maintained even after removing SNPs with low 

starting frequencies (see below) (DGRP: F1,346=20.08, p<0.0001; DPGP3: 

F1,321=15.462, p<0.001).  

 

I ran a number of additional models to check that the above results 

were not biased by the experimental set-up and analysis. Especially, I 

wanted to rule out that polymorphism in wild population would translate into 

greater variability in my cage population, which in turn might make the 

detection of balancing selection more likely and affect the predicted 

equilibrium MAF. There was no relationship between the estimated starting 

frequency and the predicted MAF, neither across all SNPs (F9,337=1.65, 

p=0.1; Figure 4.8A) nor across those SNPs where the predicted equilibrium 

MAF was greater than 0, i.e. where polymorphism was expected to be 

maintained (F9,242=0.0001, p=0.99; Figure 4.8B). Initially there did appear to 

be a positive relationship between the starting frequency and the predicted 
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equilibrium MAF at that locus (F1,390=22.19, p<0.001). This relationship is due 

to loci with starting allele frequencies less than 0.15 being fixed early on 

during the experiment. This leads to bias in the mode of selection that is 

diagnosed at that SNP towards non-balancing selection and a predicted 

equilibrium MAF of zero. Finally, there was no relationship between the 

difference in the starting frequency between the two sets of cages and the 

predicted equilibrium MAF (F1,390=1.274, p=0.26).   

 

4.5.3 CRISPR SNPs 
In reporting these results, I refer to the five CRISPR loci using the associated 

gene name (see Table 4.1).  Of the five loci chosen for the creation of 

CRISPR lines and investigated here, two loci, Ugt36E1 and CG8399, 

exhibited a high (>0.5) probability of being under balancing selection during 

the 54 generations of evolution (Ugt36E1: post. prob.=0.7673, CG8399: post. 

prob.=0.767). Locus CG10477 reported a model choice probability >0.5 for 

the neutral evolution model (post. prob.=0.8268), and therefore does not 

appear to be under selection in this experiment. For the final two CRISPR 

loci, Strn-Mlck and CG34133, none of the five selection models had greater 

than >0.5 probability of having produced the observed summary statistics. 

For Strn-Mlck, the closest models were positive balancing selection and 

positive directional selection, with posterior probabilities of 0.4867 and 

0.4889 respectively. For CG34133, the models with the highest posterior 

probabilities were neutrality and positive directional selection with values of 

0.4625 and 0.4348 respectively. Full model choice results for the five loci are 

shown in Table 4.5. Parameter estimation was performed for all five loci. The 

mean estimated values were consistent with the mode of selection 

diagnosed by the model choice step above. Full parameter estimation results 

are presented in Table 4.6.  
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4.6 Discussion 
 

4.6.1 Diagnosing balancing selection 
Ruzicka et al. (2019) produced the first association study that identified 

candidates of SA genetic variation in D. melanogaster. They also 

demonstrated that their SA candidates showed signatures of balancing 

selection in natural populations of D. melanogaster, including excess 

polymorphism (compared to frequency-matched non-SA sites) and elevated 

Tajima's D. To corroborate their population genomic analyses, and thus 

gather additional support for SA at these loci, I have tested for signals of 

balancing selection at a subset of their candidate loci, using the experimental 

cage populations of D. melanogaster described in the previous chapter. 

Sexual antagonism can lead to balancing selection as alternative alleles are 

favoured by each sex. Therefore, loci identified as SA candidates that also 

show signals of balancing selection in the experimental populations are more 

likely to be true SA loci and contribute to maintaining genetic variation. 

However, it should also be noted that candidate SNPs that do not show clear 

signs of balancing selection are not discounted as SA, but rather the 

detection of balancing selection enhances the case for those that do. The 

selection properties of candidate SA  SNPs can also be tested by relating 

patterns to those observed from the GWAS and in wild populations. I 

selected 397 of the candidate SNPs and diagnosed the mode of selection 

acting at the SA sites in an ABC analysis. Of these SNPs, 251 were 

diagnosed as being under balancing selection – more than 60% of the SNPs 

tested. This incidence of balancing selection is higher than was observed 

among the short intron SNPs in Chapter 3 (63.2% versus 44%) and the total 

proportion of SNPs classed as each selection model was different between 

the SA candidate SNPs and the short intron SNPs (𝜒'#=100.506, p<0.0001). 

The difference between these SA SNPs and the short intron SNPs is due to 

a higher number of SA loci than short intron SNPs being diagnosed as under 

balancing selection, as well as those where no model could be assigned (and 
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accordingly a lower number of directionally selected loci in SA SNPs 

compared to the short intron SNPs). 

 

While this result is in line with the expectation that SA should generate 

additional balancing selection at candidate loci, a direct comparison between 

these two sets of SNPs is confounded by any differences in their genomic 

context. Short intron SNPs occur sandwiched between coding sequences, 

and the introns are typically 66bp or shorter in length (Parsch et al. 2010). In 

contrast, the SA SNPs are found in a range of locations across the genome 

including protein coding exons, regulatory regions, and inter-genic regions 

(Ruzicka et al. 2019). This means that SA SNPs are on average located 

further away than short intron SNPs from non-synonymous sites, which 

experience the strongest effects of purifying selection (Andolfatto 2005), and 

are expected to be less affected by selection at linked loci. This difference 

has important implications when interpreting the elevated incidence of 

balancing selection in SA SNPs. In Chapter 3, I suggested that the patterns 

of selection at short intron SNPs could be a result of associative 

overdominance (AO) (Ohta 1971). Given the average distance between focal 

SNPs and non-synonymous sites, AO is more likely to affect allele frequency 

change at short intron SNPs than at SA SNPs. If the diagnosis of balancing 

selection is confounded by AO, as is a concern in Chapter 3, it would be 

predicted that short intron SNPs would have higher rates of balancing 

selection than SA SNPs. But this is not what we observe. The high incidence 

of balancing selection at SA SNPs therefore plausibly reflects true balancing 

selection more than at short intron SNPs, which are likely affected by AO. 

The larger proportion of SA SNPs diagnosed as being under balancing 

selection is therefore more striking than the numbers alone would suggest. 

This result helps to corroborate the identification of SA candidates by 

Ruzicka et al., and adds specific evidence for the SA status of these 251 

SNPs.  
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4.6.2 Comparison of results to those of Ruzicka et al. (2019) 
I observed a positive relationship between predicted equilibrium MAF in the 

cage populations and the MAF in both the DGRP and DPGP3 lines (Figure 

4.7B-C). What this demonstrates is that the short-term frequency changes 

observed in my experiments are reflective of the frequencies that alleles 

attain in wild populations. The patterns of MAF being consistent between the 

cage populations and the DGRP and DPGP3 populations indicates that the 

SNPs are potentially maintained by balancing selection across all three 

populations. This also shows that, despite differences in environment 

conditions or demography, the action of balancing selection is relatively 

consistent in maintaining these polymorphisms.  

 

Despite the high proportion of SNPs displaying signals of balancing 

selection, I did not find any evidence for a link between the SA effect size 

calculated by Ruzicka et al. (2019) and the probability of balancing selection. 

A positive relationship between the two could have been expected, but only if 

the fitness effects on male and female fitness balanced each other out or if 

trait specific dominance occurs (Connallon and Chenoweth 2019), both of 

which were not explicitly determined by Ruzicka et al. (2019). Another, 

plausible explanation is that my analysis only included candidate SA SNPs. 

One of the conditions of a SNP being designated as a candidate was a SA 

absolute effect size of >0.2. All non-candidate SNPs, the vast majority of 

which have an effect size <0.2, were not included in my analysis. These non-

candidate SNPs are far less likely to be under some form of balancing 

selection. When Ruzicka et al. (2019) found a relationship between SA effect 

size and MAF, and between effect size and Tajima’s D from the DGRP and 

DPGP3 populations they not only compared candidate SNPs but also non-

candidate SNPs. Candidate SNPs comprise only 0.3% of all the SNPs 

assayed by Ruzicka et al. (2019). Including non-candidate SNPs should 

make any pattern between effect size and balancing selection more obvious 

and increase the statistical power to detect a relationship. Increasing 

statistical power will be especially important if the relationship between the 
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effect size and balancing selection (Figure 4.6A) or in the inference of effect 

sizes by Ruzicka et al. (2019) was noisy (both of which are likely to be true). 

The addition of non-candidate SNPs in my analysis may have shown a 

relationship between the strength of SA and the probability of balancing 

selection.  

 

There are other possible explanations for a lack of an observed 

relationship. The data used in the GWAS study came from flies of the long-

term laboratory LHM population whereas the cage populations were 

established using the DGRP lines. It is possible that genetic differences 

between the populations could result in the lack of correlation between effect 

size and the probability of balancing selection. SA loci are expected to be 

under strong selection to resolve conflict through a number of mechanisms, 

including: sex-specific expression (Hollis et al. 2015), splicing (Pennell and 

Morrow 2013), dominance (Grieshop and Arnqvist 2018; Spencer and Priest 

2016), sex linkage (Rice 1984), and gene duplication (Connallon and Clark 

2011; VanKuren and Long 2018). Resolution of SA in the DGRP population 

could result in a lack of relationship between the SA effect size of the LHM 

population and the probability of balancing selection. However, the North 

American origin of both the DGRP and LHM, means that there has been little 

time for the necessary wholesale changes in genetic architecture to evolve 

(Llaurens et al. 2017; Stephen and Li 2007). It’s also possible that 

differences in conditions between the cages and the phenotypic assays 

contributing to the GWAS may alter the relationship between effect size and 

balancing selection (Connallon 2015; Connallon and Hall 2016, Wittman et 

al. 2017), but this seems unlikely.  

 

Tajima’s D can be used to detect sequence differences that indicate if 

a site is behaving neutrally or under some form of selection (Tajima 1989), 

where the action of balancing selection will result in elevated values of 

Tajima’s D. Therefore, a positive relationship between Tajima’s D values 

from the DGRP or DPGP3 populations and the probability of balancing 
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selection estimated in this study would support the occurrence of balancing 

selection at a locus. This would also mean that signatures of balancing 

selection detected in the cage populations are likely to reflect balancing 

selection in other populations. Such loci would be prime locations for 

balancing selection maintaining genetic variation over long periods of time. 

However, I did not find any relationship between the regional value of 

Tajima’s D in the DGRP or DPGP3 populations and the probability of 

balancing selection in our cages, although the relationship did come close to 

statistically significant for the DPGP3 population (Table 4.4 and Figure 4.6B-

C). These tests likely suffer from the same problems as those between the 

SA effect size and balancing selection. If Tajima’s D increases with the 

strength of balancing selection, then limiting the analysis to only those sites 

expected to be under balancing selection will constrain the variation seen in 

both variables. As before, expanding the analysis to include non-candidate 

SA SNPs would allow greater chance that a relationship will be observed.  

 

Overall, when accounting for confounding measures, there was no 

effect of the starting frequency on the final result of each locus (Figure 4.8; 

Table 4.4). Initially, when including all loci, a relationship was observed 

(p<0.001). However, I found that this was due to SNPs starting at low 

frequencies (<0.15), as estimated from their DGRP contributions, which had 

a very low probability of balancing selection and a predicted MAF of zero. 

Removing these loci from the analysis resulted in no relationship between 

the estimated starting frequency and the final predicted MAF (Figure 4.8A). 

This was also the case when only those loci with a final replicated MAF of 

zero were removed from the analysis (Figure 4.8B). It is possible that during 

the crossing of lines to establish the cages or soon after establishment when 

the populations were smaller, some variation may have been lost through 

drift, or their frequencies were reduced from that expected, leading to earlier 

loss of variation. Since models are evaluated based on the frequency 

trajectories, loci where fixation occurs are diagnosed as being under 

directional selection or neutrality, and these low starting frequency alleles 
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were more likely to be classified as such. Rather than being a detraction from 

the findings, the fact that low starting frequency SNPs are less likely to be 

diagnosed as balancing selection means that there are probably more SNPs 

under balancing selection than are currently reported by the analysis since 

low frequency SNPs are more often fixed early on. 

 

The fate of these low starting frequency SNPs and their effect on 

diagnosing the selection model reveal an underlying issues with the 

methodology used both here and in Chapter 3. For sites other than fruitless, 

the starting frequency was not controlled for, but is calculated from the 

contributing proportion of the DGRP lines used to establish each cage. This 

assumed that each fly contributed equally to founding the cage population. 

The cages were established by taking 25 flies of each sex from each DGRP 

line and crossing these with the flies from the other lines that were fixed for 

the same fruitless allele. These populations were maintained for three 

generations and then flies were haphazardly selected to form the founding 

populations. Although the flies were maintained in standardised optimal 

conditions, there is a chance that selection may have occurred, altering the 

starting frequencies. A bigger problem is the possible occurrence of drift 

during this process as the relatively small group of flies from each line could 

result in the unequal contribution of individuals to the next generation. Since 

the cages were founded with only 10% frequency of one of the two fruitless 

alleles, only 50 flies were selected from one of the two fruitless populations. 

These processes could result in a disparity between the predicted allele 

frequency and the real founding frequency of each cage. Across SA SNP, 

the correlation between the estimated starting frequency and the mean allele 

frequency at timepoint 1 (after ~2 generations) was r=0.424, with an average 

absolute difference between the two measures of 0.117. Although some 

frequency change will have occurred between the start of the experiment and 

timepoint 1, the sizable difference between the two frequency estimates 

supports the idea that alleles with low estimated starting frequencies based 

on DGRP contributions could have been fixed due to drift. They would have 
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been categorised as directional selection in our analysis since using an 

inaccurate starting frequency affects the simulation modelling by starting the 

simulations from a false position. While this likely doesn’t affect the diagnosis 

of the majority of loci, especially those starting with more intermediate 

frequencies, this is an issue for those starting closer to fixation. The 

inaccurate starting frequencies may also contribute to the ~10% of loci that 

were undiagnosed and the large errors associated with estimated selection 

parameters.  

 

4.6.3 CRISPR SNPs 
A possible solution to this problem of unclear starting frequencies is to 

perform the analysis without using estimates from the contributing DGRP 

genotypes. One approach is starting the analysis from timepoint 1, and using 

the frequencies measured then to initialise the selection models. Although 

this removes two generations of evolution, it does remove the issue of 

selection drift affecting the starting frequencies. This was the approach taken 

to investigate the five loci that were chosen to create gene edited lines using 

CRISPR. It is difficult at this time to know how much this improves the 

resolution of selection as none of the chosen CRISPR SNPs is included in 

the 397 SNPs previously analysed. However, repeating the analysis of the 

397 SNPs starting from timepoint 1 in future would provide such a 

comparison. The approach taken for the CRISPR SNPs could also improve 

the number of loci that can be investigated. The main analysis used 397 

SNPs, which is only 16.7% of those identified by Ruzicka et al. (2019). This 

was because only biallelic autosomal SNPs, which were both expected to be 

polymorphic from the DGRP lines, and were found to be so in sequencing 

output, were investigated. If the analysis was repeated using the approach 

used for the CRISPR SNPs there is information covering 1360 SA candidate 

SNPs. This increase would provide a more robust test of the findings 

described here, and also give a better spread of loci across the genome, 

rather than just two chromosome arms. Data are also available for 182 

candidate SNPs which occur on the X-chromosome, which could be 
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analysed if the selection models were adapted to account for sex-linkage. 

Some studies have shown that SA variation may be more associated with the 

X-chromosome than autosomes (Rice 1984, Mullon et al. 2012). Although 

this was not found by Ruzicka et al. (2019), how these 182 SNPs evolve may 

be very different from the autosomal candidates and worth investigating in 

the future.  

 

Of the CRISPR SNPs, I identified two, Ugt36E1 and CG8399, which 

showed a strong signature of balancing selection with posterior probabilities 

greater than 0.75 (Table 4.5). Of the loci investigated these two are the 

strongest candidates to be true SA loci and future empirical investigation 

should start with these loci. Interestingly they both appear to be involved in 

intercell transport (flybase 2021c). SNP CG10477 was diagnosed as evolving 

neutrally in the cages, and thereby the least likely to be truly SA and is not a 

priority for empirical investigation. For SNPs Strn-Mlck and CG34133 no 

selection model could be clearly diagnosed as acting at these loci. The next 

step for these SNPs is to conduct experiments to test for SA fitness effects in 

the CRISPR lines, prioritising those with the highest probability of balancing 

selection.  

 

4.6.4 Conclusion 
I have investigated the mode of selection acting at 397 candidate SA loci 

identified from a GWAS. The incidence of balancing selection was elevated 

among SA loci compared to intronic SNPs, and more than 60% of SA loci 

show probable signatures of balancing selection, consistent with their 

suggested SA fitness effects. These loci likely represent true SA loci since 

they have both an association with SA fitness effects and evidence of current 

balancing selection acting upon them. Identification and description of SA 

has traditionally been difficult, but this process shows that we can rapidly 

increase the number and confidence we have in candidate SA loci. No 

relationship was observed between the effect size estimated by the GWAS 

and the probability of balancing selection in cage populations. This 
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discrepancy could be due to a lack of consideration of non-candidate loci and 

inaccurate estimation of starting allele frequencies in the populations. I did 

however find a positive relationship between the predicted MAF of SNPs in 

the cages and that observed in wild populations. This is an encouraging 

result as it indicates that the same loci are under a similar mode of selection 

in the cages as they are in the wild. Using an alternative approach to 

estimate these starting frequencies, I investigated five loci which have been 

chosen to create CRISPR gene edited lines. Two of these showed signatures 

of balancing selection. This methodology is a work in progress but should 

continue to be developed to improve the detection of balancing selection at 

candidate loci. Combining GWAS with experimental evolution can be a 

powerful approach to validate candidate SA loci. This will not only increase 

the number of SA loci identified but help in our understanding of the effect SA 

loci have on various aspects of evolution, including how they contribute to 

maintaining genetic variation for fitness.  
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4.7 Figures and Tables  
 
 

 
 
Figure 4.1. Fitness curve of trait value (x-axis) versus fitness (y-axis). The 

two sexes have different phenotypic fitness optima for this trait, as shown by 

the dashed lines. The same locus affects the trait value in both sexes 

resulting in sexual conflict and balancing selection. This results in the 

population mean for the trait (solid line) being intermediate between the sex-

specific optima. The intermediate trait value results in reduced fitness for 

both sexes compared to the potential value if the sexes were able to adapt 

independently.  
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Figure 4.2. Flow diagram of the steps involved in analysing SA candidate 

SNPs. Starting from the VCF of the DGRPs and the _rc pool-seq data this 

shows step-by step the method used to calculate starting frequencies and 

diagnose the mode of selection acting at candidate SA SNPs reported in 

Ruzicka et al. (2019).  
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Figure 4.3. Flow diagram of steps involved in analysis of CRISPR SNPs. 

This is an alternative method to that of Figure 4.2. starting with the _rc file of 

pool-seq data to diagnose the mode of selection acting on CRISPR SNPs.  
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Figure 4.4. Number of SA SNPs where the posterior probability was >0.5 for 

each selection model. A) Counts for all five selection models, plus no overall 

best model (NOBM). Positive balancing selection (Bal (Pos)) has the highest 

number of loci fitting this model of selection with 56.68% of loci. No loci were 

diagnosed as negative directional selection (Dir (Neg)). B) The two forms of 

balancing selection and the two forms of directional selection are combined 

to give four probability outcomes. Balancing selection is the most commonly 

diagnosed selection model with 63.22% of loci.  
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Figure 4.5. The predicted equilibrium minor allele frequency of each locus. 

A) Loci are coloured by the selection model diagnosed. No loci were 

diagnosed as negative directional selection. B) Loci are coloured by the 

chromosome arm on which they are located. There is no difference in the 

patterns in MAF between the chromosome arms (F1,395=0.964, p=0.327).  
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Figure 4.6.  Regression plots of the probability of balancing selection. In 

each plot the total posterior probability of balancing selection at each locus is 

compared against: A) SA effect size as estimated by Ruzicka et al. (2019), B) 

Tajima’s D estimated in DGRP lines, C) Tajima’s D estimated in DPGP3 

lines. No pattern was observed in any of the three comparisons.   
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Figure 4.7.  Regression plots of the predicted MAF. In each plot the 

equilibrium MAF at each locus is compared against: A) SA effect size as 

estimated by Ruzicka et al. (2019), B) the equivalent MAF observed in DGRP 

lines, C) T the equivalent MAF observed in DPGP3 lines. No pattern was 

observed in A), but comparisons B) and C) show a positive relationship.   
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Figure 4.8. Regression plots of the predicted MAF against the estimated 

starting frequency. A) there is no statistical relationship despite the slight 

positive trend in the plot. In B) sites where MAF was predicted to be zero 

were removed. This resulted in no trend or relationship between MAF and 

starting frequency.  
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Table 4.1. SNPs selected for the creation of CRISPR lines. These SNPs 

were identified by Ruzicka et al. (2019) as being associated with SA fitness 

effects. Shaded rows are biallelic autosomal SNPs and were further analysed 

using simulations and ABC to diagnose the mode of selection at these sites.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chromosome Position Name 

2L 18,827,985 Ugt36E1 

2L 18,988,623 CG15170 

2R 15,983,676 Strn-Mlck 

2R 16,022,562 CG8399 

3L 6,034,515 CG10477 

3L 6,210,720 LanA 

3R 29,870,043 CG34133 

X 2,937,496 CG3598 
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Table 4.2. Mean frequencies for each set of cages for the CRISPR SNPs. 

Cages 1-5 and cages 6-10 started with a different ratio of the DGRP lines 

(Table 3.1). A mean was taken for each set of 5 and this value used as the 

starting point for all further simulations. The full position numbers of the five 

SNPs are shown here but elsewhere these are referred to by the final 4 

digits. Values are reported to 3 decimal places. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene name Major allele Mean freq. 1–5 Mean freq. 6–10
Ugt36E1 C 0.933 0.617
Strn-Mlck A 0.851 0.662
CG8399 C 0.509 0.586
CG10477 A 0.561 0.658
CG34133 G 0.8 0.749
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Table 4.3. The number of SNPs diagnosed as under each mode of selection. 

A SNP is classed as evolving under a particular form of selection if the 

posterior probability for that model is >0.5. If no probability is >0.5 then the 

SNP is counted in the ‘no best model’ category. In the top half of the table 

each selection model is shown separately. In the bottom half, selection types 

are combined to give the number of loci under that type of selection. Results 

are displayed for all SNPs and by the chromosome arm that they are located 

on.  

 

 

 

 

 

 

 

 

 

 
 

Total 2L 3L
Neutral 52 39 13
Positive 53 37 16

Negative 0 0 0
Balancing (positive) 225 172 53
Balancing (negative) 10 6 4

No best model 57 40 17

Neutral 52 39 13
Directional (total) 55 39 16
Balancing (total) 251 185 66
No best model 39 31 8

No. of loci with >0.5 model probability
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Table 4.4. Output of linear models comparing results from cage populations 

to those reported by Ruzicka et al. (2019). The left-hand column indicates the 

test performed in each model. All models were simple linear models with one 

explanatory variable and chromosome arm location for each SNP. TD = 

Tajima’s D; MAF = minor allele frequency; prob. = probability; freq. = 

frequency. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Test F df p F df p

Balancing prob. ~ SA effect 0.231 1,394 0.631 2.024 1,394 0.155
cage MAF  ~ SA effect 2.114 1,394 0.149 1.961 1,394 0.162

Balancing prob. ~ TD DGRP 3.659 1,394 0.056 0.866 1,394 0.347
Balancing prob. ~ TD DPGP3 0.024 1,394 0.877 0.886 1,394 0.347

cage MAF ~ DGRP MAF 32.609 1,390 <0.0001 0.363 1,390 0.547
cage MAF ~  DPGP3 MAF 27.78 1,359 <0.0001 0.456 1,359 0.5
cage MAF ~ starting freq. 1.225 9,337 0.278 0.545 1,337 0.461

cage MAF (>0) ~ starting freq. 0.0001 9,242 0.99 1.084 1,242 0.299
difference in starting freq. ~ cage MAF 1.274 1,390 0.26 0.963 1,390 0.327

Chromosome armExplanatory variable
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Table 4.5. Selection model probabilities for CRISPR SNPs. A SNP is 

diagnosed as being under a specific type of selection if the posterior 

probability reported for a selection model is >0.5. Values >0.5 are in bold. For 

SNP 3676 no model reported a probability >0.5. Instead, the two models 

closest are shown in italics. The probabilities of the two forms of balancing 

and directional selection are combined in the final two columns. Values are 

reported to 4 decimal places. 
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Table 4.6. Estimated parameter values of CRISPR SNPS. For each SNP the 

mean and 95% confidence interval are reported for the two selection 

parameters s and h. For SNP 3676 where s>0 and h>0 but h<1, this 

indicates that locus may be under positive directional selection. Posterior 

distribution size was 62500. Estimates have been converted to be positive 

using s’= -s/(1+s) and h’= 1-h. Values are reported to 3 decimal places. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Mean 95% CI Mean 95% CI
Ugt36E1 0.078 0.007 – 0.18 1.155 0.668 – 1.638
Strn-Mlck 0.06 0.017 – 0.134 0.661 0.092 – 1.044
CG8399 0.045 0.002 – 0.118 1.652 0.067 – 3.638

CG10477 0.027 7.58e-5 – 0.166 1.333 0.002 – 4.283
CG34133 0.021 0.001 – 0.093 0.795 0.089 – 2.224

SNP
Selection coefficient (s) Dominance coefficient (h)
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Chapter 5  
 
 

5. General discussion 
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5.1 Overview 
 

Genetic variation for fitness is required for selection to act and drive adaptive 

evolution. In this process variation decreases as variants are fixed. In spite of 

this, populations appear to maintain large volumes of genetic variation, and 

accounting for this has been a major line of inquiry for population genetics. 

One explanation for the maintenance of genetic variation which has received 

revived attention recently is balancing selection. Evidence of balancing 

selection comes from genomic scans which search for diagnostic signatures 

in variation, and from phenotypic approaches which describe the fitness 

impacts of polymorphisms. However, both of these approaches have their 

problems and are rarely used in conjunction with each other. Therefore, 

described polymorphisms where there is a genomic signature of balancing 

selection, where the fitness effects are known, and where there is evidence 

that the polymorphism is actively maintained by balancing selection are rare. 

Without such examples, our understanding of the types of loci involved and 

the mechanisms that maintain genetic variation by balancing selection are 

limited, as is our appreciation of the contribution of balancing selection to the 

maintenance of genetic variation for fitness more generally. 

 

In this thesis, I have addressed several of these knowledge gaps. In 

this final discussion, I first summarise the main results of each chapter and 

then proceed to discuss these findings in the wider context of research into 

balancing selection and additional insights from the work developed here. I 

finish by describing a number of avenues for future research including 

developments and applications of the work presented in this thesis 

 

5.2 Summary of main results 
 

In the first data chapter, Chapter 2, I investigated the fitness effects of two 

alleles, L and S, of a fruitless (fru) indel polymorphism. This polymorphism 

had previously been detected at intermediate frequencies in two separate 
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populations of D. melanogaster, one in the species' ancestral range in Africa 

and another in the introduced range in North America. The presence of 

stable, worldwide polymorphism suggests that balancing selection might be 

occurring at this locus. Assaying the fitness of specific genotypes, I tested for 

any fitness differences caused by the L or S allele. I found that the S allele 

was positively associated with reproductive fitness traits, as females laid 

more eggs and males secured more mating when they inherited the S allele. 

However, assays of non-reproductive traits told another story with larvae 

inheriting the L allele more likely to survive to adulthood than S allele larvae. 

For lifespan there was no overall effect of either allele, but interactions 

between the L fru allele, sex and the chromosomal complement of the flies 

were detected. The relationship between the fru polymorphism and fitness, 

where different alleles were fittest at different life history stages is an 

example of antagonistic pleiotropy (AP) and could potentially generate 

balancing selection. I also observed evidence of epistasis and dominance 

reversals affecting lifespan and male mating competition traits.  

 

To experimentally test if the fru polymorphism is actively maintained 

by balancing selection, in Chapter 3, I tracked the frequency of the fru alleles 

over 56 generations in 10 parallel populations of flies. Populations were 

started with different frequencies of the S and L alleles, to increase the 

chance of detecting any balancing selection. Sequencing allowed the 

construction of frequency trajectories which were compared to simulations of 

the experiment under 5 selection models using approximate Bayesian 

computation. This approach found that three SNPs just upstream of the 

indel’s position all reported a high probability of being under balancing 

selection. This suggests that the fru polymorphism is also likely to be under 

balancing selection, but the result is complicated by the fact that 44 of 100 

putatively short intron SNPs were also diagnosed as under balancing 

selection. This could indicate that a) signatures of balancing selection are 

more widespread in the D. melanogaster genome than thought or b) there 

are issues with the experimental design; or c) selection patterns are affected 
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by associative overdominance (AO), which affects the interpretation of 

balancing selection at fru.  

 

In Chapter 4 I investigated the mode of selection acting at 397 

candidate SA loci identified by Ruzicka et al. (2019). These loci were 

expected to be under balancing selection due to their associated SA fitness 

effects and past population genetic analysis. Using time series sequencing 

data from the same populations as Chapter 3, I tracked SNPs’ frequencies 

and again I employed Approximate Bayesian Computation to analyse the 

patterns of frequency change at these SNPs compared to simulations. More 

than 60% of SNPs were diagnosed as under balancing selection and are 

thereby the candidates where there is the greatest confidence of SA. The 

location of these SNPs means they are likely be less affected by the possible 

AO observed in Chapter 3. I found no relationship between the probability of 

balancing selection and the SA effect size estimated by Ruzicka et al. 

although this may be due to the small number of SNPs 

investigated. However, there was a positive relationship between the 

equilibrium allele frequency estimated for the cage populations and that 

observed in two wild populations. This provides a counter to the concerns of 

AO in chapter 3 as patterns of selection in the cages are consistent with 

patterns of selection in the wild. Finally, I developed a modified approach to 

diagnose selection in five loci that have been chosen to create CRISPR 

gene-edited lines, where no information on starting frequencies was 

available. Two of these show strong signals of balancing selection and 

should be prioritised for future fitness assays.  

 

5.3 Balancing selection and maintaining genetic variation 
 
In Chapter 1, I discussed the long-standing issue in population genetics of 

accounting for how genetic variation for fitness is maintained. The 

development of sequencing technology has built on earlier studies of 

molecular variation and showed that many species harbour large amounts of 



 195 

genetic variation for traits and fitness. This has helped spur a renaissance of 

research into balancing selection as a potentially major mechanism of 

maintaining genetic variation. In this thesis I have provided evidence that 

balancing selection likely plays some role in maintaining polymorphisms in D. 

melanogaster. I now discuss my findings in the wider context of studies of 

balancing selection. 

 

5.3.1 Methods to detect balancing selection 
An issue that restricted widespread support for balancing selection in the 

past was the limited amount of evidence for its occurrence. This was 

addressed by the application of genomic scans that have identified hundreds 

of sites with signatures of balancing selection (Andrés et al. 2009; Croze et 

al. 2017; Key et al. 2014). Phenotypic studies have also contributed, now that 

demonstrating causative links between genetic and fitness variation are 

easier (Mérot et al. 2020, Glaser-Schmidt et al. 2021). Both types of studies 

have greatly advanced our understanding of the role that balancing selection 

plays in maintaining genetic variation, and they continue to do so. However, 

neither can demonstrate that a polymorphism is actively maintained by 

balancing selection (Fijarczyk and Babik 2015). I set out to rectify this 

problem in Chapters 3 and 4 using experimental evolution to track allele 

frequencies over time. This has been a moderate success, both for 

investigating selection at fru and at other loci, although it’s clear that the 

method requires further development. In Chapter 4 specifically, the 

combination of GWAS and experimental evolution is a potentially powerful 

method to acquire experimental evidence of balancing selection occurring at 

candidate sites. No study has explicitly tried to detect balancing selection 

using this approach before, but some have observed patterns of possible 

balancing selection in experimental evolution studies in other species (Chelo 

and Teotónio 2013; Kazancıoğlu and Arnqvist 2014).  

 

However, the application of experimental evolution to demonstrate the 

action of balancing selection still has its limitations. In Chapter 3, the short 
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intron SNPs demonstrate the confounding effect AO could have for detecting 

balancing selection using experimental evolution. Short intron SNPs appear 

to behave neutrally in Drosophila species over long periods of time when 

varying mutational patterns are accounted for (Clemente and Vogl 2012; 

Parsch et al. 2010), but their position near protein coding exons means that 

they are also more prone to the effects of linked selection such as AO. Until 

the amount of AO observed in Chapter 3 can be accounted for and the issue 

of how to differentiate it from true balancing selection is resolved, the ability 

to study balancing selection using experimental evolution is limited. A recent 

study used a machine learning approach to decipher between short-term 

balancing selection and incomplete selective sweeps (Isildak et al. 2021), 

and a similar approach could help distinguish between AO and balancing 

selection. The application of machine learning programs to solve problems in 

genetics has increased remarkably in the past few years and this could be 

another case where it proves useful (Schrieder and Kern 2018). I am also 

currently working to develop a model in SLiM (see section 5.4.2) to 

distinguish between AO and true balancing selection in my experiment. 

Alternatively, developments in sequencing technology such as longer reads 

and the construction of haplotype blocks could help separate AO from true 

balancing selection (see section 5.4.1). Although using experimental 

evolution to diagnose balancing selection has its issues, it’s clear there are 

several possible solutions to help resolve them. 

 

Different approaches have their own pros and cons, and no one 

approach is always going to provide the best answer to all questions 

(Ruzicka et al. 2020). Where phenotypic assays or experimental evolution 

are impractical or morally unjustifiable, such as in humans, genomic 

approaches are going to remain the best course of investigation. To further 

explore the role of balancing selection in such species, the focus should be 

on collecting more, and better quality, genetic data. Large genetic and 

phenotypic databases such as the UK Biobank (Bycroft et al. 2018) will be 

highly useful for this and studies have begun to utilise these large databases 
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to look for evidence of antagonistic polymorphisms in humans (Ruzicka et al. 

2021). 

 

5.3.2 Wider trends of balanced polymorphisms 
We must be careful that the hunt for examples of balancing selection does 

not descend into an exercise in collection for its own sake. The focus should 

not just be on collecting more described phenotypic polymorphisms, or on 

the number of polymorphisms detected by genomic scans, but on what these 

can actually tell us about balancing selection. The goal is ultimately to be 

able to use such studies to explain how and why genetic variation is the way 

that it is and to understand the mechanisms and contribution of balancing 

selection. To this end, the results from this thesis contribute to two emerging 

trends that have been found regarding the properties of balanced 

polymorphisms.  

 

The first trend is dominance reversal. Dominance reversal, or context 

dependent dominance, is where the dominance of an allele varies between 

different traits, and/or sexes (Grieshop et al. 2021). In Chapter 2, I suggest 

that the patterns observed for some fitness traits supports the presence of 

dominance reversal. When assaying male competitiveness, L/S and S/S 

males had the same chances of securing a mating, whereas when the alleles 

were expressed in a hemizygous state, the S/- males had greater mating 

success than L/- males. For this trait the S allele appears to be dominant. 

The opposite occurs for larval survival. L/S individuals had nearly identical 

chances of survival as the L/- larvae, but S/- and S/S larvae had poorer 

chances of survival. For each trait the allele associated with greater fitness is 

the dominant allele, with the deleterious allele sheltered from selection. The 

fitness consequences of antagonism are thereby mitigated somewhat by trait 

specific dominance. Dominance reversal had previously been suggested as 

a mechanism to resolve or stabilise antagonism, but cases illustrating its 

action were rare enough for it not to be considered overly important 

(Curtsinger et al. 1994; Hedrick 1999). However, Grieshop et al. (2021) 
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recently identified nine studies (including the published results of Chapter 2 – 

see Appendix B) that report at least some role of dominance reversals in the 

maintenance of polymorphisms. Combined with new theoretical models, 

which show that even small amounts of context-dependent variation in 

dominance can help stabilise polymorphisms (Connallon and Chenoweth 

2019; Grieshop and Arnqvist 2018), this suggests that dominance reversal 

may be a common feature of balanced polymorphisms (Grieshop et al. 

2021). In such cases, the locus is still antagonistic, but the negative effects 

on fitness and the build-up of load that results from balancing selection are 

reduced, due to the recessivity of the deleterious allele in each context. This 

can extend the lifespan of the polymorphism by partial mitigation of its 

negative impact. It will be interesting in the future to see if this tendency for 

dominance reversal is a consistent feature of balanced polymorphisms.  

 

The second trend seen in this thesis and in a recent study by Glaser-

Schmidt et al. (2021) is the identification of balanced polymorphisms within 

the regulatory regions of pleiotropic genes. Previous studies of balanced 

polymorphisms have typically focussed on protein coding regions and are 

sometimes restricted to them (Fijarczyk and Babik 2015). However, the 

polymorphisms described in the genes fru (Chapters 2 and 3) and fezzik 

(Glaser-Schmidt et al. 2021) show that the locus under selection can be 

located in regulatory regions. These polymorphisms may affect the regulation 

and expression of their associated genes and thereby impact multiple traits 

due to pleiotropy. Balancing selection can result as even small changes in 

the expression of pleiotropic genes can have knock on effects for many traits, 

which means there is a greater potential for antagonistic fitness effects to 

occur. Antagonistic polymorphisms resulting from pleiotropic genes are more 

difficult to resolve due to the effects resolution can have on other traits. This 

has been proposed as a reason why sex-specific expression is less common 

for pleiotropic genes (Mank et al. 2008). Being located in regulatory regions 

of pleiotropic genes may be a common feature of balanced polymorphisms 

since antagonism in such polymorphisms is difficult to resolve.  
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5.3.3 Genetic variation between disciplines 
Away from the investigation of balancing selection, an issue that I have 

become aware of during the research for this thesis is that there is often a 

disconnect between different fields of research interested in genetic variation 

(Velland and Geber 2005). For example, my work has approached this from 

a population genetic angle, which aims at understanding the factors shaping 

allelic polymorphism. More applied fields make decisions about health, 

conservation, and agricultural practices based on the amount of genetic 

variation and are not so much concerned with why variation is present. Part 

of the disconnect may be due to conflation of ‘genetic variation’ and ‘genetic 

variation for fitness’. A recent study (Teixeira and Huber 2021) noted that 

conservation research often collects genetic data of neutral variation to guide 

decision making regarding population health and extinction risk. The authors 

point out that there is no simple relationship between neutral variation and 

extinction risk. For example, the critically endangered Sumatran Orangutan 

(Pongo abelii) displays a level of genetic diversity comparable to much more 

common species despite being at much higher risk of extinction (Locke et al. 

2011). Teixeira and Huber (2021) suggest that a better interdisciplinary 

understanding between population genetics and conservation is needed to 

better interpret measures of genetic variation. The wider application of results 

is often not the aim, or interest, of academic researchers, but research 

should be made available and applicable to other research fields, and even 

wider society. Accomplishing this is difficult, but interdisciplinary discussion 

between researchers interested in genetic variation, such as population 

geneticists and conservation biologists, would be a good start and allow for 

better quality, applicable research.  

 

5.4 Future directions 
 
The work presented here represents substantial progress in understanding 

the action of balancing selection in maintaining genetic variation. These 



 200 

findings open further avenues of investigation that could be explored. 

Additionally, developments in the work published since this work began 

mean that some of the approaches taken in this thesis could be improved or 

adapted. Some aspects of future work have been discussed in the relevant 

chapters, but below I expand on some of these and other areas of future 

work.  

 

5.4.1 Developments in pool-sequencing and E&R experiments  
Pool-sequencing (pool-seq) was the single most important technique applied 

in this thesis as this generated the data for Chapters 3 and 4. Next-

generation sequencing technologies such as pool-seq have revolutionised 

the field of population genetics by massively increasing the volume of 

sequencing data that can be gathered (Casillas and Barbadilla 2017). 

Unfortunately, the approach to apply pool-seq to experimental evolution 

studies is riddled with conflicting advice. Despite its cost effectiveness the 

application of pool-seq to measure genetic variation in D. melanogaster has 

been dominated by just a few large, very well-funded groups. This is a 

problem for others, as with any newly expanding field, the first publications 

are typically produced by those able to quickly mobilise people and 

resources. These initial publications (e.g. Futschik and Schlötterer 2010) can 

have a disproportionately large influence on the field as they set the tone and 

standard which other researchers feel obliged to follow. For example, the 

sequencing coverage I used here (~40X) was at the lower limit 

recommended by some authors (Schlötterer et al. 2014) but also much 

higher than that of others (Bergland et al. 2014; Tilk et al. 2019). The work 

presented here (Chapters 3 and 4), along with that of others working with 

pool-seq in Drosophila (Fournier-Level et al. 2019; Griffin et al. 2017) and 

other species (Kurland et al. 2019), are important as a wider community of 

people using this technique will bring different perspectives and approaches, 

which will improve the quality of science produced.  
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As sequencing technology is continuously innovating with new 

designs and approaches for experiments, it is a frequent source of 

publications (e.g. Tilk et al. 2019; Michalak et al. 2019; Otte and Schlötterer 

2021). This poses a problem for evolve and re-sequence (E&R) experimental 

studies since these require time for evolution to occur, meaning that once 

samples are ready for analysis, some new useful method has been published 

which would have required a different approach from the very beginning. One 

interesting approach that has been developed since the start of the cage 

population experiment is described by Tilk et al. (2019). They showed that 

deep coverage of individual flies used to establish populations could form a 

reliable reference for each population. Since linkage disequilibrium takes 

time to break down, blocks of nucleotides from this base population are likely 

to be inherited together. This means that the genotype of loci with low 

coverage, <5 reads per locus, can be inferred using the genotype of nearby 

loci based on the sequence of the well covered founder population (Tilk et al. 

2019). This method provides a simple way to improve the confidence in loci 

with low coverage, and now makes it possible to obtain accurate estimates of 

allele frequencies in Drosophila populations using sequencing coverage of 2-

5 reads per locus (Dmitri Petrov, personal communication). This can be 

useful in experiments with multiple populations or multiple samples as after 

the first round of sequencing, subsequent pools can be sequenced with low 

average coverages, which saves money, thus allowing more samples to be 

included. The approach of Tilk et al. (2019) could have applied to my study, 

using the fully sequenced DGRP lines as a reference, as the lack of 

sequencing coverage of the fru indel itself necessitated in the use of proxy 

SNPs. However, this would have been difficult due to time constraints in 

submitting the samples for sequencing at the time, and, as discussed in 

Chapter 4, I have concerns about how accurate allele frequencies estimated 

from the mix of DGRPs are. 

 

Other approaches have been developed along similar lines to create 

haplotype blocks from pool-seq data using the correlated responses of 
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alleles (Michalak et al. 2019). This approach could help account for the effect 

of hitchhiking alleles and pinpoint targets of selection in E&R studies (Barghi 

and Schlötterer 2019; Nuzhdin and Turner 2013). Haplotype reconstruction 

of pool-seq data is likely to become a major factor of E&R experiments in the 

near future and will greatly improve the inferences that can be made (Otte 

and Schlötterer 2021). Recently, a new software tool ‘haplovalidate’ has 

been published which detects and constructs haplotype blocks for timeseries 

pool-seq data (Otte and Schlötterer 2021). This could be useful to help 

account for the patterns of wide scale balancing selection observed at short 

intron loci. This problem could also be investigated using another recently 

published method which investigated patterns of signed linkage 

disequilibrium and how this is influenced by selection, drift and other effects 

(Sandler et al. 2021). This could be applied to check the influence linked loci 

may have on the mode of selection acting at focal SNPs, which may possibly 

account for the high number of short intron SNPs diagnosed as under 

balancing selection.  

 

Apart from new approaches, the current experimental evolution study 

could be further developed. All 10 populations were maintained and flies 

collected every two months until September 2021 when the populations were 

discontinued. This time frame covers an additional 44 generations of 

evolution, nearly double the number analysed here. However, due to the 

Covid-19 pandemic, since March 2020 all populations have been kept at 18C 

rather than 25C. This was done to reduce the maintenance the cages 

required and the number of personnel accessing the laboratory at any one 

site. This means that there are ~8 generations of flies available under the 

original conditions described in Chapter 3, and an additional 36 generations 

of flies which experienced the lower temperature. While this isn’t ideal for the 

consistency of the experiment, as the change in temperature and resulting 

change in food timing could shift the balance of selection (Bergland et al. 

2014; Wittman et al. 2017), it does allow for other aspects to be investigated. 

Further sequencing would allow the investigation of how the fru 
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polymorphism reacts to this change in environmental conditions, and if the 

form of balancing selection at fru is robust to such changes. If so, the 

behaviour of the fru polymorphism presented here will have greater 

relevance for D. melanogaster populations in general. Balancing selection 

can be environmentally dependent, i.e. balancing selection occurs under 

condition one, but not under condition two, similar to the DDT-R locus in D. 

melanogaster (Daborn et al. 2002; Smith et al. 2011). The change in 

conditions could help identify such loci which are difficult to detect with typical 

genome scanning approaches (Fijarczyk and Babik 2015). Sequencing these 

populations could also test if the observed selection patterns continue, and 

the longer the experiment continues, the greater the potential to distinguish 

between the five selection models (Burke et al. 2014; Long et al. 2015). This 

may be especially important for the short intron sites where so many appear 

to be under balancing or directional selection. Subsequent generations will 

break down linkage disequilibrium and decrease the effect of linked selection 

and associative overdominance, which I could not rule out. Future 

sequencing of the cages would therefore still be valuable despite the 

unpreventable change in conditions.  

 

Additional sequencing is not limited to lengthening the time series of 

samples. Further sequencing could create a denser version of the current 

timeseries as flies from six timepoints were not included in this analysis. 

Adding data from these collections would produce more complete and 

consistent allele frequency trajectories and improve the resolution between 

selection models (Long et al. 2015; Franssen et al. 2015). Also, more flies 

are available for many of the timepoints already included. The 48 flies 

included in each pool were a representative sample, and the larger that 

sample, the greater the likelihood that the pool resembles the population. 

However, additional flies are not available for all timepoints since some 

earlier collections contained fewer flies and others were used for PCR 

genotyping (Ruzicka 2018). Additionally, for all 90 samples, not all DNA 

extracted was used in the sequencing reported here. This means that further 
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Illumina reads could be added to increase sequencing depth, or alternative 

sequencing technologies used. One useful development would be the 

application of long-read sequencing. Current Illumina sequencing techniques 

produce reads up to 150bp. This can cause problems with mapping in highly 

variable regions or regions around indels (Bennet 2020; Palmeieri and 

Schlötterer 2009; Fijarczyk and Babik 2015), such as the fru polymorphism. 

Longer reads, up to thousands of base pairs in length, will help reduce these 

problems. For example, reads thousands of base pairs long were generated 

by Bachman et al. (2018) to map balancing selection in Capsella grandiflora. 

Longer reads will also be very useful in discerning linkage from pool-seq 

experiments and creating haplotype blocks as discussed above. However, 

high throughput sequencing of longer reads is not currently possible, but is a 

key aim for the future. 

 

Aside from additional data, the current dataset already allows many 

questions regarding the evolution of polymorphic loci to be investigated. I 

have focussed on the tracking of specific polymorphisms, but it would also be 

good to have a genome wide measure of genetic variation to see if changes 

are consistent across cages and with balancing selection or with mutation-

selection-drift balance. It would also be highly beneficial to develop a method 

that can detect short-term patterns of balancing selection to address the 

issues of genomic scans (Fijarczyk and Babik 2015; Siewert and Voight 

2017; Charlesworth 2006). From the data collected here, we have a good 

idea of what balancing selection looks like in populations in the short term 

and this could be used to detect similar patterns at other loci. This may be 

possible using machine learning techniques. For example, we could ‘teach’ a 

program how a balanced polymorphism behaves and then ask it to search 

the genome for other sites which behave in a similar manner (Isildak et al. 

2021). Finally, one recent study has found that the patterns of selection may 

depend more on the founder population composition rather than the selection 

pressures (Otte et al. 2021). The 10 cage populations described here start 

with different allele frequencies so the data collected here could provide a 
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test of this paper’s findings. In Chapter 4 I showed that there was no 

relationship between a SNPs starting frequency and its probability of 

balancing selection, but the study of Otte et al. (2021) could provide a way to 

understand differences between individual cage populations and SNPs which 

started at low frequencies. Due to continuing developments in genomic 

analysis, the data presented here could possibly be re-analysed to 

investigate a variety of questions in the future.  

 

5.4.2 Expanding and improving models of selection 
The five selection models developed in Chapter 3 and 4 have been 

successful in diagnosing the mode of selection acting at polymorphisms.  

However, these models are far from perfect and are greatly simplified 

versions of the cage populations. The high number of short intron SNPs 

diagnosed as being under balancing selection, and the relatively low 

goodness-of-fit scores for the proxy SNPs in Chapter 3 (mean D=9.675, 

p=0.103), illustrate the need to improve the ability of the methodology to 

discern between selection models. Several improvements could be made to 

improve the selection models. The first is to include separate sexes in the 

model. Separate sexes are an important factor in maintaining balancing 

selection, especially SA (Connallon and Clark 2014a, 2014b). Not including 

these detracts from our ability to accurately simulate balancing selection. The 

lack of differentiated sexes or sex-chromosomes precluded the inclusion of 

the X-chromosome CRISPR SNP 2,937,496 and the investigation of 182 SA 

SNPs in Chapter 4. The location of SA variation on autosomal or sex 

chromosomes is theorised to have a major impact on SA evolution (Rice 

1984).  

 

As discussed above in section 5.3, sex and trait specific dominance 

can impact the maintenance of balancing selection (Connallon and 

Chenoweth 2019; Grieshop et al. 2021; Zajitschek and Connallon 2018). 

Allowing dominance to partially vary in selection models would be another 

step to improve the simulations and distinguish between modes of selection. 
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Another variable that could be investigated is the effective population size 

(Ne). This was set at 1000 in the simulations, an estimate designed to reduce 

drift but where there is still a limited population (Kimura and Ohta 1969a, 

1969b) as occurs in the cage populations. But this value is just an estimate 

based on the approximate number of flies that I estimated to be contained in 

each cage. However, an Ne of 1000 is similar to that observed in other 

studies of D. melanogaster populations in the laboratory (Mueller et al. 2013).  

Ne is important factor for E&R studies, particularly for estimating selection 

parameters (Taus et al. 2017) and for the maintenance of genetic variation in 

general (Leffler et al. 2012; Ellegren and Galtier 2016; Wright 1931). In 

Chapter 4 I describe that SA candidate loci with low starting frequencies 

appear less likely to be diagnosed as balancing selection, possibly due to 

drift. Therefore, further simulations should investigate Ne in our populations to 

improve the estimate used and to better account for the influence of drift.  

 

In Chapter 3, the substantial number of short intron SNPs diagnosed 

as under balancing selection means there is a difficulty in confidently 

distinguishing between true balancing selection and AO. AO, where linked 

detrimental mutations can cause a locus to falsely appear as though it is 

under balancing selection (Ohta and Kimura 1970; Ohta 1971), is an issue 

for many E&R studies (Schlötterer et al. 2015, Tobler et al. 2014). If AO and 

balancing selection result in different allele trajectories, it may be possible to 

distinguish between them using ABC to determine if a locus is under 

balancing selection or AO. I have been working with another UCL PhD 

student, Carl Mackintosh, to develop a SLiM model describing potential AO 

in the cage populations. To accomplish this a number of additional 

parameters have had to be added, including haplotype and linkage structure, 

the effect of linked mutations, and the recombination rate. These 

developments are still ongoing and I’m confident that simulations of such a 

model will soon allow us to discern between true balancing selection and AO.  
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5.4.3 Investigation of fitness in CRISPR lines 
In Chapter 4 I paid particular attention to eight of the 2372 SA SNPs 

identified by Ruzicka et al. (2019) which have been chosen to create 

genetically modified lines using CRISPR/cas9 gene editing. All eight loci 

were found to be polymorphic in the 10 populations and I focussed on five of 

these SNPs, removing non-biallelic and X-linked loci. It would be desirable to 

adapt the analysis and selection models to account for such polymorphisms 

in future. The number of loci for which there is empirical proof of SA fitness 

effects, and where we understand the genetic architecture underlying those 

traits, is very limited (Pennell and Morrow 2013). The addition of eight new 

fully investigated SA polymorphisms would represent a large increase in the 

number of loci described and would be a major development for research 

into SA, balancing selection and the maintenance of genetic variation.  

 

The eight SNPs have been used to create 16 gene lines, two 

alternative alleles for each of the eight SNPs, using CRISPR genome editing 

technology. These lines were designed by Ted Morrow (Karlstad University) 

and Jon Harper (University of Sussex), together with my supervisor Max 

Reuter and Filip Ruzicka (now Monash University), during his time as a PhD 

student at UCL, based on the results of Ruzicka et al. (2019). Characterising 

these lines was to be a collaborative project, where the initial fitness assays 

were to be designed and performed by myself, with the subsequent data 

forming part of this thesis. However, various issues, notably delays caused 

by the Covid-19 pandemic, meant that the first CRISPR lines were only 

received in late July 2021. This was too late for a rigorous investigation of the 

SA fitness effects of these lines. It is intended that experimental fitness data 

will be collected on these lines in the near future. The methodology described 

in Chapter 2 provides a good starting point for designing fitness assays and 

could be replicated for the CRISPR lines. Sex-specific fitness assays, such 

as fecundity and male competition, would be essential to investigating the 

sex-specific effects associated with these loci from Ruzicka et al. (2019). 

Assays that cover different life-history stages and are replicated for all three 
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genotype complements (i.e. both homozygotes and the heterozygote 

(Hawley and Gilliland 2006)) would allow investigation of other genetic 

conflicts that give rise to balancing selection, AP and overdominance 

(Hedrick 2012, Williams 1957). Conducting fitness assays can be laborious 

and time consuming (Pardo-Diaz et al. 2015; Wilkinson et al. 2015) – one 

reason why few balanced polymorphisms have been thoroughly investigated. 

However, the use of time saving approaches such as the QuantiFly program 

(Waithe et al. 2015) will improve this. The results of Chapter 4 indicate that 

future research should focus on the SNPs located at positions 2L:18,827,985 

and 2R:16,022,562. They had the highest probability of balancing selection 

and therefore are the most likely to display strong SA fitness patterns.  

 

An additional application of CRISPR/Cas technology could prove 

useful in extending the analysis from Chapter 2. In this chapter I crossed the 

hemiclonal fru lines, fixed for either S or L, with the balancer/deletion stock 

Df(3R)fru4-40/TM6B stock. Genotyping of this stock found that the TM6B 

chromosome carries the S allele. This meant that offspring from crosses 

between hemiclonal lines and Df(3R)fru4-40/TM6B stock were either 

hemizygous S/- or L/-, heterozygous S/L, or homozygous S/S at the fru 

locus. Since the L/L genotype was not created, no fitness measure of this 

genotype could be taken. While this doesn’t affect the conclusion of AP, the 

lack of this final genotypic complement does hinder the interpretation of other 

results relating to epistatic effects and trait specific dominance (Hawley and 

Gilliland 2006). This would be interesting to investigate given the role that 

variable dominance has been proposed to play in mechanisms maintaining 

genetic variation (see section 5.3 above) (Greishop et al. 2021; Connallon 

and Chenoweth 2019). Without L/L genotype flies this hypothesis is difficult 

to fully investigate. This could be solved using CRISPR. Crossing the fru 

lines with the Df(3R)fru4-40/TM6B stock occurred because pilot experiments 

showed that the fitness of the homozygous fru lines was affected by 

inbreeding depression during the creation of the lines. Lines created by 
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CRISPR would not suffer from this problem as the S and L alleles could be 

inserted into identical backgrounds.  

 

5.4.4 Outside the laboratory: balancing selection in nature  
Drosophila species have been used for genetic research for over 100 years 

and are now the model species of choice for thousands of research groups 

(Morgan 1910; Hales et al. 2015). However, most of what is known about this 

species comes from studying Drosophila in the laboratory, with comparatively 

limited knowledge of the ecology of the flies in the wild (Keller 2007; 

Mansourain et al. 2018; Markow 2015). The consequence is that findings 

from the laboratory may not directly translate to the wild (Mallet 2006, 

Markow 2015). While investigation of wild Drosophila populations themselves 

has been limited, information gathered from the wild has influenced research 

performed in the laboratory (Hales et al. 2015; Flatt 2021). Sampling wild 

populations of Drosophila goes back to the first molecular measures of 

genetic variation (Lewontin and Hubby 1966; David and Capy 1988). Regular 

sampling of wild populations has played a major role in genetic research and 

our understanding of D. melanogaster evolution, including the establishment 

of standardised genetic populations and resources such as Canton-S and 

Oregon R (Lindsley and Grell 1968). It has furthered understanding in varied 

contexts including, demographic history (Stephan and Li 2007; Arguello e al. 

2019), speciation (Mallet 2006; Lachaise and Silvain 2004), adaptation to 

environmental change (Adrion et al. 2016) and the evolution of Drosophila as 

a human commensal (Mansourian et al. 2018; Keller 2007). Studying 

balancing selection in the wild provides a substantial challenge, but 

developments in sequencing technology and detection methods (Cheng and 

DeGiorgio 2020) mean that it should be a fruitful one, and crucial to our 

understanding of how genetic variation is maintained. 

 

In September 2019 I took part in collecting D. melanogaster from an 

apple orchard in Kent. This was part of the biannual sampling of wild 

Drosophila on behalf of DrosEU (https://droseu.net), a consortium of 
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population geneticists from across Europe working with Drosophila. DrosEU 

has carried out sampling twice a year for several years in order to build a 

picture of the genetic makeup of Europe’s Drosophila populations. By many 

laboratories collaborating, a wider range of populations can be sampled than 

would be possible for a single group working alone. Initiatives like DrosEU 

bring together the expertise of different researchers to build an invaluable 

resource which can be applied to investigate many population genetics 

questions. One question that we can ask is: do we see any sign of balancing 

selection in wild D. melanogaster populations? Initial results indicate yes 

(Kapun et al. 2021), with signs of seasonal allele fluctuations, similar to those 

observed in North American populations (Bergland et al. 2014; Machondo et 

al. 2021). The detection of balancing selection by AP or SA will be more 

difficult since this will need to be visible on top of seasonal allele fluctuations. 

However, by expanding the approach that I have used here, and by 

accounting for seasonal variation, migration, and unknown population 

structure this should be feasible. The detection of intrinsic balancing 

selection in wild populations would represent a major development in our 

understanding of the contribution that balancing selection makes to 

maintaining genetic diversity in wild populations. If the goal of population 

genetics is to be able to explain why and how life is the way it is, then taking 

what we have learnt in the laboratory and from theory and applying this to the 

real world should be our ultimate goal.   
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A.1 Creation of allelic lines  
 
Isogenic allelic lines, which were fixed for either the S or L allele but 

otherwise isogenic for a Canton-S background were created in order to study 

the fitness effects of the fru polymorphism.  

 

Hemiclonal LHM flies (Rice et al. 2005) known to carry either the L or S 

allele were selected for the creation of the isogenic lines and were then 

backcrossed into a Df(3R)fru4-40/TM6B stock. Flies of this stock carry 

chromosomes of an isogenic Canton-S genetic background, except for the 

third chromosome, where they are heterozygotes for a Canton-S 

chromosome carrying a deletion covering the fru locus (Df(3R)fru4-40) (Anand 

et al. 2001), and the TM6B balancer chromosome. TM6B contains multiple 

and nested inversions and carries several homozygous lethal mutations, as 

well as dominant marker mutations which produce phenotypes for 

identification, including Tubby (Tb) that causes a distinct shape of the pupa 

(Miller et al. 2016).  

 

Introgression of the fru allele onto the deficiency chromosome and into 

the Canton-S background was achieved by repeated rounds of backcrossing: 

(i) females heterozygous for a third chromosome carrying a focal fru allele 

(fruS/L) and the Df(3R)fru4-40 deficiency (themselves obtained by mating the 

hemiclonal line and females from the Df(3R)fru4-40 deficiency stock), with (ii) 

males from Df(3R)fru4-40 deficiency stock (see Figure A.1). Since balancer 

and deficiency chromosomes are lethal in homozygous state and balancers 

carry the dominant Tb marker, the wild-type offspring of a 

hemiclone/Df(3R)fru4-40 x Df(3R)fru4-40/TM6B cross are always identifiable as 

fruS/L/Df(3R)fru4-40 heterozygotes. By repeatedly backcrossing 

fruS/L/Df(3R)fru4-40 heterozygote females to Df(3R)fru4-40/TM6B males, the 

original hemiclonal genome carrying the focal fru allele is gradually eroded 

through recombination in females and replaced with the isogenic Canton-S 

background of the Df(3R)fru4-40 deficiency line. After 7 generations of 
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backcrossing, the allelic lines should carry on average less than 1% of the 

original hemiclonal haplotype (Abbott and Morrow 2011).  

 

Having introgressed the fru allele into the Canton-S background of 

Df(3R)fru4-40, lines homozygous for the fru allele were created (as opposed to 

fruS/L/Df(3R)fru4-40 heterozygotes). Because fruS/L/Df(3R)fru4-40 heterozygotes 

and fruS/L/ fruS/L homozygotes are phenotypically indistinguishable, this was 

achieved through a two-step crossing procedure. An initial cross served to 

identify pairs of parents in which both individuals carried a focal fru allele. 

Virgin Tb-carrying offspring of a fruS/L/Df(3R)fru4-40 x Df(3R)fru4-40/TM6B 

cross (either fruS/L/TM6B or Df(3R)fru4-40/TM6B) were set up in pairs (dyads 

A, B, C, see “Phase 3” in Figure A.1). Depending on the genotypes of the F1 

pair, this cross can either produce: (i) 100% Tb F2s, if both F1 parents were 

Df(3R)fru4-40/TM6B—these were discarded, or (ii) some fraction of non-Tb 

F2s, if the F1 pair were  fruS/L/TM6B+Df(3R)fru4-40/TM6B or 

fruS/L/TM6B+fruS/L/TM6B. To distinguish the two latter cases and identify 

pairs of fruS/L/TM6B individuals that are capable of producing the fruS/L/ fruS/L 

individuals required, an additional ‘test cross’ was performed where F2s were 

backcrossed to Df(3R)fru4-40/TM6 males. Based on the F3 phenotype, the 

genotype of the F2 could be inferred, as fruS/L/ fruSL/ F2s produce a 1:1 ratio 

of wild-type to Tb F3s, whereas fruS/L/Df(3R)fru4-40 heterozygotes produce 1:2 

ratio of wild-type to Tb F3s. F2s producing a ratio of wild-type to Tb F3s that 

was significantly less than 1:2 (as assessed from a c2 test) were used to 

establish isogenic allelic lines. This approach generated three independent 

isogenic lines each for the S and L allele. The full crossing scheme is shown 

in Figure A.1. 
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Figure A1. Crossing scheme used to create isogenic lines. Wildtype (wt) flies 

are cross with the clone generator (cg) stock. The offspring were then 

crossed to a fru deletion stock Df(3R)fru4-40 female. The result of this cross 

was back crossed with males of the Df(3R)fru4-40 stock for seven generations 

to complete the introgression of the fru allele. The resulting flies have 

wildtype pupa and can be distinguished from non-isogenic lines which have 

the Tb pupa phenotype. Clone generator line flies carry compound 

chromosomes preventing recombination (Rice 1996). Tb – flies display the 

‘tubby’ pupal phenotype.  

  

F1F1 F1 F1 F1 F1

F2 F2
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The amount of genetic variation for fitnesswithin populations tends to exceed
that expected under mutation–selection–drift balance. Several mechanisms
have been proposed to actively maintain polymorphism and account for
this discrepancy, including antagonistic pleiotropy (AP), where allelic var-
iants have opposing effects on different components of fitness. Here, we
identify a non-coding indel polymorphism in the fruitless gene of Drosophila
melanogaster and measure survival and reproductive components of fitness
in males and females of replicate lines carrying each respective allele. Expres-
sing the fruitless region in a hemizygous state reveals a pattern of AP, with one
allele generating greater reproductive fitness and the other conferring greater
survival to adulthood. Different fitness effects were observed in an alternative
genetic background, which may reflect dominance reversal and/or epistasis.
Our findings link sequence-level variation at a single locus with complex
effects on a range of fitness components, thus helping to explain the mainten-
ance of genetic variation for fitness. Transcription factors, such as fruitless,
may be prime candidates for targets of balancing selection since they interact
with multiple target loci and their associated phenotypic effects.
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Methods S1 – Identification of a polymorphic indel in the fruitless gene 

 

Signatures of balancing selection along the fru gene 

We investigated signatures of balancing selection along the fru gene in two wild 

population samples of D. melanogaster flies: a North American population sample 

of 205 genomes (RAL) and a Zambian population sample of 197 genomes (ZI) [1,2]. 

Elevated polymorphism and linkage disequilibrium (LD) can both indicate that a 

given region is under balancing selection [3]. We therefore estimated regional 

polymorphism (nucleotide diversity, Tajima’s D) and regional LD (Kelly’s ZnS) over 

1000bp windows (500bp step) along the D. melanogaster (release 6) genome, in 

each population, using PopGenome [4]. 

 

Sanger sequencing of a candidate fru region 
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A ~1000bp region of the fru gene was identified as exhibiting elevated levels of 

polymorphism and LD in both North American and Zambian population samples 

(Figure 1, main text; Results S1). To investigate this region in more detail, 96 

chromosomes were sampled from LHM, a laboratory-adapted North American 

population of D. melanogaster [5]. Sampling was performed using a 'hemiclonal' 

approach, in which purpose-built 'clone generator' flies are used to manipulate 

haploid chromosome sets (X, II, III) [6]. Individual hemiclonal males were crossed 

with females from a deficiency strain (Df(3R)BSC509), which carries a deletion 

spanning the fru gene and a TM6C balancer complement marked with Stubble (Sb). 

DNA from the hemiclone/Df(3R)BSC509 heterozygote offspring of this cross was 

extracted using standard protocols (see “Phase 1” in Figure S1). A ~400bp region of 

the fru gene was then PCR-amplified and Sanger-sequenced using the following 

primers: 5’-CACCCAACGCCACCTAGTTA-3’ (forward) and 5’-

CGCCACTTGATTGCCACATT-3’ (reverse).  

 

Balancer stock genotyping 

To ascertain the fru allele carried by the TM6B balancer, DNA was extracted from 

several Df(3R)fru4-40/TM6B flies and the indel region was then PCR-amplified as 

above. The size of the PCR product was checked on an agarose gel (using control 

reaction with L- and S-bearing DNA templates as controls) and Sanger-sequenced to 

confirm allelic identity. 

 

Results S1 - Identification of a polymorphic indel in the fruitless gene 

 

We found that a 1000bp-window of the fru gene exhibited unusually high levels of 

polymorphism and local LD relative to the genome-wide average (red dashed line in 

Figure 1, main text). This was true both in the RAL population (upper 2nd percentile 

of nucleotide diversity; upper 12th percentile of Tajima’s D; upper 5th percentile of 

Kelly’s ZnS), and in the ZI population (upper 5th percentile of nucleotide diversity; 

upper 11th percentile of Tajima’s D; upper 9th percentile of Kelly’s ZnS). Sanger 
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sequencing further revealed that this polymorphic region of fru segregates for a 

43bp indel, producing fragment length differences between the PCR products of the 

two alternative haplotypes in this region. We therefore designated these 

haplotypes ‘Long’ (L) and ‘Short’ (S), respectively.  

 

To infer the frequency of the fru indel polymorphism in the RAL and ZI populations 

in the absence of direct indel polymorphism data, we examined the frequency of 

SNPs located in very close proximity to (<80bp) and in tight LD (in LHM) with the 

indel (Figure 1, main text). A haplotype network constructed from these SNPs 

showed that haplotypes do not cluster by population but fall into divergent allelic 

classes that occur at intermediate frequencies in both populations (Figure 1, main 

text). Given the large evolutionary distances between the RAL and ZI populations 

used in the construction of the haplotype network, this is suggestive evidence that 

the fru indel (and/or alleles linked to it) are under some form of antagonistic and/or 

balancing selection. We therefore performed further experiments to test this 

hypothesis. 

 

Methods S2 – Creation of isogenic lines 

 

To assess the sex-specific fitness effects of the L and S alleles, we created fly lines 

homozygous for each allele but otherwise isogenic for a Canton-S background 

across the rest of their genome (‘isogenic allelic lines’; see Figure S1 for the full 

crossing scheme).  

 

First, we randomly selected three lines carrying the S allele and three lines carrying 

the L allele among the 96 sequenced hemiclonal lines (see Methods S1, “Sanger 

sequencing of a candidate fru region”) and introgressed these alleles into an 

isogenic background, as described below. Introgression of the fru allele was 

performed with the help of a Df(3R)fru4-40/TM6B deficiency stock, carrying a 

deletion spanning the fru locus (see Figure S1) in a Canton-S background, 



 261 

complemented with the third-chromosome balancer TM6B marked with the 

dominant mutation Tubby (Tb). Introgression of the fru allele onto the deficiency 

chromosome and into the Canton-S background was achieved by repeatedly 

backcrossing: (i) females heterozygous for a third chromosome carrying a focal fru 

allele (fruS/L) and the Df(3R)fru4-40 deficiency (themselves obtained by mating the 

hemiclonal line and females from the Df(3R)fru4-40 deficiency stock), with (ii) males 

from Df(3R)fru4-40 deficiency stock (see Figure S1). Since balancer and deficiency 

chromosomes are lethal in homozygous state and balancers carry the dominant Tb 

marker, the wild-type offspring of a hemiclone/Df(3R)fru4-40 x Df(3R)fru4-40/TM6B 

cross are always identifiable as fruS/L/Df(3R)fru4-40 heterozygotes. By repeatedly 

backcrossing fruS/L/Df(3R)fru4-40 heterozygote females to Df(3R)fru4-40/TM6B males, 

the original hemiclonal genome carrying the focal fru allele is gradually eroded 

through recombination in females and replaced with the isogenic Canton-S 

background of the Df(3R)fru4-40 deficiency line. After 7 generations of backcrossing, 

the allelic lines should carry on average less than 1% of the original hemiclonal 

haplotype (i.e. 1% of the original X-II-III complement).  

 

Having introgressed the fru allele into the Canton-S background of Df(3R)fru4-40, we 

created lines homozygous for the fru allele (as opposed to fruS/L/Df(3R)fru4-40 

heterozygotes). Because fruS/L/Df(3R)fru4-40 heterozygotes and fruS/L/ fruS/L 

homozygotes are phenotypically indistinguishable, this was achieved through a two-

step crossing procedure. An initial cross served to identify pairs of parents in which 

both individuals carried a focal fru allele. Virgin Tb-carrying offspring of a 

fruS/L/Df(3R)fru4-40 x Df(3R)fru4-40/TM6B cross (either fruS/L/TM6B or Df(3R)fru4-

40/TM6B) were set up in pairs (dyads A, B, C, see “Phase 3” in Figure S1). Depending 

on the genotypes of the F1 pair, this cross can either produce: (i) 100% Tb F2s, if 

both F1 parents were Df(3R)fru4-40/TM6B—these were discarded, or (ii) some 

fraction of non-Tb F2s, if the F1 pair were  fruS/L/TM6B+Df(3R)fru4-40/TM6B or 

fruS/L/TM6B+fruS/L/TM6B. To distinguish the two latter cases and identify pairs of 

fruS/L/TM6B individuals that are capable of producing the fruS/L/ fruS/L individuals we 
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required, an additional ‘test cross’ was performed where F2s were backcrossed to 

Df(3R)fru4-40/TM6 males. Based on the F3 phenotype, the genotype of the F2 could 

be inferred, as fruS/L/ fruSL/ F2s produce a 1:1 ratio of wild-type to Tb F3s, whereas 

fruS/L/Df(3R)fru4-40 heterozygotes produce 1:2 ratio of wild-type to Tb F3s. F2s 

producing a ratio of wild-type to Tb F3s that was significantly less than 1:2 (as 

assessed from a c2 test) were used to establish isogenic allelic lines.  
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Figure S1. Crossing scheme used to create isogenic lines. See Methods S2 for 

details.  

F1F1 F1 F1 F1 F1

F2 F2
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Figure S2. Sex ratio among surviving offspring presented for each line (L1-3 and S1-

3) and chromosomal complement (B and D). Allelic means represented by dashed 

lines (L/B: 0.476±0.019; S/B: 0.466±0.035; L/D: 0.477±0.021; S/D: 0.0523±0.024). 

Sex ratio is defined as the proportion of males among offspring at eclosion.  
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Figure S3. Development time (days ±standard error) of fru allelic lines (L1-3 and S1-

3), for each chromosomal complement (B and D). Allelic means represented by 

dashed lines. Since sex was the most important factor in determining development 

time, this data is presented with the sexes separated: A) male flies (L/B: 10.28±0.03; 

S/B: 10.4±0.05; L/D: 10.55±0.036; S/D: 10.72±0.054), and B) female flies (L/B: 

10.1±0.027; S/B: 10.22±0.056; L/D: 10.33±0.028; S/D: 10.42±0.056). 
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Table S1. Results from Cox Proportional Hazard (CPH) models applied to lifespan 

data. Five models were used. One was for all flies and then the data was split to 

have separate models for each chromosome complement (B and D) and sex (female 

or male). The first column indicates the set of data the model is applied to, while 

the second column indicates the term being tested in that model. CPH models use 

one level of a term as the reference level with a value of one. Other levels are then 

compared to this. The comparison made is shown in brackets as: (compared 

level:reference). Each term in a model has a hazard-ratio (H-R), a 95% confidence 

interval and a H-R p-value, which indicates if the compared level differs from the 

reference level. Also presented are 𝜒"# and its p-value, indicating the contribution of 

each term to the overall risk of mortality. 
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Model Term (comparison) HR 95%-CI HR p-value 𝝌𝟏𝟐  p-value 

All flies 

fru allele (S:L) 1.318 1.126-1.544 <0.001 0.139 0.71 

Complement (D:B) 0.519 0.44-0.612 <0.001 43.79 <0.001 

Sex (M:F) 0.531 0.449-0.627 <0.001 31.886 <0.001 

Allele x complement 

(S/D:L/F) 
0.693 0.57-0.841 <0.001 10.411 0.0013 

Allele x sex (S/D:L/B) 0.821 0.676-0.997 0.046 4.856 0.0276 

Complement x sex 

(D/M:B/F) 
2.624 2.154-3.198 <0.001 90.752 <0.0001 

Allele x complement x 

sex (S/D/M:L/B/F) 
1.258 0.852-1.856 0.249 1.331 0.249 

B only 

fru allele (S:L) 1.386 1.16-1.655 <0.001 3.848 0.049 

Sex (M:F) 0.572 0.472-0.692 <0.001 105.65 <0.001 

Allele x sex (S/D:L/B) 0.731 0.561-0.953 0.02 5.368 0.021 

D only 

fru allele (S:L) 0.87 0.715-1.059 0.164 5.317 0.021 

Sex (M:F) 1.32 1.081-1.614 0.0066 10.705 0.001 

Allele x sex (S/D:L/B) 0.927 0.696-1.234 0.604 0.269 0.604 

Females 

only 

fru allele (S:L) 1.381 1.157-1.65 <0.001 2.334 0.127 

Complement (D:B) 0.542 0.449-0.655 <0.001 14.879 <0.001 

Allele x complement 

(S/D:L/F) 
0.611 0.469-0.798 <0.001 13.127 <0.0001 

Males 

only 

fru allele (S:L) 1.039 0.854-1.263 0.705 1.276 0.259 

Complement (D:B) 1.301 1.061-1.595 0.011 3.119 0.077 

Allele x complement 

(S/D:L/F) 
0.772 0.58-1.029 0.077 3.117 0.077 
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C.1 Introduction 
 
The following sections relate to Chapter 3 and provide additional methods 

and results regarding the development of the selection models, and the 

relationship between the summary statistics and the different model classes, 

all of which informed the methodology described in Chapter 3. Additional 

cross-validation of the ABC parameter estimation is also included.  

 

C.2 Methods 
 

To diagnose the mode of selection acting upon the fruitless (fru) 

polymorphism by approximate Bayesian computation (ABC), five selection 

models were investigated: neutrality, positive selection, negative selection, 

positive balancing selection, and negative balancing selection. These models 

simulated selection under these different regimes in the 10 cage populations 

used in the experiment described in Chapter 3.  

 

Simulations were performed in SLiM 3 (Haller and Messer, 2019), 

using custom scripts. These scripts were composed of a standard Wright-

Fisher model of a single locus with two alleles (the L and S alleles). The 

simulations were designed to mimic the structure of the actual experiment as 

closely as possible. Simulations included ten subpopulations representing 

the ten cages. There was no migration between these subpopulations. Five 

subpopulations started with a frequency of 0.9 and the other five with a 

frequency of 0.1 for the measured allele to match the starting frequencies of 

the fru polymorphism. The measured allele is the one that SLiM tracks and 

reports the frequencies of. This is the equivalent of the S allele in the real 

data for easier comparison with the proxy SNP allele trajectories. All 

individuals at the start of the simulation were homozygotes at the fru locus as 

in the actual experiment. A generation time of two generations per month 

was assumed. Each simulation was run for 56 generations to correspond to 

the final sampled time point 28 months after the start of the experiment. 

Effective population size, Ne, was set at 1000, which is a very conservative 
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estimate. The relative fitness of the two alleles was determined by two 

parameters: the selection coefficient, s, and the dominance coefficient, h. 

The values of these parameters are chosen from a uniform distribution within 

a parameter range.  

 

For neutrality, both parameters always have a value of 0 since no 

selection occurs. Two directional selection models, positive and negative 

selection, are similar but differ in that the focal allele is fitter (positive) or less 

fit (negative) than the alternative allele. For positive selection, s is drawn from 

between 0 and 1, while for negative selection, s is drawn from between -1 

and 0. For both, h is between 0 and 1. Balancing selection was modelled 

using a heterosis model where the heterozygote is fitter than either 

homozygote. Although this is not the process of balancing selection 

hypothesised to be acting at the fru locus (Chapter 2), heterosis is a far 

easier method by which to model balancing selection by altering h to be >1. 

This still allows the likelihood of balancing selection acting at this locus to be 

studied. The different balancing selection models, positive and negative 

balancing selection, are distinguished based on which homozygote, SS or 

LL, is the fitter of the two, thus shifting the theoretical balancing point of the 

polymorphism. As with directional selection, s was drawn from a range of 

between 0 and 1 for positive and between -1 and 0 for negative balancing 

selection. Dominance, h, ranged from between 1 and 10.  

 

One million simulation runs were performed for each selection model. 

The frequency of the focal allele in each population at the end of generations 

2, 4, 8, 12, 20, 28, 36, 44 and 56, was recorded in line with the sampling 

times of the cages. Frequencies were organised into a 10x9 matrix for each 

simulation run, with one row per cage, with each column the nine sampling 

points ordered by collection date. Frequencies were then subjected to two 

rounds of binomial sampling to mirror the two sampling stages of the 

experiment. The first was the selection of 96 chromosomes (48 flies) from 

each population to represent the cage sampling. The second represented the 
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number of reads (coverage depth) covering each locus. This second step 

was repeated separately for each proxy using the coverage values in each 

pool. This process resulted in adding more noise to the simulated data, which 

should then be more comparable to the real sequencing results. 

 

Refinement of simulations 

13 selection summary statistics were formulated to summarise and quantify 

the frequency trajectories. Each summary statistic was designed to help 

distinguish between different selection models, for example SNPs under 

directional selection will more likely fix than those under balancing selection. 

The usefulness of each summary statistic was tested using correlation 

matrices and violin plots to ensure that each metric contributed some 

information in distinguishing later selection models. Summary statistics were 

formulated to describe an aspect of the whole experiment where a single 

number represents something about all 10 cages.  

 

The 13 selection summary statistics were then calculated for each 

simulation run in the same manner as for each proxy SNP, creating a large 

dataset of simulated summary statistic values to compare with the real data. I 

created a series of histograms, one of each summary statistic per model, to 

visualise the spread of simulated summary statistic values compared to the 

real ones. This was to see how the simulations matched our data, whether 

they were capturing the variation they were designed to, and if they would be 

useful in the ABC analysis later. I then tested the proportion of overlap 

between the SNP values and the simulation values by calculating the 

proportion of simulations where their metric value was greater than the SNP 

value for each summary statistic and model. For summary statistic 2, 

persistence time, this was changed to calculate the proportion of simulated 

values smaller than the SNP value since the maximum value possible was 

56 generations, the length of the experiment. These values were compiled 

into a table to observe the number of summary statistics where there was 

reasonable overlap between the simulated and real values. Reasonable 
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overlap was defined for summary statistics 3-13 as when the proportion of 

simulated metrics reporting a higher value than the SNP was between 0.05 

and 0.95. Since summary statistics 1 and 2 have truncated non-continuous 

distributions, reasonable overlap was defined as being where <5% of 

simulations had a larger (summary statistic 1) or lower (summary statistic 2) 

value than the SNP value. Any model which produced summary statistic 

values with <5% overlap were considered unlikely to have produced the 

patterns observed and the proxy SNP summary statistics.   

 

To observe how the summary statistics changed with the selection 

parameters, I also plotted a random subset of 1000 simulated metric values 

against the s and h values used in those simulations. By plotting the SNP 

value over these we could observe the approximate range of parameter 

values that produced simulated metric values similar to the SNP values. In 

doing this I noticed that some values of s and h never produced metric 

values remotely close to those calculated for the three proxy SNPs. 

Reducing the simulation set to only those where s was between 0 and 0.25 

for positive selection, or -0.25 and 0 for negative selection showed a much 

better fit. I therefore decided to repeat the simulation process using 

simulations with a refined range of parameter values.  

 

Refinement of simulations 

The selection coefficient, s, used in the simulations was reduced to a 

maximum value of 0.25 for positive selection and a minimum of -0.25 for 

negative selection. This was repeated for the equivalent balancing selection 

models. For balancing selection, dominance was reduced to a range of 

between 1 and 5. The ranges of the refined selection parameters are 

summarised in Table 3.2. One million simulation runs were produced for 

each model, but this time using the refined range of s and h values. Selection 

metrics were calculated for these simulations with histograms and overlap 

values produced in the same way as before. I also created a series of violin 

plots to help visualise the distribution of the various summary statistics and to 



 274 

ensure that the patterns for each metric were different between selection 

models. This would help the ABC analysis to discern between the various 

selection models later.  

 

C.3 Results 
 
In the following presentation of the results, for brevity, I sometimes only 

display figures for SNP 1521, which has the highest sequencing cover and 

therefore presents the most accurate results. But I note that differences 

between the SNPs were small and don’t alter the overall conclusions. 

 

Values of the proportion of overlap between simulated summary 

statistics from the five selection models and the proxy SNP summary 

statistics are presented in Table C1. There was little overlap in 8 out of 13 

metrics for neutrality, with some metrics showing zero overlap between 

simulated and SNP values, Table C1. There were inconsistent patterns in the 

number of summary statistics displaying reasonable overlap between 

simulations and proxy SNPs for all other models and SNPs, but all had more 

summary statistics with at least some overlap than the neutrality model. Plots 

comparing selection metrics s and h parameter values with the metrics they 

produced are shown in Figure C1. These show that there was little variation 

in metric values once s exceeds 0.25 for positive selection, or once s is <-

0.25 for negative selection, due to rapid fixation of the allele in all cages. This 

led to the decision to refine the range of s and h parameter values used in 

this study.  

 

Refinement of selection parameters was performed and the proportion 

of overlap between the simulated summary statistics from the five selection 

models and the three proxy SNPs calculated as before. These are shown in 

Table C2 for SNP1521. For SNP 1521, refined parameter positive balancing 

selection displayed reasonable overlap with 11/13 summary statistics, 

compared to 9/13 for both refined parameter positive and negative directional 

selection, and 10/13 for refined parameter negative balancing selection, 



 275 

Table C2. There was no overlap with metric 12 for negative directional 

selection or negative balancing selection models with refined parameters. 

Overall, the refinement of selection parameters led to a greater degree of 

overlap between simulations summary statistics and proxy SNP summary 

statistics. So the simulations are capturing a better range of values, closer to 

those occurring in the experiment. Therefore this refined range of parameter 

values were used to create the models used for model choice and parameter 

estimation using ABC in Chapter 3. 

 

Histograms of the simulated summary statistics were produced for all 

models, both pre and post parameter refinement. Examples are shown in 

Figure C2. Violin plots showing the range summary statistics for each refined 

model and neutrality are shown in Figure C3. These plots helped ensure that 

each summary statistic added some degree of information to the ABC 

analysis as I evaluated statistics and rejected those that did not show 

different patterns between the selection models. 

 

ABC parameter estimation cross validation 

Cross validation was required to see which method and tolerance rate was 

optimal for estimating the parameter values for our data. These results are 

presented in Table C3 and Figure C4. These show that the neural net 

method produced the smallest estimated error rate for estimating both s, and 

h, in the three SNPs.  
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Figure C1.  Selection of summary statistic values versus selection 

coefficient, s, for A) positive directional selection, and B) negative directional 

selection simulation models produced for SNP 1521. A random subset of 

1000 simulation runs was used to create each set of plots. The true metric 

value for SNP 1521 is shown by the horizontal red line. In many of the 

comparisons the simulated summary statistic value flattens out at a value far 

from the SNP value once s is either >0.25 (A) or <-0.25 (B). This is due to 

rapid fixation of one or the other allele in most cages when selection is 

strong. Simulations with such strong values of s are unlikely to occur in 

reality and such runs are unhelpful in determining the mode of selection 

acting at the fru locus. From this observation it was decided to reduce the 

limits of s used in the simulations to a maximum value of 0.25.  
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Figure C2. Example histograms produced to visualise simulation summary 

statistics for SNP 1521. A and B show a histogram of data collected for 

statistic 2, persistence time, for the positive directional selection model. The 

true SNP value is shown by the red dashed line. A presents data before the 

refinement of selection and parameters and B is after. Although even after 

refinement, this statistic does not show a high degree of overlap with the 

SNP value (Table C2) it does display a better fit overall than before. 

Histograms C and D show histograms for summary statistic 13, the 

difference in the final value means for the positive balancing selection model. 

The true SNP value is shown by the red dashed line. C presents data before 

the refinement of summary statistics, and D is after. In C there is little overlap 

with the data and the true value, but in D more of the data overlaps. This is 

observed in Table C2 where after refinement the degree of overlap between 

this statistic and the true value presents a good fit (i.e. >5% and <95% of 

values being larger). These histograms are examples. Equivalent plots were 

produced for all SNPs and selection models before and after the refinement 

of selection parameters to see how the changes affected the simulated data 

and to curate the summary statistics for the analysis.  
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Figure C3. Violin plots of summary statistics per selection model. Each plot 

shows a different summary statistic denoted by the number above the plot. 

Numbers are those designated in Chapter 3. The summary statistic value for 

SNP 1521 is shown as dashed red horizontal line. Selection model names 

have been shortened for space so Neg = negative and Pos =positive. From 

these plots we can see the distribution of the statistic values vary between 

the different summary statistics. Even when two models display a similar 

distribution of values for one statistic they are different in another one. For 

example, in number 3 both positive and negative balancing selection have 

similar distributions, but in number 4 they are quite different. These 

differences are essential for ABC to tell the models apart and diagnose the 

mode of selection acting at the fru locus in Chapter 3. 
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Figure C4. Parameter estimation cross-validation. The results from three 

different methods are shown: A = rejection; B = loc-linear; C = neural net 

Each simulation’s true value of s and h is plotted against the value predicted 

based on selection metrics alone. Estimation for h is worse at higher values 

in all three methods. Estimation of s is best with the neural net method at 

lower values, but this breaks down at larger values. Overall error rates are 

shown in Table C3.   
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Table C1. Proportion of overlap values between simulation summary 

statistics and SNP summary statistics values. Summary statistics are 

referred to by the number given during the descriptions (Chapter 3). The 

selection model class and the SNP it is applied to appear in the leftmost 

column. Cells are colour coded by if the proportion of overlap value. Green = 

good overlap – model is consistent with data, orange = little overlap – model 

unlikely to give rise to the data but possible, red = no overlap – the model is 

inconsistent with the data. Neutrality models have between 4 and 6 summary 

statistics with <0.001% overlap making neutrality an unlikely model to have 

caused the real data. All other models have between 4 and 8 summary 

statistics with good levels of overlap, but these vary between selection model 

types and SNPs. Values are reported to 3 decimal places. 
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Table C2. Proportion of overlap values for SNP 1521 including the five initial 

models, neutrality, positive directional, negative directional, positive 

balancing, and negative balancing selection, plus the values for the four 

models with the refined parameters ranges for positive directional, negative 

directional, positive balancing, and negative balancing selection. The final 

column shows the number of metrics that report a good proportion of overlap. 

The decision to refine the parameters is justified as every refined model has 

more metrics agreeing than its equivalent un-refined model. The refined 

parameter positive balancing selection model the best fitting based on these 

results alone with 11 out of 13 metrics agreeing. However, this is only one 

better than negative balancing selection, and 2 better than both positive and 

negative directional selection . Values are reported to 3 decimal places. 
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Table C3. Cross-validation error in parameter estimation. Cross-validation 

performed with a sample size of 100 per model and tolerance limit. Values 

are reported to 3 decimal places. 

 

 

 

 

 

 
 
 

0.5 0.173 0.289
1 0.167 0.289
5 0.192 0.313
0.5 0.224 0.338
1 0.225 0.347
5 0.22 0.337
0.5 0.124 0.221
1 0.129 0.225
5 0.124 0.221

Dominance coefficient (h )
SNP

1181

1208

1521

Tolerance (%) Selection coefficient (s )


