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0.1 Abstract 

 

The evolution of sexual reproduction has been dubbed ―the queen of problems 

in evolutionary biology‖. While there is a large amount of theory about the evolution 

of sex, there is relatively little well controlled empirical data. This thesis is an attempt 

to use an experimental evolution based approach in order to provide empirical insights 

into two different areas in the evolution of sex: the relative effects of beneficial and 

detrimental mutations on sex, and the effect of migration and gene flow on adaptation 

to new environments. In order to undertake this, a system comprising of two 

Saccharomyces cerevisiae strains isogenic except for the ability to undergo sex was 

used. 

 

Theories about the evolution of sex can be broadly grouped into those which 

provide advantages for accumulating beneficial and clearing detrimental mutations. 

An empirical determination of their relative effects is useful in determining which 

theories are likely to be important to the evolution and maintenance of sexual 

reproduction. The first experiment consisted of propagating the sexual and asexual S. 

cerevisiae lines, as well as lines with increased mutation rates under both directional 

and stabilising selection for approximately 300 generations. The sexual lines 

increased in fitness significantly more quickly than the asexual lines under directional 

selection, regardless of mutation rate. In contrast, no lines, regardless of sexual status 

or mutation rate decreased or increased in fitness over the course of the experiment 

under stabilising selection, indicating that standard asexual selection was adequate to 

remove the vast majority of detrimental mutations. Thus in this experiment, sex is of 
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much greater importance in accumulating beneficial mutations than in clearing 

detrimental mutations. 

 

The second experiment attempted to understand the effects of sexual 

reproduction and gene flow on adaptation. Predictions state that sexual organisms will 

be at a disadvantage to asexuals when adapting to multiple niches with migration 

between them, as maladapted hybrids are formed when mating occurs outside niches. 

To test this, sexual and asexual S. cerevisiae were adapted for approximately 350 

generations to two differing environments, with varying rates of migration between 

them. In contrast to predictions, sexual lines showed higher adaptation to the new 

environments than asexuals irrespective of migration rate. The cause of this was 

investigated, and found to be caused by a loss of the trade off between the two 

environments in those treatments with high migration rates. This is interpreted as 

selection for generalists occurring in those lines which experience both environments. 

 

In summary, this thesis uses a powerful S. cerevisiae system in order to gain 

empirical insights into the evolution of sexual reproduction. The experiments further 

previous work with the same system into more complex and realistic scenarios, and 

provide novel empirical insights into the understanding of the evolution and 

maintenance of sex. 
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1: Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

Of course I love you. 

So let's have a kid. 

Who will say exactly 

What it's parents did; 

‗Of course I love you. 

So let's have a kid. 

Who will say exactly 

What it's parents did; 

―Of course I love you. 

So let's have a kid. 

Who will say exactly 

What it's parents did - ‖‘ 

Et cetera 

 

Kurt Vonnegut, Galápagos (1985) 
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1.1 Introduction 

 

Sexual reproduction, as opposed to asexual reproduction, is widespread 

throughout extant life, especially in the metazoans. Darwin posited the question in 

1876: 

 

―…we now know that fertile eggs can be produced without the aid of the 

male. There are also many other methods by which organisms can be 

propagated asexually. Why then have the two sexes been developed, and 

why do males exist which cannot themselves produce offspring?‖(Darwin, 

1876) 

 

Since then biologists have been looking for an adaptive explanation sufficient 

to explain the ubiquity of sexual reproduction. Over a hundred years later, the 

widespread dispersal of sex and lack of an obvious explanation to overcome its 

inherent costs has led to the problem being described as follows:  

 

―Sex is the queen of problems in evolutionary biology.  Perhaps no other 

natural phenomenon has aroused so much interest; certainly none has sowed 

as much confusion‖ (Bell, 1982) 

 

The major problems with sex have been enumerated multiple times, and will 

be covered below. The major problem is the multitude of disadvantages of sex, and 

the paucity of short-term, individual-based adaptive explanations.  
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The idea that sex increases the variation of offspring, and thus provides a 

benefit was first put forward by August Weismann (1887), and subsequently clarified 

in his many writings (Weismann, 1902). With the entry of Fisher (1930) and Muller 

(1932), the field moved to a much more gene-based approach. Weismann‘s original 

idea was seen as group selectionist, and unable to pose an individual advantage to sex 

making the explanation inadequate in light of the understanding of biology at the 

time. Nevertheless, most of the current theories are modifications and sophistications 

of the theories first put forward when the problem of sex was first recognised (for a 

review of the current understanding of Weismann‘s ideas, see Burt (2000)), modified 

to account for current understandings of selection. With some more of the costs of sex 

understood, and the better understanding of group selection as a generally inadequate 

explanation for evolved features, several models that pose benefits to outweigh the 

evident costs have been proposed. 

 

The field at present shows the weight of over a hundred years of theory, but a 

relative lack of empirical data. The current theories tend to produce explanations 

when certain variables, such as the mutation rate or degree of epistasis, fall into given 

ranges. This has led to an increase of experiments in recent years in order to 

determine the value of some of these variables, often to the detriment of more 

integrative, pluralist approaches (West et al., 1999). The present body of work is an 

attempt to give an empirical estimate of some of the required parameters, and test 

some predictions while treating the subject from a variety of directions while trying 

not to lose the integrative view. 
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1.2 Definitions and review of sex 

 

Sexual reproduction is extremely widespread throughout life (for a review, see 

Bell (1982)). Sexual reproduction is hypothesised to have originally arisen at the same 

time as eukaryotic life (Cavalier-Smith, 2002; Gu, 1997; Miyamoto & Fitch, 1996), 

and thus any eukaryotic forms which are asexual have subsequently lost the capacity 

for sex. The wide-spread nature of sexual reproduction (Otto (2009) estimates that 

only 0.1% of animals and 1% of plants are asexual) suggests that there is a benefit to 

sex and conversely a selective cost in its loss. The distribution of asexual lineages has 

been described as ―twigs on the tree of life‖ (Maynard Smith, 1978; Williams, 1975), 

as the asexual lineages appear to be short lived, widely spread and relatively young. 

This was classically used as an argument that asexuality was inferior to sexuality in 

evolutionary potential; however, recent work shows that the distribution of asexuals 

can be explained by neutral models (Janko et al., 2008; Schwander & Crespi, 2009). 

 

In order to seriously discuss sexual reproduction it must be properly defined, 

as the myriad of reproductive strategies employed by life can confuse and confound 

analysis. For the purposes of this work, sexual reproduction is defined as the 

combination of recombination, random assortment and syngamy, following Goddard 

(2007). These are the three major hallmarks of sex, and are necessary and sufficient to 

cause the effects commonly associated with sex. 

 

Meiotic recombination is a central part of sex, and its net effect is to bring 

genes into linkage equilibrium. This is achieved by forming chiasmata between 

homologous chromosomes during meiosis, and exchanging genetic material between 
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them. This allows differing alleles to exist as independent replicators and spread 

without being hampered (or helped) by the background that they arose in, effectively 

creating a gene pool in a population, rather than having each individual 

compartmentalised as in an asexual population. A technical discussion of meiotic 

recombination is beyond the scope of this review; for a good treatment see Whitby 

(2005).  

 

Random assortment of chromosomes is a corollary to recombination in this 

sense, allowing differing chromatids to come into contact and later recombine. Any 

restriction of independent assortment will lead to linkage disequilibrium, and thus can 

be seen as a loss of a sexual function. Syngamy is the joining of two gametes to 

produce one offspring and is generally linked to the above two stages. There are many 

parthenogens which undergo meiosis to produce offspring; however, they lack 

syngamy (see Bell (1982) for a review of differing sexual and asexual systems) and 

thus can be called asexual.  

 

Amphimixis and apomixis have been proposed as better words for the above 

definitions due to sexual reproduction often being thought as referring to two different 

sexes, and to asexual reproduction referring to vegetative reproduction. By defining 

sexual reproduction as outlined above, and defining asexual reproduction as any 

reproduction that lacks the above, but still passes through the germ line in a single cell 

stage it is possible to talk about sexual and asexual reproduction avoiding these 

problems and adding a useful degree of clarity. 
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 As is often the case in biology, there are a multitude of variations on the theme 

of sex: - see Bell (1982) and de Meeus et al. (2007) for reviews. Asexuality that has 

been derived from sexuality can take many forms, and has been given varying 

terminology by a number of workers. Asexuality can be divided into several types: 

arrhenotoky and thelytoky, the production of males and females respectively from 

unfertilized eggs (with or without meiosis) and deuterotoky and pseudo-arrhenotoky 

which are rarer and more complex. In addition, there are several other reproductive 

modes which are associated with asexuality. Androgenesis is a version in which the 

paternal genome is fully replaced the maternal genome with meiotically produced 

sperm. Gynogenesis is a primitive version of thelytoky, where the female requires 

mating to produce fertile eggs, although the eggs receive no genetic material from the 

sperm. Hybridogenesis is the formation of a hybrid from a cross species mating, this 

often leads to asexual hybrid lineages (Bell, 1982; Morgan-Richards & Trewick, 

2005). In addition to these variations on asexuality, some nominally sexual species 

lack one or more of the ―hallmarks‖ of sex: for example, the higher Diptera (flies) are 

characteristically devoid of male chiasmata formation (Gethmann, 1988), and Boa 

constrictors have been shown to undertake automixis – single parental meiotic 

production of offspring (Booth et al., 2010). Bacteria also show some kinds of genetic 

exchange, and thus may be expected to see some of the benefits of sex (Cooper, 2007; 

Vos, 2009) but are not strictly sexual organisms. There have been attempts to link this 

variation in reproductive mode to differing selective forces (Bell, 1982); however, 

here I attempt to focus on the larger picture, and thus have used the above defined 

―three hallmarks‖ as a method of defining sex to avoid these distracting, albeit 

interesting digressions. 
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While discussing the evolution of sexual reproduction it is important to 

separate the origin of sexuality from the maintenance and persistence. It is entirely 

possible that sex first arose for one reason, and now has been co-opted by the genome 

at large and now is maintained by a much different reason. Burt and Trivers (2006) 

suggest that sex may have begun as a result of modulating selfish genetic elements, 

and then been ―domesticated‖, and the secondary benefits of sex allowed it to persist. 

In contrast, Stouthamer et al. (2001) found that a selfish B chromosome allowed sex 

to persist in the face of Wolbachia-induced male loss, showing that sex was a result of 

the selfish elements. Lenski (1999) distinguishes clearly between the origin and 

maintenance of sex and gives several similar arguments. 

  

It is possible also to argue that sex is not adaptive, that it is merely a hangover 

from a sexual past where it was more adaptive and is now unable to be removed due 

to biological constraints (Gould, 2002). This argument holds some limited merit, 

especially in the mammals where it appears that a transition to asexuality is near to 

impossible due to the imprinting set up in the germ line by conflicts between the 

parental genomes (reviewed in (Iwasa, 1998)). The argument is somewhat weakened 

however when the number of facultative asexual lineages which have arisen in the 

metazoans is examined – there are representatives from almost all major clades apart 

from mammals, and  the numbers are rapidly growing (turkeys (Harada & Buss, 

1981), salamanders (Bogart et al., 2007), hammerhead sharks (Chapman et al., 2007), 

komodo dragons (Watts et al., 2006) and stick insects (Morgan-Richards & Trewick, 

2005)). It is unclear whether these asexual observances are ―mistakes‖ or a result of 

selection however (Lampert, 2008). The Crotoniidae, a group of mites, shows a 

subgroup of species which has regained sexuality after their ancestors lost it (Domes 
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et al., 2007), breaking Dollo‘s law (Gould, 1970). Work has also shown that 

Cryptococcus neoformans rapidly loses the ability to undergo sexual reproduction in 

the absence of selection (Xu, 2002). The possibility of the loss and gain of sex shown 

by these examples suggests that there is most likely some selective advantage still 

operating to keep sex as widespread as it is. 

 

The difference between facultative and obligate sexuality is also an interesting 

area (D'Souza & Michiels, 2010). It is easy to imagine that the cyclical asexuality of 

aphids and other species plays different roles throughout the life cycle, and cyclical 

asexuality appears to have independently arisen at least 10 times (Hebert, 1987). 

Cyclic asexuality also provides evidence of a benefit and detriment of sexual 

reproduction as exposited in G. C. Williams ―balance argument‖ (Williams, 1975). In 

cyclic asexuals, there is variation in the timing and frequency of sex (Carmona et al., 

2009), and thus we could expect either sex or asex to spread to fixation if one is 

always of benefit. The fact that they both coexist suggests that each has its own 

advantages at differing times. Kondrashov (1984b) provides a hypothesis based on 

alternating selection pressures for cyclical asexuality. There is massive variation in 

reproductive rate, outbreeding, sexual systems, and several other relevant traits 

throughout the tree of life. Much effort has been expended in order to try and 

determine the ecological or other factors leading to this variation (see for example 

(Bell, 1982)), and while interesting it is beyond the scope of this work, which will be 

focused on the problem of sex existing at all, rather than its relative timing.  
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1.3 The costs of sex  

 

In order to give an explanation for sexual reproduction, it is first necessary to 

determine what needs explaining. Sex has many costs associated with it, and these 

must be overcome in order to explain an adaptive advantage to sex. 

 

1.3.1 Cellular Costs of Sex 

 

The most obvious and immediate cost of sex is in the extra time and cellular 

mechanics needed to reproduce sexually. A cell undergoing meiosis requires two 

divisions, and then finding a partner to undergo syngamy with in order to produce two 

new daughter cells. If the organism was reproducing asexually, then a single mitotic 

division would be sufficient. There are approximately 600 genes upregulated in 

meiosis in Saccharomyces cerevisiae (Rabitsch et al., 2001), with around 10% of 

these only showing knockout phenotypes during meiosis. The cost of replicating and 

expressing so many genes must also have its own cost. There are approximately 6000 

genes in S. cerevisiae (Goffeau et al., 1996) and a cost of upregulating 10% of the 

genome and carrying 1% of the genome exclusively for sex is unlikely to be 

negligible. 

 

1.3.2 Two Fold Cost of Sex 

 

The twofold cost of males is probably the most commonly invoked cost of sex. 

While recognised for many years (Weismann (1887) stated a crude version) it was 

first proposed mathematically and named by John Maynard Smith (1978). The 



 10 

argument lies in the lack of offspring produced by sons, and thus the disadvantage 

caused by producing them rather than asexual daughters. If each female can produce 

two offspring, then a sexual parent will produce a son and a daughter, and this 

daughter will go on to produce the same, with the number of descendants staying the 

same every generation. In an asexual organism, the female parent can produce two 

female daughters, leading to a doubling in number of descendants each generation, 

quickly outnumbering any sexual competitors. The effect is density dependent; as the 

number of asexual clones increases, the benefit decreases. If asexual clones are 

represented by n and sexual individuals by N, the proportion of asexual individuals 

will increase from n/(2N+n) to n/(n+N) each generation. 

 

The twofold cost has long been seen as the cost needed to overcome for sex to 

be adaptive, but the model requires several assumptions, many of which are unlikely 

to be met in natural conditions. The first is that the organism must be anisogamic. If 

the two sexes produce an equal number of offspring then the two fold cost disappears, 

and there is no cost from this problem (Maynard Smith, 1978). The original evolution 

of sex most likely occurred in an isogamous organism, and thus no two fold cost 

would have originally applied. The next is that males must not provide any parental 

care. If males provide help to the females in order to increase their reproductive 

success, then the two fold cost is lessened sometimes quite substantially (Bart & 

Tornes, 1989). 

 

Another assumption of the model is that the population in which it is carried 

out is at carrying capacity, which might not always be true of natural populations. 

Trivers (1972) has argued that males are not as costly as females, and competition 
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among them adds to the population mean fitness. Modelling by Kerszberg (2000) has 

shown that under high fecundity, the two-fold cost is substantially reduced. A lot of 

models are published positing advantages of sex (see below) and almost all hinge on 

whether they can provide a benefit greater than the two fold cost. It may be useful to 

find a more realistic estimate. Horandl (2009) provides a critical discussion of the two 

fold cost and the weaknesses in its assumptions. 

 

1.3.3 Loss of Co-Evolution 

 

One of the more abstract problems caused by sex is the loss of the entire 

genome as the unit of heredity. In a sexual organism each time reproduction is 

undertaken, the entire genome is no longer passed on as one unit, with genes no 

longer linked to each other. While this has been heralded as a major step in evolution 

(Maynard Smith, 1999), there are many new problems opened up. With each sexual 

generation the genes from the parents find themselves in a potentially different 

background, with the possibility of breaking down beneficial interactions, such as 

those found in coadapted gene complexes. If a pair of alleles, A and B require each 

other to be beneficial, as do a and b, any mating between ab and AB individuals is 

going to be detrimental, reducing their fitness substantially. In contrast, an asexual AB 

or ab will not have this problem (Felsenstein, 1981). This cost is referred to as 

recombinational load and will lead to problems for sexual organisms when adapting to 

multiple environments or hybridising, and will be discussed in more detail in chapter 

three. 
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The loss of a common fate of genes present in an individual also poses other 

problems. With the genes no longer sharing a common fate, intragenomic conflict 

becomes possible. The majority of selfish genetic elements rely on sexual 

reproduction to spread, indeed they have been described as the original sexually 

transmitted diseases (Burt & Trivers, 2006). Selfish genetic elements spread by one of 

three major routes – killing gametes which do not contain themselves, such as the T-

haplotype in mice (Silver, 1993), over replication to bias meiosis to ensure they are 

spread to more than 50% of offspring such as homing endonucleases (Gimble & 

Thorner, 1992), and preferentially ending up in germ tissue (Santorelli et al., 2008), 

all of which require sex and outcrossing (Goddard et al., 2001) to properly operate. 

The cost of these elements can be high and it is thought that the lack of the elements 

in asexuals represents those asexual lines carrying them being driven extinct 

(Arkhipova & Meselson, 2005). 

 

1.3.4 Mate Finding 

 

Sex also requires the finding of a mate, which is in itself inherently costly. 

Conspecifics are the most matched in ecological niche, and therefore the most fierce 

competitors. Courtship often ends in injury or death to individuals involved, and the 

necessary close contact can often end in infection. The Allee effect (Stephens et al., 

1999) posits that under low densities a population suffers a substantial fitness cost due 

to a lack of encounters leading to mating. This effect will obviously not apply in 

asexuals, leading to an increase of fitness in environments with low population 

densities (Bell, 1982). 
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1.3.5 Multi-Dimensional Epistasis 

 

Kondrashov (2001) proposed a theory dubbed multi-dimensional epistasis 

(also known as sign epistasis), based on the argument that if mutations need to be 

accumulated in the correct order to be beneficial, sex is of disadvantage. This is best 

conceptualised by a simplified verbal argument, where an organism has a genotype of 

a string of 1s and 0s. All 1 alleles are new beneficial mutations, but are detrimental if 

a wild-type 0 allele is before them in the string. For example, genotype 111100 has 

four beneficial mutations, whereas 110011 has 2 beneficial and two detrimental 

mutations. If the mutation rate is greater than 1/N then sexual populations will show a 

disadvantage as the new 1 alleles are exposed to backgrounds in which they are 

detrimental, whereas asexual organisms form these in associations and thus are able to 

adapt more quickly. The presence of multi-dimensional epistasis has been shown 

experimentally in Escherichia coli by examining the effect of beneficial mutations in 

evolved and ancestral populations, with some mutations showing varying fitness 

effects depending on the genetic background (Elena & Lenski, 2001; Remold & 

Lenski, 2004). 

 

1.3.6 Organism-Specific Costs 

 

As well as general costs to sex, there are more organism-specific costs. In 

Potamopyrgus antipodarum, a freshwater snail used by a number of groups to study 

the Red Queen hypothesis (Jokela et al., 2009; King et al., 2009; Lively, 1987), 

asexual individuals are triploid, while sexual individuals are diploid. This leads to a 

higher phosphorus and nucleic acid content in asexual than sexual individuals 
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(Neiman et al., 2009b). Interestingly, RNA content was also raised by a similar 

amount, suggesting that the genome expression patterns have not adapted to triploidy 

as polyploidy is generally expected to lead to haplome inactivation (Pala et al., 2008). 

Though the authors do not show a selective effect of the need for more phosphorus in 

this organism, there is evidence that phosphorus can be a key evolutionary driver 

(Elser et al., 2003; Elser et al., 2000). It can be expected that many organisms will 

show lineage-specific costs and benefits of sex, depending on their own niche. 

 

1.3.7 Summary 

 

As can be seen from the above arguments, the costs of sex are quite high, and 

stem from several disparate sources. Well controlled studies for the cost of sex in 

natural environments are rare (but see (Bierzychudek, 1987; Jokela et al., 1997)), and 

it is unclear how these varying costs combine to form the overall cost. There is a need 

for more experimentation in order to translate theory into empirical results. 

 

 

1.4 Hypothesised Benefits of Sex 

 

 The many costs of sex require a large selective benefit to overcome, and a 

large body of theory exists that attempts to show how sex can overcome these costs. 

Meirmans and Strand (2010) take a historical perspective on the field and find two 

recent periods where the evolution of sex was under intense debate: The period 

spanning the mid-1970s to 1982 where the three major books on sex were published 

by Williams (1975), Maynard Smith (1978) and Bell (1982) and the second period 
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following the publication of West et al‘s (1999) call for a pluralistic approach to the 

evolution of sex. Meirmans and Strand (2010) use Levins (1966) framework of 

scientific desiderata to discuss the desired goals in explanations for sex of maximizing 

generality, precision, and realism. These three goals often result in a trade off and thus 

different authors have emphasised them differently. They note that there is a need to 

keep these three desiderata in mind when discussing the varying hypotheses for the 

evolution of sex. 

 

The theories about the benefits of sex can be broken down into two main 

divisions, those that provide an immediate benefit, and those which rely on an indirect 

fitness benefit gained by increasing the variance of the fitness of the offspring 

(Kondrashov, 1993). The direct benefit hypotheses are much less common and often 

taxon specific and so I shall deal with them first. 

 

1.4.1 Direct Benefits 

 

 Direct benefits of sex give an immediate advantage to the offspring, rather 

than relying only an effect due to the increase of genetic variation induced by sex. 

This leads to more obvious, but often less generalizable benefits. This is due to the 

fact that many of the direct benefits appear to be secondary adaptations or lineage 

specific.  

 

The most obvious direct benefit of sexual reproduction is the presence of two 

parents. In many organisms with parental care, two adults can raise offspring much 

more successfully than those with only one. A study of house wrens showed a 
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reduction in number of surviving chicks of 63% caused by removing male parents 

(Bart & Tornes, 1989). Obviously this is a quite restrictive argument, as many 

organisms do not provide parental care, or only provide care from the mother. In 

addition sexual reproduction evolved well before parental care. The benefit is likely a 

secondary adaptation to the presence of two parents, rather than an example of a 

general advantage to sex. 

 

 An interesting argument has been made that the presence of sex allows the 

offspring of a parent to be ―preselected‖, producing offspring with a higher mean 

fitness than expected, by a method much less costly than raising them to term. One of 

the first models of this was produced by Trivers (1972), who claimed that the 

production of sperm and migration in the female reproductive tract was a way of 

weeding out unfit sperm and thus increasing the mean fitness of offspring. While this 

was initially rejected as fanciful, empirical evidence in Aspergillus nidulans supports 

the general idea (Bruggeman et al., 2003). Bruggeman et al. show that sexually 

produced spores of A. nidulans contain fewer detrimental mutations than mitotically 

produced spores. The authors accumulated mutations in sexual and asexual lines for 

40 generations and then measured lifecycle time. The asexual lines had a significantly 

higher rate of fitness loss (a mean fitness of 0.973 for sexual lines as compared to 

0.961 for asexuals). The results were explained with reference to a ―selection arena‖ 

present in the production of sexual spores. It is known that sexual spores in A. 

nidulans require a much higher supplement of nutrients when auxotrophic in order to 

grow than asexual spores, and the authors hypothesise that this leads to new sexual 

mutants being lost before any significant resources are spent on them and a higher 

fitness of released spores. The Glomeromycota, asexual arbuscular mycorrhizal fungi, 
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have evolved a similar method of reproduction in which multiple nuclei enter a 

nascent spore, with the most fit nuclei surviving. Jany and Pawlowska (2010) interpret 

this as preselection to clear detrimental mutations from nascent spores. The argument 

of Trivers (1972) is also generalizable to all organisms which undergo syngamy: they 

pass through a haploid phase, potentially strengthening selection against otherwise 

recessive mutations. 

 

 A third hypothesis states that sex allows DNA damage to be more effectively 

repaired, due to the crossing over of sister chromosomes during meiosis. The presence 

of biased mutations is critical for these theories; if most deleterious mutations are 

deletions then meiosis allows repair by biased gene conversion (Bengtsson, 1986). 

Other theories state that incorrect methylations or insertions are the cause, and that a 

similar process is involved in the repair of the lesions (Holliday, 1988). While there is 

data to show that repairs of double strand breaks occurs during meiosis (Cahill et al., 

2006), there is little evidence to show that large scale deletions and insertions are 

repaired (Kondrashov, 1993). The data appear to point to meiosis causing more 

problems in these situations if the repair is carried out in the wrong direction, even 

very rarely (Bengtsson, 1990). It is unclear why sex is required for the repair 

mechanisms, all that is required for the system to work is a diploid organism, with 

occasional mitotic recombination. It is possible that this repair system is a secondary 

adaptation of the meiotic machinery needed to undergo sex and form chiasmata 

(Roeder, 1995). 

 

 In general, the direct benefits of sex are very lineage-specific, and while 

selectively advantageous to the carrying organism, do not pass the test for generality. 
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It is likely that these benefits are lineage specific adaptations following the evolution 

of sex in order to reduce its detrimental effects, or to increase some of its benefits. If a 

general explanation for the evolution of sex is to be found it is more likely to be an 

indirect benefit. 

 

1.4.2 Indirect Benefits 

 

 Indirect benefits of sex result from the effect of sex increasing genetic 

diversity. It is clear that the net effect of sex from a population genetic view is the 

breaking down of linkage disequilibrium, or associations, between alleles at different 

loci thus creating a population with a more random distribution of genotypes. In order 

to gain a selective advantage from this effect, most have argued that the increased 

variance in fitness of the offspring is advantageous (Burt, 2000). The problem with 

this argument is that it is susceptible to arguments from group selection. While it is 

easy to see from a long term or backwards looking perspective that a larger variance 

in offspring results in a larger fitness gain over the long term, there is not necessarily 

a short term advantage to individuals. Thus, most theories have attempted to derive a 

short term, individual based benefit for sex. 

  

If the net effect of sex is to reduce associations between loci, where do these 

associations come from? In order for sex to be beneficial, the mean fitness of the 

randomised offspring must be higher than that of the pre-existing associations. 

Linkage disequilibrium must be negative: certain gene combinations must be 

underrepresented in the population, and these must be more fit than average (Maynard 

Smith, 1978).  
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The benefits related to increased variance of offspring can be broadly grouped 

in several ways. Here I will present some of the classic models grouped into 

environmental and non-environmental based theories. For non-environmental based 

theories there are two major sources of negative linkage disequilibrium, drift and 

epistasis. In the Fisher-Muller hypothesis and the Hill-Robertson effect the cause is 

drift due to new mutations and selection, in the mutational deterministic hypothesis, 

the cause is epistasis (Kondrashov, 1993). For environmental based theories, spatial 

heterogeneity means individuals with more variable offspring are fitter. In general, 

non-environmental based theories have a higher generality but lower precision and 

realism than non-environmental based theories (Meirmans & Strand, 2010).  

 

1.4.2.1 Non-Environmental based theories 

 

1.4.2.1.1 Fisher-Muller 

 

 The prolific population geneticist, R. A. Fisher, was one of the first thinkers of 

the modern synthesis to treat sex as a trait which needed explanation. In his book, The 

Genetical Theory of Natural Selection (Fisher, 1930), he proposes that sex is adaptive 

as it allows the population to bring together several independently occurring 

beneficial alleles into a single individual, thus allowing the response of the population 

to natural selection to be greater. In contrast, an asexual population will have its new 

mutations occurring in negative linkage disequilibrium due to the stochastic nature of 

mutation. This results in asexual lines carrying single beneficial mutations, relying on 

nascent mutations to accumulate multiple beneficial mutations. In 1932, Muller 
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published an article (Muller, 1932) discussing the adaptive benefit of sex. Muller 

outlined the same ideas that Fisher had, and introduced the idea of clonal interference, 

that not only will the asexual lineages be unable to recombine the beneficial mutations 

together, they will compete against each other, causing the fixation of the most fit 

clone to slow down as the mean population fitness increases. 

 

 Thus, in a sexual population any mutation can be recombined into any other 

possible genotype. This leads to all beneficial mutations acting independently without 

any interference between them, and allows a rapid construction of the most fit 

genotype. In contrast asexual evolution thus depends heavily on the background in 

which it occurs (see Peck (1994) for a similar argument). If a beneficial mutation 

occurs in the background of a poorly adapted individual it may not be able to spread, 

and even if occurring in a relatively fit individual will need to compete with other 

beneficial mutations to fix. The exact effects of sex in this scenario depend heavily on 

mutation rate and the fitness effect of mutations.  

 

 The argument was first properly quantified by Crow and Kimura (1965), 

where they discussed several of the needed assumptions for it to work. The first was 

that the number of mutations segregating in the population needed to be high. If every 

mutation was fixed before the next occurred, either due to a low mutational supply, 

high fitness benefit, or small population size, then sex was of no benefit. They 

predicted that sex would be most beneficial in large population sizes with many 

possible beneficial mutations, each with a relatively small effect on fitness. John 

Maynard Smith, in reviewing this argument (Maynard Smith, 1968) found that in an 

infinite population the advantage to sex evaporates, as the mutations can easily co 
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occur in the large asexual populations. In addition, he found that the Crow and 

Kimura model did not allow for recurrent mutations, and so overstated the advantages 

of sex. The resulting discussion on population sizes, mutational effects and supply 

spanned many years and publications, for an excellent synthetic review of this debate, 

see Felsenstein (1974).  

 

The current status of this theory still revolves around the supply of mutations, 

their relative fitness effect and population sizes. There is also a disagreement as to the 

relative effects of detrimental and beneficial mutations. These are all parameters 

which are in dire need of experimental determination. For a good treatment of the 

current state, see Gerrish and Lenski (1998), and a more quantitative treatment in 

chapter two. 

 

 A related model was raised by Hill and Robertson (1966). This model states 

that negative linkage disequilibrium at a locus can be caused by selection at another 

locus reducing the effective population size at the first locus. While this effect has 

been widely cited, Felsenstein (1974) showed it to be mathematically identical to and 

contained within models of the Fisher-Muller hypothesis. The substantial difference 

between verbal arguments for the two mathematically identical models shows the 

need to properly mathematically analyse the full effects of a hypothesis. 

 

1.4.2.1.2 Muller’s Ratchet 

 

Muller‘s ratchet is a theory taking into account the effect of detrimental 

mutations, proposed by Muller (1932) and expanded on in 1964 (Muller, 1964). The 
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theory is conceptually simple: Imagine a finite asexual population exposed to 

mutation. As detrimental mutations are much more common than beneficial mutations 

(Eyre-Walker & Keightley, 2007), after a finite time, the best adapted individual in 

the population will receive a detrimental mutation and have its fitness reduced. This is 

one ―click‖ of the ratchet. The population will be unable to clear the mutations in the 

absence of recombination and with each click the fittest individuals lose fitness, until 

extinction in a mutational meltdown (Gabriel et al., 1993). In a sexual population, the 

ratchet does not click, as the mutations can be segregated out to reconstruct the most 

fit phenotype. The model however requires several conditions to be met, if the 

mutation rate is very low, or the population size very high, the ratchet will take a very 

long time to click, as the mutations may be cleared by selection before a second can 

occur. It is a stochastic process and thus relies heavily on factors such as mutation rate 

and population size. For a more quantitative treatment, see chapter two. 

 

1.4.2.1.3 The Mutational Deterministic Hypothesis 

 

 The mutational deterministic hypothesis (reviewed in (Kondrashov, 1988, 

2001; Kondrashov & Crow, 1988)) was initially formulated by Kondrashov (1984a). 

The model is based on the clearance of deleterious mutations. It takes on Muller‘s 

argument (1950) about the clearance of mutations and finds a way to clear them in 

sexuals much faster than asexuals, overcoming the two fold cost if certain conditions 

are present (Kondrashov, 1988). These are that U, the detrimental mutation rate per 

genome per generation must be greater than 1, and that detrimental mutations must act 

with synergistic epistasis. This means that an organism with one detrimental mutation 

must suffer a larger fitness cost from a new detrimental mutation than one which has 
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no pre-existing mutations on average in the absence of threshold selection. If these 

conditions are met, then each time an organism dies due to mutations it will reduce 

the load of the population by taking several mutations with it. This is a deterministic 

theory – there is no need for drift, population size or other stochastic processes if the 

conditions are met. The hypothesis produces two strong predictions about epistasis 

and mutation rate, and thus has been a favourite for testing (reviewed in chapter two), 

but no clear consensus on whether these conditions have been met exists.  

 

1.4.2.2 Environmental Based Theories 

 

 Efforts to bring the problems of sex into more realistic scenarios have led to 

theories for the benefits of sex based on environmental conditions. These theories are 

not as universal as the non-environmental based ones, as they require more initial 

conditions to be met, and as such may not be as likely to provide a universal benefit of 

sex. However, the models presented below do not require overly restrictive scenarios 

and thus are at least potentially universal. 

 

1.4.2.2.1 The Red Queen 

 

 The Red Queen effect is one of the most popular theories and is seen by 

several commentators as one of the most likely explanations for the evolution of sex. 

It was first proposed as a general evolutionary law by van Valen (1973) and 

subsequently modified by Bell (1982) to relate to sex. The theory posits a lock and 

key mechanism of parasitism – each host genotype ―lock‖ requires a parasitic 

genotype ―key‖. In the presence of parasites, the most common genotypes will be 
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targeted and suffer a large fitness cost. By recombining alleles with sex, the parents 

produce rare genotypes which the parasite cannot target. The parasite population is 

then selected to adapt the new ―key‖ at which point a new, rare host genotype will be 

favoured leading to an endless arms race between host and parasite. Due to the short 

term life cycle of parasites, it is suggested that the host will be under constant 

selection to change its lock, and sexual reproduction causes locks to change more 

quickly than asexuality. This leads to the host constantly adapting to stay at the same 

fitness level, with frequency dependent selection causing rare genotypes to be fitter. 

There are several promising studies showing the red queen effect occurring in nature 

(Hakoyama et al., 2001; Lively, 1987; Moritz et al., 1991) but the model requires a 

severe cost of parasites, and this may not be the case for the majority of taxa. Curt 

Lively and his group have made a concerted effort to test the Red Queen effect, 

largely using Potamopyrgus antipodarum snails; for a review see Lively (2010). 

 

1.4.2.2.2 The Tangled Bank 

 

 The tangled bank model (reviewed and thoroughly modelled in (Koella, 

1988)) derives its advantage from spatial environmental heterogeneity (Maynard 

Smith, 1976; Maynard Smith, 1978; Williams, 1975). This model shows that sexual 

individuals can out compete asexual individuals if there are many diverse niches to be 

filled (as in Darwin‘s tangled bank analogy (Darwin, 1859)) by reducing sibling 

competition. The sibling competition is reduced as the sexual offspring are all slightly 

different genetically and thus more able to fill the diverse niches. The model needs 

quite restrictive parameters to be valid however, such as randomisation of the niches 

at each generation, no constant correlations between any niche parameters, and only 
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one gene must be involved in specialisation to each niche parameter (Maynard Smith, 

1978). There is also an assumption that specialisation to varying niches is genetic and 

definite, there is no room for behavioural plasticity. Thus this hypothesis is in general 

no longer favoured. 

 

1.4.2.2.3 The Lottery Model 

 

 A similar model, dubbed the lottery model was also proposed by Williams 

(1975). This model depends on temporal heterogeneity in that niches for offspring 

appear only sporadically, and there is a large competition for each single niche. This 

is best envisioned as competition for a newly arisen opening in a forest canopy. The 

lottery model states that a sexual organism will produce many offspring with differing 

genotypes, maximising the chances of producing one which will by chance be a best 

match for the new space arising. In contrast the asexual organisms can only produce a 

number of clones, all of which will be identical. This is analogous to asexual 

organisms buying many copies of a single ticket for a lottery while the sexual 

organisms buy many different tickets. This model depends heavily on there being 

strong genetic variation for fitness in a spatially heterogeneous environment. The 

fitness schemata must be heavily biased towards the most fit individuals – if 

numerous winners are possible the advantage to sex collapses. 
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1.4.3 New Models 

 

In addition to the classic theories, there has been of late an explosion a number 

of differing theories for the evolution of sex, largely based on computer modelling. 

Here I will review some of the more interesting ones. 

 

1.4.3.1 Random Assortment 

 

  Kirkpatrick and Jenkins (1989) created a mathematical model to show an 

advantage of random assortment of chromosomes, one of the more neglected parts of 

sex. They gave the argument that in the absence of random assortment it is much 

harder for an asexual diploid to become homozygous for a beneficial allele than for a 

sexual. This is best envisioned by imagining the time taken for a new beneficial 

mutation to arise on an asexual chromosome and then fix in the heterozygous state. In 

order to fix homozygously, the mutation would need to occur on the sister 

chromosome as well, a process that could be expected to take as long again. In the 

sexual population, the allele would rapidly fix homozygously. For certain values of 

dominance of the new mutations and selection effect, the authors show that sexuals 

can gain a benefit superior to that of the two fold cost. 

 

 Wiener et al. (1992) critically examined and remodelled Kirkpatrick and 

Jenkins 1989 paper and identified the key assumptions it rested on. The first was that 

each beneficial mutation was assumed to be occurring independently of any others, so 

that only one locus was considered at a time. The second assumption was that there 

was a constant supply of relatively strong beneficial mutations available to the 
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population. The third assumption was that the sexual and asexual populations were 

independent, rather than co-occurring. Taking into account these three assumptions, 

Wiener et al. created a new model with co-occurring sex and asex and observed the 

frequency with which each drove the other extinct. Even when started at 99% and 

under the most favourable conditions, sex only fixed in around 10% of the trials. 

 

 Mandegar and Otto (2007) revisited this model, incorporating the known 

phenomenon of mitotic recombination. Mitotic recombination is the process by which 

one homologous chromatid converts part of another to its own sequence by 

recombination during mitosis creating a homozygote at a particular locus. They 

showed that when the mitotic recombination rate was two fold higher than the 

beneficial mutation rate, the advantage of sex from random assortment was halved, 

and when it was 10 fold higher, the advantage of sex was only 2%. Given that the 

beneficial mutation rate in yeast is around 10
-5

 (Zeyl & de Visser, 2001) and this 

paper calculates the average yeast mitotic recombination rate as 0.8×10
-4

 any 

advantage of sex from random assortment is likely to be infinitesimal.  

 

These three papers show the strength of taking a simple model, testing some 

its initial assumptions, and then integrating it with experimental data. Under more 

realistic conditions, the predicted advantage of sex changed from more than two fold 

to much less than 1%. There is a need for more of these studies in the theoretical field. 
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1.4.3.2 Ruby in the Rubbish 

 

  Peck (1994) proposed a model incorporating Mullers ratchet and the Fisher 

Muller theorem which he called the ―ruby in the rubbish‖ model. This model looks at 

the fate of rare beneficial mutations and calculates the probability of fixation of them 

under varying conditions in sexual and asexual populations. Mullers ratchet predicts 

that asexual populations will show a large number of individuals which have 

detrimental mutations, and Peck asserts that as they have a fitness of less than the 

population average, they are essentially genetically dead. If a beneficial mutation 

(ruby) occurs in one of these individuals (rubbish) then it will only be able to fix if the 

benefit can outweigh the load in the rubbish background. In contrast in a sexual 

population there will not be as much load, and even if a beneficial mutation occurs in 

such a background, it is free to recombine away and eventually fix. This model is 

analogous to asexuality causing a reduced population size in which beneficial 

mutations can occur. 

 

1.4.3.3 Sexual Selection 

 

 Hadany and Beker proposed a model where sexual selection for more fit males 

by females causes a benefit to obligate sexuality over both asexuality and facultative 

sexuality (Hadany & Beker, 2007). They model a population which reproduces by sex 

or asex in the face of deleterious mutations. Every generation selection is applied 

proportional to the number of mutations and then sex or sex is undertaken. The males 

have another selection applied, by calculating fitness during the sexual cycle related 

to the number of mutations they carry and a constant used to simulate sexual 
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selection. The authors show that under biologically plausible mutation rates, sexual 

selection pressures and environmental fluctuations, sex is beneficial even in the face 

of high costs. This is due to a large number of mutations being lost in the unmated 

males, a form of truncation selection. This is one of few models in which sex and asex 

competitors are mixed and sex shows an advantage.  

 

Whitlock and Agrawal (2009) review the empirical literature to determine the 

state of theory and evidence relating to sexual selection providing a benefit to sex. 

They find that although theory predicts an advantage, the evidence is at present too 

light to support it. 

 

1.4.3.4 Abandon Ship Hypothesis 

 

 One of the more interesting models treats the evolution of sex from a 

recombination modifier genes perspective. Hadany and Otto (2007) construct a model 

where a gene for inducing sex when in a low fitness host competes in a mixed 

population against obligate sexuals and asexuals. The model is dubbed the ―abandon 

ship hypothesis‖ or fitness associated sex, as the facultative sex allele segregates away 

from a bad background. Although the plausibility of an allele that can both sense 

fitness and cause sex is low, the system gels with the many facultatively sexual 

organisms that only undergo sex under harsh conditions (e.g. aphids, yeast). The 

model shows that even under quite high costs of sex, the allele can persist and fix. The 

evidence and previous work on fitness associated sex is reviewed by Hadany and Otto 

(2009). They note that although fitness associated sex counter-intuitively speeds 

adaptation more when sex is more costly (through an increased loss of less fit 
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individuals), it can not provide an explanation for obligate sexuality. In fact if fitness 

associated sex has arisen, it is more difficult to fix obligate sexuality than if the 

population was initially asexual. 

 

1.4.3.5 Summary 

 

  These models and arguments are all very interesting, but are based very 

heavily on a mathematical understanding of sex, and suffer from a severe lack of 

empirical data. In Meirmans and Strands‘ schema (2010) they lack generality and 

precision. The lack of understanding of how different models interact and the often 

substantial differences between verbal and mathematical models show that there is an 

urgent need for a pluralistic approach to sex (West et al., 1999). The major models 

need to be integrated and major environmental and organismal parameters need to be 

understood. 

 

 

1.5 Experimental Tests of Sex 

 

In order to gain empirical insights into the evolution of sex, a number of 

studies have been undertaken. Most of these studies utilise the powerful method of 

experimental evolution, and thus it is necessary to give a brief introduction to this 

field. 
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1.5.1 Experimental Evolution 

 

Experimental evolution as a technique for exploring hypotheses is a relatively 

recent innovation in evolutionary biology. The basic premise is growing a population 

of organisms in a known environment in the lab or field over multiple generations and 

observing the response to selection in order to ask and answer questions about the 

mechanisms of evolution and adaptation. The majority of current studies use micro-

organisms, due to short generation time, the possibility of large population sizes and 

the ease of growth, but a number of studies have been undertaken using plants (Roles 

& Conner, 2008), insects (Flexon & Rodell, 1982), and other animals (Morran et al., 

2009). 

 

The history of experimental evolution can be traced back to ancient times – 

selective breeding of domesticated plants and animals is in effect a long term protocol 

for adapting the selected strains to the growth conditions and has been undertaken 

since domestication began approximately 12000 years ago (Salamini et al., 2002). 

However, the literature on breeding is not in general particularly concerned with 

evolutionary change, and tends to focus on methods to quickly optimise a desired 

trait, rather than understand how and why the optimization comes about. The 

experiments are often not controlled to give good answers to evolutionary questions. 

There is, however, a good amount of data about responses to selection, and the 

genetic basis of trait variation relevant to the evolutionary process, Bell (2008) 

provides a good summary of what we can infer from evolution from the breeding 

processes. 
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Experimental evolution as a technique was started by Dallinger (1878). He 

constructed an apparatus to expose microorganisms to a steady increase in heat over 

time, and determine how well adapted they came to be. Dallinger was remarkably 

ahead of his time – he gave direct empirical evidence for evolution while Darwin was 

still alive and lamenting the lack of direct evidence for his theory. It is unclear why 

Dallinger‘s results were not seized upon as evidence; perhaps it was due to the lack of 

understanding of microbial biology and genetics leading to the question of whether 

the results could be applied to ―higher‖ organisms. Once his experiments ceased, few 

direct selection experiments were carried out until many years later. 

 

The major microbial experiments of modern times were started by Richard 

Lenski in 1988 (Lenski et al., 1991). The experiment is remarkably simple – 12 

replicate populations of E. coli B were set up in a simple liquid media, and incubated 

for 24 hours. 1% of each population is then transferred to a new flask, and the process 

continued ad infinitum. A 1% dilution per day is calculated as being equivalent to 

Ln(1/0.01)/Ln(2) doublings, roughly 6.6 per day. This number is then used as the 

average number of generations undergone by cells in the culture. Obviously not all 

cells have undergone this number, but it is a good estimate for evolutionary time.  

 

Stored lines can be analysed in a number of ways. To give a measure of 

adaptation to the environment, Lenski uses a competition assay (Lenski et al., 1991). 

The evolved population is mixed at a given ratio with a marked ancestral population, 

and grown in the media it was evolved in. After the standard 6.6 generations of 

growth, the resulting population can be plated out, and the number of ancestral and 

evolved populations identified by colony colours. A comparison of the initial and 
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final ratios of ancestral:evolved can be used to give a per generation fitness value, 

which can be expressed in terms of ancestral fitness. In general, these values can 

either be given as m, known as the Malthusian parameter, a logarithmic measure of 

relative fitness, with the ancestral type set to 0, or w which is analogous to the 

traditional Darwinian fitness given by population geneticists, where 1.00 is the 

ancestral fitness and 1.1 denotes a 10% growth advantage per generation. 

 

The simple methods of adaptation, storage and competition assays to 

determine fitness have led to a rapidly growing use of the method by numerous 

researchers. Buckling et al. (2009) show a massive increase in the number of citations 

of experimental evolution over the last 20 years. Authors have taken the basic 

framework and adapted it to their own needs, and the multitude of variations on the 

simple theme has become very large. For general reviews of the wide field, see Bell 

(2008) and Buckling et al. (2009) and for a S. cerevisiae specific review, see Zeyl 

(2006). 

 

1.5.1.1 Criticisms of Experimental Evolution 

 

There are a number of general criticisms of experimental evolution as a 

technique which have been raised by numerous authors. A number of these criticisms 

are valid, however none are fatal to the technique. 

 

The first is that adaptation to an environment in a test tube is a gross 

oversimplification of evolution in the real world. A standard experimental protocol 

involves taking a uniform population of microbes, exposing it to a new environment, 
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mostly with a nutrient limitation or harsh environmental conditions. The experimenter 

then follows the course of adaptation. This is definitely an oversimplification of the 

real world – a natural occurrence will almost never take an organism and expose it to 

a completely novel environment with a small number of new stressors. The natural 

environment has a bewildering array of selection pressures, predators, food sources 

and environments, completely eclipsing in complexity any experimentally contrived 

environment. The response is that in order to understand a complex system, it is often 

necessary to take it apart into its more simple constituents. The simplicity of the 

experimental set up is a boon in this case: we are using a simpler system, not as a 

means in itself, but in order to attempt to better understand the more complex realistic 

situation. Population genetics has long been maligned by critics as ―bean bag‖ 

genetics (de Winter, 1997), but it has given a number of useful results despite its 

simplicity. I suggest that the analysis of simplistic systems has led to a better 

understanding of the natural environment, and with more complex and realistic 

experiments being undertaken will lead to a more integrative approach to evolutionary 

understanding. 

 

The second argument is that the majority of experiments are somewhat 

contrived: The scientist is aiming to find a particular result and the experiment can be 

set up so as to produce only what is expected to happen, such as an increase in 

frequency of a single beneficial mutation. These are legitimate criticisms. The 

challenge to an experimenter is to produce a system which can test their hypotheses 

without predetermining the outcome by choice of experimental protocol. Lenski, in 

his long term evolution project has shown that as well as the expected adaptation, a 

number of unexpected results can arise (such as use of a new carbon source (Blount et 
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al., 2008), parallel mutations (Crozat et al., 2010) and altered mutation rates (Barrick 

et al., 2009; Sniegowski et al., 1997)). 

 

A third objection is that results found in microbial systems will not necessarily 

apply to ―higher‖ multicellular organisms. It is known that mutation rates (Drake et 

al., 1998; Kondrashov & Kondrashov, 2010), the sign and degree of epistasis 

(Sanjuan & Elena, 2006), smaller population sizes, gene network linkage (Elena & 

Lenski, 2001) and gene number all correlate with so-called complex organisms. It is 

possible that what is seen in experimental evolution experiments is not what would 

happen in higher organisms. This is true, but it is useful to use microorganisms as 

model systems and then to evaluate the differences. It is hard to argue that our 

knowledge and understanding of epistasis, for example, has been hindered by the 

number of studies undertaken on it in microorganisms. The understanding has led to 

better predictions about the way it can be expected to work under higher organisms. 

Empirical data, informed by knowledge about the differences we can expect to see 

can lead to more sensible experimental design, and more careful extrapolation. 

 

Critics of adaptationism also argue that the design and assumptions behind 

experimental evolution lead deterministically to adaptationist outcomes (Gould, 

2002). Most of the experiments undertaken analyse the short term adaptive response 

to a new or dramatically altered environment. The choice of media, organism and 

protocol are deliberate in order to maximise the amount of short term evolutionary 

change. This is in general a valid criticism – there is still a lack of data about the 

relative rates of change in the natural environment and thus the rate of evolution. The 

long term results of evolutionary stasis are not predicted to be as interesting to 
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researchers and thus are often neglected due to the long time frame and effort 

required. Lenski and his long term evolutionary studies attempt to address this, as do a 

number of other shorter studies. In this thesis, the differing predictions between stasis 

and adaptive evolution are explicitly tested, although on a relatively short time frame 

(300 generations). 

 

In addition, the question of the applicability of experimental evolution to 

macroevolution is often levelled at its proponents (Gould, 2002). The question as to 

whether macroevolution is simply a scaled up version of the microevolution seen in 

the lab is unanswered, and unfortunately potentially unanswerable. Lenski and co-

workers‘ (Blount et al., 2008) experiment showing the utilisation of a new, previously 

unused carbon source in one of his experimental lines has been hailed as 

macroevolution in the lab. It is unclear exactly what would need to be observed in 

order to claim the observation of macroevolution in the lab, many ―major transitions‖ 

(Maynard Smith, 1999) have already been seen – new traits (Blount et al., 2008), 

multi-cellularity (Rainey & Rainey, 2003), speciation (Dettman et al., 2007; Leu & 

Murray, 2006), gross genetic rearrangement (Adams et al., 1992; Dunham et al., 

2002), population diversification (Spencer et al., 2007), symbiosis (Sachs & Bull, 

2005) and many more. At present, I would argue that the evidence suggests that 

experimental evolution is likely to closely model macroevolution, although there are 

still valid counter arguments. 
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1.5.1.2 Benefits of Experimental Evolution 

 

As well as drawbacks, experimental evolution also has a number of benefits. It 

occupies a middle ground between traditional field experiments and population 

genetics. It holds the easy manipulation, reproducibility and generality of population 

genetics, while having avoiding the potential criticisms of lack of empirical evidence. 

The simple microbial evolution protocols are capable of evolving and viewing the 

complete evolutionary record of hundreds of generations in a few weeks to years, a 

timeframe that many field workers can only gain after many years of work (see for 

example the work of the Grants (Grant & Grant, 2007)).  

 

Traditional field work is unable to rigorously control the environment and 

needs to use the situations present in the natural environment, thus limiting the 

potential experiments possible and their reproducibility. Other than a small number of 

heroic efforts (fumigating (Simberloff & Wilson, 1969) or netting (Calsbeek & Cox, 

2010) entire islands, introduction of new predators (Gil-da-Costa et al., 2003)) and a 

few natural accidents (a road crew destroying a study site (Nosil, 2009)), the degree of 

control over the environment is very low. 

 

1.5.1.3 Caveats of Experimental Evolution 

 

One caveat with experimental evolution is that seemingly inconsequential 

choices can have large effects on the subsequent evolution of the populations. Wahl 

and co-workers (Campos & Wahl, 2009; Wahl & Gerrish, 2001; Wahl et al., 2002), 

detail the effect of dilution rate on fixation probabilities of mutations. Researchers 
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have long known that a bottleneck, as occurs during a daily transfer, has a large effect 

on population parameters (Fisher, 1930), however it was not until the relatively recent 

work of Wahl et al. (2002) that these effects have been properly parameterised for 

experimental evolution. Briefly, they found that in order to maximise the number of 

beneficial mutations fixing in the environment the percentage of transfer has to be as 

high as possible, with a couple of caveats. Thus the exact regime can have serious 

implications for the results of the experiments.  

 

Continuous culture also has its own pluses and minuses (Dykhuizen & Hartl, 

1983). The continuous culture enables a lack of bottlenecks, however, the long time 

spans spent in a single container can allow unintended side effects, such as adhesion 

to the sides of the flask to eliminate flowthrough and other alternate life strategies 

(Dykhuizen & Hartl, 1983). These problems raise what is known as Orgel's second 

rule, commonly attributed to Francis Crick: ―Evolution is cleverer than you are.‖ and 

the need to understand that although the populations are expected to evolve in order to 

maximise growth rate, anything that increases their Darwinian fitness will be selected 

for, and this can often be something which is not expected. 

 

Population size is another critical parameter in experimental evolution. The 

ease of growth of microbes can allow populations with an effective population size of 

many millions, or even billions. Many theories about evolution and especially the 

evolution of sex have different predictions for large, small and infinite population 

sizes. In a large enough population, Mullers Ratchet becomes inconsequential, as the 

time between the ―clicks‖ of the ratchet increase enormously (Barton, 2010a; Gabriel 

et al., 1993). Clonal interference, and the Fisher Muller theory are predicted to have 



 39 

their greatest effects at medium population sizes – too low population sizes allow 

single mutations to fix before more are available by mutation, and too high allow 

multiple mutations to occur in a single  background, reducing the need to segregate by 

sexual reproduction. In addition mutations are only visible to selection if the effect (s) 

is greater than 1/Ne. This leads to large populations being able to gain many more 

beneficial mutations of small effect while being less vulnerable to slightly detrimental 

mutations. 

 

The choice of environment for evolution is also a critical step. An 

environment to which the organism is well adapted will show a much different result 

than one in which it is subject to several stresses. In addition, the stresses are 

important: A simple environment may be able to be optimally adapted to in a few 

mutational events, leading to a lack of data about the effects of the particular 

treatment. Crozat and co-workers (Crozat et al., 2005; Crozat et al., 2010) have shown 

that in addition to environmentally dependent mutations, there exist mutations which 

are generally beneficial – these can be complicating factors in certain experiments. 

Many experimental evolutions adapt quickly at first, until reaching a plateau of 

fitness, at which point the beneficial mutations are much rarer, if present at all. 

Depending on the hypothesis being tested it is desirable to design the environment to 

give a greater or smaller number of mutations and thus generations to reach this point. 

Due to the intrinsic unpredictability of evolution (Gould, 2002) it can be hard to reach 

this balance. 
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1.5.1.4 Summary 

 

 In summary, experimental evolution is a powerful technique for investigating 

evolutionary hypotheses. As long as experiments are carefully designed and carried 

out, it is able to answer a number of previously intractable questions. 

 

1.5.2 Experimental Tests of Sex 

 

 While sex has been a problem in evolutionary biology for over a century, it 

has only very rarely been experimentally tested. There is a large literature on sex from 

an ecological viewpoint, but the problems with experimental manipulation and proper 

controls have made many of the studies ambiguous in their results. There are very few 

organisms which have easily controlled sexual and asexual phases, and thus most of 

the studies use closely related species, or correlations between clades of sexuals and 

asexuals. There are a number of known problems with these studies; one of the major 

criticisms is the lack of phylogenetic independence (Felsenstein, 1985). This occurs 

when authors such as Bell (1982) attempt to correlate ecological data with sex across 

phylogenies, where the variable of sex is not independent of the phylogeny. In 

addition they are unable to adequately control all variables except for sex.  

 

A number of studies have been undertaken which explicitly seek to test 

theories about the evolution of sex. Goddard ((2007) table 1), has reviewed studies 

which have directly tested ideas related to sex, and were properly controlled. Here I 

give a brief review of tests across a number of different clades. 
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1.5.2.1 Viruses 

 

 Viruses are not sexual organisms in the way which sex has been defined in the 

introduction. Nevertheless, Chao (1992) has reviewed the reproduction of segmented 

RNA viruses and argued convincingly that during multiple infection, the random 

assortment of the RNA segments is at least analogous to sex, and evaluated the 

consequences of this on their evolution. To a lesser degree, the recombination of non-

segmented viruses in multiply infected cells is also interesting. Malmberg recognised 

this fact (Malmberg, 1977), and used the bacteriophage T4 to test predictions about 

epistasis and the Fisher-Muller effect. He added phage to sensitive cells at differing 

densities to influence the recombination rate by causing different multiplicities of 

infection. By measuring the change in mean offspring per parental phage, fitness was 

determined and compared between treatments. The lines with the higher 

recombination rate showed significantly higher initial fitness gains, until apparently 

saturating after several generations, allowing the lower recombination lines to catch 

up. This is evidence for the Fisher-Muller effect. In addition, the epistasis of the 

mutations was determined by recombining the genome between lines, and shown to 

be synergistic as predicted by theory. 

 

 Chao (1990) used a segmented RNA phage, Φ-6, to show experimental 

evidence of Mullers ratchet. Φ-6 was cultured for 40 transfers with a bottleneck of 1 

phage, expanding to 8×10
9
 phage every transfer. The extreme bottleneck led to any 

detrimental mutations present in the single propagule being fixed, and the ratchet 

clicking extremely quickly. The resulting lines showed an average fitness loss of 

nearly 12%. To show that sex was of benefit, Chao et al. (1997) crossed the above 
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mutated lines by massive co infection and grew them for 100 generations without a 

bottleneck. The uncrossed parents showed a fitness gain of about 8%, probably from 

new beneficial mutations, while the outcrossed ones showed an 11.8% fitness gain, 

from new mutations and the clearance of the accumulated mutations. This shows that 

recombination is of a clear advantage when clearing mutations. To counter claims that 

the bottleneck was too extreme, Poon and Chao (2004) evolved Φ-6 under varying 

bottleneck sizes and compared recombination with non-recombination. They found 

that under 10
2
 and 10

3
 phage bottlenecks, recombination was of a clear advantage, but 

at 10
4
 there was no significant difference between the treatments, thus the advantages 

of recombination decrease with increase in population size. 

 

 While these studies are illuminating, it is unclear how relevant they are to sex 

as defined in the introduction. Φ-6 segregates as though it had only 3 loci (Poon & 

Chao, 2004), and thus any data on recombination in it need to be treated carefully. In 

addition, Φ-6 is expected to show no epistasis due to interacting genes being located 

on the same fragments (Poon & Chao, 2004), a significant disadvantage to the 

experiment. 

 

1.5.2.2 Bacteria 

 

Tests of the effects of sex in bacteria are rare, as they are almost always 

asexual. While there are pathways of gene exchange: transformation, transduction and 

conjugation, these are not strictly analogous to eukaryotic sex. However, Cooper 

(2007) investigated the Fisher-Muller effect, showing that recombination does indeed 

speed adaptation. He grew bacterial strains with and without the f plasmid, which 
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allows recombination (Ippen-Ihler & Minkley, 1986) with either high or low mutation 

rate treatments. After 1000 generations he found that the rec+ strains significantly 

enhanced the speed of adaptation, and gave a higher increase in the high mutation rate 

lines. This result is in line with predictions, as a higher number of mutations should 

increase clonal interference, thus giving a greater advantage to recombination. To test 

this he found a single beneficial mutation which had occurred in several lines, and 

tested the fitness of clones carrying this allele relative to those that did not. The clones 

that did not carry the allele were higher in fitness in the rec- lines, indicating clonal 

interference was occurring, making the new mutation compete against other beneficial 

mutations. This is very strong evidence for the Fisher-Muller effect. 

 

1.5.2.3 Metazoans 

 

 The most complex organisms which have had the effects of sex directly 

experimentally tested on them are Drosophila. Flexon and Rodell (1982) looked at the 

effect of constant selection for DDT resistance over several generations on the rate of 

recombination between neutral markers. By comparing selected lines with control, 

unselected lines they showed that the recombination rate was much higher in those 

under selection. This gives evidence that an allele which can modify the 

recombination rate can be beneficial (Hadany & Otto, 2007). A second study in 

Drosophila looked at the Fisher-Muller effect (Rice & Chippindale, 2001). They 

introduced a beneficial marker into two lines, and allowed the marker to recombine 

like wild type, or linked the marker to 80% of the genome by several means. 

Replicate populations were set up, with 20% of the marked strains and 80% 

unmarked, and the change in frequency of the strains was measured between the 
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recombining and non-recombining populations over 11 generations. The recombining 

and non-recombining individuals initially increased in frequency equally in their 

respective populations, but the non-recombining strains stopped increasing as quickly 

after six generations. The authors interpret this as being due to the marker being free 

to recombine together with new beneficial mutations and segregate away from 

detrimental mutations in the recombining lines, a confirmation of the Fisher-Muller 

effect. 

 

 A recent study looked at the effect of sex as opposed to asex on the mean and 

variance of fitness in a population of rotifers (Becks & Agrawal, 2011). If fitness is 

simply additive, then sex should have no effect on mean fitness, however if there are 

genetic interactions, such as dominance or epistasis, and linkage then sex will alter 

fitness as these associations are broken down. The authors found that sexually 

produced rotifers had a significantly lower mean fitness, as measured by lifetime 

reproductive output, indicating some genetic interactions present in the population. In 

contrast to theory, they found that the variance in fitness was also decreased in 

sexually produced offspring. This is unexpected, as sex generally serves to shuffle the 

gene pool, providing a higher degree of variation. This result is potentially 

explainable by the possibility that the rotifers contained substantial linkage 

disequilibrium when isolated from the wild, which continued on when propagated 

asexually, but was lost when sexual offspring were formed. This result does raise the 

need for more investigation into the effects of sex on wild populations, as many of the 

theories relating to the evolution of sex rely on an increase in genetic variation to 

work. 
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1.5.2.4 Eukaryotic Microbes 

 

 The most promising model systems for experimentally examining the effects 

of sex are Eukaryotic microbes. These have the advantage of being natively sexual (at 

least for part of their life cycle) which allows the testing of sex as defined by the three 

hallmarks, and of having very short generation times allowing the study of many 

generations in a relatively small amount of time. They are also able to be easily stored 

cryogenically, which allows the minute dissection of evolutionary changes which may 

occur and the replaying of the ―tape‖ of evolution. The two most common systems 

used are Chlamydomonas reinhardtii and Saccharomyces cerevisiae.  

 

1.5.2.4.1 Chlamydomonas reinhardtii 

 

 C. reinhardtii is a haploid, unicellular green algae.  Haploid gametes are 

produced once induced by nitrogen starvation. The gametes are one of two mating 

types, mt(+) and mt(-). Two gametes of opposite mating types fuse and form a diploid 

zygote which then undergoes meiosis to form two new haploid cells when nitrogen 

stress is removed and light is available for photosynthesis. These cells can undergo 

mitotic reproduction indefinitely or until starved again. The ability to starve the cells 

to induce sex or continue feeding them to continue asexual growth makes this a good 

model for investigating the effects of sex.  

 

 The first study to look at C. reinhardtii as a model organism for sex was 

published in 1996 (de Visser et al., 1996). de Visser et al. took two lab strains of 

opposite mating type and mated them, looking for an epistatic variance in fitness in 
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order to test the mutational deterministic hypothesis. The parents showed slightly 

different fitness as measured by growth rate and carrying capacity, and the offspring 

showed a wider range, but mostly fell in the middle of the two parents fitness. The 

mean was not significantly different, showing that the two strains had no 

recombinational load. Upon UV treating the strains to induce mutations, both lost 

significant fitness, however the mutated offspring now showed a lower mean than the 

mutated parents. This was interpreted as showing synergistic epistasis of the new 

detrimental mutations between the pre-existing mutations in the offspring and the new 

induced ones.  

 

da Silva and Bell (1996) attempted to test for sex causing an increase in the 

variation of fitness in offspring, as predicted by Weismann. They grew populations 

asexually for 500-600 generations without sex, and then put some lines through a 

round of sex. They then assayed either the entire populations for fitness, or individual 

clones to determine the variance in fitness in the offspring. While they found one out 

of three strains showed an increase in variation after sex as compared to a control, 

they did not find a trend, and the fitness of the sexual lines was not higher than the 

asexuals. This was likely due to the fact that the strains were already well adapted to 

the simple media used, a low mutation rate, and that only one round of sex was 

undertaken with no selection afterwards.  

 

To try and correct for these problems Colegrave et al. (2002) tried a similar 

experiment in more complex environments. They put lines through a round of sex, 

and then adapted them to several new environments for about 50 generations. In 

contrast to de Visser et al. (1996), they found an initial cost of sex, as the sexual 
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offspring had a reduced mean fitness relative to the parents, and in contrast to da Silva 

and Bell (1996) they found an increase in the variance in the offspring relative to 

asexual controls. After 50 generations adapting to the new environments, the sexual 

lines had regained their fitness to equal the fitness of the asexual lines, showing an 

increased rate of adaptation. The more complex environments did not see an increased 

rate of adaptation by the sexual lines as predicted. The single round of sex at the start 

of the experiment most likely did not produce sufficient variation for this to occur. 

 

 Kaltz and Bell (2002) investigated the effects of multiple rounds of sex on 

adaptation to new environments. They put the sexual strains through an initial round 

of sex, then grew them in a new environment, with one or two additional rounds of 

sex after several transfers. The sexual strains increased their fitness relative to the 

ancestors significantly more quickly than the asexuals, and those with two and three 

sexual cycles much more quickly than the single sexual cycle lines. There was no 

significant difference between the two and three sexual cycle treatments; which was 

explained by the pool of beneficial mutations being exhausted by the third treatment. 

By adapting the lines to single or multiple carbon sources, they were able to show that 

the speed of adaptation to the more complex, multiple carbon source environments 

was much quicker than the simple environments.  

 

 Colegrave (2002) investigated the effect of population size on the benefits of 

sex. As mentioned above, sex is only beneficial under the Fisher-Muller model if 

there is an adequate supply of beneficial mutations. If there is insufficient supply, then 

clonal interference will not occur, and if the population size is high enough, mutations 

will co-occur, making sex useless (Bollback & Huelsenbeck, 2007). Therefore, sex 
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should be most beneficial at intermediate population sizes. Colegrave evolved 

Chlamydomonas in a novel environment for 150 generations asexually under varying 

bottleneck regimes. The resulting asexual lines showed an increase in adaptation rate 

with population size, with a diminishing returns model as predicted by the clonal 

interference model. The treatments were then put through eight rounds of sex (or kept 

in the dark asexually as a control) and then grown for a further 50 generations at an 

equal population size for all treatments to try and make all beneficial mutations exist 

in each individual. The difference in fitness between the asexual lines and their sexual 

counterparts was positively correlated with population size, up to the maximum of 

10
6
. This is consistent with more beneficial mutations being present in the higher 

population size lines, previously causing clonal interference, but now co-occurring 

and increasing mean fitness.  

 

 Renaut et al. (2006) published an article examining the effects of sex in a 

benign environment, where no beneficial mutation was possible. They were expecting 

to see differences between sex and asex in the clearance rate of detrimental mutations. 

They grew sexual and asexual strains for 1000 generations, with 100 cycles of sex 

interspersed for the sexual lines. They did not find any significant difference in fitness 

between the sexual and asexual lines. This is probably due to mutations being too rare 

and being selected out of the asexuals before they have time to fix. Fitness was 

reduced by every round of sex, but was quickly made up by selection. The authors 

speculate that this may be due to a cost of their sexual protocol - which involves 

starving the sexuals, an inherent mutational cost of undergoing sex, or the sexual 

population being made up of several coexisting epistatic genotypes, which have a 

recombinational load between them. It is unclear which is the cause of the cost. This 
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study was further complicated by the sexual cycle becoming uncoupled to the normal 

starvation induction, so sex was occurring throughout the experiment and not able to 

be precisely controlled. 

 

 

1.5.3 S. cerevisiae as a Model System 

 

The other eukaryotic microbe commonly used to investigate the evolution of 

sex is S. cerevisiae. In any study using model organisms to probe biological reality, it 

is important to keep the idiosyncrasies and intricacies of the model in mind and be 

aware of how this might shape the results seen. 

 

Saccharomyces cerevisiae is a single-celled, ascomycete fungus. It has been 

used widely for baking and brewing, and is given the common name of baker‘s yeast, 

brewer‘s yeast or simply yeast. Technically the name S. cerevisiae only refers to the 

teleomorph (or sexual stage), the anamorph (or asexual stage) being properly called 

Candida robusta (Diddens & Lodder, 1942). This is almost always overlooked due to 

the complexity of fungal nomenclature, and C. robusta is only used extremely rarely. 

S. cerevisiae has been described as the oldest domesticated organism and has been 

found in baking and brewing artefacts dating back 9000 years (McGovern et al., 

2004). Yeast was first observed by Leuwenhoek (1676) and since the work of Pasteur 

showed in the 1850s and 1860s (Pasteur, 1876) that they were responsible for the 

fermentation seen in alcoholic beverages have been subject to a large amount of 

scientific interest. 
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Yeast genetics largely started with the work of Øjvind Winge, working in the 

Carlsberg Laboratory in Copenhagen, Denmark (for historical reviews, see Szybalski 

(2001) and Westergaard (1964)). He resurrected the strains left to him by Hansen and 

Klöcker (Winge & Hjort, 1935), and built on their work showing that the known 

spores of yeast were produced sexually (Winge, 1935) and showed Mendelian 

segregation (Winge & Laustsen, 1937). His laboratory is the source of many of the 

modern strains used in brewing and research. Research into yeast genetics has 

exploded in recent years, providing breakthroughs such as the first sequenced 

eukaryotic genome (Goffeau et al., 1996), resulting in a massive increase in 

understanding of basic molecular biology. 

 

As well as molecular biology, S. cerevisiae has recently become a model 

organism in evolutionary and ecological studies (Replansky et al., 2008), in the 

evolution of sex ((Goddard, 2007) and reviewed below), speciation (Delneri et al., 

2003; Kuehne et al., 2007) and sexual selection (Rogers & Greig, 2009).  

 

Sporulation in S. cerevisiae was known since 1839 (Schwann, 1839), however 

it was not until the work of Winge (Winge & Laustsen, 1937) that it was known to 

take place sexually. The presence of sex in yeast was at first disbelieved, but quickly 

showed its utility when applied to breeding for commercial strains. The ease of 

analysis of the sexual cycle and the lab amenability of yeast caused a large amount of 

research to be directed into the mechanisms of meiosis and mitosis. There is a large 

amount of literature detailing the mechanisms behind meiosis and the three hallmarks 

of sex, for reviews see (Petes et al., 1991; Roeder, 1995). 
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In contrast to the large amount of literature on the molecular biology of S. 

cerevisiae it was not until recently that the ecology and natural environment of yeast 

was probed in any detail. The natural environment which S. cerevisiae inhabits is not 

well known (Ezov et al., 2006; Naumov, 1996) and in order to understand the 

presence of sex in S. cerevisiae it is of interest to understand the frequency through 

which it goes through the sexual cycle.  

 

The mating system of S. cerevisiae is bipolar, consisting of two mating types 

(Ezov et al., 2010). A diploid individual is generally heterozygous at the mating locus 

(MAT) with both alleles of the gene present: MATa and MATα. Upon the induction of 

sporulation (by stress), the diploid cell undergoes meiosis, forming four haploid 

spores within an ascus (Figure 1.1A). The ascus keeps the spores together and with 

the inter-spore bridges contributes to inbreeding (Coluccio & Neiman, 2004). Upon 

germination, the haploid spores produce either a or α pheromone depending on the 

gene present. Spores of the opposite mating type respond to this pheromone by 

forming shmoos towards the source and eventually merging and undergoing syngamy 

with the cell of the opposite mating type to form a sexually produced diploid (Kurjan, 

2003), with the three hallmarks of recombination, random assortment and syngamy 

(Figure 1.1B). In the absence of the mating type pheromone the spores can undergo 

mitotic division and another gene (HO) is induced, leading to mating type switching 

from one mating type to the other via gene conversion from an alternate mating type 

cassette (reviewed by Haber (2003)). Once this conversion is complete, the switched 

cells can undergo syngamy with their non-switched counterparts. This process leads 

to autodiploidy, the cells being completely homozygous at every locus except for the 
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mating type. The HO gene can be knocked out and the resulting haploid lines can be 

grown mitotically indefinitely, this also leads to an increase in outcrossing rates.  
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Figure 1.1. A. Diploid cells, upon starvation form tetrads containing four haploid spores. Upon 

breaking open the tetrad wall, the haploid spores can be freed and grown mitotically. B. The 

three outcomes of syngamy: Outcrossing, where the spore mates with a spore from a different 

parent, Inbreeding where the spore mates with a spore from the same tetrad, and Autodiploidy, 

where a haploid spore grows mitotically and subsequently switches mating type, mating with a 

clone of itself. 

 

Thus there are three possible outcomes of sex in S. cerevisiae: autodiploidy, 

intra-ascus mating and outcrossing. Treatments exist in order to maximise outcrossing 

rate (Goddard et al., 2005), but it is of interest to find the natural relative rates of these 

outcomes. The relative rate can give an insight into whether S. cerevisiae is naturally 

sexual and how well the genome is likely to be adapted for sex.  
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1.5.3.1 Variation in Reproductive Mode 

 

It is known that many lab strains of S. cerevisiae are HO deficient 

(homothallic), and thus cannot undergo autodiploidy, however it is unknown whether 

this is a quirk of lab strains, which are not often called to undergo outcrossed sex, or a 

representative of what occurs under natural conditions. Thus, Ezov et al. (2010) 

isolated S. cerevisiae from wild populations and analysed them for heterothallism or 

homothallism (able or unable to switch mating types respectively). They found that of 

the 68 natural isolates tested 19 were homothallic, a surprisingly high percentage, as 

the vast majority of natural populations were assumed to be heterothallic. They 

suggest that these results indicate intra-tetrad mating is much more common and 

advantageous than autodiploidy, thus allowing the HO gene to become non-

functional. 

 

As well as autodiploidy deficient strains, obligately asexual strains have been 

found. In an earlier paper on S. cerevisiae from the same area, Ezov et al. (2006) 

found a number of polyploid individuals which were obligately asexual. Other 

variations in sexual mode have been found, such as isolates from pearl millet beer in 

Africa which are polyploid and appear to be dioecious (Al Safadi et al., 2010). These 

results show that there is a large amount of variation in reproductive mode in S. 

cerevisiae, and more work is needed to characterise native populations. 

 

Tsai et al. (2008) attempted to quantify the relative rates of the three outcomes 

of sex in Saccharomyces paradoxus, the sister species of S. cerevisiae. To do this they 

sequenced chromosome three from 20 isolates. They calculated a genome variance 
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due to mutation rate, and a mutational covariance due to recombination. By 

comparing these two measures, it is possible to calculate the ratio of mutations to 

recombination events (sex). They estimated population size and mutation rate, and 

found that the rate of sex is approximately once every 1000 mitotic generations. 

Chromosome three contains the MAT locus, and by comparing how the values differ 

close to and away from this locus, they could calculate the amount of autodiploidy, 

intra-tetrad sex, and outcrossed matings had occurred. They found that 94% of 

matings resulted in intratetrad mating, 4% autodiploidy and 1% outcrossed sex. This 

leads to an estimate of outcrossed sex as occurring once every 10
6
 generations. The 

results depend heavily on the estimates of mutation and population sizes, but can 

generally be taken to mean that S. paradoxus and thus likely S. cerevisiae is very 

heavily inbred. 

 

This result gels well with the study of Ruderfer et al. (2006), who carried out a 

similar analysis within S. cerevisiae. By comparing the SNPs within 3 strains of S. 

cerevisiae and inferring the ancestral sequence from S. paradoxus they calculated that 

only 300 outcrossing events had taken place between these strains since the split of S. 

cerevisiae from S. paradoxus, in which they calculated 16 million cell divisions had 

taken place, giving an outcrossing rate of 2×10
-5

. 

 

In contrast, Goddard et al. (2009) found a wide diversity of microsatellite 

genotypes in S. cerevisiae isolated from the environment, and gave an estimate of 

20% of matings resulting in outcrossed sex. Murphy and Zeyl (2010) criticise the 

analysis of Tsai et al. (2008) as being too dependent on the population size and 

mutation rate estimates, and of being unable to detect outcrossing which had occurred 
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between close relatives. They undertook a study where they took 6 wild strains of 

both S. cerevisiae and S. paradoxus, knocked out the HO gene and compared 

outcrossing rates within and between species. By micro-manipulating individual 

tetrads to touch, they obtained outcrossing rates of 40-42% of individuals within and 

between species, and by mass mating they obtained 26%, 13% and 9% outcrossed 

individuals of intra S. cerevisiae, intra S. paradoxus and between species respectively. 

These estimates give the total number of outcrossed individuals – to correct for the 

number of spores in a tetrad they reduced them to a quarter to give a lower bound on 

the total outcrossing rates. These rates of 7-10% are still much higher than those of 

Tsai et al. (2008), but it is unclear how often there are a number of cells in contact in 

the natural environment. 

 

Reuter et al. (2007) undertook a study comparing the outcrossing rate of S. 

cerevisiae asci in flasks with and without Drosophila melanogaster added. They 

hypothesised that the passage through the D. melanogaster gut would lead to a higher 

outcrossing rate than the control due to degradation of the ascus wall. They found that 

the control asci outcrossed at a rate of 0.2%, compared to 1.6% of the treated asci. It 

is unclear whether this is a result of selection for outcrossing when facing dispersal 

(predicted to be beneficial (Bell, 1982)) or a side effect of the harsh gut of the insect. 

The study leads to the speculation that the wild environment of yeast could easily 

contain other unknown factors which influence outcrossing rate. 

 

From these studies it is evident that there is a large amount of variation in 

reproductive mode in S. cerevisiae under natural conditions. They appear to be 

adapted to heavily inbreed, with estimates of frequency of outcrossed sex ranging 



 56 

from 1% to 22% of sporulation events. Sporulation itself appears to be rare, with 

estimates of once every 1000 generations. Thus although S. cerevisiae is sexual, there 

is not a large amount of sexual reproduction occurring under natural conditions. 

 

1.5.3.2 S. cerevisiae Specific Costs of Sex 

 

As yeast is isogamous, the two fold cost of sex does not apply. The costs 

associated with an extra cell division in meiosis and the extra genes and pathways 

required still apply however. 

 

Rabitsch et al. (2001) found that 600 genes were upregulated and 60 genes 

only showed knockout phenotypes in meiosis as mentioned above. The 60 genes 

consist of 1% of the genome, if these result in a fitness cost they could be expected to 

be removed by selection relatively quickly. If S. cerevisiae only undergoes sex every 

1000 generations as S. paradoxus does (Tsai et al., 2008) it is unclear how selection 

will keep these genes mutation free during mitosis. The HO gene which is only 

predicted to be needed 4% of this time again raises the same question, although as 

Ezov et al. (2010) found, it is inactive in some populations. 

 

Lang et al. (2009) attempted to analyse the trade-off between growth rate and 

mating in S. cerevisiae. They took a haploid (HO-) strain and selected for mutations 

which caused a loss of response to mating pheromone from the opposite mating type. 

They found that those cells which lost this response grew on average 2% more 

quickly in minimal media. This was due to a loss of gene expression in the 

downstream pathways. A single gene, GPA1 was shown to cause a 1% growth rate 
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advantage but a 30% decrease in mating efficiency. While this study provides an 

estimate to a cost of sex in S. cerevisiae, it is slightly unrealistic due to the focus on 

the haploid phase. As detailed above, most mating occur within the ascus, where it is 

unlikely a large amount of time is spent in the haploid phase under natural conditions. 

 

 

1.5.4 Tests of S. cerevisiae and Sex 

  

The first study using yeast to explicitly test ideas about sex was published in 

1996 by Birdsell and Wills (1996). They constructed heterozygous and homozygous 

strains of yeast of sexual and asexual lines. They constructed asexual lines by making 

the diploids homozygous at the mating locus. They mixed the sexual and asexual lines 

together at a 50:50 ratio and induced mating, then competing the strains for 25-50 

transfers. The results were confounded by the non-sporulated sexual strains out 

competing the asexual strains due to an inherent disadvantage of the homozygosity at 

the mating locus. The fitness effect was about 10%, swamping nearly all of the effect 

of sexual reproduction. Thus in all experiments, they found sex out competing asex. 

However, they were able to show the heterozygous lines showing a higher fitness rise 

than the homozygous lines in the sexuals, showing that sex is more beneficial when 

producing more variable offspring. 

 

 Zeyl et al. (1996) looked at the effect of sex on the spread of ty3 elements, 

mobile genetic elements present in yeast. Sex is predicted to encourage the spread of 

these elements, as the outcrossing involved allows spread into new genetic 

backgrounds. They used strains lacking ty3 and mixed them with a small amount 
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(1%) of strains carrying ty3. Sex and asex was manipulated by starvation to induce 

sex versus storage at 4˚C for asex. The strains were inoculated into new media and 

then put through several sexual or asexual cycles. They found overall an increase in 

ty3 elements in sexual lines, giving an example of a detrimental effect of sex. These 

results must be qualified however, as not all of the ty3 insertions showed a fitness 

cost, and it appears that several of the ty3 element gains and losses were effected by 

linkage to alleles undergoing selection to the novel galactose-based media. This 

experiment would be interesting to repeat in media where little or no adaptation was 

possible, to better discriminate the effects of sex. 

 

 Using the same galactose based media, Zeyl and Bell (1997) sought to test the 

relative effects of sex on beneficial and detrimental mutations by maintaining sexual 

and asexual lines on either galactose-based or glucose-based media to which yeast is 

poorly adapted and well adapted respectively. They kept the lines on the media for 

400-600 generations, interspersed with eight rounds of sex or being kept at 4˚C for the 

asexuals. They measured the increase in fitness at the end of the experiment and the 

difference between the treatments. The strains grown on galactose media all showed 

adaptation with no significant difference between sexuals and asexuals. These strains 

also showed no difference on the original glucose media. The strains evolved on 

glucose showed no significant increase in fitness on glucose, but the sexual lines 

showed a significant increase in fitness on galactose interpreted as due to clearance of 

detrimental mutations. These data suggest that there is no advantage to sex in adapting 

to these environments, but there is in clearing mutations that are detrimental in both 

environments. They then tried to trace the origin of adaptation to galactose by 

crossing the evolved strains and find that it was likely mostly due to a single mutation 
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of large effect. The lack of benefit of sex in segregating single genes likely explains 

why no benefit of sex was seen in galactose. It would have been interesting to see the 

fitness changes at various times throughout the experiment, it is possible that 

adaptation has essentially ended by 400-600 generations allowing the asexuals to 

catch up. 

 

 Greig et al. (1998) looked at the effect of sex when adapting to an 

environment with a temperature pressure. They took heterozygous and homozygotes 

and engineered asexuals by deleting IME1, a gene necessary for meiosis. The wild-

type and asexual strains were then plated on sporulation media together and after a 

period of time used to inoculate batch cultures which were then grown for 500 

generations at 37˚C. The sexual strains all showed a high initial fitness cost of sex, 

reducing to 10-20% from 50% in a small number of transfers. The heterozygotes 

showed a higher cost, consistent with recombinational load. The long term benefits of 

sex were high in the heterozygous backgrounds but not significant in homozygous 

lines. This is consistent with the idea that increased variance causes an increased 

response to selection. 

 

 Perlstein et al. (2007) took a new approach to studying the benefits of sex in 

yeast. They mated strains and then looked at their F1 spores for fitness under 

treatment with 10 different small-molecule perturbagens (SMPs). These molecules 

were chosen as mechanistically distinct challenges to the yeast, such as hydrogen 

peroxide and geneticin. They found that the parents had the highest generalised 

fitness, but that there were ―specialist‖ spores more resistant to each of the SMPs than 

the parents were. By applying graph theory to the spores and their fitness changes, 
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they predict that the network is scale free – this means that the more spores added in, 

the more the variance in responses to the treatments. This is a striking example of 

Weismann‘s prediction of more variable offspring, and a powerful, unique new 

method to show variance in offspring untainted by loss of variance due to selection. 

 

 While these studies with yeast and Chlamydomonas are illuminating there are 

several problems with them. Firstly there is often no procedure to facilitate 

outcrossing. Yeast are susceptible to within ascus mating and thus many of these 

studies may have underestimated the effects of outcrossed sex. Secondly, many of the 

studies only used one or a few rounds of meiosis, which would not be adequate to 

fully remove any linkage between loci, again underestimating the effects of sex. The 

cost of markers used is of import: Joseph and Kirkpatrick showed that yeast strains 

which had a lower initial fitness were more likely to increase their rate of adaptation 

(Joseph & Kirkpatrick, 2008) independent of the PSI prion status, initial variability or 

environment. This fits with the idea of Fisher (1930) that an organism often has an 

optimal fitness level decided by many genes, and a few mutations will regain it in a 

new environment. Most importantly, the treatments are not treating the asexuals 

identically to the sexuals. The induction of sex requires starvation, a process that is 

known to cause mutation and variance in both yeast and Chlamydomonas (Goho & 

Bell, 2000; Marini et al., 1999). This makes it difficult to ensure that the effects seen 

are indeed due to sex and not just the result of an increase in mutation rate which will 

often have the same predictions as those of sex. To these ends, a new system has been 

developed, which is able to hold the sexual and asexual stages identical except for the 

three hallmarks of sex: recombination, random assortment and syngamy. 

 



 61 

1.5.5 SPO11/SPO13 system 

 

 In order to overcome these drawbacks, Goddard et al. (2005) created a system 

in S. cerevisiae with a knockout in both SPO11 and SPO13. The process of creation 

and rationale are detailed in Goddard (2007). Briefly, using the mass of literature 

detailing the meiotic machinery in yeast (reviewed in (Petes et al., 1991)), it was clear 

that a knockout in the SPO genes was necessary to create asexual lines. SPO13 causes 

a loss of one division in meiosis. This causes half the spores to be diploid and 

heterozygous, thus stopping further divisions. The other half which receives 

homozygous mating types will continue on reductionally as normal. In addition, these 

spores still undergo recombination (Katis et al., 2004; Lee et al., 2004). It was known 

that recombination negative mutations can cause the SPO13 knockouts to undergo a 

100% non-reductive division without sporulation and indeed a naturally occurring 

asexual strain carried a SPO13, SPO12 double knockout (Klapholz & Esposito, 

1980a, 1980b). However, SPO12 shows mitotic expression and thus is not a preferred 

target. A similar gene, SPO11 is involved in causing the double stranded breaks 

present in meiosis, causing recombination. It is known to be meiosis specific and 

unrelated to mitotic recombination (Klapholz et al., 1985). SPO11 strains sporulate 

without chiasmata and thus segregate irregularly but are rescued by SPO13 (Klapholz 

et al., 1985). Goddard et al. (2005) created a double knockout of these two genes, 

marking SPO13 with a G418 resistance gene to be able to distinguish the asexual and 

sexual strains. A sporulated double knockout results in two diploid cells which have 

undergone a non-reductive mitotic division without recombination, random 

assortment or syngamy. 
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 Goddard (2007) created the SPO11/SPO13 knockout in the S. cerevisiae strain 

Y55. Y55 is a strain which has no auxotrophies and is relatively wild-type, as well as 

having a high sporulation rate (Goddard, 2007). It was originally isolated by Winge 

(Winge & Roberts, 1949), and initially dubbed Y85 (Garvik & Haber, 1978). Y55 has 

found a niche in a number of evolutionary studies, as it is seen as occupying a space 

between the wild populations of S. cerevisiae, but with a large amount known about 

its biology. 

 

 Goddard et al. (2005) used this system to test the Weismann‘s original idea  

that sex increases the efficacy of natural selection by increasing the variance within a 

population. They took asexual sporulators, and isogenic sexual strains and propagated 

them in two environments – a benign treatment with glucose limitation at 0.08%, and 

a harsh treatments with a similar glucose limitation, but also with an osmotic and 

thermal stress. Adaptation was carried out in chemostats, with starvation inducing sex 

or asex roughly every 25 generations for a total of 300 mitotic generations. The 

starvation treatment was achieved by replacing the media with Sodium Acetate at 1%, 

and sporulating for seven days. The resulting asci were then digested with an 

enzymatic solution in order to kill non-sporulated parents, and to stop mating 

occurring within the asci. The outcrossing rate was tested by mating with a marked 

strain, with 86% of progeny outbred. Fitness trajectories were determined by mixing 

samples from evolved lines with the oppositely marked ancestor (G418R for asexuals, 

G418S for sexuals) at roughly 50:50, then growing them for a known number of 

generations. The log difference in marker frequency from the start and end of 

experiment divided by the number of generations gives an estimate of growth rate 

relative to the ancestor. They found that no significant adaptation to the benign 
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environment was seen in either the sexual or asexual lines, nor was any loss of fitness 

seen, the lack of detrimental mutations was explained by the low rate of mutation in 

yeast allowing the sexual and asexual lines to clear them equally well. In contrast, 

when subjected to the harsh treatment both sexual lines and asexual lines showed 

significant adaptation. The differences in adaptation between sex and asex were 

modelled and found to be significantly different (P=0.0004), with the sexual lies 

adapting more quickly than the asexuals. The sexual populations gained in fitness by 

about 40% in the first 100 generations, the asexuals by 30%. This led the authors to 

conclude that sex conferred greater rates of adaptation. According to Fishers 

Fundamental Theorem, the sexual populations had a higher variance in fitness (0.4% 

per generation in the sexuals) than the asexuals (0.3%), thus giving supporting 

evidence for variation being the benefit of sex.  

 

 Grimberg and Zeyl (2005) used a similar system to investigate sex in a 

homogenous environment (minimal lab medium) and a more complex, heterogeneous 

environment (living mice). They independently knocked out SPO11 and SPO13, 

marking them with hygromycin and G418 resistance. The study consisted of mixing 

sexual and asexual strains at 50:50 ratios, then growing them either in lab media, or 

by passage through rats, until one strain reached fixation, interspersed with 

sporulation every 50 generations. The treatment of the spores during sex was not 

quantified, and the rate of diploid formation from sexual spores was measured as 

1.4%. The sexual strains competed with the asexual strains in a test tube without the 

induction of sex fixed rapidly, showing an average adaptive benefit of 3.4%, most 

likely due to the markers used as no sex occurred and the strains were otherwise 

isogenic. In the treatments where sex was induced, this advantage was lost, and drift 
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appeared to play the biggest role, with sex winning two of five competitions. In 

contrast, in uninduced treatments in mice, the sexual strains lost five of five 

competitions, showing a 4.5% disadvantage and the induced sexual treatments 

showed sex winning in two of 4 trials. Winning strains were then assayed for fitness, 

the winning asexuals in the mice were shown to be more fit than the winning sexuals, 

and the winning sexuals in the test tubes were shown to be more fit than the winning 

asexuals. This study was an admirable attempt to expand the study of sex into more 

complex and realistic environments, however it appears to have been hampered by 

effects of the genes knocked out or resistance alleles introduced. There was no 

evidence to support the benefit of sex being linked to variation in this study.  

 

 This new system based on deleting SPO11 and SPO13 is an incredibly 

powerful tool for elucidating the effects of sex in experimental studies. It removes the 

problems of starvation causing mutations encountered in other systems, one of the 

major failings of other experimental models. The markers in Goddard et al‘s (2005) 

lines show no fitness effect and thus these are some of the first unconfounded 

experimental results about the effects of sex. However, these studies are only a 

simplistic first step. Sex is present over a wide range of conditions, and has persisted 

for a very long time. The current experimental test and most models test sex only in 

simple, homogenous environments, and constant selection pressures. By testing the 

effects of sex on more complex, realistic scenarios we can find more about its benefits 

and costs. 
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1.6 Aims of Thesis 
 

 

1.6.1 Mutations and Sex 

 

The first aim of this work is to determine the differing effects of sex under 

directional selection and stabilising selection. It is possible to group the hypothesised 

indirect benefits of sex into two categories, those which provide a benefit to sex by 

allowing adaptive evolution to occur more quickly, and those which provide a benefit 

by more efficiently clearing detrimental mutations under stabilising selection 

(Kondrashov, 1993). There is empirical evidence for sex allowing more rapid 

adaptation by accumulating beneficial mutations (Goddard et al., 2005), but there is 

also evidence that directional selection is not the dominant mode of selection under 

natural conditions (Gould, 2002). The deterministic mutation hypothesis and Muller‘s 

ratchet provide mechanisms for an advantage to sex under purifying selection, and 

work in different ways to the beneficial mutation based theories. 

 

 By using the above detailed SPO11/SPO13 knockout lines and their sexual 

counterparts, it is possible to test the relative effects of sex on mutation clearance and 

accumulation. The previous work on these lines showed an effect of beneficial 

mutation accumulation but not clearance (Goddard et al., 2005). As mutation 

clearance theories depend heavily on mutation rate an increase in mutation rate can be 

expected to increase the load and thus the effect of sex. By knocking out MSH2 it is 

possible to increase the mutation rate of S. cerevisiae by 10-300 fold (Zeyl & de 

Visser, 2001), potentially allowing a number of detrimental mutations to build up and 
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the relative effects of sex and asex in clearing them to be determined. Evolving strains 

in a benign environment, in which nearly no beneficial mutations are possible, shows 

the effects of evolutionary stasis – if the mutation clearance theories are correct, then 

asexual lines will lose fitness, and lose more fitness under elevated mutation rates, 

while sexuals will lose a lower degree of fitness if any at all. In contrast, under 

directional selection, asexuals should adapt more slowly than sexuals and adaptation 

will be hampered by the interaction between beneficial and detrimental mutations 

(Peck, 1994). 

 

 By carrying out these experiments and comparing the differences in fitness 

after 300 generations of selection it should be possible to determine the relative 

effects of sex on mutation clearance versus mutation accumulation. 

 

1.6.2 Sex, Migration and Divergence 

  

The second aim of this work is to determine the effects of sex on adaptation to 

a structured environment. There are differing predictions about the effect of sex on 

adaptation in the face of environmental structure or divergent selection. One strand 

predicts that migration and sex between environments will lead to the production of 

maladapted hybrids and thus a disadvantage as compared to sexual organisms 

(Muller, 1942), while another strand predicts that recombination rate will increase as 

the different populations will be at linkage disequilibrium (Lenormand & Otto, 2000). 

Isolated populations will diverge and become reproductively incompatible over time, 

especially under divergent selection (Schluter, 2000). When populations experience 

gene flow between them and the migrants are less fit, ―reinforcement‖, or selection to 
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increase reproductive barriers occurs (Coyne & Orr, 2004), unless the gene flow is too 

high and no diversification is possible (Felsenstein, 1981). Thus, divergent selection 

with migration in sexuals can be expected to lead towards reproductive isolation, and 

eventual speciation. 

 

These predictions will be tested by evolving the SPO11/SPO13 lines and their 

sexual counterparts under two different environments, with a trade-off between them, 

for a number of generations. Migration is simulated by periodically mixing a number 

of individuals from the opposite environment at varying rates. A comparison of 

fitness changes between the asexual and sexual lines allows the determination of the 

effects of migration on both sexuals and asexuals. From classical literature, it can be 

expected that migration will reduce the adaptation rate of both the sexual and asexual 

lines as compared to treatments with no migration, and that this effect will be stronger 

in the sexuals than the asexuals (Muller, 1942). By comparing the reproductive 

capability of evolved sexual populations with an ancestor, it will be possible to 

determine whether reproductive isolation has occurred in sexual lines, and what 

degree of gene flow is sufficient to remove the possibility of divergence. 
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2: Mutations and Sex  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It's my belief that history is a wheel. "Inconsistency is my very essence" -says the 

wheel- "Rise up on my spokes if you like, but don't complain when you are cast back 

down into the depths. Good times pass away, but then so do the bad. Mutability is our 

tragedy, but it is also our hope. The worst of times, like the best, are always passing 

away" 

Boethius, The Consolation of Philosophy (Translated by Frank Boyce, 2002) 
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2.1 Introduction 

 

The effects of mutations on organisms are poorly understood; indeed the 

eminent population geneticist Brian Charlesworth said that his two questions to a fairy 

godmother of evolutionary genetics would be: 

 

 ―First, what is the frequency distribution of selective effects among new 

mutations — how often do they have positive, negative or neutral selective effects, 

and how large are these effects? And second, what is the total rate per genome at 

which mutations that have a sizeable impact on fitness appear?‖ (Charlesworth, 1996) 

 

Much work has been undertaken on these two problems, but as yet there is no 

consensus on the values due to a number of difficulties. The problem is further 

exacerbated by the differing predictions about the effects of neutral, beneficial and 

detrimental mutations on the evolution of sex. 

 

 As mentioned in the introduction, the theories about the advantages of sex can 

be widely grouped into those that are hypothesised to give a benefit to sexual 

reproduction by indirect or direct means (Kondrashov, 1993). The indirect hypotheses 

are more general and account for the evolution of sex by an advantage to removing an 

excess of non-adapted genotypes. As outlined in the introduction, they can be grouped 

into those in which the source of these genotypes is a changing environment, and 

those in which the source is detrimental mutations (Kondrashov, 1993). At present, 

little work has been undertaken to examine the relative effects of the two classes, and 
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here I attempt to undertake an empirical examination of the effects of these two 

classes. 

 

 The goals above are to be achieved using Saccharomyces cerevisiae, modified 

as outlined in the introductory chapter so as to be isogenic except for the ability to 

undergo sex and an antibiotic marker. The system is further modified by the increase 

of mutation rate by knocking out MSH2, a gene involved in mismatch repair. The four 

resulting lines (sexual, asexual, sexual mutator and asexual mutator) were then 

evolved either in a benign media where no adaptation is expected and a harsh media, 

where copious adaptation is possible. By examining the differences in adaptation 

between the lines in the benign media, it is possible to see the differences between sex 

and asex in environments where the supply of maladapted individuals is due to 

detrimental mutations. By examining the differences in adaptation in the harsh 

environment it is possible to determine the differences when the supply is due to the 

ancestral lines being maladapted, as well as the impact of detrimental mutations. 

 

2.1.1 U, S and Adaptation 

 

 In order to understand the differences in adaptation and mutation clearance, it 

is first necessary to understand how they are commonly discussed in the literature. 

The two most useful parameters are U, the per genome mutation rate and s, the effect 

of a mutation. 
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2.1.1.1 Per Genome Mutation Rate, U 

 

Mutation rate per offspring per generation is a vital parameter for population 

geneticists, and is generally denoted by U. U can be subdivided into Ub and Us, the 

rate for beneficial and detrimental mutations respectively. Often simply U is used to 

denote only detrimental mutations, and Ub used for beneficial. This is the standard 

that will be used here. U is correlated to the per genome DNA mutation rate, but exact 

correspondence is not possible: not all mutations are visible to selection due to 

synonymous mutations, non-coding areas or simply causing too small of an effect. In 

addition U is obviously heavily environmentally dependent. If a mutation occurs in a 

gene only expressed under a certain stressful condition, there will be no selective 

effect until that condition is encountered, if it ever is. Despite its drawbacks, U is a 

vital population genetic parameter in a number of models of adaptation and evolution. 

The supply of either beneficial or detrimental mutations gives a strong limit on the 

rate of adaptive evolution and gives a good estimate for the genetic load that a 

population will carry. 

 

 U has a large effect on the genetic load carried by a population. In general, a 

population will show a mean fitness loss of U at equilibrium (Haldane, 1937). It is an 

interesting occurrence that this is independent of s, the average fitness effect of 

mutations. This is due to the ―one mutation one genetic death‖ effect elegantly shown 

by Muller (1950). Mutations arise at frequency U per generation, with mutational 

effect s. For a mutation with s of 0.05, the relative fitness of 0.95 is still high, and thus 

the individual is still likely to reproduce, with a reduction in offspring of 5%. 

Similarly, for anything but an s of 1 which is lost immediately, rather than immediate 
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clearance on average the mutation will have its relative frequency decreased by a 

factor of s. Thus, the number of individuals carrying the mutation between the origin 

of a mutation and its subsequent clearance by selection is inversely proportional to s: 

1/s. Each organism carrying the mutation pays the cost the mutation, so the mean loss 

of fitness over time is thus s×1/s which is equal to 1. The cost of 1 (one genetic death) 

per mutation irrespective of s leads to the population as a whole showing a reduction 

in fitness equal to U. As these values are averages and U depends on the environment, 

it can be seen that the exact genetic load may fluctuate by chance and can take some 

time to find its equilibrium after the population enters a new environment. For a large 

U (>1) the population will head towards extinction in the absence of mitigating 

factors. The presence or absence of sex is one of these. 

 

 Ub has a smaller effect on the beneficial adaptation than U on load. The supply 

of beneficial mutations allows adaptive evolution, if Ub is 0, then no adaptive 

mutations will occur and the population is in evolutionary stasis. In contrast, a Ub 

which is greater than 0 allows for adaptive evolution. If Ub is sufficiently high, 

multiple beneficial mutations will be segregating at once. This leads to clonal 

interference and the FM effect, as detailed below. 

 

2.1.1.2 The Effect of Mutations, s 

 

A related parameter is s, the selection coefficient or net effect of a mutation. s 

can be used as a measure of the effects of an individual mutation, the average effect of 

all mutations that can occur, or a measure of the distribution of mutational effects. 

These are related to organismal fitness, where 1.00 is the average population fitness, 
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and s is given as an addition or subtraction to that fitness to give a relative fitness of 

an individual carrying that mutation. For example, an individual carrying a 

detrimental mutation with s of 0.05 has a fitness of 1-s = 0.95 compared to the 

average individual. The distribution and mean effect of s for both positive and 

detrimental mutations has a large effect on the evolutionary dynamics of a population. 

 

 The effects of s on adaptation are less clear. A large s for detrimental 

mutations should lead to more rapid clearance of detrimental mutations, but as 

outlined above the total load should stay the same as it is dependent only on U. Of 

interest is the number of mutations in an average individual under equilibrium genetic 

load. A large U allows more mutations to coexist in individuals. The exact 

distribution of mutations in individuals at equilibrium is likely to be complex (Eyre-

Walker & Keightley, 2007). This has been modelled by a number of authors using the 

extreme value theorem, for a review; see Orr (2005). The number of mutations 

present becomes vital once theories incorporating epistasis and truncation are 

introduced.  

 

 The effects of the distribution of beneficial mutations are clearer. A large 

positive s results in quicker fixation of a mutation. Formula 2.4 (more detail below) 

details the exact relationship. If s is sufficiently large, the new mutation can fix before 

another beneficial mutation occurs, thus avoiding clonal interference. In contrast 

smaller s can lead to a number of smaller beneficial mutations coexisting, with the 

population being a mixture of a number of varying lines, all consisting of a number of 

difference beneficial mutations in combination (Gerrish & Lenski, 1998). The 
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polymorphism in an asexual population can be extreme, and sexual reproduction will 

often serve to reduce this diversity. 

 

2.1.2 Sex, U and S 

 

 The interaction of sex with U and s is of interest in that it can provide a way to 

mitigate some of the costs of sex, dependent on the exact values of the parameters. 

Here I will outline in more detail some of the theories only given a brief overview in 

the introductory chapter. 

 

2.1.2.1 Deterministic Mutation Hypothesis 

 

 The deterministic mutation hypothesis (DMH) provides an advantage for sex 

by reduction of genetic load. As it is one of the most predictive and potentially 

universal theories for the evolution of sex (Meirmans & Strand, 2010) it is one of the 

favoured possible explanations. The theory was first proposed by Kondrashov (1982) 

and subsequently much expanded upon. As the deterministic epithet in its name 

suggests, it is deterministic - independent of stochastic processes in the population. 

The basic mechanism is that detrimental mutations can be removed together rather 

than singly if epistasis is synergistic, thus reducing genetic load. The benefit relies 

only on the magnitude of U and the degree of epistasis, and if these conditions are met 

provides a benefit to sexual reproduction. The theory makes strong predictions about 

the benefits of sex giving sex a 2 fold advantage (enough to overcome the commonly 

invoked 2 fold cost of sex in anisogamous organisms) if U is greater than 1 and 

epistasis is on average weak and synergistic. 
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Epistasis is the interaction of mutations, and can take several forms. Under 

synergistic epistasis each detrimental mutation has an increased effect on fitness of 

the individual. Kondrashovs‘ original formulation (Kondrashov, 1982) gives the 

fitness of an individual with i mutations of equal effect as: 

k

i
is 1  (2.1) 

Where k is the number of mutations which cause a fitness cost of 1 (i.e. lethality) and 

α is the epistasis coefficient (Figure 2.1). An α of <1 gives antagonistic epistasis, 1 

gives linear selection, >1 gives synergistic epistasis, and ∞ gives threshold selection. 

Synergistic epistasis can also be described as a ―buffering‖ of fitness as when the 

number of mutations is low, the total fitness cost is less.  
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Figure 2.1. Plot of equation 2.1 with k=20, and antagonistic epistasis (green, α=0.5), linear 

selection (blue, α=1), synergistic epistasis (purple, α=2), and threshold selection (gold, α=1000). 

The x axis denotes number of mutations, the y axis is relative fitness.  
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 The DMH depends on the reduction of the genome degradation rate, v in order 

to reduce load. v can be defined in two ways which are essentially equivalent 

(Kondrashov, 1982; Kondrashov, 1984a; Kondrashov, 1988).  

k

U
v   and 

(2.2) 



U
v   

(2.3) 

Equation 2.2 gives the formula in terms of k (defined as above) and equation 2.3 in 

terms of σ with σ equal to the standard deviation of the fitness in the population. The 

second formulation depends on the assumption that the number of mutations in 

individuals in a population with no epistasis follows a Poisson distribution. In this 

case, the mean fitness of 1 should equal the standard deviation (as 1
0.5 

= 1) and the 

genome degradation rate equals U/1 = U. In a population with epistasis the standard 

deviation of fitness is increased as the variation in fitness is increased by the low 

fitness of those individuals with multiple mutations, and the genome degradation rate 

becomes <U. The lowering of this rate leads to a reduction in genetic load. The exact 

reduction in genetic load is governed heavily by a number of parameters, the formulas 

for calculating this load are given in Kondrashov (1984a). Any synergistic epistasis at 

all leads to a benefit of sex under this theory, independently of U, although the benefit 

may be quite weak as outlined below. 

 

 In contrast to sexuals, asexuals cannot consistently benefit from this effect. If a 

population of asexual organisms show synergistic epistasis they will be able to more 

efficiently remove the present detrimental mutations. However, as this occurs the 

distribution of fitness (and thus the standard deviation) becomes reduced. This leads 

genome degradation rate v to increase leading to a higher genetic load in the next 
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generation. Due to this effect, the equilibrium load for asexuals, regardless of epistasis 

is at v=U. Sexuals overcome this by recombination forcing all alleles to be 

randomised at each generation – this resets the standard deviation of fitnesses within 

the population each generation, giving an ample supply of poorly adapted individuals 

to join the hecatomb

 containing multiple mutations.  

 

As the benefit of the DMH is in a reduction of the genetic load, as load 

becomes dependent on v rather than U, and thus the exact benefit from sexual 

reproduction depends on the degree and size of epistasis and the genetic load as 

predicted by U. If U is very low to begin with, even a 50% reduction in it will lead 

only to a meagre benefit of sex. In addition, Otto and Feldman (1997) analysed a two 

and three locus model of epistasis and found that epistasis cannot be too negative, 

unlinked to recombinational modifiers and must be relatively uniform or 

recombinational modifiers which decrease recombination rate will be selected for. As 

DMH depends on the values of epistasis and U, and gives strong predictions about 

these values, much effort has gone into measuring them. The evidence for mode and 

degree of epistasis and U will be discussed below. 

 

The effects of occasional sex have been reviewed by  D‘Sousza and Michiels 

(2010), but are not adequately quantified. Certain formulations of the DMH allow the 

U>1 requirement for an advantage of sex to accumulate over the number of 

generations between sexual cycles (Kondrashov, 1984b), while others do not 

(Kondrashov, 1988). Kondrashov (1984b) hypothesised facultative sex was a 

                                                 

 Stephen Jay Gould (2002), pg 122, suggests this term to denote those individuals which are lost due 

to substitutional load. This is in analogy to the common use which denoted a sacrifice of 100 cattle for 

beneficial purposes. 
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response to stressful conditions in which a number of previously neutral mutations 

became harmful, thus increasing an effective U for the period of stress. This example 

is suited to the need to starve S. cerevisiae in order to sporulate it and the subsequent 

harsh treatment required in order to cause outcrossing which can be expected to cause 

a number of previously benign mutations to become harmful. This hypothesis is in 

opposition to a number of studies (da Silva & Bell, 1996; Kaltz & Bell, 2002) which 

show a decrease in mean fitness after a sexual episode, although this is measured in 

the non-harsh media. 

 

2.1.2.2 Mullers’ Ratchet and Mutational Meltdown 

 

  Mullers‘ Ratchet (MR) is also a detrimental mutation based theory. It is 

dependent on both U and s in contrast to the DMH which is only dependant on U 

(Muller, 1932, 1964). MR is also heavily stochastic, in that it relies on chance and 

thus depends heavily on parameters such as population size and structure, unlike the 

DMH. As it is more dependent on chance, there are fewer attempts to test the 

hypothesis than DMH and it is regarded as less likely to provide a universal benefit to 

sex (Meirmans & Strand, 2010). It is nevertheless a well-regarded theory and provides 

a key way for sex to be of benefit over asex in the face of detrimental mutations. 

 

 Mullers ratchet, at its most simple, involves a verbal argument about a finite 

population. In any finite population, there is one best adapted individual (or class of 

individuals). Detrimental mutations are more common than beneficial mutations, and 

back mutations of a detrimental mutations are rare due to individuals being in general 

well adapted (Eyre-Walker & Keightley, 2007; Orr, 2010). Given these two 
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reasonable assumptions, we can imagine that the most well adapted class of 

individuals is exposed to detrimental mutations at a rate proportional to U, or N×U 

where N is the number of individuals in the class. After 1/U generations, we can 

expect that on average every member of this most adapted class (and every other 

individual in the population) has experienced a detrimental mutation. After a finite 

number of generations (for exact numbers, a Poisson distribution with mean of U×N 

(Muller, 1932)) every individual will have experienced a detrimental mutation. The 

most adapted class now has one mutation more and is thus less fit than it was. This is 

an irreversible effect – the chances of a back mutation or new beneficial mutation to 

overcome the detrimental mutation are less than the chances of a new detrimental 

mutation. Thus each time the most adapted class becomes less well adapted one ―click 

of the ratchet‖ has occurred. This inexorable ratchet will lead to extinction if no 

method exists to overcome it. 

 

 Sexual reproduction allows a release of the ratchet. It is easy to visualise how 

this works – while back mutation is rare, mating with another individual allows 

recreation of the most fit (or even fitter) class. It is unlikely that a random mating will 

have two individuals carrying identical mutations, and thus the offspring will carry a 

mixture of the parental mutations, some with many and some with few. Those 

carrying more mutations will be removed by selection, whereas those with none can 

continue on the population with fewer detrimental mutations. 

 

 Mullers ratchet can be divided into ―slow‖ and ―fast‖ regimes (Loewe & Hill, 

2010). Under the slow regime, any clicks of the ratchet are due to chance alone. This 

occurs when U is low so that not too many new detrimental mutations occur and those 
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that do are cleared by selection before beginning to accumulate. Counterintuitively, a 

high s also allows MR to stay in the slow phase, as those mutations with higher s are 

cleared from the population more quickly (clearance time is equal to 1/s generations 

(Loewe & Hill, 2010)) and thus an average individual will have a lower number of 

mutations when genetic load reaches equilibrium. The fewer mutations present in the 

population, the lower the chance of stochastically fixing one. In the fast regime, U can 

be high leading to a large supply of new mutations (the Poisson distribution with 

mean of U will show the proportion of individuals with 0 mutations) and random 

fixation. Again, in opposition to intuition, a lower s leads to a higher rate of MR. This 

is due to a slower speed of clearance and a larger number of mutations segregating in 

the population. While the slow and fast regimes are only qualitatively different, 

certain parameter values can lead to a ―quasi-deterministic‖ version of MR (Gessler, 

1995; Gordo & Charlesworth, 2001). 

 

 MR depends heavily on the nature of selection. Runaway genetic load is the 

cause of its detrimental effects, but it is unclear how well increased genetic load leads 

to reduced viability. If an organisms main barrier to reproduction is environmental 

stresses, such as temperature or nutrients then an increased load will likely lead to a 

loss of reproductive success. However, if the main barrier to reproduction is 

competition with conspecifics then load, while detrimental to each organism, is likely 

to be spaced relatively equally among the population, and population fitness is not 

likely to be harmed as much. Epistasis can also impact on MR – if each additional 

mutation has a more severe effect, as in synergistic epistasis, then the effective s is 

increased possibly switching the fast regime back into the slow regime or at least 

reducing the likelihood of each additional mutation fixing. Similarly if the selection 
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scheme is threshold selection, under which mutations only cause detrimental effects 

or are lethal after they reach a certain number per individual, MR will stop at the 

threshold unless the parameters are very unfavourable. 

 

 As a stochastic theory, as well as U and s, MR depends on the population size. 

With a population of only a few individuals, random effects dominate selection and 

thus MR will be expected to click relatively quickly. In an infinite population, no 

click is ever expected, and thus it becomes irrelevant. 

 

2.1.2.3 Fisher-Muller and Adaptation 

 

 The Fisher-Muller Hypothesis (FM) is based on the accumulation of beneficial 

mutations, rather than the clearance of detrimental mutations like the DMH and MR. 

It was first proposed by Fisher (1930) and subsequently independently posed and 

modified by Muller (1932). As mentioned in the introductory chapter, this is one of 

the more appealing theories relating to the evolution of sex. The verbal argument is 

relatively simple – a beneficial mutation in an asexual organism can only spread to 

fixation if the individual containing it is of the most fit genotype, or chance 

intervenes. In order to create an organism with multiple beneficial mutations, the 

mutations must occur in the same genetic background. In contrast, genes in a sexual 

population are present in a ―gene pool‖, and the genetic background in which they 

have arisen is of much less import. Two individuals containing differing beneficial 

mutations can mate, and some of the offspring will have both beneficial mutations. 

This process depends heavily on mutation supply: if Ub is low or s is high, then the 

population will rapidly fix consecutive beneficial mutations, making the FM effect of 
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little to no importance. In contrast a high Ub and low s means several beneficial 

mutations will be segregating in the population at once, leading to a larger advantage 

to sexual reproduction.  

 

The time to fixation of an allele with benefit s is dependent on initial 

frequency, population size and selective benefit. In general, the time for a beneficial 

mutation to reach a given frequency is:  
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(2.4) 

Where F1 is the final frequency and F0 is the initial frequency (Otto & Day, 2007). 

For an initial frequency of 0.0001 and an s of 0.1 this results in 97 generations to 

reach a final frequency of 0.99. Therefore, if Ub is larger than 1/97, multiple 

beneficial mutations will be segregating at once. The concurrence of several 

beneficial mutations can slow down adaptation in asexual organisms by competing 

against each other: this is known as clonal interference. For example, a mutation with 

s of 0.05 will spread through a population, displacing the wild type allele. If a 

mutation in a different gene occurs with s of 0.1, it too will spread but with an s of 

0.05 against the original mutation and 0.1 against the wild type. This will result in the 

mutation replacing both the wild type and the first mutation, but taking longer (188 

versus 97 generations from equation 2.4) to reach a frequency of 0.99 than if the 0.05 

mutation had not occurred. 

 

2.1.2.4 Hitch-Hiking and the Hill-Robertson Effect 

 

 As well as the individual effects of detrimental and beneficial based theories, 

there are a number of predictions about the interaction between these theories. 
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Although the Hill-Robertson effect (Hill & Robertson, 1966) has been shown to be 

contained within Fisher-Muller theory as well as including Mullers‘ Ratchet 

(Felsenstein, 1974), it is worthwhile giving a brief discussion here as the verbal 

accounts differ substantially. 

 

 The Hill-Robertson effect, at its most simple, explains that linkage 

disequilibrium will occur in populations subject to selection and mutation. As one 

beneficial allele is subject to selection, the variation in the rest of the genome is 

increased or decreased in frequency depending on the linkage it has with the 

beneficial mutation. Thus the effective population size of the regions linked to this 

mutation is decreased, and drift becomes more important. This linkage disequilibrium 

leads to a lower rate of adaptation, unless removed by recombination. This is clearly 

analogous to the FM effect, with the addition of linked detrimental mutations. As it is 

contained within the FM effect, for a more quantitative analysis, see the treatment 

above. 

 

 Hitch-hiking of detrimental mutations with beneficial mutations is also caused 

by an interaction between detrimental and beneficial mutations. If a new beneficial 

mutation with s of 0.1 occurs in a background which has detrimental mutation with s 

of -0.05, it will spread with an effective s of 0.05 in an asexual background. In 

contrast, in a sexual background, recombination will allow the beneficial allele to 

spread independently of its initial background. In asexuals this is predicted to lead to a 

faster rate of molecular evolution (Birky & Walsh, 1988), where the fixation rate of 

detrimental alleles is increased, the neutral fixation rate is unchanged and the 

beneficial fixation rate decreases. 
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2.1.3 Empirical Evidence for U and s in Saccharomyces cerevisiae 

 

 As the above outlines show, there are a number of theories concerning the 

different effects sex will have on adaption. The theory has been relatively well 

worked out, however most of the models depend on some degree of the parameters U 

and s. As key predictors of adaptation, there has been substantial work on attempting 

to measure and quantify the degrees of U, s and epistasis. The difficulties in this work 

are summarised by Charlesworth in his wish for a good evolutionary genetics fairy 

(Charlesworth, 1996), and continue to frustrate researchers. 

 

2.1.3.1 Detrimental Mutations 

 

There have been numerous studies to test the effects of mutations in several 

organisms, and here I will restrict myself to studies on yeast, or those directly relevant 

to my proposed experiments. A number of estimates are summarised in Table 2.1. A 

number of reviews of the methods and estimates in many organisms have been 

published (Drake et al., 1998; Eyre-Walker & Keightley, 2007; Kondrashov & 

Kondrashov, 2010). Initial attempts at measuring the effects of detrimental mutations 

were carried out using mutation accumulation methods. In order to carry this out 

selection is reduced in importance, by reducing the effective population size, or by 

shielding parts of the genome from selection by permissive conditions or balancer 

chromosomes (Mukai, 1964). Drake et al. (1998) reviewed the evidence gained by 

studies based on phenotypic screening. This is achieved by analysing the mutation 

rate of a small number of phenotypes (often by fluctuation tests (Luria & Delbruck, 
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1943)) then extrapolating back to the entire genome. This is highly dependent on 

estimates of gene number, size and neutrality but in general has given similar results 

to other methods (see Lang and Murray (2008) and their comparisons to the results of 

Drake et al. (1998)). 

 

Study Method U s µ 

(Thatcher et al., 

1998b) 

Knock Out ND 0.003 to 0.228 ND 

(Drake, 1991) Fluctuation ND ND 0.0027 

(Zeyl & de 

Visser, 2001) 

Mutation 

Accumulation 

Wt, 0.003 

Mut, 0.020 

Wt,0.217 

Mut, 0.02-0.03 

ND 

(Wloch et al., 

2001) 

Mutation 

Accumulation 

Wt, 0.0011 

Mut, 0.0088 

0.01-0.05 ND 

(Joseph & Hall, 

2004) 

Mutation 

Accumulation 

6.3×10
-5

 0.061 ND 

Table 2.1. A summary of estimates of U, s and µ from several studies 

 

Microbial methods initially aimed at understanding gene function and 

essential pathways for growth have also allowed tests of the effects of mutations. 

Initial attempts at annotating the S. cerevisiae genome involved several studies 

knocking out many genes (Vidan & Snyder, 2001), giving an estimate of 17% of 

genes being essential and 40% causing growth defects in rich medium (Thatcher et 

al., 1998b). It is unclear how a lethal knockout of a gene will translate into fitness of a 

naturally occurring mutation in said gene, but it is a useful insight into the robustness 

of the genome. Thatcher et al. (1998a) were one of the first groups to investigate the 

fitness effects of knockouts in non-essential genes. They created knockouts of genes 

known to be non-essential to survival in yeast and assayed for fitness effects by 

mixing with the ancestor and tracking fitness changes over time in several different 

media. The fitness costs (s) ranged from 0.003 to 0.22 per generation, with nearly all 

of the mutations being below 5%. This was interpreted as showing that the majority of 

detrimental mutations in yeast were likely to cause small fitness effects. 
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 In the same issue of Genetics, both Zeyl and de Visser (2001) and Wloch et al. 

(2001) published papers investigating the fitness effects of mutations in yeast. Zeyl 

and de Visser (2001) passaged 50 lines of  MSH2 deleted strains, which show an 

increase in mutation rate, and wild-type yeast on YPD agar, selecting a random single 

colony each day to put the bottleneck at 1 cell for each cycle. Both the wild-type and 

mutator lines reduced their fitness significantly: 0.890 ± 0.044 and 0.791 ± 0.024 

(mean ± 95% C.I.) relative fitness for wild-type and mutator lines respectively. The 

fitness distributions were clearly bimodal, being mostly due to petite mutants having a 

much lower fitness than respiration competent mutants. Discarding the petite colonies, 

only one wild type line of 50 had reduced in fitness, to 0.802, but the mutators had a 

significant loss with a mean of 0.706 ± 0.034. A maximum likelihood model was 

made using the known mutation rate and probability of fixation in the growing 

colonies to estimate U and the selection effects of the mutations. For the wild type U 

was 5.5×10
-5

, and with a mean s = 0.217, although this was based on a single line that 

had reduced fitness, and likely a single mutation. The mutator lines had much 

variation, and thus allowed a range of models to fit them equally well. The estimates 

mostly gave a U of 10
-3

 to 10
2
 and an s of 1-3%. The mutator lines appeared to have 

fixed several mutations of small effect, suggesting that MSH2 deletions may bias the 

mutations to small mismatches which are usually corrected, as opposed to mutations 

of large effect like the one seen in the wild type line. In addition, this test was carried 

out on complete media, potentially shielding many potential auxotrophies. The 

requirement for colony formation rules out the choosing of lethal mutations, and thus 

none were seen at all, which is likely to significantly underestimate both s and U. 
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 Wloch et al. (2001) used a different approach taking a large number of 

populations of yeast, MSH2 deleted, wild type, and mutagen treated. They grew these 

lines for approximately 50 generations and then sporulated them. They dissected the 

tetrads and looked for 2:2 segregating size differences in colonies, on the basis that 

these were likely to be due to inherited differences. The size of the colonies was then 

determined to give fitness effect. In order to remove any bias introduced by media 

variation, any colonies with less than 10% size difference were not counted. This 

means any mutations with s<0.01 could not be found. They found that the U of 

control lines was much higher than that found by Zeyl and de Visser (2001), U= 

0.0011, two orders of magnitude higher. They also found a much lower s in controls, 

between 1-5%, in line with the mutator lines of Zeyl and de Visser (2001) but much 

higher than their wild type estimate. These estimates are much more likely to be 

correct for several reasons. The first is that lethal mutations, which make up about 

30% of the mutations seen, were able to be tested under this method. The second is 

that mutational screening took place in haploids in this experiment, as opposed to 

diploids in Zeyl and de Visser (2001), meaning any fitness effects in that experiment 

will be shielded by h, the degree of penetrance of a mutation in diploids. The mutagen 

treated and MSH2 delete lines showed a higher mutation rate, but again due to 

variation the U and s were not modelled. In combination these two papers give a good 

estimate for U and s and the effect of MSH2 knockouts on the parameters. They give 

an insight into the mutation rates, and allow key parameters to be determined to show 

the population sizes and number of generations likely to be needed to see detrimental 

mutations. 
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 Joseph and Hall (2004) carried out mutation accumulation experiment in 

diploid yeast to determine relative frequencies of beneficial and detrimental 

mutations. They took ancestors with no mutator phenotype and grew them for 1012 

generations, bottlenecking to one cell every cycle. The evolved lines showed a 

significant, although small, decrease in fitness to 0.994 of the ancestors, and a 

significant increase in the variance of fitness. They calculated U at around 6.3×10
-5

 

mutations per cell per generation, with an average s of 0.061 and the frequency of 

beneficial mutations at 5.75%, much higher than expected.   

 

2.1.3.2 Beneficial Mutations 

 

As well as those estimates of detrimental mutation rate, the beneficial 

mutation rate is also vital. Estimates of the rate of adaptive mutation are more difficult 

than those of detrimental mutations. While it is possible to reduce population size in 

order to carry out a mutation accumulation experiment, the same method is not 

amenable to gathering beneficial mutations. It can be assumed that beneficial 

mutations are rarer than detrimental mutations, as organisms are in general well 

adapted to their environments. Mutational accumulation experiments attempt to 

remove the effects of selection by reducing effective population size to a negligible 

number, thus allowing all occurring mutations to survive. The smaller proportion of 

beneficial mutations is thus swamped by detrimental mutations. Beneficial mutations 

are also highly specific to the environment under which selection occurred. 

 

The detection of beneficial mutations therefore depends on selection being 

able to act in the population in order to raise them to a high frequency. As it is known 
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that the fixation probability of a newly occurring beneficial mutation is 2s (with 

caveats, reviewed by Patwa and Wahl (2008)), we can expect to see only a small 

subset of beneficial mutations, and those which are seen will be heavily biased 

towards those with a larger s. Using this relation, Zeyl (2004) has derived the equation 

deriving beneficial mutation rate, where k is per generation rate of observed beneficial 

substitutions, N is the population size at transfer, g is the generations per transfer and 

s is the effect of mutations.   

sNg

k
U b

2
  

(2.5) 

This equation was then used to determine the beneficial mutation rate from a number 

of S. cerevisiae evolution experiments, obtaining beneficial mutation rates from 10
-12

 

to 5×10
-10

 per cell division (Zeyl, 2004).  

 

 Joseph and Hall (2004), as noted above, carried out a mutation accumulation 

experiment and found that 5.75% of all fitness affecting mutations were beneficial, for 

a total rate of  3.6×10
-6

, four orders of magnitude higher than those calculated by Zeyl 

(2004). It is possible that selection occurred in this experiment as the procedure 

involved repeatedly streaking yeast on YPD to single cells and then growing them for 

48 hours when full colonies had formed, an average of 20.4 generations. This amount 

of selection is unlikely to cause such a high discrepancy however, and it is possible 

that the beneficial mutation rate calculated by Zeyl (2004) has been obscured by 

clonal interference in experiments with higher population numbers as discussed 

below. 

 

 In order to reassess how population size effects the apparent beneficial 

mutation rate, Perfeito et al. (2007) carried out an experimental evolution study with 
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varying population sizes in E. coli. By marking E. coli with differing microsatellite 

markers and inferring adaptive mutations from changes in marker ratios they analysed 

the rate of adaptive mutations in populations with effective population size of 10
7
 and 

2×10
4
. Analysis of adaptive mutation rate in the larger population led to the estimate 

of 2×10
-8

 adaptive mutations per division, in line with previous estimates (Drake, 

1991; Drake et al., 1998). An analysis of the populations with size 2×10
4
 gave a much 

higher rate of 2×10
-5

. This result was interpreted as the removal of clonal interference 

as a factor in the estimate. Clonal interference will result in a reduction of apparent 

mutation rate as beneficial mutations will be spread less effectively (Barton, 2010a; 

Birky & Walsh, 1988). This massive difference leads to the suggestion that S. 

cerevisiae estimates, which are in general based on large asexual populations, may 

also be biased by a similar factor. It is interesting to note that in the presence of sex, 

clonal interference will be heavily reduced potentially leading to an increase in 

adaptive mutation rate of three orders of magnitude.  

 

The distribution of fitness effects of beneficial mutations is also difficult to 

estimate. The s of fixed mutations will be highly skewed towards higher effect, while 

the lower effect mutations will be lost. Perfeito et al. (2007) showed that the larger 

number of beneficial mutations found in small populations were of smaller effect than 

expected, and thus there is need to reparameterize estimate for S. cerevisiae. Zeyl 

(2004) has a review of the distribution of s in S. cerevisiae and the problems of 

estimates. 
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2.1.4 Empirical Evidence of Epistasis 

 

 Although epistasis is predicted to be specific to individual organisms, as a 

more general and complex trait it had often been assumed it will be more universal 

between environments and organisms than U and s (Sanjuan & Elena, 2006). Sanjuan 

and Elena (2006) reviewed 21 studies of epistasis and found that synergistic epistasis 

is correlated with genome size and organism complexity. This can be expected, as it is 

only in sexual organisms synergistic epistasis is beneficial and sex is also correlated 

with ―complexity‖. As Lenski (1999) suggests, it is possible that epistasis will be 

modified by the presence of sex and that sexual organisms have adapted their epistasis 

to their reproductive mode. Thus we would not necessarily expect synergistic epistasis 

in asexual organisms. There are a number of methods of determining the degree of 

epistasis in an organism (reviewed in de Visser (2007) and Kouyos et al. (2007)).  

 

Both Dickinson (2008) and Zeyl et al. (2001) used a similar method to infer 

synergistic epistasis in S. cerevisiae. Dickinson (2008) suggests that detrimental 

mutations show synergistic epistasis as predicted by the deterministic mutation 

hypothesis. He passaged lines by bottlenecking to single colonies on YPD for nearly 

5000 generations and found a 5% fitness loss. The fitness costs increased towards the 

end of the experiments, suggesting that synergistic epistasis was occurring. This is not 

an especially strong measure and does not give a specific value for the degree and 

strength of the epistasis. Similarly Zeyl et al. (2001) carried out a mutation 

accumulation experiment in order to test Mullers‘ Ratchet. They found no significant 

decline in fitness over time in mutator lines, but when only the second half of the 

experiment was analysed, a significant decline in population size was seen. They 
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interpreted this effect as a result of synergistic epistasis: the detrimental mutations 

needed to build up and as their number increased, so did fitness loss. 

 

Szafraniec et al. (2003) generated a number of mutations in S. cerevisiae by 

EMS mutagenesis. They analysed the resulting haploids to ensure that only one 

mutation took place and then mated them with another haploid with a differing 

mutation to form individuals that were heterozygous for both mutations. They found 

that the average fitness of the heterozygous parents was equal to the fitness of the 

offspring. While the fitness losses were in general quite low (~2%) due to being 

heterozygous, no evidence of epistasis in either direction was found. 

 

Jasnos and Korona (2007) found 758 S. cerevisiae deletions that caused a 

fitness loss. They then undertook 639 random crosses to produce individuals carrying 

zero, one or two of these mutations. By analysing the resulting individuals for 

maximum growth rate and comparing the distribution of growth rates between 

mutants with differing numbers of mutations they showed that those individuals 

carrying more detrimental mutations were more fit than expected: antagonistic 

epistasis. The effect is significant, albeit weak. 

 

 Jasnos et al. (2008) attempted to measure the epistasis of double deletions in S. 

cerevisiae under relaxed and stressful (heat, salt and/or caffeine) conditions by 

analysing growth rates of samples from the yeast deletion set (Winzeler et al., 1999). 

They predicted that stressful conditions would increase the cost of carrying mutations, 

both singly and in combination. In contrast to their predictions they found that effects 

of single and multiple deletions were proportional to maximum growth rate, and thus 
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higher costs were posed by deletions in benign media. They attempted to measure 

epistasis by comparing single deletion fitnesses with those of double mutations and 

found that on average, epistasis was significantly antagonistic, the double deletions 

were more fit than would be expected if fitness was simply multiplicative. This is 

opposite to the predictions of the DMH. There are a few caveats to this study as they 

relied only on maximum growth rate as a proxy for fitness. The yeast deletion set is 

also an artificial set of mutations as well as carrying four addition mutations to those 

tested. It is also not clear that the clean deletions and genes chosen are representative 

of naturally occurring mutations (Eyre-Walker & Keightley, 2007). 

 

 Hall et al. (2010) generated deletions in six genes in S. cerevisiae and 

combined them by mating into all possible combinations of up to 6 mutations. They 

knocked out the genes themselves in order to overcome any possible bias produced by 

the use of the yeast deletion set. They also measured 4 fitness components: haploid 

and diploid growth rates, haploid mating efficiency and diploid sporulation efficiency. 

They find no significant pattern of synergistic epistasis in any of the measures of 

fitness. The evidence suggests that overall epistasis in these mutations is weakly 

antagonistic, but this is not significant. The arbitrary choice of mutations and the 

clean deletions is again a weak point in this study. 

 

 He et al. (2010) used a metabolomics based approach to probe the distribution 

of epistasis in S. cerevisiae and E. coli. Using flux balance analysis they predict the 

epistasis between a number of genes in silico. The predictions gained were that genes 

in a related network would in general show epistasis and the sign would depend on 

whether the second mutation was in the same pathway (antagonistic), or an alternate 
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(synergistic). After predicting a large number of interactions, they created knockouts 

and tested 61 pairs of mutations in S. cerevisiae to give empirical evidence. They 

found that antagonistic epistasis was much more common than synergistic epistasis, 

but that in the non-essential genes tested synergistic epistasis was more prevalent, 

albeit weak. This leads to the speculation that the exact genes chosen can have a large 

effect on the epistasis seen, as well as the fact that the non-essential mutations (which 

are those which would be expected to be seen naturally) show predominantly 

synergistic epistasis. 

 

 In general, empirical research on yeast has shown that despite its sexual status, 

epistasis is either antagonistic or absent. Most authors have used approaches based on 

knocking out genes or using the yeast gene deletion set, which can potentially bias the 

results if normal mutations lead to a reduction in gene function rather than complete 

loss. Interestingly the studies which have inferred epistasis from experimental 

evolution (Dickinson, 2008; Zeyl et al., 2001) both showed evidence for synergistic 

epistasis. However, from the balance of the evidence it appears that S. cerevisiae will 

not show the requisite epistasis for the DMH to hold. As detailed in the introduction, 

it seems that under natural conditions, S. cerevisiae is only rarely sexual and thus we 

might not expect synergistic epistasis to have been selected for. 

 

2.1.5 Summary 

 

 The evidence from the above review suggests that the mutational clearance 

theories are of less import than the beneficial mutation based explanations. 
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Firstly, U is low. The DMH predicts that the reduction in load is proportional 

to U. S. cerevisiaes‘ native U is of the order of 0.001 (Wloch et al., 2001) so even a 

50% decrease in load will only lead to a benefit of 0.0005. By raising the mutation 

rate, U has been observed in the order of 2-5% (Zeyl & de Visser, 2001) and thus an 

effect can be expected to be seen, providing the other requirement of the DMH, 

synergistic epistasis, is present. 

 

The evidence for synergistic epistasis is low. Of the studies investigating 

epistasis in yeast, only three have found it to be present and synergistic. The majority 

of papers indicate that epistasis is absent, or if present antagonistic. These results 

suggest that the second assumption of the DMH does not hold and thus no effect will 

be seen. 

 

The estimates of s range from 0.01 to 0.06. These depend heavily on the 

method used to estimate, as mutations of very low effect cannot be seen. These 

mutations may be of low enough effect to allow MR to click. However in wildtype 

lines the small U leads to an average time to click of 1/0.001 generations (Muller, 

1932), or a loss of 1-6% every 1000 generations. An increase of U to 2-5% can be 

expected to lead to a large decrease in fitness relatively quickly – a drop of s every 

20-50 generations. The exact loss will depend on the population size and stochastic 

nature of the ratchet. 

 

The estimates of beneficial mutation rate are very low in S. cerevisiae, but the 

results of Perfeito et al. (2007) and Trindade et al. (2010) suggest that they may be 

several orders of magnitude too small. The presence of sexual reproduction can be 
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expected to have the same effect as Perfeitos‘ reduction in population size and thus 

increase Ub dramatically. This will lead to a much larger adaptation rate. An increase 

of Ub can be expected to increase mutational supply, whether this increases adaptation 

rate will depend on the speed of mutational segregation. 

 

The exact magnitude of s for beneficial mutations is difficult to determine, due 

to reasons outlined above. It can be predicted that in general sexual lines will show a 

larger number of mutations of smaller effect than asexual lines due to ability to 

segregate multiple mutations at once, and to unlink them from detrimental 

backgrounds. Thus sexual lines will show a higher initial adaptation rate and a higher 

mean fitness after selection. 

 

2.2 Aims 

  

 It is clear from the introduction and above discussion that there is an 

abundance of both theory and empirical data that sexual reproduction can allow faster 

adaptation under directional selection than asexual reproduction. In contrast, while 

there is theory predicting the more efficient removal of detrimental mutations by 

sexual reproduction, the evidence is scant. 

 

 This poses a problem, as while adaptive evolution is important, there is good 

evidence to suggest that stabilising selection is an important part of evolution (Gould, 

2002). The exact ratio between directional and stabilising modes is controversial and 

has caused considerable debate (reviewed by Bell (2010)), although it can be assumed 
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that an evolutionary feature as ubiquitous as sexual reproduction should show a 

benefit under both modes of selection. 

 

 The theories explaining the evolution and persistence of sexual reproduction 

can be broadly grouped in a number of ways, one of which groups them by those 

theories that provide a benefit by providing an advantage under directional selection 

and those that provide an advantage under stabilising selection. While there are a 

number of individual theories within these classes, it is of considerable interest to 

determine their relative effects. 

 

In order to do this, a selection experiment was carried out in S. cerevisiae by 

evolving sexual and asexual lines, both with and without an increased mutation rate in 

a benign and a harsh media. S. cerevisiae is well adapted to the benign environment 

and thus mostly stabilising selection will occur. Any decrease in fitness will be due to 

inadequate removal of deleterious mutations. S. cerevisiae is poorly adapted to the 

harsh media so copious adaptation is possible. Changes in fitness will largely be the 

result of incorporation of beneficial mutation. By comparing the changes in fitness 

between sexual, asexual, sexual mutator and asexual mutator lines in the two 

environments, the relative effects of detrimental and beneficial mutations can be 

compared. 

 

2.2.1 Experimental Outline 

 

 The asexual SPO11/13 knockouts and their isogenic sexual counterparts 

detailed in the introductory chapter have been additionally altered to increase their 
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mutation rate by knocking out MSH2. The resulting four ancestors were then 

propagated in an experimental evolution system for approximately 300 generations 

under both harsh and benign conditions, and assayed for fitness at varying time points 

throughout the experiment. 

 

2.2.1.1 Benign Environment 

 

It is known from previous experiments (Goddard et al., 2005) that no 

adaptation to a benign minimal medium in these strains of S. cerevisiae occurred in a 

chemostat. This media is a standard yeast growth media, carried out at 30°C and 

consisting of 0.8 g/L glucose and other nutrients as described in the methods section. 

Due to the lack of beneficial mutations, evolution in this media should show only the 

effects of detrimental mutation clearance. The strain used to begin the evolution 

should already be close to mutation-selection balance, and thus little to no increase in 

load is expected (unless the medium alters mutation rate). Thus, an increase in 

mutation rate by knocking out MSH2, known to increase mutation rate in S. cerevisiae 

by 10 to 100 fold (Zeyl & de Visser, 2001) is necessary to observe an increase in load. 

By evolving sexual, asexual and sexual and asexual mutator lines in this benign 

media, it is possible to test the effects of sexual versus asexual reproduction, and the 

presence or absence of an increased mutation rate on mutational load and clearance.  

 

If sex has an effect in reducing load then the sexual and sexual mutator lines 

should show the lowest decrease in fitness over the experiment, with the asexual and 

asexual line showing a greater loss. If sex is of no effect, then the sexual and asexual 

lines should be of equal fitness with the sexual and asexual mutator lines having some 
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degree of fitness loss due to the increase in load. If the mutation rate is much lower 

than can currently be borne by selection, then an increase in mutation rate may lead to 

no detectable loss of fitness, even in the mutator lines. 

 

 It has been predicted that organisms will optimise their mutation rate at the 

lowest possible rate, subject to physiological costs and changing environments 

(Kimura, 1960, 1967; Sniegowski et al., 2000). If this is the case, then a small 

increase in mutation rate should lead to large increase in load. However it is known 

that the U for S. cerevisiae is in the order of 10
-3

 as reviewed above. This has a 

prediction of a very small amount of load, from 0.0011 (Wloch et al., 2001) to 0.003 

(Zeyl & de Visser, 2001). Even an increase in mutation rate in these experiments led 

to an increased U and thus load of 0.0088 (Wloch et al., 2001) to 0.02 (Zeyl & de 

Visser, 2001). Therefore a small increase in load is predicted. The exact increase in 

load is dependent on a number of factors: if epistasis is present, as the number of 

mutations present in an average individual is proportional to U (Kondrashov & Crow, 

1988), the number of mutations present at equilibrium load in mutator lines will be 

increased by the same factor as the mutation rate and epistasis will have a larger 

effect.  

 

2.2.1.2 Harsh Environment  

 

 To compare the effects of the stabilising selection in benign media with 

directional selection a similar experiment was set up with the same 4 strains, but in a 

harsh media with a heat stress, to which it is known copious adaptation is possible 

(Goddard et al., 2005). This media is identical to the benign media, with the addition 
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of 0.2 M Sodium Chloride and a 37°C incubation temperature. Beneficial and 

detrimental mutations will be expected to occur in this media, so the end results will 

be a combination of detrimental mutation clearance and beneficial mutation 

accumulation. Previous work has shown that sex speeds adaptation (Goddard et al., 

2005), so it can be expected that the sexual and sexual mutator lines will show the 

fastest and greatest gain in fitness over the course of the experiment. Asexual and 

asexual-mutator lines are also expected to show adaptation, however it will be slowed 

by clonal interference and linkage.  

 

The increased mutation rate in sexuals will increase beneficial mutational 

supply and the question as to whether this will increase adaptation rate depends on 

whether mutational supply is the limiting factor for adaptation or whether fixation 

rate, or segregation of beneficial mutations away from detrimental mutations are of 

importance. In the asexual mutator lines the increase of mutation rate will lead to an 

initially increased beneficial mutation supply, and adaptation can be expected to 

proceed quickly at first. However it is known that as adaptation continues beneficial 

mutations of large effect are fixed early, and then beneficial mutations with smaller 

effect will be fixed (Bell, 2008). In asexual and asexual mutator lines it can be 

expected that the beneficial mutations with large effect will mask any linked 

detrimental mutations and fix, but once the beneficial mutations become rarer and 

with a lower s, detrimental mutations will overwhelm them (Peck, 1994). 

 

 The difference in adaptation rate between sexual and asexual lines will depend 

on the relative mutational supply. If mutations are rare then more time will be spent 

by the populations in stasis, interspersed by the origin and fixation of mutations. If 
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beneficial mutations are plentiful then the populations will be segregating many 

beneficial mutations at once, a situation that leads to an advantage to sexual lines. The 

estimated rate of beneficial mutations in S. cerevisiae ranges from 5×10
-10

 (Zeyl & de 

Visser, 2001) to 3.6×10
-6

 (Joseph & Hall, 2004). The work of Perfeito et al. (2007) on 

E. coli points to a need to reassess these values upwards drastically. The effect of 

Perfeito et al. (2007) reducing population size and thus clonal interference was an 

increase in the effective beneficial mutation rate of  three orders of magnitude. This 

experiment was carried out in asexual E. coli, but a similar reduction in clonal 

interference and thus increase in mutational supply would be expected to result from 

sex. The FM hypothesis also predicts an increase in adaptation rate. Taken together, 

these results suggest that effective beneficial mutation rate will be increased in 

sexuals by a number of orders of magnitude, especially for mutations of small effect. 

Therefore the prediction for the experiment is that sex will allow adaptation to occur 

more quickly and to continue for longer, especially for mutations of small effect. 

 

2.2.2 Summary 

 

Taken together these experiments allow a comparison of the relative effects of 

the detrimental and beneficial mutation based hypotheses about the evolution of sex. 

If sex acts to remove deleterious mutations, the asexual populations in the benign 

environment should show a loss of fitness, with the asexual mutator populations 

showing a larger loss. Sexual populations should be able to adequately remove 

detrimental mutations and keep a higher fitness value. If sex serves to speed 

adaptation, then the sexual and sexual mutator populations will show a faster 

adaptation rate and maximum fitness than asexual lines, as mutations are more 
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efficiently incorporated. A comparison of the fitness changes between the two 

environments will allow determination of the relative effects of the two major classes 

of theories for the evolution of sex, beneficial mutation accumulation and detrimental 

mutation clearance. 

 

2.3 Materials and Methods 

 

All chemicals and reagents were obtained from Sigma-Aldrich unless 

specified otherwise. All chemicals and media were sterilised by autoclaving at 121°C 

and 15 psi for 15 minutes unless specified. 

 

2.3.1 Media 

 

Benign media consisted of 1.7 g Yeast Nitrogen Base without amino acids, 

Nitrogen or Carbon (Formedium UK), 5 g Ammonium Sulphate, 0.08 g Glucose and 

per Litre. A stock solution of 2 mg/mL Uracil sterilised by a 0.22 µM filter was added 

after autoclaving to give a final concentration of 20 mg/L. 

 

Harsh media was identical to benign media, with the addition of 11.69 g/L 

NaCl, resulting in a final concentration of 0.2 mol/L. Both the benign and harsh media 

were based on the benign and harsh media from (Goddard et al., 2005), with 

modifications necessary to maintain growth in batch culture in falcon tubes rather 

than in chemostats. 
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SD media is identical with benign media, except that it has 20 g/L glucose 

rather than 0.8 g. If required, solid SD plates were created by adding 15 g per litre 

agar and then poured into 10 cm diameter petri dishes, approximately 20 mL per dish. 

Canavanine was added to SD at a final concentration of 60 mg/L from a 0.22 µM 

filtered stock solution of 20 mg/mL after autoclaving where required. 

 

YPD consisted of 10 g yeast extract, 20 g peptone, and 20 g glucose per litre. 

If required, solid YPD plates were created by adding 15 g per litre agar and then 

poured into 10 cm petri dishes, approximately 20 mL per dish. 

 

2.3.2 Glycerol Stocks 

 

Glycerol stocks were kept at the end and start of every evolution cycle for all 

populations. The samples were centrifuged at 13000 rpm in a bench top centrifuge for 

1 minute, the supernatant discarded then washed with 1 mL ddH20 for 1 minute at 

13000 rpm. The resulting pellet was then resuspended in a 0.22 µM filter sterilised 

70% W/V glycerol solution. This was then transferred into eppendorf cryotubes and 

stored in a -80°C freezer for further analysis. 

 

2.3.3 Polymerase Chain Reaction 

 

Polymerase chain reactions (PCR) were carried out according to a standard 

protocol. Table 2.2 gives the ingredients for a standard 20 µL reaction. PCR was 

carried out in a thermal cycler, with a standard protocol of 95°C for 10 minutes, then 

35 cycles of: 95°C for 45 seconds, primer annealing at 5 degrees below the Tm of the 
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primer for 30 seconds, then elongation at 72°C for 1 minute per kilobase of DNA 

product expected. These cycles were followed by a final extension of 72°C for 10 

minutes, then held at 4°C. 

 

Gel Electrophoresis was carried out in 1% w/v agarose with 0.5% TBE (90 

mM Tris-HCl pH 8.0, 0.55% boric acid, 2 mM EDTA). Ethidium bromide was added 

to the gel at a final concentration of 10 µg/mL. Samples were prepared by adding 

loading dye, consisting of 0.25% bromophenol blue and 30% glycerol and loaded into 

the gel. Gels were submerged in 0.5% TBE buffer in a gel cradle and subjected to 

100mV electrophoresis. Sizes were determined by visualisation under UV light and 

comparison to a DNA ladder of appropriate size, 100 bp or 1 kbp (Invitrogen). 

 

Constituent Volume 

10x buffer 2 µL 

dNTP 10mM 0.4 µL 

MgSO4 50mM 0.6 µL 

Primer1 10µM 0.5 µL 

Primer2 10µM 0.5 µL 

H2O and template 15.9 µL 

Taq Polymerase 0.1 µL 
Table 2.2 PCR constituents of a typical 20µL reaction 

 

Name Sequence 

disrupMSH2fwd ATGTCCTCCACTAGGCCAGAGCTAAAATTCTCTGATGTATCAGAGG

AGAGGTACTGAGAGTGCACCACGCTTTTC 

disrupMSH2rev TTATAACAACAAGGCTTTTATATATTTCAGGTAATTATCGTTTTCCTT

TTTTAGTTTTGCTGGCCGCATCTTCTC 

disrupfwd GTTCCGCACTCCATCAAGTGA 

disruprev CTTTTAGGGATTATGAATAAAC 

HM AGTCACATCAAGATCGTTTATGG 

Hα GCACGGAATATGGGACTACTTCG 

HA ACTCCACTTCAAGTAAGAGTTTG 

lystourafwd GTGAAAAACTGCTAATTATAGAGAGATATCACAGAGTTACTCACTA

ATGTCGAAAGCTACATATAAGG 

lystourarev CATATTTAATTATTGTACATGGACATATTATACGTAATGCTCAACCT

TAGTTTTGCTGGCCGCATC 

lyscheckfwd GTTTTTCGCGTGTGACTCAA 

lyscheckrev TCTCGGAGTTTTTAAGTGACATC 

Table 2.3 PCR primers used in this study 
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2.3.4 Strains 

 

Initial strains used were those created by Goddard et al. (2005) and described 

in more detail by Goddard (2007). Briefly, the URA3 locus in a haploid Y55 yeast 

which was ho (unable to switch mating type) was cleanly deleted. The mating type 

was then switched using a plasmid, giving rise to a and α haploids which were 

identical except at the mating type locus. The SPO11 gene in the a haploid was then 

cleanly deleted, and the SPO13 gene replaced with kanMX4 in the α. These two 

strains were then mated to form diploids, sporulated, and the resulting haploid 

progeny analysed for genotypes. An a, ho, ura3Δ, spo11Δ, spo13Δ::kanMX4 and an 

α, ho, ura3Δ were derived from a single ascus and were dubbed A1 and S1 

respectively. Similarly, an α, ho, ura3Δ, spo11Δ, spo13Δ::kanMX4 and an a, ho, 

ura3Δ were isolated from another ascus and dubbed A2 and S2. To create the diploid 

lines, Goddard et al. (2005) mated the A1 with the A2 and the S1 with the S2 to form 

the asexual and sexual ancestors respectively. These lines are those used as asexual 

and sexual ancestors in this work. 

 

For this work, in order to create the mutator lines, the A1, A2, S1 and S2 

haploids were used. To cleanly delete MSH2 a PCR construct was created, using the 

primers disruptMSH2fwd and disruptMSH2rev. The resulting construct consisted of a 

1147 base pair sequence made up of 50 base pairs of the intergenic space surrounding 

MSH2 on either side, with the URA3 ORF from the plasmid pRS306 inserted where 

MSH2 is usually situated. Transformations were carried using the Lithium acetate/SS 

carrier DNA/PEG method as detailed by Gietz and Woods (2007). Each of the four 

haploids was independently transformed and screened for uracil prototrophy, 
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indicating that the URA3 gene had integrated into the chromosome. In order to ensure 

that the construct had integrated into the correct place in the genome, primers 

disruptfwd and disruptrev were used. In the case of a deletion of MSH2 replaced with 

URA3 a PCR with these primers result in a product of 1748 bp, while a wild type 

results in a product of 3274 bp. Colonies showing uracil prototrophy were transferred 

to new YPD plates and PCR screened for appropriately sized bands. Those haploids 

with correctly sized bands were stored at -80°C for further use. Initial attempts were 

made to remove the URA3 gene by selecting on 5-FOA but subsequent PCR analysis 

showed that no clean deletions had occurred. Thus the strains were used with uracil 

prototrophy. The A1 mutator and A2 mutator lines were a, ho, ura3Δ, spo11Δ, 

spo13Δ::kanMX4, msh2Δ::ura3 and α, ho, ura3Δ, spo11Δ, spo13Δ::kanMX4, 

msh2Δ::ura3, and the S1 mutator and S2 mutator lines α, ho, ura3Δ, msh2Δ::ura3 and 

a, ho, ura3Δ, msh2Δ::ura3. 

 

 Diploids were created by mating the A1 mutator with the A2 mutator haploids 

and the S1 mutator with the S2 mutator haploids. Mating was achieved by spotting 

100 µL of an overnight YPD culture of the first haploid onto an over dried YPD plate, 

drying for 10 minutes then spotting 100 µL of the second haploid on top. Plates were 

incubated at 30°C overnight and the resulting colonies streaked for single colonies 

onto another YPD plate, and again grown overnight at 30°C. The resulting colonies 

were then tested by PCR for diploidy, with the primers HM, Hα and HA as described 

by Huxley et al. (1990). The resulting diploid from A1 mutator and A2 mutator was 

used as the asexual mutator ancestor, and similarly the S1 mutator and S2 mutator 

was used as the sexual mutator ancestor. Diploids were sporulated and checked for 

correct asexual/sexual sporulation, as well as marker stability before use. 
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2.3.5 Fluctuation tests 

 

To determine the mutation rate of the engineered mutator strains, fluctuation 

tests were carried out (Luria & Delbruck, 1943). Tests were carried out based on the 

method provided by Lang and Murray (2008) with relevant modifications. Initially the 

tests were carried out on the sexual ancestor and sexual mutator diploid strains, 

however it became apparent that this was leading to confounded results due to 

dominance and gene conversion as detailed in section 2.4.2. Thus the tests were 

carried out on the sexual ancestor S1 haploid and the sexual mutator S1 haploid. 

Strains were pregrown in a falcon tube at 30°C with 125 rpm shaking in 3 mL of SD 

media from a 10µL inoculum of the relevant -80°C stock. After 24 hours, each of the 

cultures were then diluted 1000 fold with ddH2O, and 10 µL of the resulting mix 

added to a 96 well plate containing 90 µL of benign media in 90 wells, the remaining 

6 being used for negative controls. The plate was covered and incubated with 125 rpm 

shaking at 30°C overnight. The SD culture used to initiate these cultures was serially 

diluted and plated 5 times at 10
-5

 on YPD plates in order to determine the starting 

numbers. As fluctuation tests require all of each culture to be plated onto selective 

media but also require knowledge of total cell number in the cultures (Foster et al., 

2006), it is standard practice to pool a number of cultures, plate these out on non-

selective media and use these numbers as an estimate of the number of cells in those 

plated to detect mutants. To achieve this, 10 randomly chosen wells of each of the 

wild-type and mutator strains were pooled and plated at a 10
-5

 dilution on YPD plates 

five times, with independent dilutions. The remaining wells were plated onto over 

dried SD + canavanine plates by spotting the entire 100 µL contents onto a plate, with 
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3 spots per plate. Due to handling error, a small number of spots ran into other ones, 

these were excluded from the final analysis. Following Lang and Murray (2008), 

plates were incubated at 30°C for 3 days and mutants counted under a dissecting 

microscope at 10× magnification. All colonies bigger than 1mm in diameter at this 

time were counted as mutants, and the number of mutants coming from each well 

were tabulated. There are a multitude of ways of analysing data from fluctuation tests 

(Foster et al., 2006; Rosche & Foster, 2000), and a comparison of methods and 

estimates are included in the results section. The calculations and statistical analysis 

of these results was carried out in Wolfram Mathematica 7.0 (Wolfram Research Inc., 

2008). 

 

2.3.6 Outcrossing Rate Analysis 

 

2.3.6.1 Strain Construction 

 

Lysine auxotrophs with Uracil prototrophy were created from the Y55 derived 

haploids DH-89 and DH-90 which are MATα, ho, ura3 and MATa, ho, ura3 

(Goddard et al., 2001). Using the primers lystourafwd and lystourarev a 896 base pair 

PCR product containing the URA3 ORF from the plasmid pRS306 flanked by 45 base 

pairs of the genomic sequence flanking LYS2 from the Y55 genome sequence was 

created. Transformations were carried using the Lithium Acetate/SS carrier 

DNA/PEG method as detailed by Gietz and Woods (2007). The resulting 

transformations were selected for the loss of LYS2 and integration of URA3 on α-

amino adipate plates without uracil for three days at 30°C. Resulting colonies were 

then screened by PCR with the primers lyscheckfwd and lyscheckrev to ensure the 
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construct had integrated appropriately – a PCR product of 5583 bp indicated a wild 

type haploid, a product of 2208 bp indicated a knock out. To create diploids, DH89 

and DH90 haploids with the knockout were mated and confirmed by PCR as 

described above. Confirmed diploids were screened for reversion to lysine 

prototrophy by sporulation and plating on SD media. Those which had no detectable 

reversion, and gave the correct sized PCR products were stored at -80°C for further 

analysis. The resulting strain used was dubbed LysX. 

 

2.3.6.2 Outcrossing Assays 

 

Outcrossing rate was analysed by sporulating both the strain to be tested 

(sexual ancestor or sexual evolved) and the lys2Δ::ura3 LysX described above. They 

were grown overnight from -80°C stocks in SD media with uracil and lysine and 

sporulated in sporulation media with added lysine at 4 mg/L for five to seven days. 

After sporulation, cultures were mixed at approximately 50:50 and subjected to the 

outcrossing treatment described below. After mating, the strains were plated onto SD 

with lysine and uracil, then replica plated using velvets approximately 16 hours later 

onto SD, SD with uracil and SD with lysine. Any colonies which grew on SD alone 

were deemed to be heterozygotes, and this number subtracted from each of the plates 

with uracil and lysine to give the number of homozygotes. These numbers were then 

used to determine Wrights inbreeding coefficient (Wright, 1922), by calculating the 

ratio of expected to observed heterozygotes.  
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2.3.7 Fitness Assays 

 

Fitness assays were carried out in order to test if the engineering of asexuality 

and mutation rate had an effect on fitness, as well as to measure the changes in fitness 

over the course of the experiment. Fitness assays were carried out by inoculating the 

strain to be tested into 3mL of benign media from a -80°C stock or evolution end 

culture, and growing this overnight at 30°C and 125 rpm. The resulting culture was 

then mixed with the oppositely marked, non-mutator ancestor at approximately 50:50 

ratios, and 40 µL inoculated into 2.96 mL of either the benign or harsh media to form 

a competition assay and grown overnight in its respective conditions. The initial 

mixture was plated onto YPD at a relevant dilution and then replica plated onto YPD 

and YPD with geneticin, using sterile velvets approximately 14-18 hours later. These 

plates were then counted in order to determine the starting ratios. Once the 

competition assays have grown 22-26 hours, the resulting populations are then plated 

onto YPD and then replica plated as described for the starting cultures. Plates were 

diluted in order to give approximately 300 colonies on the YPD plate to give good 

estimates for fitness. 

 

The ratios were calculated by assuming all colonies on YPD with geneticin 

were asexual and the number of sexual cells was the number on the YPD plate minus 

those on YPD geneticin. It is possible that a number of asexual colonies may have lost 

geneticin resistance during the course of the experiment or fitness assay, but this was 

not detected during contamination checks. Additionally the replica plating method 

may not plate as effectively on stamps taken later in time, for this reason all 
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competitions were replica plated first onto YPD then onto YPD with geneticin in 

order to keep this possible bias constant.  

 

Malthusian fitness (or log fitness, m) was calculated by taking the natural 

logarithm proportion of evolved colonies at the end of a fitness assay divided it by the 

starting ratio (Bell, 2008): 

sGenerationartancestorstrtevolvedsta

dancestorenevolvedend
Lnm

1

/

/








   

(2.6) 

A percentage advantage or Darwinian fitness (w), is calculated simply as Exp(m). As 

can be seen from the formula, any assays which resulted in extinction of one of the 

competitors could not be used, and were thus repeated or excluded from continuing 

analysis. 

 

Confidence limits were calculated based on the binomial distribution. These 

were calculated based on likelihood analysis in a Mathematica worksheet produced by 

M. Goddard and subsequently modified to run under Mathematica version 7 and to 

allow batch queries. As each colony is one of two states (geneticin sensitive or 

resistant), these can be expected to follow the binomial distribution (each plate 

counted is a binomial sample of the population with n=total colony numbers). 

Additionally the binomial distribution accounts for the number of each colony type 

counted in its error estimates. Thus, the log likelihood function is based on the 

probability distribution function of two binomial distributions based on the starting 

and ending numbers counted: 

 



 112 














































































)!()!(!!

1
1

1
1

11
!!

0

0

0

0

0

0

0

0

zyxwzx

e

e

e

e

e

e

e

e
yw

Ln

zy

cz

cz
xw

z

z
z

cz

cz
x

z

z

 

 

(2.7) 

Where w is the total number of colonies counted on the starting plate, x is the number 

of colonies of the evolved population, y is the total number of colonies counted on the 

ending plate, z is the number of colonies of the evolved population, z0 is the logit 

frequency of evolved to ancestor at the start of the experiment and c is the change in 

frequencies over the course of the experiment (fitness).  

 

The initial maximum likelihood is found at the fitness value found by equation 

2.6. Two log likelihood limits were calculated by allowing this fitness and the initial 

ratio to vary and setting the equation 2.7 to be the maximum log likelihood from 

equation 2.6 plus two and solving using Mathematica for the two solutions. These two 

values are then corrected by dividing by the number of generations completed in each 

assay and used as confidence limits. Due to the nature of the binomial distribution, 

these confidence limits are skewed heavily when the starting or ending ratios are very 

close to 0 or 1. This results in the confidence limits being very large when one 

competitor is very fit as compared to the other. Similarly, assays with smaller 

differences in fitness will give smaller intervals. To counter this, when fitness was 

expected to be very high, ancestors were initially inoculated at higher ratios, of three 

or four to one.  
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2.3.8 Evolution Phase 

 

The evolution phase was initiated by inoculating the 4 ancestral strains 

(asexual, sexual, asexual mutator and sexual mutator) into YPD, incubating at 30°C 

overnight and then streaking onto YPD plates. A single colony was taken from each 

plate after incubation and used to inoculate three tubes with 3 mL of each of benign 

and harsh media. The resulting cultures were incubated at 30°C or 37°C depending on 

environment for 24 hours and then passaged as described below. 

 

The evolution phase was continued by taking 40 µL of the previous days 

growth and adding it to 2.96 mL of fresh media in a new tube. For the first cycle of 

evolution, the first day was taken from the cultures described above, for all others it 

was from the previous cycles mating mix, or from a -80°C of the previous mating mix 

grown overnight in benign media at 30°C. This dilution was calculated in order to 

provide Ln(75)/Ln(2)=6.23 doublings per dilution, and thus approximately 25 

generations every four transfers. Each transfer was carried out 22-26 hours after the 

previous transfer. After the four transfers, 1 mL was taken in order to plate for CFU 

numbers and -80°C stocks (ending sample) and the remaining 2 mL was used for 

sporulation. 

 

Sporulations were undertaken in liquid media which consisted of 5 g/L 

Potassium Acetate, and supplementation to 2.5 mg/L Uracil from a stock solution of 2 

mg/mL sterilised by a 0.22 µM filter. 2 mL from the evolution protocol was taken, 

centrifuged at 3000 rpm for 10 minutes at 4°C in falcon tubes in an Eppendorf 5810R 

centrifuge, the supernatant discarded, then washed to remove the growth media with 5 
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mL of ddH20 and centrifuged again at 3000 rpm for 10 minutes. The resulting pellet 

was then resuspended in 3 mL of sporulation media in 20 mL falcon tubes (BioLab), 

and incubated for 5-7 days at 30°C in a standing shaker at 125 rpm. 

 

Once sporulation was complete, it was necessary to outcross the resulting 

population. Outcrossing was undertaken using a modified protocol from Eleanor 

Harrison (pers. communication). Sporulation cultures were centrifuged at 3000 rpm in 

an Eppendorf 5810R centrifuge, washed with 3 mL ddH2O and recentrifuged. The 

supernatant was removed and 3 mL of DTT/Lyticase solution added. DTT/Lyticase 

solution consisted of 80 units/mL Lyticase, and 50 mM Dithiothreitol in order to 

digest the cell walls of any unsporulated individuals. This was incubated at 37°C with 

shaking at 125 rpm overnight. 0.33 mL of a 0.22 µM filter sterilised 10% Sodium 

dodecyl Sulfate (SDS) solution was added to give a final concentration of 1% SDS. 

This was then incubated at 37°C at 125 rpm for 1 hour in order to disrupt and kill any 

unsporulated cells. The resulting culture was then centrifuged at 3000 rpm for 10 

minutes and washed twice with 3 mL of ddH20. The resulting pellet was resuspended 

in 3 mL β-Glucoronidase solution filter sterilised by a 0.42 µM then a 0.22 µM filter 

to digest the asci and inter spore-bonds. β-Glucoronidase solution consisted of 1,100 

enzyme units/mL, diluted in ddH2O. Cultures were then incubated overnight at 37°C 

and 125 rpm. Cultures were then centrifuged at 3000 rpm and washed once in ddH20. 

The resulting pellets were resuspended in 3 mL of benign media (both benign and 

harsh cultures), centrifuged at 3000 rpm and incubated in a stationary incubator 

overnight in order to allow mating. 1 mL of this culture was taken, centrifuged for 1 

minute at 13000 rpm in a bench top centrifuge, washed in ddH20, recentrifuged and 
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added to 1 mL of sterile 70% glycerol and stored at -80°C for further analysis. This 

constituted the ―start of generation sample‖. 

 

The cycle of four transfers, sporulation and mating was carried out 12 times, 

to give a total of approximately 300 generations of selection. Although generations 

occur during mating (in the overnight growth) and during any revival from -80°C 

stocks, these were discounted, as they were all carried out in benign media, for both 

harsh and benign populations. 

 

To determine population size and generation number, 100 µL of the remaining 

1 mL of culture was taken and serially diluted to an appropriate dilution in 

eppendorfs, and plated onto solid YPD plates. The leftover of the 100 µL was kept at 

4°C in case the dilutions chosen resulted in a low or uncountable number of colonies, 

and were then replated as soon as possible at a more accurate dilution. This was only 

rarely needed. The plates were incubated overnight at 30°C and colonies counted >16 

hours later. The resulting CFU ending numbers were then assumed to be 

representative of the 3 earlier ending numbers, and were used to calculate a number of 

generations as described in the results section. The numbers of colony forming units 

in a culture was also used as a rough measure of carrying capacity. Similarly, a 

sample of the mating mix or overnight from -80°C stock used to initiate each sample 

was plated in order to determine numbers at the start of the cycle. 

 

Contamination checks were carried out every 100 generations by plating 

populations at appropriate dilutions onto solid YPD. The resulting plates were then 

allowed to grow at 30°C and 14-18 hours later (when colonies were approximately 
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pinhole sized) replica plated with velvets onto YPD and YPD with G418. The plates 

were counted, and used to determine if contamination had occurred. Sexual and 

sexual mutators are G418 sensitive, and thus should not grow on the YPD G418 

plates. If any colonies were seen on G418, they were determined to be contaminated 

with asexual or asexual mutator lines and abandoned. The asexual and asexual 

mutator lines should be G418 resistant and thus should grow on both YPD and YPD 

with G418. Thus the numbers on the two plates should be equal. If the numbers on the 

two plates differed by more than 1% (to allow for counting and plating errors), they 

were deemed to be contaminated and abandoned. These tests could not determine 

whether contamination with a similarly marked sample (i.e. sex with a different sex or 

sex mutator line) had occurred, but as no contamination between resistance types was 

observed it likely that this did not occur.  

 

2.3.9 Statistical Modelling 

 

Linear and non-linear models with mixed effects were constructed as 

described by Pinheiro and Bates (2000) using the R software package, version 2.10.0 

with the library nlme. Initial exploratory analyses were carried out in order to 

determine whether the data would be best fit by a linear or non-linear model and 

which non-linear model would be most appropriate. A number of different non-linear 

functions were used for initial fitting, most were taken from Bolker (2008), chapter 3. 

 

Mixed effect models allow both the slope and intercept to vary either as fixed 

effects or as random effects. Fixed effects describe a constant response to a treatment 

across a number of samples, whereas random effects describe variability among 
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replicates of treatments. Mixed effect models allow a comparison of the response to a 

number of grouped factors: in the case of this work, the repeat, mutation rate and 

sexual status. 

 

Models were fit using the nlme command in R version 2.10.0 (R Development 

Core Team, 2009), and carried out following Goddard et al. (2005). Fixed effects 

were used as described in section 2.4.4, with each variable of each equation either 

being fixed or not by treatment in order to determine if the treatment had an effect on 

the adaptive trajectory. Random effects were used as also integrated into each 

parameter, where each was normally distributed, with a variance covariance matrix of 

ψ, a mean of 0 and assumed to be constant in time and for each line. Within group 

variance, denoted as ε in the chapter, was normally distributed with mean of 0 and 

standard deviation based on the variance observed. Models allowing random effects 

by time point, rather than by line were excluded from analysis as they suffered large 

AIC and BIC penalties due to the increased number of parameters. 

 

Fitted models were compared with the ANOVA command in R version 2.10.0 

(R Development Core Team, 2009) following Pinheiro and Bates (2000). Models 

comparisons which showed P values of <0.05 were deemed significant, but following 

Bolker (2008) and Richards (2005) ―rules of thumb‖ for comparisons based on AIC 

and BIC. These information criteria are used to distinguish models that over-

parameterise the data, and are used to exclude them. 
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2.4 Results 

 

2.4.1 Effects of Engineering 

 

In order to determine if the deletion of genes and markers used had any effect 

on fitness, head to head competitions were carried out with the engineered ancestors 

against each other. The resulting fitness and confidence intervals are given in Table 

2.4. No significant difference was found between the ancestral strains used in the 

combinations tested in any environments, with the exception of sex against asex 

mutator (P=0.013). 

 

The effects of engineering the asexuality appear to be negligible as expected 

from previous work on the same strains in a different environment (Goddard et al., 

2005). In harsh media the effect of the MSH2 knockout has an average of 3.6% fitness 

gain in sexual lines, but a 5.2% cost in asexuals. Neither of these values is 

significantly different from 0 as determined by a two sided mean test based on 

Student‘s T distribution (sexual, P=0.14, asexual, P=0.16). The lack of a large effect 

in the benign media plus an absence of any sensible explanation for a deletion of this 

gene being beneficial in mitotic growth in sexual but not asexual lines leads to the 

accepting of 0 as a sensible effect of engineering. 

 

Ancestor 1 Ancestor 2 Benign Harsh 

Sex Asex 0.010±0.033 (n=6) 0.023±0.068 (n=6) 

Sex mutator Asex -0.017±0.032 (n=6) 0.036±0.041 (n=6) 

Sex Asex mutator 0.018±0.023 (n=6) 0.052±0.046 (n=3) 

Table 2.4. Initial fitnesses of ancestor 1 relative to ancestor 2, ± 95% CI 
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2.4.2 Mutation rates 

 

Fluctuation tests were carried out for the Sexual mutator and Sexual ancestor 

diploids, and the S1 mutator and S1 ancestor haploids (see methods). S1 mutator and 

S1 were one of the two haploids used to create the ancestral sexual and sexual mutator 

lines. These tests were carried out as described by Lang and Murray (2008) and 

described in more detail in the methods section. The tests were carried out on 1x 

Canavanine. 

 

Number of 

colonies 

Wt 

Diploid 

Mut Diploid Wt Haploid Mut Haploid 

0 0.41 0.22 0.64 0.04 

1 0.19 0.13 0.17 0.10 

2 0.22 0.13 0.08 0.09 

3 0.10 0.11 0.05 0.01 

4 0.05 0.09 0 0.01 

5 0 0.11 0.01 0.05 

6 0.01 0.01 0.01 0.05 

7 0 0.06 0.01 0.04 

8 0.01 0.06 0 0.01 

9 0 0.01 0 0.01 

10 0 0.02 0.01 0.04 

11 0 0 0 0.05 

12 0 0.01 0 0.04 

13 0 0 0 0.03 

14 0 0 0 0.01 

15 0 0 0 0.01 

16 0 0 0 0.03 

17 0 0 0 0.03 

18 0 0 0 0.03 

19 0 0 0 0 

20+ 0 0.04 0.01 0.34 

Total Number of 

Tests 

78 85 78 80 

Cells Per Test 5460000 6040000 6160000 4920000 
Table 2.5. Results of the fluctuation tests. Numbers given are proportion of total tests giving each 

number of mutants.  
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All methods of analysing fluctuation tests give a result in terms of m, a 

number of mutations expected to take place in one test. This needs to be calibrated to 

give a number of mutations expected per cell division, and is corrected by the number 

of cell divisions that occurred in the test. No current method can account for 

fluctuation tests which do not count all of the colonies in a test for mutants, thus the 

standard method is to take a number of tests and count for colony forming units on 

non-selective media, assuming that the tests plated on selective media contained a 

similar number of cells. The numbers given in Table 3 are means of triplicates, plated 

from a pool of eight tests. The number of cell divisions was calculated based on the 

base 2 logarithm of the cell numbers minus the number of cells in the initial inoculum. 

 

 The standard methods for calculating mutation rate from a distribution of 

mutant frequencies are based on the original method used by Luria and Delbruck 

(1943) and modified by Lea and Coulson (1949). There are a number of assumptions 

built into the analysis, most importantly that mutations are neutral, are all detected 

and none arise after selection has been imposed. For a full list of assumptions and 

analysis of their relaxation, see Foster et al. (2006). Using this model there are a 

number of statistical methods to gain a mutation rate from the data, each with varying 

complexity, power and accuracy at varying rates of mutations per culture. For a 

review and comparison of the differing methods, see Rosche and Foster (2000), for an 

simpler review and tutorial in setting up and analysing fluctuation experiments see 

Foster et al. (2006). Here a number of the standard methods are carried out and 

compared. 
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 The first method used was the p0 method (Luria & Delbruck, 1943). This 

assumes that mutants follow the Poisson distribution, and thus the number of tests 

with 0 mutants (p0) will be equal to the 0
th

 term of a Poisson distribution with mean 

m, so  

).0( pLnm   (2.8) 

 

 

This method depends heavily on having enough cultures with 0 mutants to 

make valid assumptions, as in high mutation rate tests p0 can be very small and thus 

subject to unacceptable error. In addition, this method ignores all data other than the 

p0 results, leading to a large amount of data being discarded and thus a reduction in 

power and accuracy.  

 

 The second method developed is the Lea-Coulson Median Estimator (Lea & 

Coulson, 1949). This method relies on the statistical properties of the distribution of m 

as it relates to the median of number of mutants per culture. This results in the 

equation: 

024.1)(  mLn
m

r
 

(2.9) 

where r is the median number of cells per culture. As can be seen from the equation, 

the formula depends heavily on the median number of mutants per culture and thus 

loses accuracy when m is low. 
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 The next method is a modification of the above, dubbed the Jones median 

estimator (Jones et al., 1994). This estimates m by analysing the dilution required to 

change the median observed to 0.5. In this system  
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(2.10) 

It has the advantage of being the only currently used method which can handle 

dilution of cultures explicitly, by introducing a dilution term in more complex 

equations. Again it relies only on the median number of mutations per culture and 

suffers the corresponding lack of accuracy. 

 

 Koch (1982) attempted to remove the dependence on only the median by 

empirically determining the relationship between m and the expected quartiles of the 

data. In this way he developed a set of formula to be used varying with expected m. 

 

 Drake (1991) developed a method (known as the Drake formula) based on the 

number of mutants accumulated over a number of generations, giving a result per 

division rather than per culture. It has the advantage of being able to include a number 

of mutations present in the initial culture. The more complex formula can be 

simplified with caveats into a form similar to the Lea-Coulson estimator as  

0)(  mLn
m

r
. 

(2.11) 

It can be seen that these results are asymptotically higher than those from The Lea-

Coulson method. 

 

 The method developed by Sarkar et al. (1992) and Ma et al. (1992) is known 

as the MSS-maximum likelihood method. According to Foster et al. (2006) it is 
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currently the best method we have for analysing fluctuation tests. It is based on the 

MSS algorithm, which is a recursive method describing the proportion of cultures 

which will be expected to carry n mutations.  

menp  )0(  and (2.12) 
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As can be seen from the equation as n increases, it depends on every p(n) before it. 

This equation is then used to find the maximum of the likelihood function from Ma et 

al. (1992). 
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Where n|m is p(n) with the given m from equation 2.13 and c is the total number of 

cultures analysed. As detailed in Foster et al. (2006) this equates to maximising the 

equation  

...)2()1()0( 210 ccc
ppp   (2.15) 

over a range of m, where p(x) is calculated from the equation 2.13, and cx is the 

number of cultures which contained x mutations. This method has the great advantage 

of taking into account all experimental data gained during the test, being valid over a 

complete mutational range as well as having an easy method of taking likelihood 

based confidence limits of the given measure.  

 

 Luria (1951) developed a graph based method to calculate m. He showed that 

the proportion of cultures carrying at least n mutations is equal to 2m/n. Theoretically 

this relationship should lead to a straight line when plotting Ln(Pn) against -Ln(n) 

with an intercept of Ln(2m). This method depends heavily on the number of jackpot 

mutations, as results far out in the tail will alter the regression significantly. 
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Table 2.6.  Mutation Rate to Canavanine resistance (µ) per cell division calculated with differing 

methods 

 

 
 p0 Leah 

Coulson 
Jones Koch Drake MSS Luria Graph 

Diploid 1.52 1.72 1.70 1.22 1.46 1.71 1.44 

Haploid 9.24 18.48 NA 4.10 7.85 10.59 5.76 

Table 2.7. Fold increase of mutation rate in the mutator lines, calculated with differing methods 

 

All seven methods were implemented and run in Mathematica version 7.0 on 

the data given in Table 2.5 to calculate m. To go from m, which is a measure of 

mutations per culture to µ which is a measure of mutations per cell division is 

relatively straightforward. The exact conversion depends on when in the cell cycle the 

mutations are assumed to take place, as well as the number of cell divisions taking 

place in the culture. Armitage (1952) calculates that unless we wish to correct for 

mutations occurring near the start of the cell cycle or asynchronous growth, simply 

dividing m by the total number of cells is sufficient. Table 2.6 gives the µ values 

obtained from the varying methods detailed above. Table 2.7 gives the fold increase 

in mutation rate caused by the knockout of MSH2. 

 

Support limits on mutation rates depend heavily on the method used to 

calculate the rate itself. The calculated m is not in general unbiased nor normally 

distributed, and thus cannot be used to compare across experiments (Stewart, 1994). 

To do this, the variables within the experiments which are normally distributed need 

 p0 Leah 
Coulson 

Jones 
Median 

Koch Drake MSS Luria 
Graph 

wt 
diploid 

1.63×10
-7

 1.63×10
-7

 1.53×10
-7

 2.52×10
-7

 3.23×10
-7

 1.44×10
-7

 1.40×10
-7

 

mutator 
diploid 

2.48×10
-7

 2.81×10
-7

 2.61×10
-7

 3.07×10
-7

 4.73×10
-7

 2.45×10
-7

 2.02×10
-7

 

wt 
haploid 

7.22×10
-8

 4.70×10
-8

 NA 2.01×10
-7

 1.62×10
-8

 6.91×10
-8

 9.53×10
-8

 

mutator 
haploid 

6.67×10
-7

 8.68×10
-7

 7.82×10
-7

 8.22×10
-7

 1.27×10
-7

 7.32×10
-7

 5.49×10
-7
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to be varied to their limits and then used to recalculate m. This can be difficult in 

cases where raw data has not been given by original authors. The MSS method, as it is 

likelihood based, can be used to give 2 log-likelihood errors which are analogous to 

95% CIs. An approximation for giving 95% confidence intervals has also been 

calculated by Stewart (1994) and simplified by Rosche and Foster (2000). To do this 

the standard deviation of Ln(m) can be calculated as:  

c

m 315.0225.1 
 

(2.16) 

And then used to calculate 95% CIs. These values are in table 2.8. Similarly, by 

setting the likelihood function above to be 2 log likelihood units below the maximum 

likelihood and solving for m, likelihood limits can be derived. 

 
 MSS 95% upper 95% 

Lower 
Likelihood 
upper 

Likelihood 
lower 

wt diploid 1.44×10
-7

 1.88×10
-7

 1.04×10
-7

 1.88×10
-7

 1.07×10
-7

 

mutator 
diploid 

2.45×10
-7

 3.04×10
-7

 1.91×10
-7

 3.02×10
-7

 1.95×10
-7

 

wt haploid 6.91×10
-8

 9.50×10
-8

 4.64×10
-8

 9.81×10
-8

 4.61×10
-8

 

mutator 
haploid 

7.32×10
-7

 8.67×10
-7

 6.06×10
-7

 8.73×10
-7

 6.05×10
-7

 

Table 2.8. A comparison of 2 log likelihood limits and the 95% CI approximation for MSS 

mutation rates 

 

Mutation rate has increased by a factor of 1.2 to 1.7 fold in diploids, and 4.1 to 

18.5 fold in haploids depending on the method used to calculate. The fluctuation tests 

were conducted using canavanine. Canavanine is a toxic analogue of arginine (Lang 

& Murray, 2008), and is transported into the cell using the arginine transporter, 

encoded by the gene CAN1. CAN1 is a recessive mutation, therefore the values 

obtained for diploids will be further complicated by level of dominance, mitotic 

conversions and chances of double mutations. For these reasons only the haploid 

mutation rates will be considered for further analysis. 
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Lang and Murray (2008) sequenced the CAN1 gene of 227 de novo 

canavanine resistant individuals and found 100% with mutations in or near the CAN1 

locus, so it can be assumed all observed mutations occurred here. Using the results 

analysed by the MSS method, the results for per CAN1 gene per generation can be 

extrapolated to per base per generation by correcting for target size of the CAN1 gene. 

Using the number of possible substitutions leading to canavanine resistance as 236 

base sites as calculated by Lang and Murray (2008), per base pair mutation rates at 

this locus are given in Table 2.9.  

 

 Per base 
pair 

Upper 
Limit 

Lower 
Limit 

wt haploid 2.93×10
-10

 4.16×10
-10

 1.95×10
-10

 

Mutator haploid 3.10×10
-9

 3.70×10
-9

 2.56×10
-9

 

Lang and Murray 
(CAN1) 

6.44×10
-10

 ND ND 

Lang and Murray 
(URA3) 

3.80×10
-10

 ND ND 

Zeyl CAN1 1.36×10
-9

 ND ND 

Zeyl CAN1 mutator 7.20×10
-8

 ND ND 

Zeyl URA3 2.64×10
-10

 ND ND 

Zeyl URA3 mutator 3.92×10
-8

 ND ND 

Table 2.9. Comparison of calculated mutation rates with similar studies 

 

  

As can be seen, the mutation rates calculated here are in general agreement 

with Lang and Murray (2008) and Zeyl and de Visser (2001), although Zeyl and de 

Visser appear to have in general higher mutation rates. The effect of the knockout of 

MSH2 on mutation rate is a 10.45 increase in mutation rate at the CAN1 locus in this 

experiment (using MSS values), as compared to Zeyl and de Visser (2001) who found 

a 35 fold increase at CAN1, a 5.1 fold increase at CYH1 and a 151.5 fold increase at 

URA3. It is unclear what caused the difference in mutation rate per locus that Zeyl and 

de Visser found. The value determined here for CAN1 is within this range and the 

lower value may be due to genetic background, although both experiments use strains 
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originally derived from Y55. It is possible that the media choice (Zeyl and de Visser 

do not mention the media used for the initial treatment) or other conditions have 

altered the mutation rates. 

 

 In order to calculate U from a mutation rate, it is necessary to estimate the 

effects of mutations on fitness. There have been a range of values for U estimated 

from a number of experiments (Table 2.9). Wloch et al. (2001) give a value of 

U=0.0011 for wild-type haploids, in good agreement with Drake (Drake, 1991; Drake 

et al., 1998) and the estimate of Zeyl and de Visser (2001) for petite inclusive 

mutations. For mutator strains, the U could be expected to increase by a rate 

proportional to the mutation rate, or can be based on the values obtained by Wloch et 

al. (2001) and Zeyl and de Visser (2001). Wloch et al. (2001) calculated their wild 

type U by assuming that their mutations were randomly distributed (following the 

Poisson distribution) and by using the observed proportion of colonies carrying one 

mutation calculated the mean of the distribution. They did not explicitly carry out this 

calculation on their mutator strains, although the same analysis on their mutator lines 

gives a U of 0.0088. Zeyl and de Visser (2001) calculated their U for the mutators 

using a maximum likelihood method, which led to a U of 0.005 to 0.938. Zeyl also 

used the Bateman-Mukai method (Bateman, 1959) and obtained a U of 0.023 for their 

mutator. The 0.023 seems to be the most reliable – it is in the same order of 

magnitude as the wild type estimate of 0.0011 raised by a 10-50 fold increase in 

mutation rate, and can be expected not to be biased downwards by selection and 

multiple mutations like the estimate of Wloch (2001), and will be used for further 

analysis. 
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Figure 2.2. Graph of change in beginning CFU over time in the benign environment.  Error bars 

are standard errors of the mean of triplicates. Black, sexual, Red, asexual, Green, sexual 

mutator, Blue, asexual mutator. 

 

2.4.3 Evolution Phase 

 

2.4.3.1 Colony Forming Units 

 

 

Figures 2.2 to 2.5 show the change in colony forming units per mL (CFU) 

over time in the evolution phase. Two separate CFU calculations were made. Starting 

CFU was calculated from the culture used to inoculate the evolution phase, either 

from the previous mating or the -80°C stock. The ending CFU was taken using a 
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dilution series from the end of the fourth culture of the round of evolution, before 

sporulation was begun. 
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Figure 2.3. Graph of change in ending CFU over time in the benign environment. Error bars are 

standard errors of the mean of triplicates. Black, sexual, Red, asexual, Green, sexual mutator, 

Blue, asexual mutator. 
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Figure 2.4. Graph of change in beginning CFU over time in the harsh environment. Error bars 

are standard errors of the mean of triplicates. Black, sexual, Red, asexual, Green, sexual 

mutator, Blue, asexual mutator. 
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Figure 2.5. Graph of change in ending CFU over time in the harsh environment. Error bars are 

standard errors of the mean of triplicates. Black, sexual, Red, asexual, Green, sexual mutator, 

Blue, asexual mutator. 

 

 

2.4.3.2 Generation Number 

 

In order to calculate the number of generations passed under evolution, the 

initial inoculum and final culture of each transfer was plated onto YPD to determine 

the number of viable cells present. As no interest is taken in non-evolutionary periods, 

the mating and initial growth is not counted as part of the completed generations. As 

the initial inoculum was grown in benign media for both benign and harsh, the 
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inoculum is much higher than the final CFU in harsh media. Initial experiments ruled 

out the use of harsh media to grow the initial inoculum as it led to a number of extra 

generations of evolution and the mated cultures did not grow adequately. Each 

evolution phase consisted of one initial culture inoculated with 40 µL of the inoculum 

which was plated, then a further three transfers of 40 µL into 2.96 mL of media. In 

order to calculate the number of generations, it was assumed that each of the 4 

cultures reached stationary phase with a population size equal to the final population 

size calculated by plating, and then was then diluted and grown in the next culture. 

Thus the formula for number of generations per cycle is:  
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(2.17) 

Due to the large number of cells present in the harsh treatments relative to the 

ending size, in some treatments the first culture resulted in a net decrease in cell 

number from the inoculum and thus the first term from equation 2.17 being negative. 

In this case this term was set to 0 to represent that no generations had taken place, and 

the second term being used to calculate the total number of cell divisions. Values are 

given in Table 2.10.  

 

Treatment Mean 
Generations 

Mean Ne (× 10
7
) Standard error of the 

mean of Ne (× 10
7
) 

Sex Benign 306 6.85 0.185 

Asex Benign 299 7.43 0.273 

Sex mutator Benign 308 6.39 0.114 

Asex mutator Benign 300 7.33 0.090 

Sex Harsh 250 0.03 0.000 

Asex Harsh 251 0.04 0.010 

Sex mutator Harsh 265 0.76 0.001 

Asex mutator Harsh 259 0.58 0.204 

Table 2.10. Mean generations and effective population sizes for each treatment 
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One sexual culture in harsh media repeatedly went extinct at generation 88 at 

transfer 4. As such it was removed from subsequent analysis. The harsh treatments 

also show fewer generations than the benign treatments, which is mostly due to the 

effect of inoculating from benign media, used for mating and population expansion, 

into harsh media to start each cycle of evolution. A t-test of generations completed 

showed no difference between mutator status within benign treatments (P=0.660), but 

a t-test between sexual and asexual lines showed that asexuals completed significantly 

fewer generations (P<0.001). This is likely due to the low variation seen in numbers 

of generations completed. In the harsh media, there was no effect of sexual status 

(P=0.35), but a strong effect of mutation rate, with mutators showing more 

generations completed (P<0.001). 

 

2.4.3.3 Effective Population Size 

 

 In order to calculate effective population size, it is necessary to take the 

harmonic mean of population number at all time points. This has traditionally been 

done using the average number of cells at each calculated division, and taking the 

average (Wright, 1931). In the case of bottlenecks, it is possible to calculate the 

effective population size by harmonic mean only if the growth is treated as discrete. 

As this is not the case, a number of papers (Campos & Wahl, 2009; Wahl & Gerrish, 

2001; Wahl et al., 2002) have developed a method to estimate effective population 

size: 

rNNe 0  (2.18) 
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Where Ne is the effective population size, N0 is the initial population size, r is the 

natural logarithmic growth rate per generation and τ is the number of generations 

between bottlenecks. Some later formulations use r
2
 to correct for clonal interference, 

here I use r for simplicity. As all cultures are treated this way, no bias is introduced.  

  

To calculate these values, the first term of the number of generations 

completed per cycle calculation above (equation 2.17) was taken as τ and the r was set 

to be Ln(2). The starting numbers were used as N0. This value was determined to be 

the effective population size in the first culture of each experimental cycle. This term 

was then included with three copies of the second term from equation 2.17 multiplied 

as described in equation 2.18 which were deemed to be the effective population size 

of the three subsequent cultures in each cycle. The harmonic mean was then taken of 

all these values over the course of the experiment, in order to estimate an effective 

population size for each population for the entire experiment. These values are given 

in Table 2.10.  

 

 As expected, the effective population size was much lower in the harsh 

environment than in the benign environment. No significant differences exist in 

population size between any of the benign treatments. A t-test between mutator and 

non mutator population sizes in the harsh environment is highly significant (P<10
-5

), 

showing that mutator lines have increased their population size over that of the non-

mutators, regardless of sexual status. A three way ANOVA of the data with the 

factors of environment, sexual status and mutation rate shows that there is a 

significant effect of environment (P=2.4×10
-19

), sex (P=0.0098), interactions between 
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environment and sex (P=0.0009), and interactions between environment and mutation 

rate (P=0.0009). 

 

These results indicate that the effective population size is less in benign than 

harsh, that it responds differently in benign and harsh environments depending on 

sexual status and that mutation rate has more effect in harsh than benign media. 

 

2.4.4 Fitness Changes 

 

 Fitness is the gold standard of measures of adaptation. Population size and 

generations complete only allow a limited insight into evolutionary change, while 

fitness is the determining factor in survival throughout the experiment. Fitness was 

calculated by mixing an evolved line with its oppositely marked ancestor and 

calculating the change in ratios after a known number of generations (see methods). 

Averaging the fitness values of the lines after 300 generations can show a broad 

outline of the evolutionary trajectory (see Table 2.11). However, fitnesses can vary 

dramatically from generation to generation (see Figures 2.6 to 2.9) and thus there is a 

need to understand the overall trend of the adaptation to the new environment. 

Treatment Mean 
fitness 

95% CI 

Sex Benign 0.056 0.055 

Asex Benign 0.004 0.129 

Sex mutator 
Benign 

0.018 0.026 

Asex mutator 
Benign 

-0.043 0.049 

Sex Harsh 0.471 0.063 

Asex Harsh 0.288 0.063 

Sex mutator Harsh 0.544 0.056 

Asex mutator 
Harsh 

-0.172 0.155 

Table 2.11. Mean fitness at generation 300 for each treatment 
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Figure 2.6. Change in fitness over time in benign environment. Error bars 2 log likelihood limits. 

Black, sexual, Red, asexual, Green, sexual mutator, Blue, asexual mutator. Black lines indicates 

the best fitting linear model as described in the text. 

 

2.4.4.1 Benign Environment 

 

No change in fitness of any populations is apparent in the benign environment 

after 300 generations, (Figure 2.6). Initial exploratory analysis suggested that the data 

would be best fitted by a linear model. The data were fit to mixed effects linear 

models (using the nlme package in R version 2.10.0) following Pinheiro and Bates 

(2000). The model fitted was in the form:  
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ibtxtm )(  (2.19) 

Where m(t) is fitness, t is the time in generations, x is the slope, b is the intercept and 

εi is a repeat specific random effect. There was no significant difference between 

models that varied the x and b terms by treatment or by sexual status than from those 

which pooled all data together (P=0.37). A linear model fit to the pooled data gave 

estimates of the intercept and slope as given in Table 2.12. 

 
 Average Lower 

95%CI 
Upper 95% 
CI 

Intercept -0.049 -0.082 -0.016 

Slope 0.00014 -0.00004 0.00033 

Total 
fitness 

0.043 -0.013 0.099 

Table 2.12. Estimated values and confidence limits of the linear model fitting all pooled data. 

  

The intercept of the model is significantly less than 0. It is unclear why this 

was the case, as initial fitness was close to or equal to 0 in all individual fitness assays 

of the ancestors. The difference in treatment of the evolved lines (often taken straight 

from the evolution experiment to measure fitness) versus the ancestors (taken from -

80°C stocks) could explain some of the difference. The slope appears to be slightly 

larger than 0, albeit non-significantly.  

 

There are a number of time points in which fitness values of individual 

treatments was significantly different from 0. A t-test between pooled asexual and 

asexual mutator and pooled sexual lines at t=150 shows that there is a significant 

difference between both sex and asex (P=0.01) and sex mutator and asex mutator 

(P=0.02). Pooling all sexual lines and asexual lines, the sexual lines have a 

significantly higher fitness than asexuals (P=0.0001). In addition, these lines are both 

significantly different from 0 using a Z-test, sexual pooled higher than 0 and asexual 
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pooled lower than 0 (both P>0.001). It is unclear why these results are not seen at 

other time points and as they are not it is possible that they are the result of 

experimental error (e.g. a decrease in antibiotic concentration would bias both results 

in these directions). 

 

No significant fitness gain or loss was detected in the benign environment in 

any of the strains. In contrast to predictions, no increase in load in the asexual lines 

(or decrease in load in the sexual lines) was seen. The increased mutation rate in the 

asexual lines should have increased load by somewhere in the neighbourhood of 2-5% 

(Kondrashov & Crow, 1988), though this was not observed. It is possible that the load 

was not observed due to a lack of power of the experimental system, although 

differences as low as 1.3% were detectable. The large error inherent to the fitness 

estimates may also have masked a signal, although it is unlikely that these tests would 

be consistently biased in one direction rather than the other. These results appear to fit 

well with mutation accumulation experiments, in which lines of S. cerevisiae and 

even mutator lines have been passaged with low population sizes, sometimes for 

many hundreds of generations, and only small fitness decreases been observed 

(Joseph & Hall, 2004; Zeyl et al., 2001).  
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Figure 2.7. Change in fitness over time in the harsh environment. Error bars 2 log likelihood 

limits. Black, sexual, Red, asexual, Green, sexual mutator, Blue, asexual mutator. Trend lines are 

from the Ricker model with treatment specific effects. 

 

2.4.4.2 Harsh Environment 

 

 The harsh environment populations in contrast showed much more adaptation. 

It is clear from an overview of the data that the majority of lines increased in fitness 

over time, with a number showing decreases at isolated time points. Initial exploratory 

analysis showed that in general the fitness increases, however in the asexual and 

asexual mutator lines there is a slight decrease in fitness after hitting an initial 

maximum 
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Figure 2.8. Plot of fitness changes over time fitted to the Ricker model with the simplest 

assumptions – a specific effect for each treatment. Data are presented for each line individually. 

 

around generation 150-200. A t-test shows that there has been a significant decline 

between generations 150 to 300 in the asexual mutator line (P=0.02) though this 

effect is non-significant in asexual lines.  

 

In order to model these data, a number of models which incorporate a rise and 

subsequent fall were fit using non linear models with mixed effects (using the nlme 

package in R version 2.10.0) following Pinheiro and Bates (2000). Mixed effect 
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Figure 2.9. Plot of fitness changes over time fitted to the Holling type III model with the simplest 

assumptions - a specific effect for each treatment. Data are presented for each line individually. 

 

models were chosen as they allowed a fixed effect of a treatment (such as sex or asex) 

as well as a deviation from this based on population specific errors. Initially, 10 

models which describe an initial increase in fitness, then plateau or decrease to 

account for the results were tested. Due to variation in the data, poor fits of some 

models and over parameterisation of others, two were selected for further analysis: 

 

The Ricker model (Bolker, 2008) was chosen and parameterised as: 
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i

tbetatm  )(  (2.20) 

where m(t) is fitness at time t, a is the maximum adaptation rate, t is time in 

generations, εi is a replication specific random effect and the b is a variable describing 

the maximum, which is reached at b=1/t. 

 

The Holling type III functional response model (Bolker, 2008) was chosen and 

parameterised as: 

i
tb

ta
tm 






2

2

)(  
(2.21) 

where a describes the asymptote of the function, and b
0.5

 gives the time point at which 

the half maximum is reached. 

 

In both models, a and b were initially set as fixed effects of treatment, with 

each treatment tested allowing a different value of the variable. Random effects were 

chosen as replicate specific variances, normally distributed with a mean equal to 0. To 

compare between models, the parameters were fixed by treatment, then allowed to 

vary as random effects, again independent, normally distributed with a mean equal to 

0. The goodness of fit was analysed for both fits by likelihood analysis, and 

differences in information criterion (both Akiake (AIC) and Bayesian (BIC) (Bolker, 

2008; Pinheiro & Bates, 2000)) were used to ensure the models were not over 

parameterised. 

 

To test the effect of sexual status, irrespective of mutation rate, sexual and 

sexual mutator data were pooled, as were the asexual and asexual mutator data. The 

two models were then fit to the resulting data with fixed effects for both variables 



 143 

allowing two values. The resulting models were then compared with a model in which 

the parameters were set as random effects, effectively treating all the data as one 

group. The Holling type III model gave a significantly worse fit to the data with no 

sex/asex distinction (P=0.0028). The Ricker model gave a similar result (P<0.001). 

The treatment with sexual and asexual fixed effects gave a good fit. This shows that 

there was a significant effect of sexual status on adaptation. 

 

 To determine if there was an effect of mutation rate as well as sexual status, 

both models were fitted to the data using four treatment effects. The fixed effects 

were now specific to sex, sex mutator, asex or asex mutator. The resulting models 

were then compared to the models used above with groupings only for the presence or 

absence of sex, to see whether the inclusion of mutation rate gave the model a better 

fit to the data. The Holling type III model showed a slightly better fit but not 

significantly (P=0.060). The Ricker model showed a significantly better fit (P=0.028). 

This result indicates that the presence or absence of sex as well as mutator status 

result in different adaptation to the new environment. 

 

The above result indicates an effect of mutation rate and sex on adaptation. To 

determine whether this effect was specific to sexual or asexual lines the data were 

split into sexual and asexual subsets. The sexual subset was then modelled using fixed 

effects of mutation rate and compared to a model incorporating only random effects. 

For the Holling type III model no significant difference was found (P=0.179), the 

Ricker model was also not significantly different (P=0.373). This indicates that no 

significant difference occurred in adaptation between sexual and sexual mutator lines. 
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A similar comparison was undertaken using the asexual and asexual mutator 

data. There was a larger effect than in the sexuals, but it was still not significant 

(Holling type III P=0.0824, Ricker P=0.0665). This indicates that no significant 

difference was seen in adaptation between the asexual and asexual mutator lines. The 

fact that the split into sex/sex mutator/asex/asex mutator was significant but these two 

comparisons were not suggests that either sample size is too low to detect the 

difference, or that a small but similar response to increased mutation rate exists in 

both sexual and asexual lines. 

 

The two models used contained two variables, which each have different 

effects on the shape of the curves produced. The above analyses were conducted using 

both variables as fixed effects. NLME analysis allows setting one or the other 

variables to become random effects (i.e. removing their treatment specific effect) and 

comparing the fit of the model to that with them set as fixed effects. In the Ricker 

model, variable a is described as the maximum rate and variable b as either a hump or 

maximum (Bolker, 2008). The comparison of models with these effects fixed or 

random allows determination of whether the treatment results in a higher or lower 

maximum growth rate or maximum fitness. Similarly the Holling type III model gives 

an asymptote where fitness is equal to parameter a, and an initial rate based on b. 

 

To analyse the differences in adaptation between the sexuals and asexuals, 

ignoring mutation rate, the models fitted to the sex/asex pooled data from above were 

compared with models allowing the one of the variables to become a random effect 

(both variables being random effects is equal to the no-treatment model). For Holling 

type III, neither dropping neither a nor b alone resulted in a significantly worse model 
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(a, same degrees of freedom, not a meaningful comparison, b, P=0.2695). For the 

Ricker model again no significant difference was found (a, same degrees of freedom, 

not a meaningful comparison, b, P=0.0576). These results indicate that the fit of the 

model depends on a combination of both the variables together, rather than one 

individual parameter, at least in the comparison between sex and asex. 

 

A similar analysis was carried out, this time comparing the model fitting the 

four treatments as fixed effects and comparing the effect of removing one variable 

from them. For the Holling type III model, removing a resulted in a significantly 

worse fit (P=0.0106), while removing b resulted in a worse fit, but not significantly 

(P=0.0902). These results indicate that the asymptote is significantly different 

between the varying treatments, whereas the difference in initial rate is not. For the 

Ricker model, removing a gave no significant effect on the fit of the model 

(p=0.3064), while removing b was marginally significant (p=0.049). This result 

indicates that the maximum growth rate between the treatments is not significantly 

different but the maximum fitness or hump, governed by parameter b, is significantly 

different. 

 

 As expected the adaptation in harsh media showed copious adaptation in both 

sexual and asexual treatments, with and without mutation rate increases. According to 

the fit of the models to the data, there is a significant difference between sexual and 

asexual lines. This is expected based on a number of previous studies which showed 

sexual populations adapting more quickly and to a greater degree than asexual lines 

(Colegrave et al., 2002; Cooper, 2007; Goddard et al., 2005). The fact that both 

models found a significant difference in the parameter which describes maximum 
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fitness gain, but not in the parameter which describes initial rate is of interest. 

Previous work has shown that it is the maximum rate of adaptation rather than the 

maximum gain of fitness that discriminates sexual and asexual lines (Goddard et al., 

2005). The difference may be due to the inclusion of mutator lines which will be less 

likely to fix slightly beneficial mutations (Peck, 1994), or the differences between 

adaptation to batch culture and chemostats (Dykhuizen & Hartl, 1983). 

 

 The models which gave good fits to the data were the Holling type III 

functional response and the Ricker model. The Holling type III response is often used 

in predator prey systems to model a switch from common to rare prey as they are 

depleted (Bolker, 2008), which is directly analogous to the switch from fixing 

beneficial mutations of large effect initially to beneficial mutations of small effect as 

those of large effect become rarer (Bell, 2010). The Ricker model is used to model 

density dependent population growth (Bolker, 2008), where fecundity declines 

exponentially after hitting an initial peak. The basis for this model fitting the data is 

less clear. 

 

2.5 Discussion 

 

2.5.1 Deleterious Mutation Clearance 

 

 The fitness data in the benign experiment confirm that there were very few 

beneficial mutations possible. No significant gain in fitness was observed in any of 

the lines, and with the exception of the time point after 150 generations, no time point 
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showed a fitness significantly greater than 0. This is indicative that the S. cerevisiae 

strain used is on a fitness peak in the adaptive landscape in this environment. This is 

possibly indicative of S. cerevisiae‘s natural biology – as Y55 is termed a ―wild‖ 

strain, the high degree of adaptation shown to the benign environment is likely due to 

adaptation to the lab environment, or an insight into the natural conditions the yeast 

grows under. Little is known of the actual ecology of S. cerevisiae – it is known to 

occur in oak bark, fruit and wine (Goddard et al., 2009). The low sugar content in 

benign media (0.08 g/L) contrasts with that seen in grape juice and fruit, but is similar 

to that found in bark (Sampaio & Goncalves, 2008). 

 

 These same data also indicate that no loss of fitness occurred in the benign 

environment in any of the treatments. This was to be expected based on previous 

results for strains with wild type mutation rates (Goddard et al., 2005), but the 

mutators were expected to show some loss of fitness. It can be concluded from these 

results that in benign media under purifying selection, sex and recombination play 

little to no role in mutation clearance in S. cerevisiae. All treatments could be treated 

as one as parsimoniously as being treated separately, indicating that neither sex nor 

mutation rate had any observable effect on mutation clearance. This is in opposition to 

deleterious mutation clearance theories, in which it is predicted that sex will more 

efficiently clear detrimental mutations. There are a number of possible reasons for this 

lack of effect. 

 

 Firstly, it is possible that while sexual reproduction does clear these mutations 

more effectively at high levels, asexual reproduction was sufficient to remove them at 

the mutation levels carried out in this experiment. Under this scenario, if mutation rate 
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was further increased (potentially by knocking out PMS1, although this is known to 

have effects during meiosis) an effect would be seen. It is unfortunate that the 

knockout of MSH2 only resulted in a 10 fold increase in mutation rate. Zeyl and de 

Visser (2001) showed an increase of 150 fold at the URA3 locus from the same 

knockout, which would have a predicted U of around 0.2, and a predicted load of 

20%. The fact that the knockout only resulted in an increase of load to 0.023 in this 

work means a much smaller effect was predicted, although an effect of this size was 

detectable. For the DMH, a proportional reduction in load is expected, and a 

proportion of 20% is easier to detect than a proportion of 2%. Similarly, MR predicts 

that the number of ―clicks‖ of the ratchet comes from a Poisson distribution with 

mean of U×t (Muller, 1932). For a U of 0.023, this corresponds to an average of 43 

generations per fixed mutation, so a total of 6.9 clicks could be expected. With an 

average s of 1 to 5% as detailed in the introduction, a loss of fitness of 7 to 35% over 

the 300 generations of the experiment could be expected, which should be easily 

recognisable. For a U of 0.2, 60 clicks could be expected causing a potential complete 

loss of fitness. Thus it is likely, if these effects were operating at the levels expected, a 

loss of fitness would have occurred and been observed even in the lines used in this 

experiment.  

 

 A second possibility is that other requirements for the detrimental clearance 

hypotheses to occur are not met. The first is that no synergistic epistasis may be 

present between detrimental mutations, leading the DMH to have no effect. The 

evidence outlined in the introduction shows that synergistic epistasis is unlikely to 

exist in S. cerevisiae. Thus, no reduction in load would be expected to occur in sexual 

lines. This is unlikely to be the correct explanation, as no load was seen in any lines at 
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all, while the prediction if the DMH was incorrect is that all lines would show an 

equal amount of load rather than the observation of none at all. For MR, the 

population size must be low enough that chance events can overcome selection and 

cause mutations to fix. The mean population size in the benign environment is around 

7×10
7
, which is very large in population genetic terms. However, even large 

populations can be expected to show the effects of MR if s is low and U is large 

(Barton, 2010a), conditions which are met in this experiment. This explanation is a 

better fit to the data, as if MR is not operating, then the prediction is that no lines will 

show any load, which matches the observations. 

 

2.5.2 Beneficial Mutation Accumulation 

 

 The populations evolved in the harsh environment all showed a significant 

increase in fitness throughout the course of the experiment. As detailed in the results, 

this gain was significantly higher (although not faster) in sexuals as opposed to 

asexuals. This indicates that the environment was not at a peak in the fitness 

landscape of the strains, and that adaptation occurred. The osmotic stress induced by 

the inclusion of Sodium Chloride is likely similar to the stress caused by the massive 

concentration of sugars in fruit and wine (Goddard et al., 2009), and while S. 

cerevisiae uses higher temperature during ferments as part of niche construction 

(Goddard, 2008), the higher temperature of 37°C is unlikely to be encountered during 

fermentation. 

 

 The data thus indicate that the speeding up of accumulation of beneficial 

mutations is a function of sexual reproduction in S. cerevisiae. Sexual reproduction 
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led to a higher maximum fitness than asexuality. There were no significant 

differences between the mutator and non-mutator lines in both sexual and asexual 

lines, indicating that the supply of mutations was not the limiting rate of adaptation. 

 

 This effect is likely due to the Fisher-Muller hypothesis. The speed of 

adaptation is predicted to be slowed in asexual lines by a factor of e
-U/s 

due to clonal 

interference and background effects (Barton, 2010a). While these results do not show 

a difference in adaptation rate between sexual and asexual lines in the best fitting 

model the ratio of maximum fitness achieved is 0.61, as compared to a prediction of 

0.63 with U=0.023 and s=0.05. (excluding mutator lines due to the negative values at 

this time point). However these U and s values are for the mutator lines, using those 

for the wild type (U=0.001 and s=0.05) the prediction of 0.98 more closely matches 

the predicted maximum adaptation rates, which are equal. 

 

 Another interesting effect is the apparent decline in fitness in the asexual lines 

after reaching an initial maximum. The asexual mutator line appears to decline more 

quickly than the asexual line, albeit this is non-significant (P=0.066). It is possible 

that the lack of difference seen here indicates a limitation of the model or weakness of 

statistical power as well as a true lack of effect. The peaking at a lower rate indicates 

two possible effects. Firstly, asexual populations are less able to fix mutations of 

small effect than sexual populations due to a lower efficiency of selection (Maynard 

Smith, 1978). This occurs as small mutations compete with each other to fix. The 

second possible reason is that during the fixation of mutations with a large beneficial 

effect, linked detrimental mutations have also swept to fixation and are now unable to 

be cleared (Birky & Walsh, 1988). The subsequent decline in fitness is also of interest 
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– it is possible this is due to detrimental mutation build up after beneficial mutations 

are no longer segregating. The loss of fitness here contrasts with the results seen in the 

benign environment, and may be due to a higher effective mutation rate (due to the 

more stressful media), a lower effective population size, or another unknown effect. 

 

2.5.3 Conclusion 

 

 It is clear that the results from the benign media show no effect of sex on 

mutation clearance under purifying selection, whereas the harsh media results show 

that sex is of advantage under directional selection. Thus, in this experiment, the 

effect of sex on the accumulation of beneficial mutations is more important than its 

effect on mutation clearance. 

 

 The generality of this result may be questioned on several grounds. Firstly, the 

detrimental mutation rate (U) of S. cerevisiae is low as compared to that of ―higher‖ 

sexual eukaryotes. The mutation rate of Drosophila has been estimated as being 

approximately 1 and that of humans as being even higher (reviewed by Crow (1997)). 

The DMH requires a U > 1 to provide a two fold advantage of sex, and thus yeast may 

show a different effect than humans and flies. Nevertheless, as long as epistasis is 

synergistic, the DMH is predicted to show some reduction of load, which was not 

observed. 

 

 Secondly, it has been shown that synergistic epistasis correlates with 

complexity (Sanjuan & Elena, 2006), and thus the epistasis of ―higher‖ organisms 

may be synergistic, while that of yeast may not. This is a possibility although the 
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evidence for epistasis correlating with complexity is mainly based on studies showing 

antagonistic epistasis in bacteria and a lack of antagonistic epistasis in ―lower‖ 

eukaryotes, with an extrapolation into more complex eukaryotes of synergistic 

epistasis, currently based on only a few data points. More data is needed in order to 

solidify this evidence. 

 

 An additional argument is that the lack of an effect in lower eukaryotes is 

more representative of the organisms in which sex evolved. If the DMH is only 

applicable to higher eukaryotes then it loses its generality, which is one of the most 

attractive features of the DMH (Meirmans & Strand, 2010). The DMH may be an 

important force in metazoans, but does not appear to have an effect in single-celled 

organisms. Another characteristic of metazoans is lower population sizes. This could 

potentially lead to a higher effect of MR.  

 

The results suggest that standard asexual selection is adequate to remove the 

majority of deleterious mutations which occur in populations under stabilising 

selection. This has generally been argued against by the comparative lack of ancient 

asexual lineages (reviewed by Neiman et al. (2009a)). The current results gel well 

with the reconsideration of this data under a neutral model of lineage turnover 

proposed by Janko et al. (2008)  and Schwander and Crespi (2009) which suggests 

that rather than scandals, such long lived asexual lineages are to be expected. 
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3: Migration, Structured Environments and Sex  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eutropia is not one, but all these cities together; only one is inhabited at a time, the 

others are empty; and this process is carried out in rotation. Now I shall tell you how. 

On the day when Eutropia‘s inhabitants feel the grip of weariness and no one can bear 

any longer his job, his relatives, his house and his life, debts, the people he must greet 

or who greet him, the whole citizenry decides to move to the next city, which is there 

waiting for them, empty and good as new; there each will take up a new job, a 

different wife, will see another landscape on opening his window, and will spend his 

time with different pastimes, friends, gossip. 

Italo Calvino, Invisible Cities (1972)  
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3.1 Introduction 
 

The vast array of organisms is a testament to the heterogeneity of the world, 

both biotic and abiotic. A heterogeneous environment poses challenges to 

diversification and adaptation due to the need of organisms to specialise in one or 

several niches. Specialisation implies speciation, and sexual reproduction is often 

detrimental to speciation. This concept was discussed by Muller in a classic paper in 

1942: 

 

―Sexual reproduction is not an unmixed blessing. Although by its genetic 

churning process it provides the fortunate combinations needed in evolution far 

sooner than they could occur otherwise, it would if carried on without any restraint 

continue to break down combinations that were useful only in certain places or in 

connection with certain ways of living, and so would completely prevent the 

diversification of organisms into different varieties, species, genera, orders, etc‖ 

(Muller, 1942) 

 

The biological species concept (BSC) (Coyne & Orr, 1998, 2004) is a vital 

link between two of the longest standing problems in evolutionary biology, speciation 

and the evolution of sex. Without sexual reproduction the main criteria for the BSC, 

reproductive isolation, cannot occur. While there are a number of other species 

concepts that can fill this niche, reproductive isolation remains one of the most 

important indicators of species formation. 
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Species, by definition, are groups that have a lowered rate of gene flow and 

recombination between them. Species formation is essentially the building up of 

linkage disequilibrium between (or within) populations until the sub-populations are 

diversified enough to no longer breed. This disequilibrium can be caused by selection 

(in the case of a heterogeneous environment) or by drift (if the populations are 

sufficiently genetically isolated). If two species are to form from one in one 

environment, the requirement is that stable polymorphisms must be created and the 

populations then subsequently split in line with the polymorphism. As explained in 

the introductory chapter, the net effect of sex and recombination is to reduce linkage 

equilibrium and the majority of indirect benefit based theories rely on explaining why 

this disequilibrium is disadvantageous. In the case of population diversification and 

speciation, linkage disequilibrium is beneficial and thus the effects of divergent 

selection and recombination are in direct opposition. 

 

Sex is predicted to be of advantage in adapting to simple, single niche 

environments and this has been demonstrated empirically (Chao, 1992; Chao et al., 

1997; Crow & Kimura, 1965; Goddard et al., 2005). Once the environment is more 

complex and contains multiple niches sex is predicted to be of disadvantage as 

individuals adapted to different niches mate and form maladapted hybrids. In contrast, 

asexual organisms cannot mate and their offspring will be adapted to the niche of the 

parents. This can be imagined as a game of cards in which the highest total wins – a 

hand made up of subsets of two previously successful hands will be likely to be 

successful too. Compare this with a game of poker – there are now multiple ways to 

win (niches) and a hand made from a sample of two previously winning hands is 
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unlikely to win the next round. Similarly, successful individuals would be wise not to 

mate with those individuals from other niches, less they produce unfit offspring. 

 

The natural environment is clearly heterogeneous, and thus the persistence of 

sex is puzzling. The challenge of adapting to a structured environment adds to the 

costs of sex and is predicted to lead to a decrease in adaption, assortative mating 

(Gavrilets, 2006) or generalists adapted to multiple niches (Livnat et al., 2008; Livnat 

et al., 2010). 

 

These predictions have not been tested empirically, and here the SPO11/13 S. 

cerevisiae system described in the introduction will again be used. By adapting the 

sexual and asexual strains to two environments with differing selection pressures 

(Goddard & Bradford, 2003) and altering the rate of migration between the niches 

from complete to none it is possible to model varying levels of population structure. 

The interaction of sexual reproduction and migration will be compared to that of 

asexual lines in order to determine the effect of sex on adaptation to a structured 

environment. 

 

3.1.1 Migration, Gene Flow, Sex and Divergence 

 

The problem of adaptation to a heterogeneous environments in the face of 

recombination was first posed verbally by Fisher (1930). He identified that if two 

genes were under selection in two environments under divergent selection, selection 

on recombination would favour a reduction of linkage, creating a single, 

unrecombining, ―supergene‖. The theoretical treatments of sex and divergence have in 
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general been split into two strands: one which attempted to determine how species 

could form in the face of gene flow between populations with divergent selection 

pressures (speciation) and one which attempted a more general approach, treating the 

gene flow as an additional detriment to sexual reproduction based on population 

modelling. 

 

3.1.1.1 Sex and Structured Environments 

 

 Fishers hypothesis of ―supergene‖ creation (Fisher, 1930) was borne out by a 

number of other researchers, as reviewed by Turner (1967). Turner asked the question 

―Why does the genotype not congeal?‖; losing all recombination to form a single, 

large asexual chromosome. This would ensure that any coadapted genes would not 

recombine into a disfavoured background. Turner developed a model which he used 

to show that the genome will be selected to either be completely ―congealed‖ into a 

single locus or ―colloidal‖ with no linkage between loci at all. By the fact that 

genomes appear to be a mixture of the two, he concluded that there is some unknown 

mechanism which keeps the two in equilibrium. 

 

 Ten years later, Maynard Smith published an article entitled ―Why the genome 

does not congeal‖ (Maynard Smith, 1977) in which he attempted to answer Turners‘ 

question. This time he explicitly linked the question to the evolution of sexual 

reproduction. He invokes a number of the arguments discussed in the introduction for 

the benefit of sex: the lottery model (Williams, 1975), the tangled bank model 

(Ghiselin, 1974) and a hitch-hiking argument based on the FM effect. He concludes 
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that in general the arguments depend on directional selection in a varying 

environment, which is not what is expected in natural conditions. 

 

 After this treatment, the specific problem of recombination in the presence of 

migration was largely treated as a subset of the problem of the evolution of sex. This 

is due to migration consisting of an influx of detrimental alleles from another 

population. This can be seen as a large increase in the detrimental mutation rate of the 

population experiencing the influx, with a rate of U equal to the migration rate times 

the proportion carrying the detrimental alleles. Thus any model for the advantage of 

detrimental mutation clearance also applies to those populations undergoing 

migration. It has not been until recently that a number of recombinational modifier 

based models have been developed in order to determine the specific effects of 

migration and heterogeneous environments. 

 

 Recombinational modifier models were developed largely by Nei in 1967-

1969 (Nei, 1967, 1969) (reviewed by Feldman et al. (1996)) and are individual based 

models in which rather than comparing total population fitness, a recombinational 

modifier gene is introduced with alternate alleles for varying recombination rates. 

They are used for modelling specific scenarios under which an increase in 

recombination (or sex) may be advantageous. Once the gene is introduced, the 

increase or decrease in allele frequencies can be used to determine whether 

recombination is favoured or not. This treatment has the advantage of modelling the 

initial evolution or spread of sex within a population. This ensures that any theory 

causes an immediate and individual based advantage to recombination. There is the 

disadvantage that a theory which can explain an increase in recombinational modifier 
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frequency cannot necessarily explain the presence of obligate sex, or how the original 

gene can arise. It is also possible for a recombinational modifier to spread while 

decreasing the mean fitness of the population as a whole. 

  

 A number of recombinational modifier based approaches to sex and structured 

environments have been undertaken. The first of interest was carried out by Plaetke et 

al. (1988). They attempted to model results obtained by Lumme (1982) on the 

variation of diapause in a Drosophila species which showed divergence between 

populations. Plaetke et al. (1988) develop a three locus model, with two loci 

determining traits under divergent selection in two environments and a third locus 

acting as a recombinational modifier. They find that unless migration is very large and 

selection is weak, recombination is selected to decrease. Under the low migration and 

strong selection treatments, a weak increase in recombinational frequency occurred. 

 

 Pylkov et al. (1998) describe a model with mutation, selection and epistasis 

subject to recombinational modifiers. They attempted to untangle the differing effects 

of mutation and migration, based on the idea that migrational load is composed of 

associations between deleterious alleles, while deleterious mutations are randomly 

distributed. The model consisted of a simple Levene type (Levene, 1953) system, with 

two alleles at two genes linked to a recombinational modifier. They found that under 

high migration rates, migration and mutation were quantitatively similar, in that they 

both relied on weak synergistic epistasis to spread the allele which increased 

recombination. In contrast, under weak migration the epistasis must be synergistic, 

but much stronger than required for the allele to spread due to mutations. Thus the 
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spread of increased recombination rates depends heavily on synergistic epistasis, 

explaining why Plaetke et al. (1988) found no increase in recombination rate. 

 

 Lenormand and Otto (2000) created a similar model to Pylkov et al. (1998), 

incorporating alleles which were beneficial in both niches as well as treating the 

various effects (migration, epistasis, mutation) singly as well as in combination. They 

found that the behaviour of the recombinational modifier under varying parameters in 

single effect models did not allow prediction of the behaviour under more complex 

conditions. In general, they found that spatial structure causes a wider range of values 

of epistasis to allow increase of recombination rate, although under permissive 

conditions (mutually beneficial alleles, low mutation rate) recombination can spread 

under the effect of migration alone. 

 

 Martin et al. (2006) describe a model where a large (or infinite) population is 

split into multiple sub populations with varying migration rates between them. There 

were no altered selection pressures for different environments. They find that the Hill-

Robertson effect operates in these populations, causing them to show linkage 

disequilibrium with each other. The spread of a recombinational modifier allele 

allows these disequilibrium to disappear causing a gain in fitness. The exact amount 

of equilibrium and spread of the modifier depends on the ratio between deme sizes 

and migration rate. This paper shows that migration leads to recombination spreading, 

rather than any need for divergent selection. Thus it can be expected that the other 

models are benefitting from this effect. 
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 Agrawal (2009) extends the model of Lenormand and Otto (2000) to 

incorporate the effects of segregation and inbreeding. He finds quantitatively similar 

results to the previous papers, with the addition that segregation is important in the 

spread of recombination (but recall that mitotic conversion reduces this advantage 

(Mandegar & Otto, 2007)) especially in combination with inbreeding. 

 

 These results contrast with classical predictions – they predict that sex will 

spread under a migration treatment. It can be seen that there is not necessarily a 

conflict here. The majority of the spread of the recombinational modifiers is due to 

the segregation of recombination increasing alleles away from ―immigrant‖ alleles 

which are detrimental. In this way, they are similar to the ―abandon ship hypothesis‖ 

(Hadany & Otto, 2009) outlined in the introduction, in that their spread may actually 

decrease mean population fitness. These models predict that a recombinational 

modifier will spread in a mixed sexual/asexual population, but do not show the 

expected relative fitnesses of sexual and asexual populations exposed to migration. 

 

3.1.1.2 Speciation and Structured Environments 

 

 The second strand of thought about divergent selection and sex relates to how 

sympatric speciation can occur. The debate over how speciation takes place has 

spanned decades and spawned many debates (see Coyne and Orr (2004) for a review). 

One of the major disagreements has been the possibility of speciation with gene flow, 

or sympatric speciation. Allopatric speciation, where a species is split into non-linking 

subpopulations and then rejoined, upon which reproductive isolation has emerged, is 

widely accepted as the null hypothesis of species formation, with sympatric speciation 
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often dismissed as implausible (Mayr, 1963). Parapatric and peripatric speciation are 

intermediates between these two extremes, where some gene flow occurs but the 

populations are mostly isolated.  

 

 As is often the case is biology, the debate over whether and how often 

sympatric speciation occurs depends heavily on how the terms are defined. Fitzpatrick 

et al. (2008) give over 20 definitions of parapatry, sympatry and speciation taken from 

the literature and find that they are often contradictory. They argue that the grouping 

of speciation events into one of these categories is not meaningful, as there is a 

continuum of gene flow and spatial structure. They call for a treatment of speciation 

which encompasses the effects of varying gene flows and selection gradients rather 

than geographic proximity. This leads to a continuum from allopatry to parapatry and 

peripatry then sympatry. Similar calls have been made by a number of groups in the 

past (Kirkpatrick & Ravign, 2002; Via, 2001), and not been widely taken up by the 

scientific community. 

 

 When treating speciation and diversification from such a viewpoint, it is clear 

that as gene flow increases, so do the difficulties in speciation. Much work has been 

undertaken in order to mathematically model the processes occurring during 

disruptive selection, starting with Levene (1953). The presumption is that a stable 

polymorphism is a prerequisite for sympatric speciation in a heterogeneous 

environment. The majority of work in this area is based on one of two different 

models: the Levene and unimodal. The Levene model is simpler, was developed first 

and is more relevant to the present work.   
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 Levene (1953) posited a diploid population split into a number of niches, in 

which alleles A and A‘ are at frequencies q and 1-q respectively. Selection occurs in 

the niches, but mating occurs randomly. Under initial random mating, the genotype 

frequencies are q
2
, 2pq and p

2
, standard Hardy-Weinberg frequencies. By setting the 

homozygote fitnesses in niche i to be wi and vi relative to the heterozygote the 

genotype frequencies after selection are wi q
2
:2×q(1-q): vi (1-q)

 2
. Summing this 

equation over the total number of niches gives a change in q: 
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where ci is the proportion of the entire environment which consists of niche i. By 

setting this equation to be equal to 0 it is possible to solve for equilibrium in which 

the allele frequencies do not change. The trivial equilibria at 0 and 1 result as allele 

frequencies will not change if one is already fixed. If the number of niches is reduced 

to 1, both v and w must be less than 1, or equal. For multiple niches the situation is 

more complex, but in general the two alleles must balance each other in the varying 

environments. This research showed that it is theoretically possible to adapt to two or 

more niches while randomly mating. Levene does not give an asexual model, however 

the formula can be derived by setting the frequency of homozygotes for A as a, 

heterozygotes as b and homozygotes for A‘ to c. The two formulas which must be 

satisfied for equilibrium are: 
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These formulae point to diversification when wi and vi are more fit than each other in 

differing niches and relatively balanced in average fitness across niches. It is easy to 
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see that the homozygotes will increase at the expense of the heterozygotes as long as 

their average fitness across all niches is greater than 1. The exact equilibria depend 

heavily on the starting frequencies of the genotypes and selection coefficients. 

 

Maynard Smith (1966) altered and expanded the Levene model. He 

incorporated dominance, preferential habitat selection and set the number of niches to 

be two, whereas the original model allowed an arbitrary number. The model sets AA 

and Aa individuals to have fitness of 1+K and aa individuals to have fitness of 1 in 

niche 1. In niche 2 AA and Aa have fitness of 1 and aa has a fitness of 1+k.  

 

After showing that an equilibrium can be reached, Maynard Smith moves on 

to show how it can be broken down to form two species. The main way is by 

introducing a so called ―magic allele‖ which allows individuals to preferentially mate 

with individuals from their own niche. 

 

The next major treatment of this field was by Felsenstein (1981). He reviewed 

the literature and came to the conclusion that in contrast to early work in which it 

appeared stable polymorphisms and subsequent speciation would be rare, ―one might 

come away from some of these papers with the disturbing impression that [sympatric 

speciation] is all but inevitable‖. To examine the factors influencing the 

polymorphisms and subsequent splits in other models, he modified Maynard Smith‘s 

(1966) models. Felsensteins model consisted of two genes – B and C, which when in 

one form (B and C) were beneficial in one niche and the other form (b and c) 

beneficial in the other. The fitness schema was set up so that the each beneficial allele 

in an individual in a niche raised fitness by a factor of s. Thus BC individuals had 
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fitness (1+s)
 2

 in niche 1, heterozygotes had fitness 1+s and bc had fitness of 1. The 

reverse was used in niche 2. It is evident that as all fitnesses are balanced, if the 

niches are the same size the equilibrium frequency of both alleles is 0.5. To this 

model a third gene, A, was added which influenced mate choice. An individual 

carrying allele A preferentially mates with other A individuals at rate d, as do a 

individuals with other a carriers. Without any stochastic effects, A and a are not 

linked to either B or C, and thus cause no net change in the population. If the 

population is finite, or the gene originally appears in linkage, then assortative mating 

leads to population differentiation. 

 

The net result of this population differentiation is linkage disequilibrium 

between A (or a), B and C, and a (or A), b and c. As mentioned in the introduction the 

net effect of sex is to reduce linkage disequilibrium, and as expected Felsenstein finds 

that recombination severely hampers this disequilibrium (Felsenstein, 1981). Thus 

selection and recombination are acting in different modes in this case. It is possible to 

extrapolate from Felsenstein‘s model, that the more loci that are divergently selected 

in the differing niches, the more recombination will hamper the adaptation. Similarly, 

Felsenstein models the effects of restricting the migration between niches, analogous 

to Maynard Smith‘s (1966) h. The effect is that even a relatively low rate of migration 

(0.1) leads to a requirement for a substantial selection pressure and mating preference 

in order to allow diversification. 

 

Felsenstein‘s model of adaptation differs from that seen in Maynard Smith 

(1966) and other models in that it requires two loci in order to have an effect. 

Previous ―one locus‖ models allow an allele to cause speciation by staying put in the 
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parental niche, or by mating preferentially with individuals carrying a certain 

genotype at another locus. Felsensteins ―two locus‖ model instead allows a more 

realistic, although still simplified, situation where the A allele simply recognises 

itself. This approach has been extended to create a number of more complex models 

by extending the complexity of mate recognition (reviewed in (Gavrilets, 2004)). 

 

Gavrilets (2006) has reviewed the literature on the Levene model as 

generalised by Maynard Smith, and found that the adaptation to multiple niches is 

generally modelled as the consequence of one of four forces: habitat selection, 

pleiotropism or magic alleles, modifier genes and assortative mating alleles. These 

four forces effectively lead to increased reproductive isolation between the two 

niches.   

 

In contrast to Levene models, unimodal models are more complex, less 

common and assume a direct trade off in the differing niches. Levene models are 

based on the original paper by Levene (1953) and share the assumption that a 

population is split into individual niches where selection is applied, and then 

undertake mating in a global gene pool (depending on the paper some will still mate 

within the niche). This model has been criticised as approximating allopatry. A 

unimodal approach in contrast allows for a more complex adaptive landscape. These 

models are of interest, however they assume sympatry and a direct trade-off between 

niches which is not borne out by the current results, as explained in the discussion, 

and thus are not further discussed. 
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3.1.2 Other Effects of Environmental Heterogeneity 

 

As well as being predicted to lead to stable polymorphism and speciation, 

heterogeneous environments have been looked at from other view points. 

 

The tangled bank hypothesis, originally posed by Ghiselin (1974), 

championed by Bell (1982) and reviewed by Koella (1988) has been proposed as a 

benefit of sex which functions by reducing sib-competition. The model requires a 

heterogeneous environment in which offspring produced by sexual reproduction can 

coexist, due to the genetic variation produced by sexual reproduction allowing them 

to occupy slightly different niches in the heterogeneous environment. Thus, in 

contrast to the above theories sex is predicted to be advantageous in structured 

environments. The requirements for the model however are highly restrictive 

(Maynard Smith, 1976); there must be change in the environment every generation, 

the niches must be simple and require a low number of genes for adaptation and the 

cost of sibling competition must be high. This hypothesis has fallen out of favour due 

to these needs and the lack of evidence for the constant evolution that the hypothesis 

predicts. 

 

Livnat et al. (2008) proposed and then extended (Livnat et al., 2010) a 

hypothesis based on sex being advantageous because it favours genes with a high 

level of ―mixability‖. They recognise that sex breaks down co-adapted gene 

complexes, but argue that that this is not the problem it is made out to be. In asexual 

organisms, the genotype with the highest fitness is selected. However, in sexual 

organisms, if interactions occur between loci, the genes which can interact favourably 
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with other genes are selected. Thus, while asexuality maximises fitness, sex 

maximises M, which is defined as the average fitness of an allele in combination with 

all other alleles of all genes, weighted by their relative frequencies:  
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where Mi is the mixability of allele i, G is the set of all genotypes, wg is the fitness of 

genotype g and ig is the frequency of genotype g. By tracking M through the course of 

adaptation, they find that although mean fitness is mostly lower in sexuals than 

asexuals, M is maximised in sexuals, especially during the evolutionary transient 

phase, where adaptation is first occurring. This result holds over a wide array of 

parameters. Thus, sex will result in a more mixable and flexible evolutionary path 

than asexuality. 

 

In their second paper (Livnat et al., 2010) they extend the result to gene 

complexes, and argue against treating genes in asexual organisms as making specific 

effects to fitness. 

 

While Livnat et al. (2008; 2010) do not explicitly mention niche heterogeneity 

in their papers, it is easy to conceptually extend their results into a Levene type 

model. Under asexuality, mean fitness across all the environments is selected for. This 

will result in either a single genotype with the highest average fitness, or a number of 

coexisting genotypes, each adapted to their individual niches. We can redefine M as 

the average fitness of an allele in all environments, in combination with all other 

alleles of all genes, weighted by their relative frequencies. It becomes clear that M 

will be maximised under conditions with migration, leading to the two results of the 
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asexuals, with the possible addition of a ―good mixer‖ outcome which is well adapted 

to both environments. 

 

3.1.3 Relevant Empirical Results 

 

While theory has strong predictions about the effects of adaptation to multiple 

niches, it is of importance to examine if experimental evidence conforms to the 

theory. Most models assume that a gene for mating or environment preference pre-

exists in the population, whereas it is unclear how often these genes or alleles can 

arise.  

  

A number of experimental studies have purported to show sympatric 

speciation, however, there are mostly post-hoc analyses, based on genetic inferences. 

It is of interest to observe divergent selection in action, and to be able to manipulate 

the degree to which gene flow and specialisation occur. 

 

 The most promising experimental system is in the Timema walking-sticks 

(stick insects) worked on by Patrik Nosil and his research group (reviewed in Nosil 

(2007)). The system involves a species of walking stick which can exist in two colour 

morphs, each of which is adapted (by camouflage) to one of two plants present in the 

area. Work has shown the detrimental effects of hybrids caused by immigrants 

(Bolnick & Nosil, 2007), reproductive isolation against immigrants (Nosil et al., 

2005) and an increase in population fitness caused by a reduction in gene flow (Nosil, 

2009). These experiments give a valuable insight into the evolution of traits under the 

pressures of gene flow. 
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 A recent study by Becks and Agrawal (2010) uses the rotifer Brachionus 

calyciflorus in an experimental evolution study which attempts to determine whether 

sex is of benefit under selection in heterogeneous environments. They took the rotifer, 

which is capable of both sexual and asexual reproduction, and evolve replicate 

populations in two environments, either with or without migration for approximately 

100 generations. They then took the resulting populations and treated them to induce 

sexual reproduction and analysed the frequency of females induced produce eggs 

sexually. They found that the frequency of sex reduced over all treatments, but at a 

much higher rate in the non-mixed treatments than the mixed treatments. In order to 

determine whether the difference was due to an increased equilibrium frequency of 

sex in the mixed treatment, or simply a slower rate of loss of sex, they mixed all 

treatments together and restarted the experiment. The frequency of sex in treatments 

with mixing increased in frequency, while the non-mixing treatments declined again. 

This was interpreted as showing that the mixing treatment has a higher frequency of 

sex at equilibrium. The study has a number of shortcomings however. Firstly, they do 

not show that the environments have a trade-off between them. It appears that of the 

two environments, only one shows any adaptation, and that there is no cost to 

adaptation. Secondly, it is unclear how well the induction of sexuality undertaken 

matches the experimental set up: if the induction does not occur in the experimental 

step, then sex can be expected to be lost by drift at a standard rate. The third is the 

analysis of the proportion of sexually produced eggs in the experiment. The analysis 

used only starts at day 75 of 109 after which point there is a significantly larger 

number of sexually produced eggs in the mixed treatments. If the analysis is 

recalculated with all time points it is clear that there will be no significant difference. 
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3.1.5 S. cerevisiae and Divergent Selection 

 

The mechanisms and frequency of speciation and divergent adaptation in S. 

cerevisiae must be compared in order to determine if it is likely or even possible to 

evolve reproductive isolation and divergence in the laboratory, and compare how 

speciation naturally occurred during the formation of the Saccharomyces sensu 

stricto. 

 

3.1.5.1 Experimental Evolution of Divergence 

 

Leu and Murray (2006) evolved an average five-fold decrease in outcrossing 

rate in yeast between an evolving and a reference population in 36 generations of 

selection. They achieved this by knocking out MSH2, increasing the mutation rate 100 

fold, and mating the strain with a ten-fold excess of reference population cells. After 

mating a dominant marker present homozygously in the reference strain was induced, 

killing all cells that had mated with the reference strain. This cycle was repeated 36 

times, with periodic saving of samples. After these 36 generations 11 out of 13 lines 

had evolved significantly different mating rates with the reference population as 

compared to the ancestor. Several lines had also reduced their mating efficiency. By 

mating the evolved strains with each other, they found two distinct groups which had 

high mating efficiencies with each other. These two groups were the result of 

changing the timing of the matings, either quicker of slower than the ancestor. The 

progeny of these outcrosses showed a higher variability of timing, suggesting that 

even though there was a single mechanism of reducing mating, there were different 
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mutations involved. This study shows that a large reduction in mating (10% self-

preference changing to 50%) can evolve in yeast in a relatively small amount of time 

given a sufficient selective advantage.  

 

 Dettman et al. (2007) tested ideas about speciation using divergently selected 

S. cerevisiae populations. They grew separate lines in either glucose limited or NaCl 

pressure for 500 generations and compared fitness of crosses between the evolved 

lines in the same treatment, between the evolved lines and their ancestors and between 

the two differing evolution treatments. Consistent with ecological speciation theory 

(Rundle & Nosil, 2005), reproductive isolation appeared, and was stronger between 

divergently selected populations than similarly adapted populations. The fitness of the 

crosses with the ancestral lines showed approximately 50% of the fitness gains of the 

evolved populations, as expected. The crosses between the two evolved strains would 

be expected to be 50% as well if there is no trade off or epistatic interactions between 

mutations. The fitnesses of these crosses were in fact significantly lower; they showed 

that there was a 0.276 cost of epistasis or trade off in the evolved hybrids. The meiotic 

efficiency of the hybrids was also significantly reduced, although this was shown to 

be not due to translocations. The high pleiotropic cost shows that stronger 

reproductive isolation is likely to be heavily favoured in the presence of migration 

between treatments. 

 

3.1.5.2 Natural Species Formation in the Saccharomyces sensu stricto 

 

 There is also a good literature on the longer term and molecular mechanisms 

of speciation in yeast. It is of interest to determine whether the natural mechanisms in 
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operation on wild S. cerevisiae in the past are likely to be similar to those encountered 

in lab based studies. 

 

Delneri et al. (2003) investigated the effect of translocations on speciation in 

the Saccharomyces genus. By removing the translocations between S. cerevisiae, S. 

paradoxus and S. mikatae they showed that translocations were unlikely to have a 

large effect on reproductive isolation, instead they found that the new F2 hybrids were 

often grossly aneuploid, suggesting failures in meiotic segregation.  

 

Hunter et al. (1996) and Chambers et al. (1996) looked more closely at these 

effect, by hybridising S. cerevisiae with S. paradoxus or replacing a S. cerevisiae 

chromosome (III) with the S. paradoxus version. In both cases, a huge loss in 

sporulation efficiency was seen, either in the F1s, for the chromosome replacement, or 

the F2s for the hybrids. By chromosomal studies they were able to show that many 

aneuploidies had occurred, and the recombination rate was much lower. They 

knocked out MSH2 and PMS1, genes involved in mismatch repair, and showed that 

many of the spores were rescued with both genes giving an additive effect. They 

interpret these findings as evidence that sequence divergence leads to a failure of 

recombination, which is rescued when sequence homology requirements are relaxed 

by knocking out the genes involved in mutation repair.  

 

Greig et al. (2002) showed homoploid hybrid speciation readily occurs in S. 

cerevisiae crosses with S. paradoxus, however this is not relevant as this system is 

unable to change its mating type. Greig et al. (2003) carried out crosses between 

strains of known divergence (Y55 and YP1), both with and without MSH2 and PMS1 
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knockouts. They found that a significant proportion of infertile spores were rescued 

by the MSH2 deletion. They also undertook deletions in several wild S. paradoxus 

isolates and compared the reduction of reproductive isolation caused by this, again 

finding it highly significant.  

 

Liti et al. (2006) surveyed the field, and correlated hybrid spore fertility to 

sequence divergence in many Saccharomyces strains. They found that this showed an 

excellent correlation and explained much of the speciation in this complex, ruling out 

reinforcement as a general speciation mechanism, as well as showing a continuous 

curve of reproductive isolation. Greig et al. (2002) and Greig (2007) looked for genes 

which became incompatible over time (Dobzhansky-Muller incompatibilities 

(Fitzpatrick, 2008; Muller, 1942)) between S. cerevisiae and S. paradoxus. After an 

extensive screen, no incompatible genes were found, further adding weight to the idea 

that speciation in this complex is mostly caused by slow sequence divergence.  

 

These studies taken together suggest that although there is reproductive 

isolation within the Saccharomyces complex, it is likely to have been caused 

gradually by sequence divergence rather than quickly by selection for reinforcement 

or other means. The experimental studies of Leu and Murray (2006) and Dettman 

(2007) contrast with this however, showing that even though natural reinforcement 

may be rare, it can rapidly be evolved in the laboratory. 
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3.2 Experimental Plan 

 

 The experiment to be undertaken is an extension of the original work carried 

out in the SPO11/13 S. cerevisiae system by Goddard et al. (2005). This initial 

experiment showed that under simple directional selection sexual reproduction is of 

benefit by speeding up adaptation to a new niche. The current experiment aims to 

expand the adaptation to a more complex and realistic scenario, although still simple 

enough to be tractable. Theory predicts that that adaptation to more than one niche is 

more difficult for sexuals than asexuals when gene flow is involved (as detailed 

above). Thus, I attempt to empirically determine the cost of migration between niches 

to adaptation in sexual and asexual lines. 

 

 In order to do this it is necessary to find environments that have a trade-off in 

adaptation to them. If adaptation to one environment does not lead to maladaptation in 

another, a generalist will be selected for in the presence of migration, causing the two 

environments to be analogous to a single niche. The environments chosen are thus 

based on those used by Goddard and Bradford (2003). They propagated S. paradoxus 

in chemostats for 350 generations under either Carbon limitation or Nitrogen 

limitation. The fitness of populations was then measured in their own and opposite 

environments. The two environments were found to have a direct trade-off between 

them: A gain in fitness in one led to a loss of fitness in the other. While this 

experiment was carried out in S. paradoxus, it is likely that the trade-off will hold in 

its sister species S. cerevisiae and thus these two combinations of environmental 

stresses were chosen as a basis for the experiment. In order to increase the difference 

between the niches, an additional stress was added to each environment – osmotic 
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stress to the Nitrogen limited environment and heat stress to the Carbon limited 

environment. These stresses were based on the conditions used by Goddard et al. 

(2005). 

 

 The experimental plan consists of paired populations of sexual and asexual S. 

cerevisiae, from the SPO11/13 system each adapting to one of the two environmental 

conditions. Each population will be cultured in chemostats for approximately 33 

generations, then removed and sporulated. The sexually or asexually produced spores 

are then mixed with the paired environments at a given rate in order to simulate 

migration and the spores split open and allowed to mate and germinate. The migration 

rates were chosen based on a logarithmic scale – there are predictions that even a very 

low amount of gene flow is enough to reduce adaptation to a single environment, as 

well as predictions that a high amount of migration will be needed (Felsenstein, 

1981). Additionally, the calls for treatment of sympatry and allopatry as opposite ends 

of a spectrum require a number of intermediate migration steps to be included in 

experiments (Fitzpatrick et al., 2008; Kirkpatrick & Ravign, 2002; Via, 2001). For 

that reason the migration rates chosen were: 0, 10
-6

, 10
-4

, 10
-2

 and 0.5, spanning a 

wide range of gene flow. The resulting mixed cultures are then added back to the 

chemostat system and grown mitotically, with the entire cycle being repeated 12 times 

for a total of approximately 360 mitotic generations interspersed with 12 rounds of 

migration and sex. Each migration treatment is run in triplicate, in both environments, 

in both sexual and asexual backgrounds. This procedure results in a total of 60 

populations.  
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Figure 3.1. Schematic diagram of experimental plan. Paired populations are inoculated into 

chemostats containing the two media types, grown in chemostat flasks for approximately 33 

generations, then put into flasks for sporulation. After sporulation, populations are mixed at 

appropriate ratios, pelleted and mated. For more details, see methods. 

 

 The resultant populations are sampled and stored at -80˚C at each time point 

and can thus be analysed for changes in fitness over the course of the experiment. The 

evolved populations are resurrected and competed with an oppositely marked ancestor 

in order to determine fitness (see methods), and the changes in fitness over time allow 

an analysis of evolutionary trajectories of the populations under varying conditions, as 

well as an analysis of other evolutionary changes occurring in the population. 

 

 The predictions of this experiment are that migration will retard adaptation. 

This effect is expected to be stronger in sexuals than asexuals due to the formation of 

maladapted hybrids due to mating with members of the migrant populations. The 

effect is expected to be stronger in treatments with higher migration rates. It is 

expected that in the populations with no migration, sexual populations will beat 

asexual populations (Goddard et al., 2005), but at some value of migration the asexual 
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lines will win. The populations with 0.5 migration rate will be under heavy selection 

to reduce the recombinational load experienced as a result of this migration. Thus it 

can be expected that reproductive isolation and a reduction in the trade-off between 

the two environments will be selected for. Whether these effects arise depends 

whether the required mutations are possible and the degree of selection for them.  

 

3.3 Materials and Methods 

 

A number of methods and media used in this chapter are identical to those in 

the previous chapter. For details of these steps, refer to the methods section of chapter 

two. All chemicals and reagents were obtained from Sigma-Aldrich unless specified 

otherwise. All chemicals and media were sterilised by autoclaving at 121°C and 15 

psi for 15 minutes unless specified. 

 

3.3.1 Media 

 

C Limited media consisted of 1.7 g Yeast Nitrogen Base without amino acids, 

Nitrogen or Carbon (Formedium UK), 5 g Ammonium Sulphate (Sigma-Aldrich) and 

0.08 g Glucose per Litre. A stock solution of 2 mg/mL Uracil sterilised by a 0.22 µM 

filter was added after autoclaving to give a final concentration of 20 mg/L. 

 

N Limited media consisted of 1.7 g Yeast Nitrogen Base without amino acids, 

Nitrogen or Carbon (Formedium UK), 0.05 g Ammonium Sulphate (Sigma-Aldrich), 

20 g Glucose and 11.69 g/L NaCl (Sigma-Aldrich) per Litre, resulting in a final 
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concentration of 0.2 mol/L. A stock solution of 2 mg/mL Uracil sterilised by a 0.22 

µM filter was added after autoclaving to give a final concentration of 20 mg/L. 

 

For chemostat use, the C Limited and N Limited media were made on a large 

scale. In order to ensure sterility and minimise autoclave time of reactive components, 

1 Litre of the sugar component and 1 Litre of all other ingredients were separately 

made up and sterilised at a 20 fold increase in concentration. The resulting two bottles 

were added to 18 L of ddH20 which had been autoclaved at 15 psi and 121°C for two 

hours to ensure proper sterilisation. 

 

For growth under non-stress conditions (mating, regrowth from -80°C stocks), 

nonstressful media was used – C limited media was identical, but the cultures were 

grown at 30°C rather than 37°C, N limited media had no added NaCl. 

 

3.3.2 Strains 

 

Strains used were those made by Goddard et al. (2005) and described in more 

detail by Goddard (2007), and in the introduction and methods in the previous 

chapter. 

 

3.3.3 Outcrossing Assays 

 

Outcrossing assays were carried out with the strains and methods used in the 

previous chapter. 
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3.3.4 Evolution Phase 

 

The evolution phase was carried out in a chemostat system similar to that used 

by Goddard et al. (2005). The system consisted of a pair of InforstHT incubators, 

modified to include chemostat functionality with a kit obtained from Das Gip. Each 

shaker had space for 16 independent samples. The pumps consisted of two Watson-

Marlow 205s peristaltic pumps, one for media intake and one for output connected to 

the 16 input and output lines, 16 air flow regulators and 16 chemostat flasks. 

 

Chemostat connections were all PTFE, 0.2 mm piping. In order to sterilise 

lines between runs, the inflow and outflow lines were connected and 70% Ethanol 

flowed through at a rate of 10 rpm (approximately 32mL/Hour) for 20 minutes, 

followed by a 30 minute period where ethanol was left in the lines. This was repeated 

2 more times, then the same procedure was carried out with 2 M NaOH. After the 

third wash the NaOH was removed by a 45 minute wash with sterile water, which was 

left in the lines until the next use. In order to protect the pumps from damage, only 

one was run during each sterilisation, alternating each time. Sterilisation was verified 

by running one negative control flask in each batch, with a position chosen randomly. 

If the negative control showed any growth, the batch was deemed contaminated and 

abandoned. 

 

In order to prepare the flasks, they were autoclaved then washed by hand 

including manual clearance of input and output lines. The outflow pipes, which 

determined the capacity of the flasks under flow were set at the 50 mL marking on the 

flask, leading to a roughly 40 mL capacity under flow (due to shaking) depending on 
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flask variation. Blanking screws were used to close the input and output ports in order 

to seal the flasks. The flasks were then filled with 50 mL of sterile media and 

immediately autoclaved, and inoculated after cooling down. 

 

Once inoculated, flasks were put into the shakers, and connected to the air 

supply at 1 atm. Flasks were incubated at 125 rpm overnight at 30 or 37°C depending 

on the treatment. After overnight growth the blanking screws were removed and 

replaced with the inflow and outflow lines, and the pumps started. Positive air 

pressure and 70% ethanol were used to reduce chances of contamination. Input lines 

were attached to a reservoir of the appropriate media, while output lines were attached 

by sterile needle and septa to Schott bottles to collect and measure the flow through of 

each flask for calculation of number of generations. Flow was at 2.5 rpm, resulting in 

approximately 8 mL/Hour flow into each flask. Outflow was set at 6 rpm, to ensure 

no overflow occurred. Once flow was started, flasks were continuously monitored for 

blockages and overflows. 

 

After 3-4 days of flow, the flasks were removed from the chemostat system. 

The negative control flasks were inspected and, if any growth occurred, the entire 

batch of flasks discarded. The inflow and outflow lines were replaced with sterile 

blanking screws and the air lines removed, and the flasks removed from the shakers. 

The entire flow through was collected from each flask and a 1mL sample from each 

flask taken for CFU determination and stocks, and the rest was added to a falcon tube 

and centrifuged at 3000 rpm for 10 minutes at 4°C. The resulting supernatant was 

measured to determine flask capacity for each sample, and the pellet was continued on 

to sporulation. The number of generations per cycle was calculated based on the 



 182 

capacity and flowthrough volumes in combination with the starting and ending CFU 

counts as described in the chapter. 

 

The evolution phase was started by streaking the ancestral strains onto YPD. 

After incubation a single colony of each was selected and inoculated into non-

stressful media of the appropriate type and incubated overnight. 200 µL of the 

resulting culture was then used to inoculate each of 15 chemostat flasks, which were 

treated as described above. The starting populations consisted of 3 replicates of each 

of 5 migration treatments: 0, 10
-6

, 10
-4

, 0.01 and 0.5 in each of the two environments 

for each of the two sexual status treatments. The populations were paired – each C 

limited population had a paired N limited population with which it exchanged 

migrants with (or not, in the case of 0 migration treatments) throughout the 

experiment. This resulted in a total of 60 populations. Each chemostat had room for 

15 samples at a time plus controls and where possible all populations with a similar 

sexual status and environment were evolved in the same run of the chemostat, in order 

to remove run to run variation. For subsequent cycles of evolution, the starting 

population consisted of the mated pool from the last cycle, grown in non-stressful 

media from a -80°C stock.  

 

Once a run was complete, the resulting pellet was washed twice with ddH20, 

and resuspended in 20 mL sporulation media. The sporulations were carried out in 

flasks for 5-7 days, as described in the previous chapter. After sporulation, cultures 

were pelleted, washed twice in ddH2O and resuspended in 10 mL ddH2O. Migration 

was carried out by transferring appropriate amounts of this 10 mL to new flasks. The 

amount was determined by the end CFU from the chemostat run and led to mating 



 183 

pools being composed of the sporulated products of 1.5×10
7
 individuals. These pools 

were then treated according to the outcrossing protocol outlined in the previous 

chapter. Mating pools were then pelleted, and 3 mL of the appropriate non-stressful 

media added to allow mating overnight. A sample of this mated culture was taken as a 

―start‖ sample for -80°C stock which was used to continue on the experiment. 

 

Figure 3.2. Schematic view of a chemostat flask. A: Sample port, B:Inflow port, C:Incoming air 

port and autoclavable filter, D:Outflow port, E: Outflow pipe, F:Air output and autoclavable 

filter. 
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The cycle of evolution, sporulation and migration was carried out 12 times in 

total over a course of two years. Every four cycles, the populations were plated in 

order to check for contamination as in the previous chapter. The sporulations were 

also periodically inspected to determine if the sexual and asexual strains were 

performing as expected. No aberrant results were detected in these tests. 

 

3.3.5 Fitness Assays 

 

Fitness assays were carried out by inoculating either -80°C or fresh, post-

selection cultures into 3 mL of non-stressful media of the correct type in a falcon tube 

and incubating overnight at 30°C at 125 rpm. The resulting cultures were then mixed 

to the ancestor of the opposite marker type (evolved sexual mixed with ancestral 

asexual and vice versa) in appropriate ratios. The exact ratio was determined by 

replica plating as described in the previous chapter. 200 µL of the resulting mixed 

culture was inoculated into a chemostat flask containing 50 mL of the requisite media, 

and the chemostats treated identically to the evolution phase. When the flow was 

finished, flasks were sampled and the ending ratio of ancestral to evolved colonies 

was determined. The resulting start and ending ratios were used to calculate fitness 

per flask, which was then corrected for the number of generations completed in each 

flask as determined by the methods outlined in the chapter. 

 

Fitness data was calculated using the same methods as in the previous chapter, 

with the 2 log likelihood confidence limits being based on the binomial distribution. 
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To gather single clones for fitness analysis, a sexual population grown in C 

limited media with full migration was plated onto YPD plates at both the start and end 

of the 11th growth phase. 15 of the resulting colonies were picked from each plate, 

based on their proximity to a predrawn mark on the bottom of the plate. These 

colonies were suspended in 70% glycerol and kept at -80°C. Fitnesses in the 

chemostat system were calculated as described for the other samples. 

 

Trade off assays were conducted exactly as described for normal fitness 

assays, but rather than competing in the environment in which they had evolved, they 

were competing in the opposite environment. 

 

3.3.6 Bioscreen C 

 

Growth curves were calculated for comparison to single colony fitnesses in a 

Bioscreen C system. Strains were inoculated in triplicate into a 96 well plate with 200 

µL C limited media and incubated overnight at 30°C. After overnight growth, the 

resulting cultures were resuspended by pipetting and 20 µL added to wells in a 

Bioscreen honeycomb plate containing 380 µL of C limited media, with 10 negative 

controls. The Bioscreen was run for 48 hours at 37°C with measurements of OD every 

15 minutes. Shaking was set at the high intensity for 75 seconds directly before every 

measurement. Data was analysed using R version 2.10.0 (R Development Core Team, 

2009) and the nlstools library as described in the chapter. 
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3.3.7 Mathematical Modelling 

 

 Individual based models were constructed using Wolfram Mathematica 

version 7.0 (Wolfram Research Inc., 2008). For each run, two populations consisting 

of 10,000 individuals were constructed, each haploid individual consisting of 20 

genes across 4 chromosomes. Each gene had two values, one value for fitness in 

environment 1, taken as a random number from the normal distribution with mean 0 

and standard deviation 0.01, and fitness in environment 2, which was the fitness in 

environment 1 multiplied by a random number taken from the normal distribution 

with mean of -1 and standard deviation of 1. Thus, every allele has two values, a 

fitness in environment 1 and a negatively correlated fitness in environment 2. 

 

 Fitness of individuals was calculated by summing the values at each locus for 

each environment. Selection was applied by calculating the highest and lowest fitness 

in each population in its respective environment, and normalising each individuals‘ 

fitness to a values ranging from 0 (for the lowest fitness) to 1 (for the highest fitness). 

Each individual was then compared to a random number from 0 to 1 drawn from a 

uniform distribution, and if the individuals‘ relative fitness was greater than this 

number, it was deemed to have survived. Selection was applied to all individuals and 

those individuals which survived were added to a pool which was then sampled 

randomly (with replacement) until 10,000 new individuals were formed. These 

individuals were then exposed to mutation, where every allele had a chance of 0.001 

of mutation. Mutations consisted of the allele chosen having a random value taken 

from the normal distribution with mean of 0 and standard deviation of 0.1 added to 

either its environment 1 or 2 value (randomly chosen) and the same number 
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multiplied by a random number from the normal distribution with mean -1 and 

standard deviation 1 added to the value from the other environment. 

 

 This cycle of selection, asexual reproduction and mutation was repeated 25 

times, then depending on treatment, migration and sexual reproduction occurred. 

Migration was simulated by pooling the two populations and reforming them by 

taking random samples from this pool with replacement to reform the two 

populations. No migration was simulated by simply omitting this step. Sexual 

reproduction was simulated after migration by taking two random individuals to be 

parents from a population and aligning them. Each chromosome (from 1 to 4) was 

chosen to come from one of the two parents randomly, and crossing over was 

simulated by a probability of 0.25 of switching the parent between each gene in each 

chromosome. Each mating resulted in two independently produced offspring, and 

mating was continued until the new population reached 10,000 individuals. For 

asexual populations, this step was omitted. Once this cycle was complete, the 

populations were recycled to the selection step, and the entire cycle repeated 12 times. 

 

 Simulations were carried out four times on each treatment (sexual and asexual, 

with and without migration), and each took approximately 3 hours to run on a 

computer running Mathematica 7.0 (Wolfram Research Inc., 2008) on Fedora Core 

11, with 8 Gb of RAM and a Q9450 Intel quad core processor. Total population data 

were saved at the beginning and end of each run, and analysed using R version 2.10.0 

(R Development Core Team, 2009). Analysis was carried out both on data grouped by 

individual, and on all individual genes, as the analysis showed no qualitative 

difference, only data based on individuals is presented. 
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3.3.8 Statistical Modelling 

 

 Statistical analysis was carried out as described in the previous chapter. 

 

3.4 Results 

 

3.4.1 Effects of Engineering 

 

In order to determine whether the engineering of sexual and asexual lines as 

carried out by Goddard et al. (2005) had any effect on fitness of the ancestral lines in 

these environments, head to head competitions were carried out between the 

ancestors. The Malthusian fitness of the sexual ancestor as compared to the asexual 

ancestor was 0.0016 (95% CI ± 0.004) and 0.0004 (95% CI ± 0.002) in N limited 

(n=14) and C limited (n=13) media respectively. Neither of these values is 

significantly different from 0 (P=0.353, 0.394), and thus it is concluded that 

engineering asexuality had no pleiotropic effects on fitness. This is in agreement with 

Goddard et al. (2005), who found fitness changes of 0.003 (S.E.M. 0.0016) and 0.003 

(0.0023) for the same strains in two similar environments.  

 

The fitnesses of the two ancestral lines were thus equal at the start of the 

experiment. This was necessary to determine as previous experiments (Grimberg & 

Zeyl, 2005) have been hampered by a large cost of engineering or the marker used to 

identify the strain. Additionally it has been shown that S. cerevisiae has a ―natural‖ 
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fitness and it is easier to adapt to mitigate this loss than it is to add a corresponding 

amount of fitness to a wild-type (Joseph & Kirkpatrick, 2008). 

 

 

3.4.2 Initial Outcrossing Rates 

  

 As mentioned in the introduction, S. cerevisiae will inbreed heavily under 

natural conditions. This high level of intra-tetrad mating would result in a very low 

number of individuals mating with those from other spores, and thus a low level of 

mating between environments in migration treatments. A lower level of outcrossing 

will lead to inbreeding within the ascus, and additionally less mating between 

individuals from different environments, giving a large reduction in effective 

migration rate.  

 

This limitation has been circumvented by a treatment which results in a higher 

rate of outcrossing (see methods). This method was tested by mixing the URA-, LYS 

sexual ancestor with an engineered URA, LYS- strain, carrying out the outcrossing 

procedure (see methods) and calculating the outcrossing rate. The mean inbreeding 

coefficient (Wright‘s F) was calculated as 0.22 (95% CI ± 0.06). This indicates that 

22% more matings were inbred than expected under Hardy-Weinberg equilibrium, 

though this compares favourably with the estimates of natural S. cerevisiae 

populations at 99% (Tsai et al., 2008) and 90-93% (Murphy & Zeyl, 2010). The value 

of 22% is significantly higher than that seen by Goddard et al. (2005), who observed a 

rate of 13% ± 3, reflecting the differences in the method used. The nature of the 

experiment did not allow one to distinguish between mating within the ascus and 
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mating with similarly marked individuals from other asci; however, it can be expected 

that the majority of those inbreeding are intra-tetrad matings (Tsai et al., 2008) and 

there is no reason to expect extra-tetrad matings would be more common between 

similarly marked spores than those which are not. The high rate of outcrossing shows 

that the experiment is able to effect random mating, thus causing mating between 

varying populations, and is able to be used to investigate the hypotheses. 

 

The initial outcrossing rate allows the experiment to successfully outcross the 

populations with the migrants. As S. cerevisiae’s natural outcrossing rate is very low, 

an experiment without an outcrossing step would have essentially already shown 

reproductive isolation between the niches. The calculated F of 22% is relatively high, 

but, as it was uniform across the treatments, merely corresponds to a decrease in 

effective migration numbers by that margin. The migration rates used in the 

experiment were high enough to be expected to still show an effect. 

 

3.4.3 Population Numbers, Generations and Effective Population Size 

 

3.4.3.1 Population Sizes 

 

 Population size as a parameter allows a crude measure of adaptation and is 

useful for assessing effective population sizes. Populations were plated on YPD in 

order to determine CFU/mL of the inoculum and final population at the start and end 

of each growth stage. Figure 3.3 shows the change in population size over time.  
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Figure 3.3. Summary of mean starting population size changes over the course of the experiment. 

Colours within panes indicate migration rates: Black, no migration, red, 10
-6

, green, 10
-4

, blue, 

0.01, cyan 0.5. Error bars are the standard error of the means of triplicates. 
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Figure 3.4. Summary of mean ending population size changes over the course of the experiment. 

Colours within panes indicate migration rates: Black, no migration, red, 10
-6

, green, 10
-4

, blue, 

0.01, cyan 0.5. Error bars are the standard error of the mean. 

 

 

Table 3.1 shows a comparison for the change in CFU over the course of the 

experiment. The numbers given are from comparisons of the numbers of viable cells 

per mL taken from the end of the first round of the experiment, and from the culture 

used to inoculate the second round, against similar counts taken from the final culture 

or the culture used to inoculate it. For all comparisons, n=15 and all migration rate 

treatments are pooled. As can be seen, the sexual end CFU has marginally 

significantly declined in the N limited media, and non-significantly increased in the C 
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Limited media. The rest of the comparisons show significant increases in CFU 

number. The large run to run variation in CFU count, as seen in Figures 3.3 and 3.4, 

shows that these results may not be reliable; it appears that a large determinant of 

CFU is run dependent, likely reflecting small changes in media make up or 

temperature. However, the large increase and low P-values are an indication that 

adaptation has occurred. A three way ANOVA of the final end CFU data shows that 

asexual lines have significantly higher CFU than sexual lines (P=0.00002), and a 

significant interaction between sexual status and environment (P=0.043) but no effect 

of migration rate. An ANOVA on the start CFU data show a similar result, with the 

environment term also having a significant effect (P=3.7×10
-10

). 

 

Time 
Point 

Sex/Asex Environment Mean 
Ancestor 

Mean 
Evolved 

P-Value 

Start Sex N Limit 3.92×10
6
 5.37×10

6
 0.001 

  C Limit 2.86×10
6
 9.69×10

6
 1.51×10

-9
 

 Asex N Limit 5.01×10
6
 7.73×10

6
 3.14×10

-8
 

  C Limit 2.59×10
6
 1.49×10

7
 5.52×10

-11
 

End Sex N Limit 1.62×10
7
 1.43×10

7
 0.047 

  C Limit 6.90×10
6
 1.05×10

7
 0.181 

 Asex N Limit 1.36×10
7
 2.12×10

7
 8.02×10

-10
 

  C Limit 5.40×10
6
 2.79×10

7
 6.80×10

-5
 

Table 3.1. Differences in ending CFU over the course of the experiment. Comparions and tests 

are described in the text. 

 

3.4.3.2 Number of Generations 

 

The number of evolutionary generations completed was calculated to ensure 

that the populations had experienced a similar potential for evolutionary change. The 

numbers of mitotic generations in each cycle were calculated using the data from the 

start and end CFU from each chemostat run. Chemostats were inoculated with 200 µL 

of starting culture into 50 mL media, and incubated overnight. The chemostat 

flowthrough was then started, and flask specific variations led to each chemostat 
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vessel having a slightly different capacity. The flow was then continued for three to 

four days, when the chemostat was sampled and the cycle finished. The final sample 

was plated to give the final CFU measure. The growth in the chemostat was in two 

phases: an initial growth from the inoculum to the carrying capacity, and a growth at 

steady state during the period when the chemostat flow was running. To determine 

generation number in the first stage, the initial inoculum was calculated, and assumed 

to grow to the final CFU measure in the initial 50 mL overnight growth. For the 

chemostat flow phase, generation time was calculated following Dykhuizen and Hartl 

(1983) the formula used was: 

)2(

50

)2(

))2.0/()50((

LnCapacity

CapacityFlow

Ln

StartEndLn







  

(3.5) 

Where End is the ending CFU, Start is the inoculum CFU, Flow is the amount of 

flowthrough of the flask and Capacity is the amount of media in the chemostat vessel 

during the flowthrough phase. This equation gives the number of mitotic generations 

completed in one cycle of the evolution experiment. Generations were calculated 

solely from the population chosen, the number of generations undergone by 

immigrating cultures was not included in the analysis. Table 3.2 shows total 

generations completed over the experiment. Each cycle in the chemostat consisted of 

approximately 33 generations which was achieved by monitoring the flowthrough 

over the course of each chemostat run. 

 

3.4.3.3 Effective Population Size 

 

 The effective population size is also an important factor in adaptive evolution. 

As in the previous chapter, population size for the initial growth phase was calculated 



 195 

using the methods devised by Wahl and collaborators (Campos & Wahl, 2009; Wahl 

& Gerrish, 2001; Wahl et al., 2002): 

rNNe 0  (3.6) 

Where Ne is the effective population size, N0 is the initial population size, r is the 

natural logarithmic growth rate per generation and τ is the number of generations 

between bottlenecks.  

Sex/Asex Environment Migration 
Rate 

Generations SEM 
generations 

Ne 
(×10

8
) 

SEM Ne 
(×10

7
) 

Sex N limit 0 389.3 1.9 1.01 0.27 

  10
-6

 384.6 4.9 1.12 0.15 

  10
-4

 378.7 14.1 1.17 0.18 

  10
-2

 381.9 5.0 1.28 0.65 

  0.5 406.4 10.0 1.14 0.86 

 C limit 0 348.1 10.7 0.98 0.23 

  10
-6

 353.2 5.8 0.95 0.67 

  10
-4

 352.9 5.2 1.06 0.21 

  10
-2

 340.6 13.4 1.06 0.60 

  0.5 350.5 8.7 1.06 0.65 

Asex N limit 0 398.7 4.2 1.23 0.15 

  10
-6

 406.2 4.9 1.23 0.15 

  10
-4

 391.6 16.0 1.18 0.03 

  10
-2

 390.2 6.3 1.17 0.21 

  0.5 417.9 6.7 1.27 0.37 

 C limit 0 360.7 16.0 1.56 2.80 

  10
-6

 380.3 10.0 1.63 1.14 

  10
-4

 368.1 0.6 1.63 1.05 

  10
-2

 357.0 11.0 1.99 4.06 

  0.5 370.1 13.2 1.45 0.47 

Table 3.2. Summary table of generations completed, and effective population sizes for the 

varying treatments. n=3 for all values. 

 

This equation accounts for only the exponential part of the growth, during 

chemostat growth, population size is constant. In order to incorporate this aspect, the 

bottleneck population size was calculated using the above equation with the number 

of generations set to the number needed to reach the end CFU numbers. The 

population size at the final CFU was calculated by multiplying this number by the 

capacity of the flask. For each culture, the average growth CFU was calculated over 

the twelve cycles of evolution, as was the number of generations spent at this phase. 
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The same calculation was carried out for the populations when at capacity. A set was 

created containing the average capacity and exponential growth numbers for the 

number of generations each condition was encountered (rounded to the nearest whole 

number) and the harmonic mean was taken. The resulting mean was taken as the 

effective population size (Table 3.2). This number is likely to be an overestimate; 

harmonic means are heavily biased downwards by low numbers, and the removal of 

the lowest numbers by the Wahl and Gerrish (2001) method removes the lowest of 

numbers before the final harmonic mean is taken. However, as the method is applied 

evenly to all treatments, no systematic bias should be introduced. The effective 

population size calculations do not take into account the non-evolutionary periods of 

sporulation and the migration between populations. At the migration stage, all 

populations were bottlenecked to 1.5×10
7
 cells, after which they were mated and 

grown in permissive media. This bottleneck is not outside the sizes used to grow and 

inoculate normally, and was thus not counted in calculations. 

 

A three way ANOVA carried out on effective population size shows similar 

results to the starting and ending population numbers carried out above. This is to be 

expected, as the effective population size calculations rely on these data. There is a 

significant effect of sex – asexuals have a significantly higher population size 

(P=1.0×10
-7

), C Limited media has a significantly higher population size (P=0.0063) 

and there is a significant interaction between environment and sex (P=8.4×10
-6

). 

There is again no effect or interaction of migration rate on effective population size. 

 

In general these results show that adaptation has occurred to the new 

environments presented to the evolving lines. Change in population size is an 

indication of adaptation, albeit imprecise, and this has occurred in most populations. 
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The larger population size in asexual lines than sexual lines is intriguing, as it 

suggests that adaptation has occurred via a different method than in the sexual lines, 

as sexual lines have gained more fitness than asexual lines (see below). The lack of an 

effect of migration rate is not entirely unexpected, the repeat number for each 

migration rate is low, and a measure of increasing population size is an imprecise 

measure of adaptation. 

 

3.4.4 Fitness Changes 

 

Sex/Asex Environment Migration 
Rate 

Fitness SEM 
Fitness  

Sex N limit 0 0.071 0.015 

  10
-6

 0.088 0.012 

  10
-4

 0.058 0.036 

  10
-2

 0.034 0.014 

  0.5 0.076 0.017 

 C limit 0 0.184 0.028 

  10
-6

 0.277 0.006 

  10
-4

 0.209 0.034 

  10
-2

 0.064 0.108 

  0.5 0.175 0.027 

Asex N limit 0 -0.023 0.034 

  10
-6

 0.041 0.010 

  10
-4

 0.036 0.031 

  10
-2

 0.027 0.004 

  0.5 0.013 0.011 

 C limit 0 0.166 0.049 

  10
-6

 0.104 0.018 

  10
-4

 0.064 0.033 

  10
-2

 0.049 0.015 

  0.5 0.096 0.013 

Table 3.3. Summary table of log fitness (m) at the end of the experiment. Data are means and 

SEM of triplicates. 

 

Change in fitness of a population is the acid test of adaptation. Malthusian 

fitness was calculated by mixing an evolved line with its oppositely marked ancestor 

and calculating the change in ratio after a known number of generations (see 

methods). Figure 3.5 shows the change in fitness of the populations over the course of 
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the experiment. In order to gain an insight into the final outcome of the experiment, a 

three way ANOVA was carried out on the fitness values of the populations at the end 

of the experiment. The data were grouped by sexual status, environment and 

migration rate. 
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Figure 3.5. Graphs of fitness in the differing treatments, grouped by sexual status and 

environment. Colours indicate migration rates: Black, no migration, red, 10
-6

, green, 10
-4

, blue, 

0.01, cyan 0.5. Each point is one replicate, error bars are 2 log likelihood limits. 

 

 

Sexual lines had a significantly higher gain in fitness than asexual lines 

(P=0.0002) and the C limited environment had a significantly higher rate of fitness 

gain than the N limited (P=1.2×10
-6

). Migration rate had a small but non significant 
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effect (P=0.063) which was mostly due to a low average fitness of the 0.01 migration 

treatments. In contrast to predictions, there was no significant interaction of sexual 

status and migration rate (P=0.42). A post ANOVA Tukey‘s HSD test found that 

sexual status and environment had significant differences. While these results are 

suggestive, the variation in fitness between generations is high, and thus a comparison 

of fitness changes over time is needed. 

 

In order to determine the evolutionary trajectories of the fitness of the 

evolving populations, and test the initial hypothesis, fitness was modelled with non-

linear models allowing an analysis of the change over time. Initial exploratory 

analysis confirmed that the populations adapting to the C limited environment showed 

a much higher rate of fitness gain than those adapting to the N limited environment. 

Thus analysis was carried out on the populations adapting to each environment 

independently. Treating the data separately allows more accurate fitting of curves to 

model the data due to the stark contrast of evolutionary change in the two 

environments. The populations that experienced reciprocal migration were not strictly 

independent – assuming a trade-off, a large increase in fitness in one environment 

could be expected to lead to a corresponding decrease in fitness in its paired 

population. This effect should be relatively small and treating the environments 

separately reduces this problem. 
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3.4.4.1 C Limited Fitness 

 

 A summary Table 3.3 shows the average and standard deviations of fitness 

achieved after 300 generations of adaptation under C limited conditions for the 

varying treatments.  

 

Due to the apparent initial quick gain of fitness followed by a slow down, a 

number of models were chosen and fit to the data using non-linear mixed effect 

models using the nlme library in R version 2.10.0 (R Development Core Team, 2009). 

Models chosen were similar to those used in the preceding chapter, and were fit to all 

data from the C limited environment pooled by sexual status. The models which gave 

good fits, as judged by likelihood as well as Bayesian and Akaike information criteria, 

were carried on for further analysis under varying conditions. Those models were: the 

Holling type III functional response, the Ricker model and the logistic growth curve 

(Bolker, 2008).  

 

The Holling type III model was parameterised as in the previous chapter: 

i
tb

ta
tm 






2

2

)(  
(3.7) 

where m(t) is fitness at time t, t is time in generations, εi is a replication specific 

random effect, a describes the asymptote of the function, and b
0.5

 gives the time point 

at which the half maximum is reached. 

 

The Ricker Curve was also parameterised as in the last chapter: 

i

tbetatm  )(  (3.8) 
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where a is the maximum adaptation rate, and the maximum is reached at t=1/b. 

 

The logistic growth curve was parameterised as: 

itba

tba

e

e
tm 








1
)(  

(3.9) 

where a shifts the curve, allowing maximum adaptation to vary in timing, the half 

maximum fitness is reached at t=-a/b and b controls the rate of adaptation. 

 

 In order to determine whether the sexual status of the populations had an 

effect on fitness, the data were pooled by sexual status (ignoring migration rate) and 

fit to the three chosen curves. The two parameters (a and b in all three models) used 

were fixed effects of sexual status, and the random effects model was a line specific 

variation, normally distributed with a mean of 0. The data were then refit removing 

the fixed effect of treatment on the parameters. An ANOVA was carried out between 

the two models for each of the three used curves in order to determine whether the fit 

was significantly better when taking sexual status into account. All three curves found 

that a sexual treatment significantly affected fitness: all three P values were < 0.001. 

The Holling type III model resulted in an undefined point at around time point 1, due 

to an asymptote. As this is biologically unrealistic, any further models producing 

asymptotes over the range of values analysed were discarded. This result indicates 

that sexual lines have adapted differently than the asexual lines to the C limited 

environment, regardless of migration rate. 

 a (asex) Std 
error 

a (sex) Std 
error 

b (asex) Std 
error 

b (sex) Std 
error 

Holling 
III 

0.049 0.011 0.253 0.036 -304.9 2032 21624 9168 

Ricker 0.002 0.001 0.001 0.001 0.009 0.002 0.001 0.002 

Logistic -3.296 0.370 -3.276 0.443 0.002 0.002 0.007 0.002 

Table 3.4. The parameters and standard error of the 3 models fit to data separated only by sexual 

status 
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Figure 3.6.  Fitted models of data separated only by sexual status. Black, sexual, Red, asexual. 

Trend lines indicate the best fit of the nlme described in the text. Error bars are two log 

likelihood limits. 

 

  

In order to test if migration rate had an effect on adaptation, the data were split 

into the 5 varying migration rates, irrespective of sexual status. The increase in the 

number of variables (2 for sex/asex to 5 for each migration rate) led to all models 

except the Ricker model failing to give meaningful fits to the data due to over-

parameterisation. The data were fit using the Ricker model with migration rate as a 

fixed effect and line-specific random effects as above. The data were then refit 

removing the fixed effect of migration rate, and an ANOVA carried out in order to 

determine whether migration rate had an effect. As expected, the model incorporating 

migration rate had a heavy penalty in the AIC and BIC due to the added parameters 

(Table 3.5) but was not a significantly better fit (P=0.5677). This indicates that in 

contrast to the suggestive P value obtained from the ANOVA at the end of the 

experiment carried out above, there is no significant effect of migration on fitness. 

Model Degrees of 
Freedom 

AIC BIC Log 
Likelihood 

Likelihood 
Ratio 

P value 

Migration 
Differences 

13 -465.41 -421.30 245.71   

Pooled 5 -474.70 -457.73 242.35 6.71 0.5677 

Table 3.5. ANOVA of the two models grouping all data by migration or not. A comparison of the 

two models showed no significant difference (P=0.5677). 
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 The hypotheses state that the effects of migration will be heavier on sexuals 

than asexuals, as sexual populations will mate with the immigrants, becoming loaded 

with maladapted hybrids. In order to test this, the data was separated into sexual and 

asexual pools and further analysed for effects of migration rate. 

 

 The sexual lines were separated by migration rate and fit to the Ricker and 

Holling type III models with fixed effects of migration and then compared to models 

with no fixed effect of migration status as explained above. A significant effect was 

seen of migration rate on adaptation (P=0.0138 for Holling type III and P= 0.0233 for 

Ricker). Thus, the different migration treatments led to different effects. According to 

predictions, the effects should be more pronounced in higher migration rate treatments 

(Maynard Smith, 1966). Thus we would expect an increasing (or decreasing) gradient 

of parameters of the fit model. Figure 3.8 displays the values and SEM of the 

parameters from the Ricker model. As can be seen, a appears to be very similar in all 

treatments. This parameter corresponds to the initial rate, and indicates that the rate of 

adaptation is similar across all experiments. The b parameter shows differences, and 

thus it appears that migration rate has had an effect on the time at which the maximum 

fitness is reached. This is to be expected, as the increase of load caused by migrants 

will slow down adaptation.  
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Figure 3.7. Best fit of models incorporating an effect on migration on sexual adaptation to C 

limited media. Black, no migration, red, 10
-6

, green, 10
-4

, blue, 0.01, cyan 0.5. Error bars are two 

log likelihood limits. 

 

 In contrast to these predictions however, a model fit with parameter a as a 

random effect and parameter b as a fixed effect of migration is not significantly better 

(P=0. 4161) than one in which both parameters are effects of treatment. This indicates 

that both parameters interact in their modelling of the data.  

 

 

Figure 3.8. Coefficients and standard errors of coefficients of the best fitting Ricker model to 

sexual C limited fitness data. Left pane, parameter a, right pane, parameter b. 
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In addition, the varying migration effects may have similar effects which are 

not picked up when separated into differing groups. In order to test these ideas, the 

migration rates were pooled to give no migration (0), intermediate migration (10
-6

 to 

0.01) and full migration (0.5) treatments. The Ricker model was used to fit the data 

with and without a fixed effect of pooled migration rate. The pooled migration also 

did not give a significantly better fit to the data (P= 0.2765). Migration data were also 

pooled and tested a number of other ways; low migration (0 to 0.01) and full 

migration (0.5) P=0.0548, low migration (0, 10
-6

) and high migration (10
-4

, 0.01, 0.5) 

P=0.0103. Taken together, these results indicate that an effect of migration rate is 

evident on adaptation to the C limited environment in sexuals.  

 

 Similar analysis was undertaken on the asexual lines. Due to a poor fit of the 

Ricker and Holling III models, the logistic model was used. A model treating 

migration rate as a fixed effect did not give a better fit than one which did not 

(P=0.5665). In addition, pooling the migration rates as above did not give significant 

results using the Ricker model, P values 0.9552, 0.1400 and 0.3453 for the pools 

outlined above. 
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Figure 3.9. Best fit logistic model of asexual adaptation to C limited media.  Black, no migration, 

red, 10
-6

, green, 10
-4

, blue, 0.01, cyan 0.5. The best fitting logistic model to all data is in black. 

Error bars are two log likelihood limits. 

 

 In line with predictions, migration rate appears to have an effect on adaptation 

to the C limited environment in the sexual but not the asexual lines or the combination 

of the two. The exact effect of migration does not follow the predicted increase with 

migration rate, however. There is still significant adaptation in asexual lines, but it has 

not been reduced as expected by migration. The use of multiple time points to gain 

more data into the fitness trajectories leads more weight to these methods than the 

single time point ANOVA which appeared to show migration as having a marginal 

effect on the rate of adaptation. 
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3.4.4.2 N Limited Fitness 

 

In contrast to the C limited populations, the N limited populations showed 

much less adaptation. After initial exploratory analysis, it was determined the data 

follow a linear increase in fitness. The data were fit to linear models in the form, 

ibtxtm )(  (3.10) 

Where m(t) is fitness, t is the time in generations, x is the slope, b is the intercept and 

εi is a repeat specific random effect, using the nlme library in R 2.10.0 (R 

Development Core Team, 2009). 

 

In order to test whether sex had an effect on migration in this environment, the 

data was pooled into sexual and asexual populations. The linear model was then fit 

using fixed effects of sexual status on both slope and intercept and line specific 

random effects. This model was then compared to a similar model which removed 

sexual status fixed effects. The difference between the models was not significant 

(P=0.1116), indicating that the differences in adaptation between the sexual and 

asexual lines was not significant.  

 

In order to test whether migration rate had an effect on adaptation, the model 

which had no fixed effects of treatment was compared with a model incorporating 

fixed effects of migration rate, with pooled data (P=0.6352), sexual treatments only 

(P=0.8966) and asexual treatments only (P=0.3110). In all these treatments the 

migration pooled treatment was more likely, however due to the increased number of 

parameters (as evidenced by the lowering of the AIC and BIC parameters), the model 

with no migration effect was chosen as the best fit. 
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Figure 3.10. Linear model of adaptation to N limit media. Black, sexual, red, asexual. For a plot 

separated by migration rate, see above. Black lines indicates line of best fit of lme described in 

text. Error bars are two log likelihood limits. 

 

The best fitting model was that with no fixed effects of any treatment. A 

plotted fit is given in Figure 3.10. As can be seen from the table, the slope is positive, 

indicating a gain of fitness of 5.3% over the course of the experiment (confidence 

limits 3.5 to 7.1%). The intercept is significantly negative, with an estimate of a 1% 

loss. It is unclear what has caused this, as the initial estimates of fitness of the 

ancestral lines were not significantly different from 0. The upper limit of the intercept 

estimate however overlaps the lower limits of the ancestors.  
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3.4.4.3 Migration and Fitness Discussion 

 

As the loss of fitness due to migration was not observed in sexuals, but was 

predicted by longstanding theory, a number of experiments were undertaken to 

examine if the experimental system showed a deviation from theory, rather than 

immediately rejecting these hypotheses. The lack of a consistent effect of migration 

on adaptation in both sexual and asexual lines suggests that the initial assumptions of 

the hypotheses above do not hold and so a number of alternate hypotheses were 

tested. 

 

The first hypothesis is that selection is too strong against migrants. At each 

time point sex and migration occurred only once, followed by approximately 33 

generations of asexual selection. It is possible that by the end of these 33 generations, 

all migrants, or individuals which had mated with migrants had been removed by 

selection. As fitness was measured at the end of each cycle, any measurement would 

not detect any effect of migration. 

 

The second hypothesis is that reproductive isolation had evolved. There is a 

potentially strong penalty to pay for mating with individuals of the opposite niche 

(post-zygotic isolation), and thus there would be selection for reinforcement (pre 

zygotic isolation). Any barriers to mating that arose would lead to an effective decline 

in outcrossing, and thus would be expected to effectively reduce the migration rate, 

leading to the observed results. 
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The third hypothesis is that the two environments did not show a trade-off to 

specific adaptation between them. A trade off had been shown in S. paradoxus 

(Goddard & Bradford, 2003) between two similar environments, but it is possible that 

no trade off occurred in this S. cerevisiae system either due to differences in the 

environments or species. Thus, fitnesses in the two environments would be 

independent. It is also possible that although a trade-off would occur under no 

migration treatments, those populations which experienced migration would evolve to 

be generalists, thus losing their trade off and instead become positively (or at least 

non-negatively) correlated. 

 

3.4.5 Efficacy of Selection 

 

 The lack of a consistent effect of migration was in contrast to theory, and thus 

an explanation was sought. The fitness schema of the experiment was called into 

question – if synergistic epistasis or threshold/truncation selection was operating it is 

possible that any hybrids or migrants present would be lost quickly. The migrations 

were carried out only every cycle, approximately 30 generations, thus if selection is 

powerful enough the migrants may be purged by the time the next migration occurs. 

This would lead to no perceived effect of migration, and may even serve to increase 

fitness in the high migration lines by increasing variability and reducing clonal 

interference (Martin et al., 2006). In order to test this, 15 colonies were taken from a 

sexual population with a 0.5 migration rate after 12 experimental cycles, with 

migration and sex, but before selection and assayed for fitness. The fitness 

distribution of these colonies was then compared to the distribution of 14 colonies 

taken from the same population after a cycle of mitotic selection (Figure 3.11 to 3.13).   
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Figure 3.11. Histograms of fitness frequency from randomly chosen clones taken to determine 

fitness variation in populations. Left, before selection, Right, after selection 
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Figure 3.12. Box and whisker plot of fitness of clones taken from a single population. Left, before 

selection, Right, after selection. 

 

 

Figure 3.13. Fitness of clones chosen, including 2 log likelihood limits. Left pane, before selection, 

Right pane, after selection. 

 

As can be seen from Figure 3.11 there is a bimodal distribution of fitness in 
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individuals which mated with individuals from the same niche, and another peak for 

those individuals which mated with immigrants or are immigrants themselves. This 

cannot however be experimentally verified as no markers allow discrimination 

between these classes. In contrast, the after selection migration clones show a less 

continuous population, with a number of over represented classes, as expected during 

mitotic growth (Gerrish & Lenski, 1998). In contrast to predictions, there is no 

significant difference between the before and after populations and after selection 

mean fitness dropped (means 0.122 before, 0.108 after, P=0.653). Both of these are 

less than the measured fitness of the population from which the individuals were 

taken (0.201 +0.068 -0.047 (2 log likelihood limits)), indicating sampling error, or 

possibly a population based advantage. The low repeat number and difficulty in 

running a large number of samples on the chemostat system led to an effort to 

determine fitness by a high throughput method. In order to undertake this, the same 29 

colonies chosen for fitness analysis above were inoculated in triplicate into a 

BioScreen and grown under batch culture conditions in the media and temperatures 

similar to the chemostat system (see methods). 

 

Analysis of Bioscreen data was undertaken using R 2.10.0 (R Development 

Core Team, 2009) using the package nlstools and a custom written script. All wells 

which had an increase of OD of less than 0.05 were excluded (to account for controls 

and failed growth) and the remaining growth curves were fit with commonly used 

growth curve models: Gompertz (Gibson et al., 1988), Baranyi (Baranyi & Roberts, 

1994) and Buchanan (Buchanan et al., 1997) using a non-linear least squares 

algorithm. Figure 3.14 gives an example of the fit for a representative sample. These 
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three models span a range of complexity and various assumptions, giving differing 

results. 
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Figure 3.14. Representative graphs of the fit of the three growth curve models to the same data. 

Black indicates experimental data, red indicates fitted data. 

 

 

The coefficients from the fit of the models were determined and extreme 

outliers removed to account for errors in the fitting algorithm, then the mean taken for 

each clone. In order to determine if the Bioscreen determined values were related to 

the chemostat derived values, the maximum growth rates from each model were 

plotted against fitness (Figure 3.15). 
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Figure 3.15. Scatter plots of fitness (y axis) versus maximum growth rate (x axis). Error bars are 

2 log likelihood limits (fitness) or SEM (growth rates). 

 

As can be seen from Figure 3.15 the agreement between Bioscreen and 

chemostat fitness was not high. Pearson‘s r was calculated between fitness and each 

coefficient (Table 3.6). Although the maximum growth rates were positively 

correlated with fitness, none of the correlations were significantly greater than 0 

(positively correlated). It is clear that fitness is not completely reliant on maximum 

growth rate, so the other three coefficients from each model (Starting OD, Final OD 

and Lag Time) were also compared, but gave lower correlations. Due to this poor fit, 

further work was not carried out on the BioScreen. 
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 Gompertz Buchanan Baranyi 

Lag 0.02 -0.08 -0.14 

Growth 
Rate 

0.35 0.38 0.29 

Start OD 0.03 0.31 0.02 

End OD 0.18 0.19 0.18 

Table 3.6. Pearsons' r between the calculated coefficients of each model and fitness 

 

The indication from single colonies taken from the chemostat is that individual 

clones behave differently from the entire population, which is not unexpected as cross 

feeding and specialisation may be expected to occur. The distribution of fitness is 

indicative that truncation selection is not occurring although more data would be 

needed to definitively rule it out. The lack of correspondence between maximal 

growth rate and fitness is interesting; it could be due to the differing environments of 

the Bioscreen and the chemostats, or a more complex determinant of fitness than 

simply growing fast. These results lead to a need to be careful when using maximal 

growth rate as a simple proxy for fitness, which a number of authors use (Collins & 

de Meaux, 2009). 

 

Due to the limitations of the experimental system migration and sex were not 

possible every generation, instead they occurred once every 33 generations. This is a 

relatively low amount of migration as compared to the amount used in the majority of 

models published. The possibility that any migrants, and offspring of matings 

between migrants and native individuals may simply be lost over the course of the 

experiment was investigated. The large variation in fitness both before and after 

selection was applied to a newly mated pool shows that selection was allowing a 

number of genotypes to coexist in the populations. The variance seen within the 

population suggests that, as has been seen in other systems, there were differing 

niches being filled within the population. The low number of individuals tested does 
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not allow a comprehensive ruling out that that the immigrants were lost, however the 

experimental difficulty in proving this proved impassable.  

 

3.4.6 Reproductive Isolation and Outcrossing 

 

The most commonly invoked method of reducing a cost of migration is by 

effectively removing the migration by ceasing to breed with the immigrants. This is 

the cornerstone of speciation. Reproductive isolation between populations is expected 

to arise when mating with immigrants leads to maladapted offspring, termed 

reinforcement. It is also expected when reduced gene flow and divergence leads to 

incompatible genes building up, resulting in defective offspring. Reproductive 

isolation may be expected to be selected for in this experiment, as it has been seen in 

other similar experiments (Dettman et al., 2007; Leu & Murray, 2006) it is thus a 

candidate for explaining the lack of effect of migration seen in the sexual lines. 

 

In order to test this, the evolved lines were mixed and mated with an ancestor, 

modified to be a lysine auxotroph that could utilise uracil (see methods). This enabled 

discrimination of outcrossing and inbreeding within the population. 
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Figure 3.16. Bar graph indicating outcrossing rates in sexual lines at the end of the experiment. 

Error bars are 95% CI. 

 

No significant change in outcrossing rate was seen between any population 

and the oppositely marked ancestor (Figure 3.16). While it appeared that the 10
-4

, 0.01 

and 0.5 treatments decreased in outcrossing rate, the differences were not significant 

(P=0.35, 0.11, 0.23 all n=3). In contrast to Dettman et al. (2007) no reproductive 

isolation was seen in the 0 migration treatments mated with the ancestors. The 

outcrossing values were based on mating frequencies so only measured pre-zygotic 

isolation. It is possible hybrids had a lower fitness due to the build up of Dobzhansky-

Muller incompatibilities (Fitzpatrick, 2008; Muller, 1942) which did not effect mating 

success but had an effect on fitness. 

 

The matings were carried out against the ancestral strain with an added 

marker. It is possible that reproductive isolation arose in the populations specific to 

their paired population which did not effect mating with the ancestor – for example 
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Leu and Murray (2006) found that their lines had evolved reproductive isolation by 

either speeding up or slowing down mating. It is also possible no effect was seen as 

the procedure used to facilitate outcrossing overcame any possible genetic variance 

for outcrossing. 

 

The lack of an evolved difference in outcrossing fails to show why migration 

had no effect. If reproductive isolation had emerged, it could be envisioned that the 

individuals in a population did not mate with the immigrants, thus reducing their 

migrational load. These results contrast with other studies (Dettman et al., 2007; Leu 

& Murray, 2006) in which evolution of reproductive isolation occurred in S. 

cerevisiae in the lab. In Leu and Murrays experiment (Leu & Murray, 2006), the 

species were already well split (Coyne & Orr, 2004), as any hybrids were killed off as 

part of the experiment. Thus, as Coyne and Orr (2004) note about a similar study, it is 

of no surprise that reproductive isolation has emerged due to the large effect on fitness 

if it had not. The selective benefit of reproductive isolation in this experiment is much 

less. There is a cost to being picky about mates in S. cerevisiae and a number of other 

organisms (Reynolds & Gross, 1990; Rogers & Greig, 2009; Smith & Greig, 2010). 

Even if the trade-off was complete between the two environments in the initial stages 

of the experiment a small cost to mating with an immigrant is likely to be heavily 

outweighed by the reduction in mating efficiency caused by selective mating. In 

Dettman et al. (2007) reproductive isolation was seen by the build-up of 

incompatibilities, as expected in ecological speciation (Schluter, 2000). The isolation 

seen here was a fitness cost in hybrids. The current experiment has this effect built in; 

due to the migration between niches hybrids will always be less fit. This effect is 

likely to lead to reinforcement – where prezygotic barriers are formed in order to 
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prevent the cost of the hybrids. However again, the high cost of selective mating may 

have overcome this selection for reinforcement. 

 

3.4.7 Trade-Offs and the Emergence of Generalists 

 

A trade-off between environments is necessary for a cost of migration. If no 

trade-off is apparent, then the two environments effectively reduce to a single niche. 

Thus it is necessary to show that a trade-off is present between the two environments 

with no migration for the initial hypotheses to hold. Additionally, one of the proposed 

benefits of sex is that rather than selecting for the fittest individual clone, it selects for 

genes and gene combinations that are the best at working together in a number of 

combinations or environments (Livnat et al., 2008; Livnat et al., 2010; Maynard 

Smith, 1978). Thus it is possible that the effects of migration have been mitigated by 

selection reducing the trade-off. If this is the case, then the full migration treatments 

should show a lesser trade off than the no migration treatments.  

 

In order to test this, lines which had adapted in either C limit or N limit 

environments were tested for fitness in the opposite environment and this value 

compared with native fitness. In order to observe the opposing extremes only the full 

migration (0.5) and no migration treatments (0) were compared. If a reduction in the 

trade off had been evolved, it would be expected that it would be visible in the 0.5 

migration treatments, while the 0 migration treatments would not show any effect. 

Trade-offs require a change in fitness in order to develop as the ancestor has a defined 

log fitness of 0 in both environments, and thus comparisons were made at a number of 

time points throughout the experiment. 
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First it is necessary to establish whether a trade-off has occurred in the 

treatments with no migration. By definition, the fitnesses at time 0 are equal to 0 in 

both environments. Thus there is no possible trade off until the populations begin to 

adapt to one or the other environment. By examining the trade off in the zero 

migration line at the end of the experiment it is possible to determine what the trade-

off is in the absence of selection, as compared to the 0.5 migration treatments which 

can be predicted to show some degree of mitigation. 
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Figure 3.17. Trade-Offs at the End of the Experiment. Black indicates 0.5 migration treatments, 

red 0 migration treatments. Error bars are two log likelihood limits. 
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Figure 3.18. All Trade-Offs Measured Throughout the Experiment. Black indicates 0.5 migration 

treatments, red 0 migration treatments. Error bars are two log likelihood limits. 

 

 

Figure 3.17 shows the fitness at generation 300 in sexual and asexual lines 

with 0 and 0.5 migration. Figure 3.18 shows the change in trade off over time in the 

sexual lines. As can be seen from the plots it appears that the 0 migration treatments 

have a strong trade off, whereas the full migration treatments show a lesser effect. 

Those treatments which are in the top right panel of the graph represent populations 

which have gained fitness in both environments. It is evident that the 0.5 migration 

treatments are overrepresented in these panels. In order to analyse this change, the 

data at varying time points were fit to a linear model (using R 2.10.0) and the 

coefficients and confidence intervals of intercept and slope determined. Pearson's 

product-moment correlation (Pearson‘s r) was also calculated for each time point 

which had enough data points for analysis. Pearson‘s r is a measure of correlation 

between paired data – a value of -1 implies all variance in one variable is negatively 

correlated to the other variable, an r of 0 means no correlation while an r of 1 mean all 

is positively correlated. It is important to note that the r is not a measure of slope, 
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rather it is a measure of the linear dependence of two variables. Table 3.7 gives a 

summary of the values and confidence limits. 

 

Sex migration generations Pearson 
R 

R plus R 
minus 

P value Significant 

All 0 300 -0.552 -0.040 -1 0.039 * 

All 0.5 300 0.176 0.620 -1 0.708  

Asex 0 300 0.247 0.889 -1 0.656  

Asex 0.5 300 -0.152 0.662 -1 0.387  

Sex 0 300 -0.906 -0.506 -1 0.006 * 

Sex 0.5 300 -0.465 0.418 -1 0.176  

Table 3.7. Comparison of Pearson's r between fitness in the two environments. P-values indicate 

the probability that the calulate r is less than 0. 

 

 

The split into sexual and asexual lines at generation 300 shows that although 

the sexual lines with full migration show a strong trade off (r=-0.906, P=0.006), the 

asexual lines do not. In addition, while the sexual lines with full migration show a 

reduction in the trade off, they still have a non-significant trade off in the estimate for 

r of -0.465. Due to the nature of the test for Pearson's product-moment correlation and 

the low sample size for some comparisons, the lower limit of r for all tests was -1, 

thus no comparison of the trade-off directly between lines was possible. 

 

Pearson's product-moment correlation does not take into account changes in 

intercept, or variation in slope. It is possible that while the Pearson‘s r is high, the 

slope of the trade-off has reduced, changing for example from -1 to -0.25, while 

keeping the same r. Additionally the intercept of the trade-off may have changed: if a 

subset of mutations are beneficial in both environments they will not affect Pearson‘s 

r, but will be evident in a shift of the trade off line. Table 3.8 details slopes, intercepts 

and 95% confidence intervals for linear models fitting the same data points analysed 

for r in Table 3.7. 
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Sex Migration Gens Intercept Intercept 
Plus 

Intercept 
Minus 

Slope Slope 
Plus 

Slope 
Minus 

All 0 300 0.005 0.043 -0.032 -0.215 0.030 -0.460 

All 0.5 300 -0.027 0.086 -0.140 0.200 0.989 -0.589 

asex 0 300 -0.015 0.059 -0.088 0.078 0.637 -0.482 

asex 0.5 300 -0.034 0.149 -0.217 -0.198 1.586 -1.982 

Sex 0 300 0.023 0.065 -0.018 -0.376 -0.133 -0.619 

Sex 0.5 300 0.161 0.487 -0.165 -0.709 1.163 -2.581 

Table 3.8. A comparison of the values from linear models constructed to model the tradeoff 

between the two environments. 

 

 

Due to the variable nature of the data, the intervals were in general very wide. 

No intercepts were significantly different from 0, although the sexual 0.5 migration 

treatment showed the largest intercept, as expected. No slopes had become 

significantly positive, and only two (the pooled 0 migration data and the 0 migration 

sexual data) were significantly negative. The lack of a clear effect in this data is most 

likely due to the pooling of data: Pearson‘s r is calculated using pair wise 

comparisons, while linear regression depends on the points to be on a straight line, 

when it is clear many are not, due to repeat specific effects. 

 

In contrast to predictions, no change in either Pearson‘s r or slope was evident 

over time (data not shown). This is most likely due to the low repeat number used to 

determine the values. 

 

From this data, it is evident that there is a strong trade-off between adaptation 

in the two environments under 0 migration conditions. However, the trade-off is 

evident in pooled data, and the sexual lines after 300 generations. The nature of the 

trade-off changes in full migration treatments, and is no longer significant in the full 

migration treatments. Interestingly the trade-off is not evident in the asexual 

populations, giving further evidence that the mode of adaptation is different in 
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asexuals than sexuals (adding to the rise in population size). The sexual line at the end 

of the experiment and with full migration does not have a significant loss of trade off, 

however comparing the r estimate of -0.465 to that of the 0 migration treatment at -

0.906 and the large intercept values suggests that some mitigation of trade off has 

occurred. 

 

3.4.8 Individual Based Modelling 

 

The change in slope and correlation between fitness in the differing 

environments led to the hypothesis that the nature of the trade-off was being altered 

due to selection in sexual populations. In order to examine the effects, an individual 

based, Levene type model was constructed, using Wolfram Mathematica version 7.0 

(Wolfram Research Inc., 2008). 

 

The model consists of two populations, each with 10,000 individuals. The 

individuals consisted of 20 genes on 4 chromosomes, each with a value initially 

drawn from the normal distribution with a mean of 0 and a standard deviation of 0.1. 

This value was set to fitness in environment 1, and a value for environment 2 

determined by multiplying the first value by a number taken from the normal 

distribution with mean -1 and standard deviation of 1. This results in the population 

having approximately twice the variation in environment 2 as it does in environment 

1, in order to simulate the differing amounts of adaptation seen in the experimental 

section. An individual‘s fitness was calculated by summing the environmental 

specific values. Thus, fitness in the two populations is negatively correlated, with a 
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mean of -1 but some degree of variation in this trade off (the mean Pearson‘s r is -

0.709 ± 0.03 (n=8)) (Figure 3.19). 
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Figure 3.19. Representative Starting Population. x axis is environment 1, y is environment 2. 

Each point is an individual, with fitness in the two environments represented by a point. Purple 

line is at x=y for comparison. 

 

Populations were evolved asexually with selection, reproduction and mutation 

for 25 generations (see methods). After 25 generations the populations were then 

subject to migration between the two environments and/or sexual reproduction 

depending on the treatment. This was continued 12 times, to give a comparable time 

period as the experiments carried out above, although starting with a much larger 

variation in fitness. The resulting populations were then analysed for Pearson‘s r, and 

a linear model fit in order to determine the change in trade off. All values are taken 

from mean values for individuals in a population, and confidence intervals are 

calculated using the standard deviation from four repeats of the modelling for each 

treatment. 
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Figure 3.20. Representative graphs of fitness of asexual populations after selection with no 

migration in the environment represented by the x-axis (left) and y-axis (right). Purple line is at 

x=y for comparison. 

 

 

Figure 3.21. Representative graphs of fitness of sexual populations after selection with no 

migration in the environment represented by the x-axis (left) and y-axis (right). Purple line is at 

x=y for comparison. 

 

As predicted, the presence of migration reduced the amount of adaptation in 

the environments. Larger gains in fitness were seen in the 0 migration treatments 

(1.36 ± 0.19 95% CI for asex, 1.38 ± 0.37 for sex) than the full migration treatments 

(0.21 ± 0.08 asex, 0.24 ± 0.13 sex P<0.001). This gain in fitness also correlated with a 

loss of fitness in the environment not under selection in the 0 migration treatments (-

1.08 ± 0.29 in asex, -1.14 ± 0.27 in sex) while the migration treatments showed a gain 

in their opposite environments (0.20 ± 0.07 for asex, 0.24 ± 0.12 for sex). The 

difference in fitness between the 0.5 and full migration treatments was again highly 

significant (P<0.001). These values reflect the fact that migration selects for 

individuals which have a high fitness in both environments. 
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Figure 3.22. Representative graphs of fitness of asexual populations after selection with 

migration in the environment represented by the x-axis (left) and y-axis (right). Purple line is at 

x=y for comparison. 

 

 

Figure 3.23. Representative graphs of fitness of sexual populations after selection with migration 

in the environment represented by the x-axis (left) and y-axis (right). Purple line is at x=y for 

comparison. 

 

Average fitness across the two differing environments was apparently selected 

for in the 0.5 migration treatments. This was investigated by taking the mean of the 

mean fitness of each individual in both environments. The 0 migration treatments had 

in general lower values (0.14 ± 0.13 asex, 0.12 ± 0.11 sex) than the 0.5 migration 

treatments (0.20 ± 0.08 asex, 0.24 ± 0.13 sex), however these results were not 

statistically significant (P=0.39 asex, P=0.16 sex). This shows the effect of selection 

for generalists in the full migration treatments, however the non-significance is likely 

due to the increased variance of the loss of fitness in the 0 migration treatment 

opposite environments, as it is not exposed to selection and shows variation. 
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As in the experimental section, Pearson‘s r was calculated for the correlation 

for fitness in the two environments. At the start of each experiment, r had a random 

value with an average of -0.7067 ± 0.0017 (95% CI). This reflects the variance of the 

trade-off due to the multiplier between fitnesses being drawn from the normal 

distribution. If the value was set at -1 with no variation, r would be -1. In contrast to 

expectations, the correlation coefficient dropped significantly in all populations, as the 

correlation grew stronger. This is likely a reflection of the loss of diversity in the 

populations undergoing selection. 

 

 Environment Mean 
in Own 

95% CI Mean 
in 
Other 

95% CI Pearson 
R 

95% CI 

asex no 
mig 

1 -0.004 0.004 0.001 0.003 -0.708 0.003 

 2 -0.001 0.001 0.004 0.002 -0.703 0.001 

sex no 
mig 

1 0.001 0.006 0.001 0.004 -0.703 0.005 

 2 0 0.002 0 0.008 -0.707 0.005 

asex mig 1 0.002 0.004 -0.002 0.002 -0.708 0.005 

 2 0.005 0.003 0.002 0.006 -0.708 0.007 

sex mig 1 0.004 0.007 0.001 0.006 -0.707 0.004 

 2 0 0.008 -0.004 0.012 -0.71 0.007 

Table 3.9. Values from the starting populations 

 

 
 Environment Intercept 95% CI Slope 95% CI Mean 

Fitness 
95% CI 

asex no 
mig 

1 0.002 0.006 -1.003 0.003 -0.001 0.004 

 2 -0.003 0.005 -0.988 0.006 0.002 0.002 

sex no 
mig 

1 0.001 0.003 -0.993 0.012 0.001 0.004 

 2 0.002 0.005 -1.002 0.014 0 0.003 

asex mig 1 0.004 0.002 -1.003 0.011 0 0.002 

 2 0.003 0.003 -0.999 0.005 0.004 0.003 

sex mig 1 0 0.006 -0.999 0.005 0.003 0.006 

 2 0.001 0.004 -1.007 0.015 -0.002 0.009 

Table 3.10. Values from the starting populations 
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 Environment Mean 
in Own 

95% CI Mean 
in 
Other 

95% CI Pearson 
R 

95% CI 

asex no 
mig 

1 1.143 0.144 -0.77 0.12 -0.979 0.013 

 2 1.571 0.202 -1.394 0.428 -0.976 0.01 

sex no 
mig 

1 0.902 0.164 -0.859 0.165 -0.853 0.069 

 2 1.848 0.24 -1.425 0.376 -0.881 0.014 

asex mig 1 0.152 0.106 0.141 0.11 -0.904 0.03 

 2 0.275 0.103 0.252 0.102 -0.905 0.03 

sex mig 1 0.084 0.111 0.093 0.124 -0.86 0.04 

 2 0.404 0.071 0.386 0.048 -0.861 0.039 

Table 3.11. Values from the ending populations 

 
 Environment Intercept 95% CI Slope 95% CI Mean 

Fitness 
95% CI 

asex no 
mig 

1 -0.122 0.154 -1.1 0.134 0.186 0.079 

 2 0.013 0.121 -2.023 0.058 0.089 0.242 

sex no 
mig 

1 -0.088 0.093 -1.139 0.164 0.022 0.15 

 2 0.366 0.12 -1.727 0.128 0.211 0.081 

asex mig 1 0.45 0.109 -1.347 0.227 0.146 0.108 

 2 0.46 0.117 -1.356 0.227 0.264 0.102 

sex mig 1 0.501 0.168 -1.29 0.243 0.088 0.117 

 2 0.497 0.15 -1.289 0.245 0.395 0.058 

Table 3.12. Values from the ending populations 

 

The fitness trade-offs of the populations were also fitted with linear models. 

The slope and intercept coefficients were calculated with R version 2.10.0 (R 

Development Core Team, 2009) as were the confidence intervals of these values. As 

expected, the intercept values showed no consistent increase or decrease in the 0 

migration treatments (asex -0.055 ± 0.094, sex 0.139 ± 0.177). In contrast, both the 

asexual and sexual migration populations showed significant increases (asex, 0.456 ± 

0.066, sex 0.499 ± 0.092). The difference between 0 and full migrations was 

statistically significant as judged by a t-test (asex P=1.7×10
-6

, sex P=0.0047). These 

results indicate that the migration populations have adapted by gathering alleles which 

are of benefit in both environments. 
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The slopes of the linear models were also analysed. Rather than analysing the 

raw value, the change from -1 was analysed, as the slope is dependent on the order of 

the axis, and any deviation from -1 represents a reduction in trade-off. The slopes of 

all treatments had significantly changed from 0. No difference was seen between 

migration treatments or sex/asex. The change in slope represents a change in the trade 

off. The fact that the majority had reduced their slope to less than -1 is a result of the 

higher variance and larger amount of adaptation found in environment 2 than 

environment 1. 

 

In general, these results agree more with classical predictions: migration will 

retard adaptation. The difference is the variance in trade-off allows some mitigation of 

this effect, and no difference is seen between asexual and sexual migration treatments. 

The presence of the variance in the trade off has given two key results – an increase in 

the intercept of the fitness plot when migration is present. This allows populations to 

adapt to two environments at once, as an increase in intercept represents the amount 

of adaptation which has occurred without any cost in the other environment. The 

second is the change in slope of the trade-off plot line of best fit. This represents a 

move away from direct cost to every adaptive allele in the opposite environment, 

towards a more forgiving trade-off. These model derived results gel well with the 

empirically derived results, suggesting a similar change to both slope and intercept of 

trade-off plots. 
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3.5 Discussion 

 

3.5.1 Fitness Changes 

 

 As expected, and in line with other experiments (Chao, 1990; Chao et al., 

1997; Goddard et al., 2005) for the no migration treatments, sexual populations 

showed a greater fitness gain over the course of the experiment. This is a confirmation 

of the results from the previous chapter that sex allows faster adaptation than asex. 

However, in contrast to predictions and theory, within migration treatments sexual 

populations again had a greater fitness gain. The reason for this is likely to be similar 

to those outlined in the previous chapter: an increase of rate of accumulating 

beneficial mutations, and unlinking them from linked detrimental mutations. This 

force has outweighed the counter force of migration and gene flow. 

 

In the adaptation stage, it is evident that the populations have adapted much 

more to the C limited environment than the N Limited environment. In retrospect, this 

could have been predicted based on the ecology of S. cerevisiae in the wild. While the 

natural history of yeast is poorly understood (Replansky et al., 2008), it is known that 

in at least one of its environments (grape juice/wine) there is a strong osmotic stress, 

due to abundant sugar, and a relatively low amount of available Nitrogen, which is 

often the limiting factor in wine-making, leading to ―stuck‖ ferments. In contrast, a 

heat stress at 37°C is much less likely for wines, which are mostly made at lower 

temperatures, or a low Carbon environment, when grape juice is up to 40% 

sugar/volume. Thus, the N limited environment more closely mimicked what may be 
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the natural environment of S. cerevisiae and thus may have been ―pre-adapted‖ to the 

environment, allowing less adaptation to occur during the main experiment. That 

being said, adaptation was seen in the N limited environment. 

 

 The force of migration was expected to be large. If migration of maladapted 

individuals is considered as analogous to detrimental mutations, then a 0.5 migration 

rate corresponds to a U of 0.5, depending on the number of alleles involved in 

adaptation to each environment. The effect of migration is indeed evident in the 

sexual populations evolving in the C Limited environments, as the model which 

incorporates migration rate shows a significantly better fit to the data than the one 

which does not. It is evident from viewing the fitted models and coefficients that the 0 

and 10
-6

 treatments show the highest adaptation rates, with the 0.1 treatment showing 

the lowest. As well as the hypotheses outlined below, it is possible that two opposing 

forces are at work, leading to the highest effect of migration being on the 0.1 

migration treatment, rather than the 0.5. The increase in effective population size due 

to migration may have led to an increase in adaptation rate (as seen by Martin et al. 

(2006)) with increasing migration, while the maladapted alleles introduced by 

migration slowed it down, the effect of which should increase with migration rate. If 

this is the case, a repeat of this experiment, with migration rates ranging from 0.1 to 

0.5 should be able to disentangle the various effects. 

 

 In contrast to the situation in sexuals, no effect of migration was seen on 

asexuals in the C limited environment. This is harder to square with the theory – the 

benefit to increased population sizes by migration from other demes should not apply 

as readily to asexuals (Martin et al., 2006), and even if migrant alleles do not enter the 
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gene pool, as the number of migrants increases, adaptation rate should decrease. This 

could be due to a simple reduction of effective population size (a 0.5 migration 

treatment results in half the population of adapted individuals being lost), or a more 

general effect of decreasing mean population fitness by introducing maladapted 

immigrants.  

 

 Thus, the lack of an effect of migration on adaptation in sexual populations 

needs an explanation. The hypotheses and experiments described above were 

undertaken in order to examine the possible causes. 

 

3.5.2 Comparing Alternative Hypotheses 

 

 The first hypothesis tested was that selection was too strong to allow migrant 

alleles to stay in the population. This is analogous to an argument that the migration 

rate was too high, or that truncation selection (or synergistic epistasis) was operating 

in the population. The evidence, although based on a small number of samples, shows 

that this is not the case. The wide range of fitnesses and growth rates of individuals 

seen in the population suggests that selection is not operating at a strong level, under 

which only a low number of competing clones would be expected to be observed. The 

low throughput of the chemostat system, in combination with the lack of 

correspondence of Bioscreen fitness, precluded analysis of a large number of clones, 

but it is clear that the population contains a large amount of residual diversity after 

selection. 
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 No significant alterations in outcrossing frequencies were observed. While a 

small change cannot be ruled out, other experiments have shown large decreases in 

outcrossing efficiency – 90% outcrossing to 50% in 36 migration events (Leu & 

Murray, 2006) which was not observed here. There are a number of possibilities as to 

why no reproductive isolation occurred.  Firstly, it may simply be due to mutations 

causing isolation being very rare and thus not occurring in these populations, as if a 

mutation does not occur then selection cannot act on it. The selective benefit for an 

allele which did reduce mating with immigrants would also have other potential 

downsides – a loss of outbreeding with individuals from the correct population which 

do not yet carry this allele or less efficient mating in general, as well as being neutral 

at best during mitotic growth. It is also possible that the nature of the experiment led 

to a selection against outcrossing. In the first few crosses, where little adaptation had 

occurred, mating with an immigrant is likely to have very little fitness effect on the 

offspring, as few detrimental alleles would be present. Thus selection to mate may 

have initially been stronger than selection to stay separated. It is well known that 

populations need to be well isolated to build up Dobzhansky-Muller incompatibilities 

(Muller, 1942; Schluter, 2000), and thus it will be difficult to build these up when 

populations are repeatedly subject to gene flow. Livnat et al. (2008; 2010) also predict 

a similar effect, wherein compatibility between genes is forced by recombination. 

 

3.5.3 Loss of Trade Off 

 

The trade-off between the two environments was also a constraint of the 

model. Due to the nature of the experiment, the fitness in each environment was 

initially defined as 0, so a trade-off required adaptation in order to measure. At the 
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end of the experiment, the 0 migration sexual treatment shows a strong trade-off as 

expected, although other treatments do not for varying reasons, as discussed below. 

The fact that this trade-off is present indicates that, all other things being equal, sex 

should retard adaptation when there is migration. 

 

The trade-off between the environments appears to change in both the 

experimental and the modelled populations. In general, trade-offs in Levene type 

models have been treated as fixed since Maynard Smith (1966). The only treatment of 

a Levene model with varying trade-offs to my knowledge is by Barton (2010b) in 

which varying functions, rather than simple linear trade offs, are used to model the 

trade-off functions between the environments. This still does not incorporate the 

possibility that trade-offs are not a necessary consequence of varying niches. The 

change in Pearson‘s r, intercept and slope in the full migration treatments, and the 

change in intercept in the modelling correspond to selection for genes which are good 

in both environments, in good agreement with the idea of Livnat et al. (2008; 2010) 

that sex is of benefit due to increasing mixability rather than fitness. 

 

As mentioned in the introduction, the mixability model of Livnat et al. (2008; 

2010) (equation 3.4) is easily modified to incorporate an additional term, c 

representing differing environments: 
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where c is the proportion of individuals in each environment, j, and the w and i terms 

are now environment specific. This equation has similar results to those of the original 
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formulation – mixability is maximised under sex. Thus it can be expected that sex 

should show a more mixable adaptation to multiple environments. 

 

A verbal model of adaptation in this study was created with James Sneyd and 

Mat Goddard (personal communication). This model suggests that there is a subset of 

possible mutations which are beneficial in both environments or at least beneficial in 

one and not detrimental in the other. Under evolution in separate environments 

without migration, the incorporated beneficial mutations are randomly sampled from 

the entire range of the possible beneficial mutations, and some proportion will be 

those which show beneficial effects in both environments. In contrast, under the 

migration treatments, the mutations incorporated are likely to be a confined to be in 

the subset which are beneficial in both environments. This predicts that lines which 

adapt in the presence of migration will not necessarily be less fit than those that do 

not, but that they will likely have a reduced diversity in the ways of adapting to the 

new environment. Again, this model gels well with that of Livnat et al. (2008; 2010) 

in that those genes which are present in the intersection are those which show the 

most mixability. There is a need to expand research in this area, in order to determine 

whether the selection for mixability is likely to be a generally applicable explanation 

for the benefit of sexual reproduction. 

 

These results can also be interpreted in the framework of chance versus 

necessity (Monod, 1971; Saxer et al., 2010). The evolution of populations with no 

migration will be a random sample of the possible beneficial mutations (chance) while 

with migration necessity will play a role in that the subset of possible beneficial 

mutations which show a smaller or no trade off will be enriched for. This effect has 
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recently been seen in E. coli adapting to complex environments, wherein parallel 

evolution occurred due to a similar selective effect (Saxer et al., 2010). 
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4: Concluding Discussion  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

―You ought,‖ quietly, ―really, you ought to think about it. Write down what you can‘t 

deny. Your hard intelligence. But then write down what you‘ve only speculated, 

assumed. See what you‘ve got. At least that.‖ 

Thomas Pynchon, The Crying of Lot 49 (1965) 
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4.1 Introduction 

 

The experiments carried out in this thesis have led to a number of conclusions, 

as well as suggesting a number of additional experiments to undertake in order to 

deepen our understanding of the evolutionary consequences of sexual reproduction. 

 

4.2 Summary of Main Results 

 

 From both experiments, and following a number of previous studies (Chao et 

al., 1997; Cooper, 2007; Goddard et al., 2005)  it can be concluded that sex is more 

efficient than asex under directional selection. The two major experiments carried out 

also have their own, additional conclusions. 

 

 

4.2.1 Mutation Experiment 

 

The mutation experiment consisted of evolving sexual and asexual lines, both 

with and without increased mutation rates under stabilising and directional selection. 

As predicted, the sexual lines showed a greater gain in fitness than asexual lines under 

directional selection, indicating that sex is advantageous in accumulating beneficial 

mutations and unlinking them from detrimental mutations. Under stabilising selection, 

no significant loss of fitness was observed in any lines, in contrast to mutation 

clearance based theories. The results suggest that standard asexual selection is 

adequate to remove the majority of deleterious mutations which occur in populations 
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under stabilising selection. Taken together, these results show the effect of sex on the 

accumulation of beneficial mutations is more important than its effect on mutation 

clearance. 

 

4.2.2 Migration Experiment 

 

 The migration experiment consisted of evolving sexual and asexual lines to 

two divergent environments, with varying rates of migration between them. 

According to theory, the higher migration rate treatments were expected to decrease 

the rate of adaptation, as the migrants swamp any favourable gene combinations built 

up by selection. In contrast to predictions, no consistent effect of migration was 

observed in either sexuals or asexuals. The analysis undertaken of the evolved lines 

suggests that this result is due to the loss of the trade off in the sexual lines: in lines 

which experienced no migration, a gain of fitness in one environment led to a loss of 

fitness in the other, whereas populations exposed to complete migration no longer 

showed this effect. This is interpreted as sex accelerating the emergence of 

generalists. 

 

4.3 Future Directions 

 

4.3.1 With Evolved lines 

 

 The first obvious experiment to undertake on the evolved lines is genome 

resequencing. In this case, there are a number of points of interest. Firstly, the 
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difference in molecular evolution between sexual and asexual lines. Sexual and 

asexual lines should have similar rates of molecular evolution (Barton, 2010a) but the 

changes in the sexual lines should have a higher proportion of adaptive changes, 

based both on theory (Barton, 2010a) and the fact that they show a higher fitness than 

asexuals in this experiment. 

 

 The changes in sexuals should be more direct – recombination allows 

beneficial mutations to become unlinked from deleterious backgrounds and thus 

hitchhiking should be much lower in sexuals than asexuals. The diversity in the 

population is also of interest. The number if competing clones in the asexual 

populations will depend heavily on the amount of clonal interference. Given that sex 

has sped up adaptation in these experiments, there are likely multiple asexual clones 

segregating at once in the populations. In contrast, many of the beneficial mutations in 

the sexual lines will be fixed in multiple individuals. Thus it can be expected that the 

between-individual variation will be lower in sexuals than asexuals. It is however 

possible that this is not the case, either due to a low number of competing asexual 

clones or the fact that the sexual population is still evolving and carrying diversity 

which is yet to fix. The fact that the sexual populations appear to be reaching a fitness 

plateau suggests that this is not the case.  

 

 As well as the general difference between sexual and asexual differences, the 

particular experiments carried out also have interesting predictions. The migration 

experiment has shown that the populations with migration have reduced the trade-off 

which is present in the no migration treatments. Thus, as part of the proposed model, 

mutations with no trade off will be selectively enriched in those populations with 
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migration. It can therefore be expected that the no and very low migration treatments 

will show a random sample of possible beneficial mutations, but that the high 

migration treatments will show a higher proportion of no-trade off mutations. This 

could be investigated by analysing the mutations present at the end of the experiment. 

If the number of beneficial mutations possible is relatively low (as there is reason to 

believe) then it may be possible to determine whether those populations with 

migration share more mutations than would have been expected, allowing a direct test 

of our proposed model. Recent work has found that the pathways evolving during 

adaptive radiation are relatively repeatable (Saxer et al., 2010), and thus it is likely 

that mutations will be shared between treatments with similar migration rates. If 

differing rates of migration have differing mutations, this is good evidence for the 

proposed model. 

  

 For the mutation experiment, it should be possible to determine the differences 

between low and high mutation rate evolution. While the adaptation rate between 

sexual and sexual mutator lines was effectively identical, the rate of molecular 

evolution should not be, given the altered mutation rate. Thus it would be of interest 

to determine whether more detrimental and neutral mutations had occurred in the 

mutator lines, and whether these can explain the lack of difference in adaptation rate. 

Similarly, it should be possible to determine the differences in asexual and asexual 

mutator lines. The decline in fitness over the course of the experiment in these lines is 

also of interest, as a comparison of sequences at the peak and then at the end of the 

experiment should allow determination of what kind of mutations have caused this 

loss. 
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 A number of populations and treatments also showed an increase in population 

size rather than, or in addition to, an increase in fitness. It would be of interest to 

determine whether these changes share a genetic cause, and to attempt to disentangle 

their relative rates and why they occurred in some populations but not others. 

 

 In the mutation experiment, part of the initial plan was to derive lines with 

reduced fitness and cross them back to the ancestral strain, in order to determine the 

amount of epistasis (de Visser & Elena, 2007; Kouyos et al., 2007). This is similar to 

the experiment carried out by Dettman et al. (2007), but by restoring sexuality it 

would have been possible to directly analyse the differences in epistasis that occurred 

between sexual and asexual lines. Unfortunately, no lines with a fitness below the 

ancestor occurred. It would be desirable to further increase mutation rate or continue 

evolution of the lines with much smaller bottlenecks in order to see if they would 

reduce in fitness below the ancestral line and thus allow an opportunity to undertake 

this experiment. 

 

4.3.2 Future Experiments with SPO11/13 

 

As well as the above mentioned experiments, the SPO11/13 system is 

powerful and suggests itself to testing a number of other hypotheses about the 

evolution of sex. 
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4.3.2.1 Red Queen 

 

 The red queen effect, as outlined in the introduction, is currently one of the 

favoured hypotheses about the evolution of sex. In order to directly test the 

hypothesis, it is necessary to have a parasite which infects the host using a ―lock and 

key‖ system. For S. cerevisiae, it is unclear that there are any parasites which fit this 

description. S. cerevisiae is one of the few organisms that appears to have no native 

viruses, which would otherwise be a very attractive target for this research. Other 

work has been carried out using ty3 elements (Zeyl et al., 1996), but as the spread of 

these elements are induced during meiosis, it is unclear how the difference between 

sex and asex will effect their spread, and thus the experiment is unable to be 

adequately controlled. Another potential parasite is the 2 µM plasmid, which is a 

selfish, intracellular genetic element (Burt & Trivers, 2006; Mead et al., 1986). The 

fitness cost of carrying the 2 µM plasmid is only in the order of 1% however (Burt & 

Trivers, 2006), and thus it is not likely to be a useful tool in its current form. The most 

promising parasite for further analysis is likely to be a modified version of the 2 µM 

plasmid, with an increased fitness cost, or another plasmid designed so as to meet the 

needs of the hypothesis. By evolving the sexual and asexual lines in the presence of 

the parasites, it should be possible to determine the effects of sex on parasite 

clearance. 

 

4.3.2.2 Inbreeding Versus Outbreeding 

 

 Hypotheses about sex can have varying effects depending on the degree of 

outcrossing and inbreeding present in the organism. In general, inbreeding is 
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predicted to be more useful in purging deleterious mutations, by forming 

homozygotes which are lost by selection, and outbreeding is predicted to be of benefit 

in adapting to new environments by forming new associations between genes which 

were previously in differing backgrounds (Bell, 1982; Maynard Smith, 1978; 

Williams, 1975). S. cerevisiae is naturally very highly inbred, as few as 2×10
-5 

 cell 

divisions resulting in outcrossed sex (Ruderfer et al., 2006), but in this work and 

others (Goddard et al., 2005) it has been shown that a protocol for forcing higher rates 

of outcrossing exists. By evolving the sexual lines with varying rates of outcrossing 

and the asexuals as a control, it should be possible to determine the effects of 

outcrossing rates and sex on detrimental mutation removal and beneficial mutation 

accumulation. 

 

4.3.2.3 Frequency of Sex 

 

 As briefly discussed in the introduction, the frequency of sex is also of 

interest. Kondrashov (1984b) predicts that sex will occur on average every 1/U 

generations (for U<1), or when enough detrimental mutations build up in order to 

purge deleterious mutations, and the effects of infrequent sex are not well understood 

(D'Souza & Michiels, 2010). The current work simply induced sex every 25 or 33 

generations, and it is easily possible to increase or decrease this frequency. A similar 

experiment could be designed to test the abandon ship hypothesis (Hadany & Otto, 

2007), with periodic transfer of populations between a harsh and a benign 

environment, either preceded by sex or asex. Work suggests that S. cerevisiae only 

very rarely undergoes sex in its natural environment, and thus it is of interest to 
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determine whether rare sex is of sufficient impact to show the benefits obtained in 

these studies. 

 

4.3.2.4 Understanding Natural Genetic Variation 

 

 The Y55 strain used in this experiment is a ―lab‖ strain, and thus likely heavily 

adapted to the lab environment. The SPO11/13 knockouts and marking are relatively 

simple to make and thus it should be possible to engineer them into a number of wild 

isolates of S. cerevisiae. Evolution of these wild isolates, with or without sex, to the 

lab environment would allow elucidation of the amount and type of genetic diversity 

present in wild yeast, and show the effects of adaptation of naturally present genetic 

diversity, rather than the de novo mutations observed in this study. A comparison of 

sexual to asexual populations would allow a determination of how sex and asex affect 

natural genetic diversity. A comparison with the results of Becks and Agrawal (2011) 

would allow confirmation of the effect of sex on the variance in fitness of a 

population. Additionally, the adaptation of single clones, versus pools of these natural 

isolates would allow a better insight into hypotheses for the evolution of sex 

depending on genetic diversity, such as the tangled bank and lottery models.  

 

4.3.3 Other Experiments 

 

 The conclusion that asexuality is adequate to remove detrimental mutations, 

even under elevated mutation rates, suggests a re-evaluation the amount of adaptive 

evolution occurring in the natural environment. As sex is a very widespread trait, as 

well as a very costly one it is likely that it is providing a selective benefit. If, as these 
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results suggest, sex plays little to no role under stabilising selection, it is possible that 

more adaptive mutation is occurring than previously suspected. The controversy 

between neutralists and selectionists has a long history, and has not been fully 

resolved, and as such the present results need to be seen in this light. It is thus of 

general interest to determine the amount of adaptive evolution occurring in sexual 

populations under natural conditions, as compared to asexual populations.  

 

 Another experiment would be to determine the mutation rates of closely 

related asexual and sexual species. The predictions of detrimental mutation based 

theories and ―ancient asexual scandals‖ is that asexual species will need to have a 

lower mutation rate than sexuals in order to be able to persist (Welch & Meselson, 

2001). The current work, suggesting that asexual selection is adequate to remove 

these mutations, predicts that there is no need for asexuals to have a lower mutation 

rate and matches empirical observations in bdelloid rotifers (Welch & Meselson, 

2001). 

 

 The results of the migration experiment suggest that diversification, or 

generalist emergence is relatively easily accomplished. Much of the work on 

divergent selection, both mathematical and field based, assumes a direct trade-off 

between niches. It would be of interest to integrate the current results and the 

suggestion that trade-offs can be lost or at least selected to be diminished. Thus it can 

be predicted that populations experiencing gene flow from other populations should 

have a higher proportion of generalists, and that the evolution of generalists may be a 

common response to divergent selection. 
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