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Adaptation is a complex process whose dynamics are poorly understood.  This lack of 

understanding is largely due to our limited knowledge of the rate at which heritable 

variation is produced and the effects of that variation on fitness.  Here, I investigate how 

genetic and heritable epigenetic variation influences the rate and outcomes of adaptation.  

In Chapter 1, I briefly review current theoretical predictions about the relationship 

between parameters of heritable variation and adaptation.  In Chapter 2, I describe how 

epigenetic modification and/or selection on gametes can generate unusual patterns of 

adaptation.  Some types of epigenetic modifications (X-inactivation and genomic 

imprinting) cause diploid loci to only express a single allele.  Selection at these 

‘effectively haploid’ loci is very similar to selection acting on haploid loci in sperm.  In 

both cases, selection can favor the spread of traits that are only adaptive during one part 

of the life cycle, at one level of selection, or for one sex.  In Chapters 3 and 4, I describe 

experimental evolution studies in the yeast, Saccharomyces cerevisiae, examining factors 

affecting adaptation rates in yeast.  In Chapter 3, I present results from a mutation 

accumulation experiment estimating the rate of random mutations affecting fitness, the 

proportion of the mutations that are beneficial and the mean effect of mutations.  In this 

study I found that a substantial proportion of random mutations improve adaptation in 

yeast.  In chapter four, I present results of an experiment examining the relationship 
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between the [PSI+] prion and adaptation rates in the prion’s yeast host.  [PSI+] has 

previously been shown to improve yeast growth in some novel environments and has 

been proposed to increase yeast adaptation.  The results of this study indicate that, in 

some environments, yeast carrying the [PSI+] prion do adapt more rapidly than [psi-] 

yeast.  
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Chapter 1 

Effects of heritable variation on adaptation rates 

Abstract:  Seventy years of population genetics research have generated predictions about 

the relationship between mutational parameters and adaptation rates, but have generated 

relatively few estimates of those parameters.  In contrast, there is no existing theoretical 

framework describing the relationship between epigenetic variation and adaptation rates 

and few empirical investigations of that relationship.   

 

1.1 Effects of heritable genetic variation on adaptation 

A great deal of theoretical and empirical research has investigated how organisms adapt, 

but relatively little work has focused on the properties that allow one lineage to adapt 

more rapidly that another.  This bias is largely due to the fact that the adaptation rates are 

influenced by genetic parameters whose values are difficult to estimate – the rate of 

beneficial and deleterious mutations and the distributions of their effects on fitness (Orr 

1998).  Adaptation rates may also be influenced by epigenetic modifications, whose 

properties we know even less about.  Despite many fundamental differences between 

genetic and epigenetic changes, both are capable of causing heritable changes in fitness 

and affecting adaptation (see chapters two and three for descriptions of epigenetic 

modifications that affect adaptation).  Because of the lack of theoretical predictions about 

the relationship between epigenetic factors and adaptation, I will focus this chapter on 

briefly reviewing existing theory concerning the relationship between mutational 

properties and adaptation rates. 
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Much of our existing intuition about how organisms adapt comes from Fisher’s geometric 

model (Fisher 1930).  This multi-dimensional model describes how a population located 

some distance from its fitness optimum adapts towards that optimum by accumulating 

adaptive mutations.  Two primary insights are gleaned from this model.  First, the smaller 

the phenotypic effect of a mutation, the more likely the mutation is beneficial.  Two, 

populations farther from the fitness optimum have a higher proportion of beneficial 

mutations.  These results suggest that substitution rates will be most rapid when 

populations are far from their fitness optimum and when mutations have small effects on 

fitness.  Kimura (1983), however, pointed out that while mutations of small effect are 

more likely to be beneficial, they are also more like to be lost from the population by 

genetic drift.  From this insight, Kimura was able to determine that beneficial mutations 

of intermediate size are most likely to generate adaptation.  To date, little is know about 

the rate at which this class of mutations is generated.   

 

The relationship between adaptation and the mutation rate to non-neutral alleles (U) is 

surprisingly complex.  As U increases, genetic variation is generated in the form 

beneficial and deleterious mutations.  This genetic variation is necessary for adaptation, 

but if multiple beneficial mutations are segregating within a population (Gerrish and 

Lenski 1998; Orr 2000; Wilke 2004) or genomes become loaded with deleterious 

mutations (Johnson 1999), the rate of adaptive substitution may decline.  A recent 

theoretic analysis suggests that while high mutation rates can slow the substitution rate, 

they may not slow the rate of adaptation in large, asexual populations (Wilke 2004).  All 

of these theoretical predictions are dependant on the magnitude of U, the proportion of 

beneficial mutations and the distribution mutational fitness effects. 

 

While many mutation accumulation studies have estimated the rate of mutation to non-

neutral alleles, very few studies have estimated the proportion of beneficial mutations in 

eukaryotes (Joseph and Hall 2004; Shaw et al. 2002).  Estimates of both U and the 

proportion of beneficial mutations were made from the mutation accumulation 
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experiment described in chapter three.  The most surprising result of this study was that a 

large proportion of spontaneous mutations improved fitness in yeast.  In chapter four I 

discuss the ability of an epigenetic factor (the [PSI+] prion) to increase U in yeast 

populations.  The high proportion of beneficial mutations that I observed and the ability 

of [PSI+] to increase U may greatly affect adaptation rates in yeast. 
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Chapter 2 

Haploid selection in animals 

Abstract: Selection in the haploid phase is well known in plants, but it is often ignored in 

animals.  Recent studies show that haploid selection acts on diploid loci in animals in 

several ways; for example, via gametic gene expression, genomic imprinting, X-

inactivation and selection on non-transcribed genomic regions in sperm.  Although 

haploid selection probably affects only a small fraction of the genome, the number of loci 

involved might be several hundred or more.  Haploid selection is expected to have 

important consequences at these loci for diverse phenomena, including antagonism 

between adaptation to either the diploid or the haploid phases, conflict between levels of 

selection and the evolution of sexually dimorphic recombination rates.  The topic is ripe 

for development:  refined data about which loci experience haploid selection would open 

the door to a variety of comparative approaches that could illuminate how diverse forms 

of selection mold patterns of genetic variation. 

 

2.1 INTRODUCTION 

We spend most of our life cycle as diploids, which might explain why researchers have 

directed so little attention towards the possibility of haploid selection on animals.  Recent 

work has revealed that a surprising number of loci experience selection of this sort.  This 

discovery has interesting implications for the evolution of these genes. 

 

Here, we use the term ‘haploid selection’ to describe situations in which a phenotype 

under selection is determined by a haploid (or effectively haploid) allele.  This differs 

from the typical case in which animal phenotypes are determined by diploid loci.  Sperm 
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are obvious targets of haploid selection.  However, for decades geneticists dismissed the 

possibility of haploid selection on animal sperm, largely on the strength of two 

observations.  The first was that aneuploid sperm could be viable and fertile, suggesting 

that transcription of the haploid genome is not necessary (Lindsley and Grell 1969).  

Second, sperm DNA is so densely packed that researchers believed transcription was 

impossible (Steger 1999).  This contrasts sharply with the view from research on plants, 

where expression in gametophytes has long been recognized (Mascarenhas 1990) (Table 

2.1). 

 

We now recognize that haploid selection acts on animal genomes in diverse ways.  The 

most well known are haploid selection on sex chromosomes in the heterogametic sex, and 

on haploid individuals in arrhenotoky (‘haplo-diploidy’) systems.  But there are other, 

less well known sources of haploid selection, including transcription in spermatids, 

genomic imprinting and X-chromosome inactivation.  Haploid selection even acts on 

non–transcribed regions of the genome. 

 

Here, we review recent evidence for haploid selection in animals generated by these less 

well known mechanisms.  From these data, we estimate that at least a hundred, and 

perhaps as many as a few thousand, genes are exposed to haploid selection in mice.  

Although this represents a small fraction of the genome, haploid selection might have 

substantial consequences for the many loci on which it acts. 

 

2.2 EVIDENCE FOR HAPLOID SELECTION 

Providing conclusive proof of haploid selection is a more subtle challenge than it might 

seem.  For example, a gene that is transcribed during the haploid phase does not 

necessarily experience haploid selection.  It has long been known that some gene 

products are shared between developing sperm in mice, via cytoplasmic bridges 

(Erickson 1973), making the sperm phenotype for those loci effectively diploid (Braun et 
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al. 1989) (Figure 2.1).  Convincing evidence that a gene that is expressed in spermatids is 

haploid selected would include showing that its products are not shared between 

spermatids and that they also affect sperm fitness. 

 

However, expression during the haploid phase is not necessary for haploid selection. 

Some parts of the genome that are silent in the haploid phase can nevertheless experience 

haploid selection.  Table 2.2 illustrates that expression in the haploid phase is neither 

necessary nor sufficient for haploid selection.   

 

In this section, we describe sources of haploid selection, beginning with transcribed and 

non–transcribed DNA in gametes.  We then describe how genomic imprinting and X 

inactivation can generate haploid selection on the diploid genome. 

 

Transcription in gametes.  Genes that are transcribed in gametes are candidates for 

haploid selection.  The current increase in the number of gene expression studies has lead 

to tantalizing hints that spermatids are not as transcriptionally inert as was once thought.    

 

How many genes are transcribed in spermatids?  Until recently, the best data on gene 

expression in the haploid phase in animals came from direct analyses of individual loci.  

The results of these studies showed that hundreds of genes are active in animal 

spermatids (Eddy 2002; Erickson 1990; Hecht 1990; Steger 1999), some of which are 

essential for sperm viability (Cho et al. 2001; Reddi et al. 2002). 

 

Major advances have come with the recent emergence of genomics.  Schultz et al. (2003) 

surveyed the transcripts of 20000 genes known to be expressed in mouse testis.  The 

authors estimated that 2375 genes, or 3.8% of known mouse genes, are expressed in 

either diploid meiotic cells or haploid spermatids but not in the surrounding somatic cells.  

However, this figure does not tell us the number of genes that are transcribed in the 

haploid phase.  On the one hand, if some genes are expressed in both spermatids and 
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somatic cells, then the number of genes expressed in the haploid phase will be even 

larger.  On the other hand, if genes are expressed in meiotic cells but silent in spermatids, 

then the potential number will be smaller.   

 

However, we can get a more–refined estimate of the number of genes that are expressed 

in the haploid phase using the on-line supplemental data of Schultz et al. (2003).  From 

this data set, we have identified 940 genes, or 1.3% of the mouse genome, whose 

transcripts are more abundant in spermatids than in meiotic cells and that are absent in 

somatic cells.   

 

This number provides a rough estimate of the number of genes that experience haploid 

selection in mouse sperm.  This estimate has two primary sources of bias.  The first 

comes from gene-product sharing between developing sperm, which biases our estimate 

upwards.  When a gene is transcribed in the spermatids of a heterozygous male (Aa), half 

of those gametes express one allele (A) and half express the other allele (a).  If those gene 

products are shared between spermatids, then the gametes will be phenotypically diploid 

with respect to that locus (Aa) (Figure 2.1).  Consequently, some loci included in our 

estimate are haploid-expressed but do not experience haploid selection.  However, the 

molecular mechanisms involved in gene product sharing might provide a way of 

correcting for this bias.  Transcripts shared between spermatids are characterized by 

specific sequences in the 3’ untranslated region of the gene (Han 1995).  Screening for 

these sequences might improve our ability to identify genes that are both haploid 

expressed and haploid selected.  

 

The second source of error biases our estimate of the number of haploid-selected genes 

downward.  We took the conservative approach of excluding from our estimate those 

genes whose products are found in both somatic (diploid) cells and in spermatids.  That is 

because some of these genes might be transcriptionally silent in spermatids but have their 

products, which are transcribed in somatic cells, packaged into spermatids.  If some of 
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the genes that we excluded for this reason are expressed in spermatids, they might 

experience haploid selection.   

 

Specific genes under haploid selection in sperm.  A more detailed picture of haploid 

selection comes from case studies of individual genes.  Some are expressed in spermatids 

and strongly influence sperm fertility (Figure 2.2A). These include meiotic drive alleles 

and genes that affect sperm competition. 

 

Components of meiotic drive systems are dramatic examples of haploid selection.  

Meiotic drive systems are composed of both transcribed and non–transcribed components 

that either modify meiosis or sabotage gametes carrying alternate alleles.  The result is 

that meiotic drivers are transmitted to more than 50% of the offspring of a heterozygous 

carrier (Hurst and Werren 2001).  A well studied example is the t-locus system in mice 

(Table 2.2).  Males that are heterozygous at the t-complex transmit the t-haplotype to as 

many as 95% of their offspring (Lyon 1984). 

 

An example of haploid selection caused by sperm competition comes from the Sperm 

Adhesion Molecule 1 gene, Spam1 (GenBank accession no.: NM009241) in mice.  This 

gene is expressed in spermatids but is not shared between them (Zheng et al. 2001).  It 

encodes a sperm antigen that enables sperm to penetrate the egg cumulus.  Disrupting the 

expression of Spam1 in spermatids causes a 58% reduction in fertility.  Thus, there is 

clear evidence that the gene is under haploid selection (Table 2.2). 

 

Other loci are known to be haploid expressed and to serve important functions in sperm.  

An intriguing example comes from the sperm flagellum in mice and rats, which is 

composed of haploid-expressed proteins, including those forming the fibrous sheath (Yu 

et al. 2002) and outer dense fibers (Shao et al. 1999; Van Der Hoorn et al. 1990) of the 

flagellum (Table 2.2).  Recently, sperm motility has been shown to be a deciding factor in 

sperm competition (Birkhead et al. 1999), so it is likely that these proteins experience 
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strong sexual selection.  It is not yet established whether their gene products are shared 

between spermatids, thus making the evidence for haploid selection on these loci 

inconclusive. 

 

Haploid selection on eggs.  It seems unlikely that haploid selection often acts on female 

gametes.  This is because the opportunity for haploid gene expression is limited in eggs 

given that they spend little or no time in the haploid phase:  in many animals the final 

meiotic division of egg development takes place after fertilization (Mccarter et al. 1999), 

whereas in others it happens just before fertilization (Erickson 1990).  Selection for 

extreme DNA packing and for gamete competitive ability is also much reduced in eggs 

compared with sperm. 

 

Non-transcribed DNA in gametes.  To this point, we have focused on how haploid 

selection can be generated as the result of the transcription of haploid genes.  However, 

important forms of haploid selection can act on DNA that does not produce gene products 

(Figure 2.2A). 

 

Our first example involves the DNA in sperm, which is six times more dense than that in 

somatic chromosomes (Steger 1999).  The extreme compaction is accomplished by two 

nucleoproteins, protamine 1 and 2 (Fuentes-Mascorro et al. 2000), which interact with 

specific recognition sites scattered throughout the sperm genome (Gatewood et al. 1987).  

It seems possible that the number, location and sequence of these sites affects the density 

and conformation of the DNA in sperm.  Thus, these sites are likely to be under haploid 

selection, even though they are transcriptionally silent.  Furthermore, if the folding of 

DNA influences the size and shape of the sperm head, then sexual selection could be an 

important source of haploid selection:  sperm morphology often evolves rapidly and 

appears to be under strong sexual selection (Miller and Pitnick 2002).   
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Protamine recognition sites could also experience selection by influencing transcription 

in the haploid phase.  In organisms where sperm DNA is packaged by a combination of 

protamines and histones, histone-rich regions are associated with transcription factors 

(Pittoggi et al. 2001).  This observation suggests that the geometry of DNA packaging in 

sperm influences expression of the haploid genome. 

 

Meiotic drive systems are another mechanism that produces haploid selection on non–

transcribed DNA.  Drive systems include a responder locus.  Sperm carrying the 

insensitive allele at this locus are protected from destruction and gain a transmission 

advantage.  In the Segregation Distortion (SD) system of Drosophila melanogaster, the 

responder locus is a non-transcribed heterochromatic region called Rsp (GenBank 

accession no.: U53805) (Kusano et al. 2003).  The exact mechanism by which the 

insensitive allele at Rsp protects sperm is unknown, but it might be a binding site for a 

chromatin compaction factor.  These facts indicate that the Rsp allele is not transcribed, 

but yet it is still haploid selected (Table 2.2). 

 

Genomic imprinting.  Selection during the diploid phase of the life cycle can also 

generate haploid selection.  This can occur via genomic imprinting, the phenomenon in 

which only an allele from one of the two parents is expressed (Reik et al. 2001) (Figure 

2.2C).  Recent work has expanded the number of organisms and genes where genomic 

imprinting is thought to occur and it has now been reported in insects (Maggert and Golic 

2002), mammals (Barlow 1995) and plants (Alleman and Doctor 2000).  At least a couple 

of hundred loci are now thought to be imprinted in humans (Barlow 1995).   

 

X-inactivation in mammals.  In marsupials, the paternally derived X is inactivated in all 

tissues.  Thus, all X-linked loci experience haploid selection in female marsupials (Figure 

2.2D).  The picture is more complex in placental mammals, where the X chromosome 

carries many genes for example 1206 in mice. One of the two X chromosomes is 

randomly inactivated early in development, enabling males and females to receive equal 
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dosages of gene products.  This results in a mosaic in adult females, with some patches of 

tissue expressing the paternal X and others the maternal X (Avner and Heard 2001).  

Consequently, X-linked loci might or might not experience haploid selection.  For 

example, if a mouse expresses only the paternal chromosome throughout a pheromone-

producing gland, then selection on that pheromone will generate haploid selection.  

However, if the gland includes islands of cells expressing the maternal X and other 

islands expressing the paternal X, then the gland will have a diploid phenotype.  Thus, the 

number of haploid selected loci on the X chromosome in placental females is smaller 

than the number of genes on the X, but how much smaller we do not know. 

2.3 HOW MANY GENES ARE UNDER HAPLOID SELECTION IN MICE? 

To date, the most detailed studies of haploid selection have been conducted on mice.  

Yet, even in this well studied system, there remains uncertainty surrounding the number 

of loci exposed to haploid selection.  In spite of our inability to estimate reliably the 

number of haploid selected genes in mice, we can put limits on it.  The data are 

summarized in Table 2.3.   

 

At least 75 genes are haploid selected in mice:  two genes (Tcr and Spam1) known to be 

expressed in but not shared between mouse spermatids, and 73 imprinted genes.  A rough 

upper bound is set by all genes known to be expressed in haploid mouse spermatids, all 

genes located on the X chromosome and the projected number of imprinted genes in 

humans.  This gives a total of 2335 potentially haploid selected genes (Table 2.3).  

Undoubtedly, some of the genes included here are not haploid selected, for example 

because of gametic gene product sharing between spermatids.  However, this figure does 

not include many non–transcribed genes that are haploid selected or haploid–selected 

genes that are expressed in spermatids and somatic cells.  Therefore, it is conceivable that 

the number of haploid-selected genes is more than 2335. 
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2.4  EVOLUTIONARY IMPLICATIONS OF HAPLOID SELECTION 

What major consequences might haploid selection have for diploid loci in animals?  The 

percentage of the genome exposed to haploid selection seems, at most, to be only a few 

percent, at least in mammals.  Consequently, it seems improbable that traits that integrate 

the effects of loci throughout the genome (e.g. inbreeding depression) are strongly 

influenced by haploid selection.   

 

Howerver, haploid selection is likely to have important evolutionary implications for 

those loci on which it acts.  Some of these are obvious.  For example, overdominance can 

maintain polymorphism at loci that are diploid selected, but not at loci that are 

exclusively haploid selected.  Other implications are more subtle.  Here, we discuss three:  

antagonism between adaptation to the haploid and diploid phases, the evolution of sex 

differences in recombination, and conflict between different levels of selection. 

 

Antagonistic selection in the haploid and diploid phases.  Alleles that enhance fitness 

in the haploid phase might have either beneficial or antagonistic effects on fitness in the 

diploid phase (Haldane 1932).  Meiotic drive alleles provide classic examples:  they 

increase haploid fitness by enhancing sperm fertility, but can lower diploid fitness by 

reducing the number of viable gametes that an adult produces (Bernasconi et al. 2004).  

This form of antagonistic selection can reduce the mean fitness of a population, even to 

the point of extinction, and can maintain a stable polymorphism at a selected locus. 

 

Sex differences in recombination rates.  Recombination rates are different in the male 

and female germ lines of many animals and plants (Burt et al. 1991).  This observation is 

puzzling because selection during the diploid phase can favor adjustments to the average 

of the male and female recombination rates, but will generally not favor the evolution of 

a difference between them.   
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However, models show that haploid selection can favor the evolution of sexually 

dimorphic recombination rates when different patterns of epistasis exist in male and 

female gametes (Lenormand 2003).  Epistatic interactions between loci can generate 

selection that favors combinations of alleles that improve fitness.  This situation promotes 

the spread of modifiers that reduce the rate at which recombination breaks up these 

favorable combinations.  If epistatic selection acts on gametes of one sex but not on those 

of the other, modifiers are favored that reduce recombination in the diploid phase of the 

sex whose gametes are selected.  The data that we have presented suggest there is much 

greater potential for selection on male than on female gametes.  Therefore, we expect to 

see reduced recombination more often in males. This prediction is indeed consistent with 

data indicating that males often have lower recombination rates than do females (Burt et 

al. 1991; Trivers 1988).   

 

Sex differences in recombination might also evolve if haploid selection acts on X–

inactivated or imprinted loci.  Selection on these loci generates different patterns of 

epitasis for paternally and maternally inherited chromosomes, again favoring sexually 

dimorphic recombination rates.  In a recent analysis of recombination rates in the human 

genome, Lercher and Hurst (2003) found, that in eight regions composed primarily of 

imprinted loci expressing the paternal allele, the male recombination rate was lower than 

that of females.  They also found that, in three of four regions composed primarily of 

imprinted loci expressing the maternal allele, the recombination rate was lower for 

females.  These observations are consistent with the prediction that, in imprinted regions, 

the sex whose alleles are being haploid selected should have a lower recombination rate 

(Paldi et al. 1995). 

 

Thus, haploid selection acting either during the haploid or the diploid phase of the life 

cycle can favor the evolution of sex differences in recombination.  However, other 

hypotheses that do not involve haploid selection have been proposed, for example 

selection to reduce recombination between nonhomologous sex chromosomes 
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(Lenormand 2003).  Further empirical work is needed before a consensus can be reached 

about the relative importance of these different mechanisms. 

  

Levels of selection.  Gene-product sharing between developing spermatids presents 

something of an evolutionary paradox.  Why should a haploid individual contribute to the 

success of its competitors?  One set of hypotheses comes from considering the different 

levels of selection at play.   

 

Selection acting at the level of the sperm might favor the evolution of cooperative 

behaviors, such as gene-product sharing:  this is kin selection in the haploid phase 

(Trivers 1985).  In other situations, selection at the sperm level might favor selfish 

behavior, such as the production of meiotic drivers (Bernasconi et al. 2004).  In contrast, 

selection at the level of the diploid male will always favor cooperation between the sperm 

of that male. 

 

The opportunity for conflict between levels of selection is illustrated by the common 

wood mouse, whose sperm attach to one another and form ‘trains’ of hundreds or 

thousands of sperm (Moore et al. 2002).  The trains are favored at the level of the male 

because they significantly improve sperm motility (Moore et al. 2002) and increase the 

likelihood that a member of the train will out compete sperm from another male.  

However, selection on individual sperm might favor selfish behavior that enables the 

sperm to benefit from the increased motility of the train without energetically 

contributing to it.  Consider a gene product that enhances the motility of the train if 

shared between spermatids, but that increases the fitness of an individual sperm if it is 

not.  The evolution of sharing depends on whether it is mediated by the haploid sperm or 

the diploid male.  That, in turn, depends on the biological details of development and cell 

biology. 
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2.5  CONCLUSIONS 

The sources of haploid selection, as described here, suggest directions for empirical 

research.  These include estimating the fraction of gene products shared between haploid 

spermatids, examining gametic expression in non-mammalian animals and determining 

the extent to which non–transcribed DNA functions in sperm.  Accomplishing these 

research objectives will provide a more refined picture of the percentage of haploid 

selected loci in animals and will enable us to better understand the impact of haploid 

selection on animal evolution. 



 

 17 

  

Organisms Method  Number 
of genes 

Percent of  
genome 

Plants    

Arabidopsis thalianaa 

(Wall cress) 
Gene expression array 992–1587 12%–19% 

Tradescantia paludosab 

(Spiderwort) 

cDNA – RNA 

hybridization 
20000 65% 

Zea maysc 

(Corn ) 

cDNA – RNA 

hybridization 
24000 48% 

Animals    

Mus musculusd,e 

(Mouse) 
Gene expression array 940d–2375e 1.3%–3.8% 

Rattus norvegicusf 

(Rat) 
Gene expression array 175 1.5% 

 
a The gene expression array contained probes for ~30% of Arabidopsis genes.  The 
percentage of genes expressed has been adjusted to represent the percentage of genes on 
the genechip that are expressed in pollen (Becker et al. 2003; Honys and Twell 2003). 

b Percentage based on the number of different mRNAs isolated from pollen out of the 
31000 total mRNA transcripts in Tradescantia shoots (Mascarenhas 1990). 

c Percentage based on the number of genes expressed in pollen out of the estimated 50000 
genes in the maize genome (Mascarenhas 1990). 

d From the data set compiled by Schultz et al. (2003), we determined the number of genes 
specifically expressed in haploid spermatids.  To be considered haploid expressed, genes 
had to be upregulated in spermatids (threefold or more increase in expression from day 
18 to day 21, with a minimum expression level of 75 at one or more time points) but not 
present in sertoli cells and interstitial samples.  Percentage based on the number of 
haploid expressed genes out of the 70000 genes predicted to be in the mouse genome 
(Okazaki et al. 2002).  

e Percentage based on the number of meiotic and spermatid expressed genes identified by 
Shultz et al. (Schultz et al.2003). 

f Percentage based on the number of spermatid expressed loci out of 11955 genes 
investigated (Schlecht et al. 2004).  

Table 2.1 .  Estimates of the number and percentage of genes expressed in male gametes 
in plants and animals. 
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Gene Genbank 
Putative 

function 
Organism 

Haploid 

expressed 
Shared 

Haploid 

selected 
Citation 

Protamines  
(Prm1, Prm2) 
 

NM013637
, BC049612 

Sperm DNA 
compaction 

 
M. musculus 

(Mouse) 
Yes Yes No 

(Braun 
2001; 

Caldwell 
and Handel 

1991) 
Outer dense 

fibers (Spag4, 
Rt7) 

 

NM031792
, 

NM024126  

Sperm 
flagellum 
motility 

R. norvegicus 
(Rat) Yes Unknown Unknown 

(Shao et al. 
1999; Van 

Der Hoorn et 
al. 1990) 

Acrosomal 
protein  
(SP-10) 

 
NM007391 

Sperm 
capacitation 

and egg 
binding 

 

H. sapiens 
(Humans) 

& 
 M. musculus 

(Mouse) 

Yes Unknown Unknown 
(Kurth et al. 
1993; Reddi 
et al. 2002) 

Segregation 
distortion 

responder (Rsp) 
 

U53805 
Condensation 

of sperm 
DNA 

D. 
melanogaster 

(Fruit fly) 
No No Yes (Kusano et 

al. 2003) 

Sperm adhesion 
molecule 
(Spam1) 

 
NM009241 Egg 

penetration 
M. musculus 

(Mouse) Yes No Yes (Zheng et al. 
2001) 

t–locus 
responder (Tcr) 
 

AJ245452 

Controls 
sperm 

motility 
pathway 

M. musculus 
(Mouse) Yes No Yes (Herrmann 

et al. 1999) 

 
 

Table 2.2.  Haploid selection criteria applied to sample genes. 
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Type of locus Lower bound  Upper bound 

Expressed in spermatids 2a 929d 

Imprinted 73b 200e 

X-inactivated  0 1206f 

Non–transcribed DNA 0 Unknown 

Totals: 
75 genes 

(0.1% of genomec) 

2335 genes 

(3.3% of genomec) 
 

a Based on Herrmann et al. (1999) and Zheng et al. (2001). 
b Based on standard ideogram/anomaly breakpoints of the mouse 
(URL:http://www.mgu.har.mrc.ac.uk/anomaly/anomaly.html). 

c Assumes 70000 genes in the mouse genome (Okazaki et al. 2002). 
d From the data set compiled by Schultz et al. (2003) we determined the number of genes 
specifically expressed in spermatids.  To be considered haploid expressed, genes had to 
be upregulated in spermatids (three–fold or more increase in expression from day 18 to 
day 21, with a minimum expression level of 75 at one or more time points) but not 
present in sertoli cells or interstitial samples.  Percentage based on the number of haploid 
expressed genes out of the 70000 genes predicted to be in the mouse genome (Okazaki 
et al. 2002). To avoid redundancy with X-inactivated genes, we removed the eleven 
haploid expressed genes known to be located on the X-chromosome. 

e Based on Barlow (1995). 
f Based on Mapview (2003) (URL: www.ncbi.nlm.nih.gov/mapview).  NCBI Build 32.1. 

 
Table 2.3.  Estimates of the number of potentially haploid selected genes in mice.   
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Figure 2.1.  Gene product sharing between spermatids affects their phenotype.  In 

haploid spermatids that share gene products, the sperm phenotypes are effectively diploid 

(depicted by green Aa).  In haploid spermatids that do not share gene products, the sperm 

phenotypes are effectively haploid (depicted by blue A and yellow a). 
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Figure 2.2  Haploid selection can act on transcribed DNA (white boxes) and non–
transcribed DNA (black boxes). A) Spermatid genes that affect fertility are subject to 
haploid selection if they produce products that are not shared between spermatids. B) 
Diploid loci that express two alleles are not haploid selected. C) Imprinted loci express a 
single allele and are haploid selected. D) X–inactivation causes either the paternal X-
chromosome or the maternal X-chromosome to be expressed and potentially exposed to 
haploid selection.
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Chapter 3 

Spontaneous mutations in diploid yeast:  More beneficial than expected 

Abstract: We performed a 1012–generation mutation–accumulation (MA) experiment in 

the yeast, Saccharomyces cerevisiae.  The MA lines exhibited a significant reduction in 

mean fitness and a significant increase in variance in fitness. We found that 5.75% of the 

fitness–altering mutations accumulated were beneficial.  This finding contradicts the 

widely held belief that nearly all fitness–altering mutations are deleterious.  The mutation 

rate was estimated as 6.3 x 10-5 mutations per haploid genome per generation and the 

average heterozygous fitness effect of a mutation as 0.061.  These estimates are 

compatible with previous estimates in yeast. 

 

3.1 INTRODUCTION 

The frequency of spontaneously arising beneficial mutations has recently become a 

subject of debate.  The prevalent opinion is that the vast majority of mutations affecting 

fitness are deleterious.  This opinion found early theoretical support when Fisher (1930) 

used a geometric model to explain why most mutations should be deleterious.  Recent 

molecular data on the ratio of nonsynonomous to synonomous substitution rates also 

indicate that the majority of nonsynonomous mutations affecting fitness are deleterious 

(Eyre–Walker et al. 2002).  Several mutation–accumulation (MA) studies have observed 

a decline in mean fitness due to the accumulation of mutations.  This has been interpreted 

as evidence that the vast majority of mutations are deleterious (Keightley and Lynch 

2003; Lynch et al. 1999).  However, declines in mean fitness are also consistent with 

deleterious and beneficial mutations occurring at similar frequencies, but with deleterious 

mutations having larger average effects (Shaw et al. 2003).   
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Several recent studies suggest that advantageous mutations may be more common than is 

generally believed.  Shaw et al. (2002) performed a mutation accumulation experiment in 

Arabidopsis thaliana and found that half of all mutations affecting fitness are beneficial.  

Garcia–Dorado (1997) reanalyzed the data from three Drosophila MA experiments and 

found a better fit with a model incorporating 10% beneficial mutations for one of the 

studies.  In Saccharomyces cerevisiae, one MA study found slightly less than 2% of 

mutations were beneficial (Wloch et al. 2001) and another has suggestive evidence for a 

relatively high fraction of beneficial mutations (Zeyl and DeVisser 2001, Figure 3.1).  

 

We performed a mutation–accumulation experiment in the yeast, S. cerevisiae, to 

estimate the frequency of spontaneously arising beneficial mutations, the genome–wide 

mutation rate, and the average effect of spontaneous mutations.  Our study improves on 

previous yeast MA experiments in three ways.  First, we used a genotype that allowed us 

to circumvent petite mutations.  These mitochondrial mutations cause a substantial 

reduction in fitness and are lethal on nonfermentable carbon sources (Wilkie 1983).  

Because they have substantial effects on growth rate and occur at high frequency (often 

1% or more), petites overwhelm the fitness effects of nuclear mutations and substantially 

reduce the number of MA lines that are informative.  Zeyl and DeVisser (2001) 

accumulated petite mutations in 19 of 50 lines, while all 16 of Korona’s lines became 

petite (Korona 1999).  The petite mutation is not seen in most eukaryotes (Piskur 1994), 

presumably because it is lethal in those organisms  (Bernardi 1979), and should be 

avoided for mutation parameters to be comparable to other eukaryotes.  Second, we used 

many more MA lines and accumulated mutations for more generations than in previous 

experiments.  Finally, we used a different technique for estimating line fitness, which 

allowed us to perform more replicates per line than previous studies.   

 

We chose to accumulate mutations in diploid rather than haploid yeast for two reasons.  

First, most MA experiments have been performed on diploid eukaryotes, making a direct 
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comparison easier.  Second, more mutations can be accumulated in diploids.  It is 

impossible to completely remove selection from an MA experiment but the fitness effects 

of mutations may be at least partially masked in diploids because they are heterozygous.   

 

We accumulated spontaneous mutations in 151 MA lines established from a  diploid 

strain.  Every 48 hours each MA line was bottlenecked to a single cell for a total of 50 

bottlenecks.  The fitness of each line was then measured.  The mean fitness of the MA 

lines showed a small, but significant, decline and the variance in fitness increased 

significantly.  Despite the decline in mean fitness, 5.75% of mutations were estimated to 

be beneficial.  The maximum–likelihood estimate for the genome–wide mutation rate to 

alleles that alter fitness was 6.3 x 10-5 per haploid genome generation with an absolute 

value of the average heterozygous effect of 0.061. 

3.2 MATERIALS AND METHODS 

Ancestral genotype:  The yeast strain used to establish our MA lines was produced by 

sporulating a diploid strain (DBY4974/DBY4975), obtained from Dr. Clarence Chan at 

the University of Texas, to yield a haploid strain of genotype ade2, lys2–801, his3–(200, 

leu2–3.112, ura3–52, Gal+, ho.  The haploid strain was then transformed with a HO 

marker plasmid to induce diploidization, after which the plasmid was removed.  The 

resulting diploid strain, which we term the ancestral strain, was initially homozygous at 

all loci except the mating-type locus, which was aα.  A sample of the ancestral strain was 

frozen in 15% glycerol at –80ºC. 

 

This ancestral strain was chosen for two reasons.  First, it is mutant at only a few loci and 

thus is a good representative of mutational processes in a wild type strain.  Second, it is 

homozygous for ade2, which causes the buildup of a metabolite 

(phosphoribosylaminoimidazole) in the adenine biosynthetic pathway (Dujon 1981).  In 

the presence of oxidative respiration, this metabolite gives the colonies a reddish color 
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and in its absence, colonies are white.  This color marker allowed us to visually screen for 

the presence of a petite mutation.  

 

MA line establishment and propagation:  One hundred and fifty–one MA lines were 

established from the ancestor.  Each MA line was grown on YPD solid medium (1% 

yeast extract, 2% peptone, 2% dextrose, and 2% agar) at 30ºC and passaged by single–

cell transfer.  Eight lines, in individual sectors, were grown per petri plate.  For each line, 

passages were conducted by selecting the nonwhite colony closest to a mark made in 

each sector of the petri dish.  This colony was then streaked onto the appropriate sector of 

a fresh petri plate.  The plate was incubated for 48 hours until the next transfer.  Isolated 

colonies were assumed to originate from a single cell.  Every 5 passages, a sample of 

each line was frozen at –80ºC in 15% glycerol.  When a petite colony was accidentally 

passaged, which occurred 38 times, all resulting colonies were white (see above).  In 

those cases, we went back to the previous petri dish (which was stored at 4ºC) and 

passaged that line again using the colony that was the second closest to the mark. The 

MA phase of the experiment was continued for one hundred passages.  Based on previous 

mutation rate estimates in yeast, we chose to analyze the lines after the first 50 passages.   

 

The ade mutant typically causes colonies to turn pink after 48 hours of growth.  Very 

slow–growing colonies may appear white after 48 hours, even though they are not petite.  

In addition, ade revertants form white colonies.  Under our experimental design, both of 

these types of colonies would not have been passaged.  Thus, our screening procedure 

may have biased our experiment against accumulating highly deleterious mutations and 

ade revertants.  We investigated these potential sources of bias in a series of experiments 

outlined in the Appendix.  The results of these experiments strongly suggest that during 

the MA experiment we were able to accurately score petite colonies after 48 hours and 

that ade revertants are rare enough that they are not an important source of bias.  We thus 

believe that our experiment was not substantially biased by our protocol to avoid 

accumulating petite mutations. 
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We estimated the average number of generations assuming exponential growth from 

counts of the number of cells per colony.  The number of cells per colony was estimated 

approximately every seven transfers by choosing a single colony from each of 10 petri 

dishes.  We then suspended the colony in 1 ml of water and estimated cell density using a 

hemacytometer (Reichert Bright Line, 0.1 mm depth).   

 

To address the possibility of contamination, a marker strain genetically identical to the 

ancestral strain, with the exception of a homozygous trp1–1 mutation, was interdigitated 

into four of the sectors of four of the petri dishes.  Displaced lines were moved to new 

petri dishes.  The MA lines and the marker strain were passaged together for 69 passages 

and then checked for contamination.  None of the 32 lines on the four plates were cross–

contaminated by an adjacent strain.  Setting the cutoff probability for seeing zero 

contaminants in any of the 32 lines at 5% implies that the frequency of across–line 

contamination is no greater than 8.9% over 69 transfers.  This sets the upper limit for 

contamination frequency at 6.6% over 50 transfers, indicating that at most ten of our 151 

lines were cross–contaminated.    

 

Fitness assays:  The fitness of each MA line was estimated after 50 passages by 

comparing the maximum growth rate of 10 replicate colonies of the MA line to 10 

replicates of the ancestor.  Maximum growth rates were estimated from optical density 

measurements obtained using a Bioscreen C microbiological workstation (Thermo 

Labsystems).   

 

We first streaked line and ancestor samples from the freezer onto solid YPD and let them 

grow for two days.  Ten colonies from each line and ten ancestral colonies per line were 

then used to inoculate test tubes containing 2 ml of liquid YPD.  These cultures were 

grown overnight on a test–tube rotator at 30ºC for a minimum of 14 hours.  During this 

time the overnight cultures reached stationary phase at a density of approximately 1 x 107 
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cells/ml.  Forty microliters of each overnight culture was then used to inoculate 2 ml of 

YPD, giving an initial density of approximately 2 x 105 cells/ml.  These day cultures were 

grown at 30ºC on a test–tube rotator for 6 hours to a final density of approximately 1 x 

106 cells/ml.  One hundred and fifty microliters of each day culture was added to 2 ml of 

YPD giving a density of approximately 1 x 105 cells/ml from which 150 µl was loaded 

into a Bioscreen C microplate well.  Each culture should have been in logarithmic growth 

phase when loaded into the microplate.  Line replicates and matched ancestor replicates 

were kept interdigitated prior to and during the Bioscreen C runs.  The Bioscreen C 

incubated the microplates at 30ºC, with continuous, intense shaking and measured the 

absorbance of 600 nm light for each well every 10 minutes for 46 hours.  Absorbance 

readings were log–transformed and used to generate growth curves (log absorbance vs. 

time).  Replicates that showed unusual growth curves (either no change in absorbance or 

an extremely long delay before absorbance increased) were rerun on a different day.  

Less than 1% of all replicates had unusual growth curves.  Maximum growth rates for the 

ancestor corresponded to changes in absorbance of approximately 0.122 log units per 

hour.  From standard curves, this indicates that the average minimum generation time 

was approximately 1.3 hours.  

 

A least–squares regression of log absorbance on time was calculated for a sliding 140 

min window.  For each replicate, the regression with the largest slope was designated the 

maximum growth rate of that replicate.  The correlation coefficient within this 140 min 

interval corresponding to the maximal growth rate, averaged over all 3020 growth curves, 

was 0.999 and the smallest value obtained was 0.937.   

 

The maximum growth rate of each line replicate was standardized by dividing by the 

mean maximum growth rate of the 50 ancestor replicates on the same Bioscreen plate.  

The standardized maximum growth rate of a replicate is referred to as the fitness of that 

replicate.  The average fitness of the 10 replicates of each line was designated as the 

fitness of the line.  Each ancestor replicate was standardized in the same manner. 
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General statistical analysis:  Most statistical tests were performed using JMP statistical 

software (SAS Institute 2000).  We used nonparametric statistics to analyze fitness 

distributions of the MA lines and ancestor replicates because they were not normally 

distributed (p < 0.0001, Shapiro–Wilk W–test for both ancestor and MA line 

distributions) and their variances were unequal (Levene’s test, p < 0.0001).   

 

Likelihood analysis:  We used log–likelihood to estimate the proportion of mutations 

that are beneficial (P), the genome–wide mutation rate to alleles that alter fitness (U), and 

the absolute value of the mean heterozygous fitness effect of mutations [E(a)].  The 

maximum likelihood (ML) estimates were calculated using a program provided by Dr. 

Peter Keightley.  The ML program (Keightley 1994; Keightley and Ohnishi 1998) 

estimates the parameters from the fitness of the MA lines and the ancestor.  The ML 

program assumes that the number of mutations accumulated in each MA line is Poisson 

distributed and that the effects of mutations follow a reflected gamma distribution with a 

fraction P of the mutations having positive (beneficial) effects.  The positive and negative 

parts of the distribution are assumed to have the same scale parameter α and shape 

parameter β.  The mean heterozygous fitness effect of mutations, E(a), is equal to β/α.  

 

Because a thorough ML analysis with the full data set required an excessive amount of 

computer time, we reduced the size of our data set by an order of magnitude.  To do this, 

MA line fitness was used instead of the 10 replicates of each MA line.  In addition, the 

mean fitness of each group of 10 matched ancestor replicates was used.  The reduced data 

set consisted of 151 MA line fitness measures and 151 ancestor fitness measures. 

 

With the reduced data set, we performed a search of the parameter space by first choosing 

values of β and P and then running the program to find the ML values of α and U.  We 

tried all combinations of β = 0.01, 0.05, 0.1, 0.5, 1, 2, 3, 4, 6, 8, 10, 50, and P = 0, 0.01, 

0.025, 0.05, 0.1, 0.125, 0.15, 0.2, 0.3, 0.4, and 0.5.  We also ran an equal–effects model 



 

 33 

for all values of P.  Upper and lower bounds of the 95% confidence intervals were the 

parameter values at which the log–likelihood dropped two units below the maximum 

value obtained (Keightley 1994). 

3.3 RESULTS 

Fitness distribution:  The fitness distributions of the MA lines and ancestors are plotted 

in Figure 3.1A and 3.1B respectively.  For each line a Kruskal–Wallis test was performed 

to determine whether the 10 replicates of that line differed significantly from the 1510 

ancestor replicates.  After a Bonferroni correction for multiple comparisons, 16 MA lines 

were identified as having a fitness significantly different from the ancestor (Kruskal–

Wallis; p = 0.05).  These lines represent 16 of the 18 lines with mean fitness greater than 

2.5% different from the ancestor.  Three of the 16 (19%) have fitness greater than the 

ancestor.   

 

The mean fitness of the ancestor replicates is 1.0 (by definition) and the variance is 7.95 x 

10-4.  The mean fitness of the MA line replicates is 0.994 and the variance is 1.4 x 10-3.  

The MA line fitness variance can be partitioned into within–line variance, = 6.6 x 10-4, 

and between–line variance, = 7.5 x 10-4.  The mean fitness of the MA line replicates is 

significantly smaller than the mean of the ancestor replicates (Kruskal–Wallis, p = 

0.0015) and the variance is significantly larger (Levene’s test, p < 0.0001).  The genetic 

variance in fitness of the MA lines due to mutations (

! 

"
m

2 ) increased by 7.45 x 10-7 per 

generation.  This variance was standardized to yield a mutational heritability (

! 

h
m

2 ) of 1.1 

x 10-3.  The fitness distribution of the MA lines is leptokurtic (kurtosis = 4.69) and 

skewed to the left (skew = –1.26).  The fitness distribution of the ancestor lines is 

leptokurtic (kurtosis = 9.78) and slightly skewed to the right (skew = 0.55). 

 

Estimates of mutational parameters:  Results from the likelihood analysis are shown in 

Figure 3.2.  The ML estimate for α is 33 and for β is 2.  The equal–effects model gave 

likelihoods that were more than 9 log units smaller than the maximum and is a 
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significantly poorer fit to the data (likelihood ratio test, p < 0.0005).  From our analysis, 

the ML estimates (and 95% confidence intervals) are: P = 0.125 (0.008 – 0.38), E(a) = 

0.061 (0 – 0.077) and U = 6.3 x 10-5 (4.6 x 10-5 – ∞) per haploid genome.   

 

We attempted to separately analyze the beneficial and deleterious sides of the distribution 

of MA line fitness.  However, there were not enough lines different from the ancestor on 

the beneficial side of the distribution to allow separate estimation of the effects for 

beneficials.  As a result we retained the assumption of a reflected gamma distribution.   

 

Generations & effective population size:  For forty–eight of the 50 passages, average 

colony size was estimated to be 1.4 x 106 cells, which represents approximately 20.4 

generations between passages, or one cell division every 141 min.  For passages 23 and 

24, colony size was much smaller, 0.11 x 106 cells, representing approximately 16.8 

generations between passages.  Due to lab error, the medium for these two passages had a 

different peptone source, which accounts for the less vigorous growth.  Combining these 

estimates, transfers occurred every 20.3 generations and the mutation–accumulation 

period was 1012 generations.  The harmonic mean population size of our MA lines, 

which serves as an estimate of the effective population size, is 10.7 cells per line.  There 

was no trend towards reduced population size over the course of the experiment. 

3.4  DISCUSSION 

Frequency of beneficial mutations:  Both the ML analysis and the Kruskal–Wallis test 

indicate that beneficial mutations accumulated in our MA lines.  The ML analysis 

estimates 0.8–38% of our mutations are beneficial and the Kruskal–Wallis test indicates 

that 19% of the lines with fitness significantly different from the ancestor have higher 

fitness.  These results support Shaw et al’s recent proposal that a substantial fraction of 

mutations that affect fitness are beneficial (Shaw et al. 2002; Shaw et al. 2003).  Zeyl and 

DeVisser (2001) also found suggestive evidence for beneficial mutations in their yeast 
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MA experiment.   In their Figure 1, panel A, it appears that among 31 non–petite MA 

lines, 18 had fitness greater than the ancestor, nine are equal and only four had fitness 

less than the ancestor.  However, a model incorporating nonzero P did not improve the fit 

to their data, although they do not report the confidence interval for P.   

 

Given that the vast majority of mutations are expected to be deleterious, our result 

requires explanation.  There are five possibilities.   First, selection may have greatly 

enriched beneficial and greatly diminished deleterious mutations in our experiment.  A 

fitness–altering mutation that arises during colony growth results in variation upon which 

selection will act.  Faster–growing mutants will be overrepresented and slower–growing 

mutants will be underrepresented at the time of transfer.  The probability of fixing a 

mutation in a line is proportional to its frequency in a colony at the time of transfer and is 

thus altered by selection.  We estimated this bias using a method developed by Otto and 

Orive (1995).  They modeled how selection among cell lineages can change the 

probability that a mutant cell will contribute to the next generation.  Their model 

considers selection on somatic mutations within an individual but is applicable to our 

situation.  We used their Equation (4) and assumed a per–division mutation rate of 6.3 x 

10-5 per haploid genome, 20.3 generations per passage, and the reflected gamma 

distribution of effects estimated by the ML analysis.  We then numerically integrated 

over this distribution using Mathematica (Wolfram, 1999) to obtain our correction.  

Using this procedure, our ML estimate of the frequency of fitness–altering mutations that 

are beneficial is reduced to 5.75%.  Note that selection is expected to be very efficient at 

eliminating large–effect deleterious mutations, which will thus be underrepresented in 

any MA experiment (dominant lethal mutations cannot be accumulated, for example).  In 

nature these mutations will also be efficiently eliminated and it is the mildly deleterious 

mutations that will be of greatest importance in evolution (see Lynch et al. 1999).  

 

Second, the ancestral strain used in our experiment may have been poorly adapted to the 

experimental conditions.  If this is true, a higher proportion of mutations are expected to 
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be beneficial because the ancestral genotype was far from its fitness optimum (Fisher 

1930; Orr 1998).  Supporting this hypothesis, the accumulation of the metabolic 

intermediate in ade–2 mutants is known to slow the growth rate (Ugolini and Bruschi 

1996).  In addition, an adaptation experiment performed with the ancestral strain found a 

14% improvement in fitness in an environment similar to that of the fitness assay 

(D.W.Hall, unpublished data).  Part of this improvement was due to fixation of ade 

revertants, which are too rare to have been accumulated in the MA experiment (see 

appendix).   

 

Third, the protocol for measuring fitness may cause mutations that are deleterious in 

nature to be beneficial in the lab.  In the complete medium of our growth assays, several 

metabolic pathways, such as those involved in amino acid synthesis, are not required.  

The production of enzymes in some of these pathways might represent a metabolic load 

on a cell and cause reduced growth in complete medium.  Similarly, our fitness measure 

ignores other aspects of yeast life history, such as haploid growth and sporulation ability, 

and proteins involved during those stages might also represent a metabolic load on 

diploid growth rate.  Mutations that reduce or preclude production of proteins in these 

types of pathways might be beneficial to diploid mitotic growth rate, even though they 

represent deleterious mutations in nature.  Testing this hypothesis would require 

examining lines possessing beneficial mutations in other environments and at other life 

history stages. 

 

Fourth, it may be that a relatively small proportion of all mutations are deleterious in 

yeast due to relaxed purifying selection acting on duplicated genes.  The S. cerevisiae 

genome underwent a duplication event approximately 150 million years ago (Langkjaer 

et al. 2003) and up to 30% of yeast genes remain duplicated (Rubin et al. 2000).  

Mutations that reduce fitness when they occur in an unduplicated gene may have little 

effect on fitness if they occur in a duplicated gene, because a fully functional copy of the 

gene remains in the genome.  In contrast, mutations that increase fitness when they occur 
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in an unduplicated gene are also likely to increase fitness when they occur in a duplicated 

gene, because the mutation would improve the function of one copy of the gene.  

Furthermore, duplicates may undergo subfunctionalization, in which each copy takes on a 

subset of the original functions (Lynch and Force 2000).  Subfunctionalization reduces 

pleiotropy in the genome and possibly reduces the deleterious effects of mutations.  

Support for the effects of duplication comes from recent empirical work in yeast that 

shows deletions of duplicated genes are less likely to affect fitness than deletions of genes 

without a duplicate (Gu et al. 2003).  Reducing the proportion of mutations that are 

deleterious will necessarily increase the proportion of fitness–altering mutations that are 

beneficial.  It seems unlikely that this effect could be the only explanation for the 

observed proportion of beneficial mutations, since that would require an excessive 

decline in the proportion of mutations that are deleterious.  For example, if 0.1% of 

mutations are beneficial, halving the frequency of deleterious mutations increases the 

proportion that are beneficial to only 0.2%.    

 

Finally, dominance may have biased our estimates.  If deleterious mutations are more 

likely than beneficials to be recessive, then they would appear underrepresented because 

we are measuring heterozygous fitness.  This possibility is consistent with the empirical 

observation that most deleterious mutations are recessive (Simmons and Crow 1977; 

Charlesworth 1979; Orr 1991; Korona 1999; Szafraniec 2003).  Information concerning 

the dominance of beneficial mutations is rare and usually comes from studies of adaptive 

substitutions, which selection may bias toward dominant mutations (Orr and Betancourt 

2001).  In addition to different levels of dominance exhibited by deleterious and 

beneficial mutations, some mutations exhibit overdominance.  Overdominance has been 

observed in both S. cerevisiae (Zeyl et al. 2003) and Caenorhabditis elegans (Peters et al. 

2003, but see Fry 2004) and would elevate the apparent frequency of beneficial 

mutations.  Wloch et al. (2001) found slightly less than 2% of mutations were beneficial 

in their haploid MA experiment.  If our estimate for diploid growth in lab yeast is 

accurate, their result suggests that a mutation that is beneficial when heterozygous in a 
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diploid may be deleterious or neutral when haploid, consistent with overdominance.  This 

possibility requires further investigation. 

 

Keightley and Lynch (2003) challenged the conclusions of Shaw et al. (2002) regarding 

the high proportion of beneficial mutations they obtained on three grounds.  We address 

each of these criticisms in the context of our study.  First, Keightley and Lynch suggested 

that the traits examined by Shaw et al. might be under stabilizing selection and so are not 

“genuine major fitness components” (Keightley and Lynch 2003).  In our study, we 

examined maximum growth rate that empirical work suggests is a major component of 

competitive fitness in Esherichia coli (Lenski et al. 1998) and is likely a critical fitness 

component for other microorganisms such as yeast.  Second, Keightley and Lynch 

suggest that the length of Shaw et al.’s experiment may have been insufficient to reveal a 

significant change in mean phenotype.  We are in agreement with Shaw et al. (2003) that 

finding a significant change in mean phenotype does not shed light on the ratio of 

deleterious to beneficial mutations, since their average effects may differ.  Regardless, 

the mean fitness of our MA lines declined significantly.  Third, Keightley and Lynch 

criticize Shaw et al.’s failure to consider alternative models for the distribution of 

mutational effects.  In our ML analysis, we examined models of equal and variable 

mutational effect.  The variable–effects model allowing beneficial mutations yielded the 

highest likelihood scores.   

 

The large proportion of beneficial mutations observed in our experiment may in part 

reflect a combination of factors: the ancestor’s distance from the fitness optimum, yeast’s 

recent genome duplication, our examination of only a single environment and life–history 

stage, and the recessive nature of deleterious mutations.  Even taking these into account, 

the value obtained suggests that beneficial mutations may be more common than 

expected in yeast. 
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Although it has received little theoretical consideration, a high proportion of beneficials 

has substantial implications for the fitness and persistence of yeast populations.  In large 

populations, the rate of adaptation increases with the proportion of beneficial mutations 

and plateaus when that proportion becomes exceedingly high (Campos and De Oliveira, 

2004).  In small populations, the probability of population persistence increases with the 

proportion of beneficial mutations (Whitlock et al. 2003).  This occurs because small 

populations readily accumulate deleterious mutations that can drive them to extinction if 

not offset by the effects of beneficial mutations (Lande, 1994; Lynch et al. 1995).   

 

Genome–wide mutation rate, U:  Our ML estimate of U is 6.3 x 10-5 per haploid 

genome with a 95% confidence interval ranging from 4.6 x 10-5 to infinity (Figure 3.2D).  

The unbounded confidence interval surrounding our estimate of U is typical for ML 

analyses of MA data and prevents us from ruling out the possibility that the actual 

mutation rate is much larger than estimated (Keightley 1998).  Using our ML estimate for 

U, approximately 18 mutations (2 x 6.3 x 10-5 mutations per diploid genome per 

generation x 151 lines x 1012 generations) are expected to have accumulated during the 

course of the experiment.  Accounting for the excess fixation probability of beneficial 

mutations (i.e., using the uncorrected ML frequency of beneficial mutations, P = 0.125), 

2.3 of the 18 mutations are expected to be beneficial and 15.7 deleterious.  These 

numbers agree quite well with the three beneficial and 13 deleterious lines identified by 

the Kruskal–Wallis test as having significantly different fitness.  This suggests that the 

change in fitness in lines exhibiting significantly different fitness from the ancestor may 

be caused by single mutations. 

 

Our confidence interval for U includes the value reported by Wloch et al. (2001), which 

is 18–fold higher (Table 3.1).  Wloch et al.’s higher estimate may be because they 

examined haploid yeast and thus their estimate includes recessive mutations whose 

effects are masked in heterozygous diploids.  Our estimate is similar to that found by 
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Zeyl and Devisser (2001).  This is not unexpected since both experiments used a similar 

design and the same likelihood analysis to estimate U and E(a).   

 

Mean effect of mutations, E(a):  Our ML estimate of E(a) is 0.061.  Our 95% 

confidence interval (0 – 0.077) substantially overlaps that found by Zeyl and Devisser 

(2001) for their mutator strain (0 – 0.049).  Their estimate from a nonmutator strain is 

substantially larger (0.217) and is based on a single line, perhaps containing a single 

mutation, and thus little confidence can be given to that estimate.  The only other 

estimate in yeast of mean mutational effect is for haploid fitness (Wloch et al. 2001) and 

is somewhat larger than our upper confidence bound (Table 3.1).  The difference may be 

due to mutations tending to be partially masked in heterozygous diploids.   

 

Using the ML estimates of the two parameters of the gamma distribution, β and α, we 

can determine the shape of the distribution of mutational effects (Figure 3.3).  The wide 

confidence interval associated with the estimates of β and α implies that other 

distributions in which the majority of mutations have heterozygous fitness effects of less 

than 1% are also possible.   

 

The ML analysis assumes that the distribution of mutational effects is identical for 

deleterious and beneficial mutations.  However, selection would have enhanced the 

frequency of large–effect beneficial and reduced the frequency of large–effect deleterious 

mutations.  We were unable to determine the degree to which this bias altered our 

estimate of the distribution of mutational effects. 

 

Mutational heritability, 

! 

h
m

2 :  The estimate of mutational variance in our MA lines was 

standardized to yield a mutational heritability (

! 

h
m

2 ) of 1.1 x 10-3.  This estimate is slightly 

larger than that of Zeyl and DeVisser (2001), who estimate the mutational heritability of 

their MA lines to be 4.8 x 10-4.  Our estimate is, however, nearly identical to that of 

Lynch (1988) who estimated the average mutational heritability across many organisms 
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to be 1 x 10-3.  This similarity is surprising given the low mutation rate and intermediate 

mutational effects observed in yeast.  The similarity is likely due to the low 

environmental variance (VE) observed in our experiment. 

 

Four decades of MA experiments have left us with many questions concerning 

parameters of spontaneous mutations (Lynch et al., 1999).  For example, we still do not 

know the genome–wide mutation rate for Drosophila melanogaster, even within an order 

of magnitude (Table 3.1).  The only pattern that seems real is that microorganisms have 

substantially smaller genome–wide mutation rates than multicellular organisms.  There 

are two explanations for this observation. 

 

First, the mutation rate reported for multicellular organisms is per generation and for 

microbes it is per cell division.  D. melanogaster has approximately 36 cell divisions in 

the germ line per generation (Drost and Lee 1995) and thus the mutation rate per cell 

division is around 0.005 (Lynch et al. 1999).  This value is more similar to the values 

obtained for yeast and E. coli (Table 3.1), supporting the conclusion that the total number 

of mutations per cell division is relatively constant across taxa (Drake 1991, Drake et al. 

1998).  However, even per cell division, yeast and E. coli appear to have a lower 

mutation rate than multicellular eukaryotes and additional work addressing this difference 

is needed. 

 

Second, theoretical work predicts that a greater percentage of mutations will be 

deleterious, and thus fewer will be beneficial, in more complex organisms (Fisher 1930, 

Orr 2000).  If true, a slower decline in line fitness in MA experiments involving less 

complex organisms is expected because beneficial mutations would offset the effects of 

deleterious mutations to some degree.  This would result in lower estimates of genome–

wide mutation rates, particularly if the possibility of beneficial mutations was not 

included in the analysis.   
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A great deal of work remains to be done in yeast.  Additional experiments are needed to 

determine the variation in mutation rates and effects seen across different strains and 

across different stages of the life cycle.  Such experiments will help us to understand the 

high rate of beneficial mutations reported here and perhaps the variation seen within and 

across taxa.  
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Taxon 

Fitness 
component 

 
U  

 
E(a) 

 
Reference 

D. melanogaster 
 

viability 
viability 
viability 
viability 
viability 

0.35 
0.47 
0.14 
0.02 
0.052 

0.027 
0.023 
0.03 
0.1 
0.11 

Mukai (1964) 
Mukai et al. (1972) 
Ohnishi (1977) 
Garcia–Dorado et al. (1999) 
Fry et al. (1999) 

A. thaliana LRS 
fruit number 

0.05 
0.06 

0.23 
0.06a 

Schultz et al. (1999) 
Shaw et al. (2002) 

C. elegans r 
r 

0.0035 
0.008 

0.1 
0.2 

Keightley & Caballero 
(1997) 
Vassilieva & Lynch (1999) 

S. cerevisiae MGR 
r 
r 
r 

0.000063 
0.0011 

0.000048 
– 

0.061a 
0.086b 
0.217a 

0–0.049ac 

Joseph & Hall (this study) 
Wloch et al. (2001) 
Zeyl & DeVisser (2001) 
Zeyl & DeVisser (2001) 

E. coli r 0.00017 0.012b Kibota & Lynch (1996) 
a. mean effect in heterozygotes 

b. mean effect in haploids 

c. data from a mutator line 
 

 
Table 3.1:  Some estimates of haploid mutation rates and effects of mutations from 

previous MA experiments.  The effect of mutations is measured in homozygotes, except 

where noted.  LRS, lifetime reproductive success; MGR, maximum growth rate; r, 

growth rate.  Table modified from Bataillon (2000). 
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Figure 3.1: Topological relationships between phylogenies predicted by two 

alternative hypotheses of parasite specialization. Fitness estimates of 151 MA lines 

(A) and 151 ancestor groups (B).  Each point is the mean maximum growth rate of 10 

replicates, standardized to the average maximum growth rate of the 50 ancestor replicates 

on the Bioscreen C microplate.

A. 

B. 
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Figure 3.2:  Profile log–likelihood curves as a function of mutational parameters.  
(A) The proportion of beneficial alleles, P.  (B) The shape parameter of the gamma 
distribution, b.  (C) The average effect of a mutation, E(a).  (D) The mutation rate per 
haploid genome, U.  ML runs involved setting P and b and then determining the values of 
E(a) and U that maximized the likelihood.  Thus, in A and B, x–axis values are those that 
were entered into the ML runs (see Materials and Methods).  In panels C and D, x–axis 
values are those that were estimated in each of the ML runs.  Each point represents the 
maximum likelihood obtained for a particular combination of b and P, after performing 
several searches with different starting values of E(a) and U.  The reported estimates for 
each parameter in the text are those values that give the maximum likelihood over all 
combinations of b and P (= 857.46).  Confidence intervals around these estimates are 
determined by extrapolating the curves to determine the parameter values at which there 
is a two log–unit reduction in likelihood (to 855.46). 
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Figure 3.3:  The distribution of the effect of accumulated heterozygous mutations.  

The parameters of the reflected gamma distribution are obtained from the maximum 

likelihood estimates: P = 0.125, β = 2, and α = 33. 
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Chapter 4 

Effects of the [PSI+] prion on adaptation rates in yeast 

 

I performed an experimental evolution study investigating the relationship between the 

[PSI+] prion and adaptation rates in the prion’s yeast host.  [PSI+] has previously been 

shown to improve yeast growth in some novel environments and has been proposed to 

increase yeast adaptation rates (True and Lindquist 2000; True et al. 2004).  The results 

of this study indicate that, in some environments, yeast carrying the [PSI+] prion adapt 

more rapidly than yeast lacking [psi-].  I propose two potential mechanisms for [PSI+]’s 

effect on adaptation rates.  First, [PSI+] yeast may adapt more rapidly because their initial 

fitness is lower than their [psi-] counterparts, thus increasing the proportion of their 

mutations that are beneficial.  Second, [PSI+] may promote adaptation by increasing the 

genome–wide mutation rate to alleles that affect fitness (U).  Additional studies are 

needed to determine whether either of these hypotheses explain the faster adaptation rates 

that I observed in some [PSI+] yeast. 

4.1  Introduction 

 

Few hypotheses have generated more controversy than the hypothesis that prions cause 

diseases (Soto and Castilla 2004).  A wave of recent studies (Castilla et al. 2005; Leffers 

et al. 2005; Legname et al. 2004) is very close to finally proving that mammalian prions 

cause disease (Couzin 2004; Maher 2005; Zou and Gambetti 2005), but the affect that the 

[PSI+] prion has on growth and survival of its yeast host remains controversial.  Much of 

this controversy is based on the fact that [PSI+] generates stop codon readthrough in 

yeast.  This seemingly deleterious property has led many biologist to predict that [PSI+] 
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may cause disease in its yeast host, while others contend that [PSI+]-induced stop codon 

readthrough may be beneficial (True and Lindquist 2000). 

 

[PSI+] is a prion variant of the yeast translation termination factor, Sup35 (Wickner 

1994).  In [psi-] yeast, Sup35 and Sup45 proteins interact to generate a release factor 

complex that terminates translation (Stansfield et al. 1995).  In [PSI+] yeast, Sup35 

proteins acquire the prion conformation and form insoluble protein aggregates (Paushkin 

et al. 1996; Patino et al. 1996).  These proteins aggregate prevent efficient translation 

termination and they cause [PSI+] yeast to have elevated levels of stop codon 

readthrough.  [PSI+] mediated stop codon reathrough has been shown to generate a wide 

variety of phenotypes in yeast (True and Lindquist 2000; True et al. 2004).  

 

In 2000, True and Lindquist hypothesized that, rather than cause disease, the [PSI+] prion 

may actually promote adaptation to novel environments.  This hypothesis was inspired by 

their examination of seven yeast strains each growing with the prion ([PSI+]) and without 

the prion ([psi-]) in 150 different environmental conditions.  They observed that [PSI+] 

generates phenotypic variation and that this variation is adaptive in approximately 25% of 

conditions where growth of [PSI+] and [psi-] yeast differs.  These results led True and 

Lindquist (2000) to propose the following model of accelerated adaptation due to [PSI+].  

First, [PSI+] generates phenotypic variation by suppressing stop codons and expressing 

normally silent regions of the genome.  Second, natural selection causes an adaptive 

[PSI+]-induced phenotype to spread.  Third, a mutation occurs in [PSI+] yeast causing the 

adaptive phenotype to be expressed in the absence of [PSI+], thus making the phenotype 

[PSI+]-independent.  Fourth, some individuals carrying this new mutation lose the [PSI+] 

prion.  Finally, natural selection causes [PSI+] to be lost from the population while the 

adaptive [PSI+]-independent phenotype is retained.  To date, no direct test of this model 

has been performed, however, the absence of [PSI+] in sampled clinical (Nakayashiki et 

al. 2005; Resende et al. 2003), natural (Nakayashiki et al. 2005) and industrial (Chernoff 

et al. 2000; Nakayashiki et al. 2005) yeast isolates has been used to argue that [PSI+] is a 
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disease that is removed from yeast populations by natural selection (Nakayashiki et al. 

2005), rather than a capacitor of evolution. 

 

I investigated the effects of [PSI+] on yeast adaptation rates by determining whether 

genetically identical [PSI+] and [psi-] yeast adapt to novel environments at the same rate.  

In order to do this, I established experimental lines carrying the [PSI+] prion and control 

lines lacking the prion from three different Saccharomyces cerevisiae genotypes.  The 

experimental and control lines of each genotype were adapted to three different 

environments.  At the end of the adaptation period, I estimated the fitness of the 

experimental lines, the control lines and their ancestors.  I then used the fitness 

differences between experimental and ancestral lines to determine the adaptation rate of 

each experimental line.  Likewise, I used the fitness differences between control and 

ancestral lines to determine the adaptation rate of each control line.  When adaptation 

lines were compared to their ancestor, the ancestor in question was thought to have the 

same prion status as the adaptation line.  I then compared the adaptation rates of the 

experimental and control lines to determine whether the [PSI+] prion affected adaptation 

rates.  For a given genotype/environment combination, if the mean adaptation rate of the 

experimental lines was significantly larger than that of the paired control lines, then I 

would conclude that [PSI+] increased the adaptation rate for that combination of genotype 

and environment.   

 

I observed that in six of the eight combinations of genotype and environment, there was a 

significant difference between the mean adaptation rates of experimental and control 

lines.  Further, in four of those cases the mean adaptation of the experimental lines was 

significantly higher, thus indicating that [PSI+] can promote adaptation for some yeast 

genotypes adapting to particular environments. 
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4.2  Materials and Methods 

 

Experimental design.  In order to test [PSI+]’s influence on adaptation, I formed 

experimental ([PSI+]) and control ([psi-]) lines for three genotypes of the baker’s yeast, 

Saccharomyces cerevisiae, adapted those lines to three different environments and 

estimated their rates of adaptation.  For each combination of yeast genotype and 

environment, I adapted three experimental lines and three control lines.  The 

experimental lines carried a plasmid that caused them to develop the [PSI+] prion, while 

the control lines carried a plasmid that did not affect their prion status.  As a result, the 

paired experimental and control lines differed for the [PSI+] prion and for the plasmid that 

they carried, but were otherwise genetically identical.  Each line was passaged for 

hundreds of generations in one of three environments (Table 4.1).  At the end of the 

adaptation period I estimated the fitness of each line in the media environment that the 

line was adapted to.  I also measured the fitness of the ancestor lines.  I then compared 

the fitness of each adaptation line to the fitness of its ancestor to determine how much 

each line had adapted.  Each adaptation line was presumed to have the same prion status 

as its paired ancestor. 

 

Yeast genotypes.  The [PSI+] prion’s effect on adaptation was assessed in three strains of 

Saccharomyces cerevisiae: KP1, 10B–H49 and D1142–1A.  The first strain, KP1, was 

homozygous for the markers: ade2, lys2–801, his3–200, leu2–3.112, ura3–52, Gal+, ho.  

Strain 10B-H49 was a haploid of genotype MATα, ade2-1, leu1, lys1, his3-11,15, Kar1-1, 

ura3::KanR and D1142-1A was a haploid of genotype MAT-A, cyc1-72, aro7-1, his4-

166, leu2-1, lys2-187, met8-1, trp5-48, ura3-1.  KP1 was the ancestor used to establish 

the mutation accumulation lines described in Chapter 3.  Strains10B-H49 and D1142-1A 

were kindly provided by Dr. Susan Lindquist. 

 

Each of the yeast strains was streaked from frozen stocks onto standard YPD medium 

(1% yeast extract, 2% peptone, 2% dextrose and 2% agar) plus 5 mM GdnHCl and grown 
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for three days at 30°C.  This concentration of guanidine hydrochloride (GdnHCl) has 

been shown to cure yeast of all known prions (Tuite et al. 1981) by inhibiting Hsp104 

function (Grimminger et al. 2004), which in turn inhibits prion propagation (Wegrzyn et 

al. 2001).  After subjecting the yeast strains to this curing procedure, a colony of each 

was stored in 15% glycerol at – 80°C. 

 

Formation of ancestors:  The ancestors used to form the experimental and control lines 

of a given genotype were generated by streaking the frozen stock of the ‘cured’ genotype 

(see above) onto YPD medium, selecting a single colony and transforming samples of the 

colony with two different plasmids.  The ancestor of the experimental lines was 

established by using the protocol described by Gietz and Woods (2002) to transform a 

sample of the colony with the pEMBLΔBal2 plasmid.  This plasmid carries the URA3, 

LEU2-d and AMP genes and the [PSI+] prion-forming domain of SUP35 (Teravanesyan 

et al. 1993).  Transforming [psi-] yeast with this plasmid causes the yeast to become 

[PSI+] (Teravanesyan et al. 1994; Teravanesyan et al. 1993; True and Lindquist 2000).  

The ancestor of the control lines was established by transforming a sample of the colony 

with the pEMBLyex4 plasmid (Cesareni and Murray 1987).  This plasmid is identical to 

pEMBLΔBal2 except that it lacks the prion-forming domain of SUP35 and thus does not 

induce [PSI+] formation in [psi-] yeast.  Transformants were selected on synthetic dropout 

medium lacking uracil (i.e. ura dropout medium).  This transformation procedure was 

used to establish experimental and control line ancestors for all three yeast genotypes.  A 

single colony was selected per transformation reaction and individually frozen in 15% 

glycerol at – 80°C.  The ancestors were stored as frozen stocks to prevent them from 

accumulating mutations and therefore allowing them to serve as genetically inert 

standards to which the experimental and control lines could be compared.  The 

pEMBLΔBal2 and pEMBLyex4 plasmids were generously supplied by Yury Chernoff 

and James Murray (respectively).  For simplicity I will henceforth refer to pEMBLΔBal2 

as the experimental plasmid and pEMBLyex4 as the control plasmid. 
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Formation and adaptation of experimental and control lines.  Experimental and 

control lines were established from the experimental and control ancestors of the three 

yeast genotypes and then adapted to three different environments.  The first step in 

generating the experimental lines of a given genotype, was to streak the experimental 

ancestor of that genotype onto ura dropout medium.  Nine of the resulting colonies were 

then used to inoculate nine test tubes, each containing 2 ml of liquid ura dropout medium.  

The test tubes were grown overnight on a test-tube rotator at 30°C.  The following day, 

each of the nine test tubes was used to inoculate a different 200 ml flask containing 20 ml 

of medium – three containing ura dropout medium, three containing ethanol medium and 

three containing CdCl2 medium.  The ethanol medium was ura dropout medium plus 3% 

ethanol and the CdCl2 medium was ura dropout plus 20 µM CdCl2.  The control lines 

were established in the same manner from a frozen stock of the control ancestor of each 

genotype.  This entire process was used to establish a total of 27 experimental (PSI+) and 

27 control lines (psi-). 

 

Culture flasks containing the newly established experimental and control lines were 

grown at 30°C on an orbital shaker.  The density of each culture was visually monitored 

once daily.  If the culture appeared to have a density of 6 x 106 cells per ml or greater, a 

40 µl aliquot of that culture was used to inoculate a 200 ml flask containing 20 ml of 

fresh medium of the appropriate type (either ura dropout, ethanol or CdCl2).  If the cell 

density of a culture was low (i.e. less than 6 x 106 cells per ml), then the line was allowed 

to grow until it reached high density.  Genotype 10B-H49 never reached a high density in 

CdCl2 medium, thus preventing me from adapting 10B-H49 to this environmental 

condition.   

 

Just prior to passaging an adaptation line, a sample of the line was serially diluted and 

plated onto ura dropout solid medium.  After 2 days of growth at 30°C, the resulting 

colonies were counted and used to estimate the density of the passaged culture.  Using the 

estimates of cell density at each passage and the volume of culture passaged, I was able 
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to estimate the effective population size (Ne) (i.e. the harmonic mean) of each 

experimental and control line.  During the experiment I monitored the effective 

population size (Ne) of each line and as needed I altered the volume of culture being 

passaged in order to ensure that the effective population size was similar for paired 

experimental and control lines (Table 4.1).  At the end of the adaptation period, 500 µl of 

culture were frozen per line in 15% glycerol at – 80°C.   

 

Growth assay protocol.  I investigated whether the [PSI+] prion affects adaptation rates 

in yeast by performing growth assays on the experimental and control lines and on their 

ancestors.  I then used the results of these assays to estimate adaptation rates of 

experimental and control lines. 

 

In order to make estimates of Δr (adaptation rate) comparable for experimental and 

control lines, I selected against the original plasmid that each line was adapting with and 

replaced it with the control plasmid prior to assaying growth.  I also removed the plasmid 

that each ancestor was carrying and replaced it with the control plasmid prior to assaying 

growth.  By transforming the control, experimental and ancestor lines with the same 

plasmid I was able to control for the effects that different plasmids might have on Δr.  

Further, since all of the lines were subjected to protocols that removed their plasmid and 

transformed them with the control plasmid, the effects of those procedures should not 

bias the results of this study.  I selected against the plasmids by growing each line on 5 

FOA medium (Burke et al. 2000).  I then chose approximately fifty colonies of each line 

and, in a single reaction per line, transformed those colonies with the control plasmid.  

Finally, approximately 50 newly transformed colonies were selected per line and frozen 

in 15% glycerol at – 80°C.  Because the control plasmid does not affect prion status, the 

experimental lines and their ancestors would have remained [PSI+] and the control lines 

and their ancestors would have remained [psi-]. 
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Prior to performing growth assays, I streaked the experimental and control lines and their 

ancestors from frozen stocks onto ura dropout solid medium.  The adaptation lines and 

their ancestors were all carrying the control plasmid and paired adaptation lines and their 

ancestors should have had the same prion status.  I then selected twelve colonies per line 

and twelve colonies of the ancestor of that line and used each colony to inoculate a test 

tube containing 2 ml of the type of liquid medium that the line had adapted to.  The 

cultures were then grown on a test–tube rotator for a minimum of 20 hours, by which 

time the culture had reached stationary phase.  Next, 40 µl of each stationary phase 

culture was used to inoculate a test tube containing 2 ml of fresh medium.  The test tubes 

were then returned to the test–tube rotator and grown for six hours.  At the end of that 

period, 150 µl of each culture was used to inoculate 2 ml of fresh medium and 150 µl of 

the newly diluted culture was loaded onto a Bioscreen C multi–well plate (Thermo Lab 

Systems).  I used the Bioscreen C to incubate multi–well plates at 30ºC, with continuous, 

intense shaking and measured the absorbance of 600 nm light for each well every 10 

minutes for 46 hours.  Absorbance readings were log–transformed and used to generate 

growth curves (log absorbance vs. time).  A least–squares regression of log absorbance 

on time was calculated for a sliding 140 min window.  For each replicate, the regression 

with the largest slope was designated the intrinsic rate of increase (r) of that replicate.  

This growth assay protocol is identical to that used by Joseph and Hall (2004). 

 

I made twelve replicate measurements of the intrinsic rate of increase of each line (rline, rep) 

and twelve replicate measurements for each line’s ancestor (rancestor, rep).  Adaptation rate 

(Δr) was then calculated for each growth assay replicate as the differences between rline, rep 

and the average rancestor, rep (Fig 4.1).  The twelve replicate Δr estimates for a line were then 

averaged to yield the adaptation rate of that line. 

 

Statistical analyses:  Most standard statistical analyses were performed using JMP 

software (SAS Institute 2000).  For each genotype/environment combination, the 

estimates of Δr were not normally distributed (Table 4.2: Shapiro–Wilk W–test; p < 0.05) 
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and/or did not have equal variances (Table 4.2: Bartlett’s test; p < 0.05).  Because my 

data violate assumptions of standard parametric and nonparametric analyses, I chose to 

perform three randomization tests to assess whether [PSI+] significantly influences 

adaptation rates (Table 4.3).  These tests make no assumptions about the underlying 

distribution of the data and two of the tests explicitly examined whether random 

differences between nested replicate adaptation lines may have generated differences 

between the adaptation rates of paired experimental and control lines.  All randomization 

tests were performed using Mathematical software (Wolfram 1999).   

 

Randomization Test One was designed to test the null hypothesis that within a 

genotype/environment combination there is no difference between the mean adaptation 

rate of the experimental and control lines and that variation in adaptation rate estimates is 

due to experimental error.  This hypothesis was tested for each genotype/environment 

combination by randomly assigning 36 of the 72 replicate adaptation rate estimates (Δr) 

to the experimental treatment and assigning the remaining 36 estimates to the control 

treatment.  I then calculated the mean of the randomized Δr estimates assigned to the 

experimental treatment and the mean of the randomized Δr estimates assigned to the 

control treatment and calculated the difference between those means.  I repeated this 

randomization process 10,000 times.  I then returned to the original data (non-

randomized) and calculated the difference between the mean Δr estimates of the 

experimental and control lines.  The final step was to compare the difference between the 

treatments in the original data (non-randomized) to the distribution of differences in the 

randomized data.  This comparison allowed me to estimate the probability of getting the 

difference between the treatments in the original data, if treatment does not affect 

adaptation rate (Table 4.3).  For example, if the actual difference between the 

experimental and control treatments of a given genotype/environment combination is 

0.02 and that falls within the 5% tails of the randomized distribution, then I would 

conclude that there is a significant effect of treatment (prion status) on adaptation rate.   
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Randomization Test Two and Randomization Test Three tested the null hypothesis that 

[PSI+] does not have an effect on Δr and that all variation in Δr is due to random 

differences between lines.  Because the number of lines per genotype/environment 

combination was not sufficiently large to generate statistical significance, I improved my 

statistical power by grouping lines from different genotypes and environments.  In 

Randomization Test Two, I grouped all of the lines of the same genotype together.  I then 

randomly assigned half of the lines to the experimental treatment and the remaining lines 

to the control treatment.  Next, I calculated the mean Δr of the randomized lines assigned 

to the each treatment.  I then calculated the difference between the mean Δr of the two 

treatments and repeated the procedure 10,000 times.  Randomization Test Three was 

performed in the identical manner except that lines were grouped by environment.  Based 

on the two randomization tests, I was able to determine the probability of generating the 

differences between the mean Δr of the experimental and control lines (non-randomized 

data), assuming that [PSI+] has no affect on adaptation rates (Table 4.3). 

 

This experiment was intended to be analyzed as a nested ANOVA, but the non-normal 

distributions and unequal variances of the data (Table 4.2) make a nested ANOVA 

inappropriate.  While some standard nonparametric analyses can be used to examine 

nested data that is either non-normal (Kruskal-Wallace) or has unequal variances (Welch 

ANOVA), there are no standard analyses for data that is nested, non-normal and has 

unequal variances.  Even so, I chose to perform both standard parametric and 

nonparametric analyses of my data to determine whether these analyses identify 

statistically significant effects of [PSI+] (Table 4.2).   

 

4.3  Results 

 

Distributions of adaptation values:  Twelve replicate Δr estimates were made for each 

adaptation line by subtracting the mean r prior to adaptation from each estimate of r after 
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adaptation.  The Δr values of the 48 lines are show in Fig 4.1.  In five 

genotype/environment combinations (KP1/ethanol, D1142-1A/ethanol, D1142-

1A/CdCl2, 10B-H49/ura dropout and 10B-H49/ethanol) the mean Δr of the experimental 

lines was significantly different from that of the control lines (Table 4.2; Kruskal–Wallis; 

p < 0.05).  In four of those combinations (KP1/ethanol, D1142-1A/ethanol, 10B-H49/ura 

dropout, 10B-H49/ethanol), the experimental lines had a significantly larger mean Δr and 

in one of the genotype/environment combinations (D1142-1A/CdCl2,) the control lines 

had significantly larger Δr.   

 

Generations & effective population size:  The effective population size and number of 

generations of each adaptation line are shown in Table 4.1.  For each combination of 

genotype and environment, there was no statistical difference between the mean Ne or the 

number of generations of the experimental lines from that of the control lines (t-test; p > 

0.05).  These results suggest that differences between paired experimental and control 

lines are not due to selection being more efficient in one of the treatments (i.e. there being 

a difference between the Ne values) or one of the treatments adapting for a longer period 

of time.  

 

Randomization tests:  The results of the randomization tests are shown in Table 4.3.  

The results of Randomization Test One indicate that for six of the genotype/environment 

combinations there is less than a 2% chance of generating the empirically observed 

differences between the average Δr of the experimental and control lines.  From that I 

conclude that there was a significant difference between adaptation rates in the 

experimental and control lines in those six combinations.  In four of the six combinations, 

the mean Δr was higher for the experimental lines, suggesting that in those combinations 

[PSI+] is associated with higher adaptation rates.  In the remaining two 

genotype/environment combinations, the mean Δr of the control lines was higher, 

suggesting that in those combinations [PSI+] may slow the rate of adaptation. 
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While Randomization Test One suggests that [PSI+] can significantly affect adaptation 

rates, it is also possible that the significant differences identified by this analysis are due 

to random differences between adaptation lines.  For example, a single rapidly evolving 

experimental line could generate a difference between the mean adaptation rate of the 

experimental and control lines large enough to be identified as statistically significant by 

Randomization Test One.  In order to address this possibility, I conducted two additional 

randomization procedures (Randomization Tests Two and Three) that assume that [PSI+] 

does not affect adaptation rates and that differences in adaptation rates are due to 

differences between adaptation lines.  Test Two analyzes this possibility by grouping 

together all lines with the same genotype and then performing the randomization 

procedure on lines of the same genotype.  Similarly, Randomization Test Three groups 

together all of the lines adapted to the same environment and then performs the 

randomization procedure on those grouped lines.  The results of Randomization Test Two 

indicate that the probability of generating the experimentally observed result for the 10B 

lines is less than 0.01 if the [PSI+] treatment doesn’t affect Δr.  The results of 

Randomization Test Three indicate that the probability of generating the experimentally 

observed difference for the EtOH lines is less than 0.01 if the [PSI+] treatment doesn’t 

affect Δr. 

 

Relationship between ancestral distance for the optimum and adaptation rate: In 

order to determine whether differences between the adaptation rates of experimental and 

control lines are due to differences in their distance from the fitness optimum, I 

performed a regression analysis of the average adaptation rate of replicate lines (same 

genotype, adaptation environment and prion treatment) on the average r of the ancestor of 

those lines (Fig. 4.2).  This regression analysis indicates that ancestral r has a significant, 

negative effect on adaptation rate (df = 1; F = 16.837; p < 0.0011).  The regression 

analysis of adaptation rate of each replicate line on the fitness of the line’s ancestor 

suggests that adaptation lines that start farther from their fitness optimum adapt more 

rapidly. 
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4.4  Discussion 

 

In at least five of eight genotype/environment combinations there was a significant 

difference between the mean adaptation rate of the experimental and control lines and in 

at least four of those combinations the experimental lines adapted more rapidly (Table 

4.2).  Further, randomization analyses suggest that significant differences in mean 

adaptation rates are often an effect of the [PSI+] prion, rather than a by-product of random 

differences between individual lines (Table 4.3).  From these results I conclude that the 

[PSI+] prion can increase the rate that a yeast lineage adapts to a novel environment.   

 

While a connection between [PSI+] and adaptation has been previously discussed (True 

and Lindquist 2000), no explicit mechanism has ever been proposed to explain this 

relationship.  True and Lindquist (2000) argue that because [PSI+] induced stop codon 

readthrough increases fitness in some environments, permanently removing particular 

stop codons may allow [PSI+] yeast to adapt more rapidly than [psi-] yeast.  This 

argument does not, however, address why removal of maladaptive stop codons would be 

more likely in [PSI+] yeast.  Here, I present two potential explanations for the observed 

association between the [PSI+] prion and elevated adaptation rates.   

 

The first, and most obvious, explanation is that acquiring [PSI+] moves yeast farther from 

their fitness optimum, which increases the proportion of mutations that are beneficial and 

speeds the rate of adaptation.  Fisher (1930) first proposed that as a genotype moves away 

from its fitness optimum, the proportion of its new mutations that are beneficial 

increases.  In order to determine whether Fisher’s model explains the elevated adaptation 

rates that I observe in some [PSI+] yeast, I performed a regression analysis of the average 

adaptation rate of replicate lines (same genotype, adaptation environment and prion 

treatment) on the average r of the ancestor of those lines (Fig. 4.2).  This regression 
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analysis indicated that ancestral r has a significant, negative effect on adaptation rate.  

Further, in three of four genotype/environment combinations where the experimental 

lines had significantly higher adaptation rates, the mean rancestor of the experimental lines 

was significantly lower than that of the control lines (Table 4.4).  These results suggest 

that higher adaptation rates in some experimental lines may be caused by the ancestors of 

those lines being farther from the fitness optimum than the control line ancestors.  This 

possibility is consistent with my observation that some experimental lines started at a 

lower fitness, adapted more rapidly over the course of this experiment, but only 

occasionally reached a higher fitness than their paired control lines (Figure 4.3). 

 

Invoking Fisher’s model as an explanation for the observed adaptation rate differences is 

only valid if estimates of rancestor are good indicators of the ancestor’s distance from the 

fitness optimum.  This will only be true if paired experimental and control lines have the 

same fitness optimum.  While this prediction seems reasonable, there are no empirical or 

theoretical analyses on which to base predictions about similarities between the fitness 

optimum of [PSI+] and [psi-] yeast. 

 

The second possible explanation is that the [PSI+] prion promotes adaptation by 

increasing the genome-wide mutation rate to alleles that affect fitness (U). While the 

absolute mutation rate is not expected to differ between [PSI+] and [psi-] yeast, stop 

codon readthrough can increase U by causing the expression of mutations that are silent 

in [psi-] yeast.  For example, if a mutation accumulates in a pseudogene of a [psi-] yeast, 

then that mutation will most likely be silent.  However, if the same mutation accumulates 

in a [PSI+] yeast, then stop codon readthough may cause the mutation to be expressed and 

alter fitness.  As a result, a larger fraction of mutations may affect fitness in [PSI+] yeast, 

causing U to be higher in these yeast.  Theory predicts that increasing U can increase 

adaptation rates (Orr 2000; Wilke 2004), however, that adaptive benefit is limited to 

values of U of intermediate size.  As the mutation rate to deleterious or beneficial alleles 

gets very high, adaptation rates may decline. 
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My results clearly indicate that [PSI+] yeast adapt more rapidly to some novel 

environments than do [psi-] yeast.  My results, however, do not indicate that [PSI+] yeast 

are able to reach a higher equilibrium fitness or reach equilibrium fitness more rapidly 

than [psi-] yeast.  Further investigations are necessary to determine whether the [PSI+] 

prion influences the outcome of adaptation or simply determines the starting point of 

adaptation. 
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FIGURE 4.1: Estimates of adaptation rates (Δr) are shown for the twelve growth assay 

replicates of each line.   
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FIGURE 4.2:  Relationship between the average adaptation rate of lines with the same 

genotype, adaptation environment and prion treatment, and the average intrinsic rate of 

increase (r) of the ancestor of those lines.  These data indicate that ancestral r has a 

significant, negative effect on adaptation rate of a line (df = 1; F = 16.837; p < 0.0011).  

This relationship is predicted by Fisher’s geometric model (1930), assuming that r 

indicates distance from the fitness optimum. 
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FIGURE 4.3:  Changes in average intrinsic rate of increase (r) during the experiment.  

Paired experimental ([PSI+]) and control ([psi-]) lines are grouped by color.  For most 

pairs, the prion treatment whose ancestor had the largest r is also the treatment whose 

adapted lines had the largest r.  
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Yeast 

genotype

Adaptation 

environment

Prion 

treatment

Adaptation 

line replicate
Generations Ne

KP1 Ura Dropout [PSI+] 1 406 7.1E+05

" " [PSI+] 2 410 7.7E+05

" " [PSI+] 3 411 7.3E+05

" " [psi-] 1 410 7.5E+05

" " [psi-] 2 411 7.6E+05

" " [psi-] 3 411 7.4E+05

" EtOH [PSI+] 1 305 7.4E+05

" " [PSI+] 2 302 4.6E+05

" " [PSI+] 3 294 9.4E+05

" " [psi-] 1 316 6.5E+05

" " [psi-] 2 286 1.4E+06

" " [psi-] 3 296 8.8E+05

" CdCl2 [PSI+] 1 292 3.7E+05

" " [PSI+] 2 324 7.5E+05

" " [PSI+] 3 295 4.3E+05

" " [psi-] 1 313 6.9E+05

" " [psi-] 2 319 4.0E+05

" " [psi-] 3 304 4.1E+05

D11 Ura Dropout [PSI+] 1 371 7.7E+05

" " [PSI+] 2 372 8.0E+05

" " [PSI+] 3 371 8.7E+05

" " [psi-] 1 372 8.9E+05

" " [psi-] 2 372 9.9E+05

" " [psi-] 3 372 8.9E+05

" EtOH [PSI+] 1 344 3.5E+06

" " [PSI+] 2 260 1.4E+06

" " [PSI+] 3 283 8.7E+06

" " [psi-] 1 284 1.6E+06

" " [psi-] 2 265 1.3E+06

" " [psi-] 3 279 3.1E+06

" CdCl2 [PSI+] 1 274 1.1E+06

" " [PSI+] 2 289 1.0E+06

" " [PSI+] 3 260 1.4E+06

" " [psi-] 1 263 3.1E+06

" " [psi-] 2 266 1.9E+06

" " [psi-] 3 288 4.2E+06

10B Ura Dropout [PSI+] 1 291 1.4E+06

" " [PSI+] 2 287 1.4E+06

" " [PSI+] 3 286 8.8E+05

" " [psi-] 1 279 2.5E+06

" " [psi-] 2 276 2.0E+06

" " [psi-] 3 306 4.3E+05

" EtOH [PSI+] 1 289 1.0E+06

" " [PSI+] 2 325 1.6E+06

" " [PSI+] 3 267 3.3E+06

" " [psi-] 1 294 1.4E+06

" " [psi-] 2 285 7.0E+06

" " [psi-] 3 312 4.8E+06  
TABLE 4.1:  The number of generations and effective populations sizes (Ne) of three 

genotypes adapted to three different environments and two different prion treatments. 
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a Based on Shapiro-Wilk W-test for normality. 
b Based on Bartlett's test for equality of variance. 
c Nonparametric one-way ANOVA that allows for non-normality, but requires that distributions have similar shapes. 
d One-way ANOVA allowing for heterogeneity of variances, but requiring normality. 
 

TABLE 4.2:  Statistical analysis of the effect of prion treatment on the mean adaptation rate of replicate lines adapting to one 

of three environments.  Many of the experimental ([PSI+]) and control ([psi-]) lines are non-normally distributed and have 

unequal variances.  Paired experimental and control lines with significantly different mean adaptation values are highlighted.

Yeast 

genotype

Adaptation 

Environment

Prion 

treatment

Mean Adaptation                     

(= mean delta r)

Standard 

deviation in 

adaptation 

Normally 

distributed?
a

Equal 

variances?
b

Nested 

ANOVA:      

p value

Kruskal 

Wallace
c
:     

p value

Welch 

ANOVA
d
:     

p value

KP1 Ura Dropout
[PSI

+
]

5.12E-03 0.024 Yes

KP1 Ura Dropout
[psi

-
]

-9.56E-03 0.037 Yes

KP1 EtOH
[PSI

+
]

9.31E-03 0.015 No

KP1 EtOH
[psi

-
]

-7.79E-03 0.024 No

KP1 CdCl2 [PSI
+
]

1.25E-01 0.099 No

KP1 CdCl2 [psi
-
]

1.62E-01 0.032 Yes

D11 Ura Dropout
[PSI

+
]

3.83E-02 0.025 Yes

D11 Ura Dropout
[psi

-
]

3.97E-02 0.022 No

D11 EtOH
[PSI

+
]

2.33E-02 0.008 Yes

D11 EtOH
[psi

-
]

5.87E-03 0.005 Yes

D11 CdCl2 [PSI
+
]

3.27E-02 0.010 Yes

D11 CdCl2 [psi
-
]

8.67E-02 0.071 No

10B Ura Dropout
[PSI

+
]

7.99E-02 0.084 No

10B Ura Dropout
[psi

-
]

1.17E-02 0.038 No

10B EtOH
[PSI

+
]

4.64E-02 0.019 Yes

10B EtOH
[psi

-
]

1.51E-02 0.008 Yes

Yes

No

No

No

No

0.0278

<.0001

<.0001

No

No

No

<.0001

<.0001

<.0001

0.7889

<.0001

0.8021

<.0001

<.0001<.0001

0.681

<.0001

<.0001

0.00050.0005

<.0001

0.0623

0.0061

0.8614

0.0504

0.0007

0.0399
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Yeast 

genotype

Adaptation 

environment

mean (delta r [PSI+])                                      

–                                          

mean (delta r [psi-])

Randomization 

Test One

Randomization 

Test Two

Randomization 

Test Three

KP1 – -0.002 NS

D11 – -0.012 NS

10B – 0.050 p < 0.01

– Ura dropout 0.027 NS

– EtOH 0.022 p < 0.01

– CdCl2 -0.045 NS

0.031

0.068

0.017

0.015

-0.053

0.017

-0.001

-0.037

Ura dropout10B

10B EtOH

D11

EtOHD12

D13 CdCl2

Ura dropout

KP1

KP1

KP1

Ura dropout

EtOH

CdCl2

p < 0.01

p < 0.01

p < 0.01

p < 0.01

NS

p < 0.01

p < 0.02

NS

 
TABLE 4.3:  Results of three nonparametric analyses designed to determine whether the 

there was a significant differences between adaptation rates of the experimental and 

control lines.  Randomization Test One tests the hypothesis that there is no difference 

between the mean Δr estimates of the experimental and control lines for each genotype 

and environment combination and that variation in Δr is due to experimental error.  

Randomization Tests Two [and Three] test the hypothesis that there is no difference 

between the mean Δr estimates of the experimental and control lines of a given genotype 

[environment] and that the variation in Δr estimates is due to differences between lines.  
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Yeast 

genotype

Adaptation 

environment

Prion 

treatment

Mean intrinsic rate of 

increase (r) of ancestor 

replicates

Experimental lines 

adapted significantly 

faster than the control 

lines
b

KP1 Ura [PSI
+
] 0.216

" Ura [psi
-
] 0.189

" EtOH [PSI
+
] 0.138

a

" EtOH [psi
-
] 0.123

" Cd [PSI
+
] 0.004

" Cd [psi
-
] 0.005

D11 Ura [PSI
+
] 0.098

" Ura [psi
-
] 0.107

" EtOH [PSI
+
] 0.071

" EtOH [psi
-
] 0.082

a

" Cd [PSI
+
] 0.032

" Cd [psi
-
] 0.039

10B Ura [PSI
+
] 0.041

" Ura [psi
-
] 0.083

a

" EtOH [PSI
+
] 0.028

" EtOH [psi
-
] 0.077

a

a
 Significant difference identified by a t-test.

b
 Significant difference identified by randomization procedure one

no significant difference

no significant difference

Yes

No

Yes

No

Yes

Yes

 
 
TABLE 4.4:  Relationship between differences in the r of paired experimental and 

control ancestors and adaptation rates.  In three of the four combinations where the 

experimental lines adapted more rapidly than paired control lines, the experimental 

ancestor of those lines had significantly lower fitness. 
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Appendix 
 
Here, we present the results of a series of experiments to address possible sources of bias 

caused by our use of the ade mutant to screen for petite mutations.  Bias would have 

occurred if we had chosen not to passage colonies that appeared white but were not 

petite.  Non–petite colonies that appeared white after 48 hours of growth could have been 

either white ade revertants, white mutants that suppressed the red pigment, or red 

colonies that grew so slowly that their red color had not developed after 48 hours.  Thus, 

bias could be due to inaccurately scoring white or to white colonies sometimes being 

non–petite. 

 

To test how accurately we scored white colonies, we first streaked the ancestor from the –

80ºC freezer onto solid YPD.  After 48 hours we then streaked 56 plates using individual 

ancestor colonies at a density similar to that obtained during our MA experiment.  We 

then scored all individual colonies as red, white, or unknown (a category that would have 

been passaged during our experiment).  We scored a total of 4537 colonies: 4279 red, 93 

white, and 164 unknown.  We then stored the 56 plates at 4°C for five days.  Under these 

conditions red colonies become more vividly red and white colonies become whiter.  

After 5 days at 4°C, we rescored the colonies as 4365 red, 172 white, and zero unknown.  

In no instance did we inaccurately score a colony as white after 48 hours of growth and 

red after five days at 4°C or vice versa.    

 

We also tested how often white colonies were in fact non–petite.  We accomplished this 

by first streaking 100 plates, 8 sectors per plate, using a different ancestor colony for each 

sector.  After 48 hours of growth, we spotted a single white colony onto YPD from each 

sector containing white colonies.  This guaranteed that each white colony selected was 

independent of the others.  We then grew the white colonies for 48 hours and replica 

plated them onto YPG, which contains a nonfermentable carbon source.  All 198 

independent white colonies were unable to grow on YPG, indicating that they were 

indeed petite. 
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Finally, we addressed how often the ade mutant reverts.  To do this we grew five 

replicates of the ancestor for 24 hours in liquid media to a final density of approximately 

1 x 107 cells / ml.  We then plated 1 ml of this solution onto five petri dishes of adenine 

dropout medium.  After 72 hours, we scored the number of ade revertant colonies present 

on each plate (0, 1, 3 and 4). We then used the Luria–Delbruk method to calculate a 

reversion rate (Luria and Delbruk 1943).  We estimate the reversion rate at the ade locus 

to be approximately 1.6 x 10-7 revertants per cell generation.  Since there were 7550 

colony passages during the MA experiment, there is a 99.88% chance that there were no 

revertants in our MA experiment, and we can ignore them as a source of bias.   

 

These experiments indicate that we were able to accurately score colonies and that all 

colonies scored as white were indeed petites.  We thus believe that bias due to our use of 

the ade mutant was not a problem in our MA experiment. 
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