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Abstract 

High levels of inbreeding are expected to cause a strong reduction in levels 

of genetic variability, effective recombination rates and in adaptation compared with 

related outcrossing populations. The evolution of mating systems can thus have 

profound effects on the evolution of genome structure and diversity. In this thesis I 

test these predictions, using the plant genus Arabidopsis as a model system. I 

examine patterns of genome organisation, DNA sequence polymorphism and 

divergence in the highly self-fertilizing Arabidopsis thaliana, and compare them to 

those of its self-incompatible, outcrossing relative Arabidopsis lyrata. From 

comparisons of rates of substitution, there is no evidence for a higher rate of amino 

acid substitution in A. thaliana, suggesting that slightly deleterious amino acid 

mutations may not be the primary source of protein evolution in these species. In 

contrast with results from published data, analysis including polymorphism data also 

reveals no difference in the ratio of nonsynonymous to synonymous polymorphism 

between species, suggesting that there may not be a general elevation of amino acid 

polymorphism in A. thaliana. Comparisons of intron length reveal evidence for 

consistently smaller introns in A. thaliana, perhaps reflecting the action of 

directional selection on noncoding DNA length in an annual plant. 

Analysis of codon usage bias at orthologous loci shows evidence for 

consistently higher GC content at third codon positions in A. lyrata. Comparisons of 

base composition in introns and polymorphism patterns for preferred and 

unpreferred synonymous mutations show no evidence for a shift in mutation pattern 

or rates of biased gene conversion between species, suggesting that the difference in 

codon bias might reflect a relaxation of natural selection in A. thaliana. However, 



comparisons of codon usage between species using a measure of codon bias based 

on relative abundance of tRNA genes reveals no significant difference between 

species, and there is no evidence for a difference in the relative rates of preferred 

and unpreferred substitutions. As there is a good correlation between the frequency 

of preferred codons defined by tRNA abundance and levels of gene expression, 

these results suggest a neutral explanation for the difference in GC content. 

Comparisons of multilocus neutral variability between A. thaliana and A. 

lyrata show the expected decrease in average within-population diversity in A. 

thaliana, but this is complicated by strong geographic structuring of variability in A. 

lyrata, probably associated with recent demographic history. Consistent with an 

influence of demographic history, analysis of intralocus linkage disequilibrium 

suggests a strong deficiency of the effective rate of recombination in A. lyrata. In 

contrast, A. thaliana shows approximately the amount of linkage disequilibrium 

expected in a highly self-fertilising species. These results suggest a possible role for 

population admixture in northern, postglacial populations of A. lyrata. 

A whole-genome analysis of transposable elements in A. thaliana indicates 

that recombination rate heterogeneity does not play an important role in driving their 

distribution in this species, and that gene density is the primary determinant of TE 

abundance in the genome. Combined with evidence from other complete eukaryotic 

genomes, this pattern is consistent with a role of inbreeding in reducing effective 

rates of recombination genome-wide, and thereby reducing the effect of 

recombination rate heterogeneity on genome structure. 

Polymorphism analysis of 18 foci located in regions of contrasting 

recombination rate in an Icelandic population of Arabidopsis lyrata reveals no 
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evidence for the expected positive correlation between recombination rate and 

nucleotide diversity. A maximum likelihood analysis of polymorphism and 

divergence for these data shows evidence for significantly elevated diversity 

compared with divergence at a centromeric locus, suggesting the possibility of 

balancing selection in this region. Alternatively, recent demographic history may 

have contributed to an uncoupling of the expected relationship between 

recombination and variability, and an inflation of the variance in diversity across 

loci. The results of this thesis provide some evidence for the evolution of genome 

structure between related Arabidopsis species, but no strong evidence for differences 

in the efficacy of natural selection. These results emphasize the importance of 

understanding the influence of population history on the action of natural selection 

at the molecular level. 
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Chapter 1- Introduction 

A review of the effects of population size, recombination and mating 
system on genome evolution and diversity 

1.1 Introduction 

The genomes of organisms vary in their rates and patterns of molecular 

evolution, including patterns of base composition (TARRIO et al. 2001), rates of 

protein evolution (KEIGHTLEY and EYRE-WALKER 2000), and rates of insertion and 

deletion in noncoding DNA (PETROV et al. 1996). Two primary explanations have 

been proposed for these patterns. First, mutation biases and rates may differ among 

species and genomic regions. Alternatively, there may be differences in the strength 

and/or efficacy of natural selection between genomic regions and species. The 

relative importance of the effects of mutation versus selection, and the strength and 

direction of any selective effects, are largely unclear (KLIMAN and HEY 2003; 

MARAIs et al. 2001; RODRIGUEZ-TRELLES et al. 1999; SMITH and EYRE-WALKER 

2001). 

Mutational explanations for patterns of genome evolution 

If the mutations that are segregating in natural populations are predominantly 

neutral, the rates and patterns of molecular evolution will be driven primarily by 

mutational biases and rates, since neutral evolution is determined by the rates of each 

class of mutation. Mutational explanations have recently been proposed to explain 

patterns of codon usage bias across the genomes and among species of C. elegans 

and Drosophila (MARAIs et al. 2001; RODRIGUEZ-TRELLES et al. 1999), differences 



among sequenced genomes in the frequency of simple sequence repeats (KArrI et al. 

2001) and transposable element distributions in the genome of C. elegans (DuRET et 

al. 2000). Striking differences in base composition across the human genome have 

also been interpreted as the effect of mutational bias (DURET and GALTIER 2000). 

Finally, differences among organisms in the sizes of non-coding regions have been 

suggested to reflect contrasts in the relative rates of insertions and deletions in 

different species (BENSASSON et al. 2001; PETROV and HARTL 1997), leading to the 

striking differences in eukaryotic genome size. Support for a mutation-based 

explanation for the above cases has been indirect, relying on comparisons with 

regions that are thought to be evolving neutrally. However, a recent attempt at a 

direct comparison of rates of insertions and deletions in Arabidopsis thaliana and 

tobacco (KnUK et al. 2000) provided support for the possibility that species may 

evolve substantially different mutational biases. 

Non-neutral explanations for genome evolution: the nearly neutral model and effects 

of hitchhiking 

Alternatively, if many of the mutations segregating in natural populations are 

subject to weak natural selection, many of these differences in patterns of genome 

evolution may be explained by differences in the efficacy of natural selection among 

species and genomic regions. The rate of molecular evolution for mutations subject 

to selection is not solely determined by mutation rates, but also by the product of the 

selection coefficient (s) and the effective population size (Ne)(KIMU1 1983). If, as 

proposed by the nearly neutral theory, a large fraction of mutations are slightly 

deleterious (on the order of the reciprocal of the effective population size), 
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differences in either selection coefficients or effective population size can have 

substantial effects on the evolution of genomes (OHTA 1992). Reduced effective size 

increases the role of drift in determining the fate of mutations relative to selection, 

leading to higher frequencies of slightly deleterious mutations, and elevated rates of 

their fixation. Reduced efficacy of natural selection can thus occur in small 

populations. 

In addition to changes in population size, differences in the efficacy of 

selection can be driven by contrasts in rates of crossing over, through the effects of 

natural selection on the fate of linked segregating sites (HILL and ROBERTSON 1966). 

Effects of natural selection on the diversity and fixation of linked loci (hereafter 

'hitchhiking') have been divided into three processes, based on the direction and 

strength of selection; strong positive selection ('selective sweeps') (BARTON 2000; 

BRA VERMAN et al. 1995), strong negative selection ('background selection') 

(CHARLESWORTH et al. 1993), and the action of weak Hill-Robertson interference 

between many weakly-selected sites segregating simultaneously (MCVEAN and 

CHARLESWORTH 2000; TACHIDA 2000). The effects of background selection have 

been shown to approximate a reduction in effective population size, where the 

effective size is reduced to the proportion of the population that is free from 

deleterious mutations (CHARLESWORTH 1994; CHARLESWORTH et al. 1993). This 

fraction is a function of the deleterious mutation rate and the selection coefficient. 

Since the size of the genomic region will be a major determinant of the deleterious 

mutation rate, the effects will be stronger in regions of the genome and species with 

reduced crossing over. With recurrent positive selection and weak Hill-Robertson 

interference, effects on linked sites are more complex, but the magnitude of these 



effects will also be strongly affected by the rate of crossing over (BRAVERMAN et al. 

1995; McVEAN and CHARLESWORTH 2000). 

The predictions of hitchhiking are supported by the observation of a 

correlation between rates of crossing over and levels of neutral genetic variability in 

several species, including Drosophila (BEGUN and AQUADRO 1992; LANGLEY et al. 

2000; LANGLEY et al. 1993), mouse (NACHMAN 1997), humans (NACHMAN et al. 

1998), C. elegans (CUTTER and PAYSEUR 2003), tomato (STEPHAN and LANGLEY 

1998), and maize (TENAILLON et al. 2001). However, the strength of the effect 

(BAUDRY et al. 2001), the consistency of the result with different measures of 

recombination rate (TENAILLON et al. 2002) and the relative importance of selective 

vs. neutral explanations for the pattern (HELLMANN et al. 2003; LERCHER and HURST 

2002) have recently been called into question for several species, and the general 

importance of natural selection in structuring patterns of diversity across the genome 

remains unclear. Furthermore, even in the genus Drosophila, where an important 

effect of natural selection on reducing variability in regions of low recombination is 

well-accepted, the relative contribution of different types of selection are unresolved 

(ANDOLFAY1TO 2001). A central approach in the attempt to distinguish between 

hitchhiking models lies in their differential effects on the frequency spectrum of 

segregating sites (BRAVERMAN et al. 1995; CHARLES WORTH et al. 1995; FAY and 

Wu 2000). In particular, selective sweeps are expected to generate a significant skew 

towards rare variants, and in some cases an excess of high frequency derived 

variants, relative to that expected under neutrality. 

4 



1.2 Evidence for a role of weak purifying selection in driving patterns of 

molecular evolution 

Rates ofprotein evolution 

The above models predict that, if there is a large class of weakly selected 

mutations, then population size and recombination rate can have important effects on 

molecular evolution. The relatively low levels of amino acid polymorphism in 

natural populations of Drosophila (MORIYAMA and POWELL 1996) suggest that many 

amino acid mutations may be under strong purifying selection, and are unlikely to 

rise to high frequency in all but the smallest populations. However, the magnitude 

and direction of selection on those replacement mutations that do segregate and fix 

in natural populations is strikingly unresolved. One method for assessing selection 

on replacement mutations is a comparison of the ratio of polymorphism to fixation 

for amino acid to silent substitutions, using the McDonald-Kreitman (MK) test 

(MCDONALD and KREITMAN 1991; SAWYER and HARTL 1992). The neutrality index 

(WEINIIcH and RAND 2000) has been used as a summary of this comparison: 

N.I. = (no. replacement polymorphisms/no, replacement fixations) 
(no.synonymous polymorphisms/no.synonyrnous fixations) 

Excesses of replacement polymorphism relative to fixation (N.J. >1) are consistent 

with models of weak purifying selection, since natural selection is more effective at 

preventing fixation than at allowing segregating polymorphism (TACHIDA 2000) of 

slightly deleterious mutations. No difference in the numerator compared with the 

denominator (N.I.=1) would suggest neutrality, whereas an excess of replacement 

fixation (N.I.<1) would reflect the action of positive selection. In Drosophila, the 



mitochondrial genome shows a pattern consistent with weak purifying selection 

(WEINREICH and RAND 2000). In Arabidopsis thaliana, summaries of patterns of 

polymorphism from a small set of nuclear genes also suggest a common excess of 

polymorphic replacement mutations, as expected from the nearly neutral model 

(WEINREICH and RAND 2000). However, among nuclear genes in Drosophila, a large 

amount of variation is observed in the MK test among loci, with many genes 

showing no significant difference or an excess of fixed replacement substitution 

(MORIYAMA and POWELL 1996; WEINREICH and RAND 2000). These multilocus 

patterns have been used to estimate a high rate of adaptive protein evolution in 

Drosophila (BUSTAMANTE et al. 2002; FAY et al. 2002; SMITH and EYRE-WALKER 

2002), and the predominance of slightly deleterious amino acid mutations in 

Arabdiopsis thaliana (BUSTAMANTE et al. 2002), although these interpretations are 

based on a relatively restricted number of loci, and may be influenced by the 

presence of unusual genes sequenced by researchers with a priori hypotheses of 

selection. 

Several studies have found evidence that population size can influence the 

rate of protein evolution. These have involved a comparison of the ratio of 

nonsynonymous to synonymous substitution in different lineages, under the 

assumption that synonymous mutations are neutral. Ohta (1 993b) found support for 

the nearly neutral model from the inverse correlation between generation time and 

per-generation rates of protein evolution in mammals. Since organisms with longer 

generation times tend to have lower population sizes, this was interpreted as 

evidence for reduced efficacy of selection in small populations. More recently, a 

much larger sample of genes has provided further evidence for a generation time 



effect on rates of replacement substitution (KEIGHTLEY and EYRE-WALKER 2000). 

Evidence for elevated rates of replacement relative to silent substitution at the ADH 

locus in Hawaiian Drosophila populations, which are thought to have undergone 

population bottlenecks following colonization (DESALLE 1988; OHTA 1993a), and at 

two mitochondrial loci in island bird species compared to mainland relatives 

(JoI-ii'1soN and SEGER 2001), are also broadly consistent with the nearly neutral 

model. Finally, comparison of rates of replacement relative to silent substitutions in 

the closely related Drosophila melanogaster and Drosophila simulans indicated an 

acceleration of amino acid substitution in D. melanogaster (AKASHI 1996). As D. 

melanogaster appears to have lower levels of silent diversity (MORIYAMA and 

POWELL 1996), this contrast may reflect effects of small reductions in population 

size. 

Effects of recombination rate on rates of protein evolution have been less 

characterized, partly because of the difficulty of identifying reasonable comparisons, 

as selection coefficients on different genes vary substantially, and species with 

contrasting rates of recombination are often highly diverged from each other 

(WELCH and MESELSON 2001). Nevertheless, differences in rates of gene evolution 

between free-living bacteria and the endosymbiotic bacterium Buchnera 

(WERNEGREEN and MORAN 1999), and between organelle and nuclear genes (LYNCH 

and BLANCHARD 1998), are consistent with the prediction that slightly deleterious 

replacement mutations accumulate in non-recombining genomes. While the number 

of genes in these endosymbiont genomes may be too few to allow the effects of 

background selection, selective sweeps and weak Hill-Robertson interference may 

still be effective. Observed reductions in silent polymorphism in the Buchnera 
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genome (FUNK et al. 2001) support the underlying assumption of reduced effective 

population size. However, the endosymbiotic life history might also cause a 

reduction in selection coefficients, making it difficult to distinguish between effects 

on selection coefficient vs. effective size. In contrast with these results, Betancourt 

and Presgraves (2002) showed a higher rate of amino acid substitution in regions of 

high recombination in Drosophila melanogaster, suggesting that a reduced efficacy 

of natural selection in regions of low recombination can also slow the rate of 

adaptive substitution. Although this study included a large number of male-specific 

genes, a class of genes generally thought to be subject to adaptive protein evolution 

in Drosophila, this result shows that the presence of both adaptive and deleterious 

amino acid mutations can complicate a general test for the role of hitchhiking on 

rates protein evolution. 

Codon usage bias 

In addition to a subset of replacement mutations, many synonymous 

mutations are potential candidates for the action of weak selection. Several aspects 

of the patterns of synonymous codon usage are consistent with a model of mutation-

selection-drift balance (AKAsHI 1997). First, the level of codon usage bias has been 

shown to correlate with gene expression in Drosophila melanogaster, C. elegans, 

and Arabidopsis thaliana (DuRET and MoucifiRouD 1999), consistent with a model 

of weak selection on translational efficiency. Second, patterns of polymorphism for 

unpreferred synonymous mutations show a skew towards rarity in natural 

populations of Drosophila simulans in comparison with preferred substitutions 

(AKASHI 1997), indicating a role for weak purifying selection preventing their 



spread. Third, preferred codons have been shown to be associated in some taxa with 

the most abundant tRNAs, as predicted by the translational efficiency model 

(BULMER 1987). Fourth, a correlation between synonymous and nonsynonymous 

substitution rate has been interpreted as reflecting stronger selection on codon usage 

in more highly constrained genes (COMERON and KREITMAN 1998; DuNN et al. 

2001). Most recently, direct experimental manipulation of codon usage at the ADH 

locus in Drosophila melanogaster has shown a direct effect of the frequency of 

preferred codons on protein levels (CARLINI and STEPHAN 2003). 

Substantial evidence is accumulating that codon bias is affected by 

population size and rates of crossing over. Several comparisons in Drosophila, 

including D. simulans vs. D. melanogaster (AKASHI 1996), and in Hawaiian 

Drosophila (KUMAN et al. 2000), provide evidence for an accumulation of 

unpreferred codons in species with reduced effective size. Kliman and Hey (1993) 

first provided evidence for a relationship between rates of crossing over and average 

level of codon bias in Drosophila, and interpreted this as resulting from effects of 

hitchhiking. However, recent analyses which added the effect of base composition at 

noncoding sites suggested that at least some of the effect of recombination rate may 

reflect mutational biases in different regions (MARIs et al. 2001), since most 

preferred codons in Drosophila are G- or C- ending, and there is a general increase in 

GC content in regions of high recombination. Alternatively, it has been hypothesized 

that this pattern is explained by the effects of biased gene conversion favouring the 

conversion of AT GC alleles (GALTIER et al. 2001). Assuming a good correlation 

between rates of this process and rates of crossing over, this could lead to an 
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elevated GC content in regions of high recombination (BIRDSELL 2002; MARAIS 

2003). 

Another approach to testing the influence of recombination on selection for 

codon usage bias involves examination of orthologous genes in related species 

where local rates of crossing over have changed. Takano-Shimizu (1999) compared 

levels of codon bias of several orthologous genes between D. melanogaster and D. 

yakuba, showing reduced codon bias in melanogaster, where recombination rates in 

the region were shown to be substantially reduced. However, further comparisons of 

codon bias across more distantly related Drosophila species also indicate that shifts 

in mutational biases may cause strong effects on the evolution of codon usage, 

perhaps stronger than effects of changes in effective size (RODRIGUEZ-TRELLES et al. 

1999; TAKANO-SHIMIZU 2001). 

Selection on noncoding DNA 

A final, potentially highly significant source of weak selection is on the 

composition and size of non-coding regions of the genome, including introns and 

intergenic regions. These regions remain the most poorly understood components of 

genomes from a functional basis, but are clearly composed of regulatory regions, 

sequences that have structural importance, and repetitive DNA. In Drosophila 

melanogaster (CHARLESWORTH and LANGLEY 1989) and Arabidopsis lyrata 

(WRIGHT et al. 2001), transposable element (TE) insertions in noncoding regions 

appear to be segregating at lower frequency than expected under neutrality, 

consistent with a model of transposition-selection balance. Analysis of 

polymorphism data in humans has also provided support for the possible action of 
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selection on base composition in noncoding DNA of humans (BYRE-WALKER 1999; 

SMITH and EYRE-WALKER 2001). However, the action of selection on base 

composition is difficult to distinguish from biased gene conversion (GALTIER et al. 

2001), since the processes will have the same effects on patterns of polymorphism 

and divergence, with the rate of biased gene conversion replacing the selection 

coefficient in population genetic models (LERCHER et al. 2002). TEs have been 

shown to accumulate in regions of low recombination in Drosophila, although this 

may reflect relaxation of natural selection in these regions if a major source of 

selection is the deleterious effects of ectopic recombination between elements 

(CHARLES WORTH and LANGLEY 1989). Additionally, observed correlations between 

rates of crossing over and both base composition in humans (FULLERTON et al. 

2001), and intron size in Drosophila (CARVALHO and CLARK 1999; COMERON and 

KREITMAN 2000) have been interpreted as reflecting the action of weak purifying 

selection favouring small intron size and GC-biased composition in noncoding 

DNA. In all of these cases, rejecting neutral explanations for genomic distributions 

is difficult. 

1.3 Effects of mating system on DNA polymorphism and divergence in plant 

populations 

If weak purifying selection is frequent genome-wide, the mating systems of 

populations may have general effects on patterns of genome evolution. The mating 

system has major consequences for levels of genetic exchange and life history, 

which can strongly influence the structuring of genetic variability, the rate of 

evolution of weak deleterious and beneficial mutations, and thus the level of 

11 



molecular adaptation across genomes. Plants exhibit a wide variety of breeding 

systems, with close relatives exhibiting extreme contrasts in rates of self-

fertilisation. As mutational biases and selection pressures are likely to be similar at 

orthologous loci in these close relatives, related inbred and outbred plants represent a 

useful system for studying the role of effective population size and recombination on 

the evolution of genes and genomes. 

Under a strictly neutral model, increased levels of inbreeding reduce the 

effective size of a population as a function of the inbreeding coefficient (F) up to a 

maximum of a twofold reduction with complete self-fertilisation (NORDBORG 2000; 

POLLAK 1987). Furthermore, the effective rate of recombination is reduced in 

partially inbred populations, due to the rarity of double heterozygotes. This will lead 

to strong increases in linkage disequilibrium as a function of the selfing rate 

(Nordborg, 2000a). When effective recombination rates are low, strong purifying or 

directional selection will further reduce the effective population size of linked sites 

(CHARLESWORTH et al., 1993). In the presence of natural selection at linked sites, the 

effective population size and genetic diversity of inbred populations can thus be 

further reduced (CHARLESWORTH et al. 1993), leading to a higher rate of fixation of 

slightly deleterious mutations (CHARLESWORTH 1994), and a lower chance of 

fixation of beneficial mutations. With very high levels of seif-fertilisation, 

inbreeders may also be susceptible to the effects of Muller's ratchet, the stochastic 

loss of individuals free from deleterious mutations (CHARLESWORTH 1993; HELLER 

and MAYNARD SMITH 1979). Finally, inbreeding plant populations may often have a 

'weedy' life history associated with strong population structure, a high level of 

variability in population size, low levels of migration and frequent extinction and re- 
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colonization. These demographic effects can cause further reductions in effective 

population size (WHITLOCK and BARTON 1997) and neutral variability (PANNELL and 

CHARLESWORTH 2000). Substantial data on levels of allozyme polymorphism 

(Hamrick and Godt, 1990), as well as recent work on nucleotide variability in 

Leavenworthia (LIu et al. 1999; Liu et at. 1998), Lycopersicon (BAUDRY et al. 2001) 

and Arabidopsis (BERGELSON et al. 1998; SAVOLAINEN et at. 2000), have provided 

evidence for a strong reduction in diversity within selfing populations, and greater 

differentiation between populations. The relative importance of effects of 

demography and selection remain unclear, and are likely to require further 

information on patterns of variability within and between populations. Regardless of 

the dominant causes, in the face of highly reduced effective population sizes, the 

potential for the accumulation of weak deleterious mutations and the difficulty of 

fixing beneficial mutations has led to the hypothesis that self-fertilization is an 

evolutionary 'dead-end' that leads to eventual extinction, although the phylogenetic 

support for this hypothesis remains weak (TAKEBAYASHI and MORRELL 2001). 

While there is a general prediction that the efficacy of natural selection 

should be reduced as a function of the rate of self-fertilization, several complications 

arise when attempting to assess the quantitative effects of the mating system on 

genome evolution. First, with partially recessive effects of mutations, the strength of 

selection may be effectively increased in selfing populations, due to higher levels of 

homozygosity. However, the effect of reduced Ne  is likely to be stronger than the 

increased selection, since the rate of fixation of deleterious mutations is in general 

only weakly affected by the dominance coefficient (CHARLESWORTH 1994). A 

second complication arises with the presence of population structure. The models of 
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hitchhiking discussed above predict strong reductions in within-population effective 

population size. However, with strongly subdivided populations, effective sizes 

might remain high species-wide (CHARLESWORTH et al. 1997). In fact, in situations 

where multiple populations have been studied, selfers appear to maintain substantial 

polymorphism species-wide, perhaps maintaining values as high as those found in 

related outcrossers (Liu etal. 1999; Liu etal. 1998; SAVOLAINEN et al. 2000). 

Thirdly, the effect of selfing rate on the relationship between crossing over and the 

efficacy of selection is also unclear. Because recombination is suppressed genome-

wide in inbreeders, the relationship between crossing over and molecular adaptation 

may break down, since they will effectively cover a much lower range of 

recombination rates than related outcrossers. If so, heterogeneity across selfing 

genomes may primarily reflect mutational biases. Indeed, recent evidence on the 

distribution of transposable elements (DURET et al. 2000) and codon bias (MARATS et 

al. 2001) in the self-fertilising C. elegans appears consistent with purely mutational 

explanations. While this was interpreted as evidence against hitchhiking models, it 

may in fact be an inevitable consequence of hitchhiking in inbred organisms. Finally, 

if biased gene conversion contributes substantially to patterns of base composition 

evolution, the mating system of populations may be expected to be generally 

associated with neutral genomic changes. Since biased gene conversion will only 

occur at heterozygous sites, the rate of this process will be dramatically reduced in 

highly inbred populations. This could lead to strong differences in nucleotide 

composition among species, regardless of differences in the strength of selection. 

Clearly, the interaction of mating system, recombination rate and population 
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structure on patterns of polymorphism and divergence at both neutral and selected 

sites requires both more empirical investigation and theoretical understanding. 

1.4 Molecular population genetics and genomics in Arabidopsis 

Arabidopsis thaliana is a highly self-fertilising (ABBOTT 1989) weedy 

annual, and is the first plant for which the complete genome sequence was 

sequenced. The A. thaliana genome is small, with a high gene density and relatively 

low levels of repetitive DNA (ARABID0PsIs GENOME INITIATIVE 2000). The species 

has a worldwide distribution, although it is thought to have colonized North America 

recently. Recent phylogenetic work indicates that the closest relatives of A. thaliana 

include the self-incompatible, highly outcrossing species Arabidopsis lyrata and 

Arabidopsis halleri (KocH et al. 2001; KOCH et al. 2000). Since the divergence from 

these species, the chromosome number appears to have been reduced from 8 to 5 

chromosomes in the A. thaliana lineage. A. lyrata is a circumpolar species, with a 

subspecies found in Europe (ssp. petrea) and ssp. lyrata distributed in the Northern 

U.S., Canada, and Japan. 

DNA sequence polymorphism has now been studied for a number of A. 

thaliana loci, usually using samples of single individuals from different populations, 

and several general observations have been made. First, although average within-

population diversity is low for all types of markers studied (ABBOTT 1989; BERGE et 

al. 1998; BERGELSON et al. 1998; TODOKORO et al. 1995), species-wide 

polymorphism is high; average silent diversity is only slightly lower than in 

Drosophila melanogaster. Recent analysis of several large North American 

populations also suggests that some populations may contain a significant fraction of 
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the species-wide diversity (E.A. Stahl, R.A. Huffi, M. Kreitman, and J. Bergelson, 

submitted manuscript). 

Second, the frequency distribution of polymorphisms at many loci in species-

wide samples is skewed towards rare variants in A. thaliana; this is detectable by 

Tajima's D statistic (e.g. PURUGGANAN and SUDDITH 1999; KUIrFINEN and AGUADE 

2000; KAWABE et al. 2000). This observation, combined with the slight evidence for 

genetic isolation by geographic distance (BERGELSON et al. 1998), led to suggestions 

of rapid population expansion (INNAN and STEPHAN 2000; KUIYITNEN and AGUADE 

2000). Recently, however, AFLP studies have provided evidence for a weak but 

significant relationship between geographic and genetic distance in Eurasian 

populations (SHARBEL et al. 2000). At least some of the signal of population 

expansion in species-wide samples may thus result from recent colonization of North 

America by A. thaliana. Thirdly, many A. thaliana loci show an excess of amino 

acid replacement polymorphisms compared with fixed differences from other 

species, suggesting that unusually many slightly deleterious mutations segregate in 

natural populations (KAWABE et al. 1997; PURUGGANAN and SUDDITH 1998; 

PURUGGANAN and SUDDITH 1999). Fourth, nucleotide diversity studies at several 

loci suggest the presence of two major classes of haplotypes, with linkage 

disequilibrium between different polymorphic sites, although there is also clear 

evidence for recombination within loci (INNAN et al. 1996; KUI1TINEN and AGUADE 

2000). The haplotype structure has been interpreted as possible evidence for long-

term population structure or balancing selection (KAWABE and MIYASHITA 1999). 

However, the neutral coalescent process with low levels of recombination will 

frequently generate two major haplotypes (HUDsoN 1990), and it is not clear that A. 
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thaliana shows any general excess of haplotype structure compared with the 

appropriate neutral model taking selfing into account (AGUADE 2001). Finally, 

recent studies of polymorphism across several large genomic regions have shown 

linkage disequilibrium extending over more than one hundred kilobases in A. 

thaliana (HAGENBLAD and NORDBORG 2002; NORDBORG et al. 2002). This is much 

more extended linkage disequilibrium than is found in D. melanogaster, though the 

two species have comparable polymorphism levels. 

To date, levels of within-population nucleotide diversity have been compared 

between A. thaliana and A. lyrata at the ADH1 locus (BERGELSON et al. 1998; 

SAVOLAINEN et al. 2000). While this study provided preliminary evidence for higher 

levels of within-population diversity in A. lyrata and lower levels of species-wide 

amino acid polymorphism, evidence for significant departures from neutrality at this 

locus in the primary population studied in A. lyrata indicates the importance of 

examining patterns of nucleotide diversity at multiple loci using larger population 

samples, to obtain a better assessment of levels and structuring of genetic variability 

across the genome and across populations. 

In addition to preliminary suggestions of reduced efficacy of selection on 

amino acid mutations in A. thaliana, there may also be a reduction in selection 

against silent sites. The correlation between gene expression and codon bias in A. 

thaliana has provided evidence for selection on synonymous sites, but the slope of 

this relationship, and the average codon bias is much smaller than is observed in 

Drosophila (DURET and MOUCHIROUD 1999). While this broad-scale difference is 

consistent with effects of breeding system on the efficacy of selection, comparisons 

of codon bias with related outcrossing species are required to test this. 
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1.5 Thesis outline 

In this thesis, I investigate the consequences of recombination and inbreeding 

on patterns of nucleotide polymorphism and molecular evolution in Arabidopsis 

lyrata and Arabidopsis thaliana. I analyse nucleotide polymorphism and molecular 

evolution in both species, and genome-wide structure in A. thaliana to test for the 

effects of mating system and recombination rate on genome diversity and evolution. 

In Chapter 2 I compare codon bias, intron size and rates of protein evolution 

between A. thaliana and A. lyrata to test for a reduction in the efficacy of selection 

in the selfing A. thaliana. The molecular evolution data are also used to estimate the 

genomic deleterious mutation rate of amino acids in these species, to investigate the 

potential for high levels of background selection in A. thaliana. In Chapter 3 I 

incorporate both polymorphism and divergence data to compare the action of natural 

selection on codon bias and amino acid variants between the two species. I also 

make use of recent information on tRNA gene abundance to test models of 

translational selection for the evolution of codon bias. In Chapter 4 I study 

nucleotide polymorphism levels at five nuclear genes and one chioroplast gene, in 

four populations of Arabidopsis lyrata and a species-wide sample from Arabdiopsis 

thaliana. I compare both levels of diversity and patterns of linkage disequilibrium, 

to test equilibrium models predicting reductions in both diversity and effective 

recombination rates in inbreeders. Chapter 5 presents analysis of the complete 

genome of A. thaliana to investigate the relative importance of recombination rate 

and gene density in driving transposable element distributions in this species. I use 

this analysis to investigate the prediction that differences in recombination rates 
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across the genome of a self-fertilizing species are less important in driving 

differences in the efficacy of natural selection than differences in gene density. In 

Chapter 6 I investigate the relationship between recombination rate and nucleotide 

diversity in Arabidopsis lyrata using 18 loci that map to the first chromosome of A. 

thaliana, to test for the action of genetic hitchhiking in regions of reduced 

recombination in this outcrossing species. In Chapter 7 I summarize the major 

findings, use the combined results to make some new inferences, and discuss future 

directions. 
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Chapter 2 

Rates and patterns of molecular evolution in inbred and outbred 
Arabidopsis 

2.1 Introduction 

The evolution of self-fertilization is associated with a large reduction in the 

effective rate of recombination, and a corresponding decline in effective population 

size. If many spontaneous mutations are slightly deleterious, this shift in breeding 

system is expected to lead to a reduced efficacy of natural selection, and genome-

wide changes in the rates of molecular evolution. Here, we investigate the effects of 

breeding system on molecular evolution in the highly self-fertilizing plant 

Arabidopsis thaliana, by comparing coding and noncoding genomic regions with 

those of its close outcrossing relative, the self-incompatible Arabidopsis lyrata. 

We use two main approaches to compare the effectiveness of selection: a) 

pairwise comparison of codon usage bias and intron length for genes sequenced in 

both species, and b) comparison of the relative rates of nucleotide substitution for 

different classes of mutation, using more distantly related species in the 

Brassicaceae to polarize the substitutions along each lineage. We also utilize 

genomic information on gene expression to evaluate the influence of expression 

level on selection coefficients across the sampled loci. The extent to which the 

efficacy of natural selection is reduced in inbreeding species may depend 

importantly on the genomic rate of deleterious mutations (U) (CHARLESWORTH 

1994). We therefore also use our analysis to estimate U for amino acid substitutions, 
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using the relative rates of synonymous and nonsynonymous mutations between 

species (KEIGHTLEY and EYRE-WALKER 2000). 

2.2 Methods 

Sequence information 

Table 2.1 shows the genes studied, the species from which they were 

available, and the source of the sequences. Most sequences were partial coding 

regions, including multiple exons and introns. The sample includes twenty-three 

nuclear loci distributed across all five A. thaliana chromosomes, and a single locus 

(matK) from the chioroplast genome. Sequences from A. thaliana were extracted 

from Genbank (National Center for Biotechnology Information, NCBI; 

http://www.ncbi.nlm.nih.gov), using either the complete genome sequence from the 

Columbia ecotype, or else a sequence from a published population survey. All 

nuclear genes previously sequenced in A. lyrata were extracted from Genbank, along 

with their orthologs in A. thaliana, with the exception of the putative self-

incompatibility locus SRK, which is likely to be a pseudogene in A. thaliana 

(KUSABA et al. 2001; SCHIERUP et al. 2001). The A. lyrata sequences are derived 

from different source populations, including representatives from the European 

subspecies petraea, the Japanese subspecies kawasakiana and the North American 

subspecies lyrata. Seven additional single-copy loci were selected for sequencing in 

A. lyrata (see below). All A. lyrata loci were submitted to a BLAST search 

(ALTSCHUL et al. 1990; ALTSCHUL et al. 1997); 

http://www.ncbi.nlm.nih.gov/BLAST),  to confirm that the locus has a single clear 

ortholog in A. thaliana, and to identify sequences available 
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Table 2.1 Genes surveyed in analysis of molecular evolution in A. thaliana and A. lyrata. 
Locus names are based on A. thaliana genome project. 

Locus 	Description 	 Species 	Source', Accession 	Relative 
number 	 EST 

abundance 
ABApI 	putative ABA binding 	A. thaliana 	AT4GO1600 	 0 

protein A. lyrata this study, AF494370 
ABCIAt 	ABC transporter A. thaliana AT4G01660 	 51.41 

A. lyrata this study, AF494371 
(5'), AF494372(3') 

C. rubella this study, AF494373 
ADH1 	alcohol dehydrogenase A. thaliana AT1G77120 	 33.33 

1 A. lyrata AF110453 
C. rubella AF110435 

AOPI 	2-oxoglutarate- A. thaliana AT4G03070 	 0 
dependent dioxygenase A. lyrata AF41 7857 

AOP2 2-oxoglutarate- A. thaliana AF4I 7858 0 
dependent dioxygenase A. lyrata (AT4G03060) 
2 Brassica AF41 8239 

oleraceae AY044425 
AOP3 2-oxoglutarate- A. thaliana AF41 7859 2.55 

dependent dioxygenase A. lyrata (AT4G03050) 
3 AF418280 

APi apetala 1 A. thaliana AT1G69120 7.65 
A. lyrata AF143379 
B.oleraceae Z37968 

AP3 apetala 3 A. thaliana AT3G54340 14.07 
A. lyrata AF143380 
B. o/eraceae U67456 

CAUL Cauliflower A. thaliana AT1G26310 2.55 
lyrata AF143381 
rapa AJ251300 

CHI chalcone flavone A. thaliana AT3G55120 5.10 
isomerase A. lyrata AJ287322 

R. sativus AF031921 
ChiA acidic endochitinase A. thaliana AT5G24090 7.65 

A. lyrata AB006072 
A. g/abra AB006071 

CHS chalcone synthase A. thaliana AT5G 13930 98.49 
A. lyrata AF1I2100 

rube/la AF112106 
EnCoH1 enoyl-CoA hydratase A. thaliana AT4G16800 0 

A. lyrata this study, AF494369 
C. rubella AJ400821 

ETRI ethylene receptor 1 A. thaliana AT1G66340 5.10 
lyrata this study, AF494374 
o/eraceae AF047476 

F3H flavanone-3- A. thaliana AT3G5I 240 16.67 
hydroxylase A. lyrata AJ295607 

M. incana X72594 
FAH1 ferulate-5-hydroxylase A. thaliana AT4G36220 5.10 

lyrata AJ295586 
napus AF214007 
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Table 2.1, continued 

FKAI fructokinase 1 A. thaliana AT2G31390 32.27 
A. lyrata this study, AF494374 

GLI glabrous 1 A. thaliana AT3G27920 0 
A. lyrata AF263720 

HA T4 homeobox protein 4 A. thaliana AT4G16780 12.76 
A. lyrata this study, AF494367 

rubella AJ400821 
matK maturase K A. thaliana Chlor.- Pos. 2056 - 

A. lyrata AF144342 
A. glabra AF144333 

PG/C cytosolic A. thaliana AT5G42740 8.33 
phosphoglucose A. lyrata AB044969 
isomerase L. crassa AF054455 

P/ST Pistillata A. thaliana AT5G20240 42.21 
A. lyrata AF143382 

RPMI disease resistance A. thaliana AT3G07040 5.10 
protein lyrata AF1 22982 

napus AF105139 
Sc-ADH Short-chain alcohol A. thaliana AT4G05530 15.31 

dehydrogenase A. lyrata this study, AF494368 
for A. thaliana, locus names from the complete genome sequence are given. In cases 

where the sequence was derived from a population study, references and accession 
numbers are given, with locus names in parentheses. 

from the closest outgroup species in the Brassicaceae (KOCH et al. 2001; KOCH et al. 

2000). Two of the loci sequenced for this study (HAT4 and EnCoHJ) were selected 

from a 28kb genomic region of the A. thaliana chromosome 4 that has been 

sequenced in the outgroup species Capsella rubella (ACARKAN et al. 2000), which 

belongs to the sister group to A. thaliana and A. lyrata (KOCH et al. 2001; KOCH et 

al. 2000). For an additional locus, ABCJAt, the orthologous region was sequenced in 

C. rubella, using DNA provided by H. Hurka. In total, seven loci in the analysis 

have an outgroup sequence from this sister group, including C. rubella and A. 

glabra. For an additional eight genes, sequences from more diverged outgroup 

species from the genera Brassica, Leavenworthia, Matthiola or Raphanus were used. 

Because single sequences from each species are used in the comparison, estimates of 

substitution rates along each lineage will include segregating polymorphisms as well 
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as fixed differences between species. However, this should not bias the results, 

provided that the species-wide coalescence times are similar in the two species. 

Given that species-wide estimates of silent polymorphism do not appear to be very 

different in A. thaliana and A. lyrata (SAVOLAINEN et al. 2000) (despite highly 

reduced within-population variability in A. thaliana), this is reasonable in the present 

case. 

Table 2.1 also shows for each locus the maximum number of matches to 

expressed sequence tags (ESTs) from the Arabidopsis thaliana EST projects 

available in Genbank, obtained from G. Marais (unpublished data). This index has 

been normalized for differences in total EST number across the libraries, by dividing 

each value by the total number of ESTs in the source library. The number of EST 

matches is often used as a measure of expression level, and correlates with levels of 

codon bias in A. thaliana (DURET and MoucHiRouD 1999). 

DNA extraction, gene amplification and sequencing 

DNA was extracted from A. lyrata individuals using the CTAB protocol (JUNGHANS 

and METZLAFF 1990). PCR primers were designed using the A. thaliana sequence 

information, and amplified in A. lyrata for 30 cycles consisting of 1 mm. denaturing 

at 950C, 30 seconds annealing at 550C, and 2 mm. extension at 720C. PCR primer 

sequences are: Sc-ADH-F 5' GGCATTCCTCCAGCGAC3', Sc-ADH-R 

5 'CTTCCGTCGTCGTCTCTTC3'; EnCoA-F 5 'CTGGTCGGTTACTTTTGTCG3' 

EnCoA-R 5' CCTGTCACCAAAAATGCTATT3'; HAT4-F 

5 'CGTGAACAGACCACCGTC3', HAT4-R 

5 'AGCGTCAAAAGTCAAGCCGT3'; ABAp 1-F 
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5 'CAAGCACAAAACCAACAGCC3', ABAp 1 -R 

5' CAAACCCATCTCGTGTCACC3'; ABC 1 At-F 

5 'CTTTACCAGGCTCGTCAATG3', ABC lAt-R 

5 'CATCACATCAGCACCTTGAC3'; ETR1 -F 5'-

AGACCAAAGCTCATGCATTTCT-3', ETR1 -R 5'-

TGTTGACTCATGAGATTAGAAGCA-3'; FKA 1-F 5'-

CCTGGATTCCTCAAAGCTCC-3', FKA1 -R 5'-TCCCAAATGCTCATGATCTG-

3'. PCR fragments were cloned into the PCR 2.1 vector using the TA cloning kit 

(Invitrogen Life Technologies), and at least five clones were sequenced using the 

ABI automated sequencing facilities at the University of Edinburgh Institute of Cell, 

Animal and Population Biology. PCR primers, the Universal M13 primers, as well 

as several internal sequencing primers were used in sequencing. In all cases, 

sequence analysis of clones indicated that the genes were single copy in A. lyrata, 

with one or two haplotypes identified per individual, with the exception of several 

clear PCR recombinants. 

Rates ofprotein evolution 

Single sequences from A. thaliana, A. lyrata and, where available, an outgroup 

species, were aligned using the CLUSTALW computer package (THOMPSON et al. 

1994), and alignments were subsequently corrected by eye using the sequence editor 

GENEDOC (NICHOLAS 1997). Pairwise estimates of Ka, the number of 

nonsynonymous substitutions per site, and K, the number of synonymous 

substitutions per site, were calculated for each gene using the program K-estimator 

v. 5.5 (COMERON 1999), which uses the method of Comeron (1995) to estimate 
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substitution rates. K-estimator was also used to obtain 95% confidence intervals for 

these estimates by Monte Carlo simulation. Total pairwise substitution rates were 

estimated by combining the sequences of all nuclear loci. 

When an outgroup sequence was available, two approaches were utilised to 

estimate rates of synonymous and nonsynonymous substitutions in A. thaliana and 

A. lyrata independently. First, parsimony was used to estimate directly the numbers 

of nonsynonymous and synonymous substitutions in both lineages (AKASHI 1996). 

For some sites, multiple substitutions precluded inference based on parsimony, and 

these were excluded. For parsimony analysis, synonymous substitutions were 

counted only for sites that did not have a nonsynonymous difference. Differences 

between the lineages in total substitution rates were assessed using Tajima's relative 

rate test (TAJIMA 1993). Second, rates of synonymous and nonsynonymous 

substitutions per site were estimated using the maximum likelihood method of the 

CODEML program, in the PAML computer package (YANG 1997). This program 

estimates substitution rates, taking into account multiple substitutions per site, 

different rates of transitions and transversions, and effects of codon usage. Two 

models of sequence evolution were considered: 1) a model with a fixed KaiKs  ratio 

across lineages, and 2) a model that allowed this ratio to differ for each species. 

Significance was assessed using the chi-square test with two degrees of freedom, 

where the chi square statistic is 2(L2-L1), L2  is the log likelihood for the second (free 

ratios) model, while L1  is the log likelihood for the model with fixed ratios (see 

Yang, 1998). Standard errors were also estimated for the KaiKs  ratios along each 

lineage using the PAML program, although these estimates provide only an 

approximate description of the likelihood surface (YANG 1997). 

26 



Comparisons of codon bias 

Levels of codon bias and patterns of codon usage were examined for each locus 

in both Arabidopsis species. The GC content at third codon positions (GC3) was 

used to measure codon usage bias. Chiapello et al. (1998) have shown that in A. 

thaliana GC3  is highly correlated with the degree of biased codon usage, and with 

gene expression levels. This measure is preferable to another standard measure of 

codon bias, ENC, since it measures more directly the frequency of preferred codons. 

Pairwise comparisons were also made between A. lyrata and A. thaliana for the 

presence of major vs. minor codons, as defined by multivariate analysis of codon 

usage in A. thaliana (CHIAPELLO et al. 1998). In particular, for all codons which 

have the same amino acid, the number of cases where A. lyrata has a major codon 

and A. thaliana a nonmajor codon, and vice versa, were recorded (AKASHI 1996). 

With the outgroup sequences, rates of unpreferred relative to preferred synonymous 

substitutions were also estimated for each lineage independently, using the 

assumptions of parsimony (AKASHI 1995; AKASHI 1996; TAKANO-SHIMIZU 1999). 

Only codons that encode the same amino acid in all three lineages were used in this 

analysis. Because of the small number of A. lyrata genes currently available, this 

analysis assumes that codon preferences are the same as those in A. thaliana. 
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Estimating the genomic deleterious mutation rate (U) 

The combined sequence dataset of all nuclear loci in A. thaliana and A. 

lyrata was also used to estimate U, the genomic deleterious mutation rate for 

Arabidopsis, using the method of Keightley and Eyre-Walker (2000), which 

considers only the contribution of amino acid changes to deleterious mutation. 

Because this method uses estimates of substitution rates between a pair of species, it 

measures the average deleterious mutation rate for both species. The per-site 

estimate of the number of deleterious mutations between species (u) was calculated 

from the following equation using a program provided by P. Keightley (pers. corn.): 

u =(K,N, 

where K 3  is the per-codon number of synonymous transitions, Ktv  is the per-codon 

number of synonymous transversions, K is the per-codon nonsynonymous 

substitution rate and N, and Ntv  are estimates of the proportion of the transitions and 

transversions in the sequence that would cause an amino acid substitution. To 

convert this into an estimate of the genome wide deleterious mutation rate, the per-

site value needs to be multiplied by the quantity Z: 

2xSxI 

T 

where S is the total number of base pairs of exon sequence in the genome, I is the 

generation time, and T is the number of years of divergence, or twice the divergence 

time between the species. S was estimated using information from the A. thaliana 

genome sequence project (Arabidopsis Genome Consortium, 2000: S=33,249,250). I 
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is thought to be 1 generation/year or less in natural populations of A. thaliana, while 

it varies from 1-2 for A. lyrata. For the calculation of U, Iwas assumed to be 1. The 

divergence time between A. thaliana and A. lyrata is unknown, and few estimates of 

silent substitution rates per unit time exist for dicotyledonous plants. Koch et al. 

(2000) give an estimate of silent substitution rates as 1.5x10 8  per year for the 

Brassicaceae, citing a study of fossil pollen deposits. This estimate of nuclear 

substitution rate is at the high end of those made across diverse plants, so we also 

use a lower-bound estimate of the per year substitution rate of 5.8 x10 9  by Wolfe et 

al. (1987), which uses the divergence between monocots and dicots. Using these two 

substitution rates, we estimated T from the total number of synonymous 

substitutions per synonymous site between the two species from our complete 

dataset of nuclear loci. 

2.3 Results 

2.3.1 Rates ofprotein evolution 

Table 2.2 summarizes pairwise estimates of synonymous and 

nonsynonymous divergence between A. thaliana and A. lyrata for the 24 loci. Levels 

of selective constraint, as measured by KaiKs  ratios, are highly variable across loci, 

although the total ratio for nuclear loci is 0. 17, indicating significant purifying 

selection on amino acid substitutions. However, five loci show Ka1K3  ratios greater 

than 0.4, suggesting that their protein sequences are evolving rapidly. One locus, 

ABCJAt, has accumulated numerous deletions and frameshifts in its 5 end in A. 

lyrata, and is thus likely to be a pseudogene in this species. Within the region 

surveyed, there are at least five large deletions in A. lyrata, including three within 



exons. This is surprising, given evidence for the essential function and high 

expression of this protein in A. thaliana (CARDAZZO et al. 1998). Sequencing of this 

region in C. rubella confirmed that these deletions are specific to A. lyrata, and after 

elimination of the deleted regions, parsimony analysis suggests a large excess of 

replacement substitutions in A. lyrata (Table 2.2), although frameshifts preclude an 

accurate estimate. To examine the evolution of this gene in more detail, we 

subsequently amplified and sequenced the 3' portion of this locus. In sharp contrast 

to the 5' end, this region had no deletions, and relative rates of replacement and 

synonymous substitution suggest strong selective constraints (Table 2.2). This 

indicates that the gene has either become truncated, or, more likely, that it has been 

duplicated, with the second copy having degenerated. Because the sequenced 5' end 

of this locus appears to be evolving neutrally in A. lyrata, this region of the gene was 

excluded from global comparisons of relative rates of substitution between the 

species. 

Two additional nuclear loci, AOP3 and ABAP1, show very high KaiKs  ratios. 

Although this appears to be in part due to low estimates of K for these loci, AOP3 

has a relatively high Ka, along with the other members of the AOP gene family. 

Relaxed constraint on these genes is perhaps not unexpected, given evidence that 

these loci involved in glucosinolate production are expressed only in some 

populations of A. thaliana (KLIEBENSTEIN et al. 2001). 

The single locus sequenced from the chloroplast genome, matK, also shows 

an unusually high KaIKs  ratio, which is consistent with previous studies suggesting 

that it has one of the lowest levels of constraint among chloroplast genes, despite 

being widely distributed among plants (YOUNG and DEPAMPHILIS 2000). MatK also 
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shows low synonymous divergence compared with the nuclear loci, which is in 

accordance with the previously estimated greater than twofold reduction in 

synonymous substitution rates in chloroplast genes (WOLFE et al. 1987). 

Despite a generally high level of selective constraint (STAHL etal. 1999), the 

coding region of the disease resistance locus RPM] contains a region with a deletion 

in A. lyrata compared with both A. thaliana and the outgroup sequence, leading to a 

large number of amino acid replacements in this region, which was therefore 

excluded from estimates of substitution rate. The GLB] locus, which is well 

characterized in A. thaliana, differs in A. lyrata by a frameshift in the last exon, 

leading to a smaller protein (HAUSER et al. 2001), and this region was also excluded 

from subsequent analysis. 

With the exception of the putative ABC]At pseudogene, the genes with 

highest Ku/K, ratios tend to be those that have few or no matches to ESTs, 

suggesting that they are expressed at low levels (Table 2.1). Indeed, a strong 

negative correlation is observed between the maximum number of EST matches and 

KaiKs  (Spearman 1=-0.671,p<0.01). The correlation appears to primarily reflect 

fewer nonsynonymous substitutions in highly expressed genes, rather than excess 

synonymous substitutions (Ka: Spearman 1=-0.568,p<O.05; K5: Spearman r=-0.303, 

p>0.05). This effect might reflect greater selective constraint on genes that are more 

broadly or highly expressed. Alternatively, it may be due to a higher level of 

annotation error for low-expression genes, which are generally less well 

characterized. For example, if the prediction of exon positions is generally poorer 

for genes that are less expressed, estimates of the Ka/Ks  ratio could be inflated. 

However, this does not appear to be the cause of the effect; using only genes that 
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have a complete cDNA sequenced in A. thaliana, the effect of EST number on KaiKs  

remains highly significant (Spearman r=-0.668,p<0.01). 

Table 2.2 also shows parsimony-based estimates of synonymous and 

nonsynonymous substitutions in A. thaliana and A. lyrata for each locus with an 

available outgroup sequence. These analyses show that substitutions occur equally 

along both branches; there is no significant difference between the species in either 

synonymous (Tajima test X2=1.40, p>0.05) or nonsynonymous (Tajima test =0.36, 

p>0.05) substitution rates. Similarly, there is no consistent difference in level of 

constraint between the species; the ratio of replacement to synonymous substitutions 

is not significantly different between species (G=0.021, p>0.05). Analysing genes 

with low (K/K,>0.1, N=7) and high (K/K,>0.1, N=9) constraint separately, no 

significant difference in the ratio of nonsynonymous to synonymous substitutions is 

observed between the species for either class of genes (low, G=0.292, p>0.05; high, 

G=0.088, p>0.05). 

Some of the outgroup species have high levels of silent divergence from A. 

thaliana and A. lyrata, making it difficult to infer the lineage in which substitutions 

have occurred (BROMHAM et al. 2000; TAJIMA 1993). As the relative distance of 

ingroup to outgroup increases, the power of the relative rate test is further decreased 

(BROMHAM et al. 2000). If the analysis is restricted to the six loci with outgroup 

sequences from C. rubella or A. glabra, which belong to the sister group to A. 

thaliana and A. lyrata, we still observe no lineage effects for either synonymous or 

nonsynonymous rates, or for Ka/KS  (p>0.05). However, the number of synonymous 
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Table 2.2 Synonymous and nonsynonymous substitution rates between A. thaliana and A. 

lyrata. Rates were estimated using the method of (COMERON 1999). 

locus S1  K, Ka  IKa/Ks  Syntha14  Repthal4 Syfliyr4  Rep 14  
(95% (95% 
C.l.)3  Cl.)3  

ABAp1 102.3 323.3 0.051 0.029 0.569 - - - - 
(0.007- (0.010- 
0.107) 0.051) 

ABC1At 67.1 178.4 0.168 0.0967 0.575 3 0 7 14 
(5') (0.062- (0.0482- 

0.304) 0.152) 
ABCIAt 188.8 497.8 0.107 0.0020 0.019 - - - - 
(3') (0.058- (0- 

0.166) 0.006) 
ADH 317.6 859.4 0.147 0.0195 0.133 19 10 18 4 

(0.099- (0.0098- 
0.199) 0.0288) 

AOPI 223.0 737.3 0.229 0.0916 0.400 - - - - 
(0.157- (0.0648- 
0.317) 0.1281) 

AOP2 303 892 0.0944 0.0379 0.402 10 10 2 10 
(0.054- (0.0417- 
0.139) 0.0763) 

AOP3 289.5 869.5 0.0953 0.0583 0.568 - - - - 
(0.045- (0.0379- 
0.123) 0.0728) 

APi 220.8 605.4 0.0730 0.0133 0.182 6 4 7 3 
(0.031- (0.0038- 
0.128) 0.0245) 

AP3 173.3 575.0 0.0854 0.0135 0.158 5 3 5 3 
(0.041- (0.0043- 
0.149) 0.0271) 

CAUL 196.3 583.5 0.0987 0.0315 0.319 7 7 8 8 
(0.048- (0.0170- 
0.156) 0.0523) 

CHI 179.8 534.8 0.210 0.0461 0.219 13 6 9 6 
(0.139- (0.0211- 
0.297) 0.0772) 

CHIA 226.0 678.0 0.114 0.0348 0.304 15 10 7 10 
(0.069- (0.0211- 
0.168) 0.0502) 

CHS 318.0 872.0 0.149 0.0075 0.050 19 2 19 2 
(0.098- (0.0022- 
0.205) 0.0141) 

EnCoHI 181.7 532.0 0.139 0.0076 0.054 14 2 9 1 
(0.080- (0.0018- 
0.211) 0.0173) 

ETR1 434.0 1150.1 0.150 0.0052 0.035 17 2 27 3 
(0.103- (0.0009- 
0.198) 0.0096) 

F3H 271.5 858.7 0.188 0.0070 0.037 17 3 19 3 
(0.129- (0.0013- 
0.257) 0.0142) 
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Table 2.2, continued 
locus S' R K Ka  KaiKs  SYflthaI4  Reptha14 - Syniyr4  Repiyr4  

(95% (95% 
C. .)I C. 1.)

3 

FAH1 362.1 1047. 0.110 0.0086 0.078 15 4 15 3 
0 (0.069- (0.0030- 

0.156) 0.0147) 
FKA1 113.6 319.7 0.1631 0 0 - - - - 

(0.066- 
0.224) 

GLI 168.2 484.3 0.0561 0.0146 0.260 - - - - 
(0.015- (0.0046- 
0.106) 0.0286) 

HA T4 106.5 274.3 0.142 0.0037 0.026 9 0 5 1 
(0.062- (0- 
0.254) 0.0112) 

matK 362.8 1166. 0.0267 0.0161 0.602 5 7 4 9 
1 (0.010- (0.0078- 

0.049) 0.0237) 
PG/C 397.0 1316. 0.1570 0.0084 0.054 23 5 19 3 

0 (0.116- (0.0035- 
0.202) 0.0146) 

P/ST 186.1 504.8 0.0978 0.0211 0.216 - - - - 
(0.041- (0.0078- 
0.173) 0.0347) 

RPMI 761.1 2117. 0.1011 0.0206 0.161 23 17 20 15 
5 (0.073- (0.0145- 

0.131) 0.0276) 
Sc- 140.4 393.1 0.1501 0.0051 0.034 - - - - 
ADH (0.079- (0-0.015) 

0.235) 
total 5776 16950 0.126 0.0211 0.167 2176  926  1936  846  

5 

number of synonymous sites 	 -- 
2 
 number of replacement sites 
, 95% confidence intervals 

, parsimony-based estimates of number of synonymous (Syn) and replacement (Rep) 
changes, in A. thaliana (tha/) and A. lyrata (lyr) (see Methods for details) 
, total values excluding the matK chloroplast locus, and the putative ABC lAt pseudogene. 

6 
 excludes only the putative ABC IAt pseudogene. 

substitutions in this sample is consistently greater in A. thaliana; 5 genes have 

higher numbers in A. thaliana, while no genes have more substitutions in A. lyrata 

(Wilcoxon signed ranks Z=-2.03,p<0.05). 

Maximum likelihood estimates of substitution rates, which take substitution 

biases and multiple substitutions per site into account, are broadly consistent with 

the parsimony-based analysis. Table 2.3 shows that the estimated KaiKs  ratios for 

each locus are similar in both the A. thaliana and A. lyrata lineages, with no 

consistent difference in level of selective constraint. For the vast majority of genes, 
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there was no evidence for a departure from a fixed level of selective constraint 

across all lineages, providing no evidence for a consistent change in selective 

constraint since the divergence of these two lineages from the outgroup species. 

Only one locus, AOP2, shows a significant lineage effect on Ka/Kç, although this 

would not be significant after correcting for multiple tests. In this case, the estimated 

Ka/Ks  ratio in A. lyrata is strikingly higher than 1, but this appears to be largely due 

to an unusually low estimated synonymous substitution rate (Table 2.2). For this 

locus, a model which allows the A. thaliana ratio to vary, while the outgroup and A. 

lyrata have the same ratio, differs significantly from a fixed ratio model 

(y2=7.24, I d.f., p<0.05), while a model allowing a free ratio in A. lyrata does not 

significantly improve the likelihood (j=l.i l,p>O.O5). This suggests that the 

lineage difference at this locus largely represents reduced Ka/Ks  in A. thaliana. 

Table 2.3. Maximum likelihood estimates of the ratio of nonsynonymous to synonymous 
substitutions in A. lyrata and A. thaliana. 

locus Ka/Ks(S.E.) 1L2) 

AOP2 0.15(0) 89.0 (31.46) 10.46* 
API 0.1368(0) 0.1544 (0.0679) 0.67 
AP3 0.1462 (0.0963) 0.1486 (0.104) 0.012 
CAUL 0.2962 (0.107) 0.2393 (0.435) 0.64 
CHI 0.2574 (0.00524) 0.1973 (0.0836) 2.89 
CHIA 0.2154 (0.0945) 0.3915 (0.128) 4.84 
CHS 0.0278 (0.0211) 0.0545 (0.0316) 2.64 
EnCoHI 0.0376 (0.0289) 0.0612 (0.0491) 0.38 
ETR1 0.0342 (0.0272) 0.0364 (0.0200) 0.28 
F3H 0.0408 (0.0270) 0.0377 (0.0246) 0.072 
FAH1 0.1005 (0.0505) 0.0513 (0.0339) 0.96 
HA T4 0.001 (0) 0.0552 (0.063) 3.40 
matK 0.356 (0.280) 0.506 (0.317) 1.65 
PG/C 0.0556 (0.0254) 0.0393 (0.0235) 3.16 
RPM1 0.2096 (0.0235) 0.1678 (0.0476) 0.28 
Two times the difference in log likelihoods between a model with 

fixed Ka/Ks ratios among branches, compared with a model with 
free ratios. 
, p<0.05 
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2.3.2 Evolution of codon usage bias 

Pairwise differences between the species in the presence of major vs. 

nonmajor codons, as well as overall GC3  are shown in Table 2.4. In total, there are 

32 more cases of A. lyrata having a major codon when A. thaliana has a nonmajor 

codon than the reciprocal case, but out of the total of 392 codons which differ, this is 

not significant (Wilcoxon ranked sign test p>0.05).  There is also no significant 

difference in GC3  between the two species (Wilcoxon ranked sign test, p>0.05). 

Similarly, numbers of unpreferred relative to preferred substitutions do not differ 

significantly between species using either the total numbers of preferred and 

unpreferred substitutions (G=O. 02, p>O.O5), or considering the subset of loci with 

sequences from the least diverged outgroups (G=O. 14, p>O.O5, N=5) 

If codon bias is at equilibrium with respect to mutation and selection, an 

equal number of unpreferred and preferred codons is expected within each lineage. 

Conversely, if there has been a recent change in mutational biases or selective 

pressure, the numbers of preferred and unpreferred substitutions will be different 

(AKAsHI 1995; AKAsHI 1996). Both species show a similar indication of a slight 

excess of unpreferred over preferred substitutions; this difference is marginally 

significant for A. thaliana (Tajima's test 	p<0.05), but not for A. lyrata 

(j=3.47, p>O.OS). When considering the loci sequenced in close outgroup species, 

however, the difference is significant for both species (A. thaliana, 16 preferred, 33 

unpreferred, =5.9, p<0.05; A. lyrata, 11 preferred, 27 unpreferred, ,=6.74, 

p<O.O5). 

Given the variation in codon bias across loci, some genes may be under weak 

or no selection on codon usage, while stronger purifying selection may be acting on 
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others. It is thus worthwhile to analyse differences in codon bias among the species 

across different categories of overall levels of codon bias. Dividing the genes into 

high-bias (GC3>0.4 for both species) and low-bias (GC3< 0.4 for both species), a 

significantly higher number of major codon occurrences is observed in A. lyrata for 

low-biased genes (A. lyrata total, 90; A. thaliana total, 59; Wilcoxon ranked sign 

test Z=-2.375, p<0.05), but there is no significant difference for high-biased genes 

(A. lyrata total, 112; A. thaliana total, 120; p>0.05). Both species show a marginally 

significant correlation between GC3  and maximum EST matches, and this 

correlation is stronger in A. lyrata 

Table 2.4. Patterns of codon usage bias in A. thaliana and A. lyrata 

locus 	Majorfha, Major,, 	 GC3 	 preferred 	unpreferred 

NOfliyr  1 	Nonthall thaliana lyrata 	outgroup thai 	lyr 	thai 	lyr 

ABAp1 2 2 0.390 0.379 - - - - - 
ABCIAt 5 8 0.381 0.393 - - - - - 
ADH 14 11 0.464 0.434 0.449 7 4 6 7 
AOPI 6 14 0.328 0.379 - - - - - 
AOP2 6 9 0.317 0.305 0.336 3 0 3 1 
AOP3 5 8 0.318 0.331 - - - - - 
API 6 4 0.496 0.496 0.513 2 2 2 4 
AP3 4 3 0.498 0.481 0.498 2 3 0 2 
CAUL 6 4 0.527 0.533 0.492 3 2 1 3 
CHI 7 10 0.528 0.564 0.504 4 3 4 2 
CHIA 7 11 0.426 0.445 0.462 3 2 9 3 
CHS 16 13 0.597 0.627 0.646 4 3 10 11 
EnCoH1 6 5 0.324 0.309 0.355 2 1 4 4 
ETR1 7 19 0.382 0.389 0.467 4 8 4 4 
F3H 18 14 0.518 0.509 0.610 6 5 6 9 
FAHI 14 8 0.499 0.483 0.472 6 5 4 8 
FKA1 2 8 0.394 0.433 - - - - - 
GLI 2 1 0.401 0.401 - - - - - 
HA T4 2 5 0.415 0.407 0.459 0 1 4 2 
matK - - 0.254 0.256 0.252 - - - - 
PgiC 16 20 0.382 0.397 0.353 4 9 11 5 
P1ST 5 7 0.490 0.505 - - - - - 
RPM1 19 22 0.403 0.411 0.468 4 5 10 9 
Sc-ADH 5 6 0.364 0.376 - - - - - 
total 180 212 54 53 78 74 

homologous codons where a major codon is present in one species, and a nonmajor 
codon in the other. thai, A. thaliana; lyr, A. lyrata 
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than A. thaliana (A. thaliana, Spearman r= 0.402, 1-tailed p<0.05, A. lyrata, 

Spearman r=0.484, 1-tailed p<0.05). However, this correlation is largely due to the 

CHS gene, which has both an exceptionally high GC3  and number of EST matches 

(Tables 2.1, 2.2). Excluding this locus, the correlation becomes nonsignificant for A. 

thaliana (r=O.3l6,p>O.O5), and marginally significant for A. lyrata (r=0.409, 

p<0.05). No significant correlation is observed between K and the GC3  values of 

either species (A, thaliana r=O.O46,p>0.O5; A. lyrata r=O.l3,p>0.O5), suggesting 

that codon usage is not an important determinant of synonymous substitution rates in 

this sample of genes. 

2.3.3 Evolution of intron size 

There is evidence for substantial intron size evolution between A. thaliana and A. 

lyrata. Noncoding regions have accumulated a large number of insertion-deletion 

differences between species, and the cumulative result is a 5% reduction in the 

amount of DNA derived from intron sequence in A. thaliana compared to A. lyrata 

in the 19 genes sampled (16, 883 base pairs in A. thaliana, 17,846 in A. lyrata). 

Figure 1 shows the difference in intron size at each locus between the species. 

Comparing all 87 introns in the dataset, intron size is consistently smaller in A. 

thaliana (Wilcoxon ranked sign test Z=-2.864, p<0.0 1). Comparing total intron size 

per gene, however, the difference is not significant in this sample (N=19, Z-1.932, 

p=0.053). This difference between total length per gene versus lengths of individual 

introns probably reflects the fact that several regions sequenced have only a few 

small introns that show little difference between species (Figure 1), rather than 

suggesting that the effect is restricted to a small number of loci. Analysis of 
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alignments suggests that the intron size difference primarily reflects differences in 

accumulation of small insertions and deletions and simple sequence repeats; no 

insertion/deletion event between the species from this sample appeared to be the 

result of a large insertion, such as a transposable element. Since many of the 

outgroup gene sequences are from cDNA, there is little information on intron size in 

these species, and only a sample of six genes could be analysed. There is no 

significant difference in intron size between either species and the outgroup 

sequence (Wilcoxon signed rank test, p>0.05), but the total intron size from this 

sample of genes was larger than in either Arabidopsis species (3287 b.p., compared 

with 3257 b.p. in A. lyrata, and 3091 b.p. in A. thaliana). 

Estimate of the genomic deleterious mutation rate 

Using our pooled estimates of synonymous substitution rates, the divergence 

time between A. thaliana and A. lyrata is estimated as between 4.2-10.9 million 

years ago, using the estimates of substitution rate of 1.5x10 8  and 5.8x10 9, 

respectively. The combined data generate a per site estimate of genomic deleterious 

mutations between the two species of 0.077. Using these divergence time estimates, 

Uis estimated to be between 0.22 and 0.58. 

2.4 Discussion 

2.4.1 Effects of mating system on molecular evolution 

From the sample of genes examined in this study, there is no evidence for an 

elevated rate of replacement substitution relative to synonymous substitution in A. 

thaliana, in comparison with its outcrossing congener A. lyrata. Similarly, overall 

levels of codon usage bias do not differ substantially between the species. Both of 
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thaliana and A. lyrata is shown for each locus. 
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these results conflict with the theoretical prediction of a reduced efficacy of natural 

selection in self-fertilizing plants. The lack of evidence for an effect of inbreeding is 

particularly surprising given our high estimate of U, which should generate high 

levels of background selection in a selfing population (CHARLESWORTH etal. 1993). 

Although the uncertainty of the divergence time means that this mutation rate 

estimate should be treated with caution, it is within the range of the estimates in A. 

tha!iana based on inbreeding depression (CHARLESWORTH 1990), and a mutation 

accumulation experiment (SCHULTZ et al. 1999). In what follows, we discuss several 

possible explanations for our results, and suggest methods to distinguish between 

these possibilities. 

i) Power to detect substitution differences 

One explanation for the similar levels of selective constraint in both lineages 

is simply a lack of power to detect significant differences among lineages. Our 

analyses are currently restricted to a small fraction of the genome, and the detection 

of an effect of breeding system may require substantially more sequence 

information. However, given that studies using similar samples of genes in other 

systems have detected significant lineage effects with apparently small differences 

in effective population size (e.g. Akashi 1996), any effects of breeding system in 

Arabidopsis must be very weak, which is surprising given the potential for large 

differences in the efficacy of natural selection between self- and cross-fertilizing 

populations. 

Another possibility is that the species used are too divergent to accurately 

infer substitution rates, and the signal of significant differences in substitution rates 
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is not detected. Analysis of the subset of genes from the closest outgroup species 

does suggest a lineage effect on synonymous substitution rates, but does not change 

our conclusions that selective constraint on amino acid substitutions are the same in 

the two lineages. Furthermore, all species divergences are well below saturation at 

replacement sites, and we find no evidence for significant differences in the numbers 

of amino acid substitutions between species (Table 2.2). Provided that the mutation 

rate per unit time does not differ greatly between the species, this suggests that there 

is no major difference in the rate of fixation of amino acids. The conclusions remain 

unchanged when the maximum likelihood method is used, although approximate 

estimates of the standard errors of Kal K were often quite large. In the case of codon 

bias, our pairwise comparisons of codon usage for a larger sample of genes 

generated similar conclusions to those based on parsimony, again suggesting that 

our conclusions are robust for this set of loci. 

ii) Nearly neutral vs. neutral models 

The lack of effect of breeding system on amino acid substitution and codon 

bias could be accounted for if there is not a large class of slightly deleterious 

mutations in Arabidopsis, so that most synonymous and amino acid substitutions 

that have fixed since the divergence of the species studied were effectively neutral 

with respect to fitness in both species. Alternatively, mutations with small 

deleterious effects in heterozygotes may occur, but they may be nearly recessive, 

and experience strong selection in homozygotes, preventing their spread in selfing 

populations. Although the reduction in effective size due to background selection is 

thought to outweigh the purging effects of high levels of homozygosity 
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(CHARLESWORTH 1994), theoretical investigation of the interaction of these effects 

remains preliminary, and the quantitative importance for the fixation of deleterious 

mutations in selfers versus outcrossers will depend on the distributions of selective 

effects and dominance coefficients. The strength of background selection also 

depends on the deleterious mutation rate, so another possibility is that this may be 

too low to substantially reduce Ne. However, our high estimate of U based on 

sequence data, and comparable estimates using levels of inbreeding depression, 

make this explanation seem unlikely. 

Conclusions based on a 'random' sample of loci are also complicated by the 

presence of differences in the strength and direction of selection among genes and 

individual sites. Our analysis relied on pooling a heterogeneous set of loci, which 

clearly vary in their levels of selective constraint, and some of these loci may also 

have been subject to positive selection on amino acid mutations. Because of the 

substantial differences among these loci, the effects of breeding system and 

recombination rate are very likely to have differential effects on these different 

classes of genes. In the case of codon bias, we observed higher levels of major 

codon usage in A. lyrata when only the low-biased genes are examined. This may 

reflect strong selection (NeS>>l) on highly biased genes in both species, whereas 

low-biased genes are probably under weaker selection, allowing more deleterious 

mutations to accumulate in selfing lineages. The effects of variation in selection 

coefficients should be investigated in more detail by sampling a larger number of 

weakly and highly expressed genes in A. lyrata and an outgroup species, and 

comparing codon bias and amino acid substitution in the two lineages for these 

different classes of loci. 
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iii) Population size changes 

Models predicting an accumulation of slightly deleterious mutations in 

selfing populations assume that population size has remained constant in both 

species. However, if A. lyrata has undergone a population bottleneck, rates of amino 

acid substitution and unpreferred codon substitution could have been reduced, 

obscuring any differences when compared with the inbreeding species A. thaliana. 

Such a population bottleneck could have been associated with post-glacial 

recolonization of northern Europe and North America (COMES and KADEREIT 1998). 

Consistent with a bottleneck hypothesis, our preliminary evidence suggests a 

departure from equilibrium codon usage in both species, with an excess of 

unpreferred substitutions. This suggests a reduction in codon usage bias in both 

lineages since divergence from their ancestor, similar to recent conclusions from 

comparisons of codon usage in D. melanogaster and D. simulans (MCVEAN and 

VIEIRA 2001). However, a shift in mutational bias or codon preference in A. lyrata 

remains a possibility. 

Studies of polymorphism at the ADH locus in A. lyrata (SAVOLAINEN et al. 

2000) found an excess of intermediate frequency variants in North American 

populations, which is consistent with a bottleneck hypothesis, but this was not 

evident from smaller samples of European populations at this locus, although sample 

sizes were small. Our own data on polymorphism in European populations at several 

other loci, has also not found any such result (see Chapter 4). The possibility that 

effective population size has been reduced in both species can be tested by gathering 

more data on polymorphism in A. lyrata, and by examining a larger sample of 

outgroup species, to test for elevated substitution rates in both species. 
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Conversely, if absolute population size has increased in A. thaliana since the 

evolution of selfing, the efficacy of selection may not be low. Species-wide samples 

of polymorphism in A. thaliana indicate a frequent skew in the frequency spectrum 

towards rare variants, a unimodal distribution of pairwise differences (KUITTINEN 

and AGUADE 2000), and a lack of genetic isolation by distance (BERGELSON et al. 

1998; but see SHARBEL et al. 2000), as expected under a recent population 

expansion. However, none of these features is consistent across all loci, and it is 

unclear to what degree the frequency of rare variants simply reflects the presence of 

strong population structure rather than global population size changes. It is also 

likely that such recent historical expansion events occurred too recently to affect 

patterns of molecular evolution, and a historical signature of higher rates of slightly 

deleterious fixation would therefore still be expected. 

A problem with explanations based on population size change is the evidence 

for highly reduced levels of polymorphism within populations of A. thaliana, and 

the evidence of strongly subdivided populations (ABBOTT 1989; BERGE et al. 1998; 

BERGELSON et al. 1998). The effects of breeding system on the efficacy of selection 

in strongly subdivided populations remain poorly understood, and it is unclear what 

forms of migration and selection would allow selection to be effective species-wide 

in A. thaliana. Given evidence for similar levels of species-wide polymorphism in 

both inbreeding and outbreeding Arabidopsis species (SAVOLAINEN et al. 2000), it is 

possible that strong population structure allows locally high frequencies of 

deleterious mutations, while preventing fixation species-wide. One might then 

frequently find an excess of replacement polymorphism in species-wide samples, as 

observed in A. thaliana (KAWABE et al. 1997; PURUGGANAN and SUDDITH 1998; 



PURUGGANAN and SUDDITH 1999), in contrast to the pattern in Drosophila nuclear 

genes (WErrPIcH and RAND 2000). However, the effect of high levels of 

homozygosity on the purging of deleterious mutations from local populations is 

uncertain. Clearly, more theoretical investigations of these effects, and more detailed 

analyses of polymorphism and population subdivision in both species, are necessary 

to evaluate the interaction between breeding system and population structure in 

influencing the efficacy of natural selection. 

iv) How long has A. thaliana been self-fertilizing? 

It is often suggested that selfing species persist for only short evolutionary 

times (reviewed in TAKEBAYASHI and MORRELL 2001), and rapidly go extinct. If 

most selfing lineages are very recently derived, it may be difficult to detect 

deleterious mutation accumulation. However, if self-fertilizing populations become 

extinct before substantial mutation accumulation has occurred, the genetic 

explanation for their short evolutionary life spans (TAKEBAYASHI and MORRELL 

2001) cannot be correct. The amount of time during which A. thaliana has been self-

fertilizing is unknown, but as a maximum estimate, the divergence between A. 

thaliana and its close relatives has been estimated as between 3.1 and 9 million 

years ago (KocH et al. 2000). However, it is much more difficult to assess the 

minimum time during which the species has been self-fertilizing. Comparisons of 

the putative A. lyrata self-incompatibility locus (SRK) indicate that the most similar 

A. thaliana sequence encodes a truncated kinase domain, and the locus is probably a 

pseudogene (KUSABA et al. 2001). Such mutations at this locus may have caused A. 

thaliana's self-fertility, or could have occurred after self-fertilization evolved. 
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However, it is impossible to infer the precise date of this event, due to the high silent 

and replacement polymorphism among A. lyrata alleles (SCHIERUP et al. 2001). 

Nevertheless, high silent and amino acid divergence between species using the most 

similar A. lyrata SRK allele (C. Bartholomé and D. Charlesworth, unpublished data) 

suggest that this locus may have been nonfunctional for a long time, and therefore 

that A. thaliana did not become self-fertile long after its separation from A. lyrata. 

As further information becomes known about genome-wide patterns of linkage 

disequilibrium in A. thaliana (NORDBORG et al. 2002), the data might be used to 

estimate the historical rate of self-fertilization (NORDBORG 2000), although this is 

also complicated by the presence of population structure. 

2.4.2 Effects of Gene Expression on Patterns on Molecular Evolution 

A surprising result from our study is that gene expression level explains a 

large proportion of the observed variance in selective constraint on amino acids 

among loci. Using the number of EST matches as a crude estimate of gene 

expression, we observe a strong correlation with amounts of amino acid, but not 

silent, substitutions, even for loci with a complete cDNA sequence. This suggests 

that less expressed genes either have low selective constraints on amino acid 

substitutions, or else that they are more likely to be subject to positive selection in 

Arabidopsis. In mammals, there is a correlation between the breadth of expression 

and KaiKs, which has been interpreted as evidence that a higher proportion of 

replacement changes affect function in genes expressed in many tissues (DURET and 

MOUCHIROUD 2000). While the EST database for A. thaliana does not include 

sufficient sampling across tissues to investigate this in detail, breadth of expression 
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may generally be associated with the overall level of gene expression (AKASHI 

2001). As more quantitative information on gene expression becomes available, it 

will be important to investigate in more detail the effects of expression levels on 

substitution rates and gene structure. 

2.4.3 Evolution of intron size in Arabidopsis 

In our sample of loci, intron size was consistently smaller in A. thaliana than A. 

lyrata. This contrasts with patterns observed in Drosophila melanogaster, where 

regions of low recombination have larger introns on average (CARVALHO and 

CLARK 1999; COMERON and KREITMAN 2000). However, it is consistent with 

measurements of genome size in the two study species; A. lyrata is estimated to have 

a larger genome size than A. thaliana (0. Savolainen, pers. comm.). Comparative 

mapping of a BAC (bacterial artificial chromosome) clone containing the putative 

self-incompatibility locus in A. lyrata has also provided evidence that intergenic 

sequences are consistently larger in comparison with those of A. thaliana (KUSABA 

et at. 2001), so a general decrease in the sizes of noncoding regions is possible in A. 

thaliana. The contrast may reflect directional selection on intron size in a fast-

growing annual, given the observed negative correlation in plants between genome 

size and weediness (BENNETF 1998). However, evidence for high rates of deletion in 

the ABCJAt pseudogene in A. lyrata indicates that mutation may rapidly eliminate 

'junk' DNA, suggesting that selection may be maintaining large intron size in these 

species. Comparisons of segregating insertions and deletions with those that are 

fixed between species should be helpful in distinguishing between effects of 

mutational biases and selection (COMERON and KREITMAN 2000), although the 



estimation of numbers of insertion and deletion events is a challenge even for 

modestly diverged species. 
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Chapter 3 

Testing for selection on synonymous and replacement mutations in Arabidopsis 

thaliana and Arabidopsis lyrata 

3.1 Introduction 

In a previous study of 23 genes, we compared levels of codon usage bias and 

rates of nucleotide substitution between the outcrossing Arabidopsis lyrata and the 

self-fertilizing A. thaliana (Chapter 2). Although we observed a trend towards more 

preferred codons in A. lyrata the effect was nonsignificant, and we found no 

evidence for a higher rate of preferred relative to unpreferred changes, or a lower 

rate of replacement relative to synonymous substitution in A. lyrata. We thus found 

little evidence for the difference in the effectiveness of selection between selfing and 

outcrossing species expected under a nearly neutral model of molecular evolution. 

However, the power of our tests may have been limited for several reasons. First, the 

inherent noise in the process of mutation-selection-drift may make it difficult to 

detect a significant effect in small numbers of loci. Similarly, variation across loci in 

levels of selective constraint could mask the signature of differences in selection. 

Thirdly, with this sample size it was not possible to investigate codon preferences in 

A. lyrata, in order to test the assumption that they are similar to those in A. thaliana. 

In addition to the question of statistical power, rates of substitution in this 

study were estimated using a single sequence for each species. Some of these 

identified changes will thus represent new mutations segregating within species, 
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which have not yet been subject to the action of natural selection. For example, 

under a mutation-selection-drift model for codon bias, an excess of unpreferred over 

preferred polymorphism is expected at equilibrium, because of the high proportion 

of preferred codons within genes. Natural selection will then act to remove 

unpreferred mutations from the population, leading to an equal ratio of preferred 

relative to unpreferred fixations (AI<sHI 1997). When a single sequence from each 

species is used to estimate substitution rates, the rate of unpreferred substitutions 

may then be overestimated, due to the contribution of segregating mutations. This 

effect could contribute to the observed excess of unpreferred substitutions in both 

Arabidopsis species (Chapter 2). Furthermore, a consistent excess of amino acid 

polymorphism relative to fixed differences has been observed in A. thaliana 

(WEINREIcH and RAND 2000). Combined with our results, this suggests that while 

the product of the species-wide effective size and the selection coefficient may be 

high enough to prevent a high rate of fixation of amino acids, the high selfing rate in 

A. thaliana may allow many replacement changes to segregate in natural 

populations. This suggests the importance of incorporating polymorphism into the 

comparison of both replacement and synonymous mutations in Arabidopsis. 

Although a positive correlation between preferred codon frequencies and 

gene expression has been detected for both species (Chapter 2; DURET and 

MOUCHIROUD 1999), the corresponding correlation coefficients are weak, and codon 

preferences have been defined solely using genome-wide multivariate analysis of 

codon usage, by identifying codon preferences in genes at the extreme of the first 

axis of correspondence analysis. Thus, there remains little independent evidence in 

either Arabidopsis species that the identified 'preferred' codons are explained by 
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translational selection. While a strong association between tRNA abundance and 

codon bias has been repeatedly demonstrated in bacteria and yeast (IKEMURA 1985), 

there is less evidence for such an association in multicellular eukaryotes. In 

Drosophila, there appears to be a general correspondence between experimentally 

estimated tRNA abundance and codon bias (MORIYAMA and POWELL 1997). 

Similarly, in C. elegans, when tRNA gene copy number is used as a proxy for tRNA 

abundance, there is a good concordance between the most frequently used codons 

and the copy number of the corresponding issoaccepting tRNAs (DURET 2000), 

although there has been subsequent debate over the codon-tRNA pairing 

assumptions used in the analysis (PERCUDANI 2001). 

In this study, I reinvestigate the effectiveness of natural selection at 

replacement and synonymous sites in A. lyrata and A. thaliana, using a larger 

sample of loci (83 genes), and incorporating a comparison of polymorphism and 

divergence at synonymous and replacement sites between species. I also take 

advantage of new fine-scale estimates of gene expression in A. thaliana using 

Massively Parallel Signature Sequencing (MPSS; BRENNER et al. 2000), and data on 

tRNA gene abundance in the A. thaliana genome (http://ma.wustl.edu/GtRDB/At/).  

I use these data to address four primary questions: 1) Does translational selection act 

on codon bias in Arabidopsis? 2) Are codon preferences conserved between species? 

3) Is there higher codon bias and a higher rate of fixation of preferred codons in the 

outcrossing A. lyrata? 4) Is there an excess of amino acid polymorphism relative to 

divergence in A. thaliana compared with A. lyrata? 
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3.2 Methods 

Datasets 

The complete list of 83 loci used for the analysis of codon bias is shown in 

Appendix A. 1. We include all genes from the original study, with the exception of 

two members of the AOP gene family (AOP 1 and AOP2), to avoid redundancies of 

base composition and substitution patterns across gene family members. We have 

added 22 new A. lyrata genes that are now available from Genbank, eight genes 

provided by colleagues (E. Kamau, H. Kuittinen and 0. Savolainen, pers. comm.), 

as well as 32 new genes sequenced for this study. For comparisons of polymorphism 

and divergence, we use several polymorphism datasets for each species, as indicated 

in Appendix A. 1. First, we use polymorphism data from 5 nuclear genes sequenced 

in species-wide samples of A. lyrata and A. thaliana (Chapter 4). In addition, partial 

fragments of these five genes have been sequenced (H. Zheng and M. Nordborg 

pers. comm.) in a much more extensive worldwide sample of A. thaliana, and we 

include these data in the analysis of replacement and synonymous polymorphism. 

We also make use of the published polymorphism datasets available from A. 

thaliana (see Chapter 4), and our direct sequencing survey of coding sequence 

polymorphism for 18 exons in an Icelandic population of Arabidopsis lyrata 

(Chapter 6). To obtain outgroup sequence for parsimony analyses, genes were 

submitted to a BLAST search against the Brass ica oleracea shotgun genome 

sequencing project. Sequences were aligned using Genedoc, and for a subset of loci 

we used these alignments to identify conserved regions for PCR amplification in the 

genus Capsella (C. rubella or C. grandlora), to get a close outgroup for parsimony 
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analysis. For all other loci, and when PCR or sequencing failed in Capsella, we use 

Brass ica sequence for outgroup information. 

Data Analysis 

Calculations of polymorphism and divergence for preferred, unpreferred, 

synonymous and replacement mutations were made following strict parsimony 

assumptions, using DnaSP 3.95 (RozAs and ROZAS 1999). To investigate codon 

preferences, we conduct correspondence analysis of relative synonymous codon 

usage (RSCU) of the sequenced A. lyrata genes, using the program CodonW 

(http://www.molbiol.ox.ac.uk/cu/culong.html). We exclude all gene fragments with 

less than 100 synonymous sites for this analysis, since small sequences can generate 

random biases in codon usage. Following the approach of Chiapello et al. (1998) 

for A. thaliana, preferred codons were detected by comparing codon frequencies of 

the highest- and lowest- biased genes, defined by the two extremes of the first axis 

of the correspondence analysis. Chi squared analysis was performed to test the null 

hypothesis that the relative frequencies of individual codons are the same in the 

highest- and lowest-biased 30 genes, against the alternative hypothesis of an 

increase in frequency. We compare these results to the genome-wide identification 

of codon preferences in A. thaliana. For further comparison, we also performed 

correspondence analysis in A. thaliana on the orthologous regions we examined in 

A. lyrata, to evaluate the assessment of codon preferences in this subset of genes. 

CodonW was also used to estimate F0 , the frequency of optimal codons (STENIc0 et 

al. 1994) for each gene. 
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Data on tRNA gene abundance in the complete genome of A. thaliana was 

obtained from the genomic tRNA database (http://ma.wustl.edultRNAdbf). To 

compare with preferred codon frequencies, we group codons by their predicted 

major tRNA species, following the revised wobble rules for eukaryotic genomes 

(see PERCUDANI 2001). These rules assume that GNN tRNAs pair with both C- and 

U- ending codons, while ANN tRNA genes are modified to inosine, and decode both 

U- and G- ending codons. Identified tRNA genes in Arabidopsis thaliana generally 

adhere to these wobble rules, since almost every codon can only be decoded by a 

single class of tRNA (see Table 3.1). However, there are three exceptions of single 

unexpected tRNA genes (shown in italics in Table 3.1- Gly GGU, Ser GGA, Leu 

GAG), which have been hypothesized to represent pseudogenes or sequencing errors 

(WANG et al. 2002). For our estimates of relative tRNA abundance, we ignore these 

exceptional genes, although their inclusion does not change the rank order of tRNA 

gene frequencies. tRNA gene abundance has been found to correlate strongly with 

the corresponding tRNA abundance in a number of prokaryotic and eukaryotic 

genomes (KANAYA et al. 2001), suggesting that it is a good proxy for relative tRNA 

abundance in the genome. In accordance with this prediction, we find a moderately 

significant positive correlation between codon number in the high-biased genes from 

Chiapello et al. (1998), and the number of isoaccepting tRNAs (1=0.40,p<0.01). 

When we remove three outliers with the highest tRNA gene copy numbers, the 

correlation improves substantially (r=0. 84, p<<O .001). 

We use measures of gene expression level for each gene from A. thaliana 

using two datasets. First, data on the maximum abundance of expressed sequence 

tags (EST5) were obtained from G. Marais. Second, quantitative estimates of gene 
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expression from 5 tissues were obtained from a database of Massively Parallel 

Signature Sequencing (BRENI'4ER et al. 2000) of mRNA in A. thaliana 

(http://dblxsOOI.dbi.udel.edu/MPSS4/java.html). This method generates quantitative 

estimates of the abundance of short sequence tags from messenger RNA. To 

estimate expression level for each gene, we searched the Arabidopsis MPSS 

database in two ways. First, the search by protein identifies sequence tag matches in 

the vicinity of the queried gene. We estimated expression level for each tissue by 

summing all expressed tags in the sense strand either within the coding sequence of 

the annotated gene (Class I) or within SOObp 3' of the coding region (Class II). 

However, because this database searches for sequence tag matches to genomic 

DNA, it does not include possible tags generated after intron splicing. We therefore 

also submitted the available full-length mRNA for each locus to a search in the 

database to identify additional expressed sequence tags, and the abundance of any 

additional tags were added to estimates of expression level. For a small subset of 

loci, expressed tags matched to multiple genes, and these loci were therefore 

excluded from subsequent analysis. To investigate the effects of gene expression, we 

use both the maximum expression level across tissues and the total expression level 

across tissues as our estimates. For genome-wide analysis of the A. thaliana 

genome, gene-by-gene estimates of MPSS expression level were provided directly 

by B. Meyers. These data only represent expression levels for sequence tags 

matching the genomic DNA, and might therefore in some cases represent 

underestimates of the gene expression level. 
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3.3 Results and Discussion 

3.3.1 Codon preferences in Arabidopsis lyrata 

A summary of inferred codon preferences in A. lyrata is shown in Table 3. 1, 

with the A. thaliana results for the orthologous genes and the genome-wide results 

of Chiapello et al. (1998) given for comparison. In comparison with the results of 

Chiapello etal. (1998) we identify a moderate concordance between identified 

codon preferences; for 13 out of 21 'preferred' codons in A. thaliana we identify the 

same codons as preferred, while three additional codons show a nonsignificant 

increase in frequency. Conversely, a single codon that is unpreferred in A. thaliana 

was identified as preferred in A. lyrata (ACG). However, comparison with 

correspondence analysis from A. thaliana using the same set of loci shows the 

identification of very similar codon preferences to those in A. lyrata; the rank order 

of relative codon frequencies is identical across the two species, and relative codon 

frequencies are very highly correlated (Spearman's r=O.96, p<<O.Ol). This suggests 

that differences from the genome-wide analysis may reflect artifacts of multivariate 

analysis on a smaller subset of genes, rather than true differences in codon 

preferences between species. Thus, this dataset gives little evidence for changes in 

codon preferences between species. 

3.3.2 Evidence for translational selection favouring preferred codons 

To test the hypothesis that the identified preferred codons are under 

translational selection, we investigated the correspondence between codon 

preferences and tRNA gene abundance in the A. thaliana genome. tRNA gene 

numbers, relative codon frequencies between high- and low-biased genes, and 
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absolute frequencies in highly biased genes are shown in Table 3.1. By combining 

codons using the same tRNA isoacceptor, we find a perfect correspondence between 

the most abundant tRNA gene class and codon classes showing the highest relative 

frequencies in high-biased genes. 

Table 3.1 Codon preferences and tRNA gene abundance in Arabidopsis. 

# of relative relative relative relative codon tRNA 
tRNA codon codon codon freq. freq. by relative 
genes freq. freq. thaliana2  isoacceptor3  abundance 

lyrata1  thaliana1  (whole by 
genome) ___________ isoacceptor4 

Gly GGA 12 0.99 1.02 0.979 (0.382) 0.980 (0.382) 0.876 
GGC 23 2.58 1.97 1.49 (0.158) 1.23 (0.561) 1.75 
GGU 1 0.77 0.85 1.15 (0.403) 
GGG 5 0.81 0.77 0.361 (0.056) 0.36 (0.056) 0.37 

Val _U 60 15 0.8 0.84 0.86 (0.377) 1.26 (0.722) 1.5 
GUC 1.96 1.78 2.54 (0.345) 
GUA 7 0.76 0.81 0.29 (0.050) 0.29 (0.050) 0.7 
GUG 8 0.98 0.92 0.90 (0.228) 0.90 (0.228) 0.8 

Lys AAA 13 1.03 1.0 0.42 (0.217) 0.42 (0.217) 0.8 
AAG 18 0.97 1.0 1.6 (0.783) 1.6 (0.783) 1.2 

Asn AAT 0.68 0.68 0.310 (0.185) - - 
AAC 16 1.45 1.45 2.02 (0.815)  

Gin CAA 8 1.06 1.13 0.692 (0.393) 0.692 (0.393) 0.9 
CAG 9 0.94 0.85 1.41 (0.607) 1.41 (0.607) 1.1 

His CAC 10 1.95 1.76 3.10 (0.749) - - 
CAT 0.61 0.71 0.331 (0.251)  

Glu GAA 12 1.02 1.01 0.64 (0.336) 0.64 (0.336) 0.96 
GAG 13 0.98 0.99 1.40 (0.664) 1.40 (0.664) 1.04 

Asp GAC 23 1.76 1.75 1.97 (0.535) - - 
GAT 0.75 0.73 0.637 (0.465)  

Tyr TA  76 1.7 1.53 2.41 (0.862) - - 
TAT 0.61 0.65 0.21 (0.138)  

Cys TGC 15 1.92 1.52 1.83 (0.626) - - 
TGT 0.71 0.79 0.25 (0.374)  

Phe TTC 16 1.3 1.48 2.06 (0.740) - - 
ITT 0.75 0.67 0.41 (0.260)  

Ile ATA 5 0.87 0.87 0.21 (0.061) 0.21 (0.061) 0.4 
ATT 20 0.69 0.69 0.80 (0.361) 1.32 (0.939) 1.6 
ATC 1.67 1.68 2.26 (0.578)  

Arg AGA 9 0.96 1.04 0.70 (0.261) 0.70 (0.261) 1.3 
AGG 8 0.57 0.57 1.18 (0.248) 1.18 (0.248) 1.1 
CGA 6 1.25 0.89 0.41 (0.050) 0.41 (0.050) 0.83 
CGG 4 2.11 2.25 0.29 (0.030) 0.29 (0.030) 0.56 
CGU 9 1.15 1.23 2.22 (0.313) 2.18 (0.411) 1.3 
CGC 1.44 1.18 1.67 (0.098)  

Leu CTA 10 1.07 1.23 0.64 (0.036) 0.64 (0.036) 1.2 
CIG 3 1.14 1.09 0.47 (0.061) 0.47 (0.061) 0.37 
CTT 11 0.76 0.81 1.04 (0.284) 1.5 (0.592) 1.46 

_____ CTC 	I 1 2.23 2.27 2.59 (0.308) 	I 



hA 6 0.74 0.72 0.25 (0.036) 0.25 (0.036) 0.73 
hG 10 0.80 0.74 1.06 (0.242) 1.06 (0.242) 1.2 

Ser AGC 13 1.08 1.26 1.37 (0.171) 0.79 (0.270) 0.812 
AGT 0.65 0.64 0.55 (0.099) 
TCA 9 0.88 0.89 0.73 (0.154) 0.73 (0.154) 0.56 
TOG 4 1.27 0.92 0.72 (0.070) 0.72 (0.070) 0.25 
TCT 37 1.06 1.16 0.93 (0.275) 1.31 (0.507) 2.38 
TCC 1 1.42 1.48 2.52 (0.232)  

Thr ACA 8 0.74 0.73 0.55 (0.175) 0.55 (0.175) 1.0 
ACG 6 1.59 1.38 0.49 (0.067) 0.49 (0.067) 0.75 
ACT 10 0.78 0.78 0.90 (0.335) 1.45 (0.758) 1.25 
ACC  1.51 1.88 2.86 (0.423)  

Pro CCA 39 0.98 0.94 1.10 (0.375) 1.10 (0.375) 1.95 
COG 5 1.18 1.51 0.60 (0.113) 0.60 (0.113) 0.3 
OCT 16 0.74 0.71 0.80 (0.307) 1.08 (0.511) 0.8 
CCC  1.82 1.70 2.32 (0.204)  

Ala GCA 10 0.74 0.70 0.50 (0.142) 0.5 (0.142) 0.91 
GOG 7 1.23 1.13 0.64 (0.084) 0.64 (0.084) 0.64 
GCT 16 0.86 0.82 1.05 (0.484) 1.32 (0.774) 1.45 
GCC  2.0 2.59 2.32 (0.290)  

relative frequency of codons in high- relative to low-biased genes from correspondence analysis of loci with both 
A. lyrata and A. tha/iana orthologs sequenced. Values in bold represent significant increases in relative 
frequency in high biased genes. 
2 
 relative codon frequencies from Chiapello et al. (1998). Values in parentheses are the absolute frequencies in 

high biased genes. 
values in bold represent codon classes with the highest relative frequency in high- vs. low-biased genes. 
values in bold represent the highest tRNA relative abundance 

Furthermore, with the exception of two six-fold degenerate codons (Leu and Arg), 

the rank order of codon frequencies corresponds exactly with the rank order of 

tRNA abundance. This result provides strong support for the hypothesis that the 

preferred codons are favoured by translational selection. Interestingly, four of the 

five preferred codons that do not show an increase in frequency in our smaller 

dataset (AAG, CAG, GAG, and AGG) have only slight differences in tRNA 

abundance. This suggests that, as would be expected a priori, the smaller dataset has 

less power to detect subtler differences in selection. 

For codons recognized by the same tRNA, Ikemura (1985-'rule 4') proposed 

that because of weak pairing interactions, tRNAs pairing with (A/U)-(A/U)-

pyrimidine codons should favour C-ending codons. This rule appears to hold in the 

A. thaliana genome, supporting the hypothesis of preference for the C-ending 

59 



codons in Asn, Tyr, Phe, and lie. However, in other cases (Val, Ser, Thr, Pro, His, 

Cys), there is an apparent preference of C- over U- ending codons that is not 

expected according to these rules. Furthermore, there are several other cases where 

the preferred and unpreferred codons identified by Chiapello et al. do not match 

precisely with the expectations based on tRNA abundance (Arg, Leu, Pro, Ala-see 

Table 3.1). Because low-biased genes are generally AT-rich, these apparent 

disagreements could represent artifacts of defining preferred codons as those that 

show a significant increase in frequency at one extreme of the first multivariate axis. 

Since the first multivariate axis maximizes the differences between genes in codon 

usage, it may be influenced by base composition as well as selection. For example, 

when the absolute frequencies of GCT, GTT, TCT, ACT and CCT in high biased 

genes are examined, no such preference for C- over U-ending codons is apparent (in 

contrast with the ratio of usage in high vs. low-biased genes). Thus, it is possible 

that the identification of preferred and unpreferred codons using multivariate 

analysis could lead to the misidentification of some codons. Alternatively, there may 

be an additional selection pressure favouring C- ending codons such as mRNA 

secondary structure. This possibility has been hypothesized in Drosophila 

melanogaster to explain the strong preference for C-ending codons (CARLINI et al. 

2001), which is not always expected from information on tRNA gene abundance 

(KANAYA et al. 2001). 

To distinguish these hypotheses, we compare two estimates of the frequency 

of optimal codons: one based on codon preferences identified in Chiapello et al. 

(1998) using multivariate analysis (FOpmuit), and a second based on expectations 

derived from tRNA gene relative abundance (Fopp A). For this latter measure, we 

rdi 



identify preferred codon classes as those with the highest relative tRNA abundance 

for each amino acid. We also follow Ikemura's rule 4 (1985) and assume a 

preference of C over T for (A/U)-(A!U)-pyrimidine codons. Preferred codons 

defined by these rules are shown in bold in Table 3.1. Correlation analysis between 

three measures of gene expression, these two estimates of F0 , and the GC content at 

third codon positions (GC3) is shown in Table 3.2. First, as expected, FOPtRNA  shows 

a weaker correlation with GC3  (r=O.51) than FOPmuIt (r=0.87), due to the higher 

proportion of A/T-ending preferred codons. For all three measures of codon usage, 

MPSS estimates of gene expression tend to show a slightly higher correlation with 

codon bias than EST-based estimates. 

For both A. lyrata and A. thaliana, FOPtRNA shows the highest correlation 

with all measures of gene expression. Furthermore, a partial correlation between 

Fopniult and gene expression, factoring out FOPtRNA, is not significant, suggesting that 

there is no residual effect of this measure of codon bias once the similarity with 

FOPtRNA is factored out (Table 3.2). Conversely, there is still a residual effect of gene 

expression on FOPtRNA, factoring out Fopfl111!  (Table 3.2). Finally, GC3  is not 

positively correlated with gene expression in a partial correlation, after factoring out 

the effects of FOPtRNA Since selection on mRNA secondary structure is likely to be 

associated with gene expression level, this suggests that there is not a residual action 

of selection on base composition, independent of translational selection. These 

results suggest that the codon preferences identified using tRNA relative abundance 

more accurately reflect those codons favoured by translational selection than those 

identified using multivariate analysis, and that codon preferences identified solely 

using correspondence analysis should be treated with caution. 
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Table 3.3 Pearson correlations between gene expression and codon usage bias' 

Sample 	Codon Bias 	Maximum 	Maximum 	Total 
measure 	expression, EST expression, 	Expression, 

MPSS 	 MPSS 
A. thaliana, FOPtRNA 0.2977*** 0 .2681*** 0 .3201*** 

whole genome partial 0 .2088*** 0.1741*** 0.2244*** 

FOpmuit  0.2171 0.2085*** 0 .2345*** 

partial 0.0065 0.0250** 0.0085 
GC3  0.1746*** 0 .1564*** 0 .1686*** 

partial 0.0536*** -0.0312*** 0 .0759*** 

A. thaliana, 83 FOPtRNA 0.2676* 0 .3406** 0 .3491** 

genes partial 0.2681* 0 .2413* 0 .2679* 

FOPmuit  0.1339 0 .2752* 0 .2353* 

partial -0.1096 0.0155 -0.0384 
GC 3  0.1390 0.2304* 0.2043 

partial 0.0047 0.0836 0.0309 
A. lyrata, 83 FOPtRNA 0.2567* 0 .3376** 0 .3341** 
genes partial 0 .2318* 0 .2284* 0 .2445* 

FOPmuit  0.1480 0.2707* 0 .2366* 

partial -0.0783 0.0133 -0.0286 
GC3  0.1727 0.2641* 0 .2386* 

Dartial 0.0390 0.1112 0.0626 
partial correlations control for Fop,.,, when examining FOPtRNA, and control for FOPtRNA when correlating gene 

expression with Fop,,jt  and GC3- 
*, p<005' **p<001 	, p<0.001 

3.3.3 Comparing codon usage bias in A. lyrata vs. A. thaliana 

For pairwise comparisons of codon usage, we compare three different 

measures of codon bias; a) GC3, b) the number of orthologous codons where A. 

lyrata (A. thaliana) has a preferred codon, and A. thaliana (A. lyrata) has an 

unpreferred codon using the multivariate definitions of codon preferences (see 

chapter 2), and c) the same comparison using tRNA abundance- based definitions of 

preferred codons. Using all 83 loci, there is a significantly higher GC3  in A. lyrata 

compared with A. thaliana (Figure 1; Wilcoxon ranked sign test Z=-2.395, one-

tailed p<0.001; 2-tailedp<0.05). Similarly, we observe a marginally significant 

increase in the number of preferred codons in A. lyrata using multivariate-based 

measures of codon preference (Wilcoxon ranked sign Z=-1.636, 1 -tailed p<0.05, 2-

tailed p=O.1). In contrast, we find no significant difference between species in a 

62 



35 

30 

	

>.. 	25 
0 
C 

	

) 	20 

Cr  
15 

9- 

10 

5 

0 
0.7 0.75 0.8 0.85 0.9 0.95 1 	1.05 1.1 1.15 1.2 1.25 1.3 

GC3  A. Iyrata/GC3  A. thaliana 

Figure 3.1- Frequency distribution of the ratio of GC content at 
third codon positions in A. lyrata relative to A. thaliana. 



comparison of tRNA-based codon preferences (Wilcoxon ranked sign Z=-0.4199, 

p>>0.05), although there is a weak trend towards a higher number of preferred 

codons in A. lyrata (40 genes preferred codons greater in A. lyrata, 32 genes in A. 

thaliana). Thus, while we find evidence for a significant change in codon usage 

between species, this difference is not consistent for all three measures of codon 

bias. Levels of codon bias in Arabidopsis depend both on gene expression level and 

on gene length (DURET and MOUCHIROUD 1999), and this might influence our 

comparison across species. In particular, long and lowly expressed genes may be 

evolving neutrally with respect to codon bias, adding noise to the comparison of 

selection on codon usage. If we restrict our analysis to genes with less than 500 

codons and with evidence for expression from either MPSS or EST data, we observe 

a more significant difference in both GC3  (2-tailed p<0.0 1) and multivariate-based 

comparisons of codon preference (2-tailed p<O.OS) towards higher codon bias in A. 

lyrata, but still no significant difference in tRNA-based estimates of codon 

preference (p>>0.05; 19 genes preferred codons greater in A. lyrata; 12 genes 

greater in A. thaliana). 

3.3.4 Selective vs neutral explanations for differences in codon bias 

The observed differences in codon bias between species could result from 

differences in the strength of natural selection, or they could derive from neutral 

differences among species in rates of substitution. Given that the difference between 

species is strongest for GC3, which appears to be the measure least associated with 

translational selection (Table 3.2), it is possible that the observed differences reflect 

a generally higher GC content in Arabidopsis lyrata, rather than stronger selection 



on codon bias. This elevated GC might reflect either a difference in mutation 

preferences, or a higher rate of biased gene conversion in A. lyrata. However, we do 

not have data on tRNA gene abundances in A. lyrata, and it may be that the 

definitions of codon preferences apply less well to this outcrossing species. Under a 

neutral model, a similar elevated GC content would be expected in noncoding 

regions, as was observed in a comparison of Brassica rapa with A. thaliana (Tiffin 

and Hahn, 2002). However, we find no significant difference in GCjntron  between the 

species for the genes with introns sequenced in A. lyrata (Wilcoxon ranked sign test 

Z=-0.8863, p>>0.05 n=43), and in fact the trend in the data is towards a higher 

GCintron  in A. thaliana (9 more genes had greater GCjntron  in A. thaliana than in A. 

lyrata). We thus find no evidence for a general elevation in GC content in A. lyrata. 

However, intron sequences are short in Arabidopsis, and it is possible that a 

significant proportion of intron sequence is under selective constraint in such species 

(MARAIS and PIGANEAU 2002). Indeed, in the complete A. thaliana genome, GCjntron  

is negatively correlated with GC3  (r=4223,p<0.001), suggesting that base 

composition in introns may be a poor predictor of neutral base composition. 

To further distinguish between neutral and selection-based explanations for 

the difference in codon usage between species, we examine patterns of 

polymorphism and divergence at synonymous sites. In particular, differences in 

mutation preference should generate a difference among species in the ratio of GC-

AT relative to AT-GC polymorphisms, while stronger selection or a higher rate of 

biased gene conversion should generate a difference between species in the ratio for 

fixed differences compared with the ratio for polymorphism. Table 3.3 shows the 

results of calculations of polymorphic and fixed mutations for the multivariate and 
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tRNA-based definitions of preferred and unpreferred changes, and for AT-GC vs. 

GC-AT synonymous changes. Because of differences in the geographic scale, the 

sample size and the use of a close vs. distant outgroup, we show the results 

separately for each dataset as well as pooled results. For all measures of codon 

preference, there is a weak trend in both species for a higher ratio of unpreferred to 

preferred (and AT—.GC) fixations compared with polymorphism, as expected under 

a model of translational selection. However, in most cases this trend is not 

significant, providing little evidence for the action of selection on codon usage in 

these data. Differences between the ratios for polymorphism and fixation are only 

significant in the species-wide polymorphism data (Chapter 4) of A. lyrata, 

comparing the ratio of AT—GC vs GC—AT changes (Fisher's exact test p<0.05), 

although it is also close to significance in this same dataset when comparing 

PmuitUmuit vs. UmuttPmuit changes (p=0.06). 

With the exception of this species-wide A. lyrata dataset, both species show 

a consistent trend towards an excess fixation of preferred to unpreferred and 

GC—AT changes for both polymorphism and divergence. This excess is significant 

in the pooled data for most comparisons, suggesting a departure from equilibrium. 

However, this is not significant for PtRNA-UtRNA vs. UtRNA --- PtRNA divergence for 

either species, or for A. lyrata PtRNA-*UtRNA vs. UtRNA-*PtRNA polymorphism (Table 

3.3). Thus, while our analysis fits with previous evidence for a departure from 

equilibrium, it is possible that this results from incorrect assumptions about codon 

preferences. The use of Brassica sequence for parsimony analysis could also lead to 

biases in the estimation of fixation rate, due to a significant proportion of multiple 

substitutions. However, analysis of the data using only close outgroup sequence (A. 



glabra and Capsella species) generally shows a similar trend (Table 3.4) of excess 

PmuitUmuit and GC-AT, although not PtRNA-*UtRNA. 

Table 3.4 Polymorphism and fixation of codon usage in A. thaliana and A. lyrata. 

species 	dataset Umuir* Pmult/ UtRNA*PtRNN AT--,,GC/ 
PmuIt 	U mult1  PtRNA 	UtRNA2  GC4AT3  

A. thaliana 	published polymorphic 0.7 (43/31) 0.68 (32/47) 0.86 (38/44) 
fixed 0.62 (31150)* 0.91 (30/33) 0.48 (20/42)* 

Chapter 3 polymorphic 0.08 (1/12)* 0.63 (12/19) 0.29 (5/17)* 
fixed 0.44(4/9) 0.57(4/7) 0.52 (11/21) 

close polymorphic 0.46 	(5/11) 0.42 (5/12) 0.5 	(8/16) 
outgroup fixed 0.65 (13/20) 1.2 	(18/15) 0.68 (15/22) 

pooled polymorphic 0.58 (32/55)* 43/61)*

fixed 
0.67 (44/66)* 0.70 (43/61)- 

fixed 0.59 (35/59) * 0.85 (34/40) 0.49 (31/63)- 
A. lyrata 	Chapter 6 polymorphic 0.39 (7118)* 0.28 (5/18)* 0.61 (14/23) 

fixed 0.47 (20/43)*  0.61 (17/28) 0.53 (27/51)" 

Chapter 3 polymorphic 0.63 (10/16) 1.43(10/7) 0.31 (8/26)* 
fixed 2.25(9/4) 1.0 	(6/6) 1 	(12/12) 

close polymorphic 1.2 	(7/6) 0.83 (5/6) 0.64(7/11) 
outgroup fixed 0.48 (10/21)*  0.73 	(11/15) 0.57 (17/30) 

pooled 	polymorphic 	0.5 (17/34)* 	0.6(15/25) 	0.45 (22/49)* 
fixed 	0.61 (29/47)* 	0.68 (23/34) 	0.62 (39/45)* 

Values given are ratios of change for polymorphism and divergence for unpreferred to preferred relative to 
preferred to unpreferred changes using 1, multivariate definitions of codon bias and 2, tRNA based definitions and 
3, comparisons of the ratio of AT-GC relative to GC-+AT changes. Values in parentheses are the observed 
numbers of each class of change. 
* p<0.05 for 1-way x2  comparison of U-P (AT-GC) vs. P-*U (GC-*AT) 

It is notable that the species-wide (Chapter 4) A. lyrata dataset shows 

evidence for a more balanced ratio of GC-AT vs. AT-*GC fixations relative to 

polymorphism, suggesting the possibility of an AT-*GC fixation bias species-wide. 

This may result from either the action of natural selection or biased gene conversion 

favouring GC substitutions. Further comparisons of within- vs. between-population 

samples should be made to confirm this result. Similarly, it will be important to get a 

larger number of sequences from closer outgroups, to get a clearer picture of relative 
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fixation rates. Nevertheless, the overall pattern provides little evidence for either 

elevated mutation or fixation of AT—*GC changes in A. lyrata; there are no 

significant differences between the species in the ratio of changes for either 

polymorphism or fixation (all Fisher's exact tests p>0.05) in the pooled dataset. This 

leaves the significant elevation of GC3  in A. lyrata unexplained. One possibility is 

that the ancestor of both species had a higher equilibrium GC content, and that a 

lower rate of synonymous substitution in A. lyrata generates a weak but consistently 

higher GC3  compared with A. thaliana. Comparisons of GC content at synonymous 

sites and introns between A. thaliana and Brassica rapa are in accordance with this 

hypothesis; Brassica shows a strong elevation of GC compared with A. thaliana 

(TIFFIN and HAHN 2002). Furthermore, parsimony-based estimates of the total 

number of synonymous substitutions using our three species comparisons of single 

sequences per species show a slightly but significantly elevated number of 

synonymous changes in A. thaliana (583 in A. thaliana vs. 514 in A. lyrata; 

p<0.05). Finally, the general excess of GC—AT fixations in both species 

would be consistent with the hypothesis of an overall decline in GC content in both 

species. It will also be important to extend the analysis of codon bias evolution 

across more related species, to further test for the relative roles of mutation and 

selection in the decline in GC content in Arabidopsis. 

3.3.5 Comparison of replacement divergence and polymorphism 

Table 3.4 shows the ratio of amino acid to synonymous (A/S ratio) 

polymorphism and divergence in the loci surveyed in A. thaliana vs. A. lyrata. 

Consistent with previous results (BUSTAMANTE et al. 2002; WEINREIcj-I and RAND 



2000), the pooled A. thaliana published data show a highly significant excess of 

amino acid polymorphism relative to synonymous polymorphism compared with 

fixed differences (Fisher's exact test p<0.001), and the neutrality index is 

considerably greater than one (2.6), as expected if a large number of slightly 

deleterious amino acid mutations are segregating. In contrast, there is no significant 

difference in A. lyrata between the A/S ratio for polymorphism compared with fixed 

differences, and the neutrality index is in fact slightly less than 1 (0.856). 

Furthermore, the A/S ratio for polymorphism is significantly different between 

species (Fisher's exact test p<0.01). 

However, there is a contrast between the overall published A. thaliana data 

and A. thaliana polymorphism data collected by us. Although we have a much 

smaller dataset, we find an A/S ratio for polymorphism that is much more in line 

with A. lyrata data, and is significantly lower than the ratio from the published 

dataset (Fisher's exact test p<0.00 1). In contrast, there is no significant difference in 

the ratio of unpreferred to preferred polymorphisms between the datasets (Table 

3.3). The difference in the A/S ratio might simply result from our small sample 

sizes; most of the published amino acid polymorphisms are segregating at low 

frequencies (PURUGGANAN and SUDDITH 1998), and it is possible that our small 

samples failed to pick up these variants. However, the analysis of polymorphism at 

fragments of our five nuclear loci in much larger samples (Zheng and Nordborg) 

also shows a significantly reduced A/S ratio for polymorphism compared with 

published data (Table 3.4; p<O.OS). This result calls into question the generality of 

the observed excess amino acid polymorphism in A. thaliana, and suggests the 



importance of extending this comparison to a more extensive genome-wide sample 

of loci in both species. 

Table 3.5- Polymorphism and divergence of amino acid (A) and synonymous (S) changes in 
A. thaliana and A. lyrata. 

dataset 	 A/S 	 A/S 	-- 
polymorphism 	divergence 

A. thaliana 	published*** 	 0.77 (84/109) 	0.30 (32/107) 

Chapter 	 0.07(2/28) 	0.11 (3/27) 

Zheng and Nordborg 	0.13(2/15) 	0.13(1/8) 

A. lyrata 	Chapter 3 	 0.29 (15/52) 	0.15(4/26) 

Chapter 6 	 0.47 (20/43) 	0.52 (42/81) 

pooled 	 0.37 (35/95) 	0.43 (46/107) 
***,p<0.001  

3.3.6 Forces driving rates ofprotein evolution 

As in our initial study, we find no evidence for an elevated rate of amino acid 

substitution in A. thaliana; the A/S ratio for fixed differences is very similar in the 

two taxa (Table 3.4). Furthermore, parsimony analysis using single sequences for 

each species also indicates that the A/S ratio has remained constant (A/S ratios are 

230/583 for A. thaliana, 213/540 for A. lyrata). Also consistent with previous 

results, we find a significant negative correlation between EST- estimated gene 

expression and the rate of protein evolution (K vs maximum EST expression: 

Spearman's r -0.242, p<O.OS), but not for the rate of synonymous substitution (K 

vs maximum EST expression: p>>0.05). Furthermore, we find a stronger correlation 

between 

70 



MPSS estimates of gene expression level and Ka (Ka  vs. maximum MPSS 

expression: Spearman's r=--0.32,p<0.0l), as expected, since these latter data 

represent more quantitative estimates of gene expression. 

If, as hypothesized by Duret and Mouchiroud (DURET and MOucHIRouD 

2000) for human genes, the observed relationship between gene expression and 

amino acid substitution rate is driven primarily by an effect of higher selective 

constraints on proteins expressed in a greater diversity of tissues, we would expect 

that tissue number should show the highest correlation with Ka, and that there would 

be no residual effect of expression level when correcting for tissue number. The 

MPSS data on gene expression from five tissues allows for a detailed test of this 

prediction. Because of the potential for errors in the MPSS dataset for values less 

than 10 parts per million (B. Meyers, pers comm), we only consider a gene 

expressed in a given tissue if it has values greater than or equal to 10. Using this 

measure, we find a stronger negative correlation between Ka and tissue number 

(Spearman's r=-0.384,p<0.001) than with estimates of gene expression level. 

Furthermore, a partial correlation shows no significant effect of either EST or MPSS 

expression level once tissue number is controlled for (p>>0.05), suggesting that the 

diversity of tissues in which a gene is expressed may be the primary factor driving 

the observed effect on protein evolution, and that the specificity of gene expression 

may be a general factor driving variation in rates of protein evolution in 

Arabidopsis. 
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Chapter 4 

Subdivision and haplotype structure in natural populations of 
Arabidopsis lyrata 

4.1 Introduction 

High levels of inbreeding are expected to be associated with a strong 

reduction in the effective size and recombination rate of natural populations. These 

effects reduce levels of diversity within natural populations, increase linkage 

disequilibrium, and reduce the effectiveness of natural selection on weakly selected 

mutations. Most models of the effects of inbreeding on patterns of polymorphism 

and divergence have examined single populations at equilibrium that differ only in 

breeding system. However, species may differ in other ways in addition to the 

breeding system, and the assumptions of the single-population equilibrium models 

may be violated in various ways. For example, in the presence of population 

subdivision, the interaction between inbreeding and natural selection will have a 

relatively minor effect on the amount of diversity in species-wide samples 

(CHARLES WORTH et al. 1997), and patterns of genetic diversity and linkage 

disequilibrium will also be influenced by historical rates of gene flow and 

population extinction (WAKELEY and ALIACAR 2001). Furthermore, recent changes 

in population size or migration patterns can lead to departures from neutral 

equilibrium, which will also influence both patterns of diversity (TAJIMA 1989a) and 

linkage disequilibrium (e.g. PRITCHARD and PRZEWORSKI 2001). Another important 

difference in inbreeding populations may be the evolution of higher rates of 
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crossing-over. This has been observed in a number of comparisons between related 

selfing and outcrossing plants (reviewed in CHARLES WORTH and CHARLES WORTH 

1979), and could be a general evolutionary trend that would partly counteract the 

reduction in effective recombination rates in inbreeders. 

While the polymorphism patterns in A. thaliana show some striking 

differences from those found in the outcrossing D. melanogaster, it is difficult to 

know which of the many differences between these species may be important. 

Comparisons with closely related self-incompatible species should be much more 

helpful in understanding what influences levels and patterns of diversity, and should 

help illuminate the joint effects of mating system, natural selection and life history. 

For example, plant populations may be expected often to show strong population 

structure, and it is unclear to what degree patterns observed in A. thaliana may 

simply reflect effects of population subdivision in a widely dispersed species 

(SAVOLAINEN et at. 2000). In addition, climate changes associated with recent 

glaciation events may have had a general influence on the amount and structuring of 

genetic diversity in related plant populations (COMES and KADEREIT 1998). 

Distinguishing the influences of breeding system from other factors requires a 

detailed analysis of polymorphism patterns within and between populations from 

both highly inbreeding species and their close relatives. 

In this study, we analyse DNA sequence polymorphism at six loci to assess 

the patterns of genetic diversity within and between four populations of Arabidopsis 

lyrata. The observed patterns are compared with species-wide polymorphism at 

orthologous loci, as well as within- and between-population patterns at other studied 

loci in A. thaliana. A. lyrata has a disjunct circumpolar distribution in Northern 
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Europe, North America and Japan, and is self-incompatible and thus highly 

outcrossing in natural populations. A survey of DNA sequence polymorphism 

(SAVOLAINEN et al. 2000) provided preliminary evidence for higher levels of within-

population diversity at the ADH locus than those estimated within A. thaliana 

populations based on RFLP data (BERGELSON et al. 1998), though species-wide 

polymorphism was lower in A. lyrata, and there was strong population subdivision 

in the outcrossing species. There was also evidence for a significant departure from 

neutral equilibrium expectations at the ADH locus in North American A. lyrata 

populations, with an excess of intermediate frequency variants, suggesting the 

possibility of a recent bottleneck. Further investigation of polymorphism patterns at 

multiple loci are necessary to understand the relative importance of natural selection 

and demographic history in structuring genetic diversity in this outcrossing species. 

4.2 Methods 

Loci Surveyed 

Table 4.1 shows the genes used in our study, their locus names from the A. 

thaliana genome project, and their map positions, obtained from The Arabidopsis 

Information Resource (TATR-www.arabidopsis.org). The sampled genes represent 

five unlinked nuclear loci and a single locus (RBCL) from the chloroplast. Two loci 

(PGIC and CAUL) have been previously sequenced in multiple A. thaliana ecotypes 
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Table 4.1- Genes surveyed in this study and their genomic positions in A. thaliana 

Locus Locus name Map position Size of aligned 
(Chromosome:cM) region 

(b. p.) 
CAUL AT1G26310 1:35 862 
ETR1 AT1G66340 1:92 2111 

HAT4 AT4G16780 4:36 726 

PgiC AT5G42740 5:85 1477 

ScADH AT4G05530 4:23 1249 

RBCL - Chlor: 54958-56397 1297 

(KAWABE et al. 2000; PURUGGANAN and SUDDITH 1998). For these loci, we present 

the results based on our smaller sample of ecotypes, as well as the results for the 

total sample for the gene regions that were studied in our sequencing survey. 

Population samples 

A total of 17 A. lyrata individuals from independent field-collected maternal 

families were used for this study. The samples include two populations from the 

European subspecies petraea (four individuals from Scotland and five from Iceland, 

collected by R. Ennos and M. Schierup, respectively) and two from the North 

American subspecies lyrata (four individuals from Michigan and four from North 

Carolina, collected by C. Langley and R. Mauricio). Seeds from a worldwide 

collection of A. thaliana ecotypes were also obtained from the Nottingham 

Arabidopsis Stock Centre and the Arabidopsis Biological Resource centre. For this 

study, we used single individuals from the ecotypes COL, LER, NAA, BAY, Bi, 

AN-O, KAS, PUZ, KNO, CIBC and GOT, as well as an individual from a local 
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Edinburgh population of A. thaliana (GB). For several loci the A. thaliana genome 

project-derived sequence from the COL ecotype was used directly in the analyses; 

these sequences did not contribute any singleton variants, supporting the accuracy of 

these sequence data. 

DNA Extraction, PCR, and Sequencing 

Genomic DNA was isolated from leaves using the method of Ingram et al (INGRAM 

et al. 1997). PCR primers were designed using the A. thaliana sequence information, 

and amplified in both species for 30 cycles consisting of 1 mm. denaturing at 950C, 

30 seconds annealing at 550C, and 2 mm. extension at 720C. PCR primer sequences 

are: Sc-ADH-F 5'GGCATTCCTCCAGCGAC3', Sc-ADH-R 

5'CTTCCGTCGTCGTCTCTTC3'; HAT4-F 5 'CGTGAACAGACCACCGTC3', 

HAT4-R 5 'AGCGTCAAAAGTCAAGCCGT3'; ETR 1-F 5'-

AGACCAAAGCTCATGCATTTCT3', ETR1 -R 5'-

TGTTGACTCATGAGATTAGAAGCA-3'; RBCL-F 5'-

TGTCACCACAAACAGAGACTA, RBCL-R 5'-

CTTTCCATACTTCACAAGCAG-3'; PGIC-F 5'-

TGCTGTSAGCACTAATCTTGCG-3' PGIC-R 5'-

TCGAACCCGGGAGAGGTAGACCA3'; CAUL-F 5'-

GTACTCGAACGCTACGAGAGGT3', CAUL-R 5'-

GCATGCTGTTTTCCTCCTGT -3'. For A. thaliana sequences and the chioroplast 

locus RBCL, we sequenced PCR products directly on both strands. For A. lyrata 

nuclear genes, PCR fragments were cloned into the PCR 2.1 vector using the TA 

cloning kit (Invitrogen Life Technologies), and at least four clones were sequenced 
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individually using the ABI automated sequencing facilities at the University of 

Edinburgh Institute of Cell, Animal and Population Biology. In as many cases as 

possible, we sequenced both alleles from heterozygous individuals, and all variant 

alleles included in final analyses were confirmed using multiple clones. Wherever 

possible, we also confirmed putative homozygous individuals using direct 

sequencing, and included both copies in the sample analysed. For loci and 

populations with few indel polymorphisms, direct sequencing was also used to 

confirm polymorphic sites in heterozygotes. PCR primers, the Universal M13 

primers, as well as several internal sequencing primers were used in sequencing. In 

all cases, direct sequencing from homozygous individuals and/or sequence analysis 

of a large number of clones (approximately 10 per individual) from a small subset of 

individuals indicated that the genes were single copy in A. lyrata, with one or two 

haplotypes identified per individual, with the rare exception of a small number of 

obvious PCR recombinants. All new sequences are deposited into Genbank, with 

accession numbers AY  74502-AY 174656. 

A. thaliana polymorphism datasets 

Data on nucleotide polymorphism within four A. thaliana populations (n=63 

to 91) at six loci (98 to 413 silent sites) were obtained from E. Stahl (E. A. Stahl, 

R.A. Huffi, M. Kreitman, J. Bergelson, submitted manuscript). These loci include 

four random regions from effectively unlinked genomic clones along chromosome 3, 

as well as regions from the genes Ap3 and CAUL. Note that the sampled A. thaliana 

populations were chosen because they were known to be polymorphic at the Rpm  

locus and had persisted over several field seasons. A. thaliana polymorphism 
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datasets using worldwide samples were also extracted from Genbank at 

http://www.ncbjnlmnjhgov/Entrez/  The loci examined from published datasets 

were CAL (PURUGGANAN and SUDDITH 1998), fahi and f3h (AGUADE 2001), AP3 

and P1 (PURUGGANAN and SUDDITH 1999), LFY TF1 and API (OLSEN etal. 2002), 

ADH (INNAN etal. 1996), CHIA (KAWABE et al. 1997), CHIB (KAWABE and 

MIYASHITA 1999), PGIC (KAWABE et al. 2000), and CHI (KUITTINEN and AGUADE 

2000). We also included ACL5, submitted directly to Genbank by K. Yoshida, T. 

Kamiya, A. Kawabe and N. T. Miyashita and MYB, submitted by T. Kamiya, A. 

Kawabe and N. T. Miyashita. 

Data Analysis 

Sequences were aligned using Clustal W (THOMPSON et al. 1994), and 

modified by eye using Genedoc (NICHOLAS 1997). For each locus, two estimators of 

the population mutation parameter per nucleotide site t94NeU (where Ne is the 

effective population size and u is the mutation rate) were calculated, the average 

number of pairwise differences 7r(TAJIMA 1989b), and Watterson's estimator O 

(WATTERSON 1975), based on the number of segregating sites. The average within- 

population diversity was also calculated for each subspecies, weighted by the sample 

sizes as: 

- 7r1 n1  +7t2 fl 2  
wj(hjn - 	

nl  +n2  

where r1  and n1  are the average pairwise differences and sample size for population 

1, and and n2  are the average pairwise differences and sample size for population 

2. 
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Average pairwise divergence at silent sites (D11) between the species was 

also estimated, excluding unalignable noncoding regions from several loci. We 

considered silent sites (introns and synonymous) and replacement sites separately 

for polymorphism analysis, and excluded insertion-deletion polymorphisms (indels). 

Tajima's D (TAJIMA 1989b) statistic was used to test the neutral prediction that 

it and 0 should be equivalent. This test measures the skew in the frequency 

spectrum; a negative D value indicates an excess of rare polymorphisms, while a 

positive D suggests excess intermediate frequency variants. Significance of Tajima's 

test was calculated assuming no recombination, which is conservative for testing 

departures from neutral equilibrium. Multilocus significance of the mean and 

variance of Tajima's D was assessed using the HKA program of J. Hey 

(http :1/li fesci.rutgers. edu/'-heylab/DistributedPrograrnsandData.htm#HKA). Tests of 

population differentiation between all pairwise comparisons of the four populations, 

all populations together, and between the two subspecies, were applied using two 

statistics, K t* (HUDSON et al. 1992a) and 	(HUDSON 2000), chosen because they 

have been shown to have the highest power to detect population differentiation 

under simple models of population structure (HUDSON 2000), and are likely to 

measure different aspects of differentiation. S,,1  calculates the proportion of nearest 

neighbours in sequence space that are found in the same population, while K t* is a 

weighted measure of the ratio of the average pairwise differences within populations 

to the total average pairwise differences. Significance levels for these statistics were 

assessed using permutation tests, with 1000 permutations. We also estimated the 

population differentiation statistic F 1, using the method of Hudson et al. (HUDSON et 

al. 1992b). Note that under a symmetric island model of migration, F= 1/(1+4Nm), 
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where m is the migration rate, but under more complicated migration models, the 

relationship between F51  and migration rates is often unclear (e.g. WHITLOCK and 

MCCAULEY 1999). All the above analyses were performed using DnaSP v. 3.95 

(RozAs and ROZAS 1999). A multilocus HKA test (HUDSON etal. 1987) was used to 

test the significance of the ratio of polymorphism within A. lyrata to divergence 

between A. lyrata and A. thaliana for silent sites, using all six loci. To test for 

significance, 10,000 coalescent simulations were run, using the HKA program. 

In order to get a multilocus estimate of 6, and to test the significance of 

differences between species and subspecies, we used a simple maximum likelihood-

based estimate using coalescent theory. The likelihood of 0 given S observed 

segregating sites in a sample of size n can be calculated using the recursion equation 

given by Hudson (1990, equation 12), which gives the probability of observing S 

segregating sites in a sample of size n, for a given value of 0 

L,1 (OIS) oc P,(S/0)= 	P, 1 (S—i/0)Q,(i/0) 

where 

P2(S/O) 	O =()s'
1+0 1+0 

and 

0 	n—i Q,(S/O)=(0)s O+n-1 

The likelihoods of a range of 0 values for each locus were calculated using this 

equation, given the observed numbers of segregating silent sites (5), and the sample 

size (n). To correct for differences in sequence lengths among loci, we calculated the 

likelihood for each locus for a range of possible values of 0per base pair, from 0 to 



0.05. The multilocus likelihood of Oper base pair was then calculated as the product 

of the likelihoods for each locus. Significant differences among taxa for 0 were then 

assessed using the J approximation. This approach assumes a fixed mutation rate 

across loci, no recombination within loci, and free recombination between loci. 

Given the distance between all loci based on the A. thaliana genome project (i.e. at 

least several megabases), the assumption of free between-locus recombination is 

reasonable, even for the highly selfing A. thaliana (see NORDBORG et al. 2002). 

Because of the assumption of a single underlying mutation rate, we exclude the 

RBCL locus for this analysis, since chloroplast loci are known to have much lower 

mutation rates than nuclear genes (WOLFE et al. 1987, see results). For our analyses, 

the x2  credibility interval serves as an approximate assessment of the likelihood 

surface, and marginally significant differences should be treated with caution. 

Nevertheless, several considerations suggest that our tests for significance should be 

conservative. First, the assumption of no within-locus recombination should not 

affect the maximum likelihood estimate of 0 (OM[E),  but will inflate the credibility 

intervals, and is therefore conservative for testing for differences among taxa. This 

expectation has been confirmed using simulated data assuming mutation and 

recombination parameters relevant to this dataset (see Appendix A.2). Furthermore, 

since the two A. lyrata subspecies will have shared coalescent histories, differences 

in Ne  between populations are likely to have less effect on 0 than if the populations 

were independent, forcing diversity levels to be more similar than assumed under the 

x2  Further implications of violations the assumptions of the standard neutral model 

will be discussed below. 



Several summary statistics of the amount of linkage disequilibrium were 

used. The number of haplotypes (h) and the minimum number of recombination 

events (R 1) (HUDSON and KAPLAN 1985) and the B statistic (WALL 1999) were 

calculated using DnaSP v. 3.95. In addition, we estimated the population 

recombination parameter p=4Ner, where r is the per base pair recombination rate, 

using the method of Wall (WALL 2000), which uses coalescent simulations to 

estimate the maximum likelihood of p given h and Rm. Maximum-likelihood-based 

estimates of p from polymorphism data will be referred to in the results as 

5. Coalescent simulations were run using the standard neutral model, which 

assumes a single constant-sized population at equilibrium. While estimates of p 

should thus be treated with caution, comparison with an independent expectation of 

p provides a test of the fit of the standard neutral model to the data (see below). Note 

that for a partially self-fertilizing species, the coalescent theory assuming the 

standard neutral model predicts that the effective recombination parameter j5 = p 

(l-s), where s is the selfing rate (NORDBORG 2000a). Approximate 95% credibility 

intervals for j3 were obtained using the 2-unit , approximation, with 10,000 to 

100,000 coalescent simulations run for each locus-population combination. 

Coalescent simulations were run to test the significance of Wall's B and j5, as 

described below. 

If there is independent information on rates of recombination at individual 

loci, the amount of linkage disequilibrium from population samples can be 

compared to the amount expected, as a test of the standard neutral model (e.g. 

ANDOLFATTO and PRZEWORSKI 2000; FRISSE et al. 2001). We compared 

RON 



polymorphism-based estimates of 5 and B to values expected based on levels of 

polymorphism and physical estimates of recombination rate at each locus using A. 

thaliana mapping data, and assuming that recombination rates have remained 

constant since species divergence. Under the standard neutral model, Ne can be 

estimated from 9 and an estimate of the mutation rate, using the equation given 

above. Using map-based estimates of the physical rate of recombination (r,,,0 ) for 

each locus (see below), the expected p for an outcrossing population can then be 

calculated by: 

E(p) 

For a partially self-fertilizing species at equilibrium with selfing rate s, the 

expectation of the estimate of p becomes: 

E(ps)r zap (1_F) 

where F is the inbreeding coefficient (HAGENBLAD and NORDBORG 2002; 

NORDBORG 2000a); at inbreeding equilibrium, F=s/(2-s). For A. thaliana, we assume 

a lower-bound estimate of the selfing rate of 96%, based on a DNA sequence 

diversity study from large North American populations (E.A. Stahl R. Hufft, M. 

Kreitman, J. Bergelson, manuscript submitted). For each population studied, E(p) 

was calculated using multilocus maximum likelihood estimates of 9 from the 

number of segregating sites, combined with locus-specific estimates of r,,jap. The 

per-generation mutation rate for nuclear genes (u) is unknown for the study species, 

but upper- and lower- bound estimates of u can be used for the E(p) calculations. In 

particular, we used two estimates of the mutation rate; we first assumed the 



substitution rate of (KOCH et al. 2000), who used fossil pollen data from the 

Brassicaceae and estimated the mutation rate as 1.5 x 10-8  per site per generation. 

This is more than twice the estimate of the plant substitution rate of 6.5 x 10 9  based 

on the proposed monocot-dicot divergence time (WOLFE et al. 1987), which we take 

as our lower-bound; this value is comparable to average estimates of substitution 

rates in grasses using the ADH locus (6.0-7.0 x 10, (GAUT et al. 1996). 

We estimated the rate of recombination (r,,)ap) at each locus by using 

information from the A. thaliana genome project. First, map-based estimates of 

recombination rates across all five chromosomes were determined using the marker 

position information from TAIR. Briefly, physical positions were recorded for 

genetic markers that have both been mapped to the Recombinant Inbred (RI) 

recombination map (see http://nasc.nott.ac.uk/new  ri map.html), and have been 

precisely physically mapped based on flanking sequences (www.arabidopsis.org). 

To estimate rates of crossing over at each locus, the relationship between genetic 

and physical distance was examined for each chromosome. Because marker density 

is low close to the centromere, each chromosome was divided into the two arms, 

with the boundary representing the centromere, which lacks markers. Each arm had 

an average of 40 markers, with a total of 400 markers used genome-wide. Third-

order polynomials were fitted to the relationship between genetic and physical 

distance (in cM/Mb) in each arm, which is similar to the approach of (KLIMAN and 

HEY 1993). Rates of crossing over were then estimated by taking the first derivative 

of this polynomial at the physical position of each locus of interest. With two 

exceptions, the polynomial fits explained greater than 97% of the variance in genetic 



distance; the right arm of chromosome 5 had an R2  of 0.96, while the left arm of 

chromosome 2, represented by 19 markers, had an R2  of 0.87. 

For significance testing of the B statistic, 10,000 coalescent simulations were 

run for each locus, using E(p) as the recombination parameter, and conditioning on 

the observed number of segregating sites (5) and sample size (n). Significance of 

the observed B values was assessed as the 1-tailed probability of observing a value 

as high or higher than Bobserved.  For h and Rm, 100,000 simulations were run given 

E(p), using the program of Wall (2000), conditioning on the observed number of 

segregating sites S and sample size n. Approximate assessment of significant 

departure was calculated as the sum of the probabilities as low or lower than that for 

the observed h and Rrn. 

4.3 Results 

4.3.1 Patterns of DNA polymorphism: 

Figure 4.1 shows the polymorphic sites for all loci from A. lyrata, and Table 

4.2 summarizes the patterns of nucleotide polymorphism within the three taxa. 

Species-wide levels of silent polymorphism for the nuclear loci in A. lyrata are high; 

total nucleotide site diversities ()t) for silent sites for the entire sample range from 

0.01 (CAUL) to 0.05 (PGIC). The chloroplast locus RBCL has only one segregating 

site in A. lyrata, and an estimate of it511 approximately an order of magnitude smaller 

than the nuclear genes (0.002). This is consistent with a large reduction in the 

mutation rate in the chioroplast genome, and there is also correspondingly low silent 

divergence between A. thaliana and A. lyrata at this locus (Table 4.2). 
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Amino acid polymorphism is generally much lower than silent site 

variability, with ltrep/ltsjl ranging from 0 for Hat4 to 0.3 for CAUL, consistent with 

the action of strong purifying selection on the majority of nonsynonymous sites. All 

loci also have polymorphic insertions and deletions (indels.- Figure 4. 1), all of which 

are within introns. The ratio of indels to nucleotide substitutions in A. lyrata introns 

ranged from 0.09 in PGIC to 0.56 in CAUL, with an average of 0.3. 

Under the standard neutral model, levels of polymorphism within species and 

numbers of fixed differences between species should be correlated across loci, since 

both depend on the mutation rate. Departures from this prediction can be caused by 

the action of natural selection at individual loci, which can obscure any general 

assessment of the neutral patterns of variability using multilocus data. The HKA test 

can be performed to test this neutral prediction (HUDSON et at. 1987). For A. lyrata 

ssp. petraea and A. lyrata ssp. lyrata, we observe no evidence for a significant 

deviation among loci in the ratio of polymorphism to fixed differences (ssp. petraea 

d. f.=5,4.82, p>>O.05; ssp. lyrata d.f.=5, J=10.21, p>O.O5), consistent with 

neutral expectations. In contrast, A. thaliana shows a significant multilocus HKA 

(d. f.=5, f=14.38, p<O.O5). For A. thaliana, the deviation from neutrality appears to 

be mostly contributed by the HAT4 locus, which shows unusually high levels of 

polymorphism; 0 for this locus is higher than any other gene sampled from A. 

thaliana, with the exception of RPM1, which is thought to be under long-term 

balancing selection (STAHL et at. 1999). If we exclude HAT4, the HKA test for A. 

thaliana is no longer significant (d.f.=4, =4.7, p>>0.05). 



Table 4.2- Summary of silent nucleotide polymorphism. 

A. lyrata ssp. petraea 	 A. lyrata ssp. lyrata 	 A. thalianat  
Locus DJ 

Lb 	n 	SC 	
'within

d 	
totaIe 
	Lb 	Sc

with/n
d 	

total n 	 e 	L b 	n 	SC 	 e 
lrtota, 

CAUL 	0.131 	567 	10 	18 	0.0150 0.0135 565 8 3 0.0018 0.0027 587 8 (22) 8 (22) 0.0042 (0.0049) 
ETR1 	0.144 	874 	13 	60 	0.0284 0.0276 874 13 7 0.0021 0.0022 813 9 30 0.0192 
HAT4 	0.107 	421 	10 	18 	0.0166 0.0183 428 8 11 0.0064 0.0064 417 5 28 0.0302 
PGIC 	0.136 	1100 	10 	135 	0.0653 0.0625 1144 9 31 0.0082 0.0087 1115 4(24) 2(34) 0.0010 (0.0037) 
SCADH 	0.117 	703 	14 	46 	0.0175 0.0206 761 12 4 0.0012 0.0019 920 5 18 0.0087 
RBCL 	0.017 	319 	7 	1 	0.0009 0.0013 321 7 0 0.0000 0.0000 318 9 1 0.0012 a 

average pairwise silent divergence 
b 

number of silent sites (bp) 
C 
 number of segregating silent sites 

d 
average within-population nucleotide site diversity, per bp e 
total nucleotide site diversity, per bp 

, parentheses show values from total sample, including individuals surveyed in other studies 



4.3.2 Among-taxa differences in levels ofpolymorphism 

Except for HAT4, species-wide silent nuclear locus polymorphism levels for 

A. lyrata ssp. petraea are all higher than those for the A. thaliana orthologues (Table 

4.2). There is also a consistent difference in polymorphism between the two A. 

lyrata subspecies; for all loci, the European subspecies A. lyrata ssp. petraea has 

much higher levels of both average within-population and total diversity than the 

North American A. lyrata ssp. lyrata (Table 4.2, Figure 4.1). Joint maximum 

likelihood estimates of 0 using silent diversity from the five nuclear loci give values 

of 0.0047 for A. lyrata ssp. lyrata, but 0.0226 for A. lyrata ssp petraea. This 

difference is significant, and suggests a greater than four-fold difference in 

polymorphism between the two subspecies (Figure 4.2). The joint maximum 

likelihood estimate of 0 for A. thaliana is 0.0 114, intermediate between the two A. 

lyrata subspecies, but not significantly different from either subspecies. If we 

estimate O il  including all available polymorphism studies in A. thaliana (excluding 

Rpm 1), we get the nearly identical MLE of 0.0 112, and a marginally significant 

difference from both A. lyrata subspecies (Figure 4.2). In A. lyrata, the PGIC locus 

shows very high levels of polymorphism in both subspecies (Table 4.2), and might 

be under long-term balancing selection (B. Lauga and D. Charlesworth, manuscript 

in preparation), as has also been suggested in Arabidopsis thaliana (KAWABE et al. 

2000) and Leavenworthia stylosa (FILAT0v and CHARLESWORTH 1999; Liu et al. 

1999). Excluding PGIC, O il  is estimated as 0.0035 in subspecies lyrata, and 0.019 in 

subspecies petraea. Similarly, if we exclude the HAT4 locus, Osil  in A. thaliana from 

four nuclear loci in our dataset is 0.0071, or 0.0108 using all available loci, both still 

intermediate between the two A. lyrata subspecies. 



1.00 10.00 0.10 

0 

-c 	-1 
0 
0 
-c 

-2 
- 

- 	-3 

CO 
75 

 4-' 

- 

-5 

-6 

A. lyrata ssp. lyrata 

A. lyrata ssp. petraea 

A. thaliana, this study 

A. thaliana, total 

OIbp (xlOO) 

Figure 4.2 Joint maximum likelihood estimates of species-wide 9 from the five nuclear loci. 



In contrast with species-wide estimates of polymorphism, average levels of 

within-population diversity are lower in A. thaliana than in either A. lyrata 

subspecies (Figure 4.3). Nevertheless, the credibility intervals for 8 in Michigan 

overlap with those for all four A. thaliana populations, and within-population 

diversity is significantly lower in ssp. lyrata compared with ssp. petraea. The 

unweighted average of OMLE  within populations is 0.025 for A. lyrata ssp petraea, 

0.0036 for A. lyrata ssp lyrata, and 0.0018 for A. thaliana, giving a ratio of within-

population diversity among taxa of 14:2:1. Removing PGIC from the A. lyrata 

dataset, the average OWE  within populations is 0.019 for A. lyrata ssppetraea and 

0.0031 for A. lyrata ssp. lyrata, giving aratio of 10.5:1.7:1. 

4.3.3 Levels ofpopulation differentiation 

Table 4.3 summarizes tests of population differentiation and estimates of F 1  

between subspecies and subpopulations. Note that marginally significant tests 

should be treated with caution, given the number of tests performed. Most loci show 

significant differentiation among all populations, and also between the two 

subspecies, based on permutation tests. Similarly, most of the pairwise comparisons 

using single populations from each subspecies show evidence of differentiation, with 

intermediate values of F 1. In contrast, significant differentiation among 

subpopulations within subspecies is infrequent; only two loci for A. lyrata ssp. 

lyrata, and one locus for A. lyrata ssp. petraea are significant using KS I ', and only 

one additional locus (CAUL) is marginally significant for A. lyrata ssp. petraea 

using 

92 
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Figure 4.3 Maximum likelihood estimates ofwithin-population Gfor A. lyrata ssp. lyrata, A. lyrata 
ssp. petraea, and A. f/ia/lana. 



The single segregating site in RBCL is polymorphic only in Scotland, and 

shows a fixed difference between Iceland and the North American populations, 

generating high estimates of differentiation. Only the SCADH locus shows 

significant differentiation among all pairwise comparisons, and it also shows the 

highest values of F 1  for all comparisons except RBCL. Some of the F, values 

between Scotland and Iceland are negative, likely reflecting a low level of 

differentiation combined with small within-population samples; small samples can 

inflate estimates of 7Cvilhin  compared with JC/)etween  estimates from larger samples, 

generating negative values. In contrast, estimates of differentiation between North 

Carolina and Michigan are larger and positive, although most are not significant. 

Populations with low levels of polymorphism will have higher estimates of F1 and 

population differentiation (CHARLESWORTH 1998), so that the different F, values do 

not necessarily imply that within-subspecies migration rates differ between North 

America and Europe. More than 80% of segregating sites in the sample from 

subspecies lyrata are unique to one or other of the two subpopulations, in contrast to 

subspecies petraea, where less than 30% of polymorphic sites are unique (Table 

4.4). There are very few fixed differences, either within or between subspecies, 

suggesting that, if geographic isolation is complete among any of the 

subpopulations, it is very recent. 

El 



Table 4.3-Tests of geographic differentiation among A. lyrata populations 

pair CAUL ETR1 HAT4 PGIC SCADH RBCL 
total F.t  0.163 0.181 

** 
0.335 
* 

0.280 
** 

0.536 
*** 

0.727 
St 

S *** ** ** *** 

** 

ssp pet-ssp lyr F.t  
* 0.254 0.278 0.321 0.352 0.564 0.833 

Vst 
** *** ** *** *** ** 

S ** *** ** ** *** 
between ssp. 

MI-IC F.t  
* 0.205 

* 
0.285 
*** 

0.577 0.503 
* 

0.903 
** 

1.000 
st 

Q 
fin 

*** * *** *** 

* 
*** 

MI-SC F.t  

VSt 
* 0.267 

* 
0.280 
** 

0.426 
* 

0.215 
* 

0.343 
* 

0.500 
" 
S * * *** *** *** 

NC-IC F.t  0.238 0.241 0.342 0.461 0.886 1.000 
st 

* * ** *** * 
S *** * * *** 

NC-SC FSt  0.242 0.232 0.249 0.100 0.345 0.500 

S. 
within ssp. 

MI-NC F.t  0.492 0.124 0.000 0.077 0.607 

Snn 

SC-IC 0.235 0.163 0.007 0.287 0.000 
:0.054 

nn 

p<0.05, 	p<0.01, 	p<0.001 



Table 4.4- Assortment of polymorphisms within and between A. lyrata populationsa. 

populations shared fixed exclusive, popi exclusive, 
pop2 

Michigan-North Carolina 13 	(0•18)b 1 (0.01) 14 (0.19) 45 (0.62) 
Scotland-Iceland 253 (0.77) 0 (0) 70 (0.23) 7(0.02) 
ssp lyrata-ssp. petraea 37 	(0.10) 0(0) 33 (0.09) 300 (0.81) 
a includes indels and microsatellites, where polymorphic microsatellites are counted once 
regardless of allele number 
b 

proportion of polymorphisms in each category are shown in parentheses 

4.3.4 Levels of linkage disequilibrium and tests of the standard neutral model 

The patterns of diversity in A. lyrata at many of the loci suggest strong 

haplotype structure; most of the sequences can be grouped into a few sequence 

classes, with few intermediate types (Figure 4.1). This indication of strong linkage 

disequilibrium across up to 2000 base pairs of sequence is surprising, given that 

recombination events should be frequent in an outcrossing species. 

Table 4.5 summarizes levels of linkage disequilibrium and neutrality tests for 

the five nuclear loci in A. lyrata. Because of the small number of informative sites 

for most loci within A. lyrata ssp. lyrata subpopulations, we pooled the Michigan 

and North Carolina populations. The observed number of haplotypes is often small 

in comparison with the sample size in A. lyrata, even for subspecies petraea, which 

has large numbers of segregating sites. Most of these values are non-significant 

assuming no recombination; haplotype tests assuming no recombination (STROBECK 

1987) are significant only for the ETR1 locus in Iceland, where only two haplotypes 

are observed with 57 segregating sites (p<0.0 1), PUIC in A. lyrata ssp. petraea, and 

the SCADH locus from the total dataset (p<0.05), reflecting the strong population 

structure in the pooled sample for this locus. However, there is strong evidence for 

me 



Table 4.5- Levels of linkage disequilibrium and tests of neutrality across the five nuclear loci in A. lyrata. 

locus 	population 	 n 	h 	R. rmapa  E(p)b 	5 (95% C.I.)c p (h,Rm)d  B 	- p (B )e  Tajima's D 
CAUL 	A. lyrata ssp. lyrata 8 4 0 5.2 	8 2 (0,>500) 0 1.495 

A. lyrata ssp. petraea 10 5 0 39 0(0,10) ** 	0.222 0.896 
SC 6 4 0 0(0,33) 0.222 0.309 
IC 4 4 0 0 (0,>500) 0.250 -0.117 

A. lyrata 18 8 0 34 0(0,7) ** 	0.200 0.100 
ETR1 	A. lyrata ssp. lyrata 13 6 0 4.8 	21 0(0,41) 0 -0.791 

A. lyrata ssp. petraea 13 9 3 98 8(2,30) 0.677 1.086 
SC 8 8 2 8(2,39)  ** 	0.719 -0.508 
IC 5 2** 0 0(0,20)  1 000 **** 	1.890* 

A. lyrata 26 14 3 86 5(1,15) 0.638 **** 	-0.271 
HAT4 	A. lyrata ssp. lyrata 8 5 0 5.7 	8 0(0,30) 0.300 -1.757* 

A. lyrata ssp. petraea 10 8 1 38 9(1,68) 0.412 * 	0.989 
SC 6 6 1 25 (1,>500) 0.438 0.184 
IC 4 2 0 0(0,31) ** 	1.000 ** 	-0.840 

A. lyrata 18 12 3 34 25(6,70) 0.250 0.444 
PGIC 	A. lyrata ssp. lyrata 9 7 1 5.0 	15 2(1,15) 0.387 -0.615 

A. lyrata ssp. petraea 10 5*** 67 0(0,7) 0.782 **** 	2.301* 
SC 4 4 0 0(0,51) 0.788 * 	-0.777 
IC 5 3 0 0(0,130) ** 	0.992 ** 	1.878* 

A. lyrata 18 11 3 58 3(1,14) 0.250 1.029 
SCADH 	A. lyrata ssp. lyrata 12 4 0 2.1 	5 0 (0,>500) 0.0 0.385 

A. lyrata ssp. petraea 14 7 2 22 5(1,16) ** 	0.392 * 	-0.183 
SC 6 5 0 0(0,18) 0.438 1.15 
IC 8 3 0 0(0,13) ** 	0.917 -1.78* 

A. lyrata 26 10* 2 20 2(1,10) 0.377 ** 	0.0770 a 
estimate of recombination rate from A. thaliana mapping data 

b expected value of the population recombination parameter pbased on mapping data assuming the upper-bound mutation rate estimate, and r ap  
C 

 estimates of p from polymorphism data, using the method of Wall (2000). Approximate 95 % credibility intervals are shown in parentheses. 
Likelihoods are calculated over a grid of integer values for p. d 

probability of the observed h and Rm or less likely configurations, assuming p=E(p). C  probability of the observed B or greater, assuming P==E(P). 
p<O.05, 	', p<o.oi 	p<10 3 	p<10 ***** 



recombination during the history of the sample; Rm is greater than 0 for all loci 

except CAUL (Table 4.5); under the infinite sites model, this is only possible if a 

recombination event has occurred. Estimates of the physical recombination rates 

from the A. thaliana genome suggest that most of these loci are close to the average 

rate of crossing over in A. thaliana (r,nap=5.O cM/MB), which would predict high 

p values given the estimates of 0, even with the conservative upper-bound estimate 

of the mutation rate (Table 4.5). 

All expected values of p using map-based estimates of recombination 

(E(p))are higher than estimates obtained from polymorphism data (j5), consistent 

with the hypothesis of excess linkage disequilibrium in the sampled loci in A. lyrata 

ssp petraea (Table 4.5, Figure 4.4), or a generally lower rate of crossing over in A. 

lyrata compared with A. thaliana. If we assume that the true recombination 

parameter is E(p), all loci except HAT4 show a significant departure from neutral 

predictions in A. lyrata ssp. petraea for the joint values of h and Rm, and all loci 

except CAUL show significance for B (Table 4.5, Figure 4.4). This is also evident 

within Scotland and Iceland, suggesting that the pattern is not simply the result of 

geographic structuring of haplotypes within this subspecies. No locus in A. lyrata 

ssp. lyrata departs significantly from neutral expectation assuming 4Ner=E(p), 

although the small number of segregating sites means that there is low power to 

detect departures from equilibrium (HUDSON 2001; WALL 2000), and the confidence 

intervals for ô are often wide (Table 4.5, Figure 4.4). With few segregating sites, 

the wide confidence intervals imply that it is common for Rm  to be close to or equal 

to 0 under the standard neutral model, even with a high p value. 
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Figure 4.4 Relationship between observed and expected values of the per-locus 
recombination parameter p. 95 % credibility intervals from maximum likelihood estimates are 
given. Solid line shows the expected p assuming the upper-bound estimate of the mutation 
rate of 1.5 x 108. Dashed line shows the expected values assuming the lower-bound 
mutation rate estimate of 6.5 x iO. 
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In contrast with evidence for excess linkage disequilibrium in A. lyrata, 

estimates of j3 from worldwide samples of A. thaliana are very close to those 

expected (E(p)) under the standard neutral model, assuming 96% selfing (Figure 

4.4). There is no consistent difference between map-based (E(p)) and 

polymorphism-based () estimates of p, and few loci show any significant 

departure from expectation using either estimate of the mutation rate. This lack of 

significant departure for both u estimates suggests that the confidence intervals for 

are wide in comparison with the uncertainty in mutation rates. 

In A. lyrata Tajima's D statistic is significant under the assumption of no 

recombination for five individual tests performed (Table 4.5). Three cases (PGIC, 

ETR1 and SCADH) are for the Iceland population, and are due to haplotype 

structure. For example, ETR1 has two haplotypes in a sample size of five, 

generating a deficiency of low frequency polymorphisms, and a positive Tajima's D. 

Similarly, the SCADH locus has only two haplotypes in a sample size of 8 in 

Iceland, but there is a single representative of one haplotype generating a negative 

D. The negative Tajima's D for A. lyrata ssp. lyrata for HAT4 is generated by a 

single unusual haplotype in North Carolina, which is most similar to haplotypes 

found in Europe. Overall, the average Tajima's D is significantly greater than 

expected under the standard neutral model for A. lyrata ssp. petraea, but not 

significantly different from expectation for A. lyrata ssp. lyrata (Table 4.6). Within 

populations, the Iceland sample also shows an excess variance in Tajima's D. For A. 

thaliana, the average Tajima's D is significantly too low for the 18 loci included in 

the analysis, and the variance in Tajima's D is too high (Table 4.6). 
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Table 4.6-Multilocus test of Tajima's Da 

population Mean 
Tajima's D 

% lower 
than 
mean 

% higher 
than 
mean 

Variance % with 
lower 
variance 

% with 
higher 
variance 

A. lyrata ssp. lyrata -0.26 33.4 66.6 1.54 88.7 11.3 
NC 0.222 76.4 23.6 0.863 69.0 31.0 
Ml -0.521 16.7 83.3 0.196 18.2 81.8 

A. lyrata ssp. 0.848 99.4 0.6 0.814 55.2 44.8 
petraea 

IC 0.201 73.3 26.7 2.73 99.98 0.02 
SC 0.060 61.4 38.6 0.774 39.4 60.6 

A. thaliana -0.659 0.3 99.7 1.6 99.7 0.3 
a 

percentages are the proportion of simulations that give lower and higher values for the 
mean and variance of D than observed for the nuclear genes 

4.4 Discussion 

4.4.1 Levels ofpolyinorphism in A. lyrata 

We observe high average estimates of within-population diversity in A. 

lyrata; the average of MLEs for 9 within populations is 0.014, which is comparable 

to the average in D. melanogaster populations (MORIYAMA and POWELL 1996). Our 

estimates of total and within-population diversity are considerably higher than those 

found by Savolainen and colleagues at the ADH locus (SAVOLAINEN et al. 2000). 

This is probably because that study concentrated primarily on a population from the 

North American subspecies lyrata, which our results also show to have low 

polymorphism. Savolainen and colleagues report a ota/  value of 0.0023 for this 

population, within the range of our estimates for A. lyrata ssp. lyrata (from 0.00098 

for ETR1 to 0.0074 for PGIC). Estimates of polymorphism in the ADH locus 

suggested similar or lower levels of polymorphism in subspecies petraea, but this 

may simply reflect the high variance in parameter estimation associated with small 

sample sizes (Iceland: nr=2 and Russia: n=4) (SAVOLAINEN et al. 2000), especially 

when there is strong haplotype structure, as found in our slightly larger samples. Our 

results are thus not incompatible with those for ADH, and the combined data 
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highlight the importance of surveying polymorphism for multiple loci, and including 

within- and between-population variability across the species range. 

4.4.2 Comparing nucleotide diversity in selfing vs. outcrossing Arabidopsis 

The average within-population diversity in our A. lyrata sample (8=0.014) is 

much higher than estimates from within A. thaliana populations (8=0.0013; Stahl et 

al. unpublished data). It is possible that this difference may be underestimated, since 

these A. thaliana populations were chosen because they were polymorphic at the 

disease resistance locus, Rpm]. On the other hand, they are all from North America, 

which A. thaliana is thought to have colonized recently. Nevertheless, the difference 

in within-population diversity suggests that the long-term effective size of 

outcrossing A. lyrata populations may be considerably higher than its selfing 

congener, and the magnitude of the difference suggests that increased homozygosity 

alone cannot explain the difference. However, there is also strong geographic 

structuring of polymorphism in A. lyrata, both within and between subspecies, 

suggesting a substantial amount of population isolation. North American populations 

have more than fivefold lower polymorphism than the Scotland and Iceland 

populations studied. Given the strong differences in the amount and types of 

segregating variants, the two subspecies should probably be considered independent 

taxa for studies of molecular population genetics. In A. lyrata ssp lyrata, the 

estimated average within-population silent polymorphism is only about twice that in 

A. thaliana, which is not significantly greater than the twofold expected under a 

neutral model with complete self-fertilization (Figure 4.3). 
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Species-wide diversity is also considerably higher in A. thaliana than A. 

lyrata ssp. lyrata, but lower than A. lyrata ssp. petraea. Furthermore, levels of 

population differentiation appear to be high in both species, although the highly 

polymorphic European A. lyrata populations show considerably less structure than 

A. thaliana, where polymorphism is strongly reduced within populations. Finally, 

patterns of linkage disequilibrium and the frequency spectrum in A. lyrata ssp. 

petraea suggest consistent, multilocus departures from the neutral equilibrium 

model. Together, the data suggest that diversity has been strongly influenced by 

population subdivision and demographic history, and estimates of 0 and p should 

thus be treated with caution, and serve more as tests for neutrality and summaries of 

diversity patterns than as estimates of population parameters. Combined with similar 

evidence for departures from demographic equilibrium in A. thaliana, this makes 

quantitative comparisons of the long-term effective population sizes of these taxa 

difficult, since they depend on unknown details of the species' demographic history. 

4.4.3 Demographic history in A. lyrata 

The difference in polymorphism levels between subspecies in A. lyrata is 

consistent with several possibilities. First, polymorphism in the North American 

populations may have been reduced by a strong population bottleneck. This may 

have been a recent event associated with glaciation, and postglacial re-colonization, 

or it could have occurred during an initial colonization of North America from 

Europe, followed by a long-term reduction in effective population size. A recent 

bottleneck should generate a skewed frequency spectrum of variants, detectable by 

Tajima's D (TAJIMA 1989a). In the first stages after a bottleneck, a positive D is 
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expected, because intermediate frequency variants are most likely to be sampled 

from the ancestral population. Following this period, new mutations are expected to 

accumulate in different lineages of the expanding population, leading to a star-like 

phylogeny and a negative Tajima's D (FAY and Wu 1999; TAJIMA 1989a). 

Savolainen and colleagues (2000) found a significant positive Tajima's D in a large 

sample from an Indiana population of A. lyrata ssp. lyrata, suggesting a population 

bottleneck. In our pooled sample from two subpopulations of A. lyrata ssp. lyrata, 

the mean and variance of Tajima's D are close to their neutral expectation (Table 

4.6). However, given preliminary evidence for population subdivision between 

Michigan and North Carolina, the signature of a bottleneck may be obscured due to 

geographic structuring of variation. Larger within-population samples will be 

required to further investigate the frequency spectrum of neutral polymorphisms 

within North America, to determine whether these populations are at equilibrium 

with respect to mutation and genetic drift. 

An alternative to the bottleneck hypothesis is that the ssp. lyrata diversity 

levels represent the long-term equilibrium situation, and that recent population 

admixture or introgression from previously isolated populations has inflated 

polymorphism in the European populations. Coalescent models applied to human 

population data suggest that, to be detectable, admixture must be very recent, and 

must involve highly diverged populations (NORDBORG 2000b). For A. lyrata, 

population admixture between populations from distinct glacial refugia (see e.g. 

WALTER and EPPERSON 2001) is one possibility, although it is questionable whether 

divergence during the last glaciation could have been long enough to cause the 

observed level of differentiation among haplotypes. Another possible source of 
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excess polymorphism could be recent introgression from related species, for 

example A. halleri, which has a patchy distribution in Western Europe (JONES, 

1993). A recent study of species-wide polymorphism at several loci in A. lyrata and 

A. halleri supports this possibility for some A. lyrata populations (B. Stranger, pers. 

comm.), but it is unclear whether it can account for the results from Iceland and 

Scotland, where A. halleri is absent (JONES, 1993); further work is necessary to test 

whether variants in these populations are shared with A. halleri. 

The recent admixture hypothesis predicts an excess of linkage 

disequilibrium. Our evidence for strong haplotype structure using both within-

population samples and the pooled sample in Scotland and Iceland may thus be 

consistent with this hypothesis; if so, effective population sizes based on levels of 

nucleotide diversity could be considerably overestimated. The signature of excess 

linkage disequilibrium is most striking in Iceland, where most loci have very few 

haplotypes, despite extensive polymorphism, and the average Tajima's D is positive. 

Alternatively, the excess linkage disequilibrium and positive Tajima's D values 

could result from a population bottleneck in Europe, with an ancestral population 

with a high effective size and high diversity. It is also possible that long-term 

population subdivision with low levels of migration could generate the observed 

increase in linkage disequilibrium and skew in the frequency distribution (Wakeley 

and Aliacar, 2001). Analysis of haplotype structure and the frequency spectrum 

using larger samples within populations will be important to confirm these results, 

and to test further for departures from equilibrium assumptions within populations. 
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4.4.4 Recombination and linkage disequilibrium in A. lyrata and A. thaliana 

Our results suggest strong linkage disequilibrium in A. lyrata compared to 

the amount expected based on the r,, jap values from A. thaliana. The available 

polymorphism datasets thus provide little evidence for the expected higher effective 

recombination rate in A. lyrata compared to A. thaliana. In A. thaliana, the effective 

intralocus recombination rate in worldwide samples of alleles appears to be 

approximately as predicted from the estimated recombination and mutation rates, 

given this species' high rate of self-fertilization. Our result using mutation and 

recombination parameter estimates corroborates the conclusions of Nordborg and 

colleagues (HAGENBLAD and NORDBORG 2002; NORDBORG 2000a) which were 

based on comparing their estimates of linkage disequilibrium from several large 

genomic regions in A. thaliana with those observed in D. melanogaster. Together, 

the results do not support previous claims of a general excess of recombination in A. 

thaliana compared with the amount expected in a highly selfing organism 

(HAUBOLD et al. 2002; KUITTINEN and AGUADE 2000), and so a high rate of gene 

conversion (HAUBOLD et al. 2002) may not be necessary to explain the observed 

number of recombination events in this species. If the general assumption of a high 

long-term selfing rate is correct, and provided that rates of gene conversion are not 

excessive, this good fit with neutral expectation also suggests that there is no strong 

population subdivision in these worldwide samples of A. thaliana, in contrast with 

earlier suggestions (INNAN etal. 1996). However, if there has been recent population 

expansion, the signature of ancient population subdivision may be obscured in A. 

thaliana. Population growth leads to a star phylogeny with few significant 

associations among the polymorphic sites due to variants that have arisen during the 
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growth period. Growth thus increases the number of rare variants and the number of 

haplotypes. If a population has experienced growth long enough ago to accumulate 

new variants, linkage disequilibrium will therefore be low, as measured by 

haplotype number or the squared correlation coefficient r2  (PRITCHARD and 

PRZEWORSKI 2001; PRZEWORSKI and WALL 2001; SLATKIN 1994). This could 

obscure linkage disequilibrium caused by long-term subdivision, and generate a 

misleading appearance of fitting the expectations of recombination-drift equilibrium. 

Evidence in A. lyrata for consistently lower than expected estimates of p is 

similar to observations from some population samples of Drosophila (ANDOLFATTO 

and PRZEWORSKI 2000; WALL etal. 2002) and humans (FRIssE etal. 2001). In all 

these species, population bottlenecks following colonization from ancestral 

populations may explain the results. An important limitation of studies of linkage 

disequilibrium in A. lyrata, however, is the absence of any extensive information on 

rates of recombination for this species. One alternative to a demographic explanation 

is the possibility that in A. lyrata the loci surveyed are in regions of reduced 

recombination. Another possibility is that recombination rates are generally lower in 

A. lyrata than A. thaliana. Data on chiasma frequencies have suggested that rates of 

recombination may be generally higher in selfing species than related outcrossers, 

and this accords with some models for the evolution of recombination (reviewed in 

(CHARLES WORTH and CHARLESWORTH 1979). The average rmap in A. thaliana is 

approximately five times higher than rates in regions of normal recombination in 

humans and D. melanogaster, suggesting the possibility of elevated recombination 

rates in A. thaliana. It is not known how large the effect, if any, may be, but we can 

roughly calculate the magnitude of the difference in recombination rates in the two 
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Arabidopsis species that would be required to explain our data. The average estimate 

of â /0 from our A. lyrata ssp. petraea datasets is 0.42. Under the standard neutral 

model, this gives an estimate of the ratio of the rate of recombination to the rate of 

mutation. A mutation rate of 1.5 x 10-8  would then imply that the average r for these 

loci is 0.6 cM/MB in A. lyrata, approximately 7 times lower than the average of 4.6 

cM/MB estimated from physical and genetic maps for these loci in A. thaliana; if the 

mutation rate is closer to the estimate of Wolfe et al. (1987), this would suggest a 

13-fold reduction in recombination rates in A. lyrata. It would be surprising if these 

species differ so greatly in recombination rates, but empirical data are needed to test 

this. For comparison, the average ô /0 for A. thaliana is 0.932, greater than twice 

that of A. lyrata ssp. petraea. Assuming a selfing rate of 0.96, the average 

recombination rates are estimated as 5.6 or 14.8 cM/MB, using the lower-and upper-

bound mutation rate estimates, respectively. These values are of the same order as 

the average of 5.1 cM/MB estimated from mapping data. 
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Chapter 5 

Effects of recombination rate and gene density on transposable 
element distributions in Arabidopsis thaliana. 

5.1 Introduction 

Transposable elements (TEs) in many organisms have been shown to 

accumulate differentially among chromosomal regions, including regions of 

contrasting recombination rates (BARTOLOME et al. 2002; BoissiNoT et al. 2001; 

CHARLESWORTH and LANGLEY 1989; DURET et al. 2000), gene density 

(MEDSTRAND et al. 2002), and base composition (LANDER et al. 2001). One possible 

explanation for these patterns is that TEs have insertion preferences for particular 

regions. Evidence for insertion bias is strong for some TEs (JAKUBCZAK et al. 1991), 

although for the majority there is little evidence to support insertion preference as an 

explanation for TE distribution (NUZHDIN et al. 1997). An alternative is the effects 

of differential selective constraints on TEs in different regions of the genome 

(CHARLESWORTH and LANGLEY 1989). First, TE's are almost exclusively found 

outside of coding regions (BARTOLOME et al. 2002; DuRET et al. 2000; 

NEKRUTENKO 2001; PAVLICEK et al. 2002), suggesting that the majority of 

insertions into exons are strongly deleterious and rapidly eliminated by selection. 

Additionally, evidence from patterns of TB insertion polymorphism in natural 

populations of some species indicate that insertions segregating in noncoding 

genomic regions are almost always at low frequencies, consistent with the 

hypothesis that TB abundance is controlled by the action of purifying selection 

(CHARLESWORTH and LANGLEY 1989; WRIGHT et al. 2001). If TB abundance in 
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noncoding DNA is determined by a balance between the forces of transposition and 

natural selection, regional genome effects on the strength or efficacy of natural 

selection will play a significant role in controlling TE distribution. 

Several models of selection against TEs in noncoding DNA have been 

proposed. First, abundance may be controlled by weak selection against the direct 

effects of insertions into noncoding regions (BIEMONT et al. 1997; CHARLESWORTH 

and LANGLEY 1989). In particular, insertions into introns and regulatory regions may 

have on average slightly deleterious consequences on fitness (LANDER et al. 2001; 

LONG et al. 2000) by causing disruptions in gene expression. Similarly, element 

transposition may impose a significant cost on the host due to expression of TE gene 

products, leading to selection against TE activity (NUZHDIN et al. 1996). 

Alternatively, the action of natural selection may be only indirectly associated with 

TE mobility, by the deleterious effects of ectopic recombination between elements 

located at distinct sites in the genome, which can cause major chromosomal 

rearrangements and gene deletions (LANGLEY et al. 1988). 

Under the ectopic exchange model, lower rates of ectopic exchange are 

expected in regions of reduced recombination (VIRGIN and BAILEY 1998), allowing 

TEs to accumulate in these chromosomal locations (LANGLEY et al. 1988). 

However, under the insertion model, the action of positive and negative selection at 

linked sites may also weaken the efficacy of selection against deleterious insertions 

in regions of reduced recombination (DURET et al. 2000; EICKBUSH and FURANO 

2002), a process known as the Hill-Robertson effect (HILL and ROBERTSON 1966). 

Although further modelling is required to assess the action of Hill-Robertson 

interference on TEs, the effects of linked selection may thus also allow elements to 
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accumulate in regions of reduced recombination. Unlike the ectopic exchange 

model, however, the insertion model predicts that TE insertions should accumulate 

in regions of low gene density; even within nonco ding DNA, TE insertions are less 

likely to interfere with gene expression in regions with a low proportion of coding 

DNA. 

Results showing higher copy numbers of TEs in regions of reduced 

recombination in several species (Arabidopsis Genome Initiative 2000; BARTOLOME 

et al. 2002; BoissiNoT et al. 2001), are consistent with this expectation of both 

models. Although most of these studies have examined the effects of large-scale 

heterogeneity in recombination, a recent genetic analysis in maize also provided 

evidence for a strong reduction in the rate of recombination in TE-rich regions at a 

very local level (Fu et al. 2002). Furthermore, a recent study of TE frequencies in 

populations of Drosophila melanogaster has found evidence for an effect of TE size 

on the action of selection, which was interpreted as additional support for the model 

of ectopic exchange (PETROV et al. 2003). In contrast with these results, however, a 

recent study showed a positive correlation between recombination rate and DNA 

transposon abundance in C. elegans, and no effect of recombination on 

retrotransposon abundance (DURET et al. 2000), suggesting that the predictions of all 

selection models do not hold. Although the explanation for the differences among 

species is unclear, C. elegans is highly inbreeding in natural populations 

(GRAUSTEIN et al. 2002). In highly inbred species, low effective rates of 

recombination across the genome may remove effects of recombination rate 

heterogeneity on genome structure (CHARLES WORTH and WRIGHT 2001; MORGAN 

2001). First, unless population size or physical recombination rates are very high, 



the action of Hill-Robertson interference is expected to be present genome-wide 

(MCVEAN and CHARLESWORTH 2000), and any recombination-based heterogeneity 

associated with the efficacy of selection may be weak or absent. In addition, high 

homozygosity in self-fertilizing populations is expected to lead to infrequent ectopic 

recombination events, due to fewer chances for ectopic pairing, which appears to be 

promoted by heterozygosity (CHARLESWORTH and CHARLESWORTH 1995; MORGAN 

2001; WRIGHT et al. 2001). Patterns of heterogeneity in TB distributions observed in 

the genomes of highly inbred species should thus reflect other effects of natural 

selection, or the effects of transposition preferences, and variation in recombination 

rate is less likely to play a role. 

To further evaluate this hypothesis, we investigate the effects of 

recombination rate and gene density on TE distributions in the self-fertilizing plant 

Arabidopsis thaliana. A. thaliana shows a high diversity of TEs, most of which are 

widely dispersed across the genome (LE et al. 2000; SURZYCKI and BELKNAP 1999). 

This diversity includes all major superfamilies of retrotransposons (Class I 

elements), DNA transposons (Class II elements), as well as a recently identified 

third class of TEs ('Class III') (KAPITONOV and JLTRKA 2001; LE et al. 2000), with 

similarities to bacterial rolling-circle transposons (KAPITONOV and JURKA 2001). 

Genome analysis has provided preliminary evidence for an accumulation of many 

TB families in pericentromeric regions (Arabidopsis Genome Initiative 2000; 

COPENHAVER et al. 1999; KLTMEKAWA et al. 2000), but the relative importance of 

various characteristics of genome structure in driving this pattern has not been 

investigated. 
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5.2 Methods 

Genome analysis 

The genome sequence and positions of predicted genes for all five 

chromosomes of A. thaliana were extracted from The Arabidopsis Information 

Resource (TA[R- www.arabidopsis.org). The genome sequence is in the form of 

'pseudomolecules'; the concatenated sequence of overlapping sequenced clones for 

each chromosome. These pseudomolecules comprise the entire genome sequence, 

with the exception of telomeres, the rDNA islands on chromosomes 2 and 4, and 

several small gaps denoted as 'N's (Arabidopsis Genome Initiative 2000). 

Sequences were divided into 100kb fragments across each chromosome, and 

information on base composition and annotated (predicted) gene position was 

collected, excluding a small number of fragments with estimated gaps or terminal 

sequence leading to a bin size of less than 50 kb. Each pseudomolecule was 

submitted to a BLAST search (NCBI standalone BLAST released for Unix on April 

3,200 1) against our Arabidopsis TE database (www.tebureau.mcgill.cal), to 

determine the positions of each TE superfamily along the entire set of chromosomes. 

TE positions were then verified manually, to eliminate all redundancies and record 

the presence of nested insertions. For analysis of gene density and the fraction of 

coding DNA, all annotated coding regions that showed matches solely to TE—

encoded gene products were removed. All putative insertions into annotated exons 

and introns were verified by individual BLAST searches of annotated coding 

regions. Matches to small internal fragments of TEs, annotated proteins that 

represent fusions between TE mobility genes and adjacent genes, and matches to 

host sequences internal to TE insertions were eliminated. 
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Recombination rate estimation 

The alignment of physical and genetic maps from A. thaliana, and estimation 

of recombination rates across the genome were as described in Chapter 4. Boundary 

regions with low marker density between the central regions of low recombination 

and the chromosome arms were excluded from correlations with recombination rate. 

Central regions of reduced recombination, which include the centromeres 

and heterochromatic knobs, were also delimited using the genetic marker data in 

order to compare these regions with the rest of the genome, hereafter called the 

'chromosome arms'. The central regions have been shown to have a strong reduction 

in rates of recombination, by recombination rate estimation that is independent of 

the genome project data used here (COPENHAVER et al. 1999; HAUPT et al. 2001). 

Because of low marker density, comparisons were restricted to central regions of 

clearly reduced recombination versus the chromosome arms, with boundary regions 

of low marker density excluded from the analysis. In the case of chromosome 1, 

fine-scale estimates of recombination rates in the centromeric region by Haupt et al. 

(2001) allowed the recombination boundary on the short arm to be precisely 

delimited, to BAC clone T22A15. Estimates of average recombination rate along the 

arms (4.9 cM/MB) using the polynomial fits were very similar to estimates of the 

average genome recombination rate, 5.0 cM/MB (HAUPT et al. 2001). In the central 

regions of reduced recombination, average recombination rate using polynomial fits 

was estimated to be 1.5 cM/MB, although this includes regions with much greater 

recombination rate reduction, up to perhaps complete suppression in the centromere 

core (HAUPT etal. 2001). 
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Testing effects of coding density on purifying selection against insertions. 

We used a maximum likelihood method to test for the presence of selective 

constraint in intergenic regions. If TE insertions are inserted randomly within 

intergenic DNA along the chromosome arms, they should follow a Poisson 

distribution. Specifically, the likelihood of observing n insertions is the product of 

the likelihoods in each bin i: 

L=1JL1=fJ 
U,  

n! e' 

Assuming no selective constraint in intergenic regions, the parametric mean 

pi  = (vIe ), where I is the number of base pairs of intergenic DNA in bin i estimated 

directly from the data, and v is the per base pair probability of an insertion. This 

model assumes complete independence among bins, i.e. no local insertion 

preference, and by constraining v across bins we assume that TE distribution is 

random across intergenic DNA. We can calculate the maximum likelihood estimate 

of v, using the observed values of n and I for each bin. As an alternative model, we 

allow u, to vary as a function of the observed amount of coding DNA (C) in bin i: 

aC 
v(11 - aC1 ), where aC1  <I,.. Here, -i-  is a measure of the proportion of 

Ii  

intergenic DNA in bin i that is under selection against TE insertion, and the total 

proportion of intergenic DNA under selective constraint against TE insertions can be 

estimated by summing across all bins. We assume that a given insertion site in 

aC. intergenic DNA is either unconditionally deleterious, with probability __L,  or 
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neutral, with probability 1--. By calculating the joint maximum likelihood of v 

and a, and comparing it to a model where a=O, we can test for an effect of coding 

density on TE distributions. Significant improvement to the likelihood is assessed 

using the statistic 2(lnLi -lnLo), where L0  assumes a=0, and L1  allows a>0. This 

statistic is asymptotically x2  distributed with 1 degree of freedom. To examine the 

expected correlation between coding density and TE frequency under a model with 

these parameter estimates, we also run 10000 computer simulations of random TE 

insertion into unconstrained intergenic DNA, using the observed sizes of intergenic 

and coding DNA in each bin. In these simulations, we simply assume a Poisson 

distributed number of insertions into each bin, with the parametric mean u1  in bin i 

given by the selection equation above. These simulations assume that the only factor 

influencing TE distribution is random insertion into unconstrained sites. 

5.3 Results 

5.3.1 TE accumulation in low-recombining regions surrounding the centromere 

Central regions of reduced recombination, including the centromeres, 

pencentromeric regions and heterochromatic knobs, have been shown to have a 

strong reduction in rates of recombination (COPENHAVER et al. 1999; HAUPT et al. 

2001), and we first compare TE abundance in these regions with the chromosome 

arms. All classes of TEs show evidence for accumulation in these regions of reduced 

recombination surrounding the centromere (Arabidopsis Genome Initiative 2000). In 

total, TE-derived DNA represents approximately 27% of the central regions of 

116 



reduced recombination, compared with only 3% of DNA in the rest of the genome. 

Two superfamilies of elements, gypsy-like and CACTA, show a particularly striking 

accumulation in the centromeric regions, and are almost exclusively found in these 

regions, and we therefore consider these elements separately. These TEs, 

particularly the gypsy-like element Athila, have many centromeric copies arranged in 

tandem, often as truncated or fragmented elements, located near the centromeric 

core (KUMEKAWA et al. 2000; PELISSIER et al. 1995). Such elements have been 

hypothesized to be associated with centromere function (MALIK and HENIKOFF 

2002), and they may have acquired new mutational mechanisms for their spread in 

the centromere. However, all other elements, which are not found as tandem arrays, 

also show significant accumulation in pericentromeric regions of reduced 

recombination. 

In addition to low levels of crossing-over, A. thaliana pericentromeric 

regions also have low exon density, and the fraction of DNA that is coding is much 

lower compared with the rest of the genome (Table 5. 1, see Arabidopsis Genome 

Initiative 2000). Similar to recent studies in Drosophila melanogaster (COMERON 

and KREJTMAN 2000), average intron length is significantly larger in the regions of 

reduced recombination, even when the contribution of TE insertions to intron size is 

factored out (Table 5.1). Overall differences in base composition are also significant, 

but the difference in mean base composition between regions is very weak. 

Surprisingly, GC content is slightly higher in the pericentromeric regions compared 

with the chromosome arms (Table 5.1). This contrasts with the pattern at the local 
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Table 5.1 TE copy number (per MB) and genome characteristics in regions of reduced 
recombination compared with the chromosome arms. 

reduced chromosome 
recombination arms 

Class Il 16.3*** 3.5 
gypsy 33.0*** 0.3 
Class II 30.6*** 10.2 
CACTA 6.5*** 0.16 
Class Ill 16.9*** 6.7 
GC content 0.368** 0.361 
Exon density (per Mb) 417** 1300 
Fraction of coding DNA 0.131*** 0.326 
Intron size (b P)2 188.9** 167.2 

l,  Class I elements include those insertions that could be definitively classified as copia-like, LINE-like, and SINE- 
like 
2  excludes contribution of TE insertions to intron length 
Significance levels are given for the Mann-Whitney U test, * p<0.05; 	p<O.Ol; ***; p<0.001 

level, where base composition surrounding TE insertions has been found to show an 

elevated frequency of AT (LE et al. 2000). 

Because gene density is higher in regions of normal recombination, one 

simple explanation for the differential accumulation of TEs in low-recombining 

regions is that it reflects the action of strong purifying selection against insertions 

into exons. Indeed, we find an almost complete absence of insertions into exons 

(Table 5.2), suggestive of very strong selection. Note that we exclude from this 

category 1) annotated genes matching solely to TE-derived gene products, 2) 

'fusion' proteins, encoding predicted genes which fuse coding sequence from TE 

insertions and adjacent genes, and 3) 'acquired genes' that are host genes internal to 

TE insertions (Yu et al. 2000). Although both fusion proteins and acquired genes 

may be expressed and functional, they do not represent the insertion of TEs into pre-

existing host coding regions. TE insertions are also strongly under-represented in 

introns in A. thaliana (Table 5.2); in both the centromere and the chromosome arms, 
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there is a strong reduction in the frequency of TE insertions in introns. Since most 

insertions into introns and exons appear to be under 

Table 5.2- Location of TE insertions in relation to coding regions'. 

Element Class 	Reduced Recombination 	 Chromosome arms 

intergenic intron 	coding intergenic intron 	coding 

Class 12 	19.4*** 2.99* 1.4* 5.8 0.378 0.07 
(0.049) (0.0004) (0.0007) (0.014) (0.0002) (0.0002) 

Class 112 	355*** 94*** 0 18.1 1.5 0 
(0.046) (0.023) (0.018) (0.0001) 

Class Ill 	20.9*** 3.2 0.56 12.5 1.1 0 
(0.014) (0.002) (0.0005) (0.006) (9.8x10 4) 

Upper values in each cell are the number of elements per megabase of DNA in each category, and values in 
parentheses are the fraction of DNA in each location occupied by TEs. Significance levels are shown for 
comparisons between the regions of reduced recombination compared to the chromosome arms by the Mann-
Whitney U test. 
2 

Class I and Class II elements are shown excluding gypsy and CACTA-like elements, respectively. 
two-tailed significance: * ,p<0.05; "i,  p<0.01, -p<0.001 

strong purifying selection, this might be the sole explanation for their low abundance 

in the chromosome arms, where the density of coding regions is higher. When the 

abundance of TEs within intergenic DNA is compared, however, TEs are still 

significantly in excess in regions of low recombination (Table 5.2), suggesting that 

the difference in the abundance of coding DNA alone cannot explain their 

differential accumulation. 

5.3.2 Recombination rate does not explain TE distribution in intergenic regions of 

A. thaliana 

The high number of TEs in pericentromeric regions is consistent with either 

model of selection, since these regions are both gene-poor and recombination-poor. 

Furthermore, the dense methylation and difference in chromatin structure in 

119 



heterochromatic regions may make these insertions more effectively silenced 

(SINGER et al. 2001), preventing the potentially deleterious expression of TE-derived 

gene products in these regions. It is therefore important to examine whether, in 

addition to this comparison between genomic regions, there are general correlations 

between TE abundance and recombination rate. Given the under-representation of 

TEs in coding regions, we consider only the TE content in intergenic regions for this 

analysis. Excluding the centromere-specific TEs (gypsy and CACTA), no correlation 

is observed between the rate of recombination and TE abundance in intergenic DNA 

(Table 5.3). Note that this whole-genome correlation with recombination is not 

significant despite accumulation of elements near the centromere; since the 

pericentromeric regions represent a low proportion of total DNA, even this effect is 

not detected in a genome-wide correlation. Only gypsy and CACTA, which are 

almost exclusively present in the central regions of reduced recombination, show a 

significant negative correlation. If we consider only the chromosome arms, no 

negative correlation is observed for any class of TE; in fact, all three major classes 

show a positive relationship with TE frequency. This positive relationship can be 

explained at least in part by a negative correlation between coding density and 

recombination rate along the chromosome arms (Table 5.3). Using a partial 

correlation correcting for the effect of coding density, there is no significant effect of 

recombination rate on Class II or III elements, and we observe 
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Table 5.3 Spearman rank correlation coefficients between element frequency, fraction of 
coding DNA and recombination rate.' 

total genome 	 chromosome arms 

recombination fraction of recombination fraction of 
rate coding rate coding 

DNA DNA  

Class I -0.005 -0.375*** 0.127** -0.187*** 
(0.067*) (0.322***) (0.0898*) (0.202***) 

Gypsy 0.378*** 0.426*** 0.060 -0.057 
(-0.257***) (-0.469***) (0 124***) (-0 11 7**) 

Class II -0.011 -0.318*** 0.080* -0.100*** 
(-0.006) (-0.232***) (0.021) (-0 155***) 

CACTA -0.247*** -0.271 0.023 -0.074* 
(-0 1 93***) (-0.276***) (0.0011) (-0.057) 

Class III 0.035 -0.244*** 0.076* -0.064 
(0.09**) (-0.218***) (0.037) (-0.164***) 

fraction of coding 0.099* - 0.139** - 
DNA 

values given in parentheses are partial correlations, factoring out effects of coding fraction and recombination 
rate, respectively. 

Direct correlations between coding density and TE abundance are calculated by making bins which exclude TE 
contributions to DNA length. Partial correlations, factoring out recombination rate effects, use the original bins, for 
accurate estimation of recombination rates over real physical distance. 
two-tailed significance: *,p<0.05; 	p<0.01; -,P<0.001 

a weaker positive relationship between recombination rate and TE abundance for 

Class I TEs (Table 5.3). Provided that the rate of ectopic recombination correlates 

with the rate of crossing over, these results suggest that selection against ectopic 

exchange does not drive TE distribution in A. thaliana. 

5.3.3 Effect of gene density on TE abundance in intergenic DNA 

Our initial analysis suggested that selection against insertions into exons and 

introns is playing an important role in TE distribution in the A. thaliana genome, 

given their strong under-representation compared with intergenic DNA. We also 

wish to test whether regions of high gene density show an under-representation of 

insertions in intergenic regions, due to a higher density of untranslated and cis- 
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regulatory regions. Alternatively, silencing of TE insertions by DNA methylation 

and associated changes in chromatin structure might interfere with the expression of 

nearby genes (GENDREL et al. 2002). In a given sample of DNA along the 

chromosome, increases in TE-derived DNA could force the amount of coding 

sequence to be smaller, violating the standard assumptions of correlation analysis. 

To avoid this effect, we excluded the contribution of TEs to sequence length when 

sampling bins of constant size (100kb) across the genome, to look at effects of 

coding density on TE frequency. In contrast with recombination rate, all element 

families show a significant negative correlation between the fraction of coding DNA 

and TE frequency in intergenic regions (Table 5.3). If we consider only the 

chromosome arms, the negative correlation remains significant for Class I and II 

elements, but not Class III (Table 5.3). Furthermore, a partial correlation analysis, 

factoring out the effects of recombination rate, still reveals a residual negative 

correlation between coding density and TE abundance for both the whole genome 

and the chromosome arms (Table 5.3). 

While the above analysis suggests that selection against insertions near 

coding regions is influencing TE distribution, the corresponding correlation 

coefficients are low, and it is unclear how strong the action of purifying selection 

would be to explain the data. To assess the insertion model more directly, we use a 

maximum likelihood framework to test whether a simple model that includes an 

effect of coding density on the amount of selective constraint in intergenic regions 

provides a significant improvement to the likelihood of the data compared to a 

model that assumes elements are randomly distributed in intergenic regions (see 

Methods). Because the high fraction of TE-derived DNA and the high frequency of 
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nested insertions in the centromere will violate the assumptions of independence 

among insertions, we consider only the chromosome arms for this analysis, and once 

again exclude TE contributions to sequence length. 

For all three TE classes, a model that includes increases in selective 

constraint in intergenic regions with an increasing amount of coding DNA provides 

a significant improvement to the likelihood compared to a model of random 

distribution in intergenic regions, consistent with the action of purifying selection 

against insertions near genes (Table 5.4). We can use this model to estimate a, a 

measure of the amount to which increases in coding DNA increase the selective 

constraint in intergenic regions. Estimates of a range from 0.27 for Class II elements 

to 0.64 for Class I. Additional factors, such as variation across individual element 

families and genomic regions in a, the presence of nested insertions, and the 

influence of historical selection pressures predating the evolution of self-fertilization 

may all play a role in causing residual departures from expectation. Nevertheless, we 

can use our analysis to roughly estimate the total fraction of intergenic DNA that is 

under purifying selection against TE insertions along the chromosome arms (see 

Methods). Using the total amounts of intergenic and coding DNA in our sample 

from the chromosome arms, our estimates of a would imply that between 18 and 

44% of intergenic DNA is under selective constraint against TE insertions. 

Similarly, given an estimated average of 1308 bp of coding DNA per gene along the 

chromosome arms, this implies that each gene has on average 235-837 base pairs of 

intergenic DNA that are under selective constraint 
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Table 5.4- Likelihood ratio test for selection on insertions in intergenic DNA 

Element Class a (95% Cl.) 2 AL 	r, model (95% C. 1.)
2 

Class I 	0.64 	 31.1*** -0.178 
(0.52, 0.70) 	 (-0.124,-0.232) 

Class II 	0.27 	 49* 	-0.07 
(0.04,0.42) 	 (-0.01,-0.126) 

Class III 	0.34 	 6.7** 	-0.085 
(0.1, 0.49) 	 (-0.027, -0.144) 

, maximum likelihood estimate and approximate 95% credibility interval for the estimate of a 
using the x2  approximation. 
2 mean and 95% confidence interval of the Spearman rank correlation coefficient between TE 
frequency and coding density from 10,000 computer simulations of random insertion, using the 
maximum likelihood estimates of a and v. 
significance of likelihood ratio test: * p<005 ', p'cO.Ol; ***,p<0.001 

against TE insertions. Given the short distance between genes in the compact A. 

thaliana genome (average length of intergenic DNA, 2013 bp), this conclusion 

appears reasonable. Computer simulations of insertion into unconstrained regions 

using the observed values of the abundance of coding and intergenic DNA and the 

maximum likelihood estimates of parameters confirm that the observed correlation 

coefficients between TB frequency and coding density are expected with this level 

of selective constraint (Table 5.4). This illustrates that even fairly strong selection 

against insertions in intergenic DNA will generate similar correlations between 

coding density and TB frequency along the chromosome arms to those observed. 

5.3.4 Multivariate analysis of TE distribution 

It is important to assess whether our analyses based on pairwise correlations 

and the three major TE Class categories are robust to a more global, multivariate 

analysis. To investigate this we used principal components analysis to summarize 

multivariate patterns of TE abundance in intergenic DNA for all individual TB 

element families, excluding CACTA and gypsy-like elements. The first axis in this 
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data reduction, which explains 23% of the variance, shows a general increase with 

TE abundance; all TE families increase in abundance with an increasing value for 

factor 1 (Table 5.5). We performed a multiple linear regression, using factor 1 as the 

dependent variable, with coding density, recombination rate, and GC content as 

independent variables. The model, which explains 20% of the overall variance in 

global TE abundance, provides confirmation of our primary conclusions. As 

expected, this analysis shows no significant effect of recombination rate on this 

Table 5.5 principal component analysis of TE abundance. Values shown are correlations 
between element abundance and Factor 1. 

TE family 	correlation with factor 

Ac 0.446 
Basho 0.575 
LINE 0.541 
SINE 0.348 
MULE 0.579 
COPIA 0.442 
MARINER 0.461 
MITE 0.344 

multivariate measure of TE abundance (p>>0.05), while there is a highly significant 

negative effect of coding density (regression coefficient-0.42, p<<0.05). The model 

also shows a significant positive effect of base composition (regression 

coefficient=0.40, p<<0.05), presumably as a result of the increased GC content close 

to the centromeres (Table 5.1). 

5.4 Discussion 

In the genome of the self-fertilizing A. thaliana, there are strong effects of 

chromosome position on TE abundance, with a large accumulation of TEs close to 

the centromere. However, while there is a global difference between regions of 

contrasting recombination, our results suggest that recombination rate is relatively 

125 



unimportant in causing this pattern, and the effects of selection against TE disruption 

of gene expression may be the primary mode of selection affecting TE distribution 

in this seif-fertilising species. Our results suggesting a low rate of ectopic 

recombination in A. thaliana are in accordance with a recent analysis of long 

terminal repeat (LTR) retrotransposons in this species (DEvos et al. 2002), which 

indicated that small deletions within elements occurred at a much higher rate than 

ectopic recombination events between Ms. 

Along the chromosome arms, most TE families show slight positive 

correlations with recombination rate. This is similar to observations for DNA 

transposons in the holocentric genome of the self-fertilizing nematode C. elegans, 

where a general positive correlation between recombination rate and TE abundance 

is observed (DURET et al. 2000), while no effect of recombination is seen for 

retrotranspo sons. This correlation may result from the effects of biased transposition 

(DURET et al. 2000). However, a negative correlation between recombination and 

gene density in the euchromatic portions of A. thaliana, and a generally higher gene 

density in regions of low recombination in C. elegans (BARNES et al. 1995; WILSON 

1999) suggest that these effects may at least in part also be driven by selection 

against insertions near genes. 

Under the deleterious insertion model, higher gene density is expected to 

reduce the abundance of TEs in intergenic regions, due to a higher fraction of 

regulatory regions. However, our results (Table 5.2) and those in C. elegans (DURET 

et al. 2000) suggest that there is also an increase in TE abundance in introns in 

regions of low gene density. Nevertheless, genome analysis in both A. thaliana and 

C. elegans has provided evidence for a higher proportion of pseudogenes in regions 
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of low gene density (COPENHAVER et al. 1999; HARRISON et al. 2001) and a lower 

proportion of annotated genes in these regions are known to be expressed (C. 

elegans sequencing Consortium 1998; COPENHAVER et al. 1999), suggesting that this 

accumulation may also reflect a relaxation of natural selection against the disruption 

of gene function. Together, the results from both species are consistent with the 

hypothesis that mating system plays an important role in the evolution of genome 

structure. 

It is important to consider whether the results could be consistent with 

alternative selection models to the deleterious effects of gene disruption. First, the 

results might also be interpreted as consistent with a model of selection against the 

deleterious expression of TE-derived gene products. In particular, TE insertions in 

regions of high gene density may show higher levels of TE-derived gene expression 

due to differences in chromatin structure, and may consequently impose stronger 

deleterious effects on host fitness. However, a large fraction of TEs in the 

Arabidopsis genome lack coding capacity, and many appear capable of 

nonautonomous transposition (LE et al. 2000; Yu et al. 2000). Given that a low 

proportion of TE insertions with coding capacity are contributing to distribution 

patterns, the action of selection against TE-derived gene products seems unlikely to 

provide a primary explanation for our results. 

Secondly, an important assumption of our analyses is that current estimates 

of recombination rates in A. thaliana are reflective of those in which TE 

accumulation occurred. If recombination rates have recently changed substantially, 

our ability to detect an effect of recombination on genome evolution may be 

compromised. While this possibility cannot be completely excluded, recent 
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comparative mapping in the outcrossing Arabidopsis lyrata (0. Savolainen, pers. 

comm.), which diverged from A. thaliana approximately 5 million years ago (KOCH 

et al. 2000), suggests that map distances are very similar in these two species, 

indicating that recombination rates have remained relatively stable over this time 

period. 

Thirdly, studies of recombination hotspots in yeast and plants have provided 

some evidence that recombination preferentially initiates near genes (reviewed in 

(LICHTEN and GOLDMAN 1995; SCHNABLE etal. 1998). If ectopic exchange events 

are thus more likely to occur close to coding regions, TEs may show a pattern of 

under-representation in regions of high gene density under the ectopic 

recombination model. Because our recombination rate estimates are estimated over a 

large scale, we might not observe this local effect of recombination on TE 

abundance in our analysis. Furthermore, ectopic exchange events between elements 

in regions of high gene density may be more deleterious to the organism, allowing 

greater accumulation in regions with fewer genes. While more understanding of both 

the fitness effects of ectopic exchange and the relationship between ectopic 

exchange and recombination initiation are obviously needed, the lack of a negative 

correlation between recombination rate and TE abundance once gene density is 

factored out (from partial correlation analysis) makes these interpretations unlikely. 

Testing whether ectopic exchange is of general importance, however, will 

require comparisons of these results with TE distribution patterns in related 

outcrossing species (WRIGHT et al. 2001), where ectopic exchange events are 

potentially more frequent. Recent evidence for local suppression of recombination in 

TE-rich intergenic regions in maize (Fu et al. 2002) is consistent with models of 
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ectopic exchange, and it might suggest that low levels of ectopic exchange in the 

intergenic DNA have allowed for the rapid accumulation of retrotranspo sons 

(SANMIGUEL et al. 1998) in this species. Alternatively, however, this local reduction 

in recombination might imply that TE silencing by DNA methylation and changes in 

chromatin structure may themselves be a cause of recombination suppression 

(GENDREL et al. 2002). If so, ectopic recombination may be generally unimportant 

in driving TE distributions in organisms that suppress TE activity by methylation, 

since recombination is effectively suppressed within TE-rich regions. Variation 

among such organisms in the proportion of neutral insertion sites could then be more 

important than recombination in driving striking differences in the abundance of 

transposable elements. For example, recent polyploid evolution or high rates of gene 

duplication could create a large number of functionally redundant targets for TE 

insertion, leading to relaxed selection against insertions near duplicate genes 

(MATZKE et al. 1999). However, it is unclear whether the action of selection against 

deleterious insertions can by itself lead to a stable equilibrium in element abundance 

(CHARLES WORTH and LANGLEY 1989), and other forces may also be important in 

controlling TE copy number. Possible additional factors include the presence of self-

regulated transposition, or stochastic loss of active elements, both of which may be 

more frequent in highly inbred and asexual populations (CHARLES WORTH and 

LANGLEY 1996; MORGAN 2001; WRIGHT and FINNEGAN 2001; WRIGHT and SCHOEN 

1999). Nevertheless, the data indicate that selection against the deleterious effects of 

the disruption of gene expression may be a general force driving patterns of TE 

distribution, and they suggest the importance of analyses to uncouple recombination 

rate and gene density effects in other eukaryotic genomes. Finally, although our 
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results suggest that TE insertions near genes are generally under purifying selection, 

this does not rule out an important role of some TE insertions in the evolution of 

gene expression (DABORN et al. 2002), and unusual TE insertions in promoter and 

coding regions represent potential candidates for adaptive evolution. 
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Chapter 6 

Relationship between recombination rate and nucleotide diversity in 
a natural population of Arabidopsis lyrata 

6.1 Introduction 

Recombination rates are expected to influence levels of DNA sequence 

diversity across the genome, due to the action of both positive and negative selection 

at linked sites (ANDOLFATTO 2001; BARTON 2000; BRAVERMAN etal. 1995; 

CHARLESWORTH 1996; KIM and STEPHAN 2000). There is consistent evidence for a 

strong correlation between recombination rate and DNA diversity in Drosophila 

melanogaster (ANDOLFATTO and PRZEWORSKI 2001; BEGu1'. and AQUADRO 1992), 

suggesting the importance of natural selection in structuring genome-wide patterns 

of polymorphism. However, in other organisms investigated, the evidence is less 

clear. In humans, a positive correlation between recombination and diversity is 

observed (NACHMAN 2001; NACHMAN et al. 1998), but there is a similar relationship 

between recombination rate and synonymous divergence (HELLMANN et al. 2003; 

LERCHER and HURST 2002), suggesting that neutral differences in mutation rate 

explain the pattern, rather than the effects of natural selection. Similarly, there is a 

strong correlation between single nucleotide polymorphism (SNP) density in 

noncoding regions and recombination rate in C. elegans, but there is also a strong 

correlation with silent divergence (CUTTER and PAYSEUR 2003), making it difficult 

to uncouple the effects of mutation and natural selection. 

In plants, the influence of recombination rate on DNA sequence diversity has 

been investigated in detail in both tomato (BAUDRY et al. 2001) and maize 

(TENAILLON et al. 2002). No correlation was observed between recombination 
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nodule estimates of recombination rate and nucleotide diversity in maize, although 

estimates of recombination rate using patterns of linkage disequilibrium were found 

to correlate with levels of nucleotide variability (TENAILLON et al. 2002). Given the 

lack of evidence for an effect of physical recombination rates, this latter correlation 

most likely reflects neutral effects of the coalescent process and demographic history 

on both linkage disequilibrium and genetic diversity. However, this study included 

only one locus from the centromeric region of strongly reduced recombination, 

which may have influenced the power to detect a correlation. In tomato, a consistent 

positive correlation was observed between recombination rate and diversity, but the 

relationship is weak and non-significant for several tests, suggesting that the action 

of linked selection may not be playing a major role in structuring levels of genetic 

diversity across the genome in these taxa (BAUDRY et al. 2001). This study, 

however, made use of recombination rate estimates from a related species, and it 

was therefore not possible to rule out local changes in rates of recombination across 

tax a. 

Here, I investigate the relationship between recombination and DNA 

sequence diversity within an Icelandic population of Arabidopsis lyrata. I make use 

of recent comparative mapping data between A. thaliana and A. lyrata (Kuittinen et 

a!, unpublished) to estimate rates of recombination at these loci. I chose the first 

chromosome from A. thaliana for this investigation since 1) comparative mapping 

suggested strong conservation of marker order and map distances between species 

for this chromosome, and 2) fine-scale maps of the region surrounding the 

centromere in A. thaliana (HAUPT etal. 2001) provided a precise delimitation of the 
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region of reduced recombination and an accurate estimate of the amount of 

recombination suppression in this region. 

6.2 Methods 

Data collection 

Table 6.1 shows the genomic location and size for the 18 loci surveyed in 

this study. I used a direct diploid sequencing strategy, using single large exons for 

PCR amplification and sequencing to avoid insertion/deletion (indel) 

polymorphisms. Coding sequences were chosen from four genomic regions of 

contrasting recombination rate along chromosome 1 (see Figure 6.1 and below). 

Exons from across chromosome I of A. thaliana were selected for direct sequencing 

in A. lyrata, using the annotation from the A. thaliana genome project. Exons were 

chosen to be greater than 800bp, and to encode genes with at least one full-length 

cDNA sequenced to ensure correct annotation. Exons were submitted to a BLAST 

search against the 'non-redundant' (nr) database in Genbank, to confirm that they 

are single-copy in A. thaliana. Exons were also submitted to a BLAST search of the 

genomic survey sequence (gss) database, to check for the presence of orthologous 

regions in the shotgun genome sequence of Brassica oleraceae. These orthologous 

regions were aligned to the A. thaliana genomic sequence, to identify conserved 

regions for primer design. PCR primers were designed with the aid of PrimerQuest 

(Integrated DNA technologies, http://biotools.idtdna.com/primerquest/),  to amplify 

650-750 base pair fragments for sequencing using the same forward and reverse 

primers. Sequencing reactions were conducted using the BigDye sequencing kit, and 

sequences were run on an ABI 3700 capillary sequencer. Chromatograms were 
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analysed and managed using Sequencher 4.0.5, using the 'call secondary peaks' 

option to aid in the identification of heterozygous sites. All chromatograms were 

Table 6.1- loci surveyed in this study 

locus 	size of 	Position along 	region recombination 	recombination 
aligned 	chromosome 1 	 rate 	 rate, 
region (bp) 	(bp) 	 A. thaliana 	A. lyrata 

(cM/MB) 	(cM/MB) 
AT1GO1040 549 23519 1 0 0.413 
AT1G06520 563 1995056 1 2.7 1.5 
AT1G06530 552 2001642 1 2.7 1.5 
AT1G10900 532 3632696 1 3.9 2.5 
AT1G10980 546 3667717 1 3.9 2.6 
AT1G11050 544 3681913 1 4.0 2.6 
AT1G15240 576 5301823 1 4.8 3.3 
AT1G19800 605 6846827 1 5.2 3.8 
AT1G23200 566 8227250 1 5.3 4 
AT1G36310 589 13682846 2 0.1 0.07 
AT1G36370 556 13710674 2 0.1 0.07 
AT1G36730 590 13914227 2 0.1 0.07 
AT1G62310 638 22744866 3 4.8 11.9 
AT1G62390 598 22795574 3 4.8 11.8 
AT1G62520 584 22853193 3 4.8 11.7 
AT1G64170 695 23525136 3 4.8 10.3 
AT1G68520 603 25418251 4 4.8 6.8 
AT1G68530 572 25422016 4 4.8 6.7 

carefully checked manually for heterozygous nucleotide positions, using the 

sequence from both strands to confirm putative heterozygous sites. 

Recombination rate estimation 

Genetic and physical distances of markers from chromosome 1 of 

Arabidopsis thaliana, and polynomial-based estimates of recombination rates, were 

generated as previously described (Chapter 4). In addition, I used the genetic map 

of Arabidopsis lyrata (Kuittinen et al, unpublished) to assess the similarity in 

recombination rates between species. Using the A. thaliana genome project 

sequence, the physical positions of all A. lyrata genetic markers homologous to 

regions of A. thaliana chromosome 1 were extracted, and the relationship between 
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physical distance in A. thaliana and genetic distance in A. lyrata was examined. By 

plotting this relationship, the similarity in both gene order and recombination rates 

can be assessed. Estimates of recombination rate in A. lyrata can then be extracted in 

a similar way to those in A. thaliana, by fitting third-order polynomials to the 

relationship between physical and genetic distance, and taking the first derivative of 

this polynomial at a given physical position. Note that this analysis relies on the 

assumption that physical distances are similar between the two species. Several 

genome size estimates have been made in Arabidopsis lyrata, and the consensus 

view is that the genome is approximately 1.5 times larger than A. thaliana (T. 

Mitchell-Olds, B. Mable, 0. Savolainen, pers. comm.). If this difference in size is 

distributed uniformly across the genome, this will not influence estimates of relative 

rates of recombination across the genome, and absolute rates can be calculated 

simply by dividing by the 1.5-fold difference in genome size. While this latter 

assumption needs to be tested further, the analysis in Chapter 2 showed a consistent 

increase in intron length in Arabidopsis lyrata compared with A. thaliana, 

suggesting that the difference in genome size may be due to a general difference in 

the relative rates of insertion and deletion, which would be equally distributed across 

the chromosome. I therefore simply divide all polynomial estimates by 1.5 to get 

estimates of recombination rate for each locus and genomic region on the 

chromosome arms in Arabidopsis lyrata (shown in Table 6.1). For the region of 

reduced recombination surrounding the centromere (region 2 in Figure 6.1), marker 

density is low in the mapping data for both species. I therefore used recombination 

rate estimates from the fine-scale centromere mapping of chromosome I of A. 

thaliana (HAUPT et al. 2001), and assumed an equivalent relative suppression of 
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recombination rates in A. lyrata (see below). To investigate the effect of 

recombination rate on levels of DNA diversity, I take two main approaches; 1) 

comparison of diversity levels across large-scale genomic regions of contrasting 

recombination (see below), and 2) correlations between diversity at each locus and 

point estimates of recombination rate using the polynomial fits along the 

chromosome arms and the fine-scale mapping near the centromere. 

Data analysis 

Average numbers of pairwise differences within A. lyrata (it), and pairwise 

estimates of the number of synonymous (Ks) and nonsynonyrnous (Ka) substitutions 

per site were calculated using DnaSP. version 3.95. To compare diversity levels 

across regions with contrasting recombination rates, I used a maximum likelihood 

estimate of 9=4Neu using the number of segregating sites (Chapter 4), using the 

approximate 95% credibility intervals assuming the chi square distribution. 

Maximum likelihood test of the standard neutral model 

The HKA test evaluates the fit of multilocus polymorphism and divergence 

data to the standard neutral model, and we use the multilocus HKA program of J. 

Hey to test this. However, while the standard multilocus HKA test gives a general 

test for the fit of the data to a neutral model, it does not allow for an explicit test of 

selection on a particular locus. Furthermore, the HKA test does not provide a 

method to explicitly compare different models, for example in order to test for 

significant heterogeneity in mutation rates across loci. I therefore used a maximum 

likelihood analysis of synonymous polymorphism and divergence, derived from the 
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HKA framework, making use of the polymorphism and divergence data. Similarly to 

the HKA test, the method assumes no recombination within loci, free recombination 

(independence) between loci, and it assumes that the ancestral population size is the 

same as the current population size. Under neutrality, the likelihood of the observed 

numbers of segregating sites (Si) and pairwise divergence (D) across each locus i, 

for a total of r loci, is given by: 

 

Where =4Nu, N is the effective population size, ui  is the locus-specific mutation 

rate, and T is the divergence time of the two species, in units of 2N generations. Also 

similarly to HKA, equation (I) assumes that polymorphism and divergence are 

independent. Although a slight positive correlation is between Si and D1  is expected, 

the effect is expected to be very weak, and violations from the independence 

assumption lead to slightly conservative tests (HUDSON et al., 1987). Under the 

assumption of no recombination, the likelihood of Oi given Si is given by (HUDSON 

1990 Chapter 4): 

L,1 (91 /S)(S/O) = I P, 1 (S—i/0)Q,,(i/01 ) 

where 

S/O)( & )s
1 

 

and 
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Q(S/0)=(_0 )S n  

(9+n-1 8+n-1 

The likelihood of the number of pairwise differences between a random sequence 

chosen from each species is given by (TAKAHATA et al. 1995): 

(3) L(T, 8 / D) 	 e T P (D / 0, T) = (1— 	 D -e  
) 	

((i+0I)OiT 

1+8, 1+0 

The full neutral model thus has r+1 parameters; a 0 parameter for each locus, plus 

the shared divergence time parameter. Results using coalescent simulations suggest 

that this likelihood method generates good parameter estimates under the standard 

neutral model (See Appendix A.3). To test for heterogeneity in mutation rates, I 

compared a fixed-rate model, where 0102..°n,  with a free-rate model which 

allows each locus its own value of 0. Significance was assessed using a likelihood 

ratio test, using the chi-square distribution with r- 1 degrees of freedom. 

I also used the likelihood ratio to test for the action of natural selection at a 

candidate gene, here defined as the rth locus. In the HKA framework, selection acts 

by uncoupling polymorphism from divergence; positive selection will reduce 

estimates of 0 from polymorphism data relative to divergence data, while balancing 

selection will cause an excess of diversity relative to divergence. The selection 

model thus has one additional parameter k= 
00 

--, where 0 is the maximum likelihood 

population mutation parameter estimated using Sr alone, and 00  is the expected value 

Of 4NeU at this locus under the multilocus neutral model: 
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(4) L = L(k8r  / Sr  )L(Or , T / Dr  )fl L(81  / S )L (O f, T / D) 

In this model, k measures the degree to which diversity is increased or decreased by 

the action of selection at locus r. By calculating the maximum likelihood under both 

the selection and the neutral model, selection at locus r can be tested using a 

likelihood ratio test, where twice the difference in log-likelihood is approximately 

chi-squared distributed with one degree of freedom. Simulation results suggest that 

the test remains approximately chi squared distributed assuming realistic levels of 

intragenic recombination (see Appendix A.3). To maximize the likelihood of these 

two models, I use a Monte-Carlo Markov chain using the Metropolis-Hastings 

algorithm. Briefly, a parameter is chosen at random, and the value of this parameter 

is incremented using a uniform distribution between -2 and +?, where 2 is a 

predefined increment. The likelihood of the data under the new parameter 

combination is then calculated, and if the likelihood of the new parameter set is 

greater, the change is accepted. If the likelihood is less than the previous likelihood, 

the change is accepted with probability proportional to the difference in log 

likelihoods: 

(5) P[accept]=4, w/LoId 

Because of the large number of parameters and our primary interest in the maximum 

likelihood, I follow a similar approach of simulated tempering to (MCVEAN and 

VIEIRA 2001); for changes with lower likelihood, the probability of acceptance is 

determined by multiplying the difference in log likelihood by a factor of 50. After 
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10,000 iterations, this acceptance probability is reduced to a factor of 0.5 times the 

difference in log likelihoods for 1,000 iterations, and then returned to the original 

value. The Markov chain is run multiple times using different starting parameters 

and different random number seeds to ensure convergence. 

6.3 Results and Discussion 

6.3.1 Comparison of recombination rates in A. thaliana first chromosome vs. A. 
lyrata 

Figure 6.1 shows the relationship between physical distance along the A. 

thaliana chromosome 1 and genetic distances in A. thaliana and A. lyrata. Markers 

orthologous to the A. thaliana chromosome I have been shown by Kuittinen et al. 

(unpublished) to fall into two linkage groups in A. lyrata, suggesting the presence of 

a chromosome fusion in A. thaliana. Chromosome painting has suggested that this 

A. lyrata karyotype is the same in C. rubella (M. Lysack,pers. comm.), providing 

confirmation that there is a derived chromosome fusion in A. thaliana. With the 

exception of this putative fusion event, there is little evidence to suggest the 

presence of extensive rearrangements between the two species; marker order is 

highly conserved between the two species, and regional differences in genetic map 

distances appear to be conserved (Figure 6.1). In particular, despite low marker 

density, there is evidence for a decline in the rate of recombination in the region 

corresponding to the A. thaliana centromeric region (region 2), suggesting that the 

location of the centromere and associated recombination suppression are conserved 

in this region. Recent data from chromosome painting in Arabidopsis lyrata has 

provided further evidence that the position of the centromere is conserved in this 
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Figure 6.1. Relationships between physical distance along chromosome 1 of A. thaliana and genetic distances between 
markers in A. thaliana (black) and A. lyrata (grey). Squares and circles represent the two linkage groups in A. lyrata. 
Physical and genetic distances between the two A. lyrata linkage groups do not have meaning, but they are aligned 
continuously for comparison with A. thaliana. Numbers above represent the four genomic regions surveyed for 
polymorphism in A. lyrata. 



region (M. Lysack, pers. comm.). One exception to the general correspondence in 

rates of recombination is evidence for a higher rate of crossing over in A. lyrata in 

the second linkage group (region 3 in Figure 6.1). This is most likely due to the fact 

that this is a shorter chromosome arm in A. lyrata, which tends to generate a higher 

rate of crossing-over per unit of physical distance (KABACK et al. 1999). Table 6.1 

shows polynomial based estimates of recombination rates along the chromosome 

arms for each locus, and the estimates of recombination rate in the centromeric 

regions from fine-scale mapping in A. thaliana. The estimates of recombination rate 

along the chromosome arms in A. lyrata show a moderately strong and significant 

positive correlation with estimates from A. thaliana (Spearman's rank 

correlation=0.63, p<0.05, n=1 5), confirming the similarity in map distances between 

the two species. 

6.3.2 Effects of recombination rate on neutral genetic diversity 

Table 6.2 gives a summary of levels of synonymous and replacement 

nucleotide diversity and divergence across the 18 loci surveyed in this study. There 

is considerable scatter across individual loci in levels of diversity; this is at least 

partially due to the small number of synonymous sites in the coding fragments 

sequenced. Nevertheless, with the number of loci sequenced, joint information using 

multiple loci provides extensive information on levels of diversity in different 

genomic regions. Across all loci, the maximum likelihood estimate of synonymous 

0 conditioning on the number of segregating sites is 0.008. This estimate is lower 

than previous estimates of within-population silent 0 in Scotland and another 

population from Iceland, but is still considerably higher than joint maximum 
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likelihood estimates of 0 within populations from North America (Chapter 4). 

Subdividing the data into large genomic regions, there is evidence for significant 

differences across regions in levels of neutral genetic diversity (Figure 6.2). 

However, in contrast with predictions, there is no evidence for a reduction in 

variability in the pericentromeric regions with highly suppressed recombination 

rates; in fact, variability is significantly higher in the centromeric region than in two 

out of three genomic regions on the chromosome arms (Figure 6.2). Using point 

estimates of recombination rate for each locus, there is no significant correlation 

between 

Table 6.2- Summary of nucleotide polymorphism across loci 

locus fl L 1  L 1  Ss  Sn  its nn K, Ka  
AT1GO1040 18 117 411 3 1 0.011 0.0003 0.162 0.012 
AT1G06520 20 122 427 0 1 0 0.0009 0.153 0.061 
AT1G06530 17 108 441 1 1 0.0045 0.0011 0.141 0.049 
AT1G10900 22 122 406 7 3 0.013 0.0016 0.092 0.008 
AT1G10980 8 123 420 0 0 0 0 0.108 0.032 
AT1G11050 17 132 402 0 2 0 0.0006 0.189 0.024 
AT1G15240 20 120 439 0 0 0 0 0.117 0.028 
AT1G19800 21 152 448 0 1 0 0.0011 0.148 0 
AT1G23200 4 136 426 5 3 0.018 0.0035 0.147 0.039 
AT1G36310 20 125 454 26 6 0.036 0.0033 0.409 0.018 
AT1G36370 21 120 414 6 1 0.017 0.0004 0.178 0.015 
AT1G36730 24 119 448 0 0 0 0 0.283 0.02 
AT1G62310 18 136 497 1 2 0.0015 0.0008 0.168 0.032 
AT1G62390 15 125 469 6 5 0.014 0.0033 0.122 0.013 
AT1G62520 18 134 427 6 2 0.014 0.0015 0.247 0.028 
AT1G64170 16 130 362 9 1 0.022 0.0004 0.181 0.022 
AT1G68520 4 117 471 0 0 0 0 0.182 0.057 
AT1G68530 18 132 438 0 0 0 0 0.119 0.010 

numbers of synonymous and nonsynonymous sites 

recombination rate and diversity using both synonymous 8 and ir (p>>0.05; Figure 

6.3A). This suggests that beneficial mutations and recurrent purifying selection are 

not causing a reduction in variability near the centromere, where recombination is 

highly suppressed. 
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Figure 6.2. Recombination rate vs. diversity across the four genomic regions surveyed. Numbers represent the corresponding 
regions shown in figure 6.1. Values are joint maximum likelihood estimates of synonymous 0 given the number of segregating 
sites across the loci surveyed, with 95% credibility intervals shown. Recombination rates for each genomic region are estimated 
by taking the slope of physical vs. genetic distance across the entire region. 
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Figure 6.3. Point estimates of recombination rate vs. a) nucleotide diversity, as 
measured by synonymous theta, and b) synonymous diversity relative to divergence, 
calculated using synonymous theta divided by Ks. Loci from the centromeric region are 
shown in black, while loci from the chromosome arms are in grey. 
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6.3.3 Testing for heterogeneity in mutation rates 

One possible explanation for a lack of reduction in diversity in the low-

recombination region is heterogeneity in mutation rates across loci. If there are 

differences across loci and genomic regions in mutation rate, this will generate noise 

when testing for an effect of recombination on neutral variability. Indeed, the most 

polymorphic locus (AT 1G36310) is found in the pericentromeric region 2, and 

shows both elevated synonymous diversity and elevated synonymous divergence 

(Table 6.2), suggesting that real differences in mutation rate may be contributing to 

differences in nucleotide diversity across the genome. This locus also shows highly 

elevated divergence between A. thaliana and Brassica oleracea (Ks=0.82, average 

Ks between A. thaliana and Brassica spp.: 0.474, TIFFIN and HAHN 2002). Across 

all loci synonymous 0 shows a highly significant correlation with divergence 

(r=0.6 139, p<O.Ol), as expected if mutation rates differ across loci. Using maximum 

likelihood, a model that allows for locus-specific differences in mutation rate 

(Model 2) provides a highly significant improvement to the likelihood compared 

with a model of fixed mutation rate (Model 1), providing confirmation of the 

hypothesis of heterogeneity in mutation rates across loci (Table 6.3). These results 

highlight the importance of incorporating mutation rate variation into parameter 

estimation (e.g. Wall, 2003). Figure 6.4 shows estimates of 0 from both maximum-

likelihood and conventional HKA tests of polymorphism and divergence; the pattern 

is suggestive of an increase in mutation rate close to the centromere. This result 

contrasts with recent analyses in other taxa suggesting a positive correlation between 

recombination and mutation rates (CUTTER and PAYSEUR 2003; HELLMANN et al. 

2003). 
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To correct for these differences in mutation rate, I calculated the partial 

correlation between synonymous diversity (61) and point estimates of recombination 

rate, corrected for divergence. There is still no significant correlation between 

diversity and recombination rate when correcting for divergence (partial r=0.03, 

p>>0.05) suggesting that mutation rate heterogeneity alone cannot explain the 

observed pattern. Figure 6.313 shows a plot of the relationship between 

recombination and the ratio of diversity to divergence for each region; clearly, there 

is still no indication of reduced variability in the central region with highly 

suppressed recombination. 

6.3.4 Unusual selection acting in the centromeric region 

Another possibility is that the rate and strength of natural selection are not 

uniform across genomic regions. Models predicting a reduction in genetic diversity 

in regions with reduced recombination assume that selection is similar across the 

genome, but there are several ways in which this assumption may be violated. First, 

gene density and gene expression level are substantially reduced in the 

pericentromeric regions (Chapter 5). Given this, there may simply be too few targets 

for either positive or negative selection in these regions to cause a reduction in 

genetic diversity. On the A. thaliana chromosome 1, the central regions of 

suppressed recombination only contain approximately 4% of the coding sequence 

along the chromosome, and only 1% of the total coding sequence in the genome. Of 

this coding sequence, a lower percentage has evidence for expression than in other 

regions, and there is likely to be a higher fraction of pseudogenes. This contrasts 

with the genome structure of Drosophila melanogaster, where a much higher 
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fraction of the central regions of autosomes have suppressed recombination, and a 

strong correlation between recombination rate and diversity is predicted 

(CHARLESWORTH 1994). 

Alternatively, the action of balancing selection could enhance variability 

near the centromere, as has been suggested in Lycopersicon (BAUDRY et al. 2001). 

In particular, despite the high mutation rate, the ratio of synonymous diversity 

relative to synonymous divergence is among the highest at the centromeric locus 

AT1G36310 (Figure 6.3A), suggesting the possibility of the action of selection 

maintaining variability at or near this locus. A multilocus HKA test across all 18 loci 

shows a highly significant departure from neutral expectation (p<10 3), with 

AT 1 G363 10 polymorphism showing the largest contribution to the chi-square 

(deviation=5.6). To test further for the specific action of selection on AT] G36310, 

we used a maximum likelihood analysis, comparing a neutral model with a model 

allowing for selection to act at this locus (Table 6.3). Consistent with the hypothesis 

of selection, the latter model provides a significant improvement to the likelihood 

for both the fixed (Model 3) and free (Model 4) mutation-rate models. Furthermore, 

a model allowing both selection at this locus and free mutation rates across loci 

shows a significant improvement to the likelihood compared with both the selection 

model with fixed mutation rates and the neutral model with free mutation rates, 

providing support for both heterogeneity in mutation rates and the action of natural 

selection elevating variability. Under the free mutation rate model, the maximum 

likelihood estimate of the selection parameter k is 4.3, suggesting a fourfold increase 

in variability relative to expectation. 
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Given that our analysis suggests that both selection and mutation processes 

may be unusual in the pericentromeric regions, loci from these regions can be 

removed from the analysis, to investigate the possibility of a correlation between 

recombination rate and diversity when the centromeric regions are excluded. 

Excluding region 2, the relationship between recombination rate and 0 is positive, 

but not significant (Pearson r0.36, p>>0.05). This suggests that unusual effects of 

selection in the region surrounding the centromere cannot alone explain the lack of 

correlation between recombination rate and diversity. Although increasing the 

number of loci may increase the power to detect an effect along the chromosome 

Table 6.3- maximum likelihood analysis of synonymous polymorphism and divergence 

model 	description k2  L 	model 	likelihood 
comparison ratio statistic 

(d.f.) 
1: 	fixed 	- 	-131.8 	 - 

mutation 
no 
selection 
free 	- 	-95.9 	M2 vs. Ml 	71.8***  (17) 
mutation 
no 
selection 

3: 	fixed 	9.1 	-119.8 M3 vs. Ml 	24***(1) 
mutation 
selection 

4 	free 	4.3 -91.4 	M4 vs. M3 	56.8***(1 7) 
mutation 	 M4 vs. M2 	9-- (1) 
selection 

1, Selection parameter for the gene AT1 G3631 0 
P<0.01; 	p<0.001 

arms, our results suggest that recombination rate does not have a strong effect on 

diversity in this population. 
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6.3.5 Influence of demographic history 

Recent changes in population size and population dynamics could also 

contribute to an uncoupling of recombination from diversity, and obscure the 

signature of selection. Previous analysis has shown elevated linkage disequilibrium 

in Northern European populations of Arabidopsis lyrata (Chapter 4), suggesting the 

possibility of a recent population bottleneck, or population admixture associated 

with postglacial colonization. Furthermore, analysis of species-wide variability in A. 

lyrata and A. halleri suggests the possibility of ongoing gene flow and/or recent 

introgression between these species (Ramos Onsins et al., submitted). If there has 

been population admixture or introgression between species, this could inflate 

variability in regions of reduced recombination relative to equilibrium conditions, 

due to differentiation at these regions between ancestral populations. Thus, recent 

demographic history could mask the signature of historical selection, making it 

difficult to test models of genetic hitchhiking. Although our maximum likelihood 

analysis showed evidence for an effect of both natural selection and heterogeneity in 

mutation rates, the analysis was conducted assuming the standard neutral model, 

without incorporating subdivision or demographic history. Both population 

subdivision and recent departures from demographic equilibrium can influence the 

ratio of diversity to divergence (WAKELEY 2003). Although the effects of these 

processes on tests of neutrality have not fully been explored, the distribution of 

estimates of divergence and diversity are also likely to be affected. 

In our previous analysis of linkage disequilibrium (Chapter 4), it was 

difficult to rule out the possibility of lower recombination rates in A. lyrata 

compared with A. thaliana as an alternative explanation to demographic history for 

152 



the observed excess LD. With the availability of comparative mapping data from A. 

lyrata, this hypothesis can be tested explicitly. For syntenic markers between the 

two species, the A. lyrata genetic map shows a total length of 258.7 cM, and a total 

physical distance in A. thaliana of 122.6 Mb. Assuming that the genome size of A. 

lyrata is 1.5 times larger, this would imply that the average rate of crossing over is 

2.8 cM/Mb in A. lyrata, or slightly more than half the genome average of 5 cM/Mb 

in A. thaliana. Thus, if we assume a uniform elevation of genome size across the A. 

lyrata genome, there is evidence for an elevation of per base pair rates of crossing 

over in A. thaliana compared with A. lyrata, as expected under some models for the 

evolution of recombination rates in self-fertilising species (CHARLES WORTH and 

CHARLESWORTH 1979). However, this estimated difference is unlikely to explain the 

observed excess linkage disequilibrium in A. lyrata; using our five loci we estimated 

an average of a seven-fold reduction in the effective rate of recombination (Chapter 

4) compared with expectation. 

While the above results suggest that a global reduction in rates of 

recombination are unlikely to explain the excess LD, it is possible that the loci 

surveyed in Chapter 4 reside in regions of locally reduced recombination in A. 

lyrata. However, we find no evidence from the comparative mapping data that this is 

the case; three of the five nuclear loci are located in regions of synteny between the 

two species, and point estimates of recombination rate for two of the loci are close to 

the genome-wide average (CAUL, 2.9 cM/Mb; HAT4, 2.8 cM/Mb), and for a third it 

is substantially higher than average (8.6 cM/Mb). Thus, we find no evidence for 

unusual suppression of recombination at these loci, and our original suggestion of an 

excess of linkage disequilibrium remains when estimates of recombination rate are 
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made using the comparative mapping data. Although marker density remains fairly 

low in the comparative map, making it possible that we are missing more localized 

suppression of recombination, these results suggest that demographic history is a 

much more likely explanation than the evolution of recombination rates for the 

observed patterns of LD. 

Given strong evidence for an important departure from demographic 

equilibrium, this effect is likely to play an important role in uncoupling 

recombination from diversity in these populations. To test this model further, it will 

be important to investigate the relationship between recombination and diversity in 

central European populations of A. lyrata, which may have experienced less 

demographic perturbation, and may therefore be closer to equilibrium. Combined 

with the previous analysis of variability and linkage disequilibrium in A. lyrata, the 

results suggest that demographic history is playing a more important role than 

natural selection in structuring genomic patterns of genetic variability in the 

populations studied, although further analysis of variability surrounding the 

centromere will be important to test for the presence of a balanced polymorphism in 

this chromosomal region. 
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Chapter 7 Conclusions 

7.1 Efficacy of natural selection in selfing vs. outcrossing Arabidopsis 

A central goal of this thesis was to test for a reduction in the efficacy of 

selection in the self-fertilising Arabidopsis thaliana, in comparison with its closely 

related, outcrossing congener A. lyrata. Comparisons of gene structure and rates of 

substitution revealed two consistent differences between species; intron size is 

significantly larger in A. lyrata (Chapter 2), and the GC content at synonymous sites 

is lower in A. thaliana (Chapter 3). The first result contrasts with a priori 

expectations that longer introns are slightly deleterious and should accumulate in a 

self-fertilising species, and suggests the possibility of directional selection on intron 

length in a weedy annual. While the second difference is consistent with a reduction 

in levels of codon usage bias in A. thaliana, more direct comparisons of the 

frequency of preferred codons based on tRNA gene abundance showed no consistent 

differences between species (Chapter 3), and the relative rates of preferred and 

unpreferred codons were similar between the species (Chapters 2 and 3). Assuming 

that tRNA gene abundances are conserved across species, this result would suggest a 

neutral explanation for the difference in GC content, rather than differences in the 

efficacy of natural selection. Similarly, the relative rates of amino acid substitution 

are very similar between the two species (Chapter 3) and, using this set of loci, the 

levels of amino acid polymorphism relative to synonymous polymorphism are also 

similar. Thus, in contrast with previous suggestions (BUSTAMANTE et al. 2002), 

there is no evidence from these results for a strong accumulation of deleterious 
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mutations in A. ihaliana as a result of high levels of inbreeding, and we find no 

molecular genetic evidence for a rapid decline in fitness in this selfing species. 

7.2 Testing models of inbreeding and the effects of history 

One obvious limitation of this study is that it is only a comparison of one 

outcrossing species with one self-fertilising species, and so in a sense represents a 

single data point. Ideally, one would like to compare a large number of independent 

pairs of species with contrasting breeding systems. In addition to the obvious 

technical challenge of collecting large amounts of genomic data for many species, 

there is also the problem of identifying suitable species pairs; in many cases selfing 

species are very closely related to their outcrossing congeners, giving little time for 

detectable changes in molecular evolution. 

Nevertheless, because genes can evolve independently, and the presence of 

recombination means that the study of genome-wide polymorphism data gives 

information on independent resolutions of coalescent history, a genome-wide 

analysis of two taxa does allow for powerful inferences to be made. The ability to 

test models of effects of inbreeding from such a comparison, however, is dependent 

on how well the species conform to population genetic models, i.e. whether they 

share the same population genetic parameters and are at equilibrium. The study of 

nucleotide polymorphism in four populations of A. lyrata (Chapter 4) provided 

evidence for important departures from these assumptions in this species, including 

a recent population bottleneck in North America, and an excess of linkage 

disequilibrium in European populations. Subsequent analysis making use of 

comparative mapping data suggested that this result is most likely the result of 
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demographic history, rather than the evolution of recombination rates (Chapter 6). 

Despite evidence for a higher long-term effective population size in A. lyrata, these 

results suggest that the details of demographic history in both A. lyrata and A. 

thaliana are very important in structuring patterns of diversity in these species, and 

may in turn have influenced the effectiveness of selection on slightly deleterious 

mutations. Similarly, recent demographic history may have led to an uncoupling of 

the predicted relationship between recombination rate and nucleotide diversity in A. 

lyrata (Chapter 6), although a balanced polymorphism in a centromeric region may 

also explain the data. In general, the results suggest that recent demographic history 

may be more important than selection in structuring patterns of genetic diversity in 

these populations, and the mating system may be relatively unimportant in 

determining patterns of molecular evolution. Preliminary evidence for equilibrium 

patterns of selection on codon usage bias in species-wide samples in A. lyrata, but 

not single population samples (Chapter 3), is consistent with a role of subdivision in 

influencing selection at the genome level. 

Based on these results, it would be useful to identify populations that have 

been less subject to recent departures from demographic equilibrium. In A. lyrata, it 

is possible that central European populations represent older, pre-glacial 

populations, and may therefore be more suitable for testing models of selection. It 

will therefore be important to extend genome-wide surveys of nucleotide variability 

to more populations of A. lyrata, to test the hypothesis that the effective 

recombination rates are closer to expected in central Europe. On the other hand, the 

results imply that demographic history may generally be more important than 

normally assumed in models of molecular evolution, and it is possible that few 
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natural populations actually conform to models considering unstructured panmictic 

populations at long-term demographic equilibrium. This means that simple models 

of natural selection may not be generally applicable, perhaps particularly in plant 

populations, where strong population subdivision and postglacial colonization may 

be common. It will therefore also be important to better understand the action of 

selection in non-equilibrium and structured populations (e.g. WAKELEY 2003), and 

to model the effects of selection using realistic models of species' demographic 

history. Such models will require high-resolution information on patterns of 

nucleotide polymorphism across species' ranges, to infer the relevant demographic 

parameters. 

7.3 Understanding selection at the genome level 

Another goal of this thesis was to better understand the strength and nature of 

natural selection on plant genomes. Analysis of the effects of gene expression 

confirmed and extended previous results showing higher levels of codon usage bias 

in highly expressed genes (Chapters 2 and 3), and I used data on tRNA gene 

abundance to test models of translational selection, and to identify codon 

preferences which match more closely with those favoured by selection (Chapter 3). 

Molecular evolutionary analysis also revealed an important effect of gene expression 

level on rates of protein evolution (Chapter 2), and subsequent analysis showed that 

genes expressed more broadly are under stronger selective constraints (Chapter 3). 

Whether this pattern reflects true differences in constraints between proteins, or 

higher rates of positive selection in tissue-specific genes will require more 

investigation, for example by sequencing genes in a more extensive set of related 
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species. Finally, analysis of the complete Arabidopsis thaliana genome (Chapter 5) 

suggested an important role for the action of natural selection against transposable 

element insertions disrupting gene function in both introns and intergenic DNA, and 

the results provided little evidence for selection against ectopic recombination, as 

expected in a highly self-fertilising organism. These patterns are consistent with 

previous work showing evidence for less effective selection against TEs in A. 

thaliana compared with A. lyrata (WRIGHT et al. 2001). Combined with a lack of 

evidence for differences in the efficacy of selection on codon bias and amino acid 

mutations (Chapters 2 and 3), these results suggest that there has been a relaxation in 

the strength of natural selection against TEs in A. thaliana, as expected if selection 

against ectopic exchange in playing an important role in controlling TE abundance 

(see Chapter 5). To test this further, it will be interesting to examine TE distributions 

in related outcrossers as more genomic data become available, to better understand 

the influence of recombination rate and mating system on the action of selection 

against TEs. 
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Appendix A.1 Genes surveyed for analysis of molecular evolution and polymorphism 

locus Description Species Source and Accession Number Source for 
polymorphism 
data 

At1gOl030 putative DNA-binding protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 
Capsella grandiflora this study 

At1gOl040 DEAD/DEAH box helicase carpel factory Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 
Capsella grandiflora this study 

At1g03560 pentatricopeptide (PPR) repeat-containing Arabidopsis thaliana NC_003070 
protein 

Arabidopsis lyrata this study 
Capsella grand/flora this study 

Ati g0501 0 1 -aminocyclopropane-1 -carboxylate Arabidopsis thaliana NC_003070 
oxidase/EFE 

Arabidopsis lyrata this study 
Capsella rubella this study 
Brassica oleracea AF252853 

At1g06520 phospholipid/glycerol acyltransferase family Arabidopsis thaliana NC 003070 
protein 

Arabidopsis lyrata this study Chapter 6 
Brassica oleracea BH691258 

Atl g06530 expressed protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 

At1g10900 phosphatidylinositol-4-phosphate 5-kinase Arabidopsis thaliana NC 003070 
isolog 

Arabidopsis lyrata this study Chapter 6 
Brass/ca oleraceae BH921 848, BZ0241 87 

At1g10980 membrane protein PTM1 precursor isolog Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 
Capsella grandiflora this study 



Atigi 1050 protein kinase family Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 

At1g12190 F-box protein family Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AY062426 

At1g12210 disease resistance protein (CC-NBS-LRR Arabidopsis thaliana NC_003070 
class) 

Arabidopsis lyrata AY062427 
Ati g 12230 unknown expressed protein Arabidopsis thaliana NC 003070 

Arabidopsis lyrata AY062427 
Brassica oleracea BH976544, BH602574, BH957859 

At1g12240 glycosyl hydrolase family 32 Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AY062428 
Brassica oleracea AF274299 

Ati g 15240 hypothetical protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 
Capsella grandiflora this study 

At1g19800 unknown expressed protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 
Brassica oleracea BH647047 

Ati g23200 pectinesterase family Arabidopsis thaliana NC003070 
Arabidopsis lyrata this study Chapter 6 

At1g25280 F-box containing tubby family protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AY1 40470 
Brassica oleracea BH734295,BH544681 ,BH42421 2 

At1g26310 CAULIFLOWER Arabidopsis thaliana NC_003070 (PURUGGANAN and 
SUDDTH 1998), 
Zheng and 
Nordborg 
Chapter 4 

Arabidopsis lyrata AF143381 Chapter 4 
Brass/ca rapa AJ251 300 

At1g36310 expressed protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata this study Chapter 6 



Ati g36370 hydroxymethyltransferase -related 	 Arabidopsis thaliana 	 NC_003070 
Arabidopsis lyrata 	 this study 	 Chapter 6 
Capsella grandiflora 	 this study 

At1g36730 Eukaryotic translation initiation factor 5 - 	Arabidopsis thaliana 	 NC_003070 
related 

Ati g441 20 C2 domain/armadillo repeat-containing 
protein 

At1g55350 n-calpain-1 large subunit -related 

Ati g59720 pentatricopeptide (PPR) repeat-containing 
protein 

At1g62310 expressed protein 

Ati g62390 octicosapeptide/Phox/Bem 1 p  (PBI) domain-
/tetratricopeptide repeat (TP R)-contain ing 
protein 

At1g62520 expressed protein 

At1g64170 putative CHX16 

Ati g64970 gamma-tocopherol methyltransferase 

Arabidopsis lyrata 
Arabidopsis thaliana 

Arabidopsis lyrata 
Arabidopsis thaliana 
Arabidopsis lyrata 
Capsella grandiflora 
Arabidopsis thaliana 

Arabidopsis lyrata 
Capsella grandiflora 
Arabidopsis thaliana 
Arabidopsis lyrata 
Brassica oleracea 
Arabidopsis thaliana 

Arabidopsis lyrata 
Capsella grandiflora 
Arabidopsis thaliana 
Arabdiopsis lyrata 
Capsella grandiflora 
Arabidopsis thaliana 
Arabidopsis lyrata 
Arabidopsis thaliana 
Arabidopsis lyrata 
Brassica oleracea 

this study 
NC_003070 

this study 
N C_U 03070 
this study 
this study 
NC_003070 

this study 
thsi study 
NC_003070 
this study 
BH582293 
NC_003070 

this study 
this study 
NC_003070 
this study 
this study 
NC_003070 
this study 
NC_003070 
This study 
AF381 248 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 



Ati g65330 MADS-box protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AF528676 

Ati g65340 putative cytochrome P450 Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AF528677 
Brassica oleracea BH678035,BH700230 

Ati g65360 MADS-box protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AF528679 

Ati g65380 CLAVATA2!CLV2 Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AF528680 
Brassica oleracea BH952257 

Ati g65390 putative disease resistance protein (TIR Arabidopsis thaliana NC_003070 
class) 

At1g65410 ABC transporter family protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AF528683 
Brassica oleracea BZ51 4690 

Ati g65420 putative antigen receptor Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AF528684 
Brassica oleracea BH453439 

Ati g65430 expressed protein Arabidopsis thaliana NC 003070 
Arabidopsis lyrata AF528685 
Brassica oleracea BH678193 

Ati g65450 anthranilate N- Arabidopsis thaliana NC_003070 
hydroxycinnamoy!/benzoyltransferase - 
related 

Arabidopsis lyrata this study 
Ati g66340 ethylene-response protein/ETR1 Arabidopsis thaliana NC_003070 Chapter 4 

Zheng and 
Nordborq 

Arabidopsis lyrata 	 Chapter 2/AF494374 	 Chapter 4 
At1g67140 expressed protein 	 Arabidopsis thaliana 	 NC 003070 

Arabidopsis lyrata 	 AY140501 



At1g68520 CONSTANS B-box zinc finger family protein Arabidopsis thaliana 	 NC_003070 
Arabidopsis lyrata 	 this study 	 Chapter 6 
Brassica oleracea 	 BZ003641 

At1g68530 very-long-chain fatty acid condensing 
enzyme! CUTI 

At1g68620 expressed protein 

Ati g691 20 APETALA1 !AP1 

At1g72390 expressed protein 

Ati g74600 pentatricopeptide (PPR) repeat-containing 
protein 

Ati g771 20 alcohol dehydrogenase/ADH 

Ati g78850 curculin-like (mannose-binding) lectin family 

At2g04410 unknown protein 

At2g16910 bHLH 

Arabidopsis thaliana 

Arabidopsis lyrata 
Capsella grand/flora 
Arabidopsis thaliana 
Arabidopsis lyrata 
Arabidopsis thaliana 
Arabidopsis lyrata 
Brassica oleracea 
Arabidopsis thaliana 
Arabidopsis lyrata 
Capsella grandiflora 
Arabidopsis thaliana 

Arabidopsis lyrata 
Capsella grandiflora 
Arabidopsis thaliana 
Arabidopsis lyrata 
Capsella rubella 
Arabidopsis thaliana 
Arabidopsis lyrata 
Capsella grandiflora 
Arabidopsis thaliana 
Arabidopsis lyrata 
Brass/ca oleracea 
Arabidopsis thaliana 

NC_003070 

this study 
this study 
NC 003070 
this study 
NC _003070 
AF1 43379 
Z37968 
NC 003070 
this study 
this study 
NC_003070 

this study 
this study 
NC 003070 
AF110453 
AF1 10435 
NC 003070 
this study 
this study 
NC 003071 
AY1 40531 
BH55381 7 
ACOO51 67 

Chapter 6 

Chapter 6 

(INNAN et al. 1996) 

Arabidopsis lyrata 	 This study 
Capsella bursa-pastor/s 	This study 
Brass/ca napus 	 AJ511991 



At2g3 1390 	putative fructokinase/FKA1 	 Arabidopsis thaliana NC 003070 
Arabidopsis lyrata Chapter 2/AF494375 
Brassica oleracea BH55898, BH497074 

At3g07040 	putative disease resistance protein/RPM 1 	Arabidopsis thaliana NC 003074 
Arabidopsis lyrata AF122982 
Brass/ca napus AF105140 

At3g125001  Basic endochitinase (CHIB) 	 Arabidopsis thaliana NC_003074 	 (KAWABE and 
MIYASHITA 1999) 

Arabis gemmifera AB023464 
At3g22060 putative receptor kinase common family Arabidopsis thaliana NC 003074 

Arabidopsis lyrata AY1 40444 
Brassica oleracea BZ490722, BH979133 

At3g27920 glabrous 1/GL1 Arabidopsis thaliana NC 003074 
Arabidopsis lyrata AF263720 
Brass/ca oleracea B H595973, BZ51 2071 

At3g48560 acetolactate synthase Arabidopsis thaliana ALl 33315 
Arabidopsis lyrata This study 
Capsella bursa-pastor/s This study 
Brass/ca napus M60068 

At3g51 240 flavanone 3-hydroxylase/F3H Arabidopsis thaliana NC_003074 (AGUADE 2001) 
Arabidopsis lyrata AJ295607 
Brassica oleracea BH568916, BH246598, BH944566 

At3g54340 APETALA3/AP3 Arabidopsis thaliana NC_003074 (PURUGGANAN and 
SUDDITH 1999) 

Arabidopsis lyrata AF143380 
Brass/ca oleracea U67456 

At3g55120 chalcone isomerase/CHI Arabidopsis thaliana NC_003074 (KUITTINEN and 
AGUADE 2000) 

Arabidopsis lyrata AJ287322 
Brassica oleracea BH449595 

At4g01600 putative ABA-repsonsive protein Arabidopsis thaliana NC 003075 
Arabidopsis lyrata Chapter 2/AF494370 



At4g01660 putative ABC transporter 	 Arabidopsis thaliana 	 NC 003075 
Arabidopsis lyrata 	 Chapter 21AF494372 

At4g02780 copalyl diphosphate synthase (CPS) IGA1 	Arabidopsis thaliana 	 NC 003075 
Arabidopsis lyrata 	 H. Kuittinen & 0. Savolainen, unpublished 
Brassica oleracea 	 H. Kuittinen & 0. Savolainen, unpublished 

At4g03050 2-oxogl utarate-depen dent dioxygenase 	Arabidopsis thaliana 	 NC_003075 
31A0F3 

Arabidopsis lyrata AF41 8280 
At4g05530 Short-chain alcohol dehydrogenaselSc-ADH Arabidopsis thaliana NC_003075 Chapter 4 

Zheng and 
Nordborg 

Arabidopsis lyrata Chapter 2/AY1 74527 Chapter 4 
Brassica oleracea BOIFP57TR*** 

At4g10180 Deetiolatedl light signal transduction Arabidopsis thaliana NC_003075 
protein/DET1 

Arabidopsis lyrata H. Kuittinen & 0. Savolainen, unpublished 
Brassica oleracea H. Kuittinen & 0. Savolainen, unpublished 

At4g16280 Flowering time control protein! FCA Arabidopsis thaliana NC 003075 
Arabidopsis lyrata H. Kuittinen, unpublished 
Brassica oleracea H. kuittinen, unpublished 

At4g16780 homeobox-leucine zipper protein/HAT4 Arabidopsis thaliana NC_003075 Chapter 4 
Zheng and 
Nordborg 

Arabidopsis lyrata Chapter 2!AY1 74631 Chapter 4 
Capsella rubella AJ40082 1 

At4g16800 	enoyl-00A hydratase/ENCOH 	 Arabidopsis thaliana NC 003075 
Arabidopsis lyrata Chapter 2/AF494374 
Capsella rubella AJ400821 

At4g21 340 	Dof zinc finger protein 	 Arabidopsis thaliana NC 003075 
Arabidopsis lyrata E. Kamau, unpublished 

At4g2 1350 	expressed protein 	 Arabidopsis thaliana NC 003075 
Arabidopsis lyrata E. Kamau, unpublished 



At4g2 1390 expressed protein 	 Arabidopsis thaliana 	 NC 003075 
Arabidopsis lyrata 	 E. Kamau, unpublished 

At4g2 1430 flavin-containing monooxygenase (FMO) 	Arabidopsis thaliana 	 NC_003075 
family 

Arabidopsis lyrata E. Kamau, unpublished 
At4g26090 Disease resistant protein/RPS2 Arabidopsis thaliana NC 003075 

Arabidopsis lyrata AF487796 
Brass/ca oleracea AF1 80355 

At4g28000 hypothetical protein Arabidopsis thaliana NC 003075 
Arabidopsis lyrata AY140458 
Brassica oleracea BH951270 

At4g28750 photosystem I subunit PSI-E - like protein Arabidopsis thaliana NC 003075 
Arabidopsis lyrata ssp. this study 
Brassica oleracea BH964314, BZ010369 

At4g30950 chiorop last omega-6 fatty acid desaturase Arabidopsis thaliana AL0221 98 
Arabidopsis lyrata ssp. This study 
Capsella bursa-pastoris This study 
Brassica napus L29214 

At4g36220 feru late-5-hydroxylase/FAH I Arabidopsis thaliana NC 003075 
Arabidopsis lyrata ssp. petraca AJ295586 
Brassica napus AF214007 

At5g03840 Terminal flowerl/TFLI Arabidopsis thaliana NC 003076 

Arabidopsis lyrata AF466817 
Brass/ca napus ABO1 7525 

At5g044 10 	NAC2 	 Arabidopsis thaliana NC 003076 
Arabidopsis lyrata AY140486 
Brassica oleracea BH922148 

At5g13930 	chalcone synthase!CHS 	 Arabidopsis thaliana NC 003076 
Arabidopsis lyrata ssp. lyrata AF1 12100 
Arab/s glabra AF112091 

(OLSEN et al. 
2002) 



At5G195301  spermine synthase (ACL5) 	 Arabidopsi.s thaliana 	 NC_003076 	 (YOSHIDA et al. 
2003) 

At5g20240 PISTILLATA/PIST 

At5g24090 acidic endochitinase/ChiA 

At5g42740 phosphoglucose isomerase/PGIC 

At5g61850 floral meristem identity control protein/LFY 

Arabidopsis gemmifera 
Arabidopsis thaliana 

Arabidopsis lyrata ssp. 
Brassica oleracea 

Arabidopsis thaliana 

Arabidopsis lyrata ssp. 
kawasakiana 
Arabis glabra 
Arabidopsis thaliana 

Arabidopsis lyrata ssp. petraea 
Arab/s g/abra 
Arabidopsis thaliana 

Js1L)'L! 
NC 003076 (PURUGGANAN and 

SUDDITH 1999) 
AF1 43382 
BZ520317, BH583322, BH419813, 
BH650710 
NC_003076 (KAWABE et at. 

1997) 
AB006072 

AB006071 
NC 003076 	 (KAWABE et at. 

2000) 
Zheng and 
Nordborg 
Chapter 4 

AB044969 	 Chapter 4 
AB080908 
NC 003076 	 (OLSEN et al. 

2002) 
Arabidopsis lyrata 	 AF466802 
Brassica oleracea 	 BOBOFHA 

1-These genes have not been sequenced in A. lyrata, and were only used for polymorphism analysis in A. thaliana, using A. gemmifera as outgroup. 



Appendix A.2 Performance of the maximum likelihood estimator 
of 8 in the presence of intragenic recombination 

9MLE 

0 	 200 	400 	600 	800 	1000 

Appendix A.2 Simulation results studying the behaviour of the maximum likelihood 
estimator of 0 in the presence of intragenic recombination (see Chapter 4). Values 
shown in black are the rank order maximum likelihood estimates of 0 from 1000 
coalescent simulations (HUDSON, 2002), and those in grey are the upper- and lower-
bounds of the 95% credibility intervals, using the x2  approximation . Simulations were 
run for five loci, using values of sequence length and sample size corresponding to the 
five nuclear loci studied in Chapter 4 in A. lyrata ssp. petraea. Simulations assumed a 
per base pair value of 0 corresponding to the joint estimate for this subspecies 
(0.0226), shown as an arrow in the figure. Values of the population recombination 
parameter p=4Ner  were the expected values for each locus for ssp. petraea, shown in 
Table 4.5. Note that most values fall very close to the true value (mean=0.0238, 
median=0.0237), and that for 1000 simulations, none of the 95% credibility intervals fall 
outside the true value, making these confidence intervals very conservative in the 
presence of the expected level of intragenic recombination. 
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Appendix A.3 
Results of coalescent simulations investigating the behaviour of 
maximum likelihood analysis of multilocus polymorphism and 
divergence data 

simulations, intragenic recombination 
D simulations, no intragenic recombination 

o x2 expectation 

ofT 
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Figure A.3.1 Simulation results studying the behaviour of 
the likelihood ratio test for selection in the presence and 
absence of intragenic recombination (see Chapter 6). 
Results from 1000 neutral coalescent simulations 
(HUDSON, 2002) were run for 18 loci, matching parameter 
values to the dataset in Chapter 6. Shown is the 
frequency distribution for the proportion of simulations 
showing a difference in log likelihoods calculated for the 
selection model (model 4 in table 6.3, allowing selection 
on the AT1G36310) vs. the neutral model (model 2 in 
table 6.3), assuming free mutation rates across loci. 
Values of divergence time and theta used in simulations 
were those estimated using the multilocus HKA procedure 
for these loci. 1000 coalescent simulations were run for 18 
loci to generate simulated datasets for the number of 
segregating sites. For simulated divergence values, I used 
coalescent simulations in a sample size of 2 to generate 
the contribution of ancestral polymorphism, and used 
simulations of a Poisson process for each locus to get 
numbers of differences following isolation. For 
simulations with recombination, I used map-based 
estimates of recombination and values of theta to 
generate an expected value for the population parameter 
p-4Ner (see Chapter 4). 
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Appendix A.3 continued 

Table A.3.1 Simulation results of parameter estimation using the maximum likelihood 
estimation from polymorphism and divergence (see legend of Figure A.3.1 for simulation 
details). In general, there appears to be a slight upward bias for divergence time estimation 
and downward bias for estimation of 0. Inclusion of intragenic recombination gives a less 
biased estimator of the true values. 

Parameter 	Value 	no intragenic 	intragenic 
recombination 	recombination 

mean median mean median 
T 17.83 18.49 18.12 18.25 17.93 
Ol  0.0084 0.0084 0.0083 0.0084 0.0083 
02  0.0070 0.0069 0.0067 0.0070 0.0068 
03  0.0067 0.0066 0.0065 0.0067 0.0065 
04  0.0066 0.0065 0.0063 0.0065 0.0064 
05 0.0049 0.0049 0.0047 0.0049 0.0048 
06  0.0085 0.0085 0.0083 0.0086 0.0084 
07  0.0052 0.0051 0.0050 0.0053 0.0051 
08  0.0068 0.0067 0.0066 0.0068 0.0067 
09  0.0090 0.0087 0.0085 0.0090 0.0088 
010 0.0282 0.0279 0.0276 0.0284 0.0279 
Oil 0.0105 0.0105 0.0103 0.0105 0.0104 
012 0.0127 0.0127 0.0124 0.0126 0.0123 
013  0.0079 0.0079 0.0078 0.0079 0.0077 
014  0.0077 0.0075 0.0073 0.0076 0.0075 
015  0.0131 0.0131 0.0129 0.0131 0.0129 
016  0.0115 0.0113 0.0109 0.0115 0.0114 
017 0.0087 0.0086 0.0084 0.0088 0.0086 
018 0.0054 0.0054 0.0053 0.0055 0.0053 
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Appendix A.3 continued 

k 

Figure A.3.2 distribution of maximum likelihood estimate of the selection 
parameter k, from 1000 neutral simulations with intragenic recombination (see 
Chapter 6, Figure A.3.1). Arrow shows value observed for the locus 
AT1G36310 locus in Chapter 6. Note that, as expected under neutrality, the 
most frequent values are close to 1 (mean k=1.06, median=0.99). 
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