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Abstract
The impact of selection on regulatory variation and the contribution of regulatory changes to phenotypic variation has
long been debated in evolutionary genetics. Because cis-regulatory elements such as promoters and enhancers can be
difficult to identify, it has been more challenging to quantify the impact of selection on variation in cis-regulatory regions
than in protein-coding regions. In this thesis, I use genomic tools to investigate gene expression variation and selection
in Brassicaceae species. First, I investigated the genomic impact of selection on putative cis-regulatory regions in the
genome of the crucifer species Capsella grandiflora (Brassicaceae) (Paper I). I used an assay for transposase-accessible
chromatin with high throughput sequencing (ATAC-seq) to empirically identify putative cis-regulatory regions as those
located in accessible chromatin regions (ACRs) in the genome of the crucifer species Capsella grandiflora. Based on
whole-genome resequencing data from a natural population, I then showed that ACRs are under stronger purifying
selection than other intergenic regions and that they are depleted for transposable element (TE) insertions and enriched
for expression quantitative trait loci (eQTL), as would be expected if ACRs are enriched for functional elements affecting
gene expression. Second, I explored how the location and silencing of transposable elements (TEs) affects selection against
TEs (Paper II). Specifically, I tested a trade-off model on epigenetic TE silencing, according to which the positive effects
of TE silencing on preventing TE movement conflict with negative effects of TE silencing on nearby gene expression.
I found that TE silencing through the RNA-directed DNA methylation (RdDM) pathway affects selection against TEs
close to genes in C. grandiflora, which is consistent with the trade-off model. Third, I used Arabidopsis thaliana single-
cell expression data to investigate the relationship between gene body methylation (gbM) and transcriptional regulation
(Paper III). I found that there was an indirect correlation between gbM and gene expression noise as well as a direct
correlation between gbM and gene expression consistency and potentially intron retention in Arabidopsis thaliana. Fourth,
I investigated the impact of demographic history on genomic signatures of selection at linked sites (linked selection) (Paper
IV). This study revealed that neutral genetic diversity in C. grandiflora with a stable effective population size is influenced
by linked selection whereas in Arabidopsis lyrata, which underwent a recent and strong bottleneck, neutral diversity is
mainly affected by population size change. In summary, this thesis offers new insights into determinants of gene expression
variation, selection on genomic features linked to gene expression alteration, as well as on the effect of demographic history
on linked selection patterns in Brassicaceae.
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Abbreviations 

ACR 
ATAC-Seq 
 
bp 
CNS 
DFE 
DNA 
eQTL 
gbM 
kb 
Ne 
NGS 
nt 
PCR 
s 
SFS 
siRNA 
SNP 
RdDM 
RNA 
TE 
TF 
WGD 
α 
π 
 

accessible chromatin region 
assay for transposase-accessible chromatin with high 
throughput sequencing 
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distribution of fitness effects of new mutations 
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expression quantitative trait locus 
gene body methylation 
kilobase 
effective population size 
next-generation sequencing 
nucleotide 
polymerase chain reaction 
selection coefficient 
site frequency spectrum 
small interfering RNA 
single nucleotide polymorphism 
RNA-directed DNA methylation 
ribonucleic acid 
transposable element 
transcription factor 
whole genome duplication 
proportion of mutations fixed by positive selection 
nucleotide diversity 

 
 
  



 2 

  



 3 

List of Publications 

This thesis is based on the following papers, which are referred to in the text 
by their roman numerals: 
 

I. Horvath R, Josephs EB, Pesquet E, Stinchcombe JR, Wright SI, 
Scofield D, Slotte T. Selection on accessible chromatin regions in 
Capsella grandiflora. Manuscript. 

II. Horvath R, Slotte T. 2017. The role of small RNA-based 
epigenetic silencing for purifying selection on transposable 
elements in Capsella grandiflora. Genome Biology and 
Evolution 9(10): 2911–2920. 

III. Horvath R, Laenen B, Takuno S, Slotte T. 2019. Single-cell 
expression noise and gene-body methylation in Arabidopsis 
thaliana. Heredity 123(2): 81–91. 

IV. Mattila TM*, Laenen B*, Horvath R, Hämälä T, Savolainen O, 
Slotte T. 2019. Impact of demography on linked selection in two 
outcrossing Brassicaceae species. Ecology and Evolution 9(17): 
9532–9545. 
*Equal contributions 

 
 
Reprints were made with permission from the respective publishers. 
  



 4 

Additionally, I contributed to the following publication during my PhD 
studies: 

 
Monnahan P, Kolář F, Baduel P, Sailer C, Koch J, Horvath R, Laenen B, 
Schmickl R, Paajanen P, Šrámková G, Bohutínská M, Arnold B, Weisman 
CM, Marhold K, Slotte T, Bomblies K, Yant L. 2019. Pervasive population 
genomic consequences of genome duplication in Arabidopsis arenosa. Nature 
Ecology and Evolution 3(3): 457–468. 
 



 5 

Introduction 

Gene Expression Regulation 
Any gene in any species that produces any metabolic product (protein, tRNA, 
etc.) needs to be expressed to produce the product, and the expression of every 
gene must be regulated to ensure the presence of the product at the right time, 
in the right amount, and in the right cell (Wray et al. 2003). Therefore, genes 
need to be surrounded by regulatory sequences, which are controlling if, when 
and to what extent genes are expressed (Wray et al. 2003). 

Two main components of the regulatory apparatus can be distinguished 
based on their effects on the two alleles of the regulated gene (Wray et al. 
2003, Gilad et al. 2008). Transcription factors (TF; sequence-specific DNA-
binding proteins) or small interfering RNAs (siRNAs; RNA molecules, which 
are influencing the stability of other RNA molecules or the methylation of 
targeted DNA sequences) are called trans-regulatory factors (Gilad et al. 
2008). TFs and siRNAs affect the expression of both target alleles equally in 
a diploid individual. In contrast, cis-regulatory regions are non-coding DNA 
sequences containing cis-regulatory elements, which have an allele-specific 
effect on gene expression (Figure 1, Gilad et al. 2008). Cis-regulatory 
elements can include enhancers, promoters or insulators, short DNA 
sequences that can be bound by TFs to increase, initiate or prevent gene 
transcription. A majority of such cis-regulatory regions were previously 
identified to be adjacent to the genes they are regulating and to cluster, in 
Brassicaceae, within a region of approximately 2kb around the transcription 
start/end site of the gene (e.g. Yu et al. 2016). 

The expression level of a single gene can be controlled by multiple cis-
regulatory elements targeted by a variety of TFs, and a single TF can control 
the expression of several genes (Ben-Tabou de-Leon and Davidson 2007, 
Carroll 2008). Due to this modular nature of regulatory elements, a vast 
regulatory network can be established for genes that are active in many 
different cell-types or at various time points (Ben-Tabou de-Leon and 
Davidson 2007, Carroll 2008). In Drosophila for example, the cis-regulatory 
region of the Eyeless gene contains six cis-regulatory elements allowing 
Eyeless to be involved in the eye, brain and central nervous system 
development (Adachi et al. 2003, Carroll 2008) and the Twist TF regulates 
nearly 500 different genes during embryogenesis (Sandmann et al. 2007, 
Carroll 2008). 
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During gene expression regulation, TFs need to bind to their targeted 
regulatory elements. However, TFs can only bind to DNA sequences which 
are physically accessible, DNA sequences that are located in so called open 
chromatin regions (Cumbie et al. 2015, Jiang 2015). In contrast to 
heterochromatin, open chromatin consists of DNA regions free of 
nucleosomes (DNA wrapped around histones) or if such nucleosomes are 
present, they are packed in a less compact form and they are under dynamic 
displacement (Jiang 2015). Active cis-regulatory elements need to be located 
in open chromatin, otherwise they cannot be accessed by TFs and therefore 
cannot execute their function (Figure 1). 

However, like every part of the genome, DNA sequences encoding trans- 
and cis-regulatory elements can mutate and, therefore, exhibit genetic 
variation, which can translate into phenotypic variation between individuals 
within a natural population (Figure 1). Therefore, gene expression variation 
can present a genetic basis on which selection can act during evolution. 
 
 

 
Figure 1. Schematic overview of gene expression regulation. A, illustration of 
a transcription factor binding to its targeted cis-regulatory region, leading to 
the expression of a gene. B, illustration of the same TF binding to a cis-
regulatory region with a binding site modification, leading to change in the 
gene expression level. C, illustration of an epigenetically silenced TE inducing 
the methylation of the nearby cis-regulatory region and gene, leading to 
silencing of the gene. D, illustration of a gene located in heterochromatin, 
preventing the TF from binding to its targeted cis-regulatory region and 
inhibiting gene expression. 
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The Role of Cis-Regulatory Variation During Evolution 
Recent discoveries of cis-regulatory changes underlying morphological trait 
differences between species has given additional momentum to the idea that 
adaptation can act at two different levels, namely by altering the amino acid 
sequences or/and the expression level of proteins (King and Wilson 1975, 
Stern and Orgogozo 2008, Fraser 2011). It has even been hypothesized that 
most phenotypic variation could be caused by cis-regulatory mutations and 
not by coding sequence mutations (King and Wilson 1975, Carroll 2008, Stern 
and Orgogozo 2008). This hypothesis is supported by the observation that 
homologous proteins have usually highly conserved functions in different 
species, but the divergent expression levels of these homologous proteins can 
contribute to phenotypic differences (Wray 2007, Wittkopp and Kalay 2011). 
Additionally, cis-regulatory changes were found to contribute more to the 
observed gene expression level variation between species than within species 
(Wittkopp and Kalay 2011). 

However, there are some important differences between mutations in 
coding sequences versus those in cis-regulatory elements. First, because of the 
lack of a genetic code to accurately identify mutations affecting the function 
of cis-regulatory elements, it is difficult to distinguish between silent and non-
silent mutations in cis-regulatory and other gene expression regulatory regions 
than in protein coding sequences (Wray 2007). Second, cis-regulatory 
elements have an allele-specific effect on gene expression (Wittkopp et al. 
2004, Gilad et al. 2008), hence, mutations in cis-regulatory elements are 
usually co-dominant (Wray 2007). Assuming that a co-dominant effect on 
expression is equal to a co-dominant effect on fitness or phenotype, each new 
cis-regulatory mutation affecting fitness is expected to be visible to selection 
(Wray 2007). In contrast, recessive amino acid mutations are not seen by 
selection until they occur in a homozygote individual (Wray 2007) and are 
more likely to be stochastically lost. Therefore, cis-regulatory regions could 
be expected to evolve more quickly than protein coding sequences. However, 
the generality of these conclusions was recently questioned, as a systematic 
study in yeast found that both coding and cis-regulatory changes in one focal 
gene had additive effects (Gruber et al. 2012), suggesting a reduced role for 
dominance effects. 

Third, cis-regulatory mutations can have very limited negative side-effects 
due to the modular structure of the regulatory network (Wray 2007, Rockman 
and Stern 2008, Wittkopp and Kalay 2011). Multiple cis-regulatory elements 
can control the expression of a single gene (Ben-Tabou de-Leon and Davidson 
2007, Carroll 2008). If only one of these elements is changed, this will only 
affect the expression level of the gene in the tissue and at the time point where 
the gene expression is controlled through this particular cis-regulatory element 
(Carroll 2008). In contrast, if an amino acid replacement mutation changes the 
function of a protein, this is evident every time the protein is expressed and 
the expected range of harmful side-effects is larger (Wittkopp and Kalay 
2011). If cis-regulatory mutations on average have fewer negative pleiotropic 
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effects than replacement mutations, then all else being equal, cis-regulatory 
changes should be more likely to contribute to adaptation (Rockman and Stern 
2008).  

Fourth, the transcription of a gene is a very flexible process, which can be 
gradual from a low to a high expression level and variable in time and space 
(Ben-Tabou de-Leon and Davidson 2007). These flexible and dynamic 
properties of the gene transcription process are caused by the regulatory 
network of each gene, which can be tuned and adjusted to fit a dynamic 
environment and changing demands (Wray 2007, Ben-Tabou de-Leon and 
Davidson 2007). Hence, cis-regulatory changes could present a powerful tool 
during the evolution of traits related to dynamic processes like reproduction 
or immune responses (Wray 2007). 

Finally, a recent systematic study in yeast found that, compared to the 
effects of new coding sequence changes, new cis-regulatory changes on 
average had smaller effect sizes, and while both of these had additive effects, 
trans-acting regulatory changes tended to be recessive (Gruber et al. 2012). 
Taken together these observations could contribute to the excess contribution 
of cis-regulatory mutations to divergence, if large-effect coding changes tend 
to be deleterious, and if additive changes are more likely to be efficiently 
selected, as theory predicts (Hill et al. 2008). Alternatively, the relative 
contribution of coding and regulatory changes to adaptation could depend on 
the distance to the fitness optimum. Indeed, during adaptation, theory predicts 
that at the beginning of the adaptation process, alleles with high and small 
effect size can be fixed (Orr 2005). However, at a later stage of the process 
only alleles with smaller effect size can be fixed, because alleles with a greater 
impact overshoot the optimum (Orr 2005). Thus, under these conditions, 
large-effect coding changes might contribute more to early stages of 
adaptation, whereas at later stages regulatory changes of small effect might be 
more important. 
 
Cis-Regulatory Variation in Natural Populations 
While understanding that the role of cis-regulatory variation during adaptation 
and evolution is indispensable to fully understand evolutionary processes, it is 
also important to consider the causes of such cis-regulatory variation. Cis-
regulatory elements are DNA sequences containing TF binding sites, which 
need to be located in physically accessible regions of the genome in order to 
fulfill their function (Ong and Corces 2011, Wittkopp and Kalay 2011, 
Cumbie et al. 2015, Jiang 2015). Genetic modifications affecting the 
regulatory abilities of such elements are going to generate cis-regulatory 
variation (Wittkopp and Kalay 2011). Mutations affecting binding sites, for 
example, can be such a source of cis-regulatory variation, but methylation and 
chromatin modifications (epigenetic modifications) could also be such a 
source (Figure 1, Hollister and Gaut 2009, Wittkopp and Kalay 2011). 

Recently, new evidence showed that standing cis-regulatory variation 
within populations is subject to natural selection (Josephs et al. 2015, Steige 
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et al. 2017). In contrast to new mutations, standing genetic variation is present 
in a natural population and if such variation is associated with quantitative 
traits, then theory predicts that such variation should be removed by stabilizing 
selection (Johnson and Barton 2005, Josephs et al. 2015). However, 
deleterious cis-regulatory variation can persist in a population under mutation-
selection balance. In this case, the minor allele frequency and the selection 
coefficient affecting the allele are expected to be negatively correlated (Barton 
and Keightley 2002, Josephs et al. 2015). Accordingly, recent studies in 
Capsella grandiflora (Josephs et al. 2015), maize (Kremling et al. 2018) and 
humans (Li et al. 2017, Naidoo et al. 2018) reported an excess of rare cis-
regulatory alleles, which altered the expression of genes in the studied 
populations. These results suggest that standing cis-regulatory variation is 
under purifying selection in natural populations. Furthermore, Josephs et al. 
(2015) showed that the effect size of a variant associated with cis-regulatory 
variation was negatively correlated with its frequency in a C. grandiflora 
population. This finding is concordant with the hypothesis that the allele 
frequency is negatively correlated with the selection coefficient, which is 
directly affected by the effect size (Barton and Keightley 2002, Johnson and 
Barton 2005, Josephs et al. 2015). Hence, the presence of standing cis-
regulatory variation in a population is constrained by natural selection. 
Quantifying the impact of natural selection on such genetic variation could 
improve our understanding of the role of standing as well as new cis-
regulatory variation during adaptation and evolution. 

Constraints on cis-regulatory variation can result from the genomic features 
of the regulated gene and its surrounding. For example, genes which encode 
interacting proteins are thought to be dosage sensitive and, therefore, under 
stronger constraint than other genes (Birchler and Veitia 2012, Steige et al. 
2017). However, other genomic features like expression level, tissue 
specificity and gene body methylation can also result in selective constraints 
limiting the amount of cis-regulatory variation found in a population (Rocha 
2006, Slotte et al. 2011, Takuno and Gaut 2012, Williamson et al. 2014, Steige 
et al. 2017). On the other hand, some genetic features can cause cis-regulatory 
variation like the spread of methylation and chromatin modification triggered 
by the silencing of nearby transposable elements (TE, Hollister and Gaut 
2009, Chuong et al. 2017). In C. grandiflora, the presence of TEs in the 
proximity of genes and their gene body methylation status were identified as 
two major predictors of cis-regulatory variation (Steige et al. 2017). 

The insertion of a TE in the proximity of a cis-regulatory element can lead 
to the epigenetic silencing of a gene or its cis-regulatory element, if the TE is 
silenced as a defense response of the host against a further spreading of the 
TE (Figure 1, Slotkin and Martienssen 2007, Lisch 2009 and 2013). For 
example, the Flowering Wageningen (FWA) in Arabidopsis thaliana is one of 
the well-studied examples where the silencing of a TE next to the FWA gene 
is leading to the epigenetic silencing of this gene (e.g Kinoshita et al. 2007 
and Fujimoto et al. 2008). In plants, TEs are mainly silenced through the 
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RNA-directed DNA methylation (RdDM) pathway which includes the RNA 
polymerase IV and 24-nucleotide (nt) small interfering RNAs (siRNAs, Marí-
Ordóñez et al. 2013, Matzke et al. 2015, Fultz et al. 2015). However, one side 
effect of this molecular process is its ability to interfere with the expression of 
neighboring genes through the spreading of methylation and chromatin 
modification initiated by the RdDM pathway into the genomic surrounding of 
a TE (Hollister and Gaut 2009). This effect could explain why TEs in the 
proximity of genes are good predictors of cis-regulatory variation in C. 
grandiflora (Steige et al. 2017). 

Gene body methylation (gbM) refers to an increased level of methylated 
cytosines specifically in a CG sequence context accompanied by a cytosine 
methylation depletion at the transcriptional start and termination sites within 
a gene (Bewick and Schmitz 2017). In contrast to other types of methylation 
like the RdDM or gene promoter methylation, whose function is to silence 
genes (Matzke et al. 2015, Neri et al. 2017), the function of gbM is still unclear 
(e.g. Bewick et al. 2016 and 2017, Takuno et al. 2017). There is no support 
for a role of gbM in repressing gene expression, since most genes showing 
gbM have an intermediate gene expression level (e.g. Jones 2012), and in 
Arabidopsis thaliana and Eutrema salsugineum no evidence was found for 
any role of gbM in regulating gene transcription (Bewick et al. 2016). 
However, new evidence suggests a possible role of gbM in reducing erroneous 
transcription such as the transcription of aberrant intragenic transcripts in 
mouse (Neri et al. 2017) and in A. thaliana (Choi et al. 2020). Additionally, 
in humans, gbM was associated with a reduction in gene expression noise 
(Huh et al. 2013). Gene-specific transcriptional noise was shown to be under 
natural selection (Barroso et al. 2018) and could present a constraint for 
regulatory evolution (Lehner 2008, Metzger et al. 2015). So far, no study has 
comprehensively investigated the possible impact of gbM on expression noise 
in plants. Such insights would help illuminate the reasons behind the observed 
slow evolution of genes showing gbM and their decreased probability of being 
affected by cis-regulatory variation (Steige et al. 2017). 

Finally, because in Brassicaceae most cis-regulatory regions are expected 
to be located in the proximity of genes (e.g. Yu et al. 2016), not only the direct 
effect of natural selection on cis-regulatory regions is shaping the observed 
genetic diversity in such regions within a population, but selection at linked 
sites (linked selection) could also be expected to contribute to the observed 
genetic diversity (Slotte 2014, Josephs and Wright 2016). However, the 
impact of linked selection on genetic diversity is not only influenced by the 
recombination rate, which can break up allelic associations, but also among 
others by the mating system and demography (Pfeifer and Jensen 2016, Torres 
et al. 2019). Therefore, investigating the impact of linked selection on the 
genome wide genetic diversity, in general, under different demographic 
histories in Brassicaceae will contribute to a better understanding of the 
observed genetic diversity in non-coding and intergenic regions. Such studies 
can allow us to disentangle variation in genetic diversity caused by direct 
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selection on functional non-coding sites and variation caused by an impact of 
linked selection on non-coding sites due to their potential physical linkage to 
coding sites. 
 
Capsella grandiflora as a Model Species for Studying Genetic 
Variation and Selection 
The genus Capsella belongs to the intensively studied mustard family 
(Brassicaceae), which includes among others the model organism Arabidopsis 
thaliana and some well-studied Brassica crops (Schranz et al. 2006, Hurka et 
al. 2012). The Capsella genus is closely related to Arabidopsis genus, where 
some widely studied species like Arabidopsis thaliana, Arabidopsis lyrata and 
Arabidopsis halleri can be found. Within the Capsella genus four species have 
got a special focus from the scientific community, namely the allotetraploid 
(2n = 4x = 32) self-fertilizer C. bursa-pastoris, the diploid (2n = 2x = 16) 
outcrosser C. grandiflora and the two diploid (2n = 2x = 16) self-fertilizers C. 
rubella and C. orientalis. 

During the past few years, several research groups contributed new genetic 
information on the phylogenetic relationships of these four species within the 
Capsella genus (Figure 2). C. rubella is thought to have been derived from C. 
grandiflora fairly recently (<200 000 years ago, Guo et al. 2009, Foxe et al. 
2009, Brandvain et al. 2013, Slotte et al. 2013, Koenig et al. 2019) and C. 
orientalis presumably derived from an outcrossing, C. grandiflora like 
ancestor approximately 1 to 2 million years ago (Douglas et al. 2015). Finally, 
C. bursa-pastoris is an allopolyploid that arose from a hybridization event 
between C. grandiflora and C. orientalis about 100 000 to 300 000 years ago 
(Douglas et al. 2015). 

From a geographical point of view, these four species are also clearly 
different. C. grandiflora has a narrow distribution range, which is limited to 
the western Balkans (Hurka et al. 2012), but its effective population size has 
been estimated to be large, on the order of ~500 000 (Foxe et al. 2009, Slotte 
et al. 2010). C. rubella is native to south and central Europe whereas C. 
orientalis is manly found in Eastern Europe and Central Asia and C. bursa-
pastoris has a worldwide distribution range (Hurka et al. 2012). 

From a population genetic point of view, C. grandiflora has a large 
effective population size without major population structure (Foxe et al. 2009, 
Slotte et al. 2010, St. Onge et al. 2011) and is subject to efficient natural 
selection on both protein-coding and conserved noncoding genomic regions 
(Slotte et al. 2010, Williamson et al. 2014, Steige et al. 2017). C. rubella on 
the other hand, has a small effective population size (~10 000) due to the 
effects of selfing and past bottlenecks (Guo et al. 2009, St. Onge et al. 2011, 
Koenig et al. 2019). Additionally, these species are genetically accessible due 
to the availability of a published reference genome for C. rubella (Slotte et al. 
2013), and publicly available whole genome resequencing data sets from 
natural populations (e.g. Douglas et al. 2015, Steige et al. 2015, Josephs et al. 
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2015, Steige et al. 2017, Koenig et al. 2019). Due to its large and stable 
effective population size and limited population structure, C. grandiflora is a 
suitable plant model species in which to investigate the genomic impact of 
selection on different classes of sites without strong confounding effects of 
nonequilibrium demography. 
 

 
Figure 2. Top: C. grandiflora flowers (Photos by Kim Steige (left) and Tanja 
Slotte (right)). Bottom: Schematic depiction of phylogenetic relationships 
between C. grandiflora, C. rubella, C. orientalis and C. bursa-pastoris (Mya: 
million years; Kya: thousand years).   
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Research Aims 

The objective of this thesis was to explore how non-coding genetic 
polymorphism, chromatin accessibility and DNA methylation influence 
genome wide selection patterns in Brassicaceae species. A special focus was 
put on genetic variation potentially leading to gene expression alterations in 
Capsella grandiflora. Furthermore, I aimed to investigate transcriptional 
effects of epigenetic methylation within the body of specific genes in 
Arabidopsis thaliana. The specific research aims were to: 
 

1. Empirically identify accessible chromatin regions in C. grandiflora 
using an ATAC-seq sequencing method (Paper I). 

2. Quantify the impact of positive and purifying selection on accessible 
chromatin regions in C. grandiflora (Paper I). 

3. Characterize the effects of epigenetic transposable element silencing 
on selection against transposable elements located close to genes in 
the outcrossing species C. grandiflora (Paper II). 

4. Explore the impact of gene body methylation on gene expression 
noise and intron retention in the model organism Arabidopsis thaliana 
(Paper III). 

5. Empirically evaluate and compare the impact of demographic history 
on linked selection in two outcrossing Brassicaceae species: C. 
grandiflora and Arabidopsis lyrata (Paper IV). 
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Materials and Methods 

Short Read Sequencing 
Next-generation sequencing (NGS) is an umbrella term that includes various 
high-throughput sequencing technologies. NGS was first introduced in the 
mid-2000s and were largely responsible for a drastic increase in the amount 
of data generated and an extreme drop in the costs of genome sequencing 
(Goodwin et al. 2016). Some of the most used NGS approaches are short read 
sequencing by synthesis methods. Indeed, all data produced and used in this 
thesis were generated through various Illumina short read sequencing 
methods. However, there are also other massively parallel sequencing 
methods (for a comprehensive review of the different sequencing methods, 
see Goodwin et al. 2016). Furthermore, short read NGS can not only be used 
to sequence the genome of an organism, but also transcriptomes of interests 
can be sequenced if cDNA is synthesized from the sampled RNA before 
sequencing. 
 As suggested by the name, short read NGS is a sequencing method that will 
generate data which consists of short (35-700 bp) sequences, with each 
sequence representing a small fragment of the genome or the transcriptome 
(Goodwin et al. 2016). Briefly, short read NGS consists of first a library 
preparation, where the DNA or cDNA is broken up into short fragments and 
specific adaptors are ligated to both ends of the fragments (Illumina Inc. 
2017). Second, a cluster amplification is performed. During this step, the 
sequencing library is loaded onto a flow cell where the adaptors binds to 
complementary primers fixed to the surface of the flow cell and then the bound 
fragments are bridge amplified into clonal clusters (Goodwin et al. 2016, 
Illumina Inc. 2017). Finally, the clonal clusters are sequenced. For 
sequencing, fluorescently labelled reversible terminator nucleotides are used. 
For each nucleotide incorporation cycle, the fluorescence emission of the 
clonal clusters on the flow cell is recorded and evaluated in order to generate 
a final fastq file which contains information on which nucleotide was 
incorporated and on the quality of the evaluation (Illumina Inc. 2017). While 
these steps are the basic workflow of short read NGS, various adjustments can 
be made to adapt the sequencing output to specific demands. For example, 
there are two distinct ways in which the clonal clusters can be sequenced if an 
appropriate library preparation was done: either the cluster is sequenced only 
from one end, generating single end reads, or the cluster can be sequenced 
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from both ends of the fixed DNA fragment, generating paired end reads 
(Illumina Inc. 2017). 
 Once a sequencing dataset, usually a fastq file, was generated, the next 
objective is to figure out which segments of the genome do the reads in the 
data represent. To do so one needs to align the reads to a reference genome 
and evaluate which region on the reference genome the reads are assigned to 
with the highest confidence. This process is referred to as read mapping and 
programs like bwa (Li and Durbin 2009, Li 2013) or STAR (Dobin et al. 2013) 
can be used to map DNA or RNA sequencing data to a reference, respectively. 
Mapping reads enables further downstream analyses and patterns detected in 
the sequencing data can be assigned to a specific location in the genome, 
which allows scientists to draw links between biological observations and 
patterns within the genome of the study organism. 
 
Accessible Chromatin Profiling using ATAC-Seq 
Sequencing a genome in an unspecific way, so called shotgun sequencing, can 
generate valuable data and give unique insights into the biology of the study 
organism, however, one can even go one step further and specifically target 
some regions of the genome before sequencing. Thanks to such approaches, it 
is possible to distinguish regions of the genome which have different 
characteristics. For example, an Assay for Transposase-Accessible Chromatin 
with high throughput sequencing (ATAC-seq) (Buenrostro et al. 2013 and 
2015) can distinguish between transposase hypersensitive site and transposase 
insensitive site. Because the Tn5 transposase used in this method is known to 
mainly integrate into accessible DNA sequences, ATAC-seq can be used to 
specifically sequence accessible chromatin regions within a sample 
(Buenrostro et al. 2015). To achieve this, the Tn5 transposase is first loaded 
with NGS adaptors and then the sample is treated with the adaptor loaded Tn5 
transposase, which inserts into accessible regions (Buenrostro et al. 2015). 
Once the Tn5 transposase and the adaptors are inserted, a short read NGS is 
performed leading to the sequencing of the DNA sequences surrounding the 
insertion site of the Tn5 transposase, while regions which were not accessible 
to the Tn5 transposase will not be sequenced (Buenrostro et al. 2015). While 
there are other available methods to identify accessible chromatin regions, 
such as Micrococcal Nuclease sensitive sites (MNase-seq) and 
Deoxyribonuclease I hypersensitive sites sequencing (DNase-seq), using 
ATAC-seq to identify such regions has the benefit of being faster and 
requiring less starting material (Sun et al. 2019). 
 
Methylation Profiling through Bisulfite-Sequencing 
Target specificity is not the only way NGS methods can be adjusted for 
different needs and study questions. Whole-genome bisulfite-sequencing is a 
sequencing approach, which allows a genome-wide base-pair resolution of the 
cytosine methylation profile. This method combines NGS with bisulfite 
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conversion of cytosine residues. Specifically, a cytosine conversion is 
achieved through a sodium bisulfite treatment of DNA, which changes 
unmethylated cytosines into uracil while methylated cytosines are protected 
by the methyl group and are therefore not modified (Meissner et al. 2005, 
Cokus et al. 2008). Once a bisulfite conversion was performed, the treated 
DNA can be PCR amplified and NGS can be performed (Meissner et al. 2005, 
Cokus et al. 2008). After the sequencing, when mapping the generated reads 
to a reference genome, at each cytosine site the generated sequences can either 
exhibit a C or T if the cytosine in the DNA sample was methylated or was 
converted during the sodium bisulfite treatment, respectively (Meissner et al. 
2005). 
 
TE Insertion Identification using Short Read Sequencing Data 
While accessible chromatin and methylation profiling of the genome requires 
particular sequencing methods, detecting the presence of TE insertions in the 
genome of a specific individual or population can be achieved though the 
analysis of paired end short read sequencing data. One way to do so is 
implemented in the PoPoolationTE2 program (Kofler et al. 2016), which 
examines paired end reads of a sample to identify read pairs where one read 
maps to the sequence of a previously annotated TE and the other read maps to 
the TE masked reference genome (Kofler et al. 2016). PoPoolationTE2 then 
calculates the physical coverage at each position of the genome and estimates 
the insertion frequency of a TE at a specific position based on the physical 
coverage supporting the TE insertion site (Kofler et al. 2016). Note that in 
contrast to a base coverage, which indicates how many reads are covering a 
base, the physical coverage considers the region between the paired end reads 
and indicates how many times a site was found located between a read pair 
(Kofler et al. 2016). 
 
Single Nucleotide Polymorphism Identification 
Information on accessible chromatin, methylation or TE profiles within an 
individual are of great value and contribute to our understanding of the biology 
of the study organism, however, one of the arguably most powerful and 
valuable types of information that can be extracted from short read sequencing 
experiments are single nucleotide polymorphism (SNP) data. A SNP dataset 
can be generated through analyzing the reads mapped to a reference, where 
single base pair differences between the sequenced read and the sequence of 
the reference genome are recorded. This process is referred as variant calling 
and programs like GATK (Genome Analysis Toolkit; McKenna et al. 2010) 
can be used to generate a list of variant sites usually in the form of a variant 
call format (VCF) file. 
 Once a SNP dataset has been generated from the sequencing data, the data 
can be summarized in many different ways, for example in the form of a site 
frequency spectrum (SFS). The SFS is a simple summary of the allele 



 18 

frequency distribution of SNPs or other loci of interest within the sampled 
population. It displays the proportion of loci with a specific number of derived 
alleles ranging from 1 to n-1 where n is the number of sampled alleles and it 
can easily be visualized with a histogram (Figure 3). One of the main 
advantages of summarizing genetic data into an SFS is that demography as 
well as selection are affecting the shape of the SFS, hence, comparing different 
SFS to each other can give insights on these topics (see below). However, 
other genetic diversity summary statistics based on observed site frequency 
distributions like nucleotide diversity (π) (Nei and Li 1979), Tajima’s D 
(Tajima 1989), etc., are also commonly used. 
 

 
 
Figure 3. Simulated SFS of neutral and selected sites in a population of 25 
diploid individuals using SLiM 3 (Haller and Messer 2019). Neutral sites are 
represented in black and sites affected by purifying selection are shown in 
white. 
 
Inferring Demography from Neutral Diversity within 
Populations 
Once a new mutation is present in a population, it can either be lost or increase 
in frequency and ultimately become fixed. The fate of such new mutations can 
be influenced by stochasticity and selection. In the simplest case, for 
mutations not affected by selection, the accumulation and fixation of such 
neutral mutations are only affected by stochasticity. The magnitude of the 
stochastic effects on the fate of mutations is determined by the effective 
population size (Ne) and can be predicted from theory (Nielsen and Slatkin 
2013). Additionally, fluctuations in Ne are also impacting these stochastic 
effects and, therefore, contrasting the expected neutral genetic diversity under 
constant Ne to the observed genetic diversity can be used to infer Ne 
fluctuations. Hence, demographic history can be inferred through comparing 
summary statistics, like the SFS, of the observed neutral loci to the expected 
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summary statistics of neutral loci under a given population demography. 
Indeed, programs like ∂a∂i (Gutenkunst et al. 2009) are using such approaches 
to infer past population size changes and population structure based on 
likelihood estimates. However, using summary statistics, like the SFS, to infer 
demographic history comes with some limitations. First, SFS based 
demographic inference can suffer from nonidentifiability issues, where 
multiple demographic histories can result in an identical SFS and limit our 
ability to infer demographic history from the SFS (Myers et al. 2008). This 
issue can be mitigated under certain circumstances (e.g. Bhaskar and Song 
2014), but the nonidentifiability issue will always impose boundaries on the 
ability of inferring demographic history from the SFS (Terhorst and Song 
2015, Lapierre et al. 2017). Second, the maximum number of epochs that can 
be inferred using such an approach is given by the number of bins within the 
investigated SFS (Hahn 2018). For most purposes, it might not be crucial to 
have more than a couple of epochs and, therefore, being limited to a maximum 
of epochs equal to the number of bins might not be problematic. However, the 
third major limitation of an SFS based demographic history inference, is its 
inability to consider recombination and linkage information (Hahn 2018). 
This is simply due to the fact that an SFS is a summary statistic which does 
not contain any information on linked sites or recombination rate and, hence, 
SFS based demography inferences assume independence between sites (Hahn 
2018). Alternative approaches, like the skyline plot (Pybus et al. 2000) and 
Bayesian skyline plots (Heled and Drummond 2008), are using the initial 
aligned sequence data to resolve the genealogy and demographic history based 
on the coalescent model and are implemented in software like BEAST 
(Suchard et al. 2018). 
 
Inferring Purifying and Positive Selection Based on 
Population Genomic Data 
Another population genetic force that can lead to shifts in the shape of the SFS 
is selection. For example, weak to moderate purifying selection is expected to 
lead to an increase in the proportion of alleles with low allele frequency within 
the SFS (Figure 3) whereas balancing selection is expected to lead to an excess 
of intermediate frequency alleles. Indeed, many classic "neutrality tests" that 
are widely used today to describe patterns of genetic variation quantify 
specific deviations in the SFS (e.g. Tajima's D, Fu and Li's D, Fay and Wu's 
H). These tests evaluate neutrality based on the idea that if the observed 
genetic diversity in a population resulted only from truly neutral evolution, 
then different ways of estimating the genetic diversity in a population will give 
the same result. However, if there were some deviations from neutrality during 
the evolution of the population, different estimators using different aspects of 
the data will be more or less sensitive to different kinds of deviation from 
prediction under neutrality. Tajima’s D, for example, compares the observed 
nucleotide diversity (π) to the genetic diversity estimator Watterson theta (θw) 
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(Tajima 1989). In this neutrality test, π describes the observed pairwise 
nucleotide differences between the samples (Nei and Li 1979) and θw 
describes the expected genetic diversity under neutrality based on the total 
number of segregating sites and the sample size (Watterson 1975). Fu and Li's 
D, however, compares π, or θw for Fu and Li's F, to the number of derived 
singletons (mutations with a derived allele number of 1) or the total number 
of singletons, if the ancestral state of the mutations is unknown (Fu and Li 
1993). Finally, Fay and Wu's H compares π to a weighted estimator of theta 
(θH), where each bin of the SFS is weighted by the number of derived alleles 
(Fay and Wu 2000). Therefore, Fay and Wu's H is more sensitive to deviations 
of high frequency alleles, whereas Fu and Li's D is more sensitive to deviations 
of low frequency alleles and Tajima’s D does not discriminate between high 
or low frequency allele deviations from expectations under neutrality (Hahn 
2018). 
 One other common goal in population genetics, besides detecting 
deviations from neutrality at a single locus, is to compare polymorphism data 
across loci to test for differences in selection at several loci of interest. One 
commonly used method to investigate if observed differences in the 
polymorphism level between two or more loci is due to selection is the HKA 
test introduced by Hudson, Kreitman and Aguadé in 1987. The HKA test 
compares the observed diversity within a population to the observed 
divergence to a closely related species at two or more loci to assess if the 
observed differences between loci are due to different mutation rates or if 
these differences are driven by selection (Hudson et al. 1987). Nowadays, 
more recent methods can contrast the effect of selection between multiple 
classes of sites by contrasting the SFS of two or more site types (e.g. Tataru 
et al. 2017). However, to be able to draw conclusions from an SFS 
comparison, prior knowledge on one of the SFS is needed. Usually, one of the 
SFS used in a comparison is assumed to represent the neutral genetic diversity 
in the data. Since demography is also influencing the shape of the SFS, 
complex methods, like DFE-alpha (Eyre-Walker et al. 2006) or polyDFE 
(Tataru et al. 2017, Tataru and Bataillon 2019), were developed to properly 
infer selection from SFSs while accounting for demography. 
 New mutations are often categorized as disadvantageous, advantageous or 
neutral mutations based on their effect on the fitness of the individual carrying 
the mutation. However, the effects of new mutations are not categorical but 
continuously distributed from one extreme to the other. The distribution of 
fitness effects of new mutations (DFE) describes the relative proportion of 
new mutations with a certain fitness effect in a continuous way (Eyre-Walker 
and Keightley 2007). This can be achieved through the use of a function which 
links the scaled selection strength denoted by Ne*s, with Ne the effective 
population size and s the selection coefficient, to an expected proportion of 
new mutations with such an affect (Eyre-Walker and Keightley 2007). 
Programs like DFE-alpha and polyDFE can infer the DFE from polymorphism 
data, if the data is summarized in one presumably neutral SFS and one SFS of 
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the sites of interest (Eyre-Walker et al. 2006, Tataru et al. 2017, Tataru and 
Bataillon 2019). If a folded SFS is used, the DFE for deleterious fitness effects 
is inferred, but methods also exist to use the unfolded SFS to infer the full 
DFE, including for positively selected mutations (Schneider et al. 2011; 
Tataru et al. 2017). These methods use maximum likelihood to estimate the 
DFE using a gamma distribution (Eyre-Walker et al. 2006, Tataru et al. 2017, 
Tataru and Bataillon 2019). 

Once the maximum likelihood parameters of a gamma distribution 
describing the DFE is found, it can be used to display the relative frequency 
of new mutations in the selected site category affected by different selection 
strength. For methods that estimate the DFE of negatively selected mutations, 
this is usually done through categorizing the DFE in three or four categories: 
neutral and nearly neutral deleterious mutations (Ne*s between 0 and 1); 
deleterious mutations (Ne*s between 1 and 10) or strongly deleterious 
mutations (Ne*s between 10 and 100) and extremely deleterious mutations 
(Ne*s above 100), if four categories are used (Figure 4). The categorization of 
the DFE is done in order to allow a simple comparison of observed DFEs in 
different regions of the genome, populations or species, with a particular focus 
on the amount of neutral and nearly neutral deleterious mutations found in the 
different datasets (Figure 4).  
 Comparing the effects of purifying selection on different populations or 
species is important. However, investigating the effects of positive selection 
is at least as important in order to understand observed genetic diversity and 
evolutionary trajectories. One of the first widely used methods to estimate the 
proportion of mutations fixed by positive selection (α) was derived from the 
McDonald-Kreitman test, which contrasts the number of synonymous and 
non-synonymous substitutions and polymorphisms found between species and 
within populations (McDonald and Kreitman 1991). Specifically, Smith and 
Eyre-Walker (2002) showed that the proportion of nonsynonymous 
substitutions fixed by positive selection can be estimated as: 
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where D and P indicate numbers of divergence differences and 
polymorphisms, and subscripts s and n indicate synonymous and non-
synonymous, respectively. In this equation, all averages are across genes. 
Thus, α is the observed excess of non-synonymous substitutions given the 
synonymous substitutions and the non-synonymous to synonymous 
polymorphism ratio (Smith and Eyre-Walker 2002). Similar analyses can be 
done with other categories of sites, as long as one type of site is more likely 
to harbor neutral polymorphisms, and the other has more polymorphisms 
under selection. However, if weakly deleterious mutations are present in the 
studied population, then this approach will underestimate α, because weakly 
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deleterious mutations contribute disproportionally to the observed 
polymorphisms (Eyre-Walker 2002, Bierne and Eyre-Walker 2004, Eyre-
Walker and Keightley 2009). Weakly deleterious mutations contribute more 
to the observed polymorphisms than to substitutions because the strength of 
purifying selection acting on such sites is strong enough to reduce their 
probability of fixation relative to neutral mutations, but is not strong enough 
to immediately remove such mutations from the population as in the case of 
strongly deleterious mutations (Eyre-Walker 2002, Eyre-Walker and 
Keightley, 2009). One solution to this problem is to exclude all low-frequency 
polymorphisms, both synonymous and non-synonymous, before estimating α 
(Bierne and Eyre-Walker 2004). Alternatively, the approach taken by Eyre-
Walker and Keightley (2009), which is implemented in DFE-alpha, is to first 
estimate the DFE for mutations under purifying selection and then account for 
weakly deleterious mutations using the DFE, when estimating α. The DFE-
alpha method further fits a simple demographic model using the synonymous 
SFS and implements a simple correction for the effect of demography on the 
DFE (Eyre-Walker et al. 2006). However, this approach of estimating α can 
still lead to biased estimates, especially if neutral polymorphisms are close to 
functional polymorphisms, because then the neutral SFS can be affected by 
linked selection (Messer and Petrov 2013). 
 

 
Figure 4. Example DFE distributions for negatively selected mutations in two 
populations, A (white) and B (black), where population A has a higher 
proportion of neutral and nearly neutral mutations than population B. The left 
panel shows the DFE distribution of the two populations split into three 
categories, whereas, the right panel shows the same DFE distribution split into 
four categories. Ne*s is the product of the effective population size (Ne) and 
the selection coefficient (s). 
  

Fr
ac

tio
n 

of
 s

ite
s

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7 Population A
Population B

0−1 1−10 >10

Ne*s

Fr
ac

tio
n 

of
 s

ite
s

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6 Population A
Population B

0−1 1−10 10−100 >100

Ne*s



 23 

Results and Discussion 

Paper I — Accessible DNA Regions are Good Candidates for 
Delimiting Potentially Functional Non-Coding Sites under 
Purifying Selection from Other Non-Coding Sites 
To investigate the role of genetic variation in functional non-coding regions, 
like cis-regulatory variation, it is key to be able to discriminate between 
functional non-coding sites, which might be under selective constraint, and 
other non-coding sites. One way to achieve this is through comparative 
genomics, which relies on phylogenetic data to identify conserved non-coding 
sequences (CNSs) (Andolfatto 2005). CNSs are assumed to be functional 
based on the reasoning that functional sites will be under stronger purifying 
selection than non-functional sites (Andolfatto 2005). This will prevent the 
accumulation of disadvantageous mutations and, therefore, such regions will 
accumulate fewer substitutions than sequences lacking functional sites 
(Andolfatto 2005). Such conserved non-coding sequences were previously 
reported to be involved in gene expression regulation in plants (Freeling and 
Subramaniam 2009). However, the comparative method is unlikely to identify 
regulatory regions that are subject to positive selection and, therefore, faster 
evolving. Therefore, quantifying the impact of selection on non-coding 
sequences identified by phylogenetic footprinting might lead to 
underestimating the impact of positive selection on functional non-coding 
sites. 

An alternative approach to identify potentially functional non-coding sites 
was recently used in maize, where accessible chromatin regions (ACRs) were 
identified through the use of Mnase-seq (an assay where micrococcal nuclease 
digestion of DNA is followed by high-throughput sequencing) (Rodgers-
Melnick et al. 2016). This study revealed that a large proportion of heritability 
for phenotypic traits could be explained through genetic variation located in 
ACRs (Rodgers-Melnick et al. 2016). More recently ATAC-seq was used in 
thirteen different plant species to characterize the genome-wide distribution 
and evolution of ACRs (Lu et al. 2019). Hence, using DNA accessibility to 
distinguish between functional and non-functional non-coding regions can 
contribute to a more complete understanding of selection on non-coding 
genetic variation. 
 In paper I, we scanned a single natural population of C. grandiflora for 
accessible and non-accessible regions of the genome through the use of an 
ATAC-seq approach (Buenrostro et al. 2013 and 2015). We then combined 
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these results with previously published expression quantitative trait loci 
(eQTL; Josephs et al. 2015) and CNS data (Williamson et al. 2014). Further, 
we used whole genome re-sequencing data from the same natural C. 
grandiflora population to identify TE insertions and SNPs present in the study 
population. We assessed the impact of positive and negative selection on 
accessible and non-accessible intergenic regions in proximal (2 kb up- and 
downstream form genes) and distal (more than 2 kb away from genes) 
intergenic regions by investigating DFE and α of these regions. Finally, we 
evaluated our assumption of ACRs harboring functional sites by checking 
whether our candidate regions were enriched with other genetic loci also 
associated with functional sites such as eQTL and CNSs. 
 In this study, we reported a significantly lower estimate of the proportion 
of weakly deleterious new mutations in intergenic ACRs than in other 
comparable intergenic regions. This result held true for proximal as well as 
distal ACRs. Interestingly, we also observed that the proportion of strongly 
deleterious new mutations in intergenic ACRs increased with an increasing 
population frequency of the ACR. Our α estimates for intergenic ACRs 
revealed no significant differences between intergenic ACRs and comparable 
intergenic regions. Finally, we report that in C. grandiflora ACRs are enriched 
with eQTL and depleted of CNSs and TE insertions. While the eQTL 
enrichment and TE depletion in ACRs was in line with previous findings (Lu 
et al. 2019), a CNS depletion in ACRs was unexpected. 
 These findings suggest that intergenic ACRs, especially those that are 
common in the population, are evolving under stronger purifying selection 
than other intergenic regions, presumably due to a higher proportion of 
functional sites in such intergenic ACRs. A higher number of eQTL in ACRs 
as well as a lower number of TE insertions in ACRs support the idea that 
ACRs are enriched for functional sites. Overall, however, intergenic ACRs 
are under relatively weak selection. This result is important for understanding 
the prevalence of nearly neutral mutations in plant genomes and the 
contribution of functional non-coding regions to the genome-wide deleterious 
mutation rate (Wright and Andolfatto 2008). 
 
Paper II — Silenced TEs are Under Stronger Purifying 
Selection with Increasing Proximity to Genes 
Epigenetic modification of cis-regulatory elements and genes, such as 
cytosine methylation, can influence the expression level of a gene. 
Methylation modifications in the proximity of genes can thus potentially be a 
source of cis-regulatory variation on which selection can act. It has been 
suggested that the regulation of TE activity through epigenetic silencing 
should lead to mostly disadvantageous cis-regulatory variation if the TE 
insertion is in the proximity of a gene (Hollister and Gaut 2009). Hence, 
epigenetic silencing of TEs might result in a trade-off, where the positive 
effects of preventing TE movements are weighed against potentially negative 



 25 

interference with gene expression (Hollister and Gaut 2009). Consequently, 
selection on TE insertions should be influenced by the epigenetic status of the 
TE and the distance to genes (Hollister and Gaut 2009). Previous studies on 
A. thaliana (Hollister and Gaut 2009) and A. lyrata (Lockton et al. 2008) found 
some evidence that this model holds true in these two species. However, A. 
thaliana is highly selfing and A. lyrata has strong population structure and 
went through historical bottlenecks (Lockton et al. 2008 and 2010), which 
complicates interpretation of the effects of selection on TEs. 
 In paper II we investigated if the Hollister and Gaut (2009) trade-off model 
holds in the outcrossing species C. grandiflora, which has a large and 
relatively constant effective population size without strong population 
structure (Foxe et al. 2009, Slotte et al. 2010, Douglas et al. 2015). To do so, 
we estimated the insertion frequency distribution of silenced and not silenced 
TEs close and far from genes within a previously sequenced large natural C. 
grandiflora population (Josephs et al. 2015). We first used PopoolationTE2 
(Kofler et al. 2016) to estimate the population frequencies of each TE 
insertion. To distinguish between silenced and not silenced TEs, 24 nt siRNAs 
were extracted from a C. rubella small RNA sequencing dataset published by 
Smith et al. (2015) and mapped to a TE sequence library published by Slotte 
et al. (2013). TEs targeted by siRNAs were then considered as silenced and 
the insertion frequency spectra of silenced and not silenced TEs in different 
genomic locations were contrasted. 
 In this study, we found an excess of rare silenced TEs, compared to not 
silenced TEs, within the chromosome arms but not in the centromeric and 
pericentromeric regions of C. grandiflora. This difference is likely due to the 
highly methylated and heterochromatic nature of the 
centromeric/pericentromeric regions, in which the silencing of TEs is not 
likely to interfere with gene expression. Additionally, an excess of rare 
silenced TEs was observed for silenced TEs close to genes compared to 
silenced TEs far from genes in the chromosome arms. While these 
observations could be affected by non-constant transposition rates, a screen of 
a subset of silenced TEs for a potential neutral evolution using an age-of-allele 
test of neutrality (Blumenstiel et al. 2014) revealed that this subset of silenced 
TEs were less common in the population than expected under neutrality. 
 These results suggest that TE silencing through the RdDM pathway affects 
selection against TEs close to genes in C. grandiflora. This conclusion is in 
line with the model proposed by Hollister and Gaut (2009) and with previous 
results. Hence, we showed in paper II that in an outcrossing plant species, 
selection against the accumulation of TEs near genes is influenced by the 
epigenetic modifications of the TEs, most likely because the epigenetic 
modifications also affect nearby gene expression. 
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Paper III — Gene Body Methylation is Directly Correlated 
with Gene Expression Consistency and Intron Retention but 
not with Gene Expression Noise 
In plants, genes exhibiting gbM are usually slowly evolving genes with 
intermediate expression levels and gbM was found to be broadly conserved 
across millions of years of evolution (Takuno and Gaut 2012 and 2013, 
Bewick and Schmitz 2017). However, it is still unclear what the function of 
gbM is, if it even has any function (Bewick and Schmitz 2017, Takuno et al. 
2017). Unlike other forms of DNA methylation in functional regions, gbM 
does not result in the silencing of the methylated genes (e.g. Jones 2012, 
Bewick et al. 2016), however, other aspects of the gene expression process 
could be influenced by gbM. For instance, a reduction in transcriptional noise 
or erroneous transcription, such as unintentional intron retentions, were 
previously linked to gbM (Bird 1995, Suzuki et al. 2007, Huh et al. 2013). 
 Previous studies in mice found some evidence for a role of gbM in reducing 
erroneous transcription (Neri et al. 2017) and transcriptional noise (Huh et al. 
2013). However, in plants, gbM was not found to be associated with a 
reduction in erroneous transcription based on whole tissue RNA expression 
data (Bewick et al. 2016). To our knowledge, all previous studies in plants 
investigating the interplay between gbM and gene expression were done using 
pooled cell RNA samples. But thanks to newly available single cell RNA-seq 
data from root quiescent centre cells in A. thaliana (Efroni et al. 2015), it is 
possible to investigate the relationship between gbM and gene expression and 
erroneous transcription on a more subtle level, namely on a single cell 
resolution of the expression pattern. Such a fine scale study could reveal new 
insight that might have been missed with pooled cell RNA-seq data. 
Therefore, in paper III we used previously published single cell RNA-seq 
(Efroni et al. 2015) and bisulfite-sequencing data (Seymour et al. 2014) to test 
the hypothesis that gbM is associated with reduced transcriptional noise or 
erroneous transcription in plants. 
 In paper III, we show that on a first glimpse gbM seems to be correlated 
with gene expression noise, measured as the stochastic difference in the 
expression level of genes between single cells, while accounting for 
differences in the mean expression level between genes (see Barroso et al. 
2018). However, if other genomic features such as gene length, expression 
breadth and gene duplicates retained from the α whole genome duplication 
(WGD) within the Brassicaceae family are considered, the correlation 
between gbM and gene expression noise appears to be an indirect correlation. 
The observation that gbM genes generally have lower expression noise than 
unmethylated genes could thus be caused by the fact that gbM genes tend to 
be longer, have higher expression breadth and that duplicated genes are more 
likely to originate from the α WGD than other duplications, which are all 
genetic features that were found to have potential effects on expression noise. 
For example, the gene dosage balance hypothesis predicts that dosage-
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sensitive genes are more likely to be retained during intermediate evolutionary 
periods before being lost (Birchler and Veitia 2012, Li et al. 2016). Similarly, 
important genes such as housekeeping genes, which might tolerate less 
expression noise than other genes, are expected to have a wide expression 
breadth. 
 To investigate possible correlations between gbM and erroneous 
transcription, we focused on differences in the number of reads mapping to 
introns as a proxy for differences in the level of intron retention in the RNA-
seq data due to erroneous transcription. We found significantly fewer reads 
mapping to the introns of gbM than to the introns of unmethylated genes, 
indicating a negative correlation between gbM and the probability of intron 
retention occurring during the splicing. In contrast to the results of the gene 
expression noise analyses, this negative correlation was still observed when 
considering other genetic features, indicating a direct correlation between 
gbM and the number of reads mapping to the introns of genes. This is in line 
with the hypothesis that gbM decreases erroneous transcription (Regulski et 
al. 2013, Neri et al. 2017), however, a previous study done by Bewick et al. 
(2016) on knockout A. thaliana mutants lacking gbM, found no effects of gbM 
on intron retention using pooled RNA-seq data. While it is possible that other 
epigenetic modifications could compensate for the lack of gbM (Lin and 
Workman 2011) and cancel out the effects of gbM loss on gene splicing 
(Bewick et al. 2016), it is also possible that the ratio of un-spliced and spliced 
RNA for gbM and unmethylated genes differ in the single cell RNA-seq 
dataset. Indeed, the proportion of un-spliced RNA present in a cell is affected 
by transcriptional dynamics (La Manno et al. 2018), which could present a 
confounding factor since, in this study, it was not possible to account for such 
differences between gbM and unmethylated genes. 
 Upon further investigation, gbM genes were revealed to be more 
consistently expressed across the sampled cells than unmethylated genes. This 
was also the case when accounting for the effects of other genomic features. 
These findings are in line with previous studies (Aceituno et al. 2008), which 
have suggested that gbM genes in A. thaliana are less responsive than 
unmethylated genes, because gbM could prevent the accumulation of the 
H2A.Z histone in the body of genes, which is associated with an increased 
responsiveness of the gene (Coleman-Derr and Zilberman 2012, To and Kim 
2014). However, based on a study on met1 mutant A. thaliana plants (Bewick 
et al. 2016), it has also been suggested that gbM could be a by-product of a 
H2A.Z histone depletion rather than be the cause of the H2A.Z histone 
depletion and the subsequent increase in expression consistency (Bewick et 
al. 2016). While in this study we could point out correlations between gbM 
and some aspects of gene transcription, no causalities could be inferred from 
these results. Nevertheless, deeper follow-up studies could shed light on the 
relationship between gbM and intron retention as well as expression 
consistency. 
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Paper IV — The Impact of Linked Selection on Neutral 
Genetic Diversity is Affected by Demography 
The observed genetic variation in a natural population is not only impacted by 
genetic drift and selection, but the interplay between selection and 
recombination rate will also impact the genetic diversity present in every 
population and species (Begun and Aquadro 1992, Slotte 2014). This is 
because some sites within the genome are physically linked to each other and, 
therefore, if selection causes a change in the allele frequency of a polymorphic 
site, other polymorphic sites physically linked to the site under selection will 
experience correlated allele frequency changes as the selected site, unless 
recombination breaks up the linkage between sites. While the effect of linked 
selection is expected to vary between regions of the genome with different 
recombination rates (Charlesworth et al. 1993), other factors such as, among 
others, mutation rate, mating system and demography can also impact the 
effects of linked selection. Indeed, it has been previously hypothesized and 
reported that the magnitude of linked selection can be affected by 
demographic history (Pfeifer and Jensen 2016). This observation and recent 
simulation results indicate that nonequilibrium demography and a fluctuating 
demographic history could significantly alter the observed diversity patterns 
caused by linked selection from the patterns expected at equilibrium (Torres 
et al. 2019). Therefore, further empirical investigation on the impact of 
demography on the effect of linked selection on genetic diversity will 
contribute to our understanding of the forces that shape patterns of genetic 
variation within and between natural populations. 
 In paper IV, I contributed to data analyses aiming to compare the genome-
wide effect of linked selection in two outcrossing Brassicaceae species with 
distinct demographic histories. We contrasted a Capsella grandiflora 
population with an expected stable effective population size over thousands 
of generations to an Arabidopsis lyrata population, which was suspected to 
have undergone a recent and strong bottleneck. Our best demographic model 
suggested a mild effective population size increase in C. grandiflora and a 
strong decrease in A. lyrata approximately 1.4 and 0.5 million generations 
ago, respectively. These results are in line with previous findings (C. 
grandiflora: Foxe et al. 2009, Slotte et al. 2010, St. Onge et al. 2011, Douglas 
et al. 2015; A. lyrata: Ramos‐Onsins et al. 2004, Ross-Ibarra et al. 2008, 
Pyhäjärvi et al. 2012, Mattila et al. 2017) and confirm our assumptions of 
distinct demographic histories between C. grandiflora and A. lyrata. Besides 
the demographic differences, we also observed a higher average nucleotide 
diversity at 4-fold and 0-fold degenerate sites as well as at intergenic sites in 
C. grandiflora than in A. lyrata. Furthermore, we found that genome-wide 
effect of purifying selection was weaker and a lower proportion of divergent 
0-fold degenerate sites were attributed to positive selection in A. lyrata than 
in C. grandiflora. 
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 To investigate which genomic features could explain the observed variation 
in neutral diversity across the genomes of our two populations, we fit a 
multiple linear regression model with nucleotide diversity at 4-fold degenerate 
sites in 50 kb windows as the response variable, and five explanatory 
variables: divergence at 4-fold degenerate sites (a proxy for mutation rate), 
number of exon bp (a proxy for coding sequence density), recombination rate, 
codon usage bias and TE content. Our best-fit models could explain 11% and 
47% of the observed neutral diversity in A. lyrata and C. grandiflora, 
respectively. As expected under linked selection, recombination rate was 
positively correlated with the observed neutral diversity in both species. 
Additionally, the proportion of TEs also had a positive effect and coding 
sequence density (exon bp) as well as codon usage bias had a negative effect 
on neutral diversity. Furthermore, in our C. grandiflora population we 
observed a decrease in diversity around genes, which is expected under a 
linked selection model. This reduction is expected as a result of background 
selection (Nordborg et al. 1996) but could also be a result of other forms of 
linked selection. However, in contrast to C. grandiflora, in our A. lyrata 
population there was no reduction in diversity around genes. These results are 
in line with previous simulation results, which indicated that if a recent past 
bottleneck was strong enough, then the drop of diversity around genes 
resulting from background selection could completely disappear (Torres et al. 
2019). We suggest that differences in demographic history are important for 
the observed differences in the genome wide distribution of neutral diversity 
in the two species. This conclusion is in line with results on diversity patterns 
in nonequilibrium populations based on simulations (Torres et al. 2019). 
However, the significant positive correlation between recombination rate and 
neutral diversity in both species indicate that linked selection impacts to some 
degree neutral diversity even in our nonequilibrium A. lyrata population. 
Further studies should investigate the degree to which these patterns hold 
generally in a larger sample of populations with different demographic 
histories. 
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Concluding Remarks 

To fully understand the evolutionary processes that shape genomic variation, 
it is crucial to understand not only how coding sequences are impacted by 
natural selection but also how non-coding sequences are shaped by natural 
selection. In this thesis I investigated how selection on gene expression 
regulation shapes genetic diversity in natural Brassicaceae populations. Paper 
I highlighted that intergenic accessible regions of the genome are affected 
differently by selection than other intergenic regions and that such regions are 
enriched as well as depleted of some genetic variation which have been linked 
to gene expression variation. Paper II confirmed that in C. grandiflora 
silenced TEs, which can interfere with gene expression of nearby genes 
through methylation and chromatin modification, are under stronger natural 
selection than other TEs. Paper III shed light on how gbM genes differ from 
unmethylated genes in A. thaliana with regard to certain aspects of gene 
expression, revealing potential links between gbM and expression consistency 
and intron retention. Finally, paper IV revealed that demographic history 
affects how linked selection impacts neutral diversity around functional sites 
in Brassicaceae. Taken together, these results show the importance of natural 
gene expression variation and contribute to our ever-growing understanding 
of the evolutionary significance of cis-regulatory changes and gene expression 
variation. Further studies are needed in order to determine the relative 
contribution of genetic variation altering gene expression compared to genetic 
variation altering coding sequences to adaptation, especially under varying 
contexts like early and late stage of adaptation, varying demographic histories 
or different species-specific characteristics such as ploidy. 
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Populärvetenskaplig Sammanfattning 

Varje gen som leder till en metabolisk produkt, såsom proteiner, behöver 
uttryckas och översättas för att producera den slutliga metaboliten. Därmed 
behöver varje uttryckt gen regleras för att försäkra närvaron av metaboliten 
vid rätt tillfälle, i rätt mängd och i rätt cell. Reglerande sekvenser som styr 
genuttryck behöver således också finnas i varje genom. Om dessa reglerande 
sekvenser däremot är ändrade genom mutation eller andra modifikationer, 
kommer detta påverka uttrycket av genen vilken styrs av den ändrade 
sekvensen. Förändringar i genuttryck kan leda till morfologiska förändringar, 
vilka kan vara fördelaktiga eller ofördelaktiga. Naturligt urval kan i och med 
detta gynna eller missgynna varianter som påverkar genuttryck. På senare tid 
har allt fler studier undersökt vikten av variation i genuttrycksreglering under 
anpassning och evolution, men det finns fortfarande många obesvarade frågor 
om hur genetisk variation som styr genuttryck påverkas av selektion.  

 Målet med min avhandling var att undersöka hur egenskaper som DNA-
tillgänglighet och DNA-metylering, som kan påverka genuttryck, är kopplade 
till genomiska selektionsmönster i vissa Brassicaceae-arter. Brassicaceae-
familjen är en välstuderad växtfamilj som inkluderar många grödor såsom raps 
(Brassica napus), kål (Brassica oleracea) och rädisa (Raphanus sativus), men 
vissa intensivt studerade modellarter som backtrav (Arabidopsis thaliana) och 
rödlomme (Capsella rubella) finns också i den här familjen. Under min 
avhandling fokuserade jag huvudsakligen på den utkorsande arten storlomme 
(Capsella grandiflora) från släktet Capsella (lommar) som är nära besläktat 
med det välstuderade Arabidopsis-släktet, men jag undersökte också 
Arabidopsis thaliana och Arabidopsis lyrata i några av mina projekt.  

 I det första kapitlet i min avhandling identifierade jag tillgängliga 
DNAregioner i C. grandiflora-genomet. Med hjäp av populationsgenetiska 
analyser beskrev jag sedan skillnader i selektionsinverkan på tillgängliga och 
otillgängliga icke-kodande DNA-sekvenser. Tillgängliga DNA-sekvenser är 
regioner i genomet där DNA är packat på ett sätt som möjliggör bindning av 
DNA-bindande proteiner till deras avsedda DNA-sekvenser. Detta är viktigt 
för om gener ska uttryckas behöver gener och deras reglerande regioner vara 
tillgängliga för proteiner och transkriptionsfaktorer som behövs i 
expressionsprocessen. Följaktligen är tillgängliga icke-kodande DNA-
sekvenser bra kandidatregioner i vilka genreglerande regioner kan vara 
belägna. I mitt första kapitel identifierade jag därför empiriskt tillgängliga 
kromatinregioner i C. grandiflora och undersökte hur selektion påverkar 
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tillgängliga icke-kodande DNA-sekvenser. Genetiska varianter som tros 
påverka genuttryck segregerade på olika sätt mellan tillgängliga och 
otillgängliga icke-kodande DNA-sekvenser. Dessa fynd stöder idén att 
tillgängliga icke-kodande DNA-sekvenser är bra kandidatregioner för 
reglerande regioner och att dessa regioner förtjänar särskild hänsyn när man 
undersöker hur positiv och negativ selektion påverkar genomevolution.  

 I det andra kapitlet av min avhandling bekräftade jag giltigheten av 
Hollister och Gaut (2009) avvägningsmodell i den utkorsande arten C. 
grandiflora. Huvudtanken med denna modell är att varje organism har ett 
intresse av att förhindra förflyttning av själviska genetiska element såsom 
transposoner, som är DNA-sekvenser som kan hoppa från en plats i genomet 
till en annan. Växter kan förhindra sådana rörelser genom epigenetiska 
modifieringar (t.ex. metylering) av transposonsekvenser. Dock kan denna 
mekanism överskrida sitt mål och inducera epigenetiska modifieringar av 
DNA-sekvenser som ligger precis intill det avsedda transponerbara elementet. 
Om gener eller genreglerande sekvenser är lokaliserade i dessa regioner, kan 
den epigenetiska modifieringen av dessa gener och genreglerande sekvenser 
orsaka variationer i genuttryck. Dessa kan i sin tur utsättas för selektion och 
därför förväntas sådana transposoner som är i närheten av gener vara under 
starkare negativt urval än andra transponerbara element, vilket också var fallet 
i C. grandiflora.  

 I det tredje kapitlet i min avhandling belyste jag hur metylering av gener 
i A. thaliana kan påverka genuttrycksprocessen, med särskilt fokus på s.k. 
genkroppsmetylering. Genkroppsmetylering är en modifiering av DNA-
sekvensen för gener, som går ut på att lägga till en metylgrupp till vissa 
cytosiner i gener. Fram till idag är det dock inte känt om denna ändring har 
någon funktion, och i sådant fall vilken. Emellertid har det föreslagits att dessa 
modifieringar är negativt korrelerade med graden av stokastiskt genuttryck 
eller felaktig transkription. För att få ytterligare insikter om detta ämne 
beskrev jag i mitt tredje kapitel en korrelation mellan genkroppsmetylering 
och genuttryckskonsistens och felaktig transkription i A. thaliana. Likväl 
visade sig inte nivån av stokastiskt genuttryck vara korrelerad med 
genkroppsmetylering, efter beaktande av andra förväxlingsfaktorer som kan 
påverka stokastiskt genuttryck. 

 I det fjärde kapitlet i min avhandling undersöker jag hur evolutionära 
förändringar i populationsstorlek kan påverka hur selektion påverkar 
genomisk variation i två Brassicaceae-arter. Jag studerade särskilt 
interaktionen mellan selektion och rekombination (länkat urval). Detta ger 
upphov till en situation där en mutation utan fitness-effekt påverkas av 
selektion då den är fysiskt kopplad till en annan mutation, som har en fitness-
effekt och är under naturligt urval. I detta sista kapitel rapporterar jag att i den 
studerade C. grandiflora-populationen, som inte haft några större 
populationsstorleksförändringar i sin senaste evolutionära historia, har länkat 
urval en mycket starkare effekt på den observerade genetiska variationen än i 
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den studerade A. lyrata-populationen, som haft en stark minskning av dess 
populationsstorlek under den senaste tiden. 

 I denna avhandling har jag undersökt samspelet mellan olika genomiska 
funktioner och förändringar av genuttryck för att förstå hur selektion på 
genuttrycksförändringar formar genomet hos vissa Brassicaceae-arter. Mina 
resultat tyder på att förändringar av genuttryck påverkas av naturligt urval och 
att naturligt urval på genreglerande regioner därmed formar hur den genetiska 
variationen fördelas över arvsmassan. I min avhandling bidrog jag med 
kunskap om rollen av förändringar i genuttryck under anpassning och 
evolution. 
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