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Abstract
Self-incompatibility (SI) is a genetic mechanism that allows plants to enforce outcrossing by rejecting self-pollen and 
pollen from close relatives. In the Brassicaceae, SI is sporophytic and controlled by the self-incompatibility locus (S-locus). 
The S-locus harbors two tightly linked genes SRK and SCR, which encode the female and male SI specificity determinants, 
respectively. S-locus heterozygotes often only express the S-specificity of the more dominant allele, and at the pollen level 
such dominance relationships are mediated by small RNAs (sRNAs). The S-locus is thus an example of a locus under 
strong balancing selection, where dominance modifiers have evolved.

In this thesis, I investigate the consequences of S-locus dominance for plant mating system evolution and allopolyploid 
speciation. I further investigate evolutionary conservation and sequence-level effects of dominance relationships among
S-alleles. For this purpose, I used the crucifer genus Capsella as a model system.

First, I demonstrated that targeted long-read sequencing results in structurally accurate assemblies of full-length S-
haplotype sequences, and that indel errors in such assemblies can be corrected using short reads. Second, I investigated the
genetic basis of loss of SI, the first step in the evolution of self-fertilisation, in the self-compatible (SC) Capsella orientalis.
I found that loss of SI was dominant and mapped to the S-locus, where C. orientalis harbored a fixed coding frameshift
deletion in SCR that is likely to lead to loss of male specificity. I further identified a sRNA-based dominance modifier
that is associated with dominant suppression of recessive SCR alleles. Taken together, these results suggest that loss of SI
in C. orientalis involved a dominant S-haplotype, suggesting that dominant haplotypes may be favored under conditions
that select for loss of SI. Third, I show that a dominant S-haplotype may also have contributed to the shift to SC in the
widespread allotetraploid Capsella bursa-pastoris. Fourth, I showed that dominance relationships at the S-locus are largely
conserved between the SI outcrossing species C. grandiflora and Arabidopsis halleri which diverged ~8 Mya. I also found
that dominant S-haplotypes accumulate more transposable elements than recessive S-haplotypes, in line with expected
sequence-level consequences of S-locus dominance. In sum, this thesis provides new insights into the broad conservation
of dominance hierarchies at the Brassicaceae S-locus, and the role of dominant S-alleles in allopolyploid speciation and
plant mating system shifts.

Keywords: Capsella, mating system shift, self-fertilization, self-incompatibility, small RNA, dominance, Arabidopsis,
population genetics, genomics, gene expression.
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BAC bacterial artificial chromosome 
bp base pair(s)   
contig contiguous sequence of DNA resulting from overlapping  

sequenced fragments 
F1 first filial generation (offspring generation from parental cross) 
F2 second filial generation (offspring of F1 individuals) 
GBS genotyping-by-sequencing 
GSI gametophytic SI 
PCR polymerase chain reaction 
QTL quantitative trait locus  
RAD restriction site associated DNA 
S-locus self-incompatibility locus 
SC self-compatibility 
SCR S-locus cysteine-rich protein / S-locus Protein 11 (SP11) 
Selfing self-fertilising 
SNP single-nucleotide polymorphism 
SI self-incompatibility 
SMRT single-molecule real-time sequencing 
SRK S-locus receptor kinase 
SSI sporophytic SI 
TE transposable element 
kb kilo base pairs 
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Introduction 

Flowering plants (angiosperms) display a remarkable morphological variation 
in shape and colour, which has attracted the interest of many researchers in-
cluding Darwin (1877). The majority of angiosperms, around 70 per cent, 
share a common structure of perfect (hermaphroditic) flowers (Yampolsky 
and Yampolsky 1922), with female and male reproductive organs closely ag-
gregated (Kao and McCubbin 1996). Due to this proximity it is evident that 
self-fertilisation (autogamy) would be prevalent without counteracting mech-
anisms (Kao and Tsukamoto 2004).  

Self-fertilisation has been shown to reduce the fitness of inbred progeny 
(Darwin 1876). This phenomenon is an example of inbreeding depression. In-
breeding depression has been documented in a wide range of organisms, and 
in plants it can result in higher proportions of aborted seeds and reduced via-
bility of inbred progeny (Charlesworth and Charlesworth 1987). Inbreeding 
depression is generally believed to be a result of expression of recessive dele-
terious alleles but overdominance (higher fitness of heterozygotes over homo-
zygotes at certain loci) is also a possible contributor, see (Charlesworth & 
Charlesworth 1987). Many different systems have evolved that promote out-
crossing or allogamy – the fertilisation of ovules of one individual with  gam-
etes of another individual (Ingrouille and Eddie 2006). These systems include 
the evolution of separate sexes (dioecy) on one hand, but also mechanisms 
that enhance outcrossing and reduce self-fertilisation by separating sexual or-
gans in hermaphrodites spatially (herkogamy) and through timing of matura-
tion (dichogamy), thus reducing gamete interaction in hermaphroditic flowers 
(Ingrouille and Eddie 2006).  

In addition to the above-mentioned mechanisms that promote outcrossing 
by spatial or temporal separation of reproductive organs, evolution has also 
produced genetic mechanisms to avoid inbreeding. Indeed, there is a large di-
versity of modes of reproduction in plants, for which the term mating system 
is used to describe the ability and degree of cross-fertilisation. The mating 
system has large consequences for population structure, dispersal ability and 
short- and long-term survival of a species (Pannell 2015). Studying genetic 
variation of these systems is thus important for understanding the fate of spe-
cies in a changing environment. Transitions in mating system are frequent 
(Charlesworth 2006) and the degree of outcrossing can be measured experi-
mentally, therefore different species can serve as “test-tubes” to study the 
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factors that contribute to mating system evolution. Results on genetic variation 
at mating system loci can also have implications for understanding evolution-
ary processes at other loci under long-term balancing selection, such as loci 
involved in the immune system and on a broader scale to understand the evo-
lution of complex regulatory networks.   

Self-incompatibility  

Occurrence and evolutionary history of self-incompatibility  
Self-incompatibility (also hereafter referred to as SI) – “the inability of a plant 
producing functional male and female gametes to set seed when self-polli-
nated“ (Brewbaker 1957), is a genetic mechanism that not only promotes, but 
enforces outcrossing by preventing “self-pollen” from successfully fertilising 
an ovule of the same allelic specificity (de Nettancourt 2001), most notably 
by interruption of pollen germination or pollen-tube growth (de Nettancourt 
2001). SI prevents self-fertilisation, but also interrupts reproduction between 
close relatives (de Nettancourt 2001). 

SI evolved multiple times independently and is found in more than 100 
families and around 40 per cent of angiosperm species (Igic et al. 2008), where 
it promotes outcrossing and therefore the generation of new genotypes 
(Bateman 1955). SI has been shown to be associated with elevated diversifi-
cation rates in some families, such as the Solanaceae (Zenil-Ferguson et al. 
2019) and is thought to be one among several factor in the success and evolu-
tionary radiation of angiosperms (Whitehouse 1955; Wright and Barrett 
2010). 

Types of self-incompatibility  
The types of self-incompatibility can be referred to as heteromorphic and ho-
momorphic, depending on variation in floral morphology within a species (de 
Nettancourt 2001). In plants with heteromorphic SI, SI-classes show distinct 
morphs, differing in style length or shape (de Nettancourt 2001). A good ex-
ample is the Primula genus, where many species show two characteristic flo-
ral morphs (distyly): “Pin” flowers show long pistils rising above short sta-
mens, while the ratio is reversed in “thrum” flowers, with short pistil and long 
stamens (Darwin 1877). In these heterostylous systems, individuals of the 
same morph cannot generate offspring together (Darwin 1877), due to the 
linkage of morphology genes with SI-genes (Bateson and Gregory 1905). Het-
eromorphic SI in Primula is determined by a single locus (S) with two alleles 
in a simple dominant/recessive relationship - SS and Ss individuals display 
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“thrum” flowers, while individuals homozygous for the s allele show “pin” 
flowers (Bateson and Gregory 1905).  

Plants with homomorphic SI, on the other hand, lack morphological differ-
ences between flowers of different SI-genotypes, the variation is entirely 
physiological (de Nettancourt 2001). A single, multiallelic and polymorphic 
region termed “S-locus” (self-incompatibility-locus) controls the SI-interac-
tion in most homomorphic SI (Bateman 1952), and multiple variants (haplo-
types) (S1, S2…) that determine mating specificity, exist per species 
(Nasrallah and Nasrallah 1993). Rejection is based on recognition of shared 
alleles being expressed in pollen and pistil, inhibiting reproduction between 
individuals sharing S-haplotypes (de Nettancourt 2001). SI therefore reduces 
inbreeding and promotes outcrossing (Charlesworth & Charlesworth 1987; 
Charlesworth 2003).  

Homomorphic SI is further classified as gametophytic (GSI) or sporophytic 
SI (SSI) (Brewbaker 1957), based on whether the SI-interaction between pol-
len and style is determined by the (haploid) genotype of the male gametophyte 
inside the pollen, or the genotype of the paternal, pollen producing plant (spo-
rophyte), represented in the diploid pollen coat (de Nettancourt 2001). 

Figure 1. The outcome of self- and cross-pollination in a system with Gam-
etophytic Self-incompatibility [modified from (Atwell et al. 1999)]. 
Paternal (pollen) and maternal (pistil) S-locus genotypes of tissue are indicated 
with SnSn. Arrows show pollen transfer for incompatible self-pollination (S1S2 
x S1S2) (pollen tube growth arrested) on the left and a compatible cross-pollina-
tion between individuals of different S-haplotype (S1S2 x S3S4) on the right. Par-
tial compatibility occurs in a cross-pollination between individuals that share 
one S-haplotype (S1S2 x S1S3) (middle), resulting in tube arrestment of pollen 
sharing S-haplotype with the maternal plant. 
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For the gametophytic SI system, imagine a diploid individual with S-locus 
genotype S1S2 as the maternal plant in a cross. If the S-haplotype in a haploid 
pollen grain deposited on the pistil is identical to one of the two S-haplotypes 
expressed in the style, the development of the growing pollen tube will be 
arrested (Figure 1). This results in an incompatible cross. Pollen from a plant 
with unrelated haplotypes will not be rejected, so that a cross with a plant with 
haplotypes S3S4 is fully compatible.  

A partially compatible cross occurs, when the pollen producing plant shares 
only one haplotype with the maternal plant. Pollen with shared haplotypes are 
rejected (S1), while pollen with unrelated haplotypes (S3) successfully elongate 
pollen tubes to reach the ovules for fertilisation (Newbigin et al. 1993). In 
three families with GSI (Solanaceae, Rosaceae, Scrophulariaceae), inhibition 
of fertilisation by self-pollen occurs in the style, via degradation of RNA in 
the growing pollen tube through S-RNase, reviewed in (Kao, Tsukamoto 
2004). 
 

Figure 2. The outcome of self- and cross-pollination in a system with spo-
rophytic self-incompatibility [figure modified from (Atwell et al. 1999)]. 
Paternal (pollen exine) and maternal (pistil) sporophytic S-locus genotypes of 
tissue are indicated with SnSn. Arrows show pollen transfer for incompatible 
self-pollination (S1S2 x S1S2) on the left and incompatible cross-pollination be-
tween individuals that share one S-haplotype (S1S2 x S1S3) in the middle, result-
ing in pollen rejection (no pollen germination). A compatible cross-pollination 
between individuals of different S-haplotype (S1S2 x S3S4) is shown on the right, 
pollen is not rejected and is allowed to fertilise the ovules by elongation of a 
pollen tube. This is the case in the absence of dominance between S-haplotypes. 
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In a sporophytic self-incompatibility system, self-pollination (S1S2 x S1S2) will 
also be incompatible and pollination with pollen from an unrelated individual 
(S1S2 x S3S4) will result in a compatible cross (Figure 2). Because the pollen is 
not rejected based on its haploid genotype, but the diploid genotype of the 
pollen donor, a cross between individuals that partially share S-haplotypes 
(S1S2 x S1S3) will be fully incompatible (Newbigin et al. 1993). In the sense of 
preventing reproduction between close relatives, SSI is more strict compared 
to GSI, which allows partial compatibility in such cases where one S-haplo-
type is shared between mating partners. 

The described relationship above (S1S2 x S1S3 resulting in incompatibility) 
holds, if S-haplotypes are co-dominantly expressed or S1 is dominant over S2 
in pistil or S3 in pollen. In fact, dominance relationships between S-locus hap-
lotypes in SSI are very common, so that in heterozygotes, often only one S-
haplotype is expressed, while the other is masked and not recognised (Kusaba 
et al. 2002). 

Sporophytic self-incompatibility in Brassicaceae 

Molecular mechanism 
Inhibition of self-fertilisation in SSI in the family Brassicaceae occurs on the 
stigma surface through a receptor-kinase mediated signalling, inhibiting pol-
len germination (e.g. Takayama & Isogai 2005).The S-locus in Brassicaceae 
is a genomic region, where genes responsible for SI are found in tight linkage 
and are inherited as a single unit (Bateman 1955). This single polymorphic 
locus controls the SI-response and houses the female and male determinant 
for the SI-interaction, expressed in the pollen (coat) and style respectively 
(Stein et al. 1991; Takasaki et al. 2000; Schopfer et al. 1999; Takayama et al. 
2000). Other loci are needed for the manifestation of a full SI-response, but 
the S-locus determines the specificity of the SI-interaction (Nasrallah et al. 
2002) (Figure 3). As mentioned before, different variants of the multiallelic S-
locus are referred to as haplotypes (Nasrallah and Nasrallah 1993), different 
S-locus gene variants as alleles.  

The two determinants of the SI-interaction in Brassicaceae (first described 
in Brassica) have been identified at the molecular level (Figure 3): The gene 
SRK is expressed in the pistil and encodes a ligand activated receptor kinase 
(Stein et al. 1991) responsible for recognition of self-pollen (Takasaki et al. 
2000) through the ligand SCR, a small cysteine rich pollen-coat protein, also 
known as SP11 (Schopfer et al. 1999; Takayama et al. 2000). SLG, another 
protein encoded in the S-locus is expressed in the pistil and promotes interac-
tion between SRK and SCR in Brassica (Takasaki et al. 2000). 
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In the Brassicaceae SI is sporophytic; this is caused by the expression of 
SCR on the pollen exine being derived from the diploid sporophyte. The high 
specificity between the determinants of SI-Interaction are also described in a 
“lock-and-key” relationship, in a way that a specific SRK only reacts to SCR 
of the same S-haplotype (Figure 3) (Charlesworth et al. 2005; Castric and 
Vekemans 2007). Recognition of self-SCR triggers a signalling cascade 
(Tantikanjana et al. 2010) that eventually results in inhibition of pollen hydra-
tion and germination (Franklin-Tong 2008), although the complete picture of 
SRK downstream signalling remains elusive (Nasrallah and Nasrallah 2014; 
Sehgal and Singh 2018). 

 
Figure 3. Molecular mechanism of sporophytic self-incompatibility in 
Brassicaceae. “Lock-and-key” interaction (molecular docking) between SRK 
and SCR of the same haplotype triggers the self-incompatibility response and 
leads to rejection of (self-)pollen (left). During cross-pollination, SRK and SCR 
from different haplotypes do not interact and the pollen is allowed to germinate 
and fertilise the ovules (right).  
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Evolutionary forces at the S-locus 
From an evolutionary perspective, possessing S-alleles that are rare in a pop-
ulation is of advantage, as it allows a plant to mate with a greater number of 
individuals (de Nettancourt 2001). Thus negative frequency-dependent selec-
tion, a form of balancing selection, is expected to maintain a high number of 
alleles at intermediate equilibrium frequencies over long periods of time at the 
S-locus (Wright 1939; Vekemans and Slatkin 1994; Charlesworth et al. 2000; 
Castric and Vekemans 2007). Long-term balancing selection is expected to 
result in an excess of common polymorphisms, an excess of nonsynonymous 
polymorphisms, increased diversity around selected loci as well as trans-spe-
cies polymorphism (Fijarczyk and Babik 2015). In combination with a re-
duced recombination rate in the S-locus region (Charlesworth et al. 2003), this 
impacts the genomic features of the S-locus in a specific way: coalescence 
times between S-haplotypes are drastically larger than the genomic back-
ground, while being reduced within S-haplotypes (Franklin-Tong 2008). Rare 
recombination between S-alleles will allow differences between alleles to ac-
cumulate, leading to high sequence divergence among haplotypes (Vekemans 
and Slatkin 1994; Charlesworth et al. 2003; Castric and Vekemans 2004), but 
haplotypes are maintained over a long time within species (Vekemans and 
Slatkin 1994), often even between closely related species, which then share 
trans-specific polymorphisms at the S-locus (Dwyer et al. 1991). For instance, 
shared SRK alleles between Arabidopsis lyrata and Capsella grandiflora 
demonstrate that these alleles have been maintained in both species over mil-
lions of years (Paetsch et al. 2006; Guo et al 2009). These above mentioned 
genomic signatures provide evidence for balancing selection over long evolu-
tionary timescales at the S-locus. The S-locus further exhibits typical charac-
teristics of sequence evolution at nonrecombining regions, such as an accu-
mulation of transposable elements (TEs), and structural variation between S-
haplotypes is also common (Goubet et al. 2012).  

The fact that phylogenies of SRK and SCR show great similarities is evi-
dence for low recombination in the region between these genes. Furthermore, 
pairs of SRK and SCR alleles that interact as receptor and ligand are expected 
to coevolve together to preserve the specificity (Goubet et al. 2012).  

Dominance at the S-locus 
Diploid organisms most often harbour two copies of each gene (alleles). If an 
organism has two different alleles, but only one of them is responsible for the 
phenotype, we call the contributing allele dominant over the other, recessive 
allele. Dominance is a fundamental property of inheritance systems, and it is 
an important factor in adaptation, as it affects the efficacy of selection on al-
leles present in heterozygous state (e.g. Haldane’s sieve; Haldane (1924) re-
viewed by Charlesworth and Charlesworth (2010)).  
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Dominance between S-haplotypes is thought to be beneficial, because it 
increases mate availability, especially in the context of low number of poly-
morphisms (Brennan et al. 2003). The phenomenon is also described as a 
“Hiding effect”: in a system with co-dominance, mutations leading to in-
creased or lowered dominance in an S-haplotype are favoured, because in het-
erozygous individuals, the rejection mechanism of the recessive allele is “hid-
den”, resulting in a higher mate availability than for a co-dominant heterozy-
gous individual (Llaurens et al. 2009a). In sporophytic SI, dominance in both 
pollen and style should cause higher allele frequency for recessive alleles 
while also increasing their evolutionary “durability”, but for dominance rela-
tionships in pollen and co-dominance in the style, dominant alleles would be 
more persistent, because recessive alleles possess a higher chance of being 
lost due to random genetic drift (Schierup et al. 1997). It should be noted that 
these predictions depend on a narrow set of parameters in theoretical model-
ling and more empirical studies are needed to generalise these claims. 

In line with these expectations from theory, dominance relations between 
S-haplotypes are common, so that in heterozygotes, mostly only one allele is 
expressed (de Nettancourt 2001). Recessive haplotypes are masked by the ex-
pression of dominant haplotypes in heterozygote individuals (Figure 4), thus 
equilibrium frequencies are higher, the more recessive an S-haplotype is 
(Bateman 1952; Schierup et al. 1997; Billiard et al. 2007).  

Small RNAs as dominance modifiers at the S-locus 
The molecular mechanism of dominance in pollen was found to be caused by 
suppression of expression of recessive alleles (Figure 4) (Shiba et al. 2002), 
while dominance relationships in the stigma appear to be post-transcription-
ally regulated (Hatakeyama et al. 2001).  

 
Figure 4. Repression of recessive alleles via 18-24 nt small RNA (blue rec-
tangles). The sRNAs are cleaved from an RNA hairpin structure and cause si-
lencing of recessive SCR by inducing methylation of the promoter region. 

 

Dominant haplotype

Recessive haplotype Silencing

SCRSRK 

SCRSRK 
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Trans-acting small RNAs are responsible for dominance in Brassica self-in-
compatibility (Tarutani et al. 2010). Flanking regions of dominant SCR-alleles 
(class I) contain inverted sequences which are expressed as a hairpin RNA 
during anther development and processed to "Smi” (SP11 methylation in-
ducer), a small-RNA of 24 nucleotides (Tarutani et al. 2010). Smi has a se-
quence similarity to and targets the promoter region of recessive SCR-alleles, 
which causes de novo cysteine methylation in the promoter region, effectively 
silencing the expression of recessive SCR-alleles (class II) (Shiba et al. 2002, 
2006). A second locus, “Smi2”, explains a linear dominance relationship be-
tween four class II alleles in Brassica (Yasuda et al. 2016) 

In A. halleri, a complex small-RNA network was described, directing a lin-
ear dominance hierarchy between six S-haplotypes (Durand et al. 2014). Dom-
inant S-haplotypes produce small RNAs that target the promoter region in all 
recessive haplotypes of lower hierarchy (Durand et al. 2014). 

The discovery of these sRNA dominance modifiers followed a historic a 
historic debate in evolutionary biology on the evolvability of genetic domi-
nance independent from the gene products. The proposition of elements that 
modify the phenotypes of heterozygotes (Fisher 1928a, 1928b) was initially 
dismissed as unimportant and dominance was explained to be primarily a con-
sequence of gene products being involved in physiological and catalytic path-
ways (Wright 1929a). Inactivation of one such allele caused by a mutation 
would not have a major affect on the phenotype, due the (functional) wild-
type being sufficient to keep the pathway active – rendering the wild-type 
dominant over the newly arisen mutation (Wright 1929a). 

It is now increasingly recognised that selection for dominance modifiers 
can be efficient at loci that are under strong balancing selection and thus have 
elevated levels of heterozygosity, including loci involved in Mullerian mim-
icry (Le Poul et al. 2014; Llaurens et al. 2015) and the S-locus (Llaurens et al. 
2009; Schoen & Busch 2009)  

Evolutionary genetic consequences of dominance at the 
Brassicaceae S-locus 
In A. lyrata and A. halleri, dominant S-haplotypes have higher TE density and 
are longer on average than recessive haplotypes (Goubet et al. 2012). In line 
with characteristics of other loci involved in mating types (Goubet et al. 2012), 
a reduced recombination rate at the S-locus region (Charlesworth et al. 2003) 
is expected to result in low efficacy of natural selection, elevated content of 
repetitive DNA (e.g. transposable elements) and low gene density. Since re-
combination is predicted to only occur between copies of the same haplotype 
(Schierup et al. 2001), it is more likely to happen for recessive haplotypes, 
which could be found in homozygous form. Recessive haplotypes are also ex-
pected to be found at higher population frequency (Schierup et al. 1997; 
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Billiard et al. 2007). Dominant haplotypes are therefore expected to experi-
ence lower recombination rates and reduced effective population size due to 
low haplotype frequency (Vekemans and Slatkin 1994), thus stronger genetic 
drift relative to selection (Lynch and Conery 2003), which collectively could 
lead to a higher content of repeated sequences and lower gene density in dom-
inant haplotypes (Goubet et al. 2012), but whether this holds generally re-
mains unclear.  

Deleterious alleles linked to the S-locus are expected to be maintained due 
to reduced recombination rates and elevated heterozygosity causing relaxed 
purifying selection (Uyenoyama 1997, 2003), allowing not only the S-locus 
itself but also the region around the S-locus to accumulate a “sheltered-load” 
of deleterious alleles (Uyenoyama 2005). The sheltered deleterious load of 
dominant S-haplotypes is expected to be involved in maintenance of SI, as it 
would reduce the establishment of SC haplotypes (Porcher and Lande 2005). 
Accumulation of deleterious  alleles in dominant S-haplotypes of sporophytic 
SI is supported by theoretical modelling (Llaurens et al. 2009) and evidence 
for reduced fitness in homozygous genotypes in one dominant S-haplotype of 
A. halleri (Llaurens et al. 2009).  

Breakdown of self-incompatibility 

Causes and consequences of repeated breakdown of SI 
Despite the negative consequences of inbreeding (Charlesworth and 
Charlesworth 1987), breakdown of SI-systems resulting in shifts to self-com-
patibility (SC) have occurred frequently in many independent lineages 
(reviewed in Vekemans et al. 2014). Short-term benefits include genetic trans-
mission advantage (Fisher 1941), as well as advantages of reproductive assur-
ance during long-distance dispersal (Baker 1955; Grossenbacher et al. 2015, 
2017) or in the context of metapopulations (Pannell and Barrett 1998), both 
cases where low frequency of mates or pollinators can occur (Wright and 
Barrett 2010). It has been proposed that loss of SI in small population with 
few S-alleles should be favoured by natural selection, however low mate avail-
ability as a causal factor could not be confirmed in natural populations of 
Leavenworthia alabamica, although other species with sporophytic SI show 
mate limitation (Busch et al. 2010). Low number of S-alleles in sporophytic 
SI systems should be less of a constraining factor for reproduction if domi-
nance relationships evolved between S-alleles, such that mate availability is 
high (Brennan et al. 2003, 2006; Busch et al. 2010) 
  While loss of SI has occurred repeatedly in flowering plants, the reverse 
transition from SC to SI is rare (Takebayashi and Morrell 2001; Igic et al. 
2008; Wright et al. 2013). With prolonged selfing, inbreeding depression is 
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expected to be reduced, and thus the main evolutionary force favoring out-
crossing over self-fertilisation is removed (Takebayashi and Morrell 2001). 
The high complexity of SI is considered to be one reason that it rarely re-
evolves (Wright and Barrett 2010), especially as loss of SI can result in rapid 
reduction of S-haplotype diversity. However, transitions from SC back to SI 
could be more feasible in systems where SI relies on non-self recognition, 
such as in e.g. Solanaceae (Fujii et al. 2016). While loss of SI may be favoured 
in the short term by reproductive assurance and transmission advantage, it can 
have negative consequences for long-term persistence (reviewed in 
Takebayashi and Morrell 2001; Wright et al. 2013). In the Solanaceae for in-
stance, SI lineages have a higher net diversification rate, a pattern that is due 
to a higher extinction rate of SC than SI lineages (Goldberg et al. 2010).   

How then can SI be lost, and what population genetic signatures does it 
cause? It is well understood that secondary self-compatibility from a SI ances-
tor can arise by mutations at the S-locus, or the downstream SI pathway. Iden-
tifying the genetic basis of loss of SI is not trivial, however. This is because, 
once a SI has been lost, subsequent mutations can accumulate neutrally in 
genes that are part of the SI pathway (barring negative pleiotropic effects on 
other traits). Distinguishing between initial causal mutations and subsequent 
mutational decay is often not straightforward, except if the transition to SC 
was very recent (Guo et al. 2009).  

In A. thaliana, loss of SI is thought to have occurred several hundred thou-
sand years ago (<400,000 years ago; (Bechsgaard et al. 2006); 500,000-
1,000,000 year ago; (Durvasula et al. 2017)). Mutations at the S-locus have 
been responsible for loss of SI in at least some A. thaliana accessions. For 
instance, Tsuchimatsu et al. (2010) identified an inversion in the male speci-
ficity gene SCR that is likely to have caused loss of SI in accessions carrying 
a specific S-haplotype found in much of Europe. However, many other acces-
sions did not show SI after transgenic complementation of SRK/SCR, suggest-
ing that several mutations caused or enforced self-compatibility in different 
lineages of A. thaliana (Nasrallah et al. 2004). If breakdown of SI was caused 
by a single mutation spreading through all subpopulations, it should have left 
a genomic signature of reduced diversity due to a “selective sweep” 
(Charlesworth et al. 2005). However, retained S-locus polymorphisms in A. 
thaliana (high diversity of SKR and flanking regions) speaks against the fast 
spread of a single mutation (Nasrallah et al. 2004; Charlesworth et al. 2005; 
Durvasula et al. 2017). Variation in breakdown of SI was also reported be-
tween populations of A. lyrata (Foxe et al. 2010), where loss of SI and higher 
levels of selfing evolved multiple times independently at range margins 
(Griffin and Willi 2014). In A. lyrata, the genetic basis of breakdown of SI is 
most likely due to non S-linked modifier loci, but hasn’t been fully elucidated 
yet (Mable et al. 2017; Li et al. 2019). The situation in Arabidopsis contrasts 
starkly with that in the SC Capsella rubella, where a single non-functional  
S-haplotype is fixed (Guo et al. 2009) and loss of SI maps to the S-locus 
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(Nasrallah et al. 2007; Slotte et al. 2012). However there is no signature of a 
selective sweep specifically at the S-locus in C. rubella – instead genetic di-
versity levels are strongly reduced across much of the genome compared to 
levels in the outcrossing SI relative Capsella grandiflora (Foxe et al. 2009; 
Guo et al. 2009; Slotte et al. 2013).  

The role of parallel genetic changes for repeated loss of SI 
In loss of SI, mutations at the S-locus are predicted to be favoured over 
changes in unlinked SI modifier loci, especially under a small number of S-
alleles and pollen limitation such as one would expect in small populations 
(Porcher and Lande 2005). The success of such mutations at the S-locus is 
predicted to depend on whether they disrupt the whole SI response, or target 
the pollen or stigma side of SI, under varying degrees of inbreeding depression 
(Charlesworth and Charlesworth 1979). Mutations that affect the pollen func-
tion of SI have an advantage over those that affect the female component of 
SI, as they can spread faster through both pollen and seeds (Uyenoyama et al. 
2001; Tsuchimatsu and Shimizu 2013). There is accumulating empirical evi-
dence for a role of changes in the pollen component of SI in the repeated evo-
lution of SC in Brassicaceae, reviewed in (Tsuchimatsu and Shimizu 2013), 
but more studies are needed on closely related outcrossing and selfing species 
to support this prediction (Vekemans et al. 2014; Shimizu and Tsuchimatsu 
2015) 
 Dominant mutations are more likely to go to fixation (Haldane 1924) and 
loss-of-function mutations are usually recessive (Kacser and Burns 1981). 
Loss-of-function mutations at the S-locus can be dominant due to S-linked 
dominance modifiers (Shiba et al. 2006; Tarutani et al. 2010; Durand et al. 
2014; Yasuda et al. 2016), though low population frequency and higher shel-
tered load is expected to reduce the contribution of dominant S-haplotypes to 
loss of SI (Llaurens et al. 2008; Llaurens et al. 2009). In Brassicaceae, more 
dominant (C. rubella (Nasrallah et al. 2007; Guo et al. 2009; Slotte et al. 
2012), L. alabamica (Busch et al. 2011), A. kamchatica (Tsuchimatsu et al. 
2012) and A. thaliana (Shimizu et al. 2011) than recessive losses of SI (A. 
lyrata (Mable et al. 2017) have been documented, but it remains to be seen if 
this holds as a broader pattern.  
 In addition to mutational target and dominance, loss of SI has been dis-
cussed in connection with allopolyploidy (Stebbins 1950). Allopolyploids are 
formed when unreduced gametes between different species unite, or via so-
matic doubling of chromosome numbers in interspecific hybrids (Ramsey and 
Schemske 1998). Increase of ploidy is estimated to play a role in as much as 
15% of angiosperm speciation (Wood et al. 2009). Self-compatibility is ex-
pected to facilitate establishment of polyploids, because it can help newly 
formed polyploids to overcome the initial barrier of low mate availability 
(Mable 2004). Instant self-compatibility plays an important role in the 
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formation of allopolyploids in Solanaceae, (Zenil-Ferguson et al. 2019). In the 
non-self recognition based gametophytic SI, haploid pollen can detoxify 
RNAses in the pistil of all but its own S-haplotype, which inhibits self-polli-
nation. Unreduced diploid pollen on the other hand can instantly self-fertilise 
because with two S-alleles, it has the ability to detoxify all RNAses (Kao and 
Tsukamoto 2004). In the self-recognition case of sporophytic SI, polyploidy 
itself would not be expected to result in instant SC. However, dominance at 
the S-locus could aid establishment of allopolyploids, as a dominant loss of SI 
in one of the parental species could result in instant SC of newly formed allo-
polyploids (Nasrallah et al. 2007; Tsuchimatsu et al. 2012). 
 There is some evidence for a role of S-locus dominance in the establishment 
of allopolyploids in Brassicaceae, A. kamchatica is an allotetraploid between 
A. halleri and A. lyrata. In A. kamchatica, there has been degradation of the 
pollen component of SI in a relatively dominant S-haplotype of A. halleri that 
is expected to suppress the recessive S-haplotype contributed by A. lyrata 
(Llaurens et al. 2008; Tsuchimatsu et al. 2012). A. suecica is an allotetraploid 
between self-compatible A. thaliana and self-incompatible A. arenosa that 
likely was instantly self-compatible due to the dominance of the SC allele 
from A. thaliana (Hylander 1957; Mummenhoff and Hurka 1995; O’Kane et 
al. 1996; Novikova et al. 2017).  
 While on a broader scale, polyploids are disfavoured due to high extinction 
rates, it is important to study the factors that contribute to the successful es-
tablishment of some polyploids, such as loss of SI (Soltis et al. 2010; Arrigo 
and Barker 2012) and the influence of dominance.  

Capsella as a model system for studying S-locus 
dominance and loss of SI 
The crucifer genus Capsella is an emerging model system in mating system 
evolution. It is closely related to Arabidopsis (Koch et al. 2000) and four spe-
cies are described: Capsella grandiflora - a diploid (2n = 2x = 16) outcrossing 
species with sporophytic SI, Capsella rubella and Capsella orientalis – two 
diploid selfers, and Capsella bursa-pastoris, a tetraploid selfer (2n = 4x = 32) 
(Tutin et al. 1980) (Figure 5). 

C. grandiflora is restricted to a small area in Western Greece (Hurka and 
Neuffer 1997). Despite its small range, C. grandiflora has a large effective 
population size, which makes it a good system to study effects of selection 
(Foxe et al. 2009; Slotte et al. 2010). An available genome for the sister spe-
cies C. rubella (Slotte et al. 2013) and the close relatedness to the model sys-
tem Arabidopsis facilitate genomic studies.  
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Figure 5. The species in the genus Capsella, left to right; C. grandiflora “Cg” 
C. rubella “Cr”, C. bursa-pastoris “Cbp” and C. orientalis “Co”. Variation in 
ploidy and mating system are marked with symbols. “A” and “B” mark the two 
subgenomes of C. bursa-pastoris. The size of flowers varies very clearly with 
mating system, with self-compatible species displaying much smaller flowers 
compared to the self-incompatible C. grandiflora. The ancestral state is self-
incompatible, based on shared polymorphisms between Capsella and Ara-
bidopsis. Estimated dates of phylogenetic splits are indicated, based on (Foxe 
et al. 2009; Guo et al. 2009; Hurka et al. 2012; Slotte et al. 2013; Douglas et 
al. 2015; Koenig et al. 2019). Photos by Kim Steige.  
 

Diversification in the Capsella genus took place over the last 1-2 million years 
and is thought to be associated with shifts from SI to SC (Figure 5) (Foxe et 
al. 2009; Guo et al. 2009; Hurka et al. 2012; Slotte et al. 2013; Douglas et al. 
2015). Indeed, shared ancestral variation at the S-locus between Capsella 
grandiflora and Arabidopsis lyrata indicates that SI was ancestrally present in 
Capsella (Guo et al. 2009). The SC species C. rubella split from the outcross-
ing species C. grandiflora around 100 000-170 000 years ago (Slotte et al. 
2013; Koenig et al. 2019) and successfully colonised a large range in the Med-
iterranean region (Hurka and Neuffer 1997; Paetsch et al. 2010), likely in a 
post-glacial colonisation after the last glacial maximum (St. Onge et al. 2011; 
Koenig et al. 2019). C. orientalis, the other diploid SC species in the Capsella 
genus, likely split from C. grandiflora around 1-2 million years ago (Hurka et 
al. 2012; Douglas et al. 2015) and occurs in Eastern Europe and Central Asia 
(Hurka et al. 2012). C. bursa-pastoris, the most widespread species in the 
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genus, has a worldwide distribution (Hurka and Neuffer 1997; Neuffer and 
Hurka 1999; Slotte et al. 2008) and is a tetraploid species (Hurka et al. 2012; 
Douglas et al. 2015). C. bursa-pastoris originated around 200 000 years ago 
(100 000 – 300 000)  as an allotetraploid between the self-fertile C. orientalis 
(maternal) and the SI C. grandiflora/C. rubella lineage (paternal) (Douglas et 
al. 2015). C. bursa-pastoris has disomic inheritance, with two subgenomes 
originating from the C. grandiflora/C. rubella lineage and the C. orientalis 
lineage that have been designated as the A and the B subgenomes, respectively 
(Slotte et al. 2006, 2008, 2009; Steige et al. 2015).  

The molecular diversity at the S-locus in Capsella has been described at the 
level of diversity of SRK and SCR (Paetsch et al. 2006, 2010; Nasrallah et al. 
2007; Guo et al. 2009). Shared SRK alleles between Arabidopsis lyrata and 
Capsella grandiflora show that these alleles are maintained over millions of 
years of divergence between the two lineages (Paetsch et al. 2006; Guo et al 
2009). Shared polymorphisms between Capsella and Arabidopsis and crosses 
between different S-alleles in C. grandiflora suggest that a hierarchical domi-
nance relationship between S-allleles, similar to Arabidopsis, could exist in C. 
grandiflora (Paetsch et al. 2010). However, dominance relationships between 
S-alleles in C. grandiflora have not been studied at the same level as in Ara-
bidopsis, where a network small-RNA mediated dominance modifiers and tar-
gets is responsible for a complex hierarchical dominance network (Shiba et al. 
2006; Tarutani et al. 2010; Durand et al. 2014; Yasuda et al. 2016). S-locus 
dominance in C. grandiflora thus largely remains understudied and infor-
mation on the dominance relationships between S-alleles in combination with 
detailed analysis of genetic organisation of dominant and recessive haplotypes 
could shed light on the evolution of dominance and the effects of dominance 
on sequence evolution.  

As described above, speciation in Capsella has been linked to a shift in 
mating strategy - the transition to predominant self-fertilisation. The timing 
and demographic history of the formation of C. rubella and C. bursa-pastoris 
has been well studied (Foxe et al. 2009; Guo et al. 2009; Hurka et al. 2012; 
Slotte et al. 2013; Douglas et al. 2015; Koenig et al. 2019). In C. rubella, loss 
of self-incompatibility is thought to have been concomitant with speciation 
and the transition to selfing (Guo et al. 2009; Foxe et al. 2009).  The loss of 
self-incompatibility in C. rubella is dominant, and maps to the S-locus (Slotte 
et al. 2012, 2013), and there is evidence that SCR is nonfunctional in C. ru-
bella (Nasrallah et al. 2007). However, it is not known whether the cause of 
dominance of self-compatibility is due to small RNA dominance modifiers 
similar to Smi (SP11 methylation inducer) in Brassica, which is responsible 
for silencing promoters of recessive S-haplotypes (Tarutani et al. 2010).  

Less is known about loss of self-incompatibility in C. orientalis after it di-
verged from an ancestral outcrossing SI species, likely similar to present-day 
C. grandiflora 1-2 million years ago (Hurka et al. 2012). Similarly, while it is 
now clear which species contributed to the origin of the allopolyploid C. 
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bursa-pastoris (Douglas et al. 2015), the detailed mode of genome duplication 
and loss of SI is not known. Revealing the genetic basis of loss of self-incom-
patibility in C. orientalis and the origin of the allopolyploid C. bursa-pastoris 
in combination with analysis of dominance modifiers of C. orientalis and C. 
bursa-pastoris could uncover whether parallel genetic changes were involved 
in the evolution of self-compatibility in Capsella, which is important for an 
improved understanding of the evolution of mating systems. Furthermore, re-
vealing the timing of the loss of self-incompatibility is important for interpre-
tation of patterns of genetic diversity and genome evolution. 
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Aims of the thesis 

The thesis aims to investigate the genetic basis of S-locus dominance, its  
evolutionary genetic consequences, and the genetic basis of loss of  
self-incompatibility in Capsella.  
 
The specific aims are to:  

 
I Assess the utility of targeted long-read sequencing for studies of the 

Brassicaceae S-locus (paper I) 

II Elucidate the genetic basis and timing of loss of self-incompatibility 
in Capsella orientalis (paper II) 

 
III Assess sequence-level effects of dominance at the S-locus in the 

self-incompatible species Capsella grandiflora (paper III) 
 
IV Assess the level of conservation of S-locus dominance relationships 

between Capsella grandiflora and Arabidopsis halleri  
(paper III) 

 
V Test for a role of small RNA-based dominance modifiers for  

repeated loss of self-incompatibility in Capsella (papers II, IV) 
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Methods 

Sequencing of entire S-haplotypes 
The cornerstones of this thesis are accurate and complete representations of 
the Capsella S-locus, a region that is difficult to sequence due to its high repeat 
content, and high level of polymorphism.  

For a long time after its invention, Sanger sequencing (Sanger et al. 1977) 
was the only option to accurately read genetic sequence. It relies on PCR, with, 
apart from normal bases (dNTPs), including dideoxy modified and dye la-
belled bases (ddNTPs) at low concentration, which when incorporated termi-
nate the DNA synthesis. After length separation of the PCR products on a gel, 
lasers read the DNA sequence via the specific dye at the terminal base of each 
PCR product. While Sanger sequencing is highly accurate, the drawbacks of 
a maximum read length of ~900 base pairs and the reliance on PCR primers 
would limit studies on SI to (partial) gene sequences, omitting intergenic reg-
ulatory and repeated regions or divergent alleles which are not easily ampli-
fied by PCR. Furthermore, the price per base pair sequenced is also high for 
Sanger sequencing, compared to high-throughput sequencing approaches.  

In current high-throughput DNA sequencing technologies on the other 
hand, sequencing of DNA and imaging of incorporated bases take place at the 
same time (Goodwin et al. 2016). Reads are continuous sequences of bases 
that are read by the sequencer and the two technologies applied in this thesis 
mainly differ in read length and error rate: Illumina sequencing (Bentley et al. 
2008) is characterised by a short read length, often between 50 and 300 bp, 
depending on sequencing chemistry. In Illumina short-read sequencing, the 
DNA is fragmented in the library preparation step and these different frag-
ments are bound to a flow cell (a glass surface in the sequencer) and locally 
amplified by PCR into clusters of the same sequence, each of these clusters 
will later be read as one read. This “sequencing by synthesis” works in parallel 
with reversible termination of DNA synthesis and is performed in repeated 
cycles: 1) fluorophore labelled ddNTPs are added, 2) imaging takes place with 
lasers, 3) cleavage of fluorophore and modification of ddNTP into dNTP to 
allow addition of the next base (Bentley et al. 2008). Random mistakes in 
DNA synthesis are mitigated by the fact that a signal is being read after a 
whole cluster of DNA molecules incorporated the same base. In contrast, Pac 
Bio SMRT long-read sequencing (Eid et al. 2009), generates reads that stretch 
up to ten thousands of bp, but with a higher error rate. SMRT sequencing 
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stands for “single molecule real time sequencing”. In contrast to sequencing a 
whole cluster of DNA molecules, in SMRT sequencing, template-directed 
synthesis occurs in miniaturised reaction chambers (termed Zero-Mode-
Waveguides), which contain an immobilised DNA polymerase and a single 
molecule of DNA template. The sequencing reaction involves detecting incor-
poration of fluorescently labelled dNTPs during synthesis. Errors by the DNA 
polymerase and in the calling of homopolymer repeats thus directly cause er-
rors in the reads. The impact of these random errors, mainly indels, is reduced 
by the fact that each DNA molecule is sequenced multiple times. 

Because of high heterozygosity and sequence polymorphism at the S-locus, 
we cannot use whole genome resequencing and aligning reads to a reference 
to study sequence variation at the S-locus. Instead, we used a targeted de novo 
sequencing approach limited to the S-locus region. We combined the strengths 
and mitigated the weaknesses of the above-mentioned sequencing technolo-
gies in the following way, as outlined in paper I.  

To include a broad sample of S-haplotype diversity, we selected plants of 
different population clusters of C. grandiflora, C. rubella, C. orientalis and C. 
bursa-pastoris. We also used Sanger sequencing and allele-specific PCR pri-
mers of the close relative A. halleri (Llaurens et al. 2008) to screen ortholo-
gous SRK alleles in C. grandiflora individuals. The orthologous sequences 
identified in this manner were important for studying the maintenance of S-
locus dominance between Arabidopsis and Capsella in papers II & III.  

To isolate S-haplotype sequences, high molecular weight DNA from se-
lected plants was extracted and cloned into BACs (bacterial artificial chromo-
somes), similar to (Goubet et al. 2012). BACs to span the full length of the S-
locus were selected based on a hybridisation with DNA probes for ARK3 and 
U-box S-locus flanking genes. BACs that tested positive were further vali-
dated by PCR using general ARK3 and U-box primers and Sanger sequencing. 
Based on ARK3 and U-box polymorphisms, it was also possible to select up 
to two BACs with different S-haplotypes per individual in each BAC library. 
It was crucial to extract high molecular weight DNA from S-locus containing 
BACs of interest to be used for long-read sequencing. BAC library construc-
tion allowed us to isolate the S-locus region.  

We used Pac Bio long-read sequencing, specifically selecting DNA frag-
ments >10 kb, to read through long stretches of repetitive elements. We then 
performed de novo assembly of reads from each sample. The assembly of 
overlapping reads into contiguous sequences (contigs) required assemblers 
that can handle long reads like HGAP (Chin et al. 2013) or Canu (Koren et al. 
2017). The caveat of sequencing a circular molecule (S-locus containing 
BAC), is that we generated a linear assembly with overlapping ends that also 
contained the cloning vector sequence, which had to be removed. The quality 
of the assembly was improved by a “polishing step” where reads are mapped 
back to the assembly with QUIVER (Pacific Biosciences of California, CA, 
USA). To reduce the effect of the high indel error rate in SMRT sequencing, 
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we mapped Illumina short-read data (MiSeq/HiSeq, Illumina, Inc., San Diego, 
USA) to the long-read assemblies to correct indel-errors. Compared to using 
a single sequencing platform, it is time consuming and more expensive to use 
a sequencing approach with both long and short reads, however we argue that 
it can be relevant when studying the effects of functional genetic variation.  

The final step before sequences can be used for evolutionary studies is gene 
annotation. Annotation can be performed with tools that use nucleotide or pro-
tein sequences of the same or related species as a reference and also predict 
protein sequences based on finding open reading frames that are uninterrupted 
by stop codons. We annotated the S-locus region with Maker v2.31.9 (Holt 
and Yandell 2011) running Augustus v3.2.3 (Stanke et al. 2004) with protein 
homology data from A. lyrata and A. halleri S-locus genes and RepeatMasker 
v4.0.7 (http://www.repeatmasker.org). The disadvantage of this method is that 
it works best for highly conserved genes and not well for short genes. There-
fore the highly diverse SRK and SCR were annotated with a different approach 
because of their high sequence divergence. We used BLAST v2.5.0+ 
(Altschul et al. 1990) to identify SRK based on sequence similarity to known 
SRK alleles in Capsella and Arabidopsis, as well as general PCR primers se-
quences for SRK exon 1 (Charlesworth et al. 2000). Where possible, SCR was 
identified in the same way as SRK, or with an approach that searched for a 
conserved pattern of 8 cysteines in SCR exon 2, described in paper I.  

Genetic and Genomic methods 
Evolutionary processes such as natural selection or genetic drift generate spe-
cific patterns of genetic diversity. Using tools that take evolutionary theory 
and empirical evidence into account, we can uncover evolutionary processes 
based on patterns of genetic diversity in our samples. 

Reconstruction of molecular phylogenies can be used to study the related-
ness of genes. These methods are based on multiple sequence alignment, 
which shows how similar the sequences are to each other. In phylogenetics, 
one tries to estimate the topology of the tree (i.e. the relationships between 
sequences) and the branch length (i.e. where substitutions in the sequence oc-
curred). In the tree-building step, there are generally four methods: parsimony 
based, distance based, and likelihood or Bayesian based, reviewed in (Yang 
and Rannala 2012). Parsimony is based on building a tree with the least pos-
sible amounts of substitution events. While fast to compute, it is often outper-
formed by methods that include assumptions on sequence evolution. Distance 
based methods are built on calculating pairwise distance between all pairs of 
sequences and apply models on nucleotide substitutions to fit the distances on 
trees. They are generally fast to compute but can be sensitive to gaps in align-
ment and divergent sequences. With likelihood methods, one aims to maxim-
ise the likelihood of a tree given the sequences observed and models on 
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molecular substitution. These models are closer to biological data than dis-
tance based methods, which is why we reconstructed phylogenies of SRK with 
maximum likelihood in RaXMl (Stamatakis 2014) in paper I-IV, to show the 
relationships of S-alleles in Brassicaceae, but also to identify homologous S-
haplotypes between A. halleri and C. grandiflora (papers II & III) and to 
show the parallelism of gene trees within the non-recombining S-locus (paper 
II Fig. 2b). Bayesian approaches allow the incorporation of prior knowledge 
on parameters of the tree and more complex substitution models. Although 
they are computationally extensive, these more complex models are well 
suited for reconstructing a tree where estimation of exact branch length is 
more important, such as when using branch length to infer divergence time 
based on a molecular clock. Therefore in paper II, we used a Bayesian ap-
proach with BEAST (Drummond et al. 2012) to estimate the upper and lower 
bounds of the timing of loss of SI in C. orientalis. While it is possible to cal-
culate species divergence times based on multi locus sequence data, for exam-
ple the split between the C. orientalis / C. bursa-pastoris lineage from its out-
crossing ancestor with the C. grandiflora / C. rubella lineage 1-2 million years 
ago (Hurka et al. 2012), the loss of SI does not have to coincide with specia-
tion and is therefore difficult to time. Our estimate was made possible because 
a single self-compatible S-haplotype (CoS12) became fixed in C. orientalis 
before contributing to the origin of C. bursa-pastoris (Douglas et al. 2015) 
and its orthologous S-haplotype (CgS12) still being present in the outcrosser 
C. grandiflora today. As a minimum estimate for the loss of SI in C. orientalis, 
we calculated TMRCA (time to most recent common ancestor) for S-haplo-
types in C. orientalis and C. bursa-pastoris B and compared it to the upper 
bound, the TMRCA for S-haplotypes in C. orientalis, C. bursa-pastoris B and 
C. grandiflora CgS12, similar to (Guo et al. 2009). The timing of mating sys-
tem shifts is important in studying the genomic consequences of such shifts.  

The similarity between two DNA sequences can be shown in a sequence 
alignment and described in % of identical nucleotides or amino acids. Both 
methods were used in this thesis. For instance, we calculated % sequence con-
servation (identical bp / total bp) in 250 bp windows, based on pairwise DNA 
sequence alignments across the entire S-locus region using LASTZ v1.03.54 
(Harris 2010) in papers I and II, but we also report gene-level sequence di-
vergence in paper II. The high degree of similarity at SRK, SCR and sRNA 
precursors mirS3 suggests that the SI specificity has been conserved between 
Arabidopsis and Capsella (see paper II). 

Small RNA induced dominance relationships are an integral part of papers 
II, III and IV. These sRNA belong to the class of siRNA (small interfering 
RNA) and are cleaved from hairpin RNA structures, transcribed from inverted 
repeats (Axtell 2013). To identify S-locus sRNAs, we searched for inverted 
repeats (stem loops) using EMBOSS-einverted (Rice et al. 2000), conducted 
sRNA sequencing on young flower buds and validated potential precursor loci 
by mapping 18-27 nt sRNA to them using STAR (Dobin et al. 2013). It would 
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also be possible to use RT-PCR (real time PCR) to study the expression of 
specific sRNA, but even just one sRNA precursor can express many different 
functional sRNAs, so a sequencing approach is more practical, especially 
when working with a different species than where these sRNAs have been 
described. We then used a Smith & Waterman algorithm (Smith and 
Waterman 1981) to predict targets of these sRNA by searching for high se-
quence similarity to regions around the promoter region of SCR.  

In paper II, we studied the expression of S-locus genes to study the conse-
quences of small RNA induced dominance relationships and validate the in-
ferred dominance relationships. We extracted RNA from mixed-stage flower 
buds, sequenced total RNA and mapped the reads to a reference genome of C. 
rubella (Slotte et al. 2013) with the S-locus of C. rubella replaced with the S-
locus corresponding to the origin of the sample (e.g. C. grandiflora CgS04 and 
C. orientalis CoS12 in paper II). Expression of key genes SCR, SRK and U-
box was reported as RPKM (number of reads per kb per million mapped reads 
(Mortazavi et al. 2008)) in an allele-specific manner, to test whether recessive 
alleles were repressed in S-heterozygotes. This could also have been done by 
RT-PCR, though with recent advances in sequencing technologies, develop-
ing and testing of a large number of RT-PCR primers for a single study is less 
efficient than a sequencing approach. However, it was more economical to use 
RT-PCR to show that one allele, Cg/CoS12 SCR is expressed in different ac-
cessions of C. orientalis and in different individuals of C. grandiflora carrying 
S12 allele for paper II.  

In paper III, we also used a sequencing-based approach to genotype the S-
locus in a population of ~200 C. grandiflora sequenced by Josephs et al. 
(2015). We identified S-alleles in samples by aligning Illumina short-read 
DNA sequencing reads to a library of known SRK alleles in C. grandiflora 
and A. halleri / lyrata, as well as de novo assembly of SRK alleles that were 
not present in the library, based on filtering and assembling sequencing reads 
with a certain degree of similarity to SRK alleles in the library (Genete et al. 
2019). Compared to PCR-screening, this approach can also detect previously 
unknown alleles easily (Genete et al. 2019). 

Phenotyping and Genetic mapping 
Small genetic changes can have large effects on the phenotype and selection 
on the phenotype shapes the genetic variation in a population. Finding the 
cause of a certain phenotype is important in testing evolutionary theory and to 
predict the effect of newly emerging mutations under different conditions. In 
paper II, we tested if loss of SI in C. orientalis is caused by a change at the 
S-locus, as predicted by theory (Porcher and Lande 2005). We used QTL 
(quantitative trait loci mapping) to find the region in the genome that is asso-
ciated with the loss of self-incompatibility in C. orientalis. QTL uses a 



23 

mapping population with segregating phenotype and genetic markers. In order 
to find a correlation between a genomic region and a phenotypic trait, QTL 
relies on crossing over events occurring between homologous chromosomes 
during meiosis. Genetic markers that are often found in association with the 
phenotype are therefore located physically close to the genomic region that 
causes the phenotype. Using Rqtl (Broman et al. 2003), we found an associa-
tion between the loss of self-incompatibility in C. orientalis and genetic mark-
ers near the S-locus region. It is important not to use too few individuals for 
QTL, because more individuals allow for more potential crossing over events, 
which improves the accuracy of the QTL. The number of molecular markers 
can also affect the resolution of QTL. If the QTL is large and contains different 
mutations, it is challenging to determine which one is determining the pheno-
type, and additional functional work or fine-mapping is generally required. 

In paper II, we generated a mapping population which segregated for self-
compatibility by crossing C. orientalis Co2008-1 to C. grandiflora Cg88.15 
and letting the resulting F1 hybrid set seeds. Generating the F1 between C. 
orientalis and C. grandiflora required embryo rescue because seed develop-
ment was aborted in hybrid seed formation. We phenotyped the F2 mapping 
population by assessing self-compatibility as elongation of siliques after con-
trolled- and/or autonomous self-pollination and pollen tube formation after 
controlled self-pollination (see below Pollen tube visualisation) for a subset 
of individuals. Self-compatibility / -incompatibility was assigned as a binary 
trait. To obtain genetic markers, we extracted DNA of F2s and genotyped 
them with genome wide RAD sequencing SNP markers. RAD sequencing is 
a method where the DNA is digested with restriction enzymes and only frag-
ments of a certain size are sequenced. It is an effective method to obtain ge-
nome wide molecular markers, that is more economical than whole-genome 
sequencing.  

To test the functionality of the SI response and reveal dominance relation-
ships between S-alleles, important for papers II & III, we manually trans-
ferred pollen from a donor to receiving flower. Testing dominance relation-
ships between S-alleles can be achieved by crossing heterozygous individuals 
(genotype SA/Sb) to homozygous “tester lines” that express only one allele: If 
pollen allele SA is dominant over Sb, then pollen will be rejected by a tester 
line with genotype SA/SA, but not by tester line Sb/Sb, because the allele Sb, is 
masked by SA (Durand et al. 2014) (paper III). A similar principle applies to 
crossing a self-compatible plant to an SI plant with the same haplotype, to test 
the functionality of male and female function separately. Crossing plants ex-
pressing the same haplotype should result in pollen rejection. If transfer of 
pollen from the plant with non-functional S-haplotype SA*/SA* is not rejected 
by the tester line harbouring a functional allele of the same haplogroup SA/SA, 
this would indicate the breakdown of the male component in the self-compat-
ible plant SA*/SA*. The functionality of the female component can be tested sep-
arately by transferring pollen in the other direction (paper II). 
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In order to avoid interference by self-pollination, we emasculated freshly 
opened flowers with tweezers (removing male organs). Self-compatible spe-
cies with “selfing syndrome” needed to be bud emasculated, as they already 
release pollen in the buds for optimised self-fertilisation. The success of the 
cross can be scored by measuring silique elongation and scoring seed for-
mation, but seed formation can be impaired when working with hybrids, as in 
paper II. Scoring pollen tube formation on the other hand can be performed 
in a shorter time frame and does not rely on seed development. We used pollen 
tube growth after manual pollination to score the self-incompatibility reaction. 
This method was used in papers II, III and IV. Pollen tubes in the pistil can 
be observed with a callose specific stain and epifluorescence microscopy 
(Martin 1959). 24 hours after manual pollination, we stripped flowers of pet-
als, sepals and anthers and preserved the remaining pistil in a mix of ethanol 
and acetic acid. A strong solution of NaOH softens and clears the pistil before 
staining with aniline blue. Under an epifluorescence microscope, we observed 
the pistils, smeared between a cover glass and a microscope slide (Figure 6). 
Pollen tube walls and so called “callose plugs” fluoresce brightly under UV 
light compared to background fluorescence of the pistil (Martin 1959). Based 
on the number of pollen tubes in a pistil, compared to positive and negative 
controls, we scored crosses as compatible / incompatible. 
 

 
Figure 6. Pollen tube growth: (left:) Compatible cross between two C. grandi-
flora with different S-genotype. Pollen tubes are clearly visible (arrow). ♀Cg2.8 
♂CgS12, (right:) self-incompatible self-pollination of CgS12, bar = 200 µm. 
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Results and Discussion 

I Targeted long-read sequencing of a locus under 
long-term balancing selection in Capsella 
Assessing genetic variation at highly repetitive loci can be challenging, be-
cause short reads often cannot be unambiguously mapped to a single reference 
genome in such regions (Mardis 2017). At the same time, generating multiple 
whole-genome de novo assemblies based on long-read sequencing can be pro-
hibitively expensive. The Brassicaceae S-locus is an example of a highly re-
petitive region where sequence variation is difficult to investigate using stand-
ard reference-based approaches. In paper I we evaluated the reliability of an 
alternative, targeted approach to study the Brassicaceae S-locus, combining 
BAC clone generation and sequencing using both long PacBio and short Illu-
mina reads. We first independently sequenced and assembled two technical 
replicates of the same S-haplotype containing BAC-clone, and found the re-
sulting assemblies were structurally identical. A closer comparison of the two 
sequences revealed an indel error rate of 5.7x10-5 in the long-read assemblies, 
with mainly single bp indel errors detected (Figure 8a). By mapping short 
reads to a long-read assembly of the S-locus, we estimated a similar error rate 
(2.0x10-5) (Figure 8a). Our results suggest that long-read sequencing of BAC 
clones results in structurally accurate assemblies, and that targeted indel error 
correction with short reads can improve the quality of long-read assemblies. 
Finally, the low degree of sequence conservation between two different S-
haplotypes sequenced in paper I (Figure 7b) demonstrates the necessity of de 
novo long-read assemblies for studies of S-locus variation. This work provides 
the basis for further studies on the Brassicaceae S-locus (e.g. papers II-IV). 
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Figure 7. a) S-locus sequence assemblies with indel errors marked as vertical 
black bars. For sequence CgrS-BAC1, indel errors were estimated by comparing 
two independent long-read sequencing runs and assemblies of the same sequence, 
whereas for CgrS-BAC2, short reads where aligned to a long-read assembly. Ar-
rows indicate exon sequences of genes, while simple repeats and transposons are 
marked as red and blue boxes, respectively. b) S-locus sequence conservation be-
tween two different Capsella S-locus haplotypes (CgrS-BAC1 & CgrS-BAC2), 
shown as % sequence identity with a window size of 250 bp. The S-locus region is 
characterised by a clear drop in sequence conservation between the S-locus flank-
ing genes ARK3 and UBOX, with some degree of sequence conservation in SRK. 
Figure from (Bachmann et al. 2018) 

II Genetic basis and timing of a major mating system 
shift in Capsella  
The transition from SI to SC has occurred repeatedly in flowering plants, and 
there is both theoretical and empirical interest in the contribution of parallel 
genetic changes to this transition (Vekemans et al. 2014; Shimizu and Tsuchi-
matsu 2015). Furthermore, understanding the timing of loss of SI is important 
to provide a context for studies of the genomic consequences of mating system 
shifts. In paper II we investigated the genetic basis and timing of loss of SI 
in the diploid self-fertilising species C. orientalis. We first mapped the genetic 
basis of SC in an interspecific C. orientalis x C. grandiflora F2 mapping pop-
ulation. With QTL mapping, we showed that loss of SI is linked to the S-locus 
as a dominant trait (Figure 8). Using population genetic data on S-locus poly-
morphisms in Capsella, we estimated that the loss of SI occurred less than 2.6 
million years ago. Building on the sequencing approach from paper I, we 
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sequenced S-haplotypes from C. orientalis, C. bursa-pastoris and C. grandi-
flora, in order to identify candidate mutations for loss of SI in C. orientalis. 
This was feasible because one of the C. grandiflora S-haplotypes we se-
quenced (CgS12) was highly similar to and likely orthologous to that of C. 
orientalis. By comparing likely functional orthologous S-haplotypes from the 
SI C. grandiflora and A. halleri to S-locus sequences from the SC C. orientalis 
and C. bursa-pastoris, we identified a fixed deletion in SCR of C. orientalis 
S12 (Figure 9). This deletion is predicted to result in loss of five of eight con-
served cysteines in SCR and could cause loss of male specificity in the SI 
response. We confirmed loss of male SI specificity in C. orientalis using pol-
lination assays, however female specificity in the C. orientalis SI response 
was also affected, although we found no major effect mutations in SRK. Fi-
nally, we found a small RNA expressed by C. orientalis S12 and conserved 
with C. grandiflora and A. halleri that could explain the dominance of SC in 
C. orientalis. Our results on the role of dominance in the mating system shift 
are consistent with the expectation that dominant advantageous mutations fix 
more readily (Haldane 1927), but also show that S-linked sRNA dominance 
modifiers could maintain their specificity across the split of Capsella and Ar-
abidopsis, a topic further discussed in paper III. Only few studies previously 
reported timing of loss of SI (Guo et al. 2009; Busch et al. 2011; Tsuchimatsu 
et al. 2012), paper II therefore contributes to a broader understanding of the 
timing of shifts to self-fertility in Brassicaceae species.  

 

 
Figure 8. Dominant loss of SI in C. orientalis a) The black line indicates the 
logarithm of odds (LOD) profile across the genome. 1% and 5% genome-wide 
permutation-based significance threshold in dotted and dashed lines. Note the 
overlap of the Brassicaceae S-locus (red) with a predicted QTL on chromosome 7. 
b) QTL additive effect in red and dominance deviation in blue for chromosome 7. 
Standard errors indicated in light shades. Figure from (Bachmann et al. 2019). 
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Figure 9. Predicted SCR amino acid sequences for A. halleri S12, C. grandiflora 
CgS12, C. orientalis and C. bursa-pastoris (B subgenome). The predicted protein 
sequence of C. orientalis lacks five conserved cysteine residues (indicated by black 
arrows and orange boxes). The position of the frameshift deletion is marked by a 
red arrow. Figure from (Bachmann et al. 2019) 

III Evolutionary stability of genetic dominance in the 
Brassicaceae self-incompatibility system 
Are dominance-recessivity relationships in diploid genotypes explained by 
characteristics of the gene products or can such relationships evolve inde-
pendently? While many genes involved in physiological and metabolic path-
ways support the former hypothesis (Wright 1929b; Kacser and Burns 1981), 
selection for loci that modify dominance of genes can be efficient at loci under 
balancing selection, such as the Brassicaceae self-incompatibility locus (S) 
(Schoen and Busch 2009), where small RNA dominance modifiers have re-
cently been described (Tarutani et al. 2010). Complex networks of sRNA 
modulate dominance relationships of the pollen component of SI in Arabidop-
sis and Brassica (Durand et al. 2014; Yasuda et al. 2016), but little is known 
on how dominance is maintained over longer timescales. In paper III, we 
make use of conserved orthologous S-alleles in close relatives Capsella gran-
diflora and Arabidopsis halleri, which diverged roughly 8 million years ago 
(Hohmann et al. 2015), to study the conservation of dominance at the S-locus.  

By means of controlled crosses between heterozygous and homozygous in-
dividuals, we derive a linear dominance hierarchy between six C. grandiflora 
S-alleles that is largely conserved with A. halleri S-alleles (Durand et al. 
2014). One of the dominance relationships in this study has been described in 
more detail in paper II, where we showed that the mechanism of dominance 
of S12 over S4 in pollen was conserved between A. halleri and C. grandiflora 
to maintain the sRNA / target interaction. Using full-length long-read se-
quencing of C. grandiflora S-haplotypes, as described in paper I, we show 
that dominant S-alleles have a higher content of transposable elements than 
recessive alleles (Figure 10a). This is in line with theoretical expectations of 
lower effective population size in dominant alleles due to their low population 
frequency (Schierup et al. 1997). In line with this prediction, the most reces-
sive S-allele had the highest allele frequency and the lowest TE content in C. 
grandiflora (Figure 10b), although the overall correlation between the popu-
lation frequency and transposable element content was not significant.  
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These findings on the evolutionary stability of dominance at the Brassica-
ceae SI system are important for broader understanding the evolution of reg-
ulatory regions and their targets.  

 

 
Figure 10. The relationship between dominance rank and transposable ele-
ment content of S-haplotypes in Capsella grandiflora a) Dominance rank vs. 
transposable element content (bp annotated as transposable elements). The best-fit 
regression line is shown, as well as a 95% confidence band in grey. b) Allele fre-
quency vs. transposable element content at the C. grandiflora S-locus. Figure from 
paper III. 

IV On the origin of the widespread self-compatible 
allotetraploid Capsella bursa-pastoris 
Polyploids have more than two sets of chromosomes and are formed by intra-
specific whole-genome duplication (autopolyploidy) or in association with in-
terspecific hybridisation (allopolyploidy) (Ramsey and Schemske 1998). By 
forming instant reproductive barriers, polyploidisation is an important con-
tributor to speciation (Stebbins 1950). However, low mate availability can be 
a barrier to the establishment of newly formed (self-incompatible) polyploids. 
As such, self-compatilibity (SC) is expected to facilitate the establishment of 
polyploids, since it negates the need for mates. The relationship between poly-
ploidisation and SC remains unclear on a broader scale, but in the Solanaceae 
family, instant shifts to SC with polyploidisation are linked to the characteris-
tics of the S-RNA based non-self recognition of gametophytic self-incompat-
ibility (SI) (Fujii et al. 2016; Zenil-Ferguson et al. 2019). In sporophytic SI, 
genetic dominance might play a role in the establishment of SC polyploids, as 
it can facilitate the fate of mutations causing SC, if they occur on a dominant 
background (Nasrallah et al. 2007; Tsuchimatsu et al. 2012). Without domi-
nance, an additional mutation on the second S-haplotype would have to occur, 
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for the allopolyploid to become SC. These predictions are supported by find-
ings in allopolyploids Arabidopsis kamchatica and A. suecica (Tsuchimatsu 
et al. 2012; Novikova et al. 2017), but the broader role of small RNA mediated 
dominance in breakdown of SI in allopolyploids remains unclear. 
 In paper IV, we shed light on the mode of origin of the widespread SC 
allopolyploid Capsella bursa-pastoris, which originated via hybridisation and 
polyploidisation between progenitors of current C. orientalis and C. grandi-
flora roughly 300’000 years ago (Douglas et al. 2015). We conduct targeted 
long-read sequencing of S-haplotypes on both C. bursa-pastoris homeologous 
subgenomes, as described in paper I, and study the expression and target in-
teraction of C. bursa-pastoris S-linked dominance modifiers, as outlined in 
paper II.  
 We propose a mode of origin of C. bursa-pastoris with instant SC: 1) due 
to S-linked dominance modifiers expressed by the C. orientalis derived C. 
bursa-pastoris subgenome B targeting subgenome A S-locus and 2) frame-
shift mutations in SCR inherited from its C. orientalis progenitor, with likely 
similar disrupting effects to SI as proposed for C. orientalis in paper II. In 
contrast to target prediction of dominance modifiers within 1kb of SCR and 
repression of recessive SCR demonstrated in paper II, lack of annotation of 
full SCR in C. bursa-pastoris subgenome A weakens the claim of predicted 
dominance. Observation of somatic tetraploidisation and tetraploid offspring 
after crosses of C. orientalis and C. grandiflora suggests that C. bursa-pas-
toris could have originated through somatic tetraploidisation after hybridisa-
tion. Our results provide insight into polyploid formation through an alterna-
tive mode to the path of unreduced gametes (Ramsey and Schemske 1998). 
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Concluding remarks and future perspectives 

This thesis contributes to a greater understanding of the phenotypic and mo-
lecular consequences of Brassicaceae S-locus dominance and its role in mat-
ing system shifts in Capsella. In addition, by substantially increasing the num-
ber of publicly available full-length S-haplotype sequences, the work pre-
sented here provides critical resources of utility for future research on Brassi-
caceae S-locus diversity.  
 The largely parallel structure of hierarchical dominance relationships at the 
S-locus of C. grandiflora and A. halleri in paper III, demonstrates conserva-
tion of S-locus dominance across 8 million years of divergence (Hohmann et 
al. 2015). Earlier insights into C. grandiflora S-locus dominance were derived 
from phylogenetic studies of SRK (Paetsch et al. 2006) or gave limited results 
due to insufficient genotype information (Paetsch et al. 2010). Generating all 
heterozygous combinations of six C. grandiflora S-alleles, as well as homo-
zygous “tester lines” similar to (Durand et al. 2014), made it possible to sys-
tematically resolve dominance of those alleles in paper III. Previously de-
scribed Brassicaceae dominance hierarchies at pollen level of SI Brassica and 
Arabidopsis (Durand et al. 2014; Yasuda et al. 2016) have a divergence of 
roughly 23 million years (Hohmann et al. 2015). This phylogenetic distance 
is also reflected in molecular differences of S-locus dominance (Yamamoto 
and Nishio 2014), such that the dominance network in Arabidopsis is medi-
ated by a more complex set of sRNA precursor loci than in Brassica, and that 
recruitment of new families of sRNA precursor loci appears to be more im-
portant in Arabisopsis than in Brassica, where dominance is explained by di-
versification of only two sRNA precursor loci (Durand et al. 2014; Yasuda et 
al. 2016). The results on sRNA dominance modifiers in paper II and paper 
IV suggest a close similarity of the molecular basis of S-locus dominance be-
tween Arabidopsis and Capsella, based on conservation of one sRNA precur-
sor (mirS3) between orthologous alleles of A. halleri, C. grandiflora, C. ori-
entalis, and C. bursa-pastoris (AhS12, CgS12, CoS12, CbpS12). These results 
provide an example of long-term maintenance of dominance controlled by 
sRNA dominance modifiers. 

Future studies on evolution of dominance at the Brassicaceae S-locus 
should focus on resolving the conservation of sRNA dominance modifiers and 
targets across a broad set of S-haplotypes, building on the documented domi-
nance hierarchies in paper III. This would be important to determine whether 
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dominance is generally maintained by compensatory mutations in sRNA se-
quences and target sites or by turnover of different dominance modifiers and 
targets. These results would further aid to delimit the boundaries of long-term 
maintenance of trans regulatory elements via balancing selection, and could 
be compared to evolution of dominance at other loci under balancing selection 
(Llaurens et al. 2013, 2015; Le Poul et al. 2014). 
 In line with expectations (Schierup et al. 1997) and results in Arabidopsis 
(Goubet et al. 2012), we show in paper III that dominant haplotypes are in-
vaded by transposable elements, a characteristic of regions of low recombina-
tion, see e.g. (Wright et al. 2003). It would be interesting to expand the anal-
ysis to include more S-alleles. Using techniques outlined in paper I and paper 
III to sequence full-length S-haplotypes and test their dominance relation-
ships, as well as estimating population frequencies based on whole-genome 
sequencing (Genete et al. 2019), this is becoming increasingly feasible.  
 Results from paper II and paper IV elucidate the role of small RNA dom-
inance modifiers and changes in the male component for loss of SI in the Bras-
sicaceae family. Dominant changes in the male component are expected to be 
efficiently selected on. Therefore it is not surprising that these changes seem 
to contribute to mating system shifts in Brassicaceae more frequently than 
would be expected given the small mutational target of SCR and the low pop-
ulation frequency of dominant alleles, e.g. reviewed in (Shimizu and 
Tsuchimatsu 2015). Interestingly, the haplogroup orthologous to A. halleri 
S12 involved in breakdown of SI in C. orientalis and C. bursa-pastoris B ap-
pears to also play a role in self-compatibility of  A. kamchatica haplogroup D 
(Tsuchimatsu et al. 2012). Future studies should investigate whether differ-
ences in S-linked load is important for the repeated contribution of some S-
haplotypes to mating system shifts. 

To fully elucidate whether changes in SCR caused loss of SI in C. orien-
talis, as suggested in paper II, further studies combining transgenics and con-
trolled crosses are needed. Similarly to how introduction of S-locus genes 
from SI A. lyrata into SC A. thaliana restored the SI reaction in A. thaliana 
(Nasrallah et al. 2002) one could test which mutations are linked to loss of SI 
in C. orientalis, by assessing whether self-incompatibility could be restored in 
transgenic C. orientalis that express C. grandiflora CgS12 SCR or CgS12 SRK. 
First, if transgenic C. orientalis with SCRCgS12 and SRKCgS12 is found to reject 
its own pollen upon self-pollination, this would indicate that the downstream 
mechanism of SI is intact in C. orientalis. Which would be in line with results 
from paper II, that loss of SI maps to the S-locus, and not to other modifier 
loci. Second, with an intact downstream mechanism of SI in C. orientalis one 
could then test which mutation led to the breakdown of SI in C. orientalis. If 
introduction of SCRCgS12 alone is enough to restore the SI response in trans-
genic C. orientalis and if C. orientalis with SRKCgS12 alone is self-compatible, 
this would functionally validate the frame-shift mutation in C. orientalis SCR 
to be causal for loss of SI in C. orientalis. 
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 After a lot of effort to resolve the genotype-to-phenotype relationships at 
the S-locus, it would be important to expand research on the relationship be-
tween phenotype and fitness (Durand et al. 2020). For example, in light of the 
evidence that dominant S-haplotypes appear not to be hindered by inbreeding 
depression from contributing to loss of SI in Capsella from paper II & IV, it 
would also be interesting to quantify the sheltered load of dominant haplo-
types in C. grandiflora, similar to results of reduced fitness in individuals ho-
mozygous for a very dominant S-allele in A. halleri (Llaurens et al. 2009b). 
While this would entail extensive crossing experiments between individuals 
carrying S-haplotypes of different dominance and efforts to overcome the self-
incompatibility system by forced self-pollination under CO2 treatment 
(Nakanishii 1969), and quantifying phenotypic fitness traits in a large number 
of offpsring, it would be important to be able to make more generalised claims 
on the fitness level consequences of dominance at the S-locus. The genetic 
load of dominant S-haplotypes can also be quantified at sequence level by an-
alysing patterns of deleterious S-linked load using genomic data, as discussed  
in (Durand et al. 2020).  

Knowing the causes and timing of loss of SI as described in papers II & 
IV can provide a context for interpreting genomic effects of mating system 
shifts. We know that self-compatible lineages have a higher risk of extinction 
than outcrossing species (Goldberg et al. 2010). But many plant species are 
not strictly selfing or outcrossing, but have intermediate outcrossing rates 
(Whitehead et al. 2018), therefore the study of mating system evolution should 
be further extended from comparison of selfing and outcrossing species, to 
studying the genetic variation of species with different levels of outcrossing 
rates, to determine how much outcrossing is necessary to keep the accumula-
tion of deleterious alleles at bay (Mattila et al. 2020). 

Revealing the genetic basis of self-incompatibility in other clades, by com-
paring SC and SI sister species, is also important to understand the evolution 
of self-incompatibility. For example, the unusual case of Leavenworthia 
shows that S-alleles within species can have different evolutionary history 
(Chantha et al. 2013, 2017) and comparison of different SI system can shed 
light on the question if SI really evolves as rarely as is thought or if there are 
different mechanisms that contributed to the formation of self-incompatibility 
systems.  
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Populärvetenskaplig sammanfattning 

Hermafroditiska växter har både honliga och hanliga reproduktionsorgan, vil-
ket innebär att de kan självpollinera. I vissa hermafroditiska växter tillåter sy-
stemet självinkompatibilitet (SI), att växterna känner igen och avvisar det egna 
pollenet och pollen från nära släktingar, vilket förhindrar inavel och bidrar till 
att bibehålla den genetiska mångfalden. I familjen korsblommiga växter 
(Brassicaceae) regleras SI av gener i en region i genomet som kallas S-lokuset, 
vilket det har två tätt kopplade gener SRK och SCR som kodar för den honliga 
och hanliga delen av SI-specificiteten. De kallas hanliga och honliga delar ef-
tersom de kodar för en receptor på blommans stift respektive ett litet protein 
på ytan av pollenet. Hos individer som har två olika varianter av en gen (alle-
ler) vid S-lokuset, så kallade heterozygoter, uttrycks oftast SI-specificiteten av 
den mer dominanta allelen. Detta beror på korta RNA-sekvenser (sRNA) som 
reglerar dominansen i SCR och avgör vilken SCR-allel som uttrycks. S-lokuset 
är alltså ett exempel på en genetisk region som är under stark balanserande 
selektion, där genetiska beståndsdelar som påverkar dominansen mellan alle-
ler, s.k. dominansmodifierare, har utvecklats.  

I den här avhandlingen undersöker jag konsekvenserna av S-lokus domi-
nans för evolutionen av växters reproduktionssystem och artbildning genom 
hybridisering med fördubbling av kromosomer (allopolyploidisering). Jag un-
dersöker vidare hur evolutionärt stabila dominansförhållanden mellan S-alle-
ler är och testar effekter av dominans på sekvensevolution vid S-lokuset För 
detta ändamål använde jag det korsblommiga släktet Capsella (lommar) som 
ett modellsystem.  

För att kartlägga S-lokuset genomfördes sekvensering av denna region av 
arvsmassan med ”long-read” sekvenseringsteknik, vilket producerar hela S-
haplotypsekvenser. I fortsatta undersökningar studerade jag den genetiska ba-
sen för förlust av SI, det första steget i evolution av självbefruktning, i den 
självkompatibla arten Capsella orientalis. Jag upptäckte att förlusten av SI var 
dominant och kopplades till S-lokuset, där sekvenserna från C. orientalis hade 
en fixerad deletionsmutation i den kodande sekvensen för SCR. Denna mutat-
ion leder sannolikt till förlust av hanlig SI-specificitet och därmed självkom-
patibilitet. Vidare identifierade jag en sRNA-baserad dominansmodifierare 
som är associerad med dominant repression av mer recessiva SCR-alleler. 
Sammantaget visar dessa resultat att evolutionen av självkompatibilitet i C. 
orientalis berodde på en dominant S-haplotyp, vilket antyder att dominanta 
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haplotyper gynnas av faktorer som driver urval för förlust av SI. För det tredje 
visar jag att en dominant S-haplotyp också kan ha bidragit till övergången till 
SC i det vanliga ogräset lomme (Capsella bursa-pastoris), som är en allo-
tetraploid art med världsvid utbredning. Jag visade även att domi-
nansförhållanden mellan S-alleler till stor del är desamma mellan de självin-
kompatibla arterna Capsella grandiflora och Arabidopsis halleri, som diver-
gerade för ungefär åtta miljoner år sedan. Våra resultat visade vidare att do-
minanta S-haplotyper, som har lägre allelfrekvenser, ackumulerar mer 
repetitiva element, såsom transposoner, än recessiva S-haplotyper. Detta re-
sultat är förväntat givet att dominanta S-haplotyper har lägre effektiv populat-
ionsstorlek och mindre möjligheter till rekombination, vilket man vet kan leda 
till ansamling av transposoner.  Sammanfattningsvis bidrar denna avhandling 
till en ökad förståelse av de evolutionära konsekvenserna av dominans vid ett 
lokus under stark balanserande selektion. 
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