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Introduction 

“Natural selection merely modified, while redundancy created” 
 

The above quote summarizes Ohno’s (1970) view of gene duplication as a 
major source of evolutionary novelty. It has since become clear that gene 
duplication can play a role in the evolution of new gene function and in 
speciation. What is less well known is what role gene and genome duplica-
tion plays for the evolution of quantitative traits, and whether this could pro-
vide an adaptive benefit in polyploids. Up to now, studies of the genetics of 
quantitative traits in polyploids have mostly been confined to crops. Here, 
we study the genetic basis of flowering time variation and the evolutionary 
history of the wild tetraploid crucifer Capsella bursa-pastoris. Almost a 
century ago, the prominent American geneticist Shull (1929) conducted ex-
tensive studies on speciation and genetic variation in C. bursa-pastoris and 
its relatives. The conceptual and experimental toolbox available today is 
very different from that available to Shull. However, our aims are similar: to 
carry genetic analysis “beyond the field of domesticated plants and animals 
into the realm of wild nature”.  

Polyploid speciation 
Polyploidization, the duplication of entire genomes, is common in flowering 
plants, where an estimated 47 to 70% of all species have gone through poly-
ploidization at some point in their history (Masterson 1994). Polyploid spe-
cies include major crops such as wheat, sugarcane, cotton and coffee, to 
name a few. Even species possessing “streamlined genomes” such as Arabi-
dopsis thaliana exhibit signs of polyploidy in their genomes (Arabidopsis 
Genome Initiative 2000; Simillon et al. 2002; Bowers et al. 2003), and the 
number of such cryptic paleopolyploids can be expected to increase with the 
rapid increase in whole genome sequences. 

According to their mode of origin, polyploids can be classified as 
autopolyploids, which form by genome doubling within a single species, and 
allopolyploids, which form by interspecific hybridization and genome dou-
bling (Ramsey and Schemske 1998). When orthologous chromosomes from 
different species come together in one nucleus, as in allopolyploid species, 
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these chromosomes are termed homoeologous (or homeologous), and this 
term can be used for genes or regions on such chromosomes as well (Fig. 1).  

 

 
Figure 1.  Modes of polyploid formation (modified from Chen 2007). A. Autopoly-
ploid formation occurs through genome doubling within a species. B. Allopolyploids 
form by interspecific hybridization and genome doubling. There are several ways for 
this to occur, e.g. by genome doubling in a first generation hybrid, by the union of 
unreduced (2n) gametes or by hybridization between two autopolyploids (not 
shown).  

Polyploid speciation is likely to be a predominant mode of sympatric speci-
ation in plants (Otto and Whitton 2000) and can also contribute to allopatric 
speciation (Lynch and Conery 2000). Of all speciation processes in flower-
ing plants, polyploidy has been estimated to account for 2-4% (Otto and 
Whitton 2000). It is less common among animals, but polyploids can still be 
found in many animal lineages (Otto and Whitton 2000). Unlike other speci-
ation processes, polyploidization is often assumed to constitute a special 
form of “instant speciation” whereby the newly formed polyploid is immedi-
ately and completely reproductively isolated from its progenitor species 
(Coyne and Orr 2004; Linder and Rieseberg 2004; Mallet 2007). This is 
expected to occur because hybrids between a polyploid and its ancestors 
have an uneven number of chromosome sets, potentially leading to meiotic 
non-disjunction and infertility in hybrids. However, not all hybrids are com-
pletely sterile, and it has been shown that hybridization between polyploids 
and their ancestors can constitute a “bridge” that allows gene flow across 
ploidy levels (Ramsey and Schemske 1998; Petit et al. 1999; Husband 2004; 
Henry et al. 2005; Henry et al. 2007). Although this process can lead to 
shared polymorphism across ploidy levels, such observations have more 
often been interpreted as signs of multiple origins of the polyploid, and the 
consensus in the field is that most polyploids originated more than once 
(Soltis and Soltis 1993; 1999; 2000). Exceptions include the peanut Arachis 
hypogaea (Kochert et al. 1996), the salt marsh grass Spartina anglica 
(Ainouche et al. 2004), and Arabidopsis suecica (Jakobsson et al. 2006), all 
of which appear to have had a single origin.  

The fact that so many extant plant species are polyploids implies that ge-
nome duplication may have been an important source of evolutionary nov-
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elty, as hypothesized by Ohno (1970). Although our knowledge on the ge-
netic and epigenetic changes accompanying polyploid formation is rapidly 
increasing (Chen 2007), the genetic basis of quantitative traits in established 
polyploids has attracted less attention. Such studies have mostly been con-
fined to traits of agricultural importance in polyploid crops (e.g. Jiang et al. 
1998; Ming et al. 2001; Schranz et al. 2002; Delourme et al. 2006). The very 
duplicated nature of polyploid genomes renders studies of the genetics of 
quantitative traits more difficult, as distinguishing homoeologous loci from 
loci duplicated by other means than whole genome duplication, or even from 
alleles is not always straightforward. Although challenging, increasing our 
knowledge on the role of genome duplication for quantitative trait variation 
in non-domesticated species is necessary in order to understand the role of 
polyploidy in adaptation. 

The model system Capsella 
The family Brassicaceae comprises some 340 genera and 3,350 species of 
which 50 % or more are believed to be polyploids (Koch et al. 2003). With 
the ready availability of genomic data from Arabidopsis thaliana and Bras-
sica crop species, the Brassicaceae provide several attractive opportunities to 
study polyploid evolution (e.g. Jakobsson et al. 2006). The genus Capsella is 
one of the most closely related to A. thaliana, with an estimated divergence 
time of Arabidopsis and Capsella of about 10 million years (Koch et al. 
2000; 2001).  

According to current classification the genus includes three species: the 
tetraploid (2n=4x=32) Capsella bursa-pastoris (L.) Medik., and two diploids 
(2n=2x=16), Capsella rubella Reut. and Capsella grandiflora (Fauché & 
Chaub.) Boiss. (Hurka and Neuffer 1997). The self-fertile C. rubella is 
mainly found in central-southern Europe, whereas the self-incompatible C. 
grandiflora has a distribution limited to the western Balkans (Chater 1993; 
Hurka and Neuffer 1997). Due to its phylogenetic proximity to A. thaliana, 
the diploid C. rubella has attracted attention as a model system for compara-
tive studies of the evolution of genome organization in crucifers (Boivin et 
al. 2004; Yogeeswaran et al. 2005) and genome sequencing of C. rubella is 
currently underway (Schranz et al. 2006).  

C. bursa-pastoris, or Shepherd’s Purse, is a predominantly selfing 
tetraploid species with disomic inheritance and a nearly worldwide distribu-
tion (Hurka and Neuffer 1997). It grows as a weed on disturbed ground, and 
is characterized by an extensive variability for many morphological traits 
such as leaf shape and fruit shape, as well as life-history traits such as flow-
ering time (Shull 1929; Neuffer and Hurka 1986a, b; Neuffer and Bartelheim 
1989; Neuffer and Eschner 1995; Ceplitis et al. 2005). C. bursa-pastoris is 
generally thought to have originated in the Middle East, and due to its great 
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colonizing ability rapidly spread across the world, reaching the Americas 
with European colonizers and Australia in the 18th century (Neuffer and 
Hurka 1999; Ceplitis et al. 2005).  

The close relationship to A. thaliana means that genomic tools and data 
from A. thaliana can be utilized in Capsella. The genus therefore offers an 
excellent opportunity to study both polyploid speciation and the genetic ba-
sis of quantitative traits in a wild, non-model polyploid. We chose to concen-
trate on elucidating the genetic basis of flowering time, a quantitative trait of 
potential adaptive importance that is well studied in A. thaliana. 

Genetic basis of flowering time variation 
Flowering time is a major life-history trait contributing to reproduction and 
adaptation, especially in annual plants (Roux et al. 2006). The time to flow-
ering is a quantitative trait of crucial importance for seed production, and 
different flowering strategies may have evolved in response to local climatic 
conditions (Engelmann and Purugganan 2006; Mitchell-Olds and Schmitt 
2006). The genetic basis of flowering time variation is well understood in 
Arabidopsis thaliana, where over 60 genes with effects on flowering have 
been identified, mainly through mutant analysis (Ehrenreich and Purugganan 
2006). Four main pathways, the photoperiod, vernalization, gibberellin and 
autonomous pathways, allow the plant to perceive and respond changes in 
daylength, temperature and hormonal status, respectively (Mouradov et al. 
2002; Simpson and Dean 2002; Koornneef et al. 2004).  Floral pathway in-
tegrator genes combine the signals from these pathways to fine-tune the tran-
sition from vegetative to reproductive development, although recent studies 
also indicate that there is direct cross-talk between pathways (Edwards et al. 
2006; Gould et al. 2006; Salathia et al. 2007).  

Understanding the genetic basis of natural variation is of primary interest 
for evolutionary studies of adaptation (Mitchell-Olds and Schmitt, 2006). 
The precise role of flowering genes among and within species can vary sig-
nificantly and the effect of allelic variation for these genes in natural popula-
tions is a focus of current research (Werner et al. 2005; Engelmann and Pu-
rugganan 2006; Roux et al. 2006; Salathia et al. 2007). Recent studies dem-
onstrate that the main genes responsible for natural variation in flowering 
time can differ between populations or species, reflecting differences in ge-
netic architecture, ecological niche and history. In A. thaliana, variation at 
the genes FRIGIDA (FRI) and FLOWERING LOCUS C (FLC) which are 
involved in the vernalization response can explain a great deal of genetic 
variation in flowering time (Johanson et al. 2000; Caicedo et al. 2004), and 
selection for earlier flowering appears to have acted on FRI (Hagenblad and 
Nordborg 2002; Le Corre et al. 2002; Toomajian et al. 2006). However, pho-
toreceptor genes such as CRYPTOCHROME2 (CRY2) and PHYTOCHROME 
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C (PHYC) have also been implicated in natural variation flowering time in A. 
thaliana (El-Assal et al. 2001; Balasubramanian et al. 2006). Findings from 
A. thaliana have successfully been used to start to elucidate the genetic basis 
of natural flowering time variation in other crucifer species (B. rapa: 
Schranz et al. 2002, B. nigra: Kruskopf-Österberg et al. 2002, and B. ol-
eracea: Okazaki et al. 2007). However, despite the availability of genomic 
tools, there is a dearth of studies on the genetic control of natural variation in 
flowering time in the closest relatives of A. thaliana such as Capsella spp.. 

Finding the genes that matter for quantitative variation 
Quantitative traits are traits that are affected by segregation of alleles at 
many loci, as well as by the environment. Identifying the genetic basis of 
quantitative trait variation is meaningful, not only because it allows us to 
answer long-standing questions on the types of polymorphisms affecting 
quantitative traits (e.g. cis-regulatory or coding sequence; Hoekstra and 
Coyne 2007; Wray 2007) and their effect sizes, but also because such studies 
can ultimately contribute to our understanding of the evolutionary forces that 
maintain such variation (Barton and Keightley 2002; Mitchell-Olds et al. 
2007). However, the path to identifying the genes underlying phenotypic 
variation is often long and difficult, and in most cases a combination of ap-
proaches is required for successful identification of causative polymor-
phisms. Three of the currently most common approaches will be outlined 
below, namely QTL (Quantitative Trait Locus) and association mapping, and 
gene expression microarray analysis. 

A main aim in genetics is to find out “how the genes map onto the pheno-
type”, in the words of Sydney Brenner’s 2002 Nobel Prize lecture. QTL  
mapping and association mapping both aim to achieve this goal, identifying 
parts of the genome that affect phenotypic variation for quantitative traits. 
Both methods rely on linkage disequlibrium (the non-random association of 
alleles at separate loci) between linked loci, but the source of the linkage 
disequilibrium differs between the two methods. Whereas QTL mapping 
studies are usually undertaken in an experimental context, where the map-
ping population is created by some crossing scheme (see e.g. Lynch and 
Walsh 1998), association mapping relies on samples from natural popula-
tions.  

For QTL mapping, a common strategy is to cross two parental lines that 
differ in the phenotypic trait of interest to create an F1, which is then inter-
crossed or selfed to create an F2 mapping population, or back-crossed to one 
of the parental lines. The phenotypic trait is then scored in the mapping 
population alongside with a number of molecular markers spread across the 
genome, and statistical methods are applied to identify markers that are sig-
nificantly associated with trait variation. Although QTL mapping studies are 
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useful as a first step towards identifying the genes underlying quantitative 
variation they also have several limitations. First, the exact QTLs identified 
can be dependent on the environment, making results from lab-based studies 
difficult to generalize to conditions in the field (Mauricio 2001). Second, 
when QTL studies are based on simple line crosses such as those described 
above, they often do not capture the genetic variation of importance in a 
wider population sample. Finally, as mentioned above, the limited resolution 
of QTL mapping is also an issue: QTLs can encompass chromosomal re-
gions containing hundreds of genes, and without prior information on gene 
function and location, laborious fine-scale mapping is necessary to identify 
causative polymorphisms (Glazier et al. 2002).  

Association mapping offers (at least partial) solutions to the problems of 
generality and low resolution of QTL mapping. In association mapping stud-
ies, instead of generating experimental mapping populations, samples are 
collected from natural populations, and associations between phenotypic 
variation and genetic markers are then sought in these samples. Association 
mapping has greater resolution than QTL mapping, because of the greater 
number of historical recombination events in the genomes of related indi-
viduals from a natural population than between e.g. F2 individuals (Nord-
borg and Tavare 2002). Provided that sampling is done in a representative 
way, results are also more general than those for QTL based on line crosses. 
However, association studies suffer from elevated rates of false positives 
unless population structure is properly accounted for (Lander and Schork 
1994; Pritchard and Rosenberg 1999). In general, the prospects for success-
ful association mapping depend on the rate of decay of linkage disequilib-
rium, which is currently not known beyond a few model species (Flint-
Garcia et al. 2003). 

The number of reports of successful genome-wide association studies (so 
far, mainly in humans) is currently rapidly increasing (e.g. Fellay et al. 2007; 
Scott et al. 2007). However, in most non-model organisms, association stud-
ies are focused on a chromosomal region identified by QTL mapping or 
other means, or use a candidate gene approach (i.e. focuses on genes with 
known functions relevant to the trait) (e.g. Thornsberry et al. 2001; Krus-
kopf-Österberg et al. 2002).  

When there are no known candidate genes for a trait, or when they are too 
many for them to be exhaustively evaluated, gene expression microarray 
studies can provide a means to select genes for further study (Wayne and 
McIntyre 2002). This method entails hybridizing fluorescently labeled 
cDNA to glass slides with probes for thousands of genes, and subsequently 
measuring the intensity of fluorescence for each probe. Whole-genome tran-
scription profiles obtained using microarrays can be used to identify genes 
that are expressed at different levels in ecotypes, tissues, developmental 
stages or time points relevant to the trait under study (Remington and Pu-
rugganan 2003). Such studies can provide additional information on the rela-
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tive importance of different pathways for the trait, and recently have been 
extended to reconstruct regulatory networks and map expression QTL 
(Keurentjes et al. 2007). Co-localization between expression QTL and QTL 
for a quantitative trait of interest constitutes strong evidence that differential 
gene expression is important for quantitative variation (Kirst et al. 2004). 
When the aim is to find the genes that matter for quantitative trait variation, 
microarray gene expression studies are probably most powerful when used 
in combination with classical quantitative genetics techniques (Doerge 
2002). 
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Aims 

The main aims of this study were twofold: first, to elucidate the origin of the 
tetraploid C. bursa-pastoris, and second, to investigate the genetic basis of 
variation in flowering time in this species.  

Specific aims 
 

I Study phylogenetic relationships between diploid and tetraploid 
Capsella species using nuclear and cpDNA sequences (Paper I). 

II Evaluate the possibility of post-polyploidization gene flow between 
C. bursa-pastoris and C. rubella (Paper II). 

III Characterize genome-wide differential gene expression between 
early- and late-flowering C. bursa-pastoris accessions (Paper III). 

IV Map QTL for flowering time in an F2 mapping population (Paper 
IV). 

V Assess whether polymorphism at candidate flowering time genes are 
associated with flowering time in natural populations (Paper V). 
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Results and Discussion 

Polyploid speciation in Capsella  

Intrageneric phylogeny of Capsella (Paper I) 
In paper I, we investigated the phylogenetic relationships between the dip-
loids C. rubella and C. grandiflora and the tetraploid C. bursa-pastoris. 
Based on isozyme and chloroplast restriction patterns, C. bursa-pastoris was 
previously hypothesized to be an allopolyploid of C. rubella and C. grandi-
flora (Hurka et al. 1989; Mummenhoff and Hurka 1990), or an autopolyploid 
of C. grandiflora (Hurka and Neuffer 1997). The main aim of this study was 
to test these hypotheses by reconstructing phylogenetic trees based on DNA 
sequence data. To elucidate both maternal and paternal contributions in the 
origin of the tetraploid C. bursa-pastoris, we obtained DNA sequences for 
two maternally inherited cpDNA loci and parts of three biparentally inher-
ited independent nuclear genes that are single-copy in A. thaliana: Alcohol 
dehydrogenase (Adh), PISTILLATA (PI) and LUMINIDEPENDENS (LD). 
cpDNA loci were sequenced in 20 accessions of C. bursa-pastoris sampled 
mainly in Europe but including accessions from China, North America and 
Africa, 9 accessions of C. rubella from throughout the species range, two 
accessions of C. grandiflora and in outgroup taxa (Neslia paniculata and 
Halimolobos spp.). Nuclear loci were sequenced in four accessions of the 
tetraploid C. bursa-pastoris, and in all accessions of the diploid Capsella 
species.  

The 1.5 kb cpDNA sequenced was nearly devoid of intraspecific variation 
in C. bursa-pastoris, where the only intraspecific polymorphism was a single 
11-bp indel found in one accession. In agreement with this, a low level of 
intraspecific polymorphism was previously observed at seven chloroplast 
microsatellites (Ceplitis et al. 2005). Together, these observations indicate 
that the maternal effective population size of C. bursa-pastoris is small, per-
haps because the species had a single maternal origin.  
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Figure 2. Phylogenetic trees, with bootstrap values, for the cpDNA data set (A), Adh 
(B), LD (C) and PI (D). For the cpDNA data set and for Adh, a single most parsimo-
nious tree was found. For LD and PI, one of the two most parsimonious trees is 
shown. C. bursa-pastoris is abbreviated by Cbp, C. rubella by Cr and C. grandiflora 
by Cg.  
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If C. rubella or C. grandiflora was the maternal ancestor of C. bursa-
pastoris, one would expect cpDNA sequences from C. bursa-pastoris to 
cluster with sequences from either of these diploids. However, neither C. 
rubella nor C. grandiflora were sister to C. bursa-pastoris in the single, 
well-supported phylogeny retrieved for the cpDNA data set (Fig. 2). In order 
to maintain that either of these extant diploid Capsella species constitutes the 
maternal parent of C. bursa-pastoris, one would therefore have to invoke 
additional processes of chloroplast divergence and/or sorting to explain the 
observed pattern.  

For all three nuclear loci sequenced, the diploid Capsella accessions ex-
hibited no signs of gene duplication, whereas two sequence types were re-
trieved in all C. bursa-pastoris accessions. These sequence types probably 
correspond to duplicated loci because they did not segregate as alleles in 
offspring of each of the four C. bursa-pastoris accessions (“fixed heterozy-
gosity”). In combination with the lack of evidence for duplication in the 
diploids, this indicates that these sequences are likely to correspond to ho-
moeologous loci.  

In the ideal case, sequences for homoeologous loci should cluster with the 
same or with different diploid species if the tetraploid were an auto- or allo-
polyploid, respectively. However, in the present study, neither of these two 
possible topologies appeared for any of the three nuclear genes (Fig. 2). 
Even though the topologies for the three different nuclear loci were similar, 
none of them can be easily reconciled with either of the previous hypotheses 
on the origin of the tetraploid C. bursa-pastoris. In each phylogenetic tree, 
sequences from each diploid species formed a clade, as did the sequences for 
one of the C. bursa-pastoris homoeologs (the homoeolog designated with a 
“B” in Fig. 2). At the other homoeolog (designated with an “A” in Fig. 2) 
however, some C. bursa-pastoris accessions harbored an allele shared with 
C. rubella. At Adh, C. bursa-pastoris accession SE14 from Sweden harbored 
such a shared allele, at LD, accession 721 from California had an allele 
shared with C. rubella, and at PI, accession 740 from Nevada had such an 
allele.  

The presence of alleles shared with C. rubella in C. bursa-pastoris was an 
unexpected finding. There are at least two possible explanations for this. 
First, the C. rubella alleles could be present in C. bursa-pastoris as remnants 
of a polyploidization event including C. rubella or a species harboring C. 
rubella-like alleles. This “retention of ancestral polymorphism” scenario 
would be more likely if the tetraploid had multiple origins, as a single poly-
ploid speciation event is an extreme bottleneck that would be unlikely to 
leave several alleles segregating in the newly formed tetraploid population. 
Alternatively, the C. rubella alleles could have been introduced into C. 
bursa-pastoris after the establishment of the tetraploid, i.e. as a result of 
recent introgressive hybridization. Due to the limited number of C. bursa-



 20 

pastoris accessions sequenced for nuclear genes, distinguishing between 
these hypotheses was not possible in this study. 

 

Multiple origins or introgression (Paper II) 
In paper II, we sequence six nuclear loci duplicated by polyploidy in 92 ac-
cessions of the tetraploid C. bursa-pastoris, and in 21 accessions of its close 
diploid relative C. rubella. We compare patterns of allele sharing and nu-
cleotide diversity in western Eurasia, where C. bursa-pastoris and C. rubella 
occur in partial sympatry, with those in eastern Eurasia, where C. rubella 
does not grow. In order to distinguish between ancestral polymorphism, ren-
dered more likely if the tetraploid originated more than once, and introgres-
sion as the cause of allele sharing, we employ coalescent-based divergence 
population genetic analyses to quantify gene flow across ploidy levels.  

Mean nucleotide diversity (�) of C. bursa-pastoris was an order of magni-
tude higher in western than in eastern Eurasia (2.5 × 10-3 vs. 2.2 × 10-4). 
There was allele sharing between C. bursa-pastoris and C. rubella in west-
ern but not in eastern Eurasia. In samples from western Eurasia, C. bursa-
pastoris accessions shared alleles with C. rubella at one of the homoeologs 
of four nuclear genes: Alcohol dehydrogenase (Adh), CRYPTOCHROME 1 
(CRY1), LUMINIDEPENDENS (LD) and PISTILLATA (PI). For each of 
these genes, the C. bursa-pastoris homoeolog that harbored C. rubella al-
leles in western Eurasia was also the least divergent from C. rubella in C. 
bursa-pastoris from eastern Eurasia. Shared polymorphism in sympatry but 
not in allopatry is usually considered a hallmark of introgressive hybridiza-
tion, but because C. bursa-pastoris is believed to have originated in the near 
Middle East or the Balkans (Hurka and Neuffer 1997) this pattern could also 
be due to retention of ancestral polymorphism, especially if the tetraploid 
arose more than once. We therefore proceeded to test whether our data was 
better explained by a model of speciation with or without gene flow between 
C. bursa-pastoris and C. rubella. For this purpose, we used an isolation-
with-migration model that allows for population size change (Hey 2005). 
Our prediction was that, if allele-sharing between C. rubella and C. bursa-
pastoris is only due to retention of ancestral polymorphism, then estimates 
of gene flow between these species should be zero. If, on the other hand, 
hybridization and introgression have occurred, then some estimates of gene 
flow between species should be non-zero.  

Indeed, we found the latter to be true. Using the isolation-with-migration 
model, there was evidence for uni-directional gene flow from C. rubella to 
C. bursa-pastoris in western Eurasia, where C. bursa-pastoris and C. rubella 
are partially sympatric and share alleles (Fig. 3). In eastern Eurasia, where C. 
rubella is absent, there was no evidence for gene flow in either direction 
(Fig. 3). Analyses of both geographical samples supported a scenario where 
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the origin of the tetraploid C. bursa-pastoris constituted a severe bottleneck, 
after which the species underwent a strong population expansion to a current 
effective population size of about 30000. 

 

 
Figure 3. Probability density estimates for gene flow (A) and timing of migration 
(B). A. The left plot shows the probability density for gene flow in western Eurasia, 
from C. rubella to C. bursa-pastoris in black and from C. bursa-pastoris to C. ru-
bella in grey. The right plot shows the probability density for gene flow in eastern 
Eurasia. B. Posterior probability distributions for the time of introgression from C. 
rubella to C. bursa-pastoris (black) and the time of gene flow from western to east-
ern Eurasian C. bursa-pastoris populations (grey), for LD. 

For each locus analyzed, only a few, quite recent introgression events are 
sufficient to explain the observed pattern of polymorphism. The timing of 
these events is necessarily coarse and dependent on model specifics and 
mutation rate assumptions. However, the general timeframe suggests that 
hybridization and introgression could have taken place during or after the 
last glacial maximum (ca 18 ka). The lack of shared alleles in eastern Eura-
sia despite their presence at moderately high frequencies in western Eurasia 
suggests that C. bursa-pastoris may have spread to eastern Eurasia before 
hybridization and introgression took place in western Eurasia. Indeed, the 
timing of migration events supported such a scenario for all genes where C. 
bursa-pastoris shared alleles with C. rubella (Fig. 3). Because all loci had 
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negative values for Tajima’s D in the sample from eastern Eurasia, it appears 
that a demographic process such as a founder event followed by population 
expansion may have affected genetic variation in this region. A scenario 
where C. bursa-pastoris originated in the Middle East and subsequently 
spread both eastwards to Asia and westwards to Europe, where introgressive 
hybridization with C. rubella took place, is in agreement with this analysis. 

Divergence population genetic analyses are increasingly being used to as-
sess gene flow between and within diploid species. In this study, we used an 
extension of the isolation-with-migration model (Hey 2005) which allows 
the specification of a set of parameters to create a realistic framework for 
polyploid speciation. Our results show that polyploid speciation need not 
result in immediate and complete reproductive isolation, that post-
polyploidization hybridization and introgression can contribute significantly 
to genetic variation in a newly formed polyploid, and that divergence popu-
lation genetic analysis constitutes a powerful way of testing hypotheses on 
polyploid speciation. 
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Genetic basis of flowering time variation in C. bursa-
pastoris 

Differential gene expression and flowering time variation (Paper 
III) 
The aim of paper III was to characterize gene expression differences be-
tween early- and late-flowering C. bursa-pastoris accessions, in order to 
identify flowering pathways that might be involved in generating natural 
flowering time variation in this species. Based on a data from a survey of 
natural flowering time variation (Ceplitis et al. 2005), we chose two ecotypes 
that were extreme in their flowering responses, the early-flowering accession 
PL from Puli, Taiwan, and the late-flowering accession SE14 from 
Härnösand, Sweden. We assessed the flowering time of these accessions 
with and without vernalization treatment, and survival analysis showed that 
all four groups (non-vernalized and vernalized plants of each accession) 
differed in flowering time (Fig. 4). Both accessions responded to vernaliza-
tion, although the effect was greater for accession SE14 than for PL.  

 
Figure 4. Predicted probability of survival (not flowering) for each of the four strata, 
using a nonparametric Cox proportional hazards model. The horizontal axis displays 
the flowering time and the vertical axis displays the predicted probability of not 
flowering (a value of 1.0 indicates none of the plants are flowering). Accession 
SE14 is shown in grey and PL in black. Dashed lines are for vernalized plants and 
entire lines for non-vernalized plants of each accession. 

Using Arabidopsis (Arabidopsis thaliana) microarrays, we found a large 
number of significant differences in gene expression between 1-week-old 
seedlings of these ecotypes. A total of 21 known flowering time genes were 
differentially expressed between extreme flowering ecotypes (at false dis-
covery rate, FDR  � 0.1), and most of these were genes that were involved 
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either in regulating circadian rhythm or gibberellic acid (GA) biosynthesis 
and signaling (Fig. 5). In accordance with this, there was a significant over-
representation of differentially expressed genes in the Gene Ontology cate-
gory “circadian rhythm” (P = 0.023, Fisher’s exact test) as well as of genes 
involved in GA biosynthesis and signaling (P = 0.042, Fisher’s exact test). 
FLOWERING LOCUS C (FLC), a key flowering time regulator in A. 
thaliana, was not differentially expressed between ecotypes prior to vernali-
zation.  

Figure 5. Overview of flowering time pathways in A. thaliana. Figures are adapted 
from (Mouradov et al. 2002), (He and Amasino 2005) and (Roux et al. 2006). Genes 
that were significantly differentially expressed between accessions are in boldface. 
Genes that were up-regulated in SE14 compared to PL are marked in green and 
those that are down-regulated in SE14 compared to PL are marked in magenta. 

 
A detailed time-series study of the expression of two core circadian genes 
clearly demonstrated that the two extreme flowering ecotypes differed in 
circadian rhythm. Good agreement in differential expression of flowering 
time genes was found in a biological validation using an independent pair of 
North American ecotypes with less extreme differences in flowering time, 
suggesting a shared genetic basis of these expression differences, or parallel 
evolution of similar regulatory differences. In A. thaliana, the circadian 
clock is an integral component in the external coincidence model for photo-
periodic flowering, and altered clock function can also cause differences in 
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the expression of GA biosynthesis genes (Blazquez et al. 2002). Therefore, 
we conclude that genes involved in regulation of the circadian clock are 
strong candidates for the evolution of flowering time variation in C. bursa-
pastoris.  

QTL mapping (Paper IV) 
The aim of paper IV was to map QTL responsible for flowering time varia-
tion using AFLP and gene-specific markers. For this purpose, we obtained 
F2 seeds from a cross of two North American flowering time ecotypes de-
scribed in Linde et al. (2001). Seeds were germinated and the flowering time 
of 157 F2 individuals was assessed under long-day conditions.  

Using six selective primer combinations, a total of 102 AFLP loci were 
obtained. Gene-specific primers were developed to facilitate comparisons to 
other Brassicaceae genomes. The candidate flowering time genes 
CONSTANS (CO), DE-ETIOLATED 1 (DET1), FCA, FLOWERING LOCUS 
C (FLC), FRIGIDA (FRI), GA REQUIRING 1 (GA1) and 
LUMINIDEPENDENS (LD) were chosen for development of gene-specific 
markers. For each gene, we aimed at mapping both homoeologs, but this was 
only possible for FCA, GA1 and LD. Only one homoeolog of FRI and nei-
ther of the homoeologs of CO, DET1 and FLC could be mapped because 
there were no sequence differences between the mapping parents for any of 
these loci in the regions examined. In total, seven loci corresponding to four 
different flowering time genes (GA1, FCA, FRI and LD) were therefore suc-
cessfully mapped in this cross. The final linkage map consisted of 89 loci 
(82 AFLP loci and seven gene-based loci). These loci were distributed on 15 
linkage groups (one fewer than the haploid chromosome number in C. 
bursa-pastoris). Putative homoeologous loci for each flowering-time gene 
mapped to different linkage groups, as expected for true homoeologs. Over-
all, the genome structure of C. bursa-pastoris appears very similar to that in 
A. lyrata and C. rubella. For instance, the LD and FCA genes which are situ-
ated on one chromosome in A. thaliana but on two separate chromosomes in 
A. lyrata, also mapped to independent linkage groups in this study.  

Of the 157 F2 individuals, 133 had flowered before 200 days. The flower-
ing time of the early-flowering parental line was 45 days and that of the late-
flowering parent was 91 days. The 133 F2 individuals had an average flow-
ering time of 64 days and a right-skewed distribution of flowering times. A 
single-QTL genome scan revealed two QTL with LOD scores exceeding the 
genome-wide 1% significance level. These QTL explained 19.5% and 16.5% 
of the genetic variation in flowering time, and were found on linkage groups 
CBP06 and CBP14, located at 30.1 cM and 65.9 cM, respectively (Fig. 6). 
The most closely situated gene-based markers were LD A and GA1 A on 
CBP06 at 0.0 cM and 2.7 cM, respectively, and LD B and GA1 B on CBP14 
at 15.8 cM and 14.5 cM, respectively.  
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Figure 6. The two QTL for flowering time map to linkage groups CBP06 (A) and 
CBP14 (B). The horizontal axis shows the map position in cM and the vertical axis 
the lod score.The positions of gene-based markers for LD and GA1 are shown on the 
horizontal axis. 

Thus, the QTL for flowering time map to homoeologous linkage groups, 
which could mean that polymorphisms in homoeologous genes underlie 
these QTL. However, fine-scale mapping is necessary to determine whether 
this is the case. In summary, this study outlined two chromosomal regions of 
particular interest for studies of flowering time variation in C. bursa-
pastoris, namely the parts of linkage groups CBP06 and CBP14 correspond-
ing to the upper part of A. lyrata chromosome AL6. Genes involved in regu-
lating the circadian rhythm and the GA pathway differed in expression be-
tween the mapping parents (these accessions were used for biological valida-
tion in Paper III). Therefore, candidate flowering time genes in this chromo-
somal region with such effects on gene expression are of special interest for 
studies of the genetic basis of flowering time variation in C. bursa-pastoris. 

Association mapping (Paper V) 
In paper V, we test whether introgressive hybridization has played a role in 
the evolution of flowering time variation in Capsella. The tetraploid C.  
bursa-pastoris has experienced introgressive hybridization with its close 
relative C. rubella in western Eurasia, but not in China (Paper II). Here, we 
measured flowering time and obtained DNA sequences for eight candidate 
genes for flowering time and ten background loci not involved in flowering 
time regulation, in two large samples from western Eurasia and China. Popu-
lation stratification was assessed using the background loci, and we tested 
whether candidate gene polymorphisms were associated with flowering time 
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variation using a mixed-model approach which takes population structure 
into account (Yu et al. 2006; Zhao et al. 2007). 

Candidate genes were selected partly based on a previous study that 
mapped two major QTL for flowering time to homoeologous linkage groups 
(Paper IV). These linkage groups correspond to the upper part of A. lyrata 
chromosome AL6. Here, we sequenced parts of both homoeologs of two 
candidate genes located in this chromosomal region,  LUMINIDEPENDENS 
(LD) and CRYPTOCHROME1 (CRY1). In addition, we included two candi-
date flowering time genes in the vernalization pathway, FRIGIDA (FRI) and 
FLOWERING LOCUS C (FLC), which are responsible for a large part of the 
natural variation in flowering time in A. thaliana.  

We found no evidence for population structure in China, whereas analysis 
using STRUCTURE (Pritchard et al. 2000) indicated the presence of a 
southern and a northern cluster in western Eurasia. In western Eurasia, four 
SNPs in two candidate genes, CRY1 A and FLC A, were significantly asso-
ciated with flowering time variation. In China, a SNP in FLC A was also 
significantly associated with flowering time variation. Both FLC A SNPs 
that were associated with flowering time are potentially functional polymor-
phisms, because they disrupt consensus splice sites. Chinese accessions with 
a non-consensus splice donor site 3’ of exon five had an FLC A transcript 
which lacked exon five, and flowered earlier than accessions with a consen-
sus splice donor site (Figs. 7, 8). Even though the FLC A splice site mutation 
that segregated in European accessions was located in a different position 
than that found in China, their predicted coding sequences were identical 
(Fig. 7). This suggests that parallel loss of FLC A exon five has evolved in 
different parts of the species distribution, perhaps as a result of selection for 
early flowering. If the absence of FLC exon five affects the function of this 
protein, early flowering would be the expected outcome given that FLC is a 
potent repressor of the transition to flowering. 
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Figure 7. Effect of different FLC A SNP495 alleles on splicing. A. The predicted 
cds in the sequenced fragment of FLC A lacks exon 5 in Chinese accessions (GY31 
and GY36) with a non-consensus splice donor site at SNP position 495. Accessions 
with the consensus splice donor site (XY106, SE14) have a predicted cds containing 
exon 5. B. GY31 and GY 36 produce a shorter transcript than accessions with the 
consensus splice donor sequence AG (XA106, SE14). (The first eight wells after the 
ladder contain PCR products for samples not included in this study). C. Accessions 
with the non-consensus splice site have a 43-bp deletion in the FLC A transcript, 
corresponding to exon five. Accessions with the consensus splice donor sequence 
AG have a normal FLC A transcript. In XA106 and SE14, both homoeologs of FLC 
were detected, as indicated by the ambiguous positions marked by + signs. Only 
FLC A was detected in accessions GY36 and GY31. 

 

The CRY1 A SNPs that were significantly associated with flowering time in 
western Eurasia define a haplotype that is shared with C. rubella, probably 
as a result of introgression (Paper II). Accessions harboring the C. rubella 
haplotype flowered later than those with C. bursa-pastoris haplotypes (Fig. 
8). This suggests that introgressive hybridization has contributed to quantita-
tive variation in flowering time. CRY1 is an attractive candidate locus for 
flowering time in C. bursa-pastoris, because differences in circadian rhythm 
and gibberellin biosynthesis gene expression previously observed between 
early- and late-flowering C. bursa-pastoris accessions (Slotte et al. 2007) 
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could be caused by functional polymorphism at CRY1. However, the CRY1 
A SNPs that were associated with flowering time are not themselves ex-
pected to affect the function of the protein (they are all synonymous) but 
instead might be in linkage disequilibrium with a causative polymorphism in 
CRY1 A or a linked gene. 
 

 

Figure 8. Estimated effects of significant candidate gene SNPs on flowering time 
(mean number of days to flowering, DTF ± standard error). A. In western Eurasia, 
the C at SNP 8 in CRY1 A is only found in the northern cluster (Q1), where it is 
associated with later flowering. The haplotype containing the C allele at SNP 8 is 
shared with C. rubella. B. In China, the A at SNP 495 in FLC A which yields a non-
consensus splice site is associated with earlier flowering. 

 
In conclusion, the results suggest that different polymorphisms are associ-
ated with flowering time variation in two parts of the species range. In west-
ern Eurasia we find that alleles shared with C. rubella, probably as a result 
of introgressive hybridization, are associated with flowering time variation. 
In addition, splice site polymorphisms in FLC are associated with flowering 
time in both regions. Although further work is needed to fully characterize 
the genetic polymorphisms involved, this study suggests that introgression 
and differential splicing could be important for the evolution of flowering 
time in C. bursa-pastoris. 
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Conclusions 

In summary, our investigations into polyploid speciation in Capsella yielded 
several unexpected results. First, C. bursa-pastoris does not appear to be an 
allopolyploid of C. rubella and C. grandiflora as was previously hypothe-
sized, nor does it seem to be an autopolyploid of C. grandiflora (paper I). 
The true ancestor(s) of C. bursa-pastoris remain unknown, but must have 
been closely related to both C. rubella and C. grandiflora. Second, unlike 
commonly assumed, polyploid speciation did not confer immediate and 
complete reproductive isolation in Capsella (paper II). Instead, our studies 
indicate that unidirectional gene flow from C. rubella to C. bursa-pastoris 
has taken place in western Eurasia, where these species occur in mixed 
populations. Such post-polyploidization gene flow could constitute an im-
portant but often overlooked source of genetic variation in polyploids.  

In the following papers (III-V), we used three different approaches to 
characterize the genetic basis of flowering time in C. bursa-pastoris. In 
summary, we found that genes involved in GA biosynthesis and response 
and regulation of the circadian clock differ in expression between early- and 
late-flowering C. bursa-pastoris (Paper III), that two main QTL for flower-
ing time map to homoeologous regions of the C. bursa-pastoris genome, 
corresponding to the upper part of A. lyrata chromosome AL6 (Paper IV) 
and that introgressed alleles at one homoeolog of a gene situated in this re-
gion, CRYPTOCHROME 1 (CRY1), as well as splice site polymorphisms in 
a FLOWERING LOCUS C (FLC) homoeolog are associated with natural 
flowering time variation in C. bursa-pastoris (Paper V).  

Future studies of the genetic basis of flowering time variation in C. bursa-
pastoris should aim to identify causal polymorphisms in CRY1 and nearby 
genes, to functionally characterize the effects of FLC splicing variation on 
flowering time and to conduct fine-mapping of the identified QTL regions to 
determine whether homoeologous genes are responsible for flowering time 
variation in this tetraploid. In general, C. bursa-pastoris constitutes a good 
model system to investigate variation in introgression across the genome and 
its effect on quantitative trait variation in a polyploid species. 
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Svensk sammanfattning 

Hos lomme, en senapsväxt som finns över hela världen, blommar populatio-
ner från nordliga breddgrader senare än sådana från sydliga breddgrader. 
Blomningstiden, tiden från sådd till blomning, tros därför utgöra en anpass-
ning till miljön hos denna art. I min avhandling har jag undersökt vilka gener 
detta beror på, samt hur arten lomme bildats.  

I den första artikeln använde vi oss av DNA-sekvenser för att undersöka 
hur den vanliga lommen är släkt med storlomme och skärlomme. Vi fann att 
en del av den genetiska variationen i kärn-DNAt delades mellan vanlig 
lomme och skärlomme, en art som enbart finns i Syd- och Centraleuropa. 
För att förstå hur detta kunde komma sig samlade vi in DNA-sekvenser för 
fler gener och prover. En populationsgenetisk analys visade att dessa arter 
troligen delar genetisk variation eftersom de hybridiserat med varandra (arti-
kel II). Detta var ett oväntat resultat, eftersom lomme är tetraploid, dvs har 
har fyra kromosomer av varje sort medan de andra arterna har två. Sådana 
korsningar brukar leda till sterilitet hos avkomman, men detta gäller inte 
alltid hos växter och tydligen inte hos lomme. 

För att förstå hur blomningstiden styrs i lomme använde vi tre olika me-
toder. I artikel III undersökte vi geners aktivitet. Två klasser av gener som 
har effekt på blomningstid hos andra arter skilde sig i aktivitet mellan tidig- 
och senblommande lomme. Dessa gener påverkar växtens dygnsrytm, samt 
signaleringen och produktionen av växthormonet gibberellin. Gener som är 
inblandade i dessa processer kan alltså ha betydelse för blomningstid hos 
lomme.  

Vi identifierade därefter områden i lommes arvsmassa som har stor bety-
delse för variationen i blomningstid, på basen av en korsning mellan tidig- 
och senblommande lomme (artikel IV). Det fanns två sådana områden, och 
de satt på duplicerade kromosomer. Detta kan betyda att duplicerade gener 
är viktiga för blomningstid, men det behövs mer detaljerade studier för att 
avgöra om så är fallet. 

Slutligen studerade vi genetisk variation och blomningstid i en större upp-
sättning prover av lomme från västra Eurasien och Kina (artikel V). Det 
fanns ett samband mellan genetisk variation och blomningstid för två gener, 
CRYPTOCHROME1 (CRY1) och FLOWERING LOCUS C (FLC). Eftersom 
CRY1 sitter i den del av arvsmassan som vi identifierade i artikel IV är det 
troligt att denna gen eller någon som sitter nära den på samma kromosom är 
viktig för blomningstid. Intressant nog delade lomme genetisk variation med 
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skärlomme för just denna gen, så hybridiseringen mellan dessa arter kan ha 
påverkat blomningstiden hos lomme. Det verkar alltså som om både duplice-
rade kromosomer och hybridisering bidragit till variationen i blomningstid 
hos lomme. Resultaten av den här studien är viktiga för vår förståelse av 
huruvida duplicering av arvsmassan kan utgöra en fördel och bidra till väx-
ters anpassning till miljön.  
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