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Niittyvuopio, Anne, Adaptation to northern conditions at flowering time genes in
Arabidopsis lyrata and Arabidopsis thaliana
University of Oulu, Faculty of Science, Department of Biology,  P.O.Box 3000, FI-90014
University of Oulu, Finland
Acta Univ. Oul. A 567, 2011
Oulu, Finland

Abstract

The timing growth and reproduction are critical to the fitness of plants and animals. The timing
also has an important role in local adaptation. Locally adapted plants may have different responses
to photoperiod and other environmental cues and genes or alleles behind underlying differences
may differ between populations. The molecular genetics and physiology of flowering of the plant
molecular biology model organism Arabidopsis thaliana is being intensively studied, and this
offers a good opportunity to study the genetic basis of flowering time variation in related non-
model species. The closely related perennial species Arabidopsis lyrata provides an interesting
comparison to A. thaliana because of its different ecology, mating system and life history. 

The influence of sampling designs on clustering methods was analyzed using simulations and
microsatellite data in the selfing A. thaliana. It was found that sample size has a large effect on the
resulting number of clusters and sampling too few individuals per locality could lead to a severe
underestimation of the real number of subpopulations.

Patterns of sequence variation in flowering time genes and association between
polymorphisms at FRI (and FLC) and flowering time was studied in A. thaliana and in A. lyrata
to find out whether the genes were responsible for flowering time differences between and within
natural populations. In A. thaliana there was no significant association between polymorphisms at
FLC and FRI and flowering time. In A. lyrata the FRI gene was polymorphic for an indel
associated with flowering time variation within two Northern European populations, suggesting
that the indel (or a linked polymorphism) was involved in flowering time variation. However, FRI
did not explain the flowering time differences between A. lyrata populations, and other loci must
be involved.

Patterns of diversity and divergence at flowering time related loci were compared against a set
of random reference loci to examine the roles of selection and demography. Sequence variation in
the studied A. lyrata populations departed from the standard neutral equilibrium model and it has
been influenced by recent historical events, most likely bottlenecks. The level of silent and
synonymous polymorphisms in flowering time genes was highly reduced and this can be likely
explained by selective sweeps at flowering time genes.

Keywords: A. lyrata, A. thaliana, association, demographic history, flowering time,
local adaptation, nucleotide diversity





Niittyvuopio, Anne, Arabidopsis lajien kukkimisaikamuuntelun genetiikka ja
paikallinen sopeutuminen pohjoisiin oloihin
Oulun yliopisto, Luonnontieteellinen tiedekunta, Biologian laitos,  PL 3000, 90014 Oulun
yliopisto
Acta Univ. Oul. A 567, 2011
Oulu

Tiivistelmä

Kasveilla kukkimisen ajoittaminen suotuisaan ajankohtaan on hyvin tärkeää suvullisen lisäänty-
misen kannalta. Kukkimisen oikealla ajoituksella on myös tärkeä rooli kasvien sopeutumisessa
paikallisiin olosuhteisiin. Kukkimisaikamuunteluun vaikuttavat useimmiten lukuisat geenit sekä
ympäristötekijät, jotka voivat vaihdella alueellisesti ja populaatioiden välillä. Vaikka kukkimi-
seen ja kukkimisaikaan vaikuttavia tekijöitä tunnetaan jo hyvin, luonnonpopulaatioiden muunte-
lun ja paikallisen sopeutumisen geneettinen tausta on huonommin tunnettu.

Väitöstutkimus keskittyy Arabidopsis-populaatioiden paikalliseen sopeutumiseen tarkastele-
malla kukkimisajan muuntelua ja siihen vaikuttavia geeneettisiä tekijöitä. Tutkimuksessa käyte-
tyt geneettiset aineistot perustuvat osin neutraaleihin merkkigeeneihin (mikrosatelliittimuunte-
luun), ja osin sekvenssien nukleotidimuunteluun.

Väitöstutkimuksessa on simulointien avulla selvitetty populaatiosta analysoitavien yksilöi-
den lukumäärän merkitystä populaatiorakenteen selvittämisessä itsesiittoisella lituruoholla (Ara-
bidopsis thaliana). Tulosten mukaan on hyvä analysoida useampia yksilöitä paikallisista popu-
laatioista, sillä liian pienet otoskoot voivat johtaa ryhmien määrän aliarvioimiseen.

Koalesenssisimulaatiot osoittavat idänpitkäpalon (Arabidopsis lyrata) populaatioiden poikke-
avan tasapainotilasta ja populaatioissa tapahtuneen populaatiokoon muutoksia (ns. pullonkaulail-
miö). Tutkimuksessa havaittiin sekvenssimuuntelun olevan alhaisempaa kukkimisaikageeneissä
kuin referenssigeeneissä todennäköisesti positiivisen valinnan vaikutuksesta. Tutkimuksessa
todettiin, että FRI geenissä tapahtuneet mutaatiot ovat kahdessa tutkitussa lajissa erilaisia luon-
teeltaan, mutta geenillä on kuitenkin samanlainen rooli kukkimisajan määräämisessä. Assosiaa-
tiokokeissa lituruoholla ei Pohjois-Euroopan populaatioissa löydetty merkitsevää assosiaatiota
FRI geenin ja kukkimisajan välillä, kun puolestaa idänpitkäpalolla FRI vaikutti kukkimisaika-
muunteluun kahdessa pohjoisessa populaatiossa.

Asiasanat: A. lyrata, A. thaliana, assosiaatio, demografia, kukkimisaika,
nukleotidimuuntelu, paikallinen sopeutuminen
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Abbreviations 

θ population mutation rate 

π nucleotide diversity 

μ mutation rate 

ρ population recombination rate 

ABC approximate Bayesian computation  

bp base pair 

LD linkage disequilibrium 

MCMC Markov Chain Monte Carlo  

MY million years 

Ne effective population size 

PCR polymerase chain reaction  

SI self-incompatibility 

SNE standard neutral equilibrium 
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1 Introduction 

Evolutionary genetics is a broad field of study that aims to clarify the genetic 

basis of phenotypic variation and to examine the evolutionary forces that have 

resulted in differences within and among populations and species. Evolutionary 

processes influence many genetic parameters, such as the level of diversity, the 

extent and pattern of linkage disequilibrium (LD), and the degree of population 

differentiation (Depaulis et al. 2003). Natural selection, mutation rate, drift, level 

of migration and recombination all contribute to genetic differentiation. The 

evolutionary potential of a species depends on the amount and distribution of genetic 

diversity. Genetic variation is created by mutations, but most mutations are 

deleterious and rapidly disappear from populations, and established mutations are the 

basis of phenotypic differences within and among species. 

Molecular population genetics allows examining the nature of genetic 

variation even in complex adaptations (Hoekstra & Coyne 2007). It is possible to 

resolve whether the phenotypic variation is due to structural or regulatory changes 

(Chen et al. 2007b). Further, we can compare the genetic architecture and the 

molecular genetic details of similar adaptations in different species, currently 

especially in model organisms. This also improves our understanding of the 

evolutionary processes governing natural variation (Ehrenreich & Purugganan 

2006, Mitchell-Olds et al. 2007). 

Evaluation of adaptive hypotheses has generally relied on examining the 

standard neutral equilibrium model (SNE), which assumes that the majority of 

changes at sequence level are selectively neutral and the pattern of DNA sequence 

evolution is explained by a balance between mutation and genetic drift (Kimura 

1983). In a large random mating, constant size, mutation-drift equilibrium 

populations, the frequency distribution of the individual sequence variants should 

conform to the expectations derived from the SNE (Hudson 1990). This model 

may be unrealistic in many natural populations because of complex demographic 

histories. Recent results from Drosophila and other model organisms have called 

into question the general validity of the SNE (e.g. Glinka et al. 2003, Haddrill et 

al. 2005, Hahn 2008, Ometto et al. 2005, Schmid et al. 2005). 

1.1 Local adaptation 

Charles Darwin (1859) was first to suggest central evolutionary role of natural 

selection. R.A. Fisher argued that adaptation occurs through the accumulation of 
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many beneficial mutations of small effect (Fisher 1930). The Fisherian view that 

most adaptive evolution is based on a large number of loci with alleles of small 

effects was challenged by Kimura (1983) who asserted that intermediate effect 

mutations are the most likely mutational class to underlie adaptations. Later Orr 

(1998) has shown that selection is expected to fix first alleles with largest effects. 

Recent empirical studies have shown that the number and effect of loci 

controlling adaptive plant traits are variable (Remington & Purugganan 2003). 

The cloning of adaptive and domestication genes has provided substantial support for 

the importance of major effect mutations to plant adaptation (e.g. the FRI locus in 

A. thaliana Johanson et al. 2000; tb1 in maize Doebley et al. 1997; GL1 in A. lyrata 

Kivimäki et al. 2007). The existence of trait variation based on minor effect loci has 

been supported by QTL and association studies (e.g. Buckler et al. 2009). 

Many plant and animal populations are genetically adapted to the climate of 

their locations, e.g. to the length of the growing season. Adaptation to different 

environments is critical to all life. Local adaptation means that resident genotypes 

in each population have higher relative fitness in their local habitats than 

genotypes originating from other habitats (Kawecki & Ebert 2004). In order for 

populations to adapt to changes in their environment, there must exist heritable 

genetic variation that evolution can act upon. Most wild plant species have 

substantial intraspecific natural variation for seed dormancy, germination 

properties and flowering time, which are presumably involved in adaptation to 

different environments (Hall & Willis 2006, Olsson & Ågren 2002). Adaptation is 

reflected in large genetic differences between populations. This phenomenon is of 

course also important for cultivated plants, where lack of adaptation will lead to 

crop losses (Boyer 1982).  

Adaptation to similar environmental pressures in different species or 

populations can occur by mutations in either the same genes (parallel evolution) 

or the different genes (convergent evolution). If a specific phenotype can be 

reached in many different ways, directional selection can give rise to the same 

adaptations in different species, leading to convergent evolution (Goldstein & 

Holsinger 1992, Nachman 2005). Genes that have few developmental constraints 

may be more likely to be targets for positive selection than genes having high 

constraints. In this case, the same gene would be likely to be used in different 

species for the same adaptations and parallel evolution would be more likely. 

Both parallel and convergent evolution have been documented in animals and 

humans (e.g. Colosimo et al. 2005, Hoekstra & Nachman 2003), but in plants 
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only few studies exist (Kivimäki et al. 2007, Scarcelli & Kover 2009, Turner et al. 

2010).  

1.2 Detecting signals of selection 

Identifying loci under selection and determining the type of selection are a major 

challenge to understanding the evolutionary history of species. The neutral theory 

(Kimura 1968) has been the predominant model over the last decades for 

molecular evolution and population genetics research, against which selection has 

been tested. Several methods have been developed to test standard neutral 

equilibrium model and infer the action of selection based on features in sequence 

data. Different tests statistics are based e.g. on comparison of the levels of 

diversity and divergence (HKA test; Hudson et al. 1987), the frequency 

distribution of polymorphisms (e.g. Tajima 1989, Fay and Wu 2000), on the 

comparison of the proportion of nonsynonymous substitutions and polymorphisms 

(McDonald and Kreitman 1991), the amount of linkage disequilibrium (e.g. Kelly 

1997, Kim & Nielsen 2004), and the degree of population differentiation (e.g. 

Beaumont & Nichols 1996, Beaumont & Balding 2004, Foll & Gaggiotti 2008).  

However, populations in the real world violate many assumptions of SNE 

because of complex demographic histories (e.g. Hahn 2008). Thus, the rejection 

of neutrality does not automatically indicate an effect of selection, but could also 

result from the violation of the demographic assumptions of SNE. It can be 

difficult to distinguish demographic effects and selection because similar patterns 

of variation can result from both (e.g. Depaulis et al. 2003, Tajima 1989). 

Because natural selection generally acts on some but not all genes and 

demographic processes affect the entire genome, it is possible to distinguish these 

effects using a large number of loci. Loci shaped by natural selection are expected 

to show a pattern of polymorphism that differs from most other loci. However, the 

large variance of mutations and stochastic events may generate large differences 

among loci just by chance (Wright & Gaut 2005).  

The frequency distribution and linkage disequilibrium based tests are highly 

sensitive to demographic assumptions, and a high rate of false positives is 

possible if demographic effects are not taken into account. McDonald & 

Kreitman-based tests are expected to be less sensitive to demographic 

assumptions, especially when the low-frequency polymorphisms have been 

removed from the analysis (Siol et al. 2010). HKA type tests are powerful in 

detecting positive selection (Zhai et al. 2009), but methods may be conservative 
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under some demographic models. The multilocus comparisons in the HKA 

framework should be more robust for demographic events than tests based on 

comparing different aspects of diversity at a single locus (Wright & Charlesworth 

2004). 

The strength and timing of selection and recombination between the selected 

and neutral sites influence the power to detect the signal of selection. Statistical 

methods differ in their sensitivity to detect selection and at the timescale they 

work (Zhai et al. 2009). Comparison of DNA sequence between species, like 

comparing the rate of nonsynonymous changes with the rate of synonymous, 

detects long term events (e.g. Ka/Ks test and the McDonald-Kreitman test; 

McDonald & Kreitman 1991). Methods comparing within species polymorphism 

with among species divergence (e.g. HKA test; Hudson et al. 1987) are also 

efficient for wider events, as these methods are less sensitive to demography. 

Shorter term events can be detected for example with tests looking for population 

differentiation or methods based on polymorphism within species (Sabeti et al. 

2006). 

An alternative approach for identifying genes that have been subject to 

selection is to use coalescent models that include specific demographic histories 

(e.g. Akey et al. 2004, Bertorelle et al. 2010, De Mita et al. 2007, Tenaillon et al. 

2004). Simplified models have been used to account for the specific demographic 

history of each species. 

1.3 Mating system 

The mating system of a species influences the organization of genetic variation 

and the efficacy of selection in populations (Charlesworth & Wright 2001). 

Populations of inbreeding species are expected to exhibit high levels of 

homozygosity and to be more isolated than populations of outcrossing species. A 

reduced effective recombination rate combined with population isolation are 

expected to result in extensive amounts of linkage disequilibrium (Charlesworth 

& Wright 2001, Nordborg et al. 2002). Because of this extensive LD, hitchhiking 

due to advantageous mutations (selective sweeps) and background selection 

resulting from deleterious mutations are likely to be important in selfing species 

and both of these processes are predicted to contribute to lower genetic diversity 

in selfing populations (Charlesworth 2003).  

Another significant feature of inbreeding populations is their reduced 

effective population size (Ne). Complete inbreeding will decrease Ne by one-half. 
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The level of neutral variation is dependent on effective population size (Pollak 

1987), and highly selfing populations are thus expected to show approximately 

half the diversity of highly outcrossing populations. Due to the lowered diversity, 

the relative proportion of between-population variation (FST) will be increased. 

Reduction in population size has also a direct effect on the efficiency of natural 

selection since the outcome of selection is determined by Nes (Kimura 1983). 

Thus natural selection is less effective in inbreeding populations (Charlesworth 

2003).  

Self-fertilization may often also be associated with a weedy life history, 

leading to frequent population bottlenecks, when founder effect and drift further 

reduce the genetic diversity (Schoen & Brown 1991). 

1.4 The genetic basis of flowering time 

Flowering time is a major life-history trait contributing to plant reproduction and 

adaptation (Roux et al. 2006). Great progress has been made in the understanding 

the molecular mechanisms controlling flowering time in particular in the model 

plant Arabidopsis thaliana (Michaels 2009), mainly through mutational analysis 

(Bagnall 1993, Koornneef et al. 1998, Reeves & Coupland 2001). Flowering time 

is influenced by many factors acting together, but the most important 

environmental cues determining flowering time are considered to be day length 

and temperature (Reeves & Coupland 2000, Thomas & Vince-Prue 1997). 

Knowledge of the complexity and number of functions of each part of the 

flowering network is steadily increasing and several pathways (Fig. 1) controlling 

flowering time are today well described (e.g. Lagercrantz 2009, Michaels 2009, 

Mouradov et al. 2002). The vernalization pathway genes are responsive to cold 

treatments while the light dependent pathway involves the perception and integration 

of changes in photoperiod, light quality and intensity. Other pathways include genes 

in the autonomous pathway promoting flowering independent of day length and genes 

related to sucrose and gibberellins (Blásquez 2000). 
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Fig. 1. Overview of A. thaliana flowering pathways (modified from Blásquez 2000 and 

Roux et al. 2006). 

1.4.1 Temperature dependent pathways 

In many plants, a long period of low temperature (vernalization) is required for 

flowering (Amasino 2005, Dennis & Peacock 2007, Kim et al. 2009, Sung & 

Amasino 2006). The major players in A. thaliana are MADS-box transcription 

factor flowering repressor FLOWERING LOCUS C (FLC) and its positive 

regulator FRIGIDA (FRI) (Johanson et al. 2000, Michaels & Amasino 1999, 

Sheldon et al. 1999). FRI promotes FLC expression and the latter represses the 

floral integrator genes SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 

(SOC1) and FLOWERING LOCUS T (FT) (Helliwell et al. 2006, Searle et al. 

2006). FLC expression is downregulated by low temperature, therefore functional 

alleles of FRI and FLC greatly delay flowering time unless the plants are 

vernalized (Mouradov et al. 2002, Sung & Amasino 2005). In A. thaliana a 
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substantial number of positive and negative regulators of FLC have been 

described. The vernalization-mediated repression of FLC requires genes like 

VERNALIZATION INTENSITIVE 3 (Sung & Amasino 2004), VERNALIZATION 2 

(Gendall et al. 2001) and VERNALIZATION 1 (Levy et al. 2002) to maintain the 

low levels of FLC at the subsequent stages of plant development. 

A large share of variation in flowering time among Central European natural 

accessions of A. thaliana is due to independent loss-of-function mutations at FRI. 

Two alleles fricol and friLer are found in a large proportion of early flowering 

accessions and thus have been probably under strong selection (Toomajian et al. 

2006). FRI loss-of-function alleles have evolved multiple times from a late 

flowering ancestor and most of them appear at very low frequency, suggesting 

that they have arisen recently (Hagenblad & Nordborg 2002). This variation is 

believed to lead to adaptation to local conditions (Le Corre 2005, Le Corre et al. 

2002, Shindo et al. 2005, Stinchcombe et al. 2004). In contrast, several natural 

loss-of-function alleles of FLC with reduced gene expression are caused by 

independent insertions of transposon elements within the first intron (Gazzani et 

al. 2003, Michaels et al. 2003). FLC expression is highly correlated with 

flowering time in long days, whereas in short days the expression of both FRI and 

FLC is less strongly correlated with flowering time (Lempe et al. 2005, Shindo et 

al. 2005). It is important to remember that although FLC is a major target of 

vernalization in A. thaliana, flc null mutants do exhibit a weak vernalization 

response indicating other targets genes for vernalization (Alexandre & Hennig 

2008). 

Ambient temperatures also affect flowering, most probably through the 

regulation of FT expression, as late flowering at low temperature was coupled to 

reduced FT expression. At the lower temperature flowering is delayed at a 

response that is dependent on e.g. FCA, FPA, FVE and LUMINIDEPENDENS 

(LD), genes in the autonomous pathway (Blázquez et al. 2003).  

1.4.2 Light dependent pathways 

In addition to temperature, light is an important environmental determinant of 

flowering time. Day length, light intensity and quality of light influence the 

transition to flowering. CONSTANS (CO) gene (Putterill et al. 1995) is a key 

protein in photoperiod sensing in A. thaliana. CO transcription is controlled by 

the circadian clock (Suárez-López et al. 2001) so that the CO protein is only 

produced and stabilized under long days. CO expression before darkness is 
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assured with the activity of GIGANTEA (GI) and FLAVIN-BINDING, KELCH 

REPEAT, F-BOX 1 (FKF1), which causes degradation of a repressor of CO 

(Imaizumi et al. 2005, Sawa et al. 2007). In long days the CO protein promotes 

the expression of FT in vascular tissues. FT protein is then translocated to the 

meristems where it acts to promote floral induction.  

Multiple photoreceptors are important in the regulation of CO protein. For 

example PHYTOCHROME B (PHYB) reduces the abundance of CO specifically 

in the morning, whereas PHYTOCHROME A (PHYA) and CRYPTOCHROME 2 

(CRY2) and CRYPTOCHROME 1 (CRY1) stabilize CO late in the day (Valverde 

et al. 2004). These effects are consistent with the effects of these photoreceptors 

on flowering: phyB mutants are early flowering, while phyA, cry1 and cry2 

mutants are late flowering. Association mapping analyses have suggested that 

CRY2 and PHYTOCHROME C (PHYC) might contribute to natural variation in 

photoperiod response in A. thaliana (Balasubramanian et al. 2006, Olsen et al. 

2004).  

The circadian clock provides temporal organization of many biological 

processes. Circadian clocks of different taxonomic groups can be described by 

multiple feedback loops with positive and negative components (Wijnen & Young 

2006). In A. thaliana CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE 

ELONGATED HYPOCOTYL (LHY), two closely related MYB domain 

transcription factors, play a key role in the circadian clock. They down-regulate 

the expression of TIMING OF CAB EXPRESSION1 (TOC1) and GIGANTEA (GI). 

On the other hand GI up-regulates TOC1, which in turn represses GI and acts as a 

positive regulator of CCA1 and LHY. A number of additional components 

important for clock function have also been identified although their exact mode 

of action is still unclear (McClung 2006, McClung 2009).  

1.4.3 Parallel and convergent evolution in flowering time 

Although most research has focused on the model species A. thaliana, other 

studies have revealed that parts of the basic mechanisms of flowering time 

regulation are conserved in other angiosperm species (e.g. Hayama & Coupland 

2004). Parallel evolution of flowering time by mutations in homologous 

conserved genes is apparent in different groups of related species. The 

CONSTANS gene family and floral integrator genes (like FT) are highly 

conserved, and involved in photoperiodic response in many plants studied. In rice 

Hd1 and Hd3a, homologs of A. thaliana CO and FT genes, are flowering 
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promoters and they control natural variation in heading date (Kojima et al. 2002, 

Yano et al. 2000). In wheat and barley natural variation for the photoperiod 

response and its interaction with vernalization is determined by VRN3, which is a 

homolog of A. thaliana FT (Yan et al. 2006). In Norway spruce, an FT homolog 

is implicated in the control of growth rhythm in conifers (Gyllenstrand et al. 2007) 

and CO/FT regulatory module controls flowering in aspen trees (Böhlenius et al. 

2006). In Brassica, FLC is an important determinant of natural variation of 

vernalization requirement, but FLC is not responsible for natural variation in 

vernalization demand in other species (Osborn et al. 1997, Tadege et al. 2001). 

Based on comparisons among distant species it appears that natural variation for 

flowering responses to vernalization is mainly generated by allelic variation at 

different genes in each species, which are often highly divergent among species 

(Alonso-Blanco et al. 2009). Current results suggest that convergent evolution of 

flowering responses is determined by species-specific genes showing analogous 

network positions in distant species. For instance, in wheat, natural variation for 

vernalization requirement is regulated by the A. thaliana AP1 homolog and a CO-

like gene (Yan et al. 2003, Yan et al. 2004), the homologues of which are not 

known to have a vernalization-related function in A. thaliana. Photoperiod 

responses seem to involve more conserved genes among species than those 

involved in vernalization, suggesting stronger constrains for the evolution of 

photoperiod than vernalization responses (Alonso-Blanco et al. 2009, Hayama & 

Coupland 2004).  

1.5 Study species 

1.5.1  Arabidopsis thaliana and Arabidopsis lyrata as a model 

species  

Arabidopsis thaliana (L.) Heyhn is one of the most intensively studied model 

organisms in molecular, developmental, ecological and evolutionary biology. 

A. thaliana has many advantages that have made it a powerful system for genetic 

and genomic studies. It has rapid life cycle, small genome size, practical breeding 

biology and ease of genetic analysis (Koornneef et al. 2004, Shindo et al. 2007) It 

was the first plant species which full genome was sequenced (Arabidopsis 

Genome Initiative 2000). A. thaliana genome sequence comprises about 27,000 

protein coding genes (TAIR, www.arabidopsis.org). Other extensive resources are 
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available like large collections of full-length cDNAs, a wide-ranging mutant 

collection, recombinant inbred lines and whole genome tilling arrays (Shindo et al. 

2007). Large collections of different ecotypes have natural variation in many life 

history and physiological traits (Alonso-Blanco & Koornneef 2000), and the 

genetic basis of this variation can be studied utilizing the vast knowledge of the 

genome of this species.  

However, the life history of A. thaliana limits the traits and processes that can 

be approached in a single species. Therefore, new plant models phylogenetically 

related to A. thaliana are beginning to be used in studies of natural variation and 

population genetics (Mitchell-Olds 2001, Savolainen & Kuittinen 2010). 

Arabidopsis lyrata (L.) O’Kane and Al-Shehbaz is one of the closest relatives of 

A. thaliana. And most importantly its full genome has been published by the Joint 

Genome Institute (http://genome.jgi-psf.org/Araly1/Araly1.home.html). The 

divergence time between these species has earlier been estimated as about 5 million 

years (MY) (Koch et al. 2000), but more recent estimates using additional fossil 

evidence suggest times of more than 10 MY (Beilstein et al. 2010). The proportion 

of synonymous and non-synonymous substitutions between the two species ranges 

between 10–15% and 1–2%, respectively (Barrier et al. 2003, Ramos-Onsins et al. 

2004, Wright et al. 2002). Genetic maps are available for both species. The maps 

have identified a small number of rearrangements that appear to account for the 

differences in chromosome number (2n=10 in A. thaliana and 2n=16 in A. lyrata) 

(Koch & Kiefer 2005, Kuittinen et al. 2004, Yogeeswaran et al. 2005). Based on 

measures with flow cytometry the haploid genome size of A. lyrata has been 

estimated to be ~230 Mb (Johnston et al. 2005), compared to A. thaliana’s 

125 Mb. 

A. thaliana is an almost completely self-fertilising (Abbott & Gomes 1989) 

annual weed that has rapidly expanded its geographic range. Although A. thaliana 

today has a worldwide distribution, its native range is probably western Eurasia. 

Most recent studies of large data sets have unraveled the presence of an East–

West gradient in population genetic structure across the Eurasian continent 

(Francois et al. 2008, Nordborg et al. 2005, Ostrowski et al. 2006, Schmid et al. 

2006, Sharbel et al. 2000). Its extensive range covers not only a large area, but 

also a wide range of habitats, for instance in open or disturb habitat, on sandy 

soils or on river banks, at sea level or at high altitude. The mainly self-

incompatible perennial outcrosser A. lyrata has restricted populations and 

subspecies in the northern hemisphere, where it grows in various low competition 

ecologically variable habitats like on sandy and rocky shores and serpentine soil 
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(Clauss & Koch 2006). A. lyrata has been divided into three subspecies: the 

European ssp. petraea, the North American ssp. lyrata and Eastern Asian ssp. 

kamchatica (Hoffmann 2005, Koch et al. 2008, O'Kane & Al-Shehbaz 1997). 

Recently it has been showed that A. lyrata ssp. kamchatica is an allopolyploid 

hybrid of A. halleri and A. lyrata (Schmickl et al. 2010, Shimizu-Inatsugi et al. 

2009). Populations of A. lyrata are hypothesized to have had a Pleistocene 

refugium in Central Europe, where it has started its colonization (Clauss & 

Mitchell-Olds 2006, Koch & Matschinger 2007, Muller et al. 2008, Ross-Ibarra et 

al. 2008). Some authors have also suggested that there was local periglacial 

survival of A. lyrata in northern regions, seen as high genetic diversity at some 

markers in northern parts of its distribution range (Ansell et al. 2010, Koch & 

Matschinger 2007, Schmickl et al. 2010).  

1.5.2 The mating system 

Since mating system strongly influences genetic variability and molecular 

evolution (Charlesworth & Wright 2001), it is interesting to compare data from 

selfing species such as A. thaliana with closely related outcrossing species. 

Outcrossing species in the Brassicaceae family have a sporophytic self-

incompatibility (SI) system (Kusaba et al. 2001, Nasrallah et al. 2002, Schierup et 

al. 2001). Due to the SI system most of the A. lyrata populations are nearly 

completely outcrossing. In contrast, in the selfing A. thaliana the S locus is 

present but nonfunctional, resulting the loss of SI (Shimizu et al. 2008, Tang et al. 

2007, Tsuchimatsu et al. 2010).  

The flowers of A. lyrata are much larger than in A. thaliana because they 

must attract various small insects, such as bees and flies, as pollinators. In 

addition to sexual reproduction A. lyrata plants are capable of vegetative 

propagation with rhizomes (Clauss & Koch 2006).  

A. thaliana individuals exhibit low heterozygosity, but within population 

diversity varies extensively, populations can be either monomorphic or highly 

polymorphic (0–57% within population variation; Bakker et al. 2006, Bergelson 

et al. 1998, Kuittinen et al. 1997, Le Corre 2005, Nordborg et al. 2005, Stenøien 

et al. 2005). A. lyrata populations generally have more genetic variation (Clauss 

& Mitchell-Olds 2006, Ramos-Onsins et al. 2004) and higher heterozygosity 

within populations than in A. thaliana. As expected for an outcrosser genetic 

polymorphisms are close to Hardy-Weinberg frequencies (Clauss & Mitchell-

Olds 2006, van Treuren et al. 1997, Wright et al. 2003). Some self-compatible 
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populations of A. lyrata have shown to have a reduced genetic diversity, higher 

homozygosity and increased differentiation compared to outcrossing populations 

consistent with theoretical predictions (Mable & Adam 2007). Differentiation 

among populations is generally intermediate to high in both species (Clauss & 

Mitchell-Olds 2006, Muller et al. 2008, Ross-Ibarra et al. 2008, Stenøien et al. 

2005). 

The genome-scale patterns of nucleotide variation have been described in 

A. thaliana (Nordborg et al. 2005, Schmid et al. 2005). These studies have shown 

evidence for genome-wide departures from a standard neutral equilibrium model. It 

has been shown that there is an excess of rare variants across the genome (Nordborg 

et al. 2005, Schmid et al. 2005). Recent studies suggest that a complex demographic 

history and /or the action of positive selection have influenced the genome-wide 

patterns of variation and that weak purifying selection is predominant on amino acids 

in A. thaliana (Bustamante et al. 2002, Morton et al. 2009). A. lyrata populations 

also showed an excess of low frequency polymorphisms consistent with weak 

purifying selection (Ka/Ks=0.17; Foxe et al. 2008, Wright et al. 2002). Patterns in 

sequence variation suggest departures from the neutral equilibrium model also in 

A. lyrata (Ross-Ibarra et al. 2008, Wright et al. 2003). In Northern Europe and 

North America population structure is shown to be dominated by regional genetic 

bottlenecks seen as lower diversity compared with Central Europe (Ansell et al. 

2010, Clauss & Mitchell-Olds 2006, Ross-Ibarra et al. 2008, Wright et al. 2003). 

The Central European population (Plech) seem to be at an equilibrium (Ross-

Ibarra et al. 2008). 

In the A. thaliana worldwide collection LD has been estimated to decay 

within 10 kb on average (Kim et al. 2007), but in local populations LD may 

extend over whole chromosomes (Nordborg et al. 2002). Because of this 

extensive LD, diversity should be reduced due to negative (background selection) 

and positive selection (selective sweeps). In A. lyrata linkage disequilibrium has 

not yet been studied extensively, but an estimate of the ratio of 

recombination/diversity from Germany is 20 times higher than in A. thaliana 

(Kim et al. 2007, Nordborg et al. 2005, Ross-Ibarra et al. 2008). LD is quite 

variable between populations, but in Germany LD starts decreasing within 

hundreds of bases while in other studied populations recombination rate is much 

lower and LD extends longer (Ross-Ibarra et al. 2008). Neither in A. thaliana nor 

in A. lyrata is there a strong correlation between recombination and diversity 

(Kawabe et al. 2008, Nordborg et al. 2005, Schmid et al. 2005, Wright et al. 

2006). 
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1.5.3 Flowering in natural populations of Arabidopsis 

Flowering in Arabidopsis is promoted by long days (Thomas & Vince-Prue 1997). 

In A. thaliana two extreme flowering behaviors have been described, winter (late) 

and spring (early) life habits differing in vernalization responses. For example, 

winter-annual A. thaliana accessions flower only after exposure to winter, but 

summer-annual accessions flower already in their first season (Mitchell-Olds 

1996). Both types flower in constant growth chamber conditions without 

vernalization but the winter accessions much later than the summer accessions 

(Karlsson et al. 1993, Nordborg & Bergelson 1999). Most winter annual 

genotypes carry active alleles of FRI and FLC, which interact epistatically to 

delay flowering, while many summer annual accessions have partial or total loss-

of-function alleles in one or both genes (Clarke & Dean 1994, Werner et al. 2005). 

Clear geographical patterns of flowering time have not been observed in surveys 

of European accessions (Shindo et al. 2005), but a weak latitudinal cline was 

detected in plants with functional FRI (Stinchcombe et al. 2004). Local 

populations have, however, been shown to vary considerably in flowering time in 

A. thaliana (e.g. Stenøien et al. 2002). Populations of A. lyrata differ in their 

flowering times, the southern populations flower earlier than the northern 

populations in growth chambers (Riihimäki & Savolainen 2004). Populations are 

locally adapted to prevailing conditions (Leinonen et al. 2009, Leinonen et al. 

2010) and variation in flowering time likely contributes to local adaptation. 

Variation in the time of initiation of flowering has been shown to have fitness 

consequences in natural populations of A. lyrata (Sandring et al. 2007). 

1.6 Aims of the study 

The goals of this work are to study the genetics of flowering time variation in two 

closely related species: in the weedy selfer A. thaliana and the outcrossing perennial 

A. lyrata. Are the candidate loci for flowering time differentiated between 

populations? Is variation at these loci related to flowering time differences between or 

within populations? Do A. lyrata and A. thaliana have a similar genetic basis for 

natural flowering time variation?  

In the first study we examined the importance of sampling scheme in 

evaluating genetic diversity of species. This report was motivated by the variable 

results reported by studies of cryptic population genetic structure of the model 
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plant A. thaliana. In the study we used computer simulations and experimental 

microsatellite data from among and within populations of A. thaliana.  

In the second study we analyzed the association of polymorphisms in FRI and 

FLC and flowering time in Scandinavian A. thaliana populations. We were also 

interested in how strong population genetic structure there is in Scandinavia. How 

different are Swedish and Norwegian populations and can the genetic structure be 

related to what is known about recolonization of Scandinavia after the Last 

Glacial Maximum? Our study differs from previous ones in two respects. First it 

focuses on Scandinavian populations, a part of A. thaliana natural range that has 

been poorly represented in many previous studies (e.g. Caicedo et al. 2004). 

Second, in contrast to most previous studies that sampled only one individual per 

population (accessions), most populations in the present report are represented by 

many individuals.  

In the two last papers the focus is in evolutionary forces acting in candidate 

flowering time genes, in A. lyrata. This was studied by analyzing DNA sequence 

variation. We were interested which genes in the flowering development 

pathways have most been influenced by natural selection, and by what kind of 

selection. In the third study we studied the role of FRI in flowering time variation 

in A. lyrata, and compare it with that in A. thaliana. We used sequence analysis, 

association studies, and transformation experiments to show that FRI gene 

influences flowering time in A. lyrata, but in different way than in A. thaliana. 

In the last study we described patterns of nucleotide diversity in eight 

flowering time genes shown to be important in A. thaliana for flowering 

development and 19 reference genes chosen without considering their function. 

We used data from the reference loci to test the fit of the data to different 

demographic models using approximate Bayesian computation (ABC) method. 

Candidate genes were compared against the demographic model and reference 

loci, to infer what kind of selection was most likely shaping the evolution of 

genes in flowering time pathway. We hypothesize that regulation of responses to 

different photoperiods and other environmental cues underlie local adaptation in 

Central and Northern European populations.  
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2 Material and methods  

Only a brief outline of the material and methods are given in this chapter. More 

detailed descriptions are found in the original papers (I-IV). 

2.1 Sampling, populations studied and flowering time experiments 

The study species were A. thaliana, A. lyrata ssp. petraea and A. lyrata ssp. lyrata. 

The two first papers focused on A. thaliana and the two last on A. lyrata. The 

populations included in the thesis are presented in Figures 2 and 3. The A. thaliana 

dataset consists of 307 individuals sampled in 27 subpopulations from 23 

localities, 21 in Scandinavia and two in Italy (Fig. 2). Most subpopulations were 

separated by large distances, but some were only a few kilometers apart. The 

number of individuals per subpopulation varied between 1 and 31, with a mean of 

12.3. A. lyrata was studied in 9 populations from Europe and North America 

including populations from north and south in both continents (Fig. 3). In the last 

study the focus was on two European populations, Plech (Germany) and 

Spiterstulen (Norway). In Plech A. lyrata grows among other vegetation inside 

the forest on big rocks while in Spiterstulen the habitat is rocky riverbank at high 

altitude. 

Fig. 2. Locations of A. thaliana sample sites. 
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Fig. 3. Locations of A. lyrata sample sites. 

Flowering time variation was characterized in a growth chamber and greenhouse 

experiments. Flowering was characterized by measuring the number of days from 

planting to bolting (i.e., the first time a developing inflorescence was observed), 

and to flowering (opening of the first flower). Leaves were sampled for 

genotyping. 

2.2 Molecular methods 

Genomic DNA was isolated from the leaves of an individual with different 

methods according to the instructions of the supplier. 

2.2.1 Microsatellite fragment analysis 

Microsatellite loci are codominantly inherited DNA sequences with tandem 

repeats of 1–6 nucleotides. Due to their high frequency within most genomes and 

their high variability, microsatellites are an important tool for many purposes e.g. 

in evolutionary and population genetic studies (Ellegren 2004). Microsatellites are 

fast to score by PCR and automated genotyping techniques. Microsatellite 

variability is mainly allelic length variation which is generated through 

polymerase slippage and incorrect realignment during the replication of DNA 

(Levinson & Gutman 1987). Although microsatellite markers provide an excellent 

tool for different kinds of studies, the evolutionary processes and mutational 

mechanisms are less understood. For example, allele size homoplasy (where two 

alleles can be of the same size without being of the same origin) or null alleles 

may be serious problems associated with microsatellites. 
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Microsatellite polymorphism was analyzed by PCR with fluorescent labelled 

primers and subsequent gel electrophoresis (papers I and II). All individuals were 

genotyped at 19 microsatellite loci.  

2.2.2 DNA sequence variation 

A sequencing approach provides the most detailed genetic information and 

sequence data are a valuable resource for molecular evolution studies. Single 

nucleotide polymorphisms and substitutions of one nucleotide for another during 

evolutionary time, as well as length variation through insertions and deletions can 

be detected. Different kinds of mutations can be separated, such as amino acid 

changing (nonsynonymous) mutations from synonymous and silent changes. The 

method was initially time consuming and expensive, but recent technological 

developments permit large scale analysis faster and cheaper.  

All the PCR primers used for DNA amplification, as well as the sequencing 

primers, have been designed for these studies based on A. thaliana genomic 

sequence in the NCBI GenBank. For paper IV some primers have been designed 

based on published A. lyrata sequence (the Joint Genome Institute, 

http://genome.jgi-psf.org/Araly1/Araly1.home.html). Amplified products were 

purified and sequenced in both 5’ and 3’ directions. Sequences were checked and 

visually inspected and aligned against an outgroup sequence. Sequences were 

converted to haplotypes and the phase of heterozygous sites was inferred using 

the program PHASE v.2.1 (Stephens et al. 2001, Stephens & Scheet 2005) and 

verified by sequencing progenies of the target individuals. The program PHASE 

implements a Bayesian statistical method for reconstructing haplotypes from 

population genotype data. The method makes predictions about the patterns of 

haplotypes expected in natural populations conditional on genotype data (Stephens et 

al. 2001). 

2.3 Statistical methods 

2.3.1 Molecular diversity and linkage disequilibrium 

In the microsatellite study (II) the level of genetic diversity was described with the 

observed number of alleles (A), expected and observed heterozygosities (He and Ho, 

respectively), and the percentage of polymorphic loci (P). 
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The nucleotide sequence contains much information that can be described in 

many ways. The simplest measure is the number of polymorphic sites (S), which is 

the number of nucleotide sites having two or more variants. Two estimators of the 

population mutation parameter per nucleotide site θ=4Neµ (where Ne  is the 

effective population size and µ is the mutation rate) were calculated, the average 

number of pairwise differences π (Tajima 1983), and Watterson’s estimator of the 

scaled mutation rate θw (Watterson 1975), based on the number of segregating 

sites. It is also informative to separate the mutations that result in a change in the 

amino acid (nonsynonymous substitutions) from those that do not (synonymous 

substitutions). Multilocus estimates of the population mutation rate, θ, were 

obtained using Markov Chain Monte Carlo (MCMC) simulation under a Bayesian 

model (Pyhäjärvi et al. 2007). 

The divergence between groups was estimated with net nucleotide distance 

(Da) and as the average number of nucleotide substitutions per site between 

species, using Jukes-Cantor correction (Nei 1987).  

Linkage disequilibrium (LD) is nonrandom association between nucleotide 

variants at different polymorphic sites. At microsatellites the disequilibrium 

between pairs of loci was estimated with the program GENEPOP 4.0 (Rousset 

2008) for the total microsatellite data set. For sequence data, levels of linkage 

disequilibrium (LD) were estimated either using Kelly’s (1997) ZnS measure or 

squared allele frequency correlations (r2, Weir 1996). The estimates of population 

recombination parameter (ρ=4Ner, where Ne is the effective population size and r 

is the recombination rate) for each locus and for multiple loci were calculated 

with the composite likelihood method (Hudson 2001, McVean et al. 2002). The 

decay of LD with physical distance was estimated using a nonlinear regression 

analysis of LD between polymorphic sites versus distance between sites in 

basepairs (Hill & Robertson 1968). 

2.3.2 Genetic and geographic structure 

The multilocus population structure of A. thaliana was determined either with the 

program Structurama (Huelsenbeck & Andolfatto 2007), the more widely used 

Structure 2.1 or 2.3 (Hubisz et al. 2009, Pritchard et al. 2000) or Instruct (Gao et 

al. 2007) (papers I and II). Structure uses Markov Chain Monte Carlo (MCMC) to 

integrate over all possible partitions (Pritchard et al. 2000). Structurama works in 

a similar way but instead of using MCMC to integrate allele frequencies, it only 

uses MCMC to sample the assignment of individuals to populations and 
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integrates uncertainty in allele frequencies analytically (Huelsenbeck & 

Andolfatto 2007). Instruct implements a MCMC approach to jointly infer 

population structure and selfing rates in each population. To identify the most 

likely value of K Instruct computes the Deviance Information Criterion (DIC).  

More traditional approaches were also used to analyze population genetic 

structure. F-statistics was estimated using Weir & Cockerham’s (1984) unbiased 

estimator of θ. A Mantel test was utilized to examine whether the geographical 

distance between the populations and their genetic divergence as estimated with 

FST/(1-FST) were associated (i.e. if there was any sign of isolation by distance, IBD). 

An analysis of molecular variance (AMOVA) was performed for Scandinavian 

populations of A. thaliana. Trees describing relationships of populations were 

constructed with the Neighbor-Joining method using Nei’s (1987) genetic 

distance (D) or Cavalli-Sforza & Edwards’ (1967) chord distance (Dce). The 

confidence was assessed bootstrapping the data over nucleotide sites.  

2.3.3 Testing of demographic models 

Coalescent simulations and a rejection-sampling method were used to find a 

demographic history compatible with the observed nucleotide diversity in 

A. lyrata (paper IV). Simulations were conducted with approximate Bayesian 

computation (ABC) method with 19 loci chosen without regard to their function. 

Three simple demographic models were simulated: 1) the standard neutral model 

(SNM) that include one parameter, the population mutation rate, θ, 2) a 

population expansion model (PEM) with two parameters: θ and an exponential 

growth factor, α; and 3) a simple bottleneck model (SBM) with three estimated 

parameters: θ, date of the most recent event, T and strength of bottleneck S (Fig. 

4). 
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Fig. 4. Schematic pictures of the three demographic models that were compared by 

ABC. SNM, Standard Neutral Model, with an estimated parameter θ. PEM, Population 

expansion model with two estimated parameters θ and exponential growth rate (α). 

SBM, Simple bottleneck model with three associated parameters θ, time since end of 

bottleneck (T), strength of bottleneck (S) (modified from Källman 2009). 

2.3.4 Neutrality tests 

Numerous statistical tests that use molecular variation data for detecting selection 

exist (Nielsen 2005). Statistical tests compare predictions of standard neutral 

equilibrium model to observed variation at genes of interest. In real world 

populations are affected by many demographic conditions like gene flow and 

population size changes, thus it is important to control for demography. The 

effects of selection and demography can be distinguished because demography 

influences variation across the genome and selection only targets specific loci and 

linked regions. Demographic effects were controlled by microsatellite variation 

(paper II) or sequences of reference loci (paper IV). In paper IV simulation-based 

approaches were used to generate different demographic models against which 

samples of candidate genes can be statistically compared.  

Several tests were used to detect possible departure from the predictions of a 

standard neutral equilibrium model: tests based on either the frequency spectrum 

of polymorphisms (Fay & Wu 2000, Tajima 1989) and tests based on the 

relationship between intraspecific and interspecific variation (Hudson et al. 1987, 

McDonald & Kreitman 1991). 

Tajima’s D (Tajima 1989) statistic was used to test the SNE prediction that 

the θ estimates based on total number of segregating sites (S) and average number 

of nucleotide differences (π) should be equivalent. This test measures the skew in 

the frequency spectrum; a negative D-value (θw>θπ) indicates an excess of rare 
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variants, while a positive D (θw<θπ) suggests excess intermediate frequency 

variants. Negative D can be an indication of positive or purifying selection and 

positive D indicates that the locus is under some form of balancing selection. 

Both positive and negative D can result from demographic events as well. 

Population structure results in positive D and rapid population expansions or 

severe bottlenecks result in negative D. Fay and Wu’s H (Fay & Wu 2000) uses an 

outgroup to identify the derived allele in the sample. It is also based on the 

differences between two estimators of θ, θπ, the average number of nucleotide 

differences between pairs of sequences, and θH, an estimator based on the frequency 

of the derived variants. A large negative value of H indicates that there is an 

overrepresentation of high-frequency derived alleles in the sample and can be 

interpreted as selection having swept an allele at the locus to fixation or close to 

fixation. Zeng et al. (2006) suggested a compound test of D and H utilizing the 

strength of each test and at the same time reducing the influence of demography 

to increase the overall power of detecting patterns of selection.  

Another class of tests compares levels of polymorphism within a gene to 

levels of divergence at that gene between the species of interest and a closely 

related outgroup species. The congruence of the level of polymorphism with the 

divergence along the gene was tested with the Hudson-Kreitman-Aguadé test 

(HKA, Hudson et al. 1987). Under neutral evolution (θ=4Neμ), the diversity and 

divergence should be correlated. If the ratio of diversity and divergence is found 

to be sufficiently different, selection has likely occurred at one or more of the loci. 

The McDonald-Kreitman (MK, McDonald & Kreitman 1991) test is based on a 

comparison of synonymous and nonsynonymous (replacement) variation within 

and between species. Under the neutral model the ratio of fixed differences 

between species to polymorphisms within a species should be constant for 

different types of mutations. An excess of fixations of nonsynonymous mutations 

can indicate positive selection while an excess of polymorphic non-synonymous 

mutations can indicate either balancing selection or weak purifying selection 

against slightly deleterious mutations. The ratio of these values is called neutrality 

index, NI=(pa/ps)/(Da/Ds)(Rand & Kann 1996).  

Ratio of da/ds, where da is the nonsynonymous substitution rate and ds is the 

synonymous substitution rate, measures the magnitude and direction of selective 

pressure on a gene sequence. A ratio equal to one indicates neutral evolution and 

ratio smaller than one or larger than one negative selection and positive selection, 

respectively (Nielsen 2001).  
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2.3.5 Association analysis 

Association studies use linkage disequilibrium to identify polymorphisms that may be 

responsible for complex trait variation. To establish a link between molecular data 

and variation in traits observed in nature is an important step to develop a better 

understanding of the genetic architecture of complex traits and how adaptive 

forces shape the underlying genetic variation. The aim is to find non-random 

association of alleles and phenotypes (Flint-Garcia et al. 2003). Samples are 

collected from natural populations instead of generating experimental mapping 

populations. A. thaliana is suited for association analysis because of low level of 

heterozygosity caused by inbreeding. Association studies have already been used to 

detect variants underlying e.g. flowering time and pathogen resistance (Aranzana et 

al. 2005, Atwell et al. 2010, Olsen et al. 2004, Zhao et al. 2007). Association 

analysis can be more accurate in outcrossing species (Neale & Savolainen 2004), 

because linkage disequilibrium is expected to operate over shorter distances. 

Individual A. lyrata populations can be used for association studies, but the very 

high differentiation of A. lyrata populations make between populations 

association analyses difficult. Association studies suffer from elevated rates of false 

positives unless population structure is properly accounted for (Aranzana et al. 2005, 

Atwell et al. 2010, Yu et al. 2006, Zhao et al. 2007). Another concern is its lack 

of power for identifying associations at loci with very low minor allele 

frequencies. 

Associations of genotypes with flowering time were tested in two papers (II, 

III). Two different methods were used, using a mixed linear model developed by 

Yu et al. (2006) implemented in the program TASSEL v. 2.1. In the A. lyrata 

paper (III), with single locus association within populations, we used the 

Kruskal–Wallis test. Population structure was taken into account either using the 

program Instruct (Gao et al. 2007) for A. thaliana and by testing association 

within populations in A. lyrata. 
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3 Results and discussion 

3.1 Sample size dependent clustering (paper I) 

In the first paper, we investigated the effect of sample size on the resulting 

number of clusters. We used computer simulations and a real dataset of 

microsatellite variation among and within populations of A. thaliana. This work 

was motivated by the variable results reported by studies of cryptic population 

genetic structure of the model plant A. thaliana. Studies in which more than one 

individual were sampled per location have led to a much higher number of 

clusters or higher population differentiation (Bakker et al. 2006, Stenøien et al. 

2005) than studies where only one individual was sampled in each location 

(Caicedo et al. 2004), as is generally done in this species. 

Over the last decade computational power has increased and extensive 

genetic data have become available. Further, different methods to identify cryptic 

population genetic structure and assign individuals to subpopulations without 

prior knowledge of their origin have been developed. Bayesian techniques have 

been the most promising, and many software packages are now available to group 

individuals into different clusters e.g. Structure (Falush et al. 2003, Pritchard et al. 

2000), BAPS (Corander et al. 2003), Structurama (Huelsenbeck & Andolfatto 

2007), Instruct (Gao et al. 2007), TESS (Chen et al. 2007a) and Geneland 

(Guillot et al. 2005). These different clustering methods vary in the assumptions 

they make and ⁄ or the information they use.  

We used two Bayesian clustering methods, Structure and Structurama to infer 

the number of clusters based on samples from the simulated data. Because 

Structure demands much more computational power than Structurama, especially 

when testing for a large number of clusters, analyses with Structure included 

fewer sample sizes per subpopulation, and fewer K-values than analyses with 

Structurama. We simulated a simple island model and a hierarchical island model. 

Replicates were produced for each combination of migration rate, recombination 

rate and mutation model.  

This study showed that sampling too few individuals per locality could lead 

to a severe underestimation of the real number of subpopulations. Very low 

sampling intensity (1–5 individuals ⁄ location) lead to a strong underestimation of 

the number of clusters, but cryptic population structure could still be unravelled 

with reasonably limited sampling in each population (6–10 individuals) as long as 
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the migration rate among populations was not very high. We also showed that in 

the presence of a hierarchical population genetic structure, the problem was not as 

serious. The underestimation of clusters was most pronounced in the data sets 

simulated under the infinite allele model and with high migration rate, and 

accordingly low genetic differentiation.  

The sampling effect was only marginally influenced by the presence or 

absence of recombination, unless the populations were structured hierarchically. 

Under the island model, recombination had some effect on the number of clusters 

detected only when migration was high, with a slightly higher number of clusters 

in the presence of recombination. In our simulations of a hierarchical model, the 

number of demes was correctly identified when loci were recombining freely (or 

actually underestimated when the migration rate was high), and overestimated 

when loci were linked. In the absence of recombination, most subpopulations 

were split into several clusters that in turn could contain individuals from several 

subpopulations. Generally, LD among loci should lead to an overestimation of the 

number of clusters (Kaeuffer et al. 2007). The sample size dependency on the 

estimated number of clusters was also shown in a real A. thaliana dataset.  

This suggests that variation within subpopulation is significant for successful 

estimation of population structure even in highly selfing species such as 

A. thaliana. As most studies of population structure of A. thaliana have relied on 

sampling one or a few individuals per subpopulation, the number of clusters 

might, therefore, have been strongly underestimated in those studies. In the case 

of a hierarchical population structure, the number of higher level units may be 

properly estimated, but the presence of hierarchical population structure might not 

be known a priori. Consequently, our findings, together with the fact that many 

studies have shown that A. thaliana populations often contain more than one 

haplotype, provide a strong rationale to abandon the traditional sampling of 

‘accessions’ and initiate more extensive sampling across worldwide A. thaliana 

populations. Underestimating the number of subpopulations can have important 

consequences for association mapping as undetected cryptic population structure 

might lead to false positives (Zhao et al. 2007). 

3.2 Flowering time variation 

Flowering time variation was studied in A. thaliana (II) and in A. lyrata (III). In 

both species the goal was to examine the role of FRI on the variation in flowering 
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time influence. In A. thaliana also the role of FLC was studied. Flowering time 

varied among populations for both species.  

For A. thaliana the average Scandinavian population flowered later than the 

two Italian populations, but the flowering start of Italian populations overlapped 

with several Scandinavian populations, in a common garden experiment in 

Sweden. The mean number of leaves at bolting varied from 21 to 55 and mean 

flowering start ranged from 105 to 126 days after planting, showing late 

flowering. Many earlier studies have shown that northern populations are late 

flowering if they are not vernalized (Kuittinen et al. 1997, Zhao et al. 2007) and 

our data support this finding. In Scandinavia there was no polymorphism for a 

late and early flowering type, in contrast to British (Westerman 1971) and French 

populations (Le Corre 2005). Moreover, flowering time was not correlated with 

latitude of origin among the Scandinavian populations.  

Different A. lyrata populations flower at different times in a common garden 

experiment in growth chamber. In A. lyrata, when plants were not vernalized the 

difference in bolting time between the populations was significant (P<0.001) and 

after vernalization the differences in bolting times were much smaller but 

populations were still significantly different (P<0.001). The Scandinavian 

populations responded more strongly to vernalization and flowered earlier. This 

situation is similar to A. thaliana where late-flowering, winter-annual ecotypes 

respond to vernalization more strongly than early flowering, summer-annual 

ecotypes, resulting in shorter flowering times in all ecotypes (Karlsson et al. 1993, 

Lempe et al. 2005, Nordborg & Bergelson 1999). 

3.3 Genome-wide diversity in Arabidopsis 

Genome-wide diversity was studied with microsatellites in A. thaliana (II) and by 

examining nucleotide diversity at loci chosen without regards to their function 

(reference loci) in A. lyrata (IV). The set of reference loci are a subset of loci 

studied by Ross-Ibarra et al. (2008) and consist of mostly coding region. The 

level of silent polymorphisms varied across loci in both species likely due to level 

of purifying selection and differences in mutation frequency between loci (or 

effects of linked selected loci). Polymorphisms varied also across populations due 

to different effective sizes.  

The level of polymorphism was higher in A. lyrata than in A. thaliana, both 

within populations and species wide, as would be expected because of the 

outcrossing mating system and its many correlated factors. Population level 



 40

diversity of A. lyrata is higher than diversity at world-wide A. thaliana sample at 

nucleotide level (Nordborg et al. 2005, Ross-Ibarra et al. 2008, Schmid et al. 

2005). At microsatellites the same pattern was observed, mean heterozygosity for 

A. thaliana populations was 0.22 for Swedish populations and 0.06 for 

Norwegian ones, corresponding values for A. lyrata were 0.324 and 0.252, 

respectively (Gaudeul et al. 2007, Stenøien et al. 2005). However, comparisons 

between species are complicated, as mutation rates vary widely between loci. 

In A. thaliana genetic diversity varies widely among populations, which is 

typical for selfing plant species (Schoen & Brown 1991). The findings imply that 

sampling schemes will have a strong impact on the results. These results also 

emphasize the importance of sampling multiple individuals within populations.  

An other genome wide difference between A. thaliana and A. lyrata is the 

extent of linkage disequilibrium. The effects of recombination are more evident in 

A. lyrata. In the selfing A. thaliana worldwide collection LD has been estimated 

to decay within 10 kb on average (Kim et al. 2007), but in local populations LD 

may extend over whole chromosomes (Nordborg et al. 2002). In A. lyrata LD 

decays within hundreds of bases, r2 dropping below 0.2 within 200 bp in Plech 

and within 1000 bp in Spiterstulen. Both of these differences between species can 

be attributed to differences in breeding system, A. thaliana being highly selfing 

(Abbott & Gomes 1989, Bomblies et al. 2010) and A. lyrata a predominantly 

outcrossing. 

There was no correlation between expected heterozygosity at microsatellites 

and latitude in A. thaliana Scandinavian data set, but we found that Swedish 

populations (mean He=0.22) were more variable than the Norwegian (He=0.06) 

ones studied by Stenøien et al. (2005). The two Italian populations (mean 

He=0.35) were the most variable. Swedish populations of A. lyrata on average 

have been found to be more diverse than the Norwegian populations (average 

He=0.324 and 0.252, respectively, Gaudeul et al. 2007). This could reflect the 

general westward direction of the recolonization of Scandinavia after the Last 

Glacial Maximum, as most plant and animal species entered Scandinavia from 

both the Northeast and the Southeast after the Last Glacial Maximum (~18,000 ya, 

Taberlet et al. 1998). Most populations located at present in previously glaciated 

regions are the products of postglacial colonization from ancestral populations that 

survived in outside the glaciated area (Comes & Kadereit 1998, Hewitt 2000, 

Hewitt 2004, Taberlet et al. 1998). During interglacial times, species were able to 

expand northward. In Europe, different routes of colonization have contributed to 

the present-day distribution of many different species (Taberlet et al. 1998). 
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Populations underwent many changes during the recolonization and these changes 

have left the traces in the genome. Deglaciated areas are predicted to contain only 

a subset of the variation present in the source gene pools, and to have a high 

degree of population differentiation (Hewitt 1999, Petit et al. 2003). 

Population bottleneck effects were also observed in A. lyrata. The 

demographic history of A. lyrata was studied by using coalescent simulations and 

a rejection-sampling method to obtain an approximate posterior distribution for 

the different scaled parameters. We used data from the 19 reference loci to 

examine the fit of the data to the standard neutral model (SNM), population 

expansion model (PEM) or simple bottleneck model (SBM). The fit with the 

simple bottleneck model (SBM) was improved relative to the SNM and PEM in 

both northern (Spiterstulen) and central (Plech) populations. The ABC approach 

suggested that Spiterstulen has gone through a bottleneck, as the model 

probability for the simple bottleneck model was highest among the used models. 

The Central European Plech also showed evidence of bottleneck, but the effect of 

bottleneck was not so strong. The results are consistent with earlier studies (e.g. 

Ansell et al. 2010, Muller et al. 2008, Ross-Ibarra et al. 2008), Northern 

European A. lyrata populations have been strongly influenced by recent historical 

events. Microsatellite data have not detected bottleneck effects in either Plech 

(Clauss & Mitchell-Olds 2006) or in Spiterstulen (Muller et al. 2008), while 

sequence analysis suggested severe bottleneck effects in Spiterstulen and mild 

effects in Plech (Ross-Ibarra et al. 2008). A recent study on allozymes showed 

bottleneck effects in some population both in the northern and in the central 

populations (Ansell et al. 2010).  

In our study the bottleneck in Spiterstulen is dated to 13 thousand years ago 

(with confidence intervals of 6 500–30 000 years) and 48 thousand years in Plech 

(17 600–119 000 years). The timing of bottleneck is consistent with data obtained 

from analyses that consider recombination and migration of A. lyrata (Pyhäjärvi 

et al, in prep) and with the timing of known climate changes during the 

Quaternary (Hewitt 2004). It is more likely that A. lyrata populations have gone 

through repeated population size changes during the colonization events and 

glacial cycles. Additional features may have to be included for an accurate 

modeling of the data, like recombination, migration, as well as more complicated 

forms of population bottlenecks. However, using more complex models would 

require more data to simultaneously fit more parameters. 
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3.4 Population structure and genetic differentiation 

A. thaliana population structure was studied in detail in the first paper. A very 

high level of population structure was detected among Scandinavian populations. 

The most likely number of clusters was 23 and 27 with Instruct and Structure, 

respectively, out of a total of 27 sampling locations. In analyses with K=2 the 

subpopulations were divided into two groups: one including 7 of the 8 

populations north of latitude 62º N, but showing partial admixture only in some of 

the populations south of this latitude. There was no significant correlation 

between geographical and genetic distances, confirming a lack of isolation by 

distance in this study.  

Strong population structure is in stark contrast with results based on 

continent-wide studies of A. thaliana accessions (a single individual is then 

sampled in each location). For example, a recent study based on 275 accessions 

and 319 SNPs (Ehrenreich et al. 2009) identified only two clusters with Instruct 

and ten clusters with Structure. A part of the explanation of this discrepancy lies 

in the very different sampling strategies: the larger the number of individuals 

sampled per population, the larger the number of clusters. The different scales of 

the studies and the markers considered may also contribute to the observed 

difference. Larger scale surveys have generally found a strong geographic 

structure for populations within regions and a much weaker one among regions 

(Bakker et al. 2006). In a recent survey of variation across the native Eurasian 

range based on 149 SNPs, evidence of isolation by distance was detected at all 

spatial scales examined (among populations separated by from tens of kilometers 

to thousands of kilometers; Platt et al. 2010).  

For A. thaliana, the overall estimate of FST at microsatellite loci for the total 

set of Swedish populations was 0.65 and 0.88 in Norway (Stenøien et al. 2005). 

Estimates of A. lyrata FST were 0.18 in Sweden and 0.23 in Norway (Gaudeul et 

al. 2007). FST estimates were significantly lower in Sweden than in Norway in 

both species, compatible with lower level of diversity in Norway and westward 

direction of the recolonization of Scandinavia after the Last Glacial Maximum. 

Note that FST values are ratios and depend not just on the absolute level of 

differentiation between populations, but also on the level of within population 

diversity. Between Scandinavian populations, FST estimates were much lower in 

A. lyrata than in A. thaliana, mainly because of breeding system. A. lyrata 

populations have lower FST estimates but the populations show remarkable 

clustering by geographic locality (Muller et al. 2008, Ross-Ibarra et al. 2008).  
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3.5 Diversity at candidate genes 

Nucleotide diversity was studied at numerous candidate genes, all belonging to 

flowering time pathway of Arabidopsis (Boss et al. 2004). In A. thaliana the 

focus was on FRI and FLC (paper II), candidate genes shown to be important for 

flowering time and adaptation to local environments (Johanson et al. 2000, 

Michaels & Amasino 1999). In A. lyrata we studied FRI gene variation in 9 

populations (paper III) while other flowering time genes studied (CRY1, CRY2, 

CO, FT, PHYA, LD, TOC1, ZTL) were examined in one Central European (Plech) 

and one North European (Spiterstulen) population (paper IV). 

In A. lyrata, we found an interesting result that was in contrast to simple 

neutral expectations. Flowering time genes showed less diversity than reference 

loci but the divergence from A. thaliana was not reduced on flowering time genes 

compared to reference loci (IV). If the genomic areas are evolving neutrally, both 

divergence and diversity depend on the mutation rate and a correlation between 

diversity and divergence is expected (Hudson et al. 1987). Divergence at 

reference loci was 0.15 and at flowering loci 0.12, 80% of that at the reference 

loci. Overall levels of silent and synonymous polymorphisms in flowering time 

genes were only about 20% of what was observed for reference loci. CRY1 was 

the only flowering time locus that did not show reduced variation. Reduced 

diversity at flowering time genes may indicate that directional selection has 

resulted in loss of variation within populations. However this signal of selection 

was not accompanied by increased fixation of variants between species. It is 

possible that there is some selection against deleterious effects, which prevent 

fixation. On the other hand, population structure and local adaptation may also 

slow down adaptative fixations (Gossmann et al. 2010). In earlier studies reduced 

variation at both synonymous and nonsynonymous sites at flowering time genes 

was also found in A. thaliana but the reduction was not as strong as in A. lyrata. 

Results from A. thaliana showed that flowering time genes are mainly evolving 

under strong functional constraint and are experiencing purifying selection 

(Flowers et al. 2009). 

The FRI locus was studied in both A. lyrata and A. thaliana. Transformation 

tests showed that coding FRI sequence from A. lyrata can complement the native 

A. thaliana FRI loss of function mutation, suggesting that the FRI gene has a 

similar function (it confers a vernalization requirement) in both species. Note that 

the functional copies are in nonhomologous positions in A. lyrata and A. thaliana 

(Kuittinen et al. 2004). Nucleotide diversity of FRI was rather low in both studied 
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species. In A. thaliana within-population nucleotide diversity (π) ranged from 0 to 

0.002 and in A. lyrata from 0.0013 to 0.0065. And importantly, there were hardly 

any nonfunctional alleles in the populations of either species that were studied 

here. It is thought that functional alleles of FRI are favored in northern latitudes 

and that an observed increase in nonfunctional FRI alleles is the result of natural 

selection for early flowering during A. thaliana’s range expansion (Johanson et al. 

2000). There was variation at FRI in A. thaliana, but not the kind of large indel 

variation that typically gives rise to the nonfunctional alleles. In A. lyrata the 

most interesting polymorphism was the indel of 14 amino acids in the last exon 

that was segregating in several populations. The deletion allele occurred at low 

frequencies in southern populations in both continents and had highest frequency 

in Scandinavian and North Eastern American populations. In both species the first 

part of the gene (exon 1) harbored more variation than the second part (exons 2 

and 3) of the gene. In A. thaliana most of the variation in exon 1 was 

nonsynonymous (in the Swedish populations the πa/πs ratio in the first exon was 

15.9). Le Corre et al. (2002) also found a high proportion of nonsynonymous 

variation and suggested that the excess of amino acid polymorphisms in the first 

exon of FRI gene is mostly adaptive and has been maintained by local selection. 

In A. lyrata elevated polymorphisms was especially pronounced for the 

synonymous sites, but the level of nonsynonymous polymorphism also varied in 

the same direction. We do not yet understand the reason for the excess of silent 

variation in the first exon. 

In the A. thaliana FLC we examined the retrotransposon located in the first 

intron that was found to be associated with variation in flowering time in a 

previous study (Gazzani et al. 2003) and sequenced about 750 bp of the first 

intron. Only two out of 226 individuals carried the retrotransposon. The two 

haplotype groups defined by Caicedo et al. (2004) were present in this sample. 

Haplotype A was more frequent than haplotype B in the Swedish populations. In 

Norway, only haplotype A occurred and in the two Italian populations haplotype 

B was the most frequent. Thus, the majority of Scandinavian A. thaliana have a 

genotype with FLCA and a functional FRI allele gene. This is in contrast to results 

obtained by Caicedo et al. (2004), who reported that the FRI-FLCB haplotype was 

more frequent at higher latitude (mean latitude=51.76°N) than FRI-FLCA. This 

difference might primarily result from a difference in the sampling areas, 

populations in the present study being more northerly. It, however, suggests that 

the interpretation of the differentiation of European populations into a northern 

group dominated by FRI-FLCB and a southern group dominated by FRI-FLCA as 



 45

reflecting adaptation rather than cryptic population structure may no longer hold. 

Caicedo et al. (2004) noted that longitude was correlated with latitude in their 

data set and controlled for it when analyzing the relationship between genotype 

with latitude. Our data suggest that the northernmost populations are genetically 

distinct from the more southern ones (K=2). A likely interpretation is that the 

former populations originate from an Eastern refugium like many other plants and 

animals, while the southern populations generally originate from refugia in the 

Italian and Iberian Peninsulas. Under this interpretation, the latitudinal gradient 

detected by Caicedo et al. (2004) could reflect an ancient population structure. 

3.6 Signals of selection at sequence level 

Several tests were used to find signals of balancing or positive directional 

selection in the sequence data. We used statistics that were based on the level and 

structure of diversity, frequency distribution of polymorphisms, the proportion and 

frequency of nonsynonymous substitutions, and the amount of linkage 

disequilibrium. The flowering time genes were compared against the reference 

loci, which we assume to represent the genomewide average patterns, and against 

the expectation of demographic model received from approximate Bayesian 

computations (IV). 

Estimates of Ka/Ks and πa/πs ratios below unity suggests that weak purifying 

selection dominated in the A. lyrata genome, but signs of other selection forces 

shaping the evolution of flowering time loci also exist. Flowering time genes 

(except CRY1) differ from reference genes by reduced level of nucleotide 

diversity likely due to positive selection. Frequency based tests in flowering time 

genes also indicate selective sweeps especially in Spiterstulen. Some flowering 

time genes showed deviations in the frequency spectrum through excess of rare 

variants (negative Tajima’s D) and increase of the number of derived alleles 

(negative Fay and Wu’s H). Flowering time loci statistics differed both from 

reference loci and from summary statistics obtained from a simulated 

demographic model. Elevated linkage disequilibrium in Spiterstulen is also a 

possible signature of the action of directional positive selection.  

Signs of local adaptation were found in some flowering time loci by fixed 

nonsynonymous substitutions between northern and central populations. CRY2, 

FT, and PHYA showed fixed nonsynonymous nucleotide differences between 

populations. The action of directional positive selection is expected to leave 

characteristic signatures, such as reduced levels of polymorphism and enhanced 



 46

linkage disequilibrium in genome regions surrounding the site where a selected 

substitution has occurred. In PHYA diversity was strongly reduced and Toivainen 

et al. (manuscript) has studied this further and strong evidence of selective sweep 

was found in Spiterstulen at PHYA. In addition, two more genes showed strong 

reduction at silent and synonymous variation in northern population (LD and ZTL) 

when compared against demographic model. These genes showed deviations in 

the frequency spectrum through excess of rare variants (negative Tajima’s D) and 

increase of the number of derived alleles (negative Fay and Wu’s H), which both 

are signs of selective sweep. Linkage disequilibrium was increased at the LD gene 

compared to average value of flowering time genes. Here I concentrated on 

overall patterns of flowering time genes, but the details of selection at individual 

loci need to be examined further.  

Nucleotide polymorphism at FRI gene was studied in more detail (III). 

Among the nonsynonymous polymorphisms the most interesting polymorphism 

was the indel of 14 amino acids in the last exon that was segregating in several 

populations. Considering that the indel or a linked polymorphism has such large 

effect on flowering, it is unlikely to be neutral to plant’s fitness. The frequencies 

of the indel were at surprising high frequency in many populations, and this 

argues against directional selection in favor of either indel type. It is not likely 

that either of the alleles is deleterious because frequencies of deleterious alleles 

are expected to be very low due to purifying selection. This suggests that the most 

probable mode of selection acting on the long and short alleles is balancing 

selection, which maintains both alleles at intermediate frequencies within 

populations. 

We did not see evidence for adaptive protein evolution between A. thaliana 

and A. lyrata, but elevated amino acid polymorphism with McDonald-Kreitman 

test. It is possible that adaptive changes have not occurred at protein level, but 

rather in regulatory region. On the other hand, population structure is pronounced 

in both A. lyrata and A. thaliana and could be an important factor explaining the 

low fixation of mutations by positive selection in Arabidopsis (Foxe et al. 2008, 

Gossmann et al. 2010). The rate of adaptive evolution might also be correlated 

with effective population size, and many plants have relatively small population 

sizes thus having low rates of adaptive substitutions (Wright & Andolfatto 2008). 

Another explanation would be that local adaptation slow down the adaptive 

evolution (Gossmann et al. 2010). 
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3.7 Association analysis 

Association was studied both in A. thaliana (II) and A. lyrata (III) between 

flowering time and polymorphisms in FRI and / or FLC. In our study variation in 

flowering time was not significantly associated with variation in FRI or FLC in 

A. thaliana. There was marginally significant association between some SNPs in 

FLC before correcting for multiple testing. The frequency of the nonfunctional 

FRI alleles is so low in Scandinavia that they cannot account for much flowering 

time variation. The present growth conditions may also be one reason not to find 

any association. Nucleotide variation among the functional alleles of FRI also 

does not account for the variation in flowering time.  

In contrast, in A. lyrata, different functional FRI alleles are associated with 

different flowering times. Time to flowering was significantly associated with the 

insertion deletion polymorphism (of 14 amino acids) genotypes in nonvernalized 

plants in Spiterstulen (P<0.001) and close to significant in Mjällom (P=0.062). 

Long allele homozygotes flowered 15 days later than heterozygotes in two 

northern populations. When the plants were vernalized, all plants flowered early 

and the difference between genotypes was reduced. Effects of different FRI 

alleles were confirmed by transformation tests. Both short and long indel alleles 

were transformed to the early flowering A. thaliana Col-fri line and their 

influence on flowering was studied. Both short and long alleles delayed flowering 

complementing the loss-of-function FRI allele, long allele more than short. Long 

allele in terms of the indel correspond the A. thaliana functional FRI sequence. 

Transformations to A. thaliana of the two variants confirmed that this gene and 

not just linked variants were responsible for the effect. Because of LD, the 

effective site may be a linked site outside the indel, but over the SNP’s the large 

indel remains the most promising causative polymorphism. 

Earlier studies have found that the two loci FRI and FLC account for a 

considerable part of the flowering time variation between accessions of 

A. thaliana (12–70%) (Aranzana et al. 2005, Lempe et al. 2005, Scarcelli et al. 

2007, Shindo et al. 2005, Zhao et al. 2007). Our data suggest that among 

Scandinavian populations of A. thaliana, FRI and FLC apparently have limited 

roles. Our results also suggest that FRI is not sufficient to account for much of the 

differences in flowering time in A. lyrata. Other important genetic factors must be 

responsible for the flowering time differences between the populations in both 

species. In A. thaliana, Scarcelli and Kover (2009) did not detect any change in 

allele frequencies at FRI or FLC when plants produced by intermating 19 natural 
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accessions were selected for early flowering under winter-annual conditions. 

They suggest that changes in flowering time are mediated by different genetic 

factors under spring- and winter-annual growth conditions, and that other loci 

must also be contributing to the response to selection. Scarcelli and Kover (2009) 

also suggested that genetic basis of flowering time under winter-annual condition 

could be of higher complexity than in spring-annual conditions. Lempe et al. 

(2005) also suggest that the genetic basis of variation in flowering time may vary 

among regions. Regional differences in the genetic basis of among-population 

variation in adaptive traits may be related to differences in selection regimes and 

environmental conditions, but may also be influenced by population history. 

Wilczek et al. (2010) have shown that flowering in outside common gardens can 

have very different patterns from controlled environments, also depending on the 

planting dates.  
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4 Conclusions 

The main aim of this thesis was to elucidate the genetics of flowering time variation 

in two closely related species, the weedy selfer A. thaliana and the outcrossing 

perennial A. lyrata. The mating system has an influence on levels of diversity and 

LD. It also influences how the studies can be conducted (e.g. within and between 

populations association analysis). In the past decade, great progress has been 

made in the understanding of molecular mechanisms controlling flowering time, 

in particular in the model species A. thaliana. An obvious question is to what 

extent the molecular mechanisms revealed in A. thaliana are also shared by other 

species, and whether the within species variation in flowering time is governed by 

same genes in the two species. A. lyrata has become a new model plant species 

for evolutionary studies and its role can increase now when its full sequence is 

available. Furthermore the sequence of another relative (Capsella rubella) is on 

way.  

In examining signs for adaptative variation, it is clearly very important to 

obtain as background a clear view of the demographic history of species. This 

requires adequate sampling strategies for discovering the pattern of population 

differentiation. Both species have been shown to deviate from standard neutral 

equilibrium, and strongly influenced by recent historical events. Demographic 

model suggest A. lyrata has experienced population size changes in the past. 

Population bottlenecks are probably signatures of colonization of new areas. In 

A. thaliana we saw westward direction of the recolonization of Scandinavia after 

the Last Glacial Maximum. 

The signals of positive selection for local adaptation are further confounded 

with weak purifying selection dominating in both A. thaliana and A. lyrata. Signs 

of other selection forces shaping the evolution of flowering time loci also exist. 

Flowering time genes have only slightly reduced divergence but differ from the 

reference genes by reduced level of nucleotide diversity likely due to positive 

selection. Other tests in flowering time genes also indicate sign of selective 

sweeps. In A. lyrata at FRI locus probable balancing selection is maintaining the 

both long and short alleles at intermediate frequencies within populations. Fixed 

nonsynonymous substitutions between northern and southern populations in some 

flowering time loci suggest that the loci may account for local adaptation. The 

details of selective forces at individual loci require further molecular evolutionary 

and functional studies. 
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