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Abstract
Demographic history and natural selection are central forces shaping the genetic diversity of
populations. Knowledge on these forces increases understanding of processes shaping genetic
variability of populations. In this PhD thesis I investigated demographic history and selection in
multiple populations of Arabidopsis lyrata, an outcrossing herbaceous plant species of the
Brassicaceae family. Due to its wide distribution in the temperate and boreal regions, A. lyrata
serves as a good model system to study population genetic consequences of colonization of
northern latitudes. The first aim of this study was to characterize the demographic and colonization
history of the species using site frequency spectra estimated from whole-genome diversity data.
Another aim was to detect genetic loci targeted by recent selective sweeps at genome-wide scale
as well as at candidate flowering time genes. Patterns of genome-wide selection at linked sites
(linked selection) were also compared between populations of Capsella grandiflora and A. lyrata
with contrasting demographic histories.
Evidence for strong effective population size decline in the past few hundred thousand years
was detected in A. lyrata populations species-wide. This study also suggests recent Scandinavian
colonization from an unknown refugium, distinct from the Central European source population.
Selection analyses revealed loci targeted by positive selection in two Scandinavian lineages after
the recent population split as well as selective sweeps in flowering time genes in the colonizing
populations. In comparison with the studied C. grandiflora population, the Norwegian A. lyrata
population had weaker purifying selection and no evidence for reduction of diversity around genes
was found. This thesis offers novel information on species colonization history and its genomewide effects, which is important for understanding the framework of local adaptation.

Keywords: colonization history, demographic history, genetic diversity, linked
selection, selective sweep, site frequency spectrum

Mattila, Tiina, Mattila, Tiina, Jääkauden jälkeinen kolonisaatio, demografinen
historia ja valinta idänpitkäpalon (Arabidopsis lyrata) populaatioissa. Koko
perimän laajuinen ja kandidaattigeeniperusteinen lähestymistapa
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 701, 2017
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Populaation demografinen historia ja luonnonvalinta ovat keskeisiä populaation perinnöllisen
muuntelun muokkaajia. Näiden tekijöiden tutkimus on tärkeää eliöiden sopeutumisen ymmärtämiselle. Tässä väitöskirjassa tutkin demografista historiaa ja valintaa monivuotisen ristisiittoiseen ruohovartisen Brassicaceae-heimon kasvilajin idänpitkäpalon (Arabidopsis lyrata) useissa
eri populaatioissa. Idänpitkäpalko on erinomainen mallilaji pohjoiseen ympäristöön sopeutumisen tutkimukseen, koska sen toisistaan eristäytyneet paikalliset populaatiot ovat levittäytyneet
laajalle boreaalisella ja lauhkealla ilmastovyöhykkeellä. Tutkimuksen tarkoituksena oli luonnehtia populaatioiden demografista historiaa ja kolonisaatioreittejä käyttäen koko perimän laajuisesta muunteluaineistosta estimoituja alleelifrekvenssispektrejä. Lisäksi koko perimän laajuista
aineistoa sekä kukkimisaikaa ohjaavien geenien sekvenssejä käytettiin positiivisen luonnonvalinnan merkkien tunnistukseen. Genominlaajuista kytkeytynyttä valintaa vertailtiin toiseen ristisiittoiseen Brassicaceae-heimon lajin Capsella grandifloran populaatioon, jonka demografinen
historia poikkeaa huomattavasti tutkituista idänpitkäpalon populaatioista.
Tutkimuksessa havaittiin, että kaikissa tutkituissa idänpitkäpalon populaatioissa tehollinen
populaatiokoko oli pienentynyt viimeisen muutaman sadantuhannen vuoden aikana. Kolonisaatiohistorian tarkastelu osoitti, että idänpitkäpalon skandinaaviset populaatiot ovat todennäköisesti peräisin keskieurooppalaisesta refugiosta erillisestä läntisestä refugiosta. Skandinavian kolonisaation yhteydessä vaikuttaneen positiivisen luonnonvalinnan merkkejä havaittiin useissa eri
genomin osissa sekä erityisesti valojaksoa mittaavissa geeneissä. Tämä kertoo erilaisiin valojaksoihin sopeutumisen tärkeydestä skandinaavisen kolonisaation yhteydessä. Verrattuna tutkittuun
C. grandifloran populaatioon, idänpitkäpalolla puhdistavan valinnan havaittiin olevan heikompaa ja muuntelun vähenemistä geenien ympärillä ei havaittu. Tämä tutkimus tarjoaa uutta tietoa
Skandinavian kolonisaatiohistoriasta ja sen genominlaajuisista vaikutuksista. Tutkimuksessa
tuotettua tietoa voidaan hyödyntää paikallisen sopeutumisen ymmärtämisessä.

Asiasanat: alleelifrekvenssispektri, demografinen historia, kolonisaatiohistoria,
kytkeytynyt valinta, perinnöllinen muuntelu, valinnan pyyhkäisy
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1

Introduction

Heritable genetic variation existing in a population is the basis for populations’
ability to evolve over time (Darwin 1859), which is crucial for species survival in
a spatially and temporally heterogeneous environment. Genetic variation,
ultimately produced by mutation, persists in a population for a period of time after
which it becomes either lost (only the ancestral form exists in the population) or
fixed (only the derived variant exists in the population). If the carrier of a new
mutant has a fitness difference in comparison with the carriers of the other alleles,
natural selection can either decrease (negative selection) or increase (positive
selection) the frequency of the mutant allele deterministically. In finite populations,
allele frequencies fluctuate through time, even in the absence of any selection, due
to the random sampling of gametes in each generation, a phenomenon known as
genetic drift. The strength of the drift effect is dependent on the size of the
population (effective population size, Ne) (Fisher 1930, Wright 1931). Further,
selection is also influenced by the effective population size, since in small
populations, selection is not efficient enough to favor alleles with small fitness
effect and they behave as expected under neutrality (Ohta 1973). Hence, to
comprehend the molecular evolution of populations it is important to understand
the neutral and selective forces acting on populations.
This thesis aimed at studying the neutral and selective processes shaping
genetic variation in the perennial outcrossing herb Arabidopsis lyrata with a focus
on demographic and selection associated with post-glacial Scandinavian
colonization. The patterns of genome-wide selection were further contrasted with
the data from another outcrossing herb Capsella grandiflora. The ultimate goal was
to make inference on the neutral and selective processes acting on these species and
understand these in the context of the species history.
1.1

Genetic diversity under neutrality

To be able to make inference on the genetic diversity studied in real populations it
is useful to have a theoretical model describing the sequence evolution against
which real data can be tested (Wakeley 2008). Although several population genetics
models exist, one widely used paradigm in population genetics is the coalescent
theory that was formulated in 1980s and 1990s by several scientists, most notably
John Kingman (Kingman 1982a, Kingman 1982b), Richard Hudson (Hudson 1991)
and Fumio Tajima (Tajima 1983). In the coalescent model, each sampled gene copy
17

has a random parent in the previous generation. If two gene copies descend from
the same parent they are said to coalesce (Fig. 1). The tracking of population
ancestry is done backward in time until all the linages have coalesced, i. e., have
found the most recent common ancestor (MRCA). In a population of N diploid
individuals, the coalescent probability of a pair of gene copies is 1 / 2N, since the
number of possible parents in the previous generations is 2N (Nielsen & Slatkin
2013). For a sample of n haploid genes the expected time to most recent common
ancestor (tMRCA) measured in 2 generation is
∑

(1)

If n = 2 the coefficient of 2N is 1 and the expected coalescent time for two gene
copies is simply 2N generations (Hein et al. 2004, Nielsen & Slatkin 2013). The
derivation of some essential results considering genetics of populations is more
straightforward in coalescent framework in comparison with forward time models.
Furthermore, only a sample from the current population is needed to characterize
the population properties, making simulation under coalescent framework effective,
and hence it has become a widely used tool in population genetics (Wakeley 2008).
For understanding the variation existing in a population, mutation needs to be
incorporated in the model. Assuming a mutation rate per generation of μ and
infinite sites model (each mutation hits a new position), the expected number of
pairwise difference between two haplotypes is 4Nμ, since the expected waiting time
for two lineages to coalesce is 2N. Hence, populations with larger N harbor higher
diversity, as the expected coalescence time between two pairs of haplotypes is
longer (Nielsen & Slatkin 2013: 40–41).

18

MRCA

mutations at
rate µ

tMRCA

coalescent event

sample from 2N haplotypes
Fig. 1. Example coalescent tree of 5 haplotypes, 2N = haploid effective population size,
MRCA = most recent common ancestor, tMRCA = time since most recent common
ancestor.

The parameter 4Nμ (population mutation rate), often denoted by θ, is of great
interest in population genetics since it informs on the amount of genetic variation
in a given population. Several methods for directly estimating this from DNA
sequence polymorphism data exist. Two widely used estimators are π (Nei & Li
1979, Tajima 1983) and Watterson’s θ (θW) (Watterson 1975), which can be
estimated as follows (Equations 2, 3)

2∑

1

(2)

is the average number of nucleotide differences between a pair of
where,
sequences i and j and n is the number of sequences sampled.
∑

11
1

(3)
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where S is the number of segregating sites. The denominator is the harmonic
number for (n – 1).
The different θ estimators are sensitive to the variants in different frequencies.
Under the standard neutral model these estimators should give approximately equal
results but if these assumptions are violated, e.g. due to recent change in the
effective population size, this is not necessarily the case. Hence, by comparing the
difference in the values of θ estimators, it is possible to test whether a given
population is in mutation-drift equilibrium. One commonly used such so called
neutrality test is based on D statistics (Tajima 1989), which compares π and θW.
This statistics, known as Tajima’s D, is often used as a summary statistics
describing the skew in site frequency spectrum (SFS) in comparison to neutrality.
It is also possible to use the full SFS, which is a vector of counts of all variants of
different frequency classes (see Fig. 2A lower panel), to estimate population
parameters such as changes in the effective size of a population (Gutenkunst et al.
2009, Excoffier et al. 2013, Liu & Fu 2015) as well as estimate selection (Nielsen
et al. 2005, Keightley & Eyre-Walker 2007). Depending on whether the ancestral
allele of each site can be deduced, SFS can be either folded (no ancestral
information) or unfolded (ancestral information). The unfolded SFS contains more
information but the ancestral inference is challenging (Baudry & Depaulis 2003,
Hernandez et al. 2007) and hence depending on the situation both forms can be
used.
The two major factors that can violate neutrality assumptions are selection and
population size change, with both affecting diversity in similar ways (Tajima 1989).
Hence, for selection inference, understanding of the demographic background is
essential. On the other hand, investigating the neutral allele frequency distribution
per se may be of interest for example from a biogeographical or a conservation
point of view. Using coalescent simulations it is easy to demonstrate the effect of
demographic history on genetic variation, such as θ estimates and SFS. Here the
effect of four basic single population demographic models is compared with respect
to the summary statistics described above (Fig. 2). The details used for the
simulations can be found in Appendix 1. In general, diversity is reduced if the mean
effective size over time is smaller (Fig. 2A & B). In the SFS, the frequencies of
high and intermediate frequency variants are increased after population decline
(DM and BM) while the opposite occurs after population expansion (Fig. 2A). π is
higher than θW and mean Tajima’s D is positive after population size decline while
θW is higher after population expansion and mean D negative (Fig. 2B & 2C). One
20

notable difference in diversity under different demographic scenarios is the high
variance in D after population decline (Fig. 2C).

Fig. 2. Patterns of genetic diversity under four demographic scenarios SNM = standard
neutral model, DM = decline model, GM = growth model, BM = bottleneck model. A)
Parameters of the demographic models and distribution of derived allele frequency
(DAF) counts in the simulated data averaged over 1000 independent replicates, 100 Mb
region and 25 individuals with mutation and recombination, B) Watterson’s θ (white)
and π (grey) estimated from the simulated data, and C) Tajima’s D estimated from the
simulated data.

1.2

Population structure and distribution of allele frequencies

The basic population genetics models often assume random mating as does the
standard coalescent model. However, in reality this assumption is often unrealistic.
The individuals of a species rarely mate equally likely with all the possible mates
21

due to for example geographical factors or mating system (Hein et al. 2004) and
hence allele frequencies between the sub-groups may deviate considerably from
the neutral expectation. In a diploid population the deviation from random mating
can be tested using the Hardy-Weinberg principle. In a random mating diploid
population the expected genotype frequencies in a di-allelic locus with alleles A
and a with frequencies p and q under Hardy-Weinberg equilibrium (HWE) (Hardy
1908, Weinberg 1908 according to Kimura 1983) are

2

(4)

In the case of population structure, the allele frequencies may differ between subpopulations and the total population deviates from the HWE while HWE holds
within sub-populations. In turn, inbreeding decreases the number of heterozygotes
within population. A set of statistics, F-statistics (Wright 1951), is a common
method for quantifying differentiation of sub-populations and inbreeding within
sub-populations. Of these statistics the measure quantifying between population
differentiation is Fst, which measures what proportion of the existing variation is
explained by the between population variance in comparison with the total variance.
Hence, the scale of Fst is between 0 and 1, low Fst indicating low levels of
population genetic differentiation (Holsinger & Weir 2009).
In many cases, the structure of the populations studied is of interest but it may
not be known a priori. Assuming HWE within sub-populations, it is possible to
deduce the number of sub-populations from genotype frequencies of a set of genetic
loci (Pritchard et al. 2000). With the population structure information it is possible
to evaluate the genetic relationship and the degree of isolation between populations
which can further be used as background information in genetic mapping studies
and conservative decision making.
In the coalescent framework population structure is often modelled as a group
of district random mating units (demes) which exchange migrants at arbitrary rate
and merge at some point forming a single random mating population (Hudson 1991,
Excoffier et al. 2000). The coalescence probability between genes sampled from
different demes is 0 unless genes are migrants between demes. If isolation is strong
enough, independent stochastic processes occur within each deme leading to
differentiation of gene frequencies between demes. The amount of neutral genetic
differentiation between populations is determined by the time since isolation, the
22

amount of genetic drift and gene flow (Hudson 1991, Nielsen & Slatkin 2013). This
is because the probability of the first between deme coalescence is decreased, if the
divergence time is increased. Second, in large populations the probability of
coalescence is smaller and hence the tMRCA is higher, more likely exceeding the
population split time. Finally, since coalescnce can only occur within a deme, the
rate of gene flow is inversely correlated with population differentiation (Hein et al.
2004).
1.3

Effects of selection on genetic variation

To be able to make inference of selection acting on a given genetic locus it is
important to understand how the different forms of selection influence the amount
and distribution of genetic variation in addition to the neutral processes described
above. Estimating the relative role of selection shaping the genetic diversity in
natural population has been of great interest ever since the diversity data started to
accumulate (Kimura 1983).
Natural selection is due to mean difference in the reproductive output (fitness)
of individuals with different genotypes. In the case of directional selection alleles
are fixed faster than under genetic drift alone (Nielsen & Slatkin 2013) eliminating
the variation at the selected locus. This can be either due to lower (purifying
selection) or higher (positive selection) fitness of the carriers of a new variant,
compared to the ancestral allele. On the other hand, some forms of selection cause
maintenance of variation for longer than expected under drift (balancing selection),
for example due to heterozygote advantage or frequency dependent selection
(Charlesworth 2006). Due to non-random association of linked loci (linkage
disequilibrium), loci near the selected site are also affected by the selective event
and hence selection leaves a distinguishable signal on the patterns of genetic
variation. This signal decreases with increasing distance from the selected site due
to recombination. The linked selection effect can be due to purifying selection when
the selection at linked sites is known as background selection (Charlesworth et al.
1993, Charlesworth 1994) or selection for advantageous mutation (an effect known
as hitchhiking or selective sweep) (Maynard Smith & Haigh 1974, Kaplan et al.
1989).
The role of linked selection affecting the patterns of genetic variation is of great
interest in population genetics (Gillespie 2001, Cutter & Payseur 2013). Early
empirical evidence supporting large scale contribution of selection on genomewide variation is the observation of positive correlation between neutral diversity
23

and recombination rate in Drosophila melanogaster (Begun & Aquadro 1992)
which is expected under linked selection model. Further, several lines of evidence
suggest that a large proportion of new mutations have negative effects on survival
(Kimura 1977, Sanjuán et al. 2004, Eyre-Walker & Keightley 2007) and hence a
large proportion of the genome is likely affected by background selection. On the
other hand, the relative role of positive selection is more variable between species
(Bustamante et al. 2005, Gossmann et al. 2010).
1.3.1 Detecting loci affected by positive selection
From an ecological point of view, detecting loci targeted by positive selection is
often of interest (Sabeti et al. 2006) offering possibility to understand the molecular
basis of evolutionary change. These efforts have been greatly facilitated in the past
10 years by the development of new DNA sequencing methods, as the whole
genomes can be scanned without knowledge of the underlying adaptive traits (Siol
et al. 2010).
The basic population genetics model for positive selection (the hitchhiking
model by Maynard Smith & Haigh 1974) considers the effect of fixation of a single
advantageous new mutation. Due to positive selection favoring a new variant, it
increases in frequency rapidly sweeping out the variation in this locus. Due to
linkage disequilibrium, selection affecting a single site also has an effect on its
nearby markers, with a decreasing effect as a function of distance from the selected
site (Maynard Smith & Haigh 1974). In addition to the decreased variation, the
sweep also increases the frequency of rare alleles (Tajima 1989, Braverman et al.
1995) and produces a distinguishable pattern of linkage disequilibrium around the
selected site (Kim & Nielsen 2004, McVean 2007). After a selective sweep, the
selective signature persists in the population for a certain time (Biswas & Akey
2006, Hohenlohe et al. 2010) with signatures disappearing at different rates
(Przeworski 2002), setting limits to how recent selection can be detected with
different method.
One important aspect of selection inference is to separate locus specific
selective signals from neutral processes. For this purpose studies often use a null
distribution derived from demographic simulations (e.g. Ometto et al. 2005) or
from background genomic control set (e.g. Nielsen et al. 2005) as a neutral model.
More recent methods estimate demography and selection simultaneously (e.g.
Sheehan & Song 2016) overcoming some complications related to the two-step
(demography first, selection second) approach (Li et al. 2012).
24

A classic example of a single locus showing strong evidence for a positive
selective sweep is the LCT gene in humans, which has been detected in selection
scans with various combinations of methods (Bersaglieri et al. 2004, Nielsen et al.
2005, Voight et al. 2006, Sabeti et al. 2007). Certain alleles of LCT gene are
associated with human lactase persistence phenotype (Enattah et al. 2002) and the
spatial and temporal distribution of these variants suggests that the variants were
positively selected in cultures with extensive dairy consumption late after the
Neolithic revolution (Allentoft et al. 2015). Another well described example is the
Agouti gene in Nebraska Sandy Hill deer mice (Peromyscus maniculatus) (Linnen
et al. 2009, Pfeifer et al. 2017). Variation in the Agouti locus is associated with light
coat coloration in deer mice and it is hypothesized that selection has favored the
light form of this gene in sandy environments for camouflage.
1.3.2 Adaptation from standing genetic variation and polygenic
adaptation
The original sweep theory considers a single adaptive new mutation that is
advantageous and eventually becomes fixed. However, it is also possible that
selection starts favoring a variant already existing in the population (standing
variation) and the outcome of this form of selection is known as a soft sweep first
introduced by Hermisson & Pennings (2005). Such adaptation can occur if certain
previously neutral (conditional neutrality) or deleterious allele (antagonistic
pleiotropy) becomes adaptive due to for example environmental change or a new
pathogen pressure. In addition, many traits under selection are polygenic and
selection affecting a single locus may be relatively weak, causing only small allele
frequency differences rather than fixation (Stephan 2016). The effect of soft sweeps
and polygenic selection is much less pronounced in comparison with the classic
(hard) sweep. Hence the power for detecting such loci may be reduced using the
standard neutrality tests (Messer & Petrov 2013). Some statistics may however be
more efficient in finding such selection, for example Garud et al. (2015) studied
the haplotype frequencies under soft and hard sweeps and showed that the simple
haplotype frequency statistics were efficient in detecting soft sweeps and also
separating hard and soft sweeps. Methods detecting polygenic adaptation are also
under active development (Pritchard & Di Rienzo 2010, Le Corre & Kremer 2012,
Stephan 2016). Combining multiple aspects of the data, for example genetic
mapping and allele frequencies (Berg & Coop 2014) can also be used in such
inference.
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1.3.3 Spatially varying selection
Due to environmental heterogeneity selection pressures often vary spatially which
may cause local adaptation between populations of the same species. In such case,
in addition to within population patterns, variation between populations can help to
detect selection. Correlation of heritable phenotypic variation with environmental
factors is often taken as the first evidence for adaptation to environmental gradient.
For example human pigmentation correlation with UV radiation gives evidence that
selection has favored lower pigmentation in high latitudes with low UV radiation
levels while the higher pigmentation is advantageous in low latitudes with high UV
radiation levels (Sturm & Duffy 2012). Another example comes from coniferous
trees, where growth cessation in common garden experiments is strongly correlated
with latitude of origin suggesting adaptation to the local photoperiodic environment
during the growth season (Savolainen et al. 2007, Chen et al. 2014). At the level of
genetic variation, spatially varying selection increases differentiation between
populations and can produce a correlation between gene frequencies and
environmental factors (Lewontin & Krakauer 1973, Coop et al. 2010). Variety of
methods aiming at detecting such adaptation exists, differing in how they model
the background demography and genetic structure (Foll & Gaggiotti 2008,
Excoffier et al. 2009, Bonhomme et al. 2010, Coop et al. 2010).
1.4

The geological framework of Northern European populations

Adaptive as well as neutral population processes can only be fully understood in
the context of the past environmental conditions. The fluctuation in earth’s climate
in the recent past has heavily influence the species communities and distribution
ranges especially in regions undergoing glaciation cycles (Hewitt 2000) which has
affected the adaptive environment of the organisms. The glaciation history of
Northern Europe is especially well characterized and only approximately 19 000–
22 000 years ago during the last glacial maximum (LGM) (Yokoyama et al. 2000)
big parts of northwestern Europe were covered with ice (Hughes et al. 2016). Hence,
all the current communities in this region have formed relatively recently, after the
LGM, which has influenced the patterns of variation and structure of the current
populations (Davis & Shaw 2001). In general, after range expansion the colonizing
population is assumed to harbour less variation due to founder effect (Hewitt 2000).
The colonization patterns of European biota after the LGM have been divided
into three main categories a) colonization of western and northern Europe from the
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Balkan region b) colonization from multiple southern refugia c) colonization from
south-western Europe and from the east with hybrid zones in Scandinavia (Hewitt
1999, Hewitt 2000). Evidence for several glacial refugia has been found for
example in Norway spruce (Tollefsrud et al. 2008). Alternatively, it is also likely
that colonization was a range shift of a large more or less continuous population
rather than colonization from specific refugia (Davis & Shaw 2001). Fossil pollen
sediment samples and high-throughput genetic information have shed light on the
details of colonization and the composition of change in the species communities
through time in general. For example Seppä et al. (2002) studied pollen records
from Finnish peat sediments and characterized the post-glacial dynamics of treeline.
Further, (Willerslev et al. 2014) investigated ancient DNA from sediment as well
as megafauna gut and coprolite samples and described the vegetation history of
some parts of the Arctic over the last 50 000 years. Interestingly, some studies have
suggested survival within the glaciated regions, for example of several tree species
and arctic-alpine pioneer plant species (Kullman 2002, Westergaard et al. 2011,
Parducci et al. 2012b) although whether the evidence is conclusive remains under
active discussion and research (Birks et al. 2005, Birks et al. 2012, Parducci et al.
2012a, Tzedakis et al. 2013).
1.5

Timing of developmental events in plant adaptation and its
molecular control

In plants, to match the timing of developmental processes, such as flowering,
germination and growth, with the favorable season of a year is of adaptive
importance (Donohue 2003, Putterill et al. 2004, Donohue 2005, Amasino 2010,
Anderson et al. 2011). Plants track information on the optimal growing conditions
to a large degree by daylength (Garner & Allard 1920), which is a good predictor
of average weather conditions. Other ambient factors such as temperature also
modulate the plant responses. As the seasonal processes vary between sites (e.g.
latitudinal variation) and through time (climate change) it is likely that spatial and
temporal changes are needed for tracking the optimal growing season
(Stinchcombe et al. 2004, Kubota et al. 2015). For example, as predicted, the
populations from high latitudes require longer days to grow while for populations
from lower latitudes will grow in shorter days (Savolainen et al. 2007). Latitudinal
variation in selection is also likely in other components controlling developmental
transitions, for example in whether vernalization (exposure to a period of cold) is
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required for flower induction (Caicedo et al. 2004, Shindo et al. 2005, Kuittinen et
al. 2008).
To explore the molecular basis of such adaptation it is useful to consider the
molecular pathways controlling seasonal transitions. In the annual molecular
biology model plant Arabidopsis thaliana dozens of genes controlling flowering
time have been characterized (Andrés & Coupland 2012). Many of these genes
have also been found to be associated with the timing of flowering and growth in
other even distantly related species (Böhlenius et al. 2006, Wang et al. 2009, Avia
et al. 2014) suggesting that the same evolutionarily very old general pathways
control the plant seasonal rhythms universally even though the functional details
may be species specific (Andrés & Coupland 2012, Koskela et al. 2012, Mouhu et
al. 2013). In brief, the flowering time pathway is divided into distinct sub-pathways
of which the vernalization pathway, the photoperiodic pathway, the light quality
pathway, the autonomous pathway and the gibberellic acid pathway are central. The
information from the different pathways comes together at specific integrator genes,
such as FLOWERING LOCUS T (FT), which control the transformation between
developmental stages e.g. from vegetative stage to flowering stage (Ausín et al.
2005).
A concrete example of how these genes may function in adaptive evolution is
the variation in the vernalization requirement between A. thaliana accessions. In
some accessions of A. thaliana, exposure to cold is required for rapid flowering
while other accessions will flower rapidly in long days without vernalization (e. g.
Col and Ler) (Levy & Dean 1998). Recessive loss-of-function mutations in the
FRIGIDA gene, which is a positive regulator of the flowering repressor
FLOWERING LOCUS C (FLC) (Michaels & Amasino 1999), have been shown to
remove the requirement for vernalization. Such rapid flowering is likely adaptive
under certain conditions (Johanson et al. 2000). In the accessions with functional
FRIGIDA, the upregulation of FLC causes repression of flowering, but
vernalization represses FLC by removing methylation and thus allowing flowering
after vernalization (Michaels & Amasino 1999).
1.6

Brassicaceae as a model system for plant evolutionary studies

The Brassicaceae family is a widely used plant model system in plant evolutionary
and population genetics. According to the current estimates Brassicaceae includes
3 600 mostly herbaceous plant species that diverged approximately 65 million years
ago from core Brassicales (Beilstein et al. 2010, Koenig & Weigel 2015). The most
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widely studied species in this family is clearly the thale cress (Arabidopsis
thaliana). The self-fertilizing mating system, small genome size (~135 Mb, The
Arabidopsis Information Resource 2017), short generation time as well as the
simple growing requirements and the convenient transformation procedures have
made it ideal for molecular studies (Meinke et al. 1998, Koenig & Weigel 2015).
From a molecular point of view, studies of the other species in this family benefit
from the extensive knowledge obtained from A. thaliana, but having their own
special characteristics, they offer possibilities to study traits and phenomena that
are not accessible with A. thaliana (Mitchell-Olds 2001). For example Arabis
alpina has been used in studies of perennial flowering (e.g. Wang et al. 2009),
Arabidopsis halleri is exploited understating adaptation into heavy metal soils (e.g.
Turner et al. 2010) and studies in Capsella bursa-pastoris & Arabidopsis arenosa
have shed light on the evolution of polyploidization (e.g. Arnold et al. 2015,
Douglas et al. 2015). In addition, this family contains several important crop plants
such as cabbages (Brassica) and mustard (Sinapis) (Franzke et al. 2011). In this
work two out-crossing species of the Brassicaceae family, Arabidopsis lyrata and
Capsella grandiflora, were used as model species to study the roles of selection
and demography in colonization and genome-wide diversity patterns. The special
characteristics of these two species are hence described below.
1.6.1 Arabidopsis lyrata
Lyrate rockcress (A. lyrata) is a small herb species widely distributed across the
Northern hemisphere (Hoffmann 2005, Schmickl et al. 2010). Large scale
population structure of A. lyrata is very strong, with high population isolation
(Wright et al. 2003, Muller et al. 2008, Ross-Ibarra et al. 2008, Pyhäjärvi et al.
2012). North American and European groups are separated into different subspecies; North American A. lyrata ssp. lyrata and Eurasian A. lyrata ssp. petraea
(O'Kane Jr. & Al-Shehbaz. 1997, Shimizu et al. 2005, Shimizu-Inatsugi et al. 2009).
The whole-genome clustering based on identical-by-state block length by
(Novikova et al. 2016) suggests frequent introgression between A. lyrata ssp.
petraea and A. halleri and A. arenosa group. They further found that North
American A. arenicola clusters with A. lyrata ssp. lyrata.
In comparison to other regions, the highest overall genetic variation in the
Central European A. lyrata populations suggests that the species originated in this
region (Clauss & Mitchell-Olds 2006). Approximately 240 000 years ago the
species started spreading to the North America (Pyhäjärvi et al. 2012) likely
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through Asia (Schmickl et al. 2010). The rough population relationships suggest
more recent spread within Europe and post-glacial colonization of northern Europe
(Muller et al. 2008, Pyhäjärvi et al. 2012) or spread from a periglacial refugia
(Ansell et al. 2010, Falahati-Anbaran et al. 2014).
The genome size of A. lyrata is approximately 207 Mb and contains
approximately 33 000 annotated genes (Hu et al. 2011). The estimated divergence
time from A. thaliana is ~10 million years ago (Wright et al. 2002, Beilstein et al.
2010) with average synonymous divergence of 0.163 while the non-synonymous
divergence is 0.036 (median calculated over 26 000 aligned genes, data from
Ensembl Plants (Kersey et al. 2014)). A. lyrata is a perennial obligate outcrosser
with a fully functioning self-incompatibility system, making it ecologically very
distinct from A. thaliana (Savolainen & Kuittinen 2011). The difference in mating
system manifest itself in highly differing pattern of population structure, genetic
diversity and patterns of selection in comparison with A. thaliana (Wright et al.
2003, Wright et al. 2002, Clauss & Mitchell-Olds 2006, Wright et al. 2008). In
addition, the perennial life history requires alteration of growth and dormancy
synchronized with the seasonal fluctuations (Savolainen & Kuittinen 2011).
Due to the large distribution range of A. lyrata it also inhabits a wide range of
habitats likely causing local differences in selective pressures between populations.
Such differences can cause the populations of a species to be locally adapted to
their home environment and indeed evidence for local adaptation has been found
in reciprocal transplantation experiments between populations of A. lyrata in
different levels of neutral divergence (Leinonen et al. 2009, Leinonen et al. 2011,
Vergeer & Kunin 2013). Population differentiation in several phenotypic traits also
suggests adaptation to local environment. For example (Davey et al. 2009) studied
cold related metabolic differences in Scandinavian and West European A. lyrata
populations. Further differences in leaf morphology (Jonsell et al. 1995), trichome
production (Kivimäki et al. 2007), drought tolerance (Sletvold & Ågren 2012) and
gene expression patterns (Menzel et al. 2015, Videvall et al. 2015) have been found
between the European A. lyrata populations.
Taken together these characteristics have made A. lyrata a widely used model
system for studies of various aspects related to plant population genetics and
molecular biology (Savolainen & Kuittinen 2011). In addition, the wide
distribution range and clear population structure of A. lyrata makes the species ideal
for studying ecological adaptation associated with post-glacial colonization.
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1.6.2 Capsella grandiflora
Capsella grandiflora is a member of Capsella family and very close relative of
self-fertilizing model species C. rubella. Based on flow cytometry the genome size
of Capsella is approximately 219 Mb (Slotte et al. 2013) with 8 main chromosomes.
C. rubella diverged from self-incompatible C. grandiflora very recently (Guo et al.
2009) and hence this species pair offers possibility to study the details of very recent
mating system shift. As A. lyrata, C. grandiflora is an outcrossing but annual
species with rather restricted distribution range (Hurka et al. 2012).
Counterintuitively, its effective population size has been estimated to be large (St.
Onge et al. 2011, Douglas et al. 2015) and in contrast to many other species the
estimates of proportion of adaptive substitutions have been high (Gossmann et al.
2010, Slotte et al. 2010, Williamson et al. 2014).
1.7

Aims of the study

The aim of this study was to investigate neutral (demography induced) and
selective processes associated with post-glacial colonization in A. lyrata using
candidate gene and genome-wide population genetics approach. In addition, the
genome-wide effects of linked selection were investigated in A. lyrata and C.
grandiflora. The specific research questions were
I
II
III
IV
V
VI

What is the post-glacial demographic and colonization history of Arabidopsis
lyrata? (I)
How did the colonization affect the genome-wide patterns of variation? (I)
Can we detect loci showing evidence for selection associated with northward
colonization? (I & II)
Do the colonizing A. lyrata populations show evidence for selection in
photoperiodic pathway genes? (II)
Is there a difference in the patterns of selection in populations of A. lyrata and
C. grandiflora? (III)
Which factors are important for determining diversity in A. lyrata and C.
grandiflora and what are their relative roles (III)?
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2

Materials and methods

In this section I describe the dataset and the methods briefly. The detailed methods
description can be found in the original papers.
2.1

Sampling and the sequence data

The plant material for the study was collected from 10 different A. lyrata
populations covering roughly the distribution range of the species (see study I Fig.
1A and study II Fig. 2 for sampling locations). The following population
abbreviations are used throughout the text: BOH, Bohemia, Czech Republic; ICE
= Reykjavik, Iceland; ITH = Ithaca; USA; KAR = Karhumäki, Russia; LOM = Lom,
Norway; MA = Mayodan, USA; PL = Plech, Germany; SP = Spiterstulen, Norway;
STORR = Storr, UK; STU = Stubbsand, Sweden. Mark McNair, David Remington
and Philippine Vergeer are acknowledged for offering the seed material from BOH,
MA and STORR.
For the candidate gene study (study II) 19 well characterized flowering time
genes were sequenced from 9 A. lyrata populations. 11 genes were from the
photoperiodic pathway, 3 from the vernalization pathway, 3 from the autonomous
pathway and 2 were flowering time integrator genes. We hypothesized that these
genes may be under directional selection based on their function and hence chosen
for investigation. The rationale behind the choice of the candidate genes was that
the growth season and especially photoperiod during the growing season differ
between the study populations, and as photoperiod (among other environmental
cues) controls flowering time in plants, a change in this control likely has been
crucial during colonization. As empirical support of this hypothesis, previous
studies have found population differences in flowering time and photoperiodic
response between the populations studied (Riihimäki & Savolainen 2004). As
control loci we used 19 gene fragments from Pyhäjärvi et al. (2012) with
presumably no adaptive importance based on their molecular function. The same
laboratory protocol and the same set of individuals were used in both datasets.
We further re-sequenced the whole genomes of 2 to 6 individuals from 5 A.
lyrata populations (study I) to characterize the genome-wide patterns of
polymorphism of the populations using Illumina HiSeq2000 instrument with
paired-end 100 bp read length. The library preparation and sequencing was done at
the Institute for molecular medicine, Finland (FIMM). We developed a
bioinformatics pipeline for the data analysis in study I.
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For the comparative study (III) we exploited the data from the Norwegian (SP)
A. lyrata population (data from study I and Hämälä et al. In prep) and a single
population of C. grandiflora from Greece (reference mapped data obtained from
Steige et al. 2017).
2.2

Data analysis pipeline

The Illumina sequence reads were processes using a custom pipeline developed in
the study to produce high quality population genetics data for A. lyrata using a tool
STAPLER (Tyrmi 2016) and additional custom scripts. In brief, the raw sequence
reads were quality trimmed with Trimmomatic 0.32 (Bolger et al. 2014) and
mapped against the Ensembl plant (Kersey et al. 2014) version 1.0.29 A. lyrata
reference genome (Hu et al. 2011) with short read alignment tool bwa-mem (Li &
Durbin 2009, Li 2013). Picard tools v. 1.113 (Broad Institute 2017), BamUtil v.
1.0.13 (BamUtil documentation 2015) and Genome Analysis Toolkit version 3.2.2
(Depristo et al. 2011) were used in further alignment processing. All repeat
annotated regions, regions with fixed heterozygotes within population (indicating
putative paralogy), regions with low quality data or mapping (base quality < 20 and
mapping quality < 30, not properly paired reads) and A. thaliana organelle aligning
regions were excluded from the population genetics analysis. For all the analysis
80% of data presence was required.
For the flowering time genes (study II) primers were designed using A. thaliana
(Arabidopsis genome initiative 2000) and A. lyrata reference genomes (Hu et al.
2011) and sequenced with ABI 377 or 3730 DNA Analyzer from forward and
reverse directions. The sequence data was aligned and manually curated using
either SEQUENCHER 4.0.5 (Gene Codes, Ann Arbor, MI, USA) or
CodonCodeAligner 3.5.7 (CodonCode Corporation, Centerville, MA, USA).
Haplotype phase for each locus and individual was inferred with PHASE v.2.1
(Stephens et al. 2001, Stephens & Scheet 2005).
2.3

Characterizing the patterns of population genetic variation and
population structure

To characterize within population diversity and skew in site frequency spectra we
calculated π, θW and Tajima’s D either with MANVA (Heidel et al. 2010) (study II)
or with ANGSD (Korneliussen et al. 2014, Nielsen et al. 2012) (studies I & III). Fst
estimates between pairs of populations were calculated using the method described
34

in Fumagalli et al. (2013). Single and multi-dimensional SFS and bootstrap SFS
were calculated with ANGSD (studies I & III). The ancestral state of each variable
site was inferred based on A. thaliana. To correct for ancestral misidentification we
developed a method with partially similar principles described previously (Baudry
& Depaulis 2003, Hernandez et al. 2007) (study I) or else used folded SFS
whenever possible.
The methods used for the genome-wide analyses are based on allele frequency
likelihoods for each population. These methods were designed to take into account
the genotype uncertainty in low and medium coverage NGS data (Fumagalli et al.
2013, Korneliussen et al. 2014, Nielsen et al. 2012), and have been shown to be
able to estimate population allele frequencies accurately even with very low
sequencing depth data (Han et al. 2014). As our sample varied in the amount of
sequence data per individual (median read depth per individual ranged from 6 to
29, study I Table S1), these method were used analyzing the whole genome resequencing dataset.
The basic population structure was characterized with principal component
analysis and the branching topology of the populations was studied with ABBABABA test (Durand et al. 2011) using population version of the method
implemented in the ANGSD package. For population admixture proportion
estimates we used maximum likelihood based method implemented in the program
ADMIXTURE (Alexander et al. 2009) and a method designed for next generation
sequencing with variable depths between individuals implemented in the program
NGSadmix (Skotte et al. 2013).
2.4

Demographic inference

The demographic histories of the populations were studied using three different
methods all based on single population or multi-dimensional site frequency spectra
calculated with ANGSD. Single population demographic histories (study I) were
estimated with a model-flexible method that estimates θ over time using the
different site frequency categories implemented in the software Stairwayplot beta
v. 2.0 (Liu & Fu 2015). Confidence intervals (CI) were estimated based on 200
bootstrap replicates. We further tested different demographic scenarios (population
size decline, instant growth, exponential growth and bottleneck with growth) for
SP population (study III) and the C. grandiflora population using diffusion
approximation based method using the python library ∂a∂I (Gutenkunst et al. 2009).
For the population split time estimation and model comparison (study I) we used
35

coalescent composite likelihood method implemented in the coalescent simulator
fastsimcoal2 (Excoffier et al. 2013). For each parameter the 95% confidence
interval was estimated based on 100 bootstrap replicates calculated with ANGSD.
The parameter search ranges were defined based on previous studies (Pyhäjärvi et
al. 2012, Ross-Ibarra et al. 2008) and geological knowledge (summarized in
Hughes et al. 2016).
2.5

Detecting selective sweeps

The signals for selection in the flowering time genes (study II) were studied using
a combination of methods sensitive for selection in different timescales. For the
flowering time dataset, we used the maximum likelihood Hudson–Kreitman–
Aquadé (MLHKA) method (Wright & Charlesworth 2004), population branch
aware differentiation statistics FLK (Bonhomme et al. 2010) and compared site
frequency spectra of candidate and reference genes within each population. For the
MLHKA analysis, a model with selection on the candidate genes was compared
with a model without selection within each population using likelihood ratio test.
For FLK analysis, we used the reference gene set for building a population
phylogeny and this phylogeny was used to simulate candidate gene like data. The
simulated thresholds were used to test the significance of FLK statistics of each
variable site.
The genome-wide data was screened for locus specific selection in SP and STU
populations (PL population was an out-group) using population branch statistics
(PBS) (Yi et al. 2010) and a 0.1% empirical significance threshold. PBS was
calculated as implemented in the ANGSD package.
2.6

Genome-wide selection inference and linked selection

The genome-wide impact of selection was contrasted in populations of A. lyrata
and C. grandiflora in the study III. The genome-wide distribution of fitness effects
of new mutations and proportion of mutation fixed by positive selection at 0-fold
sites were estimated using maximum likelihood method implemented in DFE-alpha
(Eyre-Walker & Keightley. 2009, Keightley & Eyre-Walker. 2007) assuming
mutations at 4-fold degenerate sites as neutral. A two epoch demographic model
was simultaneously estimated to control the effect of demographic history. For both
species the 4-fold and 0-fold SFS were calculated with ANGSD. The divergence
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estimates were calculated from a A. thaliana–A. lyrata–C. rubella whole genome
alignment (Steige et al. 2017)
To test factors explaining neutral diversity, multiple linear regression with the
diversity at 4-fold degenerate sites as responsible variable was used.
Recombination rate (A. lyrata data obtained from Hämälä et al. 2017, C.
grandiflora data obtained from Slotte et al. 2013), divergence at 4-fold degenerate
sites, gene density, GC-content and transposable element (TE) content were used
as explanatory variables. GC- and TE content was calculated from the reference
genome annotations. The best model explaining diversity was chosen using
stepAIC function in R (R Core Team 2016).
A decrease in diversity around functional regions is expected under linked
selection model. In order to study this effect, we estimated intergenic π calculated
in non-overlapping windows (study III) and for each window we defined the
distance to the closest gene and plotted the diversity as a function of distance from
the nearest gene. The difference between A. lyrata and C. grandiflora populations
were tested in different distance bins using 95% bootstrap based confidence interval
of the mean. Using the recombination maps the physical distances were
transformed into genetic distances.
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3

Results and discussion

In this section the main results of the original papers I–III are summarized and the
key findings of these works are highlighted. I also discuss the dataset in the light
of challenges given the current material and the study system in general.
3.1

Nucleotide diversity data suggest population size decline in A.
lyrata

The within population genome-wide variation revealed large differences between
the study populations reflecting differences in their demographic histories. The
median estimates of θW at 4-fold degenerate sites ranged from 0.0024 to 0.0155 and
π from 0.0027 to 0.0159 for the A. lyrata populations. The lowest estimates were
in the North American populations (lowest in MA) and the highest estimate in the
Central European populations (highest in PL) (Table 1). The three Scandinavian
populations were very similar in diversity while diversity in the Icelandic
population was slightly higher. Since θ = 4Neμ we can use these estimates to get
the approximate Ne assuming constant mutation rate estimate of 7*10–9 (Ossowski
et al. 2010). This yields long term effective population size estimates ranging
approximately from 97 000 (in MA) to 590 000 (in PL) (Table 1). The scale and
population ranking in Sanger based estimate for synonymous site θ estimates were
concordant with the whole-genome sequencing based results (Table 1). Due to only
two individuals sampled from the STORR population (Scotland), we were not able
to estimate θ for this population.
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Table 1. Median neutral diversity estimates in 9 A. lyrata populations calculated over loci (19 Sanger sequenced loci) or 100 Kb

Central Europe BOH

Central Europe PL

East Europe

North Europe

North Europe

North Europe

North Europe

petraea

petraea

petraea

petraea

petraea

petraea

petraea

Calculated from π

North America

lyrata

1

ITH

North America

lyrata

STU

SP

ICE

LOM

KAR

MA

Population

Sub-species Region

10 000 bootstrap replicates.

0.0104
0.019

678 488

(245 039–842 869)

371 612

(0–244 341)

49 700

(0–399 461)

133 117

Ne1

0.0094

0.0079
0.0094

(0.0019–0.0152) (0.0013–0.0241)

0.0058

(0.0032–0.0148) (0.0031–0.0207)

0.0065

0.0134
(0.0055–0.0155)

0.0116
(0.0035–0.016)

(0.0037–0.0132) (0.0027–0.0147)

0.0074

0.0065
(0–0.0104)

0.0037
(0–0.0055)

(46 710–860 484)

334 606

(109 572–739 459)

280966

(194 884–554 391)

477 929

(97 165–525 204)

334 050

(0–369 871)

230 514

(0.0097–0.0269) (0.0114–0.0301) (406 355–1 074 000)

0.0232

(0.0066–0.0203) (0.0069–0.0236)

0.0144

0.0014
(0–0.0068)

0.0019
(0–0.0048)

0.0037
(0–0.0112)

0.0026

π

Sanger based data

(0–0.0088)

θW

0.0027

NA

π

568 807

NA

327 476

NA

NA

NA

0.0088

314 886

(0.0089–0.0094) (316 698–337 388)

0.0092

NA

NA

NA

(0.0154–0.0166) (55 0324–59 1320)

0.0159

NA

(0.0076–0.0085) (0.0085–0.0092) (303 139–328 747)

0.008

(0.008–0.0086)

0.0083

NA

NA

NA

(0.0147–0.016)

0.0155

NA

96 909

NA

Ne1

(91 688–100 847)

Illumina based data

(0.0024–0.0025) (0.0026–0.0028)

0.0024

NA

θW

windows with at least 500 callable sites per window (Illumina based data). 95% CIs shown in parenthesis were calculated from

The genome-wide difference in θW and π reflected as positive Tajima’s D (study I
Fig. 1D, study II Fig. 5) suggests that the population size have fluctuated in the
recent history of the species. The study of demographic history (study I Fig. 2)
pointed to a decrease in effective population size in the past few hundred thousand
years of the species as a whole. A qualitatively similar result was retained also with
other demographic modelling methods (study I Table 1, study III Table 2).
The diversity estimates for the C. grandiflora population suggests higher
diversity than any of the studied A. lyrata populations with θW = 0.0184 and π =
0.0173 in 4-fold degenerate sites. Assuming the same mutation rate as for A. lyrata
we obtain a long term Ne estimate of 620 000 (from π). In contrast to A. lyrata, C.
grandiflora had higher diversity at intergenic sites with θW = 0.0299 and π = 0.0243
(study III Table 1) yielding a long term Ne estimate of 870 000. The demographic
inference (study III Table 2) suggested a slight increase in the effective population
size of the study population of C. grandiflora.
The general patterns of polymorphism were in line with previous estimates for
both species (A. lyrata: Wright et al. 2003, Ramos-Onsins et al. 2004, Ross-Ibarra
et al. 2008, Pyhäjärvi et al. 2012, Vigueira et al. 2013; C. grandiflora: Slotte et al.
2010, Williamson et al. 2014, Douglas et al. 2015). The scale of θ estimates was
comparable with estimates from other species. For example in Drosophila
melanogaster the synonymous π estimate over more than 7 000 autosomal genes in
crossover regions was 0.0141 (Campos et al. 2014). For three Populus species,
Populus tremula, P. tremuloides and P. trichocarpa, genome-wide π estimates at 4fold degenerate sites were 0.0108, 0.0140 and 0.0040, respectively (Wang et al.
2016). The estimates presented here were also in the range of genome-wide
estimates obtained for 28 plant and 34 animal species (Chen et al. 2017).
Interestingly, the highest diversities estimated in A. lyrata were closer to the annual
outcrossing species than other perennial outcrossers (as A. lyrata). The results
presented here indicate that the general level of diversity can vary highly even
between populations of the same species with similar life histories. On the other
hand, differentiation of life-histories have been found between the populations of
A. lyrata studied, the North American populations being closer to annual lifehistory (Remington et al. 2015).
3.2

Scandinavian colonization from west European refugium

The study of population structure and admixture analysis revealed very clear
genetic differentiation between the A. lyrata populations (study I Fig. 1B & Fig.
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S1). The strongest difference was between the sub-species explaining 23% of the
variance in the data (principal component analysis). The second largest proportion
of variance explaining PC (explaining 16% of the variance) separated Central
European population from the other populations and the other populations were
separated from each other by the PC3 and PC4 (study I Fig. 1B). In the admixture
analysis the model with the highest support (lowest cross-validation error) included
three populations separating the sub-species and the Central European population
from the group including SP, STU and STORR (study I Table S4, Fig. S1). In this
model, some Central European ancestry was assigned to the Scottish individuals
(study I Fig. S1). The median pairwise genome-wide Fst estimates were 0.33 for SP
and STU; 0.36 for Scandinavian populations and STORR; 0.38 between the
Northwestern European populations and PL; and 0.69 between the sub-species
averaged over all pairwise comparisons (Table 2) indicating high population
differentiation.
Table 2. Pairwise genome-wide Fst estimates at 4-fold degenerate sites. 95% CIs were
calculated from 10 000 bootstrap replicates.
Population comparison

Fst (95% CI)

SP–STU

0.33 (0.32–0.34)

SP–STORR

0.35 (0.35–0.36)

STU–STORR

0.36 (0.35–0.38)

SP–PL

0.40 (0.40–0.41)

STORR–PL

0.34 (0.34–0.35)

STU–PL

0.41 (0.40–0.42)

PL–MA

0.59 (0.59–0.60)

SP–MA

0.71 (0.71–0.72)

STORR–MA

0.75 (0.74–0.75)

STU–MA

0.72 (0.71–0.73)

The test for different branching topologies (ABBA-BABA and fastsimcoal2 model
comparison) suggested that the Central European populations separated from the
Northwestern populations first and second the Scandinavian population separated
from the Scottish population. The Scandinavian populations separated from each
other last (study I Table 1, Table S6, S7). We estimated that the STORR–
Scandinavian split occurred approximately 14 000 generations ago (95% CI 9 400–
33 000) and the SP–STU split approximately 11 000 (95% CI 2 300–26 000) years
ago assuming generation time 2 years (study I Fig. 5, Table 1). We also allowed
gene flow between the populations but due to the current isolated populations no
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current gene flow was allowed. The time when the Scandinavian populations
became fully isolated was estimated to be approximately 3 000 years ago (95% CI
800–12 000).
The pattern of close relatedness with British Isles and Scandinavian population
has also been found in other plant species and genetic barrier between the British
Isles and Scandinavia has proposed to be weak (Eidesen et al. 2013, Alsos et al.
2015). We suggest that A. lyrata colonized Scandinavia recently after the last
glacial maximum from western European refugium and this refugium population
has long been well separated from the Central European gene pool. Based on the
current distribution of the species and preference of cold environments (Hoffmann
2005) we suggested that this refugium may have been relatively far to the north,
perhaps near the glacier.
3.3

Signatures of selection in the colonizing A. lyrata populations

Signatures of directional selection were studied in the context of Scandinavian
colonization in studies I and II. In study II we investigated sequence variation in 19
flowering time genes and found strong diversity reduction on the flowering time
genes in comparison with the reference gene set (study II, Fig. 3). Comparing
divergence and polymorphism with models with and without selection in flowering
time genes revealed that in the Northern European populations a model including
selection is significantly better than the neutral model (MLHKA likelihood ratio
test, study II Table S1). Further, these populations along with the other colonizing
populations (MA and KAR) had significant differences between the reference and
candidate gene SFS (study II, Table S3, Fig. S1) and a high number of variable sites
show strong population differentiation (study II, Fig. 6).
Among the candidate genes studied, the signature of selection was strongest at
the photoperiodic pathway genes in comparison with the genes from the other
pathways and the integrator genes (study II, Table 2), pinpointing the importance
of photoperiodic adaptation in this species. Evidence for selection on one of the
genes included here, PHYA, was also found previously in a study where the flanking
regions of this gene were studied in-depth (Toivainen et al. 2014). In addition,
several other studies have found evidence for selection in flowering time genes for
example in A. thaliana (Le Corre et al. 2002), Populus species (Ingvarsson et al.
2008, Keller et al. 2012, Evans et al. 2014) and spruce (Chen et al. 2014)
supporting the hypothesis that this pathway has a central role in plant adaptation in
general.
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Using the genome-wide selection scan with PBS in the two Scandinavian
populations we detected loci showing evidence for selection after the split of these
lineages. Due to high variation in patterns of diversity on different parts of the
genome, for which the estimated demographic models did not fully account for, an
empirical significance threshold was used. Outlier loci were detected in a large
region in the chromosome 1 in the STU (Swedish) lineage while the outliers in the
SP (Norwegian) lineage were scattered across the genome (study I, Fig. 5). The
strongest candidate genes for environmental adaptation in the detected regions were
ZAT10 which is involved in abiotic stress response (Mittler et al. 2006) and
U2AF35A involved in photoperiodic flowering (Wang & Brendel 2006) in A.
thaliana.
3.4

Contrasting patterns of genome-wide selection in populations
of A. lyrata and C. grandiflora

The difference in the demographic history observed in the A. lyrata and C.
grandiflora populations was hypothesized to have an impact on the patterns of
genome-wide selection. To quantify these effects, the genome-wide patterns of
divergence and polymorphism levels at 0-fold and 4-fold degenerate sites were
contrasted in populations of these species (study III). Lower π0 / π4 ratio (0.19 in C.
grandiflora vs. 0.29 in A. lyrata) suggested stronger purifying selection in the C.
grandiflora population. The investigation of distribution of fitness effects
confirmed this with proportion of sites classified as very harmful (NeS > 10) were
66% and 72% while 29% and 15% were assigned to the nearly neutral category
(NeS < 1) in the A. lyrata and the C. grandiflora datasets, respectively (study III
Fig. 2). Further, the estimated proportion of adaptive substitutions at 0-fold sites
was 1.4% (0.9%–1.9%, 95% CI) for the A. lyrata population while for the C.
grandiflora population the corresponding estimate was 7.6% (7.3%–7.8%, 95% CI).
Linear regression analysis revealed significant contributions of recombination,
divergence at 4-fold degenerate sites, gene density, GC-content and TE% on the
neutral diversity level in both species (study III, Table 4). However, the proportion
of variance explained by the model was much higher for the C. grandiflora dataset
(53%) than for the A. lyrata dataset (11%). This indicates much higher stochastic
variation in the A. lyrata dataset. Further, diversity was significantly reduced
around genes in protein coding regions of C. grandiflora as expected (study III Fig.
4), while in A. lyrata no evidence for reduction was found (study III Fig. 4).
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The results indicate a difference in the efficacy and effect of selection in the
study population which is likely explained by the difference in the population
demographic histories. The lower efficacy of selection is in line with the theoretical
population genetics prediction suggesting that in small populations slightly
deleterious mutations behave neutrally (Ohta 1973). Smaller efficacy of selection
associated with smaller Ne populations has also been observed in other plant species
(Strasburg et al. 2011, Wang et al. 2016). The difference on the patterns observed
near genes further emphasized the demographic effect on selection at linked sites.
Simulation approach on this aspect would help to shed light on this issue further.
3.5

Challenges in A. lyrata population genetics and genomics

In study II we found that the high genetic differentiation between the study
populations (mainly the Central European, Russian, Scandinavian and North
America) was so high that separating selection from neutral processes at single base
pair resolution is extremely challenging. Hence, in study I we concentrated on the
relatively recently diverged lineages. The high variation in diversity patterns, a
characteristic of populations with recent population size decline (Fig. 1),
complicates the detection of the signals of selection. Sampling more closely related
populations would make it easier to account for neutral processes in A. lyrata
selection studies. However, such populations are often also more similar in their
habitat and hence the selective gradient is not so clear. For future studies aiming to
detect selection in these populations would benefit using the populations from
British Isles as a reference population instead of the Central European populations.
Another challenge in this study was the high complexity of the A. lyrata
genome (studies I & III). Approximately 30% of the A. lyrata genome is annotated
as repeats (Hu et al. 2011). These regions are challenging to map especially with
short reads and these regions were hence masked from the analysis. Further, a peak
in the strict intermediate SFS category was observed in all the populations studied.
After removing sites with fixed heterozygotes (study I & III) this peak disappeared
suggesting that this pattern is produced by extensive paralogous mapping. It was
also found that this effect is population specific. To make the results between
populations as comparable as possible the regions showing evidence for this effect
in any population were excluded, limiting the dataset further. As the focus of these
studies were mostly on genome-wide processes, this was not seen as a major issue
here but locus specific analyses are still limited to the accessible genome. Deeper
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understanding of the processes shaping genome organization in this species could
help us to utilize whole-genome short read datasets more extensively.
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4

Conclusions

This study aimed to investigate the neutral and selective processes in the different
populations of Arabidopsis lyrata, an outcrossing perennial herb species with wide
but patchy distribution. The contrasting patterns of diversity between the different
populations even in relatively recently diverged populations emphasize the
importance of local nature in population genetics studies. In addition, the
comparison with a population of another Brassicaceae species, Capsella
grandiflora, emphasized the different mixture of factors that may result in very
different outcome of genome-wide variation and selection even with similar mating
system and life-history traits.
The population specific demographic characteristics were found to have a
strong effect on the distribution of population genetics statistics between loci (as
predicted by simulations) which can have an effect on statistical power to detect
signals of selection. It is not fully known whether this has an effect on the species
ability to adapt or whether this is just statistical outcome but nevertheless this
should be taken into account when comparing species with different demographic
background.
Footprints of natural selection were investigated in this study using candidate
gene and genome-wide approaches. Positive selection detected in the Scandinavian
populations at photoperiodic and other loci widens the understanding of selection
associated with post-glacial colonization and is intriguing from an evolutionary
point of view. The results presented in this work may be a starting point for further
in-depth investigations.
This study also took an approach to study biogeography using genome-wide
data. Even though the relatively small sample size sets some limitations on the
conclusions that can be drawn from the data and single sampling locations represent
very large regional diversity in this study, it was possible to inspect other aspects
of this process in great detail. The advanced DNA sequencing methods now allow
unprecedented possibilities to widen the understanding of species colonization
history.
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Appendix
Command lines for demographic simulations (Fig. 2)
# requires
# constant
ms 25 1000
ms 25 1000

ms, msstats and mssfs
model
‐t 280 ‐r 400 100000 | msstats > SNM_stats.txt
‐t 280 ‐r 400 100000 | mssfs > SNM_sfs.txt

# decline model
ms 25 1000 ‐t 28 ‐r 40 100000 ‐eN 0.5 10 | msstats > DM_stats.txt
ms 25 1000 ‐t 28 ‐r 40 100000 ‐eN 0.5 10 | mssfs > DM_sfs.txt
# growth model
ms 25 1000 ‐t 2800 ‐r 4000 100000 ‐eN 0.005 0.1 | msstats >
GM_stats.txt
ms 25 1000 ‐t 2800 ‐r 4000 100000 ‐eN 0.005 0.1 | mssfs > GM_sfs.txt
# bottleneck model
ms 25 1000 ‐t 280 ‐r 400 100000 ‐eN 0.025 0.5 ‐eN 0.05 1 | msstats >
BM_stats.txt
ms 25 1000 ‐t 280 ‐r 400 100000 ‐eN 0.025 0.5 ‐eN 0.05 1| mssfs >
BM_sfs.txt
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