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Abstract 7 

The high climatic variability in the past hundred thousand years has affected the demographic and adaptive 8 

processes in many species, especially in boreal and temperate regions undergoing glacial cycles. This has 9 

also influenced the patterns of genome-wide nucleotide variation, but the details of these effects are largely 10 

unknown. Here we study the patterns of genome-wide variation to infer colonization history and patterns of 11 

selection of the perennial herb species Arabidopsis lyrata, in locally adapted populations from different parts 12 

of its distribution range (Germany, UK, Norway, Sweden, and USA) representing different environmental 13 

conditions. Using site frequency spectra based demographic modelling we found strong reduction in the 14 

effective population size of the species in general within the past 100 000 years, with more pronounced 15 

effects in the colonizing populations. We further found that the northwestern European A. lyrata populations 16 

(UK and Scandinavian) are more closely related to each other than  with the Central European populations, 17 

and coalescent based population split modelling suggests that western European and Scandinavian 18 

populations became isolated relatively recently after the glacial retreat. We also highlighted loci showing 19 

evidence for local selection associated with the Scandinavian colonization. The results presented here give 20 

new insights into post-glacial Scandinavian colonization history and its genome-wide effects.  21 

Introduction 22 

Many species in temperate and boreal regions have experienced extensive variation in environmental 23 

conditions during the past few hundred thousand years, especially in glaciated regions (Abbott & Brochmann 24 

2003). In Northern Europe, all current communities were formed by colonization from non-glaciated refugia 25 

after the last glacial maximum approximately 20 000 years ago. This relatively recent rapid range expansion 26 

has also required simultaneous rapid adaptation to the northern environment (Hewitt 1996; Hewitt 2000). 27 

Patterns of population genetic variation can be used to study migration routes and adaptive processes 28 

associated with recent colonization history (Taberlet et al. 1998; Hamilton et al. 2015; Malaspinas et al. 29 

2016). During colonization, a new population is established from a source population and due to founder 30 

effect the sink population may lose a significant proportion of the original variation (i. e. will experience a 31 

decrease in the effective population size) during the colonization process (Hewitt 1996). If the separated 32 

populations become isolated, genetic drift will drive the differentiation of the populations while gene flow 33 

will equalize the allele frequencies between populations (Sousa & Hey 2013). On the other hand, selection 34 

associated with colonization may increase the frequency of an adaptive allele in the colonizing populations, 35 

resulting in increased differentiation at the adaptive loci (Lewontin & Krakauer 1973; Beaumont & Balding 36 

2004).  37 

The range of Arabidopsis lyrata, a predominantly outcrossing perennial plant species widely distributed in 38 

boreal and temperate vegetation zones, has been much influenced by climatic fluctuations in the recent past, 39 

especially in Northern Europe (Hewitt et al. 1999; Hoffmann 2005; Clauss & Koch 2006). It is separated into 40 
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two sub-species; ssp. petraea in Eurasia and ssp. lyrata in North America (O’Kane & Al-Shehbaz 1997; 41 

Shimizu et al. 2005; Shimizu-Inatsugi et al. 2009). It has spread from Central Europe (Clauss & Koch 2006; 42 

Ross-Ibarra et al. 2008; Ansell et al. 2010) to North America through Beringia during the mid-Pleistocene 43 

(Schmickl et al. 2010; Pyhäjärvi et al. 2012) and to Northern Europe possibly recently after the last 44 

glaciation, but the origin and demographic dynamics of the colonization remain unknown. Some studies have 45 

even suggested that the species existed in Northern Europe during the last glaciation (Falahati-Anbaran et al. 46 

2014) but the evidence is still very limited. The colonization was accompanied by novel environmental 47 

selective pressures resulting in local adaptation (Leinonen et al. 2009; Leinonen et al. 2011; Vergeer & 48 

Kunin 2013) as well as differentiation in adaptive phenotypes such as flowering time, response to cold, 49 

drought tolerance and trichome production (Riihimäki & Savolainen 2004; Davey et al. 2009; Sletvold & 50 

Ågren 2012; Leinonen et al. 2013; Vergeer & Kunin 2013). Further, evidence for recent selection in genes 51 

related to flowering time control and circadian rhythm in A. lyrata populations (Toivainen et al. 2014; 52 

Mattila et al. 2016; Novikova et al. 2016) suggests that natural selection has favored changes in the response 53 

to different seasonal day lengths at more northern latitudes. 54 

Abundant evidence for local adaptation and the wide distribution makes A. lyrata an attractive model system 55 

for investigating genetic consequences of colonization, both neutral and adaptive changes (Savolainen & 56 

Kuittinen 2011). Here we studied the demographic history of several A. lyrata populations and investigated 57 

the Scandinavian colonization history and concomitant selection using genome-wide population genetics 58 

approaches. Single population demographic analyses revealed a strong decrease in effective population size 59 

of the species in general worldwide. Further, the data suggests post-glacial colonization of Scandinavia from 60 

a refugium distinct from the Central European refugium and we estimated that the Scandinavian and Scottish 61 

populations became isolated after the glacial maximum. Using population branch statistics we detected loci 62 

showing evidence for selection associated with this colonization. An especially strong candidate region for 63 

recent selection was detected on chromosome 1 in the Swedish lineage. This study provides novel 64 

information on the demographic processes and the genome-wide effects during post-glacial colonization and 65 

highlights important loci likely associated with concomitant local adaptation.  66 

Results 67 

We sequenced 24 individual whole-genomes from five A. lyrata populations (Spiterstulen, Norway; 68 

Stubbsand, Sweden; Plech, Germany; Mayodan, USA; fig. 1A, supplementary table S1) (six individuals 69 

from each population) and additional two individuals from one population from Scotland (Storr) using 70 

Illumina HiSeq2000 2*100 paired-end chemistry. The following population abbreviations are used hereafter; 71 

Norway (SP), Sweden (STU), Scotland (STORR), Germany (PL), USA (MA). Two individuals were 72 

excluded from the population genetics analyses after quality control (one SP and one STU). The median 73 

mapping depth ranged from 6 to 32 (supplementary table S2). Only sequences mapped to the eight main 74 

chromosomes were included in the population genetics analysis. The size of the analyzed region without 75 



4 
 

(and with) ancestral inference was 68 Mb (50 Mb) for the European populations and 71 Mb (50 Mb) for the 76 

North American population with approximately 1.1 million (0.6 million) variable sites within the Scottish 77 

and the Scandinavian populations, 2.1 million (1.2 million) within the Central European population and 0.5 78 

million (0.2 million) within the North American population.  79 

Characteristics of the within population variation and population structure 80 

We first investigated the population structure using principal component analysis (PCA) which revealed 81 

clear population clustering. The first PC (explaining 23 % of the variation) separated the lyrata and petraea 82 

subspecies and the second PC (explaining 16 % of the variation) separated the Central European population 83 

from the group consisting of British Isles and Scandinavian populations. Finally, the third PC (explaining 7.7 84 

% of the variation) separated the Scandinavian and the British Isles populations and the fourth PC 85 

(explaining 5.6 % of the variation) separates the British Isles individuals from all the others (fig. 1B). 86 

Estimation of individual admixture proportions with two different methods (ADMIXTURE (Alexander et al. 87 

2009) and NGSadmix (Skotte et al. 2013)) also detected very strong population structure (supplementary fig. 88 

S1) with very little variation between the bootstrap estimates (supplementary table S3). The first clustering 89 

(K = 2)  separates the subspecies and the second separates the German population from the rest (K = 3) with 90 

some Central European ancestry assigned to Scottish population. The Scandinavian populations were 91 

separated with a model with K = 4 and the model with K = 5 clearly separates all populations from each 92 

other (supplementary fig. S1). The results were very similar with both admixture proportion estimation 93 

methods. The model with the highest support was K = 3 based on lowest mean cross-validation error 94 

estimated with ADMIXTURE (supplementary table S4).  95 

Within population patterns of variation were very different between the populations (fig. 1C; supplementary 96 

fig. S2). On average, diversity was highest in the Central European PL population (median θWat in 4-fold 97 

degenerate sites 0.016), and only slightly positive Tajima’s D indicated that this population is close to 98 

mutation-drift equilibrium (fig. 1D; supplementary table S5). In contrast, the other populations had lower 99 

diversity with median 4-fold θWat 0.009, 0.009 and 0.003 in SP, STU and MA respectively. We also observed 100 

positive median Tajima’s D in these populations, indicating deviations from the standard neutral equilibrium 101 

model expectations (fig. 1D; supplementary table S5). The proportion of heterozygous sites per individual in 102 

4-fold degenerate sites (supplementary table S2) suggests a similar level of variation in STORR in 103 

comparison with PL individuals. 104 

Single population demographic histories 105 

Overall skews in site frequency spectra (SFS) reflect differences in the demographic histories of the 106 

populations. We used folded SFS from 4-fold degenerate sites and the model-flexible Stairway plot (version 107 

2.0 beta) method (Liu & Fu 2015) to investigate fluctuations in the effective population size through time of 108 

each population separately (excluding the British Isle population with only two individuals sampled). This 109 
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analysis revealed a strong reduction in the effective population size of the species as a whole within the past 110 

100 000 years (fig. 2). The largest effective population size estimates (95 % bootstrap based C.I. in 111 

parenthesis) were 460 000 (280 000 – 680 000), 430 000 (230 000 – 760 000), 620 000 (420 000 – 1 400 112 

000), 170 000 (130 000 – 220 000) for SP, STU, PL and MA, respectively. Population size decreases 113 

continued after the last glaciation in the European populations with the most recent effective population size 114 

estimates approximately 8 000 (1 400 – 30 000), 23 000 (1 600 – 51 000) and 64 000 (17 000 – 230 000) for 115 

the Norwegian SP, the Swedish STU and the German PL, while at the last glacial maximum (~ 20 000 YA) 116 

the estimated population sizes were approximately 120 000 (40 000 – 320 000), 71 000 (26 000 – 250 000) 117 

and 240 000 (120 000 – 560 000), respectively. In contrast, we estimated that the North American population 118 

has been more stable in size since the last glaciation (fig. 2). For MA the current population size estimate 119 

was 35 000 (21 000– 94 000) and at the last glacial maximum 31 000 (18 000 – 140 000) (fig. 2). The very 120 

limited amount of variation did not allow estimation very far back in time for the MA population. The oldest 121 

estimate was 850 000 years ago while for the other populations the oldest estimates were 2.3 MYA and 3.7 122 

MYA, for the Scandinavian populations and PL, respectively. We note that due to the recent population 123 

divergence, the basal estimates in the single population histories actually represent the shared history of the 124 

populations with differing degrees, depending on the split times of the populations. 125 

Population differentiation and estimation of the population splits 126 

To further study whether the Scandinavian colonization was from a Central or Western European refugium 127 

we first studied pairwise Fst between the European populations. The lowest median Fst supported a closer 128 

relationship of Scandinavian to the Scottish population rather than to the Central European population but Fst 129 

estimates varied widely across the genome (fig. 3; supplementary fig. S3; supplementary fig. S4). The 130 

highest genome-wide Fst estimates were between sub-species comparisons (supplementary fig. S3). To 131 

formally test for the alternative Scandinavian colonization histories (Central vs. Western European and 132 

multiple colonization), we compared alternative phylogeographical models using the likelihood based 133 

demographic inference method (Excoffier et al. 2013) as implemented in fastsimcoal2,  and the topology 134 

based  ABBA-BABA method (Durand et al. 2011). To ask whether Scandinavia was colonized from the 135 

Central European or Western European source, we tested the population trios SP, STORR, PL and STU, 136 

STORR, PL. We also examined whether there were multiple Scandinavian colonization events using a model 137 

containing SP, STU and STORR with the three branching possibilities. In the ABBA-BABA test, the MA 138 

population was used as an outgroup. Assuming limited gene flow between the current populations with 139 

mainly genetic drift determining the patterns of population divergence, the colonization source and number 140 

of possible colonization events (one or two) can be deduced from the best supported branching topologies. 141 

The test of the colonization route revealed that a model with the highest support was (SP / STU; STORR); 142 

PL (supplementary table S6). This topology was supported by 44 % of the blocks studied while 28 % 143 

supported the other topologies (supplementary table S7). The results were very similar with either SP or STU 144 

as the third in-group. In the test for multiple colonization events, a model with the highest support was (SP; 145 



6 
 

STU); STORR. This topology was observed in 38 % of the blocks while the alternative topologies were 146 

supported both by 31 % of the blocks. The ABBA-BABA test did not find evidence for unidirectional 147 

admixture between any groups of populations tested (supplementary table S7).  148 

We further studied the population split times of the study populations with fastsimcoal2. The model and the 149 

search ranges for the parameters were selected based on the results in the previous section and on geological 150 

information (Davis et al. 2003). Thus, in the simulations we forced the split order to follow the branching 151 

topology estimated above. 152 

We first estimated the Scandinavian colonization history from a model containing the Scandinavian and the 153 

Scottish populations (SP – STU –STORR) with a model allowing migration between the Scandinavian and 154 

the Scottish lineage and a period of migration after the SP-STU lineage split (fig. 4). We estimated that the 155 

Scandinavian and Scottish lineages diverged approximately 6 800 generations ago (with 95 % C.I. based on 156 

100 bootstrapped datasets 4 700 – 17 000) and the two Scandinavian lineages approximately 5 500 157 

generations ago (1 200 – 13 000) and gene flow between populations stopped approximately 1 500 158 

generations ago (400 – 5 800) (table 1). Assuming a generation time of two years (Savolainen & Kuittinen 159 

2011) the time estimates were approximately 14 000, 11 000 and 3 000 years ago (YA) for the British Isles / 160 

Scandinavian split, the Sweden / Norway split and the isolation start, respectively. In line with the results 161 

from the Stairway plot analysis, the estimated ancestral effective population size was much larger in 162 

comparison with the current effective population sizes indicating population size decrease. Deeper split times 163 

were estimated from a model containing SP, PL and MA (ancestral split model). The split time estimates 164 

were 130 000 YA (120 000 – 170 000) for the Central European and the northwestern lineage and for the 165 

sub-species 260 000 YA (190 000 – 310 000) (supplementary fig. S5, table S8). We further estimated that 166 

gene flow between the Central European and the Scandinavian population stopped 22 000 YA (8 600 – 37 167 

000) and between populations of the sub-species around 170 000 YA (140 000 – 270 000). 168 

Demography explains the distribution of within and between population diversity 169 

We also studied the demographic effect on the distribution of Tajima’s D and Fst by comparing the observed 170 

data to the data simulated from the estimated demographic model (fig. 4; table 1). The observed left-skewed 171 

distribution of within population Tajima’s D and wide distribution of Fst were replicated in the simulated data 172 

(table 2) indicating that the difference in demographic histories explains the patterns in diversity 173 

distributions. The simulated distributions were slightly narrower in comparison with the observed data which 174 

may be due to simplifications in our model or selection effects. In addition, the median Tajima’s D was 175 

slightly lower in the simulated than in the observed data and the simulated Fst between the Scandinavian 176 

populations and STORR was smaller in comparison with the observed data (table 2).  177 

Selection scan 178 
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To detect loci showing evidence for directional selection after population divergence we calculated the 179 

population branch statistics (PBS) (Yi et al. 2010) in 5 Kb windows along the chromosomes. We focused on 180 

the two Scandinavian lineages and used the Central European population as an outgroup. For each lineage 181 

we used a 0.1 % empirical significance cutoff. As PBS estimates between the Swedish and Norwegian 182 

lineage were correlated (supplementary fig. S6), we only considered loci with high PBS in each individual 183 

lineage (but not both, thus under the 0.5 % threshold in the other lineage) to control for false positives due to 184 

shared history. In the Swedish lineage (STU), the strongest evidence for directional selection was detected in 185 

chromosomes 1. This region contains multiple nearby widows showing elevated PBS in a region 186 

encompassing more than 100 Kb (fig. 5). In the Norwegian lineage (SP) smaller regions in multiple 187 

chromosomes were detected (fig. 5). The dependence of PBS on the overall variation (SP, STU, PL 188 

combined) is shown in supplementary fig. S7. 189 

The annotations of genes overlapping the top candidate locally selected regions (PBS) are listed in 190 

supplementary table S9. Based on the environmental shift associated with colonization, we expected to 191 

detect genes related to traits such as cold tolerance and flowering time. The most promising candidate gene 192 

for environmentally driven adaptation was ZAT10 (chromosome 1) in the Swedish lineage which is involved 193 

in several abiotic stress responses such as cold, UV-B and osmotic stress (Mittler et al. 2006). Further, the 194 

locus U2AF
35

A (chromosome 1) affecting photoperiodic flowering in A. thaliana (Wang & Brendel 2006) 195 

was also located in the region showing evidence for selection in the Swedish lineage. 196 

Discussion 197 

We studied the genome-wide variation in several Arabidopsis lyrata populations in order to investigate the 198 

demographic and colonization history of the species. We further highlighted loci showing evidence for 199 

selection associated with the Scandinavian colonization. We found the highest variation in Central Europe 200 

and the lowest in North America and skew in site frequency spectra towards intermediate frequency variants 201 

in all populations with the strongest effect in the colonizing populations (especially Scandinavia). These 202 

results were in good agreement with the previous estimates based on smaller sets of loci (Wright et al. 2003; 203 

Foxe et al. 2008; Ross-Ibarra et al. 2008; Pyhäjärvi et al. 2012; Vigueira et al. 2013). Generally, high 204 

variability in the amount of variation and population differentiation was observed throughout the genome.  205 

Demographic and colonization history 206 

A strong decrease in the effective population size was observed during the last 100 000 years in the species 207 

as a whole. The single population demographic histories (Stairway plot) reach far beyond the estimated split 208 

time estimates of the populations (table 1; supplementary table S8; Pyhäjärvi et al. 2012) and hence, the 209 

ancient demographic histories represent shared population history. Indeed, in the estimated single population 210 

demographic histories, the observed results were very similar especially in the European populations. 211 

However, the ancient population size was slightly lower in the USA population. This discrepancy may be 212 
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due to differences in migration or other demographic processes between the sub-species, which are not 213 

included in our model. The more recent history (last 100 000 years), on the other hand, is likely independent 214 

between the Northwestern European source population (including current Scandinavian populations), the 215 

Central European and the North American populations. Hence, the observed population size decreases likely 216 

reflects three independent events. 217 

For the more recent demographic history we estimated that the decline continued after the last glaciation in 218 

the European populations while the USA population was more stable during this period. Within the past few 219 

thousand years the Swedish population was estimated to be more stable in size while the Norwegian 220 

population continued declining. If the population size decline was due to colonization, these results suggest 221 

that the Eastern part of Scandinavia was colonized first after which the species spread to current localities in 222 

Norway. 223 

We also estimated the timescale and routes of post-glacial colonization of A. lyrata using coalescent based 224 

population split modelling in combination with population structure analysis. In many species the 225 

colonization of Northern Europe after the last glacial maximum has been from Central, Southern and Eastern 226 

European refugia (Hewitt 1999). On the other hand, evidence suggesting glacial refugia in Scandinavia has 227 

been found for example for boreal tree species (Parducci et al. 2012), even if this is still controversial and 228 

based on limited data (Tzedakis et al. 2013). The population structure analysis revealed that European A. 229 

lyrata forms two very clearly distinct Central European (Germany) and Western/Northern European 230 

(Scottish-Scandinavia) groups with some Central European ancestry in the Scottish population. Topology 231 

tests and phylogeographic model comparison suggest that the Scandinavian populations (SP & STU) were 232 

the most closely related among the populations studied and derived from the West European refugium 233 

(represented by the Scottish population) after the last glacial maximum (split time estimate of 14 000 YA). 234 

The split time estimates of the Scandinavian populations (~ 11 000 YA) suggest recent separation and we 235 

hence conclude that these populations were derived from a common source population recently after the last 236 

glacial maximum. The higher variation in the Scottish individuals (this study; Ansell et al. 2010) suggests 237 

colonization from west to north rather than north to west assuming that colonization was accompanied with 238 

founder effect. However, to fully rule out alternative colonization scenarios one would need more extensive 239 

sampling in this part of the species distribution range. Interestingly, the suggested Western European glacial 240 

refugium is not included in the previously emphasized main glacial refugia (Hewitt 2000). On the other 241 

hand, some recent AFLP based studies on different plant species have suggested that in many cases British 242 

and Scandinavian populations can be closely related (Eidesen et al. 2013; Alsos et al. 2015). This general 243 

pattern may also be explained by colonization from a southern refugium (Hewitt 2000) with the western and 244 

northern European populations of these species having a recent shared history. However, the current 245 

distribution and occupation of cold regions of A. lyrata (Hoffmann 2005) suggests that the species might 246 

have existed in relatively northern regions during the last glacial maximum. 247 
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As mentioned earlier the data suggest a single colonization of Northern Europe, but multiple colonization 248 

events cannot be fully ruled out since only two northern populations were sampled. Previous studies have 249 

supported a single post-glacial Northwestern European colonization (Muller et al. 2008) but the relationship 250 

of British Isles and Northwestern European populations has been rarely investigated (but see Ansell et al. 251 

2010). Especially the split of the Icelandic A. lyrata lineage is likely older than the Norwegian-Swedish split 252 

(Muller et al. 2008; Pyhäjärvi et al. 2012). Although the comparison of the previous and current Fst values is 253 

not straightforward, a clear separation of the Icelandic populations from the other Northern European 254 

populations point at independent colonization. However, the general properties of Fst and its high variation in 255 

A. lyrata make this a rather imprecise method for estimating the population split history. Based on the high 256 

divergence between Scandinavian and Icelandic lineages, Falahati-Anbaran et al. (2014) even suggested that 257 

Icelandic A. lyrata populations may have been derived from a Northern European refugium after the last 258 

glaciation.  259 

The data sets some limitations in the inference that can be drawn from the data. First, the phylogeographical 260 

models assume simple lineage separation followed by isolation. We also investigated models allowing period 261 

of migration after the lineage split but our current dataset did not allow model comparison (see methods for 262 

details), which is likely due to low sample size and large parameter space to explore. The different models 263 

however, gave qualitatively similar results assuming very high migration rates irrelevant (Nm ~ 1, indicating 264 

panmixia). Second, with the current sampling we were able to characterize the general framework of the 265 

species structure, admixture and split history of the selected local populations representing populations at a 266 

regional scale. However, for example the individuals from STORR represent the whole group of populations 267 

from the British Isles. Based on our dataset we cannot fully rule out distinct processes in the other 268 

populations in these regions, but in allozyme and microsatellite studies with more extensive population 269 

sampling, clustering based on genetic similarity measures has suggested shared history of the regional 270 

populations (Gaudeul et al. 2007; Muller et al. 2008; Ansell et al. 2010). Finally, although the population 271 

clustering was found to be very clear among the populations studied with limited admixture, gene flow from 272 

other non-sampled populations is still possible. For example, evidence for between species migration has 273 

been found in A. lyrata complex (Ramos-Onsins et al. 2004; Novikova et al. 2016). Investigation of higher 274 

number of populations in Northern Europe and the British Isles would allow more detailed estimation of how 275 

the current distribution range of the species in Western and Northwestern Europe was formed.  276 

 Demographic history explains the observed patterns of diversity 277 

The data simulated from the estimated demographic model were in good agreement with the observed data 278 

with wide overall variation in population differentiation and skew in SFS distribution, indicating that our 279 

model explains the patterns of average variation well. The slight differences, for example the lower Fst 280 

between the Scandinavian (SP / STU) and the British Isles (STORR) populations in the simulated data, may 281 
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be caused by for example underestimation of the split time between the Scandinavian and Western European 282 

lineage due to model simplifications.  283 

The analysis pinpoints the need for careful consideration of underlying demographic history to fully 284 

understand the neutral processes of a given model system which is especially critical in determining 285 

significance thresholds for selection scans. For example Hoban et al. (2016) compared simulations from an 286 

island model to those from a model of expansion from a refugium. They found large differences both in the 287 

distribution of Fst and in genotype-environment correlation, even though the averages were the same for both 288 

models. If such an incorrect model is used to define the significance threshold for a given parameter 289 

estimate, this may lead to excessive false positive or false negative rate (Hoban et al. 2016). Due to the 290 

complexity of the demographic processes in A. lyrata with especially strong effects on parameter 291 

distributions, we decided to use empirical thresholds in the selection analysis. 292 

Evidence for selection associated with Scandinavian colonization 293 

The pervasive evidence for local adaptation in A. lyrata populations suggests that recent positive selection 294 

has also shaped the genome variation. We exploited the window-based lineage specific approach (population 295 

branch statistics, PBS) to detect loci affected by directional selection in the two Scandinavian lineages 296 

represented in the data revealing candidate loci showing evidence for selection after population divergence. 297 

The strongest evidence was found in the Swedish lineage in chromosome 1 with several nearby windows 298 

showing selective signal. In the Norwegian lineage the strongest candidate regions were more scattered 299 

across the genome (fig. 5). Due to recent environmental shifts in Scandinavian A. lyrata populations 300 

associated with colonization (Mattila et al. 2016) we were especially interested in selected regions containing 301 

genes functioning in environmental responses. Two promising candidates were found in the Swedish lineage; 302 

the strongest candidates were ZAT10 which has been shown to be up-regulated in cold and osmotic stress in 303 

A. thaliana (Mittler et al. 2006) and U2AF
35

A which is involved in flowering time regulation in A. thaliana 304 

(Wang & Brandel 2006). In A. lyrata differences in flowering time and cold tolerance within Scandinavian 305 

and European populations have been found previously (Riihimäki & Savolainen 2004; Sletvold & Ågren 306 

2012). Assuming that these differences are driven by natural selection, the genes highlighted here are good 307 

candidates for future studies on loci underlying this adaptation.  308 

Our analysis did not detect evidence for selection at 19 flowering time pathway genes, as we found earlier 309 

using methods based on diversity, site frequency spectrum and population differentiation (Mattila et al. 310 

2016). Here we detected the selective signal in single locus basis (5 Kb windows) while in the previous study 311 

the selective signal was detected by analyzing the set of flowering time genes as a group. Since flowering 312 

time control likely has a polygenic basis, the selective signal in individual loci can remain relatively weak 313 

and hence may not be detected in single locus based analysis.  314 

Conclusion  315 
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Genome-wide data allowed us to characterize the demographic and selective processes involved in 316 

colonization history of Arabidopsis lyrata. Importantly, despite the small sample size, we demonstrated the 317 

importance of the colonization from a refugium distinct from Central Europe. Resolving the complex 318 

demographic history sets the stage for examining concomitant adaptation, a complex process that all the 319 

species in Northern Europe have undergone. In addition, we highlight loci showing evidence for selection 320 

associated with Scandinavian colonization which may be good candidates underlying adaptation in further 321 

studies. 322 

Materials and Methods 323 

Plant material 324 

Seeds from five A. lyrata populations Spiterstulen Norway (SP), Stubbsand Sweden (STU), Storr, UK 325 

(STORR), Plech Germany (PL) and Mayodan USA (MA) were collected within population. The collection 326 

was designed so that collected individuals were at least 1 m apart to avoid population and family structure 327 

(Lundemo et al. 2010). Field collected seeds or lab-generated seeds were grown in the growth chamber 328 

following the growing instructions provided in the supplementary. Two individuals from MA and one from 329 

SP were adopted from previous studies. DNA was extracted from fresh leaves (or from frozen leaves for the 330 

old individuals) with NucleoSpin® Plant II (Macherey-Nagel) extraction kit (see supplementary for details).  331 

Sequencing, data processing & alignment 332 

The library preparation (see supplementary) and sequencing (Illumina HiSeq2000 100 bp paired-end) was 333 

done at Institute for Molecular Medicine Finland (FIMM) (see supplementary table S2 for sequencing 334 

statistics). The produced sequence reads were quality trimmed and adapters were removed using 335 

Trimmomatic 0.32 (Bolger et al. 2014) in paired-end mode using the TrueSeq2 paired-end adapters with 336 

options –ILLUMINACLIP /TruSeq2-PE.fa:5:20:10 -LEADING 10 -TRAILING 10 -SLIDINGWINDOW 337 

10:20 -MINLEN 50. Only read pairs that both passed the filtering were further processed. The read data were 338 

checked for quality using the FastQC and Fastx toolkit before and after trimming. 339 

The reads were mapped against A. lyrata reference genome (Hu et al. 2011) Ensembl plant (Kersey et al. 340 

2014) version 1.0.29 using bwa-mem (Li & Durbin 2009; Li, unpublished data) with options -M -r 1. Picard 341 

tools v. 1.113 (http://broadinstitute.github.io/picard/) was used for duplicate marking, adding read group and 342 

calculating alignment statistics. Overlapping forward and reverse reads were clipped using BamUtil version 343 

1.0.13 with option –unmapped (http://genome.sph.umich.edu/wiki/BamUtil) and indels were marked and 344 

realigned with Genome Analysis Toolkit version 3.2.2 (DePristo et al. 2011). The data processing and 345 

alignment were done using the Pipeline tool STAPLER available at https://github.com/tyrmi/STAPLER. 346 

Two samples (SpNor33-16 and C101_P2 (STU)) had very different coverage distribution in comparison with 347 

the other samples (see supplementary fig. S8) indicating poor sequencing library quality. This caused 348 
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difficulties in coverage based quality filtering and hence these two samples were excluded to obtain a high 349 

quality dataset for population genetics analyses. 350 

Data masking 351 

All analyses were restricted to chromosomal non-repetitive regions to avoid potential mapping errors. In 352 

addition, regions between repeat regions were removed if they were less than 200 bp long (less than read pair 353 

length). We further detected sites within individuals where read depth exceeds three times median absolute 354 

deviation (MAD) calculated over the total individual alignment (excessive depth within sample). The regions 355 

were masked if excessive depth was detected in any individual in more than ten consecutive sites. Only read 356 

pairs properly mapping with mapping quality > 30 (extracted with SAMtools (Li et al. 2009)) were used to 357 

estimate the median and MAD for each sample. This coverage filter is implemented in the Python script 358 

MAD_MAX.py available at https://github.com/tyrmi/PGU.  359 

Heterozygote excess in the strict intermediate frequency site frequency class was detected in all populations 360 

likely reflecting excessive paralogous mapping, which was still evident after the masking described above. 361 

To exclude such sites we called SNP genotypes using freebayes version v1.0.2 (Garrison & Marth 362 

unpublished data) within populations. Sites with all heterozygote within population (SP, STU, PL & MA) 363 

were detected using VCFtools (Danecek et al. 2011) –hardy option. These sites (+/- 100 bp adjacent regions) 364 

were further masked from the downstream analyses.  365 

Population genetics analyses 366 

Patterns of variation and population differentiation (Watterson θ, Tajima’s D & Fst) were studied along the 367 

chromosomes. Site based annotation (4-fold degenerate, 0-fold degenerate sites) was generated with the 368 

annotation script NewAnnotateRef.py obtained from 369 

https://github.com/fabbyrob/science/tree/master/pileup_analyzers (Williamson et al. 2014). Before running 370 

the script, lines containing exon annotations were excluded from the gff3 annotation file to assign exon-371 

intron boundaries correctly. For intergenic annotations, the Ensembl version 1.0.34 was used with the new ab 372 

initio gene annotations. The intergenic regions were extracted with BEDTools v2.26.0 (Quinlan & Hall 373 

2010) subtract tool. The statistic θWat, π and Tajima’s D were calculated within population and Fst between 374 

each population pair in non-overlapping widows using the genotype call free method implemented in 375 

ANGSD version 0.913 (Nielsen et al. 2012; Fumagalli et al. 2013; Korneliussen et al. 2014). This method 376 

was chosen for the analysis to avoid bias in site frequency spectrum estimation with low or medium coverage 377 

data (Han et al. 2014). Following the ANGSD manual, we first estimated the genome-wide site frequency 378 

spectrum (SFS) for each population and used this SFS as prior for the population genetics parameter 379 

estimation. We used the method described in McKenna et al. (2010) (GATK) for genotype likelihood 380 

calculation. We also similarly estimated SFS for each individual separately to calculate the proportion of 381 

heterozygous sites per individual.  382 
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Principal Component analysis was performed to study the population genetic relationships as implemented in 383 

ANGSD. We also performed ABBA-BABA tests (Durand et al. 2011) using the -doAbbababa2 function in 384 

ANGSD with the extension of including multiple individuals per population in 10 Kb blocks. For both 385 

analyses we used 4-fold degenerate sites and a 5 % minor allele frequency cutoff. The North American 386 

population (MA) was used as an outgroup in the ABBA-BABA test. 387 

For all the analyses performed with ANGSD we used the following filtering settings: -remove_bads -388 

unique_only -minMapQ 30 -minQ 20 -only_proper_pairs 1 -trim 0 and required less than 20 % of missing 389 

data (except for the ABBA-BABA test no missing data was allowed). 390 

We further estimated population structure and individual admixture proportion with ADMIXTURE 391 

(Alexander et al. 2009) and NGSadmix (Skotte et al. 2013) using 4-fold degenerate sites. We ran the analysis 392 

with the number of clusters (K) ranging from 1 to 6 with minor allele frequency cut-off of 0.05. To ensure 393 

marker independence we use sites at least 10 Kb apart. We ran each model (number of clusters) 100 times 394 

with different starting seed and the replicate with the highest likelihood was retained for each number of 395 

clusters. Replicating this procedure 5 times produced qualitatively similar results. For the highest likelihood 396 

models we estimated standard error for the point estimates using 2000 bootstrapped datasets with 397 

ADMIXTURE. For NGSadmix the genotype likelihoods were calculated with ANGSD with the following 398 

settings -GL 2 -doGlf 2 -doMajorMinor 1 -doMaf 1 -SNP_pval 2e-6. Default settings were used for 399 

convergence stop criteria in NGSadmix. For ADMIXTURE we used genotypes called with freebayes using 400 

population prior and the following settings and filtering criteria: -m 30 -q 20 -X -i -u -=. Individual minimum 401 

site depth was set to 6 and minimum SNP quality to 20. A cross-validation procedure was used for 402 

evaluating the runs with different K values in ADMIXTURE.   403 

Single population demographic inference 404 

The single population demographic histories were studied using Stairway plot method (Liu & Fu 2015) 405 

version 2.0 beta with folded SFS from each population (estimated with ANGSD as described above). We 406 

used default 2 / 3 of the data for training and (number of sequences (nseq) – 2) / 4, (nseq – 2) / 2, 3*(nseq – 407 

2) / 4 and nseq – 2 as the number of random breakpoints. Following the Stairway plot pipeline, the best 408 

number of random breakpoints was chosen based on the training data. To calibrate the results, generation 409 

time of two years (Savolainen & Kuittinen 2011) and mutation rate µ = 7 * 10
-9 

(Ossowski et al. 2010) were 410 

used.  411 

Population split time estimation 412 

In order to study the population split history, we used SFS based composite likelihood demographic 413 

modelling method described in Excoffier et al. (2013) and implemented in fastsimcoal2. The observed three-414 

dimensional SFS and bootstrap SFS were calculated with ANGSD. We used 100 000 simulations and 40 415 

conditional maximization cycles to maximize the likelihood of the model. We performed 40 independent 416 
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optimizations to retain the global maximum likelihood model. We first compared models including 417 

alternative topologies without migration assuming that genetic drift mainly has driven the population 418 

divergence (due to current strong geographic isolation). We chose the topology with highest support for 419 

comparing 16 models including different combinations of migration between demes. Due to geographical 420 

isolation of the current populations we assumed no present migration between populations but allowed 421 

migration between the ancestral lineages and a period of migration after the first lineage split (see fig. 4 & 422 

supplementary fig. S5). The models were compared using Akaike weight calculated following Excoffier et 423 

al. (2013). However, the data did not allow model selection since independent estimation rounds did not 424 

result consistent model selection even increasing the number of independent optimizations to 200. Hence, we 425 

decided to use the model allowing migration between all demes for parameter estimation and used 100 426 

bootstrapped SFS to get 95 % confidence intervals for each estimate. We used PopPlanner (Ewing et al. 427 

2015) to visualize the demographic models. 428 

Due to only two sequenced individuals from the British Isles population, we used unfolded spectra for this 429 

analysis using A. thaliana genomic sequence to polarize the alleles. To avoid problems arising from ancestral 430 

misspecification, we corrected the observed spectra following the methods described in Baudry & Depaulis 431 

(2003) and Hernandez et al. (2007).  432 

In the observed site frequency spectrum N the misspecification causes a site to be placed into its mirror 433 

frequency class. Hence in a sample of 𝑛 haplotypes the true count in 𝑖𝑡ℎ frequency class can be written as a 434 

pair of equations as a function of the true frequency 𝑅 435 

𝑁𝑖 = (1 − 𝑃𝑀)𝑅𝑖 + 𝑃𝑀(𝑅𝑛−𝑖) 

𝑁𝑛−𝑖 = (1 − 𝑃𝑀)𝑅𝑛−𝑖 + 𝑃𝑀(𝑅𝑖) 

resulting in 436 

𝑅𝑖 =  
𝑁𝑖(1 − 𝑃𝑀) − 𝑃𝑀𝑁𝑛−𝑖

1 − 2𝑃𝑀
 

Here  𝑃𝑀 is the probability of undetected double mutation, which can be estimated with the following 437 

formula from Baudry & Depaulis (2003)  438 

𝑃𝑀 =
𝛼2 + 2𝛽2

2𝛽(2𝛼 + 𝛽)
 𝑃𝐷 

where α and β are transition and transversion probabilities, respectively and 𝑃𝐷 is the probability of 439 

polymorphic sites with the outgroup showing a third state. We used a simple estimator of the ratio of  440 

transition and transversion rate κ  441 
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κ =
2 ∗ 𝑇

𝑉
  

where T is the observed number of transitions and V the observed number of transversions. Since κ =  
α

β
  442 

we obtain 443 

𝑃𝑀 =
κ 2 + 2

4κ + 2
 𝑃𝐷 

We estimated 𝑃𝑀 empirically from the data using divergence obtained from A. thaliana – A. lyrata whole 444 

genome alignment (Ensembl plant) and individually called genotypes (freebayes) including monomorphic 445 

sites with similar data filtering criteria as described above. The estimated 𝑃𝑀 was 0.043 and the effect of the 446 

correction on single population SFS is shown in supplementary fig. S9. 447 

Comparison of the observed and simulated data 448 

To test the performance of the split estimation procedure we simulated 2 000 dataset of 100 Kb from the 449 

maximum likelihood model with fastsimcoal (Excoffier & Foll 2011) and compared the distribution of 450 

Tajima’s D and Fst with the observed data for 4-fold degenerate sites. Recombination rate equals mutation 451 

rate was used in the simulations. The summary statistics were calculated with arlsumstat v 3.5.2.2 (Excoffier 452 

& Lischer 2010). 453 

Selection scan 454 

Population branching statistics (PBS) (Yi et al. 2010) and the corresponding theta values were calculated for 455 

SP – STU – PL trio as implemented in ANGSD using unfolded spectra as priors. Only windows with at least 456 

1 000 callable sites were further analyzed. We used 0.1 empirical thresholds for the PBS to highlight loci 457 

showing evidence for selection. We observed a correlation between the lineage specific PBS values between 458 

SP and STU (supplementary fig. S5), which may be due to divergence in the outgroup branch. Hence, the 459 

loci with PBS values over 0.5 % threshold in both Scandinavian lineages to control for false positives due to 460 

shared history.  461 

Acknowledgments 462 

We thank Philippine Vergeer and David Remington for providing seeds from Scotland (Storr) and North 463 

Carolina (Mayodan), respectively; Soile Alatalo, Ulla Kemi, Jaromir Guzinski, and Tuomas Toivainen for 464 

sample collection and laboratory assistance; Heikki Kujala and the Finnish IT Center for Science CSC 465 

personnel for bioinformatics and computational support. We further thank Jesper Bechsgaard, Brian Arnold, 466 

Mikkel Schierup and Benjamin Laenen for valuable discussion and advice in the demographic analyses and 467 

Jesper Bechsgaard for comments on the earlier version of the manuscript. We also thank Inger Nordal for 468 

early and Christian Brochmann for more recent discussions on biogeography of Scandinavian plants. Two 469 



16 
 

anonymous reviewers are acknowledged for suggestions to improve our manuscript. The Finnish IT Center 470 

for Science CSC provided computational resources for this work. NGS library preparation and sequencing 471 

were performed by the Institute for Molecular Medicine Finland FIMM Technology Centre, University of 472 

Helsinki. This work was financially supported by the Population Genetics Doctoral Programme, Finland and 473 

Emil Aaltonen Foundation (to T.M.M); the Research council for Biosciences of Finland (project 132611 to 474 

O.S.) and Biocenter Oulu (to O.S). The University of Oulu graduate school (UniOGS) and the Population 475 

Genetics Doctoral Programme are acknowledged for travel grants to T.M.M.  476 

The raw sequence data were submitted to NCBI Short Read Archive (SRA) under BioSample accession 477 

numbers SAMN06141173-SAMN06141198. The analysis scripts are available at 478 

https://github.com/tyrmi/STAPLER, https://github.com/tyrmi/PGU, and Dryad (DOI: 479 

doi:10.5061/dryad.m1v40). 480 

References 481 

Abbott RJ, Brochmann C. 2003. History and evolution of the arctic flora: in the footsteps of Eric Hultén. Mol 482 

Ecol. 12:299-313. 483 

Alexander DH, Novembre J, Lange K. 2009. Fast model-based estimation of ancestry in unrelated 484 

individuals. Genome Res. 19:1655-1664. 485 

Alsos IG, Ehrich D, Eidesen PB, Solstad H, Westergaard KB, Schönswetter P, Tribsch A, Birkeland S, Elven 486 

R, Brochmann C. 2015. Long-distance plant dispersal to North Atlantic islands: colonization routes and 487 

founder effect. AoB Plants 7: plv036. 488 

Ansell SW, Stenøien HK, Grundmann M, Schneider H, Hemp A, Bauer N, Russell SJ, Vogel JC. 2010. 489 

Population structure and historical biogeography of European Arabidopsis lyrata. Heredity 105:543-553. 490 

Baudry E, Depaulis F. 2003. Effect of misoriented sites on neutrality tests with outgroup. Genetics 165:1619-491 

1622. 492 

Beaumont MA, Balding DJ. 2004. Identifying adaptive genetic divergence among populations from genome 493 

scans. Mol Ecol. 13:969-980. 494 

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for Illumina sequence data. 495 

Bioinformatics 30:2114-2120. 496 

Clauss MJ, Koch MA. 2006. Poorly known relatives of Arabidopsis thaliana. Trends Plant Sci. 11:449-459. 497 



17 
 

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, Handsaker RE, Lunter G, Marth GT, 498 

Sherry ST, et al. 2011. The variant call format and VCFtools. Bioinformatics 27:2156-2158. 499 

Davey MP, Ian Woodward F, Paul Quick W. 2009. Intraspecfic variation in cold-temperature metabolic 500 

phenotypes of Arabidopsis lyrata ssp. petraea. Metabolomics 5:138-149. 501 

Davis BAS, Brewer S, Stevenson AC, Guiot J, Allen J, Almqvist-Jacobson H, Ammann B, Andreev AA, 502 

Argant J, Atanassova J et al. 2003. The temperature of Europe during the Holocene reconstructed from 503 

pollen data. Quat Sci Rev. 22:1701-1716. 504 

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, Philippakis AA, Del Angel G, Rivas 505 

MA, Hanna M, et al. 2011. A framework for variation discovery and genotyping using next-generation DNA 506 

sequencing data. Nat Genet. 43:491-501. 507 

Durand EY, Patterson N, Reich D, Slatkin M. 2011. Testing for ancient admixture between closely related 508 

populations. Mol Biol Evol. 28:2239-2252. 509 

Eidesen PB, Ehrich D, Bakkestuen V, Alsos IG, Gilg O, Taberlet P, Brochmann C. 2013. Genetic roadmap 510 

of the Arctic: plant dispersal highways, traffic barriers and capitals of diversity. New Phytol. 200:898-910. 511 

Ewing GB, Reiff PA, Jensen JD. 2015. PopPlanner: visually constructing demographic models for 512 

simulation. Front Genet. 6:150 513 

Excoffier L, Foll M. 2011. Fastsimcoal: a continuous-time coalescent simulator of genomic diversity under 514 

arbitrarily complex evolutionary scenarios. Bioinformatics. 27:1332-1334. 515 

Excoffier L, Dupanloup I, Huerta-Sánchez E, Sousa VC, Foll M. 2013. Robust demographic inference from 516 

genomic and SNP data. PLoS Genetics 9:e1003905. 517 

Excoffier L, Lischer HEL 2010. Arlequin suite ver 3.5: a new series of programs to perform population 518 

genetics analyses under Linux and Windows. Mol Ecol Res. 10:564-567. 519 

Falahati-Anbaran M, Lundemo S, Ansell SW, Stenoien HK. 2014. Contrasting patterns of genetic structuring 520 

in natural populations of Arabidopsis lyrata subsp. petraea across different regions in northern Europe. Plos 521 

One 9:e107479. 522 

Foxe JP, Dar VU, Zheng H, Nordborg M, Gaut BS, Wright SI. 2008. Selection on amino acid substitutions in 523 

Arabidopsis. Mol Biol Evol. 25:1375-1383. 524 



18 
 

Fumagalli M, Vieira FG, Korneliussen TS, Linderoth T, Huerta-Sánchez E, Albrechtsen A, Nielsen R. 2013. 525 

Quantifying population genetic differentiation from next-generation sequencing data. Genetics 195:979-992. 526 

Garrison E, Marth G, unpublished data. Haplotype-based variant detection from short-read sequencing. 527 

https://arxiv.org/abs/1207.3907, last accessed December 23, 2016 528 

Gaudeul M, Stenøien HK, Ågren J. 2007. Landscape structure, clonal propagation, and genetic diversity in 529 

Scandinavian populations of Arabidopsis lyrata (Brassicaceae). Am J Bot. 94:1146-1155. 530 

Hamilton JA, Okada M, Korves T, Schmitt J. 2015. The role of climate adaptation in colonization success in 531 

Arabidopsis thaliana. Mol Ecol. 24:2253-2263. 532 

Han E, Sinsheimer JS, Novembre J. 2014. Characterizing bias in population genetic inferences from low-533 

coverage sequencing data. Mol Biol Evol. 31:723-735. 534 

Hernandez RD, Williamson SH, Bustamante CD. 2007. Context dependence, ancestral misidentification, and 535 

spurious signatures of natural selection. Mol Biol Evol. 24:1792-1800. 536 

Hewitt GM. 1996. Some genetic consequences of ice ages, and their role in divergence and speciation. Biol J 537 

Linn Soc. 58:247-276. 538 

Hewitt G. 2000. The genetic legacy of the Quaternary ice ages. Nature 405:907-913. 539 

Hewitt GM. 1999. Post-glacial re-colonization of European biota. Biol J Linn Soc. 68:87-112. 540 

Hoban S, Kelley JL, Lotterhos KE, Antolin MF, Bradburd G, Lowry DB, Poss ML, Reed LK, Storfer A, 541 

Whitlock MC. 2016. Finding the genomic basis of local adaptation: pitfalls, practical solutions, and future 542 

directions. Am Nat. 188:379-397. 543 

Hoffmann MH. 2005. Evolution of the realized climatic niche in the genus Arabidopsis (Brassicaceae). 544 

Evolution 59:1425-1436. 545 

Hu TT, Pattyn P, Bakker EG, Cao J, Cheng J, Clark RM, Fahlgren N, Fawcett JA, Grimwood J, Gundlach H 546 

et al. 2011. The Arabidopsis lyrata genome sequence and the basis of rapid genome size change. Nat Genet. 547 

43:476-481. 548 

Hughes ALC, Gyllencreutz R, Lohne OS, Mangerud J, Svendsen JI. 2016. The last Eurasian ice sheets - a 549 

chronological database and time-slice reconstruction, DATED-1. Boreas 45:1-45. 550 



19 
 

Kersey PJ, Allen JE, Christensen M, Davis P, Falin LJ, Grabmueller C, Hughes DST, Humphrey J, 551 

Kerhornou A, Khobova J et al. 2014. Ensembl Genomes 2013: scaling up access to genome-wide data. 552 

Nucleic Acids Res. 42:D546-D552. 553 

Korneliussen TS, Albrechtsen A, Nielsen R. 2014. ANGSD: Analysis of next generation sequencing data. 554 

BMC Bioinform. 15:356  555 

Leinonen PH, Remington DL, Savolainen O. 2011. Local adaptation, phenotypic differentiation, and hybrid 556 

fitness in diverged natural populations of Arabidopsis lyrata. Evolution 65:90-107. 557 

Leinonen PH, Remington DL, Leppälä J, Savolainen O. 2013. Genetic basis of local adaptation and 558 

flowering time variation in Arabidopsis lyrata. Mol Ecol. 22:709-723. 559 

Leinonen PH, Sandring S, Quilot B, Clauss MJ, Mitchell-Olds T, Ågren J, Savolainen O. 2009. Local 560 

adaptation in European populations of Arabidopsis lyrata (Brassicaceae). Am J Bot. 96:1129-1137. 561 

Lewontin RC, Krakauer J. 1973. Distribution of gene frequency as a test of the theory of the selective 562 

neutrality of polymorphisms. Genetics 74:175-195. 563 

Li H. Unpublished data. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. 564 

https://arxiv.org/abs/1303.3997, last accessed December, 23, 2016 565 

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler transform. 566 

Bioinformatics 25:1754-1760. 567 

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R, 1000 568 

Genome Project Data Processing Subgroup. 2009. The sequence Alignment/Map format and SAMtools. 569 

Bioinformatics 25:2078-2079. 570 

Liu X, Fu Y-X. 2015. Exploring population size changes using SNP frequency spectra. Nat Genet. 47:555-571 

559. 572 

Lundemo S, Stenøien HK, Savolainen O. 2010. Investigating the effects of topography and clonality on 573 

genetic structuring within a large Norwegian population of Arabidopsis lyrata. Ann Bot. 106:243-254. 574 

Malaspinas A, Westaway MC, Muller C, Sousa VC, Lao O, Alves I, Bergström A, Athanasiadis G, Cheng 575 

JY, Crawford JE et al. 2016. A genomic history of Aboriginal Australia. Nature 538:207-214. 576 



20 
 

Mattila TM, Aalto EA, Toivainen T, Niittyvuopio A, Piltonen S, Kuittinen H, Savolainen O. 2016. Selection 577 

for population-specific adaptation shaped patterns of variation in the photoperiod pathway genes in 578 

Arabidopsis lyrata during post-glacial colonization. Mol Ecol. 25:581-597. 579 

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella K, Altshuler D, 580 

Gabriel S, Daly M et al. 2010. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-581 

generation DNA sequencing data. Genome Res. 20:1297-1303. 582 

Mittler R, Kim Y, Song L, Coutu J, Coutu A, Ciftci-Yilmaz S, Lee H, Stevenson B, Zhu JK. 2006. Gain- and 583 

loss-of-function mutations in Zat10 enhance the tolerance of plants to abiotic stress. FEBS Lett. 580:6537-584 

6542. 585 

Muller MH, Leppälä J, Savolainen O. 2008. Genome-wide effects of postglacial colonization in Arabidopsis 586 

lyrata. Heredity 100:47-58. 587 

Nielsen R, Korneliussen T, Albrechtsen A, Li Y, Wang J. 2012. SNP calling, genotype calling, and sample 588 

allele frequency estimation from new-generation sequencing data. Plos One 7:e37558. 589 

Nordborg M, Hu TT, Ishino Y, Jhaveri J, Toomajian C, Zheng H, Bakker E, Calabrese P, Gladstone J, Goyal 590 

R et al. 2005. The pattern of polymorphism in Arabidopsis thaliana. PLoS Biol 3:e196. 591 

Novikova PY, Hohmann N, Nizhynska V, Tsuchimatsu T, Ali J, Muir G, Guggisberg A, Paape T, Schmid K, 592 

Fedorenko OM et al. 2016. Sequencing of the genus Arabidopsis identifies a complex history of 593 

nonbifurcating speciation and abundant trans-specific polymorphism. Nat Genet. 48:1077-1082. 594 

O'Kane Jr. SL, Al-Shehbaz IA. 1997. A synopsis of Arabidopsis (Brassicaceae). Novon 7:323-327. 595 

Ossowski S, Schneeberger K, Lucas-Lledó JI, Warthmann N, Clark RM, Shaw RG, Weigel D, Lynch M. 596 

2010. The rate and molecular spectrum of spontaneous mutations in Arabidopsis thaliana. Science 327:92-597 

94. 598 

Parducci L, Jørgensen T, Tollefsrud MM, Elverland E, Alm T, Fontana SL, Bennett KD, Haile J, Matetovici 599 

I, Suyama Y et al. 2012. Glacial survival of boreal trees in northern Scandinavia. Science 335:1083-1086. 600 

Pyhäjärvi T, Aalto E, Savolainen O. 2012. Time scales of divergence and speciation among natural 601 

populations and subspecies of Arabidopsis lyrata (Brassicaceae). Am J Bot. 99:1314-1322. 602 

Quinlan AR, Hall IM. 2010. BEDTools: A flexible suite of utilities for comparing genomic features. 603 

Bioinformatics 26:841-842. 604 



21 
 

Ramos-Onsins SE, Stranger BE, Mitchell-Olds T, Aguadé M. 2004. Multilocus analysis of variation and 605 

speciation in the closely related species Arabidopsis halleri and A. lyrata. Genetics 166:373-388. 606 

Riihimäki M, Savolainen O. 2004. Environmental and genetic effects on flowering differences between 607 

northern and southern populations of Arabidopsis lyrata (Brassicaceae). Am J Bot. 91:1036-1045. 608 

Ross-Ibarra J, Wright SI, Foxe JP, Kawabe A, DeRose-Wilson L, Gos G, Charlesworth D, Gaut BS. 2008. 609 

Patterns of polymorphism and demographic history in natural populations of Arabidopsis lyrata. Plos One 3: 610 

e2411. 611 

Savolainen O, Kuittinen H. 2011. Arabidopsis lyrata genetics. In: Schmidt R, Bancroft I, editors. Genetics 612 

and Genomics of the Brassicaceae. New York, NY: Springer New York. p. 347-372. 613 

Schmickl R, Jorgensen M, Brysting A, Koch M. 2010. The evolutionary history of the Arabidopsis lyrata 614 

complex: a hybrid in the amphi-Beringian area closes a large distribution gap and builds up a genetic barrier. 615 

BMC Evol Biol. 10:98. 616 

Skotte L, Korneliussen TS, Albrechtsen A. 2013. Estimating individual admixture proportions from next 617 

generation sequencing data. Genetics 195:693-702. 618 

Shimizu KK, Fujii S, Marhold K, Watanabe K, Kudoh H. 2005. Arabidopsis kamchatica (Fisch. ex DC.) K. 619 

Shimizu & Kudoh and A. kamchatica subsp. kawasakiana (makino) K. Shimizu & Kudoh, new 620 

combinations. Acta Phytotax Geobot. 56:163-172. 621 

Shimizu-Inatsugi R, Lihová J, Iwanaga H, Kudoh H, Marhold K, Savolainen O, Watanabe K, Yakubov VV, 622 

Shimizu KK. 2009. The allopolyploid Arabidopsis kamchatica originated from multiple individuals of 623 

Arabidopsis lyrata and Arabidopsis halleri. Mol Ecol. 18:4024-4048. 624 

Sletvold N, Ågren J. 2012. Variation in tolerance to drought among Scandinavian populations of Arabidopsis 625 

lyrata. Evol Ecol. 26:559-577. 626 

Sousa V, Hey J. 2013. Understanding the origin of species with genome-scale data: Modelling gene flow. 627 

Nat Rev Gen. 14:404-414. 628 

Taberlet P, Fumagalli L, Wust-Saucy A-G, Cosson J-F. 1998. Comparative phylogeography and postglacial 629 

colonization routes in Europe. Mol Ecol. 7:453-464. 630 

Toivainen T, Pyhäjärvi T, Niittyvuopio A, Savolainen O. 2014. A recent local sweep at the PHYA locus in 631 

the Northern European Spiterstulen population of Arabidopsis lyrata. Mol Ecol. 23:1040-1052. 632 



22 
 

Tzedakis PC, Emerson BC, Hewitt GM. 2013. Cryptic or mystic? Glacial tree refugia in northern Europe. 633 

Trends Ecol Evol. 28:696-704. 634 

Vergeer P, Kunin WE. 2013. Adaptation at range margins: common garden trials and the performance of 635 

Arabidopsis lyrata across its northwestern European range. New Phytol. 197:989-1001. 636 

Vigueira CC, Rauh B, Mitchell-Olds T, Lawton-Rauh AL. 2013. Signatures of demography and 637 

recombination at coding genes in naturally-distributed populations of Arabidopsis lyrata subsp. petraea. Plos 638 

One 8:e58916. 639 

Wang B-B, Brendel V. 2006. Molecular characterization and phylogeny of U2AF35 homologs in plants. 640 

Plant Physiol. 140:624-636. 641 

Williamson RJ, Josephs EB, Platts AE, Hazzouri KM, Haudry A, Blanchette M, Wright SI. 2014. Evidence 642 

for widespread positive and negative selection in coding and conserved noncoding regions of Capsella 643 

grandiflora. PLoS Genet. 10: e1004622. 644 

Wright SI, Lauga B, Charlesworth D. 2003. Subdivision and haplotype structure in natural populations of 645 

Arabidopsis lyrata. Mol Ecol. 12:1247-1263. 646 

Yi X, Liang Y, Huerta-Sanchez E, Jin X, Cuo ZXP, Pool JE, Xu N, Jiang H, Vinckenbosch N, Korneliussen 647 

TS et al. 2010. Sequencing of 50 human exomes reveals adaptation to high altitude. Science 329:75-78.  648 



23 
 

Tables 649 

Table 1 Maximum likelihood estimates, 95 % confidence intervals (based on 100 bootstrap SFS) and search 650 

ranges for the Scandinavian colonization demographic model.  651 

Model Parameter Point estimate 95 % CI Search range 

Scandinavian colonization 

model (SP - STU - STORR) 

NSP 13 733 2 920 - 33 555 1 000 - 80 000 

NSTU 13 695 2 870 - 32 676 1 000 - 80 000 

NSTORR 25 877 17 996 - 61 584 20 000 - 200 000 

NSCA 12 345 10 849 - 65 078 10 000 - 200 000 

NWEST 1 023 778 1 024 812 - 1 074 204 100 000 - 2 000 000 

TSCA 5 320 1 155 - 13 238 0 - 30 000 

TWEST 6 833 4 708 - 16 564 1 000 - 40 000 

TISOLATION 1 516 406 - 5 834 0 - 30 000 

Parameters with N denote effective population sizes and with T time estimates (number of generations). SP = 

Spiterstulen, Norway; STU = Stubbsand, Sweden; STORR = Storr, Scotland; SCA = Scandinavia; WEST = West 

European; ISOLATION = Isolation start 
 652 

Table 2 Distributions of Tajima’s D and Fst in two Scandinavian (SP & STU) A. lyrata populations and 653 

British Isles population (STORR). Calculated for the observed data and data simulated from the estimated 654 

demographic model. 655 

Source Statistics Dataset 2.5 % percentile median 97.5 % percentile 

SP Tajima's D observed -1.94 0.91 2.88 

    simulated -0.62 0.75 1.72 

STU Tajima's D observed -2.05 0.82 2.91 

    simulated -0.64 0.75 1.67 

SP - STU Fst observed 0.10 0.33 0.72 

    simulated 0.13 0.31 0.56 

SP - STORR Fst observed 0.13 0.35 0.67 

    simulated 0.18 0.32 0.56 

STU - STORR Fst observed 0.13 0.36 0.74 

    simulated 0.17 0.33 0.56 

      

 656 

  657 



24 
 

Figure legends 658 

 659 

Fig. 1 Patterns of variation and population structure in Arabidopsis lyrata populations (A) Map showing the 660 

sampling locations. (B) Scatterplots of principal components 1 & 2 and 3 & 4, variation explained by each 661 

component is shown in parentheses. (C) Distribution of synonymous Watterson’s θ along chromosome 1 in 662 

SP (blue) and PL (green) in 100 Kb non-overlapping windows with at least 500 callable synonymous sites in 663 

each window. Centromere is shaded in grey. (D) Distribution of Tajima’s D in the four Arabidopsis lyrata 664 

populations in 100 Kb non-overlapping widows with at least 1 000 callable sites in each window. The black 665 

vertical line is the genome-wide population median. Abbreviations MA, Mayodan, USA; PL, Plech, 666 

Germany; SP, Spiterstulen, Norway; STORR, Storr, Scotland; STU, Stubbsand, Sweden. 667 
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668 
Fig. 2 Estimated single population demographic histories for four Arabidopsis lyrata populations. The thick 669 

black line is showing the median estimate, the dark grey the 75 % percentile and the light grey the 95 % 670 

percentiles from 200 subsampled datasets. 671 
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672 
Fig. 3 Distribution of Fst between four Arabidopsis lyrata populations calculated in 100 KB non-overlapping 673 

windows (with at least 1 Kb sites callable). The vertical line shows the genome-wide median in each 674 

comparison. Median with the 95 % quantile in brackets is on the upper right corner of each subpanel. 675 
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676 
Fig. 4 Demographic model with the estimated parameters for the Scandinavian colonization history. 677 

Parameters with N denote effective population sizes and with T time estimates (number of generations). SP = 678 

Spiterstulen, Norway; STU = Stubbsand, Sweden; STORR = Storr, Scotland; SCA = Scandinavia; WEST = 679 

West European; ISOLATION = Isolation start. 680 
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681 
Fig. 5 Population branch statistics (PBS) in 5 KB windows plotted (dots) along the genome for Norwegian 682 

(SP) and Swedish (STU) A. lyrata population. The solid and the dotted lines are 0.5 % and 0.1 % population 683 

specific empirical cutoff for the PBS, respectively. Loci detected only in the corresponding lineage are 684 

highlighted with triangles. 685 
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