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 2 

ABSTRACT 22 

 23 

Experimental work has revealed many genes and pathways affecting flowering time in 24 

Arabidopsis thaliana. Despite this, it has been difficult to reveal whether these genes also 25 

contribute to the natural variation in flowering-time in the worldwide population. Using a new 26 

polygenic association mapping method, we earlier revealed 33 loci associated with flowering 27 

time variation in the wild collected A. thaliana accessions from the 1,001-genomes project. 28 

Together they explained 66% of the additive genetic variation in time to flowering at 10°C in 29 

the greenhouse. Here, we explore how these loci together contribute to the flowering time 30 

variation between genetically defined subpopulations collected from the native range of the 31 

species. For some loci both alleles were present in all populations, whereas for others one of 32 

the alleles was missing in some subpopulations. The globally segregating alleles contributed 33 

mostly small individual effects, but together captured the overall pattern of early to late 34 

flowering between the subpopulations, illustrating the valuable contribution by polygenic 35 

adaptation for flowering time. Several of the loci with local alleles had relatively large effects 36 

on flowering and in this way contributed to the more extreme adaptations of some local 37 

populations. Several cases of long-range LD between genes in biological pathway were 38 

found, indicating a possible role of local coevolution of functionally connected 39 

polymorphisms in local adaptation. Overall, this study provides new insights to the polygenic 40 

architecture of flowering time adaptation that has facilitated the colonisation of a wide range 41 

of ecological habitats by this self-pollinating plant. 42 

  43 
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 3 

INTRODUCTION 44 

 45 

Arabidopsis thaliana, a widely used model species in plant biology, has colonised a wide 46 

range of ecological habitats around the world. One of the most studied adaptive traits is 47 

flowering time due to its role in ecological adaptation and potential impact on agronomic 48 

production in related species. Molecular studies in the laboratory, primarily using the 49 

reference accession Col-0, have identified many genes with the potential to alter flowering 50 

time. Many of them are connected in functionally related pathways, with examples including 51 

photoperiod control (El-Assal et al., 2001; Filiault et al., 2008), vernalization (Li et al., 2014; 52 

Shindo et al., 2005) and plant hormone signalling (Sharma et al., 2016). The genetics of 53 

natural flowering time variation has been studied using a variety of approaches, including 54 

QTL and genome wide association (GWA) studies in experimental crosses and collections of 55 

wild accessions (Atwell et al., 2010; Alonso-Blanco et al., 2016; Salomé et al., 2011; Brachi 56 

et al., 2010). A few associated loci have been dissected to reveal the underlying molecular 57 

mechanisms including, for example, important roles of photoreceptors such as CRY2 (El-58 

Assal et al., 2001) and PHYB (Filiault et al., 2008), and signalling molecules such as FT 59 

(Schwartz et al., 2009) and FRI (Clarke and Dean, 1994).  60 

 61 

Based on the experimental genetics work, flowering time adaptation is expected to be highly 62 

polygenic, but studies of natural populations rarely reveal more than a handful of the loci 63 

contributing to the genetic variation of this trait (Alonso-Blanco et al., 2016; Shindo et al., 64 

2005; Atwell et al., 2010; Brachi et al., 2010). There are many possible reasons for this. One 65 

is that some polymorphisms only lead to small changes the phenotype, making them hard to 66 

detect in genome-wide studies where significance thresholds are by necessity very stringent 67 
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(Collins et al., 2007; Kopp and Hermisson, 2009). Such minor effect polymorphisms could, 68 

however, together facilitate rapid selection responses by changing the frequency of available 69 

standing variants across many such loci (Teotónio et al., 2009; Orozco-terWengel et al., 2012; 70 

Burke et al., 2014). Another possible reason is the confounding between adaptive alleles and 71 

the genome-wide genotype of the adapted populations. This confounding leads to an excess of 72 

false positive associations if not corrected for, and often a reduction in statistical power if the 73 

current methods to account for it are used. The loss of power due to corrections for the effects 74 

of population structure is a particular problem in studies of flowering time adaptation in 75 

natural populations. This as adaptation to a great extent has taken place along a north-south 76 

cline, leading to a confounding between locally adaptive alleles and other changes throughout 77 

the genome due to other population genetics forces other than selection on flowering time. It 78 

is therefore a considerable challenge to statistically detect adaptive polymorphisms with small 79 

effects, and especially when they are confounded with population structure. As a result, the 80 

polygenetic basis for flowering time adaptations across the native range of A. thaliana is still 81 

relatively unexplored. Nonetheless, it is essential to gain a deeper insight into the polygenic 82 

basis of this trait to explore the joint contributions by major and minor effect loci to local and 83 

global environmental adaptation. 84 

 85 

We have earlier developed and used a new statistical approach to map 33 loci contributing to 86 

the polygenic basis of flowering time in 1,004 wild collected Arabidopsis thaliana accessions 87 

from the 1,001-genomes project (Zan and Carlborg, 2017). Together these loci contribute 55 88 

(66)% of the total (additive) genetic variance in this dataset. Here, we explore how these loci 89 

contribute to the flowering time variation between the earlier genetically defined 90 

subpopulations that have colonized the native range of the species (Alonso-Blanco et al., 91 
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2016). Loci with globally segregating alleles made, in general, small individual contributions 92 

to flowering but together captured the overall pattern of flowering time differences between 93 

the subpopulations, suggesting a role of polygenic adaptation in adaptation. The alleles with 94 

more restricted geographic distributions made important contributions to the more extreme 95 

local adaptations of some subpopulations. The long-range LD between polymorphisms in 96 

genes of the same biological pathways suggests that parallel evolution of different pathways 97 

has contributed to local adaptation in different geographic areas. Overall this reanalysis of 98 

public data provides new insights to the polygenetic basis of flowering time adaptation in A. 99 

thaliana. 100 

 101 

RESULTS 102 

 103 

Flowering time differentiation in A. thaliana accessions from the world-wide population  104 

Flowering time variation of Arabidopsis thaliana accessions sampled from across its native 105 

range is strongly associated with geographic variation in climate (Caicedo et al., 2004; 106 

Stinchcombe et al., 2004; Samis et al., 2008). To reveal the geographical differentiation in 107 

flowering time for the 1001-genomes collection under green house conditions, we analysed 108 

two phenotypes - flowering time at 10 and 16°C - on 1,004 Arabidopsis thaliana accessions 109 

downloaded from http://www.1001genomes.org (Alonso-Blanco et al., 2016). The genetic 110 

population structure and geographic sampling locations for the analysed accessions are 111 

illustrated in Figure S1. The two phenotypes were highly correlated (Pearson correlation = 112 

0.88; P< 2.2 x 10-16; Figure S2), and for clarity we therefore focus on the results for flowering 113 

time at 10°C (FT10) here.  114 

 115 
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 6 

There was a significant latitudinal cline for FT10 (Pearson correlation = 0.37; P < 2.2 x 10-16; 116 

Figure 1A and 1D) and a significant correlation between FT10 and the mean temperature at 117 

the sampling locations for the accessions (Pearson correlation = -0.31; P < 2.2 x 10-16; Figure 118 

1B). There was also a substantial variation in the correlation between FT10 and temperature, 119 

and FT10 and Latitude, among the genetically defined and geographically separated 120 

subpopulations defined by (Alonso-Blanco et al., 2016) in their admixture analysis of this 121 

population (Figure 1D). The proportion of the total genetic variance that was additive for 122 

FT10 was 82%, as estimated by fitting the IBS (Identity By State) kinship matrix estimated 123 

from the genotyped SNPs in standard mixed model analysis (Zan and Carlborg, 2017). 124 
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 125 

Figure 1. Flowering-time measured at 10°C under controlled green house condition is significantly correlated 126 
both with latitude (A) and temperature (B) at the sampling sites for the 1,004 analysed accessions from the 127 
1,001 genomes A. thaliana collection (Alonso-Blanco et al., 2016). The flowering time (C) and correlations 128 
between FT10-temperature/FT10-Latitude (D) varies amongst the subpopulations defined in the admixture 129 
analysis in this population by (Alonso-Blanco et al., 2016).  130 
 131 

Distribution of flowering time alleles in the world wide A. thaliana population 132 

We earlier reported 33 loci associated with FT10 variation in this collection of accessions 133 

from the 1,001-genomes project that together explain 55 (66)% of the total (additive) genetic 134 

variance for this trait (Zan and Carlborg, 2017). Here, we evaluate how the alleles in these 135 
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loci contribute to the flowering time variation between the geographically divided and 136 

genetically distinct subpopulations identified in this dataset by (Alonso-Blanco et al., 2016). 137 

Our assumption in the analyses is that the allele-frequency differences between the 138 

subpopulations across these loci, which in its most extreme form will be the complete 139 

presence/absence of alleles, will provide information about the genetic architecture of global 140 

trait variation and its role in adaptation along latitudinal or geographical clines and in local 141 

subpopulations (Allard et al., 1972; Mitton et al., 1977; Barker et al., 2011). The overall 142 

pattern of early to late flowering times for the subpopulations in this dataset is captured well 143 

by the combined additive effects of the 33 associated loci (Figure 2A). The revealed 144 

polygenetic genetic architecture is thus likely to make important contributions to the 145 

flowering time variation in the world wide A. thaliana population, making further evaluations 146 

of contributions by different subsets of loci motivated. These are described in detail below. 147 

 148 

Figure 2B illustrates that the late flowering populations have accumulated late flowering 149 

alleles (red) across many loci, where these alleles range in effects from large to small (effect 150 

sizes sorted from top to bottom; Figure 2B). In particular the late flowering north Swedish 151 

accessions have high frequencies for late flowering alleles across many loci. The overall 152 

pattern of the allele-frequencies across the populations (Figure 2B) suggested that populations 153 

from nearby geographic locations had a greater overall similarity in allele-frequencies across 154 

the loci. Analyses to cluster the sub populations based on the allele frequencies across these 155 

33 loci (Figure 2C), and the pairwise correlations of the allele-frequency spectrums between 156 

the populations (Figure S3), both support this. This shows, for example, the close relationship 157 

between the accessions from Germany and Central Europe (Figure 2B, Figure 2C). An 158 

exception from this general trend was that the relatively late flowering accessions from 159 
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southern Sweden were overall more similar to the earlier flowering accessions from Central 160 

Europe and Germany, than to the late flowering accessions from northern Sweden. This 161 

observation will be explored in greater detail later in this report.  162 

 163 

Figure 2. Flowering times in, and distributions of early and late flowering alleles across, the 8 subpopulations 164 
of the 1,001 genomes collection. A. The flowering times for the 8 subpopulations are modelled well by the 165 
additive effects of the 33 loci associated with flowering time. B. Distribution of allele frequencies for the 33 loci 166 
in the 8 subpopulations in this data defined by (Alonso-Blanco et al., 2016). Intensity of green/red illustrates 167 
frequency of major early/late-flowering alleles, respectively. The subpopulations are sorted from left to right by 168 
increasing average flowering time (columns) and the associated loci from top to bottom by large to small 169 
additive effect on flowering time (rows). X:YYYYY-ZZZ represent a locus as chromosome:position:type, where 170 
position is in bp and “QTL”/locus-id are used to indicate loci detected by a direct association to FT10 (GWAS) 171 
or the differential expression of the particular locus. C. A dendrogram showing how the subpopulations cluster 172 
based on the allele frequency spectrum across the 33 associated loci. 173 

A

B
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 174 

For some of the loci associated with flowering time differences in this population, both alleles 175 

are present at intermediary (here defined as MAF > 0.1) allele frequencies in all the sub-176 

populations (for example chr2: 16,387,379bp and chr4: 1,961,868bp; Figure 2B; Figure S4A-177 

B). For others, one of the alleles is only present at low frequency (MAF < 0.1) or entirely 178 

absent in one or more of the subpopulations (for example chr2:  9,312,968bp, chr4: 179 

1,728,204bp and chr5: 22,979,827bp; Figure 2B; Figure S4C-E). This suggests that natural 180 

flowering time variation in A. thaliana is due to the combined effects of selection on global 181 

and local allelic variation.  182 

 183 

Contribution by polygenic adaptation to global flowering time adaptation 184 

To evaluate the contribution by global alleles to flowering time adaptation, we subdivided the 185 

set of loci into those present in all populations (MAF > 0.1 in all populations; n = 14), and 186 

those that were absent or at low frequency in at least one subpopulation (MAF < 0.1; n = 19). 187 

We then modelled the flowering times in the 8 subpopulations in two additional ways. First by 188 

the polygenetic effects captured by the IBS kinship only and then using the estimated additive 189 

effects of the global alleles plus the polygenetic effects captured by the IBS kinship. The 190 

modelled flowering times from these analyses were then compared to the flowering times 191 

modelled by the effects of all 33 loci and those measured experimentally (Figure 3). The 192 

kinships capture the overall early to late flowering time pattern for subpopulations well (x 193 

days) and adding the global alleles improves the modelling further (y days). This illustrates 194 

that the polygenetic effect, and the gradual allele-frequency shifts across the loci with global 195 

alleles, make important contributions to the overall pattern of differentiation between the 196 

populations. This illustrates the importance of polygenic adaptation in flowering time 197 
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adaptation in the world wide A. thaliana population. It is noted that the majority of the global 198 

alleles have moderate to small effects on flowering time (Figure 3A), relative to the local 199 

alleles, but together they contribute 17.4% of the phenotypic variance of the trait.   200 

 201 

Figure 3. A). Experimentally measured and modelled flowering times in the 8 genetically defined subpopulations 202 
of the 1,001-genomes collection of accessions. The height of the bar represents the experimentally measured 203 
mean flowering times at 10°C in the green house for the population. Modelling of the kinship (purple) and 204 
effects of globally segregating alleles (grey) captures the overall pattern of early to late flowering times between 205 
the sub populations well. Modelling also the local alleles (blue) captures more of the extreme adaptations in 206 
some subpopulations, in particular in Spain and Sweden. The unexplained differences in flowering times 207 
(tomato) are small. B). Illustration of the dependence of the variance contributed by the individual loci on the 208 
allele frequency and effect size. The y-axis gives the minor allele frequency and the x-axis the estimated effect on 209 
flowering time in days. The size of each dot is proportional to the amount of phenotypic variance explained by 210 
the locus. The colour of the dot indicates whether the minor allele has a global (tomato) or local (blue) 211 
distribution in the sub populations. 212 
 213 

Contribution by local alleles to subpopulation differentiation 214 

We next explored the loci with alleles that are rare (MAF < 0.1) in at least one of the 215 

populations in more detail (Figure 4). Across these loci, the allele frequency spectrums for the 216 
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late flowering Swedish accessions were more similar (compare with Figure 2B). Few of the 217 

local alleles are fixed (or nearly fixed) in the subpopulations, meaning that late flowering 218 

alleles are also present in early flowering subpopulations, albeit generally at lower 219 

frequencies (Figure 4). One or both Swedish populations do, however, contain some near 220 

private late flowering alleles at high frequencies. These include the strongest late-flowering 221 

allele of all (locus on chromosome 5:23 Mb; Figure 4), suggesting that this large-effect, novel 222 

allele has arisen locally and been strongly selected here. A few other loci with relatively large 223 

effects on flowering were also predominantly present in one or a few subpopulations (Figure 224 

3B, Figure 4, Figure S4). When predicting the flowering times in the subpopulations using 225 

this set of loci, their primary contribution appears to be to facilitate more extreme adaptations 226 

of particular subpopulations than the global alleles (Figure 3A). In contrast to the global 227 

alleles, there is not only generally larger allele-frequency differences between the populations 228 

for the local alleles, this group is also enriched for alleles with large effects (Figure 3B).  They 229 

also individually explain larger proportions of the phenotypic variance (Figure 3B), and 230 

together contribute 38% of the phenotypic variance in the population. Together, these results 231 

suggest that flowering-time adaptation of the subpopulations results from shifts in the allele 232 

frequencies of global alleles (Figure 2B), and that more extreme (for example northern 233 

Sweden) or variable (for example Spain) local adaptations are provided by private, or near 234 

private, local alleles (Figure 3). 235 

 236 
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 237 

Figure 4. The allele frequency spectrum across loci with alleles that are rare (MAF <0.1) in at least one of the 238 
genetically defined subpopulations. Green/Red indicates high allele frequency for early/late flowering alleles, 239 
respectively. The populations are clustered based on the overall similarity of the allele frequency pattern (left to 240 
right) and the loci based on the similarity of the allele frequencies in the subpopulations (top to bottom). 241 
X:YYYYY-ZZZ represent a locus as chromosome:position:type, where position is in bp. “QTL”/locus-id are used 242 
to indicate loci detected by a direct association to FT10 (GWAS) or the differential expression of the particular 243 
locus. 244 
 245 

Long-range LD between adaptive loci 246 

The pairwise LD (D’) between the 33 associated loci is illustrated in Figure 5. In total, 33 247 

pairs have a significant long range LD (see Materials and Methods) and some loci have it with 248 

several other loci on either the same or different chromosomes (Figure 5).  249 
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   250 

Figure 5. Pairwise linkage disequilibrium (LD) between the 33 flowering time associated loci across the 251 
genome (D’). Values above the 0.99 quantile of a simulated null distribution are highlighted as red. The loci are 252 
labelled as chromosome:position on chromosome in bp. 253 
 254 

We explored four groups of genes defined by the four loci that were in long-range LD with 255 

more than three other loci in more detail. A literature review suggested functional connections 256 

between candidate genes in three of these four clusters. One group contained several genes in 257 

a miRNA mediated flowering time regulation pathway that suggesting a functional connection 258 

to the FLC-CO/FT module (Liang et al., 2014; Golembeski and Imaizumi, 2015; Hewezi et 259 

al., 2012; Lee et al., 2010; Teotia and Tang, 2015; Wang, 2014). Another cluster contained 260 

genes in the photoperiod pathway (Hall, 2003; Kim et al., 2008; Zhang et al., 2015) and the 261 

third cluster genes connected to FRI/FLC flowering time regulation (Choi et al., 2011; 262 

Martin-Trillo, 2006) (Table 1). The minor alleles of the four loci that defined these groups via 263 

the long-range LD to the other alleles were enriched in specific geographic regions. One allele 264 
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on chromosome 2 (15,044,483bp) was found primarily in Sweden, the other on chromosome 265 

2 (9,048,513bp) in northern Sweden and the one on chromosome 3 (7,240,079bp) in Asia 266 

(Figure 2B). Together this suggests an importance of these pathways for local adaptation in 267 

these geographic regions.  268 

 269 

Table 1.  Four groups of genes were identified by their long-range LD to a common SNP (top, italic in each 270 
cluster) among the SNPs in the final model from the multi-locus association analysis to flowering time at 10°C. 271 
 272 
Clustera Locusb Gene Alternative name Functional classificationc 

1 2:15,044,483 AT2G42590 GRF9 

FLC-CO/FT 

 
2:16,387,379 AT2G39250 SNE 

 
4:259,252 AT4G00650 FRI 

 
4:7,172,638 AT2G28190 CSD2 

 
4:10,999,188 AT4G20370 TSF 

 
4:17,282,047 Unknown Unknown 

 
5:16,541,207 AT5G17490 RGL3 

     

2 1:24,207,250 AT2G22630 AGL17 

Unclear 
 

2:8,137,542 AT2G18790 PHYB 

 
2:15,044,483 AT2G42590 GRF9 

 
3:7,240,079 AT3G20740 FIE1/FIS3 

 
5:10,104,938 AT5G10380 Ring1 

     

3 2:9,048,513 AT3G22380 TIC 

Photoperiod  
2:9,049,397 AT2G21070 FIO1 

 
4:17,282,047 Unknown Unknown 

 
5:26,805,231 AT5G67180 TOE3 

     

4 3:7,240,079 AT3G20740 FIE1/FIS3 

FRI-FLC   
3:16,325,481 AT3G33520 ESD1/SUF3 

 
4:17,282,047 Unknown Unknown 

 
5:5,345,341 AT5G16320 FRL1 

aCluster as defined by the high long-range LD to the first locus (italics) in the group; bLocus (chromosome:position in bp) associated with 273 

flowering time at 10°C in the multi-locus analysis; cFunctional classification of the cluster based on the likely pathway affected by the 274 

polymorphisms based on a literature study of the included genes (Liang et al., 2014; Golembeski and Imaizumi, 2015; Hewezi et al., 2012; 275 

Lee et al., 2010; Teotia and Tang, 2015; Wang, 2014; Hall, 2003; Kim et al., 2008; Zhang et al., 2015; Choi et al., 2011; Martin-Trillo, 276 

2006). 277 

 278 
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DISCUSSION 279 

We have analysed the polygenetic basis of flowering time variation in the latest public release 280 

of data from the 1,001 genomes A. thaliana project (Alonso-Blanco et al., 2016). The focus is 281 

on 33 loci associated with flowering time at 10°C in an earlier study of the same dataset (Zan 282 

and Carlborg, 2017) that together explain 66% of the additive genetic variation of this trait. 283 

Polygenic adaptation is difficult to detect in natural populations due to, for example, the small 284 

contributions by individual loci to trait variation and confounding of adaptive alleles with 285 

population structure. A likely consequence of this is that standard genome-wide association 286 

mapping approaches have only been able to reveal a small number of flowering time loci in 287 

this population (Alonso-Blanco et al., 2016; Atwell et al., 2010; Shindo et al., 2005). We have 288 

earlier shown that the use of a more sensitive, false discovery rate based polygenic mapping 289 

approach could reveal many more adaptive loci in this population (Zan and Carlborg, 2017). 290 

These loci were inferred using a 15% false discovery rate, meaning that a few of the 33 loci 291 

are likely false positives. However, by focusing on the overall contributions by this set of loci 292 

to adaptation, rather contributions by individual ones, new general insights can be gained to 293 

the processes involved in flowering time adaptation in the world wide A. thaliana population.  294 

 295 

For many of the flowering time associated loci in this dataset, both reference and alternative 296 

alleles were present in all subpopulations of the worldwide population, albeit at different 297 

frequencies. Together these contributed to the overall pattern of early to late flowering in the 298 

geographically divided subpopulations. Polygenic global adaptation via small allele frequency 299 

shifts across many loci thus appears to have contributed to the adaptation of this trait in A. 300 

thaliana.  301 

 302 
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For a number of the associated loci, one of the alleles was absent or rare (MAF < 0.1) in one 303 

or more of the subpopulations. Several of these local alleles had strong effects on flowering 304 

time, and these loci explain the more extreme flowering time adaptations of individual 305 

subpopulations than could be done by the global alleles. Alleles with large effects on adaptive 306 

traits have also earlier reported to be present in local populations of Arabidopsis thaliana 307 

(Shen et al., 2014; Shindo et al., 2005; Barboza et al., 2013; Rus et al., 2006). The finding 308 

that many such alleles are present in locally in the world wide population, confirms earlier 309 

speculations that locally adaptive alleles for flowering time variation in Arabidopsis thaliana 310 

are likely to have large effects (Salomé et al., 2011). That local populations appear to reach 311 

their respective fitness optimums via the effects of alleles that are primarily present in some 312 

populations suggests that different combinations of alleles are recruited for adaptation to 313 

different local environments.  314 

 315 

A potential explanation for the observation that flowering time adaptation in A. thaliana 316 

appears to result from global polygenic adaptation combined with strong alleles driving 317 

specific local adaptations is that the plant is naturally restricted to its native range over their 318 

lifespan and that self-pollination in Arabidopsis thaliana slows down the long distance 319 

spreading of new genetic variants. Hence, newly emerged alleles with large beneficial 320 

adaptive effects can quickly sweep to high frequency in local populations, but long distance 321 

spreading of those alleles will take longer in this selfing plant, although it does happen due to 322 

human or animal activities (Tilman and Lehman, 1987). An example that is a likely 323 

consequence of human or animals is the large-effect allele in the locus on chromosome 5, 23 324 

Mb. Here, the strong allele is present at high frequency in northern Sweden and in a relict 325 

population in Spain (Figure S4F). These populations are geographically far from each other, 326 
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and this spread is then likely to result from potential lineage mixing between relict and 327 

northern populations as inferred in an earlier study of this dataset (Alonso-Blanco et al., 328 

2016).  329 

 330 

Two late-flowering alleles, with intermediate to high effect, are private (or nearly so) to the 331 

Spanish population (Figure 4). We note that this population has a significantly higher within 332 

population variation in flowering time (P = 1.1 x 10-6; Brown-Forsythe test) than the other 333 

populations (Figure 2A). The reason for this is not known, but a possible explanation could be 334 

that these strong alleles have contributed to specific local adaptations in this subpopulation. 335 

Further studies of these effects would be valuable to evaluate the possible contributions of 336 

these alleles to local adaptations.  337 

 338 

Four of the associated loci displayed a long-range linkage-disequilibrium (LD) to several 339 

other associated loci. These alleles were enriched in relatively distinct areas, suggesting that 340 

they have emerged and spread locally. The observed long-range LD might thus be a result of a 341 

confounding with population structure, but as they were detected in a statistical multi-locus 342 

analysis accounting for population-structure, we consider this unlikely as they capture 343 

variation that could not be explained by the other loci. The observation that in three of the 344 

four cases the loci involve candidate genes in related biological pathways instead suggests the 345 

LD could result from co-selection of multiple functionally connected loci. Further work is, 346 

however, needed to confirm this hypothesis that, in several cases, parallel evolution of alleles 347 

in multiple loci of the same biological pathway has been a key mechanism for local 348 

adaptation. 349 

 350 
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In conclusion, our study finds that the variation in flowering times between the studied A. 351 

thaliana subpopulations is due to a combination of allele frequency shifts across many loci 352 

where both alleles are present across the entire range of the species, i.e. polygenic adaptation, 353 

and local adaptation due to a smaller number of genes of which some have relatively large 354 

effects. The results also suggest that local adaptation might be driven by parallel evolution of 355 

multiple polymorphisms in different biological pathways. Overall, this provides new insights 356 

to how this self-pollinating plant has been able to colonize such a wide range of ecological 357 

habitats around the world 358 

 359 

MATERIALS AND METHODS 360 

Data 361 

All phenotype and subpopulation information are publicly available as part of the Arabidopsis 362 

thaliana 1,001-genomes project (Alonso-Blanco et al., 2016; Kawakatsu et al., 2016). 363 

Flowering times measured at 10°C and 16°C in the green house were downloaded from 364 

(Consortium, 2016a; Consortium, 2016b). The subpopulation classifications of the accessions 365 

was downloaded from http://1001genomes.org/tables/1001genomes-accessions.html. The 366 

imputed whole genome SNP data matrix was downloaded from 367 

http://1001genomes.org/data/GMIMPI/releases/v3.1/SNP_matrix_imputed_hdf5/1001_SNP_368 

MATRIX.tar.gz. We filtered for minor allele frequency and only retained loci with MAF > 369 

0.03. SNP markers were pruned to remove loci in pairwise LD of r2 > 0.99. In total, 1,396,438 370 

SNPs on 1,004 individuals remained. The 33 loci associated with flowering time at 10°C were 371 

identified in a previous study (Zan and Carlborg, 2017). 372 

 373 

Clustering of subpopulations based on the allele frequencies of flowering time associated 374 
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loci 375 

Euclidean distances between the 8 subpopulations in the 1,001-genomes dataset defined by 376 

(Alonso-Blanco et al., 2016) were calculated using the dist function in R based on the allele 377 

frequencies at the loci associated with flowering time at 10°C in this dataset. The 378 

subpopulations were then clustered using the hierarchical clustering function hclust in R.  379 

 380 

Modelling of the flowering time from the effects of global and local alleles 381 

We fitted a mixed model  382 

�̅� = Xβ + Zu + e  (1)  383 

to the 1,004 individual flowering time measurements using hglm function in hglm R-package 384 

(Rönnegård et al., 2010). Here, �̅� is the mean flowering time for an individual accession and 385 

ZZT = G, where G is the genomic kinship matrix estimated from the whole genome marker set 386 

using the ibs function in the GenABEL R-package (Aulchenko et al., 2007). The fitted value 387 

from model (1) was used as the modelled flowering time for each accession. Contributions 388 

from the local alleles were estimated by 𝑋1𝛽1, where X1 is the genotype matrix of the local 389 

alleles and 𝛽1 is the corresponding estimated effects from model (1).  Contributions from the 390 

global alleles plus kinship were then estimated by subtracting 𝑋1𝛽1 from the fitted value. 391 

Then, estimates for each subpopulation were obtained by averaging the individual estimates 392 

obtained for each accession.  393 

 394 

Testing for significant long-range Linkage Disequilibrium 395 

An empirical significance threshold was derived to test for significant long-range LD between 396 

the loci associated with flowering time at 10°C. An empirical null distribution was obtained 397 

via 1,000 simulations, where in each the same number loci as detected in the association 398 

analysis were simulated with allele frequencies being the same as those of the associated loci.  399 
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In each simulated dataset, all pairwise LD (D’) values were calculated and saved to generate a 400 

null distribution for the significance test. We used the 0.99 quantile (corresponding to a D’ 401 

value of 0.96) as cut-off in our analyses.  402 

 403 

Visualization of the analysis results 404 

Figures 2 and 4 were created using the heatmap.2 function in gplots package in R (Warnes et 405 

al., 2015). Figure 5 was created using LDheatmap function in the LDheatmap package in R 406 

(Shin et al., 2006). Figure S3 was made using R package maptools (Lewin-Koh and Bivand, 407 

2011). All other figures were created using custom R-scripts (R Core Team, 2015). 408 
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