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Abstract 12	

As a locally adapted complex trait, flowering time in Arabidopsis thaliana has attracted much 13	

attention in genetics. Most studies have, however, focused on contributions by individual loci 14	

rather than the joint contributions by the large number of loci in the genetic architecture of 15	

flowering time to local and global adaptation. In an earlier study, we reported 46 loci 16	

associated with flowering time variation during growth at 10°C, 16°C or both in the 1,001-17	

genomes collection of Arabidopsis thaliana accessions. Here, we explore how these loci 18	

together contribute to differences among genetically defined, and geographically divided, 19	

subpopulations across the native range of this species. Our approach was to define flowering 20	

time as a trait, and the measurements at 10 and 16 °C as two independent measurements of it. 21	

This facilitated explorations of the dynamics in the genetic architecture –which loci contribute 22	

and their effects– of flowering time across growth temperatures and their potential roles in 23	

local and global adaptation. The overall flowering time differences between populations could 24	

be explained by subtle changes in allele-frequencies and gradual changes in phenotype due to 25	

globally present alleles. More extreme local adaptations were on several occasions due to 26	

contributions by regional alleles with relatively large effects. About 2/3 of the 48 evaluated 27	

flowering time loci had similar effects on flowering time at 10°C and 16°C, while the 28	

remaining 1/3 had different effects in the two temperatures, suggesting an important 29	

contribution of gene by temperature interactions to this trait. There are also indications that 30	

co-evolution of functionally connected alleles in local populations has been important for 31	

local adaptation. Overall, this study provides  deeper insights to the polygenic genetic basis of 32	

flowering time variation in Arabidopsis thaliana across a wide range of ecological habitats. 33	

34	
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Author Summary 35	

Many genes can affect flowering time in Arabidopsis thaliana, but their contribution to 36	

natural flowering time variation in the worldwide population is largely unknown. We 37	

explored how 48 loci associated with flowering time, measured at 10°C and 16°C, or their 38	

difference, for the same wild collected 1,001-genomes Arabidopsis thaliana accessions 39	

together contribute to differences among the genetically defined and geographically divided 40	

subpopulations from the native species range. The overall flowering time differences among 41	

these subpopulations could be explained by the joint small effects of globally present alleles, 42	

suggesting an important contribution by polygenic adaptation for this trait. Most alleles with 43	

large effects on flowering were present only in some populations, facilitating more extreme 44	

local adaptations. Long-range LD was observed between genes in several biological 45	

pathways, indicating possible local adaptation via co-evolution of functionally connected 46	

polymorphisms. The genetic architecture of flowering time was also found to depend on the 47	

growth temperature. Most flowering time loci had similar effects on flowering time measured 48	

at 10°C and 16°C, but the effects of about 1/3 of them had effects that varied with 49	

temperature. Overall, new insights are provided to how the polygenic architecture of 50	

flowering time has facilitated its colonisation of a wide range of ecological habitats. 51	

 52	

53	
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Introduction 54	

Understanding the genetic basis of adaptation is a central theme in evolutionary genetics 55	

[1,2]. Adaptation in nature can rely on a few loci with large individual effects [1,3], and such 56	

loci have been identified in natural populations of for example Arabidopsis thaliana [4–7] and 57	

the Darwin finch [8]. In other cases, populations adapt via selection on many loci with small 58	

effect [9], with examples reported for fitness traits in a range of species including mice, 59	

drosophila, human and maize[10–12]. In depth characterizations of the genetic mechanisms 60	

contributing to adaptation for polygenic quantitative traits is, however, a difficult [13] and 61	

despite some successes little is overall known. Adaptations for polygenic traits could be rapid 62	

due to selection on available standing variation [14–16] and new adaptive optima could be 63	

reached via gradual allele frequency changes across multiple loci [17,18]. The individual 64	

effects of the contributing loci might be too low for detection in genome wide scans based on 65	

stringent multiple testing thresholds, but they might despite this be necessary for reaching 66	

fitness optima [19–21].  67	

 68	

Arabidopsis thaliana, a widely used model species in plant biology, has colonised a broad 69	

range of ecological habitats around the world. One of the most well studied adaptive traits is 70	

flowering time due to its role in ecological adaptation and potential impact on agronomic 71	

production in related species. Molecular studies in the laboratory, primarily using the 72	

reference accession Col-0, have identified many genes with the potential to alter flowering 73	

time. Association studies in natural populations, however, rarely reveal more than a handful 74	

of the loci contributing to the genetic variation of this trait [22–25]. Hence, even though it is 75	

likely that flowering time adaptations across the native range of A. thaliana would involve 76	

many loci, the polygenic basis of these differences is still largely unexplored.  77	
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 78	

Previously, we developed and used a new statistical approach to dissect the genetic basis of 79	

polygenetic traits in natural populations. The properties of the method was illustrated by 80	

exploring the polygenic basis of flowering time in Arabidopsis thaliana, using public data 81	

from the 1,001 genomes project[26]. In total, 33/29 loci were there mapped for flowering 82	

times in 1,004 wild collected Arabidopsis thaliana accessions from the 1,001-genomes 83	

project grown at 10/16°C[26]. Here we explored how the genetic effects of these loci i) vary 84	

within and across loci and growth temperatures and ii) how these variations in allelic effects 85	

contribute to the flowering time variation between genetically defined subpopulations that 86	

have colonized the native range of the species [22].  87	

 88	

Loci with globally segregating alleles made, in general, small individual contributions to 89	

flowering but together captured the overall pattern of flowering time differences between the 90	

subpopulations, suggesting a role of polygenic adaptation[14–18].The alleles with more 91	

restricted geographic distributions had in several instances large effects and made important 92	

contributions to local adaptations of some subpopulations. The genetic effects of many loci 93	

varied across temperatures, suggesting that genotype by temperature interactions might be 94	

important for flowering time adaptation. The long-range LD between polymorphisms in genes 95	

of the same biological pathways suggests that co-evolution of different pathways has 96	

contributed to local adaptation in different geographic areas. Overall this reanalysis of public 97	

data provides new insights to the polygenetic basis of flowering time adaptation in A. 98	

thaliana. 99	

 100	

Results 101	
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Flowering time differentiation in A. thaliana worldwide population  102	

Flowering time variation of Arabidopsis thaliana accessions sampled from its native range is 103	

strongly associated with geographic variation in climate [27–29]. To study the genetics of the 104	

this geographical differentiation in greater detail, we reanalysed a publicly available dataset 105	

where flowering time was measured at 10°C (FT10) and 16°C (FT16) under greenhouse 106	

conditions on 1,004 whole-genome re-sequenced Arabidopsis thaliana accessions[22]. The 107	

genetic population structure and geographic sampling locations for the analysed accessions 108	

are illustrated in S1 Fig.  109	

 110	

We approached flowering time in this population as a single complex trait measured at two 111	

temperatures to reveal the dynamics in its underlying genetic architecture. At these 112	

temperatures, flowering times displayed a continuous variation with earlier average flowering 113	

times (9.3 days) at 16 °C than at 10 °C (Figure 1A). The variations in flowering times at both 114	

growth temperatures were correlated with the location and climate at the sampling sites of the 115	

accessions, suggesting its potential role in global, and local, adaptation. For example, there 116	

was a significant latitudinal cline of flowering times (Fig 1B/S2A Fig for FT10/FT16; 117	

Pearson correlation = 0.37; P < 2.2 x 10-16; df = 963) and a significant correlation between 118	

flowering times and mean temperature at the sampling locations (Fig 1C/S2B Fig for 119	

FT10/FT16; Pearson correlation = -0.31; P < 2.2 x 10-16; df = 963).  120	

 121	

The phenotypic variance increased with temperature, being larger at 16°C than at 10°C (Fig 122	

1A), while the proportion of additive variance estimated by fitting the IBS (Identity By State) 123	

kinship matrix were similar at both temperatures (82/83% at 10/16°C). Additive genetic 124	

variance is thus released as the temperature increases, which will be explored in more detail in 125	
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the following section. Regardless of whether flowering times were measured at 10°C or 16°C, 126	

there were substantial phenotypic differences between the eight genetically defined and 127	

geographically separated subpopulations defined by Alonso et al [22] in their admixture 128	

analysis of this population (Fig 1D). Increasing the growth temperature leads to earlier 129	

flowering times in most of the sub-populations, with the North Swedish population being the 130	

only exception with an on average later (4.9 days) flowering time at 16°C. 131	

 132	

[Fig 1 about here] 133	

The genetic architecture of flowering time is highly polygenic in the worldwide 134	

A.thaliana population 135	

By utilizing prior molecular knowledge of genes regulating flowering time variation in the 136	

reference accession (Col-0), and results from an expression QTL analysis of those genes in 137	

this 1001-genomes collection of natural accessions, we earlier mapped 46 flowering time loci 138	

where 33/29 loci were associated with FT10/FT16 using a multi-locus association 139	

analysis[26]. Together these mapped loci explain 55/48% of the total genetic variance for 140	

FT10/FT16[26]. Here, rather than focusing on the results from the two temperatures 141	

separately, the complete genetic architecture of flowering time revealed across them was 142	

evaluated. Overall, 16 loci were mapped at both temperatures, and 2 pairs of loci were located 143	

within 20 kb from each other, suggesting that they contribute to flowering time regardless of 144	

temperature in a relatively stable manner. The remaining 30 loci were significantly associated 145	

with flowering times only at one temperature in the earlier analysis[26], and their possible 146	

involvement in genotype-by-temperature interactions are further explored here.  147	

 148	

Two additional analyses were performed to explore the possible role of genotype-by-149	
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temperature interactions in this population. First a GWA mapping analysis to the flowering 150	

time difference at the two evaluated temperatures (FT10-FT16). Two genome-wide 151	

significant associations, one at Chr1: 23,453,207 bp and one at Chr4: 1,338,596 bp, were 152	

detected in this analysis after Bonferroni correction for ~1.4 million SNPs (S3 Fig). Second, 153	

the polygenic contribution of the loci that were significant in one temperature, but not the 154	

other, to flowering times was evaluated. This by testing if loci associated with FT16, but not 155	

FT10, together with the two additional loci affecting FT10-FT16 jointly contributed a 156	

significant amount of genetic variation in FT10, and vice versa. Models with or without non-157	

overlapping loci were fitted, and significant increases in the adjusted R2 were detected at both 158	

temperatures (4/8% for FT10/FT16; Likelihood ratio test; P-value= 3.2 x 10-14/1.3 x 10-33; S4 159	

Fig).  160	

 161	

Linear models including the genotypes of the 48 mapped flowering time loci, but excluding 162	

their kinship, explained the majority of the additive genetic variance at both temperatures 163	

(79/75% for FT10/FT16). In the following sections, we will explore how these 48 loci 164	

together contribute to flowering time across the different genetically and geographically 165	

divided sub-populations in this population, to potentially gain deeper insights to how 166	

polygenic and genotype-by-temperature interactions might contribute to local and global 167	

adaptation in nature. 168	

 169	

The role of genotype-by-temperature interactions for flowering times in A. thaliana 170	

It is known that genotype-by-temperature interactions are important for flowering times in 171	

Arabidopsis thaliana [30–32]. The genetic basis of this phenomenon is, however, largely 172	

unknown. Here, we studied this by evaluating the temperature dependence of the genetic 173	
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effects of 48 mapped flowering time loci. As shown in Fig 1A, increased growth temperature 174	

leads to a release of additive genetic variance in flowering time. To identify the genetic basis 175	

of this, the genetic effects of the 48 mapped flowering time loci on FT10 and FT16 were 176	

estimated by fitting them jointly in a mixed model (Fig 2).  The alleles at 42 of the 48 loci 177	

have effects in the same direction on FT10 and FT16, i.e they consistently increase or 178	

decrease flowering time regardless of temperature. The alleles at the remaining six loci have 179	

opposite effects in 10°C and 16°C, but as all these estimates in at least one temperature are 180	

close to zero (Fig 2A).  This result is likely to at least in part be the outcome of the 181	

uncertainty in the estimation of the allelic effects. For ~2/3 of the loci, the sizes of the genetic 182	

effects on flowering time are in good general agreement (Fig 2A), suggesting that they affect 183	

flowering time in similar way regardless of whether the plants are grown at 10°C or 16°C. 184	

The remaining ~1/3 loci, however, have larger effects on flowering time when the plants are 185	

grown at 16°C than when they are grown at 10°C (Fig 2A). This is consistent with the 186	

observation of an increased additive genetic variance at 16°C, but at the same time 187	

unexpected as an increase in temperature generally leads to an overall decrease in flowering 188	

time. To evaluate whether these putative genotype-by-temperature were statistically 189	

significant, we compared the fits of two linear models for every locus: one including all 48 190	

loci and an indicator variable for the two growth temperatures as fixed effects, and another 191	

also including an interaction term between growth temperature and each tested locus. In total, 192	

18 loci displayed significant genotype-by-temperature interactions after correction for 193	

multiple testing (highlighted in Fig 2A; names of loci & P-values from the corresponding 194	

Likelihood Ratio Test in Table S1).  195	

 196	

[Fig 2 about here] 197	
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 198	

Distribution and effects of flowering time alleles in the worldwide A. thaliana population 199	

To study the putative role of the 48 mapped flowering time loci in global and local adaptation, 200	

we evaluated how the alleles at these were distributed across the subpopulations identified in 201	

this dataset by Alonso et al [22]. The assumption in this analysis is that allele frequency 202	

differences between subpopulations across these loci, in its most extreme form the complete 203	

presence/absence of alleles, at least in part reflects past and ongoing selection leading to 204	

global adaptation along latitudinal or geographical clines, and local adaptations in individual 205	

subpopulations [33–35]. All 48 mapped loci were identified by having effects on flowering 206	

time at 10°C, 16°C, their difference or all, and we therefore consider all to be candidate 207	

adaptive loci as the temperature will vary both within and across the sampling sites of the 208	

accessions.  209	

 210	

Consistent with the observation that the 48 mapped loci explained the majority of the additive 211	

genetic variance in flowering time, the overall pattern of early to late flowering times between 212	

the subpopulations in this dataset is captured well by the combined additive effects of these 213	

(Fig 3A/S4 Fig). Further, late flowering populations have accumulated both major and minor 214	

effect late flowering alleles across many loci (Fig 3B; late flowering alleles in red; effect sizes 215	

sorted from top to bottom). The late flowering north Swedish accessions are most extreme, 216	

with the highest frequencies at many loci. A visual inspection of the allele frequency patterns 217	

of the 48 loci across the populations (Fig 3B) suggests a greater overall similarity between 218	

populations from nearby geographic locations. This is analytically supported by a clustering 219	

analysis across the subpopulations based on the allele frequencies across these 48 loci (Fig 220	

3C), and the pairwise correlations of the allele-frequencies between the populations (S5 Fig). 221	
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For example, the accessions from Germany and Central Europe are closely related (Figs 3B 222	

and 3C), with an exception being the relatively late flowering southern Swedish accessions 223	

that overall were more similar to the earlier flowering Central European/German accessions 224	

than the late flowering north Swedish accessions.  225	

 226	

[Fig 3 about here] 227	

 228	

For some of the 48 loci, both alleles are present (here defined as having MAF > 0.05) in all 229	

subpopulations, for example the loci on chromosomes 2 (16,387,379bp) and 4 (1,961,868bp) 230	

(Fig 2B; S6A/S6B Fig). For others, one of the alleles is either rare (MAF < 0.05) or absent in 231	

one or more of the subpopulations, for example chromosomes 2 (9,312,968bp), 4 232	

(1,728,204bp) and 5 (22,979,827bp) (Fig 2B; S6C/S6E Fig). Both global and local allelic 233	

variations are thus likely to contribute to the natural flowering time variation across the 234	

worldwide range of A. thaliana. To explore this further, the 48 mapped flowering time loci 235	

were divided into two groups containing either those that are present across all populations 236	

(MAF > 0.05 in all populations; n = 23), or those that are rare or absent in at least one 237	

subpopulation (MAF < 0.05 in at least one population; n = 25). The choice of 0.05 as MAF 238	

cut-off is arbitrary but nevertheless serves the purpose of representing the spatial distribution 239	

of global vs primarily local alleles (Fig 3; Fig 5), and the results are overall similar also for 240	

MAF < 0.03 and MAF < 0.10 (results not shown).  241	

 242	

Next, the contributions by global and local alleles to flowering time variation in the 8 243	

subpopulations was evaluated. A mixed model, including the IBS kinship and the genotype of 244	

all 48 loci, was first fitted to FT10 and FT16 separately. Then, the estimated additive effects 245	
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of these 48 alleles were used to calculate the contributions by local and global alleles, as 246	

defined above, to flowering time variation. 247	

 248	

Contributions by global alleles to flowering time variation: For FT10, the IBS kinship 249	

captures the overall early to late flowering time pattern for subpopulations well and explicitly 250	

modelling the global alleles improves it further (Fig 4A). This illustrates that the polygenetic 251	

effect, together with the gradual allele frequency shifts across the loci with global alleles, are 252	

important for the overall pattern of flowering time differentiation between the subpopulations. 253	

The majority of the global alleles have moderate to small effects on flowering time (Fig 254	

4A/B), relative to the local alleles (discussed further in section below), but together they 255	

contribute 21% of the phenotypic variance of the trait measured at both 10°C and 16°C.  This 256	

analysis also shows that the global alleles have a larger contribution at 16°C than that to 10°C, 257	

again suggesting a role of genotype-by-temperature interaction for this trait (Fig 4A/B). The 258	

kinship is estimated to make a negative contribution to flowering times measured at 16°C in 259	

some subpopulations (Fig 4B), while the joint contribution by the global alleles is larger than 260	

at 10°C. One likely interpretation of this is that some of the global alleles have large overall 261	

effects at this temperature.  They seems to also differ in effects across subpopulations and this 262	

genotype-by-environment interaction is captured by the kinship. 263	

 264	

[Fig 4 about here] 265	

 266	

Contribution by local alleles to flowering time variation. We next explored the loci with 267	

alleles that are rare or absent (MAF < 0.05) in at least one of the populations in more detail 268	

(Fig 5). Across these loci, the most apparent enrichment is for late flowering alleles in the 269	
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Swedish populations (Fig 3B), where one or both of these populations contain near private 270	

late flowering alleles at high frequencies. These include the strongest late-flowering allele of 271	

all (chromosome 5 at 23 Mb; Fig 5), suggesting this large effect allele having emerged locally 272	

and been under strong selection here. A few other loci with relatively large effects on 273	

flowering were also predominantly present in one or a few subpopulations, but none were as 274	

striking as the aforementioned locus (Figs 3B and 5; S4 Fig).  275	

 276	

The local alleles appears to primarily be contributing more extreme phenotypes in individual 277	

subpopulations (Fig 4A). In contrast to the global alleles, there is not only generally larger 278	

allele frequency differences between the populations for the local alleles, this group is also 279	

enriched for alleles with large effects that individually explain larger proportions of the 280	

phenotypic variance (Fig 4B). Together the local alleles contribute 45/42% of the phenotypic 281	

variance for FT10/FT16 in this population. The flowering time differences between the 282	

subpopulations thus result from shifts in the allele frequencies of global alleles (Fig 3B), with 283	

more extreme (for example northern Sweden) or variable (for example Spain) local 284	

phenotypes being due to private, or near private, local alleles (Fig 5). 285	

  286	

[Fig 5 about here] 287	

 288	
Long-range LD between flowering time loci 289	

Long-range LD between loci is a possible sign of co-selection of them. To screen for such 290	

signatures, we calculated the pairwise LD (D’) between the 48 associated loci (Fig 6). In total, 291	

67 pairs were in significant nominal long-range LD (P-value < 0.05; overall FDR for this set 292	

= 12%), where a few loci were in long-range LD with several other loci on either the same or 293	
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different chromosomes (Fig 6). When a locus was in long-range LD with more than 4 other 294	

loci, the loci were defined as belonging to an LD-cluster. 295	

  296	

[Fig 6 about here] 297	

 298	
We explored the five identified clusters in more detail. A literature review suggested 299	

functional connections between candidate genes in three of the five clusters. One cluster 300	

contained several genes in a miRNA mediated flowering time regulation pathway, suggesting 301	

a functional connection to the FLC-CO/FT module [36–41] (Table 1). Two clusters contained 302	

genes whose function are connected to the FRI-FLC module, one of these possibly through 303	

vernalization [42–44]. The minor alleles of the five loci that via their long-range LD defined 304	

these clusters were enriched in specific geographic regions. The one allele on chromosome 2 305	

(15,044,483bp) was found primarily in Sweden, the one on chromosome 1 (16,471,394bp) in 306	

Italy Caucasus, the one on chromosome 3 (7,240,079bp) in Asia, the one on chromosome 4 307	

(17,282,047bp) in Spain and the one on chromosome 5 (22,979,827bp) in north Sweden (Fig 308	

4B). Together this suggests possible contributions from these pathways to local adaptation in 309	

these geographic regions.  310	

 311	

Table 1. Long-range LD defined clusters of genes with assigned functional classification 312	

Clustera 
Locusb Gene Alias  Functional classificationc 

1 

1:16471394* AT1G03970 GBF4 

Unclear 

1:23453207 NA Unknown 

2:15044483 AT2G42590 GRF9 

2:19204119 AT5G08190 NF-YB12 

3:16321974 AT3G03450 RGL2 

3:16325481 AT3G33520 SUF3 
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4:8272818 AT2G23080 CKA3 

5:16541207 AT5G17490 RGL3 

5:22979827 AT5G57380 VIN3 

5:26805231 AT5G67180 TOE3 

2 

2:15044483* AT2G42590 GRF9 

FLC-CO/FT 

2:16387379 AT2G39250 SNZ 

4:259252 AT4G00650 FRI 

4:1338596 NA Unknown 

4:7172638 AT2G28190 SOD2 

4:10999188 NA TSF 

4:17282047 NA Unknown 

5:3274505 AT4G00650 FLA 

3 

3:7240079* AT3G20740 FIS3 

FRI-FLC 

3:16325481 AT3G33520 SUF3 

4:1338596 NA Unknown 

4:8272818 AT2G23080 CKA3 

4:17282047 NA Unknown 

5:5345341 AT5G16320 FRL1 

4 

4:17282047* NA 
 

Unclear 

2:9048513  AT3G22380 TIC 

2:15044483  AT2G42590 GRF9 

3:7240079  AT3G20740 FIS3 

4:259252  AT4G00650 FRI 

4:1338596  NA Unknown 

4:6559815  AT4G10180 DET1 

5 

5:22979827*  AT5G57380 VIN3 

Vin-FRI-FLC 

1:16471394  AT1G03970 GBF4 

2:14312485  AT2G33835 FES1 

4:259252  AT4G00650 FRI 

4:1338596  NA Unknown 

4:7172638  AT2G28190 SOD2 

5:3274505  AT4G00650 FLA 
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5:5345341  AT5G16320 FRL1 
 313	
aCluster as defined by the high long-range LD to the first locus (underlined) in the group; bLocus (chromosome: 314	
position in bp) associated with flowering time at 10°C, 16°C or both in the multi-locus analysis; cFunctional 315	
classification of the cluster based on the likely pathway affected by the polymorphisms based on a literature 316	
study of the included genes [36–43,45–47]. 317	
 318	

Discussion 319	

In an earlier study, we mapped the polygenetic basis of flowering time variation in the latest 320	

public release of data from the 1,001 genomes A. thaliana project [22,26]. In this analysis, 321	

33/29 loci were reported to be associated with flowering time variation measured at 10/16°C 322	

and they together explained 66/58% of the additive genetic variation[26]. These loci were 323	

mapped using a two-step polygenic analysis method. First, loci with individual genome-wide 324	

significant associations either directly to measured flowering times, or to the expression of 325	

experimentally known flowering time genes, were identified as candidate genes for the 326	

polygenic analysis in this population. Then, a joint analysis across all these candidate loci was 327	

performed for each trait separately using a backward elimination analysis, to infer a polygenic 328	

architecture of the trait at a 15% false discovery rate significance threshold. At this 329	

significance threshold, a few of the 33/29 loci associated with FT10/FT16 are expected to be 330	

false positives. Here, we continued this work by treating flowering time as one trait measured 331	

independently for the same genotypes at 10°C and 16 °C. The focus was to evaluate the joint 332	

contributions by all mapped flowering time loci to the genetics of this trait and their possible 333	

role in global and local adaptation to the different ecological conditions across the worldwide 334	

range of this plant. We found that the groups of loci that were individually significant in one 335	

growth temperature, but not the other, made significant joint contributions to flowering time 336	
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in both conditions. Fitting all 48 loci together in a multi-locus linear model, they explain most 337	

(79%/75% for FT10/FT16) of the additive genetic variance in flowering times at these growth 338	

temperatures. As most of the loci are likely to be true associations, we performed an in-depth 339	

evaluation of how this set of loci contribute to the global flowering time variation in A. 340	

thaliana to provide valuable complementary information to earlier studies that have focused 341	

primarily on loci with strong individual associations[23,25,48,49]. 342	

 343	

It is generally difficult to study the genetic basis of highly polygenic traits in natural 344	

populations due to, for example, the small contributions made by individual loci to trait 345	

variation and the confounding of adaptive alleles with population structure. This is likely one 346	

of the reasons why standard genome-wide association mapping approaches have only been 347	

able to reveal a small number of flowering time loci in this or related populations [22–24]. By 348	

approaching flowering time as a polygenic complex trait, and making use of its measures in 349	

two temperatures, this study could shed lights on how allele frequency changes across many 350	

loci, as well as genotype by temperature interactions, contribute to the genetic basis of global 351	

and local trait variation. 352	

 353	

The role of global and local alleles in shaping worldwide flowering time variation 354	

For many of the polymorphic flowering time loci, both alleles were present in all 355	

subpopulations of the worldwide population, albeit at different frequencies. Together these 356	

contributed to the overall pattern of early to late flowering in the geographically divided 357	

subpopulations. Polygenic global adaptation via small allele frequency shifts across many loci 358	

thus appears to be a possible contributor to the variation of this trait in A. thaliana.  359	

 360	
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For a number of the associated loci, one of the alleles was absent or present at low frequency 361	

(MAF < 0.05) in one or more of the subpopulations. Several of these local alleles had strong 362	

effects on flowering time, and these loci made important contributions to the more extreme 363	

flowering time phenotypes of individual subpopulations. Alleles with large effects on 364	

adaptive traits have earlier been reported to be present in local populations of Arabidopsis 365	

thaliana [5,7,23,50]. Our finding that many such alleles are present in locally in the 366	

worldwide population, is coherent with earlier speculations that locally adaptive alleles for 367	

flowering time variation in Arabidopsis thaliana are likely to have large effects [51]. Those 368	

local populations appear to reach their respective flowering times via the effects of alleles that 369	

are primarily present in some populations suggests that different combinations of alleles are 370	

likely explaining adaptation to different local environments.  371	

 372	

We evaluated the distribution of many flowering time alleles across the native range of the 373	

species. The results are interpreted under the assumption that the alleles associated with 374	

flowering time are very likely to have an adaptive value and that the observed patterns of 375	

allele frequency differences between populations, to large extent, represent local and global 376	

adaptations. Other explanations are, however, also possible as similar patterns could emerge 377	

due to, for example, an interplay of drift, historical contingency and selection. A few 378	

observations are particularly valuable when interpreting the results. First, the consistency in 379	

which loci are mapped, and their patterns of effects when the plants are grown in two 380	

different growth temperatures, suggests that the genetic architecture of flowering time is 381	

overall stable. Hence, even though the individual effects of many loci are small, making it 382	

difficult to assess the selective pressure on each locus in nature, polygenic adaptation acting 383	

over time on the many alleles that are present globally in A.thaliana appears like a possible 384	
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route to adaptation. The finding that stronger local alleles complements the global polygenic 385	

adaptation, likely through a more rapid increase in allele-frequencies due to stronger selection 386	

for locally favourable phenotypes, is also consistent with earlier reports in which a few 387	

flowering time QTL were found to be correlation with latitude [48,52], indicating a potential 388	

role of spatial adaptation. That the same process might have been important also for other 389	

traits is suggested by the results of another recent study on drought adaptation reporting a 390	

polygenic genetic architecture and accompanying geographical enrichment of QTL[53]. 391	

Another possible explanation for the finding of, more or less, local alleles in several 392	

subpopulations is that the plants are naturally restricted to its native range over their lifespan 393	

and that self-pollination in Arabidopsis thaliana slows down the long distance spreading of 394	

new genetic variants. Hence, newly emerged alleles with large beneficial adaptive effects can 395	

quickly sweep to high frequency in local populations, but long distance spreading of those 396	

alleles will take longer in this selfing plant, although it is known to happen due to for example 397	

human or animal activities [54]. A possible example of such long distance spreading of 398	

genetic variants observed in this data, is the large effect allele identified on chromosome 5, 23 399	

Mb. Here, the strong allele is present at high frequency in northern Sweden and in a relict 400	

population in Spain (S4F Fig). These populations are geographically distant, and it appears a 401	

likely result from lineage mixing between relict and northern populations as indicated in an 402	

earlier study of this dataset [22].  403	

 404	

Two late-flowering alleles, with intermediate to high effect, are private (or nearly so) to the 405	

Spanish population (Fig 4). We note that this population has a significantly higher within-406	

population variation in flowering time (P = 1.1 x 10-6; Brown-Forsythe test) than the other 407	

populations (Fig 2A). The reason for this is not known, but a possible explanation could be 408	
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that these strong alleles have contributed to specific local adaptations in this subpopulation. 409	

Further studies of these effects would be valuable to evaluate the possible contributions of 410	

these alleles to local adaptations.  411	

 412	

Possible contribution by co-evolution of functionally related loci in local populations 413	

Four of the flowering time associated loci were in long-range linkage-disequilibrium (D’) 414	

with several other mapped loci. These alleles were enriched in relatively distinct geographic 415	

regions, suggesting that they have emerged and spread locally making a confounding with 416	

population structure a possible explanation for this observation. We, however, consider this 417	

unlikely as they were detected in a statistical multi-locus analysis accounting for population-418	

structure and hence each of them captures flowering time variation that could not be 419	

explained by the other loci. Further, as in three of the five cases the loci involve candidate 420	

genes in related biological pathways. An intriguing alternative interpretation is that the LD 421	

instead result from co-selection of multiple functionally connected loci. Further work is, 422	

however, needed to confirm this hypothesis. 423	

 424	

Genotype-by-temperature interactions and their possible implications for adaptation 425	

 An earlier study reported genotype by environment interactions in the Swedish A. thaliana 426	

populations that were part of the dataset analysed in this study [30]. Here, we explored the 427	

possible role of genotype-by-temperature interactions for in total 48 flowering time loci 428	

associated with this trait in the entire 1,001-genomes collection of worldwide accessions 429	

grown at both 10°C and 16°C. Our conceptual approach to study these interactions was 430	

slightly different to the one used before. First, flowering time was considered as a single 431	

complex trait and all loci associated with this trait, regardless of growth temperature, was 432	
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considered as possible loci involved in genotype-by-temperature interactions. Next, the 433	

effects of all the 48 associated loci on the flowering times measured at 10/16°C were 434	

estimated. The allelic effects in the two growth temperatures were compared, and possible 435	

genotype-by-temperature interactions inferred based on observed differences in effects 436	

between the two temperatures. Given the high phenotypic correlation between flowering 437	

times of accessions grown in these different temperatures (Pearson correlation=0.88), we 438	

expected the effects to be overall similar between environments. However, for ~1/3 of the 439	

mapped loci (18 of 48 loci; Fig 6), the effects on flowering time changed with temperature. 440	

These results suggest that the genetic effects of many loci in the genetic architecture of this 441	

polygenic trait are dependent on one or more environmental factors, as exemplified by 442	

temperature here. As studies aiming to detect complex trait loci, for example using a GWAS 443	

approach, are generally limited in their ability to assess the effects of loci across multiple 444	

environments a significant fraction of loci important in the variable conditions under which 445	

plants live in nature might be missed. More studies, for example to identify seasonally 446	

sensitive QTL in the field using GWA analysis[48], will therefore be of great value for our 447	

understanding of the genetic of such traits and their potential role in adaptation. 448	

 449	

The potential adaptive values of the genotype-by-temperature interactions identified here is 450	

difficult to assess. We observed a geographical enrichment of loci involved in such 451	

interactions, that have larger effects at 16°C, in the northern Swedish populations, where 452	

flowering time is increased at higher temperature (S7 Fig). Further investigations uncovered 453	

significant pairwise correlations between the joint effects of these loci on flower time 454	

differences between temperatures (FT10-FT16) and within year temperature fluctuation 455	

(temperature difference between hottest and coldest day; S8 Fig). It is therefore possible that 456	
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these loci are of adaptive value in environments where the temperature fluctuates drastically, 457	

and where having alleles that can shorten flowering time in response to cold temperatures 458	

would be beneficial. However, further studies are needed to evaluate this hypothesis 459	

thoroughly.  460	

 461	

Concluding remarks 462	

Our study demonstrates that the variation in flowering times between earlier defined 463	

geographically and genetically separated A. thaliana subpopulations is likely due to allelic 464	

variations in many loci. At some of these loci both alleles are present across the entire range 465	

of the species, whereas others are only present in some of the subpopulations. Across these 466	

loci, the allele frequency shifts were often more gradual at loci with global present alleles. 467	

Larger differences in allele frequencies were observed for several loci with alleles of 468	

relatively large effects, and higher allele frequencies were then found in local populations 469	

with more extreme phenotypes. This suggests that flowering time adaptation results via a 470	

combination of global polygenic adaptation across many loci, complemented by local 471	

adaptation via the effects of stronger alleles with a more regional distribution. The results also 472	

indicate that local phenotypes might also result from co-evolution of multiple polymorphisms 473	

in biological pathways. We identified genotype-by-temperature interactions involving 18 474	

flowering time loci, and propose a hypothesis that these might be adaptive in environments 475	

with large temperature fluctuations. However, further investigations are needed to validate 476	

this hypothesis. Overall, this study provides new insights to the genetic basis of flowering 477	

time in A. thaliana and propose possible explanations for how this self-pollinating plant has 478	

been able to colonize and adapt to such a wide range of ecological habitats around the world.  479	

 480	
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Materials and Methods 481	

Data 482	

All phenotype, genome-sequence and subpopulation information are publicly available as part 483	

of the Arabidopsis thaliana 1,001-genomes project [22,55]. Flowering times measured at 484	

10°C and 16°C in the greenhouse were downloaded from [56,57]. The subpopulation 485	

classifications of the accessions were downloaded from 486	

http://1001genomes.org/tables/1001genomes-accessions.html. The imputed whole genome 487	

SNP data matrix was downloaded from 488	

http://1001genomes.org/data/GMIMPI/releases/v3.1/SNP_matrix_imputed_hdf5/1001_SNP_489	

MATRIX.tar.gz. We filtered the SNP data for minor allele frequency and only retained loci 490	

with MAF > 0.03. SNP markers were pruned to remove loci in pairwise LD of r2 > 0.99. In 491	

total, 1,396,438 SNPs on 1,004 individuals remained. The 33/29 loci associated with 492	

flowering times at 10/16°C were identified in a previous study[26]. These loci were inferred 493	

using a two-step polygenic mapping method. First, candidate flowering-time loci were 494	

identified as those with either i) individual genome-wide significant associations to flowering 495	

time or ii) that altered the expression of genes that are experimentally known to affect 496	

flowering. Then, these candidate loci were analysed jointly for associations to flowering-497	

times measured at 10°C and 16°C using a backward elimination based multi-locus mapping 498	

approach to infer the polygenic architecture of flowering time at a 15% false discovery rate 499	

significance level [26]. 500	

	501	

Detecting loci involved in genotype by environment interactions 502	

Two methods were used to test for QTL by environment interaction. The first was a genome 503	

wide scan using the mean flowering time difference between 10°C and 16°C as phenotype. In 504	
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the analysis, a forward-selection based approach was employed where a linear mixed model 505	

!!"!" − !!"!" = Xβ+ Zu+ e (1) was iteratively fitted to the SNPs across the genome with 506	

significant SNPs from earlier rounds added as covariates in the model. This model has earlier 507	

been shown to have equivalent power with a bi-variate analysis for detecting loci with 508	

increased/decreased effects across environments[58]. Here, !!"!" − !!"!" is the mean 509	

flowering time difference between 10°C and 16°C for an individual accession. X is the design 510	

matrix including a column vector of 1’s for the population mean and one or more additional 511	

column vectors with the indicator regression variables for the homozygous genotypes at the 512	

SNP or SNPs included in the model (coded as 0/2, respectively). Z is matrix obtained by 513	

singular value decomposition of the G matrix (ZZT = G), where G is the genomic kinship 514	

matrix estimated from the whole genome marker set using the ibs function in the GenABEL 515	

R-package [59]. The significance-threshold used in the analysis was Bonferroni corrected for 516	

~1.4 million tested SNPs (-log10(p-value)=7.33). 517	

 518	

Second, the loci associated with flowering-time in the earlier polygenic analysis were 519	

explored for genotype by environment interactions. Two models were fitted to the data: 520	

!!" = u+ !!+!!!! + !!!! +⋯ !!!! + e (2)  521	

!!" = u+ !! + !!!! + !!!! +⋯ !!!! + !!!!!! + e (3)  522	

In both models, !!" is the mean flowering time among replicates of individual i phenotyped in 523	

environment j where j here take the values 1 and 2 for FT10 and FT16, respectively; !! is the 524	

genotype at QTL x coded as 0 and 2 for the homozygous minor and major allele genotypes; b 525	

are the corresponding estimated effect sizes; u is the population mean and !! is the effect of 526	

environment on flowering time.  Model 3 includes an interaction term between one of the 527	

QTL and the environment E, and was fitted for each of the QTL in turn. The significance of 528	
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each QTL by environment interaction was assessed using a likelihood ratio test between 529	

model 2 and model 3. Population structure was accounted for by the simultaneous fitting of 530	

the 48 loci. The analyses were performed using customised R scripts [60]. 531	

 532	

Evaluating how groups of loci contribute to flowering time variation 533	

Several of the mapped loci are only associated with flowering-time in one of the growth 534	

temperatures. We tested whether the flowering-time loci that were not significantly associated 535	

individually in one of the temperatures made a significant joint contribution by comparing the 536	

fit of the following models to the data (models 4 and 5) using a likelihood ratio test.  537	

! = !!!! + e (4) 538	

! = !!!! + !!!! + e (5) 539	

Here, !, and e are defined as for model 1. Contributions from the individually significant/non-540	

significant loci in the tested temperature were modelled as !!!!/!!!!, respectively. X1 is a 541	

similar design matrix as X in model 1, which includes a column vector of 1’s for the 542	

population mean and one or more additional column vectors with the indicator regression 543	

variables for the homozygous genotypes at the SNP or SNPs included in the model (coded as 544	

0/2, respectively). !! is a second design matix only including the genotype for additional loci 545	

unique to FT10 or FT16. !!/ !! are the corresponding effect sizes. A likelihood ratio test was 546	

used to compare the fit of the two models using the lrtest function in R package lmtest [61]. 547	

 548	

Clustering of subpopulations based on the allele frequencies of flowering time associated 549	

loci 550	

Euclidean distances between the 8 subpopulations in the 1,001-genomes dataset defined in 551	

[22] were calculated using the dist function in R based on the allele frequencies at the 48 loci 552	
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associated with the flowering time at 10°C or 16°C in this dataset. The subpopulations were 553	

then clustered using the hierarchical clustering function hclust in R.  554	

 555	

Estimating the joint, local and global effects of all associated flowering-time loci 556	

The effects of all loci associated with flowering-time in 10°C, 16°C or both temperatures (as 557	

in model 4) were estimated simultaneously using the hglm function in hglm R-package [62].  558	

! = Xβ+ Zu+ e  (6)  559	

All parameters are the same as in model 1, except X in which a column vector of 1s is 560	

included to model the population mean and then n genotype columns (where the genotype for 561	

an individual at a locus is coded as 0 and 2 as above) for each of the n mapped flowering-time 562	

loci. The fitted values from model 6 were then used to model the contributions by global and 563	

local alleles to the flowering time. Contributions from the local alleles were estimated by 564	

!!!!, where X1 is the genotype matrix of the local alleles and !! is the corresponding 565	

estimated effects from model (6). Contributions from the global alleles were estimated by 566	

!!!!, where X2 is the genotype matrix of the local alleles and !! is the corresponding 567	

estimated effects from model (6).  Contributions from the kinship were then estimated by 568	

subtracting !!!!  and  !!!! , from the modelled phenotype. Then, estimates for each 569	

subpopulation were obtained by averaging the individual estimates obtained for the 570	

accessions in it.  571	

 572	

Testing for significant long-range Linkage Disequilibrium 573	

An empirical significance threshold was derived to test for significant long-range LD between 574	

the flowering-time loci associated with flowering time at 10°C, 16°C or both. An empirical 575	

null distribution was obtained using 1,000 simulations, where in each the same number loci as 576	
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detected in the association analysis were simulated with allele frequencies being the same as 577	

those of the associated loci. In each simulated dataset, all pairwise LD (D’) values were 578	

calculated and saved to generate a null distribution for the significance test. We used the 0.99 579	

quantile (corresponding to a D’ value of 0.96) as cut-off in our analyses. The FDR for the 580	

result was calculated as the ratio between the expected number and observed numbers of 581	

significant pairs (chose (n,2)*0.01), where n is the number of associated loci. 582	

 583	

Visualization of the results 584	

Figs 3 and 5 were created using the heatmap.2 function in gplots package in R [63]. Fig 6 was 585	

created using the LDheatmap function in the LDheatmap package in R [64]. Fig S3 was made 586	

using the R package maptools [65]. All other figures were created using custom R-scripts 587	

[60]. 588	

 589	
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Figures and figure captions 786	

Fig 1. Flowering time measured at 10 and 16 °C, correlation with latitude/temperature, 787	

and the subpopulation differentiation. (A). Histogram of flowering time measured at 10°C 788	

(blue) and 16 °C (tomato). Flowering time under controlled green house condition is 789	

significantly correlated both with latitude (B) and temperature (C) at the sampling sites, and 790	

vary amongst the earlier defined subpopulations (D), of the 1,004 analysed accessions from 791	

the 1,001-genomes A. thaliana collection [22].  792	

 793	
Fig 2. Additive effects of 48 loci on flowering time measured at 10 and 16 °C. (A) 794	

Additive genetic effects of 48 flowering time loci on FT10 (blue) and FT16 (tomato). The y-795	

axis indicates the additive effects on flowering time and the x-axis the respective loci (SNPs) 796	

sorted by the differences in additive effects (FT16-FT10) from left to right. The estimates 797	

were obtained by fitting all 48 loci jointly in a mixed model.  The bars represent standard 798	

errors of the effect estimates. The 18 loci with significant genotype by temperature 799	

interactions are indicated with a black star. (B) Correlation between the additive genetic 800	

effects for the 48 loci estimated for accessions grown at 10 and 16 °C. The colour of the dots 801	

indicates whether the locus is significant i) only for FT10 (blue), only for FT16 (tomato), for 802	

both FT10 and FT16 (purple), or the difference between the two (FT10-FT16; black). 803	

 804	

Fig 3. Flowering times, allele frequencies of flowering time associated loci and 805	

similarities of these between eight subpopulations of the A. thaliana 1,001-genomes 806	

collection. (A) Flowering times for the 8 subpopulations in this data defined by [22] are 807	

modelled well by the additive effects of the 48 flowering time loci and the kinship. (B) 808	

Distribution of allele frequencies for the 48 loci in the 8 subpopulations. Intensity of 809	
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blue/yellow illustrates frequency of early/late-flowering alleles, respectively. The 810	

subpopulations are sorted from left to right by increasing average flowering time (columns) 811	

and the loci from top to bottom by decreasing additive effects on flowering time (rows). 812	

X:YYYYY-ZZZ represent a locus as Chromosome:Position-Type, where Position is in bp 813	

and Type is either “QTL”, “Diff” or “locus-id” indicating its detection by direct association to 814	

FT10, FT16 or (FT10-FT16) in a GWAS (“QTL”/”Diff”) or via a genetically regulated 815	

expression of the locus “locus-id” in the eQTL analysis. (C) Dendrogram showing how the 8 816	

subpopulations cluster based on the allele frequency spectrum across the 48 associated loci. 817	

 818	

Fig 4. Modelling of the flowering times of the eight subpopulations in the 1,001-genomes 819	

A. thaliana collection and how the individual associated loci contribute. Experimentally 820	

measured and modelled flowering times in the 8 genetically defined subpopulations of the A. 821	

thaliana 1,001-genomes collection of accessions [22] grown at 10°C (A) and 16 °C (B). The 822	

height of the bars represents the experimentally observed mean flowering times for the 823	

accessions belonging to the sub population. The kinship (purple) and additive effects of 824	

globally segregating alleles (grey) capture the overall pattern of early to late flowering times 825	

between the sub populations well. The additive effects of the local alleles (blue) improve the 826	

fit to more extreme adaptations of some sub populations, in particular in Spain and Sweden. 827	

The differences between measured and modelled flowering times (tomato) are small at both 828	

temperatures. The modelled contributions by the global alleles are larger at 16°C than at 10°C 829	

due to their genotype-by-temperature interactions (Fig. 2A). The relationship between the 830	

variance contributed by each individual locus and its allele frequency/additive effect is 831	

illustrated for FT10 (C) and FT16 (D). The y-axis gives the minor allele frequency and the x-832	

axis the estimated additive effect on flowering time in days. The size of each dot is 833	
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proportional to the phenotypic variance explained by the locus. The colour of the dot indicates 834	

whether the minor allele is defined as a global (tomato) or local (blue) allele in the population. 835	

 836	

Fig 5. Allele frequencies for loci where one variant is rare (MAF < 0.05) in at least one of 837	

the eight 1,001-genomes A. thaliana subpopulations. Blue/yellow indicates high allele 838	

frequency for the early/late flowering alleles, respectively. The populations are clustered 839	

based on the overall similarity of the allele frequency pattern (left to right) and the loci based 840	

on the similarity of the allele frequencies in the subpopulations (top to bottom). X:YYYYY-841	

ZZZ represent a locus as chromosome: position-type, where Position is in bp and Type is 842	

either “QTL”, “Diff” or “locus-id” indicating its detection by direct association to FT10, 843	

FT16 or (FT10-FT16) in a GWAS (“QTL”/”Diff”) or via a genetically regulated expression 844	

of the locus “locus-id” in the eQTL analysis. 845	

 846	

Fig 6. Pairwise linkage disequilibrium (LD) between the 48 flowering time-associated 847	

loci across the genome (D’). Values above the 0.99 quantile of a simulated null distribution 848	

are highlighted as yellow. The loci are labelled as chromosome: position on chromosome in 849	

bp.850	
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Supplementary	 information	 for	�Explorations of the polygenic genetic 

architecture of flowering time in the worldwide Arabidopsis thaliana 

population �by	Zan	and	Carlborg. 

	
	
	
S1 Fig. Population structure and sampling locations for the accessions in the 
1,001-genomes A. thaliana collection.  (A) Population structure indicated by the first 
two principal components of the IBS (Identity By State) kinship matrix with the 
subpopulations defined by [22] highlighted in colour. (B) Sampling locations of the 
analysed accessions. 
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S2 Fig. Geographical differentiation, and correlations, of the flowering times for 
the accessions of the 1,001-genomes A. thaliana collection grown at 10 and 16°C. 
Flowering times measured for accessions grown at 16°C in the green house are 
significantly correlated both with latitude (A) and temperature (B) at the sampling 
sites for the 1,004 analysed accessions from the 1,001-genomes A. thaliana collection 
[22]. (C) There is a high correlation between flowing times measured for accessions 
grown at 10 and 16°C. 
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S3 Fig. Results from the GWAS analysis using the differences in flowering times 
at 10 and 16°C for the accessions of the 1,001-genomes A. thaliana collection. (A) 
Manhattan plot for a GWAS using FT10-FT16 as phenotype where one locus on 
Chromosome 1 at 23,453,207 bp reached genome wide significance. (B) Manhattan 
plot for a GWAS using FT10-FT16 as phenotype with the locus identified in (A) as 
covariate, where a second locus on Chromosome 4 at 1,338,596 bp reached genome 
wide significance. (C) Manhattan plot for a GWAS using FT10-FT16 as phenotype 
with the 2 loci identified in (A) and (B) as covariates, where no additional locus was 
detected. 
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S4 Fig. Modelled and experimentally measured flowering times for the 
accessions of the 1,001-genomes A. thaliana collection. Modelled phenotypes for 
the 1,001-genomes accessions using the 33 (29) loci detected in the independent 
analyses of FT10/FT16 and the experimentally measured phenotypes are illustrated in 
(A) and (D). Modelled flowering times using all 48 flowering time loci and measured 
phenotypes are illustrated in (B) and (E). Modelled flowering times from kinship and 
measured phenotypes for FT10/FT16 are illustrated in (C) and (F). 
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S5 Fig. Illustrations of the overall similarities in the allele frequency spectrum 
across the sub  populations as Spearman correlation between the allele-
frequencies across the 48 associated loci 
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S6 Fig. The geographical distribution of alleles at 6 selected loci associated with 
flowering-time at 10°C (FT10). The five panels illustrates the geographical 
distributions for the six associated loci at Chromosome 2:16,387,379 bp (A), 
Chromosome 4:1,961,868 bp (B), Chromosome 2: 9,312,968 bp (C), Chromosome 
4:1,728,204 bp (D), Chromosome 5:26,805,231bp (E) and Chromosome 5:2,297,9827 
bp (F). Red/green colours indicate the allele that increases/decreases FT10, 
respectively.  
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S7 Fig. Allele frequencies for the 18 loci showing significant genotype by 
temperature interactions across the 8 sub populations of the 1,001-genomes 
collection. Blue/yellow indicates high allele frequency for early/late flowering alleles, 
respectively. The populations are sorted based on early to late flowering (left to right) 
and large to small additive effects on the flowering time difference (FT10-FT16; top 
to bottom). Genotype by temperature interacting alleles that have a larger effects on 
FT16 than on FT10 are enriched in the North Sweden sub population. 
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S8 Fig. Correlations between observed and modelled flowering time differences for 
accessions grown at 10°C and 16°C and the within year temperature fluctuations at 
their sampling locations. (A) The correlation between the measured flowering time 
difference (FT10-FT16) and the flowering time difference modelled by the joint 
effects the 18 loci with significant genotype by temperature interactions (Adjusted R-
square = 0.34; P-value = 1.3 x 10-90; Fig 2A). (B) There is a significant correlation 
(Adjusted R-squared = 0.04; P-value = 1.7 x 10-10) between the within year 
temperature fluctuation (temperature difference between hottest and coldest day) at 
the sampling locations of the accessions [22] and the measured flowering time 
difference (FT10-FT16). (C) There is also a significant correlation (Adjusted R-
squared = 0.03; P-value = 1.2 x 10-7) between the within year temperature fluctuation 
(temperature difference between hottest and coldest day) [22] and the modelled 
flowering time differences for the accessions from the joint effects of the 18 loci with 
significant genotype by temperature interactions (Fig 2A). 
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