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            Abstract
Through the lens of evolution, climate change is an agent of natural selection that forces populations to change and adapt, or face extinction. However, current assessments of the risk of biodiversity associated with climate change1 do not typically take into account how natural selection influences populations differently depending on their genetic makeup2. Here we make use of the extensive genome information that is available for Arabidopsis thaliana and measure how manipulation of the amount of rainfall affected the fitness of 517 natural Arabidopsis lines that were grown in Spain and Germany. This allowed us to directly infer selection along the genome3. Natural selection was particularly strong in the hot-dry location in Spain, where 63% of lines were killed and where natural selection substantially changed the frequency of approximately 5% of all genome-wide variants. A significant portion of this climate-driven natural selection of variants was predictable from signatures of local adaptation (R2 = 29–52%), as genetic variants that were found in geographical areas with climates more similar to the experimental sites were positively selected. Field-validated predictions across the species range indicated that Mediterranean and western Siberian populations—at the edges of the environmental limits of this species—currently experience the strongest climate-driven selection. With more frequent droughts and rising temperatures in Europe4, we forecast an increase in directional natural selection moving northwards from the southern end of Europe, putting many native A. thaliana populations at evolutionary risk.
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                    Fig. 1: A genome map of total selection coefficients.[image: ]


Fig. 2: Selection trade-offs and the signal of environmental local adaptation.[image: ]


Fig. 3: A geographical map of climate-driven selection and its predictability.[image: ]
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                Data availability

              
              Data are available in the Supplementary Tables and Supplementary Data and are deposited in Figshare (https://doi.org/10.6084/m9.figshare.6756836 and https://doi.org/10.6084/m9.figshare.6480599). Genomes are available at http://1001genomes.org/data/GMI-MPI/releases/v3.1/. The seed collection can be obtained from the Arabidopsis Biological Resource Center (ABRC) under accession CS78942 (https://abrc.osu.edu/stocks/465820). The PLINK files for genome-wide association scans of fitness and climate are deposited in the AraGWAS Catalog (https://aragwas.1001genomes.org/; https://doi.org/10.21958/study:34).

            

Code availability

              
              Field data cleaning and processing scripts are available from GitHub (https://github.com/MoisesExpositoAlonso/dryAR) and Zenodo (https://doi.org/10.5281/zenodo.2583224). Plant rosette area scripts are available from GitHub (http://github.com/MoisesExpositoAlonso/hippo) and Zenodo (https://doi.org/10.5281/zenodo.1039888). Inflorescence analysis scripts are available from GitHub (http://github.com/MoisesExpositoAlonso/hitfruit) and Zenodo (https://doi.org/10.5281/zenodo.2583262). Simulations of total selection coefficients inference and population allele frequency changes are available from GitHub (https://github.com/MoisesExpositoAlonso/selectioncorrelatedgenotypes) and Zenodo (https://doi.org/10.5281/zenodo.1408095).
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Extended data figures and tables

Extended Data Fig. 1 Field experiment setup and phenotyping.
a, View inside the foil tunnel in Germany. b, Spatial distribution of blocks and replicates in a split block design. Two independent blocks per watering condition were set up, with four spatially separated blocks within these two blocks. The 517 genotypes were then randomized within spatial blocks. The surface area of these blocks were the size of 18 or 26 quickpot trays for replicates with a high density of plants (a small population was grown per pot) or low density of plants (individual plants were grown per pot), respectively. In total, we placed 346 quickpot trays in Spain and 346 in Germany. Each quickpot tray had 40 cells of which 36 were used to sow plants (the corners were excluded). In total, 23,154 pots were successfully planted, which included about 14,500 pots with single plants (after thinning), and about 9,500 pots in which 30 seeds were planted and left to grow into small population without intervention. c, d, Soil water content (c) and soil surface temperature (d) retrieved from the 34 sensors monitoring each experimental block and the conditions outside the tunnel. Violin plots represent the distribution of recorded temperature and moisture values that were recorded every 10 min during the day and the night from three days after the day of sowing (16 November 2015 in Spain and 22 October 2015 in Germany) until the day at which all plants had completed their cycle and were dry (25 April 2016 in Spain and 15 April 2016 in Germany; n = 10,000 subsampled values of the time series). e, Set-up and examples of image-based high-throughput in situ phenotyping. (1) Customized dark box (Fotomatón) for image acquisition and (2) example tray with the corresponding green (3) and red (4) segmentation image products. Image-based monitoring was done for 23,154 pots, of which 375 pots were identified as failed replicates using the red flags placed in the field by experimenters (2 and 4). (5) Example image of a cut inflorescence of an adult plant and (6) segmentation of the inflorescence from background, (7) inflorescence path or skeletonization and (8) branch and end-point detection. In total, inflorescence images of 13,849 pots were taken and analysed. The variables extracted from inflorescence image processing (6–8) were used as predictors in a linear model that accurately estimated the number of fruits on an inflorescence, a relationship that was calibrated by manually counting fruits of small, medium and large representative plants (R2 = 0.97, n = 11, P = 10−4). a, e, All photographs were taken by M.E.-A.


Extended Data Fig. 2 Geographical distributions of accessions and fitness values.
a, Locations of A. thaliana accessions used in this experiment (orange), 1001 Genomes accessions (blue) and all sightings of the species in GBIF (black, https://doi.org/10.15468/dl.c3twww). b, c, Geographical origin of the 502 Eurasian native A. thaliana lines used in this study and their raw fitness data (number of offspring produced in each pot) in the experiments in Spain with low precipitation (b) and in Germany with high precipitation (c). Note the most successful genotypes in the Spanish experiment (b) come not only from central Spain, but also from other areas of the distribution with extreme climates, including north Sweden, eastern Europe, the Caucasus and Siberia, which supports our previous observations8. Note also that for the German experiment (c), there could be multiple explanations for the visual trend that lower latitude genotypes had an apparent high fitness, namely that those Mediterranean genotypes are more diverse (some with higher and some with lower fitness values than average), or that the climate in Germany during 2015–2016 favoured genotypes from warmer areas. d, e, Idealized representation of distributions of alleles associated with fitness in Spain and Germany as inferred from genome-wide environmental niche models (see Supplementary Methods I.VI). The most-significant fitness-associated SNPs (if any) in each 0.5-Mb window of the genome were modelled (n = 414 in Spain, n = 279 in Germany). Colour scale indicates the percentage of locally present alleles with respect to the maximum number of positive fitness-related alleles identified in each experiment (maps were created using R v.3.4).


Extended Data Fig. 3 Simulation study of selection and genome-wide association model comparison.
Out of the A. thaliana genome matrix of 1,353,386 SNPs and 515 plants, we simulated that 1,000 randomly selected alleles were under natural selection (that is, the true selection coefficient drawn from a normal distribution around zero). Summing the selection coefficients that each of the 515 genotypes had based on their row in the genome matrix, we calculated their relative lifetime fitness. a, We then inferred the total selection coefficients s using a linear model as in Fig. 1 and compared them to the inferred estimates from a GBLUP-based genome-wide association (GWA) model (that is, a population-structure-corrected GWA), which we call direct selection coefficients in the main text (Supplementary Methods I.IV). Neither model infers the true simulated selection coefficients effectively. b, We were interested in studying the change in frequency of these 1,000 alleles after one generation of selection using individual-based simulations that sampled the genotypes for reproduction given their relative fitness. We compared the change in allele frequency in one generation (Δp = p1 − p0) with the inferred total selection coefficients and direct selection coefficients. The former, total selection coefficients, by summarizing direct and indirect effects of selection, perfectly coincide with the directionality of allele frequency changes. c, The total magnitude of allele frequency change also depends on the starting allele frequency of the allele under selection, which is described by the classic population genetics equation Δp = p(1 − p)s. Using our total selection coefficients and direct selection coefficients with this equation, we found an almost perfect relationship between predicted and realized allele frequency changes using total selection coefficients. d, To test whether the relationship in c can be extrapolated—that is, the relationship is not overly sensitive to differences in allele frequency and linkage disequilibrium in other A. thaliana subpopulations, we ran the individual-based simulations with a subset of 50 Spanish genotypes (out of the 515 genotypes) and repeated the comparison in c. The results indicate that total selection coefficients calculated from linear models are appropriate to understand the changes in allele frequencies in response to selection even when extrapolating to subpopulations with slightly different allele frequencies and linkage patterns. The regression statistics reported are: the adjusted R2, slope and regression P value, which were calculated using linear models of true compared with predicted values with n = 515. The 95% confidence interval of the regression is shaded in grey. (The code used to simulate and analyse these data can be found at https://doi.org/10.5281/zenodo.1408095.).


Extended Data Fig. 4 Genome maps of survival and seed set components of fitness.
Manhattan plots of SNPs significantly associated with fitness, using LM-GEMMA with the relative fitness averages of the 515 genotypes and 1,353,386 SNPs in 8 different environments. SNPs that were significant after multiple comparison correction using FDR (black and grey for alternating chromosomes) or Bonferroni (red) approaches are shown. a, Analyses using only the survival fitness component. b, Analyses using only the fecundity component.


Extended Data Fig. 5 Genome-wide environmental selection model testing and alternative projections.
a, Conceptual workflow of field validation procedure with data from published experiments25,26. This workflow was used for Fig. 3. b, Null expectation of predictability following the workflow shown in a with datasets randomizing fitness with genotypes. We could not find any model combination that had non-zero predictability (that is, all 95% bootstrap confidence intervals overlap with zero). c, Projections of selection intensity with real datasets as in Fig. 3 using different climate change scenarios available from WorldClim (http://worldclim.org/). The higher the predicted CO2 emissions, the stronger the predicted increase in selection intensity. rcp, representative concentration pathway. d, Map of predictions of selection change in 2050 as in Fig. 3 but representing the net number of local alleles increasing or decreasing in selection Total n = 10,752 SNPs. Only changes in s of more than 5% between present and future projections were considered.


Extended Data Fig. 6 Distribution of synonymous, nonsynonymous and neutral polymorphisms across space.
a, b, Fraction of all genome-wide nonsynonymous a and synonymous b mutations present in the local genotype (n = 502 locations). c, Ratio of nonsynonymous to synonymous fractions (Kn/Ks). d–f, Spearman’s ρ correlation of Kn/Ks with degrees longitude (d), degrees latitude (e) and precipitation in July (f) (n = 502 for all comparisons). High selection intensity (Fig. 3c) coincided with locations where natural lines have a lower-than-average ratio of nonsynonymous to synonymous polymorphisms (Spearman’s ρ = −0.276, P = 3 × 10−10; a, b), high local genetic diversity π (Spearman’s ρ = 0.187, P = 2.63×10−5; a, b) and elevated Tajima’s D (Spearman’s ρ = 0.161, P = 3 × 10−4; d–f and Fig. 3e) (see Supplementary Table 11). Various demographic scenarios could partially explain some of these patterns in isolation: bottlenecks can reduce the nonsynonymous polymorphisms because they are typically at low frequency, or high diversity might be found in old, large populations. However, all patterns are in agreement with stronger natural selection having acted more efficiently on nonsynonymous mutations in southern latitudes. In addition, high diversity could be driven by strong natural selection fluctuating over time, with alternative polymorphisms having been selected depending on interannual precipitation cycles (Fig. 3f). All in all, we did not find evidence that the warm edge of the geographical distribution of A. thaliana is formed by an increase in drift, which would cause small populations to accumulate nonsynonymous deleterious mutations and become genetically depauperate. Rather, our observations and predictions indicate that the species’ warm geographical limit is primarily defined by the environmental tolerance limits, where climate-driven natural selection limits the survival of individuals and populations outside the species range and only a few, highly specialized genotypes can survive near the range edges.





Supplementary information
Supplementary Information
This file contains Supplemental Methods: Appendix I and II.


Reporting Summary

Supplementary Tables
This file contains Supplementary Tables 1-11.


Supplementary Data
This file contains Supplementary Datasets 1-4.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Exposito-Alonso, M., 500 Genomes Field Experiment Team., Burbano, H.A. et al. Natural selection on the Arabidopsis thaliana genome in present and future climates.
                    Nature 573, 126–129 (2019). https://doi.org/10.1038/s41586-019-1520-9
Download citation
	Received: 07 June 2018

	Accepted: 04 August 2019

	Published: 28 August 2019

	Issue Date: 05 September 2019

	DOI: https://doi.org/10.1038/s41586-019-1520-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Genomics for monitoring and understanding species responses to global climate change
                                    
                                

                            
                                
                                    	Louis Bernatchez
	Anne-Laure Ferchaud
	Amanda Xuereb


                                
                                Nature Reviews Genetics (2024)

                            
	
                            
                                
                                    
                                        Bottom-up perspective – The role of roots and rhizosphere in climate change adaptation and mitigation in agroecosystems
                                    
                                

                            
                                
                                    	T. S. George
	D. Bulgarelli
	T. Roose


                                
                                Plant and Soil (2024)

                            
	
                            
                                
                                    
                                        Re-focusing sampling, design and experimental methods to assess rapid evolution by non-native plant species
                                    
                                

                            
                                
                                    	M. S. Lucas
	I. Hensen
	C. Rosche


                                
                                Biological Invasions (2024)

                            
	
                            
                                
                                    
                                        Pioneer Arabidopsis thaliana spans the succession gradient revealing a diverse root-associated microbiome
                                    
                                

                            
                                
                                    	Vera Hesen
	Yvet Boele
	Wim H. van der Putten


                                
                                Environmental Microbiome (2023)

                            
	
                            
                                
                                    
                                        Genomic signals of local adaptation in Picea crassifolia
                                    
                                

                            
                                
                                    	Shuo Feng
	Erning Xi
	Dafu Ru


                                
                                BMC Plant Biology (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Genomic futurology
                

                
	Chris Surridge



                
    
        
            Nature Plants
        
        Research Highlight
        
        
            07 Oct 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
