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“uŵŵarǇ 
 

Global Đliŵate Đhange is alreadǇ iŵpaĐƟng Earth’s biodiversitǇ, but ǁe are sƟll struggling to                           

understand ǁhiĐh speĐies ǁill perish and ǁhiĐh ǁill thrive. As ŵanǇ speĐies ǁill not tolerate                             

a rapidlǇ‑Đhanging Đliŵate nor ŵigrate fast enough to esĐape it, survival ǁill depend on                           

ǁhether populaƟons are able to geneƟĐallǇ adapt. “oŵe speĐies, hoǁever, seeŵ to rapidlǇ                         

adapt and spread in the neǁ  status Ƌuo of huŵan‑doŵinated eĐosǇsteŵs. We are just                           

beginning to understand the genoŵiĐ footprints of past adaptaƟon to Đliŵates and hoǁ this                           

has prepared populaƟons for future rapid adaptaƟon, but ŵanǇ ƋuesƟons sƟll need to be                           

ansǁered. Furtherŵore, evoluƟon and adaptaƟon knoǁledge is rarelǇ integrated into                   

prediĐƟve biodiversitǇ ŵodels, even though that ǁould inĐrease the aĐĐuraĐǇ of prediĐƟons                       

and help design beƩer ĐonservaƟon strategies. Here I aiŵ to taĐkle those Đhallenges using                           

the ŵustard‑related plant  Arabidopsis thaliana , for ǁhiĐh there are publiĐ genoŵiĐ                     

seƋuenĐes, geographiĐ inforŵaƟon, and seed ĐolleĐƟons of thousands of individuals. 

 

Chapter One ǁas ŵǇ first approaĐh to understand hoǁ populaƟons of the saŵe                         

speĐies ŵight respond to Đliŵate Đhange. I exaŵined survival of ϮϮϬ natural  Arabidopsis                         

thaliana  lines ǁhose genoŵes are knoǁn to a siŵulated extreŵe drought in the                         

greenhouse. “evere droughts are being foreĐast as soŵe of the ŵost drasƟĐ threats for plant                             

ĐoŵŵuniƟes as a ĐonseƋuenĐe of global Đhange. Extending the use of environŵental niĐhe                         

ŵodels in ĐoŵbinaƟon ǁith genoŵe‑ǁide assoĐiaƟon teĐhniƋues, I found the hotspots of                       

adapƟve variants are priŵarilǇ at the North and “outh ŵargins of the speĐies’ distribuƟon                           

range. The populaƟons at those areas, that live in ŵore extreŵe environŵents, ǁill perhaps                           

beĐoŵe reservoirs of adapƟve variaƟon under future, ŵore hosƟle Đliŵates.  

 

In Chapter Tǁo, I Đarried out a large‑sĐale field experiŵent to direĐtlǇ ƋuanƟfǇ                         

Đliŵate‑driven seleĐƟon in natural ĐondiƟons. We planted a global panel of 5ϭϳ natural  A.                           

thaliana lines in rainfall‑ŵanipulated Đoŵŵon gardens both in a region ǁith a ŵoderate                         

Đliŵate, in Central Europe, and in a region ǁith a ŵore extreŵe environŵent, the                           

Mediterranean. Using iŵage analǇsis to esƟŵate reproduĐƟve suĐĐess, I generated Đlose to                       
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Ϯ5,ϬϬϬ fitness ŵeasureŵents. Coŵbining fitness and genoŵiĐ data, I Đould infer ŵassive                       

Đhanges in genoŵe‑ǁide allele freƋuenĐies ǁithin one generaƟon, espeĐiallǇ under hot                     

teŵperatures and reduĐed preĐipitaƟon ǁhere ŵanǇ Central European genotǇpes died.                   

IntegraƟng the theorǇ of loĐal adaptaƟon ǁith ŵaĐhine learning tools, I shoǁed that a                           

signifiĐant porƟon of natural seleĐƟon is prediĐtable froŵ the Đliŵate at the geographiĐ                         

areas ǁhere geneƟĐ variants are found. Folloǁing a deĐrease in rainfall in the future, I then                               

prediĐted that the intensitǇ of natural seleĐƟon ǁill inĐrease the ŵost in transiƟon areas                           

froŵ the Mediterranean to Central Europe, puƫng populaƟons at evoluƟonarǇ risk. This is in                           

stark Đontrast to the generallǇ aĐĐepted noƟon that ŵarginal ͞ǁarŵing͟ populaƟons are at                         

higher risk of exƟnĐƟon than populaƟons at the Đenter of the geographiĐ distribuƟon. 

 

Chapter Three, in Đontrast to the previous Đhapters that studied the adapƟve value of                           

pre‑existent variants to future Đliŵate Đhange, foĐuses on hoǁ novel ŵutaƟons Đould                       

direĐtlǇ Đontribute to adaptaƟon. Using herbariuŵ saŵples as geneƟĐ snapshots in Ɵŵe, I                         

studied a ϰϬϬ‑Ǉear‑old lineage of  A. thaliana that ǁas isolated in North AŵeriĐa. I ǁas able                               

to idenƟfǇ over 5,ϬϬϬ neǁ ŵutaƟons, soŵe of ǁhiĐh generated novel ŵorphologiĐal                       

differenĐes likelǇ related to adaptaƟon to the neǁlǇ Đolonized ĐonƟnent. I ĐonĐluded that                         

even large organisŵs suĐh as plants ŵight evolve and adapt froŵ neǁ ŵutaƟons in                           

ĐonteŵporarǇ ƟŵesĐales. 

 

This ǁork advanĐes our knoǁledge on hoǁ and ǁhether different populaƟons of a                         

speĐies ǁill geneƟĐallǇ adapt to the Đhanging Đliŵate. “oŵe of the insights generated here                           

inĐlude ;ϭͿ that adaptaƟon to Đliŵate oĐĐurs thanks to hundreds of geneƟĐ variants                         

;polǇgeniĐ adaptaƟonͿ, ;ϮͿ that neǁ ŵutaƟons oĐĐur oŌen enough that theǇ Đould                       

Đontribute to rapid adaptaƟon in Đolonizing populaƟons, and ;ϯͿ that staƟsƟĐal ŵodels that                         

learn the relaƟonship betǁeen Đurrent Đliŵates and geneƟĐ variants Đan be used to prediĐt                           

ǁhether populaƟons ǁill have the appropriate geneƟĐ ŵakeup to adapt to Đliŵate Đhange                         

or ǁhether theǇ ǁill be at evoluƟonarǇ risk. All in all, these studies ŵove us one step Đloser                                   

to address eĐologiĐal Đhallenges using the geneƟĐ theorǇ of evoluƟon. 

   

 

ϳ 



 

ZusaŵŵeŶfassuŶg 
 

Der globale Kliŵaǁandel beeinflusst sĐhon jetzt die Biodiversität der Erde. DennoĐh                     

käŵpfen ǁir ǁeiterhin daŵit, zu verstehen, ǁie Arten reagieren ǁerden. Weil viele Arten ein                           

siĐh sĐhnell veränderndes Kliŵa niĐht tolerieren ǁerden, oder niĐht sĐhnell genug ŵigrieren                       

können, uŵ eben jeneŵ zu entrinnen, ǁird ein Überleben davon abhängen, ob PopulaƟonen                         

in der Lage sind, siĐh geneƟsĐh anzupassen. Andere Arten aber sĐheinen siĐh rasĐh                         

anzupassen und zu verbreiten iŵ neuen  Status Quo unseres voŵ MensĐhen doŵinierten                       

ÖkosǇsteŵs. Wir beginnen gerade erst daŵit, die genoŵisĐhen FußabdrüĐke vergangener                   

Anpassungen ans Kliŵa zu verstehen, und ǁie diese PopulaƟonen für zukünŌige                     

Anpassungen vorbereitet haben. GleiĐhzeiƟg sind viele Fragen naĐh ǁie vor unbeantǁortet.                     

)udeŵ ǁird das Wissen uŵ EvoluƟon und Anpassung kauŵ in Modelle integriert, die                         

Biodiversität voraussagen, obǁohl eine solĐhe IntegraƟon die Genauigkeit der Vorhersagen                   

steigern soǁie helfen ǁürde, bessere KonservaƟons‑“trategien zu entǁerfen. In der                   

vorliegenden Doktorarbeit ŵöĐhte iĐh diese Herausforderungen angehen.  

 

Kapitel Eins ǁar ŵein erster Ansatz, zu verstehen, ǁie PopulaƟonen der gleiĐhen Art auf den                             

Kliŵaǁandel reagieren könnten. IĐh untersuĐhte das Überleben von ϮϮϬ natürliĐhen                   

Arabidopsis thaliana ;AĐkersĐhŵalǁandͿ Linien unter siŵulierter extreŵer Dürre iŵ                 

GeǁäĐhshaus. “trenge Dürren, eine KonseƋuenz des globalen Wandels, ǁerden als eine der                       

drasƟsĐhsten Bedrohungen für PflanzengeŵeinsĐhaŌen vorhergesagt. Indeŵ iĐh die               

Anǁendung von ÖkologisĐhen NisĐhenŵodellen ŵit Genoŵǁeiten AssoziaƟonsteĐhniken             

erǁeiterte, fand iĐh, dass eine Reihe adapƟver geneƟsĐher Varianten priŵär an den Rändern                         

des Verbreitungsgebiets von AĐkersĐhŵalǁand präsent ǁar. MögliĐherǁeise ǁerden diese                 

PopulaƟonen unter zukünŌigen, ͞feindliĐhen͟ Kliŵabedingungen durĐh ihr ŵoŵentanes               

Dasein in extreŵeren Uŵgebungen zu Quellen adapƟver Vielfalt. 

 

In Kapitel )ǁei realisierte iĐh einen großangelegten FeldversuĐh, uŵ direkt Kliŵa‑gesteuerte                     

“elekƟon unter natürliĐhen Bedingungen zu ƋuanƟfizieren. Wir pflanzten eine globale                   

Ausǁahl von 5ϭϳ natürliĐhen AĐkersĐhŵalǁand‑Linien in eineŵ Regenfall‑ŵanipulierten               
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Coŵŵon Garden Experiŵent soǁohl in einer Region ŵit ŵoderateŵ Kliŵa in MiƩeleuropa,                       

als auĐh in einer Region ŵit extreŵeren Kliŵabedingungen, iŵ MiƩelŵeerrauŵ. MiƩels                     

BildanalǇsen zuŵ AbsĐhätzen von “aŵenprodukƟon/reprodukƟveŵ Erfolg erzeugte iĐh               

nahezu Ϯ5.ϬϬϬ Fitness‑Messungen. Mit diesen Daten konnte iĐh ŵassive Veränderungen in                     

genoŵǁeiten AllelfreƋuenzen innerhalb einer GeneraƟon ableiten, besonders bei hohen                 

Teŵperaturen und verringerteŵ Regenfall, Bedingungen, unter ǁelĐhen viele               

ŵiƩeleuropäisĐhe GenotǇpen vertroĐkneten. Indeŵ iĐh Theorien zu lokaler Anpassung ŵit                   

ŵasĐhinelleŵ Lernen verknüpŌe, zeigte iĐh, dass ein signifikanter Anteil der voŵ Kliŵa                       

gelenkten natürliĐhen “elekƟon vorhersagbar ist. Daŵit, koŵbiniert ŵit deŵ Wissen uŵ                     

lokale geneƟsĐhe Vielfalt, ŵaĐhe iĐh die Vorhersage, dass PopulaƟonen in den                     

Übergangsgebieten zǁisĐhen MiƩelŵeer und MiƩeleuropa das höĐhste evoluƟonäre Risiko                 

tragen, ǁenn Regenfall in der )ukunŌ plötzliĐh abniŵŵt. Dies steht in großeŵ Kontrast zur                           

generell akzepƟerten Idee, dass ŵarginell ͞ǁärŵere͟ PopulaƟonen eineŵ höheren Risiko                   

Auszusterben ausgesetzt sind als solĐhe PopulaƟonen, die siĐh iŵ )entruŵ der                     

geographisĐhen Ausdehnung einer Art befinden.  

 

Kapitel Drei ǁidŵet siĐh, iŵ Gegensatz zu den vorherigen Kapiteln, deren Fokus auf deŵ                           

adapƟven Wert bereits exisƟerender geneƟsĐher Varianten iŵ AngesiĐht des Kliŵaǁandels                   

lag, neuen MutaƟonen, und ǁie diese zur Anpassung beitragen könnten. IĐh nutzte                       

Herbariuŵproben als ͞geneƟsĐhe “ĐhnappsĐhüsse͟ durĐh die )eit, uŵ eine ϰϬϬ Jahre alte  A.                         

thaliana Linie zu untersuĐhen, die siĐh isoliert in Nordaŵerika befand. Es gelang ŵir, über                           

5.ϬϬϬ neue MutaƟonen zu idenƟfizieren, von denen einige neue ŵorphologisĐhe                   

UntersĐhiede verursaĐhen, die ǁahrsĐheinliĐh ŵit Anpassung in Verbindung stehen. IĐh zog                     

den “Đhluss, dass selbst große Organisŵen ǁie Pflanzen bereits in verhältnisŵäßig zeitnahen                       

)eitrahŵen nur auf der Basis neuer MutaƟonen evolvieren und siĐh anpassen könnten.  

 

Die vorliegende Arbeit treibt unser Wissen darüber voran, ǁie und ob siĐh versĐhiedene                         

PopulaƟonen derselben Art geneƟsĐh an das siĐh ǁandelnde Kliŵa anpassen ǁerden. Die                       

hervorgebraĐhten EinsiĐhten beinhalten unter andereŵ, dass ;ϭͿ Anpassung an das Kliŵa                     

ŵiƩels hunderter geneƟsĐher Varianten erfolgt ;polǇgeneƟsĐhe AnpassungͿ, ;ϮͿ neue                 

MutaƟonen oŌ genug auŌreten, uŵ zu rasĐher Anpassung siĐh neu ansiedlender                     
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PopulaƟonen beitragen zu können, und ;ϯͿ dass ǁir staƟsƟsĐhe Modelle, die den                       

)usaŵŵenhang zǁisĐhen gegenǁärƟgen Kliŵabedingungen und geneƟsĐhen Varianten             

lernen, dazu benutzen können uŵ vorherzusagen, ob PopulaƟonen die entspreĐhende                   

geneƟsĐhe )usaŵŵensetzung für eine Anpassung an den Kliŵaǁandel ŵitbringen, oder ob                     

für sie ein evoluƟonäres Risiko vorliegt.  Suŵŵa suŵŵaruŵ  bringen uns diese “tudien deŵ                         

)iel, ökologisĐhe Herausforderungen ŵiƩels der geneƟsĐhen EvoluƟonstheorie anzugehen,               

einen “ĐhriƩ näher.  
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INTRODUCTION 
 

Huŵans are draŵaƟĐallǇ iŵpaĐƟng the Earth — its surfaĐe, atŵosphere and oĐeans —, and                           

seriouslǇ threaten ŵanǇ of the life forŵs inhabiƟng it  ;“teffen et al. ϮϬϭ5, Neǁbold et al.                               

ϮϬϭϲͿ . Not onlǇ there are reasons to preserve biodiversitǇ beĐause of its intrinsiĐ value and                             

beautǇ, but also beĐause it provides the natural resourĐes and eĐosǇsteŵ serviĐes to sustain                           

all huŵan populaƟons  ;Pearson ϮϬϭϲͿ . In order to preserve biodiversitǇ and eĐosǇsteŵs, ǁe                         

first need to iŵprove our understanding of hoǁ speĐies adapt to the environŵent, and ŵake                             

robust prediĐƟons of exƟnĐƟon risk. In this thesis, I use the ŵodel plant  Arabidopsis thaliana                             

to ask ;ϭͿ ǁhat are the geneƟĐ deterŵinants of Đliŵate adaptaƟon in plants, ;ϮͿ ǁhere                             

geographiĐallǇ Đan ǁe find the ŵost adapƟve variaƟon in a speĐies, and ;ϯͿ hoǁ Đan ǁe                               

ŵake geographiĐallǇ‑expliĐit prediĐƟons of evoluƟonarǇ risk — the risk of failing to adapt. To                           

put ŵǇ ǁork into Đontext, I beloǁ introduĐe soŵe neĐessarǇ ĐonĐepts froŵ different                         

researĐh fields and desĐribe several ŵajor breakthroughs in these fields froŵ a ĐhronologiĐal                         

perspeĐƟve. “eĐƟon One introduĐes the ŵain probleŵ of biodiversitǇ loss driven bǇ Đliŵate                         

Đhange, and explains the first eĐologiĐal approaĐhes used to taĐkle this probleŵ. As                         

researĐhers over Ɵŵe have realized hoǁ iŵportant it is to aĐĐount for evoluƟon in                           

biodiversitǇ projeĐƟons, I then ŵove in “eĐƟon Tǁo to desĐribe the foundaƟon of the field                             

of evoluƟonarǇ geneƟĐs. I speĐifiĐallǇ revieǁ the ĐontribuƟons of this field toǁards                       

understanding hoǁ speĐies adapt to neǁ environŵents. In “eĐƟon Three I disĐuss tǁo                         

general areas of interaĐƟon betǁeen eĐologǇ and geneƟĐ evoluƟon that I ǁill explore ǁith                           

ŵǇ studǇ sǇsteŵ, ǁhiĐh I desĐribe in “eĐƟon Four. FinallǇ n “eĐƟon Five I present the speĐifiĐ                                 

ƋuesƟons pursued in this thesis. 

 

ϭ. “pecies fate iŶ the AŶthropoceŶe 

 

ReplaĐeŵent of natural eĐosǇsteŵs bǇ huŵan sǇsteŵs is the ŵost iŵportant faĐtor leading                         

to the loss of speĐies on our planet  ;Vitousek et al. ϭϵϵϳ, Urban ϮϬϭ5, Neǁbold et al. ϮϬϭϲͿ .                                   

This reduĐƟon of ǁorldǁide speĐies is esƟŵated to be ϭϬϬϬ Ɵŵes faster than the                           

͞baĐkground͟ speĐies loss ;i.e. ǁithout huŵans  ;Piŵŵ et al. ϮϬϭϰͿ Ϳ sinĐe the ϭϵϬϬs. Losses                           
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of naƟve speĐies exĐeed ϰϬ% in ŵanǇ regions of the ǁorld  ;Neǁbold et al. ϮϬϭϲͿ . This led                                 

Max PlanĐk sĐienƟst and Nobel Laureate P. K. Crutzen and Đolleagues, to naŵe the present                             

geologiĐal era as the AnthropoĐene  ;Crutzen ϮϬϬϮͿ , and the Đurrent ongoing exƟnĐƟon as                         

the AnthropoĐene ŵass exƟnĐƟon — the ϲ th ŵass exƟnĐƟon in Earth's life historǇ. On the                             

other hand, ĐounterintuiƟvelǇ, ǁhen looking at reduĐed loĐal geographiĐ sĐales, the nuŵber                       

of speĐies present is ĐurrentlǇ inĐreasing in ŵanǇ regions  ;Neǁbold et al. ϮϬϭϲͿ . This is                             

beĐause a ŵinoritǇ of speĐies has benefited froŵ hitĐhhiking along huŵan trading and                         

traveling routes to spread over ŵanǇ neǁ territories  ;Tateŵ ϮϬϬϵ, “eebens et al. ϮϬϭϳͿ .                           

Therefore, the observed loĐal inĐrease of biodiversitǇ is due to the arrival of foreign speĐies,                             

in soŵe areas thousands of theŵ  ;van Kleunen et al. ϮϬϭ5a, “eebens et al. ϮϬϭϳͿ . When                               

these speĐies rapidlǇ spread and inĐrease in abundanĐe, or even harŵ naƟve eĐosǇsteŵs,                         

theǇ are Đalled invasive speĐies  ;Dukes and MooneǇ ϭϵϵϵ, MooneǇ and Cleland ϮϬϬϭ, van                           

Kleunen et al. ϮϬϭ5b, “eebens et al. ϮϬϭϳͿ . These tǁo huŵan‑driven biodiversitǇ alteraƟons,                         

the exƟnĐƟon of ŵanǇ speĐies and the rapid spread of a huŵan‑Đoŵŵensal ŵinoritǇ of                           

speĐies, are a longstanding ĐonĐern. That is ǁhat sparked in ϭϵϰϴ the ĐreaƟon of the                             

InternaƟonal Union for ConservaƟon of Nature ;IUCNͿ. This organizaƟon Đreated the red list                         

of speĐies ;ǁǁǁ.iuĐnredlist.orgͿ to ŵonitor biodiversitǇ Đhanges and to provide poliĐǇ                     

guidelines to Đonserve present‑daǇ biodiversitǇ and eĐosǇsteŵs.  

  

There are ŵanǇ other huŵan‑driven iŵpaĐts on biodiversitǇ that are ŵore subtle                       

than those derived froŵ direĐt habitat destruĐƟon. These are Đaused bǇ the progressive                         

alteraƟon of Earth’s ĐondiƟons, proŵinentlǇ, the inĐrease in CO Ϯ  eŵissions and the                       

ĐonseƋuenƟal global ǁarŵing  ;Rosenzǁeig et al. ϮϬϬϴͿ ;others, ǁhiĐh I aŵ not disĐussing                         

here, are polluƟon and landsĐape fragŵentaƟon, see  ;Fahrig ϮϬϬϯ, )alasieǁiĐz et al. ϮϬϭϳͿ Ϳ.                         

In response to rising ĐonĐern over aĐĐuŵulaƟng evidenĐe for soot and CO Ϯ inĐrease in the                             

atŵosphere, researĐhers in the ϭϵϳϬs started to develop ŵodels to projeĐt the potenƟal                         

Đhange in Đliŵate. UnderstandablǇ, the first prediĐƟons resulted in heated debates and                       

ĐontroversǇ over ǁhether there ǁill be a ǁarŵing trend ;via CO Ϯ Ϳ or a Đooling trend ;via                               

air‑suspended parƟĐlesͿ  ;Edǁards ϮϬϭϭͿ . This Đonfusion ǁas of suĐh ŵagnitude that the U.“.                         

NaƟonal AĐadeŵǇ of “ĐienĐes stated alreadǇ over ϰϬ Ǉears ago  ;NaƟonal AĐadeŵǇ of                         

“ĐienĐes ϭϵϳ5Ϳ : "ǁe do not have a good ƋuanƟtaƟve understanding of our Đliŵate [... so] it                               

does not seeŵ possible to prediĐt Đliŵate". This of Đourse has rapidlǇ Đhanged sinĐe the                             
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ϭϵϴϬs, beĐause of beƩer data aĐƋuisiƟon and ŵonitoring of Đliŵate, neǁ ŵatheŵaƟĐal                       

ŵodels, and the Đoŵŵitŵent of ŵanǇ Đountries in the forŵaƟon of the Intergovernŵental                         

Panel For Cliŵate Change in ϭϵϴϴ ;IPCC, ǁǁǁ.ipĐĐ.ĐhͿ. These efforts resulted in Đoŵplex ϯD                           

ŵodels of the Earth’s OĐean‑Atŵosphere sǇsteŵs that alreadǇ in the ϭϵϴϬs prediĐted ǁith                         

reasonable aĐĐuraĐǇ the Đliŵate Đhange ǁe are ĐurrentlǇ experienĐing  ;Intergovernŵental                   

Panel on Cliŵate Change ϮϬϭϰ, Hausfather ϮϬϭϳͿ . 

  

A siŵilar trend is oĐĐurring noǁadaǇs in the fields of eĐologǇ and ĐonservaƟon                         

biologǇ. There are noǁ verǇ Đonsistent and ǁell‑doĐuŵented responses of ŵanǇ speĐies                       

speĐifiĐallǇ to Đliŵate Đhange ;i.e. not due to habitat destruĐƟonͿ. GenerallǇ, speĐies are                         

losing populaƟons at the ǁarŵ ;tǇpiĐallǇ southernͿ ŵargin of their geographiĐ distribuƟon                       

;Piŵŵ et al. ϮϬϭϰͿ , ǁhile their populaƟons in the Đold ;tǇpiĐallǇ northern or high alƟtudeͿ                             

range ŵargin are ŵigraƟng northǁards ;or upǁardsͿ and invading neǁ territories  ;Parŵesan                       

and Yohe ϮϬϬϯ, “eebens et al. ϮϬϭ5Ϳ . Despite this, researĐhers have ǁarned that ǁe are not                               

Ǉet able to aĐĐuratelǇ assess and prediĐt abundanĐe and distribuƟon Đhanges of speĐies                         

;Pearson and Daǁson ϮϬϬϯ, ϮϬϬϰ, Fordhaŵ et al. ϮϬϭϮͿ , ǁhat is the neĐessarǇ first step to                               

devise effeĐƟve ĐonservaƟon poliĐies  ;Daǁson et al. ϮϬϭϭͿ . The original aƩeŵpts to ŵake                         

prediĐƟons of speĐies responses to Đliŵate Đhange Đaŵe froŵ ŵodeling Đliŵate toleranĐe                       

liŵits and ŵigraƟon rates of speĐies, but, as desĐribed beloǁ, it has beĐoŵe inĐreasinglǇ                           

Đlear that ǁe ŵust, aŵong others, also take into aĐĐount the geneƟĐ diversitǇ and                           

evoluƟonarǇ potenƟal of speĐies. 

 

ϭ.ϭ. ForecasƟŶg ďiodiversitǇ chaŶges  

 

The tǇpiĐal foreĐast of biodiversitǇ Đhanges driven bǇ Đliŵate Đhange is based on                         

HutĐhinson’s ĐlassiĐ ĐonĐept of the eĐologiĐal niĐhe  ;ϭϵ5ϳͿ . The set of environŵents ǁhere a                           

speĐies suĐĐessfullǇ survives and reproduĐes represent the speĐies’ environŵental niĐhe,                   

ǁhiĐh is liŵited due to Đertain phǇsiologiĐal Đonstraints. The so‑Đalled ͞Environŵental NiĐhe                       

Models͟ ;ENMsͿ  ;Guisan and Thuiller ϮϬϬ5Ϳ , infer the environŵental niĐhe liŵits of a speĐies                           

bǇ overlapping Đliŵate ŵaps ǁith ŵaps of sighƟngs of a speĐies ;theǇ Đan also inĐlude land                               

use or other features of the landsĐapeͿ. Both tǇpes of data are verǇ abundant noǁadaǇs. For                               

exaŵple, ǁorldĐliŵ.org provides ŵaps at ϭ kŵ Ϯ resoluƟon of ŵonthlǇ Đliŵate averages froŵ                         
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ϭϵϲϬ‑ϭϵϵϬ  ;Hijŵans et al. ϮϬϬ5Ϳ . The Global BiodiversitǇ InforŵaƟon FaĐilitǇ, GBIF.org,                     

Đontains over ϭ billion sighƟngs of over ϭ ŵillion speĐies. If the sighƟngs‑based geographiĐ                           

liŵits of a speĐies ĐoinĐide ǁith the environŵental niĐhe  ;Guisan and Thuiller ϮϬϬ5Ϳ , ENM                           

ǁould ĐorreĐtlǇ esƟŵate the toleranĐe liŵits of a speĐies, i.e. the environŵental ranges                         

ǁithin ǁhiĐh it Đan survive. OnĐe the environŵental liŵits of a speĐies are knoǁn,                           

researĐhers Đan explore hoǁ the geographiĐ liŵits of the speĐies distribuƟon ǁould shrink or                           

ŵove given the IPCC Đliŵate ŵap projeĐƟons to the future ;ϮϬ5Ϭ—ϮϭϬϬ, also publiĐlǇ                         

available also at ǁorldĐliŵ.orgͿ. There are tǁo iŵpliĐit populaƟon proĐesses involved in                       

ENM‑based prediĐƟons: either ŵigraƟon, ǁhere populaƟons expand into previouslǇ                 

unoĐĐupied areas ǁhere the neǁ environŵents Đoŵe to fit the speĐies’ niĐhe, or loĐal                           

exƟnĐƟon, ǁhere populaƟons experienĐe neǁ environŵents outside the speĐies’ niĐhe                   

ulƟŵatelǇ leading to geographiĐ distribuƟon shrinkage. 

  

Coŵprehensive foreĐasƟng studies using ENMs ǁith ŵanǇ speĐies suggest that >ϮϬ%                     

of vertebrates and >ϰϬ% of plants ǁill see their distribuƟon shrink in the Ϯϭ st ĐenturǇ                             

;Warren et al. ϮϬϭϴͿ ; puƫng about ϭ5% of all knoǁn speĐies in peril of exƟnĐƟon  ;Thoŵas et                                 

al. ϮϬϬϰ, Urban ϮϬϭ5Ϳ . ENMs have also been applied — though not as ĐoŵprehensivelǇ — to                               

foreĐast ǁhiĐh areas outside a speĐies’ geographiĐ range Đould be under risk of invasions                           

;Trethoǁan et al. ϮϬϭϭ, “uárez‑Mota et al. ϮϬϭϲ, Qiao et al. ϮϬϭϳ, Barbet‑Massin et al. ϮϬϭϴͿ .                               

Coŵprehensive projeĐƟons of possible invasions ǁould be ƟŵelǇ to deviĐe prevenƟve                     

strategies, given that the nuŵber of invasive speĐies is inĐreasing exponenƟallǇ aĐross the                         

ǁorld and theǇ ŵight be faĐilitated bǇ global Đhange  ;Dukes and MooneǇ ϭϵϵϵ, WhitneǇ and                             

Gabler ϮϬϬϴ, “eebens et al. ϮϬϭϳͿ . 

 

ϭ.Ϯ. EvolviŶg iŶ respoŶse to cliŵate chaŶge 

 

Apart froŵ their Đoarse‑grained and highlǇ variable prediĐƟons  ;Araújo et al. ϮϬϬ5Ϳ , ENMs                         

have been ĐriƟĐized for their ŵanǇ siŵplisƟĐ assuŵpƟons  ;“inĐlair et al. ϮϬϭϬͿ . Aŵong the                           

ŵost unnatural assuŵpƟons is the ĐonsideraƟon of speĐies as single enƟƟes that are neither                           

evolving nor diverse. In evoluƟonarǇ geneƟĐs, speĐies are desĐribed as dǇnaŵiĐ enseŵbles                       

of populaƟons, ǁith various degrees of geneƟĐ diversitǇ, populaƟon ĐonneĐƟvitǇ and                     

populaƟon‑speĐifiĐ adaptaƟons to different environŵents aĐross the speĐies distribuƟon                 
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;Leiŵu and FisĐher ϮϬϬϴ, Hereford ϮϬϬϵͿ . GeographiĐ and Đliŵate heterogeneitǇ, together                     

ǁith past Đliŵate Đhanges of alternate glaĐial and interglaĐial periods, have generated suĐh a                           

legaĐǇ of diverse, loĐallǇ adapted populaƟons in ŵanǇ speĐies  ;HeǁiƩ ϮϬϬϬ, ϮϬϬϰ, Davis and                           

“haǁ ϮϬϬϭͿ . This has tǁo intuiƟve iŵpliĐaƟons: First, that different populaƟons of a speĐies                           

ǁill have different abiliƟes to evolve and adapt to the exaĐt saŵe environŵental Đhange —                             

although obviouslǇ, the ŵagnitude of Đliŵate Đhange varies regionallǇ. “eĐond, the ŵore                       

environŵents the populaƟons of a speĐies have experienĐed in the past, the ŵore adapƟve                           

variaƟon the speĐies ǁill have overall, and the ŵore likelǇ it ǁill be that at least soŵe                                 

populaƟons survive future environŵents  ;Juŵp et al. ϮϬϬϴͿ . 

 

It has beĐoŵe Đlear that ŵanǇ speĐies are indeed evolving and adapƟng at Ɵŵe                           

sĐales that ǁe Đan direĐtlǇ observe  ;Gibbs and Grant ϭϵϴϳ, RezniĐk and Ghalaŵbor ϮϬϬϭ,                           

Hairston et al. ϮϬϬ5, Franks et al. ϮϬϬϳ, Merilä and HendrǇ ϮϬϭϰ, Bergland et al. ϮϬϭϰ,                               

Messer et al. ϮϬϭϲ, Bosse et al. ϮϬϭϳ, Nosil et al. ϮϬϭϴͿ . Hoǁever, building geographiĐ                             

prediĐƟve ŵodels that inĐlude the proĐess of geneƟĐ adaptaƟon involving hundreds to                       

ŵillions of individuals in a speĐies has proven to be as Đoŵplex as the Đhallenge that Đliŵate                                 

sĐienƟsts faĐed in the ϭϵϳϬs  ;Araújo and Rahbek ϮϬϬϲ, Hoffŵann and “grž ϮϬϭϭ, Thuiller et                             

al. ϮϬϭϯ, Fordhaŵ et al. ϮϬϭϰ, Catullo et al. ϮϬϭ5, BaǇ et al. ϮϬϭϳ, Rudŵan et al. ϮϬϭϴͿ .                                   

EnĐouraginglǇ, ǁe alreadǇ knoǁ that geneƟĐ prediĐƟons Đan, in soŵe Đases, be useful and                           

aĐĐurate. In arƟfiĐial seleĐƟon during plant and aniŵal breeding — ǁhere a speĐifiĐ seleĐƟon                           

pressure is deliberatelǇ applied to a populaƟon ǁhere all individuals are geneƟĐallǇ                       

seƋuenĐed or pedigreed — ƋuanƟtaƟve geneƟĐ theorǇ has been used verǇ suĐĐessfullǇ to                         

prediĐt perforŵanĐe gains  ;FalĐoner and MaĐkaǇ ϭϵϵϲͿ . The laĐk of generalitǇ of soŵe                         

ƋuanƟtaƟve geneƟĐ ŵodels, together ǁith the sĐarĐitǇ of data and ŵore dǇnaŵiĐ struĐtures                         

;Grant and Grant ϮϬϬϮ, Nosil et al. ϮϬϭϴͿ , have lead to a ĐontradiĐƟng projeĐƟons in soŵe                               

ǁild populaƟons  ;Merilä et al. ϮϬϬϭ, Walsh and Bloǁs ϮϬϬϵ, Hoffŵann et al. ϮϬϭϳ, Pujol et                               

al. ϮϬϭϴͿ . I propose that ǁe first ŵust gather and generate ŵore Đoŵprehensive genoŵiĐ                           

and fitness datasets of ǁild populaƟons. We Đan then use these to validate neǁ theoreƟĐal                             

geneƟĐ ŵodels that beƩer desĐribe ǁild populaƟons, and finallǇ prediĐt biodiversitǇ                     

responses to Đliŵate Đhange ǁhile aĐĐounƟng for the evoluƟonarǇ proĐess.  
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Ϯ. The geŶeƟcs of evoluƟoŶ aŶd adaptaƟoŶ 

Ϯ.ϭ. OŶe ceŶturǇ of theorǇ 

 

QuanƟtaƟve and populaƟon geneƟĐs theorǇ desĐribes ŵatheŵaƟĐallǇ hoǁ natural                 

seleĐƟon, ŵutaƟons, and deŵographiĐ driŌ, aĐt over geneƟĐ variaƟon of populaƟons,                     

ulƟŵatelǇ leading to adaptaƟon. These theories ǁere developed bǇ R. A. Fisher, “. Wright                           

and J. B. “. Haldane in the ϭϵϯϬs  ;Fisher ϭϵϯϬ, Wright ϭϵϯϭ, Haldane ϭϵϯϮͿ , and ǁere the                                 

foundaƟon of the Modern “Ǉnthesis of EvoluƟon. The geneƟĐ theorǇ of evoluƟon ;arguablǇͿ                         

started exaĐtlǇ ϭϬϬ Ǉears ago, ǁith a seŵinal paper bǇ R.A. Fisher  ;ϭϵϭϴͿ . Fisher                           

deŵonstrated that not onlǇ disĐrete traits suĐh as floǁer Đolor Đan be explained bǇ the laǁs                               

of Mendelian inheritanĐe, but also ĐonƟnuous traits suĐh as fitness ;survival and offspring                         

produĐƟonͿ. The differenĐe ǁas that the laƩer ǁere deterŵined bǇ ŵanǇ geneƟĐ variants                         

that individuallǇ Đonforŵed to Mendel’s laǁ ;i.e. polǇgeniĐ arĐhiteĐtureͿ. This                   

groundbreaking ǁork iŵplied that potenƟallǇ all the diversitǇ of forŵs and speĐies seen in                           

nature Đould be explained bǇ geneƟĐs.  

 

A ƋuintessenƟal exaŵple of the appliĐaƟon of this theorǇ to real populaƟons ǁas the                           

Đase of industrial adaptaƟon bǇ the peppered ŵoth  Biston betularia. In ϭϴϰϴ in ManĐhester,                           

England, ϵϵ% of individuals ǁere ǁhiƟsh, and onlǇ ϭ% ǁere blaĐkish. The freƋuenĐǇ of the                             

dark ŵorph inĐreased to about ϵϴ% in ϭϴϵϴ, as the BirĐh trees around faĐtories turned blaĐk                               

due to Đoal burning and the dark ŵorph ǁas less ĐonspiĐuous to predators on the surfaĐe of                                 

blaĐkened trees. Haldane ĐalĐulated that in order for the blaĐk ŵorph to inĐrease in                           

freƋuenĐǇ so rapidlǇ, it need to have a natural seleĐƟon advantage ;seleĐƟon ĐoeffiĐientͿ of                           

ϯϬ%  ;Haldane ϭϵϮϰͿ . That is, for everǇ neǁ offspring produĐed bǇ a ǁhite ŵorph ŵoth,                             

there ǁere three blaĐk ŵorph ones. PrediĐtablǇ, the seleĐƟon ĐoeffiĐient should reverse                       

ǁith deĐreasing Đoal burning, and so indeed the ǁhite‑Đolored ŵorph inĐreased again in the                           

seĐond half ϮϬ th ĐenturǇ  ;Clarke et al. ϭϵϴ5, Van’t Hof et al. ϮϬϭϯͿ . In another exaŵple for                                 

the appliĐaƟon of populaƟon geneƟĐs to understand ǁild populaƟons, Wright ĐalĐulated the                       

ŵigraƟon rate betǁeen  Drosophila pseudoobscura populaƟons of North AŵeriĐa, as                   

ŵutaƟon and seleĐƟon alone Đould not explain the freƋuenĐǇ of lethal reĐessive alleles                         

present in those populaƟons ;suĐh alleles ǁere ͞seen͟ in the lab based on their phenotǇpiĐ                             
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effeĐts, as DNA seƋuenĐing did not exist!Ϳ  ;DobzhanskǇ and Wright ϭϵϰϭ, Wright ϭϵϰϯͿ .                         

Although the tǁo exaŵples ŵenƟoned above are verǇ siŵple, theǇ shoǁĐase the prediĐƟve                         

poǁer that geneƟĐ ŵodels Đan provide to eĐologiĐal studies. 

  

Ϯ.Ϯ. GeŶoŵe seƋueŶciŶg, staŶdiŶg variaƟoŶ aŶd  de novo  ŵutaƟoŶs  

 

Alŵost a ĐenturǇ aŌer the eŵergenĐe of the field of populaƟon geneƟĐs, the teĐhniĐal                           

revoluƟon of genoŵe seƋuenĐing alloǁed researĐhers to eŵpiriĐallǇ studǇ soŵe of the                       

ĐlassiĐ ĐonĐepts of populaƟon geneƟĐs. Apart froŵ the verǇ faĐt that ǁe noǁ have Đoŵplete                             

genoŵe seƋuenĐes for ŵanǇ speĐies  ;Leǁin et al. ϮϬϭϴͿ , Genoŵe‑Wide AssoĐiaƟon ;GWAͿ                       

studies have been espeĐiallǇ iŵpaĐƞul in expanding our knoǁledge of hoǁ geneƟĐs                       

influenĐes organisŵs  ;Yu et al. ϮϬϬϲ, Yang et al. ϮϬϭϬ, Gibson ϮϬϭϭ, Burghardt et al. ϮϬϭϳ,                               

BoǇle et al. ϮϬϭϳͿ . TheǇ have enabled us to verifǇ that the vast ŵajoritǇ of both ĐonƟnuous                                 

and disĐrete traits are heritable, and even to pinpoint geneƟĐ variants aĐross the genoŵe                           

that Đontrol theŵ. Froŵ height or diabetes in huŵans to floǁering Ɵŵing in plants, or                             

burroǁ digging in ŵiĐe  ;“teiner et al. ϮϬϬϳ, Yang et al. ϮϬϭϬ, ϭϬϬϭ Genoŵes ConsorƟuŵ                             

ϮϬϭϲͿ . In siŵple ǁords, GWA provides a ŵeasure of ǁhether individuals ĐarrǇing a speĐifiĐ                           

geneƟĐ variant of interest, are parƟĐularlǇ prone to be on one side of the speĐtruŵ of a trait.                                   

The overall variaƟon in the trait explained bǇ all geneƟĐ effeĐts is Đalled heritabilitǇ of a trait                                 

;FalĐoner and MaĐkaǇ ϭϵϵϲͿ . An exĐiƟng appliĐaƟon of GWA in the Đontext of adaptaƟon to                             

Đliŵate Đhange is the idenƟfiĐaƟon of geneƟĐ variants underlǇing eĐologiĐallǇ relevant traits,                       

ǁhiĐh Đan help to deterŵine the fitness of organisŵs aĐross environŵents  ;Bergelson and                         

Roux ϮϬϭϬͿ . In GWA, ǁe studǇ pre‑exisƟng ;or standingͿ geneƟĐ variaƟon of a populaƟon,                           

ǁhiĐh has been aĐĐrued froŵ neǁ ŵutaƟons along its historǇ. IdeallǇ, if ǁe idenƟfǇ the                             

standing variants that diĐtate the survival and reproduĐƟon of the individuals of a speĐies in                             

anǇ given environŵent, ǁe Đould assess the evoluƟonarǇ risk of its eaĐh populaƟon under                           

Đliŵate Đhange — the risk of failing to adapt and beĐoŵing exƟnĐt — and perhaps even                               

design ĐonservaƟon poliĐies to bring suĐh iŵportant geneƟĐ variants to loĐal populaƟons to                         

proŵote adaptaƟon  ;“exton et al. ϮϬϭϭ, Aitken and WhitloĐk ϮϬϭϯͿ . 

 

The proĐess of adaptaƟon disĐussed above relies on a populaƟon having pre‑exisƟng                       

variaƟon, but one Đould also ask hoǁ easilǇ populaƟons Đan aĐƋuire addiƟonal ŵutaƟons                         
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that ǁill alloǁ theŵ to survive. Our knoǁledge of neǁ ŵutaƟons derives ŵostlǇ froŵ                           

laboratorǇ experiŵents, speĐifiĐallǇ froŵ ŵutaƟon aĐĐuŵulaƟon lines or long‑terŵ                 

evoluƟon experiŵents  ;Halligan and KeightleǇ ϮϬϬϵͿ . “uĐh experiŵents start ǁith a                     

populaƟon of idenƟĐal individuals or Đlones that are propagated over generaƟons. BǇ                       

exposing populaƟons to different environŵents, laboratorǇ evoluƟon experiŵents have                 

shoǁn that fast‑groǁing organisŵs, suĐh as  Escherichia coli ,  Saccharoŵyces cerevisiae ,                   

Chlaŵydoŵonas reinhardƟi , or  Drosophila ŵelanogaster , Đan adapt rapidlǇ froŵ neǁ                   

ŵutaƟons, as theǇ have a short generaƟon Ɵŵes  ;Papadopoulos et al. ϭϵϵϵ, Dunhaŵ et al.                             

ϮϬϬϮ, Burke et al. ϮϬϭϬ, Lagator et al. ϮϬϭϰͿ . In nature, this proĐess has also been observed                                 

for viruses, ǁhiĐh have even faster generaƟon Ɵŵes. For exaŵple, HIV or influenza virus                           

adapt rapidlǇ to the seleĐƟve pressures of the iŵŵune sǇsteŵ ǁithin a single ;huŵanͿ host                             

thanks to their high rate of ŵutaƟons  ;Feder et al. ϮϬϭϲ, Hadfield et al. ϮϬϭϳͿ . A poǁerful                                 

approaĐh to understanding the evoluƟon of organisŵs over Ɵŵe is bǇ reĐonstruĐƟng their                         

genealogies. When the individuals saŵpled separatelǇ through Ɵŵe, as is the Đase of                         

saŵpled viruses in paƟents, these genealogies Đan be used to ĐalĐulate the ŵutaƟon rate of                             

the speĐies, date ǁhen the different lineages of the speĐies separated in Ɵŵe, and                           

potenƟallǇ idenƟfǇ ǁhiĐh and ǁhen adapƟve ŵutaƟons arose  ;Druŵŵond et al. ϮϬϬϯͿ .                       

ApplǇing this ŵethodologǇ to viruses suĐh as “IV/HIV, researĐhers shoǁed that soŵe branĐh                         

lineages of the virus aĐƋuired a set of ŵutaƟons before theǇ beĐaŵe pandeŵiĐ  ;Raŵbaut et                             

al. ϮϬϬϰͿ . BeĐause of their sloǁ generaƟon Ɵŵe, neǁ ŵutaƟons in ŵulƟĐellular organisŵs                         

are not thought to be an effeĐƟve sourĐe for rapid adaptaƟon  ;BarreƩ and “Đhluter ϮϬϬϴͿ .  

 

Ϯ.ϯ. The geŶoŵic sigŶatures of adaptaƟoŶ 

 

The interplaǇ betǁeen ŵutaƟon rate, standing variaƟon, the size of the populaƟon and the                           

strength and nuŵber of variants under natural seleĐƟon, are all faĐtors that affeĐt the                           

dǇnaŵiĐs of adaptaƟon  ;Charlesǁorth and Charlesǁorth ϮϬϭϬͿ . These dǇnaŵiĐs, in turn,                     

leave signatures in geneƟĐ diversitǇ aĐross the genoŵe  ;Ellegren and GalƟer ϮϬϭϲͿ .                       

GenerallǇ, the dǇnaŵiĐs of seleĐƟon over geneƟĐ variants has been Đlassified into three                         

tǇpes: ͞hard sǁeeps ,͟ ͞soŌ sǁeeps ,͟ and ͞polǇgeniĐ adaptaƟon͟ ;also Đalled inĐoŵplete or                       

parƟal sǁeepsͿ  ;PritĐhard et al. ϮϬϭϬ, Booker et al. ϮϬϭϳͿ . Hard sǁeeps oĐĐur ǁhen verǇ                             

strong seleĐƟon favors a speĐifiĐ ŵutaƟon in the populaƟon, inĐreasing its freƋuenĐǇ to                         
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ϭϬϬ% over a feǁ generaƟons  ;Colosiŵo et al. ϮϬϬ5Ϳ . During this proĐess, ŵutaƟons that                           

ǁere linked to the posiƟvelǇ seleĐted ŵutaƟon get dragged along, or sǁept, to high                           

freƋuenĐǇ, leaving a ĐonspiĐuous valleǇ of loǁ geneƟĐ diversitǇ of the populaƟon in the                           

seleĐted region in the genoŵe. The feǁer outĐrossing and reĐoŵbinaƟon events ;both of                         

ǁhiĐh are also a funĐƟon of ƟŵeͿ, the ǁider this valleǇ  ;Neher ϮϬϭϯ, CorbeƩ‑DeƟg et al.                               

ϮϬϭ5Ϳ . “oŌ sǁeeps oĐĐur in a siŵilar fashion as hard sǁeeps but, ǁhen ŵutaƟon rate is high,                                 

siŵilar favorable ŵutaƟons ŵight arise in ŵulƟple genoŵe baĐkgrounds, so ǁhen theǇ                       

inĐrease in freƋuenĐǇ theǇ drag along ŵulƟple baĐkground ŵutaƟons, leaving a ŵuĐh less                         

appreĐiable deĐrease in loĐal diversitǇ. In Đontrast to hard sǁeeps, adaptaƟon in the Đase of                             

soŌ sǁeeps is not liŵited bǇ ŵutaƟons. BeĐause of the large populaƟon sizes and fast                             

ŵutaƟon rate, soŌ sǁeeps ŵight be ŵost Đoŵŵon in baĐteria  ;BarriĐk et al. ϮϬϬϵͿ , viruses                             

;Feder et al. ϮϬϭϲͿ , or inseĐts ǁith short generaƟon Ɵŵes  ;Karasov et al. ϮϬϭϬͿ . PolǇgeniĐ                             

adaptaƟon oĐĐurs ǁhen seleĐƟon is not verǇ strong or is aĐƟng over ŵanǇ geneƟĐ variants                             

— this is parƟĐularlǇ likelǇ ǁhen there is plenƟful standing variaƟon in the populaƟon and                             

fitness‑related traits are Đoŵplex. Individual advantageous variants rarelǇ reaĐh ϭϬϬ%                   

freƋuenĐǇ. Instead, theǇ sŵoothlǇ inĐrease in freƋuenĐǇ, a subtle footprint that Đan onlǇ be                           

deteĐted ǁhen pooling the signal aĐross ŵanǇ variants and Đoŵparing ŵulƟple populaƟons                       

that ŵight have experienĐed opposite seleĐƟon  ;Berg and Coop ϮϬϭϰͿ . One Đan speĐulate                         

that adaptaƟon in plants and aniŵals ǁith long generaƟon Ɵŵes, sŵall populaƟon sizes,                         

ŵore Đoŵplex genoŵes and fitness arĐhiteĐture  ;BoǇle et al. ϮϬϭϳͿ ŵight generallǇ folloǁ                         

suĐh a polǇgeniĐ adaptaƟon or parƟal sǁeep ŵodel  ;Hernandez et al. ϮϬϭϭ, Fournier‑Level                         

et al. ϮϬϭϭ, Thurŵan and BarreƩ ϮϬϭϲͿ , although direĐt and Đoŵprehensive evidenĐe is                         

ŵostlǇ laĐking. 

 

ϯ. EvoluƟoŶarǇ geŶeƟcs at the service of ecologǇ 

ϯ.ϭ EvoluƟoŶ at the edge 

 

The realizaƟon that evoluƟon Đan take plaĐe in short ƟŵesĐales, previouslǇ thought to be                           

doŵinated bǇ eĐologiĐal or deŵographiĐ proĐesses, has lead to the eŵergent field of                         

eĐo‑evoluƟonarǇ dǇnaŵiĐs. In this field, eĐologiĐal proĐesses suĐh as bioƟĐ or Đliŵate                       

Đhanges are studied froŵ the angle of evoluƟonarǇ adaptaƟon of populaƟons. And viĐe                         

versa, evoluƟonarǇ outĐoŵes suĐh as lethal ŵutaƟons Đan lead to Đhanges in eĐologiĐal                         
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ĐondiƟons suĐh as the exƟnĐƟon of an iŵportant pollinator speĐies. As the Earth is ǁarŵing,                             

populaƟons at the ŵore eƋuatorial ŵargin of a speĐies' distribuƟon are expeĐted to be the                             

first to ŵanifest a shrinkage. The ƋuesƟons are, therefore: ǁhat are the eĐo‑evoluƟonarǇ                         

proĐesses that lead to the forŵaƟon of geographiĐ distribuƟon liŵits in the past? And Đan                             

ǁe extrapolate suĐh knoǁledge to understand the Đurrent distribuƟon shiŌs in response to                         

Đliŵate Đhange?  ;“exton et al. ϮϬϬϵͿ . A first intuiƟon froŵ the eĐologiĐal niĐhe ĐonĐept                           

suggests that geographiĐ liŵits are forŵed bǇ phǇsiologiĐal liŵits, but ǁhǇ then are invasive                           

speĐies expanding their distribuƟons so draŵaƟĐallǇ? Or ǁhǇ Đan edge populaƟons not                       

adapt to the neǁ environŵent if speĐies have adapted to different Đliŵates in the past? To                               

ansǁer these ƋuesƟons, one probablǇ needs a deeper understanding of the geneƟĐ                       

proĐesses that lead to adaptaƟon and exƟnĐƟon in Ɵŵe and spaĐe. 

  

Although siŵplisƟĐ in a nuŵber of ǁaǇs, the explanaƟon of distribuƟon range shiŌs                         

bǇ the eĐologiĐal niĐhe is likelǇ a ŵajor Đontributor to range liŵits. We Đan, hoǁever,                             

rebrand this ĐonĐept ǁith evoluƟonarǇ geneƟĐs thinking. In evoluƟonarǇ geneƟĐs, speĐies                     

have geneƟĐallǇ variable individuals, and natural seleĐƟon favors the fiƩest genotǇpe in eaĐh                         

of the environŵents experienĐed aĐross the distribuƟon. That is, eaĐh genotǇpe has its oǁn                           

opƟŵal niĐhe that ŵight overlap to soŵe degree ǁith others. Areas that are Đlosest to the                               

speĐies’ niĐhe liŵits ǁould onlǇ let the genotǇpes adapted to extreŵe ĐondiƟons survive.                         

This natural seleĐƟon forĐe ǁould tend to generate highlǇ loĐallǇ adapted populaƟons at the                           

edges, so ŵost standing adapƟve geneƟĐ variants ǁould be found at the ŵargins of the                             

distribuƟon  ;Juŵp and Penuelas ϮϬϬ5, KaǁeĐki ϮϬϬϴͿ . BeĐause natural seleĐƟon is a                       

͞filtering forĐe ,͟ populaƟons at the edges ŵight beĐoŵe sŵall, ǁhat Đould ulƟŵatelǇ                       

inĐrease driŌ, puƫng a liŵit to adaptaƟon  ;Willi et al. ϮϬϬϲ, Bridle and Vines ϮϬϬϳ, KaǁeĐki                               

ϮϬϬϴͿ . In suĐh a sĐenario, losing ǁarŵ edge populaƟons as a result of Đliŵate Đhange Đould                               

be a ŵajor loss of iŵportant diversitǇ for the speĐies  ;Haŵpe and PeƟt ϮϬϬ5Ϳ . 

  

The seĐond explanaƟon derives froŵ populaƟon geneƟĐs theorǇ and explains the                     

distribuƟon range liŵits in terŵs of ŵigraƟon and driŌ, ǁithout the need for                         

environŵental‑driven natural seleĐƟon. Let us iŵagine a neǁlǇ forŵed speĐies that starts                       

groǁing and expanding in spaĐe. As populaƟons disperse randoŵlǇ in spaĐe froŵ the origin,                           

sŵall founder effeĐts, inbreeding, and driŌ generate a ĐonĐentriĐ paƩern of gradual geneƟĐ                         
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differenƟaƟon and deĐreasing diversitǇ. This proĐess also generates a so‑Đalled                   

͞isolaƟon‑bǇ‑distanĐe͟ paƩern  ;Wright ϭϵϰϯͿ : the geneƟĐ distanĐe betǁeen tǁo individuals                   

inĐreases ǁith geographiĐ distanĐe. This sĐenario of an expanding populaƟon alreadǇ iŵplies                       

that one reason that geographǇ liŵits exist is beĐause individuals did not have enough Ɵŵe                             

to ŵigrate further apart Ǉet. Therefore, all else being eƋual, the loǁer the dispersal abilitǇ of                               

a speĐies, the narroǁer its geographiĐ liŵits. The seĐond reason Đoŵes froŵ the faĐt that                             

driŌ, ǁhiĐh inĐreases toǁards the edges, deĐreases the effiĐienĐǇ of purifǇing seleĐƟon to                         

reŵove randoŵ deleterious ŵutaƟons, suĐh that edge populaƟons aĐĐuŵulate ŵore of                     

these ŵutaƟons  ;LǇnĐh et al. ϭϵϵ5, HenrǇ et al. ϮϬϭ5Ϳ . When the nuŵber of detriŵental                             

ŵutaƟons inĐreases too ŵuĐh, the survival and reproduĐƟon of the edge populaƟons                       

deĐline beloǁ the replaĐeŵent rate, and a neǁ geographiĐ liŵit is forŵed  ;HenrǇ et al.                             

ϮϬϭ5Ϳ . These proĐesses are a serious danger for threatened endeŵiĐ speĐies beĐause of                         

their verǇ reduĐed geographiĐ range  ;LǇnĐh and Gabriel ϭϵϵϬ, LǇnĐh et al. ϭϵϵ5Ϳ . In                           

suŵŵarǇ, the tǁo reasons geographiĐ range liŵits exist are: ;ϭͿ liŵited dispersal abilitǇ, and                           

;ϮͿ sŵall founder effeĐts oĐĐurring during the ŵigraƟon/expansion proĐess, that inĐrease                     

driŌ toǁards the peripherǇ. The assoĐiated ĐonseƋuenĐes lead to loĐal exƟnĐƟon due to                         

ŵutaƟonal ŵeltdoǁn  ;LǇnĐh and Gabriel ϭϵϵϬ, LǇnĐh et al. ϭϵϵ5Ϳ . 

  

The tǁo explanaƟons of range liŵits and loĐal exƟnĐƟons disĐussed above, the                       

͞“eleĐƟonist͟ vs ͞Neutralist͟ explanaƟons, are not ŵutuallǇ exĐlusive ;in faĐt there are                       

others that shared prinĐiples ǁith both  ;Bridle and Vines ϮϬϬϳͿ Ϳ. In order to test the                             

assuŵpƟons and eŵerging paƩerns of both hǇpothesis, Đoŵprehensive genoŵiĐ Đatalogs of                     

the populaƟons ǁithin a speĐies are needed  ;“exton et al. ϮϬϬϵͿ . 

 

ϯ.Ϯ The geŶeƟc paradoǆ of iŶvasioŶ 

 

An extreŵe Đase of geographiĐ distribuƟon expansions is ǁhen speĐies ŵigrate over verǇ                         

long distanĐes and even Đolonize other ĐonƟnents. As disĐussed above, populaƟon geneƟĐs                       

prinĐiples tell us that beĐause ŵigraƟons oĐĐur via a liŵited nuŵber of founder individuals,                           

there ǁill be a populaƟon boƩleneĐk that deĐreases geneƟĐ diversitǇ and inĐreases driŌ.                         

“tudǇing the differenĐes in alleliĐ riĐhness and diversitǇ of plants and aniŵals, DlugosĐh and                           

Parker  ;ϮϬϬϴͿ shoǁed that suĐh a deĐline in diversitǇ is signifiĐant; although perhaps not as                             
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draŵaƟĐ as Đoŵplete boƩleneĐks. Nevertheless, that invasions are aĐĐoŵpanied bǇ                   

adapƟon is not rare  ;Lee ϮϬϬϮͿ , raising the ƋuesƟon of hoǁ populaƟons Đan adapt to neǁ                               

environŵents despite their loǁ diversitǇ as a ĐonseƋuenĐe of a founder effeĐt. This                         

Đonundruŵ ǁas first noƟĐed bǇ the founders of the invasion geneƟĐs field, H.G. Baker & G.L.                               

“ebbins  ;ϭϵϲ5Ϳ , and ǁas later Đoined as the ͞geneƟĐ paradox of invasion͟  ;Estoup et al.                             

ϮϬϭϲͿ , and seeŵs to Đhallenge both aforeŵenƟoned Neutralist and “eleĐƟonist hǇpotheses                     

of geographiĐ distribuƟon liŵits. The proposed soluƟons to this paradox Đan generallǇ be                         

separated into sĐenarios in ǁhiĐh adaptaƟon sƟll oĐĐurs froŵ standing variaƟon and                       

sĐenarios in ǁhiĐh adaptaƟon oĐĐurs froŵ neǁ ŵutaƟons. In the first Đase, there is onlǇ                             

liŵited depleƟon of standing variaƟon during ĐolonizaƟon, for exaŵple, if the founding                       

populaƟon ǁas unusuallǇ diverse, if there ǁere reĐurrent ŵigraƟons, or if diversitǇ ǁas                         

inĐreased through introgressions froŵ loĐal relaƟves  ;DlugosĐh et al. ϮϬϭ5, WhitneǇ et al.                         

ϮϬϭ5Ϳ . In the seĐond Đase, the boƩleneĐk is strong or Đoŵplete, and geneƟĐ adaptaƟon Đan                             

onlǇ oĐĐur through neǁ ŵutaƟons  ;Colauƫ et al. ϮϬϭϳͿ . While there is plentǇ of exaŵples                             

ǁhere adaptaƟon oĐĐurred rapidlǇ froŵ standing variaƟon in ŵulƟĐellular and ŵaĐrosĐopiĐ                     

organisŵs suĐh as aniŵals and plants  ;BarreƩ and “Đhluter ϮϬϬϴͿ , the adaptaƟon froŵ  de                           

novo  ŵutaƟons reŵains largelǇ undoĐuŵented. 

 

ϰ. The plaŶt of ϭϬϬϭ GeŶoŵes 

 

MǇ interest in plants derives froŵ their iŵportant role on Earth. Living plants ŵake up the                               

ŵajoritǇ of Earth’s bioŵass, over ϴϬ% of the total ~55Ϭ Gt of Đarbon  ;Bar‑On et al. ϮϬϭϴͿ .                                 

IroniĐallǇ, the ĐoŵbusƟon of suĐh plant bioŵass stored in different forŵs bǇ huŵans is a                             

ŵajor driver of Đliŵate Đhange. Plants are the priŵarǇ produĐers of eĐosǇsteŵs, fixing                         

approxiŵatelǇ 5Ϭ‑ϲϬ Gt of Đarbon per Ǉear  ;Melillo et al. ϭϵϵϯ, Woodǁard ϮϬϬϳͿ . Therefore,                           

anǇ Đhange of suĐh an integral part of eĐosǇsteŵs is likelǇ to Đause a ĐasĐade of iŵpaĐts on                                   

all other dependent organisŵs  ;TǇlianakis et al. ϮϬϬϴͿ . In faĐt, global paƩerns of priŵarǇ                           

produĐƟon have alreadǇ Đhanged sinĐe the ϭϵϴϬs as a response to Đliŵate Đhange  ;Neŵani                           

et al. ϮϬϬϯͿ . The ǁorld’s plant biodiversitǇ risk assessŵent  ;Keǁ ϮϬϭϲͿ ĐonĐluded that one                           

fiŌh of the alŵost ϰϬϬ,ϬϬϬ vasĐular plant speĐies is threatened ǁith exƟnĐƟon. This is likelǇ                             

an underesƟŵate given that ŵanǇ ŵore speĐies are likelǇ to be alreadǇ at risk beĐause theǇ                               
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have narroǁ ranges and are therefore less likelǇ to have been idenƟfied and forŵallǇ                           

desĐribed  ;Piŵŵ and Raven ϮϬϭϳͿ .  

 

The ŵajor iŵpaĐts of Đliŵate Đhange on plant speĐies are expeĐted to be inĐreased                           

variabilitǇ in preĐipitaƟon  ;“Đhǁalŵ et al. ϮϬϭϳͿ and droughts  ;Dai ϮϬϭϮͿ . Plants use ŵulƟple                           

ŵeĐhanisŵs to Đope ǁith droughts: toleraƟng dehǇdraƟon/hǇdraƟon ;as ŵosses doͿ,                   

avoiding ǁater loss or absorbing ŵore ǁater ;as Mediterranean shrubs doͿ, or esĐaping                         

drought periods bǇ Ɵŵing gerŵinaƟon and reproduĐƟon to ǁeƩer seasons ;as annual plants                         

doͿ  ;Ludloǁ ϭϵϴϵͿ . The uƟlizaƟon of different ŵeĐhanisŵs varies aĐross speĐies and ǁithin                         

speĐies, as has been shoǁn in the ŵodel plant  Arabidopsis thaliana  ;Franks ϮϬϭϭ, Juenger                           

ϮϬϭϯͿ and its relaƟves  ;Bouzid et al. ϮϬϭϴͿ . VariaƟon in ŵagnitude and overall drought                           

resistanĐe strategǇ aĐross populaƟons Đould enable an evoluƟonarǇ response of the speĐies                       

to global Đhange, as soŵe of these strategies Đan pre‑adaptat plants to a drier and hoƩer                               

future Đliŵate  ;Vasseur et al. ϮϬϭϴͿ . 

 

Arabidopsis thaliana  is perhaps the plant ǁith the ŵost Đoŵprehensive genoŵiĐ                     

Đatalog to date for a ǁild speĐies, ǁith over ϭ,ϭϯ5 genoŵes seƋuenĐed individuals froŵ                           

ǁorldǁide populaƟons  ;ϭϬϬϭ Genoŵes ConsorƟuŵ ϮϬϭϲͿ . It  ǁas first adopted as a ŵodel                         

organisŵ for geneƟĐs and ŵoleĐular biologǇ during the ŵid‑ϮϬ th ĐenturǇ  ;LaibaĐh ϭϵϰϯͿ and                         

beĐaŵe an established ŵodel in the late ϭϵϴϬs  ;MeǇeroǁitz ϮϬϬϭͿ . In ϮϬϬϬ, it beĐaŵe the                             

first plant ǁith a Đoŵplete referenĐe genoŵe  ;Arabidopsis Genoŵe IniƟaƟve ϮϬϬϬͿ . “oon                       

aŌer it Đaŵe to be appreĐiated as a useful ŵodel for eĐologǇ  ;PigliuĐĐi ϮϬϬϯ, Tonsor et al.                                 

ϮϬϬ5Ϳ . Its naƟve geographiĐ range is large, ranging froŵ forests in “Đandinavia to drǇlands of                             

North AfriĐa  ;Kräŵer ϮϬϭ5Ϳ — although in the “outh populaƟons theǇ seeŵ to be sparse and                               

their persistenĐe liŵited bǇ a ŵiniŵuŵ rainfall per Ǉear  ;Brennan et al. ϮϬϭϰͿ . In addiƟon,  A.                               

thaliana presents ŵanǇ of the traits of the ͞perfeĐt ǁeed ,͟ as defined bǇ H. G. Baker  ;ϭϵϲ5Ϳ ,                                 

being an annual herb, self‑ferƟlizing and highlǇ reproduĐƟve. Invasive speĐies tend to share                         

at least soŵe of these traits  ;Razanajatovo et al. ϮϬϭϲͿ , and  A. thaliana has also Đolonized                               

ŵulƟple ĐonƟnents in historiĐ Ɵŵes  ;PlaƩ et al. ϮϬϭϬ, ϭϬϬϭ Genoŵes ConsorƟuŵ ϮϬϭϲͿ .  

 

The availabilitǇ of thousands of genoŵe seƋuenĐes a broad geographiĐ distribuƟon,                     

high ĐolonizaƟon abilitǇ, and variable survival under Đliŵate extreŵes, ŵake  A. thaliana a                         
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fantasƟĐ sǇsteŵ to studǇ the evoluƟonarǇ geneƟĐs of adaptaƟon to Đliŵate and to develop                           

neǁ environŵental ŵodels for eĐologiĐal foreĐasƟng  ;HanĐoĐk et al. ϮϬϭϭ, “avolainen et al.                         

ϮϬϭϯ, Kräŵer ϮϬϭ5, Weigel and Nordborg ϮϬϭ5Ϳ . 

 

ϱ. OďjecƟves 

 

“inĐe its inĐepƟon, the geneƟĐ theorǇ of evoluƟon has helped to explain hoǁ populaƟons                           

adapt to their environŵent. In this thesis, I have applied ĐonĐepts of evoluƟonarǇ geneƟĐs to                             

the studǇ of eĐologiĐal Đhallenges suĐh as adaptaƟon to Đliŵate Đhange and invasion biologǇ.                           

For adaptaƟon to oĐĐur, populaƟons ŵust have soŵe standing geneƟĐ variaƟon and/or                       

rapidlǇ aĐĐrue neǁ ŵutaƟons that provide a fitness advantage under the neǁ environŵent.  

 

In ŵǇ first dissertaƟon projeĐt, I asked ǁhether  A. thaliana harbors standing geneƟĐ                         

variaƟon that supports differenƟal survival under an extreŵe ĐliŵaƟĐ event. And if so, ǁhere                           

are adapƟve variants present aĐross the geographiĐ range of the speĐies? To address this                           

ƋuesƟon, I used the ϭϬϬϭ Genoŵes resourĐe of  Arabidopsis thaliana and exposed over ϮϬϬ                           

natural lines in the greenhouse to a siŵulated drought. This approaĐh led to the                           

idenƟfiĐaƟon of a large nuŵber of adapƟve variants that inĐrease survival under severe                         

drought stress. I applied the ĐonĐept of environŵental niĐhes to geneƟĐ variants, to test                           

ǁhether adapƟve variants ǁere ŵore ĐoŵŵonlǇ present at the Đore or at the edge of the                               

geographiĐ distribuƟon  ;Exposito‑Alonso et al. ϮϬϭϴdͿ . I found that the edges — perhaps                         

beĐause of their ŵore extreŵe environŵents — are hotspots of suĐh adapƟve variaƟon.  

 

Next, I deterŵined the strength of seleĐƟon that future environŵents ǁill exert over                         

geneƟĐ variants. I also asked ǁhat areas aĐross the geographiĐ distribuƟon ǁill suffer the                           

strongest seleĐƟon pressures in the future. To approaĐh these ƋuesƟons, I designed                       

repliĐated rainfall‑Đontrolled field experiŵents groǁing over 5ϬϬ natural lines at tǁo                     

ĐontrasƟng loĐaƟons, one at the Đore and another at the edge of the geographiĐ distribuƟon                             

of  A. thaliana . This Ǉielded substanƟal insights into hoǁ natural seleĐƟon is distributed                         

aĐross the genoŵe, and hoǁ ŵuĐh allele freƋuenĐies ǁould Đhange as a response to a                             

Đliŵate pressure. “ubseƋuentlǇ, I developed neǁ environŵental ŵodels to projeĐt seleĐƟon                     

intensitǇ aĐross the geographiĐ range of the speĐies. I ĐonĐluded that populaƟons in the                           
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transiƟon froŵ “outhern to Central Europe ŵight be under the highest evoluƟonarǇ risk,                         

given that theǇ do not have ŵuĐh standing geneƟĐ variaƟon that ŵight be adapƟve under                             

the Đliŵates theǇ are expeĐted to enĐounter in the future  ;Exposito‑Alonso et al. ϮϬϭϳ,                           

ϮϬϭϴĐͿ . 

 

FinallǇ, beĐause adaptaƟon to neǁ environŵents Đould oĐĐur via neǁ ŵutaƟons, I                       

asked ǁhether one Đan find neǁ ŵutaƟons of potenƟal adapƟve relevanĐe in a neǁ                           

Đolonizing populaƟon. I addressed this bǇ reĐonstruĐƟng the genealogǇ of a reĐent ŵigraƟon                         

of  A. thaliana to the Neǁ World ǁith genoŵe seƋuenĐes froŵ herbariuŵ saŵples and live                             

plants. BeĐause I found evidenĐe that seleĐƟon had aĐted on neǁ ŵutaƟons, I ĐonĐluded                           

that ǁe should not underesƟŵate evoluƟon froŵ  de novoŵutaƟons in ĐonteŵporarǇ plant                         

invasions  ;Exposito‑Alonso et al. ϮϬϭϴaͿ . 

 

In the disĐussion, I desĐribe the iŵpaĐt of these studies in the areas of eĐologǇ,                             

evoluƟon, geneƟĐs and ĐonservaƟon biologǇ, and propose future direĐƟons and                   

teĐhnologies that ǁill be Đentral to advanĐing the geneƟĐ theorǇ of adaptaƟon and                         

iŵproving eĐo‑evoluƟonarǇ foreĐasƟng. 
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CHAPTER ONE 

GeŶoŵic ďasis aŶd evoluƟoŶarǇ poteŶƟal for 

eǆtreŵe drought adaptaƟoŶ 
 

The Đontent of this Đhapter has been published as: 

Eǆposito‑AloŶso, M. , Vasseur, F., Ding, W., Wang, G., Burbano, H.A., Weigel, D., ;ϮϬϭϴͿ.  

Nature Ecology & EvoluƟon , hƩps://doi.org/ϭϬ.ϭϬϯϴ/sϰϭ55ϵ‑Ϭϭϳ‑ϬϰϮϯ‑Ϭ.  

see Thesis Appendix I  

 

Aďstract 

BeĐause the earth is ĐurrentlǇ experienĐing draŵaƟĐ Đliŵate Đhange, it is of ĐriƟĐal interest                           

to understand hoǁ speĐies ǁill respond to it. The ĐhanĐe of a speĐies to ǁithstand Đliŵate                               

Đhange ǁill likelǇ depend on the diversitǇ ǁithin the speĐies and, parƟĐularlǇ, ǁhether there                           

are subpopulaƟons that are alreadǇ adapted to extreŵe environŵents. Hoǁever, ŵost                     

prediĐƟve studies ignore that speĐies Đoŵprise geneƟĐallǇ diverse individuals. We have                     

idenƟfied geneƟĐ variants in Arabidopsis thaliana that are assoĐiated ǁith the survival of an                           

extreŵe drought event, a ŵajor ĐonseƋuenĐe of global ǁarŵing. “ubseƋuentlǇ, ǁe                     

deterŵined hoǁ these variants are distributed aĐross the naƟve range of the speĐies.                         

GeneƟĐ alleles Đonferring higher drought survival shoǁed signatures of polǇgeniĐ adaptaƟon                     

and ǁere ŵore freƋuentlǇ found in Mediterranean and “Đandinavian regions. Using                     

geo‑environŵental ŵodels, ǁe prediĐted that Central European, but not Mediterranean,                   

populaƟons ŵight lag behind in adaptaƟon bǇ the end of the Ϯϭst ĐenturǇ. Further analǇses                             

shoǁed that a populaƟon deĐline Đould nevertheless be Đoŵpensated bǇ natural seleĐƟon                       

aĐƟng effiĐientlǇ over standing variaƟon or bǇ ŵigraƟon of adapted individuals froŵ                       

populaƟons at the ŵargins of the speĐies’ distribuƟon. These findings highlight the                       

iŵportanĐe of ǁithin‑speĐies geneƟĐ heterogeneitǇ in faĐilitaƟng an evoluƟonarǇ response                   

to a Đhanging Đliŵate. 
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CHAPTER TWO 

A ŵap of cliŵate chaŶge‑driveŶ Ŷatural selecƟoŶ 
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Aďstract 

Through the lens of evoluƟon, Đliŵate Đhange is an agent of natural seleĐƟon that forĐes                             

populaƟons to Đhange and adapt, or faĐe exƟnĐƟon. Current assessŵents of the risks                         

assoĐiated ǁith Đliŵate Đhange, hoǁever, do not tǇpiĐallǇ take into aĐĐount that natural                         

seleĐƟon Đan draŵaƟĐallǇ iŵpaĐt the geneƟĐ ŵakeup of populaƟons. We ŵade use of                         

extensive genoŵe inforŵaƟon in  Arabidopsis thaliana and ŵeasured hoǁ                 

rainfall‑ŵanipulaƟon affeĐted the fitness of 5ϭϳ natural lines groǁn in “pain and GerŵanǇ.                         

This alloǁed us to direĐtlǇ infer seleĐƟon at the geneƟĐ level. Natural seleĐƟon ǁas                           

parƟĐularlǇ strong in the hot‑drǇ “panish loĐaƟon, killing ϲϯ% of lines and signifiĐantlǇ                         

Đhanging the freƋuenĐǇ of ~5% of all genoŵe‑ǁide variants. A signifiĐant proporƟon of this                           

seleĐƟon over variants Đould be prediĐted froŵ the Đliŵate ;ŵisͿŵatĐh betǁeen                     

experiŵental sites and the geographiĐ areas ǁhere variants are found ;RϮ=Ϯϵ‑5Ϯ%Ϳ.                     

Field‑validated prediĐƟons aĐross the speĐies range indiĐated that Mediterranean and                   

Western “iberia populaƟons — at the edges of the speĐies' environŵental liŵits — ĐurrentlǇ                           

experienĐe the strongest Đliŵate‑driven seleĐƟon, and Central Europeans the ǁeakest. With                     

rapidlǇ inĐreasing droughts and rising teŵperatures in Europe, ǁe foreĐast a ǁave of                         
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direĐƟonal seleĐƟon ŵoving North, puƫng ŵanǇ naƟve  A. thaliana populaƟons at                     

evoluƟonarǇ risk. 
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CHAPTER THREE 
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Aďstract 

BǇ folloǁing the evoluƟon of populaƟons that are iniƟallǇ geneƟĐallǇ hoŵogeneous, ŵuĐh                       

Đan be learned about Đore biologiĐal prinĐiples. For exaŵple, it alloǁs for detailed studies of                             

the rate of eŵergenĐe of de novo ŵutaƟons and their Đhange in freƋuenĐǇ due to driŌ and                                 

seleĐƟon. UnfortunatelǇ, in ŵulƟĐellular organisŵs ǁith generaƟon Ɵŵes of ŵonths or                     

Ǉears, it is diffiĐult to set up and ĐarrǇ out suĐh experiŵents over ŵanǇ generaƟons. An                               

alternaƟve is provided bǇ ͞natural evoluƟon experiŵents͟ that started froŵ ĐolonizaƟons or                       

invasions of neǁ habitats bǇ selfing lineages. With liŵited or ŵissing gene floǁ froŵ other                             

lineages, neǁ ŵutaƟons and their effeĐts Đan be easilǇ deteĐted. North AŵeriĐa has been                           

Đolonized in historiĐ Ɵŵes bǇ the plant  Arabidopsis thaliana , and although ŵulƟple                       

interĐrossing lineages are found todaǇ, ŵanǇ of the individuals belong to a single lineage,                           

HPGϭ. To deterŵine in this lineage the rate of subsƟtuƟons – the subset of ŵutaƟons that                               

survived natural seleĐƟon and driŌ –, ǁe have seƋuenĐed genoŵes froŵ plants ĐolleĐted                         

betǁeen ϭϴϲϯ and ϮϬϬϲ. We idenƟfied ϳϯ ŵodern and Ϯϳ herbariuŵ speĐiŵens that                         

belonged to HPGϭ. Using the esƟŵated subsƟtuƟon rate, ǁe infer that the last Đoŵŵon                           

HPGϭ anĐestor lived in the earlǇ ϭϳth ĐenturǇ, ǁhen it ǁas ŵost likelǇ introduĐed bǇ ĐhanĐe                               

froŵ Europe. MutaƟons in Đoding regions are depleted in freƋuenĐǇ Đoŵpared to those in                           

other porƟons of the genoŵe, Đonsistent ǁith purifǇing seleĐƟon. Nevertheless, a handful of                         

ŵutaƟons is found at high freƋuenĐǇ in present‑daǇ populaƟons. We link these to deteĐtable                           

phenotǇpiĐ varianĐe in traits of knoǁn eĐologiĐal iŵportanĐe, life historǇ, and groǁth, ǁhiĐh                         
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Đould refleĐt their adapƟve value. Our ǁork shoǁĐases hoǁ, bǇ applǇing genoŵiĐs ŵethods                         

to a ĐoŵbinaƟon of ŵodern and historiĐ saŵples froŵ Đolonizing lineages, ǁe Đan direĐtlǇ                           

studǇ neǁ ŵutaƟons and their potenƟal evoluƟonarǇ relevanĐe. 
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DI“CU““ION 
 

This dissertaƟon ǁas ŵoƟvated bǇ ŵǇ ĐuriositǇ of hoǁ this ǁorld, full of diverse life forŵs,                               

Đaŵe to be through evoluƟon, and ǁhether living beings ǁill have the resilienĐe and                           

adaptabilitǇ to overĐoŵe soŵe of HuŵanitǇ’s ŵost perniĐious aĐƟons. Here I leveraged the                         

extensive inforŵaƟon on the geo‑ĐliŵaƟĐ distribuƟon of the ŵodel plant  A. thaliana , its vast                           

genoŵiĐ resourĐes, and the abilitǇ to experiŵentallǇ ƋuanƟfǇ fitness of a large nuŵber of                           

individuals, to gain a nuŵber of eĐologiĐal and evoluƟonarǇ insights. These inĐlude                       

knoǁledge of the evoluƟonarǇ risk Đaused bǇ Đliŵate Đhange and on the adapƟve potenƟal                           

of different populaƟons froŵ both standing geneƟĐ variaƟon and neǁ ŵutaƟons. Beloǁ, I                         

ǁill disĐuss the broader iŵpliĐaƟons of ŵǇ doĐtoral researĐh and future direĐƟons. 

 

ϭ. AdaptaƟoŶ at the edges, risk at the ceŶter 

 

The extent and ĐonseƋuenĐes of Đliŵate Đhange ǁill rarelǇ be idenƟĐal aĐross the                         

distribuƟon of a speĐies, rather, theǇ ǁill varǇ regionallǇ or loĐallǇ  ;Giorgi and Lionello ϮϬϬϴ,                             

Dai ϮϬϭϮͿ . AddiƟonallǇ, ŵanǇ populaƟons of a speĐies have probablǇ experienĐed different                       

Đliŵates and ŵigraƟons in the past, ǁhiĐh endoǁs theŵ ǁith a different legaĐǇ of geneƟĐ                             

variants and thus a different adapƟve toolset for faĐing Đliŵate Đhange. EvoluƟonarǇ                       

eĐologists expeĐt the differenĐes in the adaptabilitǇ of populaƟons to be ŵost draŵaƟĐ                         

betǁeen Đore and edge populaƟons, although Đurrent theories foĐus either on driŌ or                         

natural seleĐƟon as the leading drivers of suĐh differenĐes  ;KaǁeĐki ϮϬϬϴ, HenrǇ et al. ϮϬϭ5Ϳ .                             

Understanding all the above ǁill have iŵportant ĐonseƋuenĐes for hoǁ one perforŵs risk                         

assessŵents under Đliŵate Đhange and ǁhat ĐonservaƟon strategies one ǁill reĐoŵŵend.                     

Beloǁ I desĐribe the knoǁledge gleaned froŵ studǇing geographiĐ paƩerns of geneƟĐ                       

diversitǇ in  A. thaliana and Đliŵate‑driven natural seleĐƟon in ŵulƟple field staƟons aĐross                         

the speĐies’ distribuƟon. 

 

ϭ.ϭ. The geŶoŵic legacǇ of past cliŵate chaŶges 
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To test the eŵergent genoŵiĐ paƩerns prediĐted bǇ the “eleĐƟonist and Neutralist                       

hǇpotheses of distribuƟon rage liŵits, ǁe first need to define the geographiĐ distribuƟon of                           

A. thaliana and its Đenter and ŵarginal areas  ;Kräŵer ϮϬϭ5Ϳ . We Đan do this ƋualitaƟvelǇ                             

using the Global BiodiversitǇ InforŵaƟon FaĐilitǇ ;GBIF,             

hƩps://ǁǁǁ.gbif.org/speĐies/ϯϬ5ϮϰϯϲͿ, ǁhiĐh has over one billion digitalized sighƟngs               

Đovering virtuallǇ all eĐosǇsteŵs of the ǁorld, even in reŵote regions of the “ahara desert.                             

Arabidopsis thaliana seeŵs to be ŵost Đoŵŵon in Central Europe, ǁhere the distribuƟon is                           

rather ĐonƟnuous ǁith sighƟngs not further apart froŵ eaĐh other than a Đouple of hundred                             

kiloŵeters. “ubseƫng the alŵost ϭϬϬ,ϬϬϬ GBIF geo‑referred reĐords to one per Ϭ.ϭ                       

laƟtude/longitude degree to avoid saŵpling effort bias, I ĐalĐulated that the ŵedian                       

geographiĐ point of  A. thaliana ’s distribuƟon is in Central Europe. “peĐifiĐallǇ, betǁeen                       

Cologne and Frankfurt, GerŵanǇ ; 5Ϭ°ϭϲ'N, ϴ°ϬϬ'E Ϳ, ǁhat I then defined as the Đurrent Đenter                           

of the geographiĐ distribuƟon. Huŵan‑influenĐed landsĐapes ǁith aŵple, disturbed spaĐes                   

;ǁhiĐh are Đonsidered as ĐonduĐive to  A. thaliana groǁthͿ, and ŵoderate Đliŵates ǁith                         

abundant rainfall ŵight explain the high densitǇ of the speĐies in Central Europe  ;ϭϬϬϭ                           

Genoŵes ConsorƟuŵ ϮϬϭϲ, Lee et al. ϮϬϭϳͿ . The northernŵost sighƟngs are in northern                         

“Đandinavia, North of the ArĐƟĐ ĐirĐle ;>ϲϲ°NͿ. The southernŵost sighƟngs ǁithin the naƟve                         

distribuƟon are the Cape Verde Islands ;adjaĐent to the Đoast of “enegalͿ, and ŵountain tops                             

of Ethiopia and KenǇa. Hoǁever, the geographiĐ distribuƟon of sighƟngs is disjoint froŵ the                           

Mediterranean Đoasts of North AfriĐa and southǁards. We Đan then label North AfriĐa and                           

the Mediterranean as the ǁarŵ edge of the distribuƟon, ǁhere the populaƟons are sŵall,                           

sparse, and isolated  ;Brennan et al. ϮϬϭϰ, Durvasula et al. ϮϬϭϳ, Exposito‑Alonso et al.                           

ϮϬϭϴbͿ . In the West, the geographiĐ distribuƟon is trunĐated bǇ the AtlanƟĐ Đoast of                           

European. Although  A. thaliana is noǁadaǇs also found in North AŵeriĐa, this area does not                             

belong to the naƟve geographiĐ range but results froŵ a historiĐal introduĐƟon  ;PlaƩ et al.                             

ϮϬϭϬ, Exposito‑Alonso et al. ϮϬϭϴaͿ . Toǁards the East, sighƟng reĐords begin to be                         

interŵiƩent froŵ Ukraine onǁards, although theǇ are loĐallǇ present near MosĐoǁ, the                       

CauĐasus, the northern plains of India, and the Yangtze River in China  ;Yin et al. ϮϬϭϬ, )ou et                                   

al. ϮϬϭϳͿ .  

 

BǇ studǇing the ϭϬϬϭ Genoŵes Đatalog of  A. thaliana  ;ϭϬϬϭ Genoŵes ConsorƟuŵ                       

ϮϬϭϲͿ , I tested genoŵiĐ paƩerns prediĐted bǇ the Neutralist hǇpothesis. In suŵŵarǇ,                       
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ĐalĐulaƟng genoŵe‑ǁide distanĐes betǁeen all ϭ,ϭϯ5 individuals, ŵǇ Đolleagues and I found                       

that there is a signifiĐant isolaƟon bǇ distanĐe paƩern  ;ϭϬϬϭ Genoŵes ConsorƟuŵ ϮϬϭϲ, Lee                           

et al. ϮϬϭϳͿ . We also found that individuals at the edge of ĐonƟnuous range in Europe                               

;“ǁeden, West “iberia, “pain and the MediterraneanͿ ǁere the ŵost divergent to all others,                           

ǁhile individuals at the Đenter ;Central Europe, United Kingdoŵ, and East EuropeͿ ǁere the                           

least differenƟated, both aŵong eaĐh other and Đoŵpared to all others  ;ϭϬϬϭ Genoŵes                         

ConsorƟuŵ ϮϬϭϲ, Exposito‑Alonso et al. ϮϬϭϴdͿ . These tǁo paƩerns support the noƟon that                         

ŵigraƟon and gene floǁ are geographiĐallǇ liŵited throughout the distribuƟon and that                       

populaƟon driŌ inĐreases toǁards the edges. Hoǁever, loĐal geneƟĐ diversitǇ ǁas the                       

highest in the Mediterranean  ;ϭϬϬϭ Genoŵes ConsorƟuŵ ϮϬϭϲ, Exposito‑Alonso et al.                     

ϮϬϭϴdͿ , ĐontradiĐƟng the Neutralist hǇpothesis, ǁhiĐh ǁould prediĐt Central Europe to be                       

the ŵost diverse area. 

 

Understanding the Đliŵate historǇ of the QuaternarǇ glaĐial periods in Europe, ǁe                       

Đan explain the aforeŵenƟoned, allegedlǇ puzzling, diversitǇ paƩern. During the last glaĐial                       

ŵaxiŵuŵ, ŵanǇ areas of Europe and North AŵeriĐa ǁere Đovered bǇ iĐe. During the                           

harshest glaĐial extreŵes, soŵe populaƟon ŵanaged to survive in Mediterranean refugia.                     

These are ͞reliĐt populaƟons ,͟ and siŵilar populaƟons been idenƟfied in other speĐies                       

;Haŵpe and Juŵp ϮϬϭϭͿ . During interglaĐial periods, reĐolonizaƟon of the North probablǇ                       

oĐĐurred froŵ one or ŵore of these refugia  ;HeǁiƩ ϭϵϵϵͿ . In  A. thaliana , based on geneƟĐ                               

sharing, ǁe have evidenĐe that ŵore than one ŵajor ĐolonizaƟon oĐĐurred  ;Lee et al. ϮϬϭϳ,                             

Fulgione and HanĐoĐk ϮϬϭϴͿ and that ŵanǇ reliĐt populaƟons survive around the                       

Mediterranean, ǁhere theǇ tǇpiĐallǇ live in habitats largelǇ unaffeĐted bǇ huŵan                     

interferenĐe  ;ϭϬϬϭ Genoŵes ConsorƟuŵ ϮϬϭϲͿ . BeĐause reliĐt populaƟons are old and had                       

the ĐhanĐe to aĐĐuŵulate ŵutaƟons, geneƟĐ diversitǇ in the Mediterranean, in general, is                         

higher than elseǁhere. In Đontrast, beĐause European populaƟons originated froŵ                   

ŵigraƟons that Đarried onlǇ a fraĐƟon of the speĐies diversitǇ ;i.e. suffered a populaƟon                           

boƩleneĐkͿ, theǇ have a loǁer geneƟĐ diversitǇ than their Mediterranean Đounterparts. It                       

appears that ŵulƟple reĐolonizaƟons, froŵ Iberia, ItalǇ, or the Balkans, are Đoŵŵon in ŵanǇ                           

speĐies, and that Central Europe beĐaŵe a ĐontaĐt zone in ǁhiĐh different lineages adŵixed                           

;PeƟt et al. ϮϬϬϯ, EĐkert et al. ϮϬϬϴͿ . “uĐh a ŵixing and hoŵogenizaƟon of genotǇpes Đould                               
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also explain that Central European populaƟon of  A. thaliana  are not parƟĐularlǇ divergent                         

froŵ anǇ other group, but rather a blend of different groups  ;Exposito‑Alonso et al. ϮϬϭϴdͿ .  

 

“inĐe  A. thaliana is a ǁidespread speĐies that re‑Đolonized Europe in post‑glaĐial                       

Ɵŵes and ŵigrated to AŵeriĐa and Australia in historiĐ Ɵŵes, it does not seeŵ that its                               

geographiĐ liŵits are diĐtated bǇ its dispersal abilitǇ. The Neutralist hǇpothesis also puts                         

forǁard driŌ and the ĐonseƋuenƟal aĐĐuŵulaƟon of deleterious ŵutaƟons as an iŵportant                       

faĐtor shaping the geographiĐ liŵits of speĐies. I therefore studied the geographiĐ                       

distribuƟon of nonsǇnonǇŵous ŵutaƟons, i.e. ŵutaƟons that Đause aŵino aĐid Đhanges in                       

the enĐoded proteins and the ŵajoritǇ of ǁhiĐh is deleterious  ;EǇre‑Walker and KeightleǇ                         

ϮϬϬϳͿ . I found that populaƟons froŵ the ǁarŵ edge Đarried ŵore of these ŵutaƟons                           

;Exposito‑Alonso et al. ϮϬϭϴĐͿ . One Đould ŵistakenlǇ interpret this result as loǁ effiĐienĐǇ of                           

purifǇing seleĐƟon, resulƟng in aĐĐuŵulaƟon of deleterious ŵutaƟons in the ŵarginal and                       

isolated reliĐt populaƟons  ;ϭϬϬϭ Genoŵes ConsorƟuŵ ϮϬϭϲͿ . Hoǁever, the total nuŵber of                       

ŵutaƟons ŵight also be direĐtlǇ related to the old age of populaƟons. In order to                             

appropriatelǇ Đoŵpare populaƟons ǁith different levels of diversitǇ, I invesƟgated the raƟo                       

of nonsǇnonǇŵous to sǇnonǇŵous ŵutaƟons ;K n /K s Ϳ The raƟo Đorrelated ǁith laƟtude, i.e.                       

the loǁer the laƟtude, the loǁer the proporƟon of nonsǇnonǇŵous ŵutaƟons                     

;Exposito‑Alonso et al. ϮϬϭϴĐͿ . This indiĐated that the ǁarŵ edge populaƟons aĐtuallǇ have                         

experienĐed highlǇ effiĐient seleĐƟon, and ĐonverselǇ, that Central and North European                     

populaƟons experienĐed less effiĐient seleĐƟon. As the effiĐienĐǇ of natural seleĐƟon does                       

not seeŵ to ĐoinĐide ǁith the liŵits of the geographiĐ distribuƟon in North AfriĐa, West                             

“iberia, and northern “ǁeden, ǁe therefore ŵust rejeĐt the Neutralist hǇpothesis.  

 

Although the arguŵents for exƟnĐƟon beĐause of geneƟĐ driŌ are sound  ;LǇnĐh et al.                           

ϭϵϵ5, Frankhaŵ ϮϬϬ5Ϳ , and suĐh sĐenarios ŵight be verǇ iŵportant in ŵaŵŵals  ;AbasĐal et                           

al. ϮϬϭϲͿ , theǇ do not seeŵ to explain the geographiĐ liŵits of  A. thaliana  ;Exposito‑Alonso                             

et al. ϮϬϭϴa, ϮϬϭϴĐͿ . The ĐonĐepts of geneƟĐ driŌ and boƩleneĐks are sƟll useful to interpret                               

diversitǇ paƩerns in the Đontext of reliĐt and non‑reliĐt populaƟons of  A. thaliana and have                             

iŵportant appliĐaƟons in ĐonservaƟon biologǇ beǇond this speĐies. Analogous to the                     

Out‑of‑AfriĐa theorǇ in huŵans  ;ExĐoffier et al. ϮϬϬϴͿ , Central and North European                       

populaƟons in  A. thaliana suffered a boƩleneĐk during the post‑glaĐial reĐolonizaƟon, ǁhiĐh                       
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ŵight have liŵited the effiĐienĐǇ of seleĐƟon and led to a high proporƟon of deleterious                             

ŵutaƟons in their genoŵe. On the other hand, reliĐt populaƟons froŵ the ǁarŵ edge tend                             

to harbor the ŵost geneƟĐ diversitǇ in  A. thaliana and deleterious ŵutaƟons seeŵ to have                             

been purged ŵore effiĐientlǇ froŵ their genoŵes. Based on this, it ǁould be                         

reĐoŵŵendable that ĐonservaƟon poliĐies should foĐus on edge populaƟons ǁith high                     

geneƟĐ value, parƟĐularlǇ those at glaĐial refugia  ;Haŵpe and PeƟt ϮϬϬ5, Juŵp et al. ϮϬϬϴͿ ,                             

rather than those populaƟons froŵ areas of high abundanĐe of the speĐies  ;Araújo and                           

Williaŵs ϮϬϬϬ, Galeƫ et al. ϮϬϬϵ, Tédonzong Dongŵo et al. ϮϬϭϴͿ . 

 

ϭ.Ϯ. The laŶdscape of staŶdiŶg variaƟoŶ aŶd Ŷatural selecƟoŶ 

 

If none of the Neutralist ideas hold, does natural seleĐƟon liŵit and shape the geographiĐ                             

distribuƟon of  A. thaliana ? To direĐtlǇ ƋuanƟfǇ natural seleĐƟon in the ǁild, Đoŵŵon garden                           

experiŵents ĐonsƟtute one of the ŵost poǁerful and ǁidelǇ aĐĐepted approaĐhes. This gold                         

standard ǁas set bǇ the pioneering ǁork of J. Clausen, D. D. KeĐk and W. M. HieseǇ  ;ϭϵϰϭͿ ,                                   

ǁho Đarried out field experiŵents aĐross a Đliŵate gradient froŵ the Californian Đoast to the                             

“ierra Nevada. With a siŵilar spirit, I designed tǁo rainfall‑ŵanipulated field experiŵents                       

ǁith  A. thaliana in “pain and Gerŵan field staƟons. I ĐonĐluded that natural seleĐƟon ǁas                             

the strongest in the field staƟon at the ǁarŵ edge, ǁhile it ǁas verǇ ǁeak at the Đore of the                                       

distribuƟon  ;Exposito‑Alonso et al. ϮϬϭϳ, ϮϬϭϴĐͿ . Developing a neǁ tǇpe of field‑validated                       

environŵental ŵodels ;GWE“Ϳ, I extrapolated ŵǇ insights into the strength of natural                       

seleĐƟon at the geneƟĐ level, to all knoǁn European populaƟons of  A. thaliana using present                             

Đliŵate databases  ;Hijŵans et al. ϮϬϬ5Ϳ . ExpeĐtedlǇ, seleĐƟon intensitǇ ǁas highest in hot                         

and drǇ regions. Taking the ŵedian Đliŵate of the geographiĐ  A. thaliana  distribuƟon as the                             

speĐies' ĐliŵaƟĐ niĐhe Đenter, I ĐalĐulated EuĐlidean distanĐes in Đliŵate spaĐe ;defined bǇ                         

ϵϴ Đliŵate variablesͿ froŵ this Đenter to all the studied populaƟons  ;Exposito‑Alonso et al.                           

ϮϬϭϴĐͿ . CorrelaƟng the strength of seleĐƟon and the environŵental distanĐe to the speĐies'                         

niĐhe Đenter, I Đonfirŵed that Đliŵate‑driven seleĐƟon inĐreased toǁards the niĐhe                     

peripherǇ – ǁhiĐh geographiĐallǇ Đorresponds to the Mediterranean, Western “iberia and                     

“Đandinavia ;“pearŵan’s r=Ϭ.ϰϮ,  P <ϭϬ ‑ϭϲ Ϳ. In addiƟon, the loĐal genoŵes at those areas had                         

signatures of highlǇ effiĐient seleĐƟon ;the aforeŵenƟoned loǁ of K n /K s raƟoͿ                     

;Exposito‑Alonso et al. ϮϬϭϴĐͿ . This is perhaps not so surprising as the effiĐienĐǇ of seleĐƟon                             
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depends both on populaƟon driŌ but also on the strength of seleĐƟon. This suggests that                             

seleĐƟon driven bǇ past Đliŵates Đould have had a role in reŵoving deleterious  A. thaliana ’s                             

genoŵiĐ diversitǇ. 

  

Altogether, I found ŵulƟple lines of support for natural seleĐƟon liŵiƟng the                       

geographiĐ distribuƟon of  A. thaliana , in favor of the evoluƟon‑rebranded eĐologiĐal niĐhe                       

ĐonĐept  ;Exposito‑Alonso et al. ϮϬϭϴĐͿ . Although ǁe do not have Đoŵprehensive geneƟĐ                       

data for other speĐies to studǇ geneƟĐ seleĐƟon ĐoeffiĐients aĐross the distribuƟon, the                         

“eleĐƟonist hǇpothesis seeŵs to be supported in ϳϳ% of the speĐies studied in                         

ŵeta‑analǇses of Đoŵŵon garden experiŵents  ;Lee‑Yaǁ et al. ϮϬϭϲͿ . These results Đoŵe                       

froŵ experiŵents of ŵulƟple speĐies groǁn at the Đore and at the edge of their distribuƟon.                               

The experiŵents repeatedlǇ found that individuals’ survival or feĐunditǇ signifiĐantlǇ                   

dropped in Đoŵŵon gardens outside the speĐies’ geographiĐ distribuƟon liŵits  ;Lee‑Yaǁ et                       

al. ϮϬϭϲͿ . 

  

ϭ.ϯ. MiŶd the drǇ edge 

 

MǇ ulƟŵate aiŵ of studǇing eĐo‑evoluƟonarǇ proĐesses aĐross the distribuƟon of a speĐies                         

ǁas to prediĐt risks that Đliŵate Đhange ǁill iŵpose on the survival of speĐies and use the                                 

resulƟng insights to devise potenƟal ĐonservaƟon poliĐies. Given that I idenƟfied Đliŵate                       

variables as the natural seleĐƟve pressures liŵiƟng geographiĐ distribuƟons, the obvious                     

ĐonĐlusion is that if natural seleĐƟon shiŌs in the future, it Đould put populaƟons at risk of                                 

loĐal exƟnĐƟon. “peĐifiĐallǇ, droughts and high teŵperatures tǇpiĐal of “outh Europe  ;“eager                       

et al. ϮϬϬϳ, Giorgi and Lionello ϮϬϬϴͿ are expeĐted to ŵove northǁards  ;Intergovernŵental                         

Panel on Cliŵate Change ϮϬϭϰͿ . Using the GWE“ environŵental ŵodels fiƩed ǁith present                         

data, ǁith ϮϬ5Ϭ Đliŵate ŵaps  ;Intergovernŵental Panel on Cliŵate Change ϮϬϭϰͿ , I                       

prediĐted an inĐrease in the strength of natural seleĐƟon ŵoving toǁards Central Europe                         

;Exposito‑Alonso et al. ϮϬϭϴĐͿ .  

 

Whether populaƟons ǁill be able to adapt to this neǁ ǁave of natural seleĐƟon ǁill                             

depend on the loĐal standing geneƟĐ variaƟon, i.e. the presenĐe of potenƟallǇ adapƟve                         

alleles. Groǁing diverse genotǇpes under siŵulated drought ĐondiƟons in the greenhouse                     
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and ĐonduĐƟng GWA, I found a Đlear paƩern in the geographiĐ distribuƟon of                         

survival‑related geneƟĐ variants  ;Exposito‑Alonso et al. ϮϬϭϴdͿ . The idenƟfied adapƟve                   

variants ǁere ŵostlǇ present at the laƟtudinal edges of the speĐies’ range, “Đandinavia and                           

the Mediterranean regions  ;Exposito‑Alonso et al. ϮϬϭϴdͿ . I believe that the faĐt that                         

populaƟons at the Northern edge are also adapted to drǇ ĐondiƟons is the result of                             

Đross‑stress toleranĐe betǁeen Đold and drǇ environŵents  ;Thoŵashoǁ ϭϵϵϵ, “ǁindell                   

ϮϬϬϲ, Exposito‑Alonso et al. ϮϬϭϴdͿ . Together, the knoǁledge of loĐal geneƟĐ variaƟon and                         

inĐreasing seleĐƟve forĐes indiĐate that populaƟons ǁith the highest evoluƟonarǇ risk are                       

living in areas in the transiƟon betǁeen the Mediterranean and European regions. Although                         

ŵuĐh eŵphasis has been put on hoǁ rising teŵperatures ŵight threaten ǁarŵ edge                         

populaƟons of speĐies ;“outhern Europe in our ĐaseͿ, our results rather point to drǇing areas                             

of Central Europe to have the highest evoluƟonarǇ risk — a risk that ŵight be ŵore Đoŵŵon                                 

in plant than aniŵal ĐoŵŵuniƟes  ;Thuiller et al. ϮϬϬ5Ϳ .  

  

BǇ idenƟfǇing the loĐaƟons ǁhere speĐifiĐ adapƟve variants are ĐurrentlǇ present                     

and the areas that ŵight suffer ŵost stronglǇ froŵ Đliŵate Đhange‑driven seleĐƟon                       

pressures, one Đan propose ŵore effeĐƟve ĐonservaƟon poliĐies. One exaŵple is the use of                           

assisted gene floǁ, ǁhere one aiŵs to iŵprove or diversifǇ the loĐal gene pool to aid                               

adaptaƟon to Đliŵate Đhange  ;“exton et al. ϮϬϭϭ, Aitken and WhitloĐk ϮϬϭϯ, “upple et al.                             

ϮϬϭϴͿ . While  A. thaliana  ŵight not beĐoŵe a globallǇ threatened speĐies, the evoluƟonarǇ                         

sĐenario depiĐted here ŵight be shared bǇ ŵanǇ other teŵperate plant speĐies  ;Thuiller et                           

al. ϮϬϬ5Ϳ , espeĐiallǇ beĐause ŵanǇ have southern reliĐt populaƟons  ;Haŵpe and Juŵp ϮϬϭϭͿ                         

and perhaps even north edge populaƟons also displaǇ a Đross‑adaptaƟon froŵ Đold to                         

drought stresses. In suĐh a sĐenario, a ĐonservaƟon strategǇ of transplanƟng seeds betǁeen                         

different ǁarŵ edge populaƟons, or froŵ the Đold and ǁarŵ edges to the Đenter, Đould help                               

preserve reliĐt as ǁell as Central European populaƟons. 

 

Ϯ. Rapid evoluƟoŶ froŵ  de novo  ŵutaƟoŶs 

Ϯ.ϭ. AŶcieŶt DNA to studǇ ŵutaƟoŶal processes iŶ real Ɵŵe  

 

The ŵost extensive reĐent ŵigraƟon and expansion of  A. thaliana has probablǇ oĐĐurred in                           

North AŵeriĐa, ǁhere an extreŵe founder effeĐt ŵanifests itself as a ŵassive drop of                           
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diversitǇ Đoŵpared to the populaƟons in the naƟve area  ;PlaƩ et al. ϮϬϭϬͿ . A siŵilaritǇ of N.                                 

AŵeriĐan and European Đliŵates and the opportunitǇ to hitĐhhike along huŵan traveling                       

routes probablǇ faĐilitated the rapid spread of  A. thaliana aĐross thousands of kiloŵeters in                           

a ŵaƩer of ϰϬϬ Ǉears  ;Exposito‑Alonso et al. ϮϬϭϴaͿ . I dated the origin of the ĐolonizaƟon bǇ                                 

one of the ŵost Đoŵŵon lineages in N. AŵeriĐa based on genealogies reĐonstruĐted ǁith                           

over 5,ϬϬϬ ŵutaƟons that the individuals froŵ this Đolonizing lineage aĐĐuŵulated over                       

Ɵŵe. I also found evidenĐe that negaƟve purifǇing seleĐƟon aĐted at this ƟŵesĐale, as there                             

ǁere feǁer ŵutaƟons in Đoding regions than expeĐted, and those that reŵained ǁere at a                             

loǁer freƋuenĐǇ than expeĐted. On the other hand, ŵǇ results also suggested that posiƟve                           

seleĐƟon ŵight have aĐted on soŵe of the ŵutaƟons that rose to high freƋuenĐǇ and ǁere                               

responsible for variaƟon in root length and gravitropisŵ, ǁhiĐh in turn ǁere Đorrelated ǁith                           

preĐipitaƟon at the ĐolleĐƟon sites. The obvious iŵpliĐaƟon of this researĐh is that invasive                           

speĐies Đould evolve and adapt to neǁ environŵents even ǁhen theǇ have to relǇ onlǇ on  de                                 

novo  ŵutaƟons, and even in short periods of Ɵŵe  ;Colauƫ et al. ϮϬϭϳͿ . 

  

A keǇ feature of our North AŵeriĐan A. thaliana studǇ ǁas the use of anĐient DNA                               

;aDNAͿ to saŵple ŵutaƟon aĐĐuŵulaƟon over Ɵŵe. If the series of saŵples goes suffiĐientlǇ                           

baĐk in Ɵŵe, it alloǁs direĐtlǇ ĐalĐulaƟng subsƟtuƟon rates froŵ the Đoŵplete genoŵe                         

seƋuenĐes. Froŵ herbariuŵ speĐiŵens, suĐh saŵples Đan be obtained as far baĐk as 5ϬϬ                           

Ǉears  ;Lang et al. ϮϬϭϴͿ , ǁhile froŵ arĐheologiĐal reŵains it Đan be in the order of thousands                                 

of Ǉears  ;Gutaker et al. ϮϬϭϳ, “ǁarts et al. ϮϬϭϳ, Di Donato et al. ϮϬϭϴͿ . The knoǁledge of                                   

ŵutaƟon rates in plants Đould also be used to understand the origins and reservoirs of                             

noxious speĐies as ǁell as to assess risks that theǇ evolve to bǇpass alien speĐies Đontrol                               

suĐh as herbiĐides or biologiĐal agents  ;Kreiner et al. ϮϬϭϳͿ . For exaŵple, in a reasonablǇ                             

ǁell‑sized patĐh of ϭϬ,ϬϬϬ plants of  A. thaliana , everǇ generaƟon there ǁould be over ϴ                             

thousand neǁ ŵutaƟons ;i.e. the produĐt of the per base ŵutaƟon rate, the genoŵe size,                             

and the total nuŵber of individuals in a populaƟonͿ. Most of these ŵutaƟons ǁould be lost                               

if theǇ are neutral, but if one provides a ϭϬ% in fitness advantage, theorǇ saǇs that the                                 

probabilitǇ that all individuals of the populaƟons ǁill have the advantageous ŵutaƟons in a                           

feǁ generaƟons is approxiŵatelǇ ϮϬ% ;under a nuŵber of assuŵpƟons that oversiŵplifǇ the                         

ĐalĐulaƟonͿ  ;Patǁa and Wahl ϮϬϬϴͿ . The praĐƟĐal ĐonseƋuenĐe is that the evolved                       

populaƟon’s groǁth rate ǁould be ϭϬ% faster than the original one.  
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Ϯ.Ϯ. The iŵpact of polǇgeŶicitǇ oŶ iŶvasioŶ geŶeƟcs 

 

Our findings of ŵulƟple neǁ ŵutaƟons assoĐiated ǁith eĐologiĐallǇ relevant traits point to a                           

sĐenario of polǇgeniĐ adaptaƟon in North AŵeriĐan  A. thaliana . This result has iŵportant                         

ĐonseƋuenĐes. Iŵagine that the distribuƟon of fitness effeĐts of neǁ ŵutaƟons in an                         

environŵent is exponenƟal  ;Thurŵan and BarreƩ ϮϬϭϲ, Exposito‑Alonso et al. ϮϬϭϴĐͿ , ǁith                       

probabilitǇ ŵass funĐƟon:  . This distribuƟon iŵpliĐitlǇ asserts that there are                     

ŵore ŵutaƟons ǁith sŵall effeĐts and feǁer ǁith strong effeĐts. The flaƩer the exponenƟal                           

distribuƟon is ;or the ͞ŵore polǇgeniĐ͟ the arĐhiteĐture;  Ϳ, the less biased is the                           

abundanĐe of ŵutaƟons ǁith verǇ sŵall effeĐt Đoŵpared to interŵediate or strong effeĐt                         

ones. This is in opposiƟon to a verǇ steep exponenƟal distribuƟon ;or the ͞ŵore ŵonogeniĐ͟                             

the arĐhiteĐture;  Ϳ, ǁhere the ŵajoritǇ of ŵutaƟons has virtuallǇ zero effeĐts, and onlǇ a                             

ŵinusĐule nuŵber of ŵutaƟons has strong effeĐts. An interesƟng ŵatheŵaƟĐal propertǇ of                       

polǇgeniĐ‑like Đoŵpared to ŵonogeniĐ‑like distribuƟons is that the average effeĐt is overall                       

higher, as the ŵean of the exponenƟal distribuƟon is eƋual to  . As a ĐonseƋuenĐe, if the                                 

fitness arĐhiteĐture in a neǁ environŵent is polǇgeniĐ, a randoŵ ŵutaƟon ǁould have at                           

least soŵe effeĐt on average, and natural seleĐƟon Đan aĐt upon it. ConseƋuenƟallǇ in                           

polǇgeniĐ adaptaƟon, populaƟons ǁould not need to ǁait so ŵuĐh Ɵŵe unƟl advantageous                         

ŵutaƟons appear, Đoŵpared to the Đase of a ŵono;/oligoͿgeniĐ ŵode of adaptaƟon. If the                           

above theoreƟĐal hǇpothesis holds true, it Đould further support the soluƟon of the paradox                           

of invasion that saǇs that neǁ ŵutaƟons Đontribute to rapid adaptaƟon during invasions                         

;DlugosĐh et al. ϮϬϭ5, Colauƫ et al. ϮϬϭϳͿ .  

 

ϯ. Toǁards a ŵulƟgeŶic theorǇ of adaptaƟoŶ 

ϯ.ϭ. Froŵ MeŶdel to GWAs 

 

One of the fundaŵental ƋuesƟons in geneƟĐs is ǁhiĐh and hoǁ geneƟĐ faĐtors Đontribute to                             

phenotǇpiĐ variaƟon in speĐies. Mendel foĐused on traits ǁhose inheritanĐe ǁas siŵple in                         

peas but in this dissertaƟon all three GWA studies — ǁhether on root developŵent traits,                             

survival to extreŵe drought, or seed produĐƟon in outdoor ĐondiƟons — shoǁed that traits                           
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ǁere polǇgeniĐ  ;Exposito‑Alonso et al. ϮϬϭϴa, ϮϬϭϴd, ϮϬϭϴĐͿ . This is not ĐoinĐidental. There                         

are noǁ thousands of GWA studies for all kind of traits in plants and aniŵals ;inĐluding                               

huŵansͿ, and in suŵŵarǇ these indiĐate that the ŵajoritǇ of traits have ŵulƟple ĐausaƟve                           

geneƟĐ variants  ;Rasaŵivelona et al. ϭϵϵ5, Gravois and Bernhardt ϮϬϬϬ, HirsĐhhorn et al.                         

ϮϬϬϮ, Marǁede et al. ϮϬϬϰ, Goddard and HaǇes ϮϬϬϵ, Atǁell et al. ϮϬϭϬ, Vink et al. ϮϬϭϰ,                                 

“Đhizophrenia Working Group of the PsǇĐhiatriĐ GenoŵiĐs ConsorƟuŵ ϮϬϭϰ, EsĐoƩ‑PriĐe et                     

al. ϮϬϭ5, Loh et al. ϮϬϭ5, Fan and “ong ϮϬϭϲ, ϭϬϬϭ Genoŵes ConsorƟuŵ ϮϬϭϲ, Field et al.                                 

ϮϬϭϲ, Bartoli and Roux ϮϬϭϳ, BoǇle et al. ϮϬϭϳ, Bosse et al. ϮϬϭϳ, MarƟn et al. ϮϬϭϳ, Kita et                                     

al. ϮϬϭϳͿ . Of Đourse, ŵanǇ ĐonspiĐuous exaŵples in the literature present disĐoveries ǁhere                         

adaptaƟon is seeŵinglǇ ŵonogeniĐ. ManǇ of these studies, hoǁever, onlǇ foĐus on the first                           

Đandidates disĐovered in a GWA  ;Jones et al. ϮϬϭϮ, BaǇ et al. ϮϬϭϴͿ , or invesƟgate verǇ                               

ĐharisŵaƟĐ traits suĐh as ĐoloraƟon of ŵaŵŵals or birds, ǁhiĐh are parƟĐularlǇ prone to be                             

Đontrolled bǇ one or a feǁ genes  ;“teiner et al. ϮϬϬϳ, UǇ et al. ϮϬϭϲ, Bourgeois et al. ϮϬϭϳ,                                     

Jones et al. ϮϬϭϴͿ — inĐluding the ĐlassiĐ peppered ŵoth  ;Van’t Hof et al. ϮϬϭϯͿ .                             

Furtherŵore, although speĐifiĐ traits ŵight be Đontrolled bǇ a feǁ geneƟĐ variants ǁith                         

strong effeĐt, the arĐhiteĐture of fitness ŵight sƟll be polǇgeniĐ, as it depends on ŵanǇ other                               

traits. “tudies of fitness of ǁild plants and Đrops, ǁhiĐh depend on phǇsiologiĐal, resourĐe                           

alloĐaƟon, or ŵetaboliĐ traits, indiĐate it is indeed a ƋuanƟtaƟve trait  ;Holland ϮϬϬϳ,                         

Ingvarsson and “treet ϮϬϭϭ, Fournier‑Level et al. ϮϬϭϭ, Anderson et al. ϮϬϭϰ, PriĐe et al.                             

ϮϬϭϴͿ . In our rainfall‑ŵanipulated experiŵents, ǁe ŵeasured the fitness of ŵulƟple                     

genotǇpes and eŵpiriĐallǇ ƋuanƟfied ĐontribuƟons of geneƟĐ variants to fitness ;i.e.                     

seleĐƟon ĐoeffiĐientsͿ. This shoǁed strong seleĐƟon affeĐƟng thousands of variants that                     

Đhanged in freƋuenĐǇ in different degrees  ;Exposito‑Alonso et al. ϮϬϭϴĐͿ . In suĐh a sĐenario,                           

despite seleĐƟon ǁas strong, I prediĐt the dǇnaŵiĐs of adaptaƟon to folloǁ a polǇgeniĐ                           

adaptaƟon ŵodel instead of a seleĐƟve sǁeep ŵodel. Indeed the per‑allele seleĐƟon                       

ĐoeffiĐients ƋuanƟfied in the field Đorrelated ǁith sŵooth geographiĐ allele freƋuenĐǇ                     

gradients aĐross the saŵpled  A. thaliana naƟve populaƟons  ;Berg and Coop ϮϬϭϰ,                       

Exposito‑Alonso et al. ϮϬϭϴĐͿ , rather than ǁith geneƟĐ diversitǇ valleǇs in the genoŵe                         

ĐharaĐterisƟĐ of adaptaƟon via hard seleĐƟve sǁeeps  ;Nielsen et al. ϮϬϬ5Ϳ . Our results                         

support the noƟon that polǇgeniĐ adaptaƟon plaǇs a proŵinent role in plant adaptaƟon,                         

ǁhiĐh ǁill have ĐonseƋuenĐes in hoǁ ǁe prediĐt the deŵographiĐ dǇnaŵiĐs and                       

evoluƟonarǇ responses of speĐies to Đliŵate Đhange.  
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ϯ.Ϯ. The classic ŵoŶogeŶic vs iŶfiŶitesiŵal populaƟoŶ ŵodels of adaptaƟoŶ 

 

The ĐlassiĐ ŵatheŵaƟĐal ŵodels of populaƟon geneƟĐs are alŵost exĐlusivelǇ developed for                       

the deŵographiĐs of ;hardͿ seleĐƟve sǁeeps, i.e. fitness depends onlǇ on one ŵutaƟon that                           

is posiƟvelǇ seleĐted. This legaĐǇ has ĐonƟnued to doŵinate in reĐentlǇ‑developed ŵodels of                         

geneƟĐ adaptaƟon to a neǁ environŵent Đalled evoluƟonarǇ resĐue ŵodels  ;Bell ϮϬϭϳͿ . The                         

ŵodels begin bǇ assuŵing that upon environŵental Đhange, a populaƟon deĐlines ǁith rate                         

, as the ŵean absolute fitness of individuals is  . If a neǁ ŵutaƟon provides a fitness                                 

advantage to an individual so that its absolute fitness is:  , one Đan ĐalĐulate                           

the freƋuenĐǇ inĐrease of the neǁ ŵutaƟon in everǇ generaƟon, and the probabilitǇ that the                             

populaƟon ǁould reĐover through adaptaƟon:  . IntuiƟvelǇ, this               

probabilitǇ depends on the nuŵber of neǁ advantageous ŵutaƟons and the relaƟve                         

advantage that the neǁ ŵutaƟon provides Đoŵpared to the disadvantage of the old one,                           

 ;GoŵulkieǁiĐz and Holt ϭϵϵ5, Orr and UnĐkless ϮϬϭϰ, Bell ϮϬϭϳͿ . The resulƟng                         

deŵographiĐs are ĐharaĐterized bǇ a U shape, i.e. populaƟon deĐreases ǁith the Đhange in                           

environŵent and later it reĐovers thanks to the neǁ advantageous ŵutaƟon. 

 

A ŵore realisƟĐ ŵodeling of fitness and adaptaƟon derives froŵ Fisher’s                     

͞infinitesiŵal ŵodel͟ ;also looselǇ Đalled polǇgeniĐ ŵodelͿ. The ŵodel assuŵes that if                       

effeĐƟvelǇ an infinite nuŵber of variants deterŵine a trait, eaĐh ǁith infinitesiŵallǇ sŵall                         

effeĐts on the trait, it ǁould be suffiĐient to ŵodel the relaƟonship betǁeen the total                             

nuŵber of geneƟĐ differenĐes betǁeen individuals ;or geneƟĐ varianĐe  Ϳ and the total                         

phenotǇpiĐ differenĐes betǁeen individuals ;phenotǇpiĐ varianĐe  Ϳ. The raƟo of these                     

tǁo is the heritabilitǇ of a trait:  ;FalĐoner and MaĐkaǇ ϭϵϵϲͿ . The eleganĐe of                             

this ŵodel is that it deals ǁith traits that are under seleĐƟon and inherited in soŵe                               

proporƟon, ĐirĐuŵvenƟng the ŵodeling of ŵanǇ speĐifiĐ geneƟĐ variants  ;Fisher ϭϵϭϴͿ . The                       

infinitesiŵal ŵodel ǁas extended to adaptaƟon to a neǁ environŵent bǇ LǇnĐh & Lande                           

;ϭϵϵϯͿ , ǁho defined fitness as the instantaneous rate of populaƟon inĐrease,  , ǁhiĐh Đan                           

be ǁriƩen as:  , ǁhere is the fitness ǁhen the ŵean phenotǇpe is                           

at the opƟŵuŵ for an environŵent,  . The ŵean populaƟon phenotǇpe is  , and the                             
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phenotǇpiĐ varianĐe is divided into addiƟve geneƟĐ varianĐe,  , ǁhiĐh Đaptures deviaƟons                       

froŵ the ŵean of different genotǇpes, and environŵental noise,  , ǁhiĐh generates                       

randoŵ deviaƟons of eaĐh individual’s phenotǇpe. The degree of adaptaƟon of the                       

populaƟon is defined bǇ the phenotǇpiĐ distanĐe froŵ the opƟŵuŵ,  , and the                         

strength of seleĐƟon is Đaptured bǇ the steepness of fitness deĐaǇ froŵ the opƟŵuŵ,  .                             

The faster the environŵent Đhanges, the larger ǁill be the lag of adaptaƟon. There is also a                                 

ŵaxiŵuŵ environŵental Đhange to ǁhiĐh the populaƟon Đan adapt, and it Đan be ĐalĐulated                           

froŵ the strength of seleĐƟon and the heritabilitǇ of the trait. To ŵǇ knoǁledge, LǇnĐh &                               

Lande’s ;ϭϵϵϯͿ ǁas the first theoreƟĐal ŵodel that aƩeŵpted to prediĐt speĐies responses to                           

an environŵental Đhange assuŵing non‑ŵonogeniĐ natural seleĐƟon. 

 

Although the infinitesiŵal ŵodel revoluƟonized ƋuanƟtaƟve geneƟĐs thanks to its                   

abilitǇ to ŵodel ĐonƟnuous traits, it ŵakes several arƟfiĐial assuŵpƟons for the sake of                           

ŵatheŵaƟĐal siŵpliĐitǇ. These that are unlikelǇ to be ŵet in ǁild populaƟons  ;MorrisseǇ et                           

al. ϮϬϭϬͿ and theǇ Đould aĐtuallǇ prevent us froŵ aĐĐuratelǇ prediĐƟng evoluƟonarǇ                       

responses of populaƟons to Đliŵate Đhange  ;Hoffŵann et al. ϮϬϭϳ, Pujol et al. ϮϬϭϴͿ . These                             

assuŵpƟons are: ;ϭͿ PerfeĐt randoŵ ŵaƟng of populaƟons, although it is knoǁn that gene                           

floǁ is liŵited in ŵanǇ ǁild speĐies; parƟĐularlǇ those that self‑ferƟlize like  A. thaliana and                             

ŵanǇ other plant speĐies. ;ϮͿ All geneƟĐ variants in the genoŵe are in linkage eƋuilibriuŵ,                             

although all speĐies shoǁ soŵe extent of linkage  dis eƋuilibriuŵ in the genoŵe                       

;CorbeƩ‑DeƟg et al. ϮϬϭ5Ϳ . NotablǇ, this is not speĐifiĐ to self‑ferƟlizing speĐies, ǁhere                         

reĐoŵbinaƟon betǁeen different genotǇpes less oŌen oĐĐurs, but it also applies to speĐies                         

that obligatelǇ outĐross ;suĐh as huŵansͿ  ;ReiĐh et al. ϮϬϬϭͿ . ;ϯͿ All fitness effeĐts of geneƟĐ                               

variants are addiƟve and of idenƟĐal ŵagnitude, although geneƟĐ variants have draŵaƟĐallǇ                       

different ;soŵeƟŵes verǇ largeͿ effeĐts on fitness  ;Thurŵan and BarreƩ ϮϬϭϲͿ , and different                         

tǇpes of epistasis betǁeen variants probablǇ Đontribute to adaptaƟon  ;Carlborg et al. ϮϬϬϲ,                         

Le RouziĐ ϮϬϭϰ, “ohail et al. ϮϬϭϳ, Hoffŵann et al. ϮϬϭϳͿ . BeĐause ŵost speĐies violate these                               

assuŵpƟons to different degrees, leading to substanƟallǇ different populaƟon dǇnaŵiĐs                   

;Neher ϮϬϭϯͿ , I believe there is a need to rethink populaƟon geneƟĐ ŵodels of adaptaƟon                             

that alloǁ for polǇgeniĐ arĐhiteĐture, Ǉet at the saŵe Ɵŵe are less Đonstrained bǇ the ĐlassiĐ                               

infinitesiŵal assuŵpƟons. 
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ϯ.ϯ. A ŵulƟgeŶic rethiŶkiŶg of adaptaƟoŶ 

 

BeĐause of the above liŵitaƟons, I propose that to aĐĐuratelǇ ŵake prediĐƟons of                         

populaƟon dǇnaŵiĐs, ǁe ŵove toǁards a ͞ŵulƟgeniĐ theorǇ of adaptaƟon͟  ;KirkpatriĐk et                       

al. ϮϬϬϮͿ . I use the terŵ ŵulƟgeniĐ to refer to those Đases ǁhere a finite, Ǉet large, nuŵber                                   

of geneƟĐ variants ǁith different effeĐt sizes deterŵines the fitness of an individual ;i.e.                           

polǇgeniĐ in the broad senseͿ. This is in order to disƟnguish it froŵ the Fisherian polǇgeniĐ                               

ŵodel ;in the striĐt sense, sǇnonǇŵous ǁith the infinitesiŵal ŵodelͿ that is heavilǇ loaded                           

ǁith the assuŵpƟons desĐribed above. Most of the extensive GWA literature Đited                       

throughout seĐƟon ϯ arguablǇ falls into this ĐategorǇ of ŵulƟgeniĐ trait arĐhiteĐture. In a                           

ŵulƟgeniĐ ŵodel of adaptaƟon, seleĐƟon is desĐribed ǁith a veĐtor of seleĐƟon ĐoeffiĐients                         

for all geneƟĐ variants involved in fitness. The distribuƟon of seleĐƟon ĐoeffiĐients Đan                           

folloǁ an exponenƟal distribuƟon, alloǁing soŵe geneƟĐ variants to have stronger effeĐts                       

than others  ;Exposito‑Alonso et al. ϮϬϭϴĐͿ . The linkage diseƋuilibriuŵ aŵong variants needs                       

to be taken into aĐĐount as ǁell, as Đo‑existenĐe of ŵulƟple benefiĐial ŵutaƟons in the saŵe                               

baĐkground ǁould generate highlǇ fit genotǇpes. This Đan be desĐribed bǇ a genoŵe                           

ŵatrix of the different genotǇpes in a populaƟon ǁhere alternaƟve and referenĐe alleles                           

at everǇ polǇŵorphiĐ site are Đoded as ‑ϭ and ϭ. The fitness of a genotǇpe ǁould be                                   

expressed as  , for a ŵulƟpliĐaƟĐaƟve ŵulƟgeniĐ seleĐƟon ŵodel                 

;Exposito‑Alonso & Nielsen,  unpublished Ϳ. This ŵodel overĐoŵes the assuŵpƟon of addiƟve                     

effeĐts on fitness, in favor of ŵulƟpliĐaƟve effeĐts  ;Wade et al. ϮϬϬϭͿ , and also alloǁs for a                                 

non‑geoŵetriĐ inĐrease in fitness ǁith adapƟve ŵutaƟons ;the terŵͿ. “eleĐƟon                     

ĐoeffiĐients and other neĐessarǇ paraŵeters Đan be esƟŵated froŵ seƋuenĐing individuals                     

of a populaƟon and ŵeasuring their fitness  ;Anderson et al. ϮϬϭϰ, PriĐe et al. ϮϬϭϴ,                             

Exposito‑Alonso et al. ϮϬϭϴĐͿ , or froŵ genoŵe‑ǁide allele freƋuenĐǇ Đhanges bǇ                     

re‑seƋuenĐing populaƟon that are evolving over ŵulƟple generaƟons  ;Iranŵehr et al. ϮϬϭϳͿ .                       

BeĐause of the above neĐessarǇ ĐoŵplexiƟes, it is not possible to direĐtlǇ derive eƋuaƟons                           

of the persistenĐe of a populaƟon as before. Hoǁever, differentlǇ froŵ ϮϬ th ‑ĐenturǇ                       

geneƟĐists, ǁe Đan use Đoŵputers to siŵulate populaƟons based on the above realisƟĐ                         

ŵulƟgeniĐ eƋuaƟons under a varietǇ of ĐondiƟons, in order to studǇ future trajeĐtories                         

;Messer ϮϬϭϯ, Thornton ϮϬϭϰͿ . Knoǁing that neǁ ŵutaƟons Đan arise in historiĐ Ɵŵes and                           

generate trait variaƟon, siŵulaƟons Đan inĐlude neǁ ŵutaƟons at a Đertain rate draǁn froŵ                           
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a Đertain probabilitǇ distribuƟon of fitness effeĐts  ;MarƟn and Lenorŵand ϮϬϬϲ,                     

Exposito‑Alonso et al. ϮϬϭϴĐͿ . Another direĐt advantage of Đoŵputer siŵulaƟons is that theǇ                         

Đan naturallǇ inĐorporate stoĐhasƟĐ proĐesses suĐh as deŵographiĐ driŌ bǇ saŵpling froŵ                       

staƟsƟĐal distribuƟons ;e.g. github.Đoŵ/MoisesExpositoAlonso/popgensiŵͿ. I foresee that             

the developŵent of suĐh a ŵulƟgeniĐ theorǇ and robust and flexible plaƞorŵs for                         

populaƟon geneƟĐ siŵulaƟons ǁill be a reƋuireŵent to integrate evoluƟonarǇ proĐesses to                       

prediĐt speĐies responses under Đliŵate Đhange  ;Fordhaŵ et al. ϮϬϭϰ, Urban et al. ϮϬϭϲͿ . 

 

ϰ. CoŶclusioŶ: The future of eco‑evoluƟoŶarǇ forecast 

 

MǇ ǁork shoǁĐases hoǁ evoluƟonarǇ geneƟĐs Đan help to address eĐologiĐal Đhallenges                       

that are beĐoŵing inĐreasinglǇ urgent in the Ϯϭ st ĐenturǇ. Using over ϭ,ϬϬϬ genoŵes and                           

produĐing the largest  A. thaliana fitness data resourĐe in field experiŵents to date, I have                             

been able to desĐribe general paƩerns of natural seleĐƟon along the genoŵe and their                           

interaĐƟon ǁith the environŵent  ;Exposito‑Alonso et al. ϮϬϭϴd, ϮϬϭϴĐͿ ; ĐontribuƟng to                     

inĐrease the knoǁledge on the genoŵiĐ basis of loĐal adaptaƟon  ;HanĐoĐk et al. ϮϬϭϭ,                           

Fournier‑Level et al. ϮϬϭϭͿ . MǇ thesis also substanƟallǇ Đontributes to solving the Đhallenge                         

of inĐorporaƟng evoluƟon into eĐologiĐal foreĐasƟng under Đliŵate Đhange. I ŵoved froŵ                       

the tǇpiĐal presenĐe/absenĐe ŵodeling of a speĐies’ geographiĐ distribuƟons  ;Guisan and                     

Thuiller ϮϬϬ5Ϳ to ŵodel the geographiĐ distribuƟon of geneƟĐ ŵutaƟons ǁithin a speĐies                         

;FitzpatriĐk and Keller ϮϬϭ5, Exposito‑Alonso et al. ϮϬϭϴdͿ , and ŵodeling the seleĐƟve                       

pressure iŵposed bǇ Đliŵate over loĐal geneƟĐ variants aĐross the speĐies’ range                       

;Exposito‑Alonso et al. ϮϬϭϴĐͿ . Apart froŵ the disĐussed ŵulƟgeniĐ theorǇ of adaptaƟon, I                         

think there are four Đentral teĐhnologiĐal advanĐeŵents that ǁill enable robust                     

eĐo‑evoluƟonarǇ prediĐƟons in the future: ;ϭͿ Use of stoĐhasƟĐ Đoŵputer siŵulaƟons to                       

further integrate non‑geneƟĐ biologiĐal ŵeĐhanisŵs of populaƟon dǇnaŵiĐs. ;ϮͿ Leverage                   

the prediĐƟve poǁer of ŵaĐhine learning. ;ϯͿ AĐƋuire large geneƟĐ and deŵographiĐ data                         

set for ŵanǇ speĐies. ;ϰͿ Use hierarĐhiĐal and netǁork approaĐhes to extend speĐies                         

prediĐƟons to eĐosǇsteŵiĐ responses. 
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The poǁer of stoĐhasƟĐ Đoŵputer siŵulaƟons is in the details. DifferentlǇ froŵ                       

analǇƟĐal soluƟons, siŵulaƟons Đan inĐrease in ĐoŵplexitǇ ǁith essenƟallǇ no further Đost                       

on ĐoŵputaƟonal resourĐes. For exaŵple, theǇ Đan easilǇ inĐorporate ŵigraƟon froŵ other                       

populaƟons that Đan ĐatalǇze loĐal adaptaƟon, given that ǁe have inforŵaƟon about                       

dispersal of the speĐies  ;BroƋuet and PeƟt ϮϬϬϵ, Aguilée et al. ϮϬϭ5, Al‑Asadi et al. ϮϬϭϴͿ , or                                 

even huŵan trade routes and soĐioeĐonoŵiĐ paraŵeters suĐh as iŵport/export of goods                       

betǁeen Đountries  ;“eebens et al. ϮϬϭ5Ϳ ;freelǇ‑available at ǁǁǁ.ǁorldbank.orgͿ. One Đan                     

also define realisƟĐ speĐies‑speĐifiĐ deŵographiĐ ŵodels that are largelǇ ignored in                     

analǇƟĐal populaƟon geneƟĐs, for exaŵple, dorŵant seed banks  ;“alguero‑Góŵez et al.                     

ϮϬϭ5Ϳ ;Charlesǁorth ϭϵϳϯͿ that reŵain in the soil and buffer geneƟĐ Đhanges over Ɵŵe, or                           

different reproduĐƟve sǇsteŵs suĐh as self‑ferƟlizing that deĐreases the effiĐienĐǇ of                     

seleĐƟon  ;Neher ϮϬϭϯͿ . While this eĐo‑evoluƟonarǇ siŵulaƟon fraŵeǁork Đould be verǇ                     

poǁerful in eĐologiĐal foreĐasƟng, it is not Ǉet ĐoŵŵonlǇ used  ;Guillauŵe and Rougeŵont                         

ϮϬϬϲ, BoĐedi et al. ϮϬϭϰ, Broǁn et al. ϮϬϭϲ, Rudŵan et al. ϮϬϭϴͿ . 

  

When large aŵounts of data are available, ŵaĐhine learning exĐels at data                       

integraƟon and prediĐƟon in Đoŵparison to ĐlassiĐ probabilisƟĐ staƟsƟĐs  ;Bzdok et al. ϮϬϭϴͿ .                         

This Đan be parƟĐularlǇ useful to define the starƟng paraŵeters of populaƟon siŵulaƟons. In                           

ŵǇ thesis, I used present assoĐiaƟons betǁeen Đliŵate variables and seleĐted features froŵ                         

a feǁ studǇ loĐaƟons, suĐh as presenĐe/absenĐe of geneƟĐ variants or relaƟve fitness of                           

genotǇpes, and extrapolated these properƟes on a spaƟal grid; and into the future. MaĐhine                           

learning has generated breakthroughs in the teĐhnologǇ industrǇ  ;Taigŵan et al. ϮϬϭϰ, “ilver                         

et al. ϮϬϭϲͿ , but perhaps due to the sŵall size of datasets, it has generallǇ being                               

underapplied in eĐologǇ and evoluƟon. The evoluƟon of populaƟons is soŵeƟŵes                     

Đonsidered stoĐhasƟĐ and/or ĐhaoƟĐ, ulƟŵatelǇ unprediĐtable  ;Erǁin ϮϬϬϲͿ . But soŵe                   

reĐent inspiring appliĐaƟons of ŵaĐhine learning and big data tells us differentlǇ  ;Lässig et al.                             

ϮϬϭϳ, RezniĐk and Travis ϮϬϭϴͿ . These inĐlude prediĐƟng speĐies interaĐƟons in ĐoŵŵuniƟes                       

;Desjardins‑Proulx et al. ϮϬϭϲͿ , prediĐƟng populaƟon groǁth and deĐline froŵ geneƟĐ                     

diversitǇ data  ;“Đhrider and Kern ϮϬϭϴͿ , or prediĐƟng evoluƟonarǇ trajeĐtories  ;Neher et al.                         

ϮϬϭϰ, Nosil et al. ϮϬϭϴ, Exposito‑Alonso et al. ϮϬϭϴĐͿ .  
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I think that four exponenƟallǇ iŵproving data aĐƋuisiƟon teĐhnologies ǁill be Đentral                       

in gathering suffiĐient inforŵaƟon on speĐies presenĐe and geneƟĐs in order to validate                         

prediĐƟve ŵodels. First, Đroǁd‑sourĐed data through phone apps alloǁ free, ĐiƟzen‑based,                     

ǁorldǁide ͞ǁatĐhes͟ of speĐies that aŵount to ŵillions of sighƟngs per Ǉear                       

;iNaturalist.org, i“potnature.org, eBird.orgͿ. This Đould alloǁ instant validaƟon of ŵodels for                     

short‑terŵ prediĐƟons of exƟnĐƟon of populaƟons or invasion risk. “hort‑terŵ prediĐƟons                     

ŵight aid iŵŵediate aĐƟons in ĐonservaƟon biologǇ  ;Dietze et al. ϮϬϭϴ, White et al. ϮϬϭϴͿ .                             

“eĐond, reŵote sensor‑based teĐhnologies ĐonƟnue to ŵake breakthroughs suĐh as the                     

digital reĐonstruĐƟons of the vegetaƟon in eĐosǇsteŵs and even their health status  ;Asner et                           

al. ϮϬϬϰ, ϮϬϬϵͿ , or the ŵonitoring of large nuŵbers of aniŵals  ;Kranstauber et al. ϮϬϭϭͿ .                             

Third, neǁ portable seƋuenĐing teĐhnologǇ ;suĐh as Oxford Nanopore, nanoporeteĐh.ĐoŵͿ                   

Đan Đontribute to the geneƟĐ ŵonitoring of populaƟons and speĐies  ;Parker et al. ϮϬϭϳͿ . This                             

approaĐh has suĐĐessfullǇ applied to traĐk outbreaks of Ebola, Flu, or )ika alŵost in real Ɵŵe                               

;nextstrain.orgͿ. HopefullǇ, this ǁill also beĐoŵe ǁidespread for aniŵal and plant                     

populaƟons. Forth, anĐient DNA teĐhnologǇ that enables seƋuenĐing of past populaƟons                     

;“hapiro and Hofreiter ϮϬϭϰ, Orlando et al. ϮϬϭ5Ϳ , alloǁs us to saŵple longer Ɵŵe series.                             

Coŵbining baĐkǁard‑in‑Ɵŵe speĐies prediĐƟons based on Đliŵate reĐords ǁith aDNA, one                     

Đan validate the hindĐast prediĐtabilitǇ of eĐo‑evoluƟonarǇ ŵodels to then applǇ theŵ to                         

long‑terŵ forǁard‑in‑Ɵŵe prediĐƟons ;i.e. foreĐasƟngͿ. Coŵprehensive Đliŵate datasets               

ǁas a keǇ to the suĐĐess of the Intergovernŵental Panel for Cliŵate Change. BiodiversitǇ                           

researĐhers are noǁ hoping for a boost in data produĐƟon folloǁing the foundaƟon of the                             

analog Intergovernŵental sĐienĐe‑poliĐǇ Plaƞorŵ on BiodiversitǇ and EĐosǇsteŵ “erviĐes in                   

ϮϬϭϮ ;IPBE“ hƩp://ǁǁǁ.ipbes.netͿ. 

 

UlƟŵatelǇ, ǁe ǁill need to foreĐast not a single speĐies, but enƟre eĐosǇsteŵs.                         

PrediĐƟng the intriĐate ŵeshes of a ŵǇriad of individuals and speĐies interaĐƟng is also                           

ŵuĐh ŵore Đoŵplex than prediĐƟng the overall eĐosǇsteŵ serviĐes and funĐƟons suĐh as                         

priŵarǇ produĐƟon  ;Neŵani et al. ϮϬϬϯ, Caŵpbell et al. ϮϬϭϳ, Bar‑On et al. ϮϬϭϴͿ . A                             

hierarĐhiĐal approaĐh based on our knoǁledge of eĐologiĐal netǁorks Đould ŵake a verǇ                         

posiƟve ĐontribuƟon. No ŵaƩer hoǁ ŵuĐh databases groǁ, is unlikelǇ that ǁe Đan ŵonitor                           

everǇ populaƟon of everǇ speĐies. BǇ building netǁorks of all speĐies in an eĐosǇsteŵ,                           

prediĐƟons Đould foĐus on keǇstone or indiĐator speĐies, ǁhiĐh ǁill drive the ŵajoritǇ of the                             
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netǁork ĐonneĐƟon  ;Leǁinsohn et al. ϮϬϬϲ, BasĐoŵpte et al. ϮϬϬϲ, TǇlianakis et al. ϮϬϬϴͿ .                           

OnĐe prediĐƟons are developed for heavilǇ ĐonneĐted speĐies or indiĐator speĐies, their                       

prediĐted presenĐe Đan serve as prediĐtors for other speĐies. Exaŵples of these speĐies                         

Đould be ŵajor eĐosǇsteŵ hub speĐies suĐh as the ŵost predoŵinant tree speĐies in a forest                               

;Iverson and Prasad ϭϵϵϴ, GedneǇ and Valdes ϮϬϬϬ, Laliberté and TǇlianakis ϮϬϭϬͿ , but also                           

speĐies flagged as endangered in the IUCN red list, as those are undergoing the earliest                             

iŵpaĐts and ŵight be good sensors  ;Dufrene and Legendre ϭϵϵϳͿ . 

  

BeĐause the rate of Đliŵate Đhange, speĐies exƟnĐƟon, and invasive speĐies spread                       

are not sloǁing doǁn  ;“eebens et al. ϮϬϭϳ, Broǁn and Caldeira ϮϬϭϳ, Warren et al. ϮϬϭϴͿ ,                               

ǁe ǁill have to beĐoŵe ŵuĐh beƩer at foreĐasƟng adaptaƟon and exƟnĐƟon of speĐies to                             

faĐe present and future global environŵental and eĐologiĐal Đhallenges. And ǁe ǁill. For the                           

good of both huŵankind and our planet Earth.  
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GlossarǇ  
 

aDNA techŶologǇ  A set of ŵoleĐular teĐhniƋues to retrieve, proĐess, and analǇze DNA seƋuenĐes                       
froŵ ŵuseuŵ speĐiŵens, arĐhaeologiĐal findings, fossil reŵains, and other                 
unusual sourĐes of DNA suĐh as sediŵents. 

Adŵiǆture  The proĐess of outĐrossing of different genotǇpes froŵ tǁo or ŵore disƟnĐt                       
populaƟons.  

Architecture, Trait  Also geneƟĐ arĐhiteĐture. It refers to the nuŵber of genes or alleles involved in                           
deterŵining the trait, the distribuƟon of effeĐts or ĐontribuƟons to the trait,                       
and the relaƟonships of addiƟvitǇ, doŵinanĐe and/or epistasis aŵong the                   
involved variants. 

PolǇgeŶic, Trait  A trait, tǇpiĐallǇ ĐonƟnuous, that is deterŵined bǇ sŵall effeĐts of ŵanǇ                       
geneƟĐ variants throughout the genoŵe. Also Đalled Đoŵplex or ƋuanƟtaƟve                   
trait. A Fisherian polǇgeniĐ trait assuŵes an infinite nuŵber of geneƟĐ                     
variants underlǇing the trait. Contrast: ŵonogeniĐ ;MendelianͿ or oligogeniĐ                 
trait, that is deterŵined bǇ a one or a feǁ geneƟĐ variants, respeĐƟvelǇ. 

BoƩleŶeck  The sudden reduĐƟon of a populaƟon size, ǁhiĐh has an assoĐiated inĐrease in                         
geneƟĐ driŌ. When related to a ŵigraƟon, it is Đalled founder effeĐt. 

DiversitǇ, GeŶeƟc  The nuŵber of geneƟĐ variants in a populaƟon. In its striĐt sense, the average                           
probabilitǇ that a site differs in tǁo randoŵlǇ saŵpled genoŵes. 

DiversitǇ, Neutral  
 

The nuŵber of geneƟĐ variants in a populaƟon that are not under natural                         
seleĐƟon. “ǇnonǇŵ ŵutaƟons, ǁhiĐh do not generate protein Đhanges, are                   
tǇpiĐallǇ Đonsidered approxiŵatelǇ neutral. 

Eco‑evoluƟoŶarǇ 
dǇŶaŵics 

A terŵ that generallǇ refers to the interplaǇ betǁeen eĐologǇ and evoluƟon.                       
For exaŵple, a Đhange in environŵent or eĐologiĐal Đontext Đan Đause a                       
Đhange in the populaƟon ŵean of a trait and ĐonseƋuentlǇ the freƋuenĐǇ of                         
the underlǇing Đausal alleles. On the other hand, the rise of neǁ ŵutaƟons,                         
Đan Đhange eĐologiĐal relaƟonships, e.g. ǁhen a populaƟon of Đoŵŵensal                   
inseĐts in a plant beĐoŵes parasiƟĐ. 

ENM  Environŵental NiĐhe Model. An environŵental niĐhe is an n‑diŵensional                 
spaĐe that a speĐies oĐĐupies. It is tǇpiĐallǇ related to abioƟĐ environŵents                       
suĐh as annual preĐipitaƟon, but potenƟallǇ Đould be extended to bioƟĐ                     
environŵents, e.g. the niĐhe ǁould be all those spaĐes ǁhere another                     
speĐies alreadǇ exists. The niĐhes are tǇpiĐallǇ ŵodeled using deĐision trees. 

EvapotraŶspiraƟoŶ  The proĐess bǇ ǁhiĐh ǁater is transferred froŵ Earth’s land to the                       
atŵosphere, both through transpiraƟon of plants and direĐt evaporaƟon.                 
PotenƟal evapotranspiraƟon is high ǁhen the teŵperature is high; aĐtual                   
evapotranspiraƟon has an upper liŵit iŵposed bǇ ǁater availabilitǇ. When                   
the potenƟal is higher than the aĐtual evapotranspiraƟon, the soil dries out. 

EvoluƟoŶ, 
DarǁiŶiaŶ 

Neǁ speĐies originate bǇ desĐent ǁith variabilitǇ and bǇ natural seleĐƟon,                     
ǁhiĐh is the proĐess ǁherebǇ soŵe of the offspring are beƩer adapted to                         
their environŵent and tend to survive and produĐe, in turn, ŵore offspring                       
;Darǁin ϭϴ5ϵͿ. Also referred to Darǁinisŵ. 

EvoluƟoŶ, ModerŶ 
“ǇŶthesis of 

IntegraƟon of Darǁinisŵ and Mendel’s laǁs of inheritanĐe lead bǇ E. MaǇr, G.                         
L. “tebbins and T. DobzhanskǇ in the seĐond half of ϮϬ th ĐenturǇ. It is based                             
on the ŵatheŵaƟĐal breakthroughs of ƋuanƟtaƟve and populaƟon geneƟĐs                 
in the earlǇ ϮϬ th  ĐenturǇ bǇ R. A. Fisher, “. Wright, and J. B. “. Haldane.  

FiǆaƟoŶ  “aid of a ŵutaƟon ǁhen it reaĐhes ϭϬϬ% of freƋuenĐǇ in the populaƟon. 
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GeŶealogǇ   A representaƟon of anĐestral ĐonneĐƟons betǁeen tǁo or ŵore geneƟĐ                   
seƋuenĐes. TǇpiĐallǇ Đalled phǇlogenǇ ǁhen represenƟng speĐies             
ĐonneĐƟons. Also Đalled tree in the broad sense. 

GeŶeƟc driŌ  A proĐess ǁherebǇ a populaƟon experienĐes Đhanges in allele freƋuenĐies just                     
due to randoŵ saŵpling error during reproduĐƟon, ǁhiĐh inĐreases ǁith                   
sŵaller nuŵbers. For exaŵple, if a populaƟon Đonsists onlǇ of tǁo                     
herŵaphrodite individuals that produĐe onlǇ tǁo offspring, there is a Ϭ.5ϲ                     
ĐhanĐe that a ŵutaƟon present as one ĐopǇ in one of the parents is lost. If                               
theǇ produĐe ϭϬϬ offspring, there is onlǇ a ϭϬ ‑ϭϯ ĐhanĐe that none of the                           
progenǇ ǁill inherit that ŵutaƟon. 

GWA   Genoŵe‑Wide AssoĐiaƟon.  Most ĐoŵŵonlǇ, a linear ;fixed or ŵixedͿ ŵodel is                       
used to esƟŵate the effeĐt that a variant has on a trait of a populaƟon of                               
genotǇped individuals. 

HeritaďilitǇ  The proporƟon or perĐentage of differenĐes in a trait betǁeen the individuals                       
of a populaƟon that Đan be explained bǇ their geneƟĐ differenĐes.  

IsolaƟoŶ ďǇ 
distaŶce 

An eŵerging geographiĐ and geneƟĐ paƩern of populaƟons that ŵigrate and                     
progressivelǇ beĐoŵe differenƟated froŵ eaĐh other in their geneƟĐ                 
ŵakeup. The ŵore geographiĐallǇ separated, the ŵore geneƟĐallǇ disƟnĐt                 
are tǁo randoŵlǇ piĐked individuals. 

K Ŷ /K s  raƟo  Also knoǁn as K a /K s  or d N /d “ . MetriĐ of a genoŵe or a region ǁithin a                             
genoŵe suĐh as a gene. The raƟo betǁeen the nonsǇnonǇŵous to                     
sǇnonǇŵous subsƟtuƟons, i.e. those that generate a protein Đhange and that                     
ŵight be subjeĐt to natural seleĐƟon, and those that do not and are                         
Đonsidered Ƌuasi‑neutral. When K n /K s eƋuals ϭ, seƋuenĐes evolve onlǇ bǇ                   
the influenĐe of geneƟĐ driŌ. When >ϭ onlǇ oĐĐurs ǁhen posiƟve seleĐƟon is                         
verǇ strong and adaptaƟon is not ŵutaƟon liŵited. Most studied speĐies                     
have K n /K s <ϭ; on average nonsǇnonǇŵous ŵutaƟons are under purifǇing                   
seleĐƟon. 

LD  Linkage DiseƋuilibriuŵ. LD is the nonrandoŵ assoĐiaƟon of alleles at tǁo or                       
ŵore loĐi. In other ǁords, tǁo ŵutaƟons are in LD ǁhen theǇ are both ŵore                             
likelǇ to be found together in soŵe individuals, and viĐe versa, both ŵissing                         
in other individuals. It Đan be ŵeasured as the ĐorrelaƟon betǁeen the                       
presenĐe of tǁo ŵutaƟons in the genoŵe in a populaƟon. Contrast: Linkage                       
EƋuilibriuŵ. 

N e  EffeĐƟve populaƟon size. In populaƟon geneƟĐs, ŵost ŵodels assuŵe an 
idealized populaƟon ǁhere individuals randoŵlǇ ŵate, populaƟon size is 
Đonstant, and generaƟons are non‑overlapping. “oŵeƟŵes also Đalled a 
Wright‑Fisher or HardǇ‑Weinberg populaƟon. N e  represents the size of the 
populaƟon in suĐh an idealized populaƟon ǁhose driŌ‑ and seleĐƟon‑driven 
allele freƋuenĐǇ dǇnaŵiĐs are eƋuivalent as the real populaƟon, ǁhiĐh 
violates soŵe of the above assuŵpƟons and has oŌen a verǇ different Đensus 
size. For exaŵple, the ǁorld Đensus size of  Arabidopsis thaliana  ǁould be 
ŵuĐh larger than the effeĐƟve populaƟon size, beĐause the speĐies has 
suffered populaƟon boƩleneĐks and expansions, beĐause it onlǇ Ϯ% of the 
ŵaƟngs are betǁeen different individuals, and beĐause the soil seed banks 
generate overlapping populaƟons. 

PopulaƟoŶ, Relict   PopulaƟons of a speĐies that survived last glaĐial era ;ϭϭ5,ϬϬϬ – ϭϭ,ϳϬϬ Ǉears                         
agoͿ. 

 

PopulaƟoŶ, Edge   Also Đalled ŵarginal populaƟons. PopulaƟons of a speĐies at the peripherǇ of                       
its geographiĐ distribuƟon. Contrast: populaƟons at the Đenter or Đore                   
populaƟons. 

 

5Ϯ 



 

Rate, MutaƟoŶ  The rate of repliĐaƟon error of the DNA of an organisŵ found in the gaŵetes                             
that give rise to the offspring. 

Rate, “uďsƟtuƟoŶ   The observed rate of ŵutaƟon aŌer driŌ and seleĐƟon forĐes have aĐted upon                         
ŵutaƟons. In its striĐt sense, is the rate of ŵutaƟons that beĐoŵe fixed in a                             
speĐies. 

“elecƟoŶ, Natural 
 
 

The proĐess ǁherebǇ the individuals best adapted to an environŵent survive                     
and reproduĐe the ŵost, so that their geneƟĐ variants are passed on in a                           
larger proporƟon than those non‑adapted individuals. Those geneƟĐ variants                 
that are favored are said to be under posiƟve seleĐƟon, those that are                         
disfavored are under negaƟve, also Đalled purifǇing, seleĐƟon. The laƩer is                     
thought to be aĐƟng ĐonƟnuouslǇ in ŵanǇ of the spontaneous neǁ                     
ŵutaƟons are detriŵental. 

“elecƟoŶ, 
CoefficieŶt  

The ƋuanƟfiĐaƟon of natural seleĐƟon over a geneƟĐ variant. Expressed as a                       
fraĐƟon or perĐentage of relaƟve fitness advantage or disadvantage ǁith                   
respeĐt to a referenĐe. The referenĐe has unit one and is taken as either the                             
fiƩest individual or the average individual in a populaƟon. 

“NP  “ingle NuĐleoƟde PolǇŵorphisŵ. GeneƟĐ polǇŵorphisŵ or variant at a speĐifiĐ                   
posiƟon in the genoŵe. ManǇ Ɵŵes bialleliĐ ;parƟĐularlǇ for GWAͿ, in ǁhiĐh                       
Đase one allele is Đonsidered the referenĐe and the other the alternaƟve. 

 
 
 
   

 

5ϯ 



 

RefereŶces 
 

ϭϬϬϭ Genoŵes ConsorƟuŵ. ϮϬϭϲ. ϭ,ϭϯ5 Genoŵes Reveal the Global PaƩern of PolǇŵorphisŵ in 
Arabidopsis thaliana . Cell ϭϲϲ:ϰϴϭ–ϰϵϭ. 

AbasĐal, F., A. Corvelo, F. Cruz, J. L. Villanueva‑Cañas, A. Vlasova, M. MarĐet‑Houben, B. 
Marơnez‑Cruz, J. Y. Cheng, P. Prieto, V. Quesada, J. Quilez, G. Li, F. GarĐía, M. Rubio‑Caŵarillo, L. 
Frias, P. RibeĐa, “. Capella‑GuƟérrez, J. M. Rodríguez, F. Cąŵara, E. LoǁǇ, L. Cozzuto, I. Erb, M. L. 
Tress, J. L. Rodriguez‑Ales, J. Ruiz‑Orera, F. Reverter, M. Casas‑MarĐe, L. “oriano, J. R. Arango, “. 
Derdak, B. Galán, J. BlanĐ, M. Gut, B. Lorente‑Galdos, M. Andrés‑Nieto, C. López‑Oơn, A. 
ValenĐia, I. Gut, J. L. GarĐía, R. Guigó, W. J. MurphǇ, A. Ruiz‑Herrera, T. MarƋues‑Bonet, G. Roŵa, 
C. Notredaŵe, T. Mailund, M. M. Albă, T. Gabaldón, T. Alioto, and J. A. GodoǇ. ϮϬϭϲ. Extreŵe 
genoŵiĐ erosion aŌer reĐurrent deŵographiĐ boƩleneĐks in the highlǇ endangered Iberian lǇnx. 
Genoŵe BiologǇ ϭϳ:Ϯ5ϭ. 

Aguilée, R., P. de Villeŵereuil, and J.‑M. Guillon. ϮϬϭ5. Dispersal evoluƟon and resourĐe ŵatĐhing in a 
spaƟallǇ and teŵporallǇ variable environŵent. Journal of TheoreƟĐal BiologǇ ϯϳϬ:ϭϴϰ–ϭϵϲ. 

Aitken, “. N., and M. C. WhitloĐk. ϮϬϭϯ. Assisted Gene Floǁ to FaĐilitate LoĐal AdaptaƟon to Cliŵate 
Change. Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϰϰ:ϯϲϳ–ϯϴϴ. 

Al‑Asadi, H., D. Petkova, M. “tephens, and J. Noveŵbre. ϮϬϭϴ, JulǇ ϵ. EsƟŵaƟng reĐent ŵigraƟon and 
populaƟon size surfaĐes. 

Anderson, J. T., C.‑R. Lee, and T. MitĐhell‑Olds. ϮϬϭϰ. “trong seleĐƟon genoŵe‑ǁide enhanĐes fitness 
trade‑offs aĐross environŵents and episodes of seleĐƟon. EvoluƟon ϲϴ:ϭϲ–ϯϭ. 

Arabidopsis Genoŵe IniƟaƟve. ϮϬϬϬ. AnalǇsis of the genoŵe seƋuenĐe of the floǁering plant 
Arabidopsis thaliana . Nature ϰϬϴ:ϳϵϲ–ϴϭ5. 

Araújo, M. B., R. G. Pearson, W. Thuiller, and M. Erhard. ϮϬϬ5. ValidaƟon of speĐies–Đliŵate iŵpaĐt 
ŵodels under Đliŵate Đhange. Global Change BiologǇ ϭϭ:ϭ5Ϭϰ–ϭ5ϭϯ. 

Araújo, M. B., and C. Rahbek. ϮϬϬϲ. Hoǁ does Đliŵate Đhange affeĐt biodiversitǇ? “ĐienĐe 
ϯϭϯ:ϭϯϵϲ–ϭϯϵϳ. 

Araújo, M. B., and P. H. Williaŵs. ϮϬϬϬ. “eleĐƟng areas for speĐies persistenĐe using oĐĐurrenĐe data. 
BiologiĐal ConservaƟon ϵϲ:ϯϯϭ–ϯϰ5. 

Asner, G. P., D. E. Knapp, A. Balaji, and G. Paez‑AĐosta. ϮϬϬϵ. Autoŵated ŵapping of tropiĐal 
deforestaƟon and forest degradaƟon: CLA“lite. Journal of Applied Reŵote “ensing ϯ:Ϭϯϯ5ϰϯ. 

Asner, G. P., D. Nepstad, G. Cardinot, and D. RaǇ. ϮϬϬϰ. Drought stress and Đarbon uptake in an 
Aŵazon forest ŵeasured ǁith spaĐeborne iŵaging speĐtrosĐopǇ. ProĐeedings of the NaƟonal 
AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa ϭϬϭ:ϲϬϯϵ–ϲϬϰϰ. 

Atǁell, “., Y. “. Huang, B. J. Vilhjálŵsson, G. Willeŵs, M. Horton, Y. Li, D. Meng, A. PlaƩ, A. M. Tarone, 
T. T. Hu, R. Jiang, N. W. MuliǇaƟ, X. )hang, M. A. Aŵer, I. Baxter, B. BraĐhi, J. ChorǇ, C. Dean, M. 
Debieu, J. de Meaux, J. R. EĐker, N. Faure, J. M. Kniskern, J. D. G. Jones, T. MiĐhael, A. Neŵri, F. 
Roux, D. E. “alt, C. Tang, M. TodesĐo, M. B. Traǁ, D. Weigel, P. Marjoraŵ, J. O. Borevitz, J. 
Bergelson, and M. Nordborg. ϮϬϭϬ. Genoŵe‑ǁide assoĐiaƟon studǇ of ϭϬϳ phenotǇpes in 
Arabidopsis thaliana  inbred lines. Nature ϰϲ5:ϲϮϳ–ϲϯϭ. 

Baker, H. G. ϭϵϲ5. CharaĐterisƟĐs and ŵodes of origin of ǁeeds. Pages ϭϰϳ–ϭϳϮ  in  H. G. Baker and G. 
L. “tebbins, editors. The GeneƟĐs of Colonizing “peĐies. AĐadeŵiĐ Press InĐ., NY. 

Baker, H. G., and G. L. “tebbins, editors. ϭϵϲ5. The GeneƟĐs of Colonizing “peĐies: ProĐeedings of the 
First InternaƟonal Union of BiologiĐal “ĐienĐes “Ǉŵposia on General BiologǇ. First EdiƟon. 

 

5ϰ 

http://paperpile.com/b/n0dfJj/6hVF
http://paperpile.com/b/n0dfJj/6hVF
http://paperpile.com/b/n0dfJj/6hVF
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/vXMd
http://paperpile.com/b/n0dfJj/nyi0p
http://paperpile.com/b/n0dfJj/nyi0p
http://paperpile.com/b/n0dfJj/fRfhr
http://paperpile.com/b/n0dfJj/fRfhr
http://paperpile.com/b/n0dfJj/GliQS
http://paperpile.com/b/n0dfJj/GliQS
http://paperpile.com/b/n0dfJj/fpdcf
http://paperpile.com/b/n0dfJj/fpdcf
http://paperpile.com/b/n0dfJj/jk0mR
http://paperpile.com/b/n0dfJj/jk0mR
http://paperpile.com/b/n0dfJj/jk0mR
http://paperpile.com/b/n0dfJj/yHzAl
http://paperpile.com/b/n0dfJj/yHzAl
http://paperpile.com/b/n0dfJj/TnEII
http://paperpile.com/b/n0dfJj/TnEII
http://paperpile.com/b/n0dfJj/mrG4
http://paperpile.com/b/n0dfJj/mrG4
http://paperpile.com/b/n0dfJj/QOahz
http://paperpile.com/b/n0dfJj/QOahz
http://paperpile.com/b/n0dfJj/UzonK
http://paperpile.com/b/n0dfJj/UzonK
http://paperpile.com/b/n0dfJj/UzonK
http://paperpile.com/b/n0dfJj/1RDKU
http://paperpile.com/b/n0dfJj/1RDKU
http://paperpile.com/b/n0dfJj/1RDKU
http://paperpile.com/b/n0dfJj/1RDKU
http://paperpile.com/b/n0dfJj/1RDKU
http://paperpile.com/b/n0dfJj/1RDKU
http://paperpile.com/b/n0dfJj/1RDKU
http://paperpile.com/b/n0dfJj/AbgCe
http://paperpile.com/b/n0dfJj/AbgCe
http://paperpile.com/b/n0dfJj/AbgCe
http://paperpile.com/b/n0dfJj/AbgCe
http://paperpile.com/b/n0dfJj/PVtZ
http://paperpile.com/b/n0dfJj/PVtZ


 

AĐadeŵiĐ Press InĐ. 
Barbet‑Massin, M., Q. Roŵe, C. Villeŵant, and F. CourĐhaŵp. ϮϬϭϴ. Can speĐies distribuƟon ŵodels 

reallǇ prediĐt the expansion of invasive speĐies? Plo“ One ϭϯ:eϬϭϵϯϬϴ5. 
Bar‑On, Y. M., R. Phillips, and R. Milo. ϮϬϭϴ. The bioŵass distribuƟon on Earth. ProĐeedings of the 

NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa:ϮϬϭϳϭϭϴϰϮ. 
BarreƩ, R. D. H., and D. “Đhluter. ϮϬϬϴ. AdaptaƟon froŵ standing geneƟĐ variaƟon. Trends in EĐologǇ 

& EvoluƟon Ϯϯ:ϯϴ–ϰϰ. 
BarriĐk, J. E., D. “. Yu, “. H. Yoon, H. Jeong, T. K. Oh, D. “Đhneider, R. E. Lenski, and J. F. Kiŵ. ϮϬϬϵ. 

Genoŵe evoluƟon and adaptaƟon in a long‑terŵ experiŵent ǁith  Escherichia coli . Nature 
ϰϲϭ:ϭϮϰϯ–ϭϮϰϳ. 

Bartoli, C., and F. Roux. ϮϬϭϳ. Genoŵe‑Wide AssoĐiaƟon “tudies In Plant PathosǇsteŵs: Toǁard an 
EĐologiĐal GenoŵiĐs ApproaĐh. FronƟers in Plant “ĐienĐe ϴ:ϳϲϯ. 

BasĐoŵpte, J., P. Jordano, and J. M. Olesen. ϮϬϬϲ. AsǇŵŵetriĐ ĐoevoluƟonarǇ netǁorks faĐilitate 
biodiversitǇ ŵaintenanĐe. “ĐienĐe ϯϭϮ:ϰϯϭ–ϰϯϯ. 

BaǇ, R. A., R. J. Harrigan, V. Le Underǁood, H. Lisle Gibbs, T. B. “ŵith, and K. Ruegg. ϮϬϭϴ. GenoŵiĐ 
signals of seleĐƟon prediĐt Đliŵate‑driven populaƟon deĐlines in a ŵigratorǇ bird. “ĐienĐe 
ϯ5ϵ:ϴϯ–ϴϲ. 

BaǇ, R. A., N. Rose, R. BarreƩ, L. BernatĐhez, C. K. Ghalaŵbor, J. R. LaskǇ, R. B. Breŵ, “. R. Paluŵbi, 
and P. Ralph. ϮϬϭϳ. PrediĐƟng Responses to ConteŵporarǇ Environŵental Change Using 
EvoluƟonarǇ Response ArĐhiteĐtures. The AŵeriĐan Naturalist ϭϴϵ:ϰϲϯ–ϰϳϯ. 

Bell, G. ϮϬϭϳ. EvoluƟonarǇ ResĐue. Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs 
ϰϴ:ϲϬ5–ϲϮϳ. 

Bergelson, J., and F. Roux. ϮϬϭϬ. Toǁards idenƟfǇing genes underlǇing eĐologiĐallǇ relevant traits in 
Arabidopsis thaliana . Nature revieǁs. GeneƟĐs ϭϭ:ϴϲϳ–ϴϳϵ. 

Berg, J. J., and G. Coop. ϮϬϭϰ. A PopulaƟon GeneƟĐ “ignal of PolǇgeniĐ AdaptaƟon. PLo“ GeneƟĐs 
ϭϬ:eϭϬϬϰϰϭϮ–eϭϬϬϰϰϭϮ. 

Bergland, A. O., E. L. Behrŵan, K. R. O’Brien, P. “. “Đhŵidt, and D. A. Petrov. ϮϬϭϰ. GenoŵiĐ evidenĐe 
of rapid and stable adapƟve osĐillaƟons over seasonal Ɵŵe sĐales in Drosophila. PLo“ GeneƟĐs 
ϭϬ:eϭϬϬϰϳϳ5. 

BoĐedi, G., “. C. F. Palŵer, G. Pe’er, R. K. Heikkinen, Y. G. Matsinos, K. WaƩs, and J. M. J. Travis. ϮϬϭϰ. 
Range“hiŌer: a plaƞorŵ for ŵodeling spaƟal eĐo‑evoluƟonarǇ dǇnaŵiĐs and speĐies’ responses 
to environŵental Đhanges. Methods in EĐologǇ and EvoluƟon / BriƟsh EĐologiĐal “oĐietǇ 
5:ϯϴϴ–ϯϵϲ. 

Booker, T. R., B. C. JaĐkson, and P. D. KeightleǇ. ϮϬϭϳ. DeteĐƟng posiƟve seleĐƟon in the genoŵe. BMC 
BiologǇ ϭ5:ϵϴ. 

Bosse, M., L. G. “purgin, V. N. Laine, E. F. Cole, J. A. Firth, P. Gienapp, A. G. Gosler, K. MĐMahon, J. 
Poissant, I. Verhagen, M. A. M. Groenen, K. van Oers, B. C. “heldon, M. E. Visser, and J. “late. 
ϮϬϭϳ. ReĐent natural seleĐƟon Đauses adapƟve evoluƟon of an avian polǇgeniĐ trait. “ĐienĐe 
ϯ5ϴ:ϯϲ5–ϯϲϴ. 

Bourgeois, Y. X. C., B. Delahaie, M. GauƟer, E. Lhuillier, P.‑J. G. Malé, J. A. M. Bertrand, J. Cornuault, K. 
Wakaŵatsu, O. BouĐhez, C. Mould, J. Bruxaux, H. Holota, B. Milá, and C. Thébaud. ϮϬϭϳ. A novel 
loĐus on Đhroŵosoŵe ϭ underlies the evoluƟon of a ŵelaniĐ pluŵage polǇŵorphisŵ in a ǁild 
songbird. RoǇal “oĐietǇ Open “ĐienĐe ϰ:ϭϲϬϴϬ5. 

Bouzid, M., F. He, G. “Đhŵitz, R. Haeusler, A. Weber, T. MeƩler, and J. de Meaux. ϮϬϭϴ, June ϴ. 
Arabidopsis speĐies deploǇ disƟnĐt strategies to Đope ǁith drought stress. 

BoǇle, E. A., Y. I. Li, and J. K. PritĐhard. ϮϬϭϳ. An Expanded Vieǁ of Coŵplex Traits: Froŵ PolǇgeniĐ to 

 

55 

http://paperpile.com/b/n0dfJj/PVtZ
http://paperpile.com/b/n0dfJj/vhYO1
http://paperpile.com/b/n0dfJj/vhYO1
http://paperpile.com/b/n0dfJj/K7qg6
http://paperpile.com/b/n0dfJj/K7qg6
http://paperpile.com/b/n0dfJj/DfMGh
http://paperpile.com/b/n0dfJj/DfMGh
http://paperpile.com/b/n0dfJj/B2pkY
http://paperpile.com/b/n0dfJj/B2pkY
http://paperpile.com/b/n0dfJj/B2pkY
http://paperpile.com/b/n0dfJj/B2pkY
http://paperpile.com/b/n0dfJj/B2pkY
http://paperpile.com/b/n0dfJj/tBv9E
http://paperpile.com/b/n0dfJj/tBv9E
http://paperpile.com/b/n0dfJj/F3EOT
http://paperpile.com/b/n0dfJj/F3EOT
http://paperpile.com/b/n0dfJj/UK2O0
http://paperpile.com/b/n0dfJj/UK2O0
http://paperpile.com/b/n0dfJj/UK2O0
http://paperpile.com/b/n0dfJj/0QjBU
http://paperpile.com/b/n0dfJj/0QjBU
http://paperpile.com/b/n0dfJj/0QjBU
http://paperpile.com/b/n0dfJj/4dnx1
http://paperpile.com/b/n0dfJj/4dnx1
http://paperpile.com/b/n0dfJj/URnE4
http://paperpile.com/b/n0dfJj/URnE4
http://paperpile.com/b/n0dfJj/URnE4
http://paperpile.com/b/n0dfJj/5n3qG
http://paperpile.com/b/n0dfJj/5n3qG
http://paperpile.com/b/n0dfJj/lMfkJ
http://paperpile.com/b/n0dfJj/lMfkJ
http://paperpile.com/b/n0dfJj/lMfkJ
http://paperpile.com/b/n0dfJj/K0Fcp
http://paperpile.com/b/n0dfJj/K0Fcp
http://paperpile.com/b/n0dfJj/K0Fcp
http://paperpile.com/b/n0dfJj/K0Fcp
http://paperpile.com/b/n0dfJj/A0gfY
http://paperpile.com/b/n0dfJj/A0gfY
http://paperpile.com/b/n0dfJj/45LLe
http://paperpile.com/b/n0dfJj/45LLe
http://paperpile.com/b/n0dfJj/45LLe
http://paperpile.com/b/n0dfJj/45LLe
http://paperpile.com/b/n0dfJj/9t48M
http://paperpile.com/b/n0dfJj/9t48M
http://paperpile.com/b/n0dfJj/9t48M
http://paperpile.com/b/n0dfJj/9t48M
http://paperpile.com/b/n0dfJj/ZdJ9D
http://paperpile.com/b/n0dfJj/ZdJ9D
http://paperpile.com/b/n0dfJj/PKFEN


 

OŵnigeniĐ. Cell ϭϲϵ:ϭϭϳϳ–ϭϭϴϲ. 
Brennan, A. C., B. Méndez‑Vigo, A. Haddioui, J. M. Marơnez‑)apater, F. X. PiĐó, and C. Alonso‑BlanĐo. 

ϮϬϭϰ. The geneƟĐ struĐture of  Arabidopsis thaliana  in the south‑ǁestern Mediterranean range 
reveals a shared historǇ betǁeen North AfriĐa and southern Europe. BMC Plant BiologǇ ϭϰ:ϭϳ. 

Bridle, J. R., and T. H. Vines. ϮϬϬϳ. Liŵits to evoluƟon at range ŵargins: ǁhen and ǁhǇ does 
adaptaƟon fail? Trends in EĐologǇ & EvoluƟon ϮϮ:ϭϰϬ–ϭϰϳ. 

BroƋuet, T., and E. J. PeƟt. ϮϬϬϵ. MoleĐular EsƟŵaƟon of Dispersal for EĐologǇ and PopulaƟon 
GeneƟĐs. Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϰϬ:ϭϵϯ–Ϯϭϲ. 

Broǁn, J. L., J. J. Weber, D. F. Alvarado‑“errano, M. J. HiĐkerson, “. J. Franks, and A. C. Carnaval. ϮϬϭϲ. 
PrediĐƟng the geneƟĐ ĐonseƋuenĐes of future Đliŵate Đhange: The poǁer of Đoupling spaƟal 
deŵographǇ, the ĐoalesĐent, and historiĐal landsĐape Đhanges. AŵeriĐan Journal of BotanǇ 
ϭϬϯ:ϭ5ϯ–ϭϲϯ. 

Broǁn, P. T., and K. Caldeira. ϮϬϭϳ. Greater future global ǁarŵing inferred froŵ Earth’s reĐent energǇ 
budget. Nature 55Ϯ:ϰ5–5Ϭ. 

Burghardt, L. T., N. D. Young, and P. Tiffin. ϮϬϭϳ. A Guide to Genoŵe‑Wide AssoĐiaƟon Mapping in 
Plants. Current ProtoĐols in Plant BiologǇ:ϮϮ–ϯϴ. 

Burke, M. K., J. P. Dunhaŵ, P. “hahrestani, K. R. Thornton, M. R. Rose, and A. D. Long. ϮϬϭϬ. 
Genoŵe‑ǁide analǇsis of a long‑terŵ evoluƟon experiŵent ǁith Drosophila. Nature 
ϰϲϳ:5ϴϳ–5ϵϬ. 

Bzdok, D., N. Altŵan, and M. KrzǇǁinski. ϮϬϭϴ. “taƟsƟĐs versus ŵaĐhine learning. Nature Methods 
ϭ5:Ϯϯϯ. 

Caŵpbell, J. E., J. A. BerrǇ, U. “eibt, “. J. “ŵith, “. A. Montzka, T. Launois, “. Belviso, L. Bopp, and M. 
Laine. ϮϬϭϳ. Large historiĐal groǁth in global terrestrial gross priŵarǇ produĐƟon. Nature 
5ϰϰ:ϴϰ–ϴϳ. 

Carlborg, O., L. JaĐobsson, P. Ahgren, P. “iegel, and L. Andersson. ϮϬϬϲ. Epistasis and the release of 
geneƟĐ variaƟon during long‑terŵ seleĐƟon. Nature GeneƟĐs ϯϴ:ϰϭϴ–ϰϮϬ. 

Catullo, R. A., “. Ferrier, and A. A. Hoffŵann. ϮϬϭ5. Extending spaƟal ŵodeling of Đliŵate Đhange 
responses beǇond the realized niĐhe: esƟŵaƟng, and aĐĐoŵŵodaƟng, phǇsiologiĐal liŵits and 
adapƟve evoluƟon. Global EĐologǇ and BiogeographǇ: a Journal of MaĐroeĐologǇ Ϯϰ:ϭϭϵϮ–ϭϮϬϮ. 

Charlesǁorth, B. ϭϵϳϯ. “eleĐƟon in PopulaƟons ǁith Overlapping GeneraƟons. V. Natural “eleĐƟon 
and Life Histories. The AŵeriĐan Naturalist ϭϬϳ:ϯϬϯ–ϯϭϭ. 

Charlesǁorth, B., and D. Charlesǁorth. ϮϬϭϬ. Eleŵents of EvoluƟonarǇ GeneƟĐs. Roberts and 
CoŵpanǇ Publishers. 

Clarke, C. A., G. “. Mani, and G. WǇnne. ϭϵϴ5. EvoluƟon in reverse: Đlean air and the peppered ŵoth. 
BiologiĐal Journal of the Linnean “oĐietǇ. Linnean “oĐietǇ of London Ϯϲ:ϭϴϵ–ϭϵϵ. 

Clausen, J., D. D. KeĐk, and W. M. HieseǇ. ϭϵϰϭ. Regional DifferenƟaƟon in Plant “peĐies. The 
AŵeriĐan Naturalist ϳ5:Ϯϯϭ–Ϯ5Ϭ. 

Colauƫ, R. I., J. M. Alexander, K. M. DlugosĐh, “. R. Keller, and “. E. “ultan. ϮϬϭϳ. Invasions and 
exƟnĐƟons through the looking glass of evoluƟonarǇ eĐologǇ. PhilosophiĐal TransaĐƟons of the 
RoǇal “oĐietǇ of London. “eries B, BiologiĐal “ĐienĐes ϯϳϮ:ϮϬϭϲϬϬϯϭ. 

Colosiŵo, P. F., K. E. Hoseŵann, “. Balabhadra, G. Villarreal Jr, M. DiĐkson, J. Griŵǁood, J. “Đhŵutz, R. 
M. MǇers, D. “Đhluter, and D. M. KingsleǇ. ϮϬϬ5. Widespread parallel evoluƟon in sƟĐklebaĐks bǇ 
repeated fixaƟon of EĐtodǇsplasin alleles. “ĐienĐe ϯϬϳ:ϭϵϮϴ–ϭϵϯϯ. 

CorbeƩ‑DeƟg, R. B., D. L. Hartl, and T. B. “aĐkton. ϮϬϭ5. Natural seleĐƟon Đonstrains neutral diversitǇ 
aĐross a ǁide range of speĐies. PLo“ BiologǇ ϭϯ:eϭϬϬϮϭϭϮ. 

Crutzen, P. J. ϮϬϬϮ. GeologǇ of ŵankind. Nature ϰϭ5:Ϯϯ. 

 

5ϲ 

http://paperpile.com/b/n0dfJj/PKFEN
http://paperpile.com/b/n0dfJj/lRka7
http://paperpile.com/b/n0dfJj/lRka7
http://paperpile.com/b/n0dfJj/lRka7
http://paperpile.com/b/n0dfJj/lRka7
http://paperpile.com/b/n0dfJj/lRka7
http://paperpile.com/b/n0dfJj/kNWB
http://paperpile.com/b/n0dfJj/kNWB
http://paperpile.com/b/n0dfJj/twX7S
http://paperpile.com/b/n0dfJj/twX7S
http://paperpile.com/b/n0dfJj/tdIT4
http://paperpile.com/b/n0dfJj/tdIT4
http://paperpile.com/b/n0dfJj/tdIT4
http://paperpile.com/b/n0dfJj/tdIT4
http://paperpile.com/b/n0dfJj/stLHt
http://paperpile.com/b/n0dfJj/stLHt
http://paperpile.com/b/n0dfJj/sdxNc
http://paperpile.com/b/n0dfJj/sdxNc
http://paperpile.com/b/n0dfJj/UY8w
http://paperpile.com/b/n0dfJj/UY8w
http://paperpile.com/b/n0dfJj/UY8w
http://paperpile.com/b/n0dfJj/axXk
http://paperpile.com/b/n0dfJj/axXk
http://paperpile.com/b/n0dfJj/9Iik3
http://paperpile.com/b/n0dfJj/9Iik3
http://paperpile.com/b/n0dfJj/9Iik3
http://paperpile.com/b/n0dfJj/GHWgB
http://paperpile.com/b/n0dfJj/GHWgB
http://paperpile.com/b/n0dfJj/cdkE1
http://paperpile.com/b/n0dfJj/cdkE1
http://paperpile.com/b/n0dfJj/cdkE1
http://paperpile.com/b/n0dfJj/1k6EJ
http://paperpile.com/b/n0dfJj/1k6EJ
http://paperpile.com/b/n0dfJj/6IJwf
http://paperpile.com/b/n0dfJj/6IJwf
http://paperpile.com/b/n0dfJj/XvYfP
http://paperpile.com/b/n0dfJj/XvYfP
http://paperpile.com/b/n0dfJj/DiLPo
http://paperpile.com/b/n0dfJj/DiLPo
http://paperpile.com/b/n0dfJj/bmdba
http://paperpile.com/b/n0dfJj/bmdba
http://paperpile.com/b/n0dfJj/bmdba
http://paperpile.com/b/n0dfJj/alYPL
http://paperpile.com/b/n0dfJj/alYPL
http://paperpile.com/b/n0dfJj/alYPL
http://paperpile.com/b/n0dfJj/hpGpc
http://paperpile.com/b/n0dfJj/hpGpc
http://paperpile.com/b/n0dfJj/CUpA


 

Dai, A. ϮϬϭϮ. InĐreasing drought under global ǁarŵing in observaƟons and ŵodels. Nature Cliŵate 
Change ϯ:5Ϯ–5ϴ. 

Davis, M. B., and R. G. “haǁ. ϮϬϬϭ. Range shiŌs and adapƟve responses to QuaternarǇ Đliŵate 
Đhange. “ĐienĐe ϮϵϮ:ϲϳϯ–ϲϳϵ. 

Daǁson, T. P., “. T. JaĐkson, J. I. House, and I. C. PrenƟĐe. ϮϬϭϭ. BeǇond prediĐƟons: biodiversitǇ 
ĐonservaƟon in a Đhanging Đliŵate.  “ĐienĐe ϯϯϮ ;ϲϬϮ5Ϳ: 5ϯ–5ϴ 

Desjardins‑Proulx, P., I. Laigle, T. Poisot, and D. Gravel. ϮϬϭϲ. EĐologiĐal InteraĐƟons and the Neƞlix 
Probleŵ.  bioRxiv. hƩps://doi.org/ϭϬ.ϭϭϬϭ/Ϭϴϵϳϳϭ 

Di Donato, A., E. Filippone, M. R. ErĐolano, and L. FrusĐiante. ϮϬϭϴ. Genoŵe “eƋuenĐing of AnĐient 
Plant Reŵains: Findings, Uses and PotenƟal AppliĐaƟons for the “tudǇ and Iŵproveŵent of 
Modern Crops. FronƟers in Plant “ĐienĐe ϵ:ϰϰϭ. 

Dietze, M. C., A. Fox, L. M. BeĐk‑Johnson, J. L. BetanĐourt, M. B. Hooten, C. “. JarneviĐh, T. H. KeiƩ, M. 
A. KenneǇ, C. M. LaneǇ, L. G. Larsen, H. W. LoesĐher, C. K. LunĐh, B. C. Pijanoǁski, J. T. Randerson, 
E. K. Read, A. T. TredenniĐk, R. Vargas, K. C. Weathers, and E. P. White. ϮϬϭϴ. IteraƟve near‑terŵ 
eĐologiĐal foreĐasƟng: Needs, opportuniƟes, and Đhallenges. ProĐeedings of the NaƟonal 
AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa ϭϭ5:ϭϰϮϰ–ϭϰϯϮ. 

DlugosĐh, K. M., “. R. Anderson, J. BraasĐh, F. A. Cang, and H. D. GilleƩe. ϮϬϭ5. The devil is in the 
details: geneƟĐ variaƟon in introduĐed populaƟons and its ĐontribuƟons to invasion. MoleĐular 
EĐologǇ Ϯϰ:ϮϬϵ5–Ϯϭϭϭ. 

DlugosĐh, K. M., and I. M. Parker. ϮϬϬϴ. Founding events in speĐies invasions: geneƟĐ variaƟon, 
adapƟve evoluƟon, and the role of ŵulƟple introduĐƟons. MoleĐular EĐologǇ ϭϳ:ϰϯϭ–ϰϰϵ. 

DobzhanskǇ, T., and “. Wright. ϭϵϰϭ. GeneƟĐs of Natural PopulaƟons. V. RelaƟons betǁeen MutaƟon 
Rate and AĐĐuŵulaƟon of Lethals in PopulaƟons of  Drosophila pseudoobscura . GeneƟĐs 
Ϯϲ:Ϯϯ–5ϭ. 

Druŵŵond, A., O. G. PǇbus, and A. Raŵbaut. ϮϬϬϯ. InferenĐe of viral evoluƟonarǇ rates froŵ 
ŵoleĐular seƋuenĐes. AdvanĐes in ParasitologǇ 5ϰ:ϯϯϭ–ϯ5ϴ. 

Dufrene, M., and P. Legendre. ϭϵϵϳ. “peĐies asseŵblages and indiĐator speĐies: The need for a 
flexible asǇŵŵetriĐal approaĐh. EĐologiĐal Monographs ϲϳ:ϯϰ5–ϯϲϲ. 

Dukes, J. “., and H. A. MooneǇ. ϭϵϵϵ. Does global Đhange inĐrease the suĐĐess of biologiĐal invaders? 
Trends in EĐologǇ & EvoluƟon ϭϰ:ϭϯ5–ϭϯϵ. 

Dunhaŵ, M. J., H. Badrane, T. Ferea, J. Adaŵs, P. O. Broǁn, F. Rosenzǁeig, and D. Botstein. ϮϬϬϮ. 
CharaĐterisƟĐ genoŵe rearrangeŵents in experiŵental evoluƟon of  Saccharoŵyces cerevisiae . 
ProĐeedings of the NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa 
ϵϵ:ϭϲϭϰϰ–ϭϲϭϰϵ. 

Durvasula, A., A. Fulgione, R. M. Gutaker, “. I. AlaĐakaptan, P. J. Flood, C. Neto, T. TsuĐhiŵatsu, H. A. 
Burbano, F. X. PiĐó, C. Alonso‑BlanĐo, and A. M. HanĐoĐk. ϮϬϭϳ. AfriĐan genoŵes illuŵinate the 
earlǇ historǇ and transiƟon to selfing in  Arabidopsis thaliana . ProĐeedings of the NaƟonal 
AĐadeŵǇ of “ĐienĐes. 

EĐkert, C. G., K. E. “aŵis, and “. C. Lougheed. ϮϬϬϴ. GeneƟĐ variaƟon aĐross speĐies’ geographiĐal 
ranges: the Đentral–ŵarginal hǇpothesis and beǇond. MoleĐular EĐologǇ  doi: 
ϭϬ.ϭϭϭϭ/j.ϭϯϲ5‑ϮϵϰX.ϮϬϬϳ.Ϭϯϲ5ϵ.x 

Edǁards, P. N. ϮϬϭϭ. HistorǇ of Đliŵate ŵodeling: HistorǇ of Đliŵate ŵodeling. WileǇ InterdisĐiplinarǇ 
Revieǁs: Cliŵate Change Ϯ:ϭϮϴ–ϭϯϵ. 

Ellegren, H., and N. GalƟer. ϮϬϭϲ. Deterŵinants of geneƟĐ diversitǇ. Nature revieǁs. GeneƟĐs 
ϭϳ:ϰϮϮ–ϰϯϯ. 

Erǁin, D. H. ϮϬϬϲ. EvoluƟonarǇ ĐonƟngenĐǇ. Current BiologǇ: CB ϭϲ:RϴϮ5–ϲ. 

 

5ϳ 

http://paperpile.com/b/n0dfJj/8Rsqy
http://paperpile.com/b/n0dfJj/8Rsqy
http://paperpile.com/b/n0dfJj/iBppV
http://paperpile.com/b/n0dfJj/iBppV
http://paperpile.com/b/n0dfJj/KWPMq
http://paperpile.com/b/n0dfJj/KWPMq
http://paperpile.com/b/n0dfJj/PLjlD
http://paperpile.com/b/n0dfJj/PLjlD
http://paperpile.com/b/n0dfJj/etcx
http://paperpile.com/b/n0dfJj/etcx
http://paperpile.com/b/n0dfJj/etcx
http://paperpile.com/b/n0dfJj/ug6tU
http://paperpile.com/b/n0dfJj/ug6tU
http://paperpile.com/b/n0dfJj/ug6tU
http://paperpile.com/b/n0dfJj/ug6tU
http://paperpile.com/b/n0dfJj/ug6tU
http://paperpile.com/b/n0dfJj/bFUcA
http://paperpile.com/b/n0dfJj/bFUcA
http://paperpile.com/b/n0dfJj/bFUcA
http://paperpile.com/b/n0dfJj/Ace2C
http://paperpile.com/b/n0dfJj/Ace2C
http://paperpile.com/b/n0dfJj/5wq1d
http://paperpile.com/b/n0dfJj/5wq1d
http://paperpile.com/b/n0dfJj/5wq1d
http://paperpile.com/b/n0dfJj/5wq1d
http://paperpile.com/b/n0dfJj/5wq1d
http://paperpile.com/b/n0dfJj/NVaqp
http://paperpile.com/b/n0dfJj/NVaqp
http://paperpile.com/b/n0dfJj/T1wng
http://paperpile.com/b/n0dfJj/T1wng
http://paperpile.com/b/n0dfJj/bCrhV
http://paperpile.com/b/n0dfJj/bCrhV
http://paperpile.com/b/n0dfJj/3gzf
http://paperpile.com/b/n0dfJj/3gzf
http://paperpile.com/b/n0dfJj/3gzf
http://paperpile.com/b/n0dfJj/3gzf
http://paperpile.com/b/n0dfJj/3gzf
http://paperpile.com/b/n0dfJj/3gzf
http://paperpile.com/b/n0dfJj/N1l2h
http://paperpile.com/b/n0dfJj/N1l2h
http://paperpile.com/b/n0dfJj/N1l2h
http://paperpile.com/b/n0dfJj/N1l2h
http://paperpile.com/b/n0dfJj/N1l2h
http://paperpile.com/b/n0dfJj/N1l2h
http://paperpile.com/b/n0dfJj/w9V2B
http://paperpile.com/b/n0dfJj/w9V2B
http://paperpile.com/b/n0dfJj/yD8Jt
http://paperpile.com/b/n0dfJj/yD8Jt
http://paperpile.com/b/n0dfJj/DA1Jw
http://paperpile.com/b/n0dfJj/DA1Jw
http://paperpile.com/b/n0dfJj/kGxFT


 

EsĐoƩ‑PriĐe, V., R. “iŵs, C. Bannister, D. Harold, M. VronskaǇa, E. Majounie, N. BadarinaraǇan, 
GERAD/PERADE“, IGAP ĐonsorƟa, K. Morgan, P. Passŵore, C. Holŵes, J. Poǁell, C. BraǇne, M. 
Gill, “. Mead, A. Goate, C. CruĐhaga, J.‑C. Laŵbert, C. van Duijn, W. Maier, A. Raŵirez, P. 
Holŵans, L. Jones, J. HardǇ, “. “eshadri, G. D. “Đhellenberg, P. AŵouǇel, and J. Williaŵs. ϮϬϭ5. 
Coŵŵon polǇgeniĐ variaƟon enhanĐes risk prediĐƟon for Alzheiŵer’s disease. Brain: a Journal of 
NeurologǇ ϭϯϴ:ϯϲϳϯ–ϯϲϴϰ. 

Estoup, A., V. Ravigné, R. Huĩauer, R. Vitalis, M. GauƟer, and B. FaĐon. ϮϬϭϲ. Is There a GeneƟĐ 
Paradox of BiologiĐal Invasion? Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϰϳ:5ϭ–ϳϮ. 

ExĐoffier, L., M. Foll, and R. J. PeƟt. ϮϬϬϴ. GeneƟĐ ConseƋuenĐes of Range Expansions. Annual Revieǁ 
of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϰϬ:ϰϴϭ–5Ϭϭ. 

Exposito‑Alonso, M., C. BeĐker, V. J. “Đhueneŵann, E. Reiter, C. “etzer, R. “lovak, B. BraĐhi, J. 
Hagŵann, D. G. Griŵŵ, J. Chen, W. BusĐh, J. Bergelson, R. W. Ness, J. Krause, H. A. Burbano, and 
D. Weigel. ϮϬϭϴa. The rate and potenƟal relevanĐe of neǁ ŵutaƟons in a Đolonizing plant 
lineage. PLo“ GeneƟĐs ϭϰ:eϭϬϬϳϭ55. 

Exposito‑Alonso, M., A. C. Brennan, C. Alonso‑BlanĐo, and F. X. PiĐó. ϮϬϭϴb. “paƟo‑teŵporal variaƟon 
in fitness responses to ĐontrasƟng environŵents in  Arabidopsis thaliana . EvoluƟon ϳϭ:55Ϭ. 

Exposito‑Alonso, M., H. A. Burbano, O. Bossdorf, R. Nielsen, and D. Weigel. ϮϬϭϴĐ. A ŵap of Đliŵate 
Đhange‑driven natural seleĐƟon in  Arabidopsis thaliana .  bioRxiv. 
hƩps://doi.org/ϭϬ.ϭϭϬϭ/ϯϮϭϭϯϯ 

Exposito‑Alonso, M., R. G. Rodríguez, C. Barragán, G. Capovilla, E. Chae, J. Devos, E. “. Dogan, C. 
Friedeŵann, C. Gross, P. Lang, D. Lundberg, V. Middendorf, J. KageǇaŵa, T. Karasov, “. Kersten, “. 
Petersen, L. Rabbani, J. Regalado, L. Reinelt, B. Roǁan, D. K. “eǇŵour, E. “Ǉŵeonidi, R. “Đhǁab, 
D. T. N. Tran, K. Venkataraŵani, A.‑L. Van de WeǇer, F. Vasseur, G. Wang, R. Wedegärtner, F. 
Weiss, R. Wu, W. Xi, M. )aideŵ, W. )hu, F. GarĐía‑Arenal, H. A. Burbano, O. Bossdorf, and D. 
Weigel. ϮϬϭϳ. A rainfall‑ŵanipulaƟon experiŵent ǁith 5ϭϳ  Arabidopsis thaliana  aĐĐessions. 
bioRxiv. hƩps://doi.org/ϭϬ.ϭϭϬϭ/ϭϴϲϳϲϳ 

Exposito‑Alonso, M., F. Vasseur, W. Ding, G. Wang, H. A. Burbano, and D. Weigel. ϮϬϭϴd. GenoŵiĐ 
basis and evoluƟonarǇ potenƟal for extreŵe drought adaptaƟon in  Arabidopsis thaliana . Nature 
EĐologǇ & EvoluƟon Ϯ:ϯ5Ϯ–ϯ5ϴ. 

EǇre‑Walker, A., and P. D. KeightleǇ. ϮϬϬϳ. The distribuƟon of fitness effeĐts of neǁ ŵutaƟons. Nature 
Revieǁs. GeneƟĐs ϴ:ϲϭϬ–ϲϭϴ. 

Fahrig, L. ϮϬϬϯ. EffeĐts of Habitat FragŵentaƟon on BiodiversitǇ. Annual Revieǁ of EĐologǇ, EvoluƟon, 
and “ǇsteŵaƟĐs ϯϰ:ϰϴϳ–5ϭ5. 

FalĐoner, D. “., and T. F. C. MaĐkaǇ. ϭϵϵϲ. IntroduĐƟon to QuanƟtaƟve GeneƟĐs. Longŵan. 
Fan, Y., and Y.‑Q. “ong. ϮϬϭϲ. Finding the Missing HeritabilitǇ of Genoŵe‑ǁide AssoĐiaƟon “tudǇ 

Using GenotǇpe IŵputaƟon. MaƩers  Ϯ ;5Ϳ: eϮϬϭϲϬϰϬϬϬϬϭϯ. 
Feder, A. F., “.‑Y. Rhee, “. P. Holŵes, R. W. “hafer, D. A. Petrov, and P. “. Pennings. ϮϬϭϲ. More effeĐƟve 

drugs lead to harder seleĐƟve sǁeeps in the evoluƟon of drug resistanĐe in HIV‑ϭ. eLife 5. 
hƩps://doi.org/ϭϬ.ϳ55ϰ/eLife.ϭϬϲϳϬ. 

Field, Y., E. A. BoǇle, N. Telis, ). Gao, K. J. Gaulton, D. Golan, L. Yengo, G. RoĐheleau, P. Froguel, M. I. 
MĐCarthǇ, and J. K. PritĐhard. ϮϬϭϲ. DeteĐƟon of huŵan adaptaƟon during the past Ϯ,ϬϬϬ Ǉears. 
“ĐienĐe ϯ5ϰ ;ϲϯϭϯͿ: ϳϲϬ–ϲϰ. 

Fisher, R. A. ϭϵϭϴ. The ĐorrelaƟon aŵong relaƟves on the supposiƟon of Mendelian inheriatnĐe. 
Australian Journal of AgriĐultural ResearĐh ϭϰ:ϳϰϮ–ϳ5ϳ. 

Fisher, “. R. A. ϭϵϯϬ. The geneƟĐal theorǇ of natural seleĐƟon. The Clarendon Press. 
FitzpatriĐk, M. C., and “. R. Keller. ϮϬϭ5. EĐologiĐal genoŵiĐs ŵeets ĐoŵŵunitǇ‑level ŵodeling of 

 

5ϴ 

http://paperpile.com/b/n0dfJj/HXp49
http://paperpile.com/b/n0dfJj/HXp49
http://paperpile.com/b/n0dfJj/HXp49
http://paperpile.com/b/n0dfJj/HXp49
http://paperpile.com/b/n0dfJj/HXp49
http://paperpile.com/b/n0dfJj/HXp49
http://paperpile.com/b/n0dfJj/AMLJ8
http://paperpile.com/b/n0dfJj/AMLJ8
http://paperpile.com/b/n0dfJj/yP421
http://paperpile.com/b/n0dfJj/yP421
http://paperpile.com/b/n0dfJj/3OIV3
http://paperpile.com/b/n0dfJj/3OIV3
http://paperpile.com/b/n0dfJj/3OIV3
http://paperpile.com/b/n0dfJj/3OIV3
http://paperpile.com/b/n0dfJj/wmlfk
http://paperpile.com/b/n0dfJj/wmlfk
http://paperpile.com/b/n0dfJj/wmlfk
http://paperpile.com/b/n0dfJj/wmlfk
http://paperpile.com/b/n0dfJj/lX2J
http://paperpile.com/b/n0dfJj/lX2J
http://paperpile.com/b/n0dfJj/lX2J
http://paperpile.com/b/n0dfJj/lX2J
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/6AbPY
http://paperpile.com/b/n0dfJj/sXlP
http://paperpile.com/b/n0dfJj/sXlP
http://paperpile.com/b/n0dfJj/sXlP
http://paperpile.com/b/n0dfJj/sXlP
http://paperpile.com/b/n0dfJj/sXlP
http://paperpile.com/b/n0dfJj/Wi7Lk
http://paperpile.com/b/n0dfJj/Wi7Lk
http://paperpile.com/b/n0dfJj/4M4V8
http://paperpile.com/b/n0dfJj/4M4V8
http://paperpile.com/b/n0dfJj/pC86z
http://paperpile.com/b/n0dfJj/e0vRC
http://paperpile.com/b/n0dfJj/e0vRC
http://paperpile.com/b/n0dfJj/zU1J9
http://paperpile.com/b/n0dfJj/zU1J9
http://paperpile.com/b/n0dfJj/D2KZp
http://paperpile.com/b/n0dfJj/D2KZp
http://paperpile.com/b/n0dfJj/wNSrG
http://paperpile.com/b/n0dfJj/wNSrG
http://paperpile.com/b/n0dfJj/Jm4Xz
http://paperpile.com/b/n0dfJj/OmZI


 

biodiversitǇ: ŵapping the genoŵiĐ landsĐape of Đurrent and future environŵental adaptaƟon. 
EĐologǇ LeƩers ϭϴ:ϭ–ϭϲ. 

Fordhaŵ, D. A., B. W. Brook, C. Moritz, and D. Nogués‑Bravo. ϮϬϭϰ. BeƩer foreĐasts of range 
dǇnaŵiĐs using geneƟĐ data. Trends in EĐologǇ & EvoluƟon Ϯϵ:ϰϯϲ–ϰϰϯ. 

Fordhaŵ, D. A., H. Resit AkçakaǇa, M. B. Araújo, J. Elith, D. A. Keith, R. Pearson, T. D. Auld, C. Mellin, J. 
W. Morgan, T. J. Regan, M. Tozer, M. J. WaƩs, M. White, B. A. Wintle, C. Yates, and B. W. Brook. 
ϮϬϭϮ. Plant exƟnĐƟon risk under Đliŵate Đhange: are foreĐast range shiŌs alone a good indiĐator 
of speĐies vulnerabilitǇ to global ǁarŵing? Global Change BiologǇ ϭϴ:ϭϯ5ϳ–ϭϯϳϭ. 

Fournier‑Level, A., A. Korte, M. D. Cooper, M. Nordborg, J. “ĐhŵiƩ, and A. M. WilĐzek. ϮϬϭϭ. A ŵap of 
loĐal adaptaƟon in  Arabidopsis thaliana . “ĐienĐe ϯϯϰ:ϴϲ–ϴϵ. 

Frankhaŵ, R. ϮϬϬ5. GeneƟĐs and exƟnĐƟon. BiologiĐal ConservaƟon ϭϮϲ:ϭϯϭ–ϭϰϬ. 
Franks, “. J. ϮϬϭϭ. PlasƟĐitǇ and evoluƟon in drought avoidanĐe and esĐape in the annual plant 

Brassica rapa . The Neǁ phǇtologist ϭϵϬ:Ϯϰϵ–Ϯ5ϳ. 
Franks, “. J., “. “iŵ, and A. E. Weis. ϮϬϬϳ. Rapid evoluƟon of floǁering Ɵŵe bǇ an annual plant in 

response to a Đliŵate fluĐtuaƟon. ProĐeedings of the NaƟonal AĐadeŵǇ of “ĐienĐes of the 
United “tates of AŵeriĐa ϭϬϰ:ϭϮϳϴ–ϭϮϴϮ. 

Fulgione, A., and A. M. HanĐoĐk. ϮϬϭϴ. ArĐhaiĐ lineages broaden our vieǁ on the historǇ of 
Arabidopsis thaliana . The Neǁ PhǇtologist.  Ϯϭϵ ;ϰͿ: ϭϭϵϰ–ϵϴ. 

Galeƫ, M., H. C. GiaĐoŵini, R. “. Bueno, C. “. “. Bernardo, R. M. MarƋues, R. “. Bovendorp, C. E. 
“teffler, P. Rubiŵ, “. K. Gobbo, C. I. Donaƫ, R. A. Begoƫ, F. Meirelles, R. de A. Nobre, A. G. 
Chiarello, and C. A. Peres. ϮϬϬϵ. PrioritǇ areas for the ĐonservaƟon of AtlanƟĐ forest large 
ŵaŵŵals. BiologiĐal ConservaƟon ϭϰϮ:ϭϮϮϵ–ϭϮϰϭ. 

GedneǇ, N., and P. J. Valdes. ϮϬϬϬ. The effeĐt of Aŵazonian deforestaƟon on the northern 
heŵisphere ĐirĐulaƟon and Đliŵate. GeophǇsiĐal ResearĐh LeƩers Ϯϳ:ϯϬ5ϯ–ϯϬ5ϲ. 

Gibbs, H. L., and P. R. Grant. ϭϵϴϳ. OsĐillaƟng seleĐƟon on Darǁin’s finĐhes. Nature ϯϮϳ:5ϭϭ–5ϭϯ. 
Gibson, G. ϮϬϭϭ. Rare and Đoŵŵon variants: tǁentǇ arguŵents. Nature Revieǁs. GeneƟĐs 

ϭϯ:ϭϯ5–ϭϰ5. 
Giorgi, F., and P. Lionello. ϮϬϬϴ. Cliŵate Đhange projeĐƟons for the Mediterranean region. Global and 

PlanetarǇ Change ϲϯ:ϵϬ–ϭϬϰ. 
Goddard, M. E., and B. J. HaǇes. ϮϬϬϵ. Mapping genes for Đoŵplex traits in doŵesƟĐ aniŵals and 

their use in breeding prograŵŵes. Nature Revieǁs. GeneƟĐs ϭϬ:ϯϴϭ–ϯϵϭ. 
GoŵulkieǁiĐz, R., and R. D. Holt. ϭϵϵ5. When does EvoluƟon bǇ Natural “eleĐƟon Prevent ExƟnĐƟon? 

EvoluƟon ϰϵ:ϮϬϭ–ϮϬϳ. 
Grant, P. R., and B. R. Grant. ϮϬϬϮ. UnprediĐtable evoluƟon in a ϯϬ‑Ǉear studǇ of Darǁin’s finĐhes. 

“ĐienĐe Ϯϵϲ:ϳϬϳ–ϳϭϭ. 
Gravois, K. A., and J. L. Bernhardt. ϮϬϬϬ. HeritabilitǇ and GenotǇpe × Environŵent InteraĐƟons for 

DisĐolored RiĐe Kernels. Crop “ĐienĐe ϰϬ:ϯϭϰ. 
Guillauŵe, F., and J. Rougeŵont. ϮϬϬϲ. Neŵo: an evoluƟonarǇ and populaƟon geneƟĐs prograŵŵing 

fraŵeǁork. BioinforŵaƟĐs ϮϮ:Ϯ55ϲ–Ϯ55ϳ. 
Guisan, A., and W. Thuiller. ϮϬϬ5. PrediĐƟng speĐies distribuƟon: offering ŵore than siŵple habitat 

ŵodels. EĐologǇ LeƩers ϴ:ϵϵϯ–ϭϬϬϵ. 
Gutaker, R. M., E. Reiter, A. Furtǁängler, V. J. “Đhueneŵann, and H. A. Burbano. ϮϬϭϳ. ExtraĐƟon of 

ultrashort DNA ŵoleĐules froŵ herbariuŵ speĐiŵens. BioTeĐhniƋues ϲϮ:ϳϲ–ϳϵ. 
Hadfield, J., C. Megill, “. M. Bell, J. Huddleston, B. PoƩer, C. Callender, P. “agulenko, T. Bedford, and R. 

A. Neher. ϮϬϭϳ. Nextstrain: real‑Ɵŵe traĐking of pathogen evoluƟon.  BioinforŵaƟĐs , MaǇ, 
ϮϮϰϬϰϴ. 

 

5ϵ 

http://paperpile.com/b/n0dfJj/OmZI
http://paperpile.com/b/n0dfJj/OmZI
http://paperpile.com/b/n0dfJj/b2Bkd
http://paperpile.com/b/n0dfJj/b2Bkd
http://paperpile.com/b/n0dfJj/VoC7
http://paperpile.com/b/n0dfJj/VoC7
http://paperpile.com/b/n0dfJj/VoC7
http://paperpile.com/b/n0dfJj/VoC7
http://paperpile.com/b/n0dfJj/AvLt7
http://paperpile.com/b/n0dfJj/AvLt7
http://paperpile.com/b/n0dfJj/AvLt7
http://paperpile.com/b/n0dfJj/AvLt7
http://paperpile.com/b/n0dfJj/yaD6x
http://paperpile.com/b/n0dfJj/Yi7aV
http://paperpile.com/b/n0dfJj/Yi7aV
http://paperpile.com/b/n0dfJj/Yi7aV
http://paperpile.com/b/n0dfJj/cnWXE
http://paperpile.com/b/n0dfJj/cnWXE
http://paperpile.com/b/n0dfJj/cnWXE
http://paperpile.com/b/n0dfJj/taO08
http://paperpile.com/b/n0dfJj/taO08
http://paperpile.com/b/n0dfJj/taO08
http://paperpile.com/b/n0dfJj/xbvhf
http://paperpile.com/b/n0dfJj/xbvhf
http://paperpile.com/b/n0dfJj/xbvhf
http://paperpile.com/b/n0dfJj/xbvhf
http://paperpile.com/b/n0dfJj/CE763
http://paperpile.com/b/n0dfJj/CE763
http://paperpile.com/b/n0dfJj/5q8EU
http://paperpile.com/b/n0dfJj/j8hiO
http://paperpile.com/b/n0dfJj/j8hiO
http://paperpile.com/b/n0dfJj/SUBAW
http://paperpile.com/b/n0dfJj/SUBAW
http://paperpile.com/b/n0dfJj/CGZvq
http://paperpile.com/b/n0dfJj/CGZvq
http://paperpile.com/b/n0dfJj/kXB3l
http://paperpile.com/b/n0dfJj/kXB3l
http://paperpile.com/b/n0dfJj/UW18I
http://paperpile.com/b/n0dfJj/UW18I
http://paperpile.com/b/n0dfJj/gaUqm
http://paperpile.com/b/n0dfJj/gaUqm
http://paperpile.com/b/n0dfJj/ZepcW
http://paperpile.com/b/n0dfJj/ZepcW
http://paperpile.com/b/n0dfJj/xv5fa
http://paperpile.com/b/n0dfJj/xv5fa
http://paperpile.com/b/n0dfJj/rslki
http://paperpile.com/b/n0dfJj/rslki
http://paperpile.com/b/n0dfJj/lo58r
http://paperpile.com/b/n0dfJj/lo58r


 

Hairston, N. G., Jr, “. P. Ellner, M. A. Geber, T. Yoshida, and J. A. Fox. ϮϬϬ5. Rapid evoluƟon and the 
ĐonvergenĐe of eĐologiĐal and evoluƟonarǇ Ɵŵe. EĐologǇ LeƩers ϴ:ϭϭϭϰ–ϭϭϮϳ. 

Haldane, J. B. ϭϵϮϰ. A ŵatheŵaƟĐal theorǇ of natural and arƟfiĐial seleĐƟon. Part I. Trans. Caŵb. Phil. 
“oĐ Ϯϯ:ϭϵ–ϰϭ. 

Haldane, J. B. ϭϵϯϮ. The Causes of EvoluƟon. PrinĐeton UniversitǇ Press. 
Halligan, D. L., and P. D. KeightleǇ. ϮϬϬϵ. “pontaneous MutaƟon AĐĐuŵulaƟon “tudies in EvoluƟonarǇ 

GeneƟĐs. Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϰϬ:ϭ5ϭ–ϭϳϮ. 
Haŵpe, A., and A. “. Juŵp. ϮϬϭϭ. Cliŵate ReliĐts: Past, Present, Future. Annual Revieǁ of EĐologǇ, 

EvoluƟon, and “ǇsteŵaƟĐs ϰϮ:ϯϭϯ–ϯϯϯ. 
Haŵpe, A., and R. J. PeƟt. ϮϬϬ5. Conserving biodiversitǇ under Đliŵate Đhange: the rear edge 

ŵaƩers. EĐologǇ LeƩers ϴ:ϰϲϭ–ϰϲϳ. 
HanĐoĐk, A. M., B. BraĐhi, N. Faure, M. W. Horton, L. B. JarǇŵoǁǇĐz, F. G. “perone, C. Tooŵajian, F. 

Roux, and J. Bergelson. ϮϬϭϭ. AdaptaƟon to Đliŵate aĐross the  Arabidopsis thaliana  genoŵe. 
“ĐienĐe ϯϯϰ:ϴϯ–ϴϲ. 

Hausfather, ). ϮϬϭϳ, OĐtober 5. Hoǁ ǁell have Đliŵate ŵodels projeĐted global ǁarŵing? 
ǁǁǁ.Đarbonbrief.org/analǇsis‑hoǁ‑ǁell‑have‑Đliŵate‑ŵodels‑projeĐted‑global‑ǁarŵing . 

HenrǇ, R. C., K. A. Bartoń, and J. M. J. Travis. ϮϬϭ5. MutaƟon aĐĐuŵulaƟon and the forŵaƟon of range 
liŵits. BiologǇ LeƩers ϭϭ:ϮϬϭϰϬϴϳϭ. 

Hereford, J. ϮϬϬϵ. A ƋuanƟtaƟve surveǇ of loĐal adaptaƟon and fitness trade‑offs. The AŵeriĐan 
Naturalist ϭϳϯ:5ϳϵ–5ϴϴ. 

Hernandez, R. D., J. L. KelleǇ, E. ElǇashiv, “. Cord Melton, A. Auton, G. MĐVean, ϭϬϬϬ Genoŵes 
ProjeĐt, G. “ella, and M. Przeǁorski. ϮϬϭϭ. ClassiĐ “eleĐƟve “ǁeeps Were Rare in ReĐent Huŵan 
EvoluƟon. “ĐienĐe ϯϯϭ:ϵϮϬ–ϵϮϰ. 

HeǁiƩ, G. M. ϭϵϵϵ. Post‑glaĐial re‑ĐolonizaƟon of European biota. BiologiĐal journal of the Linnean 
“oĐietǇ. Linnean “oĐietǇ of London ϲϴ:ϴϳ–ϭϭϮ. 

HeǁiƩ, G. M. ϮϬϬϬ. The geneƟĐ legaĐǇ of the QuaternarǇ iĐe ages. Nature ϰϬ5:ϵϬϳ–ϵϭϯ. 
HeǁiƩ, G. M. ϮϬϬϰ. GeneƟĐ ĐonseƋuenĐes of ĐliŵaƟĐ osĐillaƟons in the QuaternarǇ. PhilosophiĐal 

transaĐƟons of the RoǇal “oĐietǇ of London. “eries B, BiologiĐal “ĐienĐes ϯ5ϵ:ϭϴϯ–ϵ5; disĐussion 
ϭϵ5. 

Hijŵans, R. J., “. E. Caŵeron, J. L. Parra, P. G. Jones, and A. Jarvis. ϮϬϬ5. VerǇ high resoluƟon 
interpolated Đliŵate surfaĐes for global land areas. InternaƟonal Journal of CliŵatologǇ 
Ϯ5:ϭϵϲ5–ϭϵϳϴ. 

HirsĐhhorn, J. N., K. Lohŵueller, E. BǇrne, and K. HirsĐhhorn. ϮϬϬϮ. A Đoŵprehensive revieǁ of 
geneƟĐ assoĐiaƟon studies. GeneƟĐs in ŵediĐine: offiĐial journal of the AŵeriĐan College of 
MediĐal GeneƟĐs ϰ:ϰ5–ϲϭ. 

Hoffŵann, A. A., and C. M. “grž. ϮϬϭϭ. Cliŵate Đhange and evoluƟonarǇ adaptaƟon. Nature 
ϰϳϬ:ϰϳϵ–ϰϴ5. 

Hoffŵann, A. A., C. M. “grž, and T. N. Kristensen. ϮϬϭϳ. RevisiƟng AdapƟve PotenƟal, PopulaƟon “ize, 
and ConservaƟon. Trends in EĐologǇ & EvoluƟon ϯϮ:5Ϭϲ–5ϭϳ. 

Holland, J. B. ϮϬϬϳ. GeneƟĐ arĐhiteĐture of Đoŵplex traits in plants. Current Opinion in Plant BiologǇ 
ϭϬ:ϭ5ϲ–ϭϲϭ. 

HutĐhinson, G. E. ϭϵ5ϳ. ConĐluding reŵarks Cold “pring Harbor “Ǉŵposia on QuanƟtaƟve BiologǇ, 
ϮϮ: ϰϭ5‑‑ϰϮϳ. G“ “EARCH. 

Ingvarsson, P. K., and N. R. “treet. ϮϬϭϭ. AssoĐiaƟon geneƟĐs of Đoŵplex traits in plants. The Neǁ 
PhǇtologist ϭϴϵ:ϵϬϵ–ϵϮϮ. 

Intergovernŵental Panel on Cliŵate Change. ϮϬϭϰ. Cliŵate Change ϮϬϭϯ ‑ The PhǇsiĐal “ĐienĐe Basis: 

 

ϲϬ 

http://paperpile.com/b/n0dfJj/BOrjW
http://paperpile.com/b/n0dfJj/BOrjW
http://paperpile.com/b/n0dfJj/IZzWD
http://paperpile.com/b/n0dfJj/IZzWD
http://paperpile.com/b/n0dfJj/MBMdr
http://paperpile.com/b/n0dfJj/G0qR6
http://paperpile.com/b/n0dfJj/G0qR6
http://paperpile.com/b/n0dfJj/f5TTC
http://paperpile.com/b/n0dfJj/f5TTC
http://paperpile.com/b/n0dfJj/STkDA
http://paperpile.com/b/n0dfJj/STkDA
http://paperpile.com/b/n0dfJj/p7BKr
http://paperpile.com/b/n0dfJj/p7BKr
http://paperpile.com/b/n0dfJj/p7BKr
http://paperpile.com/b/n0dfJj/p7BKr
http://paperpile.com/b/n0dfJj/p7BKr
http://paperpile.com/b/n0dfJj/3F9ku
http://www.carbonbrief.org/analysis-how-well-have-climate-models-projected-global-warming
http://paperpile.com/b/n0dfJj/3F9ku
http://paperpile.com/b/n0dfJj/OZDXr
http://paperpile.com/b/n0dfJj/OZDXr
http://paperpile.com/b/n0dfJj/ySkf2
http://paperpile.com/b/n0dfJj/ySkf2
http://paperpile.com/b/n0dfJj/sr9Aa
http://paperpile.com/b/n0dfJj/sr9Aa
http://paperpile.com/b/n0dfJj/sr9Aa
http://paperpile.com/b/n0dfJj/RfpCt
http://paperpile.com/b/n0dfJj/RfpCt
http://paperpile.com/b/n0dfJj/jhKoI
http://paperpile.com/b/n0dfJj/toMXD
http://paperpile.com/b/n0dfJj/toMXD
http://paperpile.com/b/n0dfJj/toMXD
http://paperpile.com/b/n0dfJj/XHOf
http://paperpile.com/b/n0dfJj/XHOf
http://paperpile.com/b/n0dfJj/XHOf
http://paperpile.com/b/n0dfJj/7QTYS
http://paperpile.com/b/n0dfJj/7QTYS
http://paperpile.com/b/n0dfJj/7QTYS
http://paperpile.com/b/n0dfJj/N2bFC
http://paperpile.com/b/n0dfJj/N2bFC
http://paperpile.com/b/n0dfJj/rUWdX
http://paperpile.com/b/n0dfJj/rUWdX
http://paperpile.com/b/n0dfJj/wfia0
http://paperpile.com/b/n0dfJj/wfia0
http://paperpile.com/b/n0dfJj/1ntDZ
http://paperpile.com/b/n0dfJj/1ntDZ
http://paperpile.com/b/n0dfJj/3KBm7
http://paperpile.com/b/n0dfJj/3KBm7
http://paperpile.com/b/n0dfJj/63Moj


 

Working Group I ContribuƟon to the FiŌh Assessŵent Report of the Intergovernŵental Panel on 
Cliŵate Change. Caŵbridge UniversitǇ Press. 

Iranŵehr, A., A. Akbari, C. “ĐhlöƩerer, and V. Bafna. ϮϬϭϳ. CLEAR: CoŵposiƟon of Likelihoods for 
Evolve And ReseƋuenĐe Experiŵents. GeneƟĐs. 

Iverson, L. R., and A. M. Prasad. ϭϵϵϴ. PrediĐƟng abundanĐe of ϴϬ tree speĐies folloǁing Đliŵate 
Đhange in the eastern United “tates. EĐologiĐal Monographs ϲϴ:ϰϲ5–ϰϴ5. 

Jones, F. C., M. G. Grabherr, Y. F. Chan, P. Russell, E. MauĐeli, J. Johnson, R. “ǁofford, M. Pirun, M. C. 
)odǇ, “. White, E. BirneǇ, “. “earle, J. “Đhŵutz, J. Griŵǁood, M. C. DiĐkson, R. M. MǇers, C. T. 
Miller, B. R. “uŵŵers, A. K. KneĐht, “. D. BradǇ, H. )hang, A. A. Pollen, T. Hoǁes, C. AŵeŵiǇa, 
Broad InsƟtute Genoŵe “eƋuenĐing Plaƞorŵ & Whole Genoŵe AsseŵblǇ Teaŵ, E. “. Lander, F. 
Di Palŵa, K. Lindblad‑Toh, and D. M. KingsleǇ. ϮϬϭϮ. The genoŵiĐ basis of adapƟve evoluƟon in 
threespine sƟĐklebaĐks. Nature ϰϴϰ:55–ϲϭ. 

Jones, M. R., L. “. Mills, P. C. Alves, C. M. Callahan, J. M. Alves, D. J. R. LaffertǇ, F. M. Jiggins, J. D. 
Jensen, J. Melo‑Ferreira, and J. M. Good. ϮϬϭϴ. AdapƟve introgression underlies polǇŵorphiĐ 
seasonal Đaŵouflage in snoǁshoe hares. “ĐienĐe ϯϲϬ:ϭϯ55–ϭϯ5ϴ. 

Juenger, T. E. ϮϬϭϯ. Natural variaƟon and geneƟĐ Đonstraints on drought toleranĐe. Current Opinion 
in Plant BiologǇ ϭϲ:Ϯϳϰ–Ϯϴϭ. 

Juŵp, A. “., R. MarĐhant, and J. Peñuelas. ϮϬϬϴ. Environŵental Đhange and the opƟon value of 
geneƟĐ diversitǇ. Trends in plant sĐienĐe ϭϰ:5ϭ–5ϴ. 

Juŵp, A. “., and J. Penuelas. ϮϬϬ5. Running to stand sƟll: adaptaƟon and the response of plants to 
rapid Đliŵate Đhange. EĐologǇ LeƩers ϴ:ϭϬϭϬ–ϭϬϮϬ. 

Karasov, T., P. W. Messer, and D. A. Petrov. ϮϬϭϬ. EvidenĐe that adaptaƟon in Drosophila is not liŵited 
bǇ ŵutaƟon at single sites. PLo“ geneƟĐs ϲ:eϭϬϬϬϵϮϰ. 

KaǁeĐki, T. J. ϮϬϬϴ. AdaptaƟon to Marginal Habitats. Annual Revieǁ of EĐologǇ, EvoluƟon, and 
“ǇsteŵaƟĐs ϯϵ:ϯϮϭ–ϯϰϮ. 

Keǁ, R. B. G. ϮϬϭϲ. The state of the ǁorld’s plants report‑‑ϮϬϭϲ. Keǁ bulleƟn / RoǇal BotaniĐ Gardens. 
KirkpatriĐk, M., T. Johnson, and N. Barton. ϮϬϬϮ. General ŵodels of ŵulƟloĐus evoluƟon. GeneƟĐs 

ϭϲϭ:ϭϳϮϳ–ϭϳ5Ϭ. 
Kita, R., “. Venkataraŵ, Y. )hou, and H. B. Fraser. ϮϬϭϳ. High‑resoluƟon ŵapping of Đis‑regulatorǇ 

variaƟon in budding Ǉeast. ProĐeedings of the NaƟonal AĐadeŵǇ of “ĐienĐes of the United 
“tates of AŵeriĐa ϭϭϰ:EϭϬϳϯϲ–EϭϬϳϰϰ. 

van Kleunen, M., W. Daǁson, F. Essl, J. Pergl, M. Winter, E. Weber, H. KreŌ, P. Weigelt, J. Kartesz, M. 
Nishino, L. A. Antonova, J. F. BarĐelona, F. J. Cabezas, D. Cárdenas, J. Cárdenas‑Toro, N. Castaño, 
E. ChaĐón, C. Chatelain, A. L. Ebel, E. Figueiredo, N. Fuentes, Q. J. Grooŵ, L. Henderson, Inderjit, 
A. KupriǇanov, “. MasĐiadri, J. Meerŵan, O. Morozova, D. Moser, D. L. NiĐkrent, A. Patzelt, P. B. 
Pelser, M. P. BapƟste, M. Poopath, M. “Đhulze, H. “eebens, W.‑“. “hu, J. Thoŵas, M. VelaǇos, J. J. 
Wieringa, and P. PǇšek. ϮϬϭ5a. Global exĐhange and aĐĐuŵulaƟon of non‑naƟve plants. Nature 
5Ϯ5:ϭϬϬ–ϭϬϯ. 

van Kleunen, M., M. RöĐkle, and M. “ƟŌ. ϮϬϭ5b. Adŵixture betǁeen naƟve and invasive populaƟons 
ŵaǇ inĐrease invasiveness of Miŵulus guƩatus. ProĐ. R. “oĐ. B ϮϴϮ:ϮϬϭ5ϭϰϴϳ. 

Kräŵer, U. ϮϬϭ5. PlanƟng ŵoleĐular funĐƟons in an eĐologiĐal Đontext ǁith  Arabidopsis thaliana . 
eLife ϰ.  hƩps://doi.org/ϭϬ.ϳ55ϰ/eLife.ϬϲϭϬϬ. 

Kranstauber, B., A. Caŵeron, R. Weinzerl, T. Fountain, “. Tilak, M. Wikelski, and R. KaǇs. ϮϬϭϭ. The 
Movebank data ŵodel for aniŵal traĐking. Environŵental Modelling & “oŌǁare Ϯϲ:ϴϯϰ–ϴϯ5. 

Kreiner, J. M., J. R. “ƟnĐhĐoŵbe, and “. I. Wright. ϮϬϭϳ. PopulaƟon GenoŵiĐs of HerbiĐide ResistanĐe: 
AdaptaƟon via EvoluƟonarǇ ResĐue. Annual Revieǁ of Plant BiologǇ.   ϲϵ ;AprilͿ: ϲϭϭ–ϯ5. 

 

ϲϭ 

http://paperpile.com/b/n0dfJj/63Moj
http://paperpile.com/b/n0dfJj/63Moj
http://paperpile.com/b/n0dfJj/tEjCB
http://paperpile.com/b/n0dfJj/tEjCB
http://paperpile.com/b/n0dfJj/Woq9J
http://paperpile.com/b/n0dfJj/Woq9J
http://paperpile.com/b/n0dfJj/Um5nn
http://paperpile.com/b/n0dfJj/Um5nn
http://paperpile.com/b/n0dfJj/Um5nn
http://paperpile.com/b/n0dfJj/Um5nn
http://paperpile.com/b/n0dfJj/Um5nn
http://paperpile.com/b/n0dfJj/Um5nn
http://paperpile.com/b/n0dfJj/Tlpkb
http://paperpile.com/b/n0dfJj/Tlpkb
http://paperpile.com/b/n0dfJj/Tlpkb
http://paperpile.com/b/n0dfJj/vyxKA
http://paperpile.com/b/n0dfJj/vyxKA
http://paperpile.com/b/n0dfJj/yuXDH
http://paperpile.com/b/n0dfJj/yuXDH
http://paperpile.com/b/n0dfJj/dcxP
http://paperpile.com/b/n0dfJj/dcxP
http://paperpile.com/b/n0dfJj/h0As6
http://paperpile.com/b/n0dfJj/h0As6
http://paperpile.com/b/n0dfJj/EmxY
http://paperpile.com/b/n0dfJj/EmxY
http://paperpile.com/b/n0dfJj/0LhB
http://paperpile.com/b/n0dfJj/2zrOD
http://paperpile.com/b/n0dfJj/2zrOD
http://paperpile.com/b/n0dfJj/0sQSy
http://paperpile.com/b/n0dfJj/0sQSy
http://paperpile.com/b/n0dfJj/0sQSy
http://paperpile.com/b/n0dfJj/7GCoB
http://paperpile.com/b/n0dfJj/7GCoB
http://paperpile.com/b/n0dfJj/7GCoB
http://paperpile.com/b/n0dfJj/7GCoB
http://paperpile.com/b/n0dfJj/7GCoB
http://paperpile.com/b/n0dfJj/7GCoB
http://paperpile.com/b/n0dfJj/7GCoB
http://paperpile.com/b/n0dfJj/czjeT
http://paperpile.com/b/n0dfJj/czjeT
http://paperpile.com/b/n0dfJj/LJ9L
http://paperpile.com/b/n0dfJj/LJ9L
http://paperpile.com/b/n0dfJj/LJ9L
http://paperpile.com/b/n0dfJj/LJ9L
http://paperpile.com/b/n0dfJj/CG5b
http://paperpile.com/b/n0dfJj/CG5b
http://paperpile.com/b/n0dfJj/9oAYH
http://paperpile.com/b/n0dfJj/9oAYH


 

Lagator, M., N. Colegrave, and P. Neve. ϮϬϭϰ. “eleĐƟon historǇ and epistaƟĐ interaĐƟons iŵpaĐt 
dǇnaŵiĐs of adaptaƟon to novel environŵental stresses. ProĐeedings. BiologiĐal sĐienĐes / The 
RoǇal “oĐietǇ Ϯϴϭ:ϮϬϭϰϭϲϳϵ. 

LaibaĐh, F. ϭϵϰϯ.  Arabidopsis thaliana  ;L.Ϳ HeǇnh. als Objekt für geneƟsĐhe und 
entǁiĐklungsphǇsiologisĐhe UntersuĐhungen. Bot. ArĐhiv ϰϰ:ϰϯϵ–ϰ55. 

Laliberté, E., and J. M. TǇlianakis. ϮϬϭϬ. DeforestaƟon hoŵogenizes tropiĐal parasitoid–host 
netǁorks. EĐologǇ ϵϭ:ϭϳϰϬ–ϭϳϰϳ. 

Lang, P. L. M., F. M. Willeŵs, J. F. “Đheepens, H. A. Burbano, and O. Bossdorf. ϮϬϭϴ. Using herbaria to 
studǇ global environŵental Đhange. PeerJ Preprints. 

Lässig, M., V. Mustonen, and A. M. WalĐzak. ϮϬϭϳ. PrediĐƟng evoluƟon. Nature EĐologǇ & EvoluƟon 
ϭ:ϬϬϳϳ. 

Lee, C. E. ϮϬϬϮ. EvoluƟonarǇ geneƟĐs of invasive speĐies. Trends in EĐologǇ & EvoluƟon ϭϳ:ϯϴϲ–ϯϵϭ. 
Lee, C.‑R., H. “vardal, A. Farloǁ, M. Exposito‑Alonso, W. Ding, P. Novikova, C. Alonso‑BlanĐo, D. 

Weigel, and M. Nordborg. ϮϬϭϳ. On the post‑glaĐial spread of huŵan Đoŵŵensal  Arabidopsis 
thaliana . Nature CoŵŵuniĐaƟons ϴ:ϭϰϰ5ϴ. 

Lee‑Yaǁ, J. A., H. M. Kharouba, M. Bontrager, C. MahonǇ, A. M. Csergő, A. M. E. Noreen, Q. Li, R. 
“Đhuster, and A. L. Angert. ϮϬϭϲ. A sǇnthesis of transplant experiŵents and eĐologiĐal niĐhe 
ŵodels suggests that range liŵits are oŌen niĐhe liŵits. EĐologǇ leƩers.  ϭϵ ;ϲͿ: ϳϭϬ–ϮϮ. 

Leiŵu, R., and M. FisĐher. ϮϬϬϴ. A ŵeta‑analǇsis of loĐal adaptaƟon in plants. Plo“ One ϯ:eϰϬϭϬ. 
Le RouziĐ, A. ϮϬϭϰ. EsƟŵaƟng direĐƟonal epistasis. FronƟers in GeneƟĐs 5:ϭϵϴ. 
Leǁin, H. A., G. E. Robinson, W. J. Kress, W. J. Baker, J. Coddington, K. A. Crandall, R. Durbin, “. V. 

Edǁards, F. Forest, M. T. P. Gilbert, M. M. Goldstein, I. V. Grigoriev, K. J. HaĐkeƩ, D. Haussler, E. D. 
Jarvis, W. E. Johnson, A. Patrinos, “. RiĐhards, J. C. CasƟlla‑Rubio, M.‑A. van “luǇs, P. “. “olƟs, X. 
Xu, H. Yang, and G. )hang. ϮϬϭϴ. Earth BioGenoŵe ProjeĐt: “eƋuenĐing life for the future of life. 
ProĐeedings of the NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa 
ϭϭ5:ϰϯϮ5–ϰϯϯϯ. 

Leǁinsohn, T. M., P. InáĐio Prado, P. Jordano, J. BasĐoŵpte, and J. M. Olesen. ϮϬϬϲ. “truĐture in 
plant–aniŵal interaĐƟon asseŵblages. Oikos ϭϭϯ:ϭϳϰ–ϭϴϰ. 

Loh, P.‑R., G. BhaƟa, A. Gusev, H. K. FinuĐane, B. K. Bulik‑“ullivan, “. J. PollaĐk, “Đhizophrenia Working 
Group of PsǇĐhiatriĐ GenoŵiĐs ConsorƟuŵ, T. R. de Candia, “. H. Lee, N. R. WraǇ, K. “. Kendler, 
M. C. O’Donovan, B. M. Neale, N. PaƩerson, and A. L. PriĐe. ϮϬϭ5. ContrasƟng geneƟĐ 
arĐhiteĐtures of sĐhizophrenia and other Đoŵplex diseases using fast varianĐe‑Đoŵponents 
analǇsis. Nature GeneƟĐs ϰϳ:ϭϯϴ5–ϭϯϵϮ. 

Ludloǁ, M. M. ϭϵϴϵ. “trategies of response to ǁater stress. Pages Ϯϲϵ–Ϯϴϭ  in  K. H. Kreeb, H. RiĐhter, 
and T. M. MinĐkleǇ, editors. “truĐtural and funĐƟonal responses to environŵental stress. The 
Hague, the Netherlands: “PB AĐadeŵiĐ. 

LǇnĐh, M., J. ConerǇ, and R. Burger. ϭϵϵ5. MutaƟon AĐĐuŵulaƟon and the ExƟnĐƟon of “ŵall 
PopulaƟons. The AŵeriĐan Naturalist ϭϰϲ:ϰϴϵ–5ϭϴ. 

LǇnĐh, M., and W. Gabriel. ϭϵϵϬ. MutaƟon load and the survival of sŵall populaƟons. EvoluƟon 
ϰϰ:ϭϳϮ5–ϭϳϯϳ. 

LǇnĐh, M., and R. Lande. ϭϵϵϯ. EvoluƟon and exƟnĐƟon in response to environŵental Đhange. BioƟĐ 
InteraĐƟons and Global Change:Ϯϯϰ–Ϯ5Ϭ. 

MarƟn, A. R., M. Lin, J. M. Granka, J. W. MǇriĐk, X. Liu, A. “oĐkell, E. G. Atkinson, C. J. WerelǇ, M. 
Möller, M. “. “andhu, D. M. KingsleǇ, E. G. Hoal, X. Liu, M. J. DalǇ, M. W. Feldŵan, C. R. Gignoux, 
C. D. Bustaŵante, and B. M. Henn. ϮϬϭϳ. An UnexpeĐtedlǇ Coŵplex ArĐhiteĐture for “kin 
PigŵentaƟon in AfriĐans. Cell ϭϳϭ:ϭϯϰϬ–ϭϯ5ϯ.eϭϰ. 

 

ϲϮ 

http://paperpile.com/b/n0dfJj/hFp5M
http://paperpile.com/b/n0dfJj/hFp5M
http://paperpile.com/b/n0dfJj/hFp5M
http://paperpile.com/b/n0dfJj/uYURI
http://paperpile.com/b/n0dfJj/uYURI
http://paperpile.com/b/n0dfJj/uYURI
http://paperpile.com/b/n0dfJj/uYURI
http://paperpile.com/b/n0dfJj/Nc71S
http://paperpile.com/b/n0dfJj/Nc71S
http://paperpile.com/b/n0dfJj/7nrJv
http://paperpile.com/b/n0dfJj/7nrJv
http://paperpile.com/b/n0dfJj/oe4qb
http://paperpile.com/b/n0dfJj/oe4qb
http://paperpile.com/b/n0dfJj/xODX9
http://paperpile.com/b/n0dfJj/1fJEK
http://paperpile.com/b/n0dfJj/1fJEK
http://paperpile.com/b/n0dfJj/1fJEK
http://paperpile.com/b/n0dfJj/1fJEK
http://paperpile.com/b/n0dfJj/1fJEK
http://paperpile.com/b/n0dfJj/1zr0l
http://paperpile.com/b/n0dfJj/1zr0l
http://paperpile.com/b/n0dfJj/1zr0l
http://paperpile.com/b/n0dfJj/Uphj0
http://paperpile.com/b/n0dfJj/D6Asd
http://paperpile.com/b/n0dfJj/6AVVM
http://paperpile.com/b/n0dfJj/6AVVM
http://paperpile.com/b/n0dfJj/6AVVM
http://paperpile.com/b/n0dfJj/6AVVM
http://paperpile.com/b/n0dfJj/6AVVM
http://paperpile.com/b/n0dfJj/6AVVM
http://paperpile.com/b/n0dfJj/S1J2N
http://paperpile.com/b/n0dfJj/S1J2N
http://paperpile.com/b/n0dfJj/7G3oz
http://paperpile.com/b/n0dfJj/7G3oz
http://paperpile.com/b/n0dfJj/7G3oz
http://paperpile.com/b/n0dfJj/7G3oz
http://paperpile.com/b/n0dfJj/7G3oz
http://paperpile.com/b/n0dfJj/seczs
http://paperpile.com/b/n0dfJj/seczs
http://paperpile.com/b/n0dfJj/seczs
http://paperpile.com/b/n0dfJj/seczs
http://paperpile.com/b/n0dfJj/seczs
http://paperpile.com/b/n0dfJj/I2Sqi
http://paperpile.com/b/n0dfJj/I2Sqi
http://paperpile.com/b/n0dfJj/wHZ0
http://paperpile.com/b/n0dfJj/wHZ0
http://paperpile.com/b/n0dfJj/j3IuK
http://paperpile.com/b/n0dfJj/j3IuK
http://paperpile.com/b/n0dfJj/wQdaU
http://paperpile.com/b/n0dfJj/wQdaU
http://paperpile.com/b/n0dfJj/wQdaU
http://paperpile.com/b/n0dfJj/wQdaU


 

MarƟn, G., and T. Lenorŵand. ϮϬϬϲ. A general ŵulƟvariate extension of Fisher’s geoŵetriĐal ŵodel 
and the distribuƟon of ŵutaƟon fitness effeĐts aĐross speĐies. EvoluƟon ϲϬ:ϴϵϯ–ϵϬϳ. 

Marǁede, V., A. “Đhierholt, C. Möllers, and H. C. BeĐker. ϮϬϬϰ. GenotǇpe × Environŵent InteraĐƟons 
and HeritabilitǇ of ToĐopherol Contents in Canola. Crop “ĐienĐe ϰϰ:ϳϮϴ. 

Melillo, J. M., A. D. MĐGuire, D. W. KiĐklighter, B. Moore, C. J. VorosŵartǇ, and A. L. “Đhloss. ϭϵϵϯ. 
Global Đliŵate Đhange and terrestrial net priŵarǇ produĐƟon. Nature ϯϲϯ:Ϯϯϰ. 

Merilä, J., and A. P. HendrǇ. ϮϬϭϰ. Cliŵate Đhange, adaptaƟon, and phenotǇpiĐ plasƟĐitǇ: The 
probleŵ and the evidenĐe. EvoluƟonarǇ AppliĐaƟons ϳ:ϭ–ϭϰ. 

Merilä, J., B. C. “heldon, and L. E. B. Kruuk. ϮϬϬϭ. Explaining stasis: MiĐroevoluƟonarǇ studies in 
natural populaƟons. Pages ϭϵϵ–ϮϮϮ  in  A. P. HendrǇ and M. T. Kinnison, editors. MiĐroevoluƟon 
Rate, PaƩern, ProĐess. “pringer Netherlands, DordreĐht. 

Messer, P. W. ϮϬϭϯ. “LiM: siŵulaƟng evoluƟon ǁith seleĐƟon and linkage. GeneƟĐs ϭϵϰ:ϭϬϯϳ–ϭϬϯϵ. 
Messer, P. W., “. P. Ellner, and N. G. Hairston Jr. ϮϬϭϲ. Can PopulaƟon GeneƟĐs Adapt to Rapid 

EvoluƟon? Trends in GeneƟĐs: TIG.  ϯϮ ;ϳͿ: ϰϬϴ–ϭϴ. 
MeǇeroǁitz, E. M. ϮϬϬϭ. PrehistorǇ and historǇ of Arabidopsis researĐh. Plant phǇsiologǇ ϭϮ5:ϭ5–ϭϵ. 
MooneǇ, H. A., and E. E. Cleland. ϮϬϬϭ. The evoluƟonarǇ iŵpaĐt of invasive speĐies. ProĐeedings of 

the NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa ϵϴ:5ϰϰϲ–5ϰ5ϭ. 
MorrisseǇ, M. B., L. E. B. Kruuk, and A. J. Wilson. ϮϬϭϬ. The danger of applǇing the breeder’s eƋuaƟon 

in observaƟonal studies of natural populaƟons. Journal of evoluƟonarǇ biologǇ Ϯϯ:ϮϮϳϳ–ϮϮϴϴ. 
NaƟonal AĐadeŵǇ of “ĐienĐes. ϭϵϳ5. Understanding CliŵaƟĐ Change: A prograŵ for aĐƟon. NaƟonal 

AĐadeŵǇ of “ĐienĐes. 
Neher, R. A. ϮϬϭϯ. GeneƟĐ DraŌ, “eleĐƟve InterferenĐe, and PopulaƟon GeneƟĐs of Rapid 

AdaptaƟon. Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϰϰ:ϭϵ5–Ϯϭ5. 
Neher, R. A., C. A. Russell, and B. I. “hraiŵan. ϮϬϭϰ. PrediĐƟng evoluƟon froŵ the shape of 

genealogiĐal trees. eLife ϯ.  hƩps://doi.org/ϭϬ.ϳ55ϰ/eLife.Ϭϯ5ϲϴ. 
Neŵani, R. R., C. D. Keeling, H. Hashiŵoto, W. M. JollǇ, “. C. Piper, C. J. TuĐker, R. B. MǇneni, and “. W. 

Running. ϮϬϬϯ. Cliŵate‑driven inĐreases in global terrestrial net priŵarǇ produĐƟon froŵ ϭϵϴϮ 
to ϭϵϵϵ. “ĐienĐe ϯϬϬ:ϭ5ϲϬ–ϭ5ϲϯ. 

Neǁbold, T., L. N. Hudson, A. P. Arnell, “. Contu, A. De Palŵa, “. Ferrier, “. L. L. Hill, A. J. Hoskins, I. 
LǇsenko, H. R. P. Phillips, V. J. Burton, C. W. T. Chng, “. Eŵerson, D. Gao, G. Pask‑Hale, J. HuƩon, 
M. Jung, K. “anĐhez‑OrƟz, B. I. “iŵŵons, “. Whitŵee, H. )hang, J. P. W. “Đharleŵann, and A. 
Purvis. ϮϬϭϲ. Has land use pushed terrestrial biodiversitǇ beǇond the planetarǇ boundarǇ? A 
global assessŵent. “ĐienĐe ϯ5ϯ:Ϯϴϴ–Ϯϵϭ. 

Nielsen, R., “. Williaŵson, Y. Kiŵ, M. J. Hubisz, A. G. Clark, and C. Bustaŵante. ϮϬϬ5. GenoŵiĐ sĐans 
for seleĐƟve sǁeeps using “NP data. Genoŵe ResearĐh ϭ5:ϭ5ϲϲ–ϭ5ϳ5. 

Nosil, P., R. Villoutreix, C. F. de Carvalho, T. E. Farkas, V. “oria‑CarrasĐo, J. L. Feder, B. J. Crespi, and ). 
Goŵpert. ϮϬϭϴ. Natural seleĐƟon and the prediĐtabilitǇ of evoluƟon in Tiŵeŵa sƟĐk inseĐts. 
“ĐienĐe ϯ5ϵ:ϳϲ5–ϳϳϬ. 

Orlando, L., M. T. P. Gilbert, and E. Willerslev. ϮϬϭ5. ReĐonstruĐƟng anĐient genoŵes and 
epigenoŵes. Nature Revieǁs. GeneƟĐs ϭϲ:ϯϵ5–ϰϬϴ. 

Orr, H. A., and R. L. UnĐkless. ϮϬϭϰ. The populaƟon geneƟĐs of evoluƟonarǇ resĐue. PLo“ geneƟĐs 
ϭϬ:eϭϬϬϰ55ϭ. 

Papadopoulos, D., D. “Đhneider, J. Meier‑Eiss, W. Arber, R. E. Lenski, and M. Blot. ϭϵϵϵ. GenoŵiĐ 
evoluƟon during a ϭϬ,ϬϬϬ‑generaƟon experiŵent ǁith baĐteria. ProĐeedings of the NaƟonal 
AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa ϵϲ:ϯϴϬϳ–ϯϴϭϮ. 

Parker, J., A. J. HelŵsteƩer, D. DeveǇ, T. Wilkinson, and A. “. T. Papadopulos. ϮϬϭϳ. Field‑based speĐies 

 

ϲϯ 

http://paperpile.com/b/n0dfJj/14XC1
http://paperpile.com/b/n0dfJj/14XC1
http://paperpile.com/b/n0dfJj/e93u7
http://paperpile.com/b/n0dfJj/e93u7
http://paperpile.com/b/n0dfJj/MwZQr
http://paperpile.com/b/n0dfJj/MwZQr
http://paperpile.com/b/n0dfJj/CJmZT
http://paperpile.com/b/n0dfJj/CJmZT
http://paperpile.com/b/n0dfJj/SzuzC
http://paperpile.com/b/n0dfJj/SzuzC
http://paperpile.com/b/n0dfJj/SzuzC
http://paperpile.com/b/n0dfJj/SzuzC
http://paperpile.com/b/n0dfJj/SzuzC
http://paperpile.com/b/n0dfJj/RTLsc
http://paperpile.com/b/n0dfJj/aaCNz
http://paperpile.com/b/n0dfJj/aaCNz
http://paperpile.com/b/n0dfJj/OsfSv
http://paperpile.com/b/n0dfJj/jCGlv
http://paperpile.com/b/n0dfJj/jCGlv
http://paperpile.com/b/n0dfJj/dXjfU
http://paperpile.com/b/n0dfJj/dXjfU
http://paperpile.com/b/n0dfJj/IEqkw
http://paperpile.com/b/n0dfJj/IEqkw
http://paperpile.com/b/n0dfJj/OYJhI
http://paperpile.com/b/n0dfJj/OYJhI
http://paperpile.com/b/n0dfJj/qej0j
http://paperpile.com/b/n0dfJj/qej0j
http://paperpile.com/b/n0dfJj/7E86f
http://paperpile.com/b/n0dfJj/7E86f
http://paperpile.com/b/n0dfJj/7E86f
http://paperpile.com/b/n0dfJj/3Cc3s
http://paperpile.com/b/n0dfJj/3Cc3s
http://paperpile.com/b/n0dfJj/3Cc3s
http://paperpile.com/b/n0dfJj/3Cc3s
http://paperpile.com/b/n0dfJj/3Cc3s
http://paperpile.com/b/n0dfJj/DeXtQ
http://paperpile.com/b/n0dfJj/DeXtQ
http://paperpile.com/b/n0dfJj/pUFmy
http://paperpile.com/b/n0dfJj/pUFmy
http://paperpile.com/b/n0dfJj/pUFmy
http://paperpile.com/b/n0dfJj/TUuy
http://paperpile.com/b/n0dfJj/TUuy
http://paperpile.com/b/n0dfJj/JrWGy
http://paperpile.com/b/n0dfJj/JrWGy
http://paperpile.com/b/n0dfJj/H7j2
http://paperpile.com/b/n0dfJj/H7j2
http://paperpile.com/b/n0dfJj/H7j2
http://paperpile.com/b/n0dfJj/3uqLv


 

idenƟfiĐaƟon of ĐloselǇ‑related plants using real‑Ɵŵe nanopore seƋuenĐing. “ĐienƟfiĐ reports 
ϳ:ϴϯϰ5. 

Parŵesan, C., and G. Yohe. ϮϬϬϯ. A globallǇ Đoherent fingerprint of Đliŵate Đhange iŵpaĐts aĐross 
natural sǇsteŵs. Nature ϰϮϭ:ϯϳ–ϰϮ. 

Patǁa, )., and L. M. Wahl. ϮϬϬϴ. The fixaƟon probabilitǇ of benefiĐial ŵutaƟons. Journal of the RoǇal 
“oĐietǇ, InterfaĐe / the RoǇal “oĐietǇ 5:ϭϮϳϵ–ϭϮϴϵ. 

Pearson, R. G. ϮϬϭϲ. Reasons to Conserve Nature. Trends in EĐologǇ & EvoluƟon ϯϭ:ϯϲϲ–ϯϳϭ. 
Pearson, R. G., and T. P. Daǁson. ϮϬϬϯ. PrediĐƟng the iŵpaĐts of Đliŵate Đhange on the distribuƟon 

of speĐies: are bioĐliŵate envelope ŵodels useful? Global EĐologǇ and BiogeographǇ: a Journal 
of MaĐroeĐologǇ ϭϮ:ϯϲϭ–ϯϳϭ. 

Pearson, R. G., and T. P. Daǁson. ϮϬϬϰ. BioĐliŵate envelope ŵodels: ǁhat theǇ deteĐt and ǁhat theǇ 
hide ‑ response to Haŵpe ;ϮϬϬϰͿ: CorrespondenĐe.  Global EĐologǇ and BiogeographǇ: a Journal 
of MaĐroeĐologǇ  ϭϯ:ϰϳϭ–ϰϳϯ. 

PeƟt, R. J., I. Aguinagalde, J.‑L. de Beaulieu, C. BiƩkau, “. Breǁer, R. Cheddadi, R. Ennos, “. FinesĐhi, D. 
Grivet, M. LasĐoux, A. MohantǇ, G. Müller‑“tarĐk, B. Deŵesure‑MusĐh, A. Palŵé, J. P. Marơn, “. 
Rendell, and G. G. Vendraŵin. ϮϬϬϯ. GlaĐial Refugia: Hotspots But Not MelƟng Pots of GeneƟĐ 
DiversitǇ. “ĐienĐe ϯϬϬ:ϭ5ϲϯ–ϭ5ϲ5. 

PigliuĐĐi, M. ϮϬϬϯ. “eleĐƟon in a Model “Ǉsteŵ: EĐologiĐal GeneƟĐs of Floǁering Tiŵe in  Arabidopsis 
thaliana . EĐologǇ ϴϰ:ϭϳϬϬ–ϭϳϭϮ. 

Piŵŵ, “. L., C. N. Jenkins, R. Abell, T. M. Brooks, J. L. GiƩleŵan, L. N. Joppa, P. H. Raven, C. M. 
Roberts, and J. O. “exton. ϮϬϭϰ. The biodiversitǇ of speĐies and their rates of exƟnĐƟon, 
distribuƟon, and proteĐƟon. “ĐienĐe ϯϰϰ:ϭϮϰϲϳ5Ϯ. 

Piŵŵ, “. L., and P. H. Raven. ϮϬϭϳ. The Fate of the World’s Plants. Trends in EĐologǇ & EvoluƟon 
ϯϮ:ϯϭϳ–ϯϮϬ. 

PlaƩ, A., M. Horton, Y. “. Huang, Y. Li, A. E. Anastasio, N. W. MulǇaƟ, J. Agren, O. Bossdorf, D. BǇers, K. 
Donohue, M. Dunning, E. B. Holub, A. Hudson, V. Le Corre, O. Loudet, F. Roux, N. Warthŵann, D. 
Weigel, L. Rivero, R. “Đholl, M. Nordborg, J. Bergelson, and J. O. Borevitz. ϮϬϭϬ. The sĐale of 
populaƟon struĐture in  Arabidopsis thaliana . PLo“ GeneƟĐs ϲ:eϭϬϬϬϴϰϯ. 

PriĐe, N., B. T. MoǇers, L. Lopez, J. R. LaskǇ, J. GreǇ Monroe, J. L. Mullen, C. G. OakleǇ, J. Lin, J. Ågren, 
D. R. “Đhrider, A. D. Kern, and J. K. MĐKaǇ. ϮϬϭϴ. Coŵbining populaƟon genoŵiĐs and fitness 
QTLs to idenƟfǇ the geneƟĐs of loĐal adaptaƟon in  Arabidopsis thaliana . ProĐeedings of the 
NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa:ϮϬϭϳϭϵϵϵϴ. 

PritĐhard, J. K., J. K. PiĐkrell, and G. Coop. ϮϬϭϬ. The geneƟĐs of huŵan adaptaƟon: hard sǁeeps, soŌ 
sǁeeps, and polǇgeniĐ adaptaƟon. Current biologǇ: CB ϮϬ:RϮϬϴ–ϭ5. 

Pujol, B., “. BlanĐhet, A. CharŵanƟer, E. DanĐhin, B. FaĐon, P. Marrot, F. Roux, I. “Đoƫ, C. TeplitskǇ, C. 
E. Thoŵson, and I. WinneǇ. ϮϬϭϴ. The Missing Response to “eleĐƟon in the Wild. Trends in 
EĐologǇ & EvoluƟon ϯϯ:ϯϯϳ–ϯϰϲ. 

Qiao, H., L. E. EsĐobar, and A. T. Peterson. ϮϬϭϳ. AĐĐessible areas in eĐologiĐal niĐhe Đoŵparisons of 
invasive speĐies: ReĐognized but sƟll overlooked. “ĐienƟfiĐ Rreports ϳ:ϭϮϭϯ. 

Raŵbaut, A., D. Posada, K. A. Crandall, and E. C. Holŵes. ϮϬϬϰ. The Đauses and ĐonseƋuenĐes of HIV 
evoluƟon. Nature revieǁs. GeneƟĐs 5:5Ϯ–ϲϭ. 

Rasaŵivelona, A., K. A. Gravois, and R. H. DildaǇ. ϭϵϵ5. HeritabilitǇ and GenotǇpe × Environŵent 
InteraĐƟons for “traighthead in RiĐe. Crop “ĐienĐe ϯ5:ϭϯϲ5. 

Razanajatovo, M., N. Maurel, W. Daǁson, F. Essl, H. KreŌ, J. Pergl, P. PǇšek, P. Weigelt, M. Winter, and 
M. van Kleunen. ϮϬϭϲ. Plants Đapable of selfing are ŵore likelǇ to beĐoŵe naturalized. Nature 
CoŵŵuniĐaƟons ϳ:ϭϯϯϭϯ. 

 

ϲϰ 

http://paperpile.com/b/n0dfJj/3uqLv
http://paperpile.com/b/n0dfJj/3uqLv
http://paperpile.com/b/n0dfJj/8BKdM
http://paperpile.com/b/n0dfJj/8BKdM
http://paperpile.com/b/n0dfJj/VEQrz
http://paperpile.com/b/n0dfJj/VEQrz
http://paperpile.com/b/n0dfJj/dF4NC
http://paperpile.com/b/n0dfJj/MODyz
http://paperpile.com/b/n0dfJj/MODyz
http://paperpile.com/b/n0dfJj/MODyz
http://paperpile.com/b/n0dfJj/wBTH7
http://paperpile.com/b/n0dfJj/wBTH7
http://paperpile.com/b/n0dfJj/MODyz
http://paperpile.com/b/n0dfJj/MODyz
http://paperpile.com/b/n0dfJj/wBTH7
http://paperpile.com/b/n0dfJj/nomsb
http://paperpile.com/b/n0dfJj/nomsb
http://paperpile.com/b/n0dfJj/nomsb
http://paperpile.com/b/n0dfJj/nomsb
http://paperpile.com/b/n0dfJj/QUnr5
http://paperpile.com/b/n0dfJj/QUnr5
http://paperpile.com/b/n0dfJj/QUnr5
http://paperpile.com/b/n0dfJj/QUnr5
http://paperpile.com/b/n0dfJj/eVeKL
http://paperpile.com/b/n0dfJj/eVeKL
http://paperpile.com/b/n0dfJj/eVeKL
http://paperpile.com/b/n0dfJj/XR9wS
http://paperpile.com/b/n0dfJj/XR9wS
http://paperpile.com/b/n0dfJj/d68P
http://paperpile.com/b/n0dfJj/d68P
http://paperpile.com/b/n0dfJj/d68P
http://paperpile.com/b/n0dfJj/d68P
http://paperpile.com/b/n0dfJj/d68P
http://paperpile.com/b/n0dfJj/d68P
http://paperpile.com/b/n0dfJj/cY56H
http://paperpile.com/b/n0dfJj/cY56H
http://paperpile.com/b/n0dfJj/cY56H
http://paperpile.com/b/n0dfJj/cY56H
http://paperpile.com/b/n0dfJj/cY56H
http://paperpile.com/b/n0dfJj/cY56H
http://paperpile.com/b/n0dfJj/JdLzh
http://paperpile.com/b/n0dfJj/JdLzh
http://paperpile.com/b/n0dfJj/u5RBk
http://paperpile.com/b/n0dfJj/u5RBk
http://paperpile.com/b/n0dfJj/u5RBk
http://paperpile.com/b/n0dfJj/6I8GP
http://paperpile.com/b/n0dfJj/6I8GP
http://paperpile.com/b/n0dfJj/uiGbf
http://paperpile.com/b/n0dfJj/uiGbf
http://paperpile.com/b/n0dfJj/ZOxLh
http://paperpile.com/b/n0dfJj/ZOxLh
http://paperpile.com/b/n0dfJj/yBLtm
http://paperpile.com/b/n0dfJj/yBLtm
http://paperpile.com/b/n0dfJj/yBLtm


 

ReiĐh, D. E., M. Cargill, “. Bolk, J. Ireland, P. C. “abeƟ, D. J. RiĐhter, T. LaverǇ, R. KouǇouŵjian, “. F. 
Farhadian, R. Ward, and E. “. Lander. ϮϬϬϭ. Linkage diseƋuilibriuŵ in the huŵan genoŵe. Nature 
ϰϭϭ:ϭϵϵ–ϮϬϰ. 

RezniĐk, D. N., and C. K. Ghalaŵbor. ϮϬϬϭ. The populaƟon eĐologǇ of ĐonteŵporarǇ adaptaƟons: 
ǁhat eŵpiriĐal studies reveal about the ĐondiƟons that proŵote adapƟve evoluƟon. GeneƟĐa 
ϭϭϮ‑ϭϭϯ:ϭϴϯ–ϭϵϴ. 

RezniĐk, D., and J. Travis. ϮϬϭϴ. Is evoluƟon prediĐtable? “ĐienĐe ϯ5ϵ:ϳϯϴ–ϳϯϵ. 
Rosenzǁeig, C., D. KarolǇ, M. ViĐarelli, P. NeofoƟs, Q. Wu, G. Casassa, A. Menzel, T. L. Root, N. Estrella, 

B. “eguin, P. TrǇjanoǁski, C. Liu, “. Raǁlins, and A. Iŵeson. ϮϬϬϴ. AƩribuƟng phǇsiĐal and 
biologiĐal iŵpaĐts to anthropogeniĐ Đliŵate Đhange. Nature ϰ5ϯ:ϯ5ϯ–ϯ5ϳ. 

Rudŵan, “. M., M. A. Barbour, K. CsillérǇ, P. Gienapp, F. Guillauŵe, N. G. Hairston Jr, A. P. HendrǇ, J. R. 
LaskǇ, M. Rafajlović, K. Räsänen, P. “. “Đhŵidt, O. “eehausen, N. O. Therkildsen, M. M. TurĐoƩe, 
and J. M. Levine. ϮϬϭϴ. What genoŵiĐ data Đan reveal about eĐo‑evoluƟonarǇ dǇnaŵiĐs. Nature 
EĐologǇ & EvoluƟon Ϯ:ϵ–ϭ5. 

“alguero‑Góŵez, R., O. R. Jones, C. R. ArĐher, Y. M. BuĐkleǇ, J. Che‑Castaldo, H. Casǁell, D. Hodgson, 
A. “Đheuerlein, D. A. Conde, E. Brinks, H. de Buhr, C. FaraĐk, F. GoƩsĐhalk, A. Hartŵann, A. 
Henning, G. Hoppe, G. Röŵer, J. Runge, T. Ruoff, J. Wille, “. )eh, R. Davison, D. Vieregg, A. 
BaudisĐh, R. Altǁegg, F. ColĐhero, M. Dong, H. de Kroon, J.‑D. Lebreton, C. J. E. MetĐalf, M. M. 
Neel, I. M. Parker, T. Takada, T. Valverde, L. A. Vélez‑Espino, G. M. Wardle, M. FranĐo, and J. W. 
Vaupel. ϮϬϭ5. The Đoŵpadre Plant Matrix Database: an open online repositorǇ for plant 
deŵographǇ. The Journal of EĐologǇ ϭϬϯ:ϮϬϮ–Ϯϭϴ. 

“avolainen, O., M. LasĐoux, and J. Merilä. ϮϬϭϯ. EĐologiĐal genoŵiĐs of loĐal adaptaƟon. Nature 
Revieǁs. GeneƟĐs ϭϰ:ϴϬϳ–ϴϮϬ. 

“Đhizophrenia Working Group of the PsǇĐhiatriĐ GenoŵiĐs ConsorƟuŵ. ϮϬϭϰ. BiologiĐal insights froŵ 
ϭϬϴ sĐhizophrenia‑assoĐiated geneƟĐ loĐi. Nature 5ϭϭ:ϰϮϭ–ϰϮϳ. 

“Đhrider, D. R., and A. D. Kern. ϮϬϭϴ. “upervised MaĐhine Learning for PopulaƟon GeneƟĐs: A Neǁ 
Paradigŵ. Trends in geneƟĐs: TIG.   ϯϰ ;ϰͿ: ϯϬϭ–ϭϮ. 

“Đhǁalŵ, C. R., W. R. L. Anderegg, A. M. MiĐhalak, J. B. Fisher, F. Biondi, G. KoĐh, M. Litvak, K. Ogle, J. 
D. “haǁ, A. Wolf, D. N. Huntzinger, K. “Đhaefer, R. Cook, Y. Wei, Y. Fang, D. HaǇes, M. Huang, A. 
Jain, and H. Tian. ϮϬϭϳ. Global paƩerns of drought reĐoverǇ. Nature 5ϰϴ:ϮϬϮ–ϮϬ5. 

“eager, R., M. Ting, I. Held, Y. Kushnir, J. Lu, G. VeĐĐhi, H. ‑P. Huang, N. Harnik, A. Leetŵaa, N. ‑C. Lau, 
C. Li, J. Velez, and N. Naik. ϮϬϬϳ. Model ProjeĐƟons of an Iŵŵinent TransiƟon to a More Arid 
Cliŵate in “outhǁestern North AŵeriĐa. “ĐienĐe ϯϭϲ:ϭϭϴϭ–ϭϭϴϰ. 

“eebens, H., T. M. BlaĐkburn, E. E. DǇer, P. Genovesi, P. E. Hulŵe, J. M. JesĐhke, “. Pagad, P. PǇšek, M. 
Winter, M. Arianoutsou, “. BaĐher, B. Blasius, G. Brundu, C. Capinha, L. CelesƟ‑Grapoǁ, W. 
Daǁson, “. Dullinger, N. Fuentes, H. Jäger, J. Kartesz, M. Kenis, H. KreŌ, I. Kühn, B. Lenzner, A. 
Liebhold, A. Mosena, D. Moser, M. Nishino, D. Pearŵan, J. Pergl, W. RabitsĐh, J. Rojas‑“andoval, 
A. RoƋues, “. Rorke, “. Rossinelli, H. E. RoǇ, R. “Đalera, “. “Đhindler, K. Štajerová, B. 
Tokarska‑Guzik, M. van Kleunen, K. Walker, P. Weigelt, T. Yaŵanaka, and F. Essl. ϮϬϭϳ. No 
saturaƟon in the aĐĐuŵulaƟon of alien speĐies ǁorldǁide. Nature CoŵŵuniĐaƟons ϴ:ϭϰϰϯ5. 

“eebens, H., F. Essl, W. Daǁson, N. Fuentes, D. Moser, J. Pergl, P. PǇšek, M. van Kleunen, E. Weber, M. 
Winter, and B. Blasius. ϮϬϭ5. Global trade ǁill aĐĐelerate plant invasions in eŵerging eĐonoŵies 
under Đliŵate Đhange. Global Change BiologǇ Ϯϭ:ϰϭϮϴ–ϰϭϰϬ. 

“exton, J. P., P. J. MĐIntǇre, A. L. Angert, and K. J. RiĐe. ϮϬϬϵ. EvoluƟon and EĐologǇ of “peĐies Range 
Liŵits. Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϰϬ:ϰϭ5–ϰϯϲ. 

“exton, J. P., “. Y. “trauss, and K. J. RiĐe. ϮϬϭϭ. Gene floǁ inĐreases fitness at the ǁarŵ edge of a 

 

ϲ5 

http://paperpile.com/b/n0dfJj/XTabO
http://paperpile.com/b/n0dfJj/XTabO
http://paperpile.com/b/n0dfJj/XTabO
http://paperpile.com/b/n0dfJj/SHDZS
http://paperpile.com/b/n0dfJj/SHDZS
http://paperpile.com/b/n0dfJj/SHDZS
http://paperpile.com/b/n0dfJj/jbXgX
http://paperpile.com/b/n0dfJj/cV0BR
http://paperpile.com/b/n0dfJj/cV0BR
http://paperpile.com/b/n0dfJj/cV0BR
http://paperpile.com/b/n0dfJj/BnQYO
http://paperpile.com/b/n0dfJj/BnQYO
http://paperpile.com/b/n0dfJj/BnQYO
http://paperpile.com/b/n0dfJj/BnQYO
http://paperpile.com/b/n0dfJj/wayWY
http://paperpile.com/b/n0dfJj/wayWY
http://paperpile.com/b/n0dfJj/wayWY
http://paperpile.com/b/n0dfJj/wayWY
http://paperpile.com/b/n0dfJj/wayWY
http://paperpile.com/b/n0dfJj/wayWY
http://paperpile.com/b/n0dfJj/wayWY
http://paperpile.com/b/n0dfJj/JprNC
http://paperpile.com/b/n0dfJj/JprNC
http://paperpile.com/b/n0dfJj/va8BG
http://paperpile.com/b/n0dfJj/va8BG
http://paperpile.com/b/n0dfJj/WuFg0
http://paperpile.com/b/n0dfJj/WuFg0
http://paperpile.com/b/n0dfJj/Eq9ks
http://paperpile.com/b/n0dfJj/Eq9ks
http://paperpile.com/b/n0dfJj/Eq9ks
http://paperpile.com/b/n0dfJj/XlBX7
http://paperpile.com/b/n0dfJj/XlBX7
http://paperpile.com/b/n0dfJj/XlBX7
http://paperpile.com/b/n0dfJj/O1ghA
http://paperpile.com/b/n0dfJj/O1ghA
http://paperpile.com/b/n0dfJj/O1ghA
http://paperpile.com/b/n0dfJj/O1ghA
http://paperpile.com/b/n0dfJj/O1ghA
http://paperpile.com/b/n0dfJj/O1ghA
http://paperpile.com/b/n0dfJj/O1ghA
http://paperpile.com/b/n0dfJj/ekN1Y
http://paperpile.com/b/n0dfJj/ekN1Y
http://paperpile.com/b/n0dfJj/ekN1Y
http://paperpile.com/b/n0dfJj/f8nIw
http://paperpile.com/b/n0dfJj/f8nIw
http://paperpile.com/b/n0dfJj/qg2TP


 

speĐies’ range. ProĐeedings of the NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa 
ϭϬϴ:ϭϭϳϬϰ–ϭϭϳϬϵ. 

“hapiro, B., and M. Hofreiter. ϮϬϭϰ. A paleogenoŵiĐ perspeĐƟve on evoluƟon and gene funĐƟon: neǁ 
insights froŵ anĐient DNA. “ĐienĐe ϯϰϯ:ϭϮϯϲ5ϳϯ. 

“ilver, D., A. Huang, C. J. Maddison, A. Guez, L. “ifre, G. van den DriessĐhe, J. “ĐhriƩǁieser, I. 
Antonoglou, V. Panneershelvaŵ, M. LanĐtot, “. Dieleŵan, D. Greǁe, J. Nhaŵ, N. KalĐhbrenner, I. 
“utskever, T. LilliĐrap, M. LeaĐh, K. KavukĐuoglu, T. Graepel, and D. Hassabis. ϮϬϭϲ. Mastering the 
gaŵe of Go ǁith deep neural netǁorks and tree searĐh. Nature 5Ϯϵ:ϰϴϰ–ϰϴϵ. 

“inĐlair, “., M. White, and G. Neǁell. ϮϬϭϬ. Hoǁ useful are speĐies distribuƟon ŵodels for ŵanaging 
biodiversitǇ under future Đliŵates? EĐologǇ and “oĐietǇ ϭ5. 

“ohail, M., O. A. Vakhrusheva, J. H. “ul, “. L. Pulit, L. C. FranĐioli, Genoŵe of the Netherlands 
ConsorƟuŵ, Alzheiŵer’s Disease Neuroiŵaging IniƟaƟve, L. H. van den Berg, J. H. Veldink, P. I. 
W. de Bakker, G. A. BazǇkin, A. “. Kondrashov, and “. R. “unǇaev. ϮϬϭϳ. NegaƟve seleĐƟon in 
huŵans and fruit flies involves sǇnergisƟĐ epistasis. “ĐienĐe ϯ5ϲ:5ϯϵ–5ϰϮ. 

“teffen, W., K. RiĐhardson, J. RoĐkströŵ, “. E. Cornell, I. Fetzer, E. M. BenneƩ, R. Biggs, “. R. Carpenter, 
W. de Vries, C. A. de Wit, C. Folke, D. Gerten, J. Heinke, G. M. MaĐe, L. M. Persson, V. 
Raŵanathan, B. ReǇers, and “. “örlin. ϮϬϭ5. PlanetarǇ boundaries: guiding huŵan developŵent 
on a Đhanging planet. “ĐienĐe ϯϰϳ:ϭϮ5ϵϴ55. 

“teiner, C. C., J. N. Weber, and H. E. Hoekstra. ϮϬϬϳ. AdapƟve variaƟon in beaĐh ŵiĐe produĐed bǇ 
tǁo interaĐƟng pigŵentaƟon genes. PLo“ BiologǇ 5:eϮϭϵ. 

“uárez‑Mota, M. E., E. OrƟz, J. L. Villaseñor, and F. J. Espinosa‑GarĐía. ϮϬϭϲ. EĐologiĐal NiĐhe 
Modeling of Invasive Plant “peĐies AĐĐording to Invasion “tatus and Manageŵent Needs: The 
Case of  Chroŵolaena odorata  ;AsteraĐeaeͿ in “outh AfriĐa. Polish Journal of EĐologǇ 
ϲϰ:ϯϲϵ–ϯϴϯ. 

“upple, M. A., J. G. Bragg, L. M. Broadhurst, A. B. NiĐotra, M. BǇrne, R. L. Andreǁ, A. Widdup, N. C. 
Aitken, and J. O. Borevitz. ϮϬϭϴ. LandsĐape genoŵiĐ prediĐƟon for restoraƟon of a EuĐalǇptus 
foundaƟon speĐies under Đliŵate Đhange. eLife ϳ.  hƩps://doi.org/ϭϬ.ϳ55ϰ/eLife.ϯϭϴϯ5. 

“ǁarts, K., R. M. Gutaker, B. Benz, M. Blake, R. Bukoǁski, J. Holland, M. Kruse‑Peeples, N. Lepak, L. 
Priŵ, M. Cinta RoŵaǇ, J. Ross‑Ibarra, J. de Jesus “anĐhez‑Gonzalez, C. “Đhŵidt, V. J. 
“Đhueneŵann, J. Krause, R. G. Matson, D. Weigel, E. “. BuĐkler, and H. A. Burbano. ϮϬϭϳ. 
GenoŵiĐ esƟŵaƟon of Đoŵplex traits reveals anĐient ŵaize adaptaƟon to teŵperate North 
AŵeriĐa. “ĐienĐe ϯ5ϳ:5ϭϮ–5ϭ5. 

“ǁindell, W. R. ϮϬϬϲ. The assoĐiaƟon aŵong gene expression responses to nine abioƟĐ stress 
treatŵents in  Arabidopsis thaliana . GeneƟĐs ϭϳϰ:ϭϴϭϭ–ϭϴϮϰ. 

Taigŵan, Y., M. Yang, M. ’aurelio Ranzato, and L. Wolf. ϮϬϭϰ. DeepFaĐe: Closing the Gap to 
Huŵan‑Level PerforŵanĐe in FaĐe VerifiĐaƟon. Pages ϭϳϬϭ–ϭϳϬϴ ProĐeedings of the ϮϬϭϰ IEEE 
ConferenĐe on Coŵputer Vision and PaƩern ReĐogniƟon. IEEE Coŵputer “oĐietǇ, Washington, 
DC, U“A. 

Tateŵ, A. J. ϮϬϬϵ. The ǁorldǁide airline netǁork and the dispersal of exoƟĐ speĐies: ϮϬϬϳ‑ϮϬϭϬ. 
EĐographǇ ϯϮ:ϵϰ–ϭϬϮ. 

Tédonzong Dongŵo, L. R., J. Willie, A. M. P. Keuko, J. K. Kuenbou, G. Njotah, M. N. TĐhaŵba, N. Tagg, 
and L. Lens. ϮϬϭϴ. Using abundanĐe and habitat variables to idenƟfǇ high ĐonservaƟon value 
areas for threatened ŵaŵŵals. BiodiversitǇ and ConservaƟon Ϯϳ:ϭϭϭ5–ϭϭϯϳ. 

Thoŵas, C. D., A. Caŵeron, R. E. Green, M. Bakkenes, L. J. Beauŵont, Y. C. Collinghaŵ, B. F. N. 
Erasŵus, M. F. de “iƋueira, A. Grainger, L. Hannah, L. Hughes, B. HuntleǇ, A. “. van Jaarsveld, G. F. 
MidgleǇ, L. Miles, M. A. Ortega‑Huerta, A. Toǁnsend Peterson, O. L. Phillips, and “. E. Williaŵs. 

 

ϲϲ 

http://paperpile.com/b/n0dfJj/qg2TP
http://paperpile.com/b/n0dfJj/qg2TP
http://paperpile.com/b/n0dfJj/4CFp
http://paperpile.com/b/n0dfJj/4CFp
http://paperpile.com/b/n0dfJj/MLV4L
http://paperpile.com/b/n0dfJj/MLV4L
http://paperpile.com/b/n0dfJj/MLV4L
http://paperpile.com/b/n0dfJj/MLV4L
http://paperpile.com/b/n0dfJj/m5aZ1
http://paperpile.com/b/n0dfJj/m5aZ1
http://paperpile.com/b/n0dfJj/Q0mfI
http://paperpile.com/b/n0dfJj/Q0mfI
http://paperpile.com/b/n0dfJj/Q0mfI
http://paperpile.com/b/n0dfJj/Q0mfI
http://paperpile.com/b/n0dfJj/4wwj
http://paperpile.com/b/n0dfJj/4wwj
http://paperpile.com/b/n0dfJj/4wwj
http://paperpile.com/b/n0dfJj/4wwj
http://paperpile.com/b/n0dfJj/Cd87W
http://paperpile.com/b/n0dfJj/Cd87W
http://paperpile.com/b/n0dfJj/oerlR
http://paperpile.com/b/n0dfJj/oerlR
http://paperpile.com/b/n0dfJj/oerlR
http://paperpile.com/b/n0dfJj/oerlR
http://paperpile.com/b/n0dfJj/oerlR
http://paperpile.com/b/n0dfJj/oerlR
http://paperpile.com/b/n0dfJj/gjOQg
http://paperpile.com/b/n0dfJj/gjOQg
http://paperpile.com/b/n0dfJj/gjOQg
http://paperpile.com/b/n0dfJj/WHxlR
http://paperpile.com/b/n0dfJj/WHxlR
http://paperpile.com/b/n0dfJj/WHxlR
http://paperpile.com/b/n0dfJj/WHxlR
http://paperpile.com/b/n0dfJj/WHxlR
http://paperpile.com/b/n0dfJj/130U
http://paperpile.com/b/n0dfJj/130U
http://paperpile.com/b/n0dfJj/130U
http://paperpile.com/b/n0dfJj/130U
http://paperpile.com/b/n0dfJj/OqCii
http://paperpile.com/b/n0dfJj/OqCii
http://paperpile.com/b/n0dfJj/OqCii
http://paperpile.com/b/n0dfJj/OqCii
http://paperpile.com/b/n0dfJj/bQStk
http://paperpile.com/b/n0dfJj/bQStk
http://paperpile.com/b/n0dfJj/6BmWE
http://paperpile.com/b/n0dfJj/6BmWE
http://paperpile.com/b/n0dfJj/6BmWE
http://paperpile.com/b/n0dfJj/wVwec
http://paperpile.com/b/n0dfJj/wVwec
http://paperpile.com/b/n0dfJj/wVwec


 

ϮϬϬϰ. ExƟnĐƟon risk froŵ Đliŵate Đhange. Nature ϰϮϳ:ϭϰ5. 
Thoŵashoǁ, M. F. ϭϵϵϵ. PLANT COLD ACCLIMATION: Freezing ToleranĐe Genes and RegulatorǇ 

MeĐhanisŵs. Annual revieǁ of plant phǇsiologǇ and plant ŵoleĐular biologǇ 5Ϭ:5ϳϭ–5ϵϵ. 
Thornton, K. R. ϮϬϭϰ. A C++ Teŵplate LibrarǇ for EffiĐient Forǁard‑Tiŵe PopulaƟon GeneƟĐ 

“iŵulaƟon of Large PopulaƟons. GeneƟĐs ϭϵϴ:ϭ5ϳ–ϭϲϲ. 
Thuiller, W., “. Lavorel, M. B. Araújo, M. T. “Ǉkes, and I. C. PrenƟĐe. ϮϬϬ5. Cliŵate Đhange threats to 

plant diversitǇ in Europe. ProĐeedings of the NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates 
of AŵeriĐa ϭϬϮ:ϴϮϰ5–ϴϮ5Ϭ. 

Thuiller, W., T. Münkeŵüller, “. Lavergne, D. Mouillot, N. MouƋuet, K. “Đhiffers, and D. Gravel. ϮϬϭϯ. A 
road ŵap for integraƟng eĐo‑evoluƟonarǇ proĐesses into biodiversitǇ ŵodels. EĐologǇ leƩers ϭϲ 
“uppl ϭ:ϵϰ–ϭϬ5. 

Thurŵan, T. J., and R. D. H. BarreƩ. ϮϬϭϲ. The geneƟĐ ĐonseƋuenĐes of seleĐƟon in natural 
populaƟons. MoleĐular EĐologǇ Ϯ5:ϭϰϮϵ–ϭϰϰϴ. 

Tonsor, “. J., C. Alonso‑BlanĐo, and M. Koornneef. ϮϬϬ5. Gene funĐƟon beǇond the single trait: 
natural variaƟon, gene effeĐts, and evoluƟonarǇ eĐologǇ in  Arabidopsis thaliana . Plant, Đell & 
environŵent Ϯϴ:Ϯ–ϮϬ. 

Trethoǁan, P. D., M. P. Robertson, and A. J. MĐConnaĐhie. ϮϬϭϭ. EĐologiĐal niĐhe ŵodelling of an 
invasive alien plant and its potenƟal biologiĐal Đontrol agents. “. Afr. J. Bot. ϳϳ:ϭϯϳ–ϭϰϲ. 

TǇlianakis, J. M., R. K. Didhaŵ, J. BasĐoŵpte, and D. A. Wardle. ϮϬϬϴ. Global Đhange and speĐies 
interaĐƟons in terrestrial eĐosǇsteŵs. EĐologǇ LeƩers ϭϭ:ϭϯ5ϭ–ϭϯϲϯ. 

Urban, M. C. ϮϬϭ5. AĐĐeleraƟng exƟnĐƟon risk froŵ Đliŵate Đhange. “ĐienĐe ϯϰϴ:5ϳϭ–5ϳϯ. 
Urban, M. C., G. BoĐedi, A. P. HendrǇ, J.‑B. Mihoub, G. Pe’er, A. “inger, J. R. Bridle, L. G. Crozier, L. De 

Meester, W. Godsoe, A. Gonzalez, J. J. Hellŵann, R. D. Holt, A. Huth, K. Johst, C. B. Krug, P. W. 
LeadleǇ, “. C. F. Palŵer, J. H. Pantel, A. “Đhŵitz, P. A. )ollner, and J. M. J. Travis. ϮϬϭϲ. Iŵproving 
the foreĐast for biodiversitǇ under Đliŵate Đhange. “ĐienĐe ϯ5ϯ. 

UǇ, J. A. C., E. A. Cooper, “. CuƟe, M. R. ConĐannon, J. W. Poelstra, R. G. MoǇle, and C. E. Filardi. ϮϬϭϲ. 
MutaƟons in different pigŵentaƟon genes are assoĐiated ǁith parallel ŵelanisŵ in island 
flǇĐatĐhers. ProĐeedings. BiologiĐal sĐienĐes / The RoǇal “oĐietǇ Ϯϴϯ. 

Van’t Hof, A. E., P. NguǇen, M. Dalíková, N. Edŵonds, F. MareĐ, and I. J. “aĐĐheri. ϮϬϭϯ. Linkage ŵap 
of the peppered ŵoth,  Biston betularia  ;Lepidoptera, GeoŵetridaeͿ: a ŵodel of industrial 
ŵelanisŵ. HereditǇ ϭϭϬ:Ϯϴϯ–Ϯϵ5. 

Vasseur, F., M. Exposito‑Alonso, O. J. AǇala‑GaraǇ, G. Wang, B. J. EnƋuist, D. Vile, C. Violle, and D. 
Weigel. ϮϬϭϴ. AdapƟve diversifiĐaƟon of groǁth alloŵetrǇ in the plant  Arabidopsis thaliana . 
ProĐeedings of the NaƟonal AĐadeŵǇ of “ĐienĐes of the United “tates of AŵeriĐa:ϮϬϭϳϬϵϭϰϭ. 

Vink, J. M., J. J. HoƩenga, E. J. C. de Geus, G. Willeŵsen, M. C. Neale, H. Furberg, and D. I. Booŵsŵa. 
ϮϬϭϰ. PolǇgeniĐ risk sĐores for sŵoking: prediĐtors for alĐohol and Đannabis use? AddiĐƟon 
ϭϬϵ:ϭϭϰϭ–ϭϭ5ϭ. 

Vitousek, P. M., H. A. MooneǇ, and J. LubĐhenĐo. ϭϵϵϳ. Huŵan doŵinaƟon of Earth’s eĐosǇsteŵs. 
“ĐienĐe.  Ϯϳϳ ;5ϯϮ5Ϳ: ϰϵϰ–ϵϵ. 

Wade, M. J., R. G. Winther, A. F. Agraǁal, and C. J. Goodnight. ϮϬϬϭ. AlternaƟve definiƟons of 
epistasis: dependenĐe and interaĐƟon. Trends in EĐologǇ & EvoluƟon ϭϲ:ϰϵϴ–5Ϭϰ. 

Walsh, B., and M. W. Bloǁs. ϮϬϬϵ. Abundant GeneƟĐ VariaƟon + “trong “eleĐƟon = MulƟvariate 
GeneƟĐ Constraints: A GeoŵetriĐ Vieǁ of AdaptaƟon. Annual Revieǁ of EĐologǇ, EvoluƟon, and 
“ǇsteŵaƟĐs ϰϬ:ϰϭ–5ϵ. 

Warren, R., J. PriĐe, E. Grahaŵ, N. Forstenhaeusler, and J. VanDerWal. ϮϬϭϴ. The projeĐted effeĐt on 
inseĐts, vertebrates, and plants of liŵiƟng global ǁarŵing to ϭ.5°C rather than Ϯ°C. “ĐienĐe 

 

ϲϳ 

http://paperpile.com/b/n0dfJj/wVwec
http://paperpile.com/b/n0dfJj/wpDG
http://paperpile.com/b/n0dfJj/wpDG
http://paperpile.com/b/n0dfJj/0FUrc
http://paperpile.com/b/n0dfJj/0FUrc
http://paperpile.com/b/n0dfJj/7MnLi
http://paperpile.com/b/n0dfJj/7MnLi
http://paperpile.com/b/n0dfJj/7MnLi
http://paperpile.com/b/n0dfJj/CZkUD
http://paperpile.com/b/n0dfJj/CZkUD
http://paperpile.com/b/n0dfJj/CZkUD
http://paperpile.com/b/n0dfJj/DAe6R
http://paperpile.com/b/n0dfJj/DAe6R
http://paperpile.com/b/n0dfJj/851vW
http://paperpile.com/b/n0dfJj/851vW
http://paperpile.com/b/n0dfJj/851vW
http://paperpile.com/b/n0dfJj/851vW
http://paperpile.com/b/n0dfJj/851vW
http://paperpile.com/b/n0dfJj/URHdS
http://paperpile.com/b/n0dfJj/URHdS
http://paperpile.com/b/n0dfJj/oAJKe
http://paperpile.com/b/n0dfJj/oAJKe
http://paperpile.com/b/n0dfJj/QVe9z
http://paperpile.com/b/n0dfJj/LbQqN
http://paperpile.com/b/n0dfJj/LbQqN
http://paperpile.com/b/n0dfJj/LbQqN
http://paperpile.com/b/n0dfJj/LbQqN
http://paperpile.com/b/n0dfJj/rWmqX
http://paperpile.com/b/n0dfJj/rWmqX
http://paperpile.com/b/n0dfJj/rWmqX
http://paperpile.com/b/n0dfJj/nnNPP
http://paperpile.com/b/n0dfJj/nnNPP
http://paperpile.com/b/n0dfJj/nnNPP
http://paperpile.com/b/n0dfJj/nnNPP
http://paperpile.com/b/n0dfJj/nnNPP
http://paperpile.com/b/n0dfJj/94o9
http://paperpile.com/b/n0dfJj/94o9
http://paperpile.com/b/n0dfJj/94o9
http://paperpile.com/b/n0dfJj/94o9
http://paperpile.com/b/n0dfJj/94o9
http://paperpile.com/b/n0dfJj/n1bkw
http://paperpile.com/b/n0dfJj/n1bkw
http://paperpile.com/b/n0dfJj/n1bkw
http://paperpile.com/b/n0dfJj/2vSqo
http://paperpile.com/b/n0dfJj/2vSqo
http://paperpile.com/b/n0dfJj/wydd
http://paperpile.com/b/n0dfJj/wydd
http://paperpile.com/b/n0dfJj/6TqxK
http://paperpile.com/b/n0dfJj/6TqxK
http://paperpile.com/b/n0dfJj/6TqxK
http://paperpile.com/b/n0dfJj/kveJ2
http://paperpile.com/b/n0dfJj/kveJ2


 

ϯϲϬ:ϳϵϭ–ϳϵ5. 
Weigel, D., and M. Nordborg. ϮϬϭ5. PopulaƟon GenoŵiĐs for Understanding AdaptaƟon in Wild Plant 

“peĐies. Annual Revieǁ of GeneƟĐs ϰϵ:ϯϭ5–ϯϯϴ. 
White, E. P., G. M. Yenni, “. D. TaǇlor, E. M. Christensen, E. K. Bledsoe, J. L. “iŵonis, and “. K. Morgan 

Ernest. ϮϬϭϴ. Developing an autoŵated iteraƟve near‑terŵ foreĐasƟng sǇsteŵ for an eĐologiĐal 
studǇ.  bioRxiv. hƩps://doi.org/ϭϬ.ϭϭϬϭ/ϮϲϴϲϮϯ. 

WhitneǇ, K. D., K. W. Broŵan, N. C. Kane, “. M. HoviĐk, R. A. Randell, and L. H. Rieseberg. ϮϬϭ5. 
QuanƟtaƟve trait loĐus ŵapping idenƟfies Đandidate alleles involved in adapƟve introgression 
and range expansion in a ǁild sunfloǁer. MoleĐular EĐologǇ Ϯϰ:Ϯϭϵϰ–ϮϮϭϭ. 

WhitneǇ, K. D., and C. A. Gabler. ϮϬϬϴ. Rapid evoluƟon in introduĐed speĐies,͞ invasive traits͟ and 
reĐipient ĐoŵŵuniƟes: Đhallenges for prediĐƟng invasive potenƟal. DiversitǇ and DistribuƟons 
ϭϰ:5ϲϵ–5ϴϬ. 

Willi, Y., J. Van Buskirk, and A. A. Hoffŵann. ϮϬϬϲ. Liŵits to the AdapƟve PotenƟal of “ŵall 
PopulaƟons. Annual Revieǁ of EĐologǇ, EvoluƟon, and “ǇsteŵaƟĐs ϯϳ:ϰϯϯ–ϰ5ϴ. 

Woodǁard, F. I. ϮϬϬϳ. Global priŵarǇ produĐƟon. Current BiologǇ: CB ϭϳ:RϮϲϵ–ϳϯ. 
Wright, “. ϭϵϯϭ. EvoluƟon in Mendelian PopulaƟons. GeneƟĐs ϭϲ:ϵϳ–ϭ5ϵ. 
Wright, “. ϭϵϰϯ. IsolaƟon bǇ DistanĐe. GeneƟĐs Ϯϴ:ϭϭϰ–ϭϯϴ. 
Yang, J., B. BenǇaŵin, B. P. MĐEvoǇ, “. Gordon, A. K. Henders, D. R. NǇholt, P. A. Madden, A. C. Heath, 

N. G. MarƟn, G. W. MontgoŵerǇ, M. E. Goddard, and P. M. VissĐher. ϮϬϭϬ. Coŵŵon “NPs 
explain a large proporƟon of the heritabilitǇ for huŵan height. Nature geneƟĐs ϰϮ:5ϲ5–5ϲϵ. 

Yin, P., J. Kang, F. He, L.‑J. Qu, and H. Gu. ϮϬϭϬ. The origin of populaƟons of  Arabidopsis thaliana  in 
China, based on the Đhloroplast DNA seƋuenĐes. BMC Plant BiologǇ ϭϬ:ϮϮ. 

Yu, J., G. Pressoir, W. H. Briggs, I. Vroh Bi, M. Yaŵasaki, J. F. DoebleǇ, M. D. MĐMullen, B. “. Gaut, D. 
M. Nielsen, J. B. Holland, “. KresoviĐh, and E. “. BuĐkler. ϮϬϬϲ. A unified ŵixed‑ŵodel ŵethod 
for assoĐiaƟon ŵapping that aĐĐounts for ŵulƟple levels of relatedness. Nature geneƟĐs 
ϯϴ:ϮϬϯ–ϮϬϴ. 

)alasieǁiĐz, J., C. N. Waters, C. P. “uŵŵerhaǇes, A. P. Wolfe, A. D. BarnoskǇ, A. Cearreta, P. Crutzen, E. 
Ellis, I. J. FairĐhild, A. Gałuszka, P. Haff, I. Hajdas, M. J. Head, J. A. Ivar do “ul, C. Jeandel, R. 
Leinfelder, J. R. MĐNeill, C. Neal, E. Odada, N. Oreskes, W. “teffen, J. “Ǉvitski, D. Vidas, M. 
WagreiĐh, and M. Williaŵs. ϮϬϭϳ. The Working Group on the AnthropoĐene: “uŵŵarǇ of 
evidenĐe and interiŵ reĐoŵŵendaƟons. AnthropoĐene ϭϵ:55–ϲϬ. 

)ou, Y.‑P., X.‑H. Hou, Q. Wu, J.‑F. Chen, ).‑W. Li, T.‑“. Han, X.‑M. Niu, L. Yang, Y.‑C. Xu, J. )hang, F.‑M. 
)hang, D. Tan, ). Tian, H. Gu, and Y.‑L. Guo. ϮϬϭϳ. AdaptaƟon of  Arabidopsis thaliana  to the 
Yangtze River basin. Genoŵe BiologǇ ϭϴ:Ϯϯϵ. 

 
 
 
 

   

 

ϲϴ 

http://paperpile.com/b/n0dfJj/kveJ2
http://paperpile.com/b/n0dfJj/2BAAY
http://paperpile.com/b/n0dfJj/2BAAY
http://paperpile.com/b/n0dfJj/YBgsw
http://paperpile.com/b/n0dfJj/YBgsw
http://paperpile.com/b/n0dfJj/YBgsw
http://paperpile.com/b/n0dfJj/LRHON
http://paperpile.com/b/n0dfJj/LRHON
http://paperpile.com/b/n0dfJj/LRHON
http://paperpile.com/b/n0dfJj/ImNKv
http://paperpile.com/b/n0dfJj/ImNKv
http://paperpile.com/b/n0dfJj/ImNKv
http://paperpile.com/b/n0dfJj/1HhT
http://paperpile.com/b/n0dfJj/1HhT
http://paperpile.com/b/n0dfJj/bHHSw
http://paperpile.com/b/n0dfJj/3h2oA
http://paperpile.com/b/n0dfJj/k2nDo
http://paperpile.com/b/n0dfJj/Jtw4K
http://paperpile.com/b/n0dfJj/Jtw4K
http://paperpile.com/b/n0dfJj/Jtw4K
http://paperpile.com/b/n0dfJj/9DHB
http://paperpile.com/b/n0dfJj/9DHB
http://paperpile.com/b/n0dfJj/9DHB
http://paperpile.com/b/n0dfJj/9DHB
http://paperpile.com/b/n0dfJj/n8h5M
http://paperpile.com/b/n0dfJj/n8h5M
http://paperpile.com/b/n0dfJj/n8h5M
http://paperpile.com/b/n0dfJj/n8h5M
http://paperpile.com/b/n0dfJj/Vqwx0
http://paperpile.com/b/n0dfJj/Vqwx0
http://paperpile.com/b/n0dfJj/Vqwx0
http://paperpile.com/b/n0dfJj/Vqwx0
http://paperpile.com/b/n0dfJj/Vqwx0
http://paperpile.com/b/n0dfJj/VZr8
http://paperpile.com/b/n0dfJj/VZr8
http://paperpile.com/b/n0dfJj/VZr8
http://paperpile.com/b/n0dfJj/VZr8
http://paperpile.com/b/n0dfJj/VZr8


 

AĐknoǁledgŵents 
 
 
 
I aŵ verǇ grateful to all the people that aĐĐoŵpanied ŵe during the proĐess of this PhD and                                   
during ŵǇ life. Beloǁ I ǁill ŵenƟon soŵe naŵes and sadlǇ overlook ŵanǇ. If Ǉou are reading                                 
this, thank Ǉou! 
 

I ǁould like to thank Detlef. He is an inspiraƟon, sĐienƟfiĐallǇ and personallǇ. He                           
supported ŵǇ ideas froŵ the beginning — perhaps beƫng against the odds — and provided                             
ŵe ǁith a virtuallǇ Đoŵplete sĐienƟfiĐ freedoŵ. Thanks for teaĐhing ŵe to think big;gerͿ, to                             
explain Đoŵplex ĐonĐepts ǁith eleganĐe and siŵpliĐitǇ, to put people in front of sĐienƟfiĐ                           
produĐt, to take the high road. 

 
I ǁould like to thank Hernán ǁho has, froŵ the start, helped ŵe in the good and the                                   

bad daǇs, in the sĐienƟfiĐ and in the personal. He started as a “kǇpe supervisor and beĐaŵe                                 
a friend. I adŵire Hernán. He is an exaŵple of paƟenĐe, dediĐaƟon, Đare, and good heart,                               
and I ǁish to keep applǇing his lessons throughout ŵǇ life. 

 
I thank Oliver for aĐĐepƟng ŵe in his ĐoŵŵunitǇ, for sharing, for alǁaǇs helping ǁith                             

a sŵile, and for Heuberger Tor. Thanks for eŵanaƟng sǇŵpathǇ and huŵbleness to                         
everǇbodǇ around Ǉou. 

 
I aŵ grateful to Rasŵus for spending so ŵanǇ hours ŵaking ŵǇ brain hurt                           

;parƟĐularlǇ on WednesdaǇsͿ, for ǁelĐoŵing ŵe in BerkeleǇ sinĐe the first eŵail and alǁaǇs,                           
for helping ŵe build a future. I never took all this for granted. 
 
I feel verǇ proud and luĐkǇ of having suĐh four great ŵentors and friends. TheǇ ŵade                               
possible that ŵǇ PhD thesis ;and ŵǇ selfͿ Đould groǁ in so ŵanǇ ĐonĐeptual direĐƟons. 
 
Thanks to ŵǇ teaĐhers and undergrad supervisors, as theǇ propelled ŵe to keep groǁing                           
sĐienƟfiĐallǇ ǁithin and beǇond “pain: Ana, Jordi and, speĐiallǇ, Xavi. 
 
Thanks to Weigel Lab. It is a ǁonderful, inĐlusive, and happǇ plaĐe. I parƟĐularlǇ ǁant to                               
thank RebeĐĐa, the hero that ŵakes a seeŵinglǇ utopian ;ǁeigelͿǁorld, possible. I ǁill                         
reŵeŵber Weigel Lab as a verǇ large faŵilǇ. 
 
Thanks everǇbodǇ froŵ Weigel Lab and in different insƟtutes of Madrid for taking the dust                             
out of their boots, and go out to the field ǁith ŵe in a ǁonderful adventure ;see the full list                                       
in the author ĐontribuƟons and aĐknoǁledgŵents of the bioRxiv paper                   
doi.org/ϭϬ.ϭϭϬϭ/ϭϴϲϳϲϳͿ. 

 

ϲϵ 



 

 
Thanks to François and Niek for sailing ǁith ŵe toǁards the ĐrazǇ projeĐt of GrENE‑net. It                               
has been ;and ǁill ĐonƟnue to beͿ an extreŵe fun. 
 
I aŵ grateful to Hernán, Paƫ, and Talia, for ĐoŵŵenƟng the thesis. As alǁaǇs, t iŵproved a                                 
lot! 
 
Thanks to all ŵǇ friends, both the ͞sĐienĐǇ͟ friends and ͞de toda la vida͟ friends. 
 

I ǁould like to start ǁith the first group of people that reĐeived ŵe in Tübingen and                                 
that sadlǇ had to leave ;ǁaǇͿ too soon: Dan, Danelle, Claude, NaĐho, Beth, and George ;and                               
Hernán, but he is alreadǇ aboveͿ. Thanks for all the sĐienƟfiĐ and personal disĐussions ǁith                             
beers. I ŵiss Ǉou!  

 
Thanks to Talia and Mike. You have helped ŵe a lot in the last Ǉears ;thanks Mike for                                   

Ǉour pedagogǇ experƟse; thanks Talia for being the best offiĐeŵate I Đould ever iŵagineͿ.                           
You are ǁonderful people and I have learned a lot froŵ Ǉou. I aŵ just ŵad at Ǉou beĐause                                     
Ǉou Đaŵe to Tübingen Ϯ Ǉears late! 

 
Thanks to ŵǇ Đohort of PhD students and the Perla LaƟna, that are alǁaǇs up for a                                 

beer or a Đoffee, and that have supported ŵe in the sĐienƟfiĐ and in the soĐial parts of ŵǇ                                     
life. Thanks “ergio, Julian, CrisƟna, Effie, Cleŵens, Paƫ, and ŵanǇ others. “peĐial thanks to                           
Paƫ for iŵproving ŵǇ graŵŵar ;even outside ǁorkͿ, for teaĐhing ŵe Gerŵan, and for                           
listening to too ŵanǇ hours of ŵǇ ranƟngs! 

 
GraĐias a ŵis aŵigos en España. Mis aŵigos de “evilla, Ƌue ŵe ofreĐieron la                           

oportunidad de reinventarŵe Ǉ Đonvivieron Đonŵigo en una gran Đoŵunidad de un gran                         
hotel Ǉ una pensión en triana Ǉ ŵás allá: Álvaro, Jesús, Alberto, Miguel, Geŵŵa, Noa, Ǉ                               
Ester. GraĐias a ŵis ͞aŵigos de toda la vida .͟ HaǇ tantos bebés Ƌue debería enuŵerar Ƌue da                                 
vergüenza, así Ƌue senơos todos inĐluidos! GraĐias en parƟĐular a las ĐhiĐas Ƌue han estado                             
Đonŵigo desde los ϰ años: Marina, María ), María R, Lara Ǉ ;por endeͿ Rafa. ChiĐas, sin                                 
haber ĐreĐido Đon vosotras, no sería la ŵisŵa persona. GraĐias Irene por desĐubrir Đonŵigo                           
la naturaleza de la Terreta Ǉ los alrededores. 
 
A ŵi faŵilia, ŵi ǇaǇa Honorata, ŵaŵá Adela, papá Antonio, Ǉ ŵi herŵano David. “in ellos,                               
no estaría aƋuí. Han sido los pilares inaŵovibles de ŵi vida Ƌue ŵe han sostenido Ǉ aǇudado                                 
a desarrollarŵe. Para Ƌue ŵi faŵilia lo pueda leer, traduzĐo aƋuí el suŵario de la tesis a                                 
Español: 
 
El Đaŵbio ĐliŵáƟĐo global está iŵpaĐtando la biodiversidad de la Tierra, pero todavía no                           
soŵos ĐapaĐes de predeĐir Ƌué espeĐies sobrevivirán Ǉ Đuales se benefiĐiarán. Puesto Ƌue                         
ŵuĐhas espeĐies no podrán tolerar un tal Đaŵbio ĐliŵáƟĐo no tendrán la habilidad de ŵigrar                             

 

ϳϬ 



 

rápidaŵente a laƟtudes ŵás altas, la supervivenĐia dependerá de si se pueden adaptar                         
genéƟĐaŵente, es deĐir, si pueden evoluĐionar. Otras espeĐies pareĐen adaptarse                   
rápidaŵente en el nuevo status Ƌuo en el Đual los huŵanos doŵinaŵos los eĐosisteŵas.                           
Estaŵos eŵpezando a entender las huellas Ƌue adaptaĐiones a Đaŵbios ĐliŵáƟĐos pasados                       
han dejado en los genoŵas de las poblaĐiones Ǉ Đóŵo esto las ha podido preparar para                               
posibles futuras adaptaĐiones rápidas, pero todavía Ƌuedan ŵuĐhas preguntas por resolver.                     
Adeŵás, el ĐonoĐiŵiento aĐtual sobre evoluĐión Ǉ adaptaĐión raraŵente se inĐluǇe en                       
ŵodelos prediĐƟvos de biodiversidad, aunƋue obviaŵente aǇudarían a ŵejorar las                   
prediĐĐiones Ǉ a diseñar estrategias de ĐonservaĐión ŵás efeĐƟvas. AƋuí abordo estos retos                         
usando la planta  Arabidopsis thaliana , de la faŵilia de la ŵostaza, sobre la Đual teneŵos                             
inforŵaĐión genéƟĐa, geográfiĐa Ǉ ŵorfológiĐa, de ŵiles de individuos. 
 

En el Đapítulo uno, estudié Đóŵo poblaĐiones de la ŵisŵa espeĐie podrían responder                         
de forŵa ŵás o ŵenos efeĐƟvaŵente al ŵisŵo Đaŵbio ĐliŵáƟĐo. Exaŵiné la supervivenĐia                         
de ϮϮϬ líneas naturales ;o variedadesͿ de la planta  Arabidopsis thaliana a ĐondiĐiones de                           
seƋuía extreŵa siŵuladas en un invernadero. Las seƋuías severas, ĐonseĐuenĐia del Đaŵbio                       
ĐliŵáƟĐo, se espera sean uno de las aŵenazas ŵás grandes para las Đoŵunidades vegetales.                           
Usando la téĐniĐa de ŵodelos de niĐho aŵbiental en ĐoŵbinaĐión Đon asoĐiaĐiones                       
genóŵiĐas, pude deterŵinar una serie de variantes genéƟĐas adaptaƟvas, Ǉ Ƌue                     
preĐisaŵente se enĐontraban en los ŵárgenes de la distribuĐión geográfiĐa de la espeĐie.                         
Quizá al haber vivido en aŵbientes ŵás extreŵos, las poblaĐiones en los bordes de la                             
distribuĐión podrían ser un reservorio de variaĐión adaptaƟva en un futuro Đliŵa ŵás hosƟl. 

 
En el Đapítulo dos, hiĐe experiŵentos de Đaŵpo a gran esĐala para ĐuanƟfiĐar la                           

seleĐĐión natural dirigida por el Đliŵa en ĐondiĐiones naturales. Plantaŵos un panel de 5ϭϳ                           
líneas naturales de  A. thaliana en experiŵentos de jardines Đoŵunes Đon preĐipitaĐión                       
Đontrolada en una región Đon Đliŵa ŵoderado, en Europa Central, Ǉ una región Đon Đliŵa                             
ŵás extreŵo, el Mediterráneo. Usando análisis de iŵágenes, esƟŵé el éxito reproduĐƟvo de                         
las plantas Ǉ generé ĐerĐa de Ϯ5,ϬϬϬ ŵedidas de fitness. Con estos datos, pude inferir                             
Đaŵbios ŵasivos en freĐuenĐia aléliĐa a lo largo del genoŵa en una sola generaĐión, siendo                             
ŵás extreŵo en altas teŵperaturas Ǉ preĐipitaĐión reduĐida, Ǉa Ƌue ŵuĐhos genoƟpos                       
Đentroeuropeos ŵurieron. Integrando teorías de adaptaĐión loĐal Ǉ téĐniĐas de ŵaĐhine                     
learning, deŵostré Ƌue una parte signifiĐaƟva de la seleĐĐión natural es predeĐible. Con                         
esto, Ǉ en ĐoŵbinaĐión Đon el ĐonoĐiŵiento de la ĐoŵposiĐión genéƟĐa de poblaĐiones, hiĐe                           
prediĐĐiones Ƌue indiĐan Ƌue las áreas entre el Mediterráneo Ǉ Europa Central sufrirán el                           
riesgo evoluƟvo ŵás alto debido a una reduĐĐión repenƟna de preĐipitaĐión en el futuro.                           
Estos resultados Đontrastan Đon la visión generalŵente aĐeptada Ƌue las poblaĐiones en el                         
borde eĐuatorial, ŵás Đálido, están en ŵaǇor riesgo de exƟnĐión Ƌue las poblaĐiones en el                             
Đentro de la distribuĐión geográfiĐa. 

 
En el Đapítulo tres, estudié el valor adaptaƟvo de nuevas ŵutaĐiones, en lugar de                           

adaptaĐiones Ǉa existentes Đoŵo en los Đapítulos previos. Usando ŵuestras de herbario                       
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Đoŵo fotograİas en el Ɵeŵpo, estudié un linaje de  A. thaliana Ƌue se originó haĐe ϰϬϬ años                                 
tras aislarse durante una ŵigraĐión a Norte AŵériĐa. En este linage, idenƟfiƋué 5,ϬϬϬ nuevas                           
ŵutaĐiones, algunas de las Đuales produĐían diversidad ŵorfológiĐa en las plantas Ƌue                       
podría estar relaĐionado Đon la adaptaĐión al ĐonƟnente reĐienteŵente Đolonizado. Con esto                       
pude ĐonĐluir Ƌue inĐluso organisŵos de gran taŵaño Đoŵo plantas pueden evoluĐionar en                         
Đortos periodos de Ɵeŵpo usando sólo nuevas ŵutaĐiones.  

  
En general esta tesis doĐtoral ha avanzado nuestro ĐonoĐiŵiento en Đóŵo Ǉ si es                           

posible Ƌue diferentes poblaĐiones de una espeĐie se adapten genéƟĐaŵente al Đaŵbio                       
ĐliŵáƟĐo. Algunos de los desĐubriŵientos ŵás iŵportantes son: ;ϭͿ Ƌue la adaptaĐión al                         
Đliŵa suĐede por la aĐuŵulaĐiones de Đientos de variaĐiones genéƟĐas de forŵa ĐonĐertada                         
;adaptaĐión poligéniĐaͿ, ;ϮͿ Ƌue nuevas ŵutaĐiones apareĐen de forŵa relaƟvaŵente rápida                     
Đon lo Ƌue pueden Đontribuir en la adaptaĐión en Ɵeŵpo real, por ejeŵplo en plantas                             
invasoras, Ǉ ;ϯͿ Ƌue ŵodelos Ƌue aprenden de la asoĐiaĐión entre Đliŵas aĐtuales Ǉ variantes                             
genéƟĐas pueden ser usados para predeĐir si poblaĐiones estarán en riesgo evoluƟvo por el                           
Đaŵbio ĐliŵáƟĐo en un futuro. En Đonjunto, todos estos estudios nos sitúan en una nueva                             
etapa para entender Ǉ soluĐionar retos eĐológiĐos usando la teoría de la evoluĐión genéƟĐa. 
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Because earth is curreŶtlǇ eǆperieŶciŶg draŵaƟc cliŵate chaŶge, it is of criƟcal iŶterest to                           

uŶderstaŶd hoǁ species ǁill respoŶd to it. The chaŶce of a species to ǁithstaŶd cliŵate chaŶge                               

ǁill likelǇ depeŶd oŶ the diversitǇ ǁithiŶ the species aŶd, parƟcularlǇ, ǁhether there are                           

suďpopulaƟoŶs that are alreadǇ adapted to eǆtreŵe eŶviroŶŵeŶts. Hoǁever, ŵost predicƟve                     

studies igŶore that species coŵprise geŶeƟcallǇ diverse iŶdividuals. We have ideŶƟfied geŶeƟc                       

variaŶts iŶ  Arabidopsis thaliana that are associated ǁith survival of aŶ eǆtreŵe drought eveŶt, a                             

ŵajor coŶseƋueŶce of gloďal ǁarŵiŶg. “uďseƋueŶtlǇ, ǁe deterŵiŶed hoǁ these variaŶts are                       

distriďuted across the ŶaƟve raŶge of the species. GeŶeƟc alleles coŶferriŶg higher drought                         

survival shoǁed sigŶatures of polǇgeŶic adaptaƟoŶ, aŶd ǁere ŵore freƋueŶtlǇ fouŶd iŶ                       

MediterraŶeaŶ aŶd “caŶdiŶaviaŶ regioŶs. UsiŶg geo‑eŶviroŶŵeŶtal ŵodels, ǁe predicted that                   

CeŶtral EuropeaŶ, ďut Ŷot MediterraŶeaŶ, populaƟoŶs ŵight lag ďehiŶd iŶ adaptaƟoŶ ďǇ the eŶd                           

of the Ϯϭ st ceŶturǇ. Further aŶalǇses shoǁed that a populaƟoŶ decliŶe could Ŷevertheless ďe                           

coŵpeŶsated ďǇ Ŷatural selecƟoŶ acƟŶg efficieŶtlǇ over staŶdiŶg variaƟoŶ or ďǇ ŵigraƟoŶ of                         

adapted iŶdividuals froŵ populaƟoŶs at the ŵargiŶs of the species’ distriďuƟoŶ. These fiŶdiŶgs                         

highlight the iŵportaŶce of ǁithiŶ‑species geŶeƟc heterogeŶeitǇ iŶ facilitaƟŶg aŶ evoluƟoŶarǇ                     

respoŶse to a chaŶgiŶg cliŵate. 

 

Ongoing Đliŵate Đhange has alreadǇ shiŌed laƟtudinal and alƟtudinal distribuƟons of ŵanǇ plant                         

speĐies[ϭ]. Future Đhanges in distribuƟons bǇ loĐal exƟnĐƟons and ŵigraƟons are ŵost ĐoŵŵonlǇ                         

inferred froŵ niĐhe ŵodels that are based on Đurrent Đliŵate aĐross speĐies ranges[Ϯ,ϯ]. “uĐh                           

approaĐhes, hoǁever, ignore that an adapƟve response Đan oĐĐur also  in situ if there is suffiĐient                               

variaƟon in genes responsible for loĐal adaptaƟon[ϰ–ϲ]. The plant  Arabidopsis thaliana is found                         

under a ǁide range of ĐontrasƟng environŵents, ŵaking it disƟnĐƟvelǇ suited for studǇing                         

evoluƟonarǇ adaptaƟon to a Đhanging Đliŵate[ϳ–ϵ]. For the next 5Ϭ to ϭϬϬ Ǉears, extreŵe drought                             

events, potenƟallǇ one of the strongest Đliŵate Đhange‑related seleĐƟve pressures[ϭϬ], are prediĐted                       

to beĐoŵe pervasive aĐross the Eurasian range of  A. thaliana[Ϯ,ϭϭ] . An aƩraĐƟve hǇpothesis is that                             

populaƟons froŵ the “outhern edge of the speĐies’ range[ϭϮ] provide a reservoir of geneƟĐ variants                             

that Đan ŵake individuals resistant to future, ŵore extreŵe, Đliŵate ĐondiƟons[ϭϮ,ϭϯ]. To invesƟgate                         

the potenƟal of  A. thaliana to adapt  to extreŵe drought events, ǁe first linked geneƟĐ variaƟon to                                 

survival under an experiŵental extreŵe‑drought treatŵent. BǇ Đoŵbining genoŵe‑ǁide assoĐiaƟon                   

;GWAͿ teĐhniƋues that Đapture signals of loĐal and/or polǇgeniĐ adaptaƟon[ϭϰ] ǁith environŵental                       

niĐhe ŵodels[ϴ,ϭ5], ǁe then prediĐted geneƟĐ Đhanges of populaƟons under future Đliŵate Đhange                         

sĐenarios. An unexpeĐted result of our prediĐƟons is that populaƟons at both the Northern and                             

“outhern ŵargins of the speĐies’ range ǁill likelǇ ŵore easilǇ adapt to inĐreased extreŵe drought                             

events, due to these populaƟons ĐarrǇing a greater speĐtruŵ of drought survival alleles. 
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RESULTS AND DISCUSSION 

Differen�al survival to an extreme drought event. We began by exposing a high‑quality subset of                             

211 geo‑referenced natural inbred  A. thaliana accessions[16] to an experimental extreme drought                       

event during the vegeta�ve phase, which killed the plants before they could reproduce (Table S1).                             

A�er two weeks of normal growth, plants were challenged by a terminal severe drought for over six                                 

weeks and imaged every 2‑4 days ( Fig. 1A ) (see Supplementary Methods sec�on 2). To quan�fy the                               

rate of leaf senescence, a polynomial linear mixed model was fit to the �me series of green pixels per                                     

pot ( Fig. 1B‑D ,  Video S1 ). The average genotype devia�ons from the mean quadra�c‑term in the                             

model provided the best es�mate of this survivorship trait in late stages of drought (Supplementary                             

Fig. 3, see details in Supplementary Methods), ranging from ‑5 to +5 x 10 ‑4 green pixels/day 2 . The                                 

most sensi�ve genotypes survived only about 32 days, while the most resilient plants survived about                             

15 days longer. Genotype‑dependent survival probably reflects both cons�tu�ve as well as induced                         

drought responses, i.e., both environment‑dependent and ‑independent behaviors of the tested                     

accessions. Addi�onal environments need to be examined in order to disentangle these two types of                             

responses.  

 

 

Figure 1. Terminal drought treatment and phenotyping of 211 accessions.  

(A)  Soil water content as measured by sensors in three well spaced experimental trays. Ver�cal lines indicate 
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dates of iŵage aĐƋuisiƟon.  ;BͿ  TrajeĐtories of total roseƩe area of ϮϬϬ randoŵlǇ Đhosen pots ;see  Video “ϭ Ϳ. 

Color index aĐĐording to ƋuadraƟĐ paraŵeter in ;DͿ. ; C Ϳ Map projeĐƟon of the environŵental niĐhe ŵodel 

prediĐƟon of the ƋuadraƟĐ paraŵeter ;the drought‑survival indexͿ in ;DͿ.  ;DͿ  DeĐaǇ trajeĐtorǇ ŵodeled ǁith a 

polǇnoŵial regression, ǁith genotǇpes as randoŵ faĐtors, froŵ the daǇ of ŵaxiŵuŵ nuŵber of green pixels 

unƟl the end of the experiŵent. EaĐh line Đorresponds to one genotǇpe.  

 

The aŵount of ǁater available during our drought experiŵent translates to onlǇ about ϯϬ‑ϰϬ                           

ŵŵ of ŵonthlǇ rainfall, and as expeĐted, aĐĐessions ǁith higher survival Đoŵe froŵ regions ǁith loǁ                               

preĐipitaƟon during the ǁarŵest season ;ĐorrelaƟon ǁith Đliŵate variable bioϭϴ                   

[ ǁǁǁ.ǁorldĐliŵ.org , ref. [ϭϳ]]: Pearson ĐorrelaƟon, r=‑Ϭ.ϭϵ, p=Ϭ.ϬϬ5Ϳ, and speĐifiĐallǇ ǁith loǁ                     

preĐipitaƟon during MaǇ and June ;rч‑Ϭ.ϭϵ, pчϬ.ϬϬ5Ϳ ;see  Fig. ϮA Ϳ. To further exploit Đurrent ĐliŵaƟĐ                             

data, ǁe used ϭϵ bioĐliŵaƟĐ variables and randoŵ forest ŵodels[ϭϴ] for environŵental niĐhe                         

ŵodeling ;ENMͿ to prediĐt the geographiĐ distribuƟon of the drought‑survival index aĐross Europe                         

; Fig. ϭC Ϳ. “urprisinglǇ, ǁe found that individuals ǁith higher drought survival ǁere not onlǇ likelǇ to                               

be present around the Mediterranean, but also at the opposite end of the speĐies’ range in                               

“ǁeden[ϭϵ] ; Fig. ϭC , ENM Đross‑validaƟon aĐĐuraĐǇ=ϴϵ%, Table “ϭϬͿ. In Đontrast to the ǁarŵ‑drǇ                         

Mediterranean Đliŵate, “Đandinavian drǇ periods oĐĐur on average at freezing teŵperatures                     

;“uppleŵentarǇ Fig. ϭϮͿ. ConseƋuentlǇ, preĐipitaƟon ŵight oĐĐur as snoǁ and soil ǁater Đontent is                           

frozen, thus ǁater is not aĐĐessible to plants, produĐing a phǇsiologiĐal drought response[ϮϬ]. 

 

“urvival across geographicallǇ structured populaƟoŶ liŶeages.  We then studied ǁhether the                     

different geneƟĐ lineages of  A. thaliana are loĐallǇ adapted[ϲ] to loǁ preĐipitaƟon regiŵes via                           

inĐreased drought‑survival. Using an extended panel of ϳϲϮ  A. thaliana aĐĐessions ;Table “ϭͿ ǁe                           

Đarried out geneƟĐ Đlustering[Ϯϭ] and studied populaƟon size trajeĐtories[ϮϮ] ; Fig. Ϯ Ϳ. This                       

Đorroborated the existenĐe of a so‑Đalled Mediterranean ͚reliĐt’ group[ϭϮ] and ten other derived                         

groups of reliĐtual ;e.g. “panish groupsͿ or other ;e.g. Central EuropeͿ origin, as an apparent result of                                 

Đoŵplex ŵigraƟon and adŵixture proĐesses[Ϯϯ]. A generalized linear ŵodel indiĐated that geneƟĐ                       

group ŵeŵbership explained a signifiĐant aŵount of drought‑survival varianĐe ;GLM: R Ϯ =ϭϮ.ϴ%; p=ϰ                       

x ϭϬ ‑5 Ϳ, ǁith the North ;NͿ “ǁedish and Northeastern ;NEͿ “panish groups eaĐh having on average                               

higher survival than the other groups ;t‑test pчϬ.ϬϭͿ. A populaƟon graph esƟŵated bǇ Treeŵix[Ϯϰ]                           

suggested a gene floǁ edge betǁeen the Mediterranean and “Đandinavian drought‑resistant geneƟĐ                       

groups, potenƟallǇ indiĐaƟve of historiĐal sharing of drought survival alleles ; Fig. ϮD Ϳ. FinallǇ, an ENM                             

of the geneƟĐ group ŵeŵbership ǁith ĐliŵaƟĐ variables froŵ the aĐĐession’s geographiĐ origin                         

Đonfirŵed that the ŵost iŵportant prediĐƟve variable of geneƟĐ struĐture ǁas preĐipitaƟon during                         

the ǁarŵest Ƌuarter ;bioϭϴͿ, folloǁed bǇ ŵean teŵperature of the driest Ƌuarter ;bioϵͿ, and                           

ŵiniŵuŵ teŵperature of the Đoldest ŵonth ;bioϲͿ ;ENM aĐĐuraĐǇ > ϵ5%. “uppleŵentarǇ Fig. ϴ and                             
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Table S10). As our results indicate that the deepest gene�c split parallels contrasts in local                             

precipita�on regimes and ability to survive drought, we expect that decline in rainfall could lead to a                                 

future loss of certain gene�c groups and/or to turnover of gene�c diversity[11] (see Fig.12                           

Supplementary Fig. 8). 

 

 

Figure 2. Popula�on structure and history of 762 high‑quality genomes.  

(A)  Geographic loca�ons and 11 gene�c clusters es�mated by ADMIXTURE (k=11 having the lowest 

cross‑valida�on error). Black indicates less than 40 mm of June rainfall (1960 to 1990 average), which 

corresponds to the amount of water provided in our drought experiment (Fig. 1). Note areas of very low June 

rainfall in the Mediterranean basin and along the coast in Scandinavia (par�ally obscured by colored circles). 

Cape Verde Islands are shown as inset.  (B)  Principal Component Analysis of genome‑wide SNPs.  (C)  Effec�ve 
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populaƟon sizes in Ɵŵe esƟŵated froŵ M“MC.  ;DͿ  PopulaƟon anĐestral graph and the first ŵigraƟon 

trajeĐtorǇ froŵ Treeŵix. 

 

 

The geŶoŵic ďasis of survival . BeĐause the potenƟal of populaƟons to adapt to drought ǁill                             

ulƟŵatelǇ depend on speĐifiĐ geneƟĐ variants and the seleĐted trait arĐhiteĐture, ǁe idenƟfied                         

drought‑assoĐiated loĐi ǁith EMMAX[Ϯ5], a genoŵe‑ǁide assoĐiaƟon ;GWAͿ ŵethod. Although                   

genotǇpe‑assoĐiated varianĐe[Ϯ5] h Ϯ ǁas relaƟvelǇ high, 5Ϭ%, no individual “NP ǁas signifiĐantlǇ                       

assoĐiated ǁith drought survival ;ŵiniŵuŵ p~ϭϬ ‑ϳ , aŌer FDR or Bonferroni ĐorreĐƟons p>Ϭ.Ϭ5Ϳ                       

;“uppleŵentarǇ Fig. 5, Table “ϯͿ. “ignifiĐant assoĐiaƟons in ŵulƟple phenotǇpes have been deteĐted                         

in siŵilarlǇ poǁered  A. thaliana experiŵents[Ϯϲ]. While ŵulƟple tesƟng adjustŵent Đan over‑ĐorreĐt                       

p‑values and obsĐure true assoĐiaƟons, the absenĐe of signifiĐant assoĐiaƟons ŵaǇ also be due to ;iͿ                               

polǇgeniĐ trait arĐhiteĐture, ǁith ŵanǇ sŵall‑effeĐt loĐi[Ϯϳ], and/or ;iiͿ Đonfounding bǇ strong                       

populaƟon struĐture, Đonsistent ǁith the assoĐiaƟon of drought survival ǁith geneƟĐ group                       

ŵeŵbership.  

 

PolǇgeŶic sigŶal of adaptaƟoŶ.  To test for polǇgeniĐ adaptaƟon, ǁe repeated the GWA analǇses ǁith                             

a ŵodel that speĐifiĐallǇ handles both oligo‑ and polǇgeniĐ arĐhiteĐtures, B“LMM[Ϯϴ]. B“LMM                       

esƟŵates, aŵong other paraŵeters, the probabilitǇ that eaĐh “NP Đoŵes froŵ a group of                           

ŵajor‑effeĐt loĐi. Around half of the top non‑signifiĐant EMMAX “NPs ǁere found to have over ϵϵ%                               

probabilitǇ of belonging to suĐh a ŵajor‑effeĐt group ;Fisher’s exaĐt test of overlap, p=ϯxϭϬ ‑ϳ ; see                             

“uppleŵentarǇ Methods ϯ.ϯͿ. We further tested the polǇgeniĐ hǇpothesis using the populaƟon                       

geneƟĐ approaĐh of Berg & Coop[ϭϰ]. The test is based on the prinĐiple that if populaƟons diverge in                                   

a speĐifiĐ trait suĐh as drought‑survival that is due to ŵanǇ loĐi, there should be an orĐhestrated shiŌ                                   

in their allele freƋuenĐies. AŌer tesƟng soŵe ϲϬ groups of EMMAX “NP hits of variable size and at                                   

different ranks, ǁe deteĐted the ŵost signifiĐant signal of polǇgeniĐ adaptaƟon ǁith the group that                             

inĐluded the ϭ5ϭ top “NPs ;Table “ϵͿ. The signal ǁas lost for ranks beloǁ the top ϯϬϬ‑ϰϬϬ EMMAX                                   

“NPs ;Table “ϵͿ. We then Đoŵpared suŵŵarǇ staƟsƟĐs of the top ϭ5ϭ “NPs ǁith baĐkground “NPs                               

ŵatĐhed in freƋuenĐǇ to avoid GWA disĐoverǇ biases. The top ϭ5ϭ “NPs shoǁed high F st values,                               

Đonsistent ǁith allele freƋuenĐǇ differenƟaƟon betǁeen populaƟons ;“uppleŵentarǇ Fig. 5Ϳ. Tajiŵa’s                     

D values ǁere posiƟve ;U Mann‑WhitneǇ p<Ϭ.Ϭ5Ϳ, indiĐaƟng interŵediate allele freƋuenĐies at the                         

GWA loĐi ;“uppleŵentarǇ Fig. 5Ϳ, ǁhiĐh Đould be a result of seleĐƟon favoring alternaƟve alleles in                               

different eĐologiĐal niĐhes of the speĐies[Ϯϵ]. The genoŵiĐ regions Đontaining the top “NPs did not                             

shoǁ anǇ evidenĐe for preĐipitous reduĐƟons of haplotǇpiĐ diversitǇ, as ǁould be expeĐted for hard                             

seleĐƟve sǁeeps[ϯϬ] ;“uppleŵentarǇ Fig. 5Ϳ. Together these paƩerns fit the expeĐtaƟons of loĐal                         
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adaptaƟon froŵ a polǇgeniĐ trait Đontrolled bǇ soŵe hundred loĐi[ϯϭ] — a sĐenario that should                             

enable a fast response to neǁ environŵental shiŌs. 

 

AŶcestrǇ associaƟoŶs suggest a MediterraŶeaŶ origiŶ of survival alleles.  During loĐal adaptaƟon,                       

the relevant loĐi diverge due to natural seleĐƟon aĐross populaƟons, ǁhiĐh generates a staƟsƟĐal                           

ĐorrelaƟon ǁith populaƟon groups[ϯϮ]. In this situaƟon, the default ĐorreĐƟon of populaƟon                       

struĐture applied in GWA ŵight obsĐure soŵe of the true assoĐiaƟons. There are Đases ǁhere F st                               

sĐans Đan be useful to idenƟfǇ overlǇ divergent loĐi that Đould be involved in loĐal adaptaƟon.                               

Hoǁever, in Đases of strong populaƟon struĐture, the ŵean genoŵe‑ǁide F st is high[ϯϮ],                         

ĐoŵpliĐaƟng outlier deteĐƟon ;“uppleŵentarǇ Fig. ϰͿ. One Đan reĐover relevant variants that are                         

deeplǇ divergent aĐross populaƟons and therefore invisible to ĐonvenƟonal GWA bǇ first assigning                         

anĐestrǇ to eaĐh “NP. Using ChroŵoPainter[ϯϯ], ǁhiĐh relies on linkage diseƋuilibriuŵ inforŵaƟon,                       

ǁe segŵented eaĐh genoŵe in ƋuesƟon into its different populaƟon anĐestries ;here ϭϭ groupsͿ. The                             

first outĐoŵe of this analǇsis ǁas that individuals froŵ NW and NE “pain and, to a lesser extent, the                                     

“outhern Mediterranean ; Fig. ϮA Ϳ, have inherited ŵanǇ DNA segŵents froŵ reliĐtual individuals                       

;“uppleŵentarǇ Fig. ϳͿ. In a generalized linear ŵodel fraŵeǁork, ǁe then tested ǁhether the                           

anĐestries of individuals at a “NP ĐoinĐided ǁith the observed phenotǇpiĐ differenĐes in                         

drought‑survival. Perforŵing this ͞anĐestrǇ͟ genoŵe‑ǁide assoĐiaƟon ;aGWAͿ and using a                   

perŵutaƟon ĐorreĐƟon of p‑values ;see “uppleŵentarǇ Methods ϯ.ϲͿ, ǁe deteĐted ϴ disƟnĐt peaks                         

;p<Ϭ.ϬϬϭ,  Fig. ϯA Ϳ inĐluding over ϭ,ϬϬϬ signifiĐant “NPs ;ϳϬ “NPs aŌer linkage diseƋuilibriuŵ pruningͿ                           

;Table “ϰͿ. The ŵost proŵinent peak ǁas loĐated on Đhroŵosoŵe 5 and explained over ϮϬ% of the                                 

varianĐe in drought survival ;Table “ϰͿ. There ǁas no overlap in top “NPs betǁeen GWA and aGWA                                 

beĐause theǇ searĐh for different assoĐiaƟon signals. Our aGWA reseŵbles other adŵixture ŵapping                         

teĐhniƋues[ϯϰ], and ŵight be ŵost useful for assoĐiaƟons in sĐenarios of adapƟve introgression and                           

loĐal adaptaƟon. Although ǁe do not knoǁ Ǉet ǁhether our observaƟons Đan be generalized, our                             

ǁork deŵonstrates the poǁer of using alternaƟve GWA approaĐhes in situaƟons ǁhere adapƟve                         

variaƟon is expeĐted to be ƟghtlǇ linked to populaƟon historǇ and struĐture.  

To understand the origin of aGWA‑idenƟfied “NPs, ǁe ĐonstruĐted trees for all ĐonĐatenated                         

aGWA “NPs and for genoŵe‑ǁide baĐkground “NPs. Although the individuals froŵ both the ǁarŵ                           

;Iberia and reliĐtsͿ and Đold ;“ĐandinaviaͿ edges of the speĐies distribuƟon are far apart in                             

genoŵe‑ǁide “NPs, theǇ are ĐloselǇ related in drought‑assoĐiated “NPs ; Fig. ϯB Ϳ. Overall, this is                           

Đonsistent ǁith a Đoŵŵon Mediterranean origin of drought‑adapƟve geneƟĐ variants of both                       

Northern and “outhern individuals ; Fig. ϮD , Fig. ϯB Ϳ, and highlights the relevanĐe of populaƟons at                             

the laƟtudinal extreŵes of the speĐies range as a possible geneƟĐ reservoir for future Đliŵate Đhange                               

adaptaƟon[ϭϮ]. 
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Figure 3. Ancestry GWA of drought survival and environmental predic�ons.  

( A ) Manha�an plot of SNPs from ancestry GWA (aGWA) a�er permuta�on correc�on of p‑values. Dashed lines 

indicate significant thresholds at p<0.05, 0.01, and 0.001. ( B ) Top, Neighbour‑joining phylogeny of 1,000 

concatenated genome‑wide SNPs compared with a phylogeny of all significant aGWA SNPs (ca. 1,000). Colors 

indicate popula�on clusters (Fig. 2). Relicts and N. Swedish groups are highlighted. Bo�om, gene�c distances 

for genome‑background SNPs or aGWA SNPs. ( C ) Environmental niche models of 70 top aGWA SNPs (a�er LD 

pruning), trained with climate averages from 1960‑1990, and then ( D ) used to forecast gain or loss of alleles in 

2070 under free migra�on. ( E ) Discrepancy of alleles that can be gained by 2070 between the geographically 

constrained (PCA control) model and the free migra�on model. 

 

Drought survival is a resilience trait independent on phenology.  Drought adapta�on can be                         

accomplished by diverse mechanisms, with cross‑stress resistance being pervasive[35]. An annual life                       

history enables drought survival through an escape strategy based on the accelera�on of the life                             

cycle from germina�on to flowering and seed produc�on. An alterna�ve strategy, the avoidance                         

strategy, is employed by many xeric perennials with increased water efficiency[36]. Previous drought                         

experiments with  A. thaliana have shown that both strategies exist, although early flowering, which                           

is associated with an escape strategy, was more favourable under water‑limi�ng condi�ons[37,38]. In                         
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our experiŵent, drought‑survival ǁas not negaƟvelǇ Đorrelated ǁith floǁering Ɵŵe in unstressed                       

ĐondiƟons[ϯϵ] ;Pearson ĐorrelaƟon, r=Ϭ.Ϭϳ, p=Ϭ.ϭϮͿ. Although a ĐorrelaƟon ǁas not signifiĐant at the                         

individual eĐotǇpe level, the GWA effeĐt sizes of drought‑survival for the top ϭ5ϭ “NPs ǁere posiƟvelǇ                               

Đorrelated ǁith the abilitǇ of the saŵe “NPs to delaǇ floǁering ;Pearson ĐorrelaƟon, r=Ϭ.5ϭ,                           

p=ϭxϭϬ ‑ϭϭ , see “uppleŵentarǇ Methods ϯ.ϰͿ. Given the desĐribed trade‑off betǁeen esĐape bǇ                       

floǁering and ǁater use effiĐienĐǇ in  A. thaliana[ϯϳ,ϰϬ,ϰϭ] , our drought‑survival index ŵight be                         

related to the avoidanĐe strategǇ, although this needs to be tested ǁith speĐifiĐ phǇsiologiĐal                           

experiŵents ;“uppleŵentarǇ Fig. ϭϭ, Table “ϲͿ. Gene enriĐhŵent analǇsis revealed a ǁeak signal for                           

ŵeŵbrane transport ;see “uppleŵentarǇ Methods ϯ.ϳͿ. Adjustŵent of osŵoƟĐ balanĐe through Đell                       

ŵeŵbrane transport is a drought avoidanĐe ŵeĐhanisŵ[ϰϮ] that ŵight also Đonfer Đross‑toleranĐe to                         

other abioƟĐ stresses[ϰϯ]. Therefore, it ŵight be of relevanĐe for “Đandinavian  A. thaliana  aĐĐessions                           

or other populaƟons in extreŵe environŵents ;“uppleŵentarǇ Fig. ϭϮͿ[ϭϵ]. 

 

Forecast of geŶeƟc chaŶges to gloďal ǁarŵiŶg reveals regioŶal differeŶces iŶ evoluƟoŶarǇ                       

poteŶƟal.  It is expeĐted that populaƟons ǁith inĐreased survival to severe abioƟĐ stresses should                           

have an evoluƟonarǇ advantage in faĐe of the prediĐted inĐrease in drought freƋuenĐǇ and intensitǇ                             

both around the Mediterranean and in Europe, ǁhiĐh ǁill ĐonsƟtute a ĐriƟĐal hazard for ŵanǇ                             

plants[Ϯ,ϭϭ], inĐluding  A. thaliana . “urprisinglǇ, environŵental niĐhe ŵodels ;ENMͿ of speĐies                     

distribuƟons, ǁhiĐh have been used to prediĐt future Đhanges of speĐies’ ranges [Ϯ,ϯ], do not usuallǇ                               

inĐlude inforŵaƟon of ǁithin‑speĐies diversitǇ that Đan lead to adaptaƟon froŵ standing                       

variaƟon[ϰϰ–ϰϲ]. This Đould in turn lead to overesƟŵates of exƟnĐƟon rates[ϰϳ–ϰϵ]. BǇ fiƫng ENMs                           

of Đurrent Đliŵate ǁith “NP data, using a siŵilar raƟonale as for the ͞Đliŵate GWA͟ of HanĐoĐk and                                   

Đolleagues[ϳ], ǁe aƩeŵpted to foreĐast the ŵost likelǇ geneƟĐ ŵakeup under Đurrent and future                           

Đliŵate ĐondiƟons. We trained one ENM for eaĐh of the ϭ5ϭ GWA and ϳϬ aGWA drought‑assoĐiated                               

“NPs to prediĐt ǁhiĐh allele, either the high or the loǁ survival one, is ŵore likelǇ, given a set of                                       

environŵental variables ;all ENM 5CV aĐĐuraĐǇ >ϵϮ%; Table “ϯ‑ϰ, “uppleŵentarǇ Fig. ϭϯ‑ϭϲͿ.                       

ConseƋuentlǇ, froŵ eaĐh ŵodel, ǁe geographiĐallǇ ŵapped the potenƟal distribuƟon of the high                         

survival allele using available environŵental datasets ; ǁǁǁ.ǁorldĐliŵ.org , ref. [ϭϳ]Ϳ. FinallǇ,                   

ĐonĐatenaƟng the resulƟng ϮϮϭ ŵaps, ǁe inferred the ŵost likelǇ individual genotǇpe at eaĐh                           

loĐaƟon. At present, individuals froŵ both northern and southern edges of the speĐies’ Eurasian and                             

N. AfriĐan range are prediĐted to harbor ŵore drought‑survival alleles than those loĐated in betǁeen                             

; Fig. ϯC , “uppleŵentarǇ Fig. ϭ5‑ϭϲ, ǁith the ƋuadraƟĐ terŵ in a regression of allele Đount on laƟtude                                 

being posiƟve at p=ϭϬ ‑ϯ Ϳ, ĐorroboraƟng our previous observaƟons. Using the trained ENM, ǁe also                           

foreĐast the distribuƟon of the ϮϮϭ drought‑survival alleles in ϮϬϳϬ ;rpĐ ϴ.5, IPCC,  ǁǁǁ.ipĐĐ.Đh , ref.                             

[ϭϳ]Ϳ. While it ǁas expeĐted that populaƟons in the Mediterranean Basin need to beĐoŵe ŵore                             

Appendix I  ‑  ϴ 

http://www.worldclim.org/
https://docs.google.com/document/d/1fJ55ST7wCXblNvPa05VNCgcQ80U-U7Hy3eGO7wLNCzo/edit#heading=h.37m2jsg
http://www.ipcc.ch/


 

Exposito‑Alonso et al.  GeneƟĐ adaptaƟon to extreŵe drought in  A. thaliana 

 

drought resistant[ϭϭ], our prediĐƟons anƟĐipate a greater inĐrease in the total nuŵber of                         

drought‑survival alleles for Central Europe ;Fig. ϯ, “uppleŵentarǇ Fig. ϭϰ‑ϭ5Ϳ. This is beĐause bǇ ϮϬϳϬ                             

rainfall in Central Europe ǁill likelǇ beĐoŵe ŵore siŵilar to that in the Mediterranean[Ϯ,ϭϭ]                           

;“uppleŵentarǇ Fig. ϭϮͿ.  

BeĐause soŵe drought‑survival alleles are ĐurrentlǇ not present in Central Europe, ǁe                       

speĐulated that gene ŵigraƟon ŵight be neĐessarǇ to faĐilitate adaptaƟon to future ĐondiƟons[5Ϭ].                         

An underlǇing assuŵpƟon of the ENM is that alleles ǁill be present ǁherever reƋuired bǇ the                               

environŵent, but this assuŵpƟon of ͞universal ŵigraƟon͟ ŵaǇ not be realisƟĐ for future prediĐƟons                           

if the presenĐe of alleles is ĐurrentlǇ geographiĐallǇ restriĐted. We therefore inĐluded tǁo geographiĐ                           

boundarǇ ĐondiƟons in the ENM to generate alternaƟve ŵodels that ǁere either ŵore or less                             

͞ŵigraƟon‑liŵited͟ ;see “uppleŵentarǇ Methods ϰ.ϮͿ. AŌer fiƫng all possible ŵodels and prediĐƟng                       

allele distribuƟons ǁith future Đliŵate, ǁe ĐalĐulated the differenĐe of prediĐted allele presenĐe per                           

ŵap grid Đell betǁeen the naïve, free ŵigraƟon ENM and the tǁo geographiĐallǇ Đonstrained ones                             

; Fig. ϯD‑E Ϳ. If an allele has ĐurrentlǇ a narroǁ distribuƟon or is speĐifiĐ to a Đertain geneƟĐ                                 

baĐkground, its future presenĐe in an area ŵight not be prediĐted bǇ the Đonstrained ŵodels, even                               

though the Đliŵate variables ĐoinĐide ǁith the “NP’s environŵental range. “uĐh a sĐenario seeŵs to                             

applǇ to Central Europe, as the defiĐit in drought‑survival alleles prediĐted bǇ the free over the                               

Đonstrained ŵodels ǁas ϴ‑ϯϬ% ;ϭϴ‑ϲϲ out of ϮϮϭͿ ; Fig. ϯE ; ǁith the ƋuadraƟĐ terŵ in a regression of                                   

the allele Đount differenĐe on laƟtude being negaƟve at p<ϭϬ ‑ϭϬ Ϳ. Central European populaƟons ŵaǇ                           

therefore be under threat of lagging adaptaƟon bǇ the end of the Ϯϭ st  ĐenturǇ. 

In the end, for a populaƟon to persist, not onlǇ ŵust drought‑survival alleles be present                             

loĐallǇ, but theǇ also need to inĐrease in freƋuenĐǇ[5ϭ]. The ĐhanĐe of this oĐĐurring ǁill depend on                                 

Đurrent loĐal allele freƋuenĐies and the strength of natural seleĐƟon favouring the drought‑survival                         

alleles. Therefore, ǁe studied Đurrent allele freƋuenĐies at three representaƟve loĐaƟons ǁith the                         

highest saŵpling densitǇ in our dataset ;ϰϬ saŵples ǁithin a 5Ϭ kiloŵeter areaͿ: Madrid ;“painͿ,                             

Tübingen ;GerŵanǇͿ and Malŵö ;“ǁedenͿ, ǁhiĐh are near the southern edge, Đenter and northern                           

edge of the Eurasian and N. AfriĐan range, respeĐƟvelǇ. Based on ENM prediĐƟons, ǁe ĐalĐulated                             

allele freƋuenĐǇ Đhanges froŵ present to ϮϬϳϬ. FreƋuenĐies are prediĐted to inĐrease signifiĐantlǇ                         

onlǇ in the Tübingen populaƟon ;“tudent's t test, p<ϭϬ ‑ϭϲ , Table “ϭϭͿ, but not in Madrid and Malŵö,                                 

indiĐaƟng that these tǁo populaƟons ŵight alreadǇ be adapted to the future loĐal Đliŵate. Although                             

not all drought‑assoĐiated alleles are found in Tübingen ;ϯϮ of ϳϬ aGWA “NPs and ϭϯϲ of ϭ5ϭ GWA                                   

“NPsͿ, inĐreasing the nuŵber of the alleles in single genotǇpes should be feasible, sinĐe there are                               

alreadǇ single genotǇpes that have Ϯϰ ;aGWAͿ and ϭϮϯ ;GWAͿ of these alleles ;see “uppleŵentarǇ                             

Methods ϰ.ϮͿ. Running 5Ϭ‑generaƟons siŵulaƟons starƟng at the present Tübingen freƋuenĐǇ of                       

eaĐh of the drought‑survival alleles and assuŵing a range of seleĐƟon ĐoeffiĐients, ǁe esƟŵated that                             
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a ϭ‑ϯ% of fitness advantage on average ǁould be neĐessarǇ to inĐrease freƋuenĐies to ŵatĐh those                               

of the adapted Madrid and Malŵö populaƟons ;“uppleŵentarǇ Fig. ϭϳ, see “uppleŵentarǇ Methods                         

ϰ.ϮͿ. “uĐh seleĐƟon Đould take plaĐe effiĐientlǇ ǁhen populaƟons are large, as is tǇpiĐal for                             

highlǇ‑proliferaƟve ǁeeds[5ϭ,5Ϯ]. 

 

CoŶclusioŶ 

Leveraging the geneƟĐ resourĐes available for  A. thaliana , ǁe have begun to address the                           

ƋuesƟon of hoǁ Đliŵate Đhange ǁill affeĐt biodiversitǇ. We provide evidenĐe for the possibilitǇ of                             

adapƟve geneƟĐ variaƟon to extreŵe drought events froŵ standing variaƟon. “peĐifiĐallǇ, ǁe found                         

that drought survival in  A. thaliana has a polǇgeniĐ basis and that favorable alleles are ŵore                               

abundant toǁard the edges of the speĐies’ distribuƟon range. Extreŵe adaptaƟon at range edges                           

ŵight thus be ĐriƟĐal for a speĐies’ persistenĐe under Đliŵate Đhange. Although ŵanǇ aspeĐts of                             

future adaptaƟon are not Đonsidered here, naŵelǇ non‑drought related or seasonal Đliŵate                       

Đhange[5ϭ], bioƟĐ interaĐƟons, phenotǇpiĐ plasƟĐitǇ, or novel adapƟve ŵutaƟons, our spaƟallǇ                     

expliĐit analǇses eŵphasize the potenƟal of adapƟve evoluƟon froŵ standing variaƟon to ŵiƟgate                         

Đliŵate Đhange’s detriŵental effeĐts. 

 

METHOD“ 

 

“tudǇ populaƟoŶs.  Ϯϭϭ natural inbred lines froŵ the ϭϬϬϭ Genoŵes projeĐt[ϭϲ] ǁere groǁn in a                             

terŵinal drought experiŵent, and ϳϲϮ lines ǁere analǇzed for geneƟĐ struĐture and                       

genoŵe‑environŵent ŵodels. These tǁo subsets ǁere seleĐted based on seƋuenĐe ƋualitǇ and                       

hoŵogeneitǇ of geographiĐ distribuƟon ;see “uppleŵentarǇ Methods ϭ.ϭͿ. We retrieved the                     

genoŵes Đorresponding to the above natural lines froŵ               

hƩp://ϭϬϬϭgenoŵes.org/data/GMI‑MPI/releases/vϯ.ϭ/ and extraĐted the bialleliĐ “NPs ǁith >ϵ5%               

Đalling rate. This resulted in keeping ~ϰM “NP.  

 

GeŶeƟc structure.  To understand the geneƟĐ struĐture of  Arabidopsis thaliana ǁe ran, on the ϳϲϮ                             

saŵples, the soŌǁare ADMIXTURE vϭ.Ϯ ;ref. [Ϯϭ]Ϳ assuŵing tǁo to ϮϬ groups and using a 5‑fold                               

Đross‑validaƟon proĐedure. The nuŵber of groups ǁith the sŵallest Đross‑validaƟon error ǁas ϭϭ                         

;Fig. Ϯ, Fig. “uppleŵentarǇ Table ϭ, “uppleŵentarǇ Fig. ϴͿ. We Đoŵputed a genoŵiĐ PCA using PLINK                               

vϭ.ϵ ;ref. [5ϯ]Ϳ. The three first PC axes explained ϯϯ.5% of the genoŵiĐ varianĐe ;see “uppleŵentarǇ                               

Methods ϯͿ.  

We used genoŵes ǁith probabilitǇ >Ϭ.ϵ of assignŵent to one of the ϭϭ ADMIXTURE groups                             

to run M“MC v.ϯ ;ref. [ϮϮ]Ϳ. This ǁas done in Ƌuartets of genoŵes, i.e. four genoŵes for                                 
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ǁithin‑populaƟon ĐoalesĐent ŵode, and tǁo genoŵes of eaĐh of tǁo populaƟons for the                         

Đross‑ĐoalesĐent ŵode ;Fig. Ϯ, “uppleŵentarǇ Fig. 5Ϳ. Using the ϭϭ geneƟĐ groups as populaƟon                           

lineages, ǁe run Treeŵix assuŵing zero to five ŵigraƟon edges[Ϯϰ] ;Fig. Ϯ, “uppleŵentarǇ Fig. 5Ϳ  

 

TerŵiŶal drought eǆperiŵeŶt.  “traƟfied seeds froŵ the seleĐted Ϯϭϭ natural lines ǁere soǁn in                           

greenhouse pots and abundantlǇ ǁatered everǇ three daǇs during tǁo ǁeeks. ThereaŌer ǁatering                         

onlǇ oĐĐurred everǇ three ǁeeks, ǁhiĐh draŵaƟĐallǇ reduĐed soil ǁater Đontent ;Fig. ϭ,                         

“uppleŵentarǇ Methods ϭ.ϮͿ. Top‑vieǁ photographs of the poƫng traǇs ǁere done at ϮϬ Ɵŵepoints                           

during the ǁhole experiŵent ǁith a high resoluƟon PanasoniĐ DMC‑T)ϲϭ digital Đaŵera ŵounted in                           

a Đlosed blaĐk box seƫng to ensure iŵage ĐonsistenĐǇ ;“uppleŵentarǇ Methods ϮͿ. Using                         

Đustoŵized PǇthon sĐripts and the ŵodule Open Coŵputer Vision, ǁe segŵented the green                         

plant‑leave pixels froŵ the broǁn soil baĐkground to ŵonitor plant area over Ɵŵe ;“uppleŵentarǇ                           

VideoͿ. “tarƟng froŵ the daǇ ǁith the largest roseƩes areas, unƟl the end of the experiŵent, ǁe                                 

ŵodeled the deĐaǇ of green area ;i.e. # pixelsͿ using a polǇnoŵial generalized linear ŵixed ŵodel                               

ǁith Poisson link as desĐribed in the MCMCglŵŵ R paĐkage v.Ϯ.Ϯ5 ; see  “uppleŵentarǇ Methods ϮͿ.                             

The randoŵ genotǇpe effeĐts Đaptured the average deviaƟon of eaĐh genotǇpe froŵ a general                           

interĐept, slope and ƋuadraƟĐ Đurvature. AŌer ĐalĐulaƟng the heritabilitǇ of eaĐh of the three                           

ĐoeffiĐient deviaƟons and their ĐorrelaƟon ǁith the genotǇpe’s Đliŵate variables of origin, ǁe                         

understood that it ǁas the ƋuadraƟĐ Đurvature that ǁas the ŵost suitable to use as index of survival                                   

;“uppleŵentarǇ Methods ϮͿ. 

 

GeŶoŵe‑Wide AssociaƟoŶ ;GWAͿ.  Using the index of survival per genotǇpe as the trait and                           

the “NPs ǁith a ŵiniŵuŵ allele freƋuenĐǇ > 5% as prediĐtors ;n=ϴϳϵ,ϲ5ϰ “NPsͿ, ǁe Đarried out                               

assoĐiaƟons using the linear ŵixed ŵodel iŵpleŵented in EMMAX soŌǁare[Ϯ5] to find “NPs that                           

exĐessivelǇ Đontributed to the prediĐƟon of survival of genotǇpes ;“uppleŵentarǇ Table ϯͿ ;see                         

“uppleŵentarǇ Methods ϯ.ϯͿ. To Đorroborate the idenƟfied top “NPs ǁe also perforŵed a BaǇesian                           

“parse Linear Mixed Model ;B“LMMͿ ǁith GEMMA soŌǁare[Ϯϴ]. EMMAX fist a ŵodel as:                         

, ǁhere is the veĐtor of trait values, is the alternaƟve allele dosage at                               

“NP  and the alleliĐ effeĐt of “NP on the trait. PopulaƟon struĐture is ĐorreĐted ǁith a randoŵ                                       

genotǇpe terŵ ;of Ϯϭϭ levelsͿ represented bǇ , ǁhiĐh folloǁs a MulƟvariate Norŵal distribuƟon                           

, ǁhere is the relaƟonship ŵatrix betǁeen all individual genotǇpes built froŵ “NP                           

inforŵaƟon and is the genotǇpe‑assoĐiated varianĐe. Different froŵ EMMAX, the B“LMMŵodel                         

of GEMMA fits a ŵulƟloĐus ŵodel suĐh as: , ǁhere all “NPs are fiƩed at onĐe but                                 

there is a strong prior distribuƟon of the ĐoeffiĐients. These are Đonstrained to folloǁ a ŵixture of                                   
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tǁo distribuƟons, one that expeĐts ŵanǇ sŵall effeĐts and another that generates feǁ strong effeĐts.                             

BeĐause all “NPs are inĐluded in the ŵodel, the populaƟon struĐture is iŵpliĐitlǇ aĐĐounted for. 

To deterŵine ǁhether the top “NPs idenƟfied in the GWA ŵight have been subjeĐt to                             

polǇgeniĐ adaptaƟon, ǁe used the ŵethod froŵ Berg & Coop[ϭϰ]. We did this for several groupings                               

of top “NPs and reported the group that Ǉielded the strongest signal ;see all results in “uppleŵentarǇ                                 

Table ϵͿ. 

Using painted Đhroŵosoŵes generated using ChroŵoPainter v. Ϯ.Ϭ.ϳ ;ref. [ϯϯ]Ϳ, ǁe Đarried                       

out another set of assoĐiaƟons betǁeen the survival trait and the loĐal anĐestrǇ ĐategorǇ ;ϭϭ groupsͿ                               

of a Đhunk of the genoŵe. We used a linear ŵodel, , and reported the posiƟons                               

in the genoŵe ǁith the least ŵean sƋuare error ;i.e. highest R Ϯ Ϳ ;“uppleŵentarǇ Table ϰͿ. To                               

Đoŵpute p‑values, ǁe took an eŵpiriĐal p‑value distribuƟon approaĐh based on ϭ,ϬϬϬ randoŵ                         

perŵutaƟon runs ;see “uppleŵentarǇ Methods ϯ.ϲͿ. To understand the anĐestrǇ of the assoĐiated                         

genoŵiĐ posiƟons, ǁe ĐonĐatenated the “NP genotǇpes of the top‑assoĐiated posiƟons, Đoŵputed                       

geneƟĐ distanĐes betǁeen natural lines and generated a Neighbour Joining tree. This tree ǁas                           

Đoŵpared ǁith a tree built froŵ an eƋual nuŵber of randoŵlǇ‑piĐked baĐkground “NPs. 

 

GeŶoŵe‑ǁide diversitǇ aŶd selecƟoŶ suŵŵarǇ staƟsƟcs.  We ĐalĐulated genoŵe‑ǁide F st aŵong                     

the ADMIXTURE‑defined groups and Tajiŵa’s D ǁith PLINK vϭ.ϵ ;ref. [5ϯ]Ϳ and likelihood of a seleĐƟve                               

sǁeep ǁith “ǁeeD ;ref. [ϯϬ]Ϳ. We invesƟgated the enriĐhŵent of the top “NPs in the upper tail of the                                     

distribuƟons of those staƟsƟĐs bǇ ĐalĐulaƟng a right‑tailed t‑test in Đontrast ǁith genoŵe‑baĐkground                         

“NPs ǁith the saŵe freƋuenĐǇ values ;“uppleŵentarǇ Fig. ϰ, “uppleŵentarǇ Table ϯ, rank ĐoluŵnsͿ. 

 

 

EŶviroŶŵeŶtal Niche Models.  We used ĐlassifiĐaƟon and regression Randoŵ Forest ŵodels                     

iŵpleŵented in the  randoŵForest R paĐkage, available environŵental databases                 

ǁǁǁ.ǁorldĐliŵ.Đoŵ v.ϭ.ϰ ;ref. [ϭϳ], ϭϵ bioĐliŵaƟĐ variables at Ϯ.5 arĐ‑ŵinutes resoluƟonͿ, and                       

geographiĐ loĐaƟons of GWA‑idenƟfied alleles, to fit environŵental niĐhe ŵodels ;ENMͿ. To evaluate                         

ŵodel’s prediĐƟve abilitǇ for eaĐh allele, ǁe used a 5‑fold Đross‑validaƟon proĐedure in ǁhiĐh ⅘ parts                               

of the data ǁere used to train the ŵodel and ⅕ ǁas used to test it. This enabled us to assign a                                           

perĐentage of suĐĐessful assignŵent of an allele given the environŵental variables at a loĐaƟon                           

;“uppleŵentarǇ Tables ϯ‑ϰͿ. The fiƩed Randoŵ Forest ŵodel ǁas used to generate potenƟal                         

geographiĐ distribuƟons of survival‑assoĐiated alleles ǁhiĐh, all overlapped, provided a geographiĐ                     

ŵap of densitǇ of survival alleles. Using exisƟng prediĐƟons of the saŵe ϭϵ bioĐliŵaƟĐ variables to                               

ϮϬ5Ϭ and ϮϬϳϬ under both loǁ ;Ϯ.ϲ rĐpͿ and high ;ϴ.5 rĐpͿ CO Ϯ aĐĐuŵulaƟon sĐenarios, ǁe                               

re‑prediĐted the distribuƟon of alleles to the different future sĐenarios using the previouslǇ fiƩed                           

Appendix I  ‑  ϭϮ 
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Randoŵ Forest ŵodels. BeĐause of the iŵpliĐit assuŵpƟon of free ŵoveŵent of alleles, ǁe                           

generated tǁo addiƟonal ŵodels per “NP: ;ϭͿ ENM inĐluding the laƟtude and longitude variables in                             

the Randoŵ Forest ŵodels and ;ϮͿ ENM inĐluding the three first PC axes geographiĐallǇ ŵodeled                             

ǁith present daǇ Đliŵate ;see beloǁͿ. BǇ repeaƟng prediĐƟons ǁith future Đliŵate data, but keeping                             

the laƟtude, longitude and PC Đoŵponents Đonstant, soŵe alleles ǁould not be prediĐted in areas                             

ǁhere the appropriate environŵent exists but ǁhiĐh are outside of the Đurrent geographiĐ                         

distribuƟon ;ϭͿ or Đurrent loĐal genoŵiĐ baĐkground ;ϮͿ ;see “uppleŵentarǇ Methods ϰ,                       

“uppleŵentarǇ Fig. ϭϯ‑ϭϲͿ.  

Apart froŵ the potenƟal distribuƟon of putaƟvelǇ adapƟve alleles, ǁe also ŵodeled the                         

geographiĐ distribuƟon of ĐonƟnuous traits, naŵelǇ the aforeŵenƟoned PCA Đoŵponents of                     

populaƟon struĐture or the index of survival under drought itself. In those Đases the Randoŵ Forest                               

ǁas of the regression tǇpe and the prediĐƟve abilitǇ ǁas Đoŵputed for the test data ĐalĐulaƟng the                                 

sƋuared Pearson’s ĐorrelaƟon ĐoeffiĐient betǁeen prediĐted and true values ;see “uppleŵentarǇ                     

Methods ϰͿ.  

To Đoŵpleŵent observaƟons of presenĐe and absenĐe of alleles froŵ ENM prediĐƟons, ǁe                         

Đarried out Wright‑Fisher siŵulaƟons of single bialleliĐ “NPs ;for details see “uppleŵentarǇ Methods                         

ϰ.Ϯ.ϰͿ. We ran siŵulaƟons for 5Ϭ disĐrete generaƟons. The populaƟon size ǁas assuŵed of ϯϬϬ,ϬϬϬ                             

plants, as inferred froŵ diversitǇ data, and ǁas Đonstant over Ɵŵe. Fitness ǁas onlǇ deterŵined bǇ                               

the seleĐƟon ĐoeffiĐient of the drought alleles, ǁhiĐh varied froŵ Ϭ to ϮϬ% in an arraǇ of siŵulaƟon                                   

runs. The starƟng freƋuenĐǇ of the allele ǁas set eƋual to the present daǇ freƋuenĐǇ of all natural                                   

lines saŵpled in a given geographiĐ area ;e.g., TübingenͿ. These siŵulaƟons Đould be extended in the                               

future to inĐorporate joint fitness effeĐts froŵ ŵulƟple adapƟve ŵutaƟons and Đoŵplex                       

environŵent‑driven deŵographiĐ proĐesses ;“uppleŵentarǇ Methods ϰ.Ϯ.ϰͿ.  

 

Code availaďilitǇ.  Code for the iŵage analǇsis pipeline available at                   

hƩp://github.Đoŵ/MoisesExpositoAlonso/hippo ǁith DOI:  hƩps://doi.org/ϭϬ.5Ϯϴϭ/zenodo.ϭϬϯϵϴϴϴ ,       

Đode for anĐestrǇGWA is available at  hƩps://github.Đoŵ/MoisesExpositoAlonso/aGWA ǁith DOI:                 

hƩps://doi.org/ϭϬ.5Ϯϴϭ/zenodo.ϭϬϯϵϴϴϮ , Đode for Wright‑Fisher populaƟon siŵulaƟons at             

hƩp://github.Đoŵ/MoisesExpositoAlonso/popgensiŵ ǁith DOI:     

hƩps://doi.org/ϭϬ.5Ϯϴϭ/zenodo.ϭϬϯϵϴϴϲ . 

 

Data availaďilitǇ.  PhenotǇpiĐ datasets available in the “uppleŵentarǇ Dataset at                   

hƩps://ǁǁǁ.nature.Đoŵ/arƟĐles/sϰϭ55ϵ‑Ϭϭϳ‑ϬϰϮϯ‑Ϭ . ProĐessed genoŵe ŵatriĐes are available at             

hƩp://ϭϬϬϭgenoŵes.org/data/GMI‑MPI/releases/vϯ.ϭ/ . Raǁ reads are stored in the             

ǁǁǁ.nĐbi.nlŵ.nih.gov/sra  arĐhive under the ID nuŵber: “RPϬ5ϲϲϴϳ. 
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http://github.com/MoisesExpositoAlonso/hippo
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http://1001genomes.org/data/GMI-MPI/releases/v3.1/
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AddiƟoŶal iŶforŵaƟoŶ 

“uppleŵentarǇ inforŵaƟon is available for this paper at:               

hƩps://ǁǁǁ.nature.Đoŵ/arƟĐles/sϰϭ55ϵ‑Ϭϭϳ‑ϬϰϮϯ‑Ϭ  
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Ϯ.ϭ Iŵage analǇsis pipeline Ϯϰ 
Ϯ.Ϯ. Drought survival index Ϯϰ 

ϯ. PopulaƟon and ƋuanƟtaƟve geneƟĐs Ϯ5 
ϯ.ϭ PopulaƟon struĐture Ϯ5 

ϯ.ϭ.ϭ AssoĐiaƟon of geneƟĐ group ŵeŵbership ǁith drought Ϯϲ 
ϯ.Ϯ CoalesĐent rates over Ɵŵe Ϯϲ 
ϯ.ϯ Genoŵe ǁide assoĐiaƟon ;GWAͿ analǇses Ϯϲ 

ϯ.ϯ.ϭ Linear Mixed Models ;LMMsͿ ǁith EMMAX Ϯϲ 
ϯ.ϯ.Ϯ BaǇesian “parse Linear Mixed Models ;B“MLMMsͿ ǁith GEMMA Ϯϳ 

ϯ.ϰ MulƟvariate analǇses of phenotǇpes and GWA suŵŵarǇ staƟsƟĐs Ϯϳ 
ϯ.ϰ.ϭ Pairǁise ĐorrelaƟons Ϯϳ 
ϯ.ϰ.Ϯ CanoniĐal CorrelaƟon AnalǇsis ;CCAͿ Ϯϴ 

ϯ.5 PolǇgeniĐ adaptaƟon signal Ϯϴ 
ϯ.5.ϭ ClassiĐ Qst‑Fst Đoŵparison Ϯϴ 
ϯ.5.Ϯ Berg & Coop ŵethodologǇ Ϯϵ 

ϯ.ϲ ChroŵoPainter and anĐestrǇ GWA Ϯϵ 
ϯ.ϲ.ϭ Global proporƟon of anĐestral Đhroŵosoŵe segŵents ϯϬ 
ϯ.ϲ.Ϯ aGWA for adŵixture ŵapping ϯϬ 

PhǇlogenǇ of aGWA “NPs ϯϭ 
ϯ.ϳ Test for annotaƟon enriĐhŵent ϯϮ 

ϰ. Environŵental and foreĐasƟng analǇses ϯϮ 
ϰ.ϭ Environŵental data ϯϮ 
ϰ.Ϯ Environŵental NiĐhe Models ;ENMͿ ϯϯ 

ϰ.Ϯ.ϭ GeographiĐ areas Đovered and niĐhe liŵits ϯϯ 
ϰ.Ϯ.Ϯ Randoŵ Forest ŵodels ϯϯ 
ϰ.Ϯ.ϯ ENM of geneƟĐ groups ϯϰ 
ϰ.Ϯ.ϰ Genoŵe Environŵent Models ;GEMsͿ ϯϰ 

MigraƟon assuŵpƟons ϯ5 
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Allele freƋuenĐǇ Đhange prediĐted bǇ GEMs ϯ5 
Possible geneƟĐ trade offs of drought survival and floǁering Ɵŵe ϯϲ 
PopulaƟon geneƟĐs siŵulaƟons ϯϲ 
ConsideraƟons regarding reĐoŵbinaƟon ϯϴ 
GEM liŵitaƟons ϯϵ 

“UPPLEMENTARY REFERENCE“ ϯϵ 

“UPPLEMENTARY TABLE“ ϰϱ 
“uppleŵentarǇ tables are available as a .xlsx file at:                 
hƩps://staƟĐ‑Đontent.springer.Đoŵ/esŵ/art%ϯAϭϬ.ϭϬϯϴ%ϮFsϰϭ55ϵ‑Ϭϭϳ‑ϬϰϮϯ‑Ϭ/MediaObje
Đts/ϰϭ55ϵ_ϮϬϭϳ_ϰϮϯ_MOE“Mϯ_E“M.xlsx ϰ5 
“uppleŵentarǇ Table ϭ. AĐĐession inforŵaƟon. ϰ5 
“uppleŵentarǇ Table Ϯ. ADMIXTURE Đross‑validaƟon for K= Ϯ to ϮϬ. ϰ5 
“uppleŵentarǇ Table ϯ. DiversitǇ staƟsƟĐs and annotaƟons of top GWA hits. ϰ5 
“uppleŵentarǇ Table ϰ. AnnotaƟon of top aGWA “NP hits. ϰ5 
“uppleŵentarǇ Table 5. InforŵaƟon on phenotǇpiĐ and Đliŵate traits. ϰ5 
“uppleŵentarǇ Table ϲ. Cliŵate and phenotǇpe ĐorrelaƟons ;per aĐĐessionͿ. ϰ5 
“uppleŵentarǇ Table ϳ. Cliŵate and phenotǇpe ĐorrelaƟons ;per “NPͿ. ϰ5 
“uppleŵentarǇ Table ϴ. CanoniĐal CorrelaƟon AnalǇsis ;CCAͿ. ϰ5 
“uppleŵentarǇ Table ϵ. PolǇgeniĐ ŵodel for different top “NP groups. ϰ5 
“uppleŵentarǇ Table ϭϬ. IŵportanĐe of variables in Randoŵ Forest analǇses. ϰϲ 
“uppleŵentarǇ Table ϭϭ. Allele freƋuenĐǇ Đhange. ϰϲ 
“uppleŵentarǇ Table ϭϮ. Qst Fst pairǁise Đoŵparisons. ϰϲ 

“UPPLEMENTARY FIGURE“ ϰϳ 
“uppleŵentarǇ Figure ϭ. Global Arabidopsis thaliana distribuƟon. ϰϳ 
“uppleŵentarǇ Figure Ϯ. Environŵental ranges of Arabidopsis thaliana. ϰϴ 
“uppleŵentarǇ Figure ϯ. CorrelaƟon betǁeen roseƩe areas and ŵodel paraŵeters. ϰϵ 
“uppleŵentarǇ Figure ϰ. GWA ǁith drought survival and populaƟon geneƟĐ staƟsƟĐs. 5Ϭ 
“uppleŵentarǇ Figure 5. Cross‑ĐoalesĐent rates betǁeen populaƟons inferred bǇ M“MC. 5ϭ 
“uppleŵentarǇ Figure ϲ. Treeŵix ǁith different ŵigraƟon rates. 5ϯ 
“uppleŵentarǇ Figure ϳ. GenoŵiĐ ChroŵoPainter Đhunks per populaƟon. 5ϰ 
“uppleŵentarǇ Figure ϴ. Environŵental niĐhe ŵodel ;ENMͿ of populaƟon struĐture. 5ϲ 
“uppleŵentarǇ Figure ϵ. Environŵental niĐhe ŵodel ;ENMͿ of drought survival index. 5ϵ 
“uppleŵentarǇ Figure ϭϬ. Environŵental niĐhe ŵodel ;ENMͿ of floǁering Ɵŵe. ϲϭ 
“uppleŵentarǇ Figure ϭϭ. Profile of phenotǇpiĐ Đhange under Đliŵate Đhange. ϲϮ 
“uppleŵentarǇ Figure ϭϮ. Maps of the ŵost iŵportant ĐliŵaƟĐ variables. ϲϰ 
“uppleŵentarǇ Figure ϭϯ. aGWA Genoŵe Environŵent Models ;GEMsͿ. ϲ5 
“uppleŵentarǇ Figure ϭϰ. GWA Genoŵe Environŵent Models ;GEMsͿ. ϲϳ 
“uppleŵentarǇ Figure ϭ5. aGWA GEM residuals. ϲϴ 
“uppleŵentarǇ Figure ϭϲ. GWA GEM residuals ϲϵ 
“uppleŵentarǇ Figure ϭϳ. PopulaƟon geneƟĐs siŵulaƟons. ϳϬ 
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“UPPLEMENTARY VIDEO iŶ “uppleŵeŶtarǇ_Video.gif ϳϭ 

 
 

“UPPLEMENTARY METHOD“ 

ϭ. EǆperiŵeŶtal desigŶ aŶd ďiological ŵaterial 

ϭ.ϭ Choice of accessioŶs froŵ the ϭϬϬϭ GeŶoŵes resource 

The ϭϬϬϭ Genoŵes projeĐt has released reseƋuenĐing data for ϭ,ϭϯ5 natural inbred lines, also Đalled                             

aĐĐessions or eĐotǇpes ; hƩp://ϭϬϬϭgenoŵes.org Ϳ. We applied several filters to seleĐt the ŵost                       

inforŵaƟve, least biased aĐĐessions for our experiŵent. ;iͿ The first filter reŵoved ϭϳϲ aĐĐessions                           

ǁith loǁ ƋualitǇ genoŵe inforŵaƟon, < ϭϬX genoŵe Đoverage and < ϵϬ% ĐongruenĐe of “NPs Đalled                               

froŵ Max PlanĐk InsƟtute and Gregor Mendel InsƟtute pipelines[ϭ]. ;iiͿ The seĐond filter reŵoved                           

Ϯϰϰ nearlǇ‑idenƟĐal aĐĐessions, ŵanǇ froŵ N. AŵeriĐa. For this, ǁe ĐalĐulated pairǁise                       

genoŵe‑ǁide idenƟtǇ‑bǇ‑state differenĐes using PLINK vϭ.ϵ ;ref. [Ϯ]Ϳ. When pairs differed in less than                           

< Ϭ.Ϭϭ Đhanges per polǇŵorphiĐ site, ǁe randoŵlǇ reŵoved one ŵeŵber of the pair. The overlap                               

betǁeen ;iͿ and ;iiͿ ǁas ϳϲϮ aĐĐessions ; “uppleŵentarǇ Fig. ϭ ,  Ϯ , “uppleŵentarǇ Table ϭͿ. For                             

geographiĐ analǇses in the naƟve Eurasian and N. AfriĐan range ;e.g. environŵental niĐhe ŵodelsͿ,                           

ǁe used the ϳϮϵ aĐĐessions that ǁere ǁithin 5Ϭ°W to ϭϬϬ°E longitude ;see  seĐƟon ϰ.Ϯ.ϭ Ϳ. For the                                 

terŵinal drought experiŵent, ǁe used Ϯϭϭ of these ϳϮϵ aĐĐessions. The seeds ǁere progenǇ of ϭϬϬϭ                               

Genoŵes ĐolleĐƟon seed stoĐks obtained froŵ the Arabidopsis BiologiĐal ResourĐe Center ;C“ϳϴϵϰϮͿ. 

ϭ.Ϯ GreeŶhouse terŵiŶal drought eǆperiŵeŶt 

The Ϯϭϭ aĐĐessions inĐluded both vernalizaƟon‑reƋuiring, sloǁ‑floǁering and vernalizaƟon‑                 

independent, fast‑floǁering ones. BeĐause of the diffiĐulƟes assoĐiated ǁith disentangling                   

drought‑induĐed ŵortalitǇ and reproduĐƟon‑assoĐiated senesĐenĐe at the end of the plant life ĐǇĐle,                         

our studǇ foĐused on lethal drought stress during the vegetaƟve stage, i.e., before floǁering. We did                               

not applǇ a vernalizaƟon treatŵent to reduĐe floǁering Ɵŵe varianĐe. ;Note that onset of floǁering,                             

or floǁering Ɵŵe, ǁas not a Đonfounding faĐtor. “ee  seĐƟon Ϯ.Ϯ .Ϳ 

“eeds ǁere aliƋuoted in Eppendorf tubes, suspended in ϭ% agar soluƟon, straƟfied in a ϰºC                             

dark rooŵ for 5 daǇs to proŵote gerŵinaƟon, and then pipeƩed into pots filled ǁith siŌed soil ;CL‑P,                                   

Einheitserde Werkverband e.V., DeutsĐhlandͿ. When ŵulƟple seeds gerŵinated per pot, all but one                         

ǁere reŵoved at randoŵ. We soǁed ϴ repliĐates per genotǇpe in ϰϵ traǇs of ϴ x 5 Đells ;5.5 x 5.5 x ϭϬ                                             

ĐŵͿ using a randoŵized inĐoŵplete bloĐk design. We exĐluded Đorner Đells, ǁhere edge effeĐts are                             
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strongest.  

During the first tǁo ǁeeks aŌer soǁing, froŵ the Ɵŵe point defined as daǇ Ϭ, traǇs ǁere                                 

ǁatered Đlose to soil saturaƟon onĐe everǇ ϯ daǇs, ǁith teŵperature ŵaxiŵa froŵ ϮϬ to Ϯ5ºC under                                 

ϭϲ hours natural and suppleŵental light ;the experiŵent ran during the ŵonths of JulǇ and AugustͿ.                               

The photosǇntheƟĐ aĐƟve radiaƟon ;PAR, ǁavelengths froŵ ϰϬϬ to ϳϬϬ nŵͿ ǁas on average 5.ϳϯ                             

ŵole ŵ ‑Ϯ daǇ ‑ϭ , and ranged froŵ Ϭ.ϭ ŵole ŵ ‑Ϯ daǇ ‑ϭ during the night to a ŵaxiŵuŵ of ϭ5 to ϲϲ ŵole                                         

ŵ ‑Ϯ daǇ ‑ϭ during the daǇ, depending on insolaƟon. AŌer this period, seedlings ǁere Đhallenged ǁith                             

a terŵinal drought, ǁith ͞reĐoverǇ ǁaterings͟ aŌer ϯ and ϲ ǁeeks ;see sŵall peaks in Fig. ϭͿ, in order                                     

to inĐrease the varianĐe in survival. The overall ǁatering during the drought period ;ϰ l in eaĐh traǇ of                                     

ϰϬ x ϲϬ ĐŵͿ, Đorrespond to approxiŵatelǇ ϯϯ ŵŵ of rainfall ;ϰ,ϬϬϬ + ϰ,ϬϬϬ Đŵ ϯ ǁater/ Ϯ,ϰϬϬ Đŵ Ϯ                                   

surfaĐe = ϯ.ϯ ĐŵͿ. We ŵonitored ǁater Đontent using ŵoisture sensors ;Parrot “A, Paris, FranĐeͿ ;see                               

ǁater Đontent graph in Fig. ϭAͿ. We ŵonitored roseƩe green area bǇ iŵaging at ϮϬ Ɵŵe points ;Fig.                                   

ϭAͿ using a Đustoŵized sǇsteŵ ;see beloǁͿ. 

ϭ.Ϯ.ϭ Advantages and disadvantages of the experiŵental sǇsteŵ 

Drought experiŵents are knoǁn to be diffiĐult in that different plants ŵight not experienĐe the saŵe                               

stress depending on their developŵental stage and size beĐause theǇ Đonsuŵe the available ǁater at                             

different rates[ϯ,ϰ]. Therefore, it ǁould be ideal to ŵeasure eaĐh pot’s ǁater Đontent and adjust the                               

ǁatering of eaĐh pot everǇ daǇ[ϯ,ϰ]. In our experiŵental design ǁe used over ϭ,ϲϬϬ pots, thus                               

pot‑speĐifiĐ ǁatering adjustŵent ǁas not feasible[5]. AutoŵaƟzed setups[ϲ] Đan be poǁerful                     

sǇsteŵs for suĐh aĐĐurate ǁatering and phǇsiologiĐal studies, but theǇ Đoŵe ǁith a liŵitaƟon in the                               

nuŵber of pots used ;around 5ϬϬ, ref. [ϲ]Ϳ and are diffiĐult to iŵpleŵent in field ĐondiƟons. In our                                   

design, ǁe Đoŵproŵised pot‑speĐifiĐ ŵonitoring and ǁater adjustŵent for high‑throughput and                     

sĐalabilitǇ to field ĐondiƟons.  

BeĐause ǁe ǁere ĐonĐerned that the aforeŵenƟoned effeĐt of plant size Đould draŵaƟĐallǇ                         

affeĐt the results, ǁe took several preĐauƟons. First, ǁe used pots filled ǁith about Ϯϰ5 Đŵ ϯ of soil ;ϲ                                     

x ϲ Đŵ surfaĐe area x ϭϬ Đŵ depthͿ, ǁhiĐh is about tǁiĐe as ŵuĐh than the ŵore tǇpiĐal ϭϮ5 Đŵ ϯ soil                                           

;5 x 5 x 5ĐŵͿ oŌen used in  A. thaliana experiŵents. BǇ using larger pots, ǁe aiŵed to reduĐe the                                       

iŵpaĐt of plant differenƟal ǁater ĐonsuŵpƟon relaƟve to the iŵpaĐt of drought treatŵent. “eĐond,                           

ǁe designed our experiŵent as a terŵinal drought to ŵake sure all plants ƋuiĐklǇ experienĐed a                               

ǁater availabilitǇ that ǁas beloǁ their individual phǇsiologiĐal liŵits. We argue that this approaĐh                           

should be less sensiƟve to differenƟal ǁater ĐonsuŵpƟon of plants than if ǁe had onlǇ iŵposed a                                 

ŵoderate drought[5], ǁhiĐh ŵaǇ be of ŵore interest ǁhen trǇing to siŵulate an agriĐultural seƫng,                             

rather than an extreŵe event in natural seƫngs ǁithout suppleŵenƟng ǁater. Third, if plant size ǁas                               
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a ŵajor Đontributor to our drought survival index, there ought to be a relaƟonship betǁeen plant size                                 

and drought survival. We did not find suĐh a relaƟonship ;see seĐƟon  ϯ.ϰ Ϳ. 

ϭ.ϯ ValidaƟoŶ field eǆperiŵeŶt 

 

In order to validate the observaƟons of loĐal adaptaƟon to loǁ rainfall regiŵes froŵ the greenhouse                               

extreŵe drought experiŵent, ǁe Đarried out a folloǁ‑up field experiŵent uƟlizing the saŵe                         

experiŵental design as for the previous greenhouse experiŵent. We soǁed the saŵe genotǇpes in                           

Madrid ;“painͿ and in Tübingen ;GerŵanǇͿ[ϳ]. We greǁ plants in seŵi‑natural ĐondiƟons, using the                           

saŵe industrial soil and traǇs in both loĐaƟons, under PVC foil tunnels ǁith openings to the outside.                                 

The plants experienĐed teŵperatures and photoperiods verǇ Đlose to natural ĐondiƟons, ǁhile at the                           

saŵe Ɵŵe ǁe Đould arƟfiĐiallǇ Đontrol the rainfall aŵounts. We siŵulated in both loĐaƟons “panish                             

and Gerŵan average preĐipitaƟon based on real‑Ɵŵe ŵonitoring of rainfall ǁith sensors next to the                             

foil tunnels. We had in total four treatŵent ĐoŵbinaƟons of tǁo photo‑teŵperature regiŵes and                           

tǁo rainfall regiŵes. Out of ϳ pots per genotǇpe, ǁe Đounted hoǁ ŵanǇ survived unƟl reproduĐƟon                               

;i.e., produĐed fruitsͿ. The drought‑survival index ŵeasured in the greenhouse Đorrelated ǁith this                         

field survival variable in the loǁ‑preĐipitaƟon treatŵent in Madrid ;“pearŵan’s rho=Ϭ.ϭϳ, n=Ϯϭϭ,                       

p=Ϭ.ϬϭͿ but did not in the high‑preĐipitaƟon treatŵent in Tübingen ;p=Ϭ.ϵϵͿ, as expeĐted ;see                           

“uppleŵentarǇ Table ϭ for genotǇpe valuesͿ. 

 

We used the saŵe iŵaging sǇsteŵ in the field as for the greenhouse experiŵent ; seĐƟon                             

Ϯ.ϭ Ϳ, and thus had exĐepƟonal poǁer to validate the robustness of the iŵaging sǇsteŵ. We used                               

iŵages of the saŵe traǇs that had been photographed tǁiĐe on the saŵe daǇ to ŵeasure                               

repliĐabilitǇ of the iŵage pipeline ;these pairs of piĐtures inĐluded ŵulƟple traǇs at ϭϭ ƟŵepointsͿ.                             

“pearŵan’s rank ĐorrelaƟon of  green pixels per pot retrieved froŵ tǁo suĐh iŵages ǁas Ϭ.ϵϳ                             

;n=ϭ,5Ϭϴ, p<ϭϬ ‑ϭϲ Ϳ. This high ĐorrelaƟon indiĐates a high repliĐabilitǇ of the illuŵinaƟon and                         

segŵentaƟon proĐedures. The sŵall error ǁould beĐoŵe even ŵore negligible ǁhen averaging all                         

repliĐates per genotǇpe and ŵodeling trajeĐtories per genotǇpes.  

 
ϭ.ϰ EǆperiŵeŶt uŶder opƟŵal groǁiŶg coŶdiƟoŶs  

In a first experiŵent, ǁe greǁ the saŵe Ϯϭϭ genotǇpes under opƟŵal ǁatering and nutrient                             

ĐondiƟons and ŵonitored vegetaƟve groǁth bǇ iŵage analǇsis[ϴ] ;see “uppleŵentarǇ Table 5 for a                           

desĐripƟon of the Ϯϰ traits extraĐted froŵ the iŵagesͿ. This set of traits ǁas used to invesƟgate                                 

ǁhether variaƟon of drought‑survival index ǁas Đorrelated ǁith groǁth under opƟŵal ĐondiƟons.  
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Ϯ. Drought pheŶotǇpiŶg 

Ϯ.ϭ Iŵage aŶalǇsis pipeliŶe 

Plants ǁere iŵaged using a PanasoniĐ DMC‑T)ϲϭ digital Đaŵera and a Đustoŵized Đlosed blaĐk box at                               

a distanĐe of ϰϬ Đŵ froŵ the traǇ. This produĐed verǇ Đonsistent iŵages in terŵs of illuŵinaƟon ;onlǇ                                   

froŵ in‑Đaŵera flashͿ and foĐal distanĐe to the plants. AŌer benĐhŵarking different Đaŵera seƫngs,                           

ǁe set relaƟve exposure to ‑⅔ and I“O to ϭϬϬ. White balanĐe ǁas set for flashlight illuŵinaƟon,                                 

ǁhiĐh ǁas Đonsistent thanks to the Đustoŵized blaĐk box. 

We extraĐted leaf area per plant over Ɵŵe using the iŵaging ŵodule Open Coŵputer Vision                             

in PǇthon ;ref. [ϵ]Ϳ ; Video “ϭ Ϳ, ǁith these steps: ;iͿ 5 pixel ŵean denoise of the ǁhole‑traǇ iŵage. ;iiͿ                                     

Fixed Hue “aturaƟon Value ;H“VͿ segŵentaƟon of ͞green͟ values. The threshold values ǁere                         

deterŵined ŵanuallǇ bǇ seleĐƟng pixels froŵ plants at five Ɵŵepoints through the teŵporal series                           

to Đapture the different green values that plants displaǇ at different stages of developŵent. ;iiiͿ                             

Cropping of eaĐh pot to extraĐt individual plant iŵages. ;ivͿ CounƟng of green pixels ;Đode available                               

at  hƩp://github.Đoŵ/MoisesExpositoAlonso/hippo ǁith DOI:       

hƩps://doi.org/ϭϬ.5Ϯϴϭ/zenodo.ϭϬϯϵϴϴϴ Ϳ. Pots ǁith green pixels but ǁithout plants ǁere exĐluded                   

aŌer Đareful visual inspeĐƟon of all iŵages. 

Ϯ.Ϯ. Drought survival iŶdeǆ 

AŌer deterŵining the peak of green area for the ŵajoritǇ of pots, ǁe ŵodeled the dailǇ                               

nuŵber of green pixels per pot. “everal different ŵodels, inĐluding up to third order polǇnoŵial                             

ŵodels, and several error ĐorreĐƟon faĐtors, either raǁ or genotǇpe averages, ǁere tested. All                           

ŵodels ǁere ranked based on paraŵeter ĐonvergenĐe in an Monte Carlo Markov Chain ;MCMCͿ ǁalk                             

and AIC values. The final ŵodel ǁas a generalized linear ŵixed ŵodel ǁith Poisson link of the forŵ: 

 

, ǁhere green area,  y,  ǁas the response variable, and an interĐept ; i Ϳ, slope ; s Ϳ, and ƋuadraƟĐ                                 

ĐoeffiĐients ; Ƌ Ϳ ǁith Ɵŵe ; t Ϳ ǁere fiƩed as fixed effeĐts. GenotǇpes ǁere treated as randoŵ faĐtors                               

that ǁere alloǁed to deviate froŵ the ŵain trends, folloǁing a norŵal distribuƟon ;Ϭ, Iσ g Ϳ. TraǇ bloĐk                                 

and posiƟon ǁithin the traǇ grid ǁere fiƩed as randoŵ faĐtors also folloǁing a norŵal distribuƟon.                               

To esƟŵate these paraŵeters, ǁe perforŵed ϭϬ,ϬϬϬ iteraƟons in a MCMC and ϭ,ϬϬϬ burn‑in using                             

the glŵŵMCMC R paĐkage ;ref. [ϭϬ]Ϳ.  

The varianĐe froŵ all genotǇpe‑dependent Đoŵponents relaƟve to the total phenotǇpiĐ                     

varianĐe ǁas ~ϭϬ%. GenotǇpe values of the three paraŵeters of interest ;interĐept, slope, and                           
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ƋuadraƟĐ ĐoeffiĐientͿ ǁere used for Genoŵe Wide AssoĐiaƟon ;GWAͿ and doǁnstreaŵ analǇses.                       

AddiƟve geneƟĐ varianĐe ǁas esƟŵated froŵ linear ŵixed ŵodels using a kinship ŵatrix ;see GWA                             

seĐƟon ; ϯ.ϯ ͿͿ. The interĐept, slope and ƋuadraƟĐ deviaƟons had narroǁ‑sense heritabiliƟes ;h Ϯ , or                         

kinship‑assoĐiated varianĐeͿ of Ϭ%, Ϭ%, and ϰϵ%; respeĐƟvelǇ. We Đhose the laƩer as the                           

drought‑survival index. This paraŵeter inforŵed about survival during the late stage of the                         

experiŵent, as Đan be observed froŵ a high ĐorrelaƟon betǁeen the drought survival index and the                               

raǁ green pixels in the final ŵonitored daǇs ; “uppleŵentarǇ Fig. ϯ Ϳ. 

BeĐause the drought‑survival index Đould depend on the developŵental stage, size and                       

subseƋuent ǁater ĐonsuŵpƟon of the plants ǁhen the drought treatŵent started, ǁe Đoŵputed the                           

pixel deĐaǇ polǇnoŵial ŵodel ǁith and ǁithout a Đovariate of floǁering Ɵŵe, roseƩe area and                             

roseƩe drǇ ŵass under opƟŵal ĐondiƟons ;indiĐaƟve of overall developŵental speed; see sourĐe of                           

the phenotǇpe in  seĐƟon ϭ.ϯ and phenotǇpiĐ ĐorrelaƟons in  seĐƟon ϯ.ϰ.ϭ Ϳ. The ŵodel desĐribed                           

above ǁas run three Ɵŵes, eaĐh ǁith one of the ŵenƟoned phenotǇpes as randoŵ faĐtors to get the                                   

varianĐe explained. The varianĐes explained bǇ eaĐh of the test faĐtors ;  Ϳ ǁere ϭ.ϭ5 x                             

ϭϬ ‑ϰ  ;ϵ5% Highest Posterior ProbabilitǇ: ϲ.ϳϰ x ϭϬ ‑ϵ , ϭ.Ϭϳ x ϭϬ ‑Ϯ Ϳ for floǁering Ɵŵe, ϭ.ϴϲ x ϭϬ ‑ϴ  ;ϵ.ϯϴ                                   

x ϭϬ ‑ϭϭ , ϭ.ϲϬ x ϭϬ ‑5 Ϳ for roseƩe drǇ ŵass, and Ϯ.ϲϳ x ϭϬ ‑ϳ  ;ϭ.ϴϰ x ϭϬ ‑ϭϭ , ϰ.5ϯ x ϭϬ ‑Ϯ Ϳ for roseƩe area. 

To provide an intuiƟve understanding of the drought survival index, ǁe looked at the                           

relaƟonship betǁeen the index and the last daǇ on ǁhiĐh a plant ǁas ĐlearlǇ alive, defined as the last                                     

daǇ ǁith at least 5,ϬϬϬ green pixels leŌ. The relaƟonship betǁeen the drought‑survival index and the                               

last living daǇ ǁas highlǇ signifiĐant ;p < ϭϬ ‑ϭϲ Ϳ. The ŵost sensiƟve plants survived for ϯϮ daǇs, and                                   

the ŵost resistant ones ǁere alive for ϭ5 daǇs longer.  

ϯ. PopulaƟoŶ aŶd ƋuaŶƟtaƟve geŶeƟcs  

ϯ.ϭ PopulaƟoŶ structure 

Froŵ the vĐf file ǁith “NP Đalls of the ϭϬϬϭ Genoŵes projeĐt                       

; hƩp://ϭϬϬϭgenoŵes.org/data/GMI‑MPI/releases/vϯ.ϭ/ Ϳ, ǁe idenƟfied bialleliĐ “NPs ǁith a             

genotǇpe Đalling rate >ϵ5%, ǁhiĐh resulted in a genoŵe ŵatrix of ~ϰ ŵillion “NPs x ϳϲϮ aĐĐessions                                 

; seĐƟon ϭ.ϭ Ϳ. We defined geneƟĐ Đlusters ǁith ADMIXTURE vϭ.Ϯ ;ref. [ϭϭ]Ϳ ;“uppleŵentarǇ Table ϮͿ.                           

As a ŵodel‑free alternaƟve to ADMIXTURE, ǁe used PCA iŵpleŵented in PLINK vϭ.ϵ ;ref. [Ϯ] Ϳ. The                               

first three axes explained ϭϲ.Ϭ%, ϵ.ϲ% and ϳ.ϵ% of the total geneƟĐ varianĐe. ADMIXTURE Đlustering                             

and PCA ǁere used to understand populaƟon struĐture and to relate it to phenotǇpe variables. We                               

assessed populaƟon splits and ŵigraƟons ǁith a populaƟon anĐestral graph using TreeMix v. ϭ.ϭϮ                           

;ref. [ϭϮ]Ϳ, a tree based on genoŵe‑ǁide allele freƋuenĐǇ differenĐes aĐross populaƟons.                       
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AddiƟonallǇ, ǁe ĐalĐulated a proxǇ of loĐal geneƟĐ diversitǇ[ϭϯ] at eaĐh of the ϳϲϮ loĐaƟons saŵpled                               

bǇ ĐoŵpuƟng the genoŵe‑ǁide nuŵber of polǇŵorphiĐ sites betǁeen suĐh a foĐal saŵple and the                             

geographiĐallǇ Đlosest other saŵple. 

ϯ.ϭ.ϭ AssoĐiaƟon of geneƟĐ group ŵeŵbership ǁith drought 

Using the ADMIXTURE ŵeŵbership probabiliƟes of eaĐh genoŵe, ǁe Đarried out univariate linear                         

regressions ǁith drought survival index as phenotǇpe. The groups that Ǉielded posiƟve relaƟonships                         

ǁere NE. “panish ;p<Ϭ.Ϭ5Ϳ, Mediterranean ;p=Ϭ.ϬϲͿ, and the N. “ǁedish groups ;p<Ϭ.ϬϬϭͿ. The                         

groups negaƟvelǇ assoĐiated ǁere Central Europe ;p=Ϭ.ϬϲͿ, Asia ;p<Ϭ.ϬϬϭͿ, and E. Europe ;p<Ϭ.ϬϬϭͿ.                         

This broadlǇ ĐoinĐided ǁith the ŵap of drought‑survival prediĐƟon ;Fig. ϭD,  “ϭϭ Ϳ. We also Đarried out                               

regressions betǁeen the drought survival index and the first three axes froŵ a genoŵiĐ PCA and                               

found that onlǇ PCϯ ǁas signifiĐantlǇ assoĐiated ǁith the drought survival index ;GLM R Ϯ =Ϭ.Ϭϳϲ;                           

p=5.ϭ5xϭϬ ‑5 Ϳ. The N. “ǁedish and NE. “panish groups shoǁed parƟĐularlǇ loǁ values in PCϯ                           

Đoŵpared to the rest ; “uppleŵentarǇ Fig. ϴ Ϳ. 

ϯ.Ϯ CoalesceŶt rates over Ɵŵe 

OnlǇ the aĐĐessions ǁith шϵϬ% of ŵeŵbership probabilitǇ in one of the geneƟĐ groups ǁere used.                               

Using M“MC v.ϯ ;ref. [ϭϰ],  hƩp://github.Đoŵ/stsĐhiff/ŵsŵĐ Ϳ, ǁe perforŵed ǁithin‑group ĐoalesĐent                   

ǁith four genoŵes and Đross‑geneƟĐ group ĐoalesĐent ǁith tǁo genoŵes for eaĐh group. In total,                             

ϯϯϯ runs ǁere perforŵed, ǁith eaĐh geneƟĐ group being tested at least ϯ Ɵŵes. The results ǁere                                 

suŵŵarized using a sŵoothing generalized addiƟve ŵodel in R ;Fig. ϮCͿ.  

ϯ.ϯ GeŶoŵe ǁide associaƟoŶ ;GWAͿ aŶalǇses 

ϯ.ϯ.ϭ Linear Mixed Models ;LMMsͿ ǁith EMMAX 

We used ϴϳϵ,ϲ5ϰ bialleliĐ “NPs ǁith a ŵiniŵuŵ allele freƋuenĐǇ ;MAFͿ of 5% for genoŵe ǁide                               

assoĐiaƟon ;GWAͿ using EMMAX ;ref. [ϭ5]Ϳ. We Đarried out GWA for all ĐliŵaƟĐ variables and ϭϭ                               

phenotǇpes ;“uppleŵentarǇ Table 5Ϳ. The GWA is based on linear ŵixed ŵodels that test, one bǇ                               

one, eaĐh of the “NPs, and ĐorreĐt the results bǇ populaƟon struĐture using a randoŵ faĐtor ǁith a                                   

varianĐe/ĐovarianĐe kinship ŵatrix built froŵ genoŵe‑ǁide “NPs. In  A. thaliana , ǁhiĐh is a selfing                           

speĐies ǁith geographiĐallǇ Đonfined geneƟĐ lineages, this ŵethod Đan ĐorreĐt for ĐoanĐestrǇ[ϭϲ]. 

To rule out the possibilitǇ that drought survival ŵeasureŵents ǁere dependent on the                         

developŵental stage of the plant during the experiŵent, ǁe Đarried out the GWA ǁith and ǁithout a                                 

Đovariate of floǁering Ɵŵe that had been sĐored in Đontrolled ĐondiƟons ;floǁering Ɵŵe being a                             

proxǇ of developŵental speed;  seĐƟon ϭ.ϯ Ϳ. The top “NP hits ǁere the saŵe ǁith or ǁithout this                                 
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Đovariate, and ǁe onlǇ shoǁ results ǁithout the Đovariate. To aĐĐount for faŵilǇǁise error in GWA                               

ǁe used Bonferroni ĐorreĐƟon ;p value x nuŵber of “NPsͿ and the Benjaŵini‑HoĐhberg false                           

disĐoverǇ rate ;FDRͿ ĐorreĐƟon[ϭϳ]. The kinship‑assoĐiated varianĐe of drought‑survival — an                     

approxiŵaƟon of narroǁ sense heritabilitǇ, h Ϯ , ǁas ϰϵ%. When ǁe fit a kinship ĐalĐulated froŵ onlǇ                               

the ϭ5ϭ top polǇgeniĐ GWA “NPs ;see  seĐƟon ϯ.5.Ϯ Ϳ, the esƟŵate of h Ϯ ǁas 5Ϯ%. This is probablǇ a                                     

beƩer esƟŵate than that froŵ the genoŵe‑ǁide‑based kinship ŵatrix, as the putaƟvelǇ Đausal “NPs                           

are beƩer ͞tagged͟ in the ϭ5ϭ “NP kinship ŵatrix. 

ϯ.ϯ.Ϯ BaǇesian “parse Linear Mixed Models ;B“MLMMsͿ ǁith GEMMA 

The BaǇesian “parse Linear Mixed ŵodel ;B“LMMͿ iŵpleŵented in GEMMA ;ref. [ϭϴ]Ϳ                       

aĐĐoŵŵodates both polǇ‑ and oligogeniĐ arĐhiteĐtures in a GWA fraŵeǁork. It ŵodels tǁo effeĐt                           

hǇperparaŵeters, a basal effeĐt,  alpha , that Đaptures the faĐt that ŵanǇ “NPs Đontribute to the                             

phenotǇpe, and an extra effeĐt,  beta , that Đaptures the stronger effeĐt of onlǇ a subset of “NPs. The                                   

paraŵeter ŵeasuring the probabilitǇ of having another extra effeĐt,  gaŵŵa , Đan be used to prioriƟze                             

“NPs ;see ReferenĐe Manual of GEMMA,  hƩp://ǁǁǁ.xzlab.org/soŌǁare.htŵl Ϳ. Over ϰϬ% of the top                       

ϭ5ϭ “NPs froŵ EMMAX ǁere found to have over ϵϵ% perĐenƟle of the gaŵŵa inĐlusion probabilitǇ                               

in GEMMA ;Fisher’s exaĐt test odds raƟo =ϭϳ.Ϯϭ, p=ϯxϭϬ ‑ϳ Ϳ. The esƟŵate of realized heritabilitǇ ǁith                             

B“LMM ǁas 5Ϭ%, ǁhiĐh is in agreeŵent ǁith the EMMAX analǇses. The ϵ5% highest posterior                             

densitǇ ;ϵ5%HPDͿ froŵ ϭ,ϬϬϬ MCMC steps ranged froŵ Ϯ5‑ϴ5%. 

ϯ.ϰ MulƟvariate aŶalǇses of pheŶotǇpes aŶd GWA suŵŵarǇ staƟsƟcs 

For a desĐripƟon and sourĐes of all variables used, see “uppleŵentarǇ Table 5. 
 

ϯ.ϰ.ϭ Pairǁise ĐorrelaƟons 

We Đoŵputed all‑against‑all Pearson produĐt‑ŵoŵent ĐorrelaƟon ĐoeffiĐients aŵong aĐĐession line                   

ŵeans ;n=Ϯϭϭ aĐĐessionsͿ of phenotǇpiĐ and Đliŵate variables ;“uppleŵentarǇ Table 5, ϲͿ. To studǇ                           

geneƟĐ ĐorrelaƟons, ǁe perforŵed the saŵe analǇses ǁith “NP effeĐt sizes ;n=ϭ5ϭ                       

drought‑assoĐiated “NPsͿ esƟŵated froŵ ŵulƟple GWA ;“uppleŵentarǇ Table ϳͿ.  

The phenotǇpe ĐorrelaƟons ;“uppleŵentarǇ Table ϲͿ shoǁed that the drought survival index                       

ǁas negaƟvelǇ Đorrelated ǁith reproduĐƟve alloĐaƟon and nuŵber of seeds ;r<‑Ϭ.ϭϲ, p<Ϭ.ϬϮͿ,                       

suggesƟng a fitness trade‑off betǁeen stressful and opƟŵal groǁth environŵents. Drought‑survival                     

ǁas not Đorrelated ǁith floǁering Ɵŵe ;r=Ϭ.Ϭϳ, p=Ϭ.ϭϮͿ nor plant size ;roseƩe area r=Ϭ.ϭϭ, p=Ϭ.ϭ;                             

and roseƩe drǇ ŵass, r=Ϭ.ϭϮ, p=Ϭ.ϬϳͿ ;“uppleŵentarǇ Table ϲͿ. 

Drought survival “NP effeĐts negaƟvelǇ Đorrelated ǁith the “NP effeĐt sizes of ŵost individual                           
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preĐipitaƟon variables ;r < ‑Ϭ.ϰ; p < ϭϬ ‑ϴ , “uppleŵentarǇ Table ϳͿ, indiĐaƟng that alleles that                             

inĐreased drought survival ǁere found in ŵore arid geographiĐ regions, i.e. regions ǁith high                           

teŵperatures and loǁer preĐipitaƟon at different Ɵŵes of the Ǉear. Drought survival “NP effeĐts                           

ǁere also posiƟvelǇ Đorrelated ǁith “NP effeĐts of roseƩe area, drǇ ŵass, and floǁering Ɵŵe                             

;“uppleŵentarǇ Table ϳͿ. These analǇses have tǁo‑fold interests: ;ϭͿ GWA‑esƟŵated effeĐts have                       

been ĐorreĐted bǇ populaƟon struĐture, thus ĐorrelaƟons should not refleĐt phenotǇpiĐ differenĐes                       

Đaused bǇ driŌ of populaƟons. ;ϮͿ “NPs Đan have pleiotropiĐ effeĐts and this Đan liŵit adaptaƟon due                                 

to geneƟĐ Đonstraints[ϭϵ] ;see  seĐƟon ϰ.Ϯ.ϰ.ϯ Ϳ.  

ϯ.ϰ.Ϯ CanoniĐal CorrelaƟon AnalǇsis ;CCAͿ 

We further uƟlized CanoniĐal CorrelaƟon AnalǇsis ;CCAͿ using the CCA R paĐkage[ϮϬ] to deĐoŵpose                           

environŵent‑phenotǇpe assoĐiaƟons of “NP effeĐts. This ǁas done for all genoŵe‑ǁide “NPs                       

;n=~ϴϬϬ,ϬϬϬͿ and for the ϭ5ϭ drought‑assoĐiated “NPs ;“uppleŵentarǇ Table ϴͿ.  

CCA of genoŵe‑ǁide “NPs revealed the first ĐanoniĐal ĐorrelaƟon axis ;CCϭͿ to be driven bǇ                             

loǁer floǁering Ɵŵe ;T_repro, loading=‑Ϭ.ϳϳͿ, loǁer roseƩe drǇ ŵass ;loading=‑Ϭ.ϳϲͿ and higher                       

annual teŵperature ;bioϭ, loading=Ϭ.5Ϳ. CCϮ indiĐates that loǁer plant photosǇsteŵ stress ;FvFŵ,                       

loading=Ϭ.ϲϬͿ is related to higher ŵean teŵperature of the ǁeƩest Ƌuarter and higher preĐipitaƟon                           

seasonalitǇ ;bioϴ, bioϭ5, loadings>Ϭ.Ϯ5Ϳ. CCϯ shoǁs that loǁer drought survival ;loading=‑Ϭ.5ϴͿ                     

effeĐts are related to higher preĐipitaƟon in the driest ;bioϭϳ, loading=Ϭ.ϰϰͿ and ǁarŵest Ƌuarters                           

;bioϭϴ, loading=Ϭ.ϯ5Ϳ. 

CCA of the ϭ5ϭ top GWA “NPs Ǉielded a first ĐanoniĐal ĐorrelaƟon ĐoeffiĐient of Ϭ.ϵϵ, ǁith a                                 

phenotǇpe ĐanoniĐal variate driven bǇ loǁer drought survival, higher roseƩe area and drǇ ŵass                           

;loadings >Ϭ.ϳ5Ϳ, and a ĐliŵaƟĐ ĐanoniĐal variate doŵinated bǇ higher preĐipitaƟon during the                         

ǁeƩest ŵonth ;bioϭϯͿ and ǁeƩest Ƌuarter of Ǉear ;bioϭϲͿ ;loadings >Ϭ.ϳ5Ϳ.  

ϯ.ϱ PolǇgeŶic adaptaƟoŶ sigŶal 

ϯ.5.ϭ ClassiĐ Q st ‑F st  Đoŵparison 

Q st /F st raƟos have experiŵental evidenĐe as appropriate indiĐators of loĐal adaptaƟon in  A.                         

thaliana[Ϯϭ] and are ǁidelǇ popular in evoluƟonarǇ eĐologǇ studies[ϮϮ]. Genoŵe‑ǁide F st aĐross the                         

eleven populaƟons ǁas Đoŵputed froŵ Ϯϭϭ genoŵes using vĐŌools vϬ.ϭ.ϭϮb ;ref. [Ϯϯ]Ϳ. We                         

esƟŵated the ŵean and ĐonfidenĐe intervals based on the standard error of the ŵean, obtaining a                               

ŵean F st =Ϭ.ϬϰϮ ;ϵ5% ĐuŵulaƟve distribuƟon =Ϭ.ϯϲϬͿ. We ĐalĐulated Q st for the drought‑survival                       

index as the betǁeen‑geneƟĐ group varianĐe divided bǇ the total varianĐe. We used the MCMCglŵŵ                             

paĐkage v.Ϯ.Ϯ5 in R ;ref. [ϭϬ]Ϳ ǁith a ϭϬ,ϬϬϬ step Đhain, ϭ,ϬϬϬ burn‑in steps, and fiƩed the geneƟĐ                                   
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group as randoŵ effeĐt. This resulted in a global Q st = Ϭ.ϭϰϯ ;ϵϬ%HPD=Ϭ.Ϭ5Ϯ ‑ Ϭ.ϯϯϴͿ. We also                                 

ĐalĐulated F st and Q st betǁeen eaĐh pair of subpopulaƟons ;“uppleŵentarǇ Table ϭϮͿ using the saŵe                             

ŵethods. This revealed that ǁhile ŵanǇ ŵedian Q st values ǁere above the ŵedian F st , none ǁere                               

above the ϵ5% perĐenƟle of F st  due to the tail of the distribuƟon of baĐkground F st  being long.  

When the varianĐe aĐross populaƟons ǁas ĐalĐulated using the NE. “panish and the N.                           

“ǁeden populaƟon groups ;the tǁo groups ǁith highest values of drought survival and thus                           

putaƟvelǇ loĐallǇ adaptedͿ against the rest, ǁe obtained Q st = Ϭ.ϯϳϳ ;Ϭ.Ϭϰϳ ‑ Ϭ.ϵϴϳͿ. We thus                             

ĐonĐluded that a signifiĐant Q st  > F st signal is onlǇ observable at the individual level ǁhen the                                 

hǇpotheƟĐal populaƟons that underǁent loĐal adaptaƟon ǁere used in the ĐalĐulaƟon of the                         

varianĐe.  

ϯ.5.Ϯ Berg & Coop ŵethodologǇ 

We tested for a polǇgeniĐ adaptaƟon signature folloǁing Berg & Coop[Ϯϰ], an extension of the                             

Q st /F st raƟo test based on “NP freƋuenĐǇ per populaƟon and effeĐt sizes as esƟŵated froŵ a GWA                                 

analǇsis. We used different groups and nuŵbers of ranked “NPs aŌer pruning linked “NPs ;r Ϯ  > Ϭ.ϲͿ,                                 

to learn about the robustness of this test and the apparent nuŵber of “NPs that Đontribute to the                                   

signal ;“uppleŵentarǇ Table ϵͿ. “inĐe this test does not use direĐt phenotǇpes but ĐalĐulates the                             

average phenotǇpe per populaƟon based on allele freƋuenĐies of GWA “NPs, ǁe Đould perforŵ the                             

test ǁith ϳϲϮ high ƋualitǇ aĐĐessions. “inĐe results did not varǇ betǁeen analǇses ǁith ϳϲϮ and Ϯϭϭ                                 

saŵples, ǁe onlǇ report the analǇses ǁith ϳϲϮ genoŵes ;“uppleŵentarǇ Table ϵͿ. The ŵedian                           

linkage diseƋuilibriuŵ of the final ϭ5ϭ top “NP set ǁas r Ϯ =Ϭ.Ϯϲ ;ϭs t ƋuarƟle: Ϭ.ϮϮ; ϯ rd ƋuarƟle: Ϭ.ϯϯͿ                                 

and the ŵedian distanĐe betǁeen “NPs ǁithin the saŵe Đhroŵosoŵe ǁas ~ϭϭϵ kb ;ϭ5 kb, Ϯ.ϲ MbͿ. 

ϯ.ϲ ChroŵoPaiŶter aŶd aŶcestrǇ GWA 

We ran ChroŵoPainter version Ϯ.Ϭ.ϳ ;available at  hƩp://paintŵǇĐhroŵosoŵes.Đoŵ ; ref. [Ϯ5]Ϳ on the                       

ϳϲϮ genoŵes dataset, aŌer iŵpuƟng ŵissing genotǇpes ǁith Beagle version ϯ.ϯ.Ϯ ;ref. [Ϯϲ]Ϳ using                           

default paraŵeters. ChroŵoPainter analǇses reƋuire a ͞training͟ run to esƟŵate several                     

hǇperparaŵeters. We ran ϭϬ expeĐtaƟon ŵaxiŵizaƟon iteraƟons on Đhroŵosoŵe Ϯ ;the sŵallest                       

ĐhroŵosoŵeͿ. We inforŵed ChroŵoPainter ǁith a published reĐoŵbinaƟon ŵap of  Arabidopsis                     

thaliana[Ϯϳ]  that ǁe reshaped to our “NP dataset. We used the Đoŵŵand: 

ChroŵoPaintervϮ ‑i ϭϬ ‑in ‑iM ‑j ‑g haplotǇpefile ‑r reĐoŵbinaƟonfile ‑a Ϭ Ϭ ‑t labelfile  

We used the output hǇperparaŵeters to run ChroŵoPainter on all Đhroŵosoŵes in an                         

unsupervised all‑to‑all genoŵes ŵode, ǁith the Đoŵŵand: 
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ChroŵoPaintervϮ ‑n ϰ.ϳϯϳϬϲϴ ‑M Ϭ.ϬϬϬϰϮϭ ‑j ‑g haplotǇpefile ‑r reĐoŵbinaƟonfile ‑a Ϭ Ϭ ‑t labelfile 

ϯ.ϲ.ϭ Global proporƟon of anĐestral Đhroŵosoŵe segŵents 

To studǇ the anĐestrǇ relaƟonships of eaĐh of the geneƟĐ groups, ǁe Đounted the nuŵber of                               

Đhroŵosoŵal segŵents ;terŵed ͞Đhunks͟ in the original ChroŵoPainter paper[Ϯ5]Ϳ that eaĐh                     

genoŵe ͞reĐeived͟ froŵ all other genoŵes. The segŵent varied in size depending on loĐal                           

reĐoŵbinaƟon rates and betǁeen genoŵes, but  a posteriori analǇses indiĐated that the ŵedian size                           

ǁas in the order of ŵagnitude of kilo and ŵegabases. To ŵake the Đounts ŵore inforŵaƟve, ǁe                                 

shoǁ boxplots per ADMIXTURE group rather than Đounts per individual ; “uppleŵentarǇ Fig. ϳ A‑K Ϳ.                           

This shoǁed, for exaŵple, that NW. “pain, NE. “pain and “. Mediterranean ;the laƩer to a loǁer                                 

degreeͿ, ǁere ͞painted͞ ŵostlǇ bǇ reliĐt DNA segŵents. Next, ǁe tried to infer hoǁ ǁell the drought                                 

survival of an individual Đorrelated ǁith the nuŵber of segŵents inherited froŵ a Đertain anĐestrǇ.                             

This indiĐated that onlǇ N. “ǁeden and reliĐts passed DNA segŵents that ǁere Đorrelated ǁith the                               

drought‑survival index of the reĐeiving individual ; “uppleŵentarǇ Fig. ϳL Ϳ. The Pearson ĐorrelaƟon                       

ĐoeffiĐient ǁas ĐalĐulated exĐluding the individuals froŵ the saŵe adŵixture group as the prediĐtor.  

ϯ.ϲ.Ϯ aGWA for adŵixture ŵapping 

If populaƟons are loĐallǇ adapted, F st outlier sĐans Đan be used to idenƟfǇ geneƟĐ variants under                               

divergent seleĐƟon[Ϯϴ,Ϯϵ]. Hoǁever, ǁhen populaƟons beĐoŵe isolated and diverge geneƟĐallǇ, as is                       

the Đase in  Arabidopsis thaliana , F st values are shiŌed to high values aĐross the enƟre genoŵe even                                 

ǁhen subseƋuent adŵixture happens, ŵaking the idenƟfiĐaƟon of outliers diffiĐult[Ϯϴ]                   

; “uppleŵentarǇ Fig. ϰ Ϳ. Thus, ǁe ŵust relǇ on LD and idenƟtǇ bǇ desĐent to find DNA segŵents                                 

ĐharaĐterisƟĐ of the different populaƟons. If subseƋuent but inĐoŵplete adŵixture oĐĐurred                     

betǁeen the loĐallǇ adapted populaƟons, it is expeĐted that the individuals that retained the DNA                             

segŵents responsible for loĐal adaptaƟon, ǁould shoǁ the largest phenotǇpiĐ differenĐes ǁith those                         

that did not retain or never had the DNA segŵent. This is the prinĐiple of adŵixture ŵapping[ϯϬ]. 

With the above raƟonale, ǁe developed an adŵixture ŵapping teĐhniƋue[ϯϬ] repurposing                     

the output of ChroŵoPainter. The ͞painted͟ genoŵe ŵatrix produĐed bǇ ChroŵoPainter has ϳϲϮ                         

states ;one per individual in the analǇsisͿ and ǁe repainted it into a genoŵe ŵatrix of ϭϭ states ;the                                     

geneƟĐ groups froŵ ADMIXTURE analǇsis, ǁhiĐh are geographiĐallǇ and environŵentallǇ separatedͿ.                     

We then Đoŵputed a regression of the drought‑survival phenotǇpe on the populaƟon group speĐifiĐ                           

to a “NP as: ; ǁhere  Y  is a veĐtor of  i=ϭ…Ϯϭϭ  individual’s phenotǇpes,  μ is the                                 

ŵean phenotǇpe,  A  is the Ϯϭϭ x ϭϭ design sparse ŵatrix of the anĐestrǇ states,  b is a ϭ x ϭϭ veĐtor of                                             

effeĐts that eaĐh anĐestrǇ has in the ŵean phenotǇpe, and  ε  is the unĐorrelated randoŵ residuals                               
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assuŵed to be norŵallǇ distributed. This ŵodel ǁas repeated for eaĐh “NP in our dataset ;~Ϯ ŵillion                                 

iŵputed and ͚painted’ “NPs, see  seĐƟon ϯ.ϲ Ϳ. We report R Ϯ  and p‑value of eaĐh “NP ŵodel                               

;“uppleŵentarǇ Table ϰͿ. “inĐe ǁe alreadǇ kneǁ that the phenotǇpe is assoĐiated ǁith the                           

ŵeŵbership assigned per individual, ǁe expeĐted that the ADMIXTURE ŵeŵbership of anǇ randoŵ                         

“NP ǁould be on average also assoĐiated, beĐause of linkage resulƟng froŵ Đoŵŵon anĐestrǇ.                           

Therefore, ǁe iŵpleŵented an eŵpiriĐal p‑value distribuƟon ĐorreĐƟon to onlǇ deteĐt those “NPs                         

ǁhose anĐestrǇ explained an even larger proporƟon of varianĐe than the ǁhole‑genoŵe anĐestrǇ.                         

The perŵutaƟon ǁas done ǁithin eaĐh individual genoŵe, shuffling the “NP states at a distanĐe of                               

ϭ,ϬϬϬ to ϭϬ,ϬϬϬ “NP posiƟons — defined froŵ analǇsing the tǇpiĐal size of ͞hoŵogeneouslǇ painted                             

DNA segŵents͟ ;Đode is available at  hƩps://github.Đoŵ/MoisesExpositoAlonso/aGWA ǁith DOI                 

: hƩps://doi.org/ϭϬ.5Ϯϴϭ/zenodo.ϭϬϯϵϴϴϮ Ϳ. We perŵuted the dataset ϭ,ϬϬϬ Ɵŵes and repeated this                   

͞aGWA͟ analǇsis to build p‑value distribuƟons. “inĐe the nature of the assoĐiaƟons is verǇ different                             

froŵ that of a standard GWA analǇsis, ǁe did not expeĐt and did not find anǇ overlap of top aGWA                                       

“NPs ǁith the top “NPs froŵ ĐonvenƟonal GWA. The Đlosest ǁas a ĐonvenƟonal GWA “NP that ǁas ϴ                                   

kb aǁaǇ froŵ an aGWA “NP. The Đlosest gene to both enĐodes a defensin‑like protein; a faŵilǇ of                                   

proteins ǁith broad anƟ‑fungal and anƟ‑baĐterial aĐƟvitǇ[ϯϭ]. 

Our approaĐh is ĐonĐeptuallǇ related to adŵixture ŵapping in huŵans, ǁhiĐh has foĐused                         

on loĐal enriĐhŵent of Neandertal‑ and Denisovan‑like variants, and ǁhiĐh has led to the                           

idenƟfiĐaƟon of a TLR iŵŵunitǇ gene[ϯϮ] as adapƟve. It has also helped to inĐrease the poǁer for                                 

deteĐƟon of baĐkground‑dependent disease risk in huŵans ǁith ŵixed anĐestries, e.g.                     

AfriĐan‑AŵeriĐan individuals[ϯϯ], or other ŵore Đoŵplex ŵixtures[ϯϰ]. “uĐh approaĐhes ĐonsƟtute a                     

poǁerful tool for understanding the geneƟĐ basis of loĐal adaptaƟon ǁhen Đoŵplex deŵographiĐ                         

sĐenarios of adŵixture exist.  

PhǇlogenǇ of aGWA “NPs 

To learn about the distribuƟon and shared anĐestries of the drought‑related alleles, ǁe Đoŵputed a                             

neighbour joining phǇlogenǇ of all ĐonĐatenated “NP hits froŵ aGWA ;p<Ϭ.ϬϬϭͿ and Đoŵpared it ǁith                             

a genoŵe baĐkground phǇlogenǇ of ϭ,ϬϬϬ randoŵlǇ Đhosen genoŵe‑ǁide “NPs ;Fig ϯBͿ. This                         

revealed that ǁhile for genoŵe‑ǁide “NPs the distanĐe betǁeen aĐĐessions froŵ N. “ǁedish and                           

Mediterranean reliĐts is higher than the average betǁeen anǇ randoŵ pair of aĐĐessions ;“tudent’s t                             

test, p<ϮxϭϬ ‑ϭϲ Ϳ. Hoǁever, ǁhen the saŵe distanĐes ǁere ĐalĐulated based on aGWA “NPs, the N.                             

“ǁedish and Mediterranean reliĐts ǁere ŵuĐh Đloser than the average pair of aĐĐessions ;“tudent’s t                             

test, p<ϮxϭϬ ‑ϭϲ Ϳ ;Fig. ϯBͿ. The saŵe analǇses shoǁed also higher affinitǇ of N. “ǁedish and NE.                               

“panish populaƟons ;“tudent’s t test, p<ϭϬ ‑ϭϬ Ϳ. 

Appendix I  ‑  ϯϭ 

https://github.com/MoisesExpositoAlonso/aGWA
https://doi.org/10.5281/zenodo.1039882


 

Exposito‑Alonso et al.  GeneƟĐ adaptaƟon to extreŵe drought in  A. thaliana 

 

ϯ.ϳ Test for aŶŶotaƟoŶ eŶrichŵeŶt 

Using the TAIRϭϬ gene annotaƟon of  Arabidopsis thaliana ;available at                   

arabidopsis.org/portals/genAnnotaƟon/funĐƟonal_annotaƟon/ Ϳ, ǁe tested ǁhether a speĐifiĐ           

annotaƟon Đlass ǁas enriĐhed in our GWA and aGWA hits. Aŵong genes overlapping ǁith the ϭ5ϭ                               

top GWA hits ǁere the nitrate transporter gene  NRTϭ.ϴ , ǁhiĐh aŵong other funĐƟons ŵediates                           

Đadŵiuŵ toleranĐe and is related to ABA transport[ϯ5–ϯϳ], the  CATION/CARNITINE TRANSPORTER ϰ                       

; OCTϰ Ϳ, ǁhiĐh ŵediates hoŵeostasis of ŵetabolites and proŵotes lateral root forŵaƟon[ϯϴ], and                       

the sugar transporter gene  SWEETϴ , ǁhiĐh is upregulated during salt stress[ϯϵ]. The strongest peak                           

uniƋue to the aGWA hits fell inside the  CATION EXCHANGER ϵ , a gene that is iŵportant for K + , Na +                                     

and Mn ++ hoŵeostasis and ǁhiĐh Đonfers salt toleranĐe ǁhen introduĐed into Ǉeast[ϰϬ]. An                         

eŵpiriĐal distribuƟon test based on randoŵ draǁs of genes shoǁed, hoǁever, onlǇ ŵarginal                         

enriĐhŵent. The ϯϬ genes defined bǇ the ϭ5ϭ top GWA “NPs ǁere ǁeaklǇ enriĐhed for gene                               

annotaƟon enriĐhŵent of Đell ŵeŵbrane transport ;ϲ/ϯϬ; p=Ϭ.ϬϭͿ, and the Ϯϯ genes defined bǇ the                             

ϳϬ top aGWA “NPs ǁere ŵarginallǇ enriĐhed for ŵeŵbrane transport ;ϳ/Ϯϯ; p=Ϭ.ϬϲͿ. TesƟng for                           

overrepresentaƟon ǁith PANTHER ; ǁǁǁ.pantherdb.org Ϳ and inĐluding genes adjaĐent to the GWA                     

and aGWA “NPs revealed ǁeak enriĐhŵent of aGWA genes for ferredoxin ŵetaboliĐ proĐessing                         

;p=Ϭ.ϬϯͿ and vesiĐle‑ŵediated transport ;p=Ϭ.Ϭ5Ϳ, and of GWA genes for groǁth‑related funĐƟons                       

;p=Ϭ.ϬϬϬϳͿ and ŵetabolite biosǇntheƟĐ proĐesses ;p=Ϭ.ϬϬϬϮͿ. It is diffiĐult to knoǁ ǁhat to ĐonĐlude                           

froŵ this, but the ŵost noteǁorthǇ finding is probablǇ that there ǁas no link to floǁering Ɵŵe, in                                   

Đontrast to previous QTL and GWA studies of  A. thaliana  response to drought[ϰϭ–ϰϯ]. 

ϰ. EŶviroŶŵeŶtal aŶd forecasƟŶg aŶalǇses 

ϰ.ϭ EŶviroŶŵeŶtal data 

The environŵental data Đoŵprised the Last GlaĐial Period ;LPG, ~ϮϮ,ϬϬϬ Ǉears agoͿ, reĐent averages                           

froŵ ϭϵϲϬ‑ϭϵϵϬ, and tǁo ϮϬϳϬ Đliŵate projeĐƟons of ĐontrasƟng soĐio‑eĐonoŵiĐ sĐenarios, the Ϯ.ϲ                         

and ϴ.5 CO Ϯ representaƟve ĐonĐentraƟon pathǁaǇs[ϰϰ,ϰ5] ;rĐpͿ. The data ǁere retrieved froŵ                       

ǁǁǁ.ǁorldĐliŵ.Đoŵ v.ϭ.ϰ ;ref. [ϰϲ]Ϳ. TheǇ Đonsist of ϭϵ bioĐliŵaƟĐ variables at Ϯ.5 arĐ‑ŵinutes                         

geographiĐ resoluƟon ;CC“MϰͿ. 

ϰ.Ϯ EŶviroŶŵeŶtal Niche Models ;ENMͿ 

We Đarried out ENMs ǁith a nuŵber of response variables ;for suŵŵarǇ staƟsƟĐs see                           

“uppleŵentarǇ Table ϭϬͿ, naŵelǇ the drought‑survival phenotǇpe, floǁering Ɵŵe, the genoŵiĐ                     

prinĐipal Đoŵponent axes, the disĐrete populaƟon groups, the loĐal geneƟĐ diversitǇ, and the “NPs                           
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idenƟfied in GWA and aGWA analǇses.  

ϰ.Ϯ.ϭ GeographiĐ areas Đovered and niĐhe liŵits 

To train ENMs, ǁe reŵoved aĐĐessions froŵ Japan and froŵ N. AŵeriĐa, as theǇ are Đonsidered                               

reĐent introduĐƟons[ϰϳ] and their geneƟĐs ŵight not refleĐt long‑terŵ ĐliŵaƟĐ adaptaƟon. The                       

reŵaining saŵpled loĐaƟons used to train the ŵodels ǁere ǁithin ϭ5 to ϲϯº N laƟtude and Ϯϯ°W to                                   

ϴϴºE longitude, but ǁe onlǇ prediĐted froŵ ϯϰ to ϲϯº N and ϭϬ.5°W to ϯ5ºE, to avoid extrapolaƟon                                   

of data. PrediĐƟons for the last glaĐial ŵaxiŵa ǁere ŵasked in those areas that ǁere likelǇ tundra or                                   

Đovered bǇ iĐe sheets at the Ɵŵe ;<5ºC and <ϬºC annual teŵperature, respeĐƟvelǇͿ, as prediĐƟons                             

for suĐh areas ǁould be irrelevant.  

BeĐause the saŵpling in the ϭϬϬϭ Genoŵes projeĐt ǁas not even aĐross the speĐies range,                             

prediĐƟons for underrepresented regions suĐh as N. AfriĐa, the Middle East, or Russia ŵust be taken                               

ǁith ĐauƟon. In order to be expliĐit about for ǁhiĐh areas ǁe Đould ŵake the ŵost robust                                 

prediĐƟons, ǁe shoǁ the saŵpling densitǇ per ϭ°xϭ° laƟtude x longitude grid, ǁhiĐh varies froŵ ϭ to                                 

ϲϬ individuals ; “uppleŵentarǇ Fig. ϴD Ϳ, and plot trends of prediĐted values against other variables,                           

suĐh as laƟtude or Đliŵate variables ;e.g.  “uppleŵentarǇ Fig. ϵ‑ϭϭ Ϳ, onlǇ at those grid Đells ǁhere                               

there is at least one saŵple. 

FinallǇ, it is ǁorth noƟng that even for the ŵost pessiŵisƟĐ Đliŵate Đhange sĐenario ;rĐp ϴ.5Ϳ,                               

the values of annual preĐipitaƟon ;bioϭͿ and the preĐipitaƟon during the ǁarŵest season ;bioϭϴͿ                           

ǁere alǁaǇs above the present ŵiniŵuŵ preĐipitaƟon values ǁhere  A. thaliana is ĐurrentlǇ found                           

;see  “uppleŵentarǇ Fig. ϭϮ Ϳ. Therefore, ǁe expeĐt that transgressive phenotǇpes are not reƋuired to                           

survive future Đliŵates. 

ϰ.Ϯ.Ϯ Randoŵ Forest ŵodels 

AŌer trǇing different ŵethods, inĐluding generalized linear ŵodels, MaxEnt, and linear disĐriŵinant                       

ŵodels, ǁe opted for randoŵ forest ŵodels beĐause theǇ are nonparaŵetriĐ, nonlinear, alloǁ both                           

ĐonƟnuous and disĐrete response variables, and are ĐoŵputaƟonallǇ effiĐient[ϰϴ]. AddiƟonallǇ, the                     

iŵpleŵentaƟon of an ͞iŵportanĐe͟ paraŵeter of eaĐh prediĐtor variable available in the                       

randoŵForest R paĐkage v.ϰ.ϲ ;ref. [ϰϵ]Ϳ ŵakes ranking of variables straighƞorǁard. To ŵiƟgate the                           

overfiƫng probleŵ tǇpiĐal of ŵaĐhine learning ŵethods, a 5‑fold Đross validaƟon proĐedure ǁas                         

used. We randoŵlǇ divided the dataset into five parts, used four parts as training dataset and one                                 

part as tesƟng dataset, and repeated this five Ɵŵes. Reported aĐĐuraĐǇ froŵ Đross validaƟon ǁas the                               

R Ϯ of a linear ŵodel betǁeen observed and prediĐted values for ĐonƟnuous variables, and the rate of                                 

suĐĐessful assignŵent of Đategories relaƟve to the total nuŵber of observaƟons for disĐrete                         
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variables. To build the final forest, a total of 5Ϭ ĐlassifiĐaƟon or regression trees per Đross‑validaƟon                               

set ǁere used, and six variables ǁere tested for eaĐh ĐlassifiĐaƟon split. 

ϰ.Ϯ.ϯ ENM of geneƟĐ groups 

We ŵodeled the presenĐe of populaƟon struĐture as a disĐrete response variable in ENM; either                             

using eleven geneƟĐ groups as states, or the tǁo reliĐt and non‑reliĐt states. 

In order to forŵallǇ ƋuanƟfǇ the relevanĐe of geneƟĐ group ŵeŵbership, ǁe ĐalĐulated the                           

perĐentage of ŵap grid Đells that eaĐh geneƟĐ group oĐĐupies. For this ǁe onlǇ Đonsidered areas                               

ǁhere at least one genoŵe per ϭ°xϭ° laƟtude x longitude ǁas observed ; “uppleŵentarǇ Fig. ϴA Ϳ and                               

ǁhere tundra or iĐe sheet are not expeĐted ;iŵportant for LGM ĐoŵparisonsͿ. 

When ǁe used the present‑data trained reliĐt/non‑reliĐt ENM ǁith past Đliŵate data froŵ                         

the last glaĐial ŵaxiŵa, ǁe found that reliĐts likelǇ oĐĐupied alŵost a Ƌuarter of the non‑glaĐiated                               

areas, Đoŵpared to less than Ϯ% todaǇ ; “uppleŵentarǇ Fig. ϴD Ϳ, in agreeŵent ǁith genoŵiĐ                           

inferenĐes of higher effeĐƟve populaƟon size in the past ;Fig. ϮCͿ. The reason that the reliĐts’                               

environŵental niĐhe is prediĐted ǁith ϭϬϬ% aĐĐuraĐǇ under 5‑fold Đross‑validaƟon ;5CVͿ is likelǇ that                           

the loĐal nuŵber of reliĐt individuals is loǁ, Ϯϲ aĐĐessions out of ϳϲϮ, and beĐause their niĐhe is verǇ                                     

restriĐted. 

Under a future high CO Ϯ inĐrease soĐio‑eĐonoŵiĐ sĐenario, the ENM ǁith ϭϭ geneƟĐ groups                           

prediĐts that the “. Mediterranean group ǁill expand ŵost draŵaƟĐallǇ into Central‑European areas,                         

replaĐing groups ĐurrentlǇ oĐĐupǇing these areas ; “uppleŵentarǇ Fig. ϴ C, F Ϳ. Although these ŵodels                           

are not ŵeĐhanisƟĐ, theǇ illustrate that geneƟĐ groups froŵ the Mediterranean and froŵ teŵperate                           

areas have ĐontrasƟng environŵental niĐhes and thus ŵight replaĐe eaĐh other under future Đliŵate                           

ǁarŵing. 

ϰ.Ϯ.ϰ Genoŵe Environŵent Models ;GEMsͿ 

All ϭ5ϭ GWA and ϳϬ aGWA “NPs ǁere ŵodeled as a bivariate disĐrete variable ;drought‑sensiƟve and                               

drought‑survival alleleͿ in a randoŵ forest. The prediĐƟon aĐĐuraĐǇ and the ŵost iŵportant prediĐtor                           

for eaĐh ŵodel is shoǁn per “NP in “uppleŵentarǇ Table ϯ and ϰ.  

AŌer ŵodeling presenĐe/absenĐe of eaĐh drought‑survival “NP, ǁe projeĐted the present                     

inferred allele distribuƟons in a ŵap and then suŵŵarized all ŵaps bǇ interseĐƟng theŵ. In this ǁaǇ,                                 

ǁe generated a ĐonƟnuous ŵap surfaĐe of the total nuŵber of drought‑resistant alleles in a given                               

loĐaƟon. AnĐestral GWA and ĐonvenƟonal GWA ŵodels shoǁed overall siŵilar paƩerns                     

; “uppleŵentarǇ Fig. ϭϯ ‑ ϭϰ Ϳ, but the laƩer seeŵed to point to drought alleles being ŵore                           
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ĐonĐentrated not onlǇ in “outhern and Northern areas but also Western areas of Europe ;e.g. UK,                               

FranĐeͿ. While this ŵight be the Đase, it Đould also be due to ĐonvenƟonal GWA “NPs suffering froŵ                                   

high‑freƋuenĐǇ bias, ŵaking theŵ ŵore likelǇ to be present in geographiĐ areas ǁith ŵore saŵples                             

; “uppleŵentarǇ Fig. ϴ Ϳ. AŌer ǁe had trained the ŵodels ǁith present data, ǁe used theŵ to prediĐt                                 

allele distribuƟons in ϮϬϳϬ under loǁ and high CO Ϯ inĐrease sĐenarios. While paƩerns ǁere siŵilar in                               

both sĐenarios, for further analǇses ǁe used the ŵost ͞pessiŵisƟĐ͟ high CO Ϯ inĐrease sĐenario to be                               

able to shoǁ ŵain trends ŵore ĐlearlǇ. 

MigraƟon assuŵpƟons 

For eaĐh “NP ǁe trained three ŵodels in order to overĐoŵe the ͞universal ;or freeͿ ŵigraƟon͟                               

assuŵpƟon, iŵpliĐit ǁhen using a Đurrent Đliŵate‑trained ENMs ǁith future Đliŵate data ;e.g. ref.                           

[5Ϭ]Ϳ. Although tǇpiĐallǇ the free‑ŵigraƟon ŵodel ŵaǇ not be enƟrelǇ appropriate for prediĐƟons, it                           

ŵight be ŵore realisƟĐ for Đosŵopolitan speĐies ǁith ĐonƟnental‑sĐale ŵigraƟons in the reĐent past,                           

as is the Đase for  A. thaliana[ϰϳ] . Nevertheless, ǁe designed tǁo addiƟonal ŵodels to aĐĐount for                               

liŵited ŵigraƟon. The free ŵodel inĐludes onlǇ the ϭϵ bioĐliŵaƟĐ variables as prediĐtors of the                             

drought‑survival alleles. The first geographiĐallǇ‑Đontrolled ŵodel inĐludes in addiƟon the first three                       

PC genoŵiĐ axes as prediĐtors ; “uppleŵentarǇ Fig. ϴG‑J Ϳ, in an aƩeŵpt to liŵit prediĐƟon of allele                               

presenĐe to geographiĐ areas ǁhere the genoŵiĐ baĐkground that theǇ reside on is present todaǇ.                             

The seĐond geographiĐallǇ‑Đontrolled ŵodel, ǁhiĐh is even ŵore restriĐƟve, inĐludes laƟtude and                       

longitude together ǁith the ϭϵ bioĐliŵaƟĐ variables. For all ŵodels ǁe not onlǇ shoǁ the prediĐted                               

ŵaps  ;“uppleŵentarǇ Fig. ϭϯ ‑ ϭϰ Ϳ but also provide residuals of prediĐted  vs  observed ;eŵpiriĐalͿ                         

nuŵber of alleles in the loĐaƟons ǁhere ǁe have a saŵple. We also shoǁ their relaƟonship ǁith                                 

laƟtude  ;“uppleŵentarǇ Fig. ϭ5 ‑ ϭϲ Ϳ. 

Allele freƋuenĐǇ Đhange prediĐted bǇ GEMs  

We took ϰϬ individuals approxiŵatelǇ ǁithin 5Ϭ kŵ of eaĐh other at three loĐaƟons ǁith the highest                                 

densitǇ of saŵples in our dataset: Madrid ;“painͿ, Tübingen ;GerŵanǇͿ and Malŵö ;“ǁedenͿ ;Fig. ϯC,                             

“uppleŵentarǇ Fig. ϴ Ϳ. We tested overall future allele freƋuenĐǇ Đhanges of all “NPs per populaƟon                             

as ǁell as “NP‑speĐifiĐ allele freƋuenĐǇ Đhanges. 

First, ǁe ĐalĐulated the ŵean allele freƋuenĐǇ differenĐes betǁeen future ;rĐp ϴ.5, ϮϬϳϬͿ and                           

present prediĐƟons. This proved to be signifiĐant in ŵost loĐaƟons and ŵodels ;“uppleŵentarǇ Table                           

ϭϭͿ, although the direĐƟon of Đhange ǁas different betǁeen the tǁo edge populaƟons, Madrid and                             

Malŵö, and the Tübingen populaƟon froŵ the Đenter of the range. The forŵer shoǁed a deĐrease or                                 

a steadǇ state in allele freƋuenĐǇ, and the laƩer shoǁed a highlǇ signifiĐant inĐrease in all ŵodels and                                   

Appendix I  ‑  ϯ5 

https://docs.google.com/document/d/1gg5mMS0vti4VflNx-ekWfhuDuVFxzu07rrBGOdDQmWE/edit#bookmark=id.3x8tuzt
https://docs.google.com/document/d/1gg5mMS0vti4VflNx-ekWfhuDuVFxzu07rrBGOdDQmWE/edit#bookmark=id.4anzqyu
https://docs.google.com/document/d/1gg5mMS0vti4VflNx-ekWfhuDuVFxzu07rrBGOdDQmWE/edit#bookmark=id.2pta16n
https://docs.google.com/document/d/1gg5mMS0vti4VflNx-ekWfhuDuVFxzu07rrBGOdDQmWE/edit#bookmark=id.14ykbeg
https://docs.google.com/document/d/1gg5mMS0vti4VflNx-ekWfhuDuVFxzu07rrBGOdDQmWE/edit#bookmark=id.3oy7u29
https://docs.google.com/document/d/1gg5mMS0vti4VflNx-ekWfhuDuVFxzu07rrBGOdDQmWE/edit#bookmark=id.3x8tuzt


 

Exposito‑Alonso et al.  GeneƟĐ adaptaƟon to extreŵe drought in  A. thaliana 

 

“NP subsets ;“uppleŵentarǇ Table ϭϭͿ. 

“eĐond, ǁe ĐalĐulated the differenĐes in freƋuenĐǇ ; F Ϳ betǁeen present ; pres Ϳ and future                         

; ϮϬϳϬ Ϳ populaƟons per “NP and tested the differenĐe using a “tudent’s t test and a pooled standard                                 

error ; se Ϳ of the freƋuenĐǇ ŵeasureŵents:  . This not onlǇ revealed the                       

ŵain trend in freƋuenĐǇ Đhange, but also the distribuƟon of differenĐes in alleles ;see histograŵs in                               

“uppleŵentarǇ Fig. ϭϯ ‑ ϭϰ Ϳ. It Đorroborated the general trend observed for all “NPs ;“uppleŵentarǇ                         

Table ϭϭͿ and in addiƟon shoǁed that the global distribuƟon of allele freƋuenĐǇ Đhanges in Tübingen                               

is skeǁed to the right for soŵe “NPs ;inĐrease of drought allele freƋuenĐǇͿ. 

Possible geneƟĐ trade offs of drought survival and floǁering Ɵŵe  

ContrarǇ to our expeĐtaƟons, there ǁere areas in the Mediterranean that ǁere prediĐted to lose                             

drought‑survival alleles under Đliŵate Đhange ; “uppleŵentarǇ Fig. ϵ ‑ ϭϬ Ϳ. These are areas that alreadǇ                         

todaǇ suffer froŵ loǁ preĐipitaƟon ;reaĐhed zero preĐipitaƟon in suŵŵer,  “uppleŵentarǇ Fig. ϭϮ Ϳ                         

and ǁill probablǇ not beĐoŵe ŵuĐh drier in future suŵŵers. On the other hand, teŵperatures ǁill                               

keep inĐreasing, ǁhiĐh likelǇ ǁill deŵand an aĐĐeleraƟon of floǁering Ɵŵe ;for ǁhiĐh there is a                               

trade‑off ǁith drought avoidanĐeͿ. PrediĐƟons at the phenotǇpiĐ level ; “uppleŵentarǇ Fig. ϵ ‑ ϭϬ Ϳ                       

shoǁed this trend: drought‑survival ǁill inĐrease onlǇ in the transiƟon areas betǁeen Mediterranean                         

and ŵore teŵperate regions ; “uppleŵentarǇ Fig. ϵ Ϳ and ŵight deĐrease in areas that are alreadǇ drǇ                               

; “uppleŵentarǇ Fig. ϭϭ Ϳ. On the other hand, floǁering Ɵŵe ǁas prediĐted to deĐrease in the                             

Mediterranean ; “uppleŵentarǇ Fig. ϭϬ ‑ ϭϭ Ϳ. We note that the “NP effeĐts on drought survival and                           

floǁering Ɵŵe ǁere posiƟvelǇ Đorrelated, as disĐlosed bǇ CanoniĐal CorrelaƟon AnalǇses ; seĐƟon                       

ϯ.ϰ Ϳ. 

PopulaƟon geneƟĐs siŵulaƟons  

The prediĐƟon of an allele in ϮϬϳϬ does not direĐtlǇ inforŵ about the aĐtual possibilitǇ of adaptaƟon.                                 

This depends on ; i Ϳ the freƋuenĐǇ of the alleles and haplotǇpes in the populaƟon, ; ii Ϳ the                               

reĐoŵbinaƟon rate, and ; iii Ϳ the strength and effiĐienĐǇ of seleĐƟon. Indeed, geographiĐ prediĐƟons                         

of alleles are probablǇ not good indiĐators of future allele freƋuenĐǇ beĐause randoŵ forest ŵodels                             

tend to prediĐt either presenĐe or absenĐe of alleles ;and not Đo‑existenĐe, i.e. interŵediate                           

freƋuenĐǇͿ. That is ǁhǇ ǁe do not Đoŵpare eŵpiriĐallǇ obtained present allele freƋuenĐies ǁith                           

freƋuenĐies ĐalĐulated froŵ future prediĐted presenĐe of alleles in the different loĐaƟons of                         

Tübingen, Madrid and Malŵö. 

To obtain further insights into populaƟon dǇnaŵiĐs reƋuired for adaptaƟon, ǁe siŵulated                       
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allele freƋuenĐǇ Đhanges in a Wright‑Fisher populaƟon under a ŵutaƟon‑seleĐƟon balanĐe ǁith                       

inbreeding, as  Arabidopsis thaliana is a predoŵinant selfer ;Đode available at                     

hƩp://github.Đoŵ/MoisesExpositoAlonso/popgensiŵ ǁith DOI:     

hƩps://doi.org/ϭϬ.5Ϯϴϭ/zenodo.ϭϬϯϵϴϴϲ Ϳ. We started the siŵulaƟons ǁith the present freƋuenĐies                 

of drought‑related alleles of the ϮϮϭ aGWA/GWA “NPs, ǁith ;ĐodoŵinantͿ seleĐƟon ĐoeffiĐients ;sͿ                         

ranging froŵ Ϭ.Ϭϭ to ϮϬ% fitness advantage. We Đonsidered “NPs as independent, that is, ǁe did not                                 

inĐlude linkage diseƋuilibriuŵ inforŵaƟon nor a reĐoŵbinaƟon rate ;see next seĐƟonͿ.  

We Đarried out forǁard‑in‑Ɵŵe siŵulaƟons for 5Ϭ generaƟons, the approxiŵate nuŵber of                       

generaƟons of natural populaƟons of  A. thaliana froŵ todaǇ unƟl ϮϬϳϬ at an average generaƟon Ɵŵe                               

of around ϭ.ϯ‑ϭ.ϴ Ǉears[5ϭ]. We assuŵed a ŵutaƟon rate ; μ Ϳ ĐalĐulated froŵ laboratorǇ ŵutaƟon                           

aĐĐuŵulaƟon lines[ϰϳ,5Ϯ], although its effeĐt in a feǁ generaƟons ŵight be negligible. We used a                             

selfing ĐoeffiĐient ; ψ Ϳ of ϵϴ%, a ĐonservaƟve loǁer bound esƟŵate froŵ heterozǇgositǇ in individuals                           

ĐolleĐted froŵ nature[5ϯ,5ϰ]. The populaƟon size ; N Ϳ ǁas esƟŵated froŵ the genoŵiĐ diversitǇ in                           

our dataset: The ϰϬ genoŵes ǁithin the Tübingen area had a genoŵe‑ǁide nuĐleoƟde diversitǇ of                             

Ϭ.ϬϬϰ ; seĐƟon ϯ.ϭ Ϳ. With the eƋuaƟon:  , ǁe solved for effeĐƟve populaƟon size ; N e Ϳ                           

and transforŵed it into populaƟon size folloǁing the relaƟonship[55]:  .                   

This Ǉielded N = ϯϬϬ,ϬϬϬ plants, ǁhiĐh ŵight be reasonable given that ǁe Đonsider an area of 5Ϭ kŵ                                     

around Tübigen, and stands ǁith hundreds or thousands of plants are not unĐoŵŵon. 

AŌer running the siŵulaƟons, ǁe asked ǁhat seleĐƟon ĐoeffiĐient ǁould be needed to reaĐh                           

Ƌuasi‑fixaƟon freƋuenĐies of eaĐh allele ;freƋuenĐǇ >Ϭ.ϵͿ or to ŵatĐh the drought‑allele freƋuenĐies                         

in Madrid or Malŵö ;assuŵing that those populaƟons are beƩer adapted in Đoŵparison ǁith                           

TübingenͿ. When the freƋuenĐǇ of a speĐifiĐ allele ǁas higher in Tübingen than in Madrid or Malŵö,                                 

ǁe assuŵed seleĐƟon ǁould not be neĐessarǇ and the ĐoeffiĐient ǁas assuŵed to be zero. The                               

results indiĐated that seleĐƟon ĐoeffiĐients should be strong ;but see ref. [5ϲ]Ϳ for alleles to beĐoŵe                               

fixed ; “uppleŵentarǇ Fig. ϭϳ Ϳ. Hoǁever, the distribuƟon of seleĐƟon ĐoeffiĐients ǁas Đentered                       

around ϭ‑ϯ% fitness advantage for Tübingen allele freƋuenĐies to ŵatĐh Malŵö or Madrid                         

; “uppleŵentarǇ Fig. ϭϳ Ϳ ;but see next  seĐƟon ϰ.Ϯ.ϰ.5 Ϳ. We did not siŵulate different degrees of driŌ                               

in our analǇses. We reasoned that ǁhen the ineƋualitǇ:  , holds, the ǁeight of driŌ relaƟve to                                 

seleĐƟon is thought to be iŵperĐepƟble[ϭϯ].  

ConsideraƟons regarding reĐoŵbinaƟon 

As stated above, assessing ǁhether a populaƟon Đan adapt depends on the freƋuenĐies of                           

drought‑resistant individuals and drought‑resistanĐe alleles in the populaƟon, the rate of realized                       

reĐoŵbinaƟon, for Đrossing and reassortŵent of advantageous alleles, and the strength of seleĐƟon.                         
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“iŵulaƟons that take LD betǁeen advantageous “NPs into aĐĐount Đould inforŵ about proĐesses                         

suĐh as the Hill‑Robertson effeĐt, hitĐhhiking, or baĐkground seleĐƟon[5ϳ].  

In our siŵulaƟons ǁe did not ǁork ǁith haplotǇpes of “NPs in LD as theǇ are found in                                   

individuals, but Đonsidered “NPs to be independent. This Đan be seen  a priori  as a strong assuŵpƟon.                                 

Of relevanĐe is that even in Tübingen there are alreadǇ soŵe individuals that have ŵanǇ of the ϭ5ϭ                                   

GWA drought‑resistant alleles, ǁith one exĐepƟonal individual having ϭϮϯ/ϭ5ϭ drought‑survival                   

alleles. The three next best individuals have ϭϬϳ, ϭϬ5, and ϵϵ alleles. FiŌeen of the Ϯϴ                               

drought‑resistanĐe alleles are not present in the Tübingen populaƟon and ǁill have to be iŵported bǇ                               

ŵigraƟon. Therefore, to produĐe a hǇpotheƟĐal ͞fullǇ adapted haplotǇpe͟ ǁith ϭϯϲ alleles froŵ the                           

Đurrent standing variaƟon ;ϭϮϯ alleles are ϵϬ% of all ϭϯϲ present allelesͿ, onlǇ ϭϯ drought‑resistant                             

alleles ǁould have to be reĐoŵbined and introgressed into the alreadǇ advantageous haplotǇpe.                         

“uĐh introgression events ŵight not be liŵited bǇ loǁ freƋuenĐies of the advantageous alleles, as                             

soŵe ǁere found at interŵediate or at as high as ϵϬ‑ϵ5% freƋuenĐǇ. Furtherŵore, in a sĐenario ǁith                                 

a haplotǇpe in the populaƟon ǁith ϭϮϯ alleles alreadǇ present, siŵple individual‑based siŵulaƟons                         

shoǁ that alreadǇ ǁith seleĐƟon ĐoeffiĐients in the order of Ϭ.5% advantage per allele, the ϭϮϯ                               

alleles haplotǇpe ǁill beĐoŵe ĐoŵpletelǇ fixed in the populaƟon ǁithin 5Ϭ generaƟons. Results of                           

aGWA indiĐate siŵilar paƩerns of exĐepƟonal individuals ǁith ŵanǇ drought alleles ;Ϯϰ alleles are                           

ϲϯ% of all ϯϮ present allelesͿ but ŵore alleles are ŵissing in the Tübingen populaƟon, as their                                 

freƋuenĐǇ is loǁer and geographiĐ distribuƟons are narroǁer than for ĐonvenƟonal GWA alleles.  

We also used a series of approxiŵate ĐalĐulaƟons to asĐertain hoǁ ŵanǇ reĐoŵbinaƟon                         

events are reƋuired to generate a hǇpotheƟĐal ͞fullǇ adapted haplotǇpe .͟ In  A. thaliana , there are on                               

average ϭ.ϰ ŵeioƟĐ Đrossovers for eaĐh of the five Đhroŵosoŵes[5ϴ]. Together ǁith independent                         

segregaƟon of the five Đhroŵosoŵes, the parental haplotǇpes are rearranged at around ϭϮ posiƟons.                           

A populaƟon of ~ϯϬϬ,ϬϬϬ individuals ; N Ϳ ǁith a loǁer bound outĐrossing rate of ϭ% ;=ϭ‑FͿ over 5Ϭ                                 

generaƟons ;gͿ, Đould thus undergo around ~Ϯ ŵillion reĐoŵbinaƟon events,  ,                   

or about ϭ event per 5Ϭ bp. Note that this Đould be a ĐonservaƟve esƟŵate as outĐrossing events                                   

aŵount up to ϭϰ% of reproduĐƟon events in geographiĐallǇ Đlose plants ;ref. [5ϰ]Ϳ. This result                             

suggests that reĐoŵbinaƟon ŵight be less liŵiƟng than expeĐted  a priori . 

GEM liŵitaƟons 

There is a long list of faĐtors that ǁe did not take into aĐĐount and that ǁill influenĐe future plant                                       

response to Đliŵate Đhange. We brieflǇ enuŵerate theŵ here:  

A. We onlǇ foĐus on adaptaƟon to drought, but other environŵental stresses Đould have siŵilar                           
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detriŵental effeĐts suĐh as extreŵelǇ high teŵperatures or eĐosǇsteŵ destruĐƟon. In                     

addiƟon, fluĐtuaƟon in seleĐƟon gradients and seasonal environŵental variaƟon are other                     

possible ĐonseƋuenĐes of Đliŵate Đhange[5ϵ,ϲϬ]. The distribuƟon of pathogens ǁill alŵost                     

ĐertainlǇ Đhange under Đliŵate Đhange as ǁell, and bioƟĐ interaĐƟons Đan also plaǇ a relevant                             

role in populaƟon dǇnaŵiĐs, ǁhiĐh ǁe ignored[ϲϭ–ϲϯ]. 

B. We Đan onlǇ explain Đa. 5Ϭ% of the drought survival varianĐe ǁith ϮϮϭ “NPs.  

C. We evaluated drought survival in a Đontrolled greenhouse experiŵent, but the extrapolaƟon                       

to natural ĐondiƟons ŵaǇ be diffiĐult. This ǁould reƋuire field experiŵents assessing fitness                         

in situ  to Đonfirŵ that the idenƟfied “NPs aĐtuallǇ report a fitness advantage[ϲϰ]. 

D. BeĐause the high narroǁ sense heritabilitǇ suggests a ŵostlǇ‑addiƟve geneƟĐ arĐhiteĐture,                     

ǁe Đarried out prediĐƟons ǁith allele Đounts. Hoǁever, ǁe aĐknoǁledge that there is                         

variaƟon of the ŵagnitude of the “NP effeĐts ;“uppleŵentarǇ Table ϯ‑ϰͿ, and epistaƟĐ effeĐts                           

ŵight exist.  

E. Although long‑terŵ evoluƟon should be driven bǇ geneƟĐ adaptaƟon, it is expeĐted that                         

phenotǇpiĐ plasƟĐitǇ ǁill parƟallǇ buffer the detriŵental ĐonseƋuenĐes of environŵental                   

Đhange[ϲ5].  

F. The existenĐe of a seed bank in  A. thaliana[ϱϭ,ϲϲ] ǁould Đause longer generaƟon Ɵŵes and                             

overlapping generaƟons, and both alter the speed and dǇnaŵiĐs of allele freƋuenĐies[ϲϳ].  

G. Although our rough ĐalĐulaƟons suggest that reĐoŵbinaƟon ǁould not be a liŵitaƟon for                         

future adaptaƟon in  A. thaliana populaƟons, ǁe have not inĐorporated suĐh proĐesses in our                           

ŵodeling, as doing so is not a trivial ŵaƩer[5ϳ,ϲϴ]. This ignores phenoŵena suĐh as                           

baĐkground seleĐƟon or hitĐhhiking effeĐts that Đould arise froŵ phenotǇpiĐ trade‑offs and                       

the ĐurrentlǇ realized ĐoŵposiƟon of haplotǇpes in the populaƟon. 

H. FinallǇ, on the posiƟve side, our prediĐƟons are based on exisƟng diversitǇ, but  de novo                             

ŵutaƟons are likelǇ to ŵake a ĐontribuƟon as ǁell, espeĐiallǇ in speĐies ǁith high                           

reproduĐƟon rate, short generaƟon Ɵŵe, and large populaƟon sizes[ϰϳ,ϲϵ,ϳϬ]. In this sense                       

our approaĐh ǁould be rather ĐonservaƟve. 
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“UPPLEMENTARY TABLE“ 

“uppleŵentarǇ tables are available as a .xlsx file at:                 

hƩps://staƟĐ‑Đontent.springer.Đoŵ/esŵ/art%ϯAϭϬ.ϭϬϯϴ%ϮFsϰϭ55ϵ‑Ϭϭϳ‑ϬϰϮϯ‑Ϭ/MediaObjeĐts/ϰϭ5

5ϵ_ϮϬϭϳ_ϰϮϯ_MOE“Mϯ_E“M.xlsx   

 
“uppleŵeŶtarǇ Taďle ϭ.  AĐĐession inforŵaƟon. 

ϭϬϬϭ Genoŵes IDs, Đoŵŵon naŵes, Đountries of origin, and geographiĐal and environŵental                       

inforŵaƟon. 

 

“uppleŵeŶtarǇ Taďle Ϯ.  ADMIXTURE Đross‑validaƟon for K= Ϯ to ϮϬ. 

 

“uppleŵeŶtarǇ Taďle ϯ.  DiversitǇ staƟsƟĐs and annotaƟons of top GWA hits. 

 
“uppleŵeŶtarǇ Taďle ϰ.  AnnotaƟon of top aGWA “NP hits. 

 

“uppleŵeŶtarǇ Taďle ϱ.  InforŵaƟon on phenotǇpiĐ and Đliŵate traits. 

 

“uppleŵeŶtarǇ Taďle ϲ.  Cliŵate and phenotǇpe ĐorrelaƟons ;per aĐĐessionͿ. 

Pearson produĐt‑ŵoŵent ĐorrelaƟon ĐoeffiĐients betǁeen all phenotǇpe and Đliŵate variables of                     

“uppleŵentarǇ Table 5. Loǁer triangle shoǁs p‑values, upper triangle ĐorrelaƟon ĐoeffiĐients. The                       

drought index paraŵeter of ĐhoiĐe ;ŵϭd_polƋuaͿ negaƟvelǇ Đorrelates ǁith the preĐipitaƟon in the                         

driest ŵonth and Ƌuarter, bioϭϰ and bioϭϴ, respeĐƟvelǇ.  

 

“uppleŵeŶtarǇ Taďle ϳ.  Cliŵate and phenotǇpe ĐorrelaƟons ;per “NPͿ. 

Pearson produĐt‑ŵoŵent ĐorrelaƟon ĐoeffiĐients of GWA effeĐts of a large subset of all phenotǇpe                           

and Đliŵate variables of “uppleŵentarǇ Table 5. CorrelaƟons are done onlǇ ǁith the top ϭ5ϭ “NPs                               

idenƟfied in the drought survival GWA and tested for polǇgeniĐ seleĐƟon. 

 

“uppleŵeŶtarǇ Taďle ϴ.  CanoniĐal CorrelaƟon AnalǇsis ;CCAͿ. 

CCA betǁeen GWA effeĐts on different phenotǇpes and the “NP assoĐiaƟons ǁith Đliŵate variables. 

 

“uppleŵeŶtarǇ Taďle ϵ.  PolǇgeniĐ ŵodel for different top “NP groups. 

We applied the Berg & Coop ŵodel[ϳϭ] of polǇgeniĐ adaptaƟon to different groups of top “NPs and                                 

report the value of Q x  staƟsƟĐs. 
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“uppleŵeŶtarǇ Taďle ϭϬ.  IŵportanĐe of variables in Randoŵ Forest analǇses. 

For eaĐh randoŵ forest ŵodel, the iŵportanĐe of bioĐliŵaƟĐ variables is reported. For ĐlassifiĐaƟon                           

randoŵ forest, iŵportanĐe is reported as the ŵean deĐreased aĐĐuraĐǇ ;MDAͿ and for regression                           

randoŵ forest, iŵportanĐe is reported as the ŵean sƋuare error ;M“EͿ. MDA is the nuŵber of                               

ŵisĐlassified observaƟons ǁhen reŵoving a variable and M“E is the inĐrease of ŵean sƋuare error                             

produĐed bǇ reŵoving a variable. 

 

“uppleŵeŶtarǇ Taďle ϭϭ.  Allele freƋuenĐǇ Đhange.  

“tudent’s t‑test results of allele freƋuenĐǇ Đhanges in the loĐaƟons of Madrid, Tübingen and Malŵö                             

under the three foreĐasƟng Genoŵe Environŵent Models: free ŵigraƟon, prinĐipal Đoŵponents                     

Đontrol, and geographǇ Đontrol.  

 

“uppleŵeŶtarǇ Taďle ϭϮ.  Q st  F st  pairǁise Đoŵparisons. 

Mean Q st ;ϵ5% Highest Posterior DensitǇͿ and ŵedian F st ;ϵ5% perĐenƟleͿ for all pairs of geneƟĐ                               
groups. 
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SUPPLEMENTARY FIGURES 
 

 

Supplementary Figure 1.  Global  Arabidopsis thaliana  distribu�on. 

The world map shows ca. 80,000 records from the Global Biodiversity Informa�on Facility (GBIF, 
www.gbif.org ) (grey), the 762  A. thaliana  accessions used for gene�c analyses (red), and the 211 
accessions used for phenotyping experiments (yellow).  
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Supplementary Figure 2.  Environmental ranges of  Arabidopsis thaliana . 

The range in key environmental variables for the three datasets in Supplementary Fig. 1 is shown. 
The set of accessions used in our analyses not only covered the range of the species as es�mated 
from GBIF data, but also revealed that these accessions have a more even distribu�on throughout 
the environmental ranges. The bioclima�c variables are: annual precipita�on (bio12), precipita�on of 
the warmest quarter (bio18), annual mean temperature (bio1), temperature seasonality (bio4), 
maximum temperature of the warmest month (bio5), minimum temperature of the coldest month 
(bio6), and mean temperature of the driest quarter (bio9). See Supplementary Table 5 for more 
informa�on. 
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Supplementary Figure 3.  Correla�on between rose�e areas and model parameters. 

Pearson product‑moment correla�on coefficients between the three drought‑index parameters and 

the ‘raw’ number of green pixels per pot and per day photographed. Sizes of circles indicate strength 

and colors arithme�c signs of associa�on, shown as numbers in the lower triangle.  
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Supplementary Figure 4.  GWA with drought survival and popula�on gene�c sta�s�cs.  

( A ) Manha�an plot of drought survival index GWA, F st , Tajima’s D, and selec�ve sweeps. ( B ) Violin 

and box plots of allele frequency, and ( C ) F st , Tajima’s D, and selec�ve sweeps of the top 150 SNPs 

(red) vs frequency‑matched 150 SNPs from a random genome background (grey). GWA was 

calculated using EMMAX. F st  across popula�ons (see Fig. 1) and Tajima’s D were calculated using 

PLINK. Sweep likelihood was calculated using SWEED so�ware. Median p‑values from Wilcoxon tests 

with 100 bootstrap replicates are indicated.  
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Supplementary Figure 5.  Cross‑coalescent rates between popula�ons inferred by MSMC. 

Joint coalescent rates of each of the 11 ADMIXTURE gene�c groups are (see Fig. 1 and Supplementary 

Fig. 12) compared to the other groups. Each line is a smoothed loess of 6 replicated runs. Light grey 

indicates the extent of the last glacial maxima (100‑10 kya) and dark grey the peak of the last 

glacia�on (22 kya). Note that the N. Swedish group is the first to separate from the relicts.  
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“uppleŵeŶtarǇ Figure ϲ.  Treeŵix ǁith different ŵigraƟon rates. 

Maxiŵuŵ likelihood ;MLͿ populaƟon trees froŵ Treeŵix ;leŌͿ. AnalǇses ǁith zero to five ŵigraƟon 

edges are presented. Heatŵaps ǁith the residual fit of the ML trees are shoǁn on the right. Note that 

the unexpeĐted Đloseness of NW. “pain and “ǁeden ǁithout ŵigraƟon is resolved ǁith one ŵigraƟon 

edge. With this, a ŵore parsiŵonious tree that adheres to geographiĐ loĐaƟons is unĐovered. 
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Supplementary Figure 7.  Genomic ChromoPainter chunks per popula�on. 

( A‑K ) Summary of the number of ChromoPainter chunks inherited from other genomes that had 
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been assigned to ADMIXTURE groups. EaĐh graph suŵŵarizes the inforŵaƟon of all the genoŵes 

froŵ an adŵixture group. ; L Ϳ The p‑value of the Pearson ĐorrelaƟon test betǁeen an aĐĐession's 

drought survival index and the nuŵber of Đhunks reĐeived froŵ another genoŵe. The p‑value 

distribuƟons of genoŵes froŵ the saŵe ADMIXTURE group are grouped in a box plot. IntuiƟvelǇ this 

Đan be interpreted as hoǁ ǁell the nuŵber of Đhunks inherited froŵ a speĐifiĐ donor prediĐts the 

drought survival of the reĐeiver. The blaĐk line indiĐates the 5% signifiĐanĐe threshold, ǁhiĐh is 

passed bǇ ŵost reliĐt and N. “ǁedish groups. Therefore, Đhunks that have N. “ǁedish and/or reliĐt 

anĐestrǇ explain the drought survival of other individuals ǁell. 
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Supplementary Figure 8.  Environmental niche model  (ENM)  of popula�on structure. 

( A ) Distribu�on of 762 accessions from the 1001 Genomes project used for environmental niche 

modeling of gene�c diversity and analysis of popula�on structure. Colors indicate number of 

accessions within a 1°x1° la�tude x longitude grid. ( B ) Random forest environment niche models 

using es�mates of pairwise nucleo�de diversity (π) of each accession with its closest 10 geographic 

neighbours. The trained model was used to predict diversity based on environmental data. ( C ) 

Random forest environment model of the 11 gene�c groups (see Fig. 1). Loca�ons with accessions 

are shown as points filled with the actual gene�c group assigned, and are used for model training as 

in (B). The trained model was used to predict a raster of environmental variables and is shown in the 

background. When the circle is filled with the same color as the background, the model succeeds in 

the predic�on. The trained models were also used to predict the change in overall area covered by 

each gene�c group from present to the last glacial maxima ( D ) and for 2070 under low ( E ) and high 

( F ) CO 2  concentra�on scenarios (panels in the upper‑right corner) (see Fig. 1 for color keys). ( G‑J ) The 
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first three genoŵe‑ǁide prinĐipal Đoŵponents froŵ Fig. Ϯ ǁere ŵodeled based on environŵental 

variables. Later, these ǁere used as Đovariates of GEMs ;“uppleŵentarǇ Fig. ϭϯ‑ϭϰͿ. 
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“uppleŵeŶtarǇ Figure ϵ.  Environŵental niĐhe ŵodel  ;ENMͿ  of drought survival index.  

; A Ϳ Present geographiĐ prediĐƟon of drought survival index froŵ a randoŵ forest ENM trained on 

experiŵentallǇ deterŵined phenotǇpes for Ϯϭϭ aĐĐessions. Note that the highest drought survival 

indiĐes are inferred for the Mediterranean as ǁell as N. “ǁeden. ; B Ϳ CorrelaƟon of phenotǇpiĐ 

Đhange in ϮϬϳϬ under a high CO Ϯ  sĐenario ǁith laƟtude; Đolors indiĐate present drought survival 

values, lines indiĐate linear ;r Ϯ  and p value in figureͿ or loess ŵodels. ; C Ϳ The trained ŵodel is also 

used to prediĐt drought survival index under the last glaĐial ŵaxiŵuŵ, and for tǁo ϮϬϳϬ sĐenarios of 

loǁ and high CO Ϯ  ĐonĐentraƟons. ; D Ϳ For the three sĐenarios, the Đhange is shoǁn relaƟve to the 

Đurrent date prediĐƟon for easier Đoŵparison. 

 

   

Appendix I  ‑  5ϵ 



 

Exposito‑Alonso et al.  Gene�c adapta�on to extreme drought in  A. thaliana 

 

 
Appendix I  ‑  60 



 

Exposito‑Alonso et al.  GeneƟĐ adaptaƟon to extreŵe drought in  A. thaliana 

 

 

“uppleŵeŶtarǇ Figure ϭϬ.  Environŵental niĐhe ŵodel  ;ENMͿ  of floǁering Ɵŵe. 

“aŵe ŵodels as in “uppleŵentarǇ Fig. ϵ, but for floǁering Ɵŵe. 
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Supplementary Figure 11.  Profile of phenotypic change under climate change. 

( A, B ) Correla�on of precipita�on during the warmest quarter today and in 2070 under a high CO 2 
scenario. Colors indicate current drought survival ( A ) or flowering �me ( B ), and symbol shapes 

indicate increase or decrease in trait values for 2070. ( C, D ) Regression of the predicted change in 

drought survival index ( C ) and flowering �me ( D ) on the predicted change in precipita�on in 2070. 

Note that areas with already low precipita�on will not have large decreases in precipita�on in 2070 

(A‑B). Note also the linear rela�onship between decreased precipita�on in 2070 and predicted 

increase of drought survival in (C). Flowering will be on average faster in 2070 (D), but the 

rela�onship between precipita�on reduc�on and flowering �me change is not linear, which suggests 

that areas with a moderate reduc�on in precipita�on will have accelerated flowering (rather than 

increased drought survival).  
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“uppleŵeŶtarǇ Figure ϭϮ.  Maps of the ŵost iŵportant ĐliŵaƟĐ variables. 

The bioĐliŵaƟĐ variables ; ǁǁǁ.ǁorldĐliŵ.org Ϳ that tǇpiĐallǇ had ŵore iŵportanĐe in phenotǇpiĐ and 

genoŵe environŵental ŵodels are shoǁn as an aid for interpretaƟon of the results froŵ our studǇ. 

bioĐliŵ variables shoǁn are annual preĐipitaƟon ;bioϭϮͿ, preĐipitaƟon of the ǁarŵest Ƌuarter 

;bioϭϴͿ, annual ŵean teŵperature ;bioϭͿ, teŵperature seasonalitǇ ;bioϰͿ, ŵaxiŵuŵ teŵperature of 

the ǁarŵest ŵonth ;bio5Ϳ, ŵiniŵuŵ teŵperature of the Đoldest ŵonth ;bioϲͿ, and ŵean 

teŵperature of the driest Ƌuarter ;bioϵͿ. The Đoluŵns shoǁ distribuƟons at present, in ϮϬϳϬ under a 

sĐenario of loǁ CO Ϯ  ĐonĐentraƟon, and in ϮϬϳϬ under a sĐenario of high CO Ϯ  sĐenario. ExĐept for 

bioϵ, the values for future sĐenarios ǁere expressed as future‑present differenĐe to highlight 

geographiĐ areas that ǁill Đhange the ŵost. Note the biŵodalitǇ of bioϵ: areas in blaĐk are suŵŵer 

drought ;Mediterranean ĐliŵateͿ areas, ǁhereas blue areas indiĐate ǁinter drought. Also note that 

bioϭϴ is prediĐted to Đhange ŵostlǇ along the transiƟon froŵ Mediterranean to non‑Mediterranean 

Đliŵate. For bioϭϴ, areas that ǁill have loǁer preĐipitaƟon than anǇ Đurrent loĐaƟon of  A. thaliana 

are shoǁn in blaĐk, to highlight that ŵost areas ǁill reŵain ǁithin the range of Đurrent preĐipitaƟon 

aĐross the speĐies range. 
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Supplementary Figure 13.  aGWA Genome Environment Models (GEMs). 

( A ) We ran GEMs to describe the geographic distribu�on of alleles at the 70 aGWA top loci. 

Concatena�ng all maps, we produced a map of the count of all drought‑survival alleles that a 

genotype is expected to have in a given loca�on today. ( B ) The trained model from (A) was used to 

predict distribu�on of drought survival alleles in the future. The difference to numbers inferred for 

today (A) corresponds to the alleles that will have been gained or lost in 2070 in a given loca�on. Two 

addi�onal models were trained which included a genome background (PCA) correc�on and 

la�tudinal and longitudinal (GEO) correc�on of the allele distribu�ons. The percentage of gained 
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alleles froŵ the ͞free͟ ŵodel that ǁere not present in the ĐorreĐted ŵodels is shoǁn as a defiĐit in 

perĐentage. ; C Ϳ For three highlǇ saŵpled loĐaƟons, Madrid ;“painͿ, Tübingen ;GerŵanǇͿ and Malŵö 

;“ǁedenͿ, ǁe ĐalĐulated allele freƋuenĐǇ differenĐes betǁeen todaǇ and ϮϬϳϬ ;under high CO Ϯ Ϳ and 

ĐalĐulated a t‑staƟsƟĐ to desĐribe the effeĐt size of the Đhange. A skeǁ toǁards the right ;inĐreaseͿ is 

observed for Tübingen onlǇ. 
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Supplementary Figure 14.  GWA Genome Environment Models (GEMs). 

See Supplementary Fig. 13 for legend. 
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Supplementary Figure 15.  aGWA GEM residuals.  

For each GEM, we plo�ed predicted against observed (empirical) number of drought‑associated 

alleles at each sampled loca�on. Red color indicates overes�ma�on and blue underes�ma�on 

(dashed line is the one‑to‑one rela�onship; solid line is the true regression). La�tudinal trends of 

predicted (grey) and observed (black) are shown (right). Note that variance of predic�ons is larger 

than the empirical observa�ons, probably due to the discrete nature of random forests. 
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Supplementary Figure 16. GWA GEM residuals  

See Supplementary Fig. 15 for legend. 
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“uppleŵeŶtarǇ Figure ϭϳ.  PopulaƟon geneƟĐs siŵulaƟons. 

We ran Wright‑Fisher populaƟon siŵulaƟons of ϳϬ ;aGWAͿ or ϭ5ϭ ;GWAͿ independent loĐi for 5Ϭ 

generaƟons of evoluƟon under ŵutaƟon‑seleĐƟon balanĐe, starƟng ǁith the Đurrent allele 

freƋuenĐies in the Tübingen populaƟon, and repeaƟng eaĐh siŵulaƟon ǁith an arraǇ of seleĐƟon 

ĐoeffiĐients froŵ Ϭ.ϬϬϬϭ to Ϭ.Ϯ ;relaƟve fitness advantageͿ for eaĐh loĐus. The distribuƟons shoǁn 

Đorrespond to the posiƟve seleĐƟon ĐoeffiĐients that are reƋuired for the drought survival alleles to 

rise to the freƋuenĐǇ at ǁhiĐh theǇ are ĐurrentlǇ found in Malŵö ;topͿ or Madrid ;ĐenterͿ, or to at 

least ϵϬ% ;boƩoŵͿ, ǁhiĐh is Đlose to fixaƟon.  
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“UPPLEMENTARY VIDEO iŶ “uppleŵeŶtarǇ_Video.gif 

ϭϵ‑fraŵes Ɵŵe series of green‑segŵented iŵages for one exeŵplarǇ traǇ is available at: 
hƩps://staƟĐ‑Đontent.springer.Đoŵ/esŵ/art%ϯAϭϬ.ϭϬϯϴ%ϮFsϰϭ55ϵ‑Ϭϭϳ‑ϬϰϮϯ‑Ϭ/MediaObjeĐts/ϰϭ5
5ϵ_ϮϬϭϳ_ϰϮϯ_MOE“Mϰ_E“M.gif  
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Through the lens of evolution, climate change is an agent of natural selection that forces               

populations to change and adapt, or face extinction. Current assessments of the biodiversity risks              

associated with climate change ​​1,2​, however, do not typically take into account that natural             

selection can dramatically impact the genetic makeup of populations​​3​. We made use of extensive              

genome information in ​​Arabidopsis thaliana and measured how rainfall-manipulation affected the           

fitness of 517 natural lines grown in Spain and Germany. This allowed us to directly infer selection                 

at the genetic level​​4​. Natural selection was particularly strong in the hot-dry Spanish location,              

killing 63% of lines and significantly changing the frequency of ~5% of all genome-wide variants. A                

significant proportion of this selection over variants could be predicted from the climate             

(mis)match between experimental sites and the geographic areas where variants are found            

(R​​2​​=29-52%). Field-validated predictions across the species range indicated that Mediterranean          

and Western Siberia populations — at the edges of the species' environmental limits — currently               

experience the strongest climate-driven selection, and Central Europeans the weakest. With more            

frequent droughts and rising temperatures in Europe ​​5​, we forecast an increase in directional             

selection moving Northwards from the South range, putting many native ​​A. thaliana populations             

at evolutionary risk. 

 

To predict the future impact of climate change on biodiversity, the typical starting point has been                

climatic tolerances inferred from the current species distributions. These tolerances are usually            

treated as static, and risks are assessed based on whether species’ environmental niches will shrink​1,2               

or shift faster than the species can migrate​1,6​. However, these approaches do not account for               

within-species genetic variation, and for natural selection causing species to genetically change and             

adapt over time​3,7​. To predict the “evolutionary impact” of climate change on a species, i.e. how                

much genetic change is required for adaptation to climate change, we thus need to quantify and                

model environment-driven natural selection at the genetic level. Thanks to species-wide genome            

scans ​8–10​, as well as genome associations with climate of origin ​11–16​, we increasingly understand the              

genomic basis of past selection and climate adaptation, which has been used to estimate future               

“genomic vulnerability” of populations ​11,12​.  

 

Natural selection, however, is only indirectly inferred in the types of analyses discussed             

above. The best way to directly quantify selection in a specific environment is provided by field                

experiments in which multiple genotypes of a species are grown together in a common              

environment​17–19​. With such experiments, relative fitness can be directly associated with genetic            

variation across populations ​4,20–22​. Ideally, one would carry out such field experiments at many             
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different sites throughout the species range, but this is rarely practical. Nevertheless, an emergent              

finding is that individuals are normally locally adapted and that local genotypes are often positively               

selected over foreigners in their “home” environment, while negatively selected in their “away”             

environments ​23,24​. From this knowledge, it should be possible to derive a metric of how selection               

would change in a future home environment that is altered by climate change, and in turn, a metic                  

of future adaptation deficit of local populations. Here we combine high-throughput associations of             

genome and current climate variation with experimentally quantified ​in situ natural selection in the               

plant ​Arabidopsis thaliana ​. We exploit these associations to forecast natural selection driven by             

future climate change, and how it impacts the genomic variation of a species across its geographic                

range — what we interpret as a new metric of evolutionary risk of populations. 

 

To study climate change-driven natural selection in the annual plant ​A. thaliana ​, we             

performed two common garden experiments for one generation in two climatically distinct field             

stations, at the warm edge of the species distribution in Madrid (Spain, ​40.40805ºN -3.83535ºE ​), and               

at the distribution center in Tübingen (Germany, ​48.545809ºN 9.042449ºE ​) (for details see            

Supplemental Appendix II​). At each site, we simulated high precipitation typical of a wet year in                

Germany, and low precipitation typical of a dry year in Spain (we used four flooding tables with a                  

split replicated design of two wet and two dry treatments in each site, see ​Fig. SII.2​, ​Table SII.1​). In                   

fall of 2015 we sowed over 300,000 seeds of 517 natural lines capturing species-wide genomic               

diversity​25 and randomized within treatment ( ​Dataset 1-2​). For each line, we prepared seven pots in               

which only a single plant was retained after germination ​in situ​, and five pots with exactly 30 seeds                  

that were allowed to germinate and grow without intervention throughout the experiment. At the              

end of the experiment in June 2016, we had collected data from 23,154 pots, consisting of survival to                  

the reproductive stage, the number of seeds per surviving plant (fecundity), and lifetime fitness (the               

product of survival and individual fecundity) ( ​Dataset 3-4​). Heritability of fitness varied across             

environments and between survival and fecundity. It was generally highest in the most stressful              

environment (H​2​survival ​=0.551; ​Table SI.3​), as defined by reduced survival, i.e., in Spain under low              

precipitation and at high plant density. In this environment, only 193 of the 517 accessions survived,                

whereas in Germany at least a few plants of each accession reproduced ( ​Table SI.1​). 
 

In each experimental environment, we quantified genome-wide selection at the genetic level            

based on the difference in relative fitness of lines with the minor and the major allele at each                  

genomic position (1,353,386 biallelic SNPs across 515 lines with high-quality genome information,            

see ​Supplemental Appendix I section IV ​). Because ​A. thaliana is a selfer species with extensive               

population structure, our approach quantifies selection both in causal variants, as well as many more               
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variants that are in significant linkage disequilibrium (LD) with causal variants ​26,27 — a phenomenon              

behind the concepts of background selection or genetic hitchhiking. We use the term ​total selection               

coefficient ​( , following the interpretation and methods in Gompert et al. ​27​), to denote the realized                

selection affecting each SNP resulting from the combination of selection acting directly on the focal               

variant, and the indirect effects due to selection on causal SNPs that are in LD with the focal variant.                   

This total selection coefficient best reflects the increase or decrease of frequency of a variant after                

one generation of selection (see simulations ​Fig. SI.15​). Using a Genome-Wide Association (GWA)             

approach with Linear Models (LM-GEMMA, ref. ​28​) to calculate total selection coefficients, we found              

a total of 421,962 SNPs below a 0.05 significance threshold ( ​Benjamini & Hochberg FDR correction)               

in at least one of the eight environments ( ​Fig. 1​) ( ​Table SI.3​) ​. ​Using the more stringent Bonferroni                 

correction (<7x10​-7​), we still detected ​6,538 SNPs distributed throughout the genome, suggesting            

that the polygenic model of natural selection ​29 prevails in this climate-manipulation experiment ( ​Fig.             

1​). These high numbers are not surprising, given that we expect to capture many SNPs that are only                  

indirectly selected. ​Thinking about our experiment as studying a population of plants with multiple              

genotypes, the change of allele frequencies in response to one generation of selection would be up                

to 10% in Spain and low precipitation, while it would not exceed 2% in the benign high-precipitation                 

environment in Germany ( ​Table SI.4​, ​Fig. SI.9​, ​Supplemental Appendix I section IV ​). While variants              

inferred to be under positive or negative selection after Bonferroni-correction were overall more             

likely to be located in intergenic regions than in genes (Fisher’s Exact test Odds ratio [Odds]=1.11,                

P​=7x10​-30​), such variants were enriched for nonsynonymous mutations (Odds=1.05, ​P​=2x10​-4​). The           

large number of variants affected by selection implies a strong turnover of variation across the entire                

genome as a response to the environment​30,31​, and a potentially significant demographic decimation             

— what Haldane called “the demographic cost of natural selection” ​32​.  

 

Changes in allele frequency are not only determined by the adaptive value of a variant but                

also the alleles it is linked to. We therefore improved the detection of direct targets of selection by                  

correcting for LD-driven effects ​27,33 using Bayesian Sparse Linear Mixed Model associations with            

relative fitness (BSLMM-GEMMA, ref. ​33​), see ​Supplemental Appendix I section IV ​). This analysis             

estimated that the most likely number of causal loci ($$n\gamma$$) was in the range of 7 to 89,                  

depending on the experiment (although this hyperparameter tends to be underestimated, see            

Gompert et al. ​27​). Because this number was much smaller than the total number of variants that                 

experience total selection (tens to thousands, ​Table SI.3​), our results indicate that selection must be               

mostly indirect, i.e. via linkage disequilibrium​4,26,34​.  
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 Fig. 1 A genome map of total selection coefficients​​. (A) Manhattan plots of SNPs significantly associated with                 

relative lifetime fitness in eight different environments. SNPs significant after FDR (black and grey) or               

Bonferroni correction (red) are shown. For genome-wide scans of survival and fecundity fitness see ​Fig. SI.4                

and ​SI.5​. (B) Distribution of absolute total selection coefficients per experiment. denotes maximum               

likelihood-inferred parameter of an exponential distribution, and ​m denotes the mean total selection             

coefficient. (C, D) Genome-wide Environmental Niche Models for the most significant SNPs in each 0.5 Mb                

window of the genome. Color scale indicates the % of the total number of positive alleles locally present. (C)                   

424 windows had significant SNPs in high-precipitation experiments. (D) 279 windows had significant SNPs in               

low-precipitation experiments.  

 

We studied whether alleles selected in one environment were typically selected in other             

environments it it was rather different genetic variants that were selected in each environment.              
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Alleles that were positively selected under low precipitation tended to be negatively selected under              

high precipitation, and vice versa, so-called antagonistic pleiotropy​21 ( ​Fig. 2​, Fisher’s exact test Odds              

Ratios >1.31, ​P​<4x10​-24​) — an observation that is particularly clear when comparing the two most               

"natural" conditions, low precipitation in Spain and high precipitation in Germany (Odds Ratio=6.72).             

In contrast, when we compared the same precipitation condition between the two locations,             

selection was either in the same direction (0.23<Pearson’s r<0.51), or there was selection in one               

environment and neutrality in the other, displaying conditional neutrality (All Odds ratio<1, ​P​<10​-16​).             

Together, this indicates opposite selection across precipitation but not temperature gradients. This is             

an important observation, because it tells us that nature might not be able to select for generalist                 

genotypes that are successful in a wide range of precipitation environments. 

 

To study whether short-term selection in our experiments aligns with genomic footprints of             

past selection (see ​Supplemental Appendix I section II​, ​V and ​VI​, we searched for selective sweeps ​35​,                

for outlier allele frequency differentiation ( ) between eleven previously defined ​A. thaliana            

genetic groups ​11,25​, and for climate-genome associations ​13,14 (GWA with 1960-1990 climate averages,           

worldclim.org​, ref. ​36​). Comparing frequency-matched background SNPs with Bonferroni-corrected         

significant SNPs for total selection coefficients, we found that the latter had higher average               

values (0.39 compared to 0.14, Wilcoxon test, ​P​<10​-16​), but were not any more likely to have                

experienced a selective sweep ( ​P​=0.2) ( ​Fig. 2​, ​Fig. SI.7-8​). Absolute values of total selection              

coefficients were significantly higher for strongly climate-correlated SNPs (e.g. annual precipitation           

[bio1] and temperature [bio12]: Spearman’s rho=0.12, p<10​-16​). The 1% top hits for climate             

associations also had higher values than frequency-matched background SNPs (e.g. bio1 and             

bio12: ​P​<10​-5​), but no differences in sweep likelihood ( ​P​=0.9). Implementing genome-wide           

environmental niche models ​11 (see ​Supplemental Appendix I section VI​), we found that alleles             

selected in Germany and high precipitation were more likely to come from higher latitudes ( ​Fig. 1​C),                

while the opposite was true for alleles selected in Spain and low precipitation ( ​Fig. 1​D). In                

agreement, alleles coming from regions with precipitation regimes to the experimental site, tended             

to be positively selected ( ​Fig. 2​D). All in all, the fact that there is a genome-wide signal of                  

correlations between total selection coefficients with allele frequency shifts across population           

lineages and climate regions is most easily reconciled with a polygenic model of natural selection               

rather than with a selective sweep model ​30​. 
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Fig. 2 Selection trade-offs and the signal of environmental local adaptation. (A) 5% extreme tails of total                 

selection coefficients across two contrasting environments; Spain with low precipitation and high population             

density, and Germany with high precipitation and low population density. In light grey are conditionally neutral                

alleles for either environment (CN, n=265436), in black are alleles behaving as antagonistic pleiotropic (AP,               

n=20503), and in dark grey are alleles non-antagonistic pleiotropic (nAP, n=9681). (B) Mean annual              

precipitation and precipitation seasonality in the geographic areas of origin of SNPs (n=1,353,386 SNPs). Black               

circles indicate the average climate values of Spain (left) and Germany (right). (C) Relationship between field                

absolute total selection coefficients and values across 11 lineages, and (D) the likelihood ratio of selective                 

sweeps (n=1,353,386 SNPs). 

 

We finally aimed to build an environmental model that can predict total selection             

coefficients based on the climate and diversity patterns. We used a regression with decision trees               

using Random Forests to build what we call Genome-wide Environment Selection (GWES) models.             

The response variable was total selection coefficients, and we used as predictors the per-allele              

associations with climate of origin from multiple climatic GWAs ( ), the local climate at the               

experimental facility ( ​), the signatures of past selection at each SNP ( , , and sweep               

likelihood ratio ), and their genome annotation ( ). Our model thus learned the function:              
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. All predictors were derived from public databases        

( ​worldclim.org​, ​1001genomes.org​, ​arabidopsis.org​) (see ​Supplemental Appendix I section VII​).         

Conceptually, GWES models are similar to Environmental Niche Models (ENMs), but instead of             

training them with presence/absence data of a genetic variant​11,12​, we trained them with our              

measured total selection coefficients. This provided a means to predict whether alleles should             

increase/decrease in frequency in a certain climate, instead of merely an indication of whether              

alleles are likely to be present, which is the indirect ENMs’ version ​11​. By training models on total                  

selection coefficients in Spain and Germany (10,000 SNPs), testing the accuracy of models using              

cross-validation (i.e. 10,000 other SNPs) and the confidence intervals with bootstrapping (100            

samples of 100 SNPs), we confirmed that total selection coefficients were correctly predicted, with a               

high correlation accuracy (0.56 < Pearson’s r​cv​ < 0.7) and explaining a large proportion of variance               

(R​2​cv​= 29—52%) ( ​Fig. 3​A, for variable importance see ​Table SI.7​) (further details in ​Supplemental              

Appendix I section VII​). To further cross-validate the predictive accuracy of our models in other               

unknown environments, we made use of published fitness data for partially-overlapping sets of             

natural lines that had been grown at different locations in Spain, Germany and England ​37,38​. Using               

these data and GWES predictions based on the climate at those locations, we confirmed moderate               

predictability (7%<R​2​cv​<36%) ​( ​Fig. 3​A, ​Table SI.8​) (for further discussion on null expectations and             

cases of apparently low predictability, see ​Fig. SI.11​, ​SI.12​, and ​Supplemental Appendix I section VIII ​).  
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Fig. 3 A geographic map of climate-driven selection and its predictability. ​​(A) Genome-wide Environment              

Selection (GWES) models trained and tested with different combinations of our data from Germany and Spain,                

or previously published field experiments (accuracy was estimated using cross-validation and the 95%             

confidence intervals using bootstrap, see ​Supplemental Appendix I section VII​). (B-C) Mean GWES-predicted             

total selection coefficients (“selection intensity”; n= 10,752 SNPs, one random SNP per 10 kb windows) in                

known locations of ​A. thaliana populations in relationship to latitude and evapotranspiration in summer (ref.               

36​). (D) Predicted changes in selection intensity using climate projections to 2050 as a proxy of a sudden climate                   

change (2050 MP rcp 8.5, ref. ​36​). (E) Relationship between selection intensity and synonymous and               

nonsynonymous polymorphisms present at each location. (F) Relationship between selection intensity and            
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interannual variation in precipitation from 1958-2017 (ref. ​39​). (G) Number of local alleles (of the total 10,752                 

SNPs) whose selection is predicted to positively or negative change >5% in relative fitness in 2050 across the                  

latitudinal range. 

 

Using the trained GWES models, we then predicted genetic natural selection at hundreds of              

locations, simulating field experiments in which the same set of diverse natural lines is challenged by                

different local climates ( ​Fig. 3​). The intensity of selection, i.e. genome-wide average total selection              

coefficients, was strongest towards the environmental limits of the species, i.e. in hot (annual              

temperature, Spearman’s rank correlation rho=0.62, ​P​<10​-16​), dry (annual precipitation, rho=-0.457,          

P​=10​-27​), and high evapotranspiration locations (actual evapotranspiration in August, rho=0.86,          

P​<10​-16​) ( ​Fig. 3​B-C, ​Table SI.11​). High selection intensity coincided with locations where natural lines              

have a lower-than-average ratio of nonsynonymous to synonymous polymorphisms ( ​Fig. 3​E,           

r=​-0.276, 3x10​-10​, ​Fig. SI.14​), high local genetic diversity (rho=​0.187​, ​P​=2.63x10​-5​) and elevated             

Tajima’s D (rho=​0.161, ​P​=3x10​-4​). Various demographic scenarios could partially explain some of            

these patterns in isolation, i.e. bottlenecks can reduce the nonsynonymous polymorphisms due to             

they are typically at low frequency or high diversity might be found in old, large populations. These                 

patterns are, however, congruent with stronger selection having acted more efficiently over            

nonsynonymous mutations. In addition, high diversity could also be driven by strong natural             

selection fluctuating over time, with alternative polymorphisms having been selected in each            

period ​40​. To test that we inspected precipitation data​39 from 1958 to 2017 revealed that locations               

where we had inferred strong selection, low nonsynonymous substitutions and high diversity also             

suffered from highly variable climate (rho=0.22, ​P​<8x10​-7​; ​Fig. 3​F). The overlap of temporal climate              

stochasticity and climate extremes has a number of evolutionary consequences, namely the            

interruption of adaptive walks towards theoretical optimums ​41​, the maintenance of multiple           

genotypes per population ​40​, and the evolution of bet-hedging strategies ​42​. Therefore these findings            

also highlight the importance of temporal resolution in climate databases for ecological predictive             

models. All in all, we did not find evidences that the warm edge of the geographic distribution of ​A.                   

thaliana ​is limited by an increase in drift that causes lowly diverse small populations to accumulate                

nonsynonymous deleterious mutations, as some theories propose​43​. Rather, our observations and           

predictions ( ​Fig. 3 C, E and F) indicate that a the species’ warm geographic limit is primarily defined                  

by the environmental tolerance limits, where climate-driven natural selection is the limiting factor             

for the survival of individuals and populations outside their range edges ​44​. 

 

A sudden change in climate and increased climate variability​45,46 will obviously increase the             

magnitude of natural selection. Using climate projections of 2050 as a proxy for potentially abrupt               

changes in local climate (Intergovernmental Panel on Climate Change, ​www.ipcc.ch ​, ref. ​5,36​), we             
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predict that selection intensity will likely increase in much of Southern-Central Europe, with an              

expected decrease in annual precipitation and increase in annual temperatures ( ​Fig. 3​D, ​Fig. SI.3​,              

SI.10​). To enable comparability across locations, our metric of selection intensity is by design              

standardized based on the same reference set of 515 accessions representing the whole species              

diversity. Therefore, it can be interpreted as the fraction of the species diversity suitable for survival                

and reproduction in a given environment, or as the magnitude of allele frequency changes and allele                

fixations in response to a single generation of selection ( ​Fig. 3​C-D, for a discussion on pitfalls and                 

interpretations see ​Supplemental Appendix I section VII.3​). Local populations, however, typically           

consist of more closely related lines that harbor only a subset of genetic variants, which may put                 

these populations either in a better or worse position to respond to future climate than our global                 

set of more diverse lines. We therefore looked for SNPs predicted to change most strongly in                

selection under the 2050’s projected climate (fitness advantage or disadvantage changed over 5%),             

and evaluated whether the allele positively changing in selection is the one locally present or rather                

the opposite. We found that most local alleles will become more negatively selected if climate would                

suddenly change ( ​Fig. 3​G, ​Fig. SI.13​). We therefore predict that many native populations —              

specifically those in transition zone from the Mediterranean to Temperate regions ​47 — could suffer a               

negative demographic impact due to a diminished degree of local adaptation and an increased              

intensity of natural selection. As Southern Mediterranean populations are already locally adapted to             

low precipitation regimes, gene flow from those could catalyze evolutionary rescue of more             

vulnerable, central populations ​48​.  

 

Conclusion 

The expected changes in climate during the 21​st century will threaten the survival of many species.                

Because the distribution of genetic diversity is so well characterized in ​A. thaliana ​, we have used it to                  

address the challenge of predicting the effects of climate-driven natural selection over genomic             

variation across a species’ range. Integration of genome-climate associations with direct fitness            

observations allowed us to build models that predict selection at the genetic level rather than mere                

probability of presence/absence of variants. This information enabled us to infer range-wide            

evolutionary risk in the face of rapid climate change. The first two steps in our project, assembling a                  

worldwide collection and genome sequencing of diverse lines, are in reach for many species of               

plants. A greater challenge is generating fitness data, but this can be partially solved by identifying                

particularly informative field sites — as we have done in our study – and by exploiting the immense                  

technological progress in grassland, forest, or farm monitoring at different scales ​49,50​. Combining            

such observations with our new genome-wide environment modeling approach will help us to fully              

incorporate evolution into predicting the impacts of climate change on biodiversity. 
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SUPPLEMENTAL APPENDIX I: ​Extended statistical     

methods for “A map of climate-change driven natural        

selection in ​Arabidopsis thaliana ​” 
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I. 1001 Genomes Project data 

 

We used VCFtools v.0.1.12b (ref. ​51​) to subset and filter the 1001 Genomes VCFv4.1 (available at:                

http://1001genomes.org/data/GMI-MPI/releases/v3.1/ ​). We used vcftools with the flags: --maf 0.01         

--max-alleles 2 --min-alleles 2 --max-missing 0.95. The resulting high-quality dataset was a genome             

matrix of 515 individuals by 1,353,386 variants for which we did not impute the small number of                 

missing data points. 

 

We annotated the 1001 Genomes VCF using the package SnpEff 4.3p (ref. ​52​). We then               

manually curated a set of eight categories of variants: intergenic, intron, UTR3, UTR5, exon,              

synonymous, nonsynonymous, exon noncoding.  

 

II. F​​st​​ and selective sweep signatures from polymorphism data 

 

We used the genetic groups previously defined for the same accessions ​11 and computed using               

PLINK version 1.9 (ref. ​53​). We also used PLINK to calculate and Tajima’s D using PLINK in windows                   

of 100 SNPs across the genome.  
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We used SweepFinder2 (ref. ​35​) to scan the genome for deviations of the Site Frequency               

Spectrum (SFS) that might be caused by selective sweeps. We used all 11,769,920 biallelic SNPs from                

the 1001 Genomes Project (without the filters of 1% MAF and maximum missing data of 5%, which                 

were applied to generate the variants used in the GWA [see ​section V ​]). 
 

II.1 Geographic proxies of diversity metrics  

In order to estimate and a proxy of Tajima’s D at a regional scale, we used the 4 closest                    

neighbouring accessions in our set (same patterns were observed with different sets of neighbours              

within a geographic area of 5° latitude-longitude radius), and computed the total number of              

polymorphisms P in the subset and the sum of all pairwise Hamming differences, H. Then we                

calculated ,  and the proxy of D as: 

  

 

 

 

Where is the genome size, are all SNPs with full information that were used to                 

count polymorphisms and distances, and are all SNPs of the genome matrix. In the               

denominators, 6 is the number of pairwise comparisons of four genomes, and 1.8666 is the               

harmonic number of 4. Although D is normally divided by the standard error, we only wanted to rank                  

our natural lines so we used the difference between  and  as a proxy of D. 

 

III. Heritability of fitness 

 

To estimate how much variance in fitness is related to the genotypes of the lines, we used                 

generalized linear mixed models using the R package MCMCglmm (ref. ​54​). We used fitness estimates               

per replicate and, appart from including the natural line ID, we controlled for block (growing tray)                

and position within the block (longitudinal, latitudinal, and the interaction). As this is a Bayesian               

approach, we used flat priors, we used 10,000 MCMC steps, a burnin of 10%, and confirmed that this                  

was sufficient for convergence of the chain. For survival proportion we used a Binomial link, for                

number of seeds we used a Poisson link, and for the combined lifetime relative fitness we used a                  

Gaussian link. The mode and 95% Highest Posterior Density of the posterior distribution of each               

random effect were extracted ( ​Table SI.3​).  
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IV. The special case of fitness GWA and the consequences of natural selection in              

allele frequencies 

IV.1 Natural selection on correlated genotypes 

 

Genome-Wide Association (GWA) approaches were first used in the quantitative genetics field to             

study common human diseases, with the main aim to determine a limited number of most               

important loci that ultimately would have clinical or other utility — strongly favouring true positives               

and neglecting false negatives ​55​.  

 

Genome-Wide Association (GWA) approaches, which were first developed by quantitative          

geneticists to identify loci responsible for human diseases ​55​, have been applied in recent years in               

other disciplines such as functional ecological genomics. This, for example, helped identifying            

important loci controlling ecologically relevant traits such as animal coat color or flowering time in               

plants ​56,57​. For a number of organisms, it is also possible to directly measure lifetime fitness of an                 

individual. This opens an opportunity of linking quantitative genetics, where the focus is the              

identification of the most important genetic players of a phenotype, with population genetics, where              

the focus is understanding how populations genetically change over time. The link here is because               

variation in fitness cannot be treated as a nuisance of developmental noise, but, if heritable, it all has                  

consequences in changing the allele frequencies of the population. Recently, in a seminal paper,              

Gompert and colleagues ​27 discussed how one can borrow methodological advances in linear model              

and statistical software used in GWA to carry out genome-wide scans of selection when individual               

fitness is available, and discuss thoroughly the subtle differences in interpretation of GWA estimates              

in contrast to phenotypic GWA effects. 

 

In their paper, Gompert et al. begin by comparing fitness—SNPs with fitness—phenotype            

associations, as a large body of theory already exists to understand the different aspects of               

phenotypic natural selection. The most used approach to quantify natural selection on multiple             

phenotypes comes from Arnold & Lande's classic Evolution paper "The Measurement of Selection on              

Correlated Characters"​58​. From their manuscript, the formulation of ​total selection over a trait is               

represented by: ; where is the relative fitness (absolute lifetime fitness divided by              

the mean fitness of the population). Because other phenotypic traits can covary with , one cannot                

be sure from this approach that all the selection experienced by is from direct effects, but a sum                   

of indirects effects from other traits: ; where represents the ​direct             

selection and can be calculated as , where is the n-dimensional variance-covariance             
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matrix. Gompert et al discuss that the same approach can be applied to genetic loci instead of                 

phenotypes. This framework is interesting, as it is often the case that alleles of multiple SNPs in the                  

genome are also correlated, that is, they are in linkage disequilibrium.  

 

Gompert et al. discuss that different GWA models might also allow to calculate total and               

direct effects of selection over SNPs (although this requires solving some additional problems as the               

large amount of SNPs to compute associations with, which can be solved with advanced GWA               

approaches). We can consider the most simple case, where there are two SNPs, and . For                 

mathematical convenience we assume that the response variable fitness, , as well as the              

predictors, are mean centered and variance scaled. From the univariate approach, where the effect              

of a SNP  is estimated marginally or independently from , the total effect in selection would be:  

  

The same calculation would be repeated for SNP . In a multivariate regression framework,              

the regression coefficient, called conditional or partial coefficient, , is corrected by the correlative              

indirect effect of the other predictor, . In this way, effects driven by linkage disequilibrium to                

another loci are removed from , so that only direct effects are measured. The formula would be                 

as: 

 

 

Sensu Gompert et al., would capture the “total selection” and thus can be called a “total                 

selection coefficient”, as it is in essence $$\beta ~ s = w_11 - w_00$$, where $$w_11$$ and                 

$$w_00$$ represent the true (noise-free) fitness of a plant carrying an alternative allele at the giving                

SNP. On the other hand, corrects out indirect (or linked) effects, thus can be called “direct                 

selection coefficient”.  

 

Gompert et al. use the statistical GWA package GEMMA (ref. ​33​), to being able to compute                

the above coefficients efficiently for thousands to millions of SNPs. 

 

GEMMA implements a single-marker ​marginal linear models GWA (LM) of the form:            

; This provided us with allele effects, , on relative fitness per SNP. We also run in                 

GEMMA a ​Bayesian Sparse Linear Mixed model GWA (BSLMM), to calculate direct accurately             

pinpoint casual positions. This model accommodates both poly- and oligogenic architectures and by             

jointly fitting all SNPs (n=1,353,386) it statistically corrects for LD arising from population structure              
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and/or low recombination. It models two effect hyperparameters, a basal effect, , that captures              

the fact that many SNPs contribute to the phenotype, and an extra effect, , that captures the                 

stronger effect of only a subset of SNPs. An internal parameter measuring the probability of having                

another extra effect, , can be used to prioritize SNPs. In BSLMM the overall effect of an allele is                  

, which in the simplistic example above corresponds to the . The full model              

specification is: 

;  

 ; 

; 

 . 

The BSLMM model is also used to calculate the proportion of variance explained (PVE or               

‘chip heritability’). To do this, we used the last 1,000 samples of the MCMC chain and calculated the                  

95% Highest Posterior Density Interval (95% HPD), for which we report the median and the 2.5% and                 

97.5% percentiles. The BSLMM model is an improvement over the classic ​GBLUP or kinship-based              

(population structure correction) GWA​, a form of linear mixed model where one corrects-out             

population structure or general relatedness between individuals by having the random effect term              

with a given covariance structure that is the kinship matrix , therefore the calculated is                

conditioned on genomic background effects: 

; 

 

 

 

The two estimates above, the direct (or conditional) effect , and the total effect (or ), provide                  

thus differently useful insights on the nature of selection. As already argued in Gompert et al. and                 

othres, it is the total selection coefficient, , that best predicts the change in population allele                

frequency in one generation as a response to selection. We show this with simulations in the next                 

section. 

 

IV.2 Proof-of-concept simulations on the importance of total selection coefficients 

 

To illustrate the differences of GBLUP (population structure corrected) GWA or marginal GWA when              

using fitness, we carried out simulations ( ​Fig. SI.15​) (for step-by-step code and intermediate plots              

see ​https://github.com/MoisesExpositoAlonso/selectioncorrelatedgenotypes ​).  
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We began by subsetting our dataset of 515 genomes of ​A. thaliana to 1000 SNPs from                

chromosome 1 (to keep intact the linkage structure. Note: results also hold simulating a genome               

matrix with random linkage). We then simulated 1000 selection coefficients following a Normal             

distribution with mean zero and standard deviation 0.1. To get the fitness of a plant of genotype ,                  

we sum selection coefficients along the genome as: ; where would indicate whether              

the haplotype has the reference (0) or alternative allele (1) in the given SNP (we generated some                  

artificial noise so heritability would be 0.9; conclusions hold the same with intermediate heritability).              

We then inferred ​total selection coefficients using marginal GWA and ​direct selection coefficients             

using GBLUP GWAs. Our results comparing true and estimated effects show how even when we               

attempt to estimate ​true (direct) selection coefficients by the GBLUP method that tries to correct by                

background effects, we largely fail ( ​Fig. SI.15​A). It is also important to notice that the estimates from                 

GBLUP GWA are one order of magnitude smaller than the true values. Because the architecture of                

fitness here is rather polygenic and SNPs are in linkage, most of the fitness variation is assigned to                  

the kinship term in the GBLUP GWA rather than to specific SNPs. In agreement with this the                 

kinship-based random effect accumulates 99% of the true heritability ( = 0.89). In our              

field experiment, we also saw high values of kinship-based heritability (our median h ​2 was 0.7; ​Table                

SI.2​). 
 

As discussed earlier, if interest is in the ​consequences of natural selection in allele              

frequencies rather than ​true (direct) selection coefficients ​, total selection coefficient are the            

adequate approach. To show this, we run a individual-based simulation, drawing genotypes            

proportionally to their relative fitness to generate the population of offspring one generation after              

selection (with constant population size). We then compared the change in frequency in the              

simulated population with the marginal GWA and GBLUP GWA estimates. Because allele frequency             

changes are driven by both direct and indirect selection pressures, the marginal GWA estimates              

correlate best with the changes of frequency in one generation ( ​Fig. SI.15​B). In fact, we can try to                  

predict directly the change in frequency in one generation ( ) if we not only use inferrred                

selection coefficients but also the original starting frequency, as the change is proportional also on               

how frequent is an allele originally: . Plugging in the marginal GWA and GBLUP              

GWA estimates into the equation we show that marginal GWA estimates allow prediction of allele               

frequency change with accuracy of R​2​=0.97, while GBLUP GWA estimates perform poorly, R​2​=0.08             

( ​Fig. SI.15​C). 

 

A theoretical concern of studying total selection coefficients rather than direct selection            

coefficients is that the first are thought to be contingent on the specific allele frequency and linkage                 
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structure of the population of analyzed; something that is allegedly ameliorated if one corrects by               

population structure with GBLUP GWA. Therefore, it is common to think that GBLUP GWA estimates               

are more informative if one aims to extrapolate findings across populations. Purposedly, our             

experimental population of 515 accessions (subset of the 1001 Genomes Project) aimed to maximize              

geographic as well as genetic coverage of the species so interpolations to smaller, less diverse               

subpopulations, would be possible.  

 

We then studied to what degree measurements of natural selection hold across populations,             

we selected 50 Spanish genotypes out of the 515. Spanish are known to belong to very distinct                 

lineages. We then run the one-generation individual-based simulation to compute allele frequency            

changes in the 50 Spanish accessions. We then plugged again the marginal and GBLUP GWA               

estimates calculated in the 515 genomes into the equation ​and correlated them               

with the simulations ( ​Fig. SI.15​C). We showed that marginal GWA effects calculated in the 515               

genomes panel also predict well the frequency changes after selection in the 50 genomes subset               

(R​2​=0.85; for GBLUP GWA R​2​=0.04) (We also confirmed our conclusion with other subset             

populations, such as 10 Spanish accessions or 10 low diverse USA accessions). 

 

IV.3 Further notes on the interpretation of population structure  in wild species 

 

Much of the discussion in the previous section is about the special interpretation of fitness marginal                

GWA estimates as total selection coefficients, which have the property of predicting allele frequency              

changes. Oppositely, there is not much insight gained from marginal GWA estimates for phenotypes,              

where we advocate some type of population structure or linkage disequilibrium aware GWA             

approach (e.g. refs. ​11,59​). Nevertheless, it is worth pointing out that there are two other reasons in                 

favour of applying kinship-correction in GWA studies in humans and breeding with no clear analogy               

or interest for wild species: 

 

1) Human genome-wide association are based on data collected typically in different countries,            

where individuals were born and rise in different health systems, cultures, and or other              

environmental inputs. Because those inputs are correlated with spatial location and genetic            

ancestry of human populations, the population structure correction also corrects for this            

structured environmental confounder. In experimentally-tractable wild species, such        

confounders are avoided by controlled experiments and replication; otherwise, if data           

comes directly from field observations as in humans, population structure correction is            

paramount.  
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2) In crop and animal breeding, correcting for family or population structure in associations is              

also highly interesting to avoid pleiotropic effects of markers during marker-assisted           

breeding. As in clinical cases, the aim for GWA here is to prioritize a small subset of true                  

positive, unlinked markers. Because different breeds or varieties might differ in a variety of              

traits, genetic variants associated to breed or variety background are not reliable for             

breeding. In wild species, this case might apply if one wants to follow up a GWA hit for                  

molecular characterization and genetic engineering with no side-effect phenotypes. 

 

In wild species, there might be cases when population history and differentiation coincides with              

historical events of adaptation. This can challenge the use of population structure correction to              

correctly identify valuable SNPs, as much of the true positive SNPs will be positively correlated with                

historic population lineages and thus a lot (if not most) of the important variation will be assigned to                  

the kinship factor. In those cases, it is up to the researcher to decide what is the best method in a                     

case-specific manner. Some approaches such as the BSLMM approach tries to solve background             

effect confounders more elegantly than the kinship approach. Another potentially useful approach            

when a trait is expected to be directly associated with a population ancestry is admixture               

mapping​11,60​. 

 

IV.4 Trade-offs of selection 

IV.1.1 Across field experiments 

In order to test the two most prevalent hypothesis of local adaptation driven by selection trade off,                 

conditional neutrality vs antagonistic pleiotropy​21,37,61​, we do pairwise comparisons of total selection            

coefficients in two environments. We devised two tests: The first test discriminates between             

pleiotropy (selected either in the same direction or in different directions) and conditional neutrality              

(only selected in one environment). We use the extreme 5% selection coefficients at each tail, similar                

following Anderson et al. ​61​ to generate the contingency table: 

 

Not selected Selected in Spain  
(5% left and 5% right tails) 

Selected in Germany 
(5% left and 5% right tails) 

Selected in both environments 
(both 5% left and 5%  right tails) 

 
Because this test does not distinguish between those pleiotropic variants that are selected in              

opposite directions (antagonistic pleiotropy) or in the same direction (non-antagonistic or synergistic            
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pleiotropy), we do another test only for the direction of those variants selected in both               

environments: 

 

Negative in Spain 
Negative in Germany 

Positive in Spain 
Negative in Germany 

Negative in Spain 
Positive in Germany 

Positive in Spain 
Positive in Germany 

 
We report the Odds Ratio for both tests ( ​Table SI.5​) as well as the Spearman’s rho correlation                 

between each pair of environments ( ​Table SI.6​). 
 

IV.1.1 Across life history stages 

Calculating total selection coefficients for survival and fecundity separately, we found no correlation             

between survival-only and fecundity-only estimates (r<0.07, ​Fig. SI.4-5​), consistent with different           

stages of a plant being differentially affected by environmentally imposed selection ​6263​.  

 

IV.5 Intensity of selection 

The distribution of absolute total selection coefficients, , has a shape resembling that of an               

exponential function. We calculated the expected rate using Maximum Likelihood optimization in R,             

which can also can be approximated as the inverse of the mean: 

.  

For this, we use or the mean of as a metric of the overall intensity of selection (Fig. 1B,                     

Fig. 3D). 

 

V. Climate Genome-Wide Association 

Similarly to our GWA with relative fitness, we run a GWA with each climate variable (see ​Section                  

VII.1​) as response variable  in a LM model using GEMMA (ref. ​33​, see ​Section V ​): 
; 

This coefficient for SNP , which reflects the correlation of the alternative allele’s              

presence and a climate variable, was used later in our predictive models ( ​Section VIII​). As this is a                  

raw correlation between allele presence and climate variables, it will capture both past signatures of               

climate adaptation and historic population migration and differentiation, and is only used to capture              

how environmentally separated are typically found the two alleles of a SNP. 
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VI. Climate and modeling 

VI.1. Climate layers 

We used the classic bioclim variables (n=19), plus monthly data of minimum and maximum              

temperature, and precipitation (n=12 x 3) ( ​worldclim.org​). From these we estimated monthly            

evapotranspiration rates using the R package EcoHydRology v. 0.4.12 (ref. ​64​) and actual monthly              

evapotranspiration using a bucket model ​65 (n=12 x 2). Based on ref. ​15 we calculated whether ​A.                 

thaliana ​can grow in a given month based on temperature and precipitation (n=12), and derived               

from this the length of the potential growing season (n=1). Over the potential growing season, we                

calculated minimum and maximum temperature, and total precipitation (n=3). Finally, using the            

mean and variance flowering time (=lifespan) across all our field experiments per accession, and              

based on their climate of origin using the above variables, we used an environmental niche model to                 

generate a map surface of the most likely plant lifespan (n=2). This provides an estimate of the                 

actual growing season, which we subtracted from the potential growing season to generate one              

more composite variable (n=1). Each variable is further described in ​Table SI.9​. A total of 98 raster                 

layers are available as .gri/.grd files (native R format) from:          

github.com/MoisesExpositoAlonso/araenv, with doi:. 

 

VI.2. Environmental Niche Models 

Genome-wide Environmental Niche Models (GEMs) were fit using decision trees with           

presence/absence of SNPs as response variable and the climate variables described in the previous              

section and latitude and longitude as predictors as described previously​11​. To fit the models we used                

an Stochastic Gradient Boosting approach with the R package caret (ref. ​66​). The parameters used to                

fit the model were: 50 decision trees, an interaction depth of 2, a shrinkage of 0.1, and a minimum of                    

observations at end nodes of 10. This set of parameters was determined after running our GEMs for                 

some exemplary SNPs and confirming that this set was typically optimal for reducing residual-mean              

squared error in a Repeated Cross-Validation approach.  

 

We used these models to predict from raster maps of the climate layers a probability               

between 0 and 1 that the alternative allele was in a map cell. We judge this as a more appropriate                    

output than a discrete 0/1 outcomes, as sometimes alleles were widespread or at intermediate              

frequencies in many regions and thus their environment niche was not strictly defined.  

 

Areas outside the high-density areas of ​A. thaliana ( ​Fig S.I.1​) were excluded from the GEM               

training and projections, as our information of populations, for instance, from Siberia is limited.              
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Nevertheless, the few samples there had a relatively high fitness in Spain and low precipitation               

( ​Dataset 3​). 
 

VI.3. Climate variability 

To study spatial climate variability, for each ​A. thaliana natural line, we extracted the 19 bioclim                

variables ( ​Table SI.9​) in a 50 Km buffer where they were originally collected from and calculated the                 

coefficient of variation (CV) across grid cells. 

To study temporal variability, we used climate data​39 from 1958-2017 to calculate annual             

precipitation values for each population, from which we in turn derived the inter-annual CV.. 

 

VII. Predictions of total selection coefficients from sequence features and          

environment of origin 

VII.1 The model 

We used a decision tree approach with Random Forest using the R package randomForest (ref. ​67,68​)                

to predict the vector (n=1,353,386) of GWA results with relative fitness in one environment, which               

we call total selection coefficients , from a 1,353,386 x 98 matrix of GWA associations with climate                 

variables, ( ​Table SI.9​, ​section V ​). We also included as predictors a 1,353,386 x 5 matrix, , of                  

genetic diversity and frequency metrics: minimum allele frequency, diversity, Tajima’s D, selective             

sweep likelihood ratio, and selective sweep alpha value ( ​section II​). In addition, we included as               

predictors a 1,353,386 x 8 matrix of non mutually exclusive variables taking values of 0 or 1                  

indicating genomic annotations: intergenic, intron, UTR3, UTR5, exon, synonymous,         

nonsynonymous, exon noncoding ( ​section I​). A total of 112 variables were thus used as predictors:               

. In the cases where we trained models with two environments, we also included              

the 2 x 98  climate variables at our field stations: . 

VII.2 Genome-wide cross-validation 

Because training a Random Forest with the full dataset would be computationally expensive, we only               

trained with 10,000 observations (with smaller and larger SNP sets, we had determined that training               

with more than 10,000 observations did not improve predictions). To test accuracy and bias we used                

a different set of 10,000 SNPs, divided into 100 bootstrap samples, and we report the intervals of the                  

95% bootstrap distribution. The results presented in Fig. 3 were produced with 10,000 randomly              

drawn SNPs across the genome. To confirm that there was no confounding from non-independent              

samples in the training and testing SNPs, we repeated all analyses, training with 10,000 random SNPs                
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from chromosome 1 and testing with 10,000 random SNPs from the four other chromosomes. There               

were no substantial changes in predictability. 

 

Several combinations of training and testing were performed to validate the predictions of             

“unobserved” environments ( ​Table SI.8​).  
 

VII.3 Note on interpretations and limitations of GWES 

 

As in any predictive exercise, our geographic projections of intensity of selection have limitations              

(discussed below). We nevertheless firmly believe that they are indispensable to move forward in              

the field of forecasting climate impacts. Models such as ours are tremendously useful for subsequent               

experimental validation (as we are currently doing through an experimental evolution network:            

GrENE-net.org​) or with ​in situ observations collected as we move into the future (e.g. ​iNaturalist.org​,                

iSpot.org​). This iterative prediction ↔ validation process will be key to advancing the complex field of                

predicting the effects of climate change on biodiversity. 

 

Below we discuss a list of points describing potential pitfalls of the GWES, and what is their 

interpretation. 

 

A. Selection is a “relative force”. The selection of an allele depends on the other alternative               

allele, and at what frequency both are found. Thus, the exact value of total selection               

coefficients might vary depending on the GWA panel. A ​reductio ad absurdum case would be               

that of a GWA panel where many specific positions in the genome allegedly under selection               

in other population, are invariant. Therefore, in such a case one could not calculate total               

selection coefficients for that invariant site, although that does not mean the population is              

not under natural selection, which could lead to extinction if only disadvantageous alleles             

present. As we discuss in ​Section IV.2 and show with simulations in ​Fig. SI.15​D, by using a                 

diverse reference GWA panel to calculate total selection coefficients, we can interpolate to             

subset populations. Therefore the GWES projections are useful for relative trends of            

selection in the species across its geographic range. 

B. Our GWES projections are not long-term population projections.  

C. Short-term total selection coefficients (over one generation, ecological times) do not           

necessarily reflect long-term selection coefficients (i.e. over evolutionary times), which are           

an integration of selection events over time. 
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D. Over longer timescales, immigration of genotypes, admixture, and recombination, can alter           

the efficiency of selection. 

E. Demographic dynamics are ultimately determined both by natural selection and stochastic           

demographic forces (drift). Therefore, the knowledge of total selection coefficients in a            

generation is necessary but not sufficient to determine the fate of a population over multiple               

generations. To do so, explicit demographic models are needed which also take into account              

nuances such as bet-hedging strategies like seedbanks, and overlapping generations. 

F. We used climate projections of 2050 (of different CO ​2 ​scenarios and years) to feed into the                

GWES models only as proxies of plausible magnitudes of climate change. Demographic            

processes year to year will interact with the local gradual or stochastic changes in climate               

and ultimately determine the extinction or persistence of populations. A useful way to think              

of our climate projections from models trained in the warm edge (Spain) and the distribution               

center (Germany), is to think how climate change might put German populations under             

similar selection pressures to Spain. 

 

VIII. Re-analysis of published data from common garden experiments  

VIII.1 Environment cross-validation 

In order to cross-validate our model on independent environments, we re-analyzed published data.             

This approach is an environmental cross-validation on top of cross-validation of SNPs. That is, we               

train in a subset of 10,000 SNPs in Spain and Germany, and test our model in another subset of                   

10,000 SNPs using the previously-published experiments of Spain, Germany and England ​37,38​. For a             

conceptual diagram of predictability (and extrapolability) validation with external common garden           

experimental datasets, see ​Fig. SI.11​. Note that a partial overlap of natural lines and genomic data is                 

required for the following re-analysis (predictions on common gardens with recombinant inbred            

lines or non-overlapping natural lines would require further adjustments in our approach). 

 

VIII.2 Manzano-Piedras et al. 2014 

Manzano-Piedras and colleagues ​38 planted exactly 60 seeds per line in pots. They monitored how              

many plants established at the rosette stage and later on became reproductive adults (survival              

proportion). From these, they counted the number of fruits per pot and divided them by the number                 

of reproductive adults (reproduction, seed set). We computed lifetime fitness as the product of              

survival and reproduction. 
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VIII.3 Fournier-Level et al. 2011 

Fournier-Level and colleagues ​37 germinated seeds in greenhouses, and two weeks after germination            

(established seedling stage), they transplanted seedlings to outdoor field stations where one plant             

was transplanted in one pot. They counted how many transplanted seedlings survived to             

reproduction (partial survival proportion), and the number of fruits per plant (reproduction, seed             

set). We again computed lifetime fitness as the product of partial survival and reproduction. 

 

We excluded the experiment in Finland in downstream analyses because only 58 natural             

lines were planted there in the original publication ​37 and because later we verified the imputation               

accuracy was very low (Pearson’s r<0.008). 

 

VIII.4 1001 Genomes x RegMap panel phenotype imputation 

The 1001 Genomes panel ( ​http://1001genomes.org/ ​, ref. ​25​) includes 1,135 natural lines with            

11,769,222 biallelic SNPs from Illumina sequencing. The RegMap panel         

( ​http://arabidopsis.gmi.oeaw.ac.at:5000/DisplayResults ​, ref. ​9​) included 1,307 natural lines with        

214,051 biallelic SNPs from array hybridization. The two populations shared 413 lines. Of these, 185               

were shared with the 515 lines used in the field experiments.  

 

Of the 157 accessions of Fournier-Level ​et al. ​, all were part of the RegMap panel, 89 were                 

part of the 1001 Genomes, and 50 overlapped with our lines. Of the 279 accessions of                

Manzano-Piedras ​et al. ​, 150 were part of the 1001 Genomes, and 131 overlapped with our field                

lines. 

 

Because fitness is heritable, we tried to impute missing data based on the overall genomic               

relationships among all of the 2,029 natural lines belonging to 1001 Genomes and RegMap panels.               

After downloading and transforming the RegMap dataset to PLINK format, we overlapped            

genome-wide SNPs and filtered them for a genotyping rate of 95%, which yielded 154,090 biallelic               

SNPs. Given the linkage disequilibrium and genome size of ​A. thaliana ​, this easily suffices for               

generating a relationship matrix (related to a kinship matrix), which we computed using the R                

package rrBLUP (ref. ​69​). The data of survival, reproduction, and lifetime fitness was an average per                

genotype, so we fit a classic GBLUP: ; where is the fitness trait of interest, is a                   

design matrix of genotypes and is a random effect factor with covariance matrix equal to the                 

relationship matrix . Heritability of traits and imputation accuracy from the           

Manzano ​et al. ​ and Fournier-Level ​et al. ​experiments is given in ​Table SI.10​.  
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VIII.5 Sanity checks for imputation and geographic predictions 

We carried out sanity checks to ensure that the imputed fitness from other experiments was not just                 

an artifactual phenotype with the same structure as the relationship matrix. This would mislead us to                

think there is predictability, as we would expect that total selection coefficient calculated in such               

artifactual phenotype would depend on population structure and thus would likely be predictable             

from climate structure alone.  

 

We shuffled the genotype identities from Fournier-Level ​et al. and Manzano-Piedras ​et al.             

with their fitness values. Then we repeated the GBLUP analysis with 50 rounds of shuffling and                

computed heritabilities and prediction accuracies. We confirmed that heritability with shuffled data            

was negligible (1x10​-9​<h ​2​<1.6​-3​) and so was the accuracy of imputation (-0.047< r <0.070). This              

indicated that in the absence of true heritable variation, imputation of fitness would be random and                

not an artifact of the relationship matrix. 

 

We also were concerned that geographic predictions could be driven by some underlying             

bias in our analyses, i.e. bias inherent to geographic sampling, population history of genotypes              

chosen, etc. In other words, we were concerned that the null expectation of predictability would be                

non-zero. As before, we randomized fitness values with genotypes for all six environments             

(Fournier-Level ​et al. ​, Manzano-Piedras ​et al. ​, and ours). Then, we repeated the GWA to estimate               

total selection coefficients (as Fig. 1), and trained different combinations of GWES models to              

re-predict total selection coefficients at each location based on climate (as Fig. 3). We confirmed               

that, differently from the analyses of real data presented in Fig. 3, there was no significant                

predictability ( ​Fig. SI.12​).  
 

VIII.6 An explanation for “inverse predictability” 

We noticed that using only our two experiments for model training, there was “inverse              

predictability” for the three experiments from ref. ​37​. While the sign of inferred total selection               

coefficients was the opposite of the observed values (-0.33<r​cv​<​-​​0.51, ​P​<0.001), the magnitude of             

selection was correctly inferred (15%<R​2​cv​<25%, Fig. 3A). Such a phenomenon could arise for several              

reasons and has already been observed in studies with evolving ​Drosophila populations where             

seasonal environments vary from year to year​70​, as well as in timema insects ​71​. In our case, the                 

worldclim.org climate averages (1960-1990) at 2.5 arc-minutes resolution might strongly deviate           

from the truly experienced environmental conditions in the years the experiments were conducted.             
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Such climate variability can exert opposite selection in different years ​72​. Second, differences in             

experimental design could lead to different lifetime fitness estimates. In the Fournier-level ​et al.              

experiments, early survival of seedlings was not measured at all, as only seedlings that had survived                

for two weeks in the greenhouse were transplanted into the field. In the Southern Spain experiment                

from Manzano-Piedras ​et al. ​38​, seeds were sown directly in the field, as in our own experiments, and                  

accordingly, we had “positive predictability” (r=0.24, Bootstrap CI=​0.09—0.41​). In further support of            

this experimental design confounder, when we trained GWES models with only reproduction-based            

total selection coefficients in our experiment of high precipitation in Southern Germany, i.e.,             

excluding early survival from lifetime fitness, we correctly predicted the sign of total selection              

coefficients in Fournier’s Northern Germany experiment (r=0.392, Bootstrap CI= 0.20—0.57) (for null            

expectations see ​Supplemental Methods IX.4​).  
 

The differences in predictions between two- and six-environment-trained models did not           

yield differences in downstream conclusions from Fig. 3 (correlation between predictions, r=0.56,            

P​<10​-16​), but predictability increased with the number of experiments included in the training set (6               

environments, r= 0.746 [Bootstrap CI= 0.667— 0.800], R ​2​= 0.517 [0.445—0.640]).  

 

We preferred to show geographic predictions (Fig. 3) with GWES trained with our two              

environments so we only rely on highly-replicated fitness estimates from over 500 accessions that              

were grown in carefully controlled precipitation and temperature environments. 
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SUPPLEMENTAL FIGURES I 

Figure SI.1. Map of abundance of ​​Arabidopsis​​ samples 

 

Points indicate the locations where the 517 ​A. thaliana accessions were collected. The color gradient               

is the density of samples from our study in squares of approximately 200 km x 200 km. The limits of                    

the colored area were determined using a combined density grid from ​gbif.org and ​1001 Genomes               

records. The density was generated in a grid of 125 min resolution and by applying a bilinear and                  

then Gaussian smoothing. The threshold was chosen to be the 50% of the upper distribution, which                

roughly corresponds to 10 records per 200 km x 200 km square. Regions outside the colored were                 

excluded from future climate change predictions, as we prefer to make predictions only in regions               

where the presence of ​A. thaliana​ is rather likely and continuous (Fig. 1).  
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Figure SI.2. Environment ranges  

 

 

 

(​A​​) ​Classic biplot of precipitation ​vs. temperature of origin of accessions (black dots) and field               

experiment of Spain (sepia) and Germany (green). Grey box indicates locations where precipitation             

was at least 70% of Spain and no more than 130% of Germany, and where temperature was no less                   

than 70% of Germany and no more than 130% of Spain. (​B​​) Areas that would be within the grey box                    

in (A). Colored population groups based on previously calculated genetic clusters​11​. 
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Figure SI.3. Map of predicted precipitation change  

 

Precipitation during the warmest quarter (bio18, left), and its change predicted for 2070 (rcp 8.5)               

(right) (​worldclim.org​). Black areas indicate regions where precipitation will be lower than any area              

where ​A. thaliana​ has been currently sampled (black dots, left). 
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Figure SI.4. Genome maps of survival 

 

Same as Fig. 1, but only using the survival component of fitness. [Abbreviations: The three characters                

of the codes: MLI, MLP, MHI, MHP, TLI, TLP, THI, TLP; indicate M=Madrid (Spain), T=Tübingen               

(Germany), L=Low precipitation, H=High precipitation, I=Individual replicates (one plant per pot),           

P=Population replicates (up to 30 plants per pot)]. 
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Figure SI.5. Genome maps of fecundity 

 

 

Same as Fig. 1, but only using the fecundity component of fitness. [Abbreviations: The three               

characters of the codes: MLI, MLP, MHI, MHP, TLI, TLP, THI, TLP; indicate M=Madrid (Spain),               

T=Tübingen (Germany), L=Low precipitation, H=High precipitation, I=Individual replicates (one plant          

per pot), P=Population replicates (up to 30 plants per pot)]. 
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Figure SI.6. Trade-offs in survival and fecundity 
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(Fig. S6 continued) 

 

Comparisons of total selection coefficients computed only with the survival component, only with             

the fecundity component, and with lifetime fitness. All environment combinations are plotted:            

Madrid (Spain) and Tübingen (Germany), high and low precipitation treatments, and high and low              

plant density treatments. 
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Figure SI.7. F​​st​​ and empirical selection 
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(Fig. SI.7 continued) 

 

As Fig. 2C, for all environments: Madrid (Spain) and Tübingen (Germany), high and low precipitation               

treatments, and high and low plant density treatments. 
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Figure SI.8. Sweeps and empirical selection 
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(Fig. S8 continued) 

 

As Fig. 2D, for all environments: Madrid (Spain) and Tübingen (Germany), high and low precipitation               

treatments, and high and low plant density treatments. 
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Figure SI.9. Allele frequency and empirical selection 
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(Fig. S9 continued) 

 

Relationships between relative fitness effect, relative fitness effect size, and ​P​-values (calculated            

from GWA with relative fitness) and minor allele frequency of alleles for all environments: Madrid               

(Spain) and Tübingen (Germany), high and low precipitation treatments, and high and low plant              

density treatments. 

. 
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Figure SI.10. Future change in selection for different climate change scenarios 

 

 

Same as Fig. 3G, but for different climate change scenarios. The higher the predicted CO​2 emissions                

(rcp, representative concentration pathway), the stronger the predicted increase in selection           

intensity. 
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Figure SI.11. Field validation conceptual chart 

 

Conceptual workflow on field validation procedure with data from published experiments (​section            

VIII​). 
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Figure SI.12. Null expectation of predictability 

 

 

Same as Fig. 3, but with randomized fitness values associated to genotypes (​section VIII​). We could                

not find any model combination that had non-zero predictability (95% bootstrap confidence overlaps             

with zero). This proof of concept indicates that the predictability we find must have a biological                

basis, in which the combination of climate of origin for a genetic variant and the local climate allows                  

to infer selection over such a variant. 
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Figure SI.13. Change in selection relative to local diversity 

 

 

Same as Fig. 3D, but counting the number of local alleles increasing or decreasing in selection (total                 

n=​10,752 SNPs​). Only changes with more than 5% advantage/disadvantage were considered (defined            

a posteriori​ from Bonferroni-significant alleles, which generated at least 5% effect in fitness).  
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Figure SI.14. Deleterious and neutral mutations across space 

 

Fraction of all genome-wide nonsynonymous (A) and synonymous (B) mutations present in the local              

genotype. (C) Ratio of nonsynonymous and synonymous fraction, i.e. KnKs. Correlation of KnKs with              

degrees longitude, latitude, and precipitation in July (associated to selection intensity in Fig. 3)  
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Figure SI.15. GWA model comparison in a simulation study of selection 
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We simulated fitness of 515 plants that differ in 1000 SNPs (subset of the original 1,353,386 genome                 

matrix used throughout the manuscript) with selection coefficients drawn from a normal distribution             

around zero (more details and code are available at         

https://github.com/MoisesExpositoAlonso/selectioncorrelatedgenotypes/ ​, with DOI:   

https://doi.org/10.5281/zenodo.1408095​). (A) Comparison of simulated (true) values of selection         

coefficients and estimates from marginal GWA and GBLUP-based GWA. In the main text, these are               

called “total selection coefficients” and “direct selection coefficients”, respectively. (B) Genotypes           

were sampled based on their relative fitness values to produce a population one generation after               

selection. Genome-wide allele frequency changes from generation zero (p ​0​) to one generation after             

selection (p ​1​) are compared to marginal and GBLUP GWA estimates. (C) We plug in GWA estimates                

into the theoretical equation of allele frequency change based on selection coefficients,            

, and compare the theoretical and the simulated allele frequency changes in one             

generation. (D) In order to demonstrate extrapolability, we repeated (C) but instead of running the               

one-generation simulation of allele frequency with the 515 genotypes, we do so with only 50               

Spanish genotypes. We repeat again the comparison of theoretical frequency changes based on             

GWA estimates with 515 genotypes, with the simulated allele frequency changes with 50 genotypes.              

All in all, the comparisons above indicate that marginal GWA estimates are appropriate to              

understand the consequences of selection in changing allele frequencies, even when extrapolating            

to other populations with slightly different allele frequencies and linkage. 
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SUPPLEMENTAL TABLES I 

Supplemental tables are available in the online version of the paper x. And are also deposited at                 

Figshare wit doi:  ​https://doi.org/10.6084/m9.figshare.6756836​. 

Table SI.1. Summary of fitness data 

Average survival, fecundity, and lifetime fitness. Total number of genotypes with at least one              

surviving replicate per experiment.  

[Abbreviations: The three characters of the codes: MLI, MLP, MHI, MHP, TLI, TLP, THI, TLP; indicate M=Madrid                 

(Spain), T=Tübingen (Germany), L=Low precipitation, H=High precipitation, I=Individual replicates (one plant           

per pot), P=Population replicates (up to 30 plants per pot)]. 

 

Table SI.2. Heritability of fitness 

Broad sense heritability and the 95% Highest Posterior Density Interval per trait (variance explained              

by line genotype), as calculated from a generalized linear mixed model using MCMCglmm, is              

reported as: . The proportion of variance explained by nuisance factors such as block (tray),               

position of the tray within a treatment block, and position of plant within a tray are reported in the                   

same way. Proportion of Variance Explained (chip-heritability) and the 95% Highest Posterior Density             

Interval per trait, as calculated from a Bayesian Sparse Linear Mixed Model (BSLMM-GEMMA) using              

genotype means per trait and using a kinship/relationship matrix.  

[Abbreviations: The three characters of the codes: MLI, MLP, MHI, MHP, TLI, TLP, THI, TLP; indicate M=Madrid                 

(Spain), T=Tübingen (Germany), L=Low precipitation, H=High precipitation, I=Individual replicates (one plant           

per pot), P=Population replicates (up to 30 plants per pot)]. 

 

Table SI.3. Number of SNPs with significant total selection coefficients 

All significant variants from marginal GWA after FDR and Bonferroni correction and all variants with               

non-zero probability of inclusion from conditional GWA, and sharing of significant variants across             

experiments. 

 

Table SI.4. Expected allele frequency changes in response to selection 

Summaries of allele frequency changes per experiment. 
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Table SI.5. Odds ratio of pleiotropic selection and conditional neutrality 

 

Table SI.6. Correlation of total selection coefficients across environments 

 

Table SI.7. Variable importance of predictive models 

Sharing of significant variants across experiments. 

 

Table SI.8. Predictability of environmental models 

After training GWES models with a set of experiments, we inferred total selection coefficients on               

another set of experiments and compared those with the real total selection coefficients. We              

calculated Pearson’s product-moment correlation r​cv and percentage of variance explained R​2​cv using            

a regression. 95% confidence intervals were calculated with 100 bootstrap replicates.  

[Abbreviations: ml= Central Spain and low precipitation (both high and low plant density treatments              

combined); th= South Germany and high precipitation (both high and low plant density treatments combined),               

Andalucia= South Spain from Manzano-Piedras ​et al. ​(2014), Germany= North Germany from Fournier-Level ​et              

al. ​(2011), Spain= South East Spain from from Fournier-Level ​et al. ​(2011), UnitedKingdom= East England from                

Fournier-Level ​et al. ​(2011)]. 

 

Table SI.9. Description of climate variables 

Climate variables used for environmental models are described and their sources reported. 

 

Table SI.10. GBLUP heritability and imputation accuracy of published field data 

We used GBLUP to impute fitness from Fournier-Level ​et al. (2011) and Manzano-Piedras ​et al.               

(2014) into our 517 global accessions. We report heritability, Pearson’s r between GBLUP predicted              

fitness and real fitness, and the significance of the correlation test. 

 

Table SI.11. Correlation between inferred natural selection intensity and other variables 

Spearman’s rho between selection intensity and diversity metrics or climate metrics is given. 
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SUPPLEMENTAL APPENDIX II: ​A rainfall-manipulation 

experiment with 517 ​Arabidopsis thaliana ​ accessions  
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Lundberg​1​, Vera Middendorf ​1​, Jorge Kageyama​1​, Talia Karasov​1​, Sonja Kersten ​1​, Sebastian Petersen ​1​,           

Leily Rabbani ​1​, Julian Regalado ​1​, Lukas Reinelt​1​, Beth Rowan ​1​, Danelle K. Seymour​1​, Efthymia            

Symeonidi ​1​, Rebecca Schwab ​1​, Diep Thi Ngoc Tran ​1​, Kavita Venkataramani ​1​, Anna-Lena Van de            

Weyer​1​, François Vasseur​1​, George Wang​1​, Ronja Wedegärtner 1​, Frank Weiss ​1​, Rui Wu ​1​, Wanyan Xi ​1​,             

Maricris Zaidem​1​, Wangsheng Zhu ​1​, Fernando García-Arenal 2​, Hernán A. Burbano ​1​, Oliver Bossdorf ​3​,           

Detlef Weigel ​1​. 
 

1 Department of Molecular Biology, Max Planck Institute for Developmental Biology, Tübingen,            

Germany. ​2 Center for Plant Biotechnology and Genomics, Technical University of Madrid, Pozuelo de              

Alarcón, Spain.  3​ Institute of Ecology and Evolution, University of Tübingen, Tübingen, Germany. 

 

I. Background & Summary 

 

The gold standard for studying natural selection and adaptation in the wild is to quantify lifetime                

fitness of individuals from natural populations that have been grown together in a common garden,               

or that have been reciprocally transplanted. Natural selection over morphological, physiological or            

other traits has been studied in a wide range of organisms ​17,23,73,74 using observational and              

experimental fitness measurements of multiple individuals in field conditions. However, studies that            

combine such measurements with knowledge on genome-wide variation are, in comparison, very            

rare​4,20,21​. This is surprising, given that they would enable the translation of selection to the genetic                

level and thus ultimately help us to understand whether traits will evolve over generations.  

 

With climate change, the study of adaptation to the environment has acquired new             

importance. Predictions of climate change indicate not only that temperature will rise, but that also               

precipitation regimes will be altered, leading to more frequent and extreme droughts​75 and seriously              

threaten the persistence of plant communities ​3,76​. Field experiments where climate variables such as             

rainfall are manipulated can be used to address this question ​77​.  
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Here we present a high-throughput field experiment with 517 whole-genome sequenced           

natural lines of ​Arabidopsis thaliana ​25​. This experiment was designed to be of a sufficiently large scale                

to enable powerful genome-wide association analyses ​78 and to maximize the replicability of            

species-wide patterns, which has been shown to increase with the diversity of genotypes included in               

an experiment​79​. The experiments were conducted in two field stations with contrasting climate, in              

the Mediterranean (Spain) and in Central Europe (Germany), where we built rainout shelters and              

simulated high and low rainfall. Using custom image analysis we quantified fitness- and             

phenology-related traits for 23,154 pots, which contained about 14,500 plants growing           

independently, and over 310,000 plants growing in small populations (max. 30 plants per pot). Three               

measurements of fitness were produced: survival from seed to reproductive adult (proportion 0—1)             

and the average fecundity per reproductive adult (inflorescence skeleton lengths ranged from 18,400             

to 1,622,000 pixels, which approximately corresponds to 1 to 6,127 seeds per plant). Fecundity was               

only measured for plants with at least one fruit. We finally calculated an integrated lifetime fitness                

value by multiplying the survival proportion to adulthood with the total offspring produced. This              

dataset will be invaluable for the study of natural selection and adaptation in the context of global                 

climate change at the genetic level, building on the genetic catalog of the 1001 Genomes Project​25                

and complementing the already published extensive set of traits measured in controlled growth             

chamber or greenhouse conditions ​80,81​.  

 

II. Selection of accessions from the 1001 Genomes Project 

 

The 1001 Genomes (1001G) Project​25 has provided information on 1,135 natural lines or accessions              

and 11,769,920 SNPs and small indels called after re-sequencing. To select the most genetically and               

geographically informative 1001G lines, we applied several filters: (1) First we removed the             

accessions with the lowest genome quality. We discarded those with < 10X genome coverage of               

Illumina sequencing reads and < 90% congruence of SNPs called from MPI and GMI pipelines ​25​. (2)                

We removed near-identical individuals. Using Plink software​53 we computed identity by state across             

the 1,135 accessions. For pairs of accessions with < 0.01 differences per SNP (<100,000 variants               

approx.), we randomly selected one accession to include in our study. (3) Finally, we reduced               

geographic sampling ascertainment bias, as the sampling for 1001G was performed in neither a              

random nor a regularly structured scheme. Some laboratories provided several lines per location             

whereas others provided lines that were collected at least several hundred kilometres apart. Using              

each accession's collection location, we computed Euclidean distances across the 1,135 accessions            

and identified all pairs that were apart less than 0.0001 Euclidean distance in degrees latitude and                

longitude (<< 100 meters). From such pairs, we randomly selected one accession to remain. After               
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applying criteria (1), (2), and (3), we obtained a final set of 523 accessions ( ​Datasets 1 and 2​). To bulk                    

seeds for our rainfall-manipulation experiment and control for maternal effects, we first propagated             

accessions in controlled conditions. We stratified the seeds one week at 4°C, we sowed them in trays                 

with industrial soil (CL-P, Einheitserde Werkverband e. V., Sinntal-Altengronau Germany) and placed            

them in a growth room with 16 h light and 23°C for one week. Trays were vernalized for 60 days at                     

4°C and 8 h daylength. After vernalization, trays were moved back to 16 h light and 23°C for final                   

growth and reproduction. This generated sufficient seeds for 517 accessions, which were later grown              

in the field in two locations ( ​Fig. SII.1​). Seeds originating from the same parents can be ordered from                  

the 1001G seed stock at the Arabidopsis Biological Resource Center (CS78942). 

 

III. Field experiment design 

III.1 Rainout shelter, watering, and block design 

 

We built two 30 m x 6 m tunnels of PVC plastic foil to fully exclude rainfall in Madrid (Spain,                    

40.40805ºN -3.83535ºE ​) and in Tübingen (Germany, ​48.545809ºN 9.042449ºE ​) ( ​Fig. SII.2​A-B). The foil            

tunnels are different from a regular greenhouse in that they are completely open on two sides. Thus,                 

ambient temperatures vary virtually as much as outside the foil shelter (see Environmental sensors              

section). In each location, we supplied artificial watering in two contrasting regimes: abundant             

watering and reduced watering. Inside each tunnel, we created a 4% slope, and four flooding tables                

(two for high and two for low precipitation) (1 m x 25 m, Hellmuth Bahrs GmbH & Co KG, Brüggen,                    

Germany) covered with soaking mats (4 l/m​2​, Gärtnereinkauf Münchingen GmbH, Münchingen,           

Germany). The flooding tables were placed on the ground in parallel to the slope. Water was able to                  

drain at the lower end of the flooding table ( ​Fig. SII.2​A-B). A watering gun was used to manually                  

simulate rainfall from the top.  

 

Our experimental design is a split-plot design ( ​Fig. SII.2​C), with precipitation treatments            

replicated twice in each location and the genotypes randomized within precipitation treatment in a              

total of 8 spatial blocks. This ensured that all genotypes would be equally evenly distributed within                

the foil tunnel, and that we could robustly measure consistent fitness responses to water deprivation               

across precipitation replicates. 

 

On top of the flooding tables, we used potting trays with 8x5 cells (5.5 cm x 5.5 cm x 10 cm                     

size) and industrial soil (CL-P, Einheitserde Werkverband e.V., Sinntal-Altengronau Germany). Each           

cell would correspond to a genotype, excluding corner cells, to avoid extreme edge effects. We grew                

a total of 12 replicates per genotype per treatment: Five replicates were grown at high density, with                 
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30 seeds per cell and without further intervention (“population replicate”). The remaining seven             

replicates were at low density (ca. 10 seeds) and one seedling was selected at random after                

germination (“individual replicate”). Excess individuals were culled. While the population replicates           

should more faithfully reflect survival from seed to reproduction, the individual replicates were             

useful to more accurately monitor flowering time and seed set. 

 

III.2 Environmental sensors 

Environmental variables — air temperature, photosynthetically active radiation (PAR) and soil water            

content — were monitored every 15 minutes for the entire duration of the experiment using               

multi-purpose sensors (Flower Power, Parrot SA, Paris, France). This enabled us to adjust watering              

depending on the degree of local evapotranspiration during the course the experiment. The sensors              

outside of the tunnel in Madrid (i.e. only natural rainfall) showed an interquartile range between 1%                

and 17% soil water content. This overlapped with the range of 10 to 22% water content of the                  

drought treatment that we artificially imposed inside the tunnels in Madrid and Tübingen. The lower               

range of measurements in Madrid (outside sensor) is due to a lack of natural rainfall during the first                  

two months of the experiment ( ​Fig. SII.2​E, ​Table SII.1​). In contrast, the sensor outside the tunnel in                 

Tübingen recorded an interquartile range of soil water content percentage of 22 to 27%, which was                

comparable to the high watering treatments in Tübingen and Madrid (from 20 to 33%) ( ​Fig. SII.2​E,                

Table SII.1​). These values confirmed that our low and high watering treatment were not only               

different, but also that they mimicked natural soil water content at the two contrasting locations.               

Mean daily air temperatures (measured by the sensors at 5-10 cm above the soil surface every 15                 

minutes) were overall higher in Madrid (8-10°C) than in Tübingen (5-6°C), and the difference in               

temperature between the sensors inside and outside the tunnels was in both locations on average               

only 1°C ( ​Fig. SII.2​F, ​Table SII.1​). The photosynthetically active radiation (PAR, wavelengths from 400              

to 700 nm) had a median of 0.1 mol m​-2 day​-1 ​at night for all experiments. At mid-day (11:00-13.00                   

hrs), the median PAR in Madrid was 57.8 mol m​-2 day​-1 ​outside, and 45.7 mol m​-2 day​-1 ​inside the                   

tunnel. In Tübingen, the median values were 29.0 outside, and 30.9 mol m​-2​ day​-1 ​inside the tunnel. 

 

III.3 Sowing and quality control 

 

During sowing, contamination of neighboring pots with adjacent genotypes can occur for multiple             

reasons. In order to avoid such contamination, we chose a day with no wind and sowed seeds at 1-2                   

cm height from the soil. Additionally, we took care during the first days to be particularly gentle                 

when using the watering gun to avoid seed-carryover (bottom watering by flooding was done              

regularly). We also tried to remove human error during sowing by preparing and randomizing 2 ml                
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plastic tubes containing the seeds to be sown in the same layouts (5x8) as the destination trays.                 

During sowing, each experimenter took a box at random and went to the corresponding labeled and                

arranged tray in the field ( ​Fig. SII.2​). This reduced the possibility of sowing errors. Sowing occurred on                 

November 16 2015 in Madrid and on October 22 2015 in Tübingen. During vegetative growth, we                

could identify seedlings that resembled their neighbors or were located in the border between two               

pots and removed such plants as potential contaminants. We also used the homogeneity of flowering               

within a pot in the population replicates as a further indicator for contamination ( ​Fig. SII.3​A). When a                 

plant had a completely different flowering timing or vegetative phenotypes did not coincide with the               

majority of plants in the pot, this plant was removed. After sowing and quality control, the total                 

number of pots was 24,747 instead of the original 24,816 pots (99.7%) ( ​Dataset 3​). 
 

IV. Field monitoring 

IV.1 Image analysis of vegetative rosettes  

Top-view images were acquired every four to five days (median in both sites) with a Panasonic                

DMC-TZ61 digital camera and a customized closed dark box, the “Fotomatón” ( ​Fig. SII.3​A), at a               

distance of 40 cm from each tray. In total, we imaged each tray at 20 timepoints throughout                 

vegetative growth. The implemented segmentation was the same as in Exposito-Alonso ​et al. ​11​,             

which relies on the Open CV Python library​82​. We began by transforming images from RGB to HSV                 

channels. We applied a hard segmentation threshold of HSV values as (H=30-65, S=65-255,             

V=20-220). The threshold was defined after manually screening 10 different plants in order to              

capture the full spectrum of greens both of different accessions and of different developmental              

stages. This was followed by several iterations of morphology transformations based on erosion and              

dilation. For each of the resulting binary images we counted the number of green pixels.  

 

During field monitoring, we noticed that some pots were empty because seeds had not              

germinated. In these cases, we left a red marker in the corresponding pots ( ​Fig. SII.3​A), which could                 

be detected in a similar way as the presence of green pixels (with threshold H=150-179, S=100-255,                

V=100-255). These pots were excluded from survival analysis as they did not contain any plants ( ​Fig.                

SII.3​A). The resulting raw data consist of green and red pixel counts per pot ( ​Fig. SII.3​B). In order to                   

detect the red markers automatically, we performed an analysis of variance between pots above and               

below a threshold of red pixels and finding the threshold that maximized this separation ( ​Fig. SII.3​C).                

This provided us with the threshold of red pixels above which a pot had a red marker (indicating an                   

empty pot). As expected, the distribution of pixels was bimodal, making this identification             

straightforward. 
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We estimated germination timing by analysing trajectories ( ​Fig. SII.3​B) of green pixels per             

pot, and identifying the first day that over 1,000 green pixels were observed in a pot (corresponding                 

to a plant size of ~ 10 mm​2​, ​Fig. SII.3​) ( ​Datasets 3​). The final dataset contained data for 22,779 pots —                     

after the removal of pots with red labels — with a time series of green pixel counts. 

 

IV.2 Manual recording of flowering time 

We visited the experimental sites every 1-2 days and manually recorded the pots with flowering               

plants. Flowering time was measured as the day when the first white petals could be observed with                 

the unaided eye. This criterion was chosen as sufficiently objective to reduce experimenter error. To               

keep track of previous visits and avoid errors, we labeled the pots where flowering had already been                 

recorded with blue pins. To calculate flowering time, we counted the number of days from the date                 

of sowing to the recorded flowering date (we did not use the inferred day of germination to avoid                  

introducing modeling errors in the flowering time metric). ​Fig. SII.4​A shows the raw flowering time               

data per pot in the original spatial distribution and the distribution of flowering time per treatment                

combination. Note that grey boxes are pots with plants that did not survive until flowering. In total,                 

we gathered data for 16,858 pots with flowering plants ( ​Datasets 3​). 

 

IV.3 Image analysis of reproductive plants  

Once the first dry fruits were observed, we harvested them and took a final 'studio photograph' of                 

the rosette and the inflorescence ( ​Fig. SII.5​A). In total, we took 13,849 photographs. The camera               

settings were the same as for the vegetative monitoring, but here we included an 18% grey card                 

approximately in the same location for each picture in case ​a posteriori ​white balance adjustments               

would be needed. We first used a cycle of morphological transformations of erode-and-dilate to              

produce the segmented image ( ​Fig. SII.5​C). This generated a segmented white/black image without             

white noise. Then, we used the thin (erode cycles) algorithm from the Mahotas Python library​83 to                

generate a binary picture reduced to single-pixel paths — a process called skeletonisation ( ​Fig.              

SII.5​C). Finally, to detect the branching points in the skeletonised image we used a hit-or-miss               

algorithm. We used customized structural elements to maximize the branch and end point detection              

( ​Fig. SII.5​C). This resulted in four variables per image: total segmented inflorescence area, total              

length of the skeleton path, number of branching points, and number of end points ( ​Fig. SII.5​C)                

( ​Datasets 3-4​). 
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IV.4 Estimation of fruit and seed number 

Although the study of natural selection is based on studying relative fitness, and total reproductive               

area might provide a good relative estimate, sometimes it is useful to have a proxy of the absolute                  

fitness. In order to provide an approximate number of how many seeds each plant had produced, we                 

generated two allometric relationships by visual counting of fruits per plant and seeds per fruit. In                

order to be sure that the counts corresponded to single plants, we counted fruits and seeds of only                  

individual replicates of accessions, not the population replicates (see ​Field experiment design            

section ​). Because a strong relationship had already been validated between inflorescence size and             

the number of fruits in a number of studies with ​A. thaliana​84–86​, we decided that counting a few                  

inflorescences of three sizes, reflecting the broad size spectrum, would be sufficient to establish a               

first allometric relationship with the four image-acquired variables (n=11 inflorescences, R​2​=0.97,           

P​=4×10​−4​, ​Fig. SII.5​B). To express fecundity as the number of seeds, we counted all seeds inside one                 

fruit for each of the inflorescences used for the first allometric relationship (n=11 fruits), aiming for a                 

wide range of fruit sizes. The mean was 28.3 seeds per fruit and the standard deviation was 11.2                  

seeds. The two aforementioned allometric relationships were used to predict, first, the number of              

fruits per inflorescence using the four image analysis variables, and second, the number of seeds               

corresponding to the number of fruits per inflorescence ( ​Datasets 3-4​).  
 

V. Technical validations 

Data processing 

All images, from where fruits and leaf area were estimated, are backed up and stored at the Max                  

Planck Institute for Developmental Biology and available through ftp transfer (ca. 2Tb) upon request              

to ​weigel@weigelworld.org​. The Max Planck Society requires storage of publication-relevant data for            

a minimum of 10 years. The Python modules to process images for green area segmentation and                

inflorescence analyses are available at ​http://github.com/MoisesExpositoAlonso/hippo and       

http://github.com/MoisesExpositoAlonso/hitfruit​, along with example datasets. 

 

To document our data curation we created the R package dryAR           

( ​http://github.com/MoisesExpositoAlonso/dryAR​ with doi:).  

 

Replicability of image processing 

After testing different camera parameters, we used an exposure of -2/3 and an ISO of 100. White                 

balance was set for flashlight. We used a dark box with all sides closed, so the flashlight was the only                    

source of illumination. This ensured that the white balance and illumination were virtually consistent              
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from picture to picture, as shown before​11​. Photos were saved both in .jpeg and .raw to allow for ​a                   

posteriori adjustments if needed. Using a calibration board with 1.3 cm x 1.3 cm white and dark                 

squares, we examined the error between the inferred area from image analysis and the real 1.3                

cm-side squares across the tray. This provided us with a median resolution estimate of 101.5 pixels                

mm​-2​. The deviations from the true area were minimal, with a median of 2.7% and values of 1.4% /                   

4.2% for the 1​st and 3​rd quartile. The maximum area deviations were of 8 to 9% in the extreme                   

corners of the tray, where we did not sow any seeds. We are confident that such small variation in                   

retrieved area is compensated by the randomized locations of genotypes within the trays. 

 

To further verify that our camera settings and segmentation pipeline produced replicable            

extractions of plant green area, we used images of trays that were photographed twice on the same                 

day by mistake. In total there were 1,508 such pots distributed across 11 timepoints and different                

trays. By comparing the area of the same pot of two different camera shots and segmentation                

analyses, we could verify that the Spearman’s rho of rank correlation was very high (r=0.97, n=1508,                

P​<10​-16​), confirming high replicability.  

 

Because we ran the same segmentation and skeletonization software on both rosette and             

inflorescence images, we could leverage the clearly different image patterns that rosettes and             

inflorescences have to identify labeling errors (i.e. mistakes in manually inputting sample information             

of the pictures). To do this, we first trained a random forest model to predict the manually labeled                  

“rosette” or “inflorescence” by the four image variables ( ​Fig. SII.5​). By fitting a Random Forest with all                 

images, we find that the leave-one-out accuracy was 92.1%, i.e. ca. 2,000 images were incorrectly               

labeled by the algorithm. We manually checked whether these were mislabeled or rather whether              

they “looked similar” in terms of area or landmark points in the photo, e.g. when both rosette or                  

inflorescences were diminute. We found that only 2.5% were incorrectly mislabeled (and corrected             

them) and are thus confident that the labeling error must be below 2.5%.  

 

Experimental validation  

Although repeating experiments in climatically-similar locations would be impractical, we could verify            

that survival in Madrid and low precipitation correlated with a preliminary drought experiment in the               

greenhouse​11 (Spearman’s rho=0.17, n=211, ​P​=0.01). On the other hand, reproductive allocation           

measured under optimal conditions in the greenhouse correlated with total seed output in the most               

similar field experiments, Tübingen high precipitation (Spearman’s rho=0.27, n=211, ​P​=5x10​-5​) ​84​.  
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SUPPLEMENTAL FIGURES II 

Figure SII.1. Geographic distribution of accessions 

 

Locations of ​Arabidopsis thaliana ​accessions used in this experiment (red), 1001G accessions (blue), and all               

sightings of the species in ​gbif.org​ (grey). 
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Figure SII.2. Field experiment design 

 

(A) Aerial view of foil tunnel settings in Madrid and (B) view inside the foil tunnel in Tübingen. (C) Spatial                    

distribution of blocks and replicates and (D) experimental design. (E) Soil water content and (F) soil surface                 

temperature from the 34 sensors monitoring each experimental block and conditions outside the tunnel.  
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Figure SII.3. Rosette monitoring 

 

(A) Customized dark box (“Fotomatón”) for image acquisition and example tray with the corresponding green               

and red segmentation. (B) Trajectories of number of green pixels per pot, indicating rosette area, for Madrid                 

and Tübingen. (C) Distribution of the sum of red pixels per pot over all time frames. The red vertical line                    

indicates the heuristically chosen threshold to define whether the pot actually had a red marker.  
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Figure SII.4. Flowering time distributions 

 

(A) Flowering times per pot in the same spatial arrangement as in each tunnel (see ​Fig. SII.2​). (B) Distribution of                    

germination times. (C) Distribution of flowering times. 
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Figure SII.5. Inflorescence and seed set estimation 

 

(A) Representative inflorescence picture. (B) Regression between the fruits of a few manually counted              

inflorescences and the inflorescence size calculated based on image processing. The four variables inferred in               

(C) accurately predicted the visually counted inflorescences as example (R​2​=0.97, n=11, P=10​-4​). (C) Resulting              

variables from image processing of (A): total segmented area (upper-left), skeletonized inflorescence            

(upper-right), branching points (lower-left), and endpoints (lower-right). Distribution of survival to reproduction            

(D) and fruits per plant (E) in the four environments. 
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SUPPLEMENTAL TABLES II 

 

Table SII.1 Summaries of environmental sensor measurements 

A total of 34 sensors were placed in the different treatment blocks (low/high) as well as outside (out) of the foil                     

tunnels. The median (interquartile) values of all sensors per treatment and location are shown. 

Site Rainfall Soil water content (%) Air temperature (ºC) 

Madrid out 14.5 (1.09, 17.46) 8.5 (5.34, 12.39) 

Madrid low 16.1 (11.38, 22.51) 10.0 (6.95, 15.13) 

Tuebingen low 14.7 (10.76, 20.09) 6.6 (3.27, 10.78) 

Tuebingen out 27.7 (22.82, 30.50) 5.6 (2.44, 9.54) 

Tuebingen high 24.6 (20.73, 29.02) 6.6 (3.27, 10.78) 

Madrid high 27.8 (22.62, 33.00) 9.8 (6.82, 15.13) 
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Table SII.2 Variable descriptions 

Variable names and their descriptions and units are reported (see ​Datasets ​). All datasets share a common                

accession identification number. 

 

Dataset Variable Information 

D1&D2& 
D3&D4 

id Unique numeric ID assigned to the accessions included in the 1001 Genomes 
Project 

D1&D2 name Classic accession name assigned by original collector 

D1&D2 country Country of collection 

D1&D2 sitename Toponym of the location of collection 

D1&D2 latitude Degrees North of the location of origin (°N) 

D1&D2 longitude Degrees East of the location of origin (°E) 

D1&D2 collector Original researcher that collected the accession 

D1&D2 collectiondate Calendar date of collection 

D1&D2 CS_number Stock number in the Arabidopsis Biological Resource Center ( ​abrc.osu.edu ​) 
D1&D2 Q_SNPcongruency Pass/no pass of thresholds for genome quality and SNP calling congruency 

D1&D2 Q_geneticsdist Pass/no pass of the filter for almost identical accessions 

D1&D2 Q_geodist Pass/no pass of filter for geographically close accessions  

D1&D2 is_relict Belongs to the Mediterranean "relict" lineage 

D1&D2 finalset Included in the final 517 set for the field experiment 

D3&D4 site Field station site. m=Madrid(Spain), t=Tübingen(Germany)  

D3&D4 water Rainfall/watering treatment. h=high rainfall, l=low rainfall 

D3&D4 indpop Density of plants per pot. i=single plant selected after germination, 
p=population of 30 seeds growing undisturbed 

D3&D4 qpblock Identification number of quickpot (tray) within treatment block (rainfall row x 
replicate block )  

D3&D4 qp Identification number of quickpot tray in the whole experiment 

D3&D4 qp_x Pot position in x axis within the quickpot tray 

D3&D4 qp_y Pot position in y axis within the quickpot tray 

D3&D4 pos Pot x,y coordinate within the quickpot tray 

D3&D4 rep Replicate number 

D3&D4 trayid Identification of the tray combining block and treatments 

D3&D4 potindex Identification of pot combining site, tray, and position within the tray 

D3&D4 Germination_time Inference of germination time based on the day that rosette area was over 
1,000 pixels size (days after sowing) 

D3&D4 Green Sum of all green areas per pot throughout the experiment (# pixels). This 
helps to identify successfully growing pots. 

D3&D4 Red Sum of all red areas per pot throughout the experiment (# pixels). This helps 
to identify red tags placed on pots that failed throughout the experiment 

D3&D4 Survival_flowering Survival until reproduction (i.e. production of flowers) 

D3&D4 Flowering_date Date that the first flowers had developed 

D3&D4 Flowering_time Time from sowing until the date of flowering (days) 

D3&D4 Inflorescence_size Area of inflorescence (#pixels) 

D3&D4 Survival_num Number of surviving plants until fruit set. Only applies to "population" pots. 

D3&D4 Survival_fruit Survival until fruit set (i.e. produced fruits) 
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D3&D4 Fruits Number of fruits inferred from the function between visually counted fruits 
and inflorescence area, total path, branching points, and ending points. 

D3&D4 Seeds Number of seeds inferred from the average number of seeds per fruit and 
number of fruits. 

D3&D4 Infloresncence_byind Area of inflorescence (#pixels) divided by total number of plants per pot. Only 
applies to "population" pots. 

D3&D4 Fruits_byind Number of fruits divided by total number of plants per pot. Only applies to 
"population" pots. 

D3&D4 Seeds_byind Number of seeds divided by total number of plants per pot. Only applies to 
"population" pots. 

D3&D4 Fitness Lifetime fitness (number of seeds / seed planted). This metric integrates 
survivorship and reproduction. 

 
 

  

Appendix II  -  73 



 

Exposito-Alonso et al. A map of climate change-driven natural selection 

 

DATASETS 

Supplemental datasets are available in the online version of the paper x and are also deposited at                 

Figshare with doi: ​https://doi.org/10.6084/m9.figshare.6480599​. A detailed descriptions of each         

Dataset’s columns can be found in ​Table SII.2​. 
 

Dataset 1 Quality-based selection of the original 1,135 accessions 

We report the 1001 Genome identification numbers, the quality filters that each accession passed              

during the selection of the 517 set. 

 

Dataset 2 Description of the 517 accessions 

We report the final set of 517 accessions that were used in the field experiment. 

 

Dataset 3 All traits measured per replicate 

For each pot replicate, we report all raw data as well as composite variables. 

 

Dataset 4 Curated means per accession 

For each accession, we report averages of all data as well as composite variables. 
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AB“TRACT 

BǇ folloǁiŶg the evoluƟoŶ of populaƟoŶs that are iŶiƟallǇ geŶeƟcallǇ hoŵogeŶeous, ŵuch caŶ ďe                           

learŶed aďout core ďiological priŶciples. For eǆaŵple, it alloǁs for detailed studies of the rate of                               

eŵergeŶce of  de novo ŵutaƟoŶs aŶd their chaŶge iŶ freƋueŶcǇ due to driŌ aŶd selecƟoŶ.                             

UŶfortuŶatelǇ, iŶ ŵulƟcellular orgaŶisŵs ǁith geŶeraƟoŶ Ɵŵes of ŵoŶths or Ǉears, it is difficult to                             

set up aŶd carrǇ out such eǆperiŵeŶts over ŵaŶǇ geŶeraƟoŶs. AŶ alterŶaƟve is provided ďǇ                             

͞Ŷatural evoluƟoŶ eǆperiŵeŶts͟ that started froŵ coloŶizaƟoŶs or iŶvasioŶs of Ŷeǁ haďitats ďǇ                         

selfiŶg liŶeages. With liŵited or ŵissiŶg geŶe floǁ froŵ other liŶeages, Ŷeǁ ŵutaƟoŶs aŶd their                             

effects caŶ ďe easilǇ detected. North Aŵerica has ďeeŶ coloŶized iŶ historic Ɵŵes ďǇ the plaŶt                               

Arabidopsis thaliana , aŶd although ŵulƟple iŶtercrossiŶg liŶeages are fouŶd todaǇ, ŵaŶǇ of the                         

iŶdividuals ďeloŶg to a siŶgle liŶeage, HPGϭ. To deterŵiŶe iŶ this liŶeage the rate of suďsƟtuƟoŶs –                                 

the suďset of ŵutaƟoŶs that survived Ŷatural selecƟoŶ aŶd driŌ –, ǁe have seƋueŶced geŶoŵes                             

froŵ plaŶts collected ďetǁeeŶ ϭϴϲϯ aŶd ϮϬϬϲ. We ideŶƟfied ϳϯ ŵoderŶ aŶd Ϯϳ herďariuŵ                           

speciŵeŶs that ďeloŶged to HPGϭ. UsiŶg the esƟŵated suďsƟtuƟoŶ rate, ǁe iŶfer that the last                             

coŵŵoŶ HPGϭ aŶcestor lived iŶ the earlǇ ϭϳ th ceŶturǇ, ǁheŶ it ǁas ŵost likelǇ iŶtroduced ďǇ                               

chaŶce froŵ Europe. MutaƟoŶs iŶ codiŶg regioŶs are depleted iŶ freƋueŶcǇ coŵpared to those iŶ                             

other porƟoŶs of the geŶoŵe, coŶsisteŶt ǁith purifǇiŶg selecƟoŶ. Nevertheless, a haŶdful of                         

ŵutaƟoŶs is fouŶd at high freƋueŶcǇ iŶ preseŶt‑daǇ populaƟoŶs. We liŶk these to detectaďle                           

pheŶotǇpic variaŶce iŶ traits of kŶoǁŶ ecological iŵportaŶce, life historǇ aŶd groǁth, ǁhich could                           

reflect their adapƟve value. Our ǁork shoǁcases hoǁ, ďǇ applǇiŶg geŶoŵics ŵethods to a                           

coŵďiŶaƟoŶ of ŵoderŶ aŶd historic saŵples froŵ coloŶiziŶg liŶeages, ǁe caŶ directlǇ studǇ Ŷeǁ                           

ŵutaƟoŶs aŶd their poteŶƟal evoluƟoŶarǇ relevaŶce. 

 

“UMMARY 

A ĐonseƋuenĐe of an inĐreasinglǇ interĐonneĐted ǁorld is the spread of speĐies outside their naƟve                             

range — a phenoŵenon ǁith potenƟallǇ draŵaƟĐ iŵpaĐts on eĐosǇsteŵ serviĐes. Using populaƟon                         

genoŵiĐs, ǁe Đan robustlǇ infer dǇnaŵiĐs of ĐolonizaƟon and suĐĐessful populaƟon establishŵent.                       

We have Đoŵpared hundred genoŵes of a single  Arabidopsis thaliana lineage in North AŵeriĐa,                           

inĐluding genoŵes of ĐonteŵporarǇ individuals as ǁell as ϭϵ th ĐenturǇ herbariuŵ speĐiŵens. These                         

differ bǇ an average of about ϮϬϬ ŵutaƟons, and ĐalĐulaƟon of the nuĐlear evoluƟonarǇ rate enabled                               

the daƟng of the iniƟal ĐolonizaƟon event to about ϰϬϬ Ǉears ago. We also found ŵutaƟons                               

assoĐiated ǁith differenĐes in traits aŵong ŵodern individuals, suggesƟng a role of neǁ ŵutaƟons in                             

reĐent adapƟve evoluƟon. 

Appendix III  ‑  Ϯ 

 



 

Exposito‑Alonso, BeĐker et al.  de novo  ŵutaƟon rate in  A. thaliana 

 

 

INTRODUCTION 

Colonizing or invasive populaƟons saŵpled through Ɵŵe [ϭ,Ϯ] ĐonsƟtute ͞natural experiŵents͟                     

ǁhere it is possible to studǇ evoluƟonarǇ proĐesses in aĐƟon [ϯ]. ColonizaƟons, ǁhiĐh are                           

draŵaƟĐallǇ inĐreasing in nuŵber [ϰ,5], soŵeƟŵes are ĐharaĐterized bǇ strong boƩleneĐks and                       

geneƟĐ isolaƟon [ϲ,ϳ], and thus greatlǇ faĐilitate the observaƟon of neǁ ŵutaƟons and potenƟallǇ                           

their effeĐts under natural populaƟon dǇnaŵiĐs and seleĐƟon [ϴ]. ColonizaƟons thus offer a                         

ĐoŵpleŵentarǇ approaĐh to other studies of neǁ ŵutaƟons, ǁhiĐh oŌen ŵiniŵize natural seleĐƟon,                         

for exaŵple in laboratorǇ ŵutaƟon aĐĐuŵulaƟon experiŵents [ϵ] and parent‑offspring Đoŵparisons                     

[ϭϬ]. The studǇ of ĐolonizaƟons is also ĐoŵpleŵentarǇ to the invesƟgaƟon of geneƟĐ divergenĐe over                             

long Ɵŵe sĐales, e.g., betǁeen distant speĐies [ϭϭ], ǁhere the results are largelǇ independent of                             

short‑terŵ deŵographiĐ fluĐtuaƟons. There is broad interest in understanding hoǁ geneƟĐ diversitǇ                       

is generated [ϭϮ], and hoǁ neǁ ŵutaƟons Đan provide a path for rapid adapƟve evoluƟon [ϭϯ–ϭ5].                               

AddiƟonallǇ, aĐĐurate evoluƟonarǇ rates perŵit daƟng historiĐ populaƟon splits, ǁhiĐh is                     

fundaŵental to the studǇ of populaƟon historǇ [ϭϲ]. 

The analǇsis of Đolonizing populaƟons Đan also Đontribute to resolving the ͞geneƟĐ paradox                         

of invasion͟ [ϭϳ]. This paradox Đoŵes froŵ the observaƟon that Đolonizing populaƟons Đan be                           

surprisinglǇ suĐĐessful and spread verǇ ǁidelǇ even ǁhen stronglǇ boƩleneĐked, suggesƟng soŵe                       

level of adaptaƟon to neǁ environŵents that goes beǇond the exploitaƟon of unoĐĐupied eĐologiĐal                           

niĐhes [ϭϳ]. MuĐh of the ǁork in plant eĐologǇ and evoluƟon has foĐused on evidenĐe that                               

populaƟons Đan rapidlǇ adapt froŵ standing variaƟon [ϭϴ]. In invasive lineages, iniƟal standing                         

variaƟon ŵaǇ originate froŵ inĐoŵplete boƩleneĐks, ŵulƟple introduĐƟons, or adŵixture ǁith loĐal                       

relaƟves [ϭϵ]. MuĐh less ǁork has been done ǁith respeĐt to the role of  de novo ŵutaƟons as a                                     

soluƟon to the geneƟĐ paradox of invasion, although this has been proposed as an alternaƟve                             

explanaƟon for rapid adaptaƟon bǇ Đolonizing lineages [ϯ,ϭϳ,ϮϬ]. 

The self‑ferƟlizing plant  Arabidopsis thaliana is naƟve to AfriĐa and Eurasia [Ϯϭ,ϮϮ] but has                           

reĐentlǇ Đolonized N. AŵeriĐa, ǁhere it likelǇ experienĐed a strong founder effeĐt [Ϯϯ]. At nearlǇ half                               

of N. AŵeriĐan sites saŵpled during the ϭϵϵϬs and earlǇ ϮϬϬϬs, ŵore than ϴϬ% of plants belong to a                                     

single haplogroup, HPGϭ, as inferred froŵ genotǇping ǁith ϭϰϵ interŵediate‑freƋuenĐǇ ŵarkers                     

evenlǇ spread throughout the genoŵe [Ϯϯ]. The HPGϭ lineage has been reported froŵ ŵanǇ sites                             

along the East Coast and in the Midǁest as ǁell as at a feǁ sites in the West [Ϯϯ] ;Figure ϭ, Table “ϭͿ.                                             

The great ubiƋuitǇ of HPGϭ in Đoŵparison to anǇ other haplogroup Đould be due to either soŵe                                 

Appendix III  ‑  ϯ 

 



 

Exposito‑Alonso, BeĐker et al.  de novo  ŵutaƟon rate in  A. thaliana 

 

adapƟve advantage, or, ŵore parsiŵoniouslǇ, be the result of HPGϭ being derived froŵ one of the                               

first arrivals of  A. thaliana  in the ĐonƟnent. 

Here, ǁe foĐus on ϭϬϬ HPGϭ individuals that do not shoǁ anǇ evidenĐe of outĐrossing ǁith                               

other lineages. We Đoŵbine genoŵes froŵ herbariuŵ speĐiŵens and live individuals, ĐolleĐƟvelǇ                       

Đovering the Ɵŵe span froŵ ϭϴϲϯ to ϮϬϬϲ, to infer ŵutaƟon rates, to date the birth of the HPGϭ                                     

lineage, and to invesƟgate the evoluƟonarǇ forĐes that shape geneƟĐ diversitǇ. Our analǇses of this                             

lineage serves as a ŵodel for future studies of siŵilar Đolonizing or otherǁise reĐentlǇ boƩleneĐked                             

plant populaƟons, in order to beƩer understand hoǁ diversitǇ is generated and to ǁhiĐh extent it                               

Đontributes to adaptaƟon in nature. 

 

RE“ULT“ AND DI“CU““ION 

Historic aŶd ŵoderŶ geŶoŵes 

In a self‑ferƟlizing speĐies, a single individual Đan give rise to an enƟre lineage of ŵillions of offspring,                                   

ǁhiĐh then diversifǇ through neǁ ŵutaƟons and eventuallǇ intra‑lineage reĐoŵbinaƟon. If                     

self‑ferƟlizaƟon is ŵuĐh ŵore Đoŵŵon than outĐrossing, the founder is likelǇ to have been                           

hoŵozǇgous throughout alŵost the enƟre genoŵe. BeĐause it is so ǁide spread, HPGϭ presents an                             

opportunitǇ to saŵple ŵanǇ natural populaƟons that have been potenƟallǇ derived froŵ a Đoŵŵon,                           

verǇ reĐent anĐestor ǁith suĐh ĐharaĐterisƟĐs. In the best possible Đase, this ǁould alloǁ for neǁ                               

ŵutaƟons to be direĐtlǇ observed through Ɵŵe. To test these assuŵpƟons and to beƩer understand                             

the evoluƟon of HPGϭ, ǁe seƋuenĐed tǁo different groups of plants. The first group ǁere live                               

desĐendants of ϴϳ plants that had been ĐolleĐted betǁeen ϭϵϵϯ and ϮϬϬϲ ;Fig. ϭ; Table “ϭͿ, and                                 

ǁhiĐh had been idenƟfied as likelǇ ŵeŵbers of the HPGϭ lineage ǁith ϭϰϵ genoŵe‑ǁide ŵarkers                             

spaĐed at roughlǇ ϭ‑Mb‑intervals [Ϯϯ]. We aiŵed for broad geographiĐ representaƟon, ǁith at least                           

tǁo aĐĐessions per ĐolleĐƟon site, ǁhere available. The seĐond group Đoŵprised ϯϲ herbariuŵ                         

speĐiŵens, ĐolleĐted betǁeen ϭϴϲϯ and ϭϵϵϯ, for ǁhiĐh ǁe had no a priori inforŵaƟon ǁhether                             

theǇ ŵaǇ or ŵaǇ not belong to the HPGϭ lineage, but ǁhiĐh ǁere seleĐted froŵ the herbariuŵ                                 

reĐords to Đover the full historiĐal geographiĐ range and overlap ǁith ŵodern saŵples ǁhen possible                             

;Fig. ϭͿ. 

The DNA froŵ the herbariuŵ speĐiŵens shoǁed bioĐheŵiĐal features tǇpiĐal of anĐient DNA                         

;aDNAͿ froŵ plants, ǁhiĐh ǁe have previouslǇ desĐribed in detail [Ϯϰ]. “uĐh DNA daŵage inĐluded a                               

ŵedian fragŵent length of ϲϬ bp, an exĐess of C‑to‑T subsƟtuƟons of about Ϯ.5% at the first base of                                     

seƋuenĐing reads and a ϭ.5 to ϭ.ϴ fold enriĐhŵent of purines at DNA breakpoints ;Fig. “ϭ ,                               
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Supplementary Text 2 ). The reads of repaired libraries are available at                     

h�ps://www.ebi.ac.uk/ena/data/view/PRJEB24619. To remove aDNA associated damage and             

produce high‑quality genomes, chemically‑repaired libraries (see Methods) were later sequenced.                   

These reads were mapped against an HPG1 pseudo‑reference genome [25], focusing on single                         

nucleo�de polymorphisms (SNPs) because the short sequence reads of herbarium samples preclude                       

accurate calling of structural variants. Genome sequences were of high quality, with herbarium                         

samples covering 96.8–107.2 Mb of the 119 Mb reference, and modern samples covering                         

108.0–108.3 Mb (Table S1).  

 

Figure 1. Geographic loca�on and temporal distribu�on of HPG1 samples.  

(A)  Sampling loca�ons of herbarium (blue) and modern individuals (green).  (B)  Temporal distribu�on of                           

samples (random ver�cal ji�er for visualiza�on purposes).  (C)  Linear regression of la�tude and longitude as a                               

func�on of collec�on year (p‑value of the slope and Pearson correla�on coefficient are indicated) 

 

Gene�c diversity of HPG1 and delinea�on from other lineages 

We visualized the rela�onships between the sequenced historic and modern plants building a                         

neighbor joining tree of all 123 samples and confirmed that the majority fell within a almost‑iden�cal                               
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Đlade, the HPGϭ ;Fig. ϮAͿ [Ϯϯ]. BeĐause anǇ degree of introgression froŵ other non‑HPGϭ lineages                             

ǁould Đonfound the disĐoverǇ of neǁ ŵutaƟons doǁnstreaŵ, ǁe reŵoved all divergent saŵples and                           

built a neighbour joining tree ;n=ϭϬϯ saŵplesͿ, ǁhiĐh revealed that the HPGϭ saŵples ǁere verǇ                             

siŵilar to eaĐh other, ǁith verǇ liƩle ǁithin‑populaƟon struĐture ;Fig. ϮBͿ. A parsiŵonǇ netǁork ǁas                             

used to deteĐt reĐoŵbinant genoŵes ǁithin this HPGϭ Đlade ;Fig. ϮCͿ, ǁhiĐh led us to reŵove three                                 

potenƟal intra‑lineage reĐoŵbinants. RepeaƟng the parsiŵonǇ netǁork Đleared all previouslǇ                   

inferred reƟĐulaƟons due to reĐoŵbinaƟons ;Fig. ϮDͿ. AŌer suĐh stringent filtering, ǁe kept Ϯϳ of the                               

ϯ5 herbariuŵ saŵples, and ϳϯ of the ϴϳ ŵodern saŵples ;Table “ϭͿ. These ĐonsƟtute a set of                                 

non‑adŵixed, non‑reĐoŵbined and Ƌuasi‑idenƟĐal HPGϭ individuals.  

Pairs of HPGϭ herbariuŵ genoŵes differed bǇ Ϯϴ‑ϮϬϳ “NPs genoŵe‑ǁide, pairs of HPGϭ                         

ŵodern genoŵes bǇ Ϯ‑Ϯ5ϵ “NPs, and pairs of historiĐ‑ŵodern HPGϭ genoŵes bǇ 5ϲ‑Ϯϰϰ “NPs. That                             

is, ǁhole‑genoŵe idenƟtǇ ǁas at least ϵϵ.ϵϵϵϳ% in anǇ pairǁise Đoŵparison. Of the approxiŵatelǇ                           

five to six thousand segregaƟng “NPs in the HPGϭ populaƟon, the vast ŵajoritǇ, about ϵ5%                             

;“uppleŵentarǇ Text ϯͿ, have not been reported outside of this lineage [Ϯϭ]. IŵportantlǇ, the densitǇ                             

of “NPs along the genoŵe ǁas loǁ and evenlǇ distributed ;tǇpiĐallǇ feǁer than ϮϬ “NPs / ϭϬϬ kbͿ                                   

ǁith no peaks of ŵuĐh higher freƋuenĐǇ, ǁhiĐh ŵakes us Đonfident that Đhunks of introgressions                             

froŵ other lineages do not exist in this putaƟvelǇ pure HPGϭ set ;Fig. ϰͿ. For Đoŵparison, randoŵ                                 

pairs of  A. thaliana aĐĐessions froŵ the naƟve range or pairs of non‑HPGϭ tǇpiĐallǇ differ bǇ about                                 

5ϬϬ “NPs / ϭϬϬ kb [Ϯϭ] ;see sĐale in Fig. ϮAͿ.  
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Figure 2. Rela�onship among herbarium and modern samples.  

(A)  Neighbor joining tree with all 123 samples (dots) and rooted with the most distant sample. The black clade                                     

of almost‑iden�cal samples is the HPG1 lineage. Scale line shows the equivalent branch length of over 25,000                                 

nucleo�de changes.  (B)  Neighbor joining tree only with the HPG1 black clade from (A). Colors represent                               

herbarium (blue) and modern individuals (green). Scale line shows the equivalent branch length of 80                             

nucleo�de changes.  Note that no outgroup was included.  (C, D) Network of samples using the parsimony splits                                 

algorithm, before  (C)  and a�er  (D) removing three intra‑HPG1 recombinants (in red). Note that the network                               

algorithm returns in (D) a network devoid of any re�cula�on, which indicates absence of intra‑haplogroup                             

recombina�on. 

 

There were no SNPs in mitochondrial nor chloroplast genomes, which already suggested a                         

recent common origin, and genome‑wide nuclear diversity (π = 0.000002, θ W = 0.00001, with 5,013                             

full informa�ve segrega�ng sites) was two orders of magnitude lower than in the na�ve range of the                                 

species (θ W = 0.007) [21] (Table S1) (Supplementary Text 6). The popula�on recombina�on                         

parameter was also four orders of magnitude lower (4 N e r  = ρ = 3.0x10 ‑6  cM bp ‑1 ) than in the na�ve                                     

range (ρ = 7.5x10 ‑2 cM bp ‑1 ) [26] (Supplementary Text 6). While recombina�on occurs in every                             

genera�on, regardless of self‑fer�liza�on or outcrossing, it is only observable a�er outcrossing                       

between gene�cally non‑iden�cal individuals. We must stress that because  A. thaliana can outcross                         

at rates of several percent per genera�on [23,27], but because the HPG1 popula�on is gene�cally so                               

homogeneous, we are mostly “blind” to the consequences of outcrossing in this special case. The                             
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laĐk of ͞observable reĐoŵbinaƟon͟ in the genoŵe is iŵportant, as it alloǁs for the use of                               

straighƞorǁard phǇlogeneƟĐ ŵethods to ĐalĐulate a ŵutaƟon rate. The enriĐhŵent of loǁ freƋuenĐǇ                         

variants in the site freƋuenĐǇ speĐtruŵ ;Tajiŵa’s  D = ‑Ϯ.ϴϰ; speĐies ŵean = ‑Ϯ.Ϭϰ, [Ϯϭ]Ϳ and loǁ levels                                   

of polǇŵorphisŵ are Đonsistent ǁith a reĐent boƩleneĐk folloǁed bǇ populaƟon expansion ;Fig. ϯͿ.                           

The obvious explanaƟon is that the strong boƩleneĐk Đorresponds to a ĐolonizaƟon founder event,                           

likelǇ bǇ feǁ ĐloselǇ related individuals or perhaps even a single plant.  

Altogether these paƩerns indiĐate that the ĐolleĐƟon of HPGϭ plants ǁe invesƟgated                       

ĐonsƟtute a Ƌuasi‑Đlonal and Ƌuasi‑idenƟĐal set of individual genoŵes, ŵostlǇ devoid of observable                         

reĐoŵbinaƟon and populaƟon struĐture, and thus eŵinentlǇ suited for the studǇ of naturallǇ arising                           

de novo  ŵutaƟons.  

The geŶoŵe‑ǁide suďsƟtuƟoŶ rate 

It is iŵportant to disƟnguish betǁeen the  ŵutaƟon rate , ǁhiĐh is the rate at ǁhiĐh genoŵes Đhange                                 

due to DNA daŵage, faultǇ repair, gene Đonversion and repliĐaƟon errors, and  subsƟtuƟon rate ,                           

ǁhiĐh is the rate at ǁhiĐh ŵutaƟons survive and aĐĐuŵulate under the influenĐe of deŵographiĐ                             

proĐesses and natural seleĐƟon [Ϯϴ,Ϯϵ]. Under neutral evoluƟon, ŵutaƟon and subsƟtuƟon rates                       

should be eƋual [Ϯϵ]. The siŵple evoluƟonarǇ historǇ of the HPGϭ populaƟon enables direĐt                           

esƟŵates of subsƟtuƟon rates, and the Đoŵparison of theses betǁeen different genoŵe                       

annotaƟons, as ǁell as ǁith ŵutaƟon rates froŵ Đontrolled ĐondiƟons experiŵents, Đould reveal the                           

role plaǇed bǇ both deŵographiĐ and seleĐƟve forĐes.  

To esƟŵate the subsƟtuƟon rate in the HPGϭ lineage, ǁe used distanĐe‑ and                         

phǇlogenǇ‑based ŵethods that take advantage of the knoǁn ĐolleĐƟon dates ;“uppleŵentarǇ Text ϳͿ.                         

The distanĐe ŵethod is independent of reĐoŵbinaƟon and has been previouslǇ applied to viruses                           

[ϯϬ] and huŵans [ϯϭ]. The subsƟtuƟon rate is ĐalĐulated froŵ ĐorrelaƟon betǁeen differenĐes in                           

ĐolleĐƟon Ɵŵe in historiĐ‑ŵodern saŵple pairs, and the nuŵber of nuĐleoƟde differenĐes betǁeen                         

those pairs relaƟve to a referenĐe ;Fig. ϯCͿ, sĐaled to the size of the genoŵe aĐĐessible to Illuŵina                                   

seƋuenĐing. This ŵethod resulted in an esƟŵated rate of Ϯ.ϭϭxϭϬ ‑ϵ subsƟtuƟons site ‑ϭ Ǉear ‑ϭ ;ϵ5%                           

bootstrap ConfidenĐe Interval [CI]: ϭ.ϴϴ–Ϯ.ϯϯxϭϬ ‑ϵ Ϳ using rigorous “NP Đalling ƋualitǇ thresholds.                     

Relaxing the thresholds for base Đalling and ŵiniŵuŵ genotǇped rate affeĐts both the nuŵber of                             

Đalled “NPs and the length of the interrogated referenĐe seƋuenĐe [ϯϮ]. These largelǇ ĐanĐelled eaĐh                             

other out, and the adjusted esƟŵates ǁere relaƟvelǇ stable, betǁeen Ϯ.ϭ–ϯ.ϮxϭϬ ‑ϵ  subsƟtuƟons                       

site ‑ϭ  Ǉear ‑ϭ  ;Table “ϯ, “uppleŵentarǇ Text ϯͿ.  
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Figure 3. Subs�tu�on rates. 

(A)  Bayesian phylogene�c analyses employing �p‑calibra�on. A total of 10,000 trees were superimposed as                           

transparent lines, and the most common topology was plo�ed solidly. Tree branches were calibrated with their                               

corresponding collec�on dates.  (B) Maximum Clade Credibility (MCC) tree summarizing the trees in (A). Note                             

the scale line shows the equivalent branch length of 50 nucleo�de changes. The grey transparent bar indicates                                 

the 95% Highest Posterior Probability of the root date.  (C)  Regression between pairwise net gene�c and �me                                 

distances. The slope of the linear regression line corresponds to the genome subs�tu�on rate per year.  (D)                                 

Subs�tu�on spectra in HPG1 samples, compared to greenhouse‑grown muta�on accumula�on (MA) lines.  (E)                         

Comparison of genome‑wide, intergenic, intronic, and genic subs�tu�on rates in HPG1 and muta�on rates in                             

greenhouse‑grown MA lines. Subs�tu�on rates for HPG1 were re‑scaled to a per genera�on basis assuming                             
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different generaƟon Ɵŵes. ConfidenĐe intervals in HPGϭ subsƟtuƟon rates ǁere obtained froŵ ϵ5% ĐonfidenĐe                           

intervals of the slope froŵ ϭ,ϬϬϬ bootstraps ;Table “ϰ for aĐtual valuesͿ.  

 

The seĐond ŵethod, a BaǇesian phǇlogeneƟĐ approaĐh, uses the ĐolleĐƟon Ǉears for                       

Ɵp‑ĐalibraƟon and assuŵes a relaxed ŵoleĐular ĐloĐk. It suŵŵarizes thousands of plausible                       

ĐoalesĐent trees, and it has been extensivelǇ used to ĐalĐulate evoluƟonarǇ rates in various                           

organisŵs [ϯϯ–ϯ5]. This ŵethod Ǉielded a subsƟtuƟon rate of ϰ.ϬxϭϬ ‑ϵ , ǁith ĐonfidenĐe ranges                         

overlapping the above esƟŵates ;ϵ5% Highest Posterior ProbabilitǇ DensitǇ [HPPD]: ϯ.Ϯ–ϰ.ϳxϭϬ ‑ϵ Ϳ.  

Based on the siŵilar results obtained ǁith tǁo verǇ different ŵethods, ǁe Đan ĐonfidentlǇ                           

saǇ that the subsƟtuƟon rate in the ǁild populaƟons of HPGϭ is betǁeen Ϯ and 5 xϭϬ ‑ϵ  site ‑ϭ  Ǉear ‑ϭ .  

To date the ĐolonizaƟon of N. AŵeriĐa bǇ HPGϭ  A. thaliana  and to iŵprove the desĐripƟon                                 

of intra‑HPGϭ relaƟonships Đoŵpared to that froŵ a NJ tree, ǁe further used a BaǇesian phǇlogenǇ.                               

At first sight, the ϳϯ ŵodern saŵples appeared separated froŵ the herbariuŵ saŵples ;Fig. ϯBͿ, but                               

the superiŵposiƟon of thousands of possible trees shoǁed that the apparent separaƟon of saŵples                           

ǁas less Đlear near the root ;Fig. ϯAͿ. Long terŵinal branĐhes refleĐted that the ŵajoritǇ of the                                 

variants are singletons, tǇpiĐal of populaƟons that expand aŌer boƩleneĐks. 

The ŵean esƟŵate of the last Đoŵŵon HPGϭ anĐestor, the average tree root, ǁas the Ǉear                               

ϭ5ϵϳ ;HPPD ϵ5%: ϭ5ϭϵ–ϭϲϲϬͿ ;Fig. ϯA, BͿ, and an alternaƟve non‑phǇlogeneƟĐ ŵethod gave a siŵilar                             

esƟŵate, ϭϲϮ5. Both esƟŵates are older than a previouslǇ suggested date in the ϭϵ th ĐenturǇ, using                               

a laboratorǇ ŵutaƟon rate esƟŵate and having no inforŵaƟon froŵ herbariuŵ saŵples [Ϯ5].                         

BeĐause HPGϭ appears to have been the ŵost abundant lineage in N. AŵeriĐa sinĐe the ϭϴϲϬs, ǁe                                 

believe it Đould have been one of the first, if not the first Đolonizer that Đould establish itself in N.                                       

AŵeriĐa. If that is true, the Ɵŵe of ĐoalesĐenĐe of the HPGϭ diversitǇ Đould be Đlose to the Ɵŵe of                                       

HPGϭ introduĐƟon to N. AŵeriĐa. During the Đolonial period, ŵanǇ European iŵŵigrants seƩled on                           

the East Đoast, Đonsistent ǁith N. AŵeriĐan  A. thaliana lineages being geneƟĐallǇ Đlosest to BriƟsh                             

and Đoastal West European populaƟons [Ϯϭ]. CoinĐidentlǇ, the oldest herbariuŵ saŵples ;ϭϮ out of                           

the ϮϳͿ ǁere HPGϭ and Đaŵe froŵ the East Coast, and ǁe found a signifiĐant ĐorrelaƟon betǁeen                                 

ĐolleĐƟon date and both laƟtude and longitude ;Fig. ϭCͿ. This Đould indiĐate that aŌer the                             

ĐolonizaƟon theǇ ŵoved froŵ the East Coast to the Midǁest – the other ŵain area of the                                 

distribuƟon that experienĐed an agriĐultural expansion in the ϭϵ th ĐenturǇ [ϯϲ]. “Ɵll, these                         

ĐonĐlusions need to be treated ǁith ĐauƟon, sinĐe regardless of the robustness of the results and our                                 

aƩeŵpts to saŵple evenlǇ froŵ available ĐolleĐƟons, there Đould be unknoǁn biases in the ϭϵ th                             

ĐenturǇ herbaria. 
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MutaƟoŶ spectra across geŶoŵe aŶŶotaƟoŶs  

Although for daƟng divergenĐe events a subsƟtuƟon rate expressed in Ǉears is ideal, in order to                               

Đoŵpare subsƟtuƟon and ŵutaƟon rates, both need to be expressed per generaƟon.  While  A.                           

thaliana  is an annual plant, seed bank dǇnaŵiĐs generate a delaǇ of average generaƟon Ɵŵe at the                                 

populaƟon sĐale. A Đoŵprehensive studǇ of ŵulƟple  A. thaliana  populaƟons in “Đandinavia found                         

that dorŵant seeds Đould ǁait for longer than a Ǉear in the seed bank, generaƟng overlapping                               

generaƟons and an delaǇed average generaƟon Ɵŵe of ϭ.ϯ Ǉears [ϯϳ] ǁith a notable varianĐe aĐross                               

populaƟons. MulƟpliĐaƟon bǇ the ŵean generaƟon Ɵŵe led to an adjusted rate of Ϯ.ϳxϭϬ ‑ϵ                           

subsƟtuƟons site ‑ϭ generaƟon ‑ϭ ;ϵ5% CI Ϯ.ϰ‑ϯ.ϬxϭϬ ‑ϵ Ϳ ;Fig. ϯEͿ. To be able to Đoŵpare this rate ǁith a                                 

referenĐe, ǁe also re‑seƋuenĐed ŵutaƟon aĐĐuŵulaƟon ;MAͿ lines in the Col‑Ϭ referenĐe                       

baĐkground groǁn under Đontrolled ĐondiƟons in the greenhouse that had been analǇzed before                         

ǁith less advanĐed short read seƋuenĐing teĐhnologǇ [ϯϴ]. Froŵ the neǁ re‑seƋuenĐing data, ǁe                           

obtained an updated rate of ϳ.ϭxϭϬ ‑ϵ ŵutaƟons site ‑ϭ generaƟon ‑ϭ  ;ϵ5% CI ϲ.ϯ–ϳ.ϵxϭϬ ‑ϵ Ϳ ;Tables “Ϯ,                           

“ϯ, “uppleŵentarǇ Text ϰ and ϳͿ. This ŵutaƟon rate is tǁo‑ to three‑fold higher than the                               

per‑generaƟon subsƟtuƟon rate esƟŵate in the ǁild, but ǁithin the saŵe order of ŵagnitude. The                             

saŵe holds for rates in different genoŵe annotaƟons, i.e. geniĐ, introniĐ and intergeniĐ regions, but                             

the ĐonfidenĐe intervals overlapped in ŵanǇ Đases ;Table “ϯͿ.  

DifferenĐes in per‑generaƟon rates betǁeen laboratorǇ and ǁild populaƟons Đould steŵ                     

froŵ both ŵethodologiĐal as ǁell as biologiĐal Đauses. For instanĐe, if the true average generaƟon                             

Ɵŵe ǁas aĐtuallǇ over ϯ Ǉears / generaƟon, the differenĐes ǁould ĐanĐel out ;Fig. ϯEͿ. LiŵitaƟons in                                 

ŵapping struĐtural variaƟon in non‑referenĐe saŵples Đould loǁer the subsƟtuƟon rate, ǁhiĐh ŵaǇ                         

explain ǁhǇ ǁe ĐalĐulated an atǇpiĐallǇ loǁ subsƟtuƟon rate in regions ǁith transposable eleŵents                           

;see “uppleŵentarǇ Text ϳ.Ϯ.ϭͿ. EnvironŵentallǇ‑driven effeĐts that are not Ǉet ǁell understood, suĐh                         

as variable ŵethǇlaƟon status of ĐǇtosines, aĐĐount for ŵuĐh of the variaƟon in loĐal subsƟtuƟon                             

rates [ϯϵ], and Đould inĐrease or deĐrease the rate ;see “uppleŵentarǇ Text ϳ.Ϯ.ϯ, Fig. “ϰͿ.  

An alternaƟve evoluƟonarǇ explanaƟon to the aforeŵenƟoned laboratorǇ and ǁild                   

populaƟons’ rates differenĐes is that purifǇing seleĐƟon in the ǁild ǁould sloǁ doǁn the                           

aĐĐuŵulaƟon of ŵutaƟons bǇ reŵoving deleterious ŵutaƟons ;Fig. ϯEͿ. This has been observed                         

before and is one of the aĐĐepted Đauses of the disĐrepanĐǇ betǁeen the so Đalled long‑ and                                 

short‑terŵ subsƟtuƟon rates in a range of organisŵs [ϰϬ].  

In order to provide evidenĐe for negaƟve purifǇing seleĐƟon aĐƟng in the ǁild, ǁe perforŵed                             

three tǇpes of analǇses involving Đoŵparisons aĐross genoŵiĐ annotaƟons ǁithin the HPGϭ dataset.                         

FirstlǇ, bǇ ĐalĐulaƟng ĐonƟngenĐǇ tables and ĐoŵpuƟng a Fisher’s exaĐt test, ǁe Đoŵpared the                           
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deviaƟon of expeĐted and observed “NPs betǁeen Đoding regions ;ŵore likelǇ under purifǇing                         

seleĐƟonͿ, ǁith intergeniĐ regions, introniĐ regions, and all non‑Đoding regions of genoŵe. All three                           

pairǁise Đoŵparisons shoǁed a depleƟon of Đoding “NPs and an enriĐhŵent of intergeniĐ, introniĐ                           

and non‑Đoding “NPs ;odds raƟo>Ϯ, p<ϭϬ ‑ϭϲ Ϳ. An obvious explanaƟon is that in genoŵe annotaƟons                           

ǁhere a ŵutaƟon is ŵore likelǇ to be deleterious, i.e. Đoding regions, the nuŵber of observed                               

variants should be loǁer due to seleĐƟon having reŵoved theŵ froŵ the populaƟon before ǁe Đould                               

seƋuenĐe theŵ.  

“eĐondlǇ, ǁe studied the “ite FreƋuenĐǇ “peĐtruŵ ;“F“Ϳ of geneƟĐ variants. The raƟonale                         

ǁas that beĐause purifǇing natural seleĐƟon is ŵore effiĐient at reŵoving interŵediate‑freƋuenĐǇ                       

variants, variants that tend to be deleterious or slightlǇ deleterious should be found at loǁer                             

freƋuenĐǇ than those that onlǇ suffer neutral driŌ [ϰϭ]. We built ĐonƟngenĐǇ tables of Đoding,                             

intergeniĐ, introniĐ and non‑Đoding variants segregaƟng above and and beloǁ the ĐonvenƟonal                       

freƋuenĐǇ Đutoff of 5% to separate loǁ‑ and interŵediate‑freƋuenĐǇ variants [ϰϮ]. We found that                           

“NPs in Đoding regions ǁere ŵore likelǇ to be at loǁ freƋuenĐǇ than those in intergeniĐ ;odds                                 

raƟo=Ϯ.ϯϰ, p=ϯ.ϬϵxϭϬ ‑ϭϭ Ϳ, introniĐ ;odds raƟo=ϭ.ϰϴ, p=Ϭ.ϬϮͿ, and all non‑Đoding regions ;odds                     

raƟo=Ϯ.Ϭ5, p=ϭ.ϮϵxϭϬ ‑ϴ Ϳ. We Đarried out the saŵe analǇsis using nonsǇnonǇŵous and sǇnonǇŵous                       

“NPs, ǁhiĐh are easilǇ interpretable in terŵs of the seleĐƟon regiŵes under ǁhiĐh theǇ evolve. We                               

did not find an enriĐhŵent ;p=Ϭ.ϲϳͿ, perhaps due to an insuffiĐient nuŵber of testable ŵutaƟons                             

;Table “ϯͿ.  

ThirdlǇ, to verifǇ that the full freƋuenĐǇ speĐtruŵ of Đoding “NPs ǁas shiŌed to loǁer                             

freƋuenĐies ;i.e. the results ǁere not dependent on the arbitrarǇ 5% freƋuenĐǇ ĐutoffͿ, ǁe used the                               

nonparaŵetriĐ Kolŵogorov‑“ŵirnov test for tǁo saŵples. We found that the ĐuŵulaƟve distribuƟon                       

of the site freƋuenĐǇ speĐtruŵ ;CD “F“ Ϳ of Đoding regions is above ;i.e., the freƋuenĐǇ distribuƟon is                               

overall skeǁed to loǁer valuesͿ both the intergeniĐ CD “F“ ;p=ϯ.Ϯ5xϭϬ 
‑ϲ Ϳ and the non‑Đoding regions                           

CD “F“  ;p=Ϭ.ϬϬϭͿ, but not the introniĐ CD “F“  ;p=Ϭ.ϲϬͿ ;Fig. “5Ϳ. As in our previous analǇsis, the                               

Đoŵparison betǁeen the nonsǇnonǇŵous and sǇnonǇŵous CD “F“ Ǉielded, likelǇ for siŵilar reasons,                       

no differenĐes ;p=Ϭ.5ϯͿ.  

All in all, these results support that purifǇing seleĐƟon is a forĐe shaping to soŵe degree the                                 

diversitǇ aĐross the HPGϭ genoŵe and ŵight therefore as ǁell Đontribute to the differenĐes betǁeen                             

HPGϭ and MA rates. 

PoteŶƟallǇ advaŶtageous  de novo  ŵutaƟoŶs 

FinallǇ, having disĐovered over 5,ϬϬϬ  de novo ŵutaƟons in the HPGϭ lineage, ǁe ǁondered ǁhether                             

there is anǇ evidenĐe for an adapƟve role of these  de novo ŵutaƟons in the ĐolonizaƟon of N.                                   
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AŵeriĐa bǇ HPGϭ. We noted that soŵe neǁ ŵutaƟons had risen to interŵediate or even high                               

freƋuenĐies in the HPGϭ saŵples. This ŵight have been the ĐonseƋuenĐe of driŌ froŵ stoĐhasƟĐ                             

deŵographiĐ proĐesses, or it Đould have been Đaused bǇ posiƟve natural seleĐƟon. To find direĐt                             

evidenĐe for the laƩer, ǁe greǁ the ŵodern aĐĐessions in a Đoŵŵon garden and studied phenotǇpes                               

of knoǁn iŵportanĐe in eĐologǇ of invasions [ϰϯ], naŵelǇ floǁering Ɵŵe and root traits ;see                             

“uppleŵentarǇ Text ϴͿ. Using linear ŵixed ŵodels, ǁe ĐalĐulated the proporƟon of varianĐe                         

explained ;also Đalled narroǁ sense heritabilitǇ, h Ϯ Ϳ ǁith a kinship ŵatrix of all “NPs that had beĐoŵe                                 

Đoŵŵon ;>5%, n=ϯϵϭͿ. We found signifiĐant heritable variaƟon for ŵulƟple traits inĐluding the                         

groǁth rate in length ;h Ϯ =Ϭ.ϲϰͿ and the average root gravitropiĐ direĐƟon ;h Ϯ =Ϭ.5ϰͿ. As in our studǇ                               

ŵutaƟons are the ŵain sourĐe of geneƟĐ variants, these ŵutaƟons — or ŵutaƟons linked to theŵ—                                 

should be responsible for signifiĐant ƋuanƟtaƟve variaƟon in several traits ;Table “ϰ, “uppleŵentarǇ                         

Text ϭϬͿ. The existenĐe of ŵutaƟon‑driven phenotǇpiĐ variaƟon at least indiĐates that natural                         

seleĐƟon Đould have aĐted upon suĐh phenotǇpiĐ variaƟon.  
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Figure 4. Density of SNPs along all chromosomes and loca�on of GWAS hits 

Black line shows number of SNPs per 100 kb window. Centromere loca�ons are indicated by grey shading.                                 

Ver�cal lines indicate SNPs associated with root phenotypes (red) and clima�c variables (blue) (Table 1 and                               

Table S5).  

 

Although linkage disequilibrium (LD) among SNPs is high, the fact that HPG1 genomes differ                           

in very few SNPs greatly reduces the list of candidate loci that might generate the observed                               

phenotypic varia�on (Fig. S7) [44]. With this reasoning in mind and understanding the limita�ons                           

imposed by LD, we carried out a genome‑wide associa�on (GWA) analysis and found 79 SNPs                             

associated with one or more root traits, mostly growth and direc�onality (Fig. 4).  Twelve SNPs were                               

in coding regions and seven resulted in nonsynonymous changes — some producing                       

non‑conserva�ve amino‑acid changes and thus likely to affect protein structure and/or func�on                       

(Table 1, based on transi�on scores from [45]). Due to the aforemen�oned LD, in some cases the                                 

results of associa�ons could not be confidently assigned to a specific SNP and thus we report the                                 

number of other associated muta�ons with r 2 > 0.5 (Table 1, Fig. S7). We note thatFor other cases,                                   
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ǁe ǁere able to pinpoint Đlear Đandidates that ǁere not in LD ǁith other “NPs and ǁhose funĐƟonal                                   

annotaƟon had a strong ĐonneĐƟon to the phenotǇpe ;Table ϭ, Fig. “ϳͿ. For exaŵple, one “NP                               

assoĐiated ǁith root gravitropisŵ ǁas not linked to anǇ other “NP hit and it ǁas found at ϰϬ%                                   

freƋuenĐǇ ;top ϯ% perĐenƟleͿ. This “NP produĐes a ĐǇsteine to trǇptophan Đhange in AT5GϭϵϯϯϬ,                           

ǁhiĐh is involved in absĐisiĐ aĐid response and Đonfers salt toleranĐe ǁhen overexpressed [ϰϲ].                           

Another nonsǇnonǇŵous “NP assoĐiated ǁith root groǁth is loĐated in ATϮGϯϴϵϭϬ, ǁhiĐh enĐodes a                           

ĐalĐiuŵ‑dependent kinase that is a faĐtor regulaƟng root hǇdrauliĐ ĐonduĐƟvitǇ and phǇtohorŵone                       

response  in vitro  [ϰϳ,ϰϴ]. 

 

Taďle ϭ. GeŶic “NPs associated ǁith differeŶt traits. 

For nonsǇnonǇŵous “NPs, the aŵino aĐid Đhange and the Granthaŵ sĐore ;ranging froŵ Ϭ to Ϯϭ5Ϳ, ǁhiĐh                                 

ŵeasures the phǇsiĐo‑ĐheŵiĐal properƟes of the aŵino aĐids, are reported. All “NPs in the table ǁere                               

signifiĐant ;p < Ϭ.Ϭ5Ϳ aŌer raǁ p‑values ǁere ĐorreĐted bǇ an eŵpiriĐal p‑value distribuƟon froŵ a perŵutaƟon                                 

proĐedure. * highlights those that also passed a double Bonferroni threshold, ĐorreĐƟng bǇ nuŵber of “NPs                               

and nuŵber of phenotǇpes ;p < Ϭ.ϬϬϬϭͿ. LD Đorresponds to hoǁ ŵanǇ other “NP hits are in high linkage                                     

;r Ϯ >Ϭ.5Ϳ. Table “5 Đontains inforŵaƟon on all signifiĐant “NPs and Table “ϰ for details on phenotǇpes and                                 

ĐliŵaƟĐ variables.  

Trait †  LocaƟoŶ 

;chr‑ďpͿ 

GeŶe  AŶŶo– 

taƟoŶ 

ProteiŶ  aa chaŶge  LD  BoŶf.

G  ϭ‑ϵ5ϴ,ϵϰϴ  ATϭGϬϯϴϭϬ  nonsǇn  OligonuĐleoƟde binding  A>P, Ϯϳ  5ϯ   

D  ϭ‑ϭϯ,ϵϵϰ,ϵ5ϴ  ATϭGϯϲϵϯϯ  transposon  Copia     ϰϵ   

“  ϭ‑ϮϬ,ϯϮϰ,Ϭ5Ϭ  ATϭG5ϰϰϰϬ  introniĐ  RRPϲ‑LIKE ϭ     ϭϭ  * 

D  ϭ‑Ϯϯ,ϲϰϴ,ϰϬϳ  ATϭGϲϯϳϰϬ  nonsǇn  TIR‑NLR faŵilǇ  Y>“, ϭϰϰ  ϰϲ   

G  Ϯ‑ϯ5ϴ,ϯϵ5  ATϮGϬϭϴϮϬ  sǇn  RLK faŵilǇ    ϰϯ  * 

G  Ϯ‑5ϴ5,ϵϭϴ  ATϮGϬϮϮϮϬ  sǇn  P“KRϭ    ϰϮ  * 

G  Ϯ‑ϲ,Ϭϯϰ,5ϰ5  ATϮGϭϰϮϰϳ  sǇn  Expressed protein    ϯϴ  * 

G  Ϯ‑ϳ,Ϭϰϳ,5Ϯϵ  ATϮGϭϲϮϳϬ  nonsǇn  Unknoǁn protein  P>A, Ϯϳ  ϯϳ  * 

G  Ϯ‑ϳ,ϭϴϲ,ϮϮϬ  ATϮGϭϲ5ϴϬ  introniĐ  “AURϴ     ϯϲ  * 

G  Ϯ‑ϭϬ,ϰϵ5,Ϯϳ5  ATϮGϮϰϲϴϬ  introniĐ  Bϯ faŵilǇ     ϯϰ  * 

G  Ϯ‑ϭϮ,ϰϭ5,Ϭϴϰ  ATϮGϮϴϵϬϬ  introniĐ  OEPϭϲ     ϯϮ   

“  Ϯ‑ϭϲ,Ϭϯϵ,ϰϴϴ  ATϮGϯϴϮϵϬ  ϯ' UTR  AMTϮ     ϴ  * 

“  Ϯ‑ϭϲ,Ϯϰϳ,ϮϵϬ  ATϮGϯϴϵϭϬ  nonsǇn  CPKϮϬ  A>G, ϲϬ  ϳ  * 

G  Ϯ‑ϭϲ,ϯϯϯ,ϲϲϮ  ATϮGϯϵϭϲϬ  nonsǇn  Unknoǁn protein  A>G, ϲϬ  Ϯϵ   

G  ϯ‑Ϯ,5ϬϬ,Ϯ5ϴ  ATϯGϬϳϴϯϬ  sǇn  PGAϯ    Ϯϴ  * 

G  ϯ‑ϯ,ϲϮϵ,ϳϵϰ  ATϯGϭϭ5ϯϬ  introniĐ  VP“55     Ϯϲ  * 

G  ϯ‑ϰ,Ϯϲϵ,ϲϮϲ  ATϯGϭϯϮϮϵ  5' UTR  DUFϴϲϴ doŵain     Ϯ5  * 

D  ϯ‑ϭϭ,ϴϳϯ,Ϯϵϯ  ATϯGϯϬϮϭϵ  transposon  GǇpsǇ     Ϭ   

G & D  ϰ‑ϰ,ϮϮϴ,ϭϯϴ  ATϰGϬϳϰϰϬ  transposon  OligonuĐleoƟde binding     ϭϵ   
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G & D  ϰ‑ϵ,Ϭϰϲ,ϵϰϮ  ATϰGϭ5ϵϲϬ  nonsǇn  Alpha/beta‑hǇdrolase   A>Q, Ϯϰ  ϭϴ   

G & D  ϰ‑ϭ5,ϲϰϲ,ϯϰϭ  ATϰGϯϮϰϭϬ  sǇn  ANYϭ    ϭ5   

G  ϰ‑ϭ5,ϴϰ5,ϬϬϭ  ATϰGϯϮϴϰϬ  ϯ' UTR  PFKϲ     ϭϰ   

D  5‑ϰ,Ϯϰ5,Ϯϭϯ  AT5GϭϯϮϲϬ  sǇn  Unknoǁn protein    ϭϮ   

D  5‑ϰ,5ϬϬ,ϮϬϮ  AT5Gϭϯϵ5Ϭ  nonsǇn  Unknoǁn protein  A>G, ϲϬ  ϭϭ   

G  5‑ϰ,ϳϵϳ,ϵϮϯ  AT5GϭϰϴϯϬ  transposon  Retrotransposon     ϭϬ   

G  5‑ϲ,5Ϭϴ,ϯϮϵ  AT5GϭϵϯϯϬ  nonsǇn  ARIA  C>W, Ϯϭ5  Ϭ   

G  5‑ϭϭ,ϬϵϬ,ϯϲ5  AT5GϮϵϬϯϳ  transposon  GǇpsǇ     ϰ   

G  5‑ϭϮ,ϯϭϮ,ϵϳ5  AT5GϯϮϲϯϬ  pseudogene  –     ϯ   

G  5‑ϭϮ,ϯ5ϴ,ϭ5ϵ  AT5GϯϮϴϮ5  transposon  CACTA     Ϯ   

“  5‑ϭϲ,ϬϮϰ,ϭϵϳ  AT5GϰϬϬϮϬ  introniĐ  ThauŵaƟn superfaŵilǇ     Ϯ  * 
† Traits ǁith signifiĐant assoĐiaƟons ǁere root gravitropisŵ ;GͿ, size ;“Ϳ, or loǁ suŵŵer preĐipitaƟon. 

 

Nineteen other “NPs ǁere assoĐiated ǁith Đliŵate variables aŌer ĐorreĐƟon for laƟtude and                         

longitude ; ǁǁǁ.ǁorldĐliŵ.org , Table “ϰ Ϳ, and generallǇ tended to ĐoinĐide ǁith top root‑assoĐiated                       

“NPs ;odds raƟo = ϯ.ϵ, Fisher’s ExaĐt test p = Ϭ.ϬϬϮ; Fig. ϰ, and Table “5Ϳ. “peĐifiĐallǇ, this ŵeans that                                       

alleles inĐreasing root length and gravitropiĐ groǁth ǁere present in areas ǁith loǁer preĐipitaƟon,                           

and  vice versa ;Pearson’s ĐorrelaƟon r=Ϭ.ϴ5, p=Ϭ.ϬϬϯͿ. This indiĐates that phenotǇpiĐ variaƟon                       

generated bǇ ŵutaƟons ĐoinĐides ǁith environŵental ;and not geographiĐͿ gradients along the                       

Đolonized areas. Coŵpared to other ŵutaƟons ǁith ŵatĐhed allele freƋuenĐies, root‑assoĐiated                     

ŵutaƟons are first found in older herbariuŵ saŵples nearer to Lake MiĐhigan ;Fig. “ϲͿ, the area in N.                                   

AŵeriĐa that seeŵs to be ŵost denselǇ populated bǇ  A. thaliana [Ϯϭ]. A ŵoreThis Đould be explained                                 

bǇ natural seleĐƟon having ŵaintained ŵutaƟons ǁith phenotǇpiĐ effeĐt for a longer Ɵŵe than                           

neutral ŵutaƟons or perhaps that these ŵutaƟons ǁere seleĐted for in a neǁ environŵent. All in all,                                 

our results are ĐoŵpaƟble ǁith natural posiƟve seleĐƟon having alreadǇ aĐted on root ŵorphologǇ                           

variaƟon that ǁas generated bǇ  de novo  ŵutaƟons in this Đolonizing lineage. To Đonfirŵ suĐh                             

hǇpotheses of loĐal adaptaƟon bǇ  de novo ŵutaƟons, it ǁill be neĐessarǇ to groǁ ĐolleĐƟons of                               

divergent HPGϭ individuals in ŵulƟple ĐontrasƟng loĐaƟons over several Ǉears, and ideallǇ revive                         

historiĐal speĐiŵens to Đoŵpare perforŵanĐe [ϰϵ]. 

CoŶclusioŶs 

In suŵŵarǇ, ǁe have exploited ǁhole‑genoŵe inforŵaƟon froŵ historiĐ and ĐonteŵporarǇ                     

ĐolleĐƟons of a herbaĐeous plant to eŵpiriĐallǇ ĐharaĐterize evoluƟonarǇ forĐes during a reĐent                         

ĐolonizaƟon. With this natural Ɵŵe series experiŵent ǁe Đould direĐtlǇ esƟŵate the nuĐlear                         

subsƟtuƟon rate in ǁild  A. thaliana  populaƟons – a paraŵeter diffiĐult to ĐharaĐterize experiŵentallǇ                           

[ϵ]. This alloǁed us to date the ĐolonizaƟon Ɵŵe and spread of HPGϭ in N. AŵeriĐa. We provide                                   
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evidenĐe that purifǇing seleĐƟon has alreadǇ Đhanged the site freƋuenĐǇ speĐtruŵ in the Đourse of                             

just a feǁ Đenturies. FinallǇ, ǁe disĐovered that a sŵall nuŵber of  de novo  ŵutaƟons that rose to                                   

interŵediate freƋuenĐǇ Đan together explain ƋuanƟtaƟve variaƟon in root traits aĐross                     

environŵents. This strengthens the hǇpothesis that soŵe  de novo variaƟon Đould have had an                           

adapƟve value during the ĐolonizaƟon and expansion proĐess, a hǇpothesis that has been put                           

forǁard as one of the possible soluƟons to the geneƟĐ paradox of invasion in plants [ϭϳ]. This                                 

proĐess ŵight be ŵore relevant in self‑ferƟlizing plants, ǁhiĐh tǇpiĐallǇ have less diversitǇ than                           

outĐrossing ones [5Ϭ], but have higher groǁth rates [ϰϯ] and aĐĐount for the ŵajoritǇ of suĐĐessful                               

plant Đolonizers [5]. While  A. thaliana  HPGϭ is not an invasive, i.e. harŵful, speĐies, it Đan teaĐh us                                   

about fundaŵental evoluƟonarǇ proĐesses behind suĐĐessful ĐolonizaƟons and adaptaƟon to neǁ                     

environŵents. Our ǁork should enĐourage others to searĐh for siŵilar natural experiŵents and to                           

unloĐk the potenƟal of herbariuŵ speĐiŵens to studǇ ͞evoluƟon in aĐƟon .͟ 

METHOD“ 

“aŵple collecƟoŶ aŶd DNA seƋueŶciŶg 

Modern  A. thaliana aĐĐessions ǁere froŵ the ĐolleĐƟon desĐribed bǇ PlaƩ and Đolleagues [Ϯϯ], ǁho                             

idenƟfied HPGϭ Đandidates based on ϭϰϵ genoŵe‑ǁide “NPs ;Table “ϭ, “uppleŵentarǇ Text ϭͿ.                         

Herbariuŵ speĐiŵens ǁere direĐtlǇ saŵpled bǇ Max PlanĐk Đolleagues Jane Devos and Gautaŵ                         

“hirsekar, or sent to us bǇ ĐolleĐƟon Đurators froŵ various herbaria ;Table “ϭ, “uppleŵentarǇ Text ϭͿ.                               

Aŵong the substanƟal nuŵber of speĐiŵens in the herbaria of the UniversitǇ of ConneĐƟĐut, the                             

ChiĐago Field Museuŵ and the Neǁ York BotaniĐal Garden, ǁe seleĐted herbariuŵ speĐiŵens                         

spaĐed in Ɵŵe so there ǁas at least one saŵple per deĐade starƟng froŵ the oldest reĐord ;ϭϴϲϯͿ.                                   

The differenĐes in geographiĐ biases of herbariuŵ and ŵodern ĐolleĐƟons are diffiĐult to knoǁ [Ϯ],                             

thus ǁe did Đhoose both historiĐ and ŵodern saŵples that ǁere as regularlǇ distributed in spaĐe as                                 

possible, and saŵple overlapping loĐaƟons ǁherever possible. DNA froŵ herbariuŵ speĐiŵens ǁas                       

extraĐted as desĐribed [5ϭ] in a Đlean rooŵ faĐilitǇ at the UniversitǇ of Tübingen. Tǁo seƋuenĐing                               

libraries ǁith saŵple‑speĐifiĐ barĐodes ǁere prepared folloǁing established protoĐols, ǁith and                     

ǁithout repair of deaŵinated sites using uraĐil‑DNA glǇĐosǇlase and endonuĐlease VIII ;refs. [5Ϯ–5ϰ]Ϳ                         

;“uppleŵentarǇ Text ϮͿ. We also invesƟgated paƩerns of DNA fragŵentaƟon and daŵage tǇpiĐal of                           

anĐient DNA [Ϯϰ] ;“uppleŵentarǇ Text ϮͿ. DNA froŵ ŵodern individuals ǁas extraĐted froŵ pools of                             

eight siblings using the DNeasǇ plant ŵini kit ;Qiagen, Hilgendorf, GerŵanǇͿ. GenoŵiĐ DNA libraries                           

ǁere prepared using the Tru“eƋ DNA “aŵple or Tru“eƋ Nano DNA saŵple prep kits ;Illuŵina, “an                               

Diego, CAͿ, and seƋuenĐed on Illuŵina Hi“eƋ ϮϬϬϬ, Hi“eƋ Ϯ5ϬϬ or Mi“eƋ instruŵents. Paired‑end                           

reads froŵ ŵodern saŵples ǁere triŵŵed and ƋualitǇ filtered before ŵapping using the “HORE                           
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pipeline vϬ.ϵ.Ϭ [Ϯ5,55]. BeĐause anĐient DNA fragŵents are short ;Fig. “ϭͿ ǁe ŵerged forǁard and                             

reverse reads for herbariuŵ saŵples aŌer triŵŵing, reƋuiring a ŵiniŵuŵ of ϭϭ bp overlap [5ϭ], and                               

treated the resulƟng as single‑end reads. Reads ǁere ŵapped ǁith GenoŵeMapper vϬ.ϰ.5s [5ϲ]                         

against an HPGϭ pseudo‑referenĐe genoŵe [Ϯ5], and against the Col‑Ϭ referenĐe genoŵe, and “NPs                           

ǁere Đalled ǁith “HORE for the HPGϭ pseudo‑referenĐe genoŵe ŵappings [Ϯ5,5ϳ] using different                         

thresholds ;“uppleŵentarǇ Text ϯͿ. Average Đoverage depth, nuŵber of Đovered genoŵe posiƟons,                       

and nuŵber of “NPs idenƟfied per aĐĐession relaƟve to HPGϭ are reported in Table “ϭ. We also                                 

re‑seƋuenĐed the genoŵes of tǁelve Col‑Ϭ MA lines [5ϳ,5ϴ] ;Table “ϮͿ ;“uppleŵentarǇ text ϰͿ to                             

reĐalĐulate and update the laboratorǇ ŵutaƟon rate froŵ Ossoǁski et al. [ϯϴ] ǁith the neǁer                             

seƋuenĐing teĐhnologies. 

PhǇlogeŶeƟc ŵethods aŶd geŶoŵe‑ǁide staƟsƟcs 

We used the Pegas, Ape and Adegenet paĐkages in R [5ϵ–ϲϭ] to ŵanipulate and visualize the geneƟĐ                                 

distanĐes of all saŵples as ǁell as the HPGϭ subset ;“uppleŵentarǇ Text ϳͿ. We ĐonstruĐted                             

parsiŵonǇ netǁorks using “plitsTree v.ϰ.ϭϮ.ϯ [ϲϮ], ǁith ĐonfidenĐe values ĐalĐulated ǁith ϭ,ϬϬϬ                       

bootstrap iteraƟons. We built Maxiŵuŵ Clade CredibilitǇ Trees using the BaǇesian phǇlogeneƟĐ tools                         

iŵpleŵented in BEA“T v.ϭ.ϴ [ϲϯ] ;see beloǁͿ.  

Transforŵing the variant sites into a FA“TA forŵat, ǁe esƟŵated geneƟĐ diversitǇ as                         

WaƩerson´s θ [ϲϰ] and nuĐleoƟde diversitǇ π, and the differenĐe betǁeen these tǁo staƟsƟĐs as                             

Tajiŵas’s  D [ϲϱ] using Dna“P v5 [ϲϲ]. Then ǁe re‑sĐaled the esƟŵates using the                           

seƋuenĐing‑aĐĐessible genoŵe sizes ;Table “ϯͿ. We esƟŵated pairǁise linkage diseƋuilibriuŵ ;LDͿ                     

betǁeen all possible ĐoŵbinaƟons of inforŵaƟve sites, ignoring singletons, bǇ ĐoŵpuƟng  r Ϯ ,  D and                           

D ’ staƟsƟĐs using Dna“P v5 [ϲϲ]. For the ŵodern individuals, ǁe ĐalĐulated the reĐoŵbinaƟon                           

paraŵeter rho ; ϰN e r Ϳ also using Dna“P v5 [ϲϲ]. 

“uďsƟtuƟoŶ aŶd ŵutaƟoŶ rate aŶalǇses 

“iŵilarlǇ as in Fu et al. [ϲϳ], ǁe used genoŵe‑ǁide nuĐlear “NPs to ĐalĐulate pairǁise ͞net͟ geneƟĐ                                 

distanĐes using the eƋuaƟon  D' ij =  D iĐ ‑ D jĐ , ǁhere  D ' ij is the net distanĐe betǁeen a ŵodern saŵple  i                                   

and a herbariuŵ saŵple  j ;  D iĐ the distanĐe betǁeen the ŵodern saŵple  i and the referenĐe genoŵe                                 

c ; and  D jĐ is the distanĐe betǁeen a ŵodern saŵple ;jͿ and the referenĐe genoŵe ;ĐͿ. We ĐalĐulated                                   

a pairǁise Ɵŵe distanĐe in Ǉears betǁeen the ĐolleĐƟon Ɵŵes,  T 'ij, and ĐalĐulated the linear                             

regression:  D ' =  a + bT '. The slope ĐoeffiĐient  b desĐribes the nuŵber of subsƟtuƟon Đhanges per Ǉear.                               

We used either all “NPs or subsets of “NPs at different annotaƟons ;geniĐ, intergeniĐ etĐ.Ϳ                             

appropriatelǇ sĐaled bǇ aĐĐessible genoŵe length. BeĐause the points used to ĐalĐulate the                         

Appendix III  ‑  ϭϴ 

 



 

Exposito‑Alonso, BeĐker et al.  de novo  ŵutaƟon rate in  A. thaliana 

 

regression are non‑independent, a bootstrap has been reĐoŵŵended to overĐoŵe to a Đertain                         

extent the anƟ‑ĐonservaƟve ĐonfidenĐe intervals [ϯϬ] ;“uppleŵentarǇ Text ϳ and Fig. “ϯͿ. 

To fullǇ aĐĐount for the non‑independenĐe of points, ǁe need to ǁork ǁith phǇlogenies. The                             

BaǇesian phǇlogeneƟĐs approaĐh ǁe used is iŵpleŵented in BEA“T vϭ.ϴ [ϲϯ] and is Đalled                           

Ɵp‑ĐalibraƟon, and ĐalĐulates a subsƟtuƟon rate along the phǇlogenǇ. Our analǇsis opƟŵized                       

siŵultaneouslǇ and in an iteraƟve fashion using a Monte Carlo Markov Chain ;MCMCͿ a tree                             

topologǇ, branĐh length, subsƟtuƟon rate, and a deŵographiĐ “kǇgrid ŵodel ;“uppleŵentarǇ Text ϳͿ.                         

The deŵographiĐ ŵodel is a BaǇesian nonparaŵetriĐ one that is opƟŵized for ŵulƟple loĐi and that                               

alloǁs for Đoŵplex deŵographiĐ trajeĐtories bǇ esƟŵaƟng populaƟon sizes in Ɵŵe bins aĐross the                           

tree based on the nuŵber of ĐoalesĐent ‑ branĐhing ‑ events per bin [ϲϴ]. We also perforŵed a                                   

seĐond analǇsis run using a fixed prior for subsƟtuƟon rate of ϯxϭϬ ‑ϵ subsƟtuƟons site ‑ϭ Ǉear ‑ϭ based                               

on our previous net distanĐe esƟŵate to Đonfirŵ that the MCMC had the saŵe paraŵeter                             

ĐonvergenĐe, e.g. tree topologǇ, as in the first ͞esƟŵate‑all‑paraŵeters͟ run.  

Having a subsƟtuƟon rate per Ǉear ǁe Đan esƟŵate the Ɵŵe to the ŵost Đoŵŵon reĐent                               

anĐestor  L solving  d = ϮL x µ ǁhere  d  is the average pairǁise geneƟĐ distanĐe betǁeen our saŵples                                     

and  µ is the ĐalĐulated subsƟtuƟon rate froŵ the distanĐe ŵethod. This Ǉielded ϯϲϯ Ǉears, ǁhiĐh                               

subtraĐted to the average ĐolleĐƟon date of the saŵples, produĐed a point esƟŵate of ϭϲϭ5. We                               

Đoŵpare this esƟŵate ǁith the inferred phǇlogenǇ root froŵ the BEA“T analǇsis. 

IŶfereŶce of geŶoŵe‑ǁide selecƟoŶ 

We separatelǇ analǇzed seƋuenĐes at different annotaƟons, sinĐe as theǇ ŵight be under different                           

seleĐƟon regiŵes ;i.e. evoluƟonarǇ ĐonstraintsͿ. We Đoŵputed, using the HPGϭ dataset, one‑tailed                       

Fisher’s exaĐt test using the base stats paĐkage in R [ϲϵ] on ĐonƟngenĐǇ tables of the total nuŵber of                                     

base pairs against the nuŵber of “NPs, and those separated bǇ posiƟons being annotated as a Đoding                                 

against non‑Đoding ;intergeniĐ, introniĐ, all other nonĐodingͿ. The test returned ǁhether Đoding                       

regions have a loǁer nuŵber of “NPs than other referenĐe annotaƟon ;introniĐ, intereniĐ, all                           

non‑Đoding regionsͿ, as expeĐted bǇ the total nuŵber of posiƟons in the genoŵe annotated as suĐh.                               

We also ĐonstruĐted ĐonƟngenĐǇ tables to test ǁhether “NPs annotated as Đoding Đoŵpared to                           

those annotated as non‑Đoding ǁere ŵore likelǇ to be found at loǁ ;<5%Ϳ or interŵediate ;5ш%Ϳ                               

freƋuenĐǇ. 

FinallǇ, ǁe ĐalĐulated the unfolded “ite FreƋuenĐǇ “peĐtruŵ ;“F“Ϳ based on the order of                           

appearanĐe of geneƟĐ variants in the herbariuŵ dataset. We then used the Kolŵogorov–“ŵirnov                         

tǁo‑saŵples test and ϭϬ,ϬϬϬ bootstrap resaŵpling using the R paĐkage MatĐhing v. ϰ.ϵ‑Ϯ ;ref. [ϳϬ]Ϳ                             

to ĐalĐulate ǁhether the freƋuenĐǇ speĐtruŵ ǁas loǁer for Đoding “NPs than for other “NPs.                             
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AddiƟonallǇ, ǁe also repeated these analǇses Đoŵparing nonsǇnonǇŵous and sǇnonǇŵous                   

ŵutaƟons instead of Đoding and non‑Đoding regions. 

AssociaƟoŶ aŶalǇsis 

We ĐolleĐted floǁering, seed and root ŵorphologǇ phenotǇpes for ϲϯ aĐĐessions ;“uppleŵentarǇ                       

Text ϴͿ. For assoĐiaƟons ǁith Đliŵate paraŵeters, ǁe folloǁed a siŵilar raƟonale as previouslǇ                           

desĐribed [ϳϭ]. We extraĐted inforŵaƟon froŵ the bioĐliŵ database                 

; hƩp://ǁǁǁ.ǁorldĐliŵ.org/bioĐliŵ Ϳ at a Ϯ.5 degrees resoluƟon raster and interseĐted it ǁith                     

geographiĐ loĐaƟons of HPGϭ saŵples ;n = ϭϬϬͿ. We perforŵed assoĐiaƟon analǇses under several                           

ŵodels and  p ‑value ĐorreĐƟons using the R paĐkage GeneABEL [ϳϮ] ;“uppleŵentarǇ Text ϴ.ϮͿ. To                           

ĐalĐulate the varianĐe of the trait explained bǇ all geneƟĐ variants, ǁe used a linear ŵixed ŵodel:  y =                                     

Xb + Zu + ε  ; ǁhere  y is the phenotǇpe or Đliŵate variable,  X  is the genotǇpe states at a given “NP,  b is                                                 

the fixed phenotǇpiĐ effeĐt of suĐh “NP,  Z is the design ŵatrix of genoŵe idenƟƟes,  u is the randoŵ                                     

genoŵe baĐkground effeĐt inforŵed bǇ the kinship ŵatrix and distributed as MVN ;Ϭ,  σ g A Ϳ, and  ε  is                                 

the randoŵ error terŵ. The raƟo of  σ g  / σ T  is ĐoŵŵonlǇ Đalled narroǁ sense heritabilitǇ, ͞Đhip͟                                 

heritabilitǇ, or proporƟon of varianĐe explained bǇ genotǇpe [ϳϯ]. OnlǇ “NPs ǁith MAF>5% ;n=ϯϵϭͿ                           

ǁere used to build a kinship or relaƟonship ŵatrix  A . Note that the differenĐes betǁeen anǇ tǁo                                 

genotǇpes ǁere of the order of one or feǁ dozens of “NPs. While this approaĐh is appropriate to                                   

ĐalĐulate a Đhip heritabilitǇ, it ǁould not be verǇ useful to deteĐt signifiĐant “NP, as the randoŵ faĐtor                                   

aĐĐuŵulates all the available variaƟon ;Table “ϰͿ. We therefore run a regular GWA ŵodel ǁithout                             

kinship ŵatrix:  y = Xb + ε ; but generated a p‑value eŵpiriĐal null distribuƟon based on running suĐh                                     

ŵodel over ϭ,ϬϬϬ perŵuted datasets, ǁhiĐh lead to ĐonservaƟve signifiĐanĐe ĐalĐulaƟon ;Fig. “ϳ,                         

Data Appendix “ϭͿ. The p‑values froŵ running the assoĐiaƟon in the real data that ǁere beloǁ the                                 

5% tail in the eŵpiriĐal distribuƟon Đould be Đonsidered signifiĐant. Hoǁever, ǁe also established a                             

ĐonservaƟve ͞double͟ Bonferroni ĐorreĐƟon, ǁhere the signifiĐant threshold ǁas loǁered to Ϭ.Ϭϭ%                       

;= 5% / [nuŵber of “NPs + nuŵber of phenotǇpes tested]Ϳ. All signifiĐant “NPs are shoǁn in Table “5,                                     

and a subset in Table ϭ. Although ŵanǇ phenotǇpiĐ traits did not have signifiĐant “NPs, ǁe shoǁ all                                   

the QQ plots in the Data Appendix “ϭ file. 

 

AccessioŶ Ŷuŵďers. “hort reads have been deposited in the European NuĐleoƟde ArĐhive under the                           

aĐĐession nuŵber  hƩps://ǁǁǁ.ebi.aĐ.uk/ena/data/vieǁ/PRJEBϮϰϲϭϵ .  

OŶliŶe CoŶteŶt This arƟĐle Đontains suppleŵentarǇ inforŵaƟon inĐluding data sets, extended                     

ŵethods and suppleŵentarǇ figures at  hƩps://doi.org/ϭϬ.ϭϯϳϭ/journal.pgen.ϭϬϬϳϭ55 . 
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Teǆt “ϭ: Detailed ŵethods aŶd aŶalǇses 
ϭ. “aŵple collecƟoŶ aŶd preparaƟoŶ 
“eeds froŵ ŵodern aĐĐessions ;Table “ϭͿ ǁere bulked at the UniversitǇ of ChiĐago. ProgenǇ for DNA                               

extraĐƟon ǁas groǁn at the Max PlanĐk InsƟtute for Developŵental BiologǇ. We used Ϯ to ϴ ŵŵ Ϯ of                                   

dried Ɵssue for destruĐƟve saŵpling froŵ the herbariuŵ speĐiŵens ;Table “ϭͿ. 

 

Ϯ. AutheŶƟcitǇ of aDNA 

First, unrepaired seƋuenĐing herbariuŵ libraries ǁere sĐreened for authenƟĐitǇ bǇ seƋuenĐing at loǁ                         

Đoverage on Illuŵina Hi“eƋ Ϯ5ϬϬ or Mi“eƋ instruŵents. To verifǇ the DNA retrieved froŵ historiĐal                             

saŵples of  A. thaliana ǁas authenƟĐ, ǁe ĐheĐked the perĐentage of endogenous DNA of the saŵple                               

;Fig. “ϭAͿ as ǁell as tǇpiĐal postŵorteŵ DNA daŵages: high fragŵentaƟon of DNA ;Fig. “ϭBͿ,                             

enriĐhŵent of subsƟtuƟon froŵ C to T at the first base pair ;Fig. “ϭCͿ as ǁell as purine enriĐhŵent at                                       

breakpoints of DNA fragŵents ;Fig. “ϭDͿ ;for details see [ϭ]Ϳ. “eƋuenĐing to produĐe the final                             

genoŵes ;ϭϬϭ bp paired endͿ ǁas Đarried out on an Illuŵina Hi“eƋ ϮϬϬϬ instruŵent aŌer DNA repair                                 

bǇ uraĐil‑DNA glǇĐosǇlase [Ϯ–ϰ]. For a detailed analǇsis of authenƟĐitǇ in a fraĐƟon of our saŵples,                               

see Weiss et al. [ϭ]. 

 

ϯ. “NP calliŶg thresholds 
To assess the effeĐt of “NP Đalling thresholds on the ŵutaƟon rate, ǁe eŵploǇed three different                               

“HORE vϬ.ϵ.Ϭ ƋualitǇ thresholds folloǁing previous ǁork ;see Table “ϰ froŵ [5]Ϳ: alloǁing at ŵost                             

one interŵediate penaltǇ in all strains ;ŵost stringent threshold; ͞ϯϮ‑ϯϮ͟Ϳ; reƋuesƟng that at least                           

one strain had at ŵost one interŵediate penaltǇ, ǁhile all others ǁere alloǁed up to tǁo high and                                   

one interŵediate penalƟes ;interŵediate stringenĐǇ, ͞ϯϮ‑ϭ5͟Ϳ; and finallǇ alloǁing one high and one                         

interŵediate penaltǇ for all strains ;ŵost lenient stringenĐǇ, ͞Ϯϰ‑Ϯϰ͟Ϳ. On top of that, ǁe ǁould                             

either alloǁ ŵissing inforŵaƟon per “NP in up to 5Ϭ% of aĐĐessions, or reƋuest Đoŵplete                             

inforŵaƟon ;Ϭ% ŵissing rateͿ. Thus, the ŵost rigorous Đase ǁould be ϯϮ‑ϯϮ ƋualitǇ and Ϭ% ŵissing                               

rate, and the ŵost relaxed Ϯϰ‑Ϯϰ ƋualitǇ and 5Ϭ% ŵaxiŵuŵ ŵissing rate. “ubsƟtuƟon rate                           

ĐalĐulaƟons ;seĐƟon ϳ.ϮͿ ǁere done for datasets froŵ all ĐoŵbinaƟons of these ƋualitǇ paraŵeters                           

;Fig. “ϯͿ, and ǁe Đhose the regular ϯϮ_ϭ5 ƋualitǇ threshold and Đoŵplete inforŵaƟon for the final                               

esƟŵate ;Fig ϯ C, EͿ. 

 

ϰ. ReseƋueŶciŶg of Col‑Ϭ MutaƟoŶ AccuŵulaƟoŶ liŶes 
We also seƋuenĐed the genoŵes of tǁelve greenhouse‑groǁn ŵutaƟon aĐĐuŵulaƟon ;MAͿ lines,                       

inĐluding ten that had been seƋuenĐed at loǁer Đoverage before [5,ϲ] ;Table “ϮͿ. We Đalled “NPs,                               
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indels and struĐtural variants ;“VsͿ, folloǁing the ǁorkfloǁ and paraŵeters desĐribed [ϳ], but                         

ǁithout iteraƟons. This proĐedure resulted in Ϯ,ϮϬϯ polǇŵorphisŵs shared bǇ all lines, indiĐaƟng                         

errors in the referenĐe seƋuenĐe ;ϭϮ% of variants replaĐed N's in the TAIRϵ genoŵeͿ or geneƟĐ                               

differenĐes in the founder plant of the MA populaƟon Đoŵpared to the Col‑Ϭ referenĐe genoŵe. In                               

addiƟon, ǁe idenƟfied ϯϴϴ segregaƟng variants aĐross the tǁelve lines ;Table “ϮͿ, of ǁhiĐh ϯ5Ϭ ǁere                               

singletons. This analǇsis revealed on average Ϯ5.5 “NPs, ϰ.ϵ deleƟons and ϯ.Ϯ inserƟons per MA line                               

at the ϯϭ st generaƟon ;Table “ϮͿ, Đoŵpared to ϭϵ.ϲ “NPs, Ϯ.ϰ deleƟons and ϭ.Ϭ inserƟons previouslǇ                               

deteĐted in the ϯϬ th generaƟon ǁith shorter read length and loǁer read depth [ϴ]. The genoŵe                               

length aĐĐessed in this seƋuenĐing effort, ϭϭ5,ϵ5ϰ,ϮϮϳ bp, ǁas used to sĐale the nuŵber of point                               

ŵutaƟons to a rate of ϳ.ϭ x ϭϬ ‑ϵ  ŵutaƟons site ‑ϭ  generaƟon ‑ϭ  ;Table “ϯ, Fig. ϯEͿ. 

 

ϱ. IdeŶƟficaƟoŶ of  bona fide  HPGϭ accessioŶs aŶd ŵutaƟoŶs 
ϱ.ϭ HPGϭ aŶd other haplogroups iŶ North Aŵerica 

The ŵodern saŵples had been originallǇ seleĐted based on previous genotǇping efforts of about                           

Ϯ,ϬϬϬ N. AŵeriĐan aĐĐessions ǁith for ϭϰϵ nuĐlear, interŵediate‑freƋuenĐǇ “NPs. This ǁork had                         

pointed to there being a single haplogroup, HPGϭ, that ǁas invariant at these ϭϰϵ ŵarkers and that                                 

aĐĐounted for about half of N. AŵeriĐan individuals genotǇped [ϵ]. We extraĐted froŵ the ϭϮϯ                             

genoŵes ǁe had ĐoŵpletelǇ seƋuenĐed the saŵe ϭϰϵ “NPs and built a neighbour joining tree ;Fig.                               

“ϭAͿ. We also built the saŵe tree ǁith the ǁhole‑genoŵe seƋuenĐes ;Fig. “ϭBͿ, ǁhiĐh ǁas ŵostlǇ in                                 

agreeŵent ǁith the ϭϰϵ “NP tree.  

The previous ǁork had idenƟfied several other haplogroup in N. AŵeriĐa [ϵ]. Not                         

surprisinglǇ, HPGϭ individuals outĐross ǁith other lineages, and this aĐĐounts for soŵe of the                           

individuals ǁhiĐh ǁe later reŵoved, beĐause theǇ did not agree ĐoŵpletelǇ in all ϭϰϵ ŵarkers ǁith                               

the HPGϭ Đonsensus. 

 

ϱ.Ϯ North aŵericaŶ private diversitǇ 

Having idenƟfied these  bona fide HPGϭ individuals, ǁe ǁanted to Đonfirŵ that the diversitǇ has a                               

legiƟŵate origin froŵ  de novo  ŵutaƟons. For that ǁe used the ϭϬϬϭ Genoŵes resourĐe                           

; ǁǁǁ.ϭϬϬϭgenoŵes.org Ϳ, ǁhiĐh Đovers a saŵpling of populaƟons froŵ the naƟve Eurasian and                       

AfriĐan range. “ubseƫng the genoŵes froŵ this resourĐe to onlǇ European aĐĐessions, and liŵiƟng                           

the “NP set to those ǁith шϭ% freƋuenĐǇ of alternaƟve alleles and a ŵaxiŵuŵ of 5Ϭ% ŵissing data                                   

;the saŵe ƋualitǇ rate as our HPGϭ “NP ĐallͿ, there ǁere ϯϬϬ variants out of all 5,ϭϴϭ HPGϭ variants                                     

that ǁere also found in Europe or Asia ;5.ϳ%Ϳ. Changing the ŵaxiŵuŵ ŵissing data to ϭϬ% ǁe get a                                     

ŵore ĐonservaƟve esƟŵate of ϭ.ϴ% overlap, ǁhile inĐreasing the ŵaxiŵuŵ ŵissing data to ϵϬ%, ǁe                             
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get the anƟ‑ĐonservaƟve esƟŵate of ϲ.5% overlap. OnlǇ one of the reported “NPs assoĐiated ǁith                             

phenotǇpes ;see  “eĐƟon ϴ Ϳ ǁas aŵong these shared variants.  

There are several sĐenarios that Đan explain these shared “NPs. One is siŵplǇ that there ǁas                               

not a single founding seed, but a feǁ of ĐloselǇ related individuals Đoŵing froŵ the naƟve range.                                 

Other explanaƟons are that parallel ŵutaƟons oĐĐurred in North AŵeriĐa and Eurasia, that HPGϭ                           

individuals ǁere reintroduĐed to Europe, or that reversion‑ŵutaƟon oĐĐurred in soŵe HPGϭ                       

individuals. The laƩer is not iŵplausible given the large populaƟon size of the speĐies and the faĐt                                 

that about ϭϬ% of all sites in the genoŵe are “NPs in the ϭϬϬϭ Genoŵes ĐolleĐƟon. As explained in                                     

the ŵain text, “NP sharing due to adŵixture ǁith other lineages is extreŵelǇ unlikelǇ, as suĐh Đases                                 

should be evident as bloĐks of high “NP diversitǇ along the genoŵe ;Fig. ϰͿ. 

FinallǇ, regarding Đhloroplast diversitǇ, ǁe did not find anǇ “NP in the Đhloroplast of HPGϭ                             

individuals. This is probablǇ beĐause Đhloroplast ŵutaƟon rates are ŵuĐh sloǁer [ϭϬ] and beĐause                           

the founder Đolonizers aĐtuallǇ Đaŵe froŵ a sŵall batĐh of seeds froŵ an idenƟĐal ŵother                             

;Đhloroplast diversitǇ in the naƟve range is of Ϯ,ϴϰϮ “NPs [ϭϭ]Ϳ.  

 

ϲ. EǆteŶt of liŶkage diseƋuiliďriuŵ aŶd recoŵďiŶaƟoŶ 
We esƟŵated pairǁise linkage diseƋuilibriuŵ ;LDͿ betǁeen all possible ĐoŵbinaƟons of inforŵaƟve                       

sites, ignoring singletons, bǇ ĐoŵpuƟng  r Ϯ ,  D and  D ’ staƟsƟĐs. LD deĐaǇ ǁas esƟŵated using a linear                                 

regression approaĐh. Linkage diseƋuilibriuŵ paraŵeter | D ’| did not deĐaǇ ǁith phǇsiĐal distanĐe                       

;interĐept = Ϭ.ϵϵ, slope = Ϭ.ϬϬͿ aŵong all “NP pairs. Indeed ϵϵ.ϵϳ5% of pairǁise “NP Đoŵparisons                               

had | D ’|=ϭ ŵeaning that ϵϵ.ϵϳ5% of those Đoŵparisons onlǇ three out of the four possible gaŵetes                               

;ab, aB, Ab, ABͿ are found and thus ŵutaƟon alone Đan explain their existenĐe ǁithout the need of                                   

invoking reĐoŵbinaƟon. In other ǁords, suĐh three gaŵetes Đan be represented in a tree struĐture.                             

LD and reĐoŵbinaƟon related staƟsƟĐs ǁere deterŵined using Dna“P v5 [ϭϮ]. 

 

ϳ. “uďsƟtuƟoŶ aŶd ŵutaƟoŶ rate aŶalǇses 
ϳ.ϭ Greenhouse groǁn MA lines  
MutaƟon rates ǁere esƟŵated for eaĐh ϯϭ st generaƟon greenhouse‑groǁn MA line [5] as the                           

nuŵber of ŵutaƟons divided bǇ the total bp length of the genoŵe ;or a given annotaƟonͿ and bǇ ϯϭ                                     

generaƟons ;the tǁo MA lines ǁith onlǇ three generaƟons ǁere exĐluded froŵ this analǇsisͿ. Mean                             

and ĐonfidenĐe intervals aĐross lines are reported ;Table “ϯͿ. The genoŵe length ǁas deterŵined as                             

all base pairs ǁith Đoverage higher or eƋual to ϯ, and a “HORE ŵapping ƋualitǇ sĐore of at least ϯϮ in                                         

one saŵple ;Table “ϮͿ. 
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ϳ.Ϯ Natural populaƟons of HPGϭ 

ϳ.Ϯ.ϭ Net distances 

For the ͞net geneƟĐ distanĐes͟ ŵethod, ǁe Đoŵputed ĐonfidenĐe intervals of the  b regression slope                             

ĐoeffiĐient ; D ' =  a + bT 'Ϳ using a bootstrap ǁith replaĐeŵent of ϭ,ϬϬϬ saŵples to avoid over‑Đonfident                             

ĐonfidenĐe intervals due to laĐk of independenĐe of points [ϭϯ]. We used either all “NPs or “NPs at                                   

speĐifiĐ annotaƟons to ĐalĐulate different subsƟtuƟon rates and sĐaled the slope into a per‑base rate                             

using all posiƟons ;of the given annotaƟonͿ that passed alternaƟve or referenĐe Đall ƋualitǇ                           

thresholds rather than using a single value of genoŵe length ;Table “ϯͿ. For all annotaƟons ǁe                               

ĐalĐulated subsƟtuƟon rates ǁith three ƋualitǇ thresholds and either full inforŵaƟon per “NP or                           

alloǁing a ŵaxiŵuŵ of 5Ϭ% ŵissing aĐĐessions per “NP ;see  “eĐƟon ϯ  and Fig. “ϭCͿ.  

For soŵe annotaƟons subsƟtuƟon rates ǁere not reliable. For instanĐe, in ϯ’ and 5’ UTR                             

regions, ǁe did not have enough ŵutaƟons ;on average ~ϭ “NP differenĐe betǁeen anǇ pairͿ, and                               

thus do not report these regions’ rates. We Đould also have less poǁer to disĐover “NPs in                                 

annotaƟons ǁith extensive struĐtural variaƟon suĐh as aĐƟve transposable eleŵents [ϭϰ].                     

Transposons, ǁhiĐh Đoŵprise ~ϴ% of the genoŵe and ~ϭϵ% of all the “NPs in greenhouse MA lines,                                 

had feǁer “NPs Đalled than expeĐted in HPGϭ. This ǁould explain the atǇpiĐallǇ loǁ transposon                             

subsƟtuƟon rate ;Table “ϯͿ. Therefore, transposon subsƟtuƟon rates in HPGϭ Đannot be trusted. 

 

ϳ.Ϯ.Ϯ Bayesian Ɵp‑calibraƟon 

For the seĐond approaĐh to esƟŵate a subsƟtuƟon rate, the BaǇesian phǇlogeneƟĐs Ɵp‑ĐalibraƟon                         

approaĐh, ǁe perforŵed sǇsteŵaƟĐ runs and Đhain ĐonvergenĐe assessŵents of different                     

deŵographiĐ and ŵoleĐular ĐloĐk ŵodels. We found the “kǇgrid deŵographiĐ ŵodel [ϭ5] and the                           

lognorŵal relaxed ŵoleĐular ĐloĐk [ϭϲ] the ŵost appropriate ŵodels. Under a relaxed ŵoleĐular                         

ĐloĐk, the subsƟtuƟon rate is alloǁed to varǇ aĐross branĐhes ǁith a lognorŵal distribuƟon. The prior                               

used for ŵoleĐular ĐloĐk ǁas a ConƟnuous‑Tiŵe Markov Chain ;CTMCͿ [ϭ5,ϭϳ]. The analǇsis ǁas                           

Đarried out reŵotelǇ at CIPRE“ PORTAL ;vϯ.ϭ  ǁǁǁ.phǇlo.org Ϳ using uninforŵaƟve priors. The run                         

took about ϭ,ϯϰϰ CPU hours and perforŵed ϭ,ϬϬϬ ŵillion steps in a Monte Carlo Markov Chain                               

;MCMCͿ, saŵpling everǇ ϭϬϬ,ϬϬϬ steps. Burn‑in ǁas adjusted to ϭϬ% of the steps. To visualize the                               

tree output ǁe produĐed a Maxiŵuŵ Clade CredibilitǇ ;MCCͿ tree ǁith a ŵiniŵuŵ posterior                           

probabilitǇ threshold of Ϭ.ϴ and a ϭϬ% burn‑in using TreeAnnotator ;part of BEA“T paĐkageͿ, and                             

visualized the MCC tree using FigTree ; tree.bio.ed.aĐ.uk/soŌǁare/figtree/ Ϳ ;Fig. ϯBͿ. AddiƟonallǇ, ǁe                     

used DensiTree [ϭϴ] to siŵultaneouslǇ draǁ the ϭϬ,ϬϬϬ BEA“T trees ǁith the highest posterior                           

probabilitǇ ;Fig. ϯAͿ. “inĐe all trees ǁere draǁn transparentlǇ, agreeŵents in both topologǇ and                           

branĐh lengths appear as denselǇ Đolored regions, ǁhile areas ǁith liƩle agreeŵent appear lighter.  
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ϳ.Ϯ.ϯ MethǇlaƟoŶ status of ŵutated sites 

As in ŵanǇ other speĐies, the speĐtruŵ of  de Ŷoǀo  ŵutaƟons in the greenhouse‑groǁn  A. thaliaŶa                               

MA lines is biased toǁards G:C → A:T transiƟons [ϴ], leading to an inflated transiƟon‑to‑transversion                         

raƟo ;Ts/TvͿ. This bias is less pronounĐed in reĐent ŵutaƟons in a Eurasian ĐolleĐƟon of natural                               

aĐĐessions ;Fig. 5A of [ϭϵ] and in HPGϭ aĐĐessions ;Fig. ϯDͿ. A reĐent ŵulƟgeneraƟonal salt stress                               

experiŵent in the greenhouse also shoǁed a ŵore balanĐed Ts/Tv [ϮϬ]. These findings indiĐate that                             

less benign ĐondiƟons ŵight proŵote a loǁer Ts/Tv, and one possible Đause are ŵethǇlaƟon                           

paƩerns, knoǁn to Đhange under different environŵents [Ϯϭ].  

We interrogated the potenƟal evoluƟonarǇ role of ĐǇtosine ŵethǇlaƟon in the ŵutabilitǇ of                         

ĐǇtosine bases in the HPGϭ aĐĐessions. For referenĐe DNA ŵethǇlaƟon data, ǁe used previouslǇ                           

generated bisulfite‑seƋuenĐing data of HPGϭ strains [ϳ] and of Col‑Ϭ MA lines [5], respeĐƟvelǇ. For                             

both datasets, ŵethǇlaƟon status ǁas ĐalĐulated as the fraĐƟon of reads ǁith ŵethǇlated ĐǇtosines                           

bǇ the total nuŵber of reads at a Đertain ĐǇtosine posiƟon in the genoŵe. Our raƟonale ǁas that if                                     

ŵethǇlaƟon affeĐted ŵutabilitǇ, the degree of ŵethǇlaƟon at posiƟons ǁere ǁe find a neǁ ŵutaƟon                             

should be higher. To be sure that a given site in HPGϭ ǁas a neǁ ŵutaƟon, ǁe onlǇ Đonsidered                                     

posiƟons for ǁhiĐh ǁe Đould deterŵine that state bǇ alignŵent to the  A. lǇƌata genoŵe [ϮϮ]. The                                 

͞tested sites͟ ǁere posiƟons in HPGϭ that had a ŵutaƟon both froŵ  A. lǇƌata  and  A. thaliaŶa  Col‑Ϭ.                                   

These posiƟons Đan be of tǁo kinds, ͞fixed͟ if all HPGϭ individuals ĐarrǇ the alternaƟve, or                               

͞segregaƟng͟ if both referenĐe and alternaƟve alleles exist in HPGϭ. As Đontrol, ͞Đontrol set ,͟ ǁe                             

used ĐǇtosine posiƟons that did not varǇ aĐross HPGϭ,  A. lǇƌata and  A. thaliaŶa . To produĐe the                                 

ŵethǇlaƟon distribuƟon of the Đontrol set ǁe randoŵlǇ Đhose ϭ,ϬϬϬ invariant ĐǇtosine posiƟons. For                           

the test sets, ǁe averaged the ŵethǇlaƟon degree and Đoŵpared it ǁith the Đontrol distribuƟon. 

AnĐestral ĐǇtosines ǁith higher ŵethǇlaƟon in both  A. thaliaŶa Col‑Ϭ referenĐe and HPGϭ                         

pseudo‑referenĐe ŵethǇloŵe datasets ǁere ŵore likelǇ to ŵutate to thǇŵines in HPGϭ ;Fig. “Ϯ A‑DͿ.                             

AddiƟonallǇ, the ŵethǇlaƟon degree at subsƟtuƟons inside genes ǁas higher in the HPGϭ ŵethǇloŵe                           

;Fig. “Ϯ B,DͿ. While soŵe C → T Đhanges Đould be explained bǇ higher spontaneous deaŵinaƟons                           

knoǁn to happen ŵore oŌen at ŵethǇlated ĐǇtosines, also C → A/G subsƟtuƟons ǁere ŵore likelǇ to                             

have been ŵethǇlated. If this proĐess is Đoŵŵon enough, the Ts/Tv raƟo should deĐrease. We are far                                 

froŵ understanding differenĐes in Ts/Tv in natural and Đontrolled ĐondiƟons, but definitelǇ                       

ŵethǇlaƟon status seeŵs to have a strong staƟsƟĐal ĐonneĐƟon ǁith ŵutabilitǇ. 
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ϴ. PheŶotǇpic associaƟoŶ aŶalǇses aŶd daƟŶg of ŶeǁlǇ ariseŶ ŵutaƟoŶs 

ϴ.ϭ. PhenotǇping 
ϴ.ϭ.ϭ Root 

FiŌeen root phenotǇpes ǁere sĐored for ш ϭϬ repliĐates per genotǇpe over a Ɵŵe‑series experiŵent                             

at the Gregor Mendel InsƟtute in Vienna, using iŵage analǇsis as desĐribed in detail elseǁhere [Ϯϯ].                               

We used the ŵeans per genotǇpes and per Ɵŵe series for assoĐiaƟon analǇses.  

 

ϴ.ϭ.Ϯ Seed size 

We spread the seeds of given genotǇpes on separate plasƟĐ sƋuare ϭϮ x ϭϮ Đŵ Petri dishes. For faster                                     

iŵage aĐƋuisiƟon ǁe used a Đluster of eight Epson VϲϬϬ sĐanners. The sĐanner Đluster ǁas operated                               

bǇ the BRAT MulƟsĐan iŵage aĐƋuisiƟon tool             

; ǁǁǁ.gŵi.oeaǁ.aĐ.at/researĐh‑groups/ǁolfgang‑busĐh/resourĐes/brat/ Ϳ. The resulƟng ϭϲϬϬ dpi         

iŵages ǁere analǇzed in Fiji soŌǁare. “Đans ǁere Đonverted to ϴ‑bit binarǇ iŵages, thresholded                           

;paraŵeters: setAutoThreshold;"Default dark͟Ϳ; setThreshold;ϮϬ, Ϯ55ͿͿ and parƟĐles analǇzed               

;inĐlusion paraŵeters: size=Ϭ.Ϭϰ‑Ϭ.Ϯ5 ĐirĐularitǇ=Ϭ.ϳϬ‑ϭ.ϬϬͿ. The ϮD seed size ǁas ŵeasured in                     

sƋuare ŵilliŵeters ;paraŵeters: distanĐe=ϭϲϬϬ knoǁn=Ϯ5.ϰ pixel=ϭ unit=ŵŵͿ for Ϯ plants per                     

genotǇpe, > 5ϬϬ seeds per plant. 

 

ϴ.ϭ.ϯ FloǁeƌiŶg iŶ the gƌoǁth Đhaŵďeƌ 

We esƟŵated the floǁering Ɵŵe in groǁth Đhaŵbers under four vernalizaƟon treatŵents ;Ϭ, ϭϰ, Ϯϴ                             

and ϲϯ daǇs of vernalizaƟonͿ. We greǁ ϲ repliĐates per aĐĐession divided betǁeen tǁo Đoŵplete                             

randoŵized bloĐks for eaĐh treatŵent. “eeds ǁere soǁn on a ϭ:ϭ ŵixture of Preŵier Pro‑Mix and                               

MetroMix and Đold straƟfied for ϲ daǇs ;ϲ°C, no lightͿ. We then let plants gerŵinate and groǁ at                                   

ϭϴ°C, ϭϰ hours of light, ϲ5% huŵiditǇ. AŌer ϯ ǁeeks, ǁe transferred the plants to vernalizaƟon                               

ĐondiƟons ;ϲ°C, ϴ hours of light, ϲ5% huŵiditǇͿ. AŌer vernalizaƟon, plants ǁere transferred baĐk to                             

long daǇ ĐondiƟons. TraǇs ǁere rotated around the groǁth Đhaŵbers everǇ other daǇ throughout the                             

experiŵent, under both vernalizaƟon and aŵbient ĐondiƟons. GerŵinaƟon, bolƟng and floǁering                     

dates ǁere reĐorded everǇ other daǇ unƟl all plants had floǁered. DaǇs Ɵll floǁering or bolƟng Ɵŵes                                 

ǁere ĐalĐulated froŵ the gerŵinaƟon date unƟl the first floǁer opened and unƟl the first floǁer bud                                 

ǁas developed, respeĐƟvelǇ. The average floǁering Ɵŵe and bolƟng Ɵŵe per genotǇpe ǁere used                           

for assoĐiaƟon analǇses. 
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ϴ.ϭ.ϰ FeĐuŶditǇ iŶ the field 

To invesƟgate variaƟon in feĐunditǇ in natural ĐondiƟons, ǁe greǁ three repliĐates of eaĐh aĐĐession                             

in a field experiŵent folloǁing a ĐoŵpletelǇ randoŵized bloĐk design. “eeds ǁere soǁn froŵ                           

Ϭϵ/ϮϬ/ϮϬϭϮ to Ϭϵ/ϮϮ/ϮϬϭϮ in ϲϲ‑ǁell traǇs ;ǁell diaŵeter = ϰ ĐŵͿ on soil froŵ the field site ǁhere                                   

plants ǁere to be transplanted. The traǇs ǁere Đold straƟfied for seven daǇs before being plaĐed in a                                   

Đold fraŵe at the UniversitǇ of ChiĐago ;outdoors, no addiƟonal light or heat, but ǁatered as needed                                 

and proteĐted froŵ preĐipitaƟonͿ. “eedlings ǁere transplanted direĐtlǇ into Ɵlled ground at the                         

Warren Wood field staƟon ;ϰϭ.ϴϰ° N., ϴϲ.ϲϯ° W.Ϳ, MiĐhigan, U“A on ϭϬ/ϭϯ/ϮϬϭϮ and ϭϬ/ϭϰ/ϮϬϭϮ.                           

“eedlings ǁere ǁatered‑in and leŌ to overǁinter ǁithout further intervenƟon. Upon ŵaturaƟon of                         

all fruits, steŵs ǁere harvested and stored betǁeen sheets of neǁsprint paper. To esƟŵate the                             

feĐunditǇ, steŵs ǁere photographed on a blaĐk baĐkground and the size of eaĐh plant ǁas esƟŵated                               

as the nuŵber of pixels oĐĐupied bǇ the plant on the iŵage. This ŵeasure Đorrelates ǁell ǁith the                                   

total length of siliƋues produĐed, a ĐlassiĐal esƟŵator of feĐunditǇ in  A. thaliaŶa  ;“pearŵan’s                           

rho=Ϭ.ϴϰ,  p‑ value<Ϭ.ϬϬϭ, data not shoǁnͿ. 

 

ϴ.Ϯ QuanƟtaƟve geneƟĐ analǇses 
For ϲϯ ŵodern aĐĐessions, ǁe ŵeasured Ɵŵe to bolƟng and floǁering, seeds per plant, seed size,                               

and ϭ5 root phenotǇpes in Đoŵŵon Đhaŵber or Đoŵŵon garden seƫngs. For all ϭϬϬ aĐĐessions,                             

ĐliŵaƟĐ inforŵaƟon froŵ the bioĐliŵ database ; ǁǁǁ.ǁorldĐliŵ.org/bioĐliŵ Ϳ ǁas extraĐted using                   

their geographiĐ Đoordinates. For historiĐ saŵples, soŵe loĐaƟons ǁere onlǇ knoǁn bǇ ĐountǇ naŵe.                           

In this Đase ǁe assigned the geographiĐ Đoordinate loĐaƟon of the Đentroid of the ĐountǇ. 

 

ϴ.Ϯ.ϭ HeƌitaďilitǇ 

We perforŵed assoĐiaƟon analǇses using the R paĐkage GenABEL [Ϯϰ], ǁith ŵeasured phenotǇpes ;p                           

= Ϯ5Ϳ and ĐliŵaƟĐ variables ;Đ = ϭϴͿ as response variables and “NPs as explanatorǇ variables. A                                 

Miniŵuŵ Allele FreƋuenĐǇ ;MAFͿ Đutoff of 5% ǁas used. The nuŵber of assessed “NPs ǁas ϯϵϭ in a                                   

dataset of onlǇ ŵodern saŵples but ǁith iŵputed genotǇpes for ŵissing data using Beagle vϰ.Ϭ [Ϯ5],                               

and ϰ5ϲ “NPs ǁith a dataset of ŵodern and historiĐ saŵples, ǁithout iŵputaƟon. For all                             

assoĐiaƟons, at least ϲϯ individuals ǁere genotǇped for a speĐifiĐ “NP. We first invesƟgated broad                             

sense heritabilitǇ ; H Ϯ Ϳ of eaĐh trait using ANOVA parƟƟon of varianĐe betǁeen and ǁithin lines using                               

repliĐates ;Table “ϰͿ. “ignifiĐanĐe ǁas obtained bǇ Đoŵŵon F test in ANOVA. “eĐondlǇ ǁe used the                               

polǇgeŶiĐ_hglŵ funĐƟon to fit a genoŵe ǁide kinship ŵatrix to ĐalĐulate a narroǁ sense heritabilitǇ                             

esƟŵate ; h Ϯ Ϳ. This fits a ŵodel of the tǇpe  Ǉ = Zu + ε ;see Main text MethodsͿ .  “ignifiĐanĐe ǁas                                       

ĐalĐulated eŵploǇing a likelihood raƟo test Đoŵparing ǁith a null ŵodel. In prinĐiple,  h Ϯ is a                               

Đoŵponent of  H Ϯ , then its values should theoreƟĐallǇ be  h Ϯ <  H Ϯ . That is not our Đase. Our result                                     

Appendix III  ‑  ϯϰ 

 

http://www.worldclim.org/bioclim


 

Exposito‑Alonso, BeĐker et al.  de Ŷoǀo  ŵutaƟon rate in  A. thaliaŶa 

 

Đannot be interpreted in this fraŵeǁork, sinĐe the ĐalĐulaƟon of both ǁas not done ǁith the saŵe                                 

saŵples: for the  h Ϯ ĐalĐulaƟon ǁe eŵploǇed genotǇpe ŵeans ǁhereas for the  H Ϯ  ǁe used ŵulƟple                               

repliĐated ŵeasureŵents per genotǇpe. The averaging of repliĐates per genotǇpe in  h Ϯ  reduĐed                         

environŵental and developŵental noise and thus ǁe ǁould expeĐt  h Ϯ >H Ϯ . We did this so the                             

ĐliŵaƟĐ esƟŵates of h Ϯ , for ǁhiĐh ǁe onlǇ have one value per genotǇpe, ǁould be Đoŵparable ǁith                                 

the phenotǇpiĐ h Ϯ  ones ;Table “ϰͿ.  

 

ϴ.Ϯ.Ϯ LiŶeaƌ Models 

For assoĐiaƟon analǇses ǁe first eŵploǇed a linear ŵixed ŵodel that fiƩed the kinship ŵatrix using                               

the  ŵŵsĐoƌe funĐƟon. This ŵodel is of the tǇpe:  Ǉ = Xď + Zu + ε  ;see Main text MethodsͿ [Ϯϲ]. OnlǇ                                           

three signifiĐant “NP hits ǁere disĐovered using a 5% signifiĐanĐe threshold aŌer False DisĐoverǇ                           

Rate ĐorreĐƟon ;FDRͿ. This ǁas expeĐted sinĐe ǁe have feǁ variants and these ǁould have originated                               

in an approxiŵated phǇlogenǇ struĐture. We ĐonĐluded that fiƫng the kinship ŵatrix in our ŵodel                             

ǁas not appropriate sinĐe there ǁould be no residual variaƟon for assoĐiaƟon ǁith speĐifiĐ “NPs.                             

With this raƟonale ǁe eŵploǇed a fixed effeĐts linear ŵodel using the  ƋtsĐoƌe funĐƟon [Ϯϳ]. This                               

ŵodel is of the tǇpe:  Ǉ = Xď + ε  ; ǁhere no randoŵ effeĐt of genoŵe baĐkground is fit. To reduĐe the                                             

risk of having false‑posiƟves, ǁe took a ĐonservaƟve perŵutaƟon strategǇ bǇ ĐarrǇing out assoĐiaƟon                           

ǁith over ϭ,ϬϬϬ randoŵized datasets ;perŵuƟng phenotǇpes aĐross individualsͿ and used the                       

resulƟng eŵpiriĐal p‑value distribuƟon to ĐorreĐt p‑values esƟŵated ǁith the original dataset. “NPs                         

ǁith p‑values beloǁ 5% in the eŵpiriĐal p‑value distribuƟon should be Đonsidered signifiĐant ;but see                             

next seĐƟonͿ. In ĐliŵaƟĐ ŵodels, ǁe inĐluded longitude and laƟtude as Đovariates to ĐorreĐt for anǇ                               

spurious assoĐiaƟon betǁeen “NPs and Đliŵate gradients Đreated bǇ the ŵigratorǇ paƩern of                         

isolaƟon bǇ distanĐe.  

 

ϴ.Ϯ.ϯ EǀaluaƟoŶ of sigŶifiĐaŶĐe 

“ignifiĐant “NPs ǁere interspersed throughout the genoŵe ;Fig. ϰͿ and their p‑values and phenotǇpiĐ                           

effeĐts did not Đorrelate ǁith the ŵiniŵuŵ age of the “NPs nor ǁith their allele freƋuenĐǇ,                               

soŵething that Đould have indiĐated that the signifiĐanĐe ǁas ŵerelǇ driven bǇ the higher staƟsƟĐal                             

poǁer of interŵediate freƋuenĐǇ variants. Using QQ plots to assess inflaƟon or deflaƟon of p‑values,                             

ǁe observed generallǇ that perŵutaƟon ĐorreĐted p‑values ǁere deflated — another evidenĐe of our                           

ĐonservaƟve strategǇ. “traight horizontal series of points in QQ plots indiĐate that ŵulƟple “NPs have                             

idenƟĐal p‑values, a paƩern that ǁe aƩributed to long range LD, i.e. laĐk of independenĐe ;see Text                                 

“Ϯ for trait distribuƟons and QQ plots froŵ eaĐh assoĐiaƟon analǇsisͿ.  
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To further ensure that ǁe avoided false posiƟve results, ǁe also prioriƟzed “NPs ǁhose                           

eŵpiriĐal p‑value ǁas not beloǁ 5% onlǇ but also beloǁ 5% / ;nuŵber of “NPs + nuŵber of traitsͿ =                                       

Ϭ.Ϭϭ%. This ͞double͟ Bonferroni ĐorreĐƟon ǁas verǇ ĐonservaƟve ;Table ϭ, Table “5Ϳ. 

 

ϴ.Ϯ.ϰ CoŶteǆt of de Ŷoǀo ŵutaƟoŶs assoĐiated ǁith pheŶotǇpes 

For eaĐh “NP in our dataset, ǁe deterŵined the anĐestral and derived states, bǇ idenƟfǇing ǁhiĐh                               

allele ǁas found in the oldest herbariuŵ saŵples. We Đoŵpared the Ɵŵe of eŵergenĐe and the                               

Đentroid of geographiĐ distribuƟon of the alternaƟve alleles of “NP hits to randoŵ draǁs of “NPs                               

ǁith the saŵe MAF filtering ;5%Ϳ ;Fig. “ϭͿ.  

 

ϴ.Ϯ.ϱ FuŶĐƟoŶal iŶfoƌŵaƟoŶ 

On top of phenotǇpiĐ and ĐliŵaƟĐ assoĐiaƟons of “NP hits, ǁe also provide a likelǇ funĐƟonal effeĐt                                 

eŵploǇing a ĐoŵŵonlǇ used aŵino aĐid ŵatrix of bioĐheŵiĐal effeĐts [Ϯϴ]. FunĐƟonal inforŵaƟon of                           

gene naŵe and ontologǇ ĐategorizaƟon of “NP hits ǁas obtained froŵ                     

ǁǁǁ.arabidopsis.org/portals/genAnnotaƟon/gene_struĐtural_annotaƟon/annotaƟon_data.jsp and   

ǁǁǁ.arabidopsis.org/tools/bulk/go/  ;Table ϭ and Table “5Ϳ. 

 

ϴ.Ϯ.ϲ Pƌoof of ĐoŶĐept eǆaŵples 

We argue that the poǁer of our assoĐiaƟon approaĐh relies on the faĐt that HPGϭ lines reseŵble                                 

Near IsogeniĐ Lines ;NILsͿ produĐed bǇ experiŵental Đrosses [Ϯϵ] ;Fig. “ϮAͿ. “iŵilar to genoŵe‑ǁide                           

assoĐiaƟon studies ;GWAͿ, poǁer depends on ŵanǇ faĐtors, naŵelǇ the noise of phenotǇpe under                           

studǇ, arĐhiteĐture of phenotǇpiĐ trait, ƋualitǇ of genotǇping, populaƟon struĐture, saŵple diversitǇ,                       

saŵple size, allele freƋuenĐǇ, and reĐoŵbinaƟon. On one hand, assoĐiaƟon analǇses in NILs suffer                           

froŵ large linkage bloĐks, but Đonfident results Đan be aĐhieved due to aĐĐurate ŵeasureŵent of                             

phenotǇpes, liŵited geneƟĐ differenĐes betǁeen anǇ tǁo lines, and high ƋualitǇ genotǇpes. In                         

Đoŵŵon GWA studies suĐh as in huŵans, there are ŵulƟple Đonfounding effeĐts. Aŵong the                           

Đonfounders are ;ϭͿ that anǇ tǁo saŵples differ in hundreds of thousands of “NPs, and ;ϮͿ that                                 

historiĐal and geographiĐ straƟfiĐaƟon produĐe non‑randoŵ ĐorrelaƟons aŵong those “NP                   

differenĐes. This ĐonsiderablǇ ĐoŵpliĐates the idenƟfiĐaƟon of phenotǇpiĐ effeĐts at speĐifiĐ genes,                       

and poǁer relies greatlǇ on large saŵple sizes to aĐhieve the suffiĐient nuŵber of reĐoŵbinaƟon                             

betǁeen ŵarkers.  

To provide support for the non‑sǇnonǇŵous “NP on Đhroŵosoŵe 5, at posiƟon ϲ,5Ϭϴ,ϯϮϵ in                           

AT5GϭϵϯϯϬ, ǁe looked for pairs of lines that ĐarrǇ the anĐestral and the derived allele, but that differ                                   

in feǁ ;or no otherͿ “NPs in the genoŵe. When Đonsidering all geniĐ subsƟtuƟons ǁith a ŵiniŵuŵ                                 

allele freƋuenĐǇ of 5% ;Fig. “ϮAͿ, ǁe idenƟfied ϮϬ pairs of lines differing onlǇ in the AT5GϭϵϯϯϬ “NP                                   
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and another linked “NP ;loĐated on a different Đhroŵosoŵe, assoĐiaƟon p‑value > Ϭ.ϰͿ. The                           

phenotǇpiĐ differenĐes in ŵean gravitropiĐ sĐore of these alŵost‑idenƟĐal pairs ǁere signifiĐantlǇ                       

higher than phenotǇpiĐ differenĐes aŵong all pairs of HPGϭ lines, and geneƟĐallǇ idenƟĐal pairs                           

aƩending to subsƟtuƟons inside genes ;Fig. “ϮAͿ. Furtherŵore, this “NP ǁas not in Đoŵplete linkage                             

ǁith anǇ other “NP hit ; ƌ Ϯ < Ϭ.5Ϳ ;Fig. “ϮDͿ. The saŵe approaĐh ǁas used to exaŵine the “NPs in                                       

ATϭG5ϰϰϰϬ ;Fig. “ϮEͿ and ATϮGϭϲ5ϴϬ ;Fig. “ϮFͿ, ǁhiĐh represent an interŵediate and a high LD                             

exaŵple. 
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Teǆt “Ϯ 
For eaĐh trait eŵploǇed in assoĐiaƟon analǇses, ǁe report the histograŵ  

distribuƟon and the QQ plot of p‑values to ensure that no trait departs exaggeratedlǇ froŵ the                               

norŵal distribuƟon, and that no inflaƟon of p‑values is observed ;ǁhen laŵbda ч ϭ, there is no                                 

inflaƟon of false posiƟvesͿ. 

hƩps://doi.org/ϭϬ.ϭϯϳϭ/journal.pgen.ϭϬϬϳϭ55.sϬϬϮ   
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“UPPLEMENTARY TABLE“ 
 

Taďle “ϭ.  HPGϭ saŵple inforŵaƟon. 

hƩps://doi.org/ϭϬ.ϭϯϳϭ/journal.pgen.ϭϬϬϳϭ55.sϬϬϯ 

 

Taďle “Ϯ.  “aŵple inforŵaƟon for Col‑Ϭ ŵutaƟon aĐĐuŵulaƟon lines. 

hƩps://doi.org/ϭϬ.ϭϯϳϭ/journal.pgen.ϭϬϬϳϭ55.sϬϬϰ 

 

Taďle “ϯ. MutaƟon rate esƟŵates for different annotaƟons in HPGϭ and ŵutaƟon aĐĐuŵulaƟon                         

lines. 

hƩps://doi.org/ϭϬ.ϭϯϳϭ/journal.pgen.ϭϬϬϳϭ55.sϬϬ5 

 

Taďle “ϰ.  DesĐripƟon of phenotǇpiĐ and ĐliŵaƟĐ variables for assoĐiaƟon ŵapping analǇses. 

hƩps://doi.org/ϭϬ.ϭϯϳϭ/journal.pgen.ϭϬϬϳϭ55.sϬϬϲ 

 

Taďle “ϱ.  “NP hits froŵ assoĐiaƟon analǇses and several desĐriptors. 

hƩps://doi.org/ϭϬ.ϭϯϳϭ/journal.pgen.ϭϬϬϳϭ55.sϬϬϳ 

 

   

Appendix III  ‑  ϰϭ 

 

https://doi.org/10.1371/journal.pgen.1007155.s003
https://doi.org/10.1371/journal.pgen.1007155.s004
https://doi.org/10.1371/journal.pgen.1007155.s005
https://doi.org/10.1371/journal.pgen.1007155.s006
https://doi.org/10.1371/journal.pgen.1007155.s007


 

Exposito‑Alonso, BeĐker et al.  de Ŷoǀo  ŵutaƟon rate in  A. thaliaŶa 

 

“UPPLEMENTARY FIGURE“ 
 

 

Fig “ϭ. AŶcieŶt‑DNA characterisƟcs of uŶrepaired herďariuŵ liďraries. 

;AͿ  FraĐƟon of  A. thaliaŶa DNA in saŵple.  ;BͿ  Median length of ŵerged reads.  ;CͿ  FraĐƟon of                                 

ĐǇtosine to thǇŵine ;C‑to‑TͿ subsƟtuƟons at first base ;5’ endͿ.  ;DͿ  RelaƟve enriĐhŵent of purines                             

;adenine and guanineͿ at 5’ end breaking points. PosiƟon ‑ϭ is Đoŵpared ǁith posiƟon ‑5 ;negaƟve                               

nuŵbers indiĐate genoŵiĐ Đontext before upstreaŵ reads’ 5’ endͿ.  
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Fig S2. Separa�on between HPG1 and other North American lineages.  

(A)  Neighbor‑joining tree built using Illumina‑based SNP calls at the 149 genotyping markers                         

originally used to iden�fy HPG1 candidates. HPG1 accessions are shown in black, whereas other                           

North American lineages are depicted in red (see explana�on below for four HPG1‑like accessions).                           

(B)  Neighbor‑joining tree based on genome‑wide SNPs. Accessions colored as in (A). Note that three                             

accessions originally classified as HPG1 based on 149 SNPs (A) are placed outside this clade. A further                                 

accession (BRR7) within the HPG1 main branch was a recombinant removed from the analysis. 
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Fig S3. Subs�tu�on spectrum and rates. 

(A)  Site frequency spectrum for all transi�ons and transversions.  (B)  Distribu�ons of “net” pairwise                           

gene�c distances between historic and modern samples used to calculate muta�on rates per                         

genomic annota�on (from quality 32_15 and complete informa�on per site). UTRs were excluded                         

because of the small number of SNPs.  (C)  Muta�on rates calculated for different genomic                           
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annotaƟons and ƋualitǇ thresholds ;ϯϮ_ϯϮ, ϯϮ_ϭ5, Ϯϰ_ϮϰͿ and ŵissing values ;NA5Ϭ: ŵaxiŵuŵ 5Ϭ%                         

ŵissing data per “NP; COMPL: ŵissing data Ϭ%Ϳ. Mean and ϵ5% ĐonfidenĐe intervals are shoǁn. 
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Fig S4. Rela�onship between methyla�on and subs�tu�ons.  

(A, B) Frac�on of methyla�on of cytosines in HPG1 pseudo‑reference[7] at intergenic (A) or coding                             

regions (B).  (C, D)  Frac�on of methyla�on of cytosines in Col‑0 reference genome[5] at intergenic (C)                               

or coding regions (D). In each of the four comparisons, a grey histogram represents distribu�on of                               

methyla�on of 1,000 random sets of invariant cytosines. Lines represent average methyla�on degree                         

at those sites in HPG1 that changed from cytosine to thymine (red). We differen�ate those                             
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subsƟtuƟons that are shared ‑ fixed ‑ aĐross all individuals ;light redͿ or ǁhose allele are present at                                   

an interŵediate ‑ segregaƟng ‑ freƋuenĐǇ ;dark redͿ. Likeǁise, average ŵethǇlaƟon is shoǁn for sites                             

that Đhanged froŵ ĐǇtosine to adenine ;blueͿ that that are fixed ;light blueͿ or segregaƟng ;dark                               

blueͿ. The faĐt that the average ŵethǇlaƟon is higher in neǁ subsƟtuƟons than in invariant posiƟons                               

supports a ĐonneĐƟon betǁeen ŵethǇlaƟon and ŵutabilitǇ of sites. 
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Fig S5. Comparison of Site Frequency Spectra across genomic annota�ons. 

Cumula�ve empirical distribu�on, at different genomic annota�ons, of the unfolded Site Frequency                       

Spectrum of SNPs oriented based on the order of appearance of alleles in the herbarium genomes.                               

Note the steep slope at low frequency indica�ng large numbers of such variants.  
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Fig S6. Spa�al and temporal emergence of root‑associated muta�ons.  

(A)  Age distribu�on of derived SNPs with a significant trait associa�on (the herbarium sample in                             

which they were first recorded) (red), compared with genome‑wide SNPs with at least 5% minor                             

allele frequency (grey), or without frequency cutoff (black).  (B)  Spa�al  centroid of all samples                           

carrying a derived allele. Since it is an average loca�on, centroids can be in a body of water. Ten                                     

random draws of 50 SNPs for each category were used to produce the density lines in (A) and points                                     

in (B). 
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Fig “ϳ. LiŶkage diseƋuiliďriuŵ of sigŶificaŶt “NPs. 

;A‑FͿ  Linkage diseƋuilibriuŵ betǁeen “NPs ǁith signifiĐant trait assoĐiaƟons. Histograŵ of geneƟĐ                       

distanĐes  ;AͿ betǁeen saŵples ǁhen evaluaƟng onlǇ Đoding regions at 5% ŵiniŵuŵ allele freƋuenĐǇ.                           

Linkage diseƋuilibriuŵ betǁeen “NP hits ŵeasured as  ƌ Ϯ  ;BͿ and  D ’  ;CͿ . Three signifiĐant “NPs ǁere                               

further studied to exeŵplifǇ the poǁer of assoĐiaƟon analǇses ǁith HPGϭ. For eaĐh, phenotǇpiĐ                           

differenĐes betǁeen aĐĐessions that differ in the foĐal “NP and that are otherǁise virtuallǇ                           

geneƟĐallǇ idenƟĐal are Đoŵpared both ǁith all pairs of aĐĐessions and ǁith pairs of aĐĐessions                             

ĐoŵpletelǇ idenƟĐal for Đoding regions. Beloǁ eaĐh violin plot is the histograŵ of linkage                           

diseƋuilibriuŵ of the foĐal “NP ǁith all other “NP hits. The three foĐal “NPs evaluated are loĐated in                                   

AT5GϭϵϯϯϬ  ;DͿ , ATϭG5ϰϰϰϬ  ;EͿ  and ATϮGϭϲ5ϴϬ  ;FͿ .  
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