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Résumé

Les interactions entre les contraintes environn¢atesm sur le phénotype rendent
complexe I'étude des mécanismes d’adaptation ebtlifon des plantes. Aborder une telle
guestion nécessite une approche intégrée de I'stretieon, a différentes échelles, des
réponses des plantes a des stimuli environnemergalés et combinés. Nous avons utilisé
Arabidopsis thalianapour évaluer les bases génétiques des réponsesna contraintes
abiotiques majeures en forte interaction au chamapsécheresse et les hautes températures.
Grace a des outils performants pour I'analyse dénptype, une large gamme de traits a été
mesurée sur de nombreux génotypes différant damsplasticité. Nous avons caractérisé la
croissance et des traits d’histoire de vie, la rholpgie et la structure foliaire, ainsi que les
capacités d’acquisition et de conservation desotgess, en particulier I'eau et le carbone.
Apres une description des réponses phénotypiquede deur architecture génétique, les
conséguences de ces réponses dans une perspeolngicue et évolutive ont été évaluées.
En particulier, nous avons analysé les variatices stratégies fonctionnelles mises en relief
par les covariations phénotypiques et génétiquesplDs, les processus responsables des
réponses observées ont été examinés. Les résoithggsermis de mettre en évidence des
variations génétiques associées a plusieurs régggmomiques dont linfluence est
probablement majeure pour les mécanismes d’adaptdés plantes. Certaines de ces régions
génomiques, de par leur effet sur la performanamt porteuses d'intérét dans une
perspective d’amélioration des espéces cultivéesdax changements climatiques actuels.

Mots clefs: Allométrie, compromis physiologiques, espace phgrique, génétique
guantitative, plasticité multivariée, stress algjoé

Abstract

The mechanisms of plant adaptation and evolutien difficult to investigate since
environmental constraints have interactive effectplant phenotypes. Such study requires an
integrated approach about the coordination, aewdfit organizational levels, of the plant
phenotypic responses to multiple environmental clsng the model planfArabidopsis
thaliana we assessed the genetic bases of the integrasponses to two major abiotic
constraints that strongly interact in the field:teraavailability and high temperature. Using
powerful tools for the analysis of the phenotyp&arge range of traits was measured in many
genotypes that differ in their plasticity. We foedson the traits related to plant growth and
life history, leaf structure and morphology, and tte acquisition and conservation of
resources, specifically water and carbon. Afteescdption of the phenotypic responses and
their genetic architecture, the ecological and ewmhary consequences of these responses
were evaluated. Specifically, we examined the Wiana in the functional strategies that are
highlighted by phenotypic and genetic covariatiod®reover, the processes responsible of
the observed phenotypic responses to environmenotadtraints were investigated. Strong
genetic variability associated to particular genomagions was identified. Such loci have
presumably important influence on the mechanismsplaint adaption to fluctuating
environments. Some of these genomic regions hasteoag effect on plant performance in
stressing conditions, and therefore offer promisavgnues for crop improvement facing
current global climate change.

Key words. Abiotic stress, allometry, multivariate plastigifyhenotypic space, physiological
trade-offs, quantitative genetics
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Avant-propos

L’esprit humain a besoin de filtres intellectuelsup lui permettre d’appréhender et
d’intégrer la complexité des processus, des foretedes fonctions du vivant. Ces filtres
peuvent étre d’ordre matériel, il s’agit de la resit® de partitionner I'organisme en un certain
nombre de caractéres phénotypiques mesurablestezpristables. Dans la pratique, ces
caractéeres sont généralement considérés commeplusins indépendants, bien qu’ils ne
représentent que différentes mesures d’'une ménité etibrganisme. Ces filtres sont aussi
d’ordre conceptuel, il s’agit de définir un cadr&ardlyse dans lequel se placer pour
interpréter les données. Les approches differefdnsées questions adressées par les
chercheurs, ce qui est occasionnellement la saledtifficultés de communication entre les
différentes disciplines scientifiques (Pigliuccid®). Inversement, les moyens techniques sont
aussi souvent un frein aux questions que souhgteralucider les chercheurs, ce qui peut
biaiser la démarche scientifique si elle ne s'mtge pas sur les approches et les méthodes. La
premiére question que I'on peut se poser lorsqoloserve une plante est: de quoi est-elle
faite ? Cette question concerne I'étude de I'orgaion et du déterminisme du phénotype, et
elle est généralement adressée par les biologistésculaire et cellulaire, les généticiens et
les physiologistes. La seconde question renvoiaeaaonception intellectuelle radicalement
différente : pourquoi la plante est-elle comme GecdCette question vise a comprendre
I'origine évolutive d’un caractére phénotypiqueattintimement liée aux mécanismes de la
sélection naturelle, cette question est généraleauessee par les biologistes de I'évolution,
les écophysiologistes et les écologues. Réconaiksr deux approches conceptuelles est
I'enjeu majeur de la biologie intégrative (Pigliu@903), ainsi que le souligne Ernst Mayr
(1997) lorsqu’il définit la biologie : « the two fjoa contributors to a new theory in the life

sciences are the discovery of new facts (obsemngtiand the development of new concepts »

Les filtres intellectuels indispensables pour tfamser un organisme d’une trés grande
complexité en une série de mesures interprétaldlegept étre illustrés par un exemple déja
utilisé pour représenter les filtres du langage lde la transmission d’information dans la
communication humaine (Culicover 2005). L'idée déppée est que, dans le langage
comme en biologie, les filtres opérés par I'esputnain déterminent pour une large part le
type de théories que nous sommes amenés a prouser.illustrer son propos, l'auteur
utilise le tableau de Salvador Dali représenté ignrg 1 (intituléLincoln in Dalivisior). Ce
tableau, ceuvre de génie du maitre espagnol, ndnesdifférentes facettes suivant la distance
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Figure 2. Composition Arabidopsisinfra-rouge



a laquelle on I'observe. De pres, on y voit la feenthe Dali debout de dos. De loin, le tableau
se transforme en un portrait d’Abraham Lincoln. Da®t exemple, la distance opére sur
I'objet d’observation de la méme maniere que lesamnement scientifique opére sur la
conceptualisation d’'un organisme. Ainsi selon legles et les points de vue, on peut avoir
une vision complétement différente d’'une méme chBsprenons le méme exemple, mais
avec la composition mosaique construite a parsrpl®tos issues de cette thése (Figure 2).
Grace a des variabilités de nuances parmi lesicestde photographies infra-rouge, on peut
distinguer la forme d’'une planteAfabidopsis thalianaCependant, si on souhaite regarder
en détail 'une de ces photographies, le grossiseemécessaire fera perdre la vision
d’ensemble de la figure. De la méme maniere, fragemnel'information pour pouvoir la
comprendre est inévitable en biologie méme si amaduit a perdre une partie de
'information initiale. Les disciplines scientifigs tentent de répondre a des questions
différentes soulevées par leur approche et leurtm® vue. Tenter d’établir des ponts entre
ces disciplines scientifiqgues est crucial pour twi® de nouvelles théories permettant de

rendre compte de la diversité du vivant.

Les travaux menés au cours de cette thése ontégénérgrande quantité de données
visant a caractériser le phénotype des plantes @lsmsonditions environnementales variées.
lIs nous ont aidés a répondre, au moins en part@usieurs des questions que nous nous
sommes posées. La résolution de ces questionaestgpar le développement d’approches
originales de I'étude de I'interaction entre le gémpe d’'un organisme et I'environnement. Au
terme de cette these, certains résultats demaadirg confirmés et de nouvelles questions se

posent.
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Introduction générale

L’étude de la plasticité des plantes en réponse aux facteurs biotiques et abiotiques anime
les botanistes et les biologistes depuis toujours, quels que soient leurs champs d’investigation
et leurs spécialités. Dans un contexte de changements climatiques majeurs, la nécessité de
trouver, parmi la diversité génétiqgue végétale, des génotypes adaptés aux futures conditions
climatiques apparait plus cruciale encore. En 2012, la hausse des températures a I'échelle du
globe n’est plus un sujet de débat au sein de la communauté scientifique (contrairement aux
raisons de cette hausse). Par ailleurs, la diminution des ressources en eau a €été recensée dans
de nombreuses régions du monde (IPCC 2007). L'interaction d’épisodes de sécheresse et de
forte chaleur a des conséquences importantes sur les écosystemes. Ainsi au champ, ces deux
contraintes environnementales sont déja responsables de la majorité des diminutions de
rendements a travers le monde (Boyer 1982, Ciais et al. 2005, Battisti and Naylor 2009). Plus
inquiétant, leurs effets sont prévus en constante augmentation dans les décennies a venir
(IPCC 2007). Un enjeu majeur des études actuelles vise a identifier les bases génétiques et
physiologiques de la variabilité des réponses des plantes aux contraintes environnementales
(Nicotra et al. 2010, Hansen et al. 2012). En effet, identifier des géenes ou des loci a caractere
quantitatif (QTL) susceptibles d’améliorer les performances des espéces cultivées en

condition de stress est un des défis de I'agronomie.

Parmi les espéces modeles qui ont émergé avec le développement de la biologie
moléculaire,Arabidopsis thaliana (L.) Heynh (« I'Arabette des dames ») s’est rapidement
imposée dans les laboratoires de recherche en tant que représentante des plantes a fleurs
(Meinke et al. 1998). La raison de cet engouement tient principalement a la rapidité de son
cycle de reproduction (permettant de multiplier les générations), a sa petite taille (permettant
la culture de grandes populations dans un espace réduit), et a la relative simplicité de son
génome (facilitant les études génétiques). Le nombre spectaculaire d’études sur cette espece a
permis de significativement améliorer nos connaissances sur la régulation génétique et
moléculaire des principales fonctions des plantes (The Arabidospis Genome Initiative 2000).
Présente des cbtes méditerranéennes au cercle polaire, et des plaines d’Asie centrale aux iles
du Cap Vert, cette petite plante rudérale a su s’adapter a des environnements trés contrastés,
notamment caractérisés par des différences importantes de précipitation et de température
moyennes (Hoffmann 2002). La diversité des phénotypes rencontrés dans les populations
naturelles dA. thaliana est le reflet a la fois d’'une variabilité génétique importante et de la
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Introduction générale

plasticité des caracteres phénotypiques a I'environnement. Pour ces rAisilaiiana est
rapidement devenue un organisme modéle non seulement en biologie moléculaire, mais aussi
en écologie et en génétique des populations (Mitchell-Olds 2001, Weigel 2012). Cette thése
repose sur l'analysei)(de plusieurs accessions issues de régions contragi¢eduije
population de lignées recombinantes et de lignées introgressées issues d’'un croisement entre
une accession provenant du Cap Vert et une accession de laboratoire originaire de Pologne, et

(iii) de mutants affectés dans des génes spécifiques.

Les processus de croissance et de reproduction a I'échelle de la plante sont fortement
coordonnés, ce qui implique I'existence de contraintes génétiques fortes limitant la variabilité
des caractéres individuels (Roff 2007, Wagner and Zhang 2011). Ces contraintes sont
reflétées par les relations étroites liant entre eux les caracteres relatifs a la taille et a I'age, a la
morphologie des feuilles et aux capacités d’acquisition du carbone et de conservation de
I'eau. La diversité allélique induit néanmoins de la variabilité dans les combinaisons de traits,
permettant I'existence de multiples stratégies fonctionnelles au sein d’une population (Grime
1988, Westoby et al. 2002). Plusieurs études durant la derniere décennie ont exploré le
déterminisme génétique des réponses des plantes a la sécheresse et aux hautes températures,
et ont permis d’identifier des QTL induisant des réponses contrastées a ces deux stress
appligués de maniere isolée (e.g. McKay et al. 2003, Juenger et al. 2005, McKay et al. 2008 ,
Tonsor et al. 2008, Skirycz and Inze 2010, Tisné et al. 2010). Ces loci sont porteurs d’intérét
en vue de comprendre et de prédire les capacités d’adaptation des plantes. Cependant, aucune
étude ne s’est intéressée a la combinaison de ces deux stress, alors qu’ils interagissent trés
souvent au champ et qu’ils impactent les processus physiologiques majeurs comme la
photosynthése, la transpiration et la croissance (Mittler 2006). De plus, la plupart des études
de génétique quantitative (sérthaliana comme sur d’autres espéces), se sont limitées a la
mesure de quelques caractéres phénotypiques d’intérét simple a mesurer, comme le stade
phénologique (e.g. Dorn and Mitchellolds 1991, El-Assal et al. 2001, Borevitz et al. 2002,
Juenger et al. 2005, Mendez-Vigo et al. 2010). La variabilité et le déterminisme de caracteres
phénotypiques complexes, comme la vitesse de photosynthése, le taux de transpiration et les
dynamiques de croissance, ainsi que la morphologie des feuilles et I'allocation des ressources,
restent encore peu étudiés (Pigliucci and Preston 2004, Nicotra et al. 2010). Cette limite est
due a des raisons techniques évidentes étant donné le nombre importants d’individus
nécessaires a une analyse statistigue robuste, mais elle a été récemment dépassée grace au
développement des outils de phénotypage a haut débit (Houle et al. 2010, Flood et al. 2011,

Edwards et al. 2012). En associant ces outils aux capacités de régulation de I'environnement
12



Figure 1. L'automate de phénotypage PHENOPSIS de la station ‘Montpellier Plant
Phenotyping Platform’ (M3P).



Introduction générale

de l'automate PHENOPSIS (Granier et al. 2006; Figure 1), nous avons analysé le
déterminisme génétique de la plasticité.dthaliana aux stress hydrique et thermique a
travers I'étude d'une large gamme de traits phénotypiques. Nous avons aussi participé a
'amélioration de ces outils pour la quantification de traits plus complexes comme la

photosynthése et I'architecture foliaire. Les objectifs de cette these ont été les suivants :

1. Examiner la variabilité naturelle des réponses des plantes aux stress hydrique et
thermique isolés et combinés.
2. ldentifier 'architecture génétique de ces réponses.

3. Proposer et tester des hypotheses évolutives a I'origine de ces réponses.

Nous avons fait le choix de mesurer tous les individus au méme stade de développement
(généralement a la floraison). Cela implique la comparaison de caracteres intégrés sur
'ensemble du cycle de la croissance, tels que la taille de la plante et la morphologie des
feuilles, & des mesures instantanées telles que la photosynthése et la transpiration. L'influence
de ce cadre d’analyse sur les résultats est importante (Coleman et al. 1994), elle sera discuté

tout au long de la theseomposée de trois chapitres indépendants suivis d'annexes.

Dans le premier chapitre de cette these, nous examinons la variabilité naturelle des
réponses . thaliana aux stress hydrique et thermique, isolés et combinés. La premiere
partie de ce chapitre a été réalisée sur plusieurs écotypes issus de régions aux conditions
climatiques contrastées (Vile et al. 2012). Nous y décrivons la plasticité des plantes, en
mélant des approches univariées et multivariées, et proposons des hypothéses adaptatives a
I'origine des réponses observées. La seconde partie a été réalisée sur une population de
lignées recombinantes dans le but de déterminer I'architecture génétique des réponses par une
approche multivariée. Nous montrons que seuls quelques genes pléiotropes sont impliqués
dans la variabilit¢ des phénotypes en réponse a lI'environnement. De plus, le contréle
génétique du développement est indépendant de la disponibilité en eau et de la température

alors que le contréle génétique de la photosynthese varie fortement en réponse aux stress.

Dans le deuxieme chapitre, nous testons des hypothéses adaptatives a l'origine des
réponses intégréesAtabidopsis thaliana aux hautes températures. Dans la premiere partie
de ce chapitre, nous évaluons le role du statut carboné et des températures foliaires sur les
réponses de plusieurs accessions naturelles et de mutants cultives dans différentes conditions
lumineuses a haute température (Vasseur et al. 2011). La plasticité de I'architecture foliaire

suggere que le métabolisme carboné joue un réle central a l'origine des réponses observées.
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Dans la seconde partie de ce chapitrenous confrontons I'hypothése métabolique a une
hypothése alternative : le refroidissement des tissus par la transpiration pourrait étre la cause
de la plasticité architecturale en réponse a la température (Pantin et al. soumis). Les résultats
indiquent que des progres significatifs peuvent étre envisagés en agronomie en orientant les
recherches vers 'optimisation de l'architecture foliaire en lien avec l'efficience d’utilisation

de l'eau.

Dans le troisieme chapitre, nous traitons les données obtenues sur la population de
lignées recombinantes dans une perspective écologique. Dans la premiere partie de ce
chapitre, nous détaillons I'importance des génes pléiotropes a l'origine de la variabilité des
stratégies fonctionnelles dans des conditions optimales d'irrigation et de température (Vasseur
et al. 2012). Cette étude s’inscrit dans le cadre de la théorie métabolique de I'écologie qui fait
I'hypothese de contraintes évolutives fortes sur la relation entre les capacités métaboliques
d’'un organisme et sa taille (Brown et al. 2004). Dans la seconde partie de ce chapitre, nous
explorons la plasticité des relations allométriques en réponse aux stress hydrique et
thermique. A travers une approche de modélisation originale, nous mettons en évidence des
interactions entre génotype et environnement associées a des différences de performance et de
succes reproducteur. Les QTL responsables de ces interactions sont susceptibles d’avoir un
réble majeur dans les mécanismes d’adaptation des plantes dans leur milieu, et pourraient
trouver des applications pour I'amélioration des espéces cultivees aux facteurs

environnementaux.
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Chapter 1

Natural variability and genetic
determinisms of Arabidopsis
responses to water deficit and
high temperature

“Quoi plus que I'organisme vivant fait voir et semé temps vrai? Pour une plante, une forme
équivaut a un age — la forme est liée a la grandeutemps est inextricablement,
corrélativement lié a I'étre. Un an est un nceu@, couche, une masse séparée du milieu et
annexée, surajoutée, exhaussée, digéree, ordoclteesse, édifiée... »
Paul Valéry

Chapter objectives:

High temperature and water deficit are among thgomstresses impairing plant
growth and productivity. In this first chapter, wesestigated the plasticity and the genetic
determinisms of the integrated responses Ao@bidopsis thaliana to these stresses.
Specifically, we addressed the following questions:
e What is the natural variability of Arabidopsis respes to combined and isolated water

deficit and high temperature?
* What are the genetic determinisms of these resp@nse
Combining uni- and multi-variate approaches, wengfiad the traits related to plant
development, growth and morphology in ten natucaleasions originated from contrasted
climatic conditions. The analysis of a RIL popuatirevealed some QTL involved in the
variability of plant development and life histomaits whatever the environment and others
involved in the plasticity of carbon metabolismwater deficit and high temperature. These
data allowed proposing adaptive hypotheses totilgenaf the responses observed.
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Manuscript #1

Arabidopsis growth under prolonged high temperature
and water deficit: independent or interactive effets?

Denis Vile', Marjorie Pervent®, Michaél Belluau', Francois Vasseut, Justine Bressoh,
Bertrand Muller *, Christine Granier! and Thierry Simonneau

'Laboratoire d’Ecophysiologie des Plantes sous SEasironnementaux (LEPSE), UMR 759, INRA-
SUPAGRO, F-34060 Montpellier, France

Article first published online: 9 Nov 2011 lant, Cell and Environment
Volume 35, Issue 4, Pages 702-718, DOI: 10.11138p13040.2011.02445.x
url: http://onlinelibrary.wiley.com/doi/10.1111/B65-3040.2011.02445.x/pdf

Abstract

High temperature and water deficit are frequentirenmental constraints restricting
plant growth and productivity. These stresses ofissur simultaneously in the field but little
is known about their combined impacts on plant ghpwlevelopment, and physiology. We
evaluated the responses of tAnthaliana natural accessions to prolonged elevated air
temperature (30°C) and soil water deficit appliepasately or in combination. Plant growth
was significantly reduced under both stresses dmar tcombination was even more
detrimental to plant performance. The effects @&f tvo stresses were globally additive but
some traits responded specifically to one but netdther stress. Root allocation increased in
response to water deficit, while reproductive akian, hyponasty and specific leaf area
increased under high temperature. All the traitg traried in response to combined stresses
also responded to at least one of them. Toleramaeater deficit was higher in small-sized
accessions under control and high temperatureraaddessions with high biomass allocation
to root under control conditions. Accessions thaginate from sites with higher temperature
have less stomatal density and allocate less b®moathe roots when cultivated under high
temperature. Independence and interaction betw&esses as well as the relationships
between traits and stress responses are discussed.

Key-words: Arabidopsis thaliana, growth, phenology, biomass allocation, leaf moipgy,
stomatal density, high temperature, water deficit.
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Introduction

High temperature (HT) and water deficit (WD) areotwmportant environmental
constraints restricting plant growth and produtyivn many areas of the world (Boyer 1982,
Ciais et al. 2005). Global climate change will pregbly increase the occurrence and extend
the distribution of these constraints, leadingudifer reduction of productivity and shifts in
biodiversity (Chaves et al. 2002, Lobell and AsA6603, Porter 2005, Thuiller et al. 2005,
IPCC 2007). The two stresses often occur simultasigan the field but little is known about
their combined effects on plant growth, developmant physiology (Machado and Paulsen
2001, Zhang et al. 2008).

Different mechanisms have been identified as engysiant survival and growth under
elevated temperatures or water shortage. Theydeclang-term evolutionary phenological
and morphological adaptations and short-term avmiear acclimation mechanisms. Even
moderate increases in air temperature (Lafta aneérizen 1995, Loveys et al. 2002) or
decreases in soil water availability (Passioura6)9&e responsible for impaired plant
growth. Many elementary biological processes andphmogical traits underlying plant
growth are sensitive to temperature, and theiraesps repeatedly resemble a bell-shape
curve. As temperature rises above a particulaskiulel, processes such as net photosynthetic
rate are negatively affected (Kérner 2006, Sage lkuabdien 2007, Parent et al. 2010),
ultimately leading to a decline in plant performancTemperature is also the main
determinant of plant phenology (Ritchie and NeSMi#®®1), and moderate increases in air
temperature generally accelerate the rate of dpwetatal processes leading to early
flowering in most wild and cultivated species (Jetim and Thornley 1985). Whereas the
effects of water deficit on phenology remain elesigdelayed timing of reproduction is often
observed in crop species (McMaster et al. 2009¢. dfifects of these stresses also depend on
the phenological stage at which they occur (Pra&tad. 2008). For instance, HT has greater
impacts on seed yield during the reproductive phdseks and Wood 2010). Therefore,
accelerated reproduction in response to HT is gdigeriewed as an escape mechanism.

HT and WD have contrasted effects on patterns ombss allocation to organs and
tissues. For instance, allocation to roots rapidbreases in response to moderate soil water
deficit (Boyer 1985), whereas leaf relative watentent and specific leaf area decline in
plants subjected to water stress (Poorter et @9R0Leaf structure is also affected by
temperature but, in contrast with WD, higher terap@e often leads to the production of

thinner leaves with higher specific leaf area (Boaesd Huner 1990, Loveys et al. 2002,
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Luomala et al. 2005, Poorter et al. 2009). Thesghwlogical changes are accompanied by
changes in leaf anatomy. Leaves developed underhai2 generally smaller cells in the
parenchyma and the epidermis (Lecoeur et al. 188&higher stomatal density (Aubert et al.
2010, Tisné et al. 2010). Wahid et al. (2007) regggbsimilar effects of HT and WD on cell
density, but limited data is available on changeeaf anatomy in response to HT.

The effects of WD, particularly osmotic stresseswatering deprivation, and HT,
particularly short periods of acute heat stressetmeen mostly analysed separately. There is
however strong evidence that HT and WD interaéhtioence plant functioning (Rizhsky et
al. 2002, Rizhsky et al. 2004). For instance, WHdures stomatal closure and reduces
transpiration fluxes (Hsaio 1973). This in turn c@use an increase in leaf temperature by
reducing transpirational cooling (Cook et al. 1964nd potentially enhances plant
susceptibility to higher air temperature. Increasdeaf temperature can also raises plant
water loss through transpiration (Lafta and LorenZ€95), and decrease root growth
(Kuroyanagi and Paulsen 1988), thus increasingt dasceptibility to water shortage. By
contrast, changes in leaf orientation in respoonsel@¢vated temperature (Fu and Ehleringer
1989) such as hyponasty (Koini et al. 2009, Vant&@aret al. 2009) modify the leaf energy
balance and could contribute to water saving byitilng rises in leaf temperature and
evaporative demand. Hyponasty could also increasrwconsumption if associated with
increased transpiration. Lastly, effects of HT aovgh could lead to reduced leaf area,
limiting plant water losses and thus mitigating éfieects of WD.

In the face of the multiplicity of interacting, setrmes opposite effects between these
two stresses, it appears difficult to predict plagponses to combined HT and WD. The aim
of this study was therefore to evaluate the respomns both isolated and combined HT and
WD in natural accessions of the model planébidopsis thaliana. The following questions
were addressed: (1) how HT and WD interact onstnatated to plant growth, morphology
and development and to what extent do their conabaféects differ from those of isolated
stresses? (2) Is the variability of responsesdtaisd and combined HT and WD related to
the climatic conditions at the accessions collectsites? (3) To what extent are these
responses related to trait values exhibited in robronditions? A set of teArabidopsis
accessions spanning nearly the entirety of theutlitial range of this species was selected to
identify common responses and explore the nataation of Arabidopsis tolerance to both
stresses. Controlled environmental conditions vegnelied in full factorial experiments and
maintained constant from the seedling to the raptide stage. Control air temperature was

set to 20 °C, as in most experimental studies @dleamanian et al. 2006, Saidi et al. 2011),
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Chapter 1 Plant responses to high temperature and water deficit

whereas HT was set to 30 °C. This HT level has bsmtified to be the basal
thermotolerance, i.e. the highest temperatureat#ddrby a plant that has never encountered
previous HT, of théArabidopsis accession Col-0 (Ludwig-Muller et al. 2000a). SKD was
maintained constant at a level previously showsidaificantly decrease leaf water potential
and impair plant growth, resulting in reduced plsize of Col-0 by half (Aguirrezabal et al.
2006).

Materials and methods

Plant material and growth conditions

Ten accessions @rabidopsis thaliana were grown in 1 to 3 independent experiments
depending on the accession (Table 1). Seeds geabitypes were stored at 4 °C in the dark
ensuring stratification. Five seeds from each ggyetvere directly sown at the soil surface
in 225 mL culture pots filled with a mixture (1:&;v) of loamy soil and organic compost
(Neuhaus N2). Pots were damped with sprayed deidniater three times a day and placed
in two controlled growth chambers in darkness (21) 65% air relative humidity) until
germination. After germination, plants were culteé with a daily cycle of 12 h light
supplied from a bank of HQi lamps which provided 3¥mol m? s* photosynthetic photon
flux density (PPFD) at plant height.

Soil water deficit (WD) and high temperature (HT@atments were applied to half of
the pots after emergence of the first two true ésaigtage 1.02 in Boyes et al. 2001) ensuring
a good establishment of the seedlings. In the §retwth chamber, control air temperature
(CT) was set to 20/17°C day/night, while HT treatimwas set to 30/25°C in the second one.
Air relative humidity was adjusted to 65% under &Id 85% under HT in order to maintain
equal water vapor pressure deficit at 0.9 kPa. Mas set up in order to avoid the
confounding effect of temperature on transpiratimough increased vapour pressure deficit.
Soil water content was controlled before sowingdtimate the amount of dry soil and water
in each pot. Subsequent changes in pot weight diezeo changes in water status. Soil water
content was maintained at 0.35 and 0.20,@ ¢t dry soil with a modified one-tenth-strength
Hoagland solution (Hoagland and Arnon 1950) in wnel-watered and WD treatments,
respectively. The field capacity of the substra@sv0.78 g KO g* dry soil (Granier et al.
2006), therefore the well-watered and WD treatmeepsesented 45% and 25% of the soil
field capacity, respectively. Pot weight was prelsisadjusted to reach the target soil water
content by weighing and watering each individual @eery Monday, Wednesday and Friday.
Other days, a standard volume of nutrient solutwnounting to the mean volume of
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previously weighed water applications for eachttremt was added to the plants without
weighing the pots.

Three consecutive experiments were carried oubvalg the same experimental
procedure (see Table 1). In experiments 1 and I§,are plant per pot was maintained until
first silique shattering, while one to three plam®re maintained until inflorescence
emergence in experiment 3 for photosynthesis measnts and ABA content determination

(see below).

Measurement of plant traits

During the course of plant development the follagyvetages were scored: germination,
cotyledons fully opened, 2 rosette leaves >1 miilpriescence emergence, first flower open
and first silique shattered (stages 0.7, 1.0, 15021, 6.00 and 8.00 of Boyes et @001),
respectively). Leaf number was determined for galeht at each precise adjustment of soill

water content, i.e. three times a week, only inegxpent 2 and 3.

Dynamics of leaf production
For each plant in experiment 2, a sigmoid curve fitted to the relationship between
total number of rosette leaves (LN) and time fraags 1.02 to stage 8.00 by the following 4-

parameter logistic model:

a

e

where d is the number of days after stage 1.82is the maximum vegetative leaf

LN =

number,d, is the time whera/2 leaves have developed ands the inverse of slope factor
which refers to the steepness of the curve, atltlisa parameter related to the maximum rate
of leaf production. In order to standardize betwgenotypes, we used an estimate of leaf
production duration (days) ag € b In(0.05/0.95), that is the time period for vegemteaf
number to increase from 5% to 95% maximum numblee. Maximum rate of leaf production
(Rmax leaf d*) was calculated from the first derivative of tlogiktic model at glas Ryex =
a/(4b).

In Experiment 3, since leaf emergence rate is malkamd nearly constant between
stage 1.02 to stage 5.01,,KR was fairly well estimated by the slope of the tielaship
between LN and time during this periodnd&Rvaried across genotypes and treatments with
highly reproducible results between experiments 0.85,P < 0.001). Most of the plants
survived the HT and WD treatments, and reacheddapeductive stage. Only a few plants

did not survive the combined HTxWD treatment.
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Whole plant and leaf traits

In experiment 2, 20 days after germination, tipgheitotal length and blade length of
the youngest fully expanded leaf were measured amh glant with a digital caliper as
described in Hopkins, Schmitt & Stinchcombe (20@8)this time, plants had 6 to 14 leaves
depending on the genotype and inflorescence haémetged. Measurements were taken in
randomized order between 2 and 4 hours after ligletst on in the chambers to avoid any
effects associated with time of the day like endoges rhythms. The proportion of leaf
composed of blade was estimated by the blade rdwgoblade length divided by total leaf
length. Leaf insertion angle (degree) was calcdlas® = arcsine(leaf tip height/leaf length).

Plants were harvested at stage 8.00, in the momniigafter irrigation. Rosettes were
cut, inflorescences were detached from the rosettek their fresh weights (mg) were
determined immediately. Leaf blades were separfabed the rosette, and fresh weights of the
sixth and ninth leaves were determined. Mean leigkbess (LT) of these two leaves was
determined with a linear variable displacementddaicer (LVDT, Solartron) connected to a
multimeter and previously calibrated with 5 um aecy. Depending on the size of the leaf,
LT was measured on six to ten points per leaf hlageiding the mid-vein. All blades were
then stuck on a sheet of paper, arranged by ofdanergence on the rosette, and the sheet of
paper was scanned for area measurements. Addijipaairansparent imprint of the adaxial
epidermis of the sixth leaf was obtained by dryifiga varnish coat spread on the surface of
the leaf. Imprint was peeled off and then stuckoaroscope slides with one-sided adhesive
for further measurements. Roots were carefullyaetéd from the soil and gently washed in
deionized water. Leaf blades, petioles, reprodecsivuctures and roots were then separately
oven-dried at 65 °C for at least 3 days, and drgsea were determined. Rosette area (RA,
cnt) was determined as the sum of individual leaf élateas measured on the scans with an
image-analysis software (Bioscan-Optimas 4.10, Edim&VA). From these measurements,
leaf dry matter content (LDMC, the ratio of dry rede fresh mass, mgpyand specific leaf
area (SLA, the ratio of leaf area to leaf dry masskg™) were calculated at the rosette and
leaf (for leaves 6 and 9) levels. Biomass allocati@s assessed by the ratios of above-ground
vegetative, reproductive and below-ground dry nms$sdotal plant dry mass. Root-to-shoot

ratio was calculated as the ratio of root to vetjpetaabove-ground masses.

Leaf epidermal anatomy
Epidermal imprints of the sixth leaves were plaoeder a microscope (Leitz DM RB;
Leica) coupled to an image analyzer. Mean cell stodhatal densities were determined by

counting the number of cells and stomata in tw@ @bt zones in the middle part of the leaf
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Chapter 1 Plant responses to high temperature and water deficit

blade distributed on both sides of the mid-veirivii@y from the margins. Stomatal index was
calculated as 100 x stomatal number / (stomatalbeurt stomatal number x 2 + epidermal

cell number).

Net photosynthetic rate

Net photosynthetic rate was measured using a siteglé chamber designed for
Arabidopsis connected to an infrared gas analyzer system (SIRAPP systems, Amesbury,
MA, USA) in experiment 3. Carbon fluxes were detered at steady-state (approximately 15
min after light was switched on) under control temgture (20 °C) and HT (30 °C) but only
in well-watered conditions, and under ambient,G&0 ppm) and light intensity (175 pmol
m? s! PPFD). Photosynthesis was measured on two todrBspht bolting on An-1, Col-0,
Cvi-0, Ler, Mt-0 and Sha.

Leaf ABA content

Leaf abscisic acid content (ABA, ng'dW) was determined by radioimmunoassay
(Quarrie et al. 1988) as previously described (Barand Simonneau 2000). Leaf samples
were ground finely under liquid nitrogen, placedlistilled water (5 mper mg fresh weight)
and immediately warmed at 70 °C for 5 min beforakaig at 4 °C overnight. Extracts were
then centrifuged at 16 000 g for 10 min at 4 °@, $hpernatant was conserved at -20 °C and

used for radioimmunoassay.

Meteorological data at the geographical origin of the accessions

Meteorological data (temperature, precipitatiomatree humidity, diurnal temperature
range) at the geographical origin of the accessiassextracted from high-resolution gridded
datasets of climate data (New et al. 2002). Meanthip parameters were calculated for the

main period of vegetative growth Af thaliana from September to May (Hoffmann 2002).

Data analysis

Statistical significance of trait variation was tegb by three-way multivariate and
univariate analyses of variance (MANOVA and ANOWAith genotype, soil water content
and air temperature as fixed factors. Post-hoc emisgn between treatments was performed
with Kruskal-Wallis non parametric test. Principabmponent analyses (PCA) were
performed to study the relationships between théstand the effects of the temperature and
soil water treatments. PCAs were performed on dam the experiment where higher
number of both traits and genotypes were studigdef@nent 2) and on standardized mean

trait values by genotype and treatment(36) because traits were measured in very different
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Figure 1. Principal component analysis on traits masured on nine Arabidopsis accessions grown under
control (CT, 20/17 °C day/night) and high temperatve (HT, 30/25 °C day/night), and in well-watered
(WW, 0.35 g H20 ¢ dry soil) and water deficit (WD, 0.20 g H20 g dry soil) conditions. HT and WD
treatments were applied after emergence of thetiirs true leaves and plants were harvested atviisible
pod. Only the first two axes are shown. (a) Repregon of the variables; LDMC, leaf dry matter temt;
SLA, specific leaf area. (b) Representation of dloeessions with centres of gravity and lines cotauketo
each accession shown for each condition. CTxXWWl@s), CTXWD (squares), HTXWW (triangles) and
HTXWD (upside-down triangles). Ellipses represemriia ellipses of each treatment. Each inertigpssl is
centered on the means, its width and height arenddy 1.5 times the standard deviation of the doatds on
axes, and the covariance sets the slope of the amar{Thioulouse et al. 1997).



Chapter 1 Plant responses to high temperature and water deficit

units. Between- and within-treatment PCA analysesevperformed on mean trait values to
test for differences between treatments and focugemotypic effects, respectively (Chessel
et al. 2004). The null hypothesis that there isdifeerence between treatments was tested
with a randomization testdndtest.between in the Raded4 package). The procedure checks
that the observed value of the between/total iaediio is higher than expected under the null
hypothesis. The distribution of the between/totadriia ratio is obtained by permuting the
rows of the data frame, i.e. means per genotypetraadiment if = 999) and thus changing
assignment to treatment group. Response ratiosb@Ryeen treated (T) and control (C)
groups were calculated &sc = mean trait valugmean trait valugeto quantify the effects of
the treatments for each genotype. Five valuessgamse ratios were calculated to obtain the
response to water deficit according to the contmiditions (WD-20 °C / WW-20 °C), the
response to water deficit at high temperature (VDG / WW-30 °C), the response to high
temperature in well-watered conditions (WW-30 °QVW-20 °C), the response to high
temperature in water deficit conditions (WD-30 °@VD-20 °C), and the response to the
combination of high temperature and water defioinpared to the control conditions (WD-
30 °C / WW-20 °C). The response ratio quantifies phoportionate change that results from
an experimental manipulation (Hedges et al. 19B8sponse ratios were log-transformed in
the statistical analyses. We tested the signifieaidhe relationships between traits, response
ratios, coordinates of the genotypes of the PCA aaed climatic descriptors with correlation
coefficients. All statistical tests were performesing R v.2.10 (R Development Core Team
2009).

Results

Analysis of multiple plant traits reveals significant genotype by
environment effects but predominant additive effects of high temperature
and water deficit

ANOVAs explained from 25% to 85% of the total vaga of 16 functional traits
related to plant growth, structure and physiologryd the MANOVA explained 58% of the
total variance in the multivariate dataset (Tablé\@ross traits, there was a highly significant
genotypic variability among accessions (18% ofamare explained in the MANOVA; from
4% to 47% of variance explained across traits).i#althlly, strong genotype by environment
(soil water content, temperature, or both) intecaxst were detected for all traits as indicated
by highly significant first and second order intgran terms, highlighting the large natural

phenotypic variability in the responses to botHatad and combined high temperature (HT)
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Chapter 1 Plant responses to high temperature and water deficit

and water deficit (WD). While significant for most the traits, the effect of WD was not
significant at the multivariate level. Interestipglack of significant interaction between water
regime and temperature at the multivariate level fam most of the traits was indicative of
prevailing additive effects of WD and HT (Table 2).

A principal component analysis (PCA) was performed order to explore the
multivariate pattern of effects of both isolated @ombined HT and WD on the studied traits.
First, second and third principal components (PXplaned 45%, 25% and 9% of the total
variance, respectively (Fig. 1; see Supporting rimftion Table S1 for variable loadings).
Size-related traits contributed most to PC1l whigpased large plants with numerous
vegetative leaves and high rate of leaf producteplants that had high reproductive mass
allocation and thinner, more erect leaves with hégiecific leaf area (Fig. 1a). Biomass
allocation to the roots, epidermal cell density atomatal density closely and negatively
correlated with PC2. Leaf dry matter content cdaniied less to this axis but contributed to
most of the variation on third axis.

Projection of the accessions (Fig. 1b) showed thatfour temperature-by-soil water
treatments were significantly discriminated in finst factorial plane R < 0.001; permutation
tests of between-treatments PCA) although the pegiotypic variability was distinguishable
as indicated by the distance of the accessions finencentroid of each treatment. Along PC1,
plants grown under control conditions (20 °C amperature; 0.35 g #D g* dry soil) were
opposed to plants grown under combined HT and Witlions (30 °C; 0.20 g $D ¢* dry
soil). As indicated by the position of the centroideach treatment along PC1, all treatments
reduced plant performance compared to control ¢cimmdi, and the combined stress was more
detrimental to plants than isolated HT or WD. Iseta HT and WD treatments were
significantly separated along PC2, indicating ojeosffects of these stresses on traits related
to this axis. Specifically, WD led to an increasgg@dmass allocation to roots, a decrease in

SLA and higher epidermal cell and stomata densiiesreas HT had opposite effects.

The combination of high temperature and water deficit is more detrimental to plant
development than isolated effects but differences between genotypes exist

As shown by the PCA, rosette development dynamiesevgignificantly affected by
HT, WD and their combination (Fig. 2; Table 2; Sagmg Information Fig. S1). In control
conditions, the average of maximum rate of leatipotion (Rnax leaf d*) was 0.95 among
genotypes and varied significantly from 0.75 in Ane 1.08 in Cvi-0 and Mt-0 (Supporting
Information Fig. S2). The three treatments sigaifity reduced Rax (Fig. 2a; Table 2).
Although the sensitivity of phenology to treatmewugsied significantly amongdwrabidopsis
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Chapter 1 Plant responses to high temperature and water deficit

accessions, WD was on average more detrimentde&brproduction (23% mean decrease)
than HT (16% mean decrease; but see Lc-0 and SRaipporting Information Fig. S2a).
Combining HT and WD had greater effects (40% meatrehse among genotypes) amR
than isolated treatments (Fig. 2a). The duratiowegfetative leaf production, which is highly
related to flowering time . thaliana, also varied widely among accessions from 21 to 63
days in An-1 and Lc-0, respectively (Supportingonfiation Fig. S2b). Duration of leaf
production and flowering time increased or decrdatepending on accession and treatment
leading to a highly significant'2order interaction term in the ANOVA (Table 2). Whhot
significant in all accessions, WD tended to inceetiee duration of leaf production either at
control or high temperature (nonsignificant wategime by temperature interaction in
ANOVA; Table 2; Fig. 2b). By contrast, increasing temperature tended to shorten the life
cycle either in well-watered or WD conditions. Agesult of their effects on plant growth
dynamics, HT and WD significantly reduced totalntlenass in all accessions but Cvi-O and
Lc-0 (Fig. 3; Table 2). On average, HT and WD samyl reduced total dry mass by 2-fold.
Combining HT and WD (HTxWD) reduced plant size mesyerely than isolated stresses
from 55% in An-1 to 91% in Ct-1 (Fig. 3; 85% meagctrkase). In some genotypes plant dry
mass tended to be less affected by isolated or ic@aHT and WD (An-1, Lc-0) while in
others it was less reduced only under HT (Cvi-O\MD (Est-1, ler). This resulted in weak
relationships between response ratios to HT and WiDtotal dry mass (Supporting
Information Fig. S3). However, the response ratio HFIXWD to control conditions
(Rurxwoic) for the total dry mass was close to the sum efrésponse ratios of WD and HT to
control conditions (Rpic + Rqtic) suggesting nearly additive effects. This was tiareall
accessions except Cvi-0, Lc-0 and Mt-0. These acmes apart, clear additive effects were
indicated by a significant relationship betweegirRpic and Rvpic + Ruric (r = 0.82;P <
0.05) with a slope not significantly different froome. Compared to other accessions, the
growth of Mt-0 was less affected by the combinatdHTxWD than by WD only (Fig. 3).
To further investigate the genetic variability @ésponses to HT and WD we analysed the
ranking of the genotypes from the PCA performedtrait values. The rankings were well
conserved on PC1 and PC2. The Spearman’s coetBaxmank correlation varied from 0.58
to 0.92 (Supporting Information Table S2). Thisigaded that accessions which exhibited
higher value of a trait compared to other accessioncontrol conditions conserved this

advantage when stressed.
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Chapter 1 Plant responses to high temperature and water deficit

Biomass allocation to roots increases under water deficit and reproductive allocation
increases at high temperature

Biomass allocation also changed at the whole ptatt leaf levels in response to
isolated and combined WD and HTable 2; Fig. 3)Interestingly, at the whole-plant level,
WD and HT had different effects on allocation t@tand to reproductive structures. WD
resulted in a significant increase in biomass alion to roots, but reproductive allocation did
not change significantly (Fig. 4a). The reverse Wwasd under HT where no changes were
detected in the biomass allocation to roots wheaesignificant positive effect was observed

on reproductive allocation.

Water deficit and high temperature have different effects on leaf structure

Leaves produced at HT tended to be thinner andah@dher specific leaf area (SLA),
while in WD leaf dry matter content (LDMC) was ieased (Fig. 4b-d; Supporting
Information Fig. S2g-i). More precisely, SLA was chuaffected by HT in well-watered
conditions and was significantly higher in all ggypes with little variation observed in WD,
while LDMC tended to increase in response to WDtigaarly at HT, and decrease under

HT in well-watered conditions.

High temperature but not water deficit induces leaf hyponasty

In all accessions, HT induced a highly significamdrease in leaf insertion angle, i.e.
hyponasty, associated with a significant reduciiorthe proportion of blade compared to
petiole length (Fig. 4e,f; Table 2). WD had no digant effect on hyponasty either at control
or high temperature. By contrast, a significant@ase in blade ratio was found in response to
WD, resulting in significant water by temperaturgeraction in the ANOVA for this trait
(Table 2).

Water deficit and high temperature have opposite but additive effects on leaf epidermis
anatomy

WD and HT had opposite effects on the cellular @mgt of leaf epidermidut there
was no water by temperature interaction as showh@anANOVA (Table 2) indicating that
the effects were globally additivAcross genotypes, cell and stomata densities isetem
response to WD both at control and high temperatunereas these traits tended to decrease
in response to HT (Fig. 5). Stomatal index exhibiteuch less variation, but genotype and
treatment effects were detected (Table 2; Supmpitiformation Fig. S2I-n). HT resulted in
lower stomatal index (Fig. 5¢). On the contrargnstal index tended to increase in response

to WD but the effect of this treatment was not detiele in several genotypes.
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Chapter 1 Plant responses to high temperature and water deficit

Photosynthesis is reduced at high temperature and ABA content increases under water
deficit and high temperature

In well-watered conditions, net photosynthetic rats significantly reduced by HT
from 3.95+ 0.73 at 20 °C to 3.38 0.56 pmol C@s* m? at 30 °C (Fig. 6a; Table 2). No
significant genotype by temperature interaction wetected R = 0.29; Table 2). Across all
genotypes, leaf ABA content was significantly ireaged under WD and HT, and it was even
more increased in response to the combinationeofvio stresses WD and HT (Fig. 6b).

Do responses to high temperature and water deficit relate to accessions
climatic origin?

Beyond mean responses to single or combined tredédnibe accessions studied herein
displayed a range of sensitivities for their diffiet traits. We explored whether any part of the
responses of the accessions was related to thataisonditions at geographical origin of the
populations in which they were collected. The deden the PCA was used in order to reduce
the number of comparisons and therefore the rigka# | error.

For each treatment, no trend was observed betwemssions coordinates on PC1 from
the PCA on trait values and mean monthly tempesatatr geographical origin of the
populations. However, for plants grown under HTwigll-watered conditions, a positive trend
was found between coordinates on PC2 and temperatwrigin (Fig. 7a). Inspection of Fig.
7 revealed that the accession from Cape Verdeds(@vi-0) had a contrasted response
compared to the other accessions. When excluding) @om the analysis, the correlation
was high and significant (= 0.80;P < 0.01; Fig. 7a). The collection site of this assien
presents the higher temperature although it wasrteg that Cvi-0 has been collected at 1200
m asl (Tonsor et al. 2008b), thus possibly encourgdower temperatures. As seen earlier,
PC2 was negatively correlated to stomatal anddmstisity and biomass allocation to roots.
Therefore the accessions that originate from sitiéls higher temperature tend to have less
stomata per unit leaf surface and to allocate bésshass to the roots than accessions from
colder sites when cultivated under high temperafig 7b,c).

Positive trends were also found between the coategon PC2 from the PCA on trait
values and mean monthly precipitation from Septenbdlay in all treatments (= 0.40 to
0.73). While not statistically significant, thisrcesponded to a stronger reduction in stomatal
density under WD, HT or both for accessions origgntafrom sites with high precipitations (
=-0.36, —0.51 and —0.56, respectively).
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Chapter 1 Plant responses to high temperature and water deficit

Relationships between plant traits and tolerance to high temperature and
water deficit

We explored the relationships between plant traits as measured in controlled conditions
and accessions response to HT and WD. A negative correlation was found between absolute
plant size in controlled conditions and the response ratio of plant size to the treatments. This
trend was significant in response to WID=—-0.73;P = 0.03; Fig. 8a) but not to HT & —

0.27; P = 0.48) or the combination of HT and WD £ —0.50;P = 0.17). Thus, stunted
accessions (e.g. An-1) tend to be more tolerant to WD. Furthermore, the root-to-shoot ratio in
controlled conditions was positively correlated with the response ratio of plant size to WD (

= 0.68;P = 0.04; Fig. 8b) and with the response ratio of leaf production rate under combined
HTXWD (r = 0.72;P = 0.04). Thus, accessions with bigger root compartment relative to shoot
tended to better maintain growth under WD and to keep producing leaves at the same rate as

control under combined stresses.

Discussion

Water deficit and high temperature: independent or interacting responses?

Complex interactive responses can occur in plants experiencing multiple environmental
stresses (Mittler 2006). Here we report the single or combined effects of soil water deficit and
high temperature on a large set of plant traits from the cellular to the whole-plant levels in a
collection of accessions of the model plaktthaliana. Plant growth was significantly
reduced under HT and WD and their combination was more detrimental to plant performance
as also described in previous studies (Xu and Zhou 2006, Prasad et al. 2008). Interestingly,
single trait as well as multiple traits analyses revealed that the combined effects of these two
stresses were globally additive. This held true for traits responding in the same (e.g. plant
mass) or reverse (e.g. stomatal density) directions to the two stresses and suggests a certain
degree of independency between the mechanisms involved in the responses to WD and HT
applied herein. Some traits were specific of the response to either WD or HT. This was the
case for biomass allocation to roots which increased in response to WD, and conversely for
reproductive allocation, leaf insertion angle and specific leaf area which significantly
increased in response to HT (Xu and Zhou 2006). However, among the large number of traits
investigated no single trait was affected only by the combination of HT and WD. The impact
of the combined stresses has been rarely studied. In wheat and sorghum, Machado & Paulsen
(2001) found that plant water status in response to HT were highly dependent on soil water

availability. The work by Rizhsky and collaborators showed that some molecular responses
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were specific to the combination of heat and drowgimpared to either stress alone (Rizhsky
et al. 2002, Rizhsky et al. 2004). Yet our studyoi©ur knowledge the first addressing this
issue in different ecotypes and using a broad raofjegrowth, developmental and
physiological traits and the lack of HTXWD interniact is the rule for most of them, at least
for the moderate levels of stresses applied duhiagvhole plant cycle.

As generally found, plant growth dynamics (leafdarction and leaf expansion) were
significantly impaired in response to HT (Loveysaét2002) and WD (Granier et al. 2006,
Hummel et al. 2010), leading to reduced plant aizeproductive stage and therefore reduced
seed production (Aarssen and Clauss 1992). Howthetwo stresses had contrasting effects
onto the timing of reproduction. As commonly foundnatural and crop species (McMaster
et al. 2009), WD delayed reproduction but conti&tiéects on final leaf number were found
across accessions. By contrast, under HT feweretawere produced when early
reproduction occurred. Early reproduction followiagnoderate increase in temperature has
been previously reported iA. thaliana (Balasubramanian et al. 2006) and other species
(Barnabas et al. 2008). However, very sparse datawailable on the combined effects of HT
and WD on reproductive phenology in natural speieg see Barnabas et al. 2008 for a
review in cereals). Here we found that the effeatse globally additive in such a way that
WD also delayed flowering under HT.

Although the majority of plants reached the flomgrstage and a significant increase in
biomass allocation to the reproductive stem wasdounder HT, flower abortions were
clearly visible on later reproductive stages and/¥ew pods reached maturity (not shown).
The fecundity of the plants was particularly impdiunder combined stresses. This was not
surprising since reproductive structures are paerity sensitive to heat stress (Zinn et al.
2010) and even more to combinations of heat andgito(Barnabas et al. 2008). Notably,
high temperatures (31-33 °C) very close to thaeeagpced here (30 °C) have been shown to
be sufficient to impair anthers development in agolimated plants oA. thaliana (Sakata et
al. 2010). Apparently, vegetative acclimation taddasting treatments as experienced here

did not change this response.

Is genetic variability of responses related to the climate of origin?

In our study, except the young seedling stage (betiee emergence of the firsts true
leaves), plants developed entirely under HT, Wibath. This may have led to acclimation
processes possibly reinforcing plant tolerance Hesé stresses. Applying steady-state
contrasted temperatures would also have produdtstetit responses than those identified in

the case of acute increase of temperature appliadparticular developmental stage as it is
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largely found in the literature. Nevertheless, ghhgenotypic variability in traits values was
observed in the different growing conditions andignificant genotype by environment
interaction was found. This is not surprising gitkat the chosen accessions originated from
a wide range of environments with varying tempemtand drought constraints. A high
variability of traits related to growth and phergydchas been identified in natural populations
of A. thaliana (Montesinos-Navarro et al. 2011). And genotypiciakality among natural
accessions has previously been identified for dragiated to adaptation to water deficit
(McKay et al. 2003) and temperature (Tonsor et2@D8a). Here, we applied a HT-level
within the physiological range . thaliana and close to the basal thermotolerance of the
accession Col-0 (Ludwig-Muller et al. 2000b). Unéorately, as far as we know basal
thermotolerance has not been consistently evaluédedother accession than Col-O0.
Therefore, we cannot exclude that the variabilityesponses to HT observed here between
the accessions was related to contrasted basahdb@erance, which could also depend on
the environment encountered in their habitat ofjiari Few relationships between plant
tolerance to HT and the climatic environment at ¢b#ection site of the accessions were
found in this study. This is in accordance with &gs et al(2002) who found no relationship
between thermal origin of the accessions and tleyation of dry matter in response to
increasing temperature at the interspecific lek#gwever, a lack of association could arise
from the small number of accessions considereduin sbudy. In a more geographically
restricted study but including a large setAsfbidopsis natural populations, Montesinos-
Navarro et al(2011) showed that the variation of traits exletitn controlled conditions was
consistent with the temperature and water conssr@mcountered at the collection sites along
an altitudinal gradient, pointing towards a likelgaptive differentiation of the populations to
the environmental conditions. Here, we found thateasions that originate from sites with
higher mean temperature during the vegetative drderid to have less stomata per unit leaf
surface and to allocate less biomass to the rbats@ccessions from colder sites when grown
under high temperature.

Stomatal density and plant response to high temperature and water deficit
Despite the prevailing opinion that stomatal dgngibuld increase in response to HT
(Wahid et al. 2007) data from literature are nainimous see Luomala et al. (2005). Indeed,
it is most likely that stomatal density depends tmt interactions between plant water
balance (water status and transpiration) and tkiea@mmental conditions, particularly relative
humidity and vapour pressure deficit (VRPencountered by the plant during leaf growth

(Lake and Woodward 2008). Assuming that conditi@veuring expansion dilute stomata at
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the leaf surface, increases in humidity in the nitgi of the plant are expected to reduce
stomatal density. In this study, the possible ¢ffef VPD,; on stomatal density at HT were
excluded since VPR was maintained equal between the control (20 td)the HT (30 °C)
treatment. In order to fulfil this condition of cetant VPR relative air humidity was
maintained higher under HT (85%) than under con®6P6) conditions, possibly favouring
the development of leaves with lower stomatal dgnsit HT compared to control
temperature. This was observed despite the signifi¢ higher transpiration rate under HT
compared to control temperature (Supporting InfaromaFig. S4). In addition, our results
unequivocally show that soil water deficit led tacrieases in stomatal densities either at
control or high temperature, thus counteracting dfiects of HT. The same trend of
decreasing and increasing stomatal density in resppgéo HT and WD, respectively, was
found in almost all genotypes. Despite the fact YHaD,;; was maintained equal between the
two temperature treatments, accelerated deplefi@oibwater or lower leaf water potential
may have interfered with plant responses at HTtduegher rates of transpiration (Machado
and Paulsen 2001; Supporting Information Fig. $#erestingly, relationships were found
between stomatal density and meteorological candstiat the collection sites. Stomatal
density was lower in accessions collected in warsites and/or sites with higher amount of
precipitations, particularly when considering tespgonses to HT and WD.

Contrary to what was suggested by Lake & Woodwa@®8), we found no relationship
between ABA content in the rosette leaves and d@indensity. We cannot exclude a
differential response of abaxial versus adaxidl égadermis in our experiments (see Luomala
et al. (2005)); however, we observed that stomdealsities of both sides of the leaves are

correlated either under well-watered or WD condisi¢Vile & Pervent unpublished).

Similarities between responses to high temperature and low light
It is noteworthy that some of the specific respengeHT were also characteristic of

responses to low light intensity. For instancés iwvell known that specific leaf area increases
and leaf thickness decreases in response to ldw (Boorter et al. 2009) and that shade
leaves have higher specific leaf area and are éhitiran leaves exposed to direct sun light
(McMillen and McClendon 1983). Chabot & Chabot (IPveported that decreasing light and
moderately elevated temperature had similar effeatghickness. InMArabidopsis, a clear
similarity between the responses to light and Higimperature resides also in hyponastic
growth, i.e. the increase in leaf insertion angkarn( Zanten et al. 2009). These authors
reported very similar trends of variation in leafje in response to HT and low light, and we

have recently shown that the hyponastic respons€ltecan be reversed by increasing light
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intensity (Vasseur et al. 2011 = Manuscript #3kératogether, these results suggest that part
of the responses to a moderate heat stress coalslSbeiated to a defect in carbon acquisition
through photosynthesis, which is impaired under Hid/or an increased competition for
carbon use due to enhanced physico-chemical presessl increased protection mechanisms
(notably heat shock proteins; Heckathorn et al.6)l9%\ccordingly, tolerance to warm
temperatures is increased at high,@0Oncentration in C3 plants (Huxman et al. 1998)bra
et al. 2000) and decreased at low nitrogen suppé/td a limited production of nitrogen-
costly heat shock proteins (Heckathorn et al. 1998)e interactive effects of high
temperature and light on plant functioning were Igged here under lower light than
encountered in natural conditions. To test whetharresults would hold under higher light
conditions as found in the nature, especially ghhiemperature, experiments should be
performed at higher light intensities. Interactitmetween WD, HT and light also remain to be

investigated (Vasseur et al. 2011 = Manuscript #3).

Inherent trait variation and plant tolerance to high temperature and water
deficit

Ecological research has engaged major efforts ¢atify plant traits, as measured in
controlled or natural conditions, that could be dypoedictors of plant responses to changes in
their environment (Grime 2001, Vile et al. 2006pN& et al. 2007). Here, we found a trade-
off between plant size in control conditions andertance to WD. A similar negative
relationship between plant size and plant toleraonc&/D was found in an analysis of 20
accessions capturing much of the genetic variatb@. thaliana worldwide (Clark et al.
2007) and a new collection of 88 accessions fromojl and Asia (Bouteillé et .al
unpublishedr = -0.54 and —0.2% = 0.013 and 0.022, respectively). A reanalysithefdata
from Bouchabke et al2008) also showed a significant negative relagm between total
leaf area in well-watered conditions and its resgoto a mild WD applied for 10 days= —
0.49; P = 0.014). Interestingly, we found a similar rarkiof responses to WD for the 6
common accessions (but Sha to a lesser extentebetBouchabke et.a{2008) and our
study. Such a trade-off between plant size anddbponse ratio to WD was also found in a
reanalysis of the data of a recent study on stedated specific mutants ddrabidopsis
(Skirycz et al. 2011) although plant size variatlmetween lines was weak £ —0.43;P =
0.014). These authors report that growth reduataursed by stress was independent of plant
size under control conditions but they used thatired response of mutants compared to the
wild-type, not the response ratio for each linefirAt explanation for this trade-off would
reside in the fact that large plants consume matemand therefore experience greater water
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shortage. However, the experimental procedure used in the present study as well as in
Bouchabke et al(2008) and in Skirycz et .a{2011), i.e. a daily irrigation to adjust the soil
water content, is unlikely to have favoured small plants that consume less water. A trade-off
between plant size and plant tolerance to WD is in accordance with the results of He et al
(2010) that populations ofentaurea stoebe with inherently bigger plant size are more
susceptible to stressing (water and nutrient) conditions. In contrast to these authors, who did
not observe any relationship with other traits than plant size, here we found a positive
relationship between the root-to-shoot ratio and plant tolerance to WD which could give a
proportionate advantage under inherent water shortage.

On the other hand, the negative trend between plant sizArabilopsis tolerance to
HT was weaker and not significant. No single trait was identified as a good predictor of plant
response to HT. Some elements suggest that changes in leaf inclination could participate to
thermotolerance adjustments by reducing intercepted light and hence tissue temperature
(Salvucci and Crafts-Brandner 2004). Although leaf insertion angle increased in response to
HT and this response varied between accessions, in our data hyponasty was not related to
thermotolerance. Also, in contrast to the results of van Zanten @O0&9), no relationship
was observed between the change in leaf angle in response to HT and the diurnal temperature
range at the geographical origin of the accessions. This discrepancy could in part be explained
by the higher but shorter temperature treatment experienced in van ZantgB8&¢t@lduring
7h) compared to our study (30 °C duriceg 15 d).

Finally, plant tolerance to WD under HT, in terms of plant size reduction, was also
related to plant size in well-watered and control temperature conditions albeit the relationship
was weaker than for WD under control temperature. Thus inherent plant size would
participate to soil-water-plant relationships in a larger extent than to the response to

increasing temperature.

Conclusion

Despite the likely interactive processes involved in plant response to high temperature
and water deficit, here we showed that at least moderate levels of these two stresses have
additive effects on a large set of plant traits related to growth and development in the model
speciesArabidopsis thaliana. This would have important consequences for modelling plant
growth under combined stresses. Some traits were affected only by one or the other stress,
highlighting the specific sensitivity of some processes such as reproduction in response to

high temperature and resources allocation for a better water acquisition in response to water

35






Chapter 1 Plant responses to high temperature and water deficit

deprivation. In natural environments, variation in temperature and water availability can act
together or independently on covarying traits and on the distribution of plant species. It was
therefore not surprising to find a significant natural variatioAribidopsis tolerance to high
temperature and water deficit applied separately or in combination. Genetic variability in the
responses of several traits to the different stresses accompanied this natural range of
tolerances and was in good correspondence with some characteristics of the climatic origin of
the natural populations. This opens several avenues to explore the underlying physiological

processes shaping the distribution of this and other species.
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Supporting Information

Table S1. Loadings of the variables included in the PCA on mean trait values per
genotype and treatment. All variables have been log-transformed.

Trait Factor 1 Factor 2 Factor 3
Leaf number at flowering (leaf) -0.849 0.291 -0.249
Total dry mass (mg) -0.836 0.405 0.017
Specific leaf area (cm™ g™) 0.806 0.413 0.232
Leaf dry matter content (mg DM g™ FM) -0.218 -0.516 -0.767
Leaf thickness (um) -0.684 -0.048 0.416
Reproductive allocation (%) 0.946 -0.058 -0.031
Root allocation (%) -0.008 -0.743 -0.132
Leaf allocation (%) -0.925 0.233 0.035
Root to shoot ratio 0.585 -0.661 0.017
Cell density (cells mm™) -0.019 -0.851 0.143
Stomatal density (st. mm™) -0.298 -0.854 0.204
Stomatal index (% st. cell ) -0.686 -0.208 0.156
Maximum leaf production rate (Rmax, leaf d™) -0.624 0.475 0.062
Duration of leaf production (d) -0.737 -0.063 -0.482
Leaf insertion angle (9 0.732 0.324 -0.283
Blade ratio -0.628 -0.573 0.247
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Table S2. Spearman’s coefficients of rank correlation
between genotypes coordinates on first (above diagonal) and
second (below diagonal) principal components from the
within-treatment. PCA performed on trait valuesder control
(CT, 20/17 °C day/night) and high temperature (HT, 30/25 °C
day/night), and in well-watered (WW, 0.35 g0Hg" dry soil)
and water deficit (WD, 0.20 g A ¢* dry soil) conditions.
Coefficients in bold typeface were significant at¢m®.05, **P
<0.01l.n=09.

CTxWW 0.73* 0.68* 0.80*
0.92** CTxWD 0.58 0.65*
0.85** 0.73* HTXWW 0.58

0.77* 0.63 0.73* HTxXWD
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Figure S1. Production of leaves ofA. thaliana Col-0 from cotyledonous stage to siliqgue
maturation. Each fitted curve represents one individual plant grown under control (CT, 20/17
day/night) and high temperature (HT, 30fZ5 day/night), and in well-watered (WW, 0.35 goHj*
dry soil) and water deficit (WD, 0.20 g,® g" dry soil) conditions. Curve fitting of leaf production
over time (days from cotyledonous stage) was calculated according to Eq. 1.
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Manuscript #2

Genetic architecture of the Arabidopsis phenotypic space
In response to water deficit and high temperature

Francois Vasseut, Christine Granier* and Denis Vilé

'Laboratoire d’Ecophysiologie des Plantes sous Stress Environnementaux (LEPSE), UMR 759, INRA-
SUPAGRO, F-34060 Montpellier, France

Adapted from an article in preparation.

Abstract

The phenotypic covariations between plant traits illustrate the coordination of processes
that allow plant growth and reproduction in diverse environmental conditions. Soil water
availability and air temperature are major environmental constraints that interact together and
that strongly affect phenotypic trait values and covariations. The genetic architecture that
defines the structure and the plasticity of the phenotypic space is a key feature of the
evolutionary adaptation of individual characters. Using a powerful phenotyping platform, we
present a quantitative analysis of the pattern of covariations between traits related to life
history, reproductive success, leaf morphology, growth, and carbon and water economics. We
used a mapping population éfabidopsis thaliana grown under prolonged exposures to
isolated and combined soil water deficit and high temperature, and mapped the quantitative
trait loci (QTL) involved in the variability of the multidimensional phenotypic space. The
phenotypic space observed across 12 major plant traits exhibited strong plasticity in response
to both stresses. Two hierarchical classes of pleiotropic QTL respectively induced changes in
the direction and in the volume of the phenotypic space, depending on the environmental
conditions. Our findings give new insight in the understanding of how pleiotropic loci
generate and limit the variability in plant ecological strategies in interaction with
environmental constraints.

Key-words: Trade-offs, genetic constraints, modular pleiotropy, phenotypic covariation, GXE
interactions, QTL, reaction norms, life history, growth, net photosynthesis, transpiration
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Introduction

The coordination of plant processes that ensurethrand reproduction under diverse
environmental conditions is reflected through thetwork of interrelationships that exist
between plant functional traits (Grime 1988, Steat@89, Westoby et al. 2002, Vile et al.
2006, Violle et al. 2007). The phenotype is oftepresented by a few discrete or continuous
observable properties (traits) but could be bestved as a multidimensional space that
interacts with the environment (McGuigan et al. BOW/agner and Zhang 2011). The genetic
architecture of integrated phenotypes in variouvirenments is a key feature for
understanding the evolution of complex organismgli(ieci and Preston 2004).

Covariations and trade-offs between traits reff@etotropic constraints restricting the
range of reachable trait-trait combinations by ling the genetic variability in one trait
independently of the others (Wagner and Zhang 2 igher (1930) was the first to model
the pleiotropic structure of the phenotypic spageabserting that ‘every gene affects every
trait’. However, with the development of moleculaiblogy and quantitative genetics, the
Fisher's view of universal pleiotropy was revisit¢d.g. Martin and Lenormand 2006,
Pavlicev and Wagner 2012). It was notably positeat pleiotropy may be restricted to the
strongest genetic covariations within functionaldules, then called ‘modular pleiotropy’
(Wagner et al. 1996, Wagner et al. 2007). Eviderafeshodular pleiotropy were recently
found in yeast, nematodes and mice (Wang et al0)2@trikingly, Wang and colleagues
(2010) demonstrated that, instead of universabpiepy, “most genes affect a small fraction
of traits whereas genes affecting more traits havger per-trait effects”. Thus, because
univariate genetic effects — if they exist — arastically smaller than multivariate genetic
effects, the results of quantitative genetic aredys specifically, the quantitative trait loci
(QTL) analyses — would first identify loci with najpleiotropic effects. Consistent with this
idea, many pleiotropic hotspots have been ideqdtifieplants, notably idrabidopsis thaliana
(Fu et al. 2009).

Water deficit (WD) and high temperature (HT) areoaign the major abiotic constraints
impairing plant growth and productivity in natueaid field conditions (Boyer 1982, Ciais et
al. 2005). These two stresses often occur simutzsig but very few studies have
investigated their combined phenotypic effectsnnrdegrated approach ((Mittler 2006); but
see (Vile et al. 2012 = Manuscript #1)). We recestiowed that these two stresses affect
many correlated traits such as whole-plant growdaf morphology and reproductive

phenology of various accessions Arfabidopsis thaliana, sometimes in opposite directions
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(Vile et al. 2012 = Mansucript #1). We also fourigngficant genotype-by-environment
(GXE) interactions. However, the restricted numifegenotypes considered in this previous
study impaired any investigation about the geratohitecture of the phenotypic space. Here
we benefited from the recent advances in high tjinput phenotypic screening under strictly
controlled environmental conditions (Granier et2006, Vasseur et al. 2012 = Manuscript
#5) to perform a multidimensional genetic analysfisd\rabidopsis response to water deficit
and high temperature. We selected thee k Cvi population of recombinant inbred lines
because it carries segregating alleles with stppei@tropic effects (Fu et al. 2009, Vasseur et
al. 2012 = Manuscript #5). We investigated the afaility of 12 traits related to life history,
growth, reproduction, leaf morphology, carbon adsition and water consumption. We
combined multivariate and mixed-modeling approackesdissect the structure of the
phenotypic space across and within environmentsnaap QTL.

We show that pleiotropic QTL had different effeots the phenotypic space depending
on the traits and the environment. Our findingssiifate that the genetic constraints on
multiple correlated traits were hierarchically angaed in response to WD and HT between
loci that determine the direction of the phenotygpace by affecting every traits, and loci that
determine the volume of the phenotypic space bgctiffg some traits independently of the
others. Our findings show that the genetic varigbih the plasticity of the traits related to
carbon fixation was higher than that of the tredated to water loss, growth, life history and
reproductive allocation. Overall, our results shkght on the different pleiotropic

mechanisms that govern plant performance and ebititya

Materials and methods

Plant material and growth conditions

We used a population of recombinant inbred linelk gRpreviously generated from a
reciprocal cross between two parenfgibbidopsis thaliana accessions: Landsbemgecta
(Ler) and Cape Verde Islands (Cvi) (Alonso-Blanco etl8B8). This population was chosen
because & and Cvi were initially collected from divergenthtions with contrasted climates
(Northern Europe and tropical Cape Verde Islandpeetively), and becausesrLand Cvi
carry different alleles at strong pleiotropic QTEu( et al. 2009Vasseur, 2012 #84 =
Manuscript #5). We performed four experiments undsslated and combined high
temperature and water deficit. The experiments werdormed using the PHENOPSIS
facility (Granier et al. 2006) that maintains camgtgrowing environment (air temperature,
water vapor pressure deficit, incident light andl seater content) and allows for the
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automated rosette area measurements of 504 poteeds.piIn each experiment, we
phenotyped the parental accessionar (&nd Cvi;n = 8 replicates) and 120 RIL® € 4)
selected from the 162 available lines.

Seeds of all lines were stored at 4 °C in the @aduring stratification. Five seeds from
each genotype were directly sown at the soil seriac225 mL culture pots filled with a
mixture (1:1, v:v) of loamy soil and organic comp@<deuhaus N2). Pots were damped with
sprayed deionized water three times a day and gliscthe PHENOPSIS automaton growth
chamber in darkness (20 °C, 85% air relative huiylidintil germination. After germination,
plants were cultivated at 20 °C with a daily cyofel2 h light supplied from a bank of HQi
lamps which provided 190 pmolfrs® photosynthetic photon flux density (PPFD) at plant
height. Water vapor pressure deficit (VPD) was naaned constant at 0.5-0.6 kPa and soil
moisture at 0.35 g 48 g* dry soil.

Soil water deficit (WD) and high temperature (HTedtments were applied after
emergence of the first two true leaves, avoidimdyegrowth effects. Control air temperature
(CT) was set to 20/17 °C day/night, while HT wat tee30/25 °C. VPD was maintained at
0.7-0.8 kPa both under CT and HT. Soil water canteas controlled before sowing to
estimate the amount of dry soil and water in eaath $oil water content was maintained at
0.35 and 0.20 g # g* dry soil with a modified one-tenth-strength Hoaglasolution in the
well-watered (WW) and WD treatments, respectivBlgt weight was automatically adjusted
to reach the target soil water content by weighang watering each individual pot once a
day. Temperature and watering regimes were chaseheobasis of previous reports (Vile et
al. 2012 = Manuscript #1). All detailed meteorotmdi data, including daily soil water
content, air temperature and VPD, are availablehexPHENOPSIS database (Fabre et al.
2011).

Measurements of phenotypic traits

Phenology and reproductive traits

Age at reproduction was estimated as the numbeiag$ from sowing to first flower
open (Table 1). At first flower open, each rosettes cut, reproductive stem was separated
from the rosette and their fresh weights determimachediately (FWosete and FWepro
respectively, mg). The rosette was wrapped in mpégter and kept at 4 °C overnight in
darkness. After complete rehydration, water-sataraveight of the rosette was determined
(SFWosette MQ). Leaf blades were separated from the petigled scanned for area
measurements. In parallel, a transparent imprith@fadaxial epidermis of the sixth leaf was
obtained by drying off a varnish coat spread onsiindace of the leaf. Leaf blades, petioles
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Table 1. List of thetraits measured and estimated.

Variable name

Abbreviation Unit

Measurements and calculus

Rosette fresh weight
Reproductive fresh weight
Saturated rosette fresh weight
Petioles dry mass

Blades dry mass
Rosette dry mass
Reproductive dry mass

Total leaf area

Leaf mass per area

Relative water content

stomatal density

maximum rate of leaf expension
Absolute growth rate

Relative growth rate

Net photosynthesis

Mass-based net photosynthetic rate
Area-based net photosynthetic rate
Transpiration

Mass-based transpiration rate

Area-based transpiration rate

FWiosette
FW epro
SFWirosette
DMpetioles

DMpiades
DMrosette
DMrepro

LAFOSBITB
LMA

RWC
SD
Rimax
G
RGR

A
Amass
Aarea
ET
ETmass

ETarea

mg

mg

mg

mg

mg

mg

mg

cm?

gm?

%

stomata mm’
m? d*

gd?
mgd*mg™

2

nmol s™

nmol g s™
nmol g™* cm™
mg H20 d*

mg H20 d™* mg™

mg H20 d™* cm™

measured at flowering
measured at flowering
measured at flowering
measured at flowering

measured at flowering
DMbIades + DMpetioIes
measured at flowering

measured at flowering
DMbIades / LArosette

(FWirosette — DMrosette) / (SFWrosette — DMrosette)
measured at flowering

sigmoid model fitted

Rmax X LMA

dG / dDMosette

measured at flowering
A | DMpjades

A [ LArosette

measured at bolting
ET / DMpjades

ET / LArosette
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and reproductive stem were then separately ovadatti 65 °C for 96 h, and their dry masses
were determined (mg). Vegetative dry mass at remtoh (DMosettd Was calculated as the

sum of dry masses of petioles (Rdbied and blades (DMagey-

Leaf morphology and stomatal density

Total leaf area (Lfsee cNP) was determined as the sum of individual leaf &lackas.
Leaf dry mass per area (LMA, g@nwas calculated as the ratio of RMesand LAosette
Relative water content (RWC, %) was estimated aegptbportion of water in the fresh rosette
at harvesting compared to the maximum weight obwahen water-saturated, such as: RWC
= (FWiosette— DMrosettd / (SFWosette— DMioserrd. Mean stomatal density (stomata if)nwas
determined in two 0.12 mfrzones located at the bottom and at the top ofeiiefrom the
epidermal imprints of the"sleaf placed under a microscope (Leitz DM RB, LeMéetzlar,

Germany) and coupled to an image analyzer (imageJ).

Rosette-level relative growth rate, net photosynthesis and water fluxes

Dynamic measurement of growth was performed usity dzenithal images of the
plants acquired by the PHENOPSIS automaton (Son@-BG393P camera). The total
projected leaf area of the rosette (RA,’cnvas determined every 2 to 3 days (ImageJ). A
sigmoid curve was fitted for each plant following:

a

el )

RA =
whered is the number of days after emergence of thetiivettrue leavesa is the maximum
vegetative rosette ared is the time wher/2 leaf area has expanded dni related to the
maximum rate of leaf production. The maximum ratdeaf expansion (Rx, " d') was
calculated from the first derivative of the logtsthodel atdy as Rux = &/(4b). Assuming that
LMA did not vary over time during the period of niaxum expansion rate, we calculated
maximum absolute growth rateS( g dry mass @) from Rm and LMA. Following
Kolokotrones et al(2010), we fitted a nonlinear quadratic model:1408) = logio(bo) +
b110g1o(DMrosetrd + D2(10g10(DMioserd)?, Using the Generalized Estimation Equatigee(
package in the statistical program R 2.12). Redativowth rate (RGR, mgdmg?) was
calculated as the derivative of the quadratic fimclinking absolute growth rai® to rosette
dry mass (RGR =@/dDM;gsettd-

Photosynthesis was measured at flowering and wrdaring conditions using a whole-
plant chamber prototype designed for Arabidopsi8/bypauzat (INRA, Montpellier, France)
and K.J. Parkinson (PP System, UK) and connectedntanfrared gas analyzer system
(CIRAS 2, PP systems, USA). To insure plant gashamnge was not corrupted by soil
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Table 2. Mixed-models on the 12 phenotypic traits. Each phenotypic trait P is modeled Bss W+ T + WXT + G

+ GXW + GXT + GxWxT. HT and WD used as fixed effeecG used as random effects. Optimum condition
(CTXWW) used as intercept. Confidence intervals) (€timated with a Markov Chain Monte Carlo aldarit
following 1000 permutations.

Fixed E-effects

Variance components

Trait CTxWw WD effect HT effect HTXWD effect G GxW_ GxT GxTxW
Age at reproduction 159 [1.58;1.61] 0.08 [0.07;0.09] -0.1 [-0.11;-0.09] -0.01 [-0.02;0] 788 2.0 8.0 0.0
Vegetative dry mass 1.44 [1.39;1.49] -0.20 [-0.23;-0.17] -0.63 [-0.68;-0.59] 0.01 [-0.04;0.05] 87.7 00 4.2 1.3
Reproductive dry mass 1.01 [0.97;1.04] -0.27 [-0.3;-0.24] -0.58 [-0.61;-0.56] 0.03 [0;0.07] 503 35 31 4.1
Total leaf area 3.01 [2.97;3.06] -0.33 [-0.36;-0.3] -0.48 [-0.53;-0.45] 0.02 [-0.02;0.06] 86.3 0.1 44 2.1
LMA 1.36 [1.35;1.38] 0.13 [0.12;0.15] -0.18 [-0.2;-0.17] -0.03 [-0.05;-0.01] 635 23 7.9 1.6
RWC 1.87 [1.86;1.87] -0.04 [-0.04;-0.04] 0.07 [0.07;0.08] -0.03 [-0.04;-0.02] 0.0 9.0 106 4.0
Stomatal density 2.28 [2.26;2.3] 0.21 [0.2;0.22] -0.01 [-0.03;0.01] -0.05 [-0.07;-0.03] 343 0.0 19.6 7.4
Amass 2.24 [2.2;2.28] -0.27 [-0.3;-0.24] -0.04 [-0.08;0.01] -0.21 [-0.26;-0.16] 7.4 1.8 339 5.4
Area -0.39 [-0.42;-0.36] -0.14 [0.17;-0.11] -0.23 [-0.27;-0.19] -0.23 [-0.28;-0.18] 00 00 251 8.7
ETmass 1.75 [1.71;1.79] -0.35 [-0.38;-0.32] 0.58 [0.55;0.61] 0.19 [0.15;0.23] 715 22 56 0.0
ETurea 2.11 [2.08;2.14] -0.22 [-0.25;-0.19] 0.4 [0.37,0.43] 0.16 [0.13;0.2] 564 2.4 7.7 0.0
RGR 0.77 [0.76;0.79] 0.01 [0;0.03] 0.1 [0.1;0.12] -0.07 [-0.09;-0.06] 379 369 126 5.7

Table 3. Pairwise comparisons of the structure of the multidimensional phenotypic

spaces between the four environments. The phenotypic variance-covariance matrix in each

environment is compared to each other (CTXWW vs\WDxvs HTXWW vs HTXWD) with

the statistical approach developed by Jouan-Rimtenal colleagues (1998). The three
coefficients allow the comparison of three promartof the structure of multidimensional
data sets: the direction of the data sets (P)yahiance-covariance of the data sets (C), and
the location of the data sets’ centroids (R).

CTXWW CTXWD HTXWW HTXWD
5 _& CTXWW -
S £ CTXWD 0.97 -
§ C_g % HTXWW 0.87 0.87 -
o o HTXWD 0.75 0.81 0.96 -
;8 O cxww -
2gEQ CTXWD 0.82 -
‘= = 35
§ 83 HTXWW 0.58 0.74 -
so 2
S 3 HTXWD 0.49 0.71 0.81 -
& CTXWW -
'D N
35 CTXWD 0.00 -
% "5 HTxWW 0.00 0.00 -
s 0.00 0.00 0.00 -

HTXWD
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respiration, we sealed the soil surface with fayels of plastic film. The flowering stem was
detached from the rosette before measurement todéeaf gas exchange only. Whole-plant
photosynthetic rateAl nmol s') was expressed on a blade dry mass basis{nmol g* s
and on a blade area bass§x nmol g* cm?) using the ratioA / DMpjages@and A / LAosette
respectively. Whole-plant water loss was measutréuflarescence emergence (bolting stage)
by daily weighing of the pots over four consecutlag/s. Soil evaporation was prevented by
sealing the soil surface with four layers of a ptaBlm. The absolute transpiration rater(

mg HO d') was estimated as the slope of the linear regnesmtween pot weight and time.
Similarly, transpiration was expressed on a rosgta basisHTaxea Mg HO d* cmi®) and on

a blade dry mass basiETnass mg HO d* mg?), using the raticET / LAsete and ET /

DMpiages respectively. A full list of variables is presedtin Table 1.

Statistical analyses and quantitative genetics

Phenotypic and genetic correlations

The coefficient of phenotypic correlation was estied as the Pearson’s product
moment between each trait, in each condition. Icheanvironmental condition, the
coefficient of genetic correlation between pairs tadits was estimated by dividing the
covariance of the mean of each RIL by the prod@ith® square roots of among-line variance
components for each trait (Roff and Preziosi 198¥%)he estimation of the genetic variability
in reaction norms, differences in individual treilues depending on the allelic value at QTL
were estimated with a post-hoc Tukey’s test folloyvitwo-way ANOVA within each

environment. All statistical analyzes were perfodnusing R 2.12.

Multidimensional analysis of the phenotypic space

Multidimensional phenotypic spaces across envirorimavere statically compared
using the procedure of Jouan-Rimbaud et al. (1998)s procedure uses dimensional
reduction of multivariate datasets through eigealyasis. It computes three parameters that
allow the pairwise comparison of the structure efitimariate datasets. The first parameter P
tries to answer the following question: do the miad) variables have the same weight in the
orientation of the two datasets? If P falls below then the angle between the directions of
each cloud is more than 45°. Such case illustiiasthe original variables (i.e. the traits
within each environment) do not have the same tdnriion to the latent variables (the traits
across environments). The second coefficient, @\paves the variance—covariance matrices.
C indicates whether two datasets (i.e. phenotymicas) have a similar volume, or envelope,

both in magnitude and direction. C values close tadicate that the volumes of the clouds of
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Figure 1. Genetic and phenotypic correlations between traits among environments. Heatmaps of the
coefficients of genetic correlation (above-diagomtimated by dividing the covariance of the Rlkams

CT

HT

between two traits by the product of the squardsrob among-line variance components) and phenotypi
correlation (below-diagonal, Pearson’s product manafter loggtransformation of the data. Top-left
panel: CTxXWW, top-right panel: CTxWD, bottom-letinel: HTXWW, bottom-right panel: HTxWD. Age at
reproduction (d), vegetative and reproductive dasses (mg), total leaf area @neaf dry mass per area
(LMA, g m?), relative water content (RWC, %), stomatal dgngitmi?), mass-based net photosynthetic and
transpiration ratesAf.ss hmol CQ st g‘l and ETyass Mg HO d? mg'l, respectively), area-based net
photosynthesis and transpiration ra&s.{ nmol CQ s* cm” andET,e, mg HO d* cmi?, respectively), and
relative growth rate (RGR, mg'dng?).
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points are completely different, either because isn@maller than the other and/or because
they have different directions. Finally, the thadefficient, R, uses the squared Mahalanobis
distance to compare the position of the centrofdfi® phenotypic spaces. The cloBeis to

1, the closer the positions of the centroids ofhephenotypic space are. Analyses were
performed with Riepresent package.

To jointly analyze the phenotypic spaaeross and within environment, we used a
multiple factor analysis (MFA). In contrast to ass$ical principal component analysis (PCA),
MFA takes into account the internal grouping stuwet among variables or among
individuals. The core of MFA is a general factoralysis applied to all active sets of
individuals. The contribution of a data point t@ timertia of an axis is the quotient between
the inertia of its projection and the inertia of tthole scatterplot's projection on this axis (see
(Pages 2002)). Principal components (PCs) theresept major axes of covariation between
sets of phenotypic traits. MFA was performed onthé trait values recorded in the four
environmentsdual multiple factor analysis, RFactoMineR package).

We analyzed the genetic and environment effectindividual traits using a mixed-
effect model (Rme4 package) fitted on individual trait values and the individuals
coordinates along the first three PCs of the MFéspectively. The optimum condition,
CTxWW, was used as intercept in the model (fromclwhHT and WD have additive or
interactive effects). The phenotypic variability, th univariate and multivariate levels, is
the result of i) environmental effects due to air temperaturegfig water availability (W),
separately or in interaction (all treated as fixactors), {i) genetic effects at the individual
level (G, treated as a random factor), amid) (random individual-level genotype-by-
environment (GxE) interactions (i.e. GxW, GxT, GxW»all treated as random factors). The
variance components (i.e. the proportion of phgpotyariance attributable to G and GxE

effects) were extracted from each fitted model.

Quantitative genetics

We used 144 AFLP markers spanning all Anabidopsis thaliana genome (8 = 10;
(Alonso-Blanco et al. 1998)) to perform a QTL amaéyof the best linearized unbiased
predictors (BLUPS) extracted from the mixed-effiexidels fitted on the positions along each
PC. We used the BLUPs of the G and GxE effectsabapunted for at least 5% of the total
variance in PC’s loadings. We used composite ialenapping to map QTL (Bfl package).
The 5%-significance level threshold was calculafi@d QTL LOD scores following 1000
permutations (2.53 < LOReshoid< 2.78). Percent of variability explained by ed&ghL and
epistatic interactions between QTL were quantifigth composite interval mapping, using
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Figure 2. Multiple factor analysis (MFA): cross-environment structure. 3D-representation of
the cross-environment covariations between traithé phenotypic space generated by the first
three PCs. (a) Variables projections: age at remtieh (d), vegetative and reproductive dry
masses (mg), total leaf area (eaf dry mass per area (LMA, g2 relative water content
(RWC, %), stomatal density (mf)) mass-based net photosynthetic and transpirai@s Anass
nmol CQ s* g* and ETmass Mg HO d! mg?, respectively), area-based net photosynthesis and
transpiration ratesfg..a nmol CQ s* cm? andETarea mg HO d* cm?, respectively), and relative
growth rate (RGR, mgdmg"). Variables are projected on the PCs planes (ioptanel: PC1 vs
PC2; left panel: PC2 vs PC3; font panel: PC1 vs)P@®3 Individuals projections (bottom panel:
PC1 vs PC2; left panel: PC2 vs PC3; font panel: RCPC3). Light blue: CTxXWW,; dark blue:
CTxWD; orange: HTXWW; and dark red: HTxXWD.
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the markers for which LOD > LOReshoig @S cofactor. Confidence interval for each QTL
location was estimated with maximum likelihood doling an iterative scan (1000 bootstrap
permutations). Throughout the manuscript, we repamificant QTL effects and epistatic

interactions at the 5%-significance level.

Results

Variability in individual traits to high temperature and water deficit

High temperature (HT) and water deficit (WD) hadlitide effects on size-related traits
(age at reproduction, vegetative and reproductive rdasses, and total leaf area) and
interactive effects on the other traits (Table iguFe S1). In average across population, under
control air temperature (CT) and well-watered soihditions (WW) plants accumulated 75
mg vegetative dry mass. In average, dry mass vgasfisantly reduced by 44% by HT, and
by 14% by WD. These negative effects on plant sieee also reflected in the variation of
total leaf area and reproductive dry mass, buimtie variation of age at reproduction, LMA
and stomatal density that were significantly reduceder HT and increased under WD.
Inversely, the relative growth rate (RGR) and tlamspiration rates (per mass or area units)
were increased by HT, but reduced by WD. Finallye thet photosynthetic rate was
significantly reduced by both HT and WD and morersgly by their combination, although
the effects differed slightly depending on net plsghthetic rate per unit leaf mags,{sd or
per unit leaf areayre)-

Within each environment, the component of phenatygairiation that was attributable
to genetic effects independently of the environn{&)tvaried strongly depending on the trait
(Table 2). Indeed, G effects represented betwdét &d 88% of the variability in all traits
but net photosynthetic rates and RWC (for which ftects represented < 7.5% of the
variability). In addition, there were important \&rce components attributable to genotype-
by-environment interactions (Table 1), specificdtly the net photosynthetic rates for which
GXT > 30% and GxXTxW > 10%. The QTL analysis of tadlits within each environment
revealed that only a few loci with strong pleiotiopeffects explained the phenotypic

variability in the 12 traits observed whatever émyironment (Figure S2).

Structure of the multidimensional phenotypic space across and within
environments

We performed a multivariate factor analysis (MFA)explore the multidimensional
phenotypic space under both isolated and combin€daktd WD. While similar in their
approaches, the principal advantage of MFA comptrd&CA is that MFA allows comparing
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Figure 3. Multiple factor analysis (MFA): within-environment structure. Colored points
display the covariation between phenotypic traitsl #Cs within each environment. Ellipses
represent the quality of the variable projection the PCs plane. Age at reproduction (d),
vegetative and reproductive dry masses (mg), kesdlarea (cf), leaf dry mass per area (LMA, g
m?), relative water content (RWC, %), stomatal den&ibm®), mass-based net photosynthetic
and transpiration rateg\{,ss hmol CQ st g'1 andETass Mg HO d? mg‘l, respectively), area-
based net photosynthesis and transpiration rétgs imol CQ s* cm? andETaea mg HO d*
cm?, respectively), and relative growth rate (RGR, digmg?). ‘Corr’ is the coefficient of
correlation between PCs. (a-c) Structure of thenptypic space in CTXWW. (d-f) Structure of the
phenotypic space in CTXWD. (g-i) Structure of tiepotypic space in HTXWW. (j-I) Structure of
the phenotypic space in HTXWD.
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the general pattern of trait covariatiatsoss environment to the patterns of trait covariations
within each environment (for details see (Pages 2002))oss treatments, the first three
principal components (PCs) together explained 84%h@ total variance in the phenotypic
data (PC1, PC2 and PC3 explained 60.2%, 15.4% &84, 8espectively; Figure 1; Figure 2;
See Supporting Tables 1 and 2 for correlations afiables with PCs and variable
contributions to each PC). Two sets of negativayalated traits contributed most to PCL1.
The first set is composed of age and size (vegetand reproductive dry mass, total leaf
area) at reproduction, leaf dry mass per area (LMwklich were all positively correlated to
each other. The second set of traits that conetbty PC1 include@&TyassandETaea RGR
and to a lesser extent stomatal dengMy,ssand Aqrea Were positively correlated to PC2, as
well as stomatal density but to a lesser extentCRMntributed most to the variability along
PC3. The projections of the individuals in the P2 plane (Figure 2b) revealed a
difference in the distribution of the individualegending on growth temperature. The
environment effects were less visible on the tweeoplanes (PC1-PC3 and PC2-PC3). The
rates of photosynthesis per unit of mass and #easandAqrea respectively) were strongly
correlated with each other (Figure 1; Figure 2a)wall as the transpiration rates per unit of
mass and area with each oth&f {.ss and ET4e9. For convenience, we will refer to net
photosynthetic rate whatever the unit hereaftenéstor the transpiration rate).

The within-group MFA show the internal structure of trait acations within each
environment (Figure 3). Analysis revealed that titaéts were inversely correlated between
CT and HT in the PC1-PC2 plane (Figure 3a,d,glje het photosynthetic rate contributed
negatively to PC1 and positively to PC2 under Cit, ¢ontributed only to PC2 under HT.
This result indicated that the net photosynthette was strongly correlated with transpiration
and RGR under CT whereas these correlations wea&eveinder HT (Figure 1). In contrast
to photosynthesis, stomatal density was well represl in the PC1-PC2 plane under HT but
not under CT. This resulted from a poor correlatlmiween stomatal density and both
transpiration and RGR under CT, and a strongeretairon with these traits under HT. The
analysis also revealed that photosynthetic ratestmmatal density were respectively strongly
and weakly correlated to plant life history, leabnphology and reproductive allocation under
CT, but conversely weakly and strongly correlatedhie same traits under HT, respectively.
RWC did not contribute to the changes in corretapatterns between environments. It also
displayed only very weak correlations with any ottrait, whatever the environment (Figure
1).
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Table 4. Mixed-effects model of the individual coordinates within multidimensional
phenotypic space. Using the coordinates of the individual positiooraj the PCs of the
MFA, a mixed-effect model was performed &= W+ T + WXT + G + GxW + GXT +
GxXWXT; where the position along each axis (P) is thsult of {) fixed environmental
effects (W, T and WxT for water availability, temperature and ithinteraction,
respectively), if) random genetic effects (G, independent of envivemt), andi{i) random
genotype-by-environment interactions (GXE = GXWGXT + GXWxXT). Optimal condition
(CTXWW) used as intercept. Confidence intervalg (@re estimated with Markov Chain
Monte Carlo bootstrap permutations.

PC
1 2 3
2 intercept -0.29 [-0.50;-0.02] -0.02 [-0.16;+0.16] -0.02 [-0.13;+0.10]
(&)
T WD 0.24 [+0.04;+0.40] 0.01 [-0.16;+0.17] -0.02 [-0.13;+0.15]
g HT 0.63 [+0.31;+0.77] 0.03 [-0.21;+0.24] -0.01 [-0.14;+0.15]
L HTxWD -0.41 [-0.61;-0.10] -0.10 [-0.33;+0.15] 0.02 [-0.19;+0.20]
[2]
- G 87.4 0.0 0.7
S c GxW 0.0 1.2 10.4
© o
8 g OxT 3.1 33.7 14.2
> o
o

GXWxXT 14 111 0.4
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We used the analytical method developed by Jouarb&id and colleagues (1998) to
assess the differences in the structure of theqgiiapic space between each environment. The
computation of three parameters allows the pairvasmparison of if the direction of
phenotypic spaces (parameter H)) the volume, both in magnitude and direction, of
variance—covariance matrices between the traitsafpaier C), andiif) the location of the
centroids of the phenotypic spaces (parameter R)ndicated by the values of the parameter
P (Table 3), the direction of the phenotypic spasas very similar between WW and WD
conditions whatever the air temperature (P = 0r9¥ @96 under CT and HT, respectively).
However, the orientation of the phenotypic space were affected by temperaturiee(
lower P) whatever the watering regime. P was theest (P = 0.75) when comparing the
optimal condition (CTxXWW) to the most stressful ddion (HTXWD). The same trends were
observed for the volume of the phenotypic spacgs T8e parameter C was higher when
comparing the phenotypic spaces in the same theemalonment — i.e. the phenotypic
spaces have closer volume, or envelop — while @Gngly decreased in response to HT.
Finally, the parameter R was null for each comjparisndicating strong differences in the
location of centroids of the phenotypic spaces anheenvironment. Overall, this analysis
revealed strong effects of temperature on the @avee structure of the phenotypic space and
weaker effects of soil water availability.

Mixed-effects models revealed hierarchical genetic variability in
phenotypic plasticity

We extracted the individual coordinates along tinst three PCs from the MFA to
investigate the genetic determinisms of the phgmnotgpace in response to HT and WD.
Using a mixed-effect modeling approach, we fourghidicant fixed effects (i.e. average
effect at the population level) of HT, WD and HTxWilbng PC1, but not along PC2 or PC3
(Table 4). Along PC1, a large part of the phenatyriability was attributable to genetic
effects independently of the environment (G > 87%hereas only a small part was
attributable to genotype-by-environment interacti¢all GXE < 4%). At the opposite, G had a
low contribution to variance on PC2 and PC3 (G <9,18ad higher part of the variance was
attributable to GxE effects (GXT = 14% and 34% R&2 and PC3, respectively; GXTxW =
0% and 11% for PC2 and PC3, respectively).

Next, we extracted the best linearized unbiasedigias (BLUPs) from the mixed-
effect models for the G and GXxE effects that regmesd > 5% of variance components. This
allowed mapping the QTL associated with integratadability (G) and integrated plasticity
to temperature (GxT), water availability (GxW), aieir interaction (GxTxW). The analysis
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Figure 4. QTL for G and GXE effects on plant integrated phenotypes. (a) QTL mapped for G
effects on the individuals position along PGL < 0.05). (b) QTL mapped for GXCT, GxHT,
GXCTXWW, GXHTxWW, GxCTxWD and GxHTxXWD effects onethindividuals position along
PC2 f < 0.05). (c) QTL mapped for GxCT, GxHT, GxWW, a@kWD effects on the
individuals position along PC3(< 0.05). Arrows length represents confidence waleand
arrows color represents the percent of variabditplained by each QTL (< 5% to > 25%: lighter
grey to black, respectively). Arrows pointed upresent positive effect of Cvi allele compared to
Ler allele, arrows pointed down represent negativecefdéf Cvi allele compared toet allele.
Dashed lines represent significant epistatic intivas between QTLH < 0.05).
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revealed four QTL for the G effects along PC1 Pa#t 0.01; Figure 4a and Supporting Table
S3). Among these, three had major effects: onlkeatdp of chromosome 1 (CRY2) explained
32% of the variance, and two epistatic QTL clodebated on chromosome 5 (BH.180C and
GH.473C) explained together more than 35% of threameae (including epistatic effectB; <
0.001). Along PC2, we found strong additional efeof CRY2 and GH.473C, but their
effects depended on the environmental conditiomgu(E 4b and Supporting Table S3). At
CRY2, the Cuvi allele had a positive effect on tlesipon along PC2 under CT but a negative
effect under HT, specifically when plants were weditered. At GH.473C, the Cvi allele has
a negative effect on the position along PC2 underdpecifically under CTxXWW. A QTL at
the end of chromosome 2 (MSAT2.22) explained mag 24% of the variability along PC2
depending on the environment. At this locus, the &kle had a negative effect on the
position along PC2, but only under CT and spedificander CTXWD. Concerning the
phenotypic variability along PC3, we found two QThat had a negative effect under CT
(EC.66C; 13.5% of variability explained) , and aipwe effect under HT, FD.98C (12.1% of
variability explained) respectively.

The genotype and genotype-by-environment QTL ofrthdtidimensional phenotype
(Figure 4, Supporting Table S3) were consistent wheir effects on individual traits (Table
2). Some of these effects are depicted on FiguF®binstance, the large genotypic effect of
CRY2 along PC1 is consistent with its effects ore aj reproduction, vegetative and
reproductive dry mass, LMA, arifll ,ss(Figure 5; P < 0.001). Similarly, the effects dR@2
on Anass @ PC2-related trait, depended on the combinatiosoil water availability and
temperature (Figure 5j). Consistent with the analgé PC3 coordinates, we found no effect
of CRY2 on RWC whatever the environment. MSAT2.22 Bignificant but weak effects on
age and size at reproduction, and no significaigcebnETass Whatever the environment.
However, consistent with the genetic analysis 02 PKBSAT2.22 had significant effects on
the slope of the reaction norms of photosynthesigsponse to soil water availability and air
temperature. Finally, FD.98C had no effect on agksize at reproduction, transpiration and
photosynthetic rates whatever the environmenthiatQTL had significant effects on RWC

depending on the environment.

Discussion

We observed strong phenotypic correlations alonfy B&ween LMA, traits related to
plant life history (age and size at reproductiomgnspiration rate and RGR. PC1-traits

exhibited significant HTand WD effects at the population level. For ins&mwee observed an
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increase in transpiration rate in response to lH$paated with a decrease in LMA and age at
reproduction. Nonetheless, we observed no GxEaatens at the individual level, which
resulted in a lack of plasticity for the trait conaion. The lack of interaction between HT and
WD on PCl1-traits at the population level suppdnts additive effects of the same treatments
on the traits related to life history, biomass @dltton and growth recently observed in (Vile et
al. 2012 = Manuscript #1) on a set of natural agsioes. The plasticity of the individual PC1-
traits was also in accordance with those repomedile et al. (2012 = Manuscript #1), and
the reader is invited to report to this previousdgt for a detailed discussion about this
plasticity. Evolutionary biology is grounded upohetassumption that trait evolution is
constrained by trait covariation and trade-offs f{R2007). Annual plants are notably
constrained by growing ‘as bigger as possible’ &l faster as possible’ (Metcalf and
Mitchell-Olds 2009). This evolutionary trade-offliess on two functional assumptions) (
bigger plants have higher reproductive success (ahdong lifespan is detrimental for
survival and performance. Independently of the mmment, the positive correlation between
vegetative and reproductive biomasses is in acocelwith the first assumption, whereas the
decrease in RGR with age at reproduction suppbessecond one. Therefore, our results
highlight the role of these fundamental trade-oiffs plant functioning whatever the
environmental constraints.

Plant performance is also governed by global padteif phenotypic covariations that
illustrate the strategies for the utilization amshservation of resources (e.g. Reich et al. 1997,
Bonser et al. 2010, Vasseur et al. 2012 = Manus#B6p For instance, water use and carbon
acquisition are tightly linked in the processedrafspiration and photosynthesis, which are
also related to the structure and lifespan of photthetic organs (Wright et al. 2004,
Mommer and Weemstra 2012). The variability in LMancbe interpreted as the necessity to
build denser and thicker leaves to support higkaf Area and resist mechanical damages
when plant age and size at reproduction increaden@@r et al. 2011). Within each
environment, big plants with high LMA exhibited lewtranspiration rate compared to small
plants with low LMA, although stomatal density @RWC did not correlate with those traits,
at least in CT. It is difficult to postulate abotlte causality of the relationship between
transpiration rate and PC1. We could hypothesiaedhdecrease in LMA reduced capillarity
forces within the mesophyll, leading to an increimstanspiration rate. Besides, the increase
in leaf size induced a decrease in the boundaer lagnductance, which could participate to
the decrease in transpiration rate (Pantin et @.2p Furthermore, the changes in plant

architecture associated with changes in plant seeh as leaf overlapping, could also

57






Chapter 1 Genetic architecture of plant integrated plasticity

contribute to the covariation observed betweenspmation rate and PC1-traits. The same
processes, such as stomata aperture, are invaivbd regulation of gas exchanges and water
fluxes (Pantin et al. 2012), which is assumed 8ultein a limited variability in water use
efficiency (i.e. in the rate of carbon assimilaped unit of water loss). Surprisingly, stomatal
density did not covary neither with photosynthesigranspiration in CT. This suggests that
water and gas fluxes are mainly driven by mesoptiyllkness and/or stomatal closure in
non-stressing thermal conditions, whatever the rvajeregime (Flexas et al. 2012). Net
photosynthetic rate and PC1-traits negatively cpuaiCT (both WW and WD), which could
be interpreted as)(the consequence of the negative effect of LMAGER} permeability and
light interception (Shipley et al. 2006, Flexasaét 2012), or if) the consequence of the
changes in plant architecture that arose becausigeothanges in plant size. Strikingly, net
photosynthesis did not covary with size-relatedtdrand transpiration in HT (both WW and
WD). 30 °C was identified as supra-optimal tempeetforA. thaliana (Parent and Tardieu
2012). Hence, the saturation of the photosynthetachinery in HT could explain the
decoupling between leaf structure and carbon fixatiapacities, leading to detrimental effect
of HT on the trade-off between carbon gain, wate and lifespan. Moreover, the changes in
leaf orientation (i.e. hyponastic movements) caaikb contribute to the lack of covariation
between net photosynthetic rate and PC1-traitsTin\tasseur et al. 2011 = Manuscript #3).
The positive correlation between stomatal densitg ranspiration rate in HT could be a
consequence of the around-the-clock stomatal agetiu satisfy cooling demand when
temperature rises (Pantin et al. 2012). Contrarthé&covariation of life history traits, our
results illustrated how the trade-off between carbwation and water conservation interacts

with air temperature and soil water availability.

The Ler x Cvi population has been previously describedcasying pleiotropic
‘hotspots’ (Keurentjes et al. 2006, Fu et al. 2008sseur et al. 2012 = Manuscript #5). Here
we found that the QTL related to the variabilitprag PC1 (CRY2, BH.180C and GH.473C)
in each environment belong to these hotspots. Asxample, CRY2 affected the ‘height’ of
the reaction norms of PC1-traits, but not the slép@vever, pleiotropic QTL that generated
variability along PC1 had also opposite effectsR&R-traits depending on the temperature.
CRY2, by affecting the slope of the reaction norofisPC2-traits, was responsible of the
plasticity of the covariation of net photosynthesigh the PC1-traits. This temperature-
dependent trait covariation was associated withange in the direction of the phenotypic

space. In addition to the effects of the major gilepic QTL that affected PC1-traits
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independently of the environment and PC2-traits dependently of the environment, we
identified QTL that affected only PC2-traits dependently of the environment. Hence,

MSAT2.22 affected the plasticity of net photosynthesis to water deficit independently of size,
transpiration and other PC1-traits. This result supports previous studies that identified
MSAT2.22 as involved in the plasticity of water use efficiency using a measurement of

carbon isotopic discrimination (McKay et al. 2003, Hausmann et al. 2005). Because it
affected net photosynthesis independently of the other traits, this QTL was associated with
variations that are perpendicular to the main axis of covariations.

Our findings demonstrated a modular organization of pleiotropic effects depending on
the environment. Major pleiotropic QTL, such as CRY2, induced a change in the direction of
the phenotypic space by affecting in opposite direction different functional modules in
response to a change in temperature. In response to water deficit, the second type of
pleiotropic QTL, such as MSAT2.22, induced a change in the volume of the phenotypic space
by affecting only one functional module. The causal loci at MSAT2.22 could be a key genetic
regulator of the plasticity of water use efficiency to water depletion, which offers valuable

prospects for natural and breeder’s selection.

Conclusion

The genetic structure of the plasticity of integrated phenotypes and its consequence for
local adaptation is at the core of fascinating debates in the field of quantitative genetics,
ecology and evolution for many decades (Bradshaw 1965, Gould and Lewontin 1979, Chapin
1991, Roff 1996, Wagner et al. 1996, Pigliucci and Preston 2004, McGuigan et al. 2011,
Wagner and Zhang 2011). Our findings support the Chapin’s hypothesis (1991) that major
‘genetic hubs’ would induce systemic phenotypic responses to abiotic stresses. They also
demonstrate that such genetic hubs are organized into a hierarchical structure depending on
their effects on the multidimensional phenotypic space. Further investigations, including
reciprocal transplants in the field and fitness estimates, are needed to elucidate the role of
these QTL specifically, and of pleiotropy in general, for the mechanisms of plant adaptation
in response to major abiotic factors.
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Table S1. Correations of phenotypic traits along each PC of the MFA: comparison across- versus within-
environments. Age at reproduction (d), vegetative and reprodectiy masses (mg), total leaf area {greaf dry
mass per area (LMA, g fy relative water content (RWC, %), stomatal denginm?), mass-based net
photosynthetic and transpiration ratég£s nmol CQ s* g* andETmass Mg HO d* mg?, respectively), area-based
net photosynthesis and transpiration ra#&g.{ nmol CQ s' cm? andET,., mg HO d' cm? respectively), and
relative growth rate (RGR, mg'dng?).

PC1 PC2 PC3

Age at reproduction 0.9305 -0.0314 -0.0298
Vegetative dry mass 0.9837 0.0441 -0.0333

n Total leaf area 0.9702 0.0699 -0.0029
% Reproductive dry mass 0.7605 0.1992 0.033
£  Stomatal density -0.532 -0.4615 -0.118
S RWC -0.0867 0.2061 0.9495
; LMA 0.8521 -0.0519 -0.1322
S Amass -0.5097 0.8313 -0.1174
= Aarea -0.2335 0.9122 -0.195
© ETmass -0.9438 -0.0705 -0.0206
ETaea -0.8256 -0.1331 -0.095

RGR -0.9837 -0.0441 0.0333

Age at reproduction 0.9314 -0.6953 0.2322
Vegetative dry mass 0.9856 -0.6098 0.2493

Total leaf area 0.9718 -0.5823 0.2411
Reproductive dry mass 0.8395 -0.3492 0.2298
Stomatal density -0.3029 -0.2767 -0.3268

§ RWC 0.0898 0.2126 0.9611
|>_< LMA 0.9112 -0.5989 0.2454
O Amass -0.9214 0.8282 -0.2479
Aarea -0.7588 0.903 -0.2039
ETmass -0.9201 0.5049 -0.2818

ETarea -0.7407 0.3315 -0.2524

RGR -0.9856 0.6098 -0.2493

Age at reproduction 0.9407 -0.3968 0.018
Vegetative dry mass 0.9868 -0.295 3.00E-04

Total leaf area 0.9662 -0.2691 0.0584
Reproductive dry mass 0.7826 -0.1143 -0.0783

o) Stomatal density -0.4626 -0.315 -0.1189
= RWC -0.1768 0.297 0.9463
|>—< LMA 0.8475 -0.3016 -0.1891
O Amass -0.7892 0.8082 0.0185
Aarea -0.4849 0.9037 -0.1103
ETmass -0.9668 0.1958 0.0088

ETarea -0.8566 0.0828 -0.119

RGR -0.9868 0.295 -3.00E-04

Age at reproduction 0.9306 0.4604 -0.172
Vegetative dry mass 0.9841 0.5025 -0.1663

Total leaf area 0.9783 0.534 -0.1384
Reproductive dry mass 0.7391 0.6676 -0.0515
Stomatal density -0.7371 -0.6996 0.0127

§ RWC -0.0611 0.1797 0.952
|>_< LMA 0.8401 0.3058 -0.2753
I Amass -0.0074 0.87 -0.1146
Aarea 0.3324 0.9529 -0.2204
ETmass -0.9213 -0.4514 0.0162

ETarea -0.8184 -0.4408 -0.0834

RGR -0.9841 -0.5025 0.1663

Age at reproduction 0.9156 0.337 -0.2241
Vegetative dry mass 0.979 0.419 -0.2409

Total leaf area 0.9685 0.4373 -0.2047
Reproductive dry mass 0.6552 0.4499 0.075

o) Stomatal density -0.6874 -0.5145 -0.0383
= RWC -0.1835 0.1334 0.9395
|>—< LMA 0.8044 0.2482 -0.3021
T Anmass -0.1371 0.8587 -0.173
Aarea 0.1573 0.9282 -0.2783
ETmass -0.9644 -0.3915 0.1847

ETarea -0.889 -0.3971 0.1019

RGR -0.979 -0.419 0.2409
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Table S2. Contribution of phenotypic traits to eachPC of the MFA. The
contribution of a data point to the inertia of atisas the quotient between
the inertia of its projection and the inertia ofethvhole scatterplot's
projection on this axis. Age at reproduction (dhgetative and reproductive
dry masses (mg), total leaf area {snteaf dry mass per area (LMA, g3n
relative water content (RWC, %), stomatal densityn(®), mass-based net
photosynthetic and transpiration ratég.£s nmol CQ st g‘l andETass Mg
H,O d* mg", respectively), area-based net photosynthesisrandpiration
rates Auea NMol CQ s cm? andET,ea Mg HO d* cmi?, respectively), and
relative growth rate (RGR, mg'ang).

PC1 PC2 PC3
Age at reproduction 11.9855 0.0532 0.0891
Vegetative dry mass 13.395 0.105 0.1113
Total leaf area 13.0294 0.2636 9.00E-04
Reproductive dry mass 8.0064 2.141 0.109
Stomatal density 3.9185 11.4915 1.3949
RwWC 0.1041 2.2912 90.2982
LMA 10.05 0.1452 1.7503
Amass 3.5963 37.288 1.3809
Aarea 0.7548 44.8929 3.8068
ETmass 12.3304 0.2682 0.0427
ETarea 9.4347 0.9552 0.9045
RGR 13.395 0.105 0.1113
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Table S3. QTL for G and GxE effects on the dimensions of plant phenotypic space. QTL mapping was performed
on the BLUPs of genetic effects (G) and genotypieehvironment (GXE) effects (i.e. GxXT, GxW, and GXY for
the genotypic interactions with air temperaturetervaavailability, and their interactions, respeelyy. BLUPs
estimated from mixed-effects models (that explab®& of variance). Position and confidence intewvate estimated
with maximum likelihood following an iterative scdh000 bootstrap permutations), and percent ofabdiy was
estimated with two-ways ANOVA in composite intervahpping. All QTL presented are significaRtX 0.05). ‘QTL
id" is the name of the closest AFLP marker to ti@DLscore peak.

PC BLUPs Marker Chr Position (cM) % var

CRY2 1 6 [5.3-8] 31.9
1 G BH.180C 5 15 [13-17] 12.9
GH.473C 5 39 [37-40] 21.2

BF.168L 5 99 [95-104] 3.2
CRY2 1 5.3 [0-10.8] 11.1
GxCT MSAT2.22 2 79 [70-81] 11.4
GH.473C 5 35 [14-51] 16.5
2 GxHT CRY2 1 8[0-11] 17.0
GXCTXWW GH.473C 5 32 [25-40] 21.2
GXHTXWW CRY2 1 7 [2-17] 25.5
GxCTXWD MSAT2.22 2 79 [66-81] 13.3
3 GxCT EC.66C 1 22 [16-41] 13.5
GxHT FD.98C 3 64 [54-71] 12.1
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Figure S1. Distribution of the 12 phenotypic traitsdepending on the environmentCurves
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CTxWW, CTxWD, HTxWW, and HTxWD, respectively. Frooolumn 1 to 8: age at reproduction
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(ETmass mg d* g?), and absolute growth rate (mgd)dArrows length represents confidence interval
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Chapter 2

Do similar plant responses to
different abiotic factors arise
from the same cause?

“When a thing ceases to be a subject of controversyj, it ceases to be a subject of
interest. »
William Hazlitt

Chapter objectives:

In this second chapter, we investigated adaptive hypotheses that may explain the origin of the
phenotypic plasticity to high temperature. Specifically we asked:

*  Why do the integrated responses to high temperature resemble those encountered in low

light intensity?

*  Why does plant have erected leaves under high temperature: to cool or to thrive?

Our results give new insights into the evolutionary constraints on the trade-off between
maximizing carbon gain and minimizing water loss. In a breeding perspective, we argue that
manipulating leaf cooling and carbon metabolism through the engineering of plant
architecture offers valuable prospects to improve the efficiency of water use in a warming

world.
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Changes in light intensity reveal a major role forcarbon
balance in Arabidopsis responses to high temperater

Francois Vasseut, Florent Pantin® and Denis Vilé
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Abstract

High temperature (HT) is a major limiting factfmr plant productivity. Since some
responses to HT, notably hyponasty, resemble theseountered in low light, we
hypothesized that plant responses to HT are uhaecdntrol of carbon balance. We analyzed
the interactive effects of HT and irradiance lewal hyponasty and a set of traits related to
plant growth in natural accessions Afabidopsis thaliana and mutants affected in heat
dissipation through transpiratiorNCED6-OE, ost2) and starch metabolismpgm). HT
induced hyponasty, reduced plant growth, and medlifeaf structure. Low light worsened
the effects of HT, whilst increasing light restordit values close to levels observed at
control temperature. Leaf temperatyver se did not play a major role in the observed
responses. By contrast, a major role of carbomisalavas supported by hyponastic growth of
pgm as well as morphological, physiological (photosysis, sugar and starch contents) and
transcriptional data. Carbon balance could be ammomsensor of HT and low light, leading
to responses specific of the shade-avoidance sygredrblyponasty and associated changes in
plant traits could be key traits conditioning pla@rformance under competition for light,
particularly in warm environments.

Key-words: Arabidopsis thaliana, carbon status, growth, mgsty, high temperature, light.
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Introduction

High temperature (HT) is among the most damagingofa for plant productivity
(Jones 1992). For most plant species, even a medarerease in temperature leads to
significant changes in leaf structure and morphgplRporter et al. 2009). HT affects central
processes such as photosynthesis, leaf expansamjmgtion, buds and flower abortion or
cell division (Berry and Bjorkman 1980, Penfield08). Indeed, the rates of numerous plant
processes increase with temperature up to an optiadbove which dramatic physiological
and developmental changes occur, leading to a rdpalease of these rates (Ong 1983,
Gillooly et al. 2001, Granier et al. 2002).

HT could affect plant carbon balance because cgdvale demand increases while its
supply decreases: rates of physiological processe®ase whilst photosynthetic yield
decreases (Berry and Bjorkman 1980, Kobza and EtswBE®87). Accordingly, tolerance to
warm temperatures is increased at high, €@ncentration in C3 plants (Huxman et al. 1998,
Taub et al. 2000). Furthermore, the allocationabohydrates into costly processes such as
the biosynthesis of protection proteins (notablgthghock proteins; Heckathorn et al. 1996)
raises with increasing temperature. In line witls,tiHeckathorn et al. reported that plant
tolerance to heat stress is decreased at low eitragipply due to a limited production of
nitrogen-costly heat shock proteins. Since photib®gis is a major driver of plant carbon
balance light availability should also be takeroiatcount to investigate plant responses to
HT.

Because leaf orientation directly determines ligkerception, it has been proposed that
leaf phototropism could be part of plant resportsetemperature. For instance, in several
species changes in leaf angle avoid blade overdgeathen light intensity is maximal (Fu
and Ehleringer 1989, King 1997, Falster and Wes&@3). InArabidopsis thaliana as well
as in other species, hyponasty, i.e. upward leafements (Kang 1979), is one of the first
morphological responses to HT (Koini et al. 2009yponastic response varies widely among
natural accessions of Arabidopsis and is relateéddalaily temperature variation encountered
in the collection sites, suggesting an adaptive fof this trait (Van Zanten et al. 2009).
Recently, Franklin (2010) also reported that Arabmls rosettes displaying hyponastic
growth have a higher transpiration rate. HT-indubgdonasty could therefore contribute to
optimize leaf cooling by increasing transpiratiggogsibly through an increase of boundary
layer conductance), reducing the stress due tosexteadiance, or by repositioning the

photosynthesizing tissues away from the heated Gody et al. 1998).
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Hyponasty is also a typical response to low lighéemsity and to decreased red to far-
red ratio (Hangarter 1997, Maliakal et al. 1999,it8r2000), occurring under the control of
the phytochrome and cryptochrome pathways (Smaké €997, Vandenbussche et al. 2003,
Kozuka et al. 2005, Millenaar et al. 2009). Hypdpdsas therefore been proposed to be a
morphological response typical of the shade-avadasyndrome, allowing plants to reach
more light and maximize carbon gain as in the adssompetition for light under a canopy
(Pierik et al. 2004, Mullen et al. 2006, van Zanttnal. 2010a). Van Zanten et al. (2009)
showed that HT-induced and low light-induced hymipalisplay very similar responses in
terms of kinetics and amplitude. Interestingly, llhght-induced hyponasty was also observed
in multiple loss-of-function photoreceptor mutaifidillenaar et al. 2009). Taken together,
these results suggest a tight link between hypgraast carbon balance.

Here, we aimed at deciphering the role of carbdartu into plant responses to HT. To
this end, we investigated to what extent Arabidepsisponses to HT are driven by light
intensity. Specifically, we tested whether hypopastiuced by HT prevents elevation of leaf
temperature or is an anticipated response agaarSbie depletion. For this purpose, the
responses oArabidopsis thaliana accessions and mutants affected in carbon balande
regulation of leaf temperature via transpiratiorrevetudied at three light intensities under
prolonged elevated temperature. We chose the gdhygsally relevant HT of 30 °C which is
known to affect growth and hyponasty in Arabidopéi&an Zanten et al. 2009). This
temperature was unlikely to cause mortality siideas been described as the temperature of
basal thermotolerance of the Col-0 reference amregtudwig-Muller et al. 2000). In
parallel with leaf temperature, leaf carbon statas investigated through sugars and starch
contents, C@exchanges, chlorophyll fluorescence, and a trgstgamal analysis of targeted
genes. Finally, using a multi-level analysis ofnpléraits, we highlighted that changes in

growth and development induced by HT are tightlgtesl to changes in carbon status.

Materials and methods

Plant material

Four Arabidopsis thaliana (L.) Heynh accessions (NASC numbers in bracketsewe
chosen for their variability in the phenotypic reapes to growth conditions (Millenaar et al.
2005, Tonsor et al. 2008): Col-0 (N1092); An-1 (MB4Cvi-0 (N902) and & (NW20). Ler
carries a mutation &RECTA which affects multiple plant traits also affectsdHT and light
(Masle et al. 2005, Tisné et al. 2010). This genalso involved in the control of ethylene-
induced hyponasty (van Zanten et al. 2010a). ThezeflER, a complemented accession
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homozygous for Col-0 allele RECTA was included in our analysis (Torii et al. 1998).
starch synthesis deficient mutapgm (Caspar et al. 1985), and two mutants affected in
stomata opening: an ‘open stomatst2 (Merlot et al. 2002) and a ‘closed stomaNCEDG6-

OE (Lefebvre et al. 2006), all in Col-0 backgrouodmpleted this selection.

Growth conditions and treatments

Five seeds of each genotype were sown in 225 mé fited with a damped mixture
(1:1, v/v) of loamy soil and organic compost (Neuth&l2), and placed at 4°C in the dark for
48 h. After germination, plants were grown in arobar at 20 °C air temperature and 12/12 h
photoperiod under a photosynthetic active radiatAR) of 175 umol i s* supplied from
a bank of HQi lamps until the emergence of the fingi leaves (stage 1.02 in Boyes et al.
2001) (Table S1). Pots were moved daily to avoidnolary effects. From stage 1.02 onwards,
air temperature was set to 20 °C/17 °C day/niglat finst growth chamber and to 30 °C/25 °C
in three others. PAR was maintained at 175 pmokmuntil 6" leaf emergence (stage 1.06).
Then, HT-treated plants were grown under low (LD, jfimol m? s%), moderate (ML, 175
umol m? s%), and high (HL, 330 pmol ts?) light. In each chamber, vapor pressure deficit
(VPD) was maintained at 0.6/0.4 kPa during daymidgtach pot was weighed daily and
watered with a one-tenth-strength Hoagland’s smtut{Hoagland and Arnon 1950) to
maintain soil water content at a well-watered leve0.35 g HO g* dry soil equivalent to a
predawn water potential of -0.3 MPa (Granier e2806, Hummel et al. 2010). Six to eight

plants were harvested at first siligue emergenegés6.02)

Measurement of plant traits

Whole plant and leaf traits

Total length, blade length, and tip height of thmuygest fully-expanded leaf were
determined three times per week in all genotypesnduhe two weeks following lights
treatments. Measurements were performed at difféermes of the day on randomly selected
plants to avoid effects of weak changes occurritigngathe day due to the endogenous
rhythms (Mullen et al. 2006), and during the vetietastage to avoid effects of drastic
changes in carbon status due to floral transitichristophe et al. 2008). Blade ratio was
calculated as blade length to total leaf lengthafliesertion angle (degree) was calculated as
0 = arcsine(leaf tip height/leaf length)x180Mean values of leaf angle and blade ratio were
calculated for the two weeks period and used ith&ranalyses.

Plants were harvested shortly after flowering witenfirst silique emerged (stage 6.01;

from 35 to 100 days after sowing). Rosettes weteaod immediately weighed (FW, mg)
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Chapter 2 Light modulates plant response to high temperature

after removal of inflorescences. Rosettes were pgdpn moist paper and placed into Petri
dishes at 4 °C in darkness overnight to achieveptet® rehydration. Water-saturated fresh
weight (SW) was then determined. Total leaf numlhé) was determined and leaf blades
were separated from their petiole and scannedréa measurements before being oven-dried
at 65 °C for 48 h to determine their dry weight (D\Rosette area (RA, dnwas determined
as the sum of individual leaf blade areas measwrddan image analyzer (Bioscan-Optimas
4.10, Edmond, WA, USA). Relative water content (RW@FW — DW)/(SW — DW), %), leaf
dry matter content (DW/FW, mg®yand specific leaf area (RA/DW, émg™) were calculated
at the rosette level. Mean leaf thickness (um) egisnated as SWqe/ RA (Vile et al. 2005).
Epidermal imprints of 8 leaf were placed under a microscope (Leitz DM Réi¢a, Wetzlar,
Germany) coupled to an image analyzer. Mean cdlisithe and stomatal density were
determined in two 0.12 nfhzones. Stomatal index was calculated asxl8bmatal number /

(stomatal number + stomatal numixe? + cell number).

Transpiration and leaf temperature

Transpirational water loss was determined on figeeight plants of Col-0, dx,
NCEDG6-OE andost2 at bolting by successive weighing of the pots dvetays and nights.
Soil evaporation was prevented by sealing soilaa@fwith four layers of a plastic film.
Whole-plant transpiration rate (mg.® h') was estimated as the slope of the linear
relationship between weight and time, and thenesgad per dissected rosette area (3@ H
h* cm?). Leaf temperature (°C) was determined at two fgodf 4-6 rosettes by infrared
imaging (ThermaCAM B20HSV, FLIR Systems, Wilson@jIOR, USA).

Net photosynthesis, respiration and dark-adapted chlorophyll fluorescence

Rate of CQ assimilation was measured on four Col-0 ara plants at bolting
(between stages 3.90 and 5.01 of Boyes et al. 208115 days after the beginning of light
treatmentslsing a single leaf chamber designed for Arabidopsnnected to an infrared gas
analyzer system (CIRAS 2, PP systems, Amesbury, MS&A). Dark respiration and
chlorophyll fluorescence were measured using ardélsmence module supplied by the
manufacturer on plants dark-adapted for at leasniZ0and submitted to a saturating light
flash to estimate photosystem II (PSll) yield cafyaas Fv/Fm, where Fv is the difference
between the maximum (Fm) and the minimum fluoreseesignals (Maxwell and Johnson
2000). Carbon fluxes were determined at steadg-gtiproximately 15 min after light was
switched on or off) under 390 ppm €O
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Figure 1. Hyponastic growth response to high temperature and light intensity of
four Arabidopsis accessions and the complemented line at ERECTA (LER). Leaf
angle is the average of six values measured witihinweeks after the beginning of
light treatments on plants grown at 20 °C under enat light intensity (ML, 175
pumol m? s*; white bars), and at high temperature (30 °C) utale (LL, 70 umol n

s*; black bars), moderate (ML, 175 pumol®ns®; dark grey bars), and high light
intensity (HL, 330 pmol r s*; light grey bars). Bars are means + SE (n = 6-10).
Letters indicate significant differences followiKguskal-Wallis nonparametric ted® (

< 0.05).
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Sugars and starch contents

Four samples containing two to four rosettes of Coled,dr pgm were harvested three
days after the beginning of light treatments at the end of the day or night, and immediately
frozen in liquid nitrogen. Starch and soluble sugars (as the sum of glucose, fructose, and

sucrose) contents were analyzed by enzymatic assay as in Hummel et al. (2010).

Genes expression

Three hyponastically expanding leaves of Col-0 aaddrown at HT were harvested
on four plants (stage 1.06) and immediately frozen in liquid nitrogen. A first harvest was
performed in the middle of the morning, before any light treatmght Ttvo subsequent
harvests were performed 1 h)(and 24 h @) after light treatments. Another harvest was
performed three days later at the end of the daytime or nighttime. RNA was isolated using
NucleoSpin® RNA Plant (Macherey-Nagel, Duren, Germany). Reverse transcription and
amplification of cDNA were performed as described in Table S4. Real-time quantification of
target cDNA was performed in a LightCycler #80Roche, Penzberg, Germany) using
specific primers (Table S4). Cycle threshold (Ct) values were determined by the fit point
method. PCR efficiency (E) was deduced from a standard dilution series as E = -1/slope.
Relative quantification was determined using the Delta Delta Ct method with E correction.
Two reference genesCIPK23, At1g30270; TUB4, At5g44340.1) were selected for
normalization on the basis of their expression stability. Finally, all expression valyesdt t

to4 were normalized by the gene expressioR @idfore any light treatment).

Statistical analyses

Genotype, temperature and light effects on traits were analyzed in ANOVAs and
Kruskall-Wallis tests for multiple comparisons. Gene expression was analyzed in a
hierarchical clustering analysis using Euclidean distances after log-transformation and plotted
as a heatmap. A principal component analysis (PCA) was performed to study the relationships
between traits, genotypes and environments. All statistical tests were performed using R 2.10

(R Development Core Team 2009).

Results

High temperature-induced hyponasty is modulated by light intensity

A strong HT-induced hyponasty, i.e. an increase in leaf insertion angle, was observed in
all accessions and the complemented IliB® (Fig. 1). At the same light level (175 pmofm
s%), leaf angle was more than doubled at 30 °C compared to 20 °C, and varied significantly
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Figure 2. Leaf temperature sensing in response to temperature and light. (a) Surface temperature of
hyponastic leaves measured by infra-red imaging in Col-0 anédcessions, and two mutants impaired in
stomata openingNCEDG6-OE) and closingdst2). Plants were grown at 20 °C under moderate light intensity
(ML, 175 pmol nf s*; white bars), and at high temperature (30 °C) under low (LL, 70 pria’‘mblack

bars), moderate (ML, 175 umolfs"; dark grey bars), and high light intensity (HL, 330 umdi sf; light

grey bars). Bars are means + $E=(5-16). Letters indicate significant differences following Kruskal-Wallis
nonparametric testP(< 0.05). (b) Expression diSP101 at HT at 0 h, 1 h and 24 h after light treatment.
Plants were grown until emergence of leaf 6 at high temperature (30 °C) under ML and then transferred under
LL, HL, or left under ML. Hyponastic leaves were harvested })laftd 24 h @) after light treatment. Each
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between genotypesP(< 0.001, Table 1) from 2.9-fold in Col-0 to 3.9doin Cvi-0.
Remarkably, the HT-induced hyponasty was signitigamcreased under low light (LL, 70
umol ni? s%) in all genotypes, with Col-0 showing the highessponse. Conversely, a
significant decrease in HT-induced hyponasty wasdounder high light (HL, 330 umol
s1). On the other hand, the blade ratio tended toedse in response to HT, particularly at LL
(Table 1, Supporting Information Fig. S1f). Thessults clearly show that HT-induced
hyponastic growth and the proportion of leaf blade modulated by light levels.

Hyponasty does not coincide with leaf temperature

At HT, leaf temperature of Col-0 andeiwas higher under HL and lower under LL
compared to ML (Fig. 2a). Accordingly, after 1 hpesure to HL or LL, a strong
transcriptional induction or repression, respedyivef the heat stress marker geHeat
Shock Protein 101 (HSP101) was found in both accessions (Fig. 2b). This sasp was
maintained after 24 h exposure to the light treatsieTherefore, exposure to HL induced a
higher leaf temperature that superimposed with dhatlevated air temperature but did not
coincide with higher leaf angle.

To further rule out the hypothesis that leaf terap@e solely determines the hyponastic
response, we analyzed two mutants impaired in gBog@ening and closing. As expected, the
open (st2) and closedNCED6-OE) stomata mutants were respectively cooler anunera
compared to the wild-type Col-0 in the control diagnce level (Fig. 2a). Those differences
were related to differences in transpiration ratgmificantly higher inost2 and lower in
NCEDG6-OE (Fig. 3). In all genotypes, HT and HL inducekigher transpiration compared to
control temperature (Fig. 3). Interestingly, in @oand Ler, this trend held true during day
and night, despite the absence of heat gain fromdiance. However, this increase in latent
heat dissipation through transpiration under HL wesnot sufficient to counterbalance the
conjugated effects on leaf temperature of lowef Eagle and higher heat gain due to
irradiance. Finally, leaf temperature did not pesily correlate with leaf angle, neither within
a given environment nor within a given genotypeleled, we observed that the hyponastic
response oNCEDG6-OE andost2 did not differ significantly from Col-OF > 0.54, Fig. 4).

Hyponasty interplays with starch metabolism

Since leaf temperature was not the primary detentirof hyponasty and that LL
worsened hyponasty, we investigated the involvenaéntarbon balance using a genetic
manipulation. Thegpgm mutant, strongly impaired in starch synthesis f@ast al. 1985)

showed a very different response compared to thé-type Col-0. This mutant not only
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displayed a significantly steeper leaf angle that@under HT (Fig. 4; Table 1) but light
level had also no significant effect on its HT-iedd hyponastic response. Consistent with
previous studies (Gibon et al. 2004a), the stasshig-ig. 5¢,d)pgm mutant displayed a
significantly higher sugar concentration at the efthe day compared to Col-0 whatever the
growth condition (Fig. 5a). Sugar contents at the ef the night were similarly low between
pgm and Col-0, though significantly different under MEig. 5b). The tight link between
carbon metabolism and HT-induced hyponasty evidiihgethepgm mutant prompted us to

further investigate the involvement of carbon baé&im plant responses to HT.

Light modulates the deleterious effects of high temperature on carbon
status

Since increasing incident light intensity reverteld-induced hyponasty anggm
mutant had altered responses, we hypothesizedlgbftcarbon status could be a good
candidate to unify both LL- and HT-induced respangghanges in carbon assimilation and
status induced by variations in temperature ana Wgere thus investigated. Overall, plants
under HT accumulated less carbohydrates duringlétyeand were more carbon-depleted at
the end of night, while HL restored the contentsoemtered at the control temperature (Fig.
5). Although LL did not affect significantly sugaoncentration under HT, starch content was
significantly lower.

Net photosynthetic rate was significantly reducgdHI in Col-0 but not in kr (Fig.
6a), while dark respiration was not significantlifeated by HT in both accessions. Not
surprisingly, net photosynthesis increased withtligitensity in both accessions. PSIl yield
capacity, as evaluated by chlorophyll fluorescefe@Fm), was reduced at HT in both
accessions, whereas increasing light intensitytdeal recovery of Fv/Fm levels close to those
encountered in control conditions in Col-0 (Fig).68lthough increasing light caused a slight
increase in leaf temperature, a shift from 70 1 gol m? s’ PAR was sufficient to balance
and even abolish the negative effects of HT onaaebon assimilation and PSIl quantum
efficiency.

The carbon status of the plants under HT was algestigated through the expression
of specific marker genes (Blasing et al. 20@3N10 andDING6 (Fujiki et al. 2001) andP3
(Hummel et al. 2010) were selected as markers dfocalimitation, whilstCPNG6OA and
CPN60B (Hummel et al. 2010) were used as markers of biaytbon supply. Dynamics of
relative transcript abundance of each gene wergaaoad to the levels encountered at the end
of the day or night. These latter stages have besidescribed as bringing the rosette to a
high and low sugar status, respectively (Gibor.e2G04b).
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As indicated by the proximity of Col-0 anailin the clustering, the genotypic effect on
the expression of all genes was negligible undeemlironmental conditions (Fig. 7). As
expectedDIN10, DIN6 andTPS3 were enhanced and CPN60A and CPN60B were repressed
at the end of the night when carbon is limiting,jlgttthe opposite trend was true at the end of
the day (Fig. 7). Therefore, these genes can raagobe used as indicators of leaf carbon
status. Within 1 h following changes in light canahs, the expression of genes indicative of
high carbon supply was clearly repressed under hd. @nhanced under HL. On the other
hand, the expression of genes indicative of catimomation was strongly enhanced 1 h after
exposure to LL and after 24 h, yet to a lesserngxfene reverse was true under HL. Overall,
transcript levels under LL mimicked those encowededt the end of the night whereas under
HL these levels resembled those encountered a@nth@f the day.

In summary, results at the metabolic, photosynthatd transcriptional levels converge
to indicate that carbon status is significantly ampd under HT but can be improved by
increasing light intensity, whilst reducing liginteénsity leads to a worsened carbon balance.

Interaction between high temperature and light on growth: a multi-scale
analysis of plant traits

Our data clearly indicated that HT and light intgria the regulation of leaf hyponasty
and carbon status. We therefore extended our asdtysther growth-related traits. A PCA
was performed on morphological and anatomicalgfaitm the cellular to the leaf and whole-
plant levels measured in the four accessions Cav0, An-1, Ler and the complemented
line LER (Table 1, Fig. 8 and Supporting Information Fid.).SThe complemented lineER
was included in the analysis since no detectibiecefof ERECTA was found to modify the
interpretation of the results. For instance, naisicant difference in the hyponastic response
to both temperature and light was found betweemand LER (Fig. 1a; Table S2; Supporting
Information Fig. S1f). However,dr was characterized by high epidermal cell densiyciv
was significantly decreased ifER (Supporting Information Fig. S1g), as expected {Maet
al. 2005, Tisné et al. 2010)ER also exhibited a marginally significant weakerflaagle
than Ler at 20 °C, and a lower leaf blade ratio whateverehvironmental condition (Table
S2 and Supporting Information Fig. S1f).

The first and second principal components (PC) arpt 53% and 17% of the total
variance, respectively. PC1 was positively coreglatvith leaf angle and specific leaf area,
and negatively correlated with total fresh weidaaf number, leaf thickness, leaf dry matter

content, stomatal index and blade ratio (Fig. 8abld@ S2 for loadings). PC2 was mainly
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explained by vegetative stage duration. Epidermelldensity was poorly represented on the
first two PCs but explained the main proportiorPGi3.

Projection of individuals revealed significant effe of temperature and lighP (<
0.001, ANOVA on PC coordinates; Fig. 8b). More iettingly, PC1 discriminated the
individuals in a consistent way according to theiemment, with a strong effect of HT under
LL and a progressive recovery with increasing ligiensity (Fig. 8b). Not only this gradient
was represented by the hyponastic response asopsbyvicharacterized, but it was also
explained by an increase in specific leaf area andecrease in plant fresh mass, leaf
thickness, leaf dry matter content, and stomat@éxn HT caused the production of thinner
leaves, but increasing light intensity allowed péato re-allocate assimilates into thicker and
denser leaves. By contrast, reducing light intgnaihplified the effects of HT observed on
leaf structure. HT significantly reduced plant sibeit increasing light intensity resulted in
larger plants (Supporting Information Fig. S1). Hagne trend held true for the other traits on
PC1. Within the groups discriminated by the temppgeaand light treatments, individuals
were mainly separated by vegetative stage duraimoRC2 and a composite axis represented
by rosette fresh weight and cell density but tessér extent. This discrimination was driven
by a significant genotype effect (Table 1). Fotamse, An-1 had significantly smaller rosette
and shorter vegetative duration than Col-0 or Cvb8spite some differences in plant size,
very similar responses to the treatments were faanthe ‘open’ ¢st2) and the ‘closed
stomata’ NCED6-OE) mutants compared to the wild-type Col-0. Iditidn to its contrasted
hyponastic responspgm was significantly smaller than Col-0 and displagedear delay in
flowering.

Overall, our results show that increasing lighengity under HT not only restores leaf
angle close to levels encountered under contropésature, but also restores many others

traits related to leaf structure, plant growth deslelopment.

Discussion

High temperature and low light-induced hyponasty: does the same
consequence arise from the same cause?

A high temperature (HT) of 30 °C induced hyponagirowth in all Arabidopsis
accessions we investigated here. This responsesigagicantly increased under low light
(LL, 70 pmol m? s1), which is consistent with previous findings at°&and light intensity <
20 pmol n s* (Millenaar et al. 2005, Van Zanten et al. 2009 nfrkably, we found that
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high light (HL) reversed the effects of HT on hypsety, leading to leaf angle values similar
to those encountered under control temperaturé@20

Different hypotheses may explain the interactiniga$ of HT and light on leaf angle.
HT-induced hyponasty could be triggered by leaf gerature itself, contributing to leaf
cooling by {) decreasing incoming radiant heat (Fu and Ehlerid®91, Falster and Westoby
2003), (i) decreasing conductive and radiative heat trafsfenoving the leaf away from the
heated soil as suggested by Gray et al. (1998hypocotyl elongation, and (iii) increasing
transpiration through an increased boundary layamdactance. Here, the HT-induced
hyponastic responses of two mutants impaired itmata closure gst2) and opening
(NCEDG6-OE) were not different from that of the wild-typalthough these mutants had
respectively cooler and warmer leaves due to diffeal transpiration (Merlot et al. 2002,
Lefebvre et al. 2006). Furthermore, under HL leavese warmed by 1.1 °C despite a higher
transpiration rate and lower insertion angles tleaves under low and moderate irradiance.
Leaf warming was confirmed by the inductionH#P101 which acts as a virtual thermometer
(Young et al. 2001). If leaf temperature was thdéydnigger of HT-induced hyponasty,
increasing light would have led to increased hygonaOur results clearly rule out this
assumption pointing towards other possible roldgybt in hyponasty.

Several studies reported a role for photorecepbolnyponasty under LL- (Somers et al.
1991, Robson et al. 1993, Morelli and Ruberti 20027denbussche et al. 2005, Mullen et al.
2006, Millenaar et al. 2009) and HT (Koini et a0®, Van Zanten et al. 2009). However,
while hyponasty is delayed in photoreceptor mutaitsng the first hours following HT or
LL treatments, a response similar to the wild-tyges observed afterward (Van Zanten et al.
2009). Millenaaret al. (2009) also found that a prolonged exposure tddd_to hyponastic
growth induction even in multiple loss-of-functigmotoreceptor mutants. Here, leaf angles
were measured during two weeks after the beginmitight treatments, i.e. after the recovery
period of hyponasty in the photoreceptor mutantscdleed in Van Zanten et al. (2009),
therefore excluding a major role for photoreceptorthe patterns observed.

Sugars act both as signal and carbon supply foerakyplant processes, including
differential petiole-to-blade leaf growth (Kozuk& &. 2005). Previous studies have also
shown that regulators of starch metabolism or e@erisignals are integrators of plant
metabolism and growth (Sulpice et al. 2009). Here found that changes in leaf inclination
following changes in light level fitted in a consist way with leaf carbon status, as measured
by sugar and starch contents. Specifically, stawhtent and leaf angle were negatively

correlated along the environmental conditions (Sufpg Information Fig. S3). Moreover,
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constitutive HT-induced hyponasty was founghgm, a starch deficient mutant whose diurnal
physiological state resembles that of a wild-tyfmpexposed to an extended night (Gibon et
al. 2004a). Provided that HT and LL induce carbtarvation, this could explain why a
prolonged exposure of the wild-type to these emvitents led to a similar response than that
of pgm. Millenaar et al. (2009) also reported that a plawological inhibition of the
photosynthetic electron transport chain inducedohggsty under non-inducing light intensity
and control temperature. Expression patterns ofegemlated to carbon status were in
agreement with a possible role of carbon statubymonasty. They also revealed that plants
sense a carbon limiting environment largely betbsy really experience carbon depletion. In
Arabidopsis, diurnal changes in leaf angle areigdag regarding to the changes in leaf angle
(Mullen et al. 2006) due to the environment, bueythfollow the diurnal pattern of
carbohydrate availability and starch content whach tightly linked to the circadian clock
(Blasing et al. 2005, Graf et al. 2010). Indee@f leclination is enhanced at night, when
carbon supply relies on starch, and reduced at dalnan photosynthesis resumes. Overall,
changes in carbon metabolism could be a commoralsigh both LL- and HT-induced
hyponasty, with sugars or starch degradation pitsdacting either as a primary signal or in a
parallel pathway following exposure to unfavoradpiewth conditions.

The possible role of carbon status in hyponasty amé preclude a molecular crosstalk
with hormonal and photocontrol regulation. Here,significant changes in transcript levels
of genes related to ethylene biosynthesis or digmalvere found (data not shown), in
agreement with Millenaar et al. (2009) under LL &ah Zanten et al. (2009) at HT. In these
alternative pathways, ETHYLENE-INSENSITIVE 3 (EIN3tould be the receptor of
ethylene signaling linking ethylene-induced hypdypaand sugars, given that EIN3 is
degraded in presence of glucose in interaction Wgtht (Yanagisawa et al. 2003, Lee et al.
2006) and cooperates with the PHYTOCHROME INTERARGI FACTOR 1 (PIF1) to
prevent photo-oxidation and promote greening (Zheingl. 2009). PIF4, function of which is
important in both LL- (Cole et al. 2011) and HT-iwéd hyponasty (Koini et al. 2009),
appears also as a candidate in the crosstalk betvazbon status and phytochrome pathways.

Our results support the view that the primary caafdeaf hyponasty under moderately
HT is related to the shade-avoidance syndrome amgest that leaf temperature and
transpirationper se have a minor role in this response. HT-inducedomgsty is therefore
likely part of plant response selected to counteratbon starvation rather than leaf warming

itself.
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Plant responses to high temperature mimic a carbon starvation

In addition to the effects of HT on hyponasty, @asults show that its deleterious
effects on plant growth are partially abolishedhwiitcreasing light intensity. As shown for
hyponasty, we hypothesized that HT-induced resporeftect an altered plant carbon status
that may be counteracted by light intensity, asidar a moderately increased temperature.

There are several reasons why plants under elevategerature would be carbon-
limited. For instance Morison and Lawlor (1999) wied that assimilate demand could be
increased while photosynthetic capacity become#damin warm conditions. Kinetics of
numerous plant processes are known to increasetentperature until an optimum above
which rates strongly decrease before lethalityqdaand Pearson 1999, Gillooly et al. 2001,
Parent et al. 2010). Accordingly, this study pr@gdcvidences that leaf heating is associated
to an unbalanced carbon supply/demand. As indichjedugar and starch contents, plant
carbon status under HT was significantly impair€dirthermore, the induction of heat
response genes suchHSP101 and associated downstream metabolic pathways stsydpat
higher carbon allocation to maintenance was reduuader HT. This net carbon loss
translated into reduced structural growth as irtdatdy lower leaf dry matter content and
thickness and higher specific leaf area at HT (©habhd Chabot 1977, Atkin et al. 2006; Fig.
8). Hence, it is not surprising that plant tolemno HT was increased at higher £0O
concentration (Huxman et al. 1998, Albert et all PO

Here, we demonstrated that plant carbon statusrukde was also significantly
improved with increasing irradiance. This was it by an increase in sugar and starch
contents, and the expression of specific markeregietdigh light counterbalanced the
deleterious effects of HT on net photosynthesisRR8H quantum efficiency, although higher
light intensity induced higher leaf temperaturegheir HSP101 expression and a slight
increase in respiration rate. A global recoveryHdfdamages was found with increasing light
intensity whereas they were worsened under LL. Assalt, plants grown at 30 °C under high
light were bigger and morphologically more similar plants grown at 20 °C but under
moderate light intensity.

Furthermore, changes in many plant traits obsenvaésponse to HT were similar to
changes associated with the shade-avoidance syedféon instance, hyponastic leaf growth
and blade ratio decreases are typical respondd$ tond LL (Gray et al. 1998, Tsukaya et al.
2002, Franklin and Whitelam 2005, Koini et al. 20U@n Zanten et al. 2009, Heydarian et al.
2010, Van Zanten et al. 2010b). Several other absmng leaf and whole-plant traits are

related to shading. Leaf structure is stronglyralleby light intensity and leaves developed in
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LL are thinner and tender, which can result in #dodight harvesting (Chabot and Chabot
1977, Yano and Terashima 2001, Kim et al. 2005¢s€hchanges are well represented by the
variations in specific leaf area (Witkowski and Lamh 1991, Poorter et al. 2009) which
further increased under LL. Interestingly, incregslight at HT restored specific leaf area
values close to the control values (Supportingrinfttion Fig. S1). By increasing density of
photosynthetic tissues (Hassiotou et al. 2010)ttegenith lower leaf angle (i.e. higher light
interception), side effects of HL could act synstigally to enhance net carbon gain under
HT. Consistently, Foreman et al. (2011) have shdvat light receptor action is critical for
maintaining plant biomass at warm temperatures.

Flowering was delayed at HT and LL, in associaioth a decrease in leaf production
rate (see also Mendez-Vigo et al. 2010). This emtér with studies reporting that shade-
avoidance and HT accelerate flowering in ArabidsgBievlin et al. 1999, Sparks et al. 2000,
Botto and Smith 2002), but no data are availablehair interactive effect. Our results are
however in accordance with the negative effectélofon Arabidopsis developmental rate
under control temperature (Chenu et al. 2005), @ndd be interpreted as a symptom of
decreased carbon availability under LL, since flomgeis a major carbon sink (Christophe et
al. 2008). In agreement, flowering time was cledyayed in the starch deficient mutagm
(Supporting Information Fig. S2), irrespectively tfe light conditions; in line with a

disturbed carbon balance (Corbesier et al. 1998).

Natural variability and ecological consequences of temperature and light
interactions

Plants have to manage a trade-off between improntaig@hotosynthesis with a higher
light interception and limitation of radiant heatilg This trade-off is a typical issue that a
plant could encounter under a shaded, warm can@syenvironment highly competitive for
carbon fixation. Indeed, phenotypic plasticity ight and temperature is an important trait for
plants to achieve carbon assimilation and growtim(it al. 2005, Atkin et al. 2006), while
plasticity in response to light can be considersdaa adaptive response determining
competitive ability in a plant canopy (Dorn and ohiellolds 1991, Schmitt 1997). In
Arabidopsis, Van Zanten et al. (2009) suggestetl Hiainduced hyponasty is an adaptive
response since it is negatively correlated to diurtemperature range at the accession
collection site. Here, variation between accessia@s large enough to highlight the
possibility for natural selection to act on the dnome of traits described in this study.

Incident light levels used in this study were rekly low compared to those
encountered in natural conditions, or to those timmuce profound changes in the
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photosynthetic machinery (Bailey et al. 2001). Here, increasing PAR from 175 to 330 pmol
m? s* appeared sufficient to counterbalance the negative effects of a 10 °C elevation of air
temperature. The results found here should stand up to light levels that induce photosystem
breakdown or until damages due to heat gain from radiation become predominant over the
improvement of photosynthesis. Whether HT-induced hyponasty would be observed in such
conditions is still an open question. Further, as also suggested by Morison and Lawlor (1999),
the results presented here warn us that the low levels of light used in many laboratory
experiments testing the effects of HT may have altered the genuine response induced by HT.
Nonetheless, hyponasty and subsequent changes in plant growth and development could be
key traits conditioning plant performance under competition for light, particularly in a

warming world.

Conclusion
Deleterious effects of HT on plants have been extelysstudied but few reports have

taken into account the interacting effect of light intensity to interpret the observed responses.
Here, we demonstrated that light strongly interacts with plant responses to HT by modulating
its carbon balance. Temperature elevation induce a decrease in carbon assimilation and an
increase in assimilate demand due to the over-activation of certain molecular and
physiological processes. These energetically costly pathways would modify the carbon
balance which is respectively worsened under low light and restored with increasing light
intensity. Because the dose-response to combined light and temperature varies between
genotypes and between species, it is likely to play a key role in plant strategies and

community dynamics.
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Table S2.Loadings of the variables on the three firsts principal components of the
principal component analysis (PCA).

PC1 PC2 PC3
Variable (53%) (17%) (9%)
Vegetative duration (days) 0.097 0.926 -0.227
Leaf number at flowering (leaf) -0.791 0.401 0.049
Rosette fresh mass (mg, log) -0.892 0.363 0.054
Leaf insertion angle (degrees) 0.880 0.254 -0.193
Leaf blade ratio (%) -0.668 -0.459 -0.097
Specific leaf area (cm” g™ 0.902 -0.014 0.243
Leaf dry matter content (mg DM g™* FM) -0.692 0.015 -0.421
Leaf thickness (um) -0.834 0.082 -0.105
Cell density (cells mm'z)§ 0.475 -0.282 -0.747
Stomatal index (% st. Cell'l) -0.673 -0.366 0.045
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Chapter 2 Light modulates plant response to high temperature

Table S3.Mean meteorological conditions in the experiments. CT: control temperature
(20°C); HT: high temperature (30°C); ML: moderate light intensity; LL: low light; HL: high
light. PAR: photosynthetically active radiation; VPD: vapor pressure deficit.

Temperature and PAR Air humidity (%) VPD (kPa) Temperature
light treatments (umol m™ s'l) (©)
Day Day Night Day Night Day Night

From germination to stage 1.02

CT ML 175 80.55 86.61 0.43 0.32 2155 2111

HT LL 175 81.25 85.22 049 0.37 21.84 21.03
ML 175 83.50 88.01 0.43 0.30 21.76  21.16
HL 175 82.57 86.53 0.45 0.33 21.78 20.92

From stage 1.02 to 1.06

CT ML 175 80.55 86.61 0.43 0.32 2155 2111

HT LL 175 87.12 88.09 0.54 0.37 29.74 2477
ML 175 88.43 88.58 0.48 0.36 29.82 24.82
HL 175 87.24 87.95 0.53 0.38 29.68 2481

From stage 1.06 to 6.02

CT ML 175 80.55 86.61 043 032 2155 21.11

HT LL 70 85.09 87.34 0.61 0.39 29.55 24.68
ML 175 84.22 88.29 0.65 0.36 29.61 2453
HL 333 8457 87.57 0.64 0.39 29.60 24.72
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Chapter 2 Light modulates plant response to high temperature
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Chapter 2 Adaptive hypotheses for the responses to high temperature

Introduction

Excessive temperature impairs plant performance itarge range of natural and
agricultural conditions (Battisti and Naylor 20090 protect their tissues against damaging
temperatures, plants have evolved different meshasi an efficient one being leaf cooling
induced by transpiration. The higher the transiratthe more energy is withdrawn from the
leaf as latent heat to fuel the process of watapesation. The diffusion of water vapour is
facilitated by stomata, these minute pores at ¢#ad $urface controlled by a pair of guard
cells. Stomatal conductance quantifies the extewhich the guard cells let water vapour
flows through the stomatal pore they control. St@inaonductance superimposes with the
boundary layer conductance, namely the unstirrethger at the vicinity of the leaf surface.
The higher is the boundary layer conductance (ihmeér is the boundary layer), the faster is
heat dissipated from the leaves. Hence, plantsachieve leaf cooling by an increase in
stomatal conductance — through stomatal openingr -aro increase in boundary layer
conductance — through architectural modificatidreg tncrease the exposure of the leaf to the
surrounding air. Being the result of changes inmstial aperture or shoot architecture, leaf
cooling has most often been considered as the mmpeirtant target in plant adaptation to
high temperature. Genotypes with higher transpinatates are therefore expected as better
adapted to high temperature conditions which hasqa to be the case under non limiting
water (Lu et al. 1998). However, high temperatwsults in high evaporative demand and
most often coexists with limited soil water reserfant adaptation to high temperature is
then viewed as a trade-off between the benefinms of leaf cooling and the cost in terms of
water loss. However, high temperature also triggkesnatic changes in the plant carbon
balance: carbohydrate demand increases with theleaation of many physiological
processes, while carbohydrate supply decreasesphdtosynthesis drawdown (Morison and
Lawlor 1999, Gent and Seginer 2012).

Because water and carbon balances are major datertsiof leaf growth (Pantin et al.
2012), it is important to understand the way howiremmental stresses affect water and
carbon relations of the plant. Here, we argue ¢agbon metabolism is a major component of
plant response to high temperature, which may aetthe trade-off between leaf cooling
and water conservation. Specifically, we argue tkaf cooling arising from changes in
architecture in response to high temperature irbiligpsis is a side-effect of an evolutionary

selection for maximising carbon assimilation.
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Figure 1. Rosette architecture affects boundary layer conductance and
transpiration. (a) Two aluminium models were built to mimic théape of
Arabidopsis rosettes with plane (left) or erectedghf) leaves fitted with
thermocouples. (b) These models were exposed fierelit wind speeds and surface
temperature was monitored. This allowed the quaatibn of the boundary layer
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Chapter 2 Adaptive hypotheses for the responses to high temperature

The cooling hypothesis: changes in shoot architecture
as an adaptive process to decrease leaf temperature

In Arabidopsis, moderately high temperatures (28GR induce changes in plant
architecture and organ morphology. Notably, upw#df movement is triggered by
differential growth in the petiole, a process knoasihyponasty (Koini et al. 2009). This is
accompanied by long-term modifications of leaf shapith an elongated petiole as well as a
smaller and thinner blade (Vile et al. 2012 = Mamist #1). All these responses contribute to
decrease leaf temperature and thus counteracstieas. By changing leaf angle, hyponasty
reduces the exposure of the shoot to radiant Ineat the incoming light (Fu and Ehleringer
1989, Falster and Westoby 2003), and to convetieat from the soil surface (as suggested
by Gray et al. 1998, for high temperature-inducggddeotyl elongation). Furthermore, both
hyponasty and the decrease in leaf dimensions n@agase evaporative cooling through an
increase in boundary layer conductance. Firstlyt ieansfer theory and experiments have
shown that a decrease in area of a flat surfack asca leaf decreases the boundary layer
thickness (Parkhurst 1970, Givnish 1978, Jones )199@reover, hyponasty is thought to
increase leaf exposure to the air flow. To tesd typothesis, we built two aluminium models
similar in shape to Arabidopsis rosettes with planesrected leaves (Figure 1a), which we
exposed to different wind speeds and monitoredtoface temperature with thermocouples.
By avoiding confusing effects due to stomatal canaoice, this approach allowed us to
determine the boundary layer conductance to heidteofosette models, which was converted
into boundary layer conductance for water vapgugpendix 8 in Jones 1992). At very low
wind speed, no significant difference ip @uld be found between the plane and the erected
leaf models (Figure 1b). When wind speed was irsg@aradually, an increasing difference
arose between the two rosettes, with erected leeweferring a higher gthan the plane
leaves. We then simulated the effect on transpimadif an increase in,gimilar as observed
for erected leaves at a wind speed of 0.5'ms a function of stomatal conductang€Epn.
5.17 in Jones 1992). At lowsgthe difference in ydoes not drive any difference in
transpiration, because the resistance to waterififgposed by the boundary layer is negligible
compared to the one imposed by the stomata (Fibg)teHowever, when the order magnitude
of gs is close to that of iy the increase inygdue to leaf hyponasty has a strong effect on
transpiration — and thus leaf cooling. Thus, ak tmorphological changes triggered in
response to high temperature converge to decreasd¢emperature in Arabidopsis. This is
consistent with the recent findings of Crawforakt(2012), showing that well-watered plants
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Chapter 2 Adaptive hypotheses for the responses to high temperature

grown at 28 °C are cooler than plants grown at@avhen assayed at 28 °C, due to a higher
transpiration which results from long-term changesglant architecture that override minor
changes in stomatal density. It is thus temptinguggest that plasticity in leaf architecture
has been selected during evolution to favour leadliog against water conservation in
Arabidopsis. It must be stressed, however, thah bbe increase in boundary layer
conductance and the decrease in leaf thickness faakéemperature to track more closely

the fluctuations in air temperature (Egn. 9.11dnek 1992).

The metabolic hypothesis: shoot responses to high
temperature mimic the shade-avoidance syndrome

It is also worth noting that in Arabidopsis, theanfges in leaf morphology and
architecture triggered by high temperature are \&&mjlar to those triggered by low light,
gathered under the term ‘shade-avoidance syndro(Reanklin 2008). Notably, in
Arabidopsis plants subjected to low irradiance mgsty is viewed as response mechanism to
competition for light against putative neighbourilegves, as in other rosette species (Pierik
et al. 2005, Mullen et al. 2006). The dynamics hoé tresponse is very similar to the one
induced by high temperature (Van Zanten et al. 20@@erestingly, the leaf movements in
the starch-deficient mutapgm (Caspar et al. 1985), in which the central metgbolmimics
this of a wild-type subjected to severe carbonvatasn (Gibon et al. 2004), are very different
from that of the wild-type Col-0 observed during@h photoperiod (Figure 2). In the wild-
type, growing leaves are slightly erected at the ehthe night-period, when the reserve in
carbohydrates is at lowest; leaf angle then deesshsfore it gradually recovers the values
observed in the early morning (see also MullenleR@06). By contrast, leaves are much
more erected impgm at the end of the night-period, when the mutamteernces the most
severe starvation; leaf angle then decreases ghangl do not recover at the end of day-
period, when sugars are in dramatic excess dueettatk of starch synthesis in this mutant
(Caspar et al. 1985). This suggests that carbduossteegatively influences these hyponastic
movements. Because high temperature negativelyctaffearbon balance (Morison and
Lawlor 1999), this raises the hypothesis that thanges in rosette architecture observed
under high temperature mimic the shade-avoidanodreyne to favour carbon assimilation

against water conservation.
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Figure 3. Changes in rosette architecture are uncoupled from changes in leaf temperature and
transpiration. The ost2-2 mutant (stomata constitutively open compared td-0foand the
35S:NCEDG6 transformant (stomata constitutively closed coregaio Col-0) were subjected to high
temperature and three levels of irradiance at pRdioperiod, and compared to control temperature at
control irradiance. Circular pictures are falsesewl infrared images of plants indicating surface
temperature. Note the different colour scale betwde control temperature (20 °C) and the high
temperature (30 °C). The mean temperature of thetgpe in its experimental condition is indicated
below each image, together with an independent mea®nt of whole rosette transpiration. A
representative picture of the rosette is also piexdj with a mean of the leaf angle observed in each
treatment. Experimental procedures are describ&haseur et al. (2011). For each variable, leiters
exponent indicate significant differences betwessatiments after a Kruskal-Wallis test at the 95%
confidence level. Note that the changes in temperand transpiration induced by the mutations and
the environmental conditions are not consistenh lie cooling hypothesis, according to which the
changes in rosette architecture are triggereddredse leaf temperatuper se.
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Testing both hypotheses

To distinguish between the cooling hypothesis ané metabolic hypothesis, we
subjected two mutants differentially affected ireithregulation of transpiration to high
temperature and three levels of irradiance at 1@hbtoperiod (Vasseur et al. 2011 =
Manuscript #3). In thest2-2 mutant, the constitutive activation of the plasmembrane F
ATPase AHA1l prevents stomatal closure (Merlot et 2007). In the 35S:NCED6
transformant, the overexpression of a key enzyntbarbiosynthesis pathway of abscisic acid
leads to overproduction of this drought hormone tng to stomatal closure (Lefebvre et al.
2006). Assuming the cooling hypothesis, we wouldgeet that the changes in leaf
temperature induced)(by the stomatal transpiration make hyponastydorehse irost2-2
and to increase iB5S:NCEDG6, and (i) by the irradiance make hyponasty to decreasewn |
light and to increase in high light. Contrary tasthypothesis, leaf insertion angle of plants
grown at 30 °C was not significantly different beem the wild-type Col-0 argbS.:NCEDS,
while it increased significantly iost2-2, although leaf temperature and transpiration daaie
expected from the mutations in stomatal regula{iéigure 3). Furthermore, leaf insertion
angle at high temperature increased significantly all genotypes under low light
(70umol m?sY) while it decreased significantly under moderatelyigh light
(330pumol m?s?) compared to control light intensity (LfBol m?s?), although leaf
temperature and transpiration varied as expected the changes in radiant heat (Figure 3).
That increasing irradiance at high temperatureiglbrtrestores the phenotype observed at
control temperature was in favour of the metabdlypothesis, according to which the
architectural changes induced by high temperattediaked to the plant carbon status. To
evaluate this alternative hypothesis, we exposed stiarchless mutarggm to the same
environmental treatments. Hyponasty under high g¥atpre not only was higher pgm than
in Col-0, but also was unaffected by the light negj suggesting an extreme carbon starvation
induced by high temperature in this mutant (Fighice Accordingly, the reserve of
carbohydrates at the end of the night, a critibeéghold for carbon metabolism and thus a
marker of carbon starvation (Sulpice et al. 2009as very low inpgm under each
experimental condition. By contrast, in Col-0 aghitemperature this safety margin was
increased when grown under high light. In line wihle metabolic hypothesis, an integrative
analysis combining morphological, physiological,datranscriptional measurements on
several Arabidopsis accessions, concluded that ratadg high light restores several leaf
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Figure 4. Interaction between carbon metabolism and rosette architecture. The starch-deficient
mutantpgm was subjected to high temperature and three lefdlsadiance at 12 h photoperiod, and
compared to control temperature at control irrackanThe carbohydrates (starch, sucrose, glucose,
fructose) were determined at the end of the nighigd as a marker of carbon starvation. A
representative picture of the rosette is also piexj with a mean of the leaf angle observed in each
treatment during the day-period. Experimental pdoces are described in Vasseur et al. (2011 =
Manuscript #3). For each variable, letters indicsigmificant differences between treatments after a
Kruskal-Wallis test at the 95% confidence leveltdNthat hyponasty ipgm under high temperature
was very high and unaffected by the light regimesistent withpgm's very low safety margin for
carbon metabolism in each condition, contrary eowifid-type Col-0.
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traits and carbon status markers close the onesnadus at control temperature, while low
light worsens the effects of high temperature (¥as®t al. 2011 = Manuscript #3).

Conclusion

As a conclusion, we defend the view that the aechitral changes induced by high
temperature in Arabidopsis under well-watered coowé are at least partly the functional
consequence of an altered carbon balance. The gEmae points in the signalling pathways
of shade-avoidance and high temperature sensinqi(l€o al. 2009, Stavang et al. 2009,
Foreman et al. 2011, Franklin et al. 2011, Kumaralet2012) further suggest that key
regulatory components have been recruited fromstmee network to achieve the same
evolutionary function: carbon satiation. In thisrggective, leaf cooling appears as a side-
benefit of the shade-avoidance syndrome triggenedew high temperature. Through a
selection for higher stomatal conductance, breetlak®e already selected cool genotypes
inadvertently (Radin et al. 1994). Our study suggésat manipulating both leaf cooling and
carbon metabolism through the engineering of plarghitecture also offers valuable
prospects to improve water use efficiency in a wagmvorld.
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Chapter 3

Plant integrated phenotypes:
ecological and evolutionary
perspectives

“Ecology is rather like sex — every new generation likes to think they were the first to
discover it »
Michael Allaby

Chapter objectives:

In this third chapter, we examined the constraints on the evolution of individual characters

within complex phenotypes. Specifically the genetic variability and the plasticity of trait

covariation to water deficit and high temperature were examined. We asked the two following

guestions:

»  How does genetic variability govern the plant functional strategies within a homogeneous
environment?

* How does trait covariation vary in response to combined water deficit and high
temperature?

We described the coordinated changes in plant size, metabolism, physiology and morphology

in response to changes in the environmental conditions. The results identified QTL with

strong effect on plant performance and reproductive success. The study of alometric

relationships alowed inferring strong hypotheses about how complex organisms as

Arabidopsis thaliana may evolve in natural conditions.
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Abstract

Many facets of plant form and function are reflected in general cross-taxa scaling
relationships. Metabolic scaling theory (MST) and the leaf economics spectrum (LES) have
each proposed unifying frameworks and organizational principles to understand the origin of
botanical diversity. Here we test the evolutionary assumptions of MST and the LES using a
cross of twogenetic variants ofrabidopsis thaliana. We show that there is enough genetic
variation to generate a large fraction of variation in the LES and MST scaling functions. The
progeny sharing the parental, naturally occurring, allelic combinations at two pleiotropic
genes exhibited the theorized optimum % allometric scaling of growth rate and intermediate
leaf economics. Our findingsi) (imply that a few pleiotropic genes underlie many plant
functional traits and life histories;ii unify MST and LES within a common genetic
framework; and i{i) suggest that observed intermediate size and longevity in natural
populations originates from stabilizing selection to optimize physiological trade-offs.

Key-words: Leaf economics spectrum; metabolic scaling theory; plant allometry; quantitative
trait loci; Arabidopsis thaliana; functional trait; net photosynthetic rate; growth rate;
flowering time; life history.
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Introduction

Since Julian Huxley (1932) showed that traits cedhmwith each other according to
simple mathematical relationships, understandingagation of traits within integrated
phenotypes has been a central focus of comparhtolegy (Gould 1966, Coleman et al.
1994). Organismal size is a central trait in bigl@and influences how numerous traits and
ecological processes, and dynamics covary (Nikla84L The dependence of a given
biological trait,Y, on organismal mas#), is known as allometry (Huxley 1932). Allometric
relationships are characterized by ‘power laws’ rgheaits vary or scale withl as:

Y = YoM° 1)
whered is the scaling exponent afivg is a normalization constant that may be charatteri
of a given genotype or taxon. A samplingiofra- andinter-specific data reveals that the
central tendency of often approximates quarter-powers (Niklas 1994;, €l/4, 3/4, 3/8,
etc.), although for any given relationship consadbde variation may exist (Glazier 2005,
Price et al. 2010) and the ‘canonical’ valugla$ still debated (Riisgard 1998, Kolokotrones
et al. 2010), notably within vascular plants (Regtlal. 2006, Enquist et al. 2007b, Mori et al.
2010).

In addition to allometric scaling, other scalindat®nships between traits have also
been reported. For example, the trade-offs thaegothe carbon and nutrient economy of
plants appear to generate trait covariation fumstithat are also approximate power-laws
(Reich et al. 1997, Westoby et al. 2002). Indeled,ntexus of trait correlations that makes up
the leaf economics spectrum (LES) reflects the &mmehtal trade-off between the rate of
acquisition of resources and lifespan (Charnov 1%83ch et al. 1997, Wright et al. 2004,
Shipley et al. 2006, Blonder et al. 2011). The LdeScribes how multiple physiological and
morphological leaf traits, including net photosyetth rate, dry mass per area (LMA),
longevity, and nitrogen (N) concentration, covacyoss vascular plant taxa. This spectrum of
covariations reflects the fact that leaves withgldifespan require more structural investment
(associated with high LMA, reduced g@ermeability and light intensity inside the leafind
a low mass-based photosynthetic and respiratian (taikuzawa 1991, Reich et al. 1997,
Wright et al. 2004, Blonder et al. 2011). Conveysdligh rates of photosynthesis are
characterized by low LMA values. Further, low LM@alves are more vulnerable to herbivory
and physical damages (Kikuzawa 1991, Westoby e2@D2). The LES appears to be
universal across biomes and has been applied terstadd functional variation in scaling
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relationships at whole-plant (Baraloto et al. 2040) community (Kikuzawa and Lechowicz
2006) levels.

Metabolic scaling theory (MST) posits that vari@esling exponents in biology — most
notably, the scaling of whole plant metabolidg) &nd growth ratedM/dt) with M — are the
result of natural selection on the scaling of whaknt resource use. In particular, MST
hypothesizes that for volume-filling vascular netks) natural selection will act to maximize
the scaling of whole-organism resource uptake butilséaneously minimize the scaling of
vascular transport resistance (West et al. 1999)aAesult, values af will tend to cluster
around ‘quarter-powers’ so thditt/dt O B O M**. However, in making this assumption, MST
implicitly assumes that there is potential variatio & and that this variation is heritable
(Enquist and Bentley 2012). Indeed, elaborationsMi&T openly state that selection is
expected to act oA (Price et al. 2007, Olson et al. 2009) but we kmamfwno examples
showing a clear genetic basis to the scaling expsrigghlighted by MST.

Similarly to MST, explanations for the LES are freanin the context of how selection
optimizes the trade-off between investment for origmgevity and return on investment in
carbon and nitrogen (Kikuzawa 1991, Westoby et2@D0). Because of the physiological
linkages between the traits that govern leaf ecocmnthe global variation of many of the
LES traits have been hypothesized to be underdh&a of a common genetic mechanism
(Chapin et al. 1993). Consistent with this hypoifieseveral pleiotropic genes underlying
many continuous traits related to plant developmehtysiology and growth have been
identified in Arabidopsis (e.g. McKay et al. 2008asle et al. 2005, Fu et al. 2009, Mendez-
Vigo et al. 2010) and other species (e.g. Poorteal.e2005, Edwards et al. 2011). The
evolutionary importance of pleiotropic genes in lakpng observed coordinated changes in
covarying traits has been intensively debated {@aglicev and Wagner 2012). Because of the
difficulty of measuring traits related to carbowrdiion (but see Edwards et al. 2011, Flood et
al. 2011), the genetic bases underlying plant lifstories and the LES remained to be
elucidated. Thus, the role of pleiotropic genes amshetic constraints in shaping the
evolutionary dynamics of plant functional diversgyunclear (Donovan et al. 2011).

Arguments for the origin of the scaling relatiorghidescribed by the LES and MST
have not been tested. In particular, they make itmglicit evolutionary assumptions. First,
they assume that there is variation in the subsidraits underpinning scaling relationships.
Secondly, they assume that subsequent Darwiniaats® on scaling relationships occurs at
the intra-specific level. However, studies that have assefsegredictions and generality of

the LES and MST have mainly been conducted aintee-specific level. Here, we test the
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evolutionary assumptions of botanical scaling theory. We characterized the scaling of carbon
and nutrient economics and the allometric scaling of growth rate across numerous
Arabidopsis genotypes spanning 3 orders of magnitude in size.

We utilized a powerful high-throughput phenotyping platform (Granier et al. 2006) to
grow a population of recombinant inbred lines or RILs under strictly controlled environmental
conditions. Two pleiotropic quantitative trait loci (QTL) with major effe&BI( and FLG)
have been identified through the analysis of plant development and life history in these RILs
(Alonso-Blanco et al. 1998, El-Assal et al. 2001, Doyle et al. 2005, Fu et al. 2009). Allelic
variability in these genes leads to a corresponding diversity in the timing of flowering, the rate
of leaf production and the general pattern of vegetative growth (Mendez-Vigo et al. 2010).
We hypothesize that variation in life history, in particular the time to reach reproductive
maturity, has important consequences for the lifetime carbon and nutrient budget at the leaf
and whole-plant levels. As a result, selection should act on the scaling of carbon and nutrient

budgets via the traits that underlie their physiological rates and life histories.

Materials and methods

Plant material

We analyzed genetic variability in leaf economics and the scaling of plant growth across
the RILs previously generated from a cross between Landstestg (Ler) and Cape Verde
Islands (Cvi) (Alonso-Blanco et al. 1998), two accessions that derived from contrasted
locations. We also selected near isogenic lines (NILs) and targeted mutants to confirm the
guantitative trait loci (QTL) identified from the genetic analysis and test candidate genes,
respectively. NILs were chosen from the population previously developed by introgressing
genomic regions Cvi into é (Keurentjes et al. 2007). The NIL LCN 1-2.5 (NASC code
N717045; CviEDI ) carries a Cvi fragment at the top of chromosome | and was selected to
confirm theEDI locus. LCN 5-7 (N717123; C\WHLG_¢) carries a Cvi fragment in the middle
of chromosome V and was selected to confirmRhb& locus. Genetic and molecular studies
have identified two candidate genes of the regulatory pathway of circadian clock as major
contributors ofEDI andFLG effects:CRY2, a gene coding a blue-light receptor (El-Assal et
al. 2001), andHUA2, a gene coding a transcription factor of the AGAMOUS pathway (Doyle
et al. 2005), respectively. We selected two knock-out mutants to investigate the candidate
geneCRY2: one in Col-4 background (N3732ry2co) and one in br background (N108;
Cry2 o). To investigate the candidate gdi&A2, we selected a knock-out mutantHf)A2
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in Col-0 (N656341hua2c,). The choice of Col background was motivated tey ¢bllection

of mutants available in stock centers.

Growth conditions

We performed two experiments utilizing the PHENC® &utomated growth chamber
(Granier et al. 2006). The PHENOPSIS facility mamns constant growing environment and
allows for the precise temporal monitoring and endted measurements of 504 potted plants.
In Experiment 1, we phenotyped the parental acoesgjler and Cvi;n = 8 replicates) and
120 RILs ( = 4) selected from the 162 available lines (Se@ehglix S1 in Supporting
Information). Plants were grown in four randomizs#dcks. In Experiment 2, we phenotyped
the two parental accessions £ 8), 16 RILs (| = 6) spanning the range of trait variability
observed in Experiment 1, the NIUs£ 7), and the mutants and associated wild-typeth (b
= 10). All detailed growing and meteorological ctiwhs are given in Appendix S1 and
Table S1 therein, in Supporting Information.

Measurements of plant traits
The total projected leaf area of the rosette (RA%)avas determined every 2 to 3 days

from zenithal images of the plants. A sigmoid cumaes fitted for each plant following:

RA = +¢io)) (1)

1+e( b

whered is the number of days after emergence of thesfixgb true leaves is the maximum
vegetative rosette ared is the time wher/2 leaf area has expanded dni related to the
maximum rate of leaf production. The maximum ratdeaf expansionRmy, N d') was

calculated from the first derivative of the logisthodel atly asRax = a/(4b).

Photosynthesis was measured at flowering and wgrdering conditions using a whole-
plant chamber prototype designed for Arabidopsis/byauzat (INRA, Montpellier, France)
and K.J. Parkinson (PP System, UK) and connectedntonfrared gas analyzer system
(CIRAS 2, PP systems, USA). To insure plant gashamrge was not corrupted by soll
respiration, we sealed the soil surface with fayels of plastic film. The flowering stem was
detached from the rosette before measurement todéeaf gas exchange only. Whole-plant
photosynthetic rate was expressed on a dry mass(pasol g' s%).

All plants were harvested after photosynthetic mmesments. Each rosette was cut,
wrapped in moist paper and kept at 4 °C overnightdarkness to achieve complete
rehydration. Leaf blades were then separated frbeir tpetiole and scanned for area
measurements. Next, both were oven-dried at 650fC72 h and their dry weight was
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Figure 1. Variation of physiological and growth-rehted traits in the A. thaliana Ler x Cvi RILs
population. (a) plant dry massM); (b), growth rate; (c), mass-based photosynthetite; (d), N
concentration; (e) age at flowering and (f) leaf drass per area (LMA). Bars are mearge for each RIL
= 4 except for N concentration = 1) and for the parents €. and Cvi; arrows;n = 8 except for N
concentratiom = 1). Data from Experiment 1. Lines ordered bydasing plant dry mass.
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determined. Aboveground plant dry mak (ng) was determined as the sum of dry mass of
petioles and blades. Total leaf area{cmas determined as the sum of individual leaf &lad
areas. Leaf dry mass per area (LMA, g)nwas calculated as the ratio of dry mass and total
leaf area. Assuming that LMA did not vary over tirdaring the period of maximum
expansion rate, we calculated maximum absolute tyroate G, g dry mass d) from R

and LMA. In order to obtain sufficient dried matdrfor chemical analyses, leaf blades and
petioles were ground together to determine N camagon by mass spectrometry (EA2000,
Eurovec, Isoprime, Elementar). Leaf lifespan wasmeged from the oldest active leaf that
showed some signs of senescence at harvest fronddihe pictures of the 16 RILs in
Experiment 2. This estimation was used to testelaionship between age at flowering and
leaf lifespan (See Appendix S2). Traits were messuon each individual, except N
concentration which was measured on a single wr#plien Experiment 1 and on three
replicates in Experiment 2. Phenotypic data areedton the PHENOPSIS database (see
Appendix S1).

Statistical analyses

We first assessed the allometric relationship betwaboveground dry masklY and
maximum absolute growth rat&) across all RILs by fitting a linear model: lg@5) =
logio(bo) + bilogio(M). Inspection of the residuals from this model aed a significant
departure from linearity (Figs S1 and S2). Nexiipfeing Kolokotrones et a2010), we fit a
nonlinear quadratic model: lg§G) = logio(by) + bilogio(M) + by(logig(M))?, using the
Generalized Estimation Equatioge¢ package in the statistical program R 2.12). Thpes,
of the quadratic at any givell value was calculated as the derivative of the cptad
functionfq = by + 20,l0010(M).

Broad-sense heritabilityHf) of each trait was estimated as the ratio of (agrewithin)
lines (RILs) to total (among + within) variance gooments with replicate plant within RIL
treated as random effect (lRihe package).

We used 144 AFLP markers spanning all the genonpeitimrm a QTL analysis of all
traits by composite interval mapping (R/package). For each trait, 5%-level significance
threshold for QTL LOD scores were calculated foilogv 1000 permutations. Here, this
threshold did not exceed 2.9. Relationship QTL RWere detected by testing the allelic
effect on the major axis slope of the allometri@atienship at each locus (Tisne et al. 2008;
Fig. S3, Pavlicev and Wagner 2012).
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Table 1. Correlations between traits, heritabilities and percentage of variation explained by the loci
EDI and FLG in the recombinant inbred lines. Pearson’s correlations (lower matrix). Broad-sense
heritabilities {?). Plant dry mass\M); allometric exponent); leaf dry mass per area (LMA). No epistatic
interactions were found betwedDI| and FLG (P > 0.05) except for N concentration (see Supporting
Information). Data from Experiment 1.
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Results

Across the RILs, we observed a considerable amobtritait variation. All of the
morphological, physiological and growth-relatedittrashowed significant between-line
variance P < 0.001) despite the weak differences betweerp#rental accessionsel and
Cvi (Fig. 1 and Table S2). Interestingly, the rarajevariation in these traits was often a
considerable fraction of the global variation inegh traits (see Fig. S4). Broad sense
heritabilities ranged from 0.68 (LMA) to 0.89 (ptadry mass) (Table 1). Such high
heritability values reflect the important role oérgetics in determining the observed trait
variation, and also point to the low environmentalriability within the PHENOPSIS
automaton (e.g. lack of significant block effeat &l traits (allP > 0.10)).

Our results show that, in accordance with MST ptauis, the maximum absolute plant
growth rate ), across all RILs, scaled to the ¥-power of pldnyt mass(M) (Fig. 2;G =
6.32M°'®% R? = 0.96). However, a quadratic model better fittiedhe allometric relationship
so that as plant mass increases, there is a psdgeeshallowing of the allometric exponefit,
(Figs S1 and S2). However, as we show below, timgilmearity was generated by a shift in
scaling exponent across RILs.

Next, we determined if there was a genetic basthéambserved variation in allometric
scaling. We performed a QTL detection for the aktme growth exponent,, estimated for
each RIL by fitting the quadratic model, and a rQdhalysis of the relationship scaling.
These two analyses identified two loci that contradiation in the allometric exponent (LOD
score > 2.9; Figs 3A and S3) and exhibit additiffeats. These loci werdEDI, located at the
top of chromosome 1 (CI = [5; 11] cM), aRdlG in the middle of chromosome 5 (CI = [37;
45] cM). Their additive effect explained 68% of ttatal variability in6, (Table 1; Fig 3A
and Fig. S5). As previously found through the diiea of Arabidospis’ life history (Alonso-
Blanco et al. 1998, Mendez-Vigo et al. 2010), thés® QTL were also the major
determinants of age at flowering (Fig. 3B), indicgtthat variation irg, is also associated
with life history variation. We found that the sebs of RILs carrying the parental
combinations aEDI /FLG loci (parental types; i.e.dt/Ler and Cvi/Cvi) shared aommon
allometric slope R = 0.34) that did not differ significantly from 3% € 0.77; Cl = [0.74;
0.80]; Fig. 2). However, the recombinant type&Rt /FLG loci displayed eithesignificantly
higher (Cvil/ler; 8 = 0.89; CI = [0.85; 0.94]) or significantly lowérter/Cvi; 6 = 0.61; Cl =
[0.58; 0.65]) scaling exponents (bdth< 0.001; Fig. 2). Our analysis revealed no epdstat
interactions betweeBDI andFLG (P > 0.05 except for N concentration, see Fig. S5).
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Chapter 3 Genetics of plant allometry and leaf economics

A strong pattern of covariation was found acrosksRietween the physiological and
morphological traits involved in the leaf economgsectrum, LES. We found that mass-
based net photosynthetic rate and N concentratien® \positively correlated, whereas they
were negatively correlated with age at floweringl dAtMA (Table 1; Fig. 4). Our genetic
analysis revealed th&DI| andFLG are also major pleiotropic QTL with additive effethat
explained 63%, 56%, 60% and 35% of the variabifitage at flowering, LMA, mass-based
photosynthetic rate and N concentration, respdgtiifeable 1; Figs 3B and S5). As a result,
we observed strong correlations between these tiad the allometric exponefig, (Table 1).
Values off; were positively correlated with variation in tsitelated to carbon fixation
(photosynthetic rate and N concentration) and meglgitcorrelated with the traits related to
organ longevity (age at flowering and LMA). Togatkigese results demonstrate that differing
allelic combinations at thEDI andFLG loci result in plants displaying significant diféaces
in leaf economics (Figs 4 and S6) with concomitargignificant changes in metabolic
exponent (Figs 2 and 4). Nonetheless, each of dhenpal types did not exhibit significant
changes gy and each was characterized by the predicted ‘@ftita-power allometric
scaling of growth rate and intermediate LES striaedn contrast, recombinant types showed
extreme LES and MST phenotypes characterized therestrongly hastened or delayed
flowering life histories. These extremes in lifstory are characterized by either increased or
decreasedlES traitsand steeper or shallower allometric exponents gctgely (Fig. 2).

The role ofEDI andFLG in controlling the allometric scaling of plant gvth and the
traits that underlie leaf economics was confirmedxperiment 2. A high reproducibility of
the phenotypes was observed among the 16 RILs gmoviooth experiments (correlations
between trait valuesgearman > 0.93 andP < 0.001). Across these 16 RILs, we observed
significant differences in LES traits (Fig. S7) aatbmetric slopes (Fig. S8) according to the
allelic combination aEDI andFLG loci. Although the values of the exponéitvaried from
1.33 to 0.57, the values of the parental types \ageen not significantly different from 0.75
(P > 0.35 in both parental types; Fig. S8), as ole®rin Experiment 1. Moreover, the
introgressions of the Cvi chromosomal region cagyEDI or FLG into Ler significantly
hastened (CvieDI ) or delayed flowering (CWLG_¢), respectively (Fig. 5 and Table S2),
with an associated decreased or increased plamt giiawth rate, LMA, photosynthetic rate
andN concentration in a coordinated way (Fig. 5 andl@&#®). For the 16 RILs grown in
Experiment 2, we found a highly significant relaship between the lifespan of the oldest
senescing leaf and age at flowerifRj € 0.86; P < 0.001; Fig. S9) indicating that atsteia

this population, age at flowering is a reasonabtxyfor mean lifespan of the first leaves.
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Lastly, we investigated the candidate ger@RY2 andHUA2 as major contributors of
EDI andFLG effects, respectively. Thaua2-, KO-mutant displayed significant changes in
leaf economicsK < 0.05 for all traits; Table S2 and Fig. 5), wteereheCRY2 (cry2, « and
cry2co) KO-mutants displayed strong differences in agéaatering and less difference in
photosynthetic rate, LMA and N concentration (Taband Fig. 5). We found no difference
in the phenotypes ofry2 o and cry2cq, suggesting that the genetic background did not
influence our results. Finally, the effects 6GRY2 and HUA2 on growth strategy were
confirmed since NILs and mutants displayed sigaificchanges in plant mass but no changes

in growth rate, indicating a departure from thewlétric relationship.

Discussion

In this paper we assessed several of the impksitimptions of MST and the LES. We
demonstrated that a few genes can generate aflagg®n of variation in MST exponents
and LES traits. Within Arabidopsis, these geneseappo be responsible for constraining the
covariation of the leaf economics and the allonsetgaling of plant growth. Based on our
findings we propose a novel conceptual framewogk timks the principles of MST to the
LES.

Our findings support two central evolutionary asptions of MST. First, MST
implicitly assumes that selection can act on mdialsocaling exponents. In other words, there
IS genetic variation in metabolic scaling that stkte can act upon. Interestingly, as
previously observed forinter-specific metabolic allometric scaling of mammals
(Kolokotrones et al. 2010) and plants (Enquistle@07a, Mori et al. 2010) the relationship
between whole-plant growth rate and plant biomasesa RILs was curvilinear and not a
pure power-law. This decrease in allometric expbmethin increased size is also consistent
with the decline in relative growth rate or RGRwatize observed in other species (Poorter et
al. 2005; although these RGR studies have not allgicontrolled for allometric effects on
RGR). Importantly, our results also show that thesesved allometric curvilinearity was
primarily due to a mixing of different exponents@ss genotypes. In other words, genetic
variation for the metabolic growth exponent reslilie a curvilinear ‘inter-RIL’ scaling
allometry. Second, the subsets of inbred linesycagrthe parental (naturally occurring)
allelic combinations at two specific QTL sharedammon allometric exponent centered on
%, whereas the recombinant types displalgggher and lower scaling exponents than the

canonical ‘%2’ hypothesized by MST (Fig. 2). Thesalings are consistent with a core MST
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assumption that ‘quarter-power’ scaling is the oate of stabilizing selection on metabolic
allometries (Enquist et al. 2007a). Interestinglgcombinant types were characterized by
strongly hastened or delayed flowering, as welliraseased or decreased photosynthetic
rates, LMA, and Nconcentration, respectively (Fig. 4 and Fig. S%)gdther, these findings
suggest a tight coupling between life history, LtEgts, and MST.

As stated by Wright et al. (2004)eaf lifespan describes the average duration of the
revenue stream from each leaf constructed”. However, whole-plant growth rates and
competitive ability depend not only on the photdbgtic rate of individual leaves, but also
on the geometry and dynamics of a plant’'s canopy, the pattern of energy allocation
among all organs (Givnish 1988). We argue thateas$t for annual plants in which all the
leaves die almost simultaneously during the finEdge of reproduction, whole-plant
functioning should be tightly coupled to the lifaspof the plant (Charnov 1993). Indeed, a
strong correlation between plant age at flowering keaf longevity was found in this study
and in the literature (Appendix S2 and Fig. S9)thalgh the comparison with the
interspecific GLOPNET data (Wright et al. 2004)limited due to the differences in the
levels of measurement — leaf versus whole-plardllgvthis study —, the ratio of interquartile
range for photosynthesis and LMA showed that ot® dpan 70% and 55% of the variation
in these traits, respectively (Fig. S4). In additighe observed variation in the scaling
exponents of growth rate within the RILs capturessimof the variation in allometric
exponents observed worldwide (Price et al. 2007gaddirements of plant growth and
photosynthetic rate at the canopy level integréie ¢hanges in architectural constrains
associated with size, such as leaf shape and leafapping. Hence, these measurements
reflect the physiological trade-offs and the vaoiatin leaf morphology such as LMA,
occurring at the whole-plant level. In this viewewargue that the changes in rosette
architecture are likely also associated with theuseof traits and allometric covariation that
we observed. In particular, departure from spdteef branching for light interception, is
likely the reason why we observe departure from‘tlemetrically ideal” MST %a-power
scaling of plant growth (Price et al. 2007).

The effects of the QTL responsible for the variatio the scaling relationships were
confirmed in the targeted NILs for which a coordethchange in the traits related to the leaf
economics was observed (Fig. 5 and Table S2). Ist netationships we find that the parental
accession & was closer to the parental accession Cvi (interategositions) than to the
NILs (extreme positions). This is probably duehe bpposite and counterbalancing effects of

EDI (e.g. Cvi allele decreases size and age at flogasihereas it increases photosynthetic
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rate and N concentration) arf€LG (e.g. Cvi allele increases size and age at flowerin
whereas it decreases photosynthetic rate and Neotnation). Two gene$;RY2 andHUA2
have been shown to be the major contributorsEBi and FLG pleiotropic effects,
respectively (Fu et al. 2009). Our results showt thasingle amino acid Val-to-Met
replacement in the Cvi allele @RY2 and a premature codon stop in tree hllele ofHUA2
cause a cascade of large changes across numeabp$ysiological traits, and in the scaling
of plant metabolism. This shift in metabolic scgliassociated with the effects EUAZ is
consistent with the change in the rate of leaf potidon reported by Mendez-Vigo et al.
(2010). The Cvi ecotype carries a rare allel€Bi¥2, unique over more than 100 sequenced
ecotypes (El-Assal et al. 2001), whereas taedllele ofHUAZ2 is identified as common only
in ecotypes from UK and Central Europe (Doyle et28l05, Wang et al. 2007). Moreover,
Cvi is an unusual accession from the Cape Verdmds which exhibit peculiar climatic
conditions. Although contrasted phenotypes couldekpected in the Cvi accession, we
observed ‘allometric ideal’ ¥ exponent, intermegliitming of flowering and intermediate
leaf economics in both parental types, despitectineatic differences in the parental sites of
origin. We argue that these findings are in acaocdawith Metcalf and Mitchell-Olds (2009)
who hypothesized that selection to optimize the sizreproduction without sacrificing leaf
and whole-plant functioning has likely resultedan intermediate timing of reproduction.
This explanation does not necessarily imply thatwvéring time is the target of natural
selection but rather that there are integrated iplogical trade-offs linking life history, leaf
economics and plant allometry.

Our results also appear consistent with predictioms the ‘Selection, Pleiotropy and
Compensation’ (SPC) model of Pavlicev and Wagnei22. Specifically, this Dobzhansky-
Muller view of evolutionary dynamics states thathin isolated or semi-isolated populations
differing allelic associations of pleiotropic genesth major effects on life history and
physiology underlie trait covariation patterns aen@ possibly responsible for deleterious
changes in metabolic scaling. In artificially-gested RILs, the allelic association of a few
genes with major effects often leads to remarkablfreme phenotypes. However, these
extreme phenotypes likely would not be successfuature compared to naturally occurring
genotypes due to hybrid breakdown (Bomblies et2@D7). Specifically, the observed %
scaling exponent could be then maintained by delettecause crosses between populations
create hybrid breakdown. Nonetheless, despitettbag genetic effect depicted by the high
heritabilities observed here, we strongly suggleat future tests of the evolutionary role of

pleiotropy in maintaining allometric scaling andelihistory trade-offs utilize transplant
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experiments in the field. The massive collectibmbidopsis accessions that are currently
genotyped or sequenced (e.g. Hancock et al. 20idr) & promising tool to further explore
the genetic diversity, and elucidate the evolutigramd ecological links between variation in
climate and the traits that define leaf economia$ metabolic allometry.

Genetic constraints, which occur when the genetr@ding many correlated traits have
antagonist effects, have also been proposed toesttep LES by restricting the genetic
variation for each trait combination (Reich etE)99, Donovan et al. 2011). Using a mutant
approach we show clear evidence that silencingkiietropic genes underlying the LES did
not result in aberrant (i.e. out of the RILs patjeor non-viable phenotypes but instead
resulted in a coordinated adjustment of all phygjadal leaf traits. This result suggests that
the LES is ‘hardwired’ into the genome. Specifigalllue to direct pleiotropic effects or
indirect physiological linkagesRY2 andHUAZ2 constrain the space of possible trait values
SO as to avoid a change in one trait without a ghan other correlated traits. Differences
between phenotypes of NILs and mutants (such ageketCvi-FLG ¢ andhua2c,) can be
explained by i) the effect of the genetic background) the contrasted effects of silencing
one gene in KO-mutants versus carrying a naturangof this gene in NILs, ori() the
effects of other genes in the introgressed regidsssuggested by the differences in the
phenotypes o€ry2, ¢, and CviEDI| ¢, unknown genes, linked ©©RY2 andHUAZ2 in EDI and
FLG respectively, could contribute to the QTL effeé¢ter instanceHUA2 has been shown to
be mediated by the effect of a co-locating QHLC, that acts as a positive regulator of
HUA2 effects (Mendez-Vigo et al. 2010). Together théselings suggest that genetic
constraints limit the range of leaf trade-offs t@mectrum of covariations, but selection on
major pleiotropic genes could arise inside the spat for a plant to take advantage of,
depending on the environment, different optimal bovations of leaf economics.

We propose that, in general, across environmemtalignts selection will act on leaf
economics traits to select for genotypes that mainan approximate %-power scaling of
growth, but yet different LES trait values and tihesult in the local adaptation of populations
(Mitchell-Olds and Schmitt 2006, Alonso-Blanco et2009). This does not necessarily imply
that selection, in certain environments, could Itesu different values of the allometric
exponent (Price et al. 2007) but rather is consisteth the general argument made by both
LES and MST that, ultimately, botanical scalingateinships are the outcome of natural
selection (West et al. 1999, Enquist et al. 200Tb}he same pleiotropic mechanism is
general across Embryophytes then multiplea- and inter-specific scaling relationships at

the leaf and whole-plant levels could be tighthkkd to genetic variability in few genes.
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Conclusion

MST has been criticized on empirical, statistieeld theoretical grounds (e.g. Riisgard
1998, Glazier 2005, Reich et al. 2006) in part bheeaof the difficulty in testing its basic
assumptions (Enquist and Bentley 2012). Our stéalythe first time, tests several of the
fundamental evolutionary assumptions that und®i8T. Similarly, by translating the trade-
offs between structural investment for longevityd amturn on investment in carbon and
nitrogen, the LES has been hypothesized to be thebme of natural selection to optimize
leaf carbon balance within a given environment ¢Reet al. 1999, Blonder et al. 2011,
Donovan et al. 2011). Our results show that leafnemics and variation in metabolic
allometries, at least in Arabidopsis, are intimatiehked through the effects of key genes.
Together, these findings support Chapin’s (1993)olyesis that variation in leaf and other
plant metabolic traits have a common genetic undenpg and that evolutionary filtering of a
small number of antagonistic pleiotropic genes doloé at the origin of many botanical

scaling relationships.
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Supporting Information

Appendix S1. Supporting materials and methods

The selection of the 120 RILs was done on the basis of missing genotype data (99.9%
genotyped) avoiding unbalanced parental-allele samplimg: (4.8%; Cvi: 45.2% against
55.6% and 44.4% in the original population).

Growing conditions

Five seeds from each genotype were sown at the soil surface in 225 mL pots filled with a
mixture (1:1, v:v) of loamy soil and organic compost (Neuhaus N2). Pots were damped with
sprayed deionized water three times a day and placed in the PHENOPSIS automaton in
darkness (20 °C, 65% air relative humidity) until germination. After germination, plants were
thinned out to one plant per pot and cultivated with a daily cycle of 12 h light supplied from a
bank of HQi lamps which provided 190 pmol?rns® photosynthetic photon flux density at
plant height. Water vapour pressure deficit was maintained at 0.6-0.7 kPa. Meteorological
conditions were similar between experiments (see Table S1 below).

Soil water content was controlled before sowing to estimate the amount of dry soil and
water in each pot. Soil water content was maintained at an optimal level (Granier et al. 2006) of
0.35 g HO g* dry soil with a modified one-tenth-strength Hoagland solution. Pot weight was
automatically adjusted to reach the target soil water content by weighing and watering each
individual pot every day.

All detailed meteorological data (recorded every 15 min) are available online at

http://bioweb.supagro.inra.fr/phenopgiBabre et al. 2011).
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Appendix S2. The relationship between timing of reproduction and lifespan.

In the main text, we argue that, at least for annual plants in which all the leaves die
almost simultaneously during the final stage of reproduction, the whole-plant functioning
should bein agreement with the lifespan of the plant. Coesistwith this assumption, we
found a high correlation between plant age at flowering and leaf longevity (see Fig. S8). In
agreement with these results, Levey and Wingler (2005) found a tight link between the start of
rosette senescence and the timing of the transition from vegetative to reproductive development
(bolting) in a set of natural accessionsAp@bidopsis, including Ler and Cvi. This indicates
that genotypes that flower later maintain a vegetatively active habit during a longer time period
than early flowering ones. In agreement with the LES, this can be related to the variation in
LMA observed in our study. In the same population of RILs Luquez et al. (2006) found a
negative relationship between time to flowering and post-bolting rosette longevity under high
nutrient growth conditions. This may obscure the analysis of resource allocation strategies at
the whole-plant level. However, their results do not invalidate our claim since a reanalysis of
their data showed a highly significant relationship between bolting and total longevity of the
plant ¢ = 0.92 and 0.95 under low and high nutrient, respectively; Bati9.001). Note that a
significant positive relationship was found between bolting time as determined by Luquez et al
(2006) and flowering time as determined in our study (0.85;P < 0.001). However, we
acknowledge the need for further investigation across natural accessions and within local
populations, and also in other species. In their genome-wide association study of 107
phenotypes, although no trait directly related to the LES was measured, Atwell et al. (2010)
reported a highly significant correlation between flowering time and lifespan (r = 0.93; re-
analysis of published data). In a recent study of RILs of the annualBrassica rapa,
Edwards et al. (2011) found a positive relationship between LMA (measured at the whole-plant
level) and days to flowering although it seems to depend on growth temperature and
photoperiod. These authors also reported significant relationships between LMA, nitrogen

content and photosynthesis (measured at the leaf level).

Supporting References

Atwell S., et al. (2010). Genome-wide association study of 107 phenotypAsabidopsis thaliana
inbred lines. Nature, 46627-631.

Edwards C.E., et al. (2011). The genetic architecture of ecophysiological and circadian traits in
Brassica rapa. Genetics, 189:375-U1107.

Levey S. & Wingler A. (2005). Natural variation in the regulation of leaf senescence and relation to
other traits in Arabidopsis. Plant Cell and Environ:228-231.

Luquez V.M., Sasal Y., Medrano M., Martin M.1., Mujica M. & Guiamet J.J. (2006). Quantitative trait
loci analysis of leaf and plant longevity #rabidopsis thaliana. Journal of Experimental
Botany, 57:1363-72.
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Table S1. Meteorological data in the two experimest Mean value + sd of day and night air
temperature (°C), air vapor pressure deficit (VRBa) and light intensity (PPFD, umoi’ra?).

Air temperature VPD PPFD
() (kPa) (umol m2 s
expl 20.06 +0.08 0.74 +0.12 188.84 +10.9
aay exp2 20.12 +0.25 0.69 +0.11 180.39 +10.4
_ expl 19.65 +0.24 0.62 +0.14 0.08 +0.16
niont exp2 16.95 #0.29 0.45 +0.09 1.66 +1.44
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Figure S1. Curvature in the allometric scaling of fant growth. (A) Logio-transformed relationship
between growth rate and plant dry mass. Linearessjpn (SMA, blue line) and quadratic fitting (red
line) are shown. Grey: individuals; black: meareath RIL.B) Residuals from the linear (SMA) fit.
(C) Residuals from the quadratic fit.
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Figure S3. Relationship QTL (rQTL) of the allometric scaling of plant growth.

The rQTL analysis identifies the markers for whtblere is a significant difference in the standard
major axis (SMA) of the relationships between giovate and aboveground dry makh @epending

on the allelic value. The figure below shows thstritbution of the log-probability ratios (LPR = —
logio(P)) from the tests of common standard major axis Aplelt each of the 144 markers along the
five chromosomes (@ allele versus Cvi allele). For each locus, the Li®Rimilar to the LOD score
from the classical QTL analyses. Two significanmesholds of the LPR were calculated to account
for multiple testing. The conservative Bonferronterion sets the threshold to LBR = —log(a/n),
wherea is the desired significance level amthe number of testgg. the number of markers; thus for
a = 0.05, LPRo = 3.46 (red line). We also used a less consematsampling procedure with
bootstrap permutation, as proposed by Westfall dodng (1993). 1000 genotypes samples were
generated at each locus and the threshold,JsPRas estimated as the proportion of sampledlues
that is less than the originadvalue; here LPRy = —10g0(5/1000) = 2.30 (blue line).

Cited references
Westfall P.H. & Young S.S. (1993). On adjustingglues for multiplicity. Biometrics, 49, 941-944.
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interaction P < 0.01). The interaction could arise from the idiffty to get good estimates of N
concentration with very small samples such as thA @ individuals.
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Figure S6. Mean phenotypic values of leaf economitsits depending on the allelic combination

at EDI/FLG. (A) Age at flowering; (B) leaf mass per area (LMAEL) mass-based net photosynthetic
rate; (D) N concentration. Parental types Cvi/Gellow) and ler/Ler (green), and recombinant types
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significant differencesR < 0.01) in post-hoc Tukey test following ANOVA. Miber of RILs varies
between 21 and 44 depending on the allelic comioimaData from Experiment 1.
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Figure S7. Mean trait values (= SE) in the 16 RILsepeated in Experiment 1 and Experiment 2.
(A) age at flowering;E), leaf mass per area (LMA)C], mass-based net photosynthetic rate. Mean
value of the four RILs for each allelic combinatiBBI/FLG from Experiment 1 (solid bars; = 4)
were compared to data from Experiment 2 (dashest bar 6). Parental types Cvi/Cvi (yellow) and
Ler/Ler (green), and recombinant types Cw/L(blue) and ler/Cvi (red) at the lociEDI/FLG,
respectively. Different letters indicate signifitadifferences between means following a Kruskal-
Wallis test P < 0.05).
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Adapted from an article in preparation.

Abstract

Developmental and physiological changes with org/aal size and temperature are key
drivers of evolutionary adaptation and diversificat of plant species. Although the
allometric trajectories of many plant traits haveeb the focus of intense investigations, we
lack information about: i the scaling of traits under contrasted, potegtiatressful,
environments, andif the genetic architecture underlying allometriaspicity. Pleiotropy can
affect trait covariations, notably allometric réteships, in multiple directions (i.e. along or
perpendicular to the main axis of covariation). édere modeled the allometries of growth,
whole-plant carbon and water economy, leaf strectamd life history in a population of
recombinant inbred lines oArabidopsis thaliana under isolated and combined high
temperature and water deficit. We then examined giaeetic architecture and tested the
possible evolutionary outcomes of plasticity innplallometries. Our results identify major
pleiotropic loci associated with changes in allameetrajectories in interaction with the
environment, and with changes in reproductive sssce@d survival. Additionally, we found a
minor pleiotropic locus that affects the economycafbon and water, independently of plant
size but dependently on the environment. Strikingljelic variation at this locus caused
reduced reproductive success, specifically inuatin of competition for resources. Overall,
our findings suggest that pleiotropy-by-environmegaverns the allometry of major adaptive
traits, and may be important for rapid responseatoiral selection and breeding.

Key-words: Arabidopsis thaliana, genotype-by-environment interaction, QTL, tradis;o
plant economics spectrum, net photosynthesis, grat®n, water use efficiency, growth
rate, metabolic scaling, life history, fitness.
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Introduction

Genetic variability in organismal size and in thalmsensitivity plays a major role in the
evolutionary mechanisms of plant adaptation. A teecal approach has emerged these last
decades to model and predict scaling relationsiigsveen plant form and function.
Specifically, the metabolic theory of ecology (MT@rown et al. 2004) has been described
as one of the most significant recent theoriesiatolgy (Whitfield 2004), and it continues to
feed vigorous debates in the field of ecology avmlgionary biology (e.g. Price et al. 2012).
Based on the WBE model (West et al. 1997, 199@)Mktabolic Theory of Ecology (MTE)
proposes that the metabolic rat8) (scales with organismal masM)( and depends on
temperatureT) as:

B = BoM"F(T) 1)

where b; is the scaling exponeng, is a normalization constant, am€{T) represents a
temperature dependence function. In accordance WIRE assumption, empirical
investigations showed that the central tendency,0bften approximates quarter powers,
although for any given relationship considerableiateon may exist (Price et al. 2007,
Vasseur et al. 2012 = Manuscript #B6)T) is an exponentially increasing function until an
optimum temperaturely), where it decreases dramatically abdyg (Johnson et al. 1942).
This decrease reflects the limits of morphologiaatl physiological plasticities to ensure
sufficient coordination of the biological procesdssyond a certain temperature threshold.
Moreover recent findings indicate that there isgemetic variability within species in the
temperature function of plant metabolisk{T)) (Parent and Tardieu 2012).

Plants frequently encounter supra-optimal tempegatuin the field and high
temperature is often associated with water defldigh temperature and water deficit are
among the major stresses impeding plant growthpaoductivity and are likely key drivers of
the evolution of plant form and physiology (Ackedgd Reich 1999). These two stresses act
independently or interactively on plant physioladyye to their direct and indirect effects on
carbon fixation and water consumption (Vile et2fl12 = Manuscript #1; Vasseur et al. 2011
= Manuscript #3). For instance, reduced transpinali water losses in response to water
scarcity can diminish leaf cooling capacities ahdréfore enhance plant susceptibility to
higher air temperature (Pantin et al., submittddanuscript #4). In its seminal development,
MTE stated that stabilizing selection should operm@at allometric coefficients (Enquist and

Bentley 2012). The lack of genetic variability BT) within species suggests that selection
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could operate on the mass-related allometric aoeffts, such ab;. However, the genetic
variability in allometric coefficients remains pbdpinvestigated ((Price et al. 2012) but see
(Vasseur et al. 2012 = Manuscript #5)) and we lectpirical data about the plasticity of
allometric trajectories in response to changeh@ednvironment. More importantly, we still
do not know to what extent the genetic variabilityplant allometries is associated with
variability in the efficiency of resource utilizati, reproductive success and survival.

Traits that maximize carbon fixation and water eaonption are embedded in a network
of dependency that limits the strategies for natrigotake and conservation. For instance, net
photosynthesis and transpiration are both govermgdexchange surfaces and stomata
aperture, which results in a limited variability fwater use efficiency (WUE), i.e. for the rate
of carbon assimilation per unit of water loss. Eheaits are also allometric functions of plant
size, although they do ndirectly depend on organismal temperature, k@) is a constant in
the Eq. (1) applied to physiological and morphatagitraits. In addition, there is a
fundamental trade-off between the rate of acqoisitf resources and lifespan. For instance,
increasing leaf longevity requires important stawat investment, which is associated with (
increasing leaf mass per area (LMA), biij (educing rate of carbon fixation per unit leaf
mass (Reich et al. 1997, Wright et al. 2004). Simitade-offs have been observed between
the assimilation and the conservation of many nessuby vegetative organs, including
nitrogen, phosphorus and water (Freschet et al0,2Pbmmer and Weemstra 2012). This
global pattern of covariations between traits, atee referred to as the ‘plant economics
spectrum’ (PES), is assumed to be tightly linkedvéoiations in allometric trajectories
(Bonser 2006). Supporting this idea, we reportedrdioated changes in the allometric
coefficient of plant growth and the PES (Vasseuale2012 = Manuscript #5). The PES is
assumed to be the result of tight physiologicalst@ints on the evolution of individual
characters. For instance, it has been proposediématypes exhibiting phenotypic variability
perpendicularly to the main axis of covariatione(degure 1) would be affected in their
reproductive success (Donovan et al. 2011). Withicanopy, the ecological strategies for
water and carbon economics are crucial to takerddyga over competitors, but we lack data
about the variability of those traits and theireefs in ecologically relevant conditions. In this
study, we investigated the changes in fithess compts, specifically survival, reproductive
success and resources use efficiency, associatedemnetic variability in allometric
relationships.

Using a mapping population ofrabidopsis thaliana cultivated under optimal

conditions, we showed that a few pleiotropic gewdd major effects can orchestrate the
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Figure 1. Theoretical representation of the genetic effectson the allometric reationships.

( ) Genetic variation along the main
axis of covariation

< ) Genetic variation perpendicular to
the main axis of covariation

Trait Y (e.g. net photosynthesis)

Trait X (e.g. plant size)
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coordinated changes in major plant traits (Vasssual. 2012 = Manuscript #5). The
evolutionary role of pleiotropy is at the core ofagtitative genetics since the first observation
that pleiotropic quantitative trait loci (QTL) affe the variance-covariance matrix of
potentially adaptive traits, and thus, the evoltdd individual characters (Walsh and Blows
2009). Using the same mapping population as ing®iaset al. 2012 = Manuscript #5), we
used a mixed-effect modeling approach to examimve pleiotropy governs the relationships
linking plant size to major functional traits insponse to water deficit and supra-optimal
temperature. We also estimated the probability wovige and reproduce in stressing
environments. In addition, we tested introgresseeis|at targeted QTL grown in fluctuating
environmental conditions and in competition fothligand water with relatives. We examined
the seed production in these lines as a proxy @odictive success. With this dataset, we
focused on three main questions:
* How do allometric relationships vary in responsavéter deficit and high temperature?
 What are the genetic determinants of the variaitomg and perpendicularly to the
allometric trajectories (see Figure 1)?
* What are the consequences of both genetic vargatmmplant performance, specifically

in a situation of competition?

We show that allometric trajectories vary widelyr@sponse to water deficit and supra-
optimal temperature. Independently of the envirominéhe phenotypic variatiomlong
allometric trajectories was genetically constraitgdthe effects of a few major pleiotropic
QTL. Allelic variability at such QTL induced larg#ifferences in traits related to individual
fitness, notably in a situation of competition wittlatives. Secondly, we identified another
pleiotropic QTL that generates variabilifgerpendicular to the allometric trajectories
dependently on the environmental conditions. Adleliariation at MSAT2.22 induced
variability in the plasticity of WUE under water fast. Strikingly, seed production in
introgressed lines at MSAT2.22 was significantlfeefed in a situation of competition with
the non-introgressed line. This later result sthpraypports previous hypotheses about the
evolution of the PES (Donovan et al. 2011). Oudifigs identify genetic variability in
multiple allometric trajectories underlying planerformance with possible outcomes for

natural selection.
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Materials and methods

This study relies on the data from two sets of exrpents. The first set includes the
same four experiments than the ones describeceiividmuscript #4. In this study, we added
three variables to this dataset: average survivaach RIL, water use efficiency and leaf
temperature. The second set includes two experspngarformed to investigate the seed
production of introgressed lines at three targepdd.. All detailed meteorological data —
including daily soil water content, air temperatarel VPD —, as well as all phenotypic traits
measured, are available in the PHENOPSIS datababeq et al. 2011).

Plant material

In the first set of experiments, we used the saapilation of 120 recombinant inbred
lines (RILs) as in Manuscript #4 and Manuscript ¥bthe second set of experiments, we
selected three introgressed lines that carry allediriation at three targeted QTL (CRY2,
GH.121L and MSAT2.22, respectively). Lines were s#mo from the genome-wide coverage
population previously developed by introgressingayeic regions from the Cvi accession
into the Ler accession (Keurentjes et al. 2007). The line LCRISL(NASC code N717045;
CRYZ, carries a Cvi fragment at the top of chromosomévtere the QTL CRY2 is
located). LCN 5-6 (N717123; GH.123}) carries a Cvi fragment in the middle of
chromosome 5, whereas LCN 2-20 (N717091; MSATZ.2Zarries a Cvi fragment at the
end of chromosome 2. The positions of the intragjoes on the genetic map are provided in
Figure S1.

Experiments using the RILs population

The description of the traits measured is provitethe Manuscript #4, except for leaf
temperature, survival and water use efficiency (W.Ukurvival was estimated for each RIL
as the percent of individuals that reach reprodacdmong the 4 replicates of each RIL. Leaf
temperature was measured with at least three randona-red zenithal imaging
(ThermaCAMM Researcher Pro 2.10, FLIR Systems AB) acquirethiwithe automaton
(Figure S2f). Images were recorded for each plativéen bolting stage and first flower
open. Five random spots were chosen at the suofatte rosette to estimaig..s (K). Water
use efficiency (WUE, nmol mf was estimated as the ratio of net photosynthasib
transpiration A/ ET in Manuscript #4).
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Experiments using introgressed lines

The two parental lines @ and Cvi) and the three introgressed lines weregrio two
different conditions: i} without competition in optimal environmental canwhs, and i{)
with competition in a fluctuating (greenhouse) eamment. The experiment without
competition was performed in the PHENOPSIS automatoCTxXWW (as described above
for RILs, n = 10). In the competitive situations@ed of each genotype was sown at the center
of a 2 cm-spaced matrix of eigh&rlplants in a square pot (side = 8 cm), (see Fi§&en =
10). In the greenhouse, supplemental metal haiging was used to extend day length to
16h, air temperature was 16.7/31.5 °C (min/max rfight/day), and air humidity varied
between 17% and 77%. Plants were irrigated twieeeek. In both experiments, irrigation
was stopped at first flower open and main flowerstgm was isolated with a funnel. After
plant desiccation, flowering stems were detachethfthe rosette, seeds were harvested and

weighted.

Statistical analyses

Below T, the temperature-dependency of the metabolic istdescribed by an
exponentially increasing (Boltzmann—Arrhenius) fiime (Gillooly et al. 2001, Brown et al.
2004, Savage et al. 2004):

F(T) = eFfa/RT 2)

wherekE, is the average activation energy of metabolisn),(8vs the Boltzmann constant (R
=8.617 10 eV K*%), andT is the temperature of the organism in Kelvin.

Irrespective of the range of temperature (i.e. Wwebo aboveT,yy), F(T) is described by
the equation:

s,

Te* RT

— 5, A 3
1+3[T(1_ASDT)]

F(T) =

whereAHA (J mol*) is the enthalpy of activation of the consideratérand determines the
curvature at low temperature (Johnson et al. 194R2).the physiologically relevant
temperature range, the difference betwEBgmandAHA is within 4%, so observed values of
AHA can be compared with the valueskfin the literature, although the parameters cannot
be rigorously interpreted in an enzymatic conteee((Parent et al. 2010, Parent and Tardieu
2012)). Following Parent and colleagues (Pareat.€2010), we normalized observed growth
rate byF(20) in Arabidopsis thaliana. Normalization transforms the absolute measurement
growth rate in each condition to a temperatureedeent value, thereby eliminatifgT) in

the allometric function of plant metabolism.
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Table 1. Coefficients of the allometric relationships. Estimated from the mixed-model, with
vegetative dry massM) as covariate. All traits centered in each envimental condition.

y = WD X HT X by + WD x HT x b;M + WD X HT x b,M? + WD x HT X G. Traits (y) =
normalized growth rate (mg™)] net photosynthesis (nmof')s transpiration (mg 8, WUE
(nmol mg?), total leaf area (mfljy LMA (g m?), age at reproduction (days), and reproductive
dry mass (mg). G: genetic effects. Optimum conditidTxWW) used as intercept. Confidence
intervals (CI) estimated with a Markov Chain Mon@arlo algorithm following 1000
permutations. The intercepts are not meaningfuhbse the mixed-model was performed on
centered data in each condition.

Trait Effect by CI b: CI b, CI
intercept 0.054 [0.037:0.074]  0.766 [0.743:0.785]  -0.146 [-0.18 :-0.11]
Normalized HT effect 0.022 [-0.002;0.045]  0.115 [0.083:0.146]  -0.038 [-0.078 ;0.009]
growth rate WD effect .0.049 [-0.073:-0.027]  0.031 [0.005:0.06] 0.133 [0.09:0.173]
HTXWD effect  0.016 [-0.016:0.044]  -0.056 [-0.105:-0.019] -0.057 [-0.106 ;0.008]
intercept 0.086 [0.053:0.121]  0.602 [0.563:0.639]  -0.227 [-0.287 ;-0.161]
Net HT effect 0.06 [0.011:0.106] 0521 [0.479;0591]  -0.072 [-0.1550.005]
photosynthesis o effect 004 [-0.088;0.003]  0.055 [0.001:0.103] 0.11 [0.034:0.201]
HTXWD effect  -0.063 [-0.125:0.004]  -0.145 [-0.218:-0.058]  0.089 [-0.0210.196]
intercept 0.003 [-0.017;0.024] 0515 [0.491:0.537]  -0.01 [-0.048:0.026]
Transpiration M effect -0.042 [-0.069:;-0.015] -0.016 [-0.048:0.02]  0.089 [0.04:0.132]
WD effect -0.032 [-0.058-0.006] -0.068 [-0.1:-0.037] 0.084 [0.030.126]
HTXWD effect  0.038 [0.003;0.076]  -0.12 [0.171:-0.066] -0.083 [-0.153:-0.023]
intercept 0081 [0.041;0.124]  0.068 [0.019:0.11]  -0.219 [-0.305:-0.144]
WUE HT effect 0.128 [0.07 :0.176] 0.607 [0.547:0.679]  -0.222 [-0.322:-0.126]
WD effect 0039 [-0.09:0.016] 0079 [0.0260.145]  0.104 [0.002:0.205]
HTXWD effect  -0.108 [-0.182-0.033] -0.052 [0.142:0.047]  0.182 [0.042:0.301]
intercept 0.007 [-0.004:0.019]  0.76 [0.75;0.775]  -0.019 [-0.041:-0.002]
Total loaf area | HT €ffect 0.018 [0.006:0.035]  0.113 [0.097:0.131]  -0.03 [-0.054:-0.008]
WD effect 0043 [-0.054:-0.03]  -0.003 [-0.016:;0.012]  0.111 [0.088:0.133]
HTXWD effect  0.003 [-0.016:0.02]  -0.074 [-0.098:-0.053] -0.025 [-0.052 ;0.006]
intercept 0004 [-0.017:0.006]  0.235 [0.221:0.246]  0.011 [0.007 ;0.031]
VA HT effect 001 [0.023;0.004] -0.096 [0.113-0.082] 0.017 [-0.005 0.04]
WD effect 0.046 [0.033:0.059] 0.03 [0.013:0.042]  -0.119 [-0.139;-0.094]
HTXWD effect  -0.007 [-0.024:0.011]  0.076 [0.054:0.097]  0.03L [0.003:0.063]
intercept 0021 [-0.029:-0.015] 0.121 [0.119:0.135]  0.054 [0.043:0.065]
Age at HT effect 0,001 [-0.007:0.009]  0.011 [0.005;0.024]  -0.006 [-0.024:0.002]
reproduction b effect 0.012 [0.005 ;0.02] 0.039 [0.03:0.048]  -0.029 [-0.042;-0.016]
HTXWD effect  -0.004 [-0.014:0.006]  -0.002 [0.016:0.009]  0.018 [0;0.036]
intercept 0.05 [0.020.079] 0.427 [0.394:0.461]  -0.131 [-0.184;-0.083]
Reproductive dry HT effect 0.05 [0.023;0.09] 0.111 [0.074;0.16] -0.083 [-0.157 ;-0.041]
mass WD effect 0.008 [0.025:0.037] -0.093 [-0.13:-0.059]  -0.015 [-0.065 :0.046]
HTXWD effect ~ -0.019 [-0.053;0.031] -0.007 [-0.056:0.061] -0.015 [-0.103:0.044]
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Any trait Y can thereby be modeled as a temperature-indepefnuotetion of plant mass

(M), such as:
Y = BoMP (4)
which, on a logarithmic scale, becomes:
y = log(Y) = by + bylog(M) (5)

whereby = log(fp). Corrections and extensions of the initial thebaye demonstrated that
several measures of metabolism are quadratic furstdf organismal size (Kolokotrones et
al. 2010, Vasseur et al. 2012 = Manuscript #5).sThu
y =log(Y) = by + bylog(M) + b,log(M)? (6)

To investigate the variability in allometric trajeges, we fitted a mixed model to the

allometric equation (6), such as:
y=WXTXby+WXTXbM+WXTXb,M*+GXWXT (7)

wherely is the intercept, ant, andb, are the allometric coefficients of first and seton
order, respectively. Watering (W) and air tempeaea(ll’) levels were treated as fixed effects,
and the genotype (G) effect was treated as randfaut.eWe used centered data within each
environment to estimate the allometric coefficieatsd the control treatment (CTxXWW) was
used as intercept. The confidence interval of eamgfficient was estimated with a Markov
Chain Monte Carlo (MCMC) following 1000 permutatson

We used composite interval mapping as implemenitedRgtl to identify QTL of
vegetative dry mass and functional traits withiocleanvironment. To test to what extent the
variability that is perpendicular to the main ax§ the PES bivariate relationships is
genetically determined, we performed a quantitagieetic analysis of the residuals extracted
from the loess fit of the bivariate relationshipsvieeen age at reproduction, LMAgassand
ETmass TO test the size-independent effects of MSAT282VUE, we also extracted the best
unbiased linearized predictors (BLUPSs) from theedbmodel, which represent the variability
that is not explained by the covariate (iM.in interaction with T and W) but that is
explained, at least in part, by the random efféices G in interaction with T and W). We
tested the difference in seed production betwegngressed lines, Cvi andetlusing a non-
parametric Kruskal-Wallis’ test. All statistical @gses were performed using R 2.12.
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Figure 2. Allometric trajectories of major plant traits depending on the environment. (a-h) Curves
fitted from the coefficients estimated with a mixeddel performed on lggtransformed data (not
centered), from the modely = WD x HT X by + WD X HT X b;M + WD X HT x b,M? + WD x

HT X G (see Table 1 legend). (i) Curves fitted from as®en the mean value of each RIL. CTXWW in
light blue: control temperature and well-waterefl ¢Z x 0.35 g KD g* dry soil). CTXWD in dark blue:
control temperature and water deficit (20 °C x 0@0H0 g* dry soil). HTXWW in orange: high
temperature and well watered (30 °C x 0.35,9 H" dry soil). HTXWD in brown: high temperature and
water deficit (30 °C x 0.20 g4d g* dry soil).
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Results

Mixed-model of allometric relationships

Plant traits exhibited a huge variability in all of the four combinations of water
availability and air temperature (Table S1). Vegetative dry mass was significantly reduced by
63% under HT, 32% under WD, and 81% under the combination of HT and WD. From the
mixed-model approach, we estimated the variability in allometric coefficients of all traits but
survival, depending on the environmental conditions (Table 1, Figure 2). We could not
perform a mixed-model on survival because we estimated an average value for each RIL. The
loess fit revealed a decrease in the survival of the biggest plants in stressing environments,
especially when HT was combined to WD (Figure 2i). It resulted in a reduction of individual
replicates for vegetative and reproductive traits for the big genotypes grown in stressing
environments.

The average slope of the allometric relationship of normalized growth-ratb, (ite
first-order allometric coefficient) was 0.77 in CTxWW, 0.80 in CTxWD, 0.89 in HTxXWW
and 0.86 in HTxXWD (Table 1). There was a significant convex curvature in this relationship,
as illustrated by the negative second-order term in CTxWWW=(-0.15, Table 1). The
significant second-order terry, indicated that the local slope (i.e. the derivative of the
allometric function) varied with plant size. The convex curvature of the allometric scaling of
growth rate was not significantly affected by HT, but was significantly reduced by WD
(+0.13), leading to a linear relationship in CTXWD (Figure 2a). Net photosynthesis exhibited
similar allometric trajectories than growth rate (Figure 2b). The average allometric slope was
0.60 in CTXWW and it was significantly increased by stressing conditions. The convex
curvature was not affected by HT but reduced under WD (+0.11). Inversely, the allometric
trajectory of transpiration (Figure 2c) exhibited no curvature in CTxXWW, but a concave
curvature in stressing conditions with a significant temperature-by-water availability
interaction (Table 1). The average slope was significantly reduced by WD in interaction with
HT. As a consequence of the opposite curvatures in the allometric relationships of net
photosynthesis and transpiration, WUE exhibited a strongly convex allometric trajectory in all
conditions. The bell-shaped trajectories illustrate the decrease in the local allometric slope as
dry mass increases, specifically in stressing conditiongaries from -0.44 in HTxXWW, to -

0.12 in CTXWD, Figure 2d). The allometric relationship of total leaf area exhibited a weak
curvature (Figure 2e), but it was significantly affected by HT and WD in opposite direction (-

0.03 and +0.11, respectively). As predicted by MTE, the average allometric slope of total leaf
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Figure 3. The plasticity of the PES to water deficit and high temperature. Bivariate relationships, on a
log,o Scale, between age at reproduction (Age, days), leaf mass per area (LM%, mass-based net
photosynthetic ratef{.ss Nmol " g%), and mass-based transpiration r&&.{ss mg d* g*). CTXWW in

light blue: control temperature and well-watered (20 °C x 0.35Qy¢H dry soil). CTXWD in dark blue:
control temperature and water deficit (20 °C x 0.20 @ lg* dry soil). HTXWW in orange: high
temperature and well watered (30 °C x 0.35,9 H* dry soil). HTXWD in brown: high temperature and
water deficit (30 °C x 0.20 g4 g" dry soil). Pearson’s coefficients of correlation are displayed in upper
diagonals. Red curve is fitted from a loess adjustment.
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area approximated 3;,(= +0.76 in CTXWW), although it increased signifidlg under HT
(+0.11), in interaction with WD (+0.04). Leaf mager area (LMA) exhibited a different
allometric trajectory depending on water availapi(iFigure 2f). The allometric relationship
was linear in WW but convex in WD (both under CTda#T). Increase in LMA with plant
size was reduced by water depletion, whatever ithiemperature. The average slope of the
allometric relationship of LMA approximated Y, (= +0.23 and +0.24 in CTxXWW and
HTxXWD, respectively), although it was significantiyecreased under HT (-0.10) and
increased under WD (+0.03) with significant interee effect of HT and WD. Age at
reproduction exhibited a concave allometric trajecin all conditions (Figure 2g, Table 1).
However, in stressing environments age at repraaluahcreased less dramatically with size
than in optimum conditionbg varied between +0.05 in CTxWW, +0.04 in HTxXWW, 6Din
CTxWD, and +0.03 in HTxXWD). The average allomeslope was significantly increased
both by WD and HT Iy = +0.12 in CTxWW,;b; = +0.17 in HTXWD, no significant
interaction). The allometric relationship of repuoctve dry mass exhibited a convex
curvature, specifically in stressing conditionsi§lEal; Figure 2h). This illustrates a reduced
reproductive allocation in both the smallest angigbst plants in supra-optimal temperature

and limited water availability.

The plasticity of water and carbon economics

Next, we investigated the pattern of covariatioasueen life history traits and the traits
that reflect the functional strategies of carbord amater economics across the four
environments. In each environment, age at repramtueind LMA covaried positively (Figure
3), and together negatively covaried with mass-thdssspiration rateHTmas9 Mass-based
net photosynthetic raté\as) decreased with LMA and age at reproduction u@iefboth in
WW and WD) but not under HT (both in WW and WD).ughin CT plants are characterized
by either a ‘fast’ strategy of carbon and water netoics (i.e. high
photosynthetic/transpiration rates and low agesptaduction/LMA), or a ‘slow’ strategy of
carbon and water economics (i.e. low photosynthedmspiration rates and high age at
reproduction/LMA). In other words, the economy @irlmon was strongly dependent of the
thermal conditions. A significant effect of aimiperature was also found on the covariation
betweerAnassaNdETmass This illustrated the strong plasticity of WUEdo temperature (see
Figure 1d). We also observed important residuaiabdity in all relationships, which

suggested possible genetic effects independeheahtin axis of covariation.
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Table 2. QTL of plant size and percentage of genetic variation
explained within each environment. Percent (%) of variability from the
QTL analysis performed on vegetative dry mass,glbgnsformed data)
within each environment. Name: closest molecularkerato the LOD
score peak. All QTL are significar®® < 0.05). Position along chromosome
(chr) and confidence intervals (Cl) estimated vétMarkov Chain Monte
Carlo algorithm following 1000 permutations.

Marker chr position [CI] CTXWW CTxWD HTxXWW HTxWD

CRY2 1 6[3-8 38.3 30.5 21.4 25.4
BH.180C 5  16[12-20] 10.7 10.6 20.2 145
GH.121L 5  39[35-42] 17.6 18.6 25.5 23.3
BF.168L 5 100 [92-105] 48

Total 80.8 74.9 83.9 79.4

Table 3. Variance components (%) beyond allometric relationships. Components of
the size-independent variance (%) attributableeioetjc effects (G), and genotype-by-
environment effects (GxT, GxW and GXTxW for gen@ypy-temperature, genotype-
by-watering and genotype-by-temperature-by-wateniegpectively) extracted from the
mixed-model of each allometric relationships (sgehd of Table 1).

Trait G GXT GxW GXTxW
Normalized growth rate 0.9 10.1 4.8 0.0
Net photosynthesis 0.0 3.9 0.5 9.1
Transpiration 2.2 4.4 0.0 0.0
WUE 0.0 4.0 2.1 4.8
Total leaf area 18.9 9.9 2.4 2.2
LMA 13.7 10.4 2.8 2.7
Age at reproduction 29.4 8.6 29 0.0
Reproductive dry mass 16.0 11.3 1.5 7.0

Table 4. Variance components (%) of the residuals of the PES attributable to
MSAT2.22. Age at reproduction (days), leaf mass per area (|§IAi%), mass-based
net photosynthetic raté\¢.s, Nmol §' g*) and mass-based transpiration r&€.fss mg
d* g%). Residuals extracted after fitting a loess betweach pair of traits (see Figure
2). ANOVA significance levels: ** = P < 0.001; ** P <0.01; * =P <0.05; .=P <
0.1.

x-trait y-trait CTXWW CTxWD HTXWW HTXWD
LMA 2.4 . 11.3 *** 1.4 NS 0.8 NS

Age at A "

reproduction mass 0.3 NS 7.4 2.7 . 0.3 NS
ETmass 13.2 *** 19.7 *** 9.7 *** 2.3 NS

LMA Amass 25 . 25 . 0.1 NS 0.3 NS
ETmass 15.7 *** 20.0 *** 52 * 1.0 NS

Anmass ETmass 35 * 53 * 0.6 NS 1.6 NS
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Genetic variability in plant allometries

QTL analysis revealed few pleiotropic loci that @aet for the most of the variability in
vegetative dry mass within each environment (T&)leas well as for the correlated traits
(Figure S4). Specifically, four pleiotropic QTIP (< 0.001) were identified and together
explained 81% of the variability in plant size undentrol conditions (Table 2). Three of
them were also identified under stress and expdamere than 70% of plant size variability
(Table 2): CRY2 at the top of chromosome 1, and1IBAC and GH.121L two epistatic QTL
at the top and middle of chromosome 5, respecfivélg previously observed in optimum
conditions (Vasseur et al. 2012 = Manuscript #2¢, additive effects of the two major QTL,
CRY2 and GH.121L, generated extreme phenotypedliyotharacterized by very large and
very small sizes in the recombinant types (i.eL&v/Cvi and Cvi/ler, respectively; Figure
S5). Because of pleiotropic effects, CRY2 and GHIL12ontrolled the bivariate changes in
both allometric relationships and traits relatedthe PES. Moreover, because allometric
relationships were generally not log-linear in @onditions b, significantly different from
zero), the allelic variability at these major QTlasvassociated to variability in the allometric
coefficients (e.g. in the local slope), dependinglte environment.

The mixed-model approach revealed that, beyonddhability in plant traits generated
by the size-effect of the major pleiotropic QTL deised above, there was still an important
variance component (of the residuals) that wagatable to genetic variability (Table 3). An
important part of the variability of life historynd morphological traits (i.e. age at
reproduction, reproductive dry mass, total leafaa@nd LMA; 13.7% < G < 29.4%) was
attributable to genetic (G) effects only, indepearije of size and environmental effects
(Table 3). A non-negligible part of the size-indegent variability in these traits was also
attributable to genetic effects that depended ertliermal condition (8.6% < GxT < 11.3%).
However, a very low part of the genetic variabititgpended on the water availability (1.5% <
GxW < 2.9%) or on the interaction of water and teragure levels (0% < GXTxXW < 7%). For
the physiological traits (i.e. normalized growtheranet photosynthesis, transpiration and
WUE), there was almost no genetic variability inglegently of the environment (0% < G <
2.2%; Table 3), and a weak, but non negligible} gzt depended on temperature (GXT =
10.1% for normalized growth rate), or on tempemtur interaction with water availability
(GXTXW = 9.1% for net photosynthesis).

We then investigated the genetic architecture uyiderthe variability in plant traits
that was independent of plant size. We found tmatdcus MSAT2.22 was associated widh (

the variability in the plasticity of the residuatthe relationships between the traits from the
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ab g H0 g dry soil).
b
Ler at MSAT2.22 Cvi at MSAT2.22
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Figure 5. Reproductive success of introgressed linesin different situations. (a)
Total mass of seeds produced by plant without caitigog in optimum condition
(CTXWW). (b) Total mass of seeds produced by piard competitive situation
with the Ler parent, and in fluctuating environment (greenhpuS&Y Z.,;: NIL
introgressed with Cvi allele at CRY2. GH.12}t NIL introgressed with Cvi
allele at GH.121L. MSAT2.2%;: NIL introgressed with Cvi allele at MSAT2.22.
Kruskal-Wallis significance levels: *** = P < 0.00¥* =P < 0.01; *=P < 0.05; °
=P<0.1.
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PES (Table 4, Figure S6), anil) (the variability in WUE attributable to size-independent
GxTxW effects (Table 3). Specifically, in each environmental condition but HTXWD,
MSAT?2.22 affected the residuals of the relationship betviEenssand age at reproduction

(P < 0.001; Table 4), and the residuals of the relationship bet&@&gnsand LMA, P <

0.05; Table 4). In CTxWD, MSAT2.22 also significantly affected the relationships between
(i) LMA and age at reproductionij Amassand age at reproduction, arid)(Amass@NdETmass

(all P < 0.05). The residuals of the allometry of WUE were also significantly different
according to kr or Cvi allele at MSAT2.22 in CTXWD, but not in the other conditidAs<(

0.05; Figure 4, Figure S7). Therefore, MSAT2.22 generates variability in WUE independently
of plant size or age, but this variability depended on the environment, specifically on water

availability.

Test for fitness of targeted genotypes in specific conditions

We examined the reproductive success of three lines previously generated to carry
introgressed QTL of Cvi into & background (CRYgZ;, BH.121lc,; and MSAT2.22,).
When plants were grown in optimum conditions (CTxXWW) and without competition, only
MSAT2.2%,; displayed a significant reduction in seed production compared to éhe L
parental accessiorP(< 0.05; Figure 5a). When grown under competition in a fluctuating
environment (greenhouse), all three lines displayed a reduced seed production compared to
Ler (Figure 5b; Figure S3). The reproductive success of Cvi decreased significantly in a
competitive situation with & (P < 0.05), whereas the reproductive successeofwas not
significantly affected. The extreme position along allometric relationships of gR¥2d
BH.121lc,; lines had different consequences for reproductive success in a competitive
situation. The reproductive success was not significantly affected in small/fast growing plants
(P > 0.05 for CRYZ2,i), but it was significantly decreased in large/slow growing plddts (
0.05 for BH.121l,;). Our results also showed that the negative effect on WUE of the Cvi
allele at MSAT2.22 was associated with a significant decrease in reproductive success

whatever the environment and the competitive situation (bt ®5).

Discussion

Allometric variations support MTE predictions

In our modeling approach, we used temperature-normalized growth rate to eliminate
F(T) in Eq. (1), and thus, to perform a linear mixed-model on the mass-dependent allometric
function. By doing so, we assumed the parametefS(Df, such asly, and the activation
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enthalpy AHa, constant for all genotypes in our population. sThitial assumption was
supported by a recent meta-analysis among 18 pfaeties, which showed a lack of genetic
variability for the parameters &¥(T) within species and closely related species (Raaed
Tardieu 2012). This finding was interpreted asdbesequence of very slow evolution of the
thermal sensitivity of metabolic and developmemgés in plants. Nonetheless, this finding
also suggests that the mechanisms of rapid adaptatiuld be targeted on the phenotypic
variability in plant physiology and morphology. Gaguently, we expect genetic variability
in the mass-dependent allometric coefficients ofjomalant traits, specifically in the
allometric slopes illustrated Hy andb,. In strong accordance with the MTE predictions, in
optimum conditions (CTxWW), total leaf area and pemature-normalized growth rate scaled
to vegetative dry mass with a slope that approxesét (for bothb; = 0.76, Table 1), and
LMA scaled to vegetative dry mass with a slope #ygtroximates ¥ = 0.23). However,
environmental conditions significantly affecteditsavalues and allometric coefficients. This
result supports the evolutionary assumptions of MWest et al. 1999, Vasseur et al. 2012 =
Manuscript #5) that plasticity in allometric slopegists, but stabilizing selection operates to
fix the value around the canonical % slope in optimconditions. Moreover, the allometric
relationships were generally not linear, meanireg the local slope (i.e. the derivative of the
allometric function) changed as plant size incrdasenong genotypes within each
environment. Therefore, different plant sizes wassociated to different functional strategies

characterized by multiple allometric coefficients.

Major pleiotropic QTL to the origin of a Dobzhansky-Muller
incompatibility?

The syndrome of Dobzhansky-Muller is related to ffteenomenon of speciation
between genetically close organisms (Coyne and@4). The syndrome describes how the
interaction between the allelic mutations from tparental genotypes is deleterious for the
development of the hybrids. Abundant literature tekindantly identified the rare alleles at
CRY2 and GH.121L of thérabidopsis accessions Cvi andet, respectively, as pleiotropic
hotspots involved in many molecular and physiolagarocesses in different environmental
conditions (e.g. (Alonso-Blanco et al. 1999, Botewt al. 2002, Fu et al. 2009, Mendez-Vigo
et al. 2010)). Furthermore, previous works have aestrated that the effects of CRY2 and
GH.121L reflect pleiotropy at a single locus rathiean several closely linked loci (e.g. El-
Assal et al. 2001, Vasseur et al. 2012 = Manusetipt Ler and Cvi are originated from

contrasted geographic locations: central EuropeGayke Verde Islands, respectively. Due to
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the peculiar climatic conditions in which Cvi haskved, this accession is strongly divergent
from theA. thaliana taxon, and has sometimes been describedla®st another species than
Arabidopsis thaliana” (C. Becker, personal communication). Our resslt®wed that the
allelic variability between & and Cvi at CRY2 and BH.121L generated plants shaingly
differ in size, and consequently in their allometiiajectories, although in average HT and
WD induced a reduction of plant size whatever thedi@a combination. The RILs that carry
recombined allelic combinations at CRY2/BH.121le(iLer/Cvi and Cvi/ler) exhibited
extreme size, and, thus, extreme allometric trajezt. In optimum condition, we previously
demonstrated that these extreme phenotypes ddroatethe canonical % slope of metabolic
allometry (Vasseur et al. 2012 = Manuscript #5) nMavidences in the present study further
indicated that the parental allelic combinationkileit highly performing phenotypes. Indeed,
the bell-shaped curvature of reproductive allometryile closely flat in optimum condition,
was more pronounced under WD and HT, which impdiestrong decrease in reproductive
allocation, specifically in small genotypes andoalsut to a lower extent, in big genotypes.
Similarly, WUE exhibited optimality in intermediafghenotypes. This is particularly true in
HTXWW because of an important decrease in the Witesmall RILs that carry Cvié
combination at CRY2/GH.121L. At the opposite, trerge RILs that carry é/Cvi
combination at CRY2/GH.121L suffered dramaticalfyH and WD. In the most stressing
condition (HTxWD), survival until reproduction watecreased up to 75% in the biggest
plants. As last evidence, the mass of seeds prddiethe large introgressed line
(GH.121L¢;) that carries non-native allelic combination (Let/Cvi at CRY2/GH.121L) was
significantly reduced in competition under fluctagt environment. Our findings are
consistent with the negative effect of CRY2 on evdgrtilization reported in literature
(Alonso-Blanco et al. 1999). Moreover, our findinggpport previous evidences about the
enhanced performance of intermediate size/age mbdaction in natural populations of
Arabidopsis thaliana (Metcalf and Mitchell-Olds 2009). Therefore, whitenocuous in their
native genetic background, the interaction betwéem Ler and Cvi alleles at major
pleiotropic QTL generates deleterious phenotypeth iow fitness. Strikingly, a cross
between kr and Cvi results in 50% of the offspring with reddcsurvival, performance and
fertility. One may suppose that this incompatipilieflects a Dobzhansky-Muller syndrome,
in which the additive effects of Cvi anaLalleles at CRY2/GH.121L decrease the fitness of
the offspring in the & x Cvi population, although they are not deletesian their native
genetic backgrounds. The accumulation of mutatiahgnajor pleiotropic genes in the

Arabidopsis populations from the Cape Verde Islaartts from Eastern Europe may reduce in
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the capacity of the Cvi andet_hybrids to propagate in natural conditions. lbsgly supports

the idea that Cvi isdlmost another species tha@wabidopsis thaliana’”.

Escaping from the PES: genetic variability meets evolutionary constraints

The functional trade-offs illustrated by the coafion between age at reproduction (a
proxy of lifespan), leaf structure and carbon fieathave been extensively described (Reich
et al. 1997, Wright et al. 2004, Bonser et al. 20bait the plasticity of these relationships
have not been investigated, except at the inteifspéavel (Atkinson et al. 2010). Here, we
demonstrated strong effects of temperature and rwateilability on the covariations
underlying the economy of carbon and water withipapulation of genetically-related
individuals. Strikingly, mass-based net photosytitheate decreases with plant size, LMA
and age at reproduction in sub-optimal, but nosupra-optimal, temperature, whatever the
watering condition. Similarly to what have beenpgweed for the responses to WD (Tardieu et
al. 2011), this result suggests that metabolic dateases dramatically abolg: (~ 26.5 °C
in A. thaliana) because the physiological acclimations to maxenuarbon fixation and water
conservation do not support the coordination ofldgicgal processes at supra-optimal
temperature. This deleterious imbalanced tradelw#tween carbon gain and water
conservation is reflected by the allometry of WW#hich was, in average, decreased by HT
(note that, inversely, WD tended to increase WUWH)reover, the decrease was enhanced in
the smallest and biggest plants that exhibit theeexe strategies for water and carbon
economics.

A central question about physiological trade-offsaerns their evolution. Specifically,
it remains unclear why some phenotypes are notrebdeFor instance, why did not we find
big/early flowering plants, or small/late floweripgants? There are two ways to explain why
such trait combinations do not exist) fatural selection could eliminate unfit or poorly
performing phenotypes; and)(genetic constraints could limit the genetic Vaitity that is
perpendicular to the major axis of correlation. igsempirical data from different species,
Donovan and colleagues (Donovan et al. 2011) rgcadivocated that selection is likely the
major determinant of covariations between thedraitthe PES at the leaf level (i.e. the ‘leaf
economics spectrum’). However in the present stadigction is only targeted on a sufficient
seeds production in classical laboratory conditimnallow the propagation of RILs (Alonso-
Blanco et al. 1998). Thus, our results demonstrttatithe positions in the phenotypic space
are constrained to an axis of covariation not kyirah selection, but by the pleiotropic effects

of major QTL, such as CRY2 and GH.121L. Howeveg tptimum performance for the
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intermediate parental allelic combinations suppthrtsidea that the position along the PES
could be the indirect outcome of stabilizing setetbn allometric coefficients.

In accordance to previous works (McKay et al. 20BBusmann et al. 2005), we
reported the effect of MSAT2.22 on the plasticity WUE to WD. Strikingly, we
demonstrated that MSAT2.22 generates variabiligt tis perpendicular to the allometric
trajectory of carbon and water economics. MSATal&Eplayed modest effects that depend
on the environmental conditions, specifically o tivater availability. Hence, this result
suggests that escaping from the PES is genetipakgible, but only to a weak extent and
under certain environmental conditions. MSAT2.22wasociated with a significant decrease
in reproductive success with or without competitiomfortunately, we do not know whether
the genetic variability could generate very eaityfplants (or very late/small plants) that are
unable to reproduce in laboratory conditions. Nbeletss, our findings strongly support the
Donovan’s hypothesis that escaping from the PESduMo@ associated to a reduced fitness. In
this context, it is difficult to explain why the Callele at MSAT2.22 has been maintained in
the Arabidopsis populations of the Cape Verde Islands. One maytigsized that theec
allele at MSAT2.22 was the result of a punctuahdseeial, genetic mutation that propagated
after the divergence of Cvi andelaccessions. Overall, our data indicate that th& RE
shaped by genetic constraints limiting the phenotyariability in many directions. This
result is consistent with the findings of Dorn avidchell-Olds (Dorn and Mitchellolds 1991)
who reported low genetic variability perpendiculaithe axis of covariation between age and
size at reproduction. Within the range of reachabdet-trait combinations, evolutionary
forces may operate to eliminate the genotypes éRhtbit dramatically altered allometric
trajectories. Such evolutionary outcome is a prargigavenue, but it needs to be tested in the

field with natural plant populations.

Conclusion

In this study, we found strong plasticity in théoaietric relationships of many adaptive
traits. This plasticity was generated by few plaipic QTL with presumably major influence
for the mechanisms of plant adaptation. We ideedifQTL that govern variatioredong the
allometric trajectories, and that consequentlyrgilp impact plant performance depending on
the environmental conditions. In addition, we idiged a QTL that governs the variability
perpendicularly to the allometric trajectories of water use eéfi@y. The evolutionary role of

this QTL needs to be tested in natural conditiam$ \&ith different accessions. If confirmed,
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this QTL would also be a promising target for breeders, specifically in a global warming

world.
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Supporting Information

Table S1. General statistics of the phenotypic traitsLMA : leaf mass per area,
Anass Mass-based net photosynthetic raid, s mMass-based transpiration rate.
ANOVA significance levels: *** = P < 0.001; * =P < 0.01;*=P <0.05; °=P <0.1.

Genetics architecture of allometric plasticity

Trait min max mean G w T WxXT
Vegetative dry mass (mg) 0.370 529.8 43.5 bk bl bl NS
Age at reproduction (d) 21.0 104.0 40.3 ok ok ok *
Total leaf area (cm?) 0.212 108.0 11.0 Fkk Fkk Fkk NS
Reproductive dry mass (mg) 0.130 45.7 6.55 ik bl ok *
LMA (g m?) 5989  69.0 239 ot e e e
Normalized growth rate (mg d™) 0.006 28.2 1.94 b bl ok ok
Anmass (Nmol s™ g™ 0.769  947.4 1485 % wex  wex e
ETmass (9 d* g7 2695 1580.9  162.5 Wk me ke
WUE (nmol mg™) 0.360 1587.7  231.9 % NS e we
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Figure S2. The PHENOPIS facility and the experimental procedurega) The PHENOPSIS
automaton in Montpellier (France) (Granier et al. 2006). (b) Whole-plant chamber for analyzing
gas exchange with CIRAS 2 analyzer (PP systems). (c) Total leaf area scanned at flowering to
measure total leaf area. (d) Example of growth curve fitted from 2-3 days with zenithal images. (e)
Example of zenithal images acquired from the PHENOPIS automaton. Soil was filled with plastic
film to prevent water loss from the soil. (f) Example of infra-red image acquired from the
PHENOPSIS automaton.
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first flower open, the flowering stem of the testgenotype was isolated with a funnel, and
irrigation was stopped. All seeds of each plantenaarvested when dried (~ 3 weeks later). (c)
Plants were grown in greenhouse under fluctuatingemperature and humidity, and soil humidity
(data not shown).
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Figure S4. QTL analysis of the phenotypic traits wthin the four environments. (a) CTXWW: control
temperature and well-watered (20 °C x 354 ig* dry soil). (b) CTXWD: control temperature and wate
deficit (20 °C x 20 g kD g* dry soil). (c) HTXWW: high temperature and wellterged (30 °C x 35 g 40
g™ dry soil). (d) HTXWD: high temperature and watefidit (30 °C x 20 g KD ¢* dry soil). From column
1 to 8: age at reproduction (days), vegetativerdags (mg), reproductive dry mass (mg), total leafia
(cn), leaf mass per area (LMA, g3n mass-based net photosynthetic r&gd nmol ' g*), mass-based
transpiration rate HT..ss mg d' g'), and absolute growth rate (mg')d Arrows length represents
confidence interval and arrows color representgtreent of variability explained by each QTL (< 566
> 25%: lighter grey to black, respectively). Arrodisection represents the effect of Cvi allele agaler
allele. Dashed lines represent significant episiateractions between QTP < 0.05).
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Figure S5. Examples of phenotypes in RILs according to their allelic
combination at CRY2/GH121L . Allelic combination depends on the allele
(Ler or Cvi) at two major pleiotropic QTL: CRY2/GH.121IAll images
were taken at the same stage (first flower open).



Chapter 3

Genetics architecture of allometric plasticity
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Figure S6. QTL analysis of the residuals of the PES he residuals of each bivariate relationship
were extracted from a loess fit (see Figure 2)nFoolumn 1 to 6: LMA (leaf mass per area, g)m
versus Age (age at reproduction, days)ss(mass-based net photosynthetic rate, nmaj’§ versus
Age, ETass (Mass-based transpiration rate, mbgi) versus AgeAmassVersus LMA,ET s VEIsSus
LMA, and ETassVersusAnass (&) CTXWW: control temperature and well-water2d {C x 35 g HO

g’ dry soil). (b) CTXWD: control temperature and wadeficit (20 °C x 20 g kD ¢g* dry soil). (c)
HTXWW: high temperature and well watered (30 °CXx @ H0 ¢* dry soil). (d) HTXWD: high
temperature and water deficit (30 °C x 20 gDH* dry soil). Arrows length represents confidence
interval and arrows color represents the percemainébility explained by each QTL (< 5% to > 25%:
lighter grey to black, respectively). Arrows diriect represents the effect of Cvi allele againet L
allele. Dashed lines represent significant eprsiateractions between QTP < 0.05).
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Figure S7. Allometry of WUE according to the allele at MSAT2.22. (a) CTXWW: control
temperature and well-watered (20 °C x 0.35.9 H' dry soil). (b) CTXWD: control temperature
and water deficit (20 °C x 0.20 g,® g* dry soil). (c) HTXWW: high temperature and well
watered (30 °C x 0.35 g-B ¢g* dry soil). (d) HTXWD: high temperature and wateficit (30 °C

x 0.20 g HO g' dry soil). Filled triangle: br allele at MSAT2.22. Empty circle: Cvi allele at
MSAT2.22.



Conclusion générale

Au cours de cette these nous avons décrit les réponses intédyedsdtipsis thaliana
a deux contraintes environnementales majeures: le déficit hydrique et les hautes
températures. Nos résultats ont permis a la fois de mettre en évidence la forte plasticité
phénotypique des plantes a ces deux stress, et d’en cartographier le déterminisme génétique.
En accord avec les résultats de la littérature (Ludwig-Muller et al. 2000, Aguirrezabal et al.
2006, Parent and Tardieu 2012), les traitements appliqués ici ont été néfastes, autrement dit
ont représenté un stress, pour I'ensemble des génotypes cultivés. Ceci est illustré par la
diminution de la taille des organes végétatifs et reproducteurs en condition de stress, ainsi que
par 'augmentation de la mortalité sur une partie de la population de lignées recombinantes.
Nous avons mis en évidence que les hautes températures et le déficit hydrique ont des effets
additifs sur de nombreux traits liés au développement et a I'histoire de vie, alors qu’ils ont des
effets interactifs sur les traits physiologiques liés a la fixation du carbone. Par ailleurs, les
résultats indiquent que tous les génotypes présentent les mémes réponses développementales
aux stress mais des réponses physiologiques tres variables. A l'origine de cette variabilité, des
genes pléiotropes gouvernent le développement de la plante indépendamment de
I'environnement tandis que d’autres induisent des réponses physiologiques variables suivant
les conditions. Ainsi, nous avons montré que la gestion de I'eau est fortement liée a la taille et
a I'age de la plante, ce qui implique que ces traits partagent le méme déterminisme géenétique.
En revanche, les réponses différentes du métabolisme carboné nous ont permis de trouver des
QTL associés a des variations d’efficience d'utilisation de I'eau en réponse aux stress
hydrique et thermique.

Les génes et les QTL pléiotropes impliqués dans la régulation du développement sont a
I'origine de variation forte dans la taille des plantes au stade reproducteur. L'analyse des
relations allométriques nous a permis de proposer un modéle conceptuel dans lequel la
pléiotropie des génes majeurs du développement serait a I'origine des contraintes évolutives
opérant sur les principaux processus physiologiques et métaboliques. Selon ce modeéle, la
fixation d'alleles résulterait de la sélection des individus présentant la relation
métabolismef/taille la plus favorable dans des conditions environnementales données. Les
relations allométriques varient significativement en réponse a la température et a la
disponibilité en eau, et présentent des signes d’optima pour de nombreux traits adaptatifs. Les
alleles rares de Cvi etek aux genesCRY2 etHUA2 sont a lorigine de stratégies
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fonctionnelles trés variables, caractérisées pa dariations allométriques importantes
associées a des différences de performance etcdéssteproducteur. Les effets délétéres de
I'association deCRY2et HUA2 sur les performances des descendants du croisdraent
Cvi semblent indiquer un certain degré d’'incomphtigénétique entre les deux accessions
parentales. Si les effets additifs @RY2et HUAZ2 pourraient étre limités a cette population,
les mécanismes génétiques mis en jeu sont en e¢happlicables a I'ensemble des plantes
vasculaires. L'accumulation de mutations a des gemgeurs du développement pourrait étre
a l'origine des phénomeénes de spéciation résuttartisolement génétique des populations
naturelles. Tester ces mecanismes dans de mulpplasgations naturelles est indispensable.
Les centaines d’accession®dhbidopsis thalianaécemment séquencées offrent un matériel
de choix dans une telle perspective (e.g. Hortoal.e2012). De plus, les progres fulgurants
en matiere de séquencage permettent d’envisagelédelopper tres rapidement ce genre

d’approches sur d’autres especes (Galvao et a2)201

Parmi les QTL impliqués dans la régulation des @seus physiologiques
indépendamment du développement, MSAT2.22 contiéliicience d’utilisation de I'eau
selon sa disponibilité dans le sol. Ce locus offes perspectives encourageantes pour
I'amélioration des espéces cultivées face aux daraegts climatiques actuels. Dans les
approches de geénétique directe, la premiere étemamtva déterminer la ou les mutations
responsables de l'effet d'un QTL s’appuie sur lduction progressive de lintervalle de
confiance par recombinaison et/ou introgressionséBasur cette approche, une étude a
récemment identifié un géne codant un facteur destription responsable de l'effet de
MSAT2.22 sur la ramification des parties végétaivelépendamment de la floraison (Huang
et al. 2012). Cette étude rapporte aussi la vdit@aturelle présente a ce locus dans les
populationsd’A. thaliana Dans les futures recherches, la valeur adaptdevee QTL et du
ou des genes causaux devra étre examinée dansed'@édnotypes, ainsi que dans d’autres
situations environnementales, afin d’en évaluarniVarsalité ou les limites. L’exportation des
connaissances geéeneétiques développées sur les sspamdeles aux espéeces d'intérét
agronomique demeure une étape clef souvent déficifranchir en amélioration des plantes.
Cette difficulté peut étre illustrée par l'absend&ffet d'ERECTA sur la variabilité
phénotypique observée dans notre étude sur la @oguller x Cvi. Ce gene, qu’une
mutation dans l'accession parentaler I(Landsbergerectd rend non fonctionnel, code un
récepteur kinase dont précédentes études ont midntpéication dans la prolifération et la
différenciation cellulaire des organes aériens @m lavec de nombreux processus

physiologiques comme [’efficience d’utilisation tieau (Masle et al. 2005, van Zanten et al.
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2009, Tisne et al. 2011). L’'absence d’'effeERECTAest I'occasion de souligner plusieurs

points importants relatifs a I'analyse génétiqueaectéres quantitatifs.

D’une part, les différences entre nos résultatseak de la littérature peuvent provenir
du matériel génétique utilisé. Les effetsERECTA pourraient par exemple dépendre
d’interactions épistatiques avec d’autres genesloat de la variabilité allélique associée a
ces genes. De plus, les interactions épistatiquesvemt elles-mémes dépendre de
I'environnement dans lequel les plantes se dévelapGibson and Dworkin 2004). La
variabilité des effets génétiques selon les pojauiatet selon les environnements est en cours
d’'investigation au LEPSE. Les premiers résultatggstent que les effets BERECTA
dépendraient d’interactions épistatiques variakegen la disponibilité en eau dans le sol
(données non présentées). D’autre part, les difé@® entre certains résultats de la littérature
et les nétres peuvent s’expliquer par le type dsures. Par exemple dans I'étude de Masle et
al. (2005), l'efficience d'utilisation de l'eau aécestimée a l'aide de la discrimination
isotopique du carbone, et de la mesure des échagap=ux sur une feuille mature. La
discrimination isotopique du carbone a été utiliskez de nombreuses espéces (Farquhar and
Richards 1984, Farquhar et al. 1989, Condon 2012, Brendel et al. 2008) ; elle permet
d’estimer I'efficience d'utilisation de I'eau intége sur des pas de temps longs. Cependant, la
contribution des échanges gazeux du sol, en copgantanent avec les feuilles de la rosette,
pourrait fausser les mesures clezhaliana Dans notre étude, nous avons utilisé le rapport
entre la photosynthese et la transpiration. La neede la transpiration, intégrée sur plusieurs
jours, prend en compte les phénomenes possiblesndeensation entre la gestion de I'eau au
cours de la journée et au cours de la nuit. Ddérdiices génotypiques de transpiration diurne
et nocturne ont d'ailleurs été mises en évidences da thése. Par ailleurs, les mesures de
photosynthese ont été réalisées sur plante enfiggaant ainsi en compte la géométrie des
organes dans l'espace et la structure des feuldesa rosette. De précédents travaux au
LEPSE ont remarqué I'absence d’effeERECTAsur la structure du mésophylle malgré des
effets importants sur la structure de I'épidermanftees non présentées). En accord avec une
étude récente (Flexas et al. 2012), ces résuliaggésent que la photosynthese serait
principalement sous la dépendance du mésophylleloet moins affectée par les effets
génétiques, comme ceuxEHRECTA opérant sur les cellules épidermiques et les atesn
Une perspective de cette these est de décortitjogroltance relative du mésophylle et des
stomates dans les échanges d'eau et de carbonel’'avea la base des processus de
croissance végétale. Enfin, la mesure des plantesémne stade, et non au méme age, nous a

permis d’intégrer la variation des traits au caled’'ontogénie. Les relations allométriques de
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la photosynthése et de la transpiration suggéneatla mesure de ces caracteres a la fin du
cycle de développement reflete I'état physiologigugosé par la taille et 'age. En
particulier, cette mesure prend en compte le remmnent des organes vegétatifs a 'origine
de contraintes fortes sur les stratégies d’acdquisét de conservation de I'eau et du carbone.
Par ailleurs la dynamique de croissance d’'une elast intimement liée a la durée de son
cycle. En conséquence, les genes identifiés commpadtant la croissance a un age donné
sont généralement des genes pléiotropes implicaes lé développement et I'histoire de vie
(Granier et al., en préparation). De maniére géaéfabsence d’effet ERECTAdans nos
mesures de l'efficience d’utilisation de I'eau sgoke l'importance de comprendre les
phénomeénes de compensation dans le temps et éapade pour ne pas surestimer la valeur
adaptative d’'un géene ou d'un QTL (Tardieu 2012). jidas, ces différences illustrent les

problemes qui peuvent étre rencontrés en vue daidation fonctionnelle d'un gene.

Les mécanismes causaux a l'origine de la coordinates réponses phénotypiques aux
facteurs abiotiques sont complexes a élucider.r&$fodes statistiques permettent d’estimer
les liens de causalité entre plusieurs variableges (Shipley 2000), mais leur application
aux relations non linéaires observées dans ceitle étecessite des développements qui seront
prochainement envisagés. Nos résultats suggerentegutrajectoires évolutives des plantes
seraient orientées vers la maximisation de laifixadiu carbone, plutét que vers la régulation
thermique des feuilles par la transpiration. Desplétude des relations allométriques indique
gue les contraintes structurales imposées pailla sar I'interception de la lumiére ont des
conséquences fortes sur la performance des plamegarticulier en réponse au stress. Le
stress hydrique n’est cependant pas associé a égedation du meétabolisme carboné,
comme le montre l'augmentation de lefficience disation de l'eau. Métabolique ou
hydrique, la cause de I'impact de la sécheresstaquarformance des plantes est un sujet de
débat chez les écophysiologistes (Sala 2009, Huratradl 2010, McDowell 2011, Muller et
al. 2011). Les données acquises ne permettentepdsétdrminer les mécanismes moléculaires
liant le statut carboné a la réponse coordonnéeldeses face aux facteurs abiotiques. Ces
mécanismes devraient étre abordés a partir d'unalysen détaillée des variations
ontogéniques de chacun des caractéres (Pantin2fi1dl), ainsi que par une étude des genes
et des voies métaboliques impliqués (Baerenfalleal.e2012). Les résultats acquis durant
cette thése pourraient permettre de paramétrerntumeles mécanistes qui simuleraient

I'ensemble des processus impliqués et leurs intierasc

Les données acquises durant cette thése ont pdergaractériser la coordination des

processus physiologiques et développementaux facéaateurs abiotiques. Paradoxalement,
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la diversité des stratégies fonctionnelles n'esermdéinée que par un nombre restreint de
génes ou de QTL dont laction differe selon lesact#res et selon les conditions

environnementales. Dans un contexte agronomique, mésultats suggérent que des
améliorations significatives de performance en d@mrd de stress thermique peuvent étre
attendues en orientant les recherches vers I'amalgs relations entre métabolisme carbone,
taille, et architecture des variétés agronomiquasmodélisation des relations allométriques
assistée d'un phénotypage approprié dans différecemarios climatiques est une étape
déterminante pour piloter l'utilisation des génayges mieux adaptés morphologiquement a
certains types d’environnements. Cette étude etalgsroches qui y sont développées
encourageront peut-étre de futures investigatians pvaluer les implications écologiques et

les applications agronomiques des genes et desméwss identifiés.
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Annexe 1 Genetic variability in plant architecture
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maintenance of water use efficiency under high
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Correspondence

Plants have evolved physiological mechanisms tevigte the deleterious effects of
abiotic stresses. High temperature (HT) exposumameng the most detrimental constraints
occurring in the field. Changes in leaf orientati@ssociated with coordinated changes in
several others leaf functional properties, are ntegkin many species under HT (van Zanten
et al. 2010b). InArabidopsis thaliana, a similar architectural plasticity, including eted
leaves, is observed after exposure to supra-optieraperature, low light, and spectral
composition of light enriched in far-red wavelergfvan Zanten et al. 2010b). This set of
morphological changes, referred to as the hypanassiponse, is associated to an increase in
transpiration rate and thus, in heat dissipatiodeurHT (Crawford et al. 2012). In addition,
the hyponastic response allows photosynthetic dissu reach light in a situation of
competition for light (both within and between iwidiuals) (van Zanten et al. 2010b).
Therefore, the architectural plasticity has beecemdy hypothesized to be the result of
evolutionary forces on leaf cooling and/or carbaingcapacities (Vasseur et al. 2011,
Crawford et al. 2012). However, we lack evidencésua to what extent the genetic
variability in HT-induced hyponastic response isagsated to variability in the traits that
maximize carbon gain and water consumption. Thegmiestudy suggests that genetically-
driven hyponastic response can improve the maintanaf water use efficiency (WUE, i.e.
the amount of carbon fixed per unit of water lastjler stressing thermal conditions.

We grew a population of 120 recombinant inbreddi(RILs) ofArabidopsis thaliana
under two thermal conditions. As in most experimaéstudies (Saidi et al. 2011, Vasseur et
al. 2011, Vile et al. 2012), control air temperat(€T) was set to 20 °C, whereas HT was set
to 30 °C. This HT level has been identified to be basal thermotolerance, that is the highest
temperature tolerated by a plant that has neveswsmered previous HT, of th&rabidopsis
accession Col-0 (Ludwig-Muller et al. 2000). In mdtividuals, the average angle between
leaf and soil, and the leaf temperature were rexbrdith lateral and infra-red imaging,
respectively (see supporting materials and methdsisikingly, a lower variability in leaf
angle was observed in HT than in CT (angles vatwéen 15 ° and 40 ° in CT, and between
28 ° and 55 ° in HT). This is explained by the ligihyponastic response exhibited in the
plants with the smallest leaf angle in CT (Figuje We modeled leaf angle with a mixed-
model approachLgafangle = T X Tipqr + G+ G X Tg;,), using leaf temperaturer ay,
°C) as a continuous covariate, air temperatlisg (C) as a fixed effect and genotype (G) as a

random effect (Supporting materials and methods).
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On one hand, evolutionary assumptions about thendlieed hyponasty (Vasseur et al.
2011, Crawford et al. 2012) posit that there isegenvariability for this morphological
response. Mixed-model revealed a significant imtéva between air temperature and leaf
temperature (Table S1). In average, the 10 °C-as&én air temperature lead to only +1.66 °
on leaf angle, and 7.2% of the variance in leaflemgas attributable to genetic effects (G)
independently of the environment. Nonetheless, @5af the variance in leaf angle was
attributable to genotype-by-environment interadiofGEI). The analysis revealed one
quantitative trait loci (QTL) for the G effects, catwo QTL for the GEI (Figure 2). Such
genetic variability is consistent with the previofiisdings of van Zanten and colleagues.
These authors reported that ethylene-induced hygticngrowth inArabidopsis thaliana was
controlled by theERECTA gene (van Zanten et al. 2010a). AltholgRECTA did not drive
HT-induced hyponastic response in our data, the @e&htified for the genetic variability in
hyponastic response (GEI) overlapped pleiotropicLQQdreviously described to drive
important differences in plant performance, notaby the rate of carbon fixation and on
relative growth rate (Vasseur et al. 2012).

On the other hand, evolutionary assumptions alsut pleat variations in individuals’
hyponastic responses are associated to variatomglividuals’ performance. It is advanced
that HT-induced hyponasty occurs to enhance cootiagacity through an increase in
transpiration rate (Crawford et al. 2012). In adif it is also proposed that hyponasty may
be the result of an impaired carbon status undey sifilarly to the shade avoidance
syndrome observed under low light intensity (Vasssual. 2011). Thus, the temperature-
mediated changes in plant architecture are hypaie$o be governed by the global trade-off
between carbon gain and water conservation (Paettial., in prep.). Here, we found a
significant positive correlation between the hymimaresponse and the response ratio of
WUE (Figure 3), which results in a shared genetidanpinning as highlighted by the QTL
analysis of the response ratio of WUE (Table SEgnce, genotypes with the smallest leaf
angle under CT were the most plastic in their dedhire, and the exhibited the lower
decrease in WUE under HT.

Water and carbon balances are major determindntdant growth and productivity
(Ciais et al. 2005, Pantin et al. 2012). Our ressdémonstrate that the maintenance of water
use efficiency in stressing environment is gendyicanked to the plasticity in plant
architecture. Overall, our findings suggest thanipalating the tight relationship between
carbon gain and water consumption through the eeging of plant architecture is a

promising avenue to improve plant performancewaaming world.
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Supporting information

Supporting materials and methods
Plant material

We used a population of 120 recombinant inbredsli(RILs), previously generated
from a reciprocal cross between two paremtedbidopsis thaliana accessions: Landsberg
erecta (Ler) and Cape Verde Islands (Cvi) (Alonso-Blanco ef8B8).

The PHENOPSIS facility (Granier et al. 2006) maiméaconstant growing environment
and allows for the precise temporal monitoring antomated measurements of 504 potted
plants (Supporting Figure S1). We performed twoesxpents with the same 122 genotypes
(120 RILs,n = 4; 2 parental lines) = 8). In the first experiment, control air tempeara (CT)
was set to 20/17 °C day/night, while in the secdngh temperature (HT) was set to 30/25
°C. VPD was maintained at 0.7-0.8 kPa both undera@d HT. Soil water content was
controlled before sowing to estimate the amourdrgfsoil and water in each pot. Subsequent
changes in pot weight were due to changes in vesadus. Soil water content was maintained
at 0.35 g HO g* dry soil with a modified one-tenth-strength Hoaglasolution. Pot weight
was automatically adjusted to reach the targetwater content by weighing and watering
each individual pot every day.

Leaf angle was estimated with three lateral imagfesach individual. The angke (°)
between the two youngest fully expanded leavesmeasured with image analysis software
(Imaged). Leaf angle with soil surface was estichads: 90 - ¢ / 2) (Figure S2). Leaf
temperature was measured with at least three randuona-red zenithal imaging
(ThermaCAM™ Researcher Pro 2.10, FLIR Systems AB) from the REIESIS automaton.
Images were recorded for each plant between badtexge and first flower open. Five random
spots were chosen at the surface of the rosedistitmaterl e, (°C) (Figure S3).

Whole-plant water loss was measured at reprodustiem emergence (bolting stage)
by daily weighing of the pots over four consecutilag/s. Soil evaporation was prevented by
sealing the soil surface with four layers of a ptaBlm. The transpiration ratée( mg HO d
) was estimated as the slope of the linear regnessetween pot weight and time. Net
photosynthetic rateAl nmol CQ s?) was determined at the canopy level after remoféthe
reproductive stem (see Vasseur et al. (2012)). Wage efficiency (WUE, nmol my is
estimated a#\ / E. The response ratio of WUE was estimated agp(M8JE in HT) / logo
(WUE in CT).
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Statistical analyses
After logl0-transformation of the data (to ensupgnmalization of the residuals), we

fitted the mixed modelLeaf angle = Ty X Tieqr + G + G X Ty, Where Tleaf (°C) is
average leaf temperature recorded with infra-recgimy (see above) and treated as
continuous covariate, Tair is the average air teatpee in the PHENOPSIS automaton
during the considered experiment (20 °C and 3®?CT and HT, respectively) considered
as fixed effect. The genotypic (G) and genotypietdayperature (GxTair) effects were treated
as random. The confidence interval of each caefficwas estimated with a Markov Chain
Monte Carlo (MCMC) following 1000 permutations. Wsed composite interval mapping as
implemented in Rqtl to identify i) the QTL that amsponsible of the variability in the best
linearized unbiased predictors (BLUPs) of both Gl @&xTair, and ii) QTL that are
responsible of the variability in the responseoraif WUE All statistical analyzes were
performed using R 2.12.
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Table S1. Mixed-model on leaf angle. Mixed model performed
on leaf angle after lagtransformation of the data, as:

The confidence
interval of each coefficient was estimated with arkbv Chain
Monte Carlo (MCMC) following 1000 permutations.

intercept 1.333 [1.220;1.439]
Fixed effects Tair 0.523 [0.206;0.688]
Tieat 0.004 [-0.002;0.011]
TieatX T air -0.012 [-0.0193;0.0004]
Variance G 7.3
components (%) GxT 36.7

Table S2. QTL analyses of the hyponastic response and of the
responseratio of WUE.

Traits Marker Chr Position (cM) % var
BLUPs G Leaf angle FD.98C 3 63 [50-69] 12.2
BLUPs GxCT Leaf angle  gc.g6C 1 21 [0-38] 8.2
BLUPs GxHT Leaf angle  aAp.129L 5 44 [35-56] 8.0
Response ratio WUE AXR-1 ! 8[0-12.9] 26.5
DF.184L 5 29 [25-38] 15.6

Figure S1. The PHENOPSI S automaton in Montpéllier (France).
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CT (20 C) HT (30 C)

a

Figure S2. The anglea (°) between the two youngest fully expanded leawvas
measured with image analysis software (ImageJ)t argle with soil surface was
estimated as: 90 a.( 2).
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CT (20 °C) HT (30 °C)

14.0°C

14.0°C

14.0°C

Figure S3. Infra-red imaging recorded for each plant between bolting stage and first flower
open. Five random spots (for each image: sp01 to sp@s¢ whosen at the surface of the rosette to
estimateT e, (°C).
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Abstract

The leaf economics spectrum (LES) describes straegspecific relationships between
multiple functional traits that determine carbord amtrogen fluxes in vascular plants. The
mechanistic and evolutionary origins of these pasiehave been controversial, though a
recent model has proposed that the physiology aff \enation networks controls multiple
LES correlations. Here we test the hypothesis gleattic variation in minor vein density is
associated with coordinated phenotypic variationLES traits. We study a large set of
ecotypes, mutants, recombinant inbred lines and isegenic lines ofArabidopsis thaliana
known to be associated with LES trait variation. $¥ew that 1) leaf minor vein density is
highly variable between these genotypes, and 2)uaaation in vein density successfully
predicts the sign of correlations with carbon adation rate, leaf lifespan, leaf mass per area,
and nitrogen content, in line with theory. Our fesundicate that venation networks are an
important linkage between physiological and evoludiry processes in the LES. If this
genetic basis for the LES extends to other spdbies our results may provide targets for
improving yields in agriculturally important plants
Key-words: Leaf economics spectrum, venation network, veinsity, genetic constraint.
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Introduction

The leaf economics spectrum (LES) describes caivak between multiple leaf traits
including carbon assimilation rate (Am), lifespdilL), mass-per-area (LMA) and nitrogen
content (Nm) (Wrighiet al. 2004). These patterns are found globally and acatisvascular
plant taxa (Reich et al. 1997, Wright et al. 200Bgspite the importance of the LES in
constraining plant strategies and terrestrial patrifluxes, its mechanistic origin has been
unclear. Models for the origin of the LES have fe®d on resource use optimization and leaf
physiology. Approaches include maximization of carlgain (Kikuzawa 1995), sometimes
under nitrogen availability constraints (Mcmurtaed Dewar 2011), or in optimal allocation
of resources to structural tissues (Shipteyl. 2006) or venation networks (Blondetr al.
2011).

An evolutionary perspective could provide a deepaderstanding of processes
generating the LES, but linkages between genesleafdphysiology have been limited.
Recently, (Donovaet al. 2011) made a meta-analysis showing that the LESinsarily the
result of natural selection against certain commnag of traits. This study suggests a limited
role for the genetic constraints that could lirhié independent variability of correlated traits,
and, thus, directly shape the LES covariations. élew the study was not able to find much
empirical data able to identify relevant selectgpadients or genes. However, (Vasseiual.
2012) recently showed that Arabidopsis thaliana, a small set of pleiotropic genes at two
loci (EDI andFLG) do underlie multiple LES correlations. This stymipvides a key advance
by identifying a common genetic basis for the LES,had been previously hypothesized
(Chapinet al. 1993). A key issue is now to understand the phygical effects of these
genes, because the LES is inherently a physiolbgatgern.

Here we focus on assessing the role of leaf vematetworks for the LES (Blondet
al. 2011). The importance of venation networks to Ieafctioning is becoming widely
recognized (Brodriblet al. 2010). All species with megaphyll leaves shareralar vascular
architecture (Roth-Nebelsick et al. 2001, Brodrdibal. 2010), with veins providing water
transport, carbon transport, mechanical suppod, harbivory defense at the cost of a large
carbon investment. A recent model (Blondearl. 2011) proposes that the venation network
cannot simultaneously optimize all these functideading to a constrained spectrum of leaf
trait combinations. A key trait is minor vein dags{VD; mm-1). In this model, higher VD
increases water transport capacity (Brodmblal. 2007), leading to higher Am that is also
associated with high Nm. Optimal flow consideratiomean higher VD decreases leaf
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thickness and therefore damage resistance (Neblah 2008), leading to lower LMA and
LL. These hypothesized tradeoffs lead to trait elations with the correct magnitude and
sign, suggesting that venation networks are onth@fproximal physiological mechanisms
generating the LES. These results are consistehtami evolutionary paradigm in which 1) a
small number of genes constrain vascular patter@nthe geometry of the resulting venation
network coordinates multiple LES trait values, @)datural selection acts on non-optimal
trait combinations, further limiting ranges of tralues and ordinating species along the
spectrum. Thus, for example, leaves with low VD &igh thickness could exist but would
have low Am and high LMA, leading to a negativebwar balance. Such a paradigm has not
been empirically assessed but would be consistihttiae role for natural selection proposed
by Donovan et al.,, and the identification by Vasseti al. of a common genetic basis
constraining phenotypic variability in LES traits.

Here we test the hypothesis that genes that dotiteo geometry of the venation
network also control the coordination of traitdle LES. We predict that 1) the genes known
to underly the LES will be associated with chanige¥D, and 2) genetic variability in VD
will lead to recapitulation of the LES, such that mcrease (decrease) in VD will be
simultaneously correlated with higher (lower) Andddm, and lower (higher) LMA and LL.
We assessed these predictions using multiple gpestgf the model plarA. thaliana. We
assembled a dataset (Table 1) including a) fivarahecotypes with native ranges distributed
across the Northern Hemisphere, b) sixteen recambimbred lines (RILS) generated by
crossing two ecotypes from contrasting environmeg)tfive near isogenic lines varying from
wildtype only at loci previously identified to undie the LES, d) five knockout mutants, of
which three lost functioning in genes found withime above loci, and two lost auxin
sensitivity, causing vascular patterning defect® §vew replicates of each genotype under
tightly controlled environmental conditions and dise high-throughput phenotyping system
(Granieret al. 2006) to study variation in VD, LMA, Am, Nm, antbivering time (a proxy
for LL).

Materials and methods

Plant material

We selected fivéA. thaliana ecotypes originating in multiple environments (Ochnd
Col-4, from Germany; Cvi-0, from the Cape Verdeatsls; ler-2, Ler-4, from irradiated
seeds from Poland) (Alonso-Blanco et al. 1998).alde selected a subset of 16 RILs from a

Ler x Cvi population (Alonso-Blanco et al. 1998). Thieenotypes of these RILs span the
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Figure 1. The PHENOPSIS automated phenotyping
platform can grow several hundred A. thaliana plants
under tightly-controlled conditions.
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range of leaf trait values previously observedddarger set of RILs (Vassest al. 2012).
We also selected five NILs developed by introgreg<Tvi into Ler (Keurentjeset al. 2007)

in order to assess t1 andFLG loci, which are known to have multiple pleiotrogifects
on the LES. NILs 1-2.13, 1-2.5 and 1-3 carry intesgions of chromosome 1 associated with
the EDI locus. NILs 5-7 and 5-8 carry introgressions ofochosome 5 associated with the
FLG locus. We also selected three knockout mutantgéaes (CRY2, encoding a blue-light
receptor (El-Assadt al. 2001), andHUAZ2, encoding a transcription factor in the AGAMOUS
pathway (Doyleet al. 2005)) known to be implicated in tf&] andFLG loci (Doyle et al.
2005). Mutantsry2-1 (Col-4 background) anita-1 (likely Ler-0 backgrount) describe loss
of function in CRY2, while mutanthua2-4 describe loss of function itHUA2 (Col-0
background). Finally, we also selected two knockantitants for théXR1 gene that confers
resistance to auxin, a hormone necessary for vaspalterning (Alonso-Peral et al. 2006,
Scarpella et al. 2010). Mutanexrl-3 and axr-12 (both likely Col-0 background) are
associated with incomplete vascular developmenti@mdr VD.

Growing conditions

We used the PHENOPSIS automated growth chambdityfg&ranier et al. 2006) to
grow and phenotype the plants (Figure 1a). Thdit\acan maintain constant environmental
conditions and automatically monitor multiple tsaifThis study extends the dataset and
methods of Vasseur et al. 2012 (Experiment 2, deetifully in that publication's Appendix
1). For this study we grew a total of 198 plants7(0+2.2 s.d. per mutant, 6.4+0.5 per NIL,
5.4+0.7 per RIL, and 9.0£2.9 per ecotype).

Trait measurements

All traits were collected on the first day of flovireg after removing flowering stems.
Flowering date was used as an accurate proxy fofdhly) (Vasseuet al. 2012). To measure
whole-plant photosynthesis, we used a whole-pléwatmber designed foA. thaliana and
connected to an infrared gas analyzer (CIRAS 2SipRems, Amesbury, MA, USA). Before
making measurements we sealed the surface of theitio plastic film to eliminate carbon
fluxes from soil respiration. A zenithal cameraetstined projected leaf area. We then
determined Am (nmol g-1 s-1) as the whole-plarg divided by the product of projected leaf
area and LMA. To calculate LMA and other traits, fivet harvested each rosette. We then
wrapped the rosette in moist paper and kept it@tavernight to fully rehydrate the leaves.

The oldest non-senescing and fully expanded leafthvan stored in a vial at -80°C to be later

L http://arabidopsis.info/StockInfo?NASC_id=108
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measured for VD. For all remaining leaves, leahasas obtained by digitally scanning each
leaf with its petiole removed. These leaves weea ttiried at 65 °C for 72 hours and weighed
to determine dry mass. LMA (g fhwas then determined as the total dry mass divijetthe
total leaf area. Vein density was obtained by antbal clearing process and subsequent
digital imaging and hand-tracing (Figure 1b). Leawere defrosted and cleared in a solution
of 0.5% safranin in ethanol for seven days, thamsed in a series of ethanol, 1:1
ethanol:toluene, and toluene before slide-mouritirthe toluene-based Permount resin. After
curing for three days, slides were back-illuminaa@d imaged using a dissecting microscope
(SZ2X12, Olympus) and digital camera (T2i, CanonhaFimage resolution was 195 pixels
per millimeter. A contrast limited adaptive histagr equalization was applied to the red
channel of each image to improve image qualitynysan image-editing program (GIMP,
GNU) we hand-traced the boundary of each leaf dindeans. We measured total leaf area
and total vein length using a custom program (MAB,MathWorks). VD (mm-1) was then
calculated as total vein length divided by leafaardll traits were measured on each
individual, except Nm, which for cost reasons wasasured only on a subset of leaves. For
ecotypes, mutants, and NILs, a random subset aVithehls were chosen (n = 6-15 per
category) for measurements of Nm. For RILS, ggm®tyean Nm values were obtained (n =
19) from plants grown under identical conditionsExperiment 1 of Vasseur et al. 2012. In
all cases, Nm (g/g) was determined on dried legbesh lamina and petiole) by mass
spectrometry (EA20000, Eurovec; Isoprime, Elemer@headle, UK).

All statistical analyses were performed on jlgigansformed trait values to meet
normality assumptions of statistical tests. All lgsas were conducted in R. Standardized
major axis regressions were made with the 'smatkgge and power analyses with the ‘pwr’

package.

Results

We determined if variation in genotype previousscribed to vary in LES traits was
associated with variation in VD. Absolute ranges ¥ fell between 1.8 and 4.2 nim
(Figure 2). We found significant variation betwesotypes (ANOVAF, 40= 6.2,P = 0.006)
and between RILs (ANOVA, 0= 7.0, p < 16). We next assessed the NILs, and found
that every line for th&DI locus (LCN 1-2.13, LCN 1-2.5, and LCN 1-3) hadrsiigantly
different VD from the parent, dr-0 (t-tests, allP < 0.01). For thé=LG locus, the LCN 5-7
line had significantly different VD than the paréRt= 0.003) but the LCN 5-8 line did nd® (
= 0.72). Finally, we assessed mutants for the gafegified in Vasseur et al. (2012) in the
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Figure 3. The leaf economics spectrum, as seen for different A. thaliana genotypes, is also
coordinated with variation in vein density. Pairwise relationships between traits are shown, with lines
indicating standard major axis regressions on genotype-mean data. (solid, P < 0.05; dashed, not
significant). Gray points indicate individual leaves; black points, genotype means. Symbols indicate
genotype category: circles, mutants; triangles, NILs; pluses, RILS, crosses, ecotypes. Regression statistics
are shown in the lower panel for each pairwise relationship.
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same way. For th€RY2 knockout,fha-1 was different from its &r-0 backgroundR = 0.01)
but cry2-1 was not different from its Col-4 backgrourid £ 0.18). For theHUA2 knockout,
hua2-4 was not different from its Col-0 backgrourid £ 0.39). We also tested two mutants
directly affected in their venation network becaust an impairment of hormonal
communication in thdXR1 gene. We found thaixrl-12 had different VD than its Col-0
backgroundP = 0.003) and we failed to find a difference &r1-3 (P = 0.21).

We next assessed the role of venation networkiseLES (Figure 3) by determining
if these genotypes associated with variation in affb generated LES-like patterns. We first
established that the LES was found between gensitypefound that the signs of all pairwise
correlations between Am, LMA, Nm, and LL that arescribed by the interspecific LES
(Wright et al. 2004) were recapitulated when pooling all genosyf@@nomial testP =
0.015). All pairwise correlations between Am, LMA, NrmaLL were significant (standard
major axis regressions, at < 0.05, B > 0.28). We next determined if VD was also
correlated with LES traits. We found that VD wagnsficantly correlated with Am, LMA,
and LL (standard major axis regressionsPa#t 0.05, R > 0.16) but was not with Nm (p =
0.95). The sign of the three significant correlasiovas consistent with model predictions
(binomial test p(3|n=4,s=1/2) =0.31). We finallytetenined if the effects of VD were variable
by category. Principal component analysis showedl fibr all categories, VD dominated the
second-most important axis, explaining 19-27% tdltwait variation (Figure S1).

We also assessed the role of other venation nkttaits in the LES. We calculated
the mean distance between veins (d; mm), the lespinf the networké( areoles mm), as
well a dimensionless shape index (SI=VD x d) thedatibes the elongation of areoles. These
additional traits were correlated with LES traitgt lalso highly correlated with VD (Figure
S2). This result suggests that within this speaesy one metric of the venation network is

sufficient to characterize variation in LES traits.

c
2 Forc variables there ara =[2J unique pairwise correlations. If the probabilifycorrectly
predicting the sign of a correlationgsthen the binomial probability of making at lekst
(N 4
correct predictions ip(k |n,s) = Z(I Js“ (1-9"". Smallem values indicate successful
i=k

predictions that are less likely to occur by cha@suming four LES variables € 4),
equiprobable states € 0.5) and all correct predictiong%£n), thenP = 0.015.
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Discussion

Our study makes a link between evolutionary anational bases of the LES through
venation networks. We showed that multiple nataral artificial sources of genetic variation
that are associated with LES trait variation arsoahssociated with variation in VD;
moreover, in this range of genotypes, the relahignbetween VD and LES traits is largely
consistent with theory (Blondet al. 2011). Thus the genes underlying vascular pattgrn
appear to have coordinated effects on multiple leadfctional traits. Contrary to the
hypothesis of (Donovad al. 2011), our findings are consistent with the idea the LES is
mainly shaped by genetic constraints, and not liyrakselection. While the shared genetic
determinism of the traits related to the LES doatsatiow independent variability (i.e. to ‘get
out of the spectrum’), it does allow different gamis along the spectrum. However, this does
not preclude the possibility for natural selectionoperatewithin the LES. Therefore, the
allelic frequency at the relevant genes may vatywéen populations, or species, depending
on the environmental conditions. Although this idesmains to be tested, variation in
venation network geometry does appear to be styamggociated with variation in climate,
both within and across species (ref my paleoclinaatk aspen papers, if we can publish them
in time).

It is important to note while venation networkoyide a key understanding of the
LES, they do not provide a complete understandmghis study, VD explained at most 20 to
30% of the variation in LES traits. Variation inhet aspects of leaf physiology that may be
developmentally independent or not linked to theegeidentified here may also be important
(e.g. for structural investment (Shipleyal. 2006), stomatal patterning, Rubisco synthesis,
etc.). Thus, this study is only the first step todgaa synthetic understanding of the multiple
genetic causes of LES trait variation which mayude models beyond what we tested here
(Shipley et al. 2006, Mcmurtrie and Dewar 2011).

Some of our null results (e.g. no significant elifnce in VD between a vascular
patterning mutant and wildtype) also may be duewostatistical power. For an effect size of
0.5 (reasonable given the difference in means arwt gariances observed in these results)
and a power of 0.9 (i.e. a 10% chance of incoryaiticiding there is no difference in VD), a
sample size of approximately 80 would be requiadtiiese two-sided t-tests. Sample sizes
for ecotypes, mutants, and NILs, were never larfan 12. However the significant

differences we did find are likely to represenetgenetic effects on VD.
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VD is a simple trait that may not fully encapsal#ite role of leaf venation networks
in plant functioning. For example, it does not measother traits that influence hydraulic
conductance and total carbon cost, such as variationesophyll thickness (Brodritdt al.
2007), or variation in vein width (Saek al. 2012). Leaf area (Brodrib&t al. 2010) and its
coordination with vein density (Saek al. 2012) may also be highly important to the LES,
because of the competing size-dependent demarndgicdulics and metabolism (Panéinal .
2011) as well as energy balance (Nicadral. 2011), A recent model has identified some of
the couplings between these traits that may moeltitett role of venation networks in the LES
(ref to my aspen paper if we can publish in tintddwever, a more detailed assessment of
cellular physiology was beyond the scope of thislgt

Building on the work of (Vassewt al. 2012), this study identifies a role in vascular
development for thé€eDI and FLG loci, as well as for thedAXR1 and CRY2 genes and
potentially theHUA2 gene. Further work may elucidate the moleculadevelopmental
mechanisms coupling these genes to leaf venatiawonle geometry, which (with the
exception ofAXR1 (Alonso-Peralet al. 2006)) remain unknown. Decades of study have
yielded many more vascular patterning mutantd.ithaliana than were studied here (Perez-
Perez et al. 2002, Scarpella et al. 2010). Genyenaiscular development follows patterns of
auxin concentration and is therefore sensitive friation in genes that modulate
production/inhibition of auxin or sensitivity to ([Donner and Scarpella 2009). Determining if
the genes described above, as well as others &DhELG loci, are implicated in these
pathways would further assess the hypotheses pedposre. Moreover a broader study of
vascular patterning mutants and their functionaitgrcould provide a more comprehensive
test of the ideas proposed here.

The LES is fundamentally a global interspecificttan, so understanding the
generality of these results for other species ¢sitecal but unresolved issue. Many vascular
plant species have vastly different life histortean A. thaliana, and it is plausible that
multiple genetic pathways are responsible for caymece in functioning. Synapomorphies
for leaf vascular architecture fall deep in the Eyophyte tree (e.g. high angiosperm VD
arising ~100 Mya (Roth-Nebelsick et al. 2001, Bogtal. 2009)), which would be consistent
with a common genetic basis. However, VD and ol traits can also vary greatly within
recently evolved clades (Carlquist 1959, Givnishakt 2005, Dunba€o et al. 2009),
suggesting that there is available genetic vanatimt necessarily of common origin, in many
species. Genetic work in more species will be reargsto resolve this issue. However the

advantages of studyingy. thaliana - fully known genome, rapid growth, and small sizwre
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not relevant for nearly all other speci®ge suggest that the most progress could be made
with agricultural species. Here, genomes are bétenwn, growth is generally fast, and
progress understanding LES tradeoffs could legabtentially controversial applications for

crop physiology and plant breeding.
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traits. Nm was omitted from the analysis because mangtgpas were not assayed for this
trait. Each point represents an individual of oeadajype.
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