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INTRODUCTION

Brassica napus (oilseed rape) represents a major renewable resource for food (edible oil,
proteins for animals) and non-food uses (green energy, lubricant...). That crop is the third main oil
crop worldwide (58.5 Mt in 2011) and the first in Europe and France (19Mt and 5,2Mt respectively)
(www.fao.org) Over the last 30 years, that production has increased 5-fold overall world (10-fold in
Europe). The world oilseed production will be faced to an increasing demand in the next thirty years
catapulted by a combination of factors, including an increasing demand due to higher consumption for
edible oils in emerging countries (China and India), the development of the biofuels industry and also
increasing needs for green chemistry. That crop plays thus a major role in French economy; more
oilseed rape is also a major source of income for the breeding and seed production sectors (France is
the second seed exporter in the world) (www.fao.org). In a context of limited to no increasing
cultivated surfaces, a significant increase in yield for oilseed rape is essential to fulfill the above-

mentioned requirements for the production of vegetable oils.

Oilseed rape production has a fundamental dependence on inorganic N that is one of the most
expensive nutrients; indeed N fertilization is the main expense for farmers and represents 1/2 of the
energetic cost at the production level (Singh, 2005). More, the culture is a serious concern regarding N
loss in the field, giving rise to soil and water pollution by nitrate leaching, as well as air pollution by
greenhouse gas emissions. The greenhouse gas emissions for French oilseed rape crop production have
reached around 3.2 Mt eq. CO, and nitrate content of ground water is still high (> 50 mg/L) in many

areas of intensive agricultural production where oilseed rape is cultivated (Cetiom).

Nitrogen use efficiency (NUE) is defined as the grain yield obtained per unit of available N for
the crop, including soil N from mineralization and N applied from fertilization. NUE is the product of
two components: nitrogen uptake efficiency (NUpE), the proportion of available soil N that is
absorbed by the crop, and nitrogen utilization efficiency (NUtE), the grain (or oil) yield obtained per
unit of N absorbed by the crop. To improve sustainable oilseed production through limiting N fertilizer
input, it is therefore necessary to grow oilseed rape genotype with higher NUE that can remove the
nutrient applied to soil efficiently (higher NUpE), and further assimilate, recycle and store nutrients to

produce high quantities of high quality seeds (higher NUtE).

Although with a high NUpE, NUE in modern grown oilseed rape varieties is quite low, around
15 kg seed/kg fertilizer N, compared to other crops (e.g. more than 35 kg/kg for wheat, and more that
40 kg/kg for barley) (Singh, 2005). Increasing NUE of the oilseed rape varieties could allow achieving
either current yields with lower N input or higher yields with current N supply, both of which

will reduce the cost and the environmental impacts (soil, water and air pollution) of this crop. Most



of the research concerning the NUE-related traits at the plant or crop levels, has been done on cereals
(wheat, maize, barley) while little work has been performed on oilseed rape(Diepenbrock,
2000). Therefore, the RAPSODYN project (funded by the French National Research Agency (ANR);

program “Investments for the Future™), assembling several public and private partners, ambitions to

insure long-term competitiveness of the oilseed rape production through improvement of the oil yield
and reduction of nitrogen inputs during the crop cycle. A part of this project is the study of NUtE with
special attention on NRE (N remobilization efficiency) during leaf senescence in order to fully
understand all processes involved in the remobilization of nutrients (especially N) from senescing
tissue to growing organs. Indeed, low NRE of oilseed rape is a major cause of low NUE, and the aim
of the present study is to contribute to a better understanding of cellular and molecular processes
operating in leaf tissues during senescence progression to deliver putative targets for breeding.
Senescence is a highly regulated process implying numerous genes, hormones and enzymes (Lim et
al., 2007), and all these aspects have been more or less described in model plant species. Although
more and more molecular candidates are being highlighted, leaf tissue and sub-cellular organization
changes operating during senescence is still poorly understood as a major nutrient resource for C and
N recycling. Leaf structure has been commonly studied through microscopy (Wuyts et al., 2012).
However, the recent progress in the use and the interpretation of NMR relaxometry signal
demonstrated the potentialities of that method for accessing water repartition at the cell level. This
should give us precious information on leaf structure; as structure is modified with development the
NMR signal can be a reliable marker of leaf developmental state. The NRE being a character hardly
quantifiable such indicator would be very useful for breeding. The present study focuses on leaf
structure modifications provoked by remobilization processes during senescence; despites the known
consequences of remobilization (plasts disappearance for example) the structural impact of senescence

has yet not been described and the link between structure and remobilization is unknown.

The present manuscript relates the main results obtained in this thesis carried out as part of
acollaboration between two scientific groups (UR TERE; IRSTEA and UMR IGEPP, INRA-
Agrocampus Ouest-Université de Rennes 1). It was funded by the Brittany region for the salary and
partly on operating funds from RAPSODYN program. The first part (in French) describes the state of
art about the biochemical and genetic knowledge on leaf senescence. As that process is highly
regulated numerous studies focus on phytohormones and genes regulation, and because it implies
remobilization of cell constituents, several degrading and export processes have been described. The
work has been focused on abiotic stresses impact on leaf structure, so these aspects have also been
detailed. Indeed, the important role of nitrogen in oilseed rape crop and its impact on leaf senescence
in Brassica napus is also reviewed. Because it’s a major stress worldwide, impact of water stress on
leaf senescence is also described. The last part focuses on the knowledge acquired on leaf structure

and described precisely the work already done on plant product through NMR.


http://www.agence-nationale-recherche.fr/en/project-based-funding-to-advance-french-research/
http://www.agence-nationale-recherche.fr/en/investments-for-the-future/investments-for-the-future/

A material and method section assembled all the technical procedure used during this study.

The first chapter presents the structural impact of natural senescence on leaf structure. A related
publication entitled “Structural changes in senescing oilseed rape leaves at tissue and subcellular
levels monitored by Nuclear Magnetic Resonance relaxometry through water status” published in
Plant Physiology is inserted. That paper highlights the leaf hydration accompanying leaf senescence
and describes precisely the modifications of the leaf structure through the analysis of the NMR
relaxometry signal. The chapter also includes a second publication entitled: “Assessment of nutrient
remobilization through structural changes of palisade and spongy parenchyma in oilseed rape leaves
during senescence” published in Planta that completes the description of leaf structure modifications
during senescence. This kinetic work goes further in the study of senescence, than the leaf rank
comparison of the first paper, confirming the pattern of evolution of NMR signal during leaf
senescence. The study also highlights the accuracy of NMR relaxometry signal to determinate the leaf

physiological and developmental age.

The second chapter focuses on the impact of abiotic stresses on the structure of leaves from
plants grown under field-like conditions in relation with the NRE. The Nitrogen deficiency is studied
in the publication entitled “Nitrogen deficiency impacts cell and tissue leaf structure with
consequences on senescence and nutrient remobilization efficiency in Brassica napus” submitted to
the journal Plant Science. The study describes the leaf structure modifications during senescence on
two oilseed rape genotypes chosen for their different tolerance to N-stress and grown under optimal
and N-stress conditions. This gives us new information about the link between NRE and leaf structure.
The last part of this chapter presents unpublished work centering on the impact of water stress on the
leaf modifications occurring during senescence. The aim was to describe and understand tissue and

cellular structure modifications impacting leaf during senescence of plants submitted to water stress.

These two chapters are integrated into a general discussion that takes stock of the work done at
the critical elements found in the literature. The main elements of conclusions and the prospects for

this work come close this document.
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Introduction

La sénescence foliaire est un processus le plus souvent associé au vieillissement de la feuille et
dont I'un des effets les plus spectaculaires est la dégradation des pigments chlorophylliens
(Hoertensteiner, 2006). Ce processus est notamment a I’origine de 1’apparition des couleurs variées
des feuilles en automne chez les especes pérennes. Il s’agit d’un phénomeéne développemental
strictement ordonné, controlé et obligatoire, initié par divers facteurs internes, comme 1’age de la
feuille, la balance nutritionnelle ou hormonale, ou des facteurs environnementaux (Lim et al., 2007).
Au moment du vieillissement des tissus foliaires, la feuille mature non sénescente est une feuille
source assurant la remobilisation des photosynthétats vers les organes puits (organes en croissance ou
de stockage). Dans la feuille en sénescence, le maintien du statut d’organe source dans des tissus qui
perdent peu a peu leur capacité d’autotrophie, est alors assuré par la dégradation et la remobilisation
de nutriments a partir des composants structuraux. L’étape ultime de la sénescence est la mort de la
feuille. Nooden et al. (1997) ont décrit la sénescence foliaire en trois étapes principales, une étape
d’initiation, une étape associée a la dégradation et la remobilisation des composants cellulaires et une

étape finale correspondant a la mort cellulaire.

L’objet principal de I’étude est le tissu foliaire. Quelques éléments d’organisation structurale de
ces tissus seront décrits en premier de maniére a pouvoir cerner plus précisément, a 1’échelle du
mésophylle, comment la sénescence est initiée et évolue. A ce jour, il n’a pas été décrit de progression
différenciée du processus de sénescence au sein des différents parenchymes, alors que ces tissus ont

des vocations physiologiques propres dans la feuille.

La phase d’initiation de la sénescence est caractérisée par les changements d’expression de
nombreux genes (BuchananWollaston, 1997). Elle peut étre influencée par des facteurs de
I’environnement mais aussi par des facteurs internes. Dans la présentation des mécanismes du
processus de sénescence foliaire, le réle des différentes hormones impliquées dans I’initiation ainsi
que les modifications d’expression des génes associées sont décrits ici (Quirino et al., 2000;

Buchanan-Wollaston et al., 2003; Lim et al., 2003).

La deuxieme étape de la sénescence, c'est-a-dire le démantélement cellulaire et la remobilisation
des constituants vers les organes puits est, chez les especes de grande culture notamment, une étape
particuliérement importante dans 1’établissement du rendement final. En effet la feuille représente
I'une des principales réserves de carbone et d’azote mobilisables par la plante. La dégradation des
constituants cellulaires implique, en fonction de leur nature biochimique, des mécanismes variés
présentés dans cette partie. Au niveau cellulaire, les plastes sont plus particulierement étudiés dans la
mesure ou la majeure partie des protéines et des lipides remobilisables de la feuille (RuBisCO
notamment, mais aussi un grand nombre de protéines membranaires) y est localisée. La dégradation de
ces constituants fait intervenir de nombreuses enzymes comme les protéases et les lipases ainsi que
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des mécanismes complexes de transit de ces constituants dans la cellule, en situation d’autophagie. Les
molécules exportables issues de ces processus de dégradation sont ensuite transportées, par voie
phloémique, spécifiguement suivant leur nature (sucres, acides aminés, acides organiques,
peptides,...) vers les organes puits. La phase ultime de la sénescence foliaire correspondant a la
dégénérescence et a la mort de la cellule implique également des phénomenes de dégradations qui sont
présentés dans cette premiere partie.

Ces informations mécanistiques sont de nature a fournir des indicateurs spatiaux et temporels de
la progression de la sénescence foliaire applicables au repérage des différentes phases et au suivi de
ces étapes critiqgues du développement (Wu et al., 2012). Un bilan est établi des indicateurs
fréquemment rapportés dans la littérature et généralement utilisés comme repéres moléculaires,

physiologiques ou phénologiques de la sénescence foliaire.

L’effet des facteurs environnementaux sur la sénescence a été abondamment documenté,
notamment 1’effet de deux contraintes majeures en agriculture, le stress hydrique et les carences
nutritionnelles (Andersen et al., 1996; Malagoli et al., 2005; Masclaux-Daubresse et al., 2008). La
production du colza nécessite un apport important en fertilisants azotés, avec des conséquences
économiques et environnementales qui peuvent s’avérer pénalisantes. Dans le contexte actuel de
réduction de ces engrais, il apparait opportun de caractériser les effets potentiels d’un stress
nutritionnel et les processus physiologiques inhérents qui peuvent concourir @ une meilleure
valorisation des ressources assimilées. Le stress hydrique, temporaire ou durable, survient
fréguemment lors d’un cycle de production et pénalise la croissance et le développement. Il interfere
avec les capacités de nutrition minérale (azotée notamment) et contribue a des ajustements importants
du métabolisme de la plante. Le contréle exercé par ces contraintes isolées ou combinées sur
I’induction et la progression de la sénescence a des conséquences sur |’efficience d’utilisation des
nutriments. Nous rapporterons quelques-uns des effets exercés par les stress abiotiques sur la

régulation de la sénescence foliaire en particulier.

La relaxométrie par Résonance Magnétique Nucléaire (RMN) est une technique donnant acces a
I’état et a la compartimentation de 1I’eau dans une matrice. Cette méthode a déja été appliquée pour la
caractérisation de diverses matrices végétales. Aprés un rappel des mécanismes de relaxation dans les
produits biologiques, des exemples d’application aux végétaux sont donnés. Il faut noter que dans la
littérature seul un nombre limité de travaux portant sur 1’étude des organes foliaires par RMN sont

disponibles.
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1-Changements structuraux et ultra-structuraux au cours de la
sénescence

La structure foliaire est complexe et dépend aussi bien de I’organisation et de la taille des tissus
mais aussi de parameétres cellulaires comme la taille des cellules, I’élasticité de la paroi... La cellule en
elle-méme possede une structure complexe dépendant de la taille et des caractéristiques des organites
qu’elle contient ainsi que de la composition et les propriétés de la paroi.

1.1 Au niveau tissulaire

Au sein de la feuille, différents tissus sont organisés pour la réalisation de la photosyntheése,
I’absorption et le rejet d’O,, de CO; et d’eau, et les échanges en nutriments avec le reste de la plante.
Les cellules épidermiques constituent une barriére protégeant les autres cellules, et en créant une
atmosphére propre a D’intérieur de la feuille permettent de réguler le flux transpiratoire par
I’intermédiaire des stomates. Ce role essentiel des stomates explique que ces cellules restent
fonctionnelles jusqu’aux derniers stades de la sénescence et que 1’épiderme soit le dernier tissu a étre
impacté par la sénescence (Keech et al., 2007). Le parenchyme palissadique, constitué de cellules
chlorophylliennes densément réparties, est supposé étre le siege principal de la photosynthese, tandis
que le parenchyme lacuneux, moins dense, réalise les échanges gazeux avec le milieu extérieur
(Nardini et al., 2010). Ces différents tissus, interconnectés, sont reliés aux tissus conducteurs,
constitués par les cellules conductrices du xyléme et du phloéme afin de réaliser les échanges d’cau et
de nutriments (Turgeon and Wolf, 2009). L’export des nutriments se déroulant jusqu’a la fin de la
sénescence, les tissus conducteurs ne sont pas dégradés et leur structure ne change pas. Cependant le
parenchyme palissadique, siege de nombreuses dégradations au cours de la sénescence, devrait subir
plus de modifications ; en effet en raison de son réle supposé dans la photosynthése ce tissu devrait
étre plus touché par la remobilisation. Ce phénoméne n’a cependant pas été décrit dans la littérature.
En effet la structure foliaire a été décrite de maniere tres précise chez de nombreux arbres (Castro-
Diez et al., 2000) et chez certaines plantes modéles comme le tabac (Radochova et al., 2000), le riz
(Inada et al., 1998) et Arabidopsis (Wuyts et al., 2012). Cependant il n’existe que trés peu d’études
portant sur des modifications des différents tissus de la feuille mature, la plupart étudiant I’impact
d’un stress hydrique ou de ’ozone. Ainsi Wuyts et al. (2012) ont prouvé chez Arabidopsis qu’en
réponse a la lumiére et a la disponibilité de I’eau, différents génotypes ont été impactés différemment
en terme de modifications au niveau de la taille des cellules et de 1’épaisseur des tissus. Les
changements de tailles et la mort des cellules provoqués par I’ozone spécifiquement sur les cellules du

parenchyme lacuneux ont aussi été étudiés (Gunthardt-Goerg et al., 2000; Al Sahli et al., 2013).

1.2 Au niveau cellulaire et subcellulaire
De la méme manicre que pour les tissus, peu d’études portent spécifiquement sur la structure

des cellules (Martinez et al., 2007; Wuyts et al., 2012) et aucune parmi elles sur les changements
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structuraux au cours de la sénescence. Pourtant la dégradation des plastes pendant la sénescence, trés
bien décrite (Ghosh et al., 2001; Wada and Ishida, 2009), modifie surement la structure de la cellule.
De plus, la vacuole a une forte activité lytique pendant la sénescence et pourrait servir en plus de lieu
de stockage transitoire des produits de dégradation des constituants cellulaires (Otegui et al., 2005).
Ainsi la composition de la vacuole devrait étre fortement impactée par la remobilisation. La vacuole
¢tant a I’origine de la turgescence cellulaire, ces modifications devraient aussi impacter la structure
cellulaire. En plus de la paroi (Martinez and Guiamet, 2014), le cytosquelette est aussi dégradé lors de
la sénescence (Keech, 2011). Ces déterminants principaux (plaste, vacuole, paroi cytosquelette) étant

impactés par la sénescence la structure cellulaire est certainement modifiée.

2-Mécanismes de la sénescence foliaire

2-1 Initiation

L’initiation de la sénescence est finement contrdlée et peut étre influencée par de nombreux
facteurs internes et externes. Cette étape est particuliérement importante car I’initiation de la
sénescence dans la feuille marque notamment le début du déclin de I’activité photosynthétique et une
sénescence précoce peut donc impacter le rendement. Les facteurs abiotiques et biotiques influencant
la sénescence et particulierement son initiation sont nombreux et sont résumés dans la Figurel.
Comme la plupart des phases de développement et de croissance des tissus et des organes vegétaux, la

sénescence foliaire, notamment dans sa phase d’initiation, est sous le controle des phytohormones.

Internal factors Regulatory External factors
network
* Hormones | J * UV-B or ozone
Cytokinin (AHK3, ARR2) * Nutrient limitation Figure 1: Schéma
Ethylene (EIN2, OLD * Heat or cold . .
yiene oD Developmental « Drought représentatif des
Auxin (ARF2) age « Shading
i/; LOSDOS) « Pathogen attack différents facteurs
WRKY6 or wounding externes et internes
A Natt WRKY53 :
« Reproduction influengant I’initiation
‘ — de la  sénescence
Onset of senescence (d’aprés Lim et al,
v (2007)).
Macromolecule | Nutrient salvage | Detoxification
degradation & translocation & defense

* Chlorophyll loss/ nitrogen and lipid mobilization
* Increase of antioxidants and defense-related genes

L2
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2-1-1 Roles des différentes phytohormones dans [initiation de la sénescence

Les hormones végétales sont nombreuses et chacune posséde en général une action complexe et
interactive. Plusieurs hormones interviennent dans la régulation de ’initiation et de la progression de

la sénescence (figure 2) au travers d’activités activatrice ou répressive (Sarwat et al., 2013).

B |

Auxin Cytokinin  Ethylene SA

=y 4%
[ =

AGE

Figure 2 : schéma représentatif des différentes hormones impliquées dans la régulation de la sénescence.
Avec I’age les effets des régulateurs négatifs de la sénescence (Auxine, acide Giberillique (GA) et cytokinines)
diminuent tandis que les effets des enzymes provoquant la sénescence augmentent.

Les cytokinines ont un role essentiel dans la physiologie de la plante notamment dans le
contrdle de la prolifération cellulaire, de la ramification, de la synthese des chlorophylles et de la
sénescence. En effet, leur capacité a ralentir la progression de la sénescence foliaire a été démontrée
depuis longtemps (Back and Richmond, 1969; Aharoni et al., 1975). La concentration en cytokinines
diminue dans une feuille sénescente, en adéquation avec la sous-expression des genes de leur synthese
et la sur-expression des génes de dégradation (Buchanan-Wollaston et al., 2005). Chez des
transformants de tabac surexprimant les génes de synthese des cytokinines la sénescence foliaire est
ralentie (Wingler et al., 1998). De maniére générale, la voie de signalisation des cytokinines, telle que
décrite chez Arabidopsis thaliana passe par la perception du signal hormonal au niveau de récepteurs
de type histidine kinases (AHKS) provoquant une cascade de phosphorylation activant des facteurs de
transcription. Les mécanismes restent encore peu connus mais il semble qu’un des trois récepteurs aux
cytokinines d’Arabidopsis, AHK3/ORE12, jouerait un rble majeur. Ce récepteur agirait sur la
phosphorylation d’ARR2 (Arabidopsis response regulator 2) qui induirait ou réprimerait d’autres
génes. Brenner et al (2005) ont mis en évidence, chez Arabidopsis, 71 génes surexprimés et 11 sous-
exprimés en réponse directe aux cytokinines, bien que ces génes ne soient pas tous inversement
contrdlés lors de la diminution de la concentration des cytokinines accompagnant la sénescence,
indiquant I’intervention d’autres facteurs (van der Graaff et al., 2006). Par ailleurs, un rdle des sucres
dans le mécanisme de régulation de la sénescence par les cytokinines a été proposé en lien avec la
démonstration que I’inhibition d’une invertase pariétale, impliquée dans le chargement des sucres dans

le phloéme, annulait I’effet retardateur des cytokinines sur la sénescence (Lara et al., 2004).
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L’éthyléne joue un rdle important dans différents phénomeénes développementaux comme la
maturation du fruit ou la sénescence des fleurs. Des enzymes de la voie de biosynthése de I’éthyléne
comme I’ACC synthase (AminoCyclopropaneCarboxylate synthase) et I’ACC oxydase sont activées
dans les feuilles sénescentes (van der Graaff et al., 2006). Il a été montré chez Arabidopsis que les
ACC synthase sont nombreuses et finement régulées aussi bien de maniére spatiale que temporelle
(Tsuchisaka and Theologis, 2004). De plus des mutants d’Arabidopsis, éthyléne-résistant 1 (etrl) et
éthyléne-insensitive 2 (ein2), affectés respectivement dans la perception de I’éthyléne et dans la
transcription du signal, présentent un phénotype de sénescence retardée (Oh et al., 1997). Ceci met en
évidence un role d’accélérateur de la sénescence de I’éthyléne bien qu’il ne semble ni nécessaire (les
feuilles des mutants ein 2 et etrl sénescent) ni suffisant (les mutants surproduisant 1’éthyléne ne
présentent pas de sénescence accélérée) a la sénescence (Jing et al., 2002). Le géne old1 (onset of leaf
death 1) est exprimé en fonction de I’dge du tissu et le mutant old1l présente un phénotype de
sénescence accéléré chez Arabidopsis. Une exposition a 1’éthyléne accélére encore 1’entrée en
sénescence des mutants old1. Il apparait donc que old1l régule négativement I’intégration de la voie
I’éthyléne dans la sénescence foliaire. Ceci expliquerait en partie le fait que seules les feuilles agées
présentent une induction de la sénescence en réponse a 1’éthyléne (Grbic and Bleecker, 1995), alors
que des feuilles non matures sont insensibles. En début de sénescence (quand les effets des hormones
régulant positivement la sénescence diminuent) les tissus foliaires sont sensibles a 1’éthyléne
seulement pour un temps donné (appelé sénescence dépendante de 1’éthyléne). A ce moment la
sénescence est encore réversible, mais passé un stade, la sénescence est irréversible, 1’éthyléne n’a
plus d’effet (sénescence indépendante de I’éthyléne) et d’autres hormones comme [’acide abscissique

(ABA) et ’acide salicylique (AS) entrent en jeu.

L’ABA est une phytohormone qui régule la réponse de la plante & différents stress
environnementaux mais contribue également a contrdler certains événements de développement
comme la germination de la graine et la croissance cellulaire (Gubler et al., 2005; Zhao et al., 2014). Il
a été démontré que ’application exogéne d’ABA provoque la sénescence et I’abscision des feuilles
(Zeevaart and Creelman, 1988). De plus lors de la sénescence, la concentration en ABA augmente
(He et al., 2005; van der Graaff et al., 2006), et trois génes majeurs de la voie de synthése de cette
phytohormone (NECD, AAO1, AAO3) sont surexprimés dans les feuilles en sénescence. On retrouve
aussi des niveaux élevés de cette hormone dans les feuilles de plantes soumises a des stress connus
pour accélérer la sénescence foliaire comme les stress hydrique ou thermique (Guo and Gan, 2005).
Cependant les mécanismes exacts de régulation de la sénescence par I’ABA restent encore inconnus.
L’application exogéne d’ABA provoque une surexpression de plusieurs génes SAGs (Senescence
Associed Genes) dans les feuilles agées (Zhang et al., 2012) parmi lesquels SAG13. Ce géne fait partie
de la sous-famille A des PP2C (Protein ser/thr Phosphatase 2C) et est impliqué dans la régulation de
I’ouverture des stomates. L’augmentation de la concentration en ABA induit, en plus de la fermeture

des stomates, 1’expression de génes liés aux activités antioxydantes comme la superoxyde dismutase
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(SOD), I’ascorbate peroxydase (APOD), et la catalase (CAT). Ces enzymes jouent un role dans la
détoxification des ROS (Reactive Oxygen Species), produites en grande quantité pendant la
sénescence (Zimmermann and Zentgraf, 2005), notamment lors du démantélement des plastes. L’ABA
pourrait donc exercer des fonctions régulatrices de la gestion des dommages lies aux dégradations

cellulaires.

L’acide salicylique (AS) est une phytohormone majeure de la réponse de la plante aux bio-
agressions. Cependant cette enzyme semble aussi avoir un réle dans la sénescence, indépendemment
de toute attaque de pathogéne. En effet la concentration en AS est quatre fois plus importante dans les
feuilles sénescentes que dans les feuilles matures chez Arabidopsis. De plus I’expression de nombreux
génes SAG (PR1a, chitinase, et SAG12) durant la sénescence est considérablement réduite chez les
mutants défectueux dans la biosynthése et la voie de signalisation de I’AS (nprl et pad4) (Morris et
al., 2000). D’autres indices comme la sénescence accélérée des feuilles chez les mutants surexprimant
ACBP3 (Acyetyl Coenzyme A Binding protein) liée a I’AS (Xiao et al., 2010), I’induction par I’AS de
facteurs de transcription (WRKY70, WRKY53) ayant des rbles importants dans la sénescence
(Besseau et al., 2012) ou encore le retardement du jaunissement des feuilles chez les mutants
produisant peu de AS, indiquent un réle important de cette hormone dans le retardement de la

sénescence mais les mécanismes en restent inconnus.

L’auxine est impliquée dans de nombreux aspects du développement de la plante. Les enzymes
de biosynthése (TSA, AO1L, NIT1-3) de I’auxine sont surexprimées pendant la sénescence et le niveau
d’auxine augmente dans les feuilles sénescentes. De plus les mutants d’Arabidopsis arf2 (Auxin
Respons Factor) présentent une sénescence foliaire retardée (Ellis et al., 2005). L’application d’auxine
exogene provoque une diminution de I’expression des génes SAG. Le role exact de ’auxine durant la
sénescence reste inconnu mais son interaction avec I’éthyléne pour activer 1’abscission de la feuille est

bien documentée (Brown, 1997).

L’application foliaire de MeJa (Methyl-jasmonate), un précurseur du jasmonate, induit une perte
de chlorophylles, une baisse de I’activité photosynthétique, et I’activation de geénes SAG (SEN4,
SENS5, et YVPE) (Xiao et al., 2004). De plus, plusieurs génes surexprimés lors de la sénescence foliaire
sont aussi induits par le jasmonate (He et al., 2002). Il semble donc que le jasmonate puisse étre

sollicité pour induire la sénescence.

Les polyamines sont des molécules, parmi lesquelles la spermine, la spermidine, la cadaveérine
et la putrescine sont présentes chez tous les étres vivants et ont de nombreux rdles au sein des plantes
(Bouchereau et al., 1999) notamment dans la PCD (Kusano et al., 2008). La diminution de la quantité
de polyamines dans les feuilles sénescentes laisse supposer un role inhibiteur de ces molécules sur la
sénescence. L’application d’inhibiteurs de la voie de biosynthése de polyamines sur des feuilles de

rosier accélére la sénescence, alors que I’application de spermidine la ralentit fortement (Sood and
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Nagar, 2008). Une étude chez la laitue a mis en évidence que 1’effet retardant de la spermidine sur la

sénescence pouvait étre médiée par 1’action de transglutaminases (Serafini-Fracassini et al., 2010).
2-1-2 Les genes impliqués dans de la sénescence

L’initiation et les différentes étapes de la sénescence passent par 1’activation et la répression de
nombreux genes. Les premiéres études sur ce sujet ont porté essentiellement sur des mutants de
sénescence, mais dans les années 2000, les progres de la génomique et le séquencage complet du
génome d’Arabidopsis ont permis une identification fonctionnelle des génes impliqués dans les

mécanismes de sénescence.

L’analyse fonctionnelle a démontré que beaucoup de ces génes codaient des protéines
impliquées dans la synthese, la dégradation ou la réception de phytohormones. Ainsi, 96 genes codant
des facteurs de transcription ont été identifiés comme surexprimés lors de la sénescence foliaire chez
Arabidopsis (Buchanan-Wollaston et al., 2005). Parmi les facteurs de transcription de la famille
WRKY (la plus importante), AtWRKY53 a été révélé pour son réle important dans le contrdle de la
sénescence foliaire (Zentgraf et al., 2010). Il contribuerait a réguler des événements précoces de la
sénescence. Des mutants KO pour ce facteur de transcription présentent une sénescence ralentie, alors
que les mutants de surexpression présentent une sénescence accélérée (Besseau et al., 2012) . Une
cartographie comparée de 1’expression des génes d’une feuille soumise a un stress et d’une feuille
sénescente montre de nombreuses similarités. Par exemple sur les 43 genes surexprimés lors de la
sénescence, 28 le sont aussi lors de différents stress biotiques et abiotiques (froid, et secheresse
notamment)(Chen et al., 2002).

Une autre fraction importante des genes sollicités lors de la sénescence foliaire correspond aux
enzymes et différentes protéines attachées au fonctionnement photosynthétique et associées aux

processus de dégradation des macromolécules et de remobilisation des nutriments.
-Les génes SAG (Senescence Associated Genes)

Un grand nombre de génes surexprimés durant la sénescence, appelés SAG (senescence
associated genes), ont été isolés chez de nombreuses espéces de plantes. La plupart des génes SAGS
ont été révélés grace aux analyses de type microarray (Quirino et al., 2000; Buchanan-Wollaston et al.,
2003; Lim et al., 2003). Certains de ces genes codent des facteurs de transcription, ou des composants
de la transduction et de la perception des signaux (Ellis et al., 2005; Guo and Gan, 2005; Besseau et
al., 2012). D’autres génes SAG codent des proteines de la synthése et la régulation des phytohormones
mais aussi des enzymes impliquées dans les processus de remobilisation. Le mieux décrit est le gene
SAG12 codant une Cys-protéase qui présente un profil d’expression typique lors de la sénescence
foliaire, et qui, contrairement & de nombreuses autres enzymes SAG, est surexprimée uniquement

pendant la sénescence.
-Les génes SGR (Stay-Green)
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Les mutants stay-green (sgr) sont caractérisés par le maintien de la couleur verte des feuilles en
comparaison avec une plante sauvage au méme stade de développement. Ces mutants présentent un
retard dans I’initiation ou la progression de la sénescence foliaire. Ils sont classés en deux catégories :
les mutants fonctionnels, qui conservent une activité photosynthétique, et les mutants non-fonctionnels
pour lesquels le maintien de la couleur verte n’est pas associée a la conservation de cette activité
(Hoertensteiner, 2009). La plupart des mutants stay-green non fonctionnels sont, de par leur mutation,
incapables de dégrader la chlorophylle. Ainsi bien que vertes les feuilles de ces mutants ne font pas ou
peu de photosynthese. Certaines protéines SGR sont impliquées dans le désassemblage des complexes
chlorophylles/apoprotéines sur le Photosysteme Il (PSII) (Oh et al., 2000), ce qui est la premiere étape
de la dégradation de la chlorophylle. L’étude des mutant sgr a permis d’approfondir les connaissances
a propos des mécanismes de dégradation de la chlorophylle et d’autres phénoménes impliqués dans la
sénescence (KingstonSmith et al., 1997; Rampino et al., 2006; Horie et al., 2007).

2-2 Dégradation et remobilisation des constituants cellulaires.

La fonction principale de la sénescence est de recycler des nutriments métaboliques, accumulés,
sous différentes formes biochimiques, pendant la croissance et la maturation, en éléments exportables
et réutilisables a distance par les organes puits. La remobilisation se caractérise donc par la
dégradation des différents constituants cellulaires (protéines, chlorophylles, polysaccharides, lipides,
acides nucléiques ...) puis 1’évacuation de catabolites vers les éléments phloémiens. Les constituants
de la cellule sont dégradés par différents mécanismes en fonction de leur nature et de leur localisation
cellulaire. Ces mécanismes se mettent en place durant la deuxiéme phase de la sénescence. Les
chloroplastes qui occupent de 10% a 15% du volume du mesophylle représentent généralement la
majeure partie du carbone et de I’azote remobilisables de la feuille. Les structures mitochondriales et
nucléaires sont dégradées tardivement lors de la progression de la sénescence (Makino and Osmond,
1991)

2-2-1 Chloroplastes

Lors de la sénescence, les chloroplastes subissent des destructurations graduelles (Figure 3)
qui les transforment en gérontoplastes. Cette transition débute par le gonflement du stroma et le
décompactage des thylacoides granaires. Les constituants des thylacoides sont dégradés de maniére
différente en fonction de leur nature (chlorophyllienne, lipidique, protéique...). Ces dégradations
provoquent la baisse d’activité des photosystémes II (PS II) (Ghosh et al., 2001). La déstructuration de
I’appareil photosynthétique génére I’accumulation des ROS qui contribuent généralement a la mise en
place de systemes de détoxification. Au stade gérontoplaste, les différents constituants de la

machinerie photosynthétique sont trés dégradés et le plaste n’est plus capable de photosynthése.
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Les thylacoides sont grandement dégradés et de nombreuses gouttelettes lipidiques sont visibles dans
ces organites. Sa déstructuration ultime demeure non élucidée méme si certains auteurs suggérent une

implication de 1’autophagie (Wada and Ishida, 2009).
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Figure 3: Schéma des différentes étapes
de la dégradation du chloroplaste au sein de la
5 cellule dans les cotylédons (d’aprés Inada et al,
(1998)).
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2-2-2 Dégradation des chlorophylles
Au niveau macroscopique, la sénescence est caractérisée principalement par un jaunissement

progressif des feuilles d0 & la dégradation des chlorophylles dans les chloroplastes (Figure 4).
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Figure 4 : feuilles d’ Arabidopsis agées de 12 & 32 jours aprés émergence (d’aprées Lim et al (2007))
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Figure 5 : Représentation schématique de la voie de dégradation

de la chlorophylle (d’apres Hortensteiner (2006)) desassemblage des aprotéines dans les

photosystémes. Si les chlorophylles ne

contiennent en moyenne que 2% de
I’azote foliaire, leur dégradation joue un roéle important dans la remobilisation de [’azote
chloroplastique dans la mesure ou leur libération préalable conditionne la dégradation ultérieure des
apoprotéines. L’étape suivante de la dégradation des chlorophylles est une dephytylation (détachement
de la queue phytol) qui convertit la chlorophylle en phytol et chlorophyllide. Cette réaction est
catalysée par la chlorophyllase (CHL), une enzyme située sur la membrane des plastes, ce qui permet
une séparation physique entre cette enzyme et ses substrats (chla mais aussi chlb et la phéophytine).
Le Mg* de la chlorophyllide est ensuite libéré par I’action de différentes enzymes, formant ainsi du
phéophorbide a, un pigment de couleur brune. Il est ensuite clivé, toujours dans le plaste, par I’action
d’une oxygénase, la PAO (Polyamine oxydase), qui produit différentes molécules nommées RCC (Red
Chl Catabolite). Ces RCC subissent ensuite une cascade de dégradation impliguant diverse enzymes
jusqu’a étre tranformés en pFCC (fluorescent chlorophyll catabolites). Ces catabolites sont transférés
de maniere ATP- dépendante dans la vacuole ou le pH acide catalyse leur conversion en NCC (hon
fluorescent chlorophyll catabolite). Plusieurs indices semblent indiquer une régulation fine de la

dégradation des chlorophylles notamment au niveau transcriptionnel ; ainsi chez Arabidopsis la
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quantité des ARNm codant I’enzyme CHL1 augmente fortement lors d’un traitement au MeJa et la
quantité des ARNm codant la PAO augmente pendant la sénescence. Ces deux enzymes sont aussi
induites lors d’un stress impliquant une blessure afin de détoxifier la chlorophylle libre. Il est
intéressant de noter que chez les mutants déficient en PAO ce n’est pas le pheide a qui s’accumule
mais la chl toujours liée aux apoprotéines, ce qui démontre un rétrocontrdle. Que ce rétrocontrole
agisse au niveau des protéases (responsables de la séparation chl/apoprotéines) ou de la CHL n’a pas

encore été élucidé.

Le catabolisme des chlorophylles, ainsi que la dégradation des membranes des thylacoides, qui
se déroulent durant la sénescence libérent des ROS (Zimmermann and Zentgraf, 2005) qui sont tres
toxiques pour la cellule et qui accélérent la sénescence. Or une dégradation trop rapide (induites par
les ROS) du plaste serait incompléte et ne permettrait pas la remobilisation optimale de ces
constituants. Ces dégradations s’accompagnent donc généralement d’une augmentation de I’activité
des enzymes détoxifiantes tels que les peroxydases et les catalases (Lin and Kao, 1998; Zimmermann
and Zentgraf, 2005).

2-2-3 Amidon

L’amidon est une forme de stockage transitoire du carbone dans les feuilles. Chez Arabidopsis
thaliana, un modéle a été proposé pour la voie de dégradation de I’amidon pendant la phase nocturne
(non photosynthétique) : la B-amylase, responsable de la dégradation de I’amylopectine ainsi que des
glucanes linéaires en maltose serait I’enzyme la plus active, contrairement a 1’isoamylase, enzyme de
débranchement formant des glucanes linéaires a partir de I’amylopectine. L’enzyme DPE1 (D-enzyme
platidiale) permet de dégrader ces glucanes en glucose. Le maltose et le glucose seraient alors les
formes d’exportation du stroma vers le cytosol. D’autres enzymes peuvent aussi intervenir de facon
moins importante, comme |’a-amylase. Cependant, il n’est pas démontré que ce mécanisme de
dégradation de 1’amidon soit impliqué (Zeeman et al., 2007) durant la sénescence. En effet, il est
possible que cette baisse de la teneur en amidon soit associée a une baisse de Dactivité
photosynthétique, stoppant ’accumulation diurne d’amidon et réduisant la capacité de reconstitution

du stock dégradé pendant la nuit.
2-2-4 Protéases

Dans la feuille, ’azote se trouve majoritairement dans les acides aminés qui constituent les
protéines. La plus grande partie de ces protéines est dans le plaste, sous forme de protéines solubles
dans le stroma comme la RuBisCO ou sous formes de protéines membranaires comme les
apoprotéines. La remobilisation de I’azote nécessite donc une dégradation des protéines par des
protéases en acides aminés exportables vers les organes puits. Cette remobilisation protéique, au cours
de la sénescence des feuilles, a été particulierement étudiée chez des especes d’intérét agronomique
comme le riz (Liu et al., 2008), le blé (Roberts et al., 2011), I’orge (Ruuska et al., 2008), le soja

(Otegui et al., 2005), et le colza (Tilsner et al., 2005; Desclos et al., 2009). Chez Arabidopsis, 826
22



génes codant des protéases ont été identifiés (Figure 6). Elles ont des fonctions et des localisations
différentes, par exemple la vacuole, les RCB (RuBisCO Containing Bodies) et les autophagosomes.

Lors des premiers stades de la sénescence, la

dégradation des protéines impliquerait tout d’abord celles

accumulées dans le stroma (en particulier la RuBisCO).

Studied in Arabiopsis Stuchesd in other i i . Lo A
plant spacias Des études protéomiques ont révélé que les protéases de
type FtsH sont fortement exprimées au début de la
LaSerl, Mo il

MoEH EediER:

sénescence. Les protéases FtsH (famille M41) sont des

métalloprotéases membranaires ATP-dépendantes avec un

Fari-Fa

domaine de liaison au zinc (Wagner et al., 2012). Parmi

les 12 protéases FtsH, 9 sont chloroplastiques avec un role
bien connu dans la différenciation des plastes et la
dégradation de certaines protéines dans le cycle de
réparation du photosysteme Il (Nixon et al., 2010) ainsi
que dans la dégradation des protéines des antennes
collectrices (LHCII) chez Arabidopsis (Zelisko and

Jackowski, 2004). Par conséquent, I'induction spécifique

de protéases chloroplastiques FtsH suggére que les

protéines associées aux membranes des thylakoides sont

également dégradées au début de la sénescence des

feuilles dans le colza.
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Arabiinnis gt La protéolyse ubiquitine-dépendante est le

. e ) mécanisme majeur de dégradation sélective des protéines
Figure 6 : Différentes protéases chez

Arabidopsis (d’aprés van der Hoorn cytoplasmiques et nucléaires dans toutes les cellules
(2008)) eucaryotes. Elle est impliquée dans le cycle de vie de la
cellule pour dégrader les protéines imparfaites et celles nécessitant un rapide turn-over. Ce mécanisme
fonctionne en deux étapes ; I’étiquetage de la protéine cible par I’ajout d’un polymére d’ubiquitine
(ubiquitinylation), puis sa dégradation par le protéasome 26S. Ce dernier dégrade les protéines
ubiquitinylées en peptides de 3 a 23 acides aminés, qui sont ensuite hydrolysés en acide aminés par
d’autres enzymes, les principaux acides aminés exportés étant la glutamine et |’asparagine.
L’ubiquitinylation correspond a une cascade de réaction dont la derniére est catalysée par une
ubiquitine protéine-ligase appelée E3. Certains geénes codant un constituant d’une enzyme E3, comme

ore9, sont connus pour agir sur la sénescence. En effet chez les mutants d’Arabidopsis ore9, la

sénescence est ralentie. Des analyses par microarray montrent une surexpression du géne ore9 lors de
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la sénescence foliaire chez le tabac (Woo et al., 2001). Ces résultats soutiennent une implication de la
protéolyse ubiquitine-dépendante au cours de la sénescence foliaire. Cependant d’autres mécanismes
participent a la dégradation des protéines lors de la sénescence foliaire. En correspondance avec la
dégradation de la RuBisCO, la concentration de CND41 (Chloroplast Nucleotid DNA-binding protein)
augmente dans les feuilles sénescentes d’Arabidopsis et de tabac (Kato et al., 2004; Kato et al., 2005;
Kato et al., 2005). Cette enzyme joue un réle important dans la dégradation de la RuBisCO, bien que
les mécanismes n’aient pas encore été totalement élucidés. L hypothése que la dégradation de la
RuBisCO soit initiée par les effets délétéres des ROS a été proposée (Felleret al., 2008), la protéase de
type aspartique CND41 n’agissant in vivo que sur de la RuBisCO partiellement dégradée (Kato et al.,
2004). La suite de la dégradation se déroule dans la vacuole aprés un transport de type autophagique
dans des petites vésicules appelées RCB (Rubisco Containing Body). D’autres études ont mis en
évidence le role de la protéase CND41 dans la dégradation de la RuBisCO chez le colza (Diaz et al.,

2008), sans pour autant déterminer le lieu exact (plaste ou RCB) de I’action de cette enzyme.
2-2-5 Lipides

Une grande partie du carbone de la cellule chlorophyllienne est sous forme lipidique. Les lipides
membranaires, notamment dans les plastes, consituent une source importante de carbone durant la
sénescence. La dégradation des membranes dans les chloroplastes est un symptdme précoce de
I’initiation de la sénescence et entraine une augmentation de la perméabilité membranaire et des pertes

d’ions, et est associée a une diminution de I’activité des protéines membranaires.

D’une fagon générale, les membranes cellulaires sont affectées par la sénescence de la facon
suivante : pendant la vie de la cellule, le phénoméne de bourgeonnement cellulaire (ou « blebbing »)
permet de libérer, a partir des membranes, des particules lipido-protéiques qui sont remplacées par des
lipides et protéines néoformés (Brehelin and Kessler, 2008). Les particules sont formées de
phospholipides, diacylglycérols, triacylglycérols, ainsi que de lipides et protéines déegradés. Les lipides
dégradés sont enfermés dans des gouttelettes de phospholipides qui sont acheminées vers la vacuole
afin d’y étre recyclées. Ceci permet, dans les tissus foliaires, d’assurer le maintien de 1’intégrité et des
fonctions membranaires par le « turn-over » des lipides et protéines constitutifs. Lors de la phase de
sénescence, ce phénomene de bourgeonnement diminue. Les lipides et protéines dégradés sont donc
de moins en moins éliminés des structures membranaires. En paralléle, la sénescence induit la
synthése d’enzymes de dégradation des lipides et protéines membranaires, ce qui favorise encore la
présence de molécules dégradées dans la membrane. Le taux de lipides a acides gras polyinsaturés
diminue, ces lipides étant préférentiellement affectés par les enzymes induites par I’état de sénescence.
L’augmentation de la concentration en catabolites lipidiques dans les membranes conduit & une
séparation de phase des lipides membranaires. La membrane, initialement liquide-cristalline, forme
des plages d’acides gras sous forme de « gel ». Ceci entraine donc au final une perte de la

compartimentation de 1’eau et des solutés (Thompson et al., 1997; Thompson et al., 1998).
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Les lipides de stockage sont des triacylglycérol (TAG), composés de trois acides gras estérifiés
lié & une molécule de glycérol particulierement représentés dans le cytosol des graines oléagineuses,
et stockés dans de petites vésicules de 0.5-0.2 um de diamétre (corps gras ou liposomes). Dans les
feuilles d’Arabidopsis, la quantité de TAG est importante lors de la sénescence (13% en masse), au
niveau des plastoglobules, alors qu’elle est beaucoup plus faible dans les jeunes tissus (2%). Les
plastoglobules sont des veésicules lipoprotéiques de petit diamétre (50-100 nm)(Figure 7) (Brehelin et
al., 2007) et c’est sous forme de TAG au sein de ces plastoglobules que les lipides sont remobilisés
lors de la sénescence. La composition en acides gras de ces TAG suggére qu’ils proviennent en
majorité de la transformation des galactolipides des membranes chloroplastiques (Lee et al., 2001). La
de-estérification des acides gras des galactolipides est due a une ou plusieurs galactolipases. Il a été
rapporté qu’une de ces enzymes, LIP1, était induite lors de la sénescence (Kim et al., 2001). L’étape
finale de formation des TAG est due a la DGAT1 (diacaylglycerol acyltransferase), dont le gene est

aussi surexprimé pendant la sénescence.

Ly

Figure 7 : Image de microscopie électronique d’un chloroplaste d’une feuille de colza

Les plastoglobules sont associés a tous les types de plastes, et ont un role a la fois dans le
développement des thylacoides et dans le stockage temporaire des lipides mais aussi dans la réponse a
certains stress comme une carence en azote (Gaude et al., 2007). Lors de la sénescence le nombre et la
taille des plastoglobules augmentent ce qui est associé au désassemblage des thylacoides (Brehelin and
Kessler, 2008). L’hémimembrane qui forme les plastoglobules est en contact avec celle d’un autre
plastoglobule et/ou a la membrane des thylacoides (Austin et al., 2006) ce qui créé un réseau
permettant la circulation des métabolites lipidiques. En plus des lipides, ces vésicules contiennent
différentes protéines : des enzymes impliquées dans la biosynthese et le métabolisme des lipides, mais
aussi dans le métabolisme des isoprénoides, des protéines de structure, et des protéines capables de lier
les chlorophylles a et b. Des études récentes montrent qu’un catabolite issu de la dégradation de la

chlorophylle, le phytol, est incorporé a des acides gras, les FAPEs (Fatty acid Phytyl Esters) afin de
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contenir ses effets toxiques (détergent). Le phytol est produit en grande quantité par la dégradation de
la chlorophylle lors de la sénescence et les FAPEs s’accumulent dans les plastoglobules (Gaude et al.,
2007). Ces éléments supposent une implication de ces vésicules dans le mécanisme de dégradation de
la chlorophylle (principalement pendant la sénescence) en plus de son rdle dans la dégradation des
lipides des membranes internes.

La peroxydation des lipides provoque une augmentation des ROS et en particulier des radicaux
libres, ce qui provoque des dégats aux protéines membranaires (Thompson et al., 1997). Les
peroxysomes sont de petits organites des cellules eucaryotes qui ont pour fonction principale la
détoxification cellulaire. Les glyoxysomes (Figure 8) sont des peroxysomes spécialisés contenant les
enzymes de la voie du glyoxylate en plus des enzymes peroxysomales comme la catalase et la flavine
oxydase. Comme les peroxysomes, les glyoxysomes sont capable de réaliser la f-oxydation des acides
gras, mais alors que les peroxysomes ne peuvent que transformer les acides gras a longue chaine en
acide gras a chaine moyenne ; les glyoxysomes peuvent dégrader entierement les acides gras en acetyl
Coenzyme A. Cette molécule est ensuite transformée en succinate via le cycle de glyoxylation, le

succinate ainsi formé peut ensuite étre utilisé par le cycle de Krebs dans les mitochondries.
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Figure 8 : Représentation schématique de la voie du glyoxylate (d’aprés Thompson et al (1998))
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2-2-6 Autophagie

L’autophagie est un phénoméne commun aux eucaryotes qui est caractérisé par la formation
d’autophagosomes. Ces vésicules incorporent tout ou partie d’organelles (ou du cytoplasme) qui sont
ensuite transférés vers la vacuole (le lysosome pour la cellule animale) ou ils seront lysés. Chez les
plantes les protéines sont partiellement ou totalement dégradées dans les lysosomes. Les lysosomes se
dirigent ensuite vers la vacuole, avec laquelle ils fusionnent, ce qui permet la destruction finale des
protéines restantes par les hydrolases vacuolaires (Chen and Yu, 2013). Des études chez les levures
ont mis en évidence de nombreux génes ATGs (Autophagy related genes). Par homologie de
séquences, de nombreux ATGSs ont été clonés chez Arabidopsis et I’analyse des mutants atg (knock
out) pour de ces genes, ont permis de mieux comprendre ce phénoméne (Chung, 2011). Il apparait
que, chez les plantes, I’autophagie joue un réle important pendant la sénescence et participe a la
remobilisation des nutriments, particulierement chez les plantes carencées en nutriments (Guiboileau
et al., 2012). En effet de nombreux génes ATGs sont surexprimés pendant la sénescence foliaire et
particulierement lors d’une carence azotée. Des études montrent I’implication de 1’autophagie dans la
dégradation des chloroplastes indépendamment de celles de certains de ses constituants comme la
chlorophylle (Wada and Ishida, 2009; Izumi et al., 2010). La plupart des expériences ont été réalisées
sur des IDL (Individually Darkened Leaves)(Yoshimoto et al., 2004; Guiboileau et al., 2012). Cette
méthode consiste a provoquer une sénescence artificielle en mettant la feuille a 1’obscurité, le plus
souvent en la recouvrant de papier aluminium. Bien que cette méthode mime la sénescence naturelle
elle semble provoquer un sénescence plus « agressive » (Wada and Ishida, 2009). Les études sur des
IDL ont cependant permis de mettre en évidence le role des processus d’autophagie dans le recyclage
des composants du plaste (Izumi et al., 2010), voir du plaste entier (Wada and Ishida, 2009). Certains
autophagosomes sont spécialisés, comme les RCBs qui contiennent majoritairement des produits de
dégradation de la RuBisCO. Ces autophagosomes sont formés a partir d'un stromule (prolongement
tubulaire de membranes chloroplastiques). D’autres vésicules, comme les SAV, constituées d’une
simple membrane contrairement aux autophagosomes, participent également a la dégradation des
constituants cellulaires. Les SAV (senescence associated vacuoles) sont des petites vésicules (0.5-0.7
um) constituées d’une simple membrane provenant des plastes. Elles sont présentes tout au long du
développement de la feuille mais leur nombre augmente fortement lors de la sénescence. Ces vésicules
ont un pH légérement supérieur a celui du stroma et possédent une forte activité protéolytique. Bien
qu’elles aient une activité lytique, ces vésicules sont différentes des autophagosomes de par leur taille
et la composition de leurs membranes. Lors du fonctionnement du chloroplaste dans une feuille non
sénescente, ces vésicules permettent d’assurer la dégradation indispensable au turn-over des protéines.
Pendant la sénescence, ces vacuoles accumulent notamment une Cys-protéase typique de la
sénescence foliaire : SAG12 (Otegui et al., 2005). De plus, la mise en évidence de grandes sous-unités

de la RuBisCO et de la glutamine synthétase chloroplastique (GS2) dans ces vésicules confirme le réle
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de ces vésicules dans la dégradation protéique et la remobilisation associées a la sénescence (Martinez
et al., 2008).

2-2-7 Export vers les organes puits

La dégradation des composants cellulaires décrite dans la partie précédente correspond a la
premicre étape de la remobilisation, la seconde étant I’export des molécules obtenues vers les organes
puits de la plante. Afin de transporter et d’échanger les nutriments entre les différents organes, les
plantes supérieures possedent deux systemes de vaisseaux : le xyléme et le phloéme. Le phloéme est
constitué de cellules vivantes (contrairement au xyléme) qui forment des tubes criblés (Turgeon and
Wolf, 2009). Chez les plantes, la principale forme de transport du carbone réduit est le saccharose
partiellement remplacé chez certaines especes, par des polyols (sorbitol, mannitol) ou des
oligosaccharides comme le raffinose ou le stachyose (Lalonde et al., 2004). Le transport des produits
de dégradation des constituants cellulaires au sein de la feuille et en direction du phloéme se fait de
maniére passive a travers les plasmodesmes (voie symplasmique) ou de la paroi (voie apoplastique).
Les produits sont ensuite chargés dans le phloéme, les mécanismes de chargement/déchargement du
phloéme, via des cellules compagnes, sont complexes et mettent en jeux de nombreux transporteurs

spécifiques.

Les sucres

Chez les plantes les sucres sont le plus souvent transportés sous forme de disaccharides et
principalement le saccharose. Le saccharose est formé dans le mésophylle des organes
photosynthétisants et il se déplace vers le phloéme, situé dans les nervures, par un mouvement
symplastique via les plasmodesmes jusqu’au lieu de chargement dans le phloéme. Le chargement du
saccharose dans le phloéme se fait par I'intermédiaire de transporteurs spécifiques. Il existe de
nombreux transporteurs de sucres (Bush, 1999), cependant I’entrée dans le phloéme se fait
principalement grace a des co-transporteurs H+/saccharose, les transporteurs SUT (Sucrose
Transporter). Ces transporteurs ont une structure commune constituée de 12 domaines inter-
menbranaires et les extrémités N et C terminales située dans le cytosol (Stolz et al., 1999). Le
séquengage du génome d’Arabidopsis et du riz a permis de mettre en évidence respectivement 9 et 5
membres de cette famille, dont plusieurs sont surexprimés dans les feuilles les plus agées. Des
monosaccharides, résultants notamment de ’action des invertases pariétales sur le saccharose, peuvent
aussi étre chargés dans le phloéme grace a des MST (MonoSaccharid Transporter). De plus ’action
des invertases, de la paroi des cellules compagnes, sur le saccharose, permet d’orienter le gradient de

saccharose qui dirige le transport symplastique a travers le mésophylle (Lohaus and Fischer, 2002).

L’azote
Plusieurs études ont étudié la remobilisation de 1’azote chez Arabidopsis et chez le colza et ont
démontré que la majorité de 1’azote des graines provenait de la remobilisation foliaire (Malagoli et al.,

2005; Diaz et al., 2008). Comme expliqué précédemment, 1’azote remobilisé provient en majorité des
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plastes, principalement de la RuBisCO (Gregersen et al., 2008) et chez la plupart des plantes, I’azote
organique est transporté sous forme d’acides aminés. L’augmentation de la quantité d’ARNm codant
des protéases vacuolaires au cours de la sénescence indique que le processus de dégradation des
protéines se termine dans la vacuole avant I’export hors de la cellule. Ce transport se fait par le
phloéme et, contrairement aux sucres, également via le xyléme (Okumoto et al., 2002). Comme le
métabolisme de 1’azote est trés compartimenté a 1’intérieur de la cellule, il existe de nombreux
transporteurs différents d’acides aminés ; ainsi le génome d’Arabidopsis contient 53 genes codant des
transporteurs putatifs d’acides aminés. Certains transporteurs de type AAP (Amino Acid Permease)
sont exprimés dans les tissus vasculaires ou ils assurent le chargement dans le phloéme de nombreux
acides aminés, par un mécanisme proton (ou sodium) dépendant (Lalonde et al., 2004). Plusieurs
enzymes impliquées dans le métabolisme de 1’azote et induites spécifiquement lors de la
remobilisation ont été identifiées (Masclaux et al., 2000; Buchanan-Wollaston et al., 2005). Les plus
importantes semblent étre : la glutamine synthétase cytosolique (GS1), la glutamate déshydrogénase
(GDH) et I’asparagine synthétase (AS)(Masclaux-Daubresse et al., 2008). Le recyclage et
I’assimilation de 1’azote au cours du développement d’une feuille se déroule majoritairement au sein
des chloroplastes, en effet c’est dans les plastes qu’est localisée la réduction des nitrites (par 1’action
de la NiR) et l’assimilation de I’ammonium (via le cycle GS/Gogat impliquant la GS2
chloroplastique). Du fait du désassemblage des chloroplastes lors de la sénescence, et donc la
dégradation de ces enzymes, d’autres mécanismes sont mis en ceuvre pour recycler I’azote. Le
mécanisme proposé est une forte synthése de glutamine pour I’export griace a 1’action de GSI1
néosynthétisée (Masclaux-Daubresse et al., 2010). Chez le blé une corrélation positive a été mise en
évidence entre 1’action de cette enzyme et la quantité d’azote remobilisée des feuilles vers les graines
(Kichey et al., 2007). L’activité de cette enzyme associée a celle de la GDH est un facteur déterminant

de I’efficience de la remobilisation de I’azote (Masclaux-Daubresse et al., 2010).

2.3 Phase terminale

La sénescence est un processus développemental, contr6lé par 1’age, qui se termine par la mort
cellulaire. En fin de sénescence dans une cellule du mesophylle, les gérontoplastes sont peu hombreux
et la plupart des membranes sont abimées par I’action délétére des ROS qui s’autoalimentent. Chez
certaines espeéces comme c’est le cas chez le colza, les dernicres étapes menant a la mort cellulaire
sont parfois interrompues par 1’abscission de la feuille. Mais lorsque cette étape se déroule jusqu’a son
terme, les mitochondries, les parois et les noyaux sont partiellement ou totalement dégradés
(Thompson et al., 2000; Noodén, 2004). La PCD (Programmed Cell Death) est un processus
d’autodestruction cellulaire trés finement contrdlé au niveau génétique. Lors de la sénescence, la
vitesse de mort cellulaire est plus lente que lors d’autres types de PCD ou il n’y a pas nécessairement

de remobilisation de métabolites (lors de la réponse de type hypersensible (HR, hypersensitive
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reaction) en résistance a des pathogenes par exemple)(van Doorn, 2005). Cependant, la mort cellulaire
lors des derniers stades de la sénescence présente tout de méme des traits caractéristiques de la PCD
comme la destruction contr6lée de la vacuole, la condensation de la chromatine et la destruction de
I’ADN. Il semble qu’au sein de la feuille les différents types cellulaires ne meurent pas en méme
temps et que les cellules épidermiques restent plus longtemps actives que celles du mésophylle
(Keech, 2011). Une comparaison de 1’expression globale des geénes lors de la mort cellulaire naturelle
et celle provoquée par une carence nutritive a été reéalisee a partir de suspensions cellulaire
d’ Arabidospis (Buchanan-Wollaston et al., 2005). Cette étude a mis en évidence des voies différentes
menant a la mort cellulaire dans les deux cas, prouvant que bien que proches, la PCD provoquée par la

sénescence naturelle et celle induite par un stress étaient différentes.

L’apoplaste est un compartiment largement sollicité lors des étapes de la sénescence. En effet,
en plus de contenir la paroi qui structure les cellules, 1’apoplaste est impliqué dans la reconnaissance
des signaux (notamment hormonaux), la remobilisation des nutriments et I’induction de la mort
cellulaire. L’apoplaste est constitué d’une matrice protéique fluide appelée fluide apoplastique,
formant un compartiment continu extracellulaire qui permet une communication de cellule a cellule
(Sattelmacher, 2001). Delannoy et al, (2008) ont listé 46 protéases présentes dans I’apoplaste des
feuilles d’Arabidopsis parmi lesquels 8 seraient surexprimées durant la sénescence. De plus, les
transporteurs de la membrane plasmigue sont surexprimés pendant la sénescence (van der Graaff et al.,
2006) ce qui laisse supposer un important mouvement de molécules entre le cytosol et ’apolaste. Des
études chez le tabac ont mis en évidence des changements de composition du protéome du fluide
apoplastique en réponse a un stress salin. Ainsi une accumulation de chitinases et de protéines
associées au transport lipidique dans 1’apoplaste a été démontrée (Dani et al., 2005). Ces enzymes font
aussi partie de celles surexprimées pendant la sénescence (Yoshida et al., 2001). D’autres enzymes
présentes dans ’apoplaste comme la lipase Glipl impliquée dans la réponse a une infection fongique
(Oh et al., 2005) présentent une surexpression de leur géne pendant la sénescence (Winter et al.,
2007).

Le r6le de I’apoplaste dans le déclenchement de la PCD en réponse a une attaque de pathogene
est documenté (Delannoy et al., 2008) cependant son role lors de la sénescence n’a pas encore été
démontré. De maniere générale, la PCD induite par les réactions hypersensibles (HR) lors d’une
attaque de pathogéne est mieux comprise que celle se produisant dans les derniers stades de la
sénescence. Lors d’une attaque de pathogéne, la PCD est induite notamment par un burst oxydatif di a
la dégradation de polyamines dans 1’apoplaste (Takahashi and Kakehi, 2010) et la sécrétion de
certaines molécules comme la cathepsine B (Gilroy et al., 2007). Cependant, ceci n’est pas prouvé
dans le cas de la sénescence, bien que la dégradation des chlorophylles et des membranes générent une
quantité importante de ROS. En plus de son réle possible dans le déclenchement de la PCD, il a été
démontré chez Arabidopsis que plusieurs enzymes dégradant les parois cellulaires (B-glucosidase) sont

surexprimées lors de la diminution de la photosynthése (Mohapatra et al., 2010), suggérant que la
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paroi cellulaire des cellules de la feuille est dégradée au cours de la sénescence. Ces auteurs ont
suggére que les polysaccharides liés a la paroi cellulaire peuvent étre une source de sucres pendant la
phase tardive de la sénescence.

3 Marqueurs de I’évaluation de la sénescence foliaire

La progression de la sénescence des feuilles est généralement évaluée par différents indicateurs
physiologiques, biochimiques ou moléculaires tels que le jaunissement des feuilles, des changements
de teneurs en chlorophylle et en protéines (Levey and Wingler, 2005), des changements d’expression
de certains génes (Gombert et al., 2006). L’utilisation selon les études de différents indicateurs,
associés a des étapes différentes de la sénescence, rend la comparaison des résultats souvent

compliquée.

3-1 Marqueurs physiologiques

Le jaunissement de la feuille étant la conséquence la plus remarquable de la sénescence, la
quantité de chlorophylles est régulierement utilisée comme marqueurs de 1’avancement de la
sénescence (Otegui et al., 2005; Zhang et al., 2012) bien que la précision de cet indicateur reste
critiquable. Dans le cas de carences, ce parametre est encore moins précis, ainsi Gombert et al., (2006)
ont mis en évidence que deux feuilles de plantes cultivées sous différents régimes azotés présentaient

une quantité de chlorophylles identique bien qu’elles soient d’age trés différent.

L’activité dépendante de la sénescence de certaines enzymes comme des peroxydase (Abeles et
al., 1988) ou des RNAse (Taylor et al., 1993) peut aussi étre utilisée pour mesurer la progression de la

sénescence, cependant ces mesures sont lentes, destructives et peu précises.

La mort cellulaire en fin de sénescence s’accompagne de la dégradation de la membrane
plasmique et du relargage d’ions qui peut étre facilement mesuré (Woo et al., 2001) cependant cet

indicateur tres précis n’est utile qu’a la toute fin de la sénescence.

3-2 Marqueurs moléculaires

Le profil d’expression particulier (surexpression ou répression spécifiquement associées a la
sénescence) de certains de ces genes peut permettre un balisage précis des différentes phases de
progression de la sénescence. Ainsi la surexpression du gene SAG12 (et SAG13) est régulierement

repérée dans les feuilles (Guiboileau et al., 2010). A I'inverse le géne Cab, codant une apoprotéine liée
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aux chlorophylles, est réprimé lors de la sénescence foliaire (Gombert et al., 2006), comme de
nombreux genes du métabolisme primaire. Ces genes ont été proposés comme marqueurs pour

identifier la transition source/puits dans une feuille sénescente.

4 Impact d’un stress abiotique sur la sénescence foliaire

Comme décrit précédemment, c’est durant la sénescence que se déroule la remobilisation dont
I’efficacité détermine fortement le rendement final chez les plantes de grandes cultures. Les facteurs
environnementaux contribuent largement a réguler I’initiation et la progression de la sénescence et les
processus de recyclage des ressources. Les stress abiotiques, dépendamment de leur nature, leur
amplitude, leur fréquence, leur durée, sont pour la plupart inducteurs de phénomenes de

vieillissements accélérés des tissus qui peuvent s’apparenter au processus de sénescence

4-1 Stress Hydrique

Un des réles de ’eau au sein de la plante est le transport des solutés a longue distance dont le
principal moteur est 1’évapotranspiration. L’eau contribue également au maintien de la turgescence, a
de nombreuses réactions chimiques, a la transmission de la chaleur... De maniere générale, 1’eau se
déplace des racines vers les feuilles, ces échanges impliquent qu’un gradient de potentiels hydriques
décroissants existe également des racines vers les organes aériens et I’air extérieur. Le cycle de ’eau
au sein de la plante est majoritairement controlé au niveau de la feuille ou 1’ouverture/fermeture des
stomates permettent de maintenir le potentiel hydrique dans les lacunes. Le stress hydrique diminue
fortement les rendements agronomiques et les prévisions climatiques suggerent gque les épisodes de

sécheresse dans le monde seront de plus en plus fréquents (Cook et al., 2007).

La feuille est I’organe de la plante trésréactif aux conditions environnementales et sa structure
joue un grand rdle dans les relations hydriques (Aasamaa et al., 2005). En utilisant la particularité
nutritive de certains insectes qui ne se nourrissent que du contenu du parenchyme palissadique,
Nardini et al. (2010) ont mis en évidence le fait que le contrdle des relations hydriques au sein des
tissus foliaires se fait par le parenchyme lacuneux. Ils ont démontré que quel que soit la quantité de

parenchyme palissadique détruite la résistance hydraulique ne changeait pas.

Différentes adaptations anatomiques, physiologiques, moléculaires sont susceptibles de
contribuer & la résistance/tolérance au stress hydrique (Baerenfaller et al., 2012). Chez de nombreuses
espéces adaptées a des climats trés chauds, la cuticule foliaire est tres épaisse afin de minimiser la
transpiration non controlée, et le stress hydrique peut induire chez certaines plantes la modification de

la composition et de la quantité de ces cuticules. Au niveau structural, une diminution de la taille des
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cellules du parenchyme lacuneux chez Phaseolus vulgaris a été décrite en réponse a un stress hydrique
(Martinez et al., 2007) et la contraction des cellules est souvent associée a une meilleure tolérance au
stress hydrique (Lecoeur et al., 1995). Cependant, une augmentation de la taille des cellules du
parenchyme lacuneux a été observée dans la feuille d‘olivier cultivé en condition limitante en eau
(Guerfel et al., 2009). Afin de maintenir la turgescence nécessaire au bon fonctionnement de la cellule
un ajustement osmotique est nécessaire (Chimenti et al., 2012). Ainsi de nombreuses molécules sont
produites, aussi bien des osmolytes permettant de faciliter I’entrée et la rétention de 1’eau (Ingram and
Bartels, 1996) que des molécules protectrices des macromolécules (Martinez et al., 2008). Parmi ces
molécules, la proline est considérée comme un des osmoprotectants majeur (Naidu et al., 2000;
Szegletes et al., 2000), son accumulation permettant a la fois I’ajustement osmotique (Albert et al.,
2012), la régulation du potentiel redox de la cellule et la détoxification des ROS. Le stress hydrique
est, en effet, généralement générateur de ROS (Jaspers and Kangasjarvi, 2010; Miller et al., 2010) et
différentes enzymes de détoxification sont nécessaires a leur contrdle. Un lien est établi entre les
régulations mises en ceuvre au cours de la sénescence foliaire et certaines réponses observées en
réaction au stress hydrique. Il a notamment été montré chez le tabac, puis par la suite chez d’autres
espéces, que la manipulation génétiqgue du métabolisme des cytokinines pouvait non seulement
contribuer a retarder 1’avénement de la sénescence foliaire (effet « stay green ») mais contribuait

également a renforcer la tolérance des plantes au stress hydrique (Munne-Bosch and Alegre, 2004).

4-2 Nutrition azotée : cas du colza

En phase de croissance végétative, la majeure partie de I’azote et des nutriments minéraux est
concentrée dans les organes foliaires (Makino and Osmond, 1991; Schulze et al., 1994) . En dépit de
sa bonne capacité a absorber 1’azote minéral, le colza (Brassica napus L.) est caractérisé par une faible
efficience d’usage de I’azote (NUE) et seulement 50% de 1'azote absorbé par la plante est présent dans
les graines & la récolte (Schjoerring et al., 1995). Alors qu’il faut globalement 6,5 Kg d’azote pour
produire un quintal de graines de colza, 3 et 2,2 Kg sont nécessaires pour produire I’équivalent de blé
et de tournesol respectivement (Singh, 2005). Une grande partie de I’azote stocké dans la graine de
colza sous forme de protéines provient de processus de remobilisation de I’azote organique des parties
végétatives (Malagoli et al., 2005). Tout au long du cycle végétatif puis reproducteur de la plante, les
organes foliaires sénescent puis chutent avec des teneurs résiduelles en azote organique qui restent
parfois élevées (jusqu’a 3% de la matiére séche (Rossato et al., 2001)). L’amélioration de la NUE du
colza est nécessaire pour concilier impact environnemental réduit, objectif de haut rendement en
qualité et quantité et bilan énergétique optimisé. Fonctionnellement, la NUE (Figure 9) peut étre
subdivisée en deux grandes composantes: efficacité d'absorption de I'N (NUpE) et D’efficacité
d'utilisation de I'N (NUtE). Cette derniére composante complexe intégre les processus d’assimilation

(NAE), de stockage et de recyclage ou de remobilisation de N (NRE). Plusieurs études menées en
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conditions contr6lées ou sur le terrain (Malagoli et al., 2005; Tilsner et al., 2005; Gombert et al., 2006)
ont démontré que que la faible NUE observée pour le colza est en partie attribuable & une NRE
modérée. L’¢élaboration du rendement final en grain est largement dépendante de la mise en place du
couvert végétal et de la biomasse végétative. La sénescence séquentielle mise en ceuvre au cours de
cette phase contribue ainsi a ré-allouer des ressources entre les tissus végétatifs sources et les jeunes
feuilles en croissance. Il a été montré que I'élimination de 50% de feuilles de la rosette donne lieu a
une importante diminution (-30%) du rendement (Noquet et al.,, 2004). Les approches
transcriptomiques ont révélé l'induction de nombreux transporteurs d’oligopeptides au cours de
remobilisation de I’N dans les feuilles sénescentes de colza (Karim et al., 2005). Il semble que la faible
NRE associée a la sénescence séquentielle pourrait ne pas étre due a une limitation de 1’export des
acides aminés mais est principalement liée a une hydrolyse incompléte des protéines foliaires (Noiraud
et al., 2003; Tilsner et al., 2005). En utilisant une technique de marquage N et I'¢laboration d’un
modele mathématique de la remobilisation,, Malagoli et al. (2004) ont montré, par simulation, que la
teneur en protéines ou le rendement en grain pouvait étre améliorés d’environ 15% grace a
I'optimisation de la NRE pendant les stades végétatifs. Parallelement, au cours de la derniére
décennie, quelques études ont cherché a améliorer la NUE du colza via I'optimisation des
caractéristiques de fonctionnement racinaire (NUpE) (Schulte auf’m Erley et al., 2007). Des approches
transgeniques ont aussi démontré que l'amélioration de la NAE a travers la sur-activation d’enzymes
impliquées dans le processus d'assimilation de I'N (alanine aminotransférase, I'asparagine
aminotransférase) peut conduire a des améliorations tout a fait significatives de la NUE (Good and
Beatty, 2011). Néanmoins, dans un contexte de réduction des intrants azotés, l'optimisation de la NRE
par la feuille est probablement I'un des principaux leviers pour améliorer sensiblement la NUE du

colza.
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Figure 8 : Schéma représentatif des flux d’azote et des différentes composantes de la NUE chez
le colza (Avice and Etienne, 2014)

Un stress azoté, chez le colza, induit et accélére la sénescence des feuilles agées. En effet,
certaines études réalisées aussi bien sous serre (Gombert et al., 2006; Etienne et al., 2007) qu’au
champ (Gombert et al., 2010) ont montré que des plantes carencées en azote présentaient une
sénescence précoce des feuilles les plus Agées qui contribuerait a prévenir ou limiter la pénurie dans
les tissus les plus jeunes. Ces études ont permis de mettre en lumiére le role des protéases et des
inhibiteurs de protéases dans le contrdle de la sénescence, notamment en situation de nutrition azotée
limitante. Notamment, la protéine BnD22 (Brassica napus Drought induced protein 22 kDa) exercant
a la fois un role d’inhibiteur de serine-protéase et une fonction de WSCP (Water Soluble Chlorophyll
Protect) est plus abondante dans les tissus jeunes et d’autant plus que la plante est carencée en azote en
lien étroit avec le ralentissement de la sénescence. Les WSCP sont des protéines se complexant avec
les chlorophylles pour les protéger notamment lors de la sénescence (Horigome et al., 2007). Des
études ont démontré que BnD22 et d'autres WSCPs sont accumulées dans les jeunes feuilles en
réponse a divers stress abiotiques et pourraient contribuer & assurer une gestion optimisée des stocks
d’azote organique disponibles dans les tissus en situation de contrainte (Satoh et al., 2001; Desclos et
al., 2009).

35



5 L’étude des végétaux par résonance magnétique nucléaire

La relaxometrie RMN (Résonance Magnétique Nucléaire) a bas champ est une technique
permettant de mesurer le signal de relaxation (retour a 1’équilibre aprés excitation par une séquence
d’impulsions magnétiques spécifiques) des spins des protons soumis a I’action d’un champ
magnétique. Ce signal est fait de deux composantes : la composante longitudinale, ou relaxation spin-
réseau Ty, provoquée par I’interaction des spins avec I’environnement et la composante transversale,
ou relaxation spin-spin T,, due a I’interaction entre les spins (figure 9). Les valeurs des temps de
relaxation T, et T, et ’intensité du signal sont influencées respectivement par la mobilité et la quantité
de protons. Le temps de relaxation sont également influencés par les échanges de protons entre les

molécules.

Figure 9 : schéma représentatif des deux composantes de relaxation du signal RMN, la relaxtion spin-
réseau (A) et la relaxatiuon spin-spin (B)

Le signal de relaxation T, décroit comme une exponentielle dont 1’intensité dépend de la
quantité de protons dans le tube et la vitesse d’amortissement dépend du temps de relaxation. Dans les
systémes hydriques, le temps de relaxation de I’eau va dépendre de la composition de la phase aqueuse
et de la structure des molécules contenues dans cette phase aqueuse, mais aussi de la microstructure de
la matrice. Par exemple, dans un systéme binaire composé d’eau et de protéines, il est possible de
distinguer quatre types de protons avec des temps de relaxation différents : les protons de I’cau dite
« libre » (sans interactions avec les protéines), les protons de I’ecau d’hydratation des protéines, les
protons échangeables des protéines (groupement -OH, -NH2, -SH...) et enfin les protons non
échangeables des protéines (protons des chaines carbonées). Lorsque les temps de relaxation sont
longs par rapport a la vitesse des échanges chimiques entre les différentes populations de protons
échangeables, et si les échanges de molécules d’eau par diffusion entre 1’eau « libre » et 1’eau
d’hydratation sont rapides, alors le signal de relaxation sera décrit par deux exponentielles différentes.
La premiére correspondra a la relaxation des protons non-échangeables des protéines et 1’intensité de

I’exponentielle sera proportionnelle & la quantit¢ de protéine. La deuxiéme exponentielle sera
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caractérisée par un temps de relaxation « moyen » qui sera la somme de différentes vitesses de

relaxation 1/T, pondérées par les proportions de chaque type de protons :
1/T2 obs = Pa/TZa + I:)b/-l-zb + PC/TZC

avec P les populations des différents types de protons. a) : les protons de I’eau libre b) : les
protons de 1’eau d’hydratation des macromolécules et c): les protons échangeables des
macromolécules. L’intensité a ’origine de cette exponentielle sera donc proportionnelle a la quantité

d’eau (libre et hydratation) et la quantité de protons échangeables des protéines.

Du fait de 1’échange chimique entre les protons échangeables des protéines et les protons de
I’eau, ceci entraine une forte diminution de la relaxation de 1’eau sans nécessairement réduire la
mobilité intrinséque de la molécule d’eau. Ainsi, tout changement de mobilité de ces molécules non-
aqueuses entrainera par voie de conséquence une diminution du temps de relaxation de I’eau. Ce
mécanisme confére une propriété a I’eau d’étre une sonde des changements de mobilité des molécules

avec lesquelles 1’eau interagit.

Les phénomeénes décrits sont valables pour un milieu homogene, c'est-a-dire un milieu pour
lequel les molécules d’eau peuvent sondées 1’ensemble des environnements du fait d’un coefficient de
diffusion élevé et donc d’une diffusion rapide. Par contre, si le milieu devient hétérogéne de sorte que
I’eau n’a pas le temps (ou la possibilité) de diffuser entre les différents environnements, alors le signal
sera multi-exponentiel. Ceci est observé dans le cas de gel présentant des poches d’eau. Pour un tel
systéme le signal de relaxation sera tri-exponentiel, avec une exponentielle pour les protons non-
échangeables, une exponentielle pour la fraction d’eau dans le gel et une exponentielle pour la fraction

d’eau contenue dans les poches d’eau.

Cette situation est classiqguement observée dans les tissus vegétaux. Les signaux de relaxation
multi-exponentiels obtenus dans ce cas sont expliqués par les limites a la diffusion entre les différents
compartiments hydriques et sont souvent attribuées aux différents compartiments de la cellule végétale
(Hills et al., 1990; Ratcliffe, 1994). De plus, du fait de I’organisation et de la composition des
différents compartiments les protons de I’cau de la paroi, des chloroplastes, de la vacuole... ne relaxent
pas avec les mémes temps de relaxation. Les mécanismes décrits précédemment affectent la relaxation
T, et T,, mais du fait de la plus grande sensibilité des T, a la composition de chaque compartiment, ce
dernier est plus souvent utilisé pour étudier les états hydriques des végétaux (Snaar and Van As,
1992).

Dans la plupart des tissus végétaux la composante du signal RMN ayant le T, le plus long et
I’amplitude la plus importante, est généralement associée a 1’eau de la vacuole. En plus de la
composition et de la nature des solutés, le T, sera influencé par la taille de la vacuole et la perméabilité
membranaire (Van As, 2007). Une grande vacuole favorisera des temps de relaxation élevés, tandis

qu’une petite vacuole présentera des temps de relaxation faible. Tous les solutés n’influencent pas le
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signal de I’eau de la méme maniere; le T, moyen de la feuille de blé est par exemple corrélé
négativement a la concentration de protéines et ceci est d en partie aux échanges de protons entre
protéines (Nagarajan et al., 2005). D’autres solutés tels que les ions paramagnétiques comme Mn®* par
exemple modifient drastiquement ce signal (Bacic and Ratkovic, 1984) en raison uniquement de leur
moment magnétique électronique trés élevé. En effet cet ion affecte le signal de relaxation des protons
de I’eau avec laquelle il est en interaction (la valeur du T, diminue). Les importants progres sur
I’attribution des autres composantes du signal RMN ont été réalisés grace a 1’utilisation de cet ion ;
Snaar et al, (1992) ont décrit le signal de relaxation T, en trois exponentielles dans les tissus de
pomme. Une composante avec un T, proche d’l seconde et qui représente 75% du signal, une
deuxieme avec un T, de 190ms et 16% du signal et la derniére avec un T, de 30 ms. En appliquant du
Mn®" sur les tissus, ils ont observé les variations des différents T,. En partant du modéle simple ou les
ions manganese vont tout d’abord diffuser dans I’espace intercellulaire, puis dans le cytosol et ensuite
dans la vacuole les auteurs ont pu attribuer chacune des composantes du signal RMN a un
compartiment. En effet, ils ont tout d’abord observé une forte diminution des T, de la composante
ayant un T, de 30 ms, avant stabilisation. La composante avec un T, initial autour de 190ms présente
elle aussi une forte diminution du T, mais qui commence plus tardivement apres 1’application de
manganése. La derniére composante a étre modifiée par le manganese est la composante vacuolaire.
Ainsi, sur la base de ces cinétiques de variation des T, ils ont proposé les attributions suivantes : la
composante la plus courte serait celle de la paroi (eau extracellulaire), la composante avec un T, de
190 ms serait 1’eau dans le cytosol et la composante ayant un T, plus long serait I’eau de la vacuole.
Cette étude a été réalisée sur le parenchyme des fruits de pommes ou les cellules sont relativement
homogenes, cependant il ne faut pas perdre de vue que dans d’autres échantillons végétaux ces
différentes exponentielles peuvent également étre associées a une hétérogénéité cellulaire. Ainsi le
mésophylle d’une feuille est composé de différents parenchymes trés hétérogénes en termes de
quantité d’air, d’eau ou méme de volume cellulaire ; on peut donc s’attendre a un signal RMN
différent entre ces parenchymes. Dans ce cas, les composantes du signal RMN ne seraient plus
attribuées aux différents compartiments hydriques au sein des cellules, mais a des compartiments
hydriques de méme nature mais de volume ou de composition différents du fait de I’hétérogénéité
cellulaire entre tissus (Qiao et al., 2005). Par exemple deux temps de relaxation peuvent étre identifiés
si I’hétérogénéité de taille de cellules est suffisamment large pour entrainer des T, différents en
fonction de la taille des vacuoles, dans ce cas le signal RMN sera caractérisé pas deux composantes

vacuolaires.

Le signal RMN permet donc de mesurer la quantité et 1’état de 1’eau dans les différents
compartiments d’un tissu végétal et méme si [’attribution précise des composantes du signal a chaque
compartiment fait encore 1’objet de débats, la sensibilité de la relaxation RMN a I’hétérogénéité au
sein de la cellule ou du tissu en fait un indicateur tres sensible pour étudier la structure et/ou la

composition cellulaire des tissus végétaux et mesurer I’impact de la croissance, du développement et
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de I’environnement sur ces structures a fortiori si le statut hydrique est perturbé. La RMN a ainsi
réguliérement été appliquée a 1’étude de la réactivité aux stress abiotiques chez les végétaux. Par
exemple Mc Cain et al., (1990) a étudié la nature du signal RMN de feuilles issues de plants de
pomme de terre cultivés dans un milieu tres riche en manganese. Cette démarche a permis de mettre en
évidence que I’accumulation de Mn?*, lors d’un fort excés, se faisait majoritairement dans les vacuoles
des vieilles feuilles. Les résultats semblent différents de ceux décrits précédemment car il n’y a pas eu
d’application directe de manganése sur le tissu mais bien un prélévement racinaire et un stockage dans
la vacuole contrdlé. Des études RMN portant sur les effets et la tolérance au stress hydrique ont été
menées sur les feuilles de certaines especes comme le blé (Gambhir et al., 1997) par exemple. Ces
études ont consisté a comparer le signal RMN des feuilles de variétés, ayant des comportements
différents lors d’un stress hydrique ou a évaluer les effets du stress sur la répartition et I’état de 1’eau
dans la cellule. Bien que moins souvent utilisés, les T, ont aussi permis de mettre en évidence sur une
feuille I’effet du froid (Kaku, 1993) ou de la déshydratation (Kaku and Iwayainoue, 1990) démontrant
une relation linéaire entre le T, et le contenu en eau entre 75 et 95% de teneur en eau. Par ailleurs la
stabilité des membranes au sein des végétaux peut étre étudiée par RMN. En effet, les changements
d’état voire la déstructuration de ces derniéres provoquent des changements dans la compartimentation
de I’eau et des solutés (Raison et al., 1980) et par voie de conséguence des modifications des
coefficients de diffusion de I’eau et du signal RMN correspondant. Par exemple, 1’état des membranes
lipidigues au sein de la cellule est trés influencé par la température et lorsque celle-ci est trop élevée,
les membranes se déstructurent libérant ainsi tous les constituants du compartiment (Schreiber and
Berry, 1977). Cette altération des membranes peut étre détectée a travers le relargage d’ions (Marcum,
1998) mais provoque aussi une diminution brutale du T, de I’eau qui passe de 120 ms a 44°C a 85ms a
48°C dans des feuilles de blé (Maheswari et al., 1999). Il est a signaler qu’avant cette température
critique (entre 30°C et 42°C), le T, diminue légérement avec I’augmentation de la température. Ce
type d’étude a aussi permis de caractériser la déshydratation de feuilles de poirier (Larher et al., 2009)
ou I’effet de la congélation chez la carotte (Hills and Nott, 1999), ou la pomme (Hills and Remigereau,
1997). L’¢étude des T, a aussi permis de mettre en évidence les effets d’un stress biotique sur la feuille.
En effet les galles, provoquées par différents insectes, allongent le T, des tissus foliaires proches chez

différents arbres (Machilus, Zelkova et Cinnamomum)(Kaku and Iwayainoue, 1990).

Plusieurs études RMN ont été également appliquées a I’analyse des graines et ont mis en
évidence un lien entre le signal RMN, la viabilité (Krishnan et al., 2004), le pouvoir germinatif
(Krishnan et al., 2004) mais aussi I’impact de stress abiotiques sur la graine en développement. Ainsi
Krishnan et al., (2014) ont observé a partir de mais cultivé en condition de stress azoté, une diminution
du T, de la troisieme composante, la plus importante du signal, dans le grain au cours du remplissage.
Le T, de cette composante diminue de 420 & 360ms entre les plantes carencées et non carencées. De la
méme maniére, un stress hydrique provoque un changement de compartimentation de 1’eau dans les

graines de soja en développement (Krishnan et al., 2014). Il est important de souligner a ce stade que
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I’attribution du signal de relaxation dans le cas des graines est plus complexe que dans celui des
feuilles ou des tissus fortement hydratés. En effet dans le cas des graines, la présence de
polysaccharides, de protéines et de lipides peut aussi étre a 1’origine du comportement multi-
exponentiel de la relaxation. Pour ce type de tissu, le comportement multi-exponentiel est donc
expliqué a la fois par une hétérogénéité de répartition hydrique mais aussi par la composition

complexe de la matrice.

Les études citées précédemment impliquaient la mise en ceuvre de prélévements destructifs au
sein des feuilles ou des tissus limitant ainsi la réalisation d’études dynamiques et cinétiques.
Néanmoins, les avancées techniques ayant permis la création d’appareils de RMN avec des aimants
dits de surface ; il est aujourd’hui possible de réaliser des mesures par simple contact, non dégradant,
avec la feuille. Cette démarche est illustrée par les travaux de Capitani et al (2009) qui montrent des
variations des temps de relaxation en fonction de 1’état hydrique de la feuille de différentes espeéces.
Ces mesures sont encore peu précises notamment en raison de 1’hétérogénéité du champ magnétique
de I'aimant de surface. Le perfectionnement de tels appareils laisse espérer des mesures précises
directement in situ dans les prochaines années. Des aimants ont déja été congus afin de permettre la
mesure de signal des tiges de Ricinus cummunis directement sur des plantes en croissance (Peuke et
al., 2006)mettant en évidence des changements dans le signal RMN des vaisseaux conducteurs en
réponse a un stress hypothermique. Trés récemment, des aimants portables ont été appliqués au méme
type de mesure et ont été testés avec succes sur Phaseolus vulgaris et Populus nigra (Windt et al.,
2006). Enfin I'utilisation de I’Imagerie par Résonance Magnétique dans le cas des tissus végétaux
présentent des perspectives trés intéressantes. Sardans et al,. (2010) ont réussi a suivre la progression
spatiale de la déshydratation d’une feuille de chéne (Figure 12) mettant en évidence son caractére
basipéete. Cependant si I’IRM donne une cartographie des temps de relaxations, la spectroscopie RMN

fournit un signal permettant une analyse plus fine de la matrice étudiée.
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Figure 12: Images de la densité des protons (py) et carte des T, dans des feuilles de chéne a différents temps
apres I’arrét d’arrosage d’apres (Sardans et al., 2010)
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MATERIALS AND METHODS
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Material and Method

The description of materials and methods of the different chapters have been presented in the
same paragraph, except when different protocols were used. In this case, the heading of the text is
followed by the mention of the concerning chapter as indicated below:

1: Chapter 1; a : Musse et al, 2013; b : Sorin et al 2014

2: Chapter 2; a : Nitrogen depletion; b : Water stress

Plant material and sampling

Plant material, experimental design and growth conditions®

About 100 seeds of oilseed rape Brassica napus L., genotype Tenor, were individually weighed
and the 45 most homogeneously sized seeds selected. Each working day for 3 weeks, 3 seeds were
sown in individual containers filled with a growing medium (FALIENOR 9226-6F2) containing 65%
light peat, 20% dark peat and 15% perlite. Three-week-old seedlings were individually planted into
two-liter pots filled with the same growing medium and grown in a growth cabinet for 5 weeks (fig 1
A). Plants were watered throughout the growing period, with a fertilizing solution (Liquoplant bleu)
used at 3%o and irrigation was adjusted to the evaporation-transpiration rate of the pots. The growth
cabinet conditions were 14hr daylight (at 200 pumol photons m-2 s-1) and 10hr dark (relative humidity:
75/90 %; temperature: 20/18 °C).

Sixteen of the forty-five plants (P-1 to P-16) were selected (1 out of every 3 plants analyzed) in
order to obtained homogeneous plants with a wide range of leaf development status, characterized by

non-destructive measurement of chlorophyll content.

Direct measurements of leaf water status were performed in an additional experiment on the
plants grown in same conditions as described above. For these measurements, 10 seeds were sown, 6
three-week-old seedlings were individually planted and thereafter 4 plants were selected (P-17 to P-
20).

Sampling *?

For the sixteen plants selected (P-1 to P-16), leaf tissues were collected from six leaves (four
senescing leaves, one mature and one young leaf) for NMR measurements, and microscopy studies
were performed on the same leaves as for NMR analysis but for only five plants (plants P-1, P-5, P-6,
P-10 & P-11). Starch was quantified for all leaves from all fifteen plants, and molecular analyses were
performed for all leaves from five plants (plants P-1, P-6, P-11, P-12 & P-13).
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Six leaf discs of 8 mm in diameter were cut from the limb tissue for the NMR experiment. In
order to obtain homogeneous tissues, discs were taken from each side of the central vein as close as
possible to the vein by avoiding lateral nervures. Discs were then placed in NMR tubes which were

closed with a 2-cm long Teflon cap to avoid water loss during measurements.

For microscopy studies, 18 leaves from five plants were analyzed. About 30 1-mm?2 leaf samples
per leaf were taken with a small punch around the discs used for NMR analysis. The leaf samples were
immediately fixed in a solution of 2.5% m/v glutaraldehyde and 2% m/v paraformaldehyde in 0.1 M
phosphate buffer, pH 6.8.

For starch quantification and for gene expression, two sets of 20 leaf discs (diameter of 8 mm)
were collected from all leaves near the location where NMR and microscopy were performed, then

frozen in liquid nitrogen and stored at 80° C.

For the direct measurements of leaf water status, 5 leaves (leaf ranks 1, 2, 4, 6 and 8) were
selected from each plant (P-17 to P-20). Prior to leaf water status measurements, NMR measurements

were performed on all selected leaves.
Plant material, experimental design and growth conditions *°

About 10 seeds (homogenous weight) of oilseed rape, Brassica napus L., genotype Tenor, were
sown in individual containers filled with a growing medium (FALIENOR 9226-6F2) containing 65%
light peat, 20% dark peat and 15% perlite. Four sowings (series S-1, S-2, S-3, and S-4) were
undertaken at one-week intervals. The 8 most homogenous three-week-old seedlings of each series
were individually planted into four-liter pots filled with the same growing medium and grown in a
growth cabinet for five (t1) to twelve (t8) weeks (Figurel B). The 32 plants used for this experiment
were watered throughout the growing period, with a fertilizing solution (Liquoplant bleu) used at 3%o
and irrigation was adjusted to the evaporation-transpiration rate of the pots. The growth cabinet
conditions were 14hr daylight (at 200 umol photons m-2 s-1) and 10hr dark (relative humidity:
75/90%; temperature: 20/18°C).

Sampling *°

For all series, one plant was taken each week for 8 weeks (weekl to week 8) and all the leaves

for each plant were numbered according to their rank (L-1 for the first leaf after the cotyledon).

Six to ten leaf discs of 8 mm in diameter were cut from the limb tissue for the NMR
measurements to sample similar tissue weights. In order to obtain homogeneous tissues, discs were
taken from each side of the central vein as close as possible to the vein and avoiding lateral nervures.
Discs were then placed in NMR tubes which were closed with a 2-cm long Teflon cap to avoid water

loss during measurements. Leaf discs were also collected for microscopy studies from selected plants
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and leaf ranks,. The rest of the leaf limb was frozen in liquid nitrogen and kept at -20°C to be
subsequently ground and freeze-dried for starch quantification.

For microscopy studies, mesophyll tissues were collected from series 4 (S-4) plants, from three
leaves (leaf ranks 4, 6, and 8) at three times (weeks 3, 4, and 5). Five bands 3-millimeters wide and 1-
centimeter long were taken perpendicularly to the central vein. In order to confirm our vacuolar
volume approximation, in the first plant five bands were also collected alongside the central vein.
After sampling, the fixative solution (phosphate buffer 0.1 mol. L-1 p H 7.4 (PB), 3% (w/v)
glutaraldehyde) was infiltrated into the leaf tissues using 10 cycles of depressurization with a vacuum
pump (5 min of low pressure in each cycle). Samples were returned to the same fixative solution for
24 h at 4°C and then were washed in PB and dehydrated in a graded series of increasing
concentrations of ethanol (50, 70, 90 and 100% v/v). Samples were kept in pure ethanol for 12 h at
4°C.

Plant material, experimental design and growth conditions %

Twenty oilseed rape seeds (homogenous weight) of each Aviso and Express genotype were
sown in individual containers filled with a growing medium (FALIENOR 9226-6F2) containing 65%
light peat, 20% dark peat and 15% perlite. Eight homogenous three-week-old seedlings of each
genotype were individually planted into four-liter pots filled with the same growing medium and
grown in a growth chamber. Growth chamber conditions were 14hr daylight (at 200 umol photons m-
2 s-1) and 10hr dark (relative humidity: 80 %; temperature: 22°C/17°C). After three weeks in the
growth chamber, the newest leaf of each plant was tagged and referred as the tag 0. Plants were then
progressively submitted to a six-week vernalization period (4°C). At the end of this period, the
conditions were progressively returned to the initial values. The initial quantity of N available in each
pot was assumed to be around 180 kg.ha-1. At the end of the vernalization period control plants were
supplied with nitrogen by three inputs of NH4NO3 (one each week) in order to reach 240 kg.ha-1 .
The N deficient plants did not received any supplementary N. Leaves were sampled four weeks after

the end of the vernalization period, at the beginning of N starvation.
Sampling @

All measurements were performed on the five oldest leaves of each plant. Two older and three
younger leaves compared to the reference senescing leaf (tag 0) from Aviso and Express plants grown
in optimal and nitrogen deficiency conditions were analyzed. All the leaves sampled were immediately

imaged in front of a reference in order to determine leaf area.

Plant material, experimental design and growth conditions %

About 80 seeds (homogenous weight) of oilseed rape Brassica napus L., genotype Aviso, were

sown in individual containers filled with a growing medium (FALIENOR 9226-6F2) containing 65%
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light peat, 20% dark peat and 15% perlite. The 72 most homogenous three-week old seedlings of each
series were individually planted into four-liter pots filled with the quantity of growing medium. They
were grown in a growth cabinet for five weeks. The growth cabinet conditions were 14hr daylight (at
200 pmol photons m-2 s-1) and 10hr dark (relative humidity: 75/90 %; temperature: 20/18 °C). A six
weeks vernalization period was applied in the growth cabinet (4°C). All plants used for this
experiment were watered throughout the growing period, with a fertilizing solution (Liquoplant bleu)
used at 3%o and irrigation was adjusted to the evaporation-transpiration rate of the pots. Plants were
then put in greenhouse condition (relative humidity: 75/80 %; temperature: 24/18 °C) during three to
five weeks depending of the sampling time. After three weeks in greenhouse all plants were flowering
and the watering was stopped on 56 of them.

Sampling®

For each condition (watered or stressed) eight plants were used at each sampling, four for NMR
and physiological measurement (i. e. chlorophyll content and yield) and four for hydric parameters
measurement (i. e. stomatic operture, leaf water and osmotic potential). Stressed plants were sampling
7,9, 11, 14, 16, and 18 days after the water stop whereas watered plants were sampled only after 9, 16
and 18 days. At each sampling date measurement were performed on the tagged leaf and the three leaf
rank under if present.

Chapter 1a
seedli

Chapter 1b l l l l l l
seedli Measurement period

Chapter 2a
seedli vernalization

Chapter 2b stress

control

Representative schema of the experimental growth conditions used in the present work. Orange arrow
correspond with the sampling date, red arrow to Nitrogen input and Blue arrow correspond with the date of the
watering stop.
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Dehydration procedure®

Leaves of three different leaf ranks (2, 4, and 6) were taken from four plants grown in the
same conditions as present in Figure 1A. Ten leaf discs were sampled on each leaf, and immediately
weighted. The ten leaf discs were rehydrated in distilled water for 1h in dark conditions and then
weighted before placed in a NMR tube and submitted to two dehydration cycle, each made of 10
minute of slow N-flux in the NMR tube. NMR measurements were performed immediately after
sampling, after rehydration and after each dehydration cycle.

NMR Relaxometry

Depending of the leaf size, six to eight discs of 8 mm in diameter were cut from the limb tissue
for the NMR experiment. In order to obtain homogeneous tissues, discs were taken from each side of
the central vein, as close as possible to the vein and avoiding lateral nervures. Discs were then placed
in NMR tubes which were closed with a 2-cm long Teflon cap to avoid water loss during
measurements.

NMR Relaxometry measurements were performed on a 20 MHz spectrometer (Minispec PC-
120, Bruker, Karlsruhe, Germany) equipped with a thermostatted probe. The temperature was set at
18°C. T, was measured using the combined FID-CPMG sequence. The FID signal was acquired from
11 ps to 70 ps at a sampling decay of 0.4 ps. For the CPMG measurements, the 90°-180° pulse
spacing t was 0.1 ms and the signal of a single point at the echo maximum was acquired. Data were
averaged over 64 acquisitions. The number of successive echoes recorded was adjusted for each
sample according to its T,. The recycle delay for each sample was adjusted after measurement of the
T, with a fast-saturation-recovery sequence. The total time of acquisition of data for T, (including
spectrometer adjustments and T, measurement) was about 10 min per sample.

Fitting was performed in two steps: first T, relaxation curves from the CPMG data only (after
removing the FID signal from the combined FID-CPMG signal) were fitted by Scilab software
according to the MEM (Mariette et al., 1996), which provides a continuous distribution of relaxation
components without any assumption concerning their number. In this representation, the peaks of the
distribution are centered at the corresponding most probable T, values, while peak areas correspond to
the intensity of the T, components. Then, T, relaxation curves obtained by the combined FID-CPMG
sequence were also analyzed using the Levenberg-Marquardt algorithm which allows a discrete

solution for the complete fitting curve according to the equation:

Eq. 1: L(t) = 1, P (—t/ Ty )2+ > lpg ©P(—t/T,) +offset

i=2

49



where Iggi is the relative intensity of the iy, exponential at the equilibrium state and T, the
characteristic transverse relaxation time for the iy exponential. The number of terms that best
described the relaxation curve was determined by examining the residual plots and the values of the
coefficient of determination.

Leaf samples were weighed within the NMR tubes before and after each NMR experiment in
order to check possible water loss during the measurements. At the end of the NMR experiments,
samples were transferred to laboratory cups and dried in an oven at 103°C* for 16h (70°C for 24h*°).
The water content (expressed as percentage of fresh matter), dry matter, fresh matter and water masses
were calculated. Specific leaf water weight per component (LWW:i) was computed according to the

equation:

W

I i XM
Eq. 2: LWW, = I

where mw corresponds to water mass of the NMR sample made of six leaf discs in g, A to the

area of the discs in m2 and Ire; to the relative intensity of the i, NMR signal component as %.

Physiological and biochemical measurement

Starch quantification * %2

Starch was quantified according to the method proposed by Smith (Smith and Zeeman, 2006).
Starch was extracted from 30 mg dry weight of freeze-dried lamina leaf tissue using 1 mL phosphate
buffer (0.2 mol. L, pH 6.5) for 20 min at 95°C. The supernatant was collected after centrifugation at
14,000 x g for 5 min at 4°C. The extraction step was repeated twice and the supernatants were pooled.
Starch quantification was performed following the manufacturer’s recommendations (Sigma, #
STAZ20) after hydrolysis by a-amylase and amyloglucosidase. Starch content was expressed in glucose
equivalent after subtraction of free glucose content.

Starch guantification
Water content *2

Water content (WC) was measured on all leaf discs sampled for NMR relaxometry by weighing
before (fresh weight) and after drying (dry weight) in an oven at 103°C* for 16h (70°C for 24h*°). WC

was expressed as percentage of fresh weight.
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CAB/SAG molecular markers 2
RNA extraction

Total RNA was extracted from 500 mg fresh weight of frozen lamina leaf tissue. The RNA
isolation protocol based on phenol extraction and lithium chloride precipitation was applied as
described by Verwoerd et al. (1989). The quantity and quality of RNA samples were assessed by
spectrophotometry with a NanoDrop ND 1000.

RT-PCR analysis

Total RNA (2 pg) treated with RNase-free DNase | (Fermentas, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was reverse transcribed with Moloney murine leukemia virus reverse
transcriptase (M-MLV RTase) (Q-BlOgene, MP Biomedicals, Illkirch, France) following the
manufacturer’s recommendations. PCR reactions were performed using specific primers for Brassica
napus Cab gene LHCII type | (AY288914) (forward primer 5’-GGCAGCCCATGGTACGGATC-3’
and reverse primer 5’-CCT CCITCGCTGAAGATCTGT-3’), primers shared by SAG12-1 (AF089848)
(forward primer 5 -GTTTTGTTTAGCCAAAGTCAAACA-3> and reverse primer 5°-
CGGCGGAAGATTGGCT-3") and primers designed from Arabidopsis thaliana EFla (X16430)
(forward primer 5 -GTTTTGTTTAGCCAAAGTCAAACA-3> and reverse primer 5’-
CGGCGGAAGATTGGCT-3’). All the PCRs were performed with Q biogen Taq polymerase for 35
cycles for EFle, 27, 29 and 31 cycles for SAG12-1 and 22, 24 and 26 cycles for Cab. After 5 min at
95°C, RT-PCRs were performed by cycles including 15s at 95°C, 40s at 60°C and 72°C for 1 min, and
one cycle at 72°C for 10 min. Products of 183 bp, 587 bp and 290 bp were amplified from BnEF1¢,
BnSAG12-1 and BnCab gene cDNAs, respectively, as verified by sequencing. RT-PCR products were
separated by agarose gel electrophoresis. Each PCR product was quantified using image J software
and normalized using the intensity of the EF1a RNA signal. For all RT-PCR reactions, EF1a RNA
was used as a cDNA synthesis and amplification control. Relative expressions of Cab and SAG12-1
were determined with reference to the maximum and represented the mean of PCR products obtained

after different PCRs with various numbers of cycles.

Chlorophyll content *2

Before sampling" (one day before sampling) ?, relative chlorophyll content per unit of leaf area
was determined using a non-destructive chlorophyll meter SPAD (Soil Plant Analysis Development;
Minolta, model SPAD-502). Chlorophyll content of each leaf was estimated as an average value of 6
to 8 independent measurements. It has been demonstrated that relative SPAD value depends on

chlorophyll content in a linear manner (Monje and bugdee 1992).
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Chlorophyll fluorescence yield *2

Before sampling® (one day before sampling) 2, chlorophyll fluorescence yields (Fv/Fm) were
measured on all leaves studied using a portable chlorophyll fluorometer (Hansatech Handy PEA).

Measurements were carried out near the central vein, after a dark adaptation time of 10 min.

Nitrogen quantification 2*

Elemental analyses of nitrogen content were performed at the Centre Régional de Mesures
Physiques de I’Ouest (CRMPO, University of Rennes 1, Rennes, France) and were obtained by the
complete combustion and chromatography method with a FlashEA 1112 CHNS/O analyzer (Thermo
Electron Corporation, Thermo Fisher Scientific Inc., Waltham, MA, USA).

Water relations *?°

Water content (WC), relative water content (RWC), leaf water potential () and leaf osmotic
potential at that RWC (yRWC), were measured as described previously (Leport et al., 1999). The

turgor pressure (T) was calculated as:
Eq. 6 T =vy,— yRWC
The water deficit (WD) was calculated as:
Eq. 7 WD =1-RWC

Stomatal conductance ?°

Stomatal conductance was measured on all leaves before sampling using AP4 Leaf Porometer.

Depending of the leaf size two to four measurements were realized on each leaf.

Water and Osmotic potential®®

Leaf water potential (y,) was determined as the petiole xylem pressure potential using the
Scholander-type pressure chamber (Model 1000, PMS Instrument Co., Albany, OR, USA).Leaf
osmotic potential (ys) was estimated by measuring osmolality of crushed leaf juice with a freezing-

point osmometer (Model 13DR, Roebling, Berlin,Germany).
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Electron and light microscopy

Sample preparation™

After sampling, the fixative solution (2% (w/v) paraformaldehyde, 2.5% (w/v) glutaraldehyde)
was infiltrated into the leaf tissues using 5 cycles of depressurization with a vacuum pump (15 min of
low pressure in each cycle). Samples were replaced in the same fixative solution for 24 h at 4°C. After
extensive washing in 0.2 mol. L™ phosphate buffer (PB, pH 6.8), samples were incubated for 60 min
in 2% (w/v) tannic acid solution in PB, washed in PB and post-fixed for 90 min with 2% (w/v)
osmium tetroxide. Samples were then washed in PB and dehydrated in a graded series of increasing
concentrations of ethanol (50, 70, 90 and 100% v/v).

Pure ethanol was then replaced by propylene oxide and samples were gradually infiltrated with
increasing concentrations (30, 50, 70 and 100% v/v) of epoxy resin (mixed with propylene oxide) for a
minimum of 3 h per step. Samples were left overnight in epoxy resin. Infiltration with DMP30-epoxy
resin was continued the next day for 3 h. Samples were finally embedded in a new mix of DMP30-

epoxy resin and polymerized at 60°C for 24 h.

Sample preparation®

Five bands 3-millimeter in wide and 1-centimeter in length were taken perpendicularly to the
central vein. After sampling, the fixative solution (phosphate buffer 0.1 mol. L-1 p H 7.4 (PB), 3%
(w/v) glutaraldehyde) was infiltrated into the leaf tissues using 10 cycles of depressurization with a
vacuum pump (5 min of low pressure in each cycle). Samples were replaced in the same fixative
solution for 24 h at 4°C and were then washed in PB and dehydrated in a graded series of increasing
concentrations of ethanol (50, 70, 90 and 100% v/v). Samples were kept in pure ethanol for 12 h at
4°C.

For light microscopy, samples stored in pure ethanol were progressively included in an acrylic
resin (LRWHhite) using a graded series of increasing concentrations of resin solubilized in ethanol (20,

40, 60, 80, and 100 % v/v). Polymerisation was performed at 55°C over 4 days.

For transmission electron microscopy analysis (TEM), ethanol in samples was replaced by
propylene oxide by two baths (50 and 100% v/v). Then the propylene oxide was replaced by an epoxy
resin (EPON) using the same method (50 and 100% v/v) and the sample was kept for one night at 4°C
in an EPON solution. Polymerisation was performed over 1 day at 55°C and 60H at 72°C.

Micrograph acquisition*?
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For photonic microscopy, thin sections (500 nm* or 1um™?) were cut with a UCT LEICA
ultramicrotome and stained with toluidine blue before they were observed with a NIKON Eclipse 80i
microscope.

8For transmission electron microscopy analysis (TEM), ultra-thin sections (80 nm) were then
cut with a UCT LEICA ultramicrotome, placed on grids post-stained for 60 min with uranyl acetate
and then for 20 min with lead citrate and viewed with a JEOL 1400 TEM supplied with a GATAN
Orius camera.

Ultra-thin sections (60 nm) were then cut with an ultramicrotome (LEICA RM 2165),and
placed on grids post-stained for 60 min with uranyl acetate. The ultra-thin sections were then
examined with a JEOL JEM 1230 transmission electron microscope with an accelerating voltage of 80
kV

Model*®

A simplified model similar to that employed by McCain et al (McCain, 1995) was used to
interpret microscope images. Our model took into account only the palisade layer and assumed it to be
an ordered arrangement of water-filled cells with an ellipsoidal shape. It was also assumed that cell
width was equal to cell depth, wall thickness was uniform over the cell and that chloroplasts covered
all the inner surface of cell walls while the hyaloplasma contained a negligible water fraction of the
cell. As the focus was on the layer that was most affected by senescence, where most of the
chloroplasts can be found, the spongy layer was not taken into consideration.

An example of the optical microscope images used for estimation of cell and vacuole
dimensions is shown in Figure 1-a-10A. The optical microscope images were also used to measure the
perimeter of the cell wall, and its thickness was estimated from MET images (Figure 1-a-10B).

The vacuole (MvacuoLe), chloroplast (VchiLoropLast) and wall (Vwar) volumes were estimated

using the model according to following equations:

Vvacuole= 3/4n x 1/8 x [WV2 X Lv] Eq 3
VehiororLast = 3/4m x 1/8 x [(Wc? X Le)-(Whv2 X Ly)] Eq. 4
VwalL=3/4nx 1/8 x [((WC + 2WW)2 X (LC + 2WW))'(WC2 X Lc)] Eq 5

where W¢ is cell width, L¢ cell length, Wy, vacuole width, Ly vacuole length, Ly wall length
and Wy, wall thickness. W and L do not include the cell wall.

Microscopy images were analyzed using Image) software. The images were first manually
segmented and quantitative data related to cell structure were then extracted from the two youngest
and the two most senescent leaves analyzed. Data were expressed as percentage of the total cell
volume in order to compare the evolution of the relative volume of the different compartments with

that of the intensity of the different NMR signal components.
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Model*”

The area (A) of each cell from both parenchyma was measured using image J software. The
width (W) of each cell was also measured and the results from samples taken perpendicularly or
parallel to the central vein of the same leaves, were compared (see Annexe 1). No difference was
observed between the two types of sample, allowing us to estimate the vacuole volume of each cell by
multiplying A by W.

Data analysis

Statistical analyses were performed using the Rstudio software package. In order to detect
significant differences (P<0.05) between different leaf ranks™ and between different weeks of
sampling™, one-factor ANOVA test was applied to all measurements. The multiple range LSD
(Fisher's Least Significant Difference) test was used to compare means of the series and correlations*®?

were revealed through Pearson’s rank correlation coefficient analysis.

Correlation (PCA)*

Principal component analysis (PCA), defined as an unsupervised descriptive multivariate
statistics tool, was performed with R software, package FactomineR, on the 50 data sets from 11
plants (P-1, P-3, P-4, P-6, P-7, P-8, P-9, P-11, P-13, P-14 and P-15,), consisting of the changes in 10
multivariate data of the six leaves at different leaf ranks (6 to 1). The multivariate data were:
chlorophyll, starch and water content, dry matter, Tocomp.1), T2comp.3)s T2(compa+s) (Weighted average of
Tocompay @aNd Tocomps)), @ANA locomp2), logcomp.3y @Nd locomp. 4+5) corrected for the receiver gain and the

sample weight.
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CHAPTER 1

Cell and tissue modifications during oilseed rape
senescence revealed though NMR relaxometry
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CHAPTER 1

The first chapter is dedicated to the investigation of the leaf senescence throughout NMR
relaxometry. This chapter consists of two publications entitled “Structural Changes in Senescing
Oilseed Rape Leaves at Tissue and Subcellular Levels Monitored by Nuclear Magnetic Resonance
Relaxometry through Water Status” and “Assessment of nutrient remobilization through structural
changes of palisade and spongy parenchyma in oilseed rape leaves during senescence”.
Understanding the processes involved in leaf senescence is a major goal for improving oilseed rape
NRE. While biochemical and molecular aspects of leaf senescence and processes involved in
chloroplast degradation (plast dismantling, senescence associated vacuoles, autophagy,...) have been
extensively studied for various species, the structural changes occurring at tissue level are less
documented. The purpose of these publications was to demonstrate the sensibility of the T, relaxation
NMR signal to senescence induced changes at cell and tissue levels. An important aspect of this work
was to highlight the relationship between leaf water relations and senescence process. The natural
sequential leaf senescence was studied on vegetative plants grown without vernalization, by
monitoring leaves according to the leaf rank or age.
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Maja Musse, Loriane De Franceschi, Mireille Cambert, Clément Sorin, Francoise Le Caherec, Agnés Burel,
Alain Bouchereau, Francois Mariette, and Laurent Leport™®
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Européenne de Bretagne, 5 Boulevard Laénnec, 35000 Rennes, France (M.M., L.D.F.,, M.C,, C.S,, F.L.C., A.Bu.,
A.Bo., FM., LL.); INRA, UMR 1349, Institute for Genetics, Environment and Plant Protection (IGEPP), UMR
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1-a-1 Introduction

The main physiological outcome of leaf senescence is the recycling of organic resources and
provision of nutrients to sink organs such as storage and growing tissues (BuchananWollaston, 1997;
Hikosaka, 2005; Krupinska and Humbeck, 2008). In crop plants, senescence progresses from the
lower older leaves to the younger top leaves. Macromolecular degradation and the mechanism of re-
allocation of breakdown products are mediated by up-regulation of senescence-related genes (Lee et
al., 2001) in close relationship with both developmental and environmental conditions (Gombert et al.,
2010). This leads to remobilization of carbon (C) and nitrogen (N) compounds mostly from plastidial
compartments (Martinez et al., 2008; Guiboileau et al., 2012), involving proteolytic activity in plasts,
vacuole and cytosol (Adam and Clarke, 2002; Otegui et al., 2005), chlorophyll breakdown
(Hoertensteiner, 2006), galactolipid recycling (Kaup et al., 2002) in the plastoglobules (Brehelin et al.,
2007) and loading of sucrose and amino acids into the phloem through appropriate transporters
(Wingler et al., 2004; Masclaux-Daubresse et al., 2008). In terms of leaf senescence at the cell level
where chloroplasts are degraded sequentially, relative organelle volume does not seem to be greatly
modified, the vacuole remains intact and in darkness-induced senescence the number of chloroplasts
per cell decreases only slightly (Keech et al., 2007). However, major changes in metabolic fluxes and
cell water relationships are expected during the senescence program that may be associated with
macromolecule catabolism, organic solute synthesis, transport and remobilization and cell structure
reconfiguration such as chloroplast evolution to gerontoplast (Hoertensteiner, 2006; Keech et al.,
2007; Zhang et al., 2010) through the autophagy process (Wada et al., 2009), accumulation of
senescence-associated vacuoles (Otegui et al., 2005) and cell wall degradation (Mohapatra et al.,
2010).

60



The senescent leaves of oilseed rape (Brassica napus L.), a major oleiferous crop, generally fall
while still maintaining a high N content (about 2.5-3 % (w/w) of the dry matter) (Malagoli et al.,
2005). In addition to the environmental impact of this leaking of N out of the plant, the low capacity to
remobilize foliar N is associated with a high requirement for N fertilization to meet the potential crop
yield (Dreccer et al., 2000). In order to improve the N use efficiency (NUE), new genotypes are being
selected for their ability to maintain high yields under limited N fertilization, mainly via improvement
of N uptake efficiency and N mobilization from the senescing leaves (Hirel et al., 2007). In
Arabidopsis and oilseed rape, N can be remobilized from old to expanding leaves at the vegetative
stage during sequential senescence as well as from leaves to seeds at the reproductive stage during
monocarpic senescence (Malagoli et al., 2005; Diaz et al., 2008; Lemaitre et al., 2008). Senescence
can also be induced by environmental stress such as N starvation (Etienne et al., 2007) or water deficit
(Reviron et al., 1992), and propagated from old to mature leaves and delayed in young leaves,
suggesting finely tuned high regulation of metabolism at the whole-plant level with consequences for
NUE (Desclos et al., 2009). One major challenge to understanding the efficiency of senescence-
induced organic resource re-allocation and to highlighting major molecular and mechanistic attributes
of nutrient recycling is the monitoring kinetics of the structural re-organization of cell structures. This
re-organization will provide nutrients remobilized thought phloem-loading. From a technological and
phenotyping point of view, measurement of N remobilization efficiency has already been addressed in
crop species and oilseed rape as it is a reliable trait to screen for genetic variability of NUE
(Franzaring et al., 2011). However, technigques such as stable isotope feeding are time consuming,
destructive and difficult to adapt to large genotype panels. It is therefore important to develop a
technique for following changes in water distribution at the cell level in order to understand metabolic

reconfigurations occurring throughout senescence.

NMR Relaxometry has been used in several studies to investigate plant cell structure and
functioning (Hills and Duce, 1990). The 1H-NMR signal originates almost entirely from water protons
because other 1H nuclei in the plant produce much less intense signals as they correspond to
molecules that are at a much lower concentration than water. The technique allows measurement of
longitudinal (T;) and transverse relaxation times (T,) and proton spin density. Water proton relaxation
times are related to the rotational and translational mobility of water molecules (Van As, 2007). They
are also modified by the mobility and structure of the surrounding macromolecules (i.e. starch,
proteins and polysaccharides) through proton exchange (chemical exchange). In plant cells, the water
in different cell compartments has different chemical and physical properties, and therefore different
bulk T2 values. Moreover, relaxation times are affected by exchange of molecules between different
compartments that is determined by water diffusion and therefore by the compartment size and
membrane permeability (Van der Weerd et al.,, 2002). The slow diffusion process between
compartments results in multi-exponential behaviour of the relaxation signal. The multi-exponential
relaxation reflects water in cell compartments and can therefore be used to study changes in water
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distribution and properties at a sub-cellular level and hence be used for estimation of structural and
volume transformations in cell compartments. The T, relaxation time is more sensitive to small
variations in water content and chemical exchange processes than T,, and is therefore usually
preferred. Indeed, differences in T, for the different compartments are relatively small, resulting in an
averaging effect which results in poor discrimination between water compartments (Van As, 2007).

To date, NMR relaxometry has mainly been used for characterisation of fruit and vegetable
tissues and it has been shown to be effective in providing valuable information about cell organization
(Sibgatullin et al., 2007). However, although a number of studies have contributed to the interpretation
of the NMR results (Snaar and Van As, 1992; Hills and Nott, 1999; Marigheto et al., 2009), this is still
not always straightforward as the NMR signal depends both on the nature of the plant tissue and on the
NMR measurement protocol. The situation is even more complex in the case of leaves, because leaves
contain different tissue types characterized by different cell sizes and structures (Teixeira et al., 2005)
and only a few studies involving NMR Relaxometry in leaves have been reported. Changes in T, in
response to high temperature were investigated in wheat (Maheswari et al., 1999) in order to develop a
method for detection of heat injury. McCain et al. (1995) measured the T, relaxation time of
chloroplast and non-chloroplast water in maple leaves by separating corresponding peaks in an NMR
spectrum (McCain, 1995) without taking into account the compartmentalization of non-chloroplast
water. Oshita et al.(2006) investigated cell membrane permeability to water in spinach leaves by
measuring the T, relaxation time of the leaf protoplasts without consideration of the subcellular
structure. Qiao et al. (2005) attempted to associate NMR signal components with different chive cells
using combined transverse relaxation and restricted diffusion measurements. Finally, Capitani et al.
(2009) recently used a portable unilateral NMR instrument to detect the water status of leaves of
herbaceous crops, mesophyllous trees and natural mediterranean vegetation under field conditions.
Further investigations are therefore necessary to improve leaf characterization by NMR, especially in
the attribution of NMR signal components to the tissular and subcellular compartments. Progress in
this field would make it possible to use the full potential of non-invasive NMR Relaxometry in plant

research and phenotyping.

Using NMR Relaxometry, we describe here the differences in water status which occured at
tissue and cellular levels through different leaf ranks of well irrigated oilseed rape plants, from the
young leaves at the top of the canopy to the senescing older leaves at the bottom of the plant. The aim
of the study was to show that changes that occur in the leaves while senescing can be related to
changes in water distribution and cell structure. As these changes are directly linked to the
modifications in cell compartment organization, especially those occurring in the chloroplast, vacuole
and cell wall due to macromolecule degradation and N and C reallocation processes, this study was

designed to contribute to the understanding of these physiological processes.
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1-a-2 Results

Changes in physiological traits during leaf development

The whole group of plants grown under homogeneous conditions in a growth cabinet displayed

a similar developmental pattern in terms of phenological and physiological status. The different leaf

stages (corresponding to leaves of different ages) were collected from eight-week-old plants rank by

rank and analyzed for physiological status (Figure 1-a-1).
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Figure 1-a-1: A) Changes in chlorophyll
and starch content, B) fresh and dry weight per
leaf area and C) water weight per leaf area and
water content in fresh weight ratio in oilseed rape
leaves during senescence. Values are means +
standard deviation of sixteen individual plants
(P-1 to P-16).

All the individual plants used for
measurement had a set of well developed
leaves from the youngest green leaves at the
top (leaf rank 8) to the yellowish and most
senescent leaves at the bottom (leaf ranks 1
and 2). Chlorophyll content, stable from leaf
ranks 8 to 6, decreased markedly from leaf
rank 4 to 1 (Figure 1-a-1 A). The highest
level of starch content was found at around
leaf rank 6, again with a decrease in
senescing leaves from ranks 4 to 1. Used as
global indicators of leaf growth and
development, this information ensures the
choice of leaf ranks studied through NMR,
i.e. rank 8 for younger fully expanded
leaves, rank 6 for mature leaves and ranks 4

to 1 for senescing leaves.

Figure 1-a-1 B depicts dry and fresh

weights of leaves and Figure 1-a-1 C shows

the corresponding water content and water weight data. Dry weight (expressed per m2 of leaf area)

decreased from leaf rank 6 to leaf rank 1, whereas a considerable increase in fresh weight and water
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content was observed from leaf ranks 6 to 1. The senescence process was clearly associated with
hydration (increase in quantity of water per unit leaf area) in leaf tissues whereas dry matter was
depleted. This phenomenon was also confirmed in the leaf water status experiment (Figure 1-a-2), in
which the increase in water content from the youngest (leaf rank 8) to the oldest (leaf rank 1) leaves
was less pronounced but statistically significant. The ANOVA test showed also that differences in leaf
water potential and osmotic potential of the youngest (leaf rank 8) and oldest (leaf rank 1) tissues,
associated with increase in fresh weight were statistically significant. Turgor pressure, relative water
content and water deficit did not change significantly with senescence.
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water potential (yl), leaf osmotic potential
B 0.0 . 1.0 (wyRWC) and turgor pressure in oilseed rape
e Waksr potbntial E leaves during senescence. Values are means *
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Cab/SAG - molecular milestones of leaf development

The physiological characteristics (chlorophyll content, starch deposition & water status)
provided a general pattern of leaf development along the plant axis. However, the physiological status
of the individual plants studied varied to some extent in terms of leaf development due to growth
conditions and heterogeneity of the micro-environment (see standard deviations in Figure 1). In
addition, these traits did not make it possible to detect slight physiological variations as the senescence
process occurred progressively from one leaf rank to another. In order to evaluate this variability
between leaf ranks more precisely, the expression levels of genes previously used to describe the leaf
development status of oilseed rape were followed (Gombert et al., 2006). Thus the expression pattern
of genes known to be up-regulated (SAG12-1 coding a cysteine protease) or down-regulated (Cab

coding a chlorophyll a/b-binding protein) during leaf senescence was established for five plants
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throughout the vegetative axes (Figure 1-a-3 A). The concomitant measurement of SAG12 and Cab
gene transcript levels provided accurate monitoring of progression of leaf senescence and allowed a
theoretical leaf rank to be seen as a critical transition step where the source status took precedence
over the sink status (Figure 1-a-3 B). For instance, in the example shown, expressions of Cab and
SAG12 were relatively stable from leaf rank 8 to leaf rank 5, while from leaf rank 4 a strong decrease
in Cab expression associated with an increase in SAG12 were observed. The theoretical leaf rank
differed from plant to plant and was identified in leaf ranks 1 to up to 4 (Table 1). It must therefore be
emphasized that, although the plants studied further by NMR displayed homogenous macroscopic
phenological traits, individual differences were observed in terms of physiological status of leaves of
the same ranks. SAG12/Cab value can be used to target leaves at the same development status,
although it does not make it possible to define this status. For example, leaf rank 1 of plant P-1 was
comparable to leaf rank 2 of plant P-11 and to leaf rank 3 of plant P-13. In addition, SAG12/Cab

results suggested that leaf rank 3 corresponded to a younger leaf in plant P-1 than in plant P-6.
A Leaf rank
9 876 543 21

Figure 1-a-3 - Characterization of leaf status in
terms of the expression of SAG12 and Cab (data from P-13)
in oilseed rape leaves during senescence. A) RT-PCR of
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Table L. Parameters of leal water status and senescence and comparison of leal ranks of different plants of oilseed rape

Thee five plants Tor which critical transition of the SAGT2-Cab ratio occurred are listed in the second column. Classification of
the plants (P-1 to P-16) for which the longest T2 component split into two components is given in the third column.

) Plants for Which Critical Transition of SAGT2-Cab Flants for Which ‘\.|1Iilli|1|_: ot the Longest T2
Leat Rank Ratio Ocourred Component Occurred
1 P-1 P-1, P-2, P-3
2 P-11, P-12 P-5, P-7, P8, P-11, P-12, P-14
i P-13 P10, P-13, P16
=4 P-to P.6, P9, P-4, P-15

NMR signal evolution during leaf senescence

The relaxation decay in leaf samples corresponding to the separate CPMG (Carr Purcell
Meiboom Gill) data was described by three or four relaxation components depending on
developmental stage of the leaf. A typical example of the distribution of transverse relaxation times

obtained by the maximum entropy method (MEM) for different development stages is given in Figure
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1-a-4, with the peaks centered at the most probable T, values and the peak areas representing the
intensity of the T, components.
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Figure 1-a-4: Transverse relaxation time distribution (MEM) calculated from the CPMG signal for
oilseed rape leaves of 6 different leaf ranks (L). Data shown correspond to P-5.

Three components were observed by the MEM method for the youngest leaf analyzed (Figure
4A), with the shortest T,-component centered at about 3 ms and representing about 8% of the total
signal intensity, the intermediate component centered at about 25 ms (19% of the signal intensity) and
the longest T,-component at about 100 ms (73% of the signal intensity). For the example shown, the
shortest component remained in the same range of T, throughout leaf tissue ageing, until the late
senescence stage (leaf rank 1) when it disappeared. The T, of the intermediate component was about
20 ms for all measurements, while its relative signal intensity decreased (from 19% to 13%, for leaf
ranks 8 and 1, respectively). The T, of the longest T,-component increased from the youngest to the
most senescent leaf, starting progressively to split into two components between leaf ranks 3 and 2.
Figure 4E shows four distinct components measured at leaf rank 2, with the two longest T,-
components centered at about 190 ms and 340 ms, respectively. Finally, the T, values of the two
longest T,-components were about 220 ms and 450 ms, for the late senescence leaf (Fig 4F). The sum
of relative signal intensities of the two longest T,-components increased from 73% to 87% with
senescence (for leaf ranks 8 and 1, respectively). The T, distribution shown in Figure 1-a-4 was very
similar for the sixteen plants analyzed (data not shown). However, some differences were observed
between plants with regard to the leaf rank where the split occurred, confirming previously suspected
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physiological heterogeneity within leaf ranks. In Table 1, the plants are classified according to the leaf
rank at which the longest T,-component split into two components. It can be seen that the critical
transition of the SAG12/Cab ratio (second column) fitted well with the NMR results, for the five
plants studied.

The discrete solutions for the complete decay curve (FID+CPMG) obtained by the Levenberg-
Marquardt algorithm agreed to a great extent with the MEM results of the separate CMPG curve and
in addition provided access to the first component, relaxing at about a few tens of us (Table 2). The
relative intensity of this component (locomp.1)) decreased during senescence, while its Tycomp.1) S€€Med

to increase only for the most senescent leaf.

Table Il. 72 and coresponding relative intensities for the complate decay curves (FID + CPMG) obtained by the Levenberg-Marquardt algorithm for
six oilseed rape leaves presented in Figure 4 (P-5)
Leal Rank Comgonent 1 Companent 2 Companent 3 Comgonen <4 Comganent 5
I 1 Iy 2 Iy T2 Iy 1F] I, 1F]
il ms % T s T ns [}
4 5 0.03 9 2 1% a7 Lits) 103 - -
5] B .03 10 3 18 a7 (1) 132 -
4 4 0.0% 7 2 18 27 71 166
3 3 0.03 7 i 18 14 72 195 - -
2 3 .03 - 1 14 23 32 196 47 141
1 3

0.07 12 21 1] 222 48 448

As previously explained, the NMR signal from vegetable tissue can be attributed mainly to
protons from water molecules, characterized by T, relaxation times in the range of few ms or more.
However, T,-components relaxing at lower relaxation times (in the range of 10 to 100 us) in principle
correspond to solid matter. In order to check this assumption, the intensity of the first component of
the FID-CPMG signal at equilibrium state (Iocomp.1)) Was correlated with dry matter mass and the sum
of the intensities of the other components (locomp.2-5) t0 the water mass. Both relationships (Figure 5)
were linear and positive (r?=0.75 for locomp.1yy and r2=0.89 for locomp2-5) ), and demonstrated that the
signal from the first component of the FID-CPMG sequence corresponded to the dry matter and the
sum of the signals from the other components to the water, independently of leaf age. In addition, as

already explained, the results confirmed that the water and dry matter masses depended on leaf age.

The dry matter mass of leaf samples (dry weight per leaf A 35
0.30

area) and locomp1y for young leaves were relatively high — ;..
30
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- - L]
and decreased for mature and senescing leaves, while the = 020

water mass and locomp2s) Were highest in the most = .,

senescent leaves (ranks 1 and 2) (Figure 1-a-5) 0.05
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(ranks 1 and 2) oilseed rape leaves. Signal intensity was
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corrected for the receiver gain. Values correspond to sixteen individual plants (P-1 to P-16).

Figure 1-a-6 shows the relative signal intensities and mean values of T, for the sixteen plants studied,

expressed in leaf water weight (LWW) for all components, obtained by the Levenberg-Marquardt

algorithm. Since the total intensity of components 2 t0 5 (locomp.2-5)) Was strongly correlated with total

water mass for young to senescent leaves for all plants (Figure 1-a-5 B), variations in water mass

related to each component were calculated through leaf development (Figure 1-a-6 A). The results

showed that increase in leaf water weight (expressed in water mass per leaf area) of senescing leaves

was due to the increase in amount of water associated with components 4 and particularly 5. However,

leaf water weight associated with component 3 slightly decreased (Figure 1-a-6 A), while that of
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Figure 1-a-6: NMR relaxation parameters
of oilseed rape leaves during senescence according
to leaf rank. T, and corresponding I, values for the
complete decay curves (FID+CPMG) were
obtained by the Levenberg-Marquardt algorithm.
A) Water distribution in the water-associated
components (2-5) expressed as:

i Xm

LWW, =2 =W
A
leaf water weight of the i™ signal component
expressed in g m?, with m,, water mass per leaf
sample used for NMR analysis (in g), A leaf
sample area (in m2) and ly; relative intensity of the
i" signal component (as a ratio of total signal of
water-associated components (2-5)). B) and C) -
Transverse relaxation times. Values correspond to
sixteen individual plants (P-1 to P-16).

, Where LWWi; is specific

The overall trend for T, of components was the same as in the example given in Table 2. The T,

of components 4 and 5 increased markedly (Figure 1-a-6 C), which could be related to the increase in

the amount of water associated with these components (Figure 1-a-6 A).
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Correlation between NMR signal and physiological traits of leaves

Principal Component Analysis (PCA) was performed in order to draw up a general framework
of all the variables measured. The first principal component (PC1, 72.8% of total variance) appeared
to be mainly assigned with leaf development (Figure 1-a-7 A). First, young leaves (leaf rank 6) were
characterized by high levels of chlorophyll and starch content and dry matter (right part of PCA —
Figure 1-a-7 B) whereas the most senescent leaves (leaf ranks 1 — 2) were characterized by higher
water content (left part of PCA — Figure 1-a-7 B). This is in agreement with the phenomenon of dry
weight lost during senescence, associated with chlorophyll and starch breakdown. Moreover, the
results demonstrated that this loss of dry weight was correlated with increase in leaf water content and
therefore hydration of leaf tissues. Secondly, the high intensities of the second (locomp.2) and third
(10(comp.3)) components of the NMR signal were associated with the youngest leaves (right part of PCA
- Figure 1-a-7 B), whereas the high total intensity of components 4 and 5 (10(cmp4-5) and the high
value of the corresponding T2 comp.4-5) Were associated with the most senescent leaves (left part of PCA

- Figure 1-a-7 B).
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The Pearson correlation coefficients of the PCA analysis set out in Figure 7 A and B are shown

in Table 3.
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Table 1. Pearson correlation coefficients of the data presented in Figure 7

CC, Chlorophyll content; DM, dry matter; SC, starch content; WO, water content,
| —
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Relationship between NMR signal and cell structure

Optical micrographs from young (A-B) and senescent (C-D) leaf tissues are shown in Figure 1-
a-8. Four parallel layers of cells can be observed on the images (upper and lower epidermis, palisade
and spongy layers). As expected, the palisade layer (PL) was composed of elongated, relatively tightly
packed cells arranged in 2 to 3 rows, while the spongy layer (SL) was made up of rounded cells with
large intercellular spaces. Moreover, most of the chloroplasts were stuck to the plasmalemma,
especially in the palisade mesophyll. The upper and lower monolayered epidermal cells can be easily
seen in the images. Both the length and width of the palisade mesophyll cells increased considerably
in senescing tissues, whereas those of the spongy mesophyll cells seemed to remain almost unchanged.
The number of chloroplasts per cell appeared to remain stable throughout the senescence process, and
consequently their relative volume decreased compared to the relative volume of the vacuole. The
regular shape of chloroplasts was preserved in most of the senescent leaves studied (Figure 1-a-8 C-
D), indicating that the end of the senescence process had not been reached, even for these leaves.
Finally, the area of palisade cells of
senescent leaves was estimated to be
about four times greater than that of the

corresponding young leaf tissues.

Figure 1-a-8: A) Light micrograph
of young oilseed rape leaf tissues, with B)
zoom on the palisade cells. C) Light
micrograph of senescent oilseed rape leaf
tissues, with D) zoom on the palisade cells.
PL - palisade layer; SL - spongy layer; UE —
upper epidermis and LE — lower epidermis.

Variations in the volume of

vacuoles, chloroplasts and cell wall

(Figure 1-a-9 A) were estimated (see

Materials and Methods, Egs. 7-9). A considerable decrease in the relative volume of the plastidial
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compartment was observed as senescence progressed. In the young leaves the chloroplast volume was
roughly estimated to be about 40% of the cell volume, and it dropped to below 20% in the most
senescent leaves. In contrast, the size of the vacuole increased from about 55% to almost 80%. Finally,
our method did not permit clear detection of variations in cell wall volume, although the results
seemed to indicate a minor volume reduction (Figure 1-a-9 A).

Figure 1-a-9 B depicts the relative intensities of the NMR signal components for young and
senescent leaves that can be considered as an estimation of water distribution in cell compartments.
Similar patterns can be observed in the NMR and the microscopy results, on comparing Figure 9 A
and B. For young leaves, the vacuole occupied about 55% of the cell volume, whereas the intensity of
components 4+5 was about 65%. The relative vacuole volume for senescing leaves increased to about
80%, and a similar phenomenon was observed for the relative intensity of components 4+5 (~85%).
On the other hand, chloroplast volume in young leaves was estimated to be about 40%, decreasing to
about 20% in senescing leaves, whereas the relative intensity of the third component decreased from
about 20% to about 10%. Finally, cell wall volume was estimated to be about 5% and 3% for young
and senescing leaves, respectively, and the relative NMR signal intensity of the second component

decreased from 9% to 2% according to leaf maturity.
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It should be noted that the variations in the volumes of vacuoles, chloroplasts and cell wall were
estimated roughly, as the spongy layer and the upper and lower epidermal cells occupying the leaf
surface were ignored in the analysis. Additionally, exchange of protons between different cell
compartments over the biological membranes can affect the relative intensities of different NMR
signal components.
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Figure 1-a-10: - Light (A) and electron (B) micrographs of oilseed rape leaf cell. W - cell width, L¢ -
cell length, Wy, - vacuole width, Ly, - vacuole length and W,y - wall thickness.

1-a-3 Discussion

Senescence induced changes at the cell level

The biochemical markers for identification of leaf senescence used in this study have already
been described in the literature (Masclaux et al., 2000; Desclos et al., 2008). The decreases in
chlorophyll and starch content (Figure 1-a-1) that we observed in senescent leaves were in accordance
with the literature (Diaz et al., 2005; Albert et al., 2012). However, although these biochemical traits
are relevant to providing a general view of senescence across plant shoots (Gombert et al., 2006), they
are not precise enough to be used for comparisons between leaf ranks from different plants. Molecular
markers such as SAG12/Cab gene expression (Gombert et al., 2006) provided a more precise

description of changes in leaf development (Figure 1-a-3) although handling them is fairly complex.

The senescence process has been well described in several reviews (Thomas and Stoddart,
1980; Buchanan-Wollaston et al., 2003; Lim et al., 2007) and, as far as we are aware, it is commonly
accepted that water loss occurs in leaves during senescence (Mclntyre, 1987). Decrease in specific leaf
dry weight during senescence, reflecting the drain of organic constituents from the leaves to other
plant organs has also been described (Mcintyre, 1987; Malagoli et al., 2005). In the present study, as
expected, a decrease in dry weight was observed for senescing leaves (Figure 1-a-1 B). However, an
increase in water content was observed (Figure 1-a-1 C), leading to an increase in total specific leaf
water weight. Moreover, the relatively high increase in cell size associated with tissue hydration of
leaves during natural senescence was observed (Figures 1-a-8 and 1-a-9). This increase in cell size has
not, to our knowledge, been previously reported in the literature. Thomas and Stoddart (Thomas and
Stoddart, 1980) described senescing leaves with increasingly vacuolated cells and with a diminishing
rim of cytoplasm, but they did not report cell enlargement. Keech et al. (Keech et al., 2007) reported
an increase in the perimeter of mesophyll cells of Arabidopsis leaves during senescence induced by
dark treatment. The cell enlargement process has been reviewed by Cosgrove (Cosgrove, 1999;

Cosgrove, 2005). It occurs prior to cell growth associated with dry matter production and depends on
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the ability of the wall to loosen and to undergo stress relaxation. Cell wall extensibility is mediated by
several protein factors, especially alpha-expansin expression (Cosgrove, 1999). The consequence of
the cell enlargement process is water uptake. This process has not previously been reported in
senescing tissues, although alpha-expansin expression has been studied during floral development. It
has been linked to an early development stage corresponding to the rapid expansion associated with
cell growth, but was also found in senescing floral tissues(Gookin et al., 2003). Finally, Reid and Chen
(Reid and Chen, 2008) reported that cell wall loosening also occurred in senescing flower tissues due
to degradation of cell wall macromolecules. The results of the present study, i.e. micrographs (Figure
1-a-8) and measurements of water status (Figure 1-a-2), clearly demonstrated that a process of cell
enlargement occurred in senescing leaves (especially for palisade cells) and that it was associated with
cell hydration. Considering the trend in cell wall volume estimated from the leaf tissue micrographs
(Figure 1-a-9) and the observations reported for flower tissues (Reid and Chen, 2007), this process
could be explained by degradation of cell wall macromolecules that induces changes in the fibrillar
structure of the cell wall and consequently causes water uptake from adjacent tissues. In our study, the
slight and consistent increase in water content was associated with a slight increase in leaf water
potential and osmotic potential (Figure 1-a-2), probably reflecting tissue hydration. We demonstrated
that this variation in leaf water content was not linked to a water stress event as the water deficit
remained constant. As the relative water content (RWC, see Eq. 4, Materials and Methods section) that
can be expressed as RWC=water content/(turgid weight/fresh weight — dry weight/fresh weight)
remained unchanged, water content increase and dry weight decrease, associated with the fresh weight
at full turgor increase, suggested an increase in cell wall elasticity. The latter is in agreement with the

micrograph observations.
Interpretation of the NMR signal of senescing leaves

The results of previous NMR studies performed on leaves differ from our results, as the NMR
signal depends on leaf tissue type and on the measurement and signal processing protocols. For
instance, T, measurements in wheat leaves (Maheswari et al., 1999) were performed by the CPMG
method at the same magnetic field as that used in our study (20 MHz), but with considerably fewer
sampling points (250 instead of 6000) and with longer pulse separation (0.5 ms instead of 0.1 ms used
in our study) at temperatures from 35 to 58°C. They obtained bi-exponential T, decay, with the longer
T,-component of T,=130-180 ms and 10=65-70% attributed to intracellular water and the shorter
component of T,=40-60 ms attributed to extracellular and hydration water. These two components
correspond roughly to the two longest T,-components measured in our study in relatively young
oilseed rape leaves (Table 2). The T,-component relaxing at 3 ms in oilseed rape leaves was not
observed because of the relatively long pulse space, and the very small number of points sampled for
the CPMG curve. Finally, in the Maheswari’s study, the CPMG decay curve was acquired over 250

ms which was not long enough for reliable fitting of the curve since the baseline was not reached (last
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point < 1.4 x T,-max). On the other hand, Capitani et al. (Capitani et al., 2009) investigated the leaves
of several species using a portable unilateral NMR apparatus (18.153 MHz) characterised by an
inhomogeneous magnetic field that did not allow measurement of the FID signal and produced
shortening of the T, values measured. Relaxation decays in the unstressed leaves were described by
two- or three-exponential decays with T, values of up to 40 ms. This approach has been demonstrated
to be promising for application in field conditions, but was not focused on interpretation of the NMR
signal. Any comparison with our results thus seems difficult. The results of studies on chive tissues
(Qiao et al., 2005) performed at 300 MHz were interpreted at the tissue level; T,/diffusion peaks were
assigned to cells of different tissue types, such as palisade and spongy layers and xylem vessels. The
subcellular level was not considered in their study, although in green leaf tissues chloroplasts represent
a significant level of cell volume. For instance, in wheat, chloroplasts occupy up to 70% of the
surface area of mesophyll cells and approximately 20% of their volume (Ellis and Leech, 1985). In
addition, they are believed to have distinct relaxation and diffusion properties (Van As, 2007) due to
their small size (about 6 pm in diameter). The results of T, measurements obtained in maple leaves at
300 MHz using a different approach (McCain, 1995) differed considerably from those in chive tissue.
Chloroplast water was discriminated and its T, was surprisingly estimated to be higher than the T, of

non-chloroplast water.

Except for the last study mentioned, the longest T, component is generally associated with
vacuolar water (Van As, 2007), because of its relatively high mobility. It usually also has the highest
relative intensity, as the vacuole encloses the highest amount of cell water (Teixeira et al., 2005). As
explained above, young and mature leaves (leaf ranks 8-3) were characterized in our study by three
water-associated components (Figure 1-a-4). According to the literature, the highest T, component
could be attributed to the vacuole, as it represented about 70% of the total water and had a relatively
long T, (about 100-200 ms) depending on the leaf rank (Table 2). In senescing leaves, this water
fraction was distributed between two NMR components, still representing three quarters of the total
water. This could be explained by tissue heterogeneity that was emphasized during senescence. In fact,
differentiation in cell morphology between palisade and spongy layers was observed on light
micrographs (Figure 8) and showed that cell enlargement occurred only for palisade cells. This
heterogeneity of cell size may affect the NMR relaxation times (Van der Weerd et al., 2002) of the two
cell types (Qiao et al., 2005), resulting in the increase in T, of enlarged palisade cells. Finally, the
relative signal intensity of the two longest T2-components and its trend during senescence
approximately matched the relative volume of the vacuole estimated from the light micrographs
(Figure 1-a-9).

T, values of these vacuole-associated components increased during senescence, particularly
the T, of the fifth component (Figure 1-a-6). This can be explained by increase in vacuole size,

according to the sensitivity of T, to compartment size (Van der Weerd et al., 2002) and by water influx
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induced by senescence. On the other hand, entry of dead-end metabolites of organic component
degradation occurring during the senescence process (Buchanan-Wollaston et al., 2003; Wada et al.,
2009) could shorten T, values through chemical exchange between protons of these metabolites and
water protons. However, the latter process seemed to be minor comparing with the effects of water

content increase due to rise in water amount in the vacuolar compartment.

The overall results of this study indicated that the third T,-component could probably be
assigned to the plastidial water. Chloroplast volume and its trend during senescence estimated from
the micrographs matched well the relative intensity of the third T,-component (Figure 1-a-9).
Covering of the mature cell surface by chloroplasts varies considerably in higher plants, with a total
chloroplast area per unit plan area of cell greater than 70% in spinach and as low as 25% in Nicotiana
glutinosa (Honda et al., 1971). However, as shown by Ellis and Leech (Ellis and Leech, 1985) the
chloroplast volume is fairly constant in leaf mesophyll tissue for any given species. Their results
demonstrated that chloroplasts represented up to 40% of total cell volume for mature leaves. As the
chloroplast dimensions measured (about 6 pm diameter and 2 um thick) were in agreement with the
literature (Ellis and Leech, 1985), their volume can be estimated to be about 50 pm?® also in
accordance with the literature (Zellnig et al., 2010). On the other hand, plastids are distributed as a
peripheral monolayer in mesophyll cells (Ellis and Leech, 1985) in the same way as in cells of
equivalent size and shape. Their average number may therefore be estimated as about 90 chloroplasts
per cell (with an estimated volume of less than 12000 um?) and the relative volume to be about 40%.
However, this percentage may be slightly overestimated as in species such as wheat there are fewer
than 70 chloroplast for cells as large as 1400 um? (Ellis and Leech, 1985). Following the hypothesis
that chloroplast water content is about 50%, based on the ratio of the relative volumes of well watered
stroma and lipid-enriched thylakoids and plastoglobules (Zellnig et al., 2010) and as the water content
increases markedly in the gerontoplast due to the loss of thylakoid membranes, the estimated volume
of plastidial water weighed by water content fitted even better the amount of water computed from the
NMR signal intensity. The T, of the third component has only been reported for maple leaves
(McCain, 1995) to our knowledge. Its value in their study was surprisingly high (about 40 ms)
considering that measurements were performed at a relatively high magnetic field (300 MHz). The
plastid T, obtained in the present study (Table 2) was in the same range, although it was measured at
20 MHz. However, in view of the differences in size between plastidial and vacuolar compartments,

such plastidial T, values appeared to be in agreement with the T, found for vacuoles.

Finally, the low T, value (Table 2) of the second component (about 3 ms) should correspond to
that of water close to macromolecules or to solid surfaces (Van As, 2007), and this component
represented about 10% of the cell water (Table 2). Different hypotheses can therefore be proposed for
its attribution, such as starch hydration water or cell wall water. Firstly, the T, value measured

(Mariette et al., 1999; Tang et al., 2000) and the fact that component 2 disappeared in the most
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senescent leaves at the same time as the starch suggest that it may correspond to water in starch
granules. However, according to Mariette et al. (Mariette et al., 1999), the mass of water enclosed in
starch granules per total starch mass is 0.3829 g/g and it was estimated to be 0.3% for leaf rank 6. This
is far beyond the relative intensity of component 2. On the other hand, the T, values measured (Table
2) may indicate that component 2 corresponds to the water in rapid exchange with cell wall protons
according to the attribution proposed for fruit (Sibgatullin et al., 2007). Additionally, the relative water
volume enclosed in the cell wall could correspond to the relative NMR signal intensity of component 2
(Figure 9). The fact that the second component disappeared in the most senescent leaves could be

explained by cell wall thinning associated with macromolecule degradation.

As demonstrated above, the first component was attributed to dry matter protons. The analysis
performed did not allow going into further details. Indeed, the sole organic compound quantified was
starch and it represented between 1 and 5% of the dry weight, while dry matter content represented
between 20 and 8% of the total weight, depending on the leaf senescence stage. On the other hand, the

intensity of the first component relaxing at about 30us was about 5% of the total FID-CPMG signal.

The PCA analysis (Figure 1-a-7) showed that chlorophyll breakdown and starch degradation
were associated with leaf aging. The NMR signal was shown to be able to describe this senescence-
induced sub-cellular water redistribution. For instance, the relative intensity of components 4 and 5
(locompa+s)) and the transverse relaxation times (T2comp4s+5) associated with vacuole water were
positively correlated with senescence, describing water entry and vacuole enlargement. On the other
hand, the relative intensity of the third component (locomp3) Was negatively correlated with

senescence, describing the decrease in the relative volume of the chloroplasts.

1-a-4 Conclusion

This study demonstrated that NMR Relaxometry is a powerful technique for monitoring leaf
development, as T, measurements provide access to the cell structure through sub-cellular water
distribution. Applied to a wide leaf panel, this technique was shown to be able to detect slight
variations in senescence evolution accurately. Combining NMR with microscopy and physiological
characterization throughout the senescence process contributed to understanding of the attribution of
NMR signal components. The results represent an important step toward further studies investigating

the biological significance of the signal.

One of the main applications of leaf NMR Relaxometry would be in field applications, such as
leaf tagging and plant phenotyping. It will be necessary first to investigate the leaf NMR signal in
relation to different environmental conditions, such as water or nitrogen depletion. As field
applications require portable NMR devices, and this will inevitably weaken the quality of the signal,

this aspect should be also evaluated.
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One other important application of the proposed technique will be to improve understanding of
plant functioning at cell and tissue levels. Changes in the water distribution and cell structure during
any physiological process or under abiotic or biotic stress are not directly accessible with currently
used techniques and therefore NMR represents a promising and powerful technique for plant

investigations.
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1-b-1 Introduction

A leaf goes through different phases during its development, the last being senescence.
Senescence is a highly regulated complex process that leads to the death of the tissue. This process has
been shown to involve three phases (Nooden et al. 1997). The first phase is regulated by hormones and
is characterized by transduction of the senescence signal (from environmental or internal factors) that
leads to activation of key genes. The second phase is a degenerative phase corresponding to the
disassembly and remobilization of cell components. Remabilization during that phase allows recycling
cell nutrients from senescing tissues to growing organs. Finally, the terminal phase corresponds to
disorganization of the nucleus, degeneration of the tonoplast and distortion of the cell wall leading to
the cell death. Mitochondria remain active until the latest stage of senescence (Sakamoto, 2006). All
these events are programmed in order to allow maximal carbon (C) and nitrogen (N) remobilization in
correspondence with sink demand. For crop species, the ability of the plant to remobilize nutrients
highly impacts seed yield, especially in the current context of fertilizer input reduction. For instance,
oilseed rape crop is known to have suboptimal N use efficiency partly due to low leaf organic N
recycling performance and inherent important N residual amount in fallen leaves. As nitrogen
fertilization has a major impact on oilseed rape production costs and environment quality, low N
remobilization efficiency (NRE) has negative economical and agro-ecological consequences.
Improving oilseed rape NRE should be a breeding challenge and would therefore necessitate a better
understanding of senescence associated nutrient allocation and partitioning processes in leaves
especially at the cell structure and organization levels were organites and macromolecules constitute

predominant sources for metabolite recycling and sink feeding.

A leaf is constituted of the palisade and the spongy parenchyma crossed by vascular tissues and

surrounded by two epidermises. In Brassica napus, the palisade parenchyma consists of regular shaped
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cells organized in layers whereas the spongy parenchyma, presenting large intercellular spaces, is less
well organized (Castro-Diez et al. 2000). The principal leaf functions are photosynthesis,
photorespiration and transpiration. Even if there is no experimental data supporting that, it is currently
accepted that photosynthesis is mainly performed by palisade tissue (Nardini et al. 2010) whereas the
spongy tissue is known to be involved in gas exchange. Moreover, it has been shown in Acer
hippocastanum (horse chestnut) with abaxial position of stomata that the spongy tissue has a major
role in the homeostasis of the leaf hydraulic status (Nardini et al. 2010). Although the leaf has often
been studied as a homogeneous organ the structural and functional differences described above may
suggest different patterns of evolution during development and senescence. It might be expected that
palisade and spongy tissues evolve differently in terms of metabolism during senescence possibly
leading to different contributions to remobilization process. The question of differential evolution of
the palisade and spongy parenchyma during leaf development has not been addressed to date in the
literature. The only differential response between leaf parenchyma were revealed by microscopy in

plant under water (Bacelar et al. 2006; Martinez et al. 2007) and ozone stresses (Bohler et al., 2013).

As already stated structural modifications due to macromolecules dismantling and recycling in
senescing leaves are at the origin of cell compartment disruption, dry matter reallocation and probably
water redistribution between compartments. Low field proton Nuclear Magnetic Resonance (NMR)
has been used for investigation of cell water compartmentalization in various plant organs (Hills and
Remigereau 1997; McCain 1995; van der Weerd et al. 2001). The technique allows measurement of
relaxation signals that for highly hydrated plant tissues originate mainly from water. In the case of
compartmentalized systems characterized by slow diffusion exchange of water molecules between
compartments, relaxation times have a multi-exponential character due to differences in physical and
chemical properties of water in different compartments. The relaxation signal is therefore used to
study changes in water status and distribution. In most studies, transverse relaxation time (T,) has been
used rather than longitudinal relaxation time (T.) as it is more sensitive to variations in water
properties occurring in plant tissues. The multi-exponential T, has mainly been interpreted at a cell
level to assign different signal components to principal cell compartments while assuming
homogeneity of cells in the sample being examined (Snaar and Van As 1992b). This model was
developed for fleshy fruit (Snaar and Van As 1992a) and vegetable parenchyma (Hills and
Remigereau 1997). It has also been used for leaf tissues from different plants (Colire et al., 1988;
Capitani et al., 2009). Another approach was used by Qiao et al. (2006) who considered only
heterogeneity of the sample at the tissue level. Musse et al. (2013), investigating leaf senescence of
Brassica napus, recently drew attention to the fact that both cell compartmentalization and tissue
heterogeneity have to be taken into account in the interpretation of the NMR signal. The NMR signal
of leaves was shown to be sensitive to the senescence stage and all signal components to be affected

by it. The principal signal changes concerned the vacuole-related component that separated into two
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components in senescing leaves. An interpretation was proposed associating these changes with a
process of cell enlargement and hydration, probably linked to remobilization processes.

The focus of the present study was on changes occurring in vacuole properties, the major place
of macromolecules degradation during remobilization, and plast structures that constitute the main N
reserve of the leaf, during leaf senescence. NMR measurements and an extended microscopy study
were performed to observe changes at both cellular and tissue levels. Light microscopy was used for
the quantification of tissue thickness and vacuolar volume, whereas plasts and cell walls were
investigated using electronic microscopy. The design of the experiment allowed investigation of
natural leaf senescence in a large number of plants grown under controlled conditions through an
eight-week kinetics study. This design made it possible to compare different developmental scales
commonly used to describe senescence (i.e. leaf rank, leaf age and physiological markers). The output
of the study was to demonstrate a differential structural and probably functional evolution linked to
nutrient remobilization processes of palisade and spongy parenchyma cells in naturally senescent
leaves of Brassica napus.

1-b-2 Results

Physiological characterization of leaf development

Leaf development was characterized through chlorophyll and starch content, water content and
dry weight measurements (Figure 1-b-1). In order to compare leaf pattern of evolution according to the

position in the canopy and to time, two approaches were used to present the results:

(i) All leaves were followed during the eight-week measurement period. The eighth rank leaf
(LR-8) was chosen for presentation in Figure 1-b-1 (a, b) because it was present on the plant during

the whole measurement period (from eight weeks to fifteen weeks).

(i) All leaves from one plant were analyzed at one measurement time (b, d). The results

presented correspond to the ten-week-old plant (third week of measurement period).

Figure 1-b-1 a shows that the chlorophyll content was at its maximum until the sixth week and
then decreased to the end of the measurement period. The amount of starch increased until the fifth
week of measurement and then started to decrease with ageing and destruction of the photosynthetic
pigment. The water content was about 85% of fresh weight in young leaves (Figure 1-b-1 ¢) and
increased during the last three weeks. Dry weight was constant until the sixth week and then decreased
slightly. The results of fresh weight measurement (see annexe 2, Supplementary data 1) showed that
the increase in water content observed in old leaves was due not only to the decrease in dry weight but
also to an increase in the amount of water.
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Similar patterns were observed while comparing physiological parameters corresponding to
different leaf ranks from the same plant at a given time (Figurel-b-1 b, d) to those from a leaf over
eight weeks (Figure 1a, c). This demonstrated that analyzing leaves for the parameters measured in the
present study throughout the canopy from old to young leaves can be considered equivalent to
studying one leaf during its development.
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Figure 1-b-1 Changes in chlorophyll and starch content, water content and dry weight during
leaf development in oilseed rape. a, ¢ The eighth rank leaf was followed during the eight-week
measurement period. b, d All leaves from four plants were analyzed at the third week of the
measurement period. The values correspond to averages + standard deviations of data collected from
leaves of four individual plants

NMR characterization of leaf development

Changes in NMR signal were followed throughout leaf development. Figure 1-b-2 presents a
continuous distribution of transverse relaxation times obtained by the maximum entropy method
(MEM) calculated from the separate CPMG (Carr Purcell Meiboom Gill) data from different leaves.
The dotted line represents MEM results for the selected leaf (LR-8) obtained at four different times in
the eight-week measurement period. The solid line shows the results for four leaves (LR-10, LR-7,

LR-5, LR-3) from one plant at one measurement time (third week). The NMR signal for Brassica
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napus leaves is characterized by four or five components, depending on leaf age (Figure 2), the first
component corresponding to the solid state protons (not represented in Figure2) and the others to the
liquid fraction (Musse et al. 2013). The longest T, component attributed to the vacuole (Musse et al.
2013; Van As 2007) represented more than 75% of the leaf water. The T, of this component increased
with time and started to split into two components in mature leaves (Figure 1-b-2 b). For senescent
leaves, two separate vacuolar components were observed (Figure 1-b-2 ¢) for which T, values
increased until the end of the measurement period (Figure 1-b-2 d). As for the physiological
parameters, Figure 2 shows that the evolution of transverse relaxation time distributions was the same
when monitoring one leaf during several weeks and when analyzing leaves throughout the plant axis

from old to young leaves at one measurement time.
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Figure 1-b-2 Transverse relaxation time distribution (MEM) calculated from the CPMG signal
for B. napus leaves. The dotted line represents results of the selected leaf (LR-8) obtained at four
different times (weeks 1, 4, 6 and 8) of the eight-week measurementperiod. The solid line shows
results of four leaves (LR-10, LR-7, LR-5, LR-3) from one plant at one measurement time (week 3)

The leaf rank for which the longest T, component observed in young leaves separated into two
components is represented in Figure 3. The emergence of the new component is from here on referred
to as “the split”. Both our former study (Musse et al. 2013) and the present results showed that this
split was linked to the developmental process of the leaf. Between week 2 and week 7, the leaf rank at
which the split occurred increased by one rank each week (Figure 3). During the eight-week
measurement period, the number of leaves in which the split occurred represented a constant ratio of

40 - 50% of all the expanded leaves of the plant.
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The results presented in Figs. 1-b-2 and 1-b-3 show that it was possible to use the split to target
leaves at the same developmental stage. In this aim, tag zero was assigned to leaves in which the split
had occurred, the subsequent leaf rank was numbered 1, etc. According to this scale, the older the leaf
was, the higher its tag, while negative tags represented young leaves. This NMR split scale made it
possible to average values from data obtained in leaves at different measurement weeks and from
different leaf ranks. These results took into account all 340 leaves from the 32 plants used in this
study, giving an overview of leaf development from young to very senescent leaves. The NMR split
scale is used in the subsequent Figures.

The discrete solutions for the complete decay curve (FID+CPMG) obtained by the Levenberg-
Marquardt algorithm agreed to a great extent with the MEM results of the separate CPMG curve. In
addition, the FID provided access to a fast-relaxing component linked to the solid phase protons, with
T, of a few tens of microseconds and 2-5% of total signal intensity. Component 1 was not further
analyzed but the correlation between its intensity and dry weight (see annexe 2, Supplementary data 2)
may be valuable in future studies to determine leaf age as the dry weight decreases during senescence
(Figure 1-b-1).

For the liquid fraction components, Figure 4 shows the T, value and relative intensity of the
NMR signal (components 2 to 5) expressed in leaf water weight per leaf area during leaf development
obtained by the Levenberg-Marquardt algorithm. The T, of component 2 (Figure 1-b-4 a) remained at
around 2 ms from the youngest leaves to two ranks before the split occurred (tag -7 to tag -2,
according to the split scale). It then decreased progressively until tag +4 and component 2 finally
disappeared in older leaves. The T, of component 3 was relatively stable, at around 20 ms for young
leaves (tag -7 to tag -1) and 16 ms for older leaves (tag +1 to tag +7). The T, of component 4 (Figure
4b) was around 100ms for the youngest leaves (tag -7) and progressively reached 200 ms at tag -1.
After the split, the two components (4 and 5) had different pattern of evolutions, component 4
increased slightly up to 235 ms (tag +7), while the T, of component 5 first increased steadily to 400
ms until the tag +5 and then strongly to 800 ms until tag +7.

Figure 1-b-4 ¢ shows the relative signal intensity expressed in leaf water weight per leaf area
(LWWi) in order to present the amount of water associated with each component. The LWW?2
remained stable until the disappearance of component 2 (tag +5). The amount of water associated with
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component 3 increased slightly during leaf development from 40 g/m2 (tag -7) to more than 50 g/m2
in the oldest leaves. LWW, was about 220 g/m2 before the split. At the first appearance of component
5, LWWs was 180 g/m2 whereas LWW, was around 100 g/m2. It remained around this value after the

split whereas LWW:5 increased markedly to 440 g/m2 from tag O to tag +6.
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Figure 1-b-4 NMR relaxation parameters of
oilseed rape leaves according to the week report to
the NMR split scale. Transverse relaxation times
of the component 2 and 3 (a) and 4 and 5 (b) in ms
and in relation to NMR split scale. ¢ Water
distribution in the water-associated components
(2-5) expressed as LWW where LWW i is specific
leaf water weight of the ith signal component
expressed in g m? Values correspond to average
of 8-16 leaves

1-b-5, the

parameters are expressed on the NMR split scale.

In  Figure physiological
The same patterns for chlorophyll and starch
content and can be observed in Figure 1-b-1. By
comparing conventional approaches (Figure 1-b-1)
and the NMR split scale (Fig 1-b-5) it was
demonstrated that the NMR split scale allowed
averaging of more data for each point. Indeed, for
the representation according to leaf position or leaf
age (Figure 1-b-1), number of data averaged for
of

repetitions (4 in the present study). In contrast, in

each point corresponded to the number

the case of the representation using the NMR split scale, all leaves from all plants were considered and

each point represents an average of 7 to 21 measurements on individual leaves. The number of

averaged data depended on the number of leaves with similar NMR signals, without taking into

account the characteristics of the experimental design (leaf rank and measurement week). Moreover,

the NMR split scale made it possible to extend the range of the development scale, as can be observed

in Figure 1-b-5. The NMR split scale therefore makes it possible to reconstruct the pattern of evolution

of parameters throughout leaf development by taking into account all the individual leaves studied.
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Figure 1-b-5 Chlorophyll content and starch content of oilseed
rape leaves expressed as a percentage of the maximum in
relation to the NMR split scale. Values are an average of 7-24
results + standard deviation
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Limb structure modifications

Changes in leaf internal structure were characterized by electronic and light micrographs.
Figure 1-b-6 represents examples of leaf light micrographs of young (tag -2), mature (tag +2) and
senescing leaves (tag +4). The general structure of the leaf remained constant at all stages of leaf
development, with upper epidermis, palisade parenchyma, spongy parenchyma and lower epidermis
(from top to bottom). However, the tissue differentiation became trickier in senescing leaves (from tag
+4) where the structure tended to be less organized. The most obvious structural modification
observed between the leaf stages was the increase in leaf thickness with ageing. This was mostly due
to enlargement of the palisade cells. The upper epidermis seemed to experience similar swelling to the
palisade parenchyma, and the structure of the lower epidermis, that was less affected by ageing, was
likely to change in the same way. Another noticeable structural change that can be observed (Figure 1-
b-6) was the disappearance of chloroplasts during leaf development. In addition to changes in numbers
of chloroplasts, plast structure was also affected by ageing. This is illustrated in Figure 1-b-7 depicting
electronic micrographs of plasts at three developmental stages. Chloroplasts had several starch
granules in young and mature leaves, well defined thylakoids and few small plastoglobuli (Figure 1-b-
7 a). By contrast, in gerontoplasts present in senescing leaves (Figure 1-b-7 b), plastoglobuli were
larger and numerous. A few thylakoids were observed, but not stacked as in chloroplasts, and no
starch granules were visible. Gerontoplasts were found mainly in senescent leaves, although a few of
them were observed in mature leaves. In the final stage of development (corresponding to the oldest
leaves (Figure 1-b-7 c)) plasts were constituted of relatively large lipid droplets surrounded by an
envelope. These plast were not detectable by light microscopy because they were rare and because

toluidine blue is known specifically to stain starch in the plast.
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Figure 1-b-6 Light micrographs of cross sections of oilseed rape leaves at three typical
developmental stages: young (tag -2) (a), mature (tag+2) (b) and senescent (c) (tag +4). UE upper
epidermis, PP palisade parenchyma, SP spongy parenchyma, LE lower epidermis

Figure 1-b-7 Electron micrographs of plasts from oilseed rape leaves: a chloroplast from young
(tag +2) and mature leaves; b gerontoplast from a senescent leaf (tag +4) and (c) plasts in final
developmental stage present only in the oldest leaves (tag +5)
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Changes of parenchymal structure

The structural modification of leaf tissues seen in Figure 1-b-6 is presented in Figs. 8. The
average vacuolar volume of palisade parenchyma cells increased markedly (Figure 1-b-8), while that
of spongy parenchyma remained around 0.3 mm3. Leaf thickness increased from around 250 pm to
320 um, mainly due to an increase in the palisade parenchyma (from 100 pum to 160 pum). The
thickness of the spongy parenchyma remained at around 100 pm. Each epidermis presented a slight

increase in thickness.

Note that, as mentioned earlier in Materials and Methods section, measurements of the area and
width of the vacuole on the samples taken perpendicularly and parallel to the central vein confirmed
that vacuole depth and width can be considered as identical, validating the model for volume

estimation based on micrograph observations (see annexe 1).
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Figure 1-b-9 depicts the percentage of the leaf cross section occupied by each tissue according
to the NMR split scale. In order to approximate vacuolar water at the tissue level, internal spaces and
plasts were removed from the representation. The volume of epidermis cells represented about 15% of
the leaf tissues and therefore contributed to the NMR signal. Due to their irregular shape, the volume
of epidermis cells could not be estimated from micrographs. However, an increase in both upper and
lower epidermis thickness was observed, indicating similar evolution of these tissues to that of
palisade parenchyma, i.e. in accordance with the hydraulic designs proposed in leaves by Zwieniecki
(Zwieniecki et al. 2007). We therefore supposed that the fifth component of the NMR signal reflected
epidermis vacuoles in addition to the palisadic parenchyma vacuoles. In consequence, the volumes
occupied by epidermis and palisade cells were pooled for comparison with NMR results (Figure 1-b-
9).
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For comparison with the vacuolar water changes measured from micrographs, the percentages
of the total intensity of components 4, 5 and 4+5 are represented on the same graph. The results
showed an increase in volume of palisade and epidermis tissues whereas the spongy parenchyma
remained constant. At the same time, the relative intensity of the fifth component increased, while that
of the fourth remained almost constant. The latter indicated that the fourth component might be related
to vacuoles of spongy parenchyma cells while the fifth component might correspond to those of the
palisade parenchyma cells.

1-b-3 Discussion

Differential structural changes of leaf parenchyma throughout leaf senescence

As described in the introduction, leaf parenchyma have different functions that may lead to
different patterns of evolution during senescence. The major limitations for studying functions of each
parenchyma separately are technical; for example, there is no easily available technigue that allows
differential evaluation of biochemical traits at the tissue level. In C3 plants, like oilseed rape, only
structural differences between parenchyma have been analyzed in detail, due to the fact that they are
visible microscopically. Microscopic studies of leaf tissue structure have mostly focused on the impact
of water stress in Arabidopsis (Wuyts et al. 2012), peas (Martinez et al., 2007), olive trees (Bacelar et
al. 2006) and horse chestnut trees (Nardini et al. 2010). The impact of ozone has also been measured at

the tissue level by measuring leaf tissue thickness of different woody plant species, because of the
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well-known gas exchange role of spongy cells (Gunthardt-Goerg et al. 2000). The results reported
have shown significant differences between species in response to such stress, in terms of size and

structure of parenchyma.

The different patterns of evolution of palisade and spongy cell volumes (Figure 1-b-8) reported
here could be explained by the specialized functions attributed to each type of parenchyma. In view of
their major role in photosynthesis (Nardini et al. 2010), palisade cells would be more impacted by the
nutrient remobilization process associated with plast dismantling, especially in terms of change in
solute composition of the vacuole that is the major site of degradation of different molecules during
senescence (Otegui et al. 2005). The increase in palisade cell volume corresponding to leaf hydration
(Figure 1-b-1) could be explained by cell wall loosening probably together with lowering of vacuolar
osmotic potential. For instance, it has been shown on Arabidopsis that several cell wall degrading
enzymes (B-glucosidase) are enhanced by decline in photosynthesis (Mohapatra et al. 2010),
suggesting that cell wall degradation occurs in the leaf cells during senescence. These authors
suggested that polysaccharides bound to the cell wall that remains intact even during the late phase of
senescence may be a possible source of sugar. On the other hand, spongy cells, that have a major role
in the leaf’s hydraulic status (Nardini et al. 2010), are believed to regulate water status during

senescence.

As a matter of fact water content was shown to increase in oilseed rape leaves during
senescence (Figure 1-b-1 ¢ and d), in accordance with findings previously reported by Musse et al.
(2013). This increase is due to loss of dry weight that materializes remaobilization of cell materials
(Diaz et al. 2008) and to leaf hydration. This hydraulic characteristic was revealed by both
micrographs and the increase in fresh weight observed during senescence progression (see Annexe 2,
Supplementary data 1). The water entry is at the origin of the slight increase of the intensity of the
signal corresponding to the vacuole and probably of the increase in T,. In mature leaves (tag 0), the
fifth component appeared as a result of the split in the fourth component. This is supported by the fact
that the sum of the LWW of two longest T, components in mature and senescing leaves (Figure 1-b-4)
represented a continuation of the pattern of LWW of the fourth component in young leaves. After the
split, the LWW and the T, of the fourth component continue to increase slightly, and both parameters
of the fifth component markedly increased. As discussed by Musse et al. (Musse et al. 2013), the
significant increase in the T, of the fifth component is probably due to several phenomena. First, the
water influx, at the origin of cell enlargement combined with decreased dry weight, probably induced
a dilution of vacuole solutes. This phenomenon was in part counterbalanced by the increase in solute
concentration due to degradation processes occurring during senescence (Otegui et al. 2005).
Secondly, the increase in cell volume had an impact on the T, value because of the sensitivity of T, to
compartment size (van der Weerd et al. 2001). The trends of components 4 and 5 were linked to the

observations from the light microscopy, showing clear tissue differentiation (Figure 1-b-8). Indeed, the
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vacuolar volume of the palisade cell increased markedly, whereas such changes did not occur in
spongy cells. The variations in palisade vacuole volume measured in the present study (from 0.4 mm3
(tag -2) to 1.6 mm3 (tag 4)) affected the T, values of the fifth component. A linear relationship
between the relaxation rate (1/T,) and the sum of the inverse of the cell compartment radii has been
demonstrated in maize and pearl millet by van der Weerd et al. (2001), implying constant permeability
of the compartment membrane and the same solute composition of vacuole. However, the linear
relationship could not be applied to the results of the present study because of the changes in the
vacuole composition and because there was no evidence that tonoplast permeability did not vary
during leaf development. The sudden increase in T, of the fifth component at the very end of
senescence (tag +6 and +7) and the high value of standard deviation of the measurements (Figure 1-b-
4) may be linked to active dismantling of the tonoplast of some the palisade cells just before their
death. Indeed, the water enclosed in the vacuoles may then spread over the entire symplast
compartment. In spongy cells the volume measured on micrograph changed very slightly during
senescence compared to palisade cells and was in agreement with changes in signal intensity. The
slight increase in the T, of the fourth component was probably due to the same mechanisms in young
leaves. The relatively small changes in LWW and vacuole volume in this tissue fits well with the
spongy cell supposed role in the homeostasis of the leaf hydraulic status. Comparison of the relative
intensity of the fourth and fifth components with the volume occupied by the two parenchyma (Figure
1-b-9) demonstrated the attribution of the fourth component to the spongy parenchyma vacuoles and

of the fifth component to the palisade parenchyma and epidermis vacuoles.

Note that several authors have postulated that leaves lose water during senescence (Mclntyre
1987; Zhang et al. 2012). It was shown by Zhang et al. (2012) that detached senescent Arabidopsis
leaves lose water faster than mature leaves. However, there is no abscission of the leaf in Arabidopsis,
unlike B. napus, and dead leaves of Arabidopsis remain fastened to the plant while drying. Zhang et
al. (2012) also showed that the abscissic acid level is greater in senescent leaves, indicating that
stomata are closed. A decrease in stomatal conductance with aging has already been highlighted in B.
napus (Albert et al. 2012). Moreover, guard cells live longer than leaf parenchyma cells (Gotow et al.,

1988) and are able to control water flux in leaves until the final senescence stage.

In the present study, the focus was on the T, components associated with the vacuole. However,
certain results suggested putative attribution of the other components of the NMR signal. The third
signal component of young leaves (tag -3), relaxing at about 20 ms (Figure 1-b-4) and representing
about 15% of the water signal, has previously been linked to the plasts (Musse et al. 2013). Such
attribution was supported here by comparison with the results of quantitative analysis of light
micrographs, showing that plasts occupied about 13% of leaf tissue volume. However, while following
senescence to its final stage, as performed here, the results showed that this component was still

detected when plasts had disappeared on light micrographs. Consequently, the third T, component in
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senescing leaves probably originates, in addition to the plastidial water, from other proton pool
relaxing at a similar relaxation rate. Several phenomena resulting from plast degradation could be at
the origin of the formation of proton pools. One phenomenon may correspond to the proliferation of
small vesicules such as senescent associated vacuoles (Avice and Etienne 2014; Otegui et al. 2005)
and RuBisCo containing bodies (Hoertensteiner 2006). These lytic compartments have dimensions in
the same order of magnitude as plasts. The second phenomenon may correspond to the proliferation
and increase in size of the plastoglobuli (Brehelin et al. 2007) clearly observed on the micrographs
(Figure 1-b-3), resulting from the thylakoid membrane remobilization. Note that first and second order
vascular tissues were successfully avoided by the sampling procedure; however, a few third and all
fourth order vascular tissues were present in leaf samples used for NMR experiments. The
contribution of these tissues to the NMR signals, and especially to the third component remains to be

evaluated.

The second T, component, relaxing at about 3 ms and representing about 2% of the water
signal, has been attributed to apoplastic water and to a lesser extent to water inside starch granules
(Musse et al. 2013). Our microscopy results (see annexe 2, Supplementary data 4) are in agreement
with the literature (Mohapatra et al. 2010), where it was suggested that an increase in cell wall
elasticity due to its thinning can be linked to the decrease in intensity and T, of this component just
before it disappeared. Moreover the disappearance of the second component corresponded to the loss

of the plast integrity, and starch granules within them.

Changes in physiological indicators of C and N remobilization throughout leaf senescence

Plasts contain 75% to 80% of total leaf nitrogen (Makino and Osmond 1991) and high amount
of lipids (Thompson et al. 1998). They are thus the major source of nutrients remobilized during
senescence. Plast dismantling, characterized by chlorophyll breakdown, is generally measured in terms
of chlorophyll loss (BuchananWollaston 1997; Otegui et al. 2005). The chlorophyll content was
shown to be constant in young and photosynthetically active leaves and to decrease slowly with ageing
and plast dismantling (Ghosh et al. 2001). Our results (Figure 1-b-1 a) are in accordance with these
results and those of former studies (Inada et al. 1998; Lim et al. 2007; Otegui et al. 2005),
demonstrating that the chlorophyll degradation is an early event in senescence. Chlorophyll content, as
measured here, was a good indicator of the general plast status but did not make it possible to access
information about specific tissues changes. This question was addressed through light microcopy. The
light micrographs showed that plast degradation started with a decrease in volume and was followed
by a reduction in number, in accordance with results obtained on darkened leaves (Ghosh et al. 2001,

Inada et al. 1998; Keech et al. 2007). Despite the higher density of plasts observed in palisade
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parenchyma and the different functions attributed to leaf tissues, plast disappearance was concomitant
in both parenchyma. This could indicate that the degradation mechanisms are similarly regulated.

Electron microscopy was shown to be complementary to light microscopy as it allowed the
investigation of plast structure. Electron micrographs (Figure 1-b-7) showed typical young chloroplast
presenting well organized thylakoids and starch granules demonstrating plast functionality (Parthier,
1988). Plastoglobuli, that are responsible for membrane replacement (Brehelin et al., 2007), were not
numerous at this age. Gradual chloroplast shrinkage and transformation into gerontoplasts was clearly
visible in our images (Figure 1-b-7 b) showing only a few membranes that were stacked and larger and
more numerous plastoglobuli. The process described above is characterized by the disintegration and
remobilization of thylakoid membranes through plastoglobuli (Thompson et al., 1998, Keech et al.
2007), leading to the accumulation of these plastoglobuli in the plast. The last stage of plast
dismantling, corresponding to the oldest leaves studied (Figure 1-b-7 c), was characterized by large
plastoglobuli without remaining thylakoids, surrounded by the plastidial envelope. As far as we are
aware, this ultimate stage of plast dismantling has not been described in the literature to date, probably
because plast evolution through senescence has mainly been studied on darkened leaves (Keech et al.
2007; Wada and Ishida 2009). Dark treatment is known to induce intracellular degradation more
aggressively than natural ageing (Wada and Ishida 2009), and it probably enhanced the autophagy
remobilization processes. Despite evidence of autophagy of whole plasts during senescence
(Guiboileau et al. 2012; Wada and Ishida 2009), the presence of plasts at that late stage therefore
demonstrated that they were not all dismantled through autophagy. This may be linked with the

suboptimal nutrient remobilization observed in Brassica napus leaves during senescence.

Plasts contain an important part of the leaf carbon in the starch granules. Starch content (Diaz et
al. 2008; Wada and Ishida 2009) is another common parameter used to monitor senescence. Masclaux
et al. (2000) proposed that for tobacco leaves studied according to leaf rank, the onset of decrease in
starch content represents the source/sink transition. Their results also showed a decrease in dry matter
associated with remobilization during senescence. The latter phenomenon was observed in the present
study (Figure 1-b-1 b and d) and was at the origin of the decrease in the intensity of the first NMR
signal component, demonstrating that NMR signal could be used as indicator of remobilization

activity.

While the link between tissue-specific structural modifications and efficiency of nutrient
remobilization remains unknown, it is clear that the senescence-associated processes of cell
enlargement and tissue hydration occurring in palisade layer may have an impact on this efficiency.
Even if the cell hydration seems not to have an impact on plast disappearance, with no difference
observed in terms of plast density evolution between the two parenchyma layers, one may expect

differences in term of cell metabolism between the two layers that remain to be investigated.
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Using parenchyma differentiation on NMR signals as a developmental marker

Investigation of leaf senescence requires knowledge of the developmental stage of the leaves
studied. This stage can be determined more or less accurately via parameters such as leaf rank or leaf
age, chlorophyll content, gene expression, etc. During plant development, new leaves appear at the top
of the plant and leaf senescence progresses from the bottom to the top of the canopy (Masclaux et al.
2000). It should be noted that the progression of senescence is acropetal (Avice and Etienne 2014) in
the leaf limb and that this phenomenon was taken into account in the sampling procedure.

In crop plants, such as oilseed rape, wheat, rice and tobacco, leaf rank scale is commonly used
to present physiological results (Mae and Ohira, 1981; Masclaux et al., 2000). Presentation of the
results according to leaf rank and measurement week showed that leaf rank is a good criterion for
monitoring natural senescence. Another approach is to tag leaves according to the time of appearance
and to follow their development. If the analysis method is destructive, different plants are necessary
for such analysis. However, both approaches necessitate averaging values of leaves from different
plants, and are susceptible to variability because leaves from different plants of the same leaf rank or
time of appearance are not necessarily of the same physiological status, even from plants grown in
controlled conditions.

Chlorophyll content is also commonly used to determine physiological status as it represents a
simple, non-destructive method (Otegui et al. 2005; Zhang et al. 2012). However, this method cannot
be used to discriminate between young and mature leaves with the maximum of chlorophyll.
Moreover, Gombert et al. (2006) demonstrated that chlorophyll content was not a precise parameter to
determine physiological status of a leaf. For instance, in the case of nitrogen deficiency, the same
chlorophyll content was measured in leaves from stressed and control plants of different
developmental status. Our results also showed that the method used for measurement of chlorophyll
content was not suitable for determining the senescence stage of very old leaves, characterized by the
absence of plasts on micrographs but still with chlorophyll content of around 10% of maximum
(Figure 1-b-5).

Similarly, starch content seems to be overvalued in old leaves. Indeed, various authors have
detected small amounts of starch in old leaves where the photosynthesis apparatus has clearly been
dismantled (Diaz et al. 2008; Masclaux-Daubresse et al. 2008). Our results in old leaves (tag +5 and

more) also showed a small amount of starch whereas no plasts were visible on light microscopy.

Another common approach to determine the physiological status of a leaf has been to use the
expression of two genes, sagl2 (senescence associated gene 12) that is unregulated during senescence
and cab (chlorophyll a/b binding protein) that is downregulated during senescence (Gombert et al.

2006). The cross-over between in the expression of these genes was proposed as the onset of
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senescence. While the method is helpful to determine a specific leaf status at the cross-over, it is less

clear before and after this cross-over and the method remains time consuming.

Finally, the approach using individually darkened leaves (IDL) allows control of the beginning
of senescence and therefore better monitoring of plast dismantling occurring in late senescence (Keech
et al. 2007). However, it may induce intracellular degradation more aggressively than natural ageing
(Wada and Ishida 2009).

As described above, all the methods commonly used have specific defects. The main limitations
are related to insufficient method accuracy and the limited sensitivity of the parameter selected in
specific developmental ranges. In contrast, NMR signals for oilseed rape leaves were found to be very
sensitive to the developmental stage over a very wide period of time. The major modification of the
NMR signal is the splitting of the last T, component of young leaves, reflecting differences in the
pattern of evolution of palisade and spongy tissues. NMR measurement protocol was associated with
signal analysis based on two different approaches (MEM and Levenberg-Marquardt) providing in this
way a robust method for split estimation. The split appeared to be an essential stage in leaf
development, and its progression in the canopy (Figure 1-b-3) was constant (about one leaf rank per
week). When using the split for tagging, the changes in the NMR signal throughout the entire
development process became highly reproducible (Figure 1-b-4). Physiological parameters occurring
according to the split scale (Figure 1-b-5) validated this approach. Moreover, the split scale allowed

accurate presentation of the results over a wide range of developmental stages.

In view of the high reproducibility of the NMR signal shown in this study, it should be possible
to use all the parameters in the NMR signal to identify the age of an individual leaf. As the method
described is based on the differences in the pattern of evolution of palisade and spongy tissues in
Brassica napus under specific experimental conditions, the general character of the method should be
further evaluated. Indeed, this would require the acquisition of a NMR database for specific
experimental conditions and other species, and would be an important step in leaf characterization
compared to current methods based on metabolic indicators (chlorophyll, starch content) that require

measurement of kinetics.

1-b-4 Conclusion

In this study, different patterns of evolution of the palisade and spongy parenchyma of Brassica
napus leaves during development were revealed, associated with leaf thickening due to cell
enlargement and tissue hydration. The NMR signal was shown to be sensitive to tissue modifications,
and an original interpretation was therefore proposed taking into account both cellular
compartmentalization and heterogeneity at the tissue level. The experimental design of the study made
it possible to follow structural and physiological changes in leaf during natural senescence, up to its
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ultimate stage, where late stage of gerontoplasts was revealed. The link between tissue-specific
structural modifications and the efficiency of nutrient remobilization remains unknown; however, the
results highlighted the importance of considering the complexity of the tissue structure while studying
leaf functioning. Finally, it was also shown that the structural changes can be used instead of long-time
measurements of kinetics in order to monitor leaves according to their developmental status. In the
current context of fertilization reductions and climatic changes, occurrence of nitrogen depletion and
water deficit is expected to increase. One interesting outcome of the present study would therefore be
to see how leaf structural modifications and nutrient remobilization during senescence are impacted by

these abiotic stresses.
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CHAPTER 2

How leaf structure modifications, linked to
remobilization processes during senescence, are
impacted by abiotic stress.
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Chapter 2

The second chapter focuses on the impact of abiotic stresses on the senescence induced leaf
structure changes and the link between these changes and the nutrient remobilization. The studies were
performed on plants during the regrow period following the vernalization, in order to simulate field
conditions. The two main abiotic stresses, i.e. nitrogen deficiency and water stress were applied. The
results of the study concerning moderate N stress was presented in the paper entitled “Nitrogen
deficiency impacts cell and tissue leaf structure with consequences on senescence and nutrient
remobilization efficiency in Brassica napus” submitted to Plant Science. The chapter also includes the
results of the work focusing on the impact of water stress on leaf structure.
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2. a) Nitrogen deficiency impacts cell and tissue leaf structure with
consequences on senescence and nutrient remobilization efficiency in
Brassica napus

Abstract

Improvement of Nitrogen Use Efficiency (NUE) is a major goal for several crop plants,
especially Brassica napus. Indeed, the low NUE in this crop results in negative economic and
ecological consequences (Singh, 2005). The low NUE of oilseed rape is mainly due to low
remobilization of nitrogen from vegetative parts to growing organs (Malagoli et al., 2005).
Remobilization of leaf nitrogen takes place during senescence (Avice and Etienne, 2014), a process
known to strongly modify cell and tissue structure (Sorin et al., 2014). This study focused on the
impact of moderate N depletion (180kg/ha instead of 240kg/ha) on both these structural modifications
and nutrient remobilization. Two genotypes (Aviso and Express) with different tolerance of nitrogen
depletion were studied. Structural modifications of leaf cells and tissues were investigated through
NMR relaxometry and light microscopy, while the remobilization efficiency of the genotypes was
evaluated through amounts of nitrogen in leaves. Lower tolerance of N depletion was associated with
lower nutrient remobilization and fewer structural modifications. The results showed that leaf structure
modifications monitoring during senescence could be used to select a genotype with high nitrogen

remobilization efficiency.

Keywords: oilseed rape; leaf senescence; NMR Relaxometry; NUE; microscopy
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2-a-1 Introduction

Brassica napus is a worldwide crop with numerous uses in food, feed and non-food products
(biofuel, lubricants, etc). Its production has increased more than five-fold over the last thirty years
(www.fao.org). Nitrogen (N) fertilization is one of the highest costs of oilseed rape production (Singh,
2005). Conventional crop management practices requires the use of relatively high amounts of N
fertilizers, (from 150 to 300 kg of N ha™) to ensure an optimum yield (Rathke et al., 2006). Whatever
the rate of N fertilization, the oilseed rape N harvest index is low compared to cereals (Dreccer et al.,
2000) and despite a good capacity for N absorption, less than 50% of the nitrogen absorbed by the
plant is present in the seeds at harvest (Schjoerring et al., 1995). Oilseed rape is known to have low
nitrogen use efficiency (NUE) mainly due to low N remobilization efficiency (NRE) during sequential
leaf senescence, as reported in several studies performed under field or control conditions (Malagoli et
al., 2005; Tilsner et al., 2005; Gombert et al., 2006). The remobilization processes associated with
senescence in this crop species are not maximal and can lead to high amounts of residual organic
nitrogen in falling leaves. In addition, this low remobilization performance during sequential
senescence strongly impacts on agronomic potential and final yield (Noquet et al., 2004). Its low NRE
therefore affects oilseed rape production both economically and environmentally (Singh, 2005). Some
studies have focused on improving other components of the NUE, e. g. nitrogen uptake efficiency
(NUpE) (Schulte auf’m Erley et al., 2007) and nitrogen assimilation efficiency (NAE) (Good and
Beatty, 2011). However, NRE improvement has been considered a major target in the current context
of input reduction, in order to maintain oilseed rape yield (Kessel and Becker, 1999; Berry et al., 2010;
Miro, 2010) .

Senescence processes have been shown to be highly gene regulated (Buchanan-Wollaston et al.,
2003) and former studies have demonstrated that several genes are involved in nitrogen metabolism
(Horst et al., 2003). A high NRE should fit with optimum rate of N recycling, including dismantling of
plasts and other organits (Martinez et al., 2008). These dismantling processes affect all constituents of
the internal leaf structure, i. e. plasts, cell vacuoles and cell wall. Plasts represent around 15% of the
volume of oilseed rape leaves and are the main source of N and C. They are dismantled and disappear
during senescence. Vacuoles, representing the main site of macromolecule degradation during
senescence, are also highly affected by remobilization in terms of operating (Otegui et al., 2005).
Moreover, the vacuolar structure of oilseed rape leaves has also been shown to be modified during
senescence and significant changes in the tissue structure have been reported (Sorin et al., 2014).
Indeed, the cell wall is degraded during natural senescence and leaf water content increases, leading to
an increase in cell size, especially in the palisade parenchyma. The low NRE of oilseed rape during the
vegetative stages might not be due to a limitation of the amino acid transport to the phloem but seems
to be related to incomplete hydrolysis of proteins (Noiraud et al., 2003; Tilsner et al., 2005). The
regulation and efficiency of the degrading enzyme and autophagy process during senescence has been

extensively studied (Sakamoto, 2006; Martinez et al., 2008) highlighting the upregulation of numerous
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proteases (Gombert et al., 2006). NRE is determined during senescence and that process can be
strongly impacted by environmental conditions. Indeed, water or nitrogen deficiency have been shown
to accelerate leaf senescence and thus reduce NRE (Albert et al., 2012).

Senescence and remobilization efficiency have also been studied through the biochemical
changes occurring in the case of nitrogen deficiency (Albert et al., 2012). Nevertheless, few studies
have revealed the structure modifications occurring during senescence and no information is available
on the effects of nitrogen deficiency on the leaf structure. The precise link between remobilization
performance and structural changes remains to be clarified. Revealing cellular and tissular
modifications can be of a great interest for selection for efficient remobilization of leaf nutrients
during sequential leaf senescence. These modifications can be finely evaluated by low field proton
Nuclear Magnetic Resonance (NMR), that has been used for investigation of cell water
compartmentalization in various plant organs (Hills and Remigereau, 1997; van der Weerd et al.,
2001; Duval et al., 2005; Musse et al., 2010). Recently, NMR signal has been used to reveal cell and
tissue structure modifications in Brassica napus leaves during senescence (Sorin et al., 2014).

The aim of the study presented here was to investigate the effects of nitrogen deficiency on
tissue and cell structure modifications and nutrient remobilization processes occurring in oilseed rape
during senescence. Two genotypes of oilseed rape were studied: The Aviso genotype was chosen
because it is known to be adapted to nitrogen depletion (Bouchet et al.) and the Express genotype was
chosen because it is more affected by N stress (Rathke et al., 2006). Plants were grown in a controlled
environment reproducing at best field conditions and submitted to moderate N deficiency. Leaves of
plants of both genotypes were sampled during stem elongation, a period in which remobilization from
senescing organs is important. Indeed, several studies have shown that leaves at this stage can be
considered the major contributors of N to the seeds (Noquet et al., 2004; Malagoli et al., 2005). Leaf
structure modifications were revealed by low field NMR and light microscopy. The physiological
status of leaves was characterized through chlorophyll and water content, and N quantification was

used to assess remobilization progress.

2-a-2 Results

Characterization of leaf senescence

As described in Materials and Method, the measurements were performed on the five or six
oldest leaves. Rank 0 corresponded to the last leaf appeared on each plant before the beginning of the
vernalization period, thus positive ranks corresponded to leaves appearing during vernalization when
the nitrogen depletion begin for N-stressed plants. For both genotypes, nitrogen stress induced earlier
leaf fall compared to well fed plants, as can be seen in Figures. 2-a-1 to 2-a-4 depicting the

physiological characteristics of the leaves
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Figure 2-a-1: Area of the oldest leaves of twelve-weeks old plants of two genotypes of oilseed rape,
Aviso (A) and Express (B), grown in two conditions: control (solid line) and nitrogen deficiency (dotted
line). Each data point corresponds to the average of four repetitions. Relative leaf rank O corresponds to the last
leaf appearing before vernalization.

Figure 2-a-1 depicts the total area of the leaves studied. A global decrease in the leaf area was
observed from the oldest to the youngest leaves, Aviso (Figure 2-a-1 A) having larger leaves than
Express (Figure 2-a-1 B). Overall, there was no difference between leaf areas of control and N-
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1,00 B w that the youngest

0.90 0,90 Lb‘zq _
— 0,80 <080 T, leaves were larger in
£0.70 <070
£ 0,60 £ 060 control Aviso plants
£050 g 050
= 040 %, 040 (Figure 2-a-1 A). The
20,30 20,30
-] : = - -
5020 £ 0.20 impact of nitrogen
S0 volo .

0,00 0.00 deficiency on

3 2 1 0 -1 2 -3 3 2 I 0 -1 2 3
Relative leaf rank Relative leaf rank

086 D 0,86 photosynthesis was
= 0,84 E 0,84
& . £ evaluated through both
z 0,82 g 0,82
g 080 = 080 chlorophyll content and
Z 078 =’ 0.78
£ 076 ;:_ 076 chlorophyll fluorescence
5 074 £ 074 . .
g o £ yield (Figure 2-a-2).

y o072

0,70 0.70 As expected, all

3 2 1 0 -1 -2 -3 3 2 1 0 -1 -2 3
Relative leaf rank Relative leaf rank p Iants pr‘esented a
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twelve-weeks old plants of two oilseed rape genotypes, Aviso (A, C) and Express  chlorophyll content
(B, D), grown in two conditions: control (solid line) and nitrogen deficiency . ] .

(dotted line). Each data point corresponds to the average of four repetitions. ~ With ageing. Nitrogen
Relative leaf rank O corresponds to the last leaf appearing before vernalization. depletion induced an

emphasized decrease
in chlorophyll content (Figure 2-a-2 A, B) in all leaves of the Aviso plants, while this trend was less

marked for Express leaves. Chlorophyll yield remained stable for all the Aviso leaves studied
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whatever N treatment (Figure 2-a-2 C). In contrast, chlorophyll yield decreased slightly with both age
and nitrogen treatment in leaves from the Express genotype (Figure 2-a-2 D). Dry matter per leaf area
decreased according to leaf age in Aviso, and remained stable in Express leaves. Nitrogen depletion
had a different impact on dry matter per leaf area in the two genotypes investigated, with a reduction
in Aviso and a rise in Express plants.

Water content (Figure 2-a-3 C and D) in the youngest leaves (rank 3 to rank 1) in the Aviso
plants grown in both optimal and low nitrogen conditions was relatively low (around 70% of fresh
weight), and it increased with leaf age to 85% for the oldest leaves studied. Water content remained
constant and clearly distinct between treatments in Express leaves at around 80% for control and 70%

for stressed leaves.
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Figure 2-a-3: Dry mass per disc (A, B) and water content (C, D) of the oldest leaves of twelve-weeks
oilseed rape plants of two genotypes, Aviso (A, C) and Express (B, D), grown in two conditions:
control (solid line) and nitrogen deficiency (dotted line). Each data point corresponds to the average of four
repetitions. Relative leaf rank O correspond to the last leaf appearing before vernalization.

Characterization of nitrogen depletion

Figure 2-a-4 shows the N content measured in leaves from control and stressed plants of both
genotypes. For Aviso, the amount of N was higher in leaves of rank 3 and 2, indicating that all mineral
N supplemented at the onset of the stem elongation was preferentially driven in young organs. On the

other hand, N content was clearly reduced in the oldest leaves (rank -2).
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Figure 2-a-4: Total amount of Nitrogen in leaves from
Aviso (A) and Express (B) genotypes in control (solid line)
and N deficiency (dotted line) conditions. Each data point
corresponds to the average of three technical repetitions made
on two biological repetitions.
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As in Aviso plants, N content was lower in stressed plant leaves compared to control leaves,

emphasizing the difference between N treatments.

Structural modifications

Figure 5 shows an illustration of light micrographs of different leaf ranks from control and N-
stressed Aviso plants. Palisade parenchyma consisted of three to four layers of regular-shaped cells,
while spongy parenchyma was characterized by less organized structure. Very slight differences in
leaf thickness and vacuole volume were observed on the control leaf micrographs between the
youngest and oldest leaves studied from plants grown in both control and stressed conditions.
Epidermis tissues were very thin and covered with a relatively thick wax layer. As expected,
intercellular spaces were mainly present in spongy parenchyma leaves from control plants, although
some were observed in palisade parenchyma, as reported by Evans and Voncaemmer (1996).

More surprisingly, significantly increased numbers of large intercellular spaces, estimated from
micrographs, were observed in both palisade and spongy parenchyma, in leaves from stressed plants
compared to control leaves (Figure 2-a-6 A). The effect of N depletion seemed to be more enhanced
with ageing. The same trends were observed for the Express plants, but to a lesser extent (Figure 2-a-6
B). Chloroplasts were visible in all leaves and did not significantly differ in number whatever the leaf
age, indicating that in the conditions of the present study the senescence process was far from being

completed even in the oldest leaves studied.
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Figure 2-a-5: Micrographs of cross sections from the two oldest leaves of Aviso genotype in both conditions. A:
control condition rank -1 ; B: Control condition rank -2; C: N- condition rank 0; D: N- condition rank -1.
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Figure 2-a-6: Percentage of intercellular space in mesophyll of Aviso (A) and Express (B) leaves from plants
grown in control (white) and N deficiency conditions (hatched)

The distribution of vacuolar volume in all cells of both the palisade and the spongy parenchyma
of Aviso leaves is presented in Figure 2-a-7. (A, C, E, G). The results indicated that in the majority of
cells the vacuolar volume of rank 1 leaf (Figure2-a-7 A) was centered at about 0.35 mm®. With ageing
(leaves of rank -2, Figure 2-a-7 C), the distribution of vacuolar volume was wider, indicating an
increase in the number of large cell, associated with structural changes in leaf tissues. The same trend
was observed in leaves from control (Figure 2-a-7 A, C) and N-depleted plants (Figure 2-a-7 B, D).
Figure 2-a-7 (B, D, F, H) depicts a continuous distribution of water NMR transverse relaxation times
obtained from the same leaves as presented in Figure 2-a-7 A-D. Three components, relaxing at
around 2, 12, and 100 ms, were observed for the mature leaves (rank 1) of plants grown in both
conditions (Figure 7 B and D). The longest T, component attributed to the vacuole (Van As, 2007;
Musse et al., 2013) represented more than 75% of the leaf water. The T, of this component split into
two components in the oldest leaves analyzed (Figure 2-a-7 F and H), resulting into two separate
vacuolar components, as already described (Sorin et al., 2014).
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The relatively homogeneous distribution of vacuole volumes found in youngest leaves studied
(Figure 2-a-7 A and C) may be associated with a single vacuole-associated NMR signal component
(Figure 2-a-7 E and G). On the other hand, enlargement of some cells from both parenchyma observed
in senescing leaves (Figure 2-a-7 B and D) was in agreement with the splitting of the longest T, NMR
signal (Figure 2-a-7 F and H).

It is of note that, in addition to the water NMR signal components, a fast relaxing component
was measured associated with the protons from dry matter, relaxing at around 0.03ms. This
represented about 5% of the total signal intensity, and the intensity of this component decreased with
ageing as the dry mass of the leaf decreased.
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Figure 2-a-7: Vacuolar volume distribution (A, C, E, and G) and transverse relaxation time distribution
(B, D, F, H) of the two oldest leaves of an Aviso plant in control (A, B, C, D) and N deficiency conditions (E, F,
G, H). A and B correspond to rank -2, C and D to rank -1, E and F to rank 0 (in stressed condition) and G and H
to rank -1 (in stressed condition).

Figure 2-a-8 shows the T, values of the water-associated NMR signal (components 2 to 5)
during leaf ageing for control and stressed plants of both Aviso and Express genotypes. In both cases,
the fourth NMR signal component was about 100 ms in higher leaf ranks (rank 3 to rank 0). In control
plants, the signal then started to increase and split for the oldest leaves studied (rank -2) as observed
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on Figure 7. Nitrogen depletion accelerated the appearance of the fifth NMR signal component for
Aviso, whereas in Express leaves no differences were observed between N conditions (Figure 8 A, B).
The T, of the third component remained stable for both genotypes and both conditions (Figure 8 C, D).
The second component disappeared in the oldest leaves (rank -2) of Aviso control plants, while it was
observed for all leaves of control Express plants (Figure 2-a-8 F). Moreover, the pattern of evolution
of the T, of this second component differed between conditions. In Aviso plants, several leaves
presented a higher T, than control leaves, whereas there were no significant differences in Express
plants.
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Figure 2-a-8: T, of leaves from Aviso (A, C, E) and Express (B, D, F) genotypes in control (solid line) and N
deficiency (dotted line) conditions. Fourth and fifth components of the NMR signal are presented in A and B, the
third in C and D and the second in E and F.

Figure 2-a-9 represents the amount of water corresponding to the different components of the
NMR signal of leaves (LWW) according to rank in Aviso and Express plants. For both genotypes, the
LWW of the fourth component of control plants increased very slightly, ranging from about 1.2 g/m?
in young leaves to 1.5 g/m? in senescing leaves. In the oldest leaf (rank -2), the LWW of both fourth
and fifth components, generated by the split, was around 1.5 g/m? and about two thirds of this water
was associated with component 5. The LWW value of the third component was almost constant for all
leaf ranks and genotypes and for both N treatments. The LWW values of the second component were

stable at around 0.2 g/m? in the youngest leaves in Aviso plants. The LWW decreased in the leaves
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when the split occurred, reaching zero in the oldest leaves. The same evolution was observed in
Express plants but to a lesser extent. The N treatment did not affect the values in Aviso plants whereas
in a slight increase in LWW was observed for all leaves of the Express plants.
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Figure 2-a-9: LWW (expressed in g.m?) of leaves from Aviso (A, C, E) and Express (B, D, F) genotypes in
control (solid line) and N deficiency (dotted line) conditions. Fourth and fifth components of the NMR signal are
presented in A and B, the third one in C and D and the second component E and F

2-a-3 Discussion

Phenological and physiological impact of moderate nitrogen deficiency

The 30% reduction of N fertilization applied in the present study was conducted in such a way
as to correspond to the reduction in N input under field conditions envisaged in the context of near
future sustainable oilseed rape production (Singh, 2005). As shown through the several parameters
measured, this relatively moderate nitrogen fertilization clearly impacted plants in terms of
phenological and physiological traits. Indeed, for both genotypes, in accordance with previous
observations, a reduction in number of leaf ranks was observed in stressed plants, corresponding to a
disturbance of plant development (Gombert et al., 2006; Masclaux-Daubresse et al., 2008; Albert et

al., 2012). In the case of Aviso genotype, nitrogen depletion may also have impacted on the growth of
109



young leaves, as already reported in the literature (Bouchet et al.). The other physiological parameters
measured, i. e. water content, dry matter and indicators of photosynthesis performance (chlorophyll
fluorescence yield and content) were not significantly impacted by N depletion, indicating that the
study was focused on an early phase of nitrogen deficiency. Indeed, these parameters are known to be
strongly affected by long-term N stress (Gombert et al., 2006). Moreover, the measurements were
performed at the onset of post-vernalization regrowth when, on the basis of their physiological status,
oldest leaves seemed to fall before completing the senescence process. The results of physiological
measurements showed expected rank to rank senescence pattern (decrease in chlorophyll content and
dry mass) in both genotypes, clearly indicating that the sampling procedure allows to follow
remobilization process from its beginning to the leaf falling. In addition to the physiological impact,
the effects of N stress were also observed on phenological and final yield characteristics (data not
shown). Indeed, N stress induced a delay in flowering time and a reduction in biomass production and

seed yield measured on plants conducted until maturity and harvest time (data not shown).

Structural modifications provoked by N deficiency

The palisade parenchyma in oilseed rape leaves consists of regular shaped cells organized in
layers, whereas the spongy parenchyma is less well organized and presents large intercellular spaces
(Castro-Diez et al., 2000). These two predominant tissues are surrounded by epidermis cells and
covered by cuticles. Two palisade cell layers were reported in a previous study performed on oilseed
rape of the Tenor genotype grown under non-vernalized conditions(Sorin et al., 2014). These results
differed from those of the present study in which three to four layers were observed. Interestingly such
structural differences may be due to the effects of the increase in cell division stimulated by
vernalization (Manupeerapan et al.,, 1992) and/or to genotypics differences. The increase in leaf
thickness associated with leaf ageing observed here was lower than expected from previous studies
(Sorin et al., 2014). It could be attributed to the fact that the senescence process was incomplete under
the present conditions, as mentioned above. Further, this phenomenon could also be associated to
hardening phenomenon provoked by the vernalization step; a relatively thick cuticle observed on the
micrographs probably limited the enlargement of the palisade layer. One other interesting point was
that the epidermis cells were small and their size did not vary with leaf ageing, in contrast to earlier
results (Sorin et al., 2014). These results highlight the strong impact of growth conditions on leaf
structure and confirm the importance of taking these conditions into account when studying
remobilization efficiency.

The fact that the amount of leaf water (LWW in g/m?) in Aviso was significantly lower in N-
stressed plants than in control plants, whereas the water content was the same, could be explained by a
reduction in dry weight due to remobilization of cell material. Indeed, an increase in the relative
percentage of leaf intercellular spaces from 8% to 14% induced by N starvation was estimated from

micrographs. In addition, while in control plants intercellular spaces were observed mainly in spongy
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parenchyma as expected, these spaces were present in the whole mesophyll of leaves from stressed
plants. The same phenomenon, but to a lesser extent, was observed for Express leaves. The increase in
the amount of intercellular space could be attributed to the loss of cell-cell adhesion due to decrease in
cell wall binding, as observed in fleshy fruits (Redgwell et al., 1997). Indeed, N depletion acting on
the synthesis of proteins could be at the origin of lower enzymatic activities of apoplastic proteins.
Moreover, different studies have reported that, despite the absence of differences in terms of cellulose
and hemicellulose, nitrogen depletion clearly decreased the amount of lignin (Wilson and Mannetje,
1978; Murozuka et al., 2014), and that different cell wall expansin genes are upregulated in reponse to
such stress (Scheible et al., 2004).

The results of previous studies demonstrated the sensitivity of the NMR signal to both cell and
tissue modifications in oilseed rape leaves during senescence, An interpretation has been proposed
taking into account both cellular compartmentalization and heterogeneity at the tissue level. Sorin et
al. (Sorin et al., 2014) demonstrated that the splitting of the last NMR signhal component measured in
mature leaves (component 4) into two components was due to massive enlargement of palisade cells
during senescence linked to increased water content. The results of the present study indicated that
splitting of the NMR component was associated with an increase in vacuole volume of a relatively
large number of cells not only distributed in the palisade parenchyma but also in the spongy
parenchyma (Figure 2-a-6). It appeared that, under the experimental conditions of the present study,
the senescence-associated structural modifications did not result in the same tissue reorganization.
Nevertheless, the developmental-induced changes in cell structure were clearly revealed by the NMR
signal, confirming that the relaxation signal can be used as a senescence progression indicator under
different environmental conditions.

Absence of variations in the third NMR signal component with leaf ageing generally attributed
to plasts (Musse et al., 2013) observed for both genotypes and conditions was in accordance with the
preservation of plast integrity estimated by physiological parameters and micrographs. This was
contrasted with findings reported in the literature (Ghosh et al., 2001; Sorin et al., 2014), where most
of the plasts disappeared at the end of senescence. The difference was probably due to the fact that
leaves fell before complete senescence in the specific conditions of the present study.

The relationship between the decrease in dry mass due to ageing and remobilization processes
and changes in the signal intensity of the first component confirms previous findings, indicating that

the dry matter signal can be used as a reliable indicator of relative leaf age (Musse et al., 2010).

Genotype differences in terms of response to N deficiency

The two genotypes used in the present study were chosen for their different behaviors when
submitted to N starvation. The final yield components (dry matter production (DM) and seed yield
(SY)) showed that they were similar in control conditions (DM 15-16 g/plant, SY 3-3.5 g/plant), while
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noticeable differences were observed for plants submitted to N depletion. Indeed, DM decreased by
about 30% and 35% for Aviso and Express plants, respectively. The differences between genotypes
were even more pronounced for SY, with a decrease of about 37% and 48%, for Aviso and Express
plants, respectively. The yield data confirmed greater ability of Aviso plants to adapt to N starvation.
This adaptation could not be linked to more effective photosynthesis by Aviso plants during the
measurement period but the hypothesis of a better photosynthesis rate after this period cannot be ruled
out. The ratio between seed yield and plant dry matter showed more effective nutrient remobilization
by Aviso in the situation of nitrogen deficiency. Indeed, this ratio, nearly the same for both genotypes
under control conditions , decreased from 21+2% to 19+3% for Aviso and to 17+2% for Express.
These results are in agreements with those obtains in a study comparing ten oilseed rape genotypes
where it was reported that the maintain of leaf biomass production in low nitrogen conditions was
related to a high increase in NRE for Aviso, more efficient than in Express (Girondé et al. in prep.).

The differences in the response to N deficiency between the genotypes studied in terms of
remobilization efficiency were consistent with structural leaf tissue evolution observed during the
experimental period i. e. the re-growth period just after vernalization step. First, the micrographs
showed a greater increase in the relative volume fraction of intercellular spaces induced by N
deficiency with ageing in Express plants compared to Aviso plants (Figure 2-a-6). This is probably at
the origin of the lower water content of stressed Express leaves. On the other hand, in Aviso leaves
water content did not seem to be affected by N deficiency and increased with leaf ageing, as
previously reported (Musse et al., 2013). Secondly, the vacuolar component of stressed Aviso leaves
split in the oldest leaves analyzed, whereas this was not the case for Express. As the splitting of the
fourth NMR signal component has been shown to be an early event of leaf senescence (Sorin et al.,
2014), its absence indicates that either the senescence process was interrupted by leaf fall or it
proceeded differently. This hypothesis was supported by the fact that the pattern of the second NMR
signal component was different from expected pattern; indeed it was expected to disappear at the end
of natural senescence (Musse et al., 2013) but was still observed in the leaves just before falling.

According to Martinez and Guiamet (2014), the leaf apoplast has a major role in both cell
structure (cell wall) and nutrient remobilization through numerous apoplastic enzyme activities.
Moreover, several authors (Wilson and Mannetje, 1978; Murozuka et al., 2014) have reported that
apoplast composition is modified in response to nitrogen depletion. One hypothesis is that nitrogen
depletion affects the apoplast composition of the two genotypes in different ways. This could explain
both the changes in leaf tissue structure and the different remobilization efficiency.

This study demonstrated that both the pattern of leaf structure evolution during senescence and
the remobilization process in oilseed rape are affected by N depletion. Both phenomena occurred
although the physiological parameters were only slightly affected. The differences between the two
genotypes indicated that there is probably a link between the modification of leaf tissue structure and

nutrient remobilization efficiency during senescence. One step has therefore been taken towards
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understanding the mechanisms of nutrient remobilization. Further studies should focus on the
chemical properties of the apoplast and the cell wall composition and on understanding its role in leaf
ageing. This should elucidate the mechanisms explaining the link between leaf structure changes and

remobilization process during senescence.
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2. b) Leaf tissue modification in response to water stress in oilseed rape
leaves during senescence

2-b-1 Introduction

Drought is one of the most important environmental factors limiting the growth and productivity
of field crops (Blum, 1996; Cattivelli et al., 2008). Previsions about expected global climatic changes
indicate that the periods of drought will be more frequent and severe in the near future. Oilseed rape is
one of the major oil crops and has numerous uses (food, feed, biofuel...). In this species water
deficiency has been shown to provoke a significant loss of grain yield and the depreciation of all yield
components (Andersen et al., 1996; Norouzi et al., 2008). This reduction of yield is linked to a
decrease in plant height and shoot growth ratio (Norouzi et al., 2008). In addition, drought induces a
decline of seed oil content (Tesfamariam et al., 2010) and changes of lipid composition (Bouchereau
et al., 1996).

In response to drought, plants can set up different physiological processes in order to reduce
water loss(Silva et al., 1999; Serraj and Sinclair, 2002; Rivero et al., 2007). The effect of water stress
and plant reactivity was shown to depend on multiple factors such as drought intensity and duration,
growth and developmental stages of the plant, genotype and overall conditions of nutrition and culture
management (Norouzi et al., 2008; Albert et al., 2012). In response to drought, stomata play a major
role in the regulation of transpirational water loss through guard cells (stomatal aperture) functioning
and/or leaf stomatal density (Schroeder et al., 2001; Nilson and Assmann, 2007; Kim et al., 2010).
Transpiration is also controlled by the lipidic and hydrophobic plant cuticle, which coats the aerial
plant surfaces. Cuticle therefore reduces overall transpirational water loss and optimizes drought
tolerance by delaying the onset of cellular dehydration during prolonged water deprivation (Chaves et
al., 2003; Lu et al., 2012). At the cellular level, numerous metabolic changes occur in response to
water stress. In order to maintain cell turgor and functions, some compatible osmolytes are produced
and accumulated. In oilseed rape, one of the major osmolytes, proline (Larher et al., 1993; Trotel et al.,
1996), seems to fulfill multiple roles of osmoregulation, osmoprotection, redox buffering and nitrogen
status management (Albert et al., 2012).

Leaf structure has a major role in the plant water status homeostasis (Aasamaa et al., 2005) and
is consequently strongly affected by drought (Netto et al., 2000; Correa de Souza et al., 2011). Using
the feeding particularity of some insects that eat only the palissade parenchyma of the leaf, Nardini et
al (2010) highlighted the role of spongy parenchyma in the control of the leaf water status,. A decrease
in spongy cells size has also been described in response to water deficit in Phaseolus vulgaris

(Martinez et al., 2007) and associated to a better tolerance to drought (Lecoeur et al., 1995). In
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addition, in some olive tree species, large spongy cells were shown to provide better tolerance to plant
grown under limiting water conditions (Guerfel et al., 2009). Among the few studies concerning
modifications of leaf tissue structure by water stress none was performed on Brassica napus.

The aim of the present study was to determine the effects of water deficit on senescence-
induced leaf structural modifications in oilseed rape. Since senescence has already been shown to be
related to major structural perturbations of leaf tissues in links with nutrient remobilization processes
towards sink tissues (see chapter 2a), putative interference of drought stress response with regular
developmental processes are under focus. Our previous works also proved that changes in leaf
structure can be revealed through NMR relaxometry (see chapter 1) and that this method allows the
characterization of different water pools in leaf tissues. Therefore stress impacts were revealed using
low field NMR and light microscopy, while the physiological status of leaves was characterized
through chlorophyll content and chlorophyll fluorescent yield and water status. An experiment was

done in a growth chamber under controlled conditions (see Material and Methods).

Before the experiment introduced above, a preliminary experiment was performed on detached
leaf discs submitted to dehydration process. The aim was to obtain the leaf NMR signal changes
induced by water stress under simplified and well controlled experimental conditions. Indeed, such
experimental design made it possible to quantify the effect of water loss only without effect of the

physiological modifications induced during water stress.

2-b-2 Results

Dehydration of detached leaf discs

The investigation was performed on senescing leaves; the NMR signal was therefore
characterized by five T, components. An example of T, distribution is shown in Figure 2-b-1 A. As
described in Material and Method section, before applying the dehydration process the discs were
soaked into distilled water to insure optimum water content. The T, distribution obtained from leaf
discs after rehydration is depicted in Figure 2-b-1 (A, B, C, and D). After the rehydration step an
increase in the fourth and fifth components was observed. This indicates that vacuoles filled up in
order to reach the full turgor. At the intermediate step of dehydration process t2 (10 min), the T, value
clearly decreased for both the fourth and fifth signal components (Figure 2-b-1 C), while at the end of
desiccation stress treatment, only four T, components were observed (Figure 2-b-1 D). Figures 2-b-1 E
and F represent the intensity of vacuolar components, expressed in Leaf Water Weight (LWW,,
LWWsand LWW,,s) and the total water of the leaf (LWW,.5). The LWW,_s increased slightly at t1 and
then decreased after t2 and t3. The difference between LWW,5s and vacuolar LWW (LWW/,.s)
remained unchanged during the experiment, and LWW, and LWWj; were not affected (Figure 2-b-1
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F), indicating that changes in total water impact mostly vacuolar components. More precisely, the

results showed that these changes principally occurred for the fourth component (LWW,). Finally, an

interesting result was the disappearance of the fourth NMR signal component at the last measurement

point (Figure 2-b-1 D, E). Note that the first component, linked to the dry matter of the sample, did not

change for excised leaf tissue under our experimental conditions (data not shown).
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Figure 2-b-1: Classical transverse relaxation time (MEM)
(A-D) and LWW (E,F) of leaf disc submitted to dehydration. t0
correspond to the sampling, t1 to the rehydration and t2 and t3 to
the two cycle of dehydration.

Water stress applied to whole plants

Figure 2-b-2 presents the evolution of the soil water content during the measurement period.

When the water content of the control soil was kept constant at 70% of the maximum field capacity

during the whole measurement period, it experienced an approximately linear decrease from 70% to

30% of the maximum field capacity under stress conditions.
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The youngest leaf of each plant was tagged at the end of the vernalization period and
measurements were performed on this leaf (leaf rank 4) and the three older leaves below (leaf ranks 1,
2 and 3). Figures 2-b-3 and 2-b-4 depict the physiological and water parameters (chlorophyll content,
chlorophyll fluorescence yield, stomatal conductance, water content and relative water content)
measured in leaf 4 as an example. For both conditions, the chlorophyll content varied between 30 and
45 a. u. during the first 16 days and fell to 5 a. u. 18 days after watering withholding. However, the
chlorophyll content tended to be slightly lower in stressed plants than in control ones. The chlorophyll

fluorescence yield remained at its maximum value

A

during the first 17 days under both conditions
(Figure 2-b-3 B). On the latest measurement day,
it was at 50% of the maximum value in stressed
leaves whereas it remained unchanged in control

ones. The data registered on leaves 1, 2 and 3
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were in accordance to the results presented.

0 3 10 13 20 In control plants, the leaf stomatal
Days after the watering withholding

conductance did not change until the 9" day,

while it was very low at the last two measurement
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points (Fig 4A). In stressed plants, stomatal
conductance was impacted by water deficiency

only one week after the watering withholding. It

remained stable during few days and reached its
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[:-f1 minimum value of about 5 mol H,O/m? at day 14.
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Figure 2-b-3: Chlorophyll content (A) and yield ~ the leaf water content (B) remained constant at

(B) of the leaf during the experiment period for
both control (dotted) and stressed (full)
conditions. increased to 85% in control plants whereas it

around 80% during the two first weeks. It then
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decreased to 70% in stressed plants. The relative water
content (RWC) remained stable around 95% until the end of
the experimentation on the control leaf. At the opposite, under
stress conditions the RWC started to decrease after the
eleventh day and dropped to about 60% at the last
measurement day

Leaf water potential (yy), leaf osmotic potential (ys)
and associated turgor pressure (T) characteristics of the leaf 4
are presented in Figure 2-b-5. Under well-watered conditions,
all parameters remained constant, at around -0.3 MPa for y, -
0.8 MPa for ys and about 0.5 MPa for T, during all the
measurement period. In drought-stress leaves, v, Started to
decrease from the ninth day, first slowly until the eleventh day
and then drastically to reach its final value of about -1.2 MPa
(Figure 2-b-4 A) at the fourteenth day. In contrast, s
decreased continuously from -0.8 MPa to above -1.2 MPa
(Figure 2-b-4 B). The turgor pressure computed from v, and
s showed that up to the eleventh day, the stressed leaf was
able to maintain turgor constant by adjusting its water
relations while from the fourteenth day, the leaf turgor was

lost. Note that the two last points for the stressed leaf were
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Figure 2-b-4: stomatal conductance (A) water
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experiment period for both control (dotted) and
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same period.
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Figure 2-b-6: Evolution patterns of T, (A, C) and LWW (B, D) of vacuolar components (of the NMR signal) of
the fourth leaf during the experiement for control (A, B) and stressed (C, D) conditions. * represents the data

points were only two repetitions were averaged

At the beginning of the measurements, the NMR signal of the leaf 4 consisted of four
components, the fourth one characterizing by a T, of 150ms and representing the major part (70%) of
the signal intensity (Figure 2-b-6). As expected, under control condition this component split into two
components at the end of the first week, according to the senescence induced structural changes as
described in the first chapter. At this point, the fourth component was characterized by a T, of 100ms
whereas the fifth one had a T, of more than 250ms and the ratio LWWs/LWW, was around 0.4. This
result differs from the results of our previous study in which the LWW; was always higher than
LWW,. Between the ninth and the sixteenth day, the T, and LWW of both components increased
slightly and T, remained unchanged until the end of the experiment. From the sixteenth to the
eighteenth day, LWW, decreased, while LWWs5 increased to reach almost the same value. As under
control conditions, the fourth NMR signal component of stressed leaves split one week after the
beginning of the measurements. From this point, the evolution pattern was complex, with the lack of
the fifth component between the eleventh and fourteenth days. Note that at the eleventh day only two
of the four repetitions were in this configuration, while for two other repetitions the components five

was present. This indicate that each plant have its own developmental kinetic and that NMR is enough
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precise to separate two leaves considered as biological replicates. The vacuole-associated water
amount expressed by LWW,.s remained constant from the first to the sixteenth day. During this
period, in leaves in which the split occurred, the LWWs/LWW, was about 0.35. At the last
measurement point, the total vacuole-associated water (LWW,.s) decreased noticeably which was
consistent with the drop of the relative water content. It is important to observe that this decrease was

due only to the changes in the intensity of the fourth component.

The fourth and fifth vacuole-associated NMR signal components presented considerable
differences between the leaves of different ranks (ages), in both T, and intensity terms (Figure 2-b-7).
As expected, at the first measurement point, the split occurred for the leaves of low leaf ranks (1 and
2) and T, of the fifth components was higher in the older leaf. During the experiment, T, of the fifth
component decreased, indicating that the stress effects overweighed the expected senescence induced
T, changes. This effect was more pronounced for older leaves. The surprising result concerning the
highest LWW, compared to LWW; observed for the leaves 4 was also observed for leaf 3 whereas leaf
1 presented the expected pattern of evolution. However, at the first measurement point water
distribution tended to the expected ratio according to the leaf appearance date expressed in leaf rank
(Figure 2-b-7). For example, the LWWSs/LWW, was about 1.5 and 4, for the leaf ranks 2 and 1,

respectively.
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The third NMR signal component was not impacted by the stress. In opposite, the second
component disappeared in control leaves 19 days after the beginning of the watering stop, whereas it
was still present under stressed conditions (data not shown).

2-b-3 Discussion

Dehydration of detached leaf discs

Plants used for the dehydration of the detached leaves can be compared to the plants analyzed in
the first chapter, as the same genotype and growing conditions were used. According to this study, the
fourth NMR signal component was associated to vacuoles of the spongy parenchyma whereas the fifth
component was linked mainly to palisade vacuoles. Results (Figure 2-b-1) showed that the
dehydration treatment applied in our experiment affected more strongly spongy parenchyma than other
tissues. Indeed, LWW:s remained almost unchanged during the experiment, while LWW, increased
during the rehydration period and then decreased until disappearance at the end of the dehydration
treatment. On the other hand, T, of both vacuolar components decreased during the dehydration
treatment indicating the changes in the status of the vacuolar water. The Ty decrease cannot be
explained by the compartment size variation as LWWs remained constant; this indicates that T,
changes were due to another phenomenon. In the specific experimental conditions applied in this
study, the T, decrease can hardly be attributed to solute accumulations so we assume that the

modification of the T, can be explained by the stress induced on the membrane permeability.

Water stress applied to whole plants

In this experiment, water stress was applied after the vernalization period during active
growth renewal and highly efficient remobilization processes associated to the onset of the
monocarpic senescence. A decrease of 36% of the final seed yield (data not shown) was observed and
indicated that, this remobilization process was most likely affected by the water stress. The choice of
the leaf ranks allowed following the senescence up to nineteen days after the watering withholding for

the youngest leaves studied.

In well irrigated plants, the age associated stomata closure observed here (Figure 2-b-4) was in
accordance with the results reported by (Zhang and Outlaw, 2001; Albert et al., 2012). In water-
stressed plants, the acceleration of the stomatal closure (Figure 4 A) allowed transpiration control and
consequently slowed down the water loss, as described by (Jordan et al., 1975). The leaf cuticle also

plays an important role in transpiration limitation (Jenks et al., 1994; Riederer and Schreiber, 2001),
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additionally to the physical protection of leaf tissues. It has been shown that an increase of cuticle
thickness improves drought tolerance in the case of water deficit (Cameron et al., 2006; Kosma et al.,
2009). If the quantification of the cuticle was in the present study impossible, the slight increase in dry
weight (data not show) in stressed leaf could be partly attributed to cuticle thickening.

It is well known that additionally to water flux control, the stomatal closure impacts
photosynthesis through the control of gas exchanges (Kim et al., 2010). In the present study, the
photosynthetic apparatus, as far as measurements are a relevant expression of functionality, was not
impacted by the water deficit until the last measurement day. The relative slow response of
chlorophyll content to water deficit indicated that it was not a good indicator of the leaf water balance
management (Martinez and Guiamet, 2004), as already reported for plants under another abiotic stress
(Gombert et al., 2006). The decline of the chlorophyll content in leaves from both well watered and
stressed plants (Figure 3 A) was associated to chloroplasts dismantling (Wada and Ishida, 2009)
corresponding to onset of senescence. In contrast, the chlorophyll fluorescence vyield, revealing the
efficiency of Photosystem Il, appeared to be a better indicator of water stress as it was able to
discriminate between water treatments at the last measurement day (Figure 2-b-2 B). That marked
decrease in photosystem Il activity may be due, in stressed conditions to a less-controlled chloroplast

dismantling.

The water relations at the leaf scale were estimated through different parameters such as water
content, RWC, water and osmotic potentials. Due to the leaf senescence (see chapter 1a), the water
content increased at the end of the measurement period in control leaves (Figure 4), while for the
stressed plants, the water loss induced by the treatment prevailed over this phenomenon. RWC was
shown, as expected from the literature (Quick et al., 1992), to be the most appropriate measure of the
physiological consequence of cellular water deficit, as independent of the changes in dry matter

associated to the leaf age and development.

The leaf water potential is a common parameter used for description of leaf water status of plant
submitted to drought (Ehrler et al., 1978; Matin et al., 1989; Jongdee et al., 2002). In the present study,
the measurement of this parameter (Figure 2-b-5 A) indicated that the stressed plant were affected
relatively late (from the eleventh day), although stomatal closure (Figure 4A) indicated that plants
started to respond to water deficit earlier (from the seventh day). This delay corresponded to a period
of cell adaptation to water stress expressed by a slight osmotic adjustment (around 0.15 MPa,
estimated from the Figs. 2-b-4 C and 2-b-5 B), allowing cells to maintain positive turgor pressure
(Bartlett et al., 2012). Indeed, in response to drought stress numerous molecules are synthetized and
accumulated in order to adjust cytoplasmic and vacuolar osmotic potential (Ingram and Bartels, 1996)
but also to protect structure and macromolecules (Szegletes et al., 2000). Proline metabolism is most
likely activated under these conditions as a frequently described metabolic adjustment in response to

osmotic stress in oilseed rape (Trotel et al., 1996; Gibon et al., 2000; Hatzig et al., 2014). After the
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eleventh day, the three parameters reflecting tissue integrity (Figure 2-b-5) indicated that leaf tissues
lost their capacity to counteract the effect of stress. At the last day of measurement, y, ys and T
(Figure 5) together with the tissue dehydration described through cell water relations (Figure 2-b-4 B-
C) seems to indicate the loss of membrane integrity.

Note that the physiological and water parameter patterns of evolution of leaf 4 are
representative of the impact of water stress on the other leaves studied.

At the beginning of the experiment, NMR signal measured in leaves of different ranks varied as
expected from previous experiments (see chapter 1). Indeed, the fifth component was observed only in
older leaves (ranks 2 and 1), with the associated T, value higher for the rank 1 and LWW:s higher than
LWW, and both observations linked to leaf ageing phenomena. In opposite, when the split of the
fourth NMR signal component occurred in the youngest leaf studied (rank 4) under control conditions,
the water distribution differed from the expected result. Indeed, LWW, was higher than LWWs during
the almost whole measurement period, reflecting changes in leaf tissue structure probably due to the
vernalization effects. Indeed, the effects of cold temperatures on leaf parenchyma structure have
already been described for wheat (Dornbusch et al., 2011) and beet (Sakr and Almaghrabi, 2011).
However, these structural leaf changes induced by cold temperature seem to be reversible in relatively
short time. This is consistent with the evolution patterns of LWW), .4 5 Of the leaf of rank 4 at the
advanced development stage under control conditions (Figure 2-b-6 B). Moreover, previous study on
vernalized oilseed plants (see chapter 2a) did not show these cold temperature effects on water
distribution between LWW 4 and 5 as leaves analyzed were all expanded before vernalization,
comparing to the present study. Note that differences in leaf tissue structure of the leaves of low (1)
and higher ranks (2-4) were probably emphasized by the fact that the leaf 1 was already developed

before the beginning of the vernalization.

The opposite effects of leaf senescence and water stress on leaf water status make the
interpretation of the NMR signal complex. In leaf 4, strongly affected by cold temperatures, it seems
that the variation in the number and characteristics of NMR signal components (4 to 5) was due to
both vernalization effect and water stress. As observed for detached leaf discs experiment only LWW,
decreased in stressed plants at the last measurement point when RWC dropped drastically. This is
probably explained by the specific role of the spongy parenchyma in leaf water relations (Nardini et
al., 2010). Note that except for the oldest leaf (rank 1), other leaves presented similar NMR signal
changes when submitted to water stress. In the oldest leaf (rank 1), the water stress induced reduction
in LWW; corresponded to the loss of water of the highly hydrated palisade cells associated to the
advanced senescence.
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DISCUSSION AND PERSPECTIVES
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Discussion and Perspectives

The aim of the present work was to investigate oilseed rape leaf structure modifications
associated with senescence process and to seek whether these structural changes could be analyzed in
relation with remobilization process when plants are submitted to environmental constraints in order to
improve crop yield. Nitrogen and water use efficiency improvement are especially under concern. To
do so, NMR relaxometry method making it possible to measure changes in cell water distribution
associated with these structural changes, was evaluated. The NMR signal has been described in the
literature as operable to characterize cell water status and structure when used on plant organs such as
fruits and leaves from different species (Snaar and Van As, 1992; Gambhir et al., 1997; Hills and Nott,
1999). In these studies, performed mostly on fruit samples, the attribution of the different T,
components to different cell compartments was proposed. In the present work, an original model for
the T, relaxation component attribution taking into account both cell compartmentalization and
heterogeneities at tissue level has been proposed. From this first result three main goals were pursued.
It was first proposed to use the NMR relaxometry of the leaf tissue as an accurate minimally invasive
technology to follow the different phases of development especially the differents steps of senescence
associated to metabolic remobilization processes and nutrient recycling. The second objective was to
demonstrate that leaf structure followed through the NMR relaxometry could be affected by growth
conditions and environmental stress. The third and final goal was to infer that leaf structural evolution
monitored by NMR relaxometry could be linked to nutrient remobilization and water use efficiencies,
so that NMR leaf signal could be used for phenotyping and genetic improvement of these traits for

oilseed rape production.
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1-NMR signal component can be attributed to different cellular (or tissular)
compartments

In different plant tissues investigated through NMR i.e. seeds (Krishnan et al., 2004), fruit
(Musse et al., 2010), and leaf (McCain and Markley, 1989), the NMR T, signal was shown to be
multi-exponential. According to the literature, the multiple components of this signal correspond to
cell compartments. However, the actual attribution remains complex as the T, relaxation depends on
the tissue studied and on the experimental parameters used. Moreover, in plant tissues there are, at the
cell level, many different proton pools, i. e. vacuoles, cell wall, plasts and other organits and in the
case of the leaf, different tissues have also to be taken into account (parenchyma, vessels,...). Their
size and organization, and thus the NMR relaxation, depend on the plant studied (species and
genotype) and environmental conditions. The exact attribution of NMR signal components is essential

in order to fully understand the physiological processes operating.

The present work has highlighted that B. napus leaf senescence is accompanied by an increase
in water content associated with an increase in cell hydration. Indeed, it was demonstrated that,
additionally to the decrease in the dry weight of the leaf due to the cell material remobilization (Avice
and Etienne, 2014), the water content also increases due to water entry in the leaf. The evolution of
water content during leaf senescence is subject of debate. It is generally assumed that the leaf
senescence is characterized by water loss (Mclntyre, 1987; Zhang et al., 2012). Results presented here
indicate that the cell death happens when the leaf hydration is at its maximum. Indeed, the marked
increase in T, of the fifth sighal component at the end of senescence has been associated with the
tonoplast dismantling, demonstrating that when the senescence is complete, cell death happens before
leaf abscission and drying. Water content can thus be an indicator of leaf age in mature and senescent
leaves, and its correlation to the NMR signal intensity of the CPMG signal components (2 to 5) could
be used to easily approach its value. In the present work, whatever the experimental condition, we
demonstrated that the intensity of the CPMG was correlated to the water content of the sample.

Surprisingly, the relation between T, and water content was less clear.

Several NMR and MRI studies have focused on the relation between T, and water content. Hills
and Remmigereau (1997) found no difference in the major longest relaxing T, components from apple
fruit despite a loss of 10% in water content (slow drying). Mariette et al. (1999), observed after gently
drying of samples of apple parenchyma (9% of water loss) a decrease in all relaxation times
components (from 1200 ms to 550 ms for the longest one). In leaves of different Azalea species, Kaku
et al., (1992) reported different species-dependent linear correlations between T, values and water
content. As a noticeable point, in plant matrice T, and T, have similar behavior. In the present work
changes in water content whether increase during natural senescence or decrease during water stress,

impact mostly vacuolar compartments, which correspond to the longest T, component in most plant
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matrices. Nevertheless, taking into account all leaves studied in the present work, although higher
water content generally fitted with higher vacuolar T, component values it has been not possible to
correlate water content to T, values. For example, choosing 80% of water content as reference
depending of leaf age and growth conditions, the T, value changed from 90 to 150 ms. That means
that when water changes are gentle (unlike dehydration) T, is more influenced by leaf structure and
physiology than by water content, and the relationship between T, and water content is only observed

for a small variation of the cellular water.

Van der Weerd et al, (2001) have revealed though MRI measurements, a linear relationship
linking T, value and the associated compartment size (expressed in sum of the inverse of cell radii
along the x, y and z axis) in stem of two cereal species. This relation supposes a similar composition
of the compartment (here vacuoles) and a similar permeability of the membrane surrounding the
compartment. Measurement of cell size and NMR relaxation were in our study performed on leaves of
different ages grown under different nutritional regimes, these conditions being known to impact both
vacuole composition (Otegui et al., 2005) and tonoplast permeability (Schussler et al., 2008). The
latter can explain why, although T, increased with cell size, the relationship linking both these
parameter was not linear. Regarding all data, the compartment size seems to influence T, value more
than water content does. During physiological process like senescence others parameters have to be
taken into account, such as vacuole composition which remain very difficult to estimate
experimentally and tonoplast permeability, a parameter that can be measured through NMR diffusion

relaxometry as shown by Sibgatullin et al., (Sibgatullin et al., 2007).

Our approach combining NMR and microscopy revealed, not only tissue ageing differentiation,
but allowed also to attribute the two longest T, components to vacuoles of two different cell types. The
attribution of the last component of the NMR relaxation distribution was assigned to vacuolar
compartments decoupled into two proton populations during the onset of leaf senescence. Each of
them was attributed to either spongy or palisade parenchyma because of potential heterogeneous

hydration of these two tissues.

In our experimental conditions, the third NMR T, component was characterized by a T,
around 20 ms and an intensity representing around 15% of the total leaf water content. Based on the T,
value and the fact that in young leaves plastids represent at least 15% of the leaf volume, this
component has been putatively linked to the plastids. On this basis, one of the outcomes expected from
the long Kinetic study (chapter 1) was to observe the decrease in the intensity of the third T,
component in very old leaves where the plastid dismantling occurs. Unexpectedly, the parameters of
that T,-component did not vary so much in old leaves, even long after the disappearance of plastids
was observed on light micrographs. One hypothesis is that the proliferation of small vesicles (RCB,
autophagosome...) described during senescence-associated autophagic processes (Otegui et al., 2005;

Wada and Ishida, 2009) may cause the occurrence of new proton pools that may contribute to the
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signal of this T, component. These vesicles are often surrounded by plastid-like membranes (Chen and
Yu, 2013) and even if their size is smaller compare to plastids these vesicles are more numerous. The
exact number of these vesicles is difficult to determinate because of their different nature and their
rapid turn-over. Another hypothesis about the third T,-component is a contribution of vascular tissues
to the signal. Indeed, although the sampling procedure was made so as to avoid major veins, samples
contained some of the minor ones. Vascular tissues are made of two different vessels; xylem that is a
long tube of dead lignified cells and phloem made on the superposition of small punctuated cells that
exchange water between each other very quickly (Turgeon and Wolf, 2009). According to
micrographs, the area of the cells of the minor veins was more comparable to the area of plastids than
of the palisade cell vacuole. That description let clearly think that water form these vessels contribute
to the NMR signal. This hypothesis could be further tested through NMR measurement of the leaf
tissue samples having different proportions of vessels. Another proton pool that can contribute to the
third component of the NMR signal is the lipid fraction. There was always a degree of incertitude in
the water amount-CPMG intensity correlation, and, if that small gap may be due to the measurement
itself, it can also be attributed to the contribution of lipids to the signal. In young leaves lipids are
mainly present in form of membrane phospho- and galactolipids (especially in plastids), but during
senescence these membranes are degraded into triglycerides forming plastoglobuli (Thompson et al.,
1998). It has been shown in Arabidopsis leaves that this lipid fraction increases five-fold during leaf
senescence (Berger et al., 2001) and our own investigations revealed a high number of plastoglobuli in
old leaves (see chapter 1). The impact of these cellular and metabolic changes on NMR signal and the

contribution of triglycerides on this signal remain to be finely evaluated.

The second NMR T, component measured in oilseed rape leaves cannot be strictly attributed
to one cell compartment. These T, (around 2ms) is a characteristic of water close to solid surfaces or
macromolecules (in this case polysaccharides). Experiments conducted through Mn?* infiltration in
apple fruit parenchyma (Snaar and Van As, 1992) allowed the authors to attribute the equivalent T,
component to the extracellular water. However, the authors of this study did not take the starch
deposition into account. In the photosynthetic leaves, starch is the main stored source of C in the form
of granules in the plastids. These granules are generally well hydrated and water inside starch granules
has been shown to have a T, of a few ms (Le Grand et al., 2007). Moreover, our work demonstrated
that this component disappeared when plastids changed into starch—free gerontoplast or became
completely dismantled. After quantitative determination, the starch quantity measured in leaf tissues
cannot explain by itself the intensity of this component. Our hypothesis is thus, that this T, component
of the NMR signal from oilseed rape leaves may correspond to water bound to overall polysacharides,
it means both apoplastic water and water of starch hydration. The apoplast, mainly made of cell wall
material, is, as starch content, strongly impacted by senescence processes. We clearly observed that
the cell wall became thinner with ageing and that is coherent with the reduction/disappearance of the
putative corresponding T,-component. The actual contribution and the importance of the starch water
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to this component could be further investigated through a kinetic study during photoperiod since the
starch deposition is strictly dependent on photosynthetic processes and cumulative over the course of
the day. Insofar as we felt the potential interference of the gradual accumulation of the starch on the
NMR signal, all the NMR experiments of this work were conducted in the morning. Another
possibility to investigate the attribution of this component can be the use of oilseed rape/Arabidopsis
mutant lines. Comparing a wild type leaf to a leaf from a mutant deficient in starch production should
for instance provide reliable information. In the same way, mutant in the cell wall biosynthesis
pathway could be used to determinate the contribution of polysaccharids of the cell wall to that
component.

The first T, component with a very short T, (around 0,004ms) was shown to correspond to the
signal from the protons of the solid part. Despite technical difficulties, quantifying the dry mass of a
sample using the intensity of the first component of the NMR signal can be interesting as the dry mass

is a clear marker of the remobilization status of the leaf.

2-NMR signal can be used as an accurate leaf developmental marker

As already mentioned, structure of B. napus leaves (size and organization of tissues and cells)
has not been extendedly studied. In opposite, the leaf structure of humerous woody plants has been
described (Castro-Diez et al., 2000) and several studies have been made on Arabidopsis (Wuyts et al.,
2012), tobacco (Radochova et al., 2000) and rice (Inada et al., 1998). Olive trees are often submitted to
water deficit and their tolerance to that stress has also been studied through leaf structure (Guerfel et
al., 2009; Ennajeh et al., 2010).

As described in the first chapter, T, distribution of the B. napus leaf changes during the time
course of development and ageing. In young maturing leaves, this signal is made of four components,
while with ageing (senescence onset) the T, of the last one increases leading to the split (i. e.
appearance of a fifth component). Finally, the second signal component disappears in senescent
leaves. These changes in the NMR signal are easily assessable and they have been observed in all

genotypes and conditions tested, making them robust fingerprints of leaf development.

The experiment described in the second article of the first chapter revealed that the fourth NMR
signal component split is an obligatory step of leaf development and that it corresponds to the onset of
senescence (when the chlorophyll content begins to decrease). More, following the relative expression
pattern of two senescence-related genes (Cab which is repressed and SAG12 which is over-expressed
during senescence progression), already used as molecular senescence marker milestones in B. napus
(Brunel-Muguet et al., 2013), the intersection of the two curves has been shown to happen for the

same leaf rank/age as the NMR split of the relaxation peak was observed. That experiment also
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showed that for two plants grown under the same conditions and considered as biological repetitions,
the NMR-split and the relative expression of Cab/SAG did not happen for the same leaf rank,
indicating developmental differences between the two leaves considered as repetitions. Among the
different indicators commonly used to determinate leaf age, Cab/SAG genes relative expression is
certainly accurate but this method is destructive and difficult to carry out. All easier to handle
indicators usually used for determinate the leaf developmental status present specific defaults (Lim et
al., 2007) and most of them reflect the evolution of chloroplast material. The chlorophyll content, the
fluorescence yield of photosystems, RGB and multi-spectral imaging are rapid and non-invasive but
suffer from some inaccuracies (Guiboileau et al., 2010). In contrast, the NMR relaxation splitting was
shown to be easily measurable and very precise. The NMR relaxometry signature can then be
proposed as a simple and effective methodology for monitoring and phenotyping leaf tissue
maturation and ageing. Determining the exact leaf development stage when these changes occur in

term of hormonal balance and molecular events should be an interesting comprehensive perspective.

Despite the clear visual differentiation between palisade and spongy tissues and their different
functions, these tissues were rarely studied separately. The major reason is technical as there is no
rapid and easy method to access the isolated leaf tissues. The only experimental approach that has
been used to study separately leaf tissues was the microscopy (Castro-Diez et al., 2000; Glnthardt-
Goerg et al., 2000). Most of microscopy technics require embedding and cutting the sample that is not
always suitable for vegetal tissues. Indeed, embedding the sample is a time consuming and difficult
process in the case of highly hydrated tissues (as senescing leaves). Further, the infiltration can modify
cell structure especially for the cells with thin or damaged wall. Finally, quantitative analysis of leaf
micrographs, such as estimation of compartment volumes, requires humerous replicates because of the
low representativity of the small-size samples analyzed. The possibility of having access to
information at the tissue level through a non-destructive NMR method is thus an important progress in

studying leaf tissues separately.

In our studies performed under different conditions (optimal growth, vernalization, N and water
stress...) the leaf aging was associated to the disappearance of the second NMR T, component. The T,
of this component remains stable around 2-3ms in all conditions and its intensity remains constant in
young leaves and decrease briefly before its complete disappearance. In some stressed plants studied,
the leaf fell while the second component was still present and all other development markers indicated
that the final stage of the leaf senescence was not achieved before falling. This probably indicates that
senescence was accelerated by stress. The acceleration of senescence and the fall of leaves before
complete senescence lead to an incomplete nutrient remobilization. This lack of remaobilization is in
part at the origin of the yield decrease observed in the case of stress (Munne-Bosch and Alegre, 2004;

Avice and Etienne, 2014). The presence/absence of the second T, component, easily measurable in the
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oldest leaf of a plant, can give information on the senescence status and may be a reliable indicator to
discriminate the tolerance of different genotype to stress.

3-Leaf structural modification can be affected by environmental conditions

The plants used in the first set of experiments (results shown in the first chapter) belong to the
Tenor genotype and were grown under controlled conditions without vernalization step. The following
experiments aiming at investigating nitrogen and water stress impact (chapter 2 and 3 results) have
used Aviso and Express genotypes and plants were vernalized before measurement. The vernalization
step corresponds to a period of exposure to cold conditions (8 weeks at 4°C under our design) that is
required to induce flowering in winter oilseed rape (Dornbusch et al., 2011). Before addressing the
specific effects induced by N-depletion and water stresses it was essential to assess the genetic
contribution and the cold exposure effects on the NMR signal. The measurements and comparison of
the NMR signal of three leaf rank of Tenor genotype under non-vernalized conditions, and Aviso
genotype under both vernalized and non-vernalized conditions were realized. No typical differences

have been observed in term of number and relative intensity of the usual signal components (Figure 1).
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The challenge was to determine the leaves to be compared since the process of vernalization

singularly affects growth and development of tissues and can be seen as a stress. As a matter of fact,
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numerous ontogenic, morphological and physiological changes were observed comparing leaves of
vernalized plants to leaves from non-vernalized. Vernalized leaves were smaller, as the cold period
stopped or at least drastically slowed down leaf expansion (Nanda et al., 1995). Vernalized leaves
were also redder due to the well-known anthocyanin accumulation in the vacuoles in response to cold
stress (Chalker-Scott, 1999). During senescence, when the leaf loss its green color due to chlorophyll
degradation, the anthocyanin deposition was clearly visible in vernalized leaves whereas non-
vernalized leaves were fully yellow. Vernalized leaves also presented a surface that seemed waxier,
certainly due to changes in the cuticle composition that is also largely described in literature (Vigh et
al., 1981, Xiang et al., 2007).

At the tissue level, light micrographs revealed that palisade tissue of non-vernalized leaves was
made of two cell layers (in Tenor genotype) whereas in vernalized leaves three to four layers were
visible (in both Express and Aviso). If the modification of cell expansion and division in response to
cold has already been reported in others species (Dornbusch et al.,, 2011), the hypothesis of a
difference due to genotype cannot be ignored. An important increase in leaf thickness during
senescence has been observed in leaves of non-vernalized plants, in contrast to vernalized leaves in
which the changes were minor insofar as the process of vernalization itself is already generator of
thickening (probably with different structural attributes). Cold exposition has slowed considerably
phyllochron and leaf appearance; as a consequence leaf rank comparison is not a guarantee of leaf age
correspondence. Taking the NMR signal splitting as a landmark, micrographs investigations pointed
out that vernalized leaves were thicker (500 pm) but presented smaller palisade cells (around 0.5 mm?®)
than non-vernalized ones (1.2 mm?®). In vernalized leaves, thickness of epidermal cells did not change
with ageing whereas in non-vernalized ones clear changes were noticed. All these observations took
into account the fact that the vernalization process shorten the leaf lifespan (Tommey and Evans,
1991; Miralles et al., 2001) and thus less structural changes (especially in water content) may be
observed before the leaf fall. Leaf senescence progression after vernalization relief should be
singularly different in comparison to what is observed in non-vernalized plants since developmental
program is redesigned directed to rapid bolting and flowering in vernalized plants. As a matter of fact,
when one compares the oldest leaves in both conditions all parameters measured in vernalized plants
(whatever the age of the plant) present a less advance senescence. For example, the chlorophyll
content decrease rarely reached a non-measurable value in vernalized conditions whereas leaves of
non-vernalized plants fall several weeks after the complete decrease in the chlorophyll content and
similar tendency were also observed on NMR results and water content. Thus, in vernalized mature
leaves, water content was lower than in non-vernalized condition and despite an increase with
senescence its value never reached that of the oldest non-vernalized leaves. In mature leaves the
difference can be due to both cell and cuticle sizes as described above. In the case of senescing leaves
the accelerated senescence avoided an important increase in water content. One of the consequences is
also a less clear tissue differentiation in the vernalized leaves that corresponds with the less increase in
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water content and with a constant thickness described above. Nevertheless, a differentiation of cell
size was described in vernalized condition (second chapter) even if it cannot be linked to a specific
tissue. Taking the NMR signal splitting as marker, the leaves presenting that differentiation are at the
really beginning of the tissue differentiation observed in non-vernalized conditions.

An interesting difference between conditions is the ratio of the intensities of the vacuolar
components after the split. Indeed, in the majority of leaves presenting five T, components the
intensity of the fifth component was higher than the intensity of the fourth one. However, in plants
used for water stress experiment, the intensities of the fourth and fifth signal components presented an
inverse ratio. Because of the lack of micrographs in this experiment, it was difficult to determine
accurately the reason of this structural modification. Nevertheless, it is interesting to note that these
leaves were the only ones studied that had appeared in the middle of the vernalization period. It can
thus indicate that when the leaf appearance and tissue differentiation took place during the cold period

the leaf structure is modified.

Nitrogen nutrition impact on leaf development and senescence-dependent leaf structural
modifications has also been studied in the present work. Nutrient remobilization during N-stress has
been extensively investigated in crops including oilseed rape (Mae and Ohira, 1981; Diaz et al., 2008;
Avice and Etienne, 2014) but its relation to leaf structures has never been detailed. The major
structural change we have pointed out in leaf tissues in response to N-deficiency was an increase in
intercellular spaces. Indeed, to our knowledge, changes in intercellular spaces amount have never been
reported as a response to N-deficiency. In our study, the N-deficiency was moderate and the leaves
studied were already fully expanded when the depletion was applied. The intercellular modifications
observed may be due to changes in the cell adherence in response to the trophic depletion. These
modifications became more visible with the senescence-induced increase in cell size. Nevertheless,
studies on different crops focusing on the use of plant debris in composting, for which the cell wall
polysaccharides composition was important, have revealed that N-deficiency decreased lignin contents
but did not impact cellulose and hemicellulose content (Murozuka et al., 2014). The apoplast also
contains numerous enzyme and signal molecules that play key role in senescence and remabilization
(Martinez and Guiamet, 2014), while the impact of N-deficiency on these molecules quantity and
efficiency remain unknown. In our study, the genotype presenting the highest increase in intercellular
spaces was also the one with the highest decrease in yield under nitrogen deficiency. The LWW of the
fourth component was lower in stressed leaves demonstrating that NMR signal can reflect the growth

conditions.

Water stress is known to impact leaf structure (Wuyts et al., 2012). From assays of controlled
dehydration of leaf tissues, NMR results proved that water loss was mainly assumed by the spongy
parenchyma, as shown by the fourth component disappearance (chapter 2b). That is not surprising

because of the well-known functions of these cells; i.e gas exchange (including water vapor) and
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maintenance of leaf water status. In the case of water stress applied on whole plant, results were more
complex to interpret due to the combined interference of leaf acclimation to vernalization, water stress
and ageing on leaf structure organization. As already stated, the vernalization process provoked
changes in the leaf structure (when the leaf appearance takes place during the cold period) leading do a
different ratio LWWSs/LWW, than observed in previous studies. It seems that under these conditions,
the fourth component of the NMR signal still corresponded to spongy cells vacuoles but certainly also
to some vacuoles of palisade cells. At the beginning of the water stress, water content remained stable
and water parameters slightly changed, indicating an acclimation of the leaf tissues. After that period,
while the water stress increased, NMR signatures showed water exchange between tissues. Finally, at
the end of the water stress period whenthe leaf could not maintained its water status and loss water,
NMR measurement confirmed that the loss came mainly from spongy cells. Indeed, during the stress
period, the LWW, was impacted in the same manner as water parameters (water potential, RWC). The
tissue modifications provoked by water stress can thus be estimated through the NMR signal. The
extend of that method to other species (with well differentiated tissues) should be very interesting for
studying at the tissue level, water stress or other stress known to impact leaf structure (such as ozone

for example).

4-Leaf structural modifications monitored by NMR relaxometry are linked with
nutrient remobilization processes

Increasing NUE and remobilization efficiency of nutrient from vegetative to reproductive
organs is a major breeding ambition in the case of oilseed rape. This means to go through the
exploration of genetic variability for these traits and the effective phenotyping of numerous genotypes.
Nutrient recycling performances of plant tissues are generally addressed through isotopic experiences
with stable elements (*N, 3¢, 34S,...) or biochemical analyzes of metabolic attributes of
remobilization processes (Malagoli et al., 2005; Albert et al., 2012). Molecular targets are also
proposed as candidates to appreciate senescence-induced remobilization performance (Hirel et al.,
2007). Following the leaf structure alteration as a reliable picture of organic matter recycling proposed
in the present work should be strengthen but is undeniably a new approach of interest especially if the
structural analysis method is easy to implement as it is the case for NMR. Despite the complex
interference of environmental conditions, the T, distribution and its pattern of evolution in leaf tissues
were homogeneous whatever growth conditions. The relaxation peak splitting and the second T,
component disappearance with ageing were systematically observed except for Express genotype
leaves that presented a decrease with ageing in the second T, component intensity but which was still
present before the leaf fall. It is interesting to note that for Aviso genotype, this T, component

disappearance and the split happened in the same leaf, whereas under non-vernalized conditions these
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events were separate in time. This confirms that under vernalized condition of the present study, the
senescence process was not only unachieved but also accelerated. That incomplete developmental
phase may be partly associated with yield penalties.

The differences in term of structure, especially in term of intercellular spaces, between leaves
under moderate nitrogen depletion and control conditions may be explained by differences in the
apoplast composition. The apoplast has a major role in senescence and signaling (Dani et al., 2005;
Martinez and Guiamet, 2014). Even though numerous clues indicate an important role of the apoplast
in the nutrient remobilization process from senescing leaves, this aspect has not been detailed in the
literature. Indeed loading steps in the phloem are controlled by numerous molecular actors, N-
depletion induced changes in apoplast composition can thus be at the origin of a lesser export of cell

constituents leading to a yield decrease.

The hydration of the leaf during senescence is a new highlight and its effect on the leaf structure
has been detailed in the present work. Nevertheless, the impact of this phenomenon on the chemical
aspect of remobilization remains not clear, especially those of the massive water entry during
senescence on the lytic enzymes efficiency, on the nutrient export and/ or on the small vesicle
trafficking.The biochemical consequence of the leaf hydration on remobilization efficiency could be

thus an interesting new field of research.
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Conclusions and perspectives

The results of the present study bring new highlights on fundamental comprehension of leaf
senescence structural changes and also demonstrate the suitability of the NMR relaxometry method for
assessment of the physiological status of the leaf. The link between nutrient remobilization efficiency
and leaf structure modifications revealed opens a new field of investigation. The exact role of
apoplast, cell wall components and leaf hydration in remobilization performance also remains to be
investigated. These perspectives will be the next steps of the RAPSODYN project which includes a
study focused on the comparison of the leaf NMR relaxation time distribution from plants grown in
field under two different nitrogen supplies. The sampling of the entire canopy will be made at different
typical states of development (flowering, stem elongation...) and the pattern of evolution of leaf NMR
signal components of the entire canopy will be measured. These patterns will be used as indicators of
leaf development for different genotypes and growth conditions. Backed by biochemical and
transcriptional analyses linked to nutrient remobilization, this experiment should reinforce correlations
between senescence induced leaf structure changes and remobilization efficiency. Another expected
outcome would be the ability to set up a leaf NMR relaxation signal database useable in plant breeding
for NRE, by associating the yield parameters with NMR signal measurements realized throughout the

canopy under different environmental conditions and on different genotypes.

The present work demonstrated that the pattern of evolution of NMR T, components (i. e. split
and second component disappearance) is an accurate marker of leaf senescence. This marker could be
relatively simply implemented in breeding programs. It can be used to sample two leaves in the same
developmental state and to determine the senescence rate. Accelerated senescence is often associated
to stress (Guo and Gan, 2005; Lim et al., 2007) and yield reduction (Gregersen et al., 2008; Guiboileau
et al., 2010) and thus determining and comparing senescence evolution between genotypes in response
to stress is of great interest for breeding. Indeed, NMR relaxation spectrum is not only easier to
measure than numerous indicators of leaf senescence; the method is also very precise and provides

integrative information of leaf senescence process at the tissue level.

The next step will be to develop portable NMR devices. Despite great progress being made in
the last years in the development of these apparatus, it is important to consider that the magnetic field
generated by the portable instrument is inhomogeneous comparing to the highly homogeneous field of
the bench top spectrometers. Consequently, the quality of the NMR signal measured with portable
spectrometers does not allow accessing all information obtained by the standard measurements.
Nevertheless, technical progress in this area should lead in the next years to better management of the
signal quality and the possibility to carry out experiments similar to those performed in the present

work and applicable to larger scale designs and field experiments.
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Senescence progression is known to follow a gradient at the leaf level (Avice and Etienne,
2014) generally from the top to the bottom of the limb. Senescence-induced changes at the leaf level
are usually understated, but the accuracy of NMR highlighted in the present work should allow
investigations at this level. A preliminary study comparing NMR signal of different parts of the same
leaf made it possible to reveal such a gradient. The results demonstrated that beside the ability of
NMR relaxometry to detect differences in leaf physiological status induced by age, position in the

canopy and/or environmental conditions, this method makes it also possible to reveal tissues
heterogeneities among the leaf limb.

In the present work, practical test of NMR signal measurement performed on Arabidopsis
leaves at three different development states, i. e. young, mature and senescent, showed similar results
as measurements performed on B. napus. (Figure 2).
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Figure 2: NMR T, distribution of young (A), mature (B) and senescent (C) leaves of Arabidopsis thaliana
(genotype Col 0).

Indeed, the NMR signal of Arabidopsis also presented an increase in vacuolar T, and a
disappearance of the second T, component with ageing. The difference between two main parenchyma
is obvious (Figure 3) on the micrograph of Arabidopsis found in the literature (Wuyts et al., 2010). In
another study, Wuyts et al, (2012) have quantified cell volume in both parenchyma of Arabidopsis
genotype Col-0 and reported that in mature leaves cell volume of palisade and spongy cell was in
average 10° and 0.6*10° pm®, respectively. That reinforced the tissular attribution of vacuolar
components in leaves and indicated that the method developed in oilseed rape may be generalized to
others species. It has to be noted that the T, decay signal of young Arabidopsis leaves was already
made of five components, possibly explained by differences in structure of young leaves between
Arabidopsis and oilseed rape. It will be interesting to perform the NMR and microscopy
measurements on the same leaves, like in oilseed rape experiments in order to confirm this hypothesis.
Nevertheless, the continuous increase in T, of vacuolar compartments observed in Arabidopsis leaves
as in oilseed rape leaves can be used to compare leaf age.
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Figure 3: Typical cross section of a mature leaf of Arabidopsis thaliana obtain through
confocal microscopy (Wuyts et al., 2010).

Moreover, as a plant model, numerous mutants of Arabidopsis are available, and it can be a
great use to work on the attribution of the other components of the signal. For example mutant with
deficiency in the starch production should help in the confirmation of the attribution of the second T,
component of the NMR signal to the water in starch granules. In the same way, mutant deficient in
autophagy process will not present the increasing number of small vesicle observed in wild type
during senescence, the impact of that difference on the third T, component should give us new clue on
the attribution of NMR T, components. The results in Arabidopsis, associated with preliminary results
on different species (hordeum, nicotinia, lactuca) are promising on the efficiency of NMR

measurement to follow leaf structural modification in others species.
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Annexe 1: Aera of the vacuole of each parenchyma, for the leaf rank four during the three first weeks of
measurement. Values were calculated from micrographs cross section sampled in parallel (strip) or

perpendicularly (black) to the central vein.

159



Annexe 2

A B s
300
_ 200 -
E £ 250
2 150 =
= 2 200
g 3
=
H £ 150
= 100 =
= £ 100 .
= g —a—fresh weight = —&— fresh weight
50
0 0
1 2 3 4 5 6 7 8 12 11 10 9 8 7 6 5 4 3
Week Leaf rank

Supplementary data 1: Leaf fresh weight (in g.m™) of the eighth leaf over the measurement period (A) and
fresh weight of all leaves from four plants at the third week of the measurement period.
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Supplementary data 2: correlation between FID signal intensity and dry mass of the sample
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Supplementary data 3: Change in cell wall thickness for each parenchyma in relation to the leaf rank for the
third week of the measurement period.
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Organisation subcellulaire et remobilisation
métabolique durant la sénescence chez le
colza : effets des stress abiotiques

Résumé

Brassica napus est une des cultures oléagineuse majeure dans le monde. En raison de sa faible
efficacité d’utilisation de ’azote (NUE) comparée aux autres grandes cultures, la gestion de cette
ressource présente un objectif écologique et économique majeur pour cette culture. La remobilization
des nutriments des organes sources vers les organes puits est une composante de la NUE qui se
déroule durant la sénescence et qui est associée aux processus de recyclages métaboliques et a des
modifications de la structure foliaire. L’objectif de cette thése était de comprendre et de quantifier ces
modifications structurales afin d’évaluer a travers ces processus les capacités de remobilization du
colza en fonction de son génotype et de son statut nutritionnel (eau et azote).

La structure foliaire a été étudiée grace a la relaxométrie RMN qui donne acces au statut et a la
distribution de I’eau au niveau cellulaire. Ces travaux de thése ont mis en évidence que la distribution
des temps de relaxation transversale (T,) dépend non seulement de la structure cellulaire, mais aussi de
I’organisation tissulaire. Cette étude a aussi mis en évidence le processus d’élargissement cellulaire et
d’hydratation pendant la sénescence, spécifiquement dans le parenchyme palissadique. Il a été
également demontré que le signal RMN refléte la déstructuration progressive se déroulant durant la
sénescence au niveau subcellulaire et est un marqueur de sénescence précis permettant de suivre le
développement de la feuille. De plus, le statut nutritionnel de la plante modifié par les carences azotées
ou le stress hydrique, impacte grandement la sénescence séquentielle et les conséquences en termes
d’efficacité de la remobilisation peuvent étre suivies par RMN.

Ce travail a permis de renforcer les connaissances sur la structure et le fonctionnement de la
feuille au niveau tissulaire et cellulaire. De plus, il a été démontré que le signal de relaxométrie RMN
donne accés a des informations sur la structure foliaire inaccessible par des méthodes courantes. Une
des principales applications de ce travail serait le phénotypage, particulierement la sélection de
génotypes caractérisés par une forte efficacité de remobilisation en particulier en cas de carence azoté
ou de stress hydrique.

Mots clefs : colza, structure foliaire, remobilisation, stress hydrique, carence azote; RMN, temp
de relaxation (T,)
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Subcellular modification and nutrient
remobilization during Brassica napus leaf
senescence: effects of abiotic stresses.

Abstract

Brassica napus is one of the major oil crops of the world. Due to its low NUE (Nitrogen Use
Efficiency) compared to other species, Nitrogen management presents a major economic and
environmental goal for improvement of that crop production. As a component of NUE, nutrient
remobilization from source to sink tissues takes place mainly during the leaf senescence and is
associated to metabolic recycling processes and modification of the cellular organization and structure.
The aim of this work was therefore to understand and estimate the amplitude of these structural
modifications with the objective to appreciate through these processes remobilization performance
according to oilseed rape genotypes and nutritional status in terms of nitrogen and water supply.

The leaf structure was investigated through NMR relaxometry, providing access to cellular
water status and distribution. The present work demonstrated that the transverse relaxation time (T»)
distribution depends on both leaf tissue structure and cellular compartmentalization. The study
revealed a process of cell enlargement and hydration during leaf senescence, specifically in the
palisade parenchyma and showed that the T, relaxation time was able to discriminate parenchyma
tissues at an early phase of senescence induction. Moreover, the NMR relaxometry signal was shown
to reflect specific chronological loss of sub-cellular structuring all along the senescence process
progression and was demonstrated to be an accurate non-invasive monitoring method of leaf
development. Finally, plant nutrition status experienced through nitrogen and water availability
limitation has been demonstrated to strongly affect regular sequential leaf senescence. Consequences
on remobilization efficiency by stress conditions have been also assessed through the NMR signal.

This work has improved the understanding of leaf structure and functioning at the cell and
tissue levels after the onset and during the progression of senescence. Moreover, it was demonstrated
that NMR relaxometry provides access to leaf structural information that are not accessible with
currently used techniques for plant structural investigations. One of the main applications would be for
plant phenotyping, especially for selecting genotypes with higher nutrient remobilization efficiency
especially under environmental stresses like nitrogen and water limitations for sustainable oil and
protein production.

Key words: oilseed rape, leaf structure, remobilization, water stress, nitrogen depletion; NMR,
transverse relaxation (T5)
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