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laboratoire, en serre, et tes relectures de ma thèse.
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Matthieu, ton aide précieuse (pour les clonages, les broyages, la cyto...) notamment
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Résumé en français

Les angiospermes, ou plantes à fleurs, sont majoritairement à reproduction sexuée.

Leur reproduction implique l’alternance entre une génération sexuelle et une génération

asexuelle. La génération asexuelle correspond à la croissance végétative du sporophyte

diplöıde sur lequel une forme de vie haplöıde très réduite, appelée le gamétophyte,

se développe. Le gamétophyte femelle correspond au sac embryonnaire, tandis que le

gamétophyte mâle correspond au grain de pollen. La fonction principale des gamétophytes

est de produire les gamètes, qui réalisent la double fécondation et créent un nouvel in-

dividu diplöıde. Si la majeure partie des espèces sont hermaphrodites (elles portent les

organes reproducteurs mâles et femelles sur une même fleur bisexuelle), il existe beau-

coup de systèmes de reproduction différents. Dans le système gynodiöıque, des plantes

hermaphrodites coexistent avec des plantes femelles dans une population. Dans ces pop-

ulations, les individus femelles ont en fait perdu la capacité de produire du pollen viable

- elles sont mâle-stériles. Dans la plupart des cas, ces stérilités mâles sont liées à un

facteur de stérilité porté par le génome cytoplasmique, donc à hérédité maternelle, d’où

la dénomination de stérilité mâle cytoplasmique (SMC). Le noyau peut quant à lui être

de deux types : il est dit mainteneur (de stérilité) s’il permet l’effet du gène de stérilité,

et restaurateur (de fertilité) s’il contrecarre cet effet. Les gènes nucléaires restaurateurs

sont sélectionnés en réponse à la présence du cytoplasme stérilisant car ils rétablissent

la fertilité mâle. Les SMC résultent d’une incompatibilité entre les génomes nucléaire

et cytoplasmiques. Jusqu’à présent, tous les gènes cytoplasmiques associés à des SMC

naturelles qui ont été identifiés sont mitochondriaux. Les systèmes de SMC sont très

répandus. D’une part, on trouve 275 genres d’angiospermes qui contiennent au moins

une espèce gynodiöıque. D’autre part, la fixation d’allèles restaurateurs dans le noyau

masque parfois les SMC, qui sont révélées à la suite de croisements mettant en présence le

cytoplasme d’une espèce ou d’une accession, et le noyau “näıf” sans allèles restaurateurs

d’une autre espèce. Ces SMC invisibles car ne provoquant pas de dimorphisme sexuel

dans leur population d’origine, sont appelées cryptiques.
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Les SMC sont utilisées depuis les années 30 en agriculture pour la production d’hybrides,

et les facteurs génétiques conduisant à ces stérilités commencent à être bien compris, pour

avoir été abondamment étudiés chez les espèces d’intérêt agronomique. Cependant, les

mécanismes physiologiques aboutissant à l’avortement du gamétophyte mâle, alors que la

croissance végétative de la plante n’est pas affectée, sont encore mal comprises. En effet,

si le gène de stérilité est exprimé constitutivement dans bien des systèmes de SMC, le

seul phénotype visible qu’il induit est l’avortement du grain de pollen. Cette “spécificité

mâle” du phénotype est encore largement incomprise. Les SMC sont classifiées en deux

types, selon que le gène de stérilité agit sur la génération sporophytique (SMC sporophy-

tique) ou gamétophytique (SMC gamétophytique). Dans le cas des SMC sporophytiques

ce sont les cellules du tapis de l’anthère qui présentent le défaut primaire, et le dysfonc-

tionnement provoque la mort du pollen, tandis que dans le cas des SMC gamétophytiques

le défaut se produit au niveau du grain de pollen. Plusieurs hypothèses ont été proposées

pour expliquer l’avortement du pollen. Parmi celles-ci, la plus communément acceptée

est “l’hypothèse de l’ATP”, selon laquelle un dysfonctionnement mitochondrial lié au

gène de stérilité conduirait à une production diminuée d’ATP, la monnaie énergétique de

la cellule. Cette déficience en ATP serait délétère pour la gamétogenèse mâle, qui est

une étape du développement particulièrement énergivore. Cette hypothèse est néanmoins

controversée pour plusieurs raisons. Il parâıt notamment difficile d’imaginer comment un

manque d’énergie n’aurait pas de conséquences sur d’autres processus développementaux

que la gamétogenèse mâle, alors qu’ils peuvent également demander beaucoup d’énergie.

D’autres hypothèses impliquent un rôle particulier que joueraient les mitochondries dans

la gamétogenèse mâle, la présence d’un facteur X présent uniquement dans les cellules

du tapis ou du grain de pollen qui interagirait avec le facteur de stérilité pour induire

la stérilité, et une surproduction de dérivés réactifs de l’oxygène (ROS) qui conduiraient

à l’induction de la mort cellulaire prématurée des cellules du tapis ou à l’avortement du

gamétophyte mâle.

Une SMC gamétophytique cryptique a été découverte par l’équipe chez l’espèce modèle

Arabidopsis thaliana. Le cytoplasme de l’accession Shahdara, ou Sha (Tadjikistan) est

stérilisant, et le noyau de l’accession Cvi-0 (Cap Vert) est mainteneur de stérilité. Une

phase ouverte de lecture codant possiblement un peptide composé de 117 acides aminés,

appelée orf117Sha, a été identifiée comme facteur de stérilité candidat par une approche

de génétique d’association. La protéine possiblement encodée par l’orf117Sha est similaire

à 69 % au produit potentiel de l’orf108, qui a été identifié comme gène inducteur de

SMC dans le système mori (cytoplasme de Moricandia arvensis et noyau de Brassica

juncea). Au cours de ma thèse, j’ai cherché à valider le rôle de l’orf117Sha comme

inducteur de stérilité, et à comprendre comment une anomalie mitochondriale pouvait
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induire cette stérilité mâle. J’ai utilisé essentiellement la lignée au cytoplasme Sha et au

noyau Cvi-0, notée [Sha]Cvi-0 comme lignée mâle stérile, la lignée [Kz-9]Cvi-0 comme

contrôle (l’accession Kz-9 porte un cytoplasme très proche de celui de Sha, mais n’est

pas inducteur de stérilité), l’accession Cvi-0 comme lignée mainteneuse, et l’accession Sha

comme lignée restaurée.

Pour valider l’orf117Sha comme gène associé à la SMC, j’ai étudié son expression dans

l’accession Sha et la lignée [Sha]Cvi-0. Je n’ai pas détecté de différence d’accumulation

de l’ARN messager, ni de modification de cet ARN messager selon le fonds nucléaire. Par

contre, grâce à un anticorps que j’ai développé, j’ai observé une différence d’accumulation

de la protéine ORF117SHA, qui est présente uniquement dans la lignée stérile, support-

ant l’hypothèse de son rôle dans la stérilité. Afin de construire un outil qui permettrait

d’étudier le lien entre structure et fonction de l’ORF117SHA, j’ai cherché à phénocopier

la stérilité à l’aide de plantes transgéniques exprimant l’ORF117SHA adressée à la mi-

tochondrie. Lorsque le promoteur utilisé dans la construction est constitutif, les plantes

transgéniques obtenues ont deux types de phénotypes : certaines d’entre elles présentent

du pollen mort et ne transmettent pas l’insert, suggérant l’induction par l’ORF117SHA

d’une possible létalité du gamétophyte femelle en plus du gamétophyte mâle ; d’autres ne

présentent ni mortalité pollinique, ni biais de transmission de l’insert. Nous avons supposé

que des différences d’expression du transgène étaient responsables de ces deux types de

comportement. Ces deux approches appuient l’hypothèse selon laquelle l’orf117Sha serait

responsable de la SMC, bien qu’elles ne permettent pas d’exclure l’existence d’autres gènes

candidats qui pourraient expliquer l’avortement pollinique.

Afin de comprendre comment un défaut mitochondrial pouvait conduire à la mort

pollinique sans être délétère à la croissance végétative de la plante, j’ai utilisé plusieurs

types d’approches. J’ai d’abord décrit l’avortement du pollen à l’aide d’observations cy-

tologiques. Des grains de pollen mort sont détectés dans les plantes stériles à partir du

stade binucléé, et leur proportion augmente au cours du développement pour atteindre

environ 100 % de pollen mort au stade trinucléé. J’ai également observé les mitochon-

dries du gamétophyte mâle au cours du développement, pour la première fois, à l’aide

d’une GFP adressée aux mitochondries. Dans la lignée stérile, j’ai observé à partir du

stade uninucléé un gonflement des mitochondries qui semble évoluer vers l’éclatement de

celles-ci. De plus, j’ai vérifié le bon déroulement des mitoses polliniques à l’aide d’une

GFP marquant spécifiquement les noyaux de la lignée germinale (cellule générative et

cellules spermatiques) du grain de pollen chez les plantes stériles. Environ la moitié des

grains de pollen subit la première mitose pollinique, et seulement 3 % la seconde mitose

pollinique. Le gonflement puis l’éclatement des mitochondries semble provoquer l’arrêt du

développement, car la proportion de grains de pollen ayant des mitochondries anormales
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correspond à la proportion de grains de pollen n’ayant pas de noyau germinatif différencié

au stade binucléé. De la même façon, d’après les proportions observées seuls les grains

de pollen qui ont encore des mitochondries normales au stade binucléé semblent pouvoir

subir la deuxième mitose pollinique. Dans la lignée stérile, au stade binucléé la plupart

des grains de pollen ont des mitochondries anormales et leur développement parâıt bloqué

avant la seconde mitose pollinique. Ils évoluent vers un stade binucléé tardif qui dégénère.

D’autre part, j’ai évalué plus en profondeur le fonctionnement mitochondrial dans les

lignées stérile et fertiles. J’ai d’abord analysé le fonctionnement global des mitochondries

dans la plante entière. Les complexes du système de phosphorylation oxydative appa-

raissent être accumulés de la même manière dans les lignées stérile et fertiles. De plus, la

voie de l’oxydase alternative, généralement déclenchée en cas de dysfonctionnement mito-

chondrial, ne semble pas induite chez les plantes stériles. J’ai ensuite évalué le fonction-

nement mitochondrial spécifiquement dans certains tissus, à l’aide d’approches innovantes

en microscopie confocale. J’ai pour cela utilisé des senseurs fluorescents génétiquement

encodés, qui m’ont permis de comparer le niveau d’ATP cytosolique disponible pour la

cellule ainsi que l’état redox du glutathion. Les mesures ont été effectuées sur des tissus

végétatifs : des cellules d’épiderme d’hypocotyle de plantules in vitro ; ainsi que sur le

pollen. Aucune différence n’est détectable dans le niveau d’ATP entre les plantes fertiles

et stériles, que ce soit dans les tissus végétatifs ou dans le grain de pollen. Ce résultat va

à l’encontre de “l’hypothèse de l’ATP”. Par contre, le glutathion mitochondrial se trouve

dans un état plus oxydé dans les mitochondries des cellules d’épiderme d’hypocotyle de la

lignée stérile que dans les lignées fertiles, ainsi que dans les mitochondries et le cytosol des

grains de pollen de la lignée stérile. Nous supposons que la suroxydation du glutathion

résulte d’une production de ROS plus importante dans la lignée stérile, liée à la présence

du gène de stérilité. Dans des hybrides restaurés, le glutathion n’est plus suroxidé ni dans

les mitochondries des cellules d’épiderme d’hypocotyle, ni dans le grain de pollen, ce qui

suggère un lien entre cette suroxydation et la SMC.

Dans la SMC Sha d’A. thaliana, il semble qu’un défaut mitochondrial conduise à

l’avortement progressif du grain de pollen, possiblement en relation avec une suroxyda-

tion continue du gamétophyte mâle, un changement de la morphologie mitochondriale

et l’arrêt prématuré du développement. Les évènements conduisant à la mort pollinique

rappellent ceux décrits dans l’induction de mort cellulaire programmée dans d’autres

systèmes.
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Avec cette étude, j’apporte des arguments en faveur du rôle de l’orf117Sha dans

l’induction de la SMC Sha d’A. thaliana, et je décris les évènements préalables à l’avortement

du grain de pollen dans cette SMC gamétophytique. Mes résultats permettent une

avancée de la compréhension des mècanismes physiologiques de la stérilité mâle, en

suggérant un rôle des ROS et en écartant l’hypothèse d’une déficience en ATP.
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1 — Introduction

1.1 Cytoplasmic male sterilities in the context of flow-

ering plant reproduction

Angiosperms, or flowering plants, are often appreciated in nature because of their

flowers, that are extremely diverse in shape, colors, and odors. Linnaeus, in his Praeludia

sponsaliorum plantarum, described the petals as the nuptial beds, and drew a parallel

between the reproductive organs of animals and plants. His writing on plant sexuality

earned him comparison with the most “obscene romance writer” by his contemporaries.

Yet, he was one of the first to recognize the biological importance of sexual reproduction

in plants, and to classify them according to morphological features of their reproductive

organs [1]. The female reproductive organs are the pistils, whereas the male reproductive

organs are the stamens. In the following sections, I describe some of the many reproduc-

tion systems in flowering plants, before discussing a peculiar case: gynodioecy. Because

my study focuses on one particular male sterility, I also describe more precisely male

gametophyte development.

1.1.1 Reproduction systems in flowering plants

Angiosperms reproduce mostly sexually, even though they are capable of asexual

reproduction. Unlike animals that produce primordial germ line in early embryogenesis,

higher plants alternate asexual and sexual generations. Asexual generation consists on

the growth of a diploid sporophyte organism, on which a highly reduced form of haploid

organism, named the gametophyte, develops. The major function of the gametophyte

is to produce the gametes. The alternation between the two generations is achieved

through meiosis to form the haploid gametophyte, and double fertilization to create the

new diploid zygote. The female gametophyte is named megagametophyte or embryo sac,

whereas the male gametophyte is named microgametophyte or pollen grain.

Flowering plants have outstandingly high diversity of different sexual reproduction
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systems. Most species (70 %) are hermaphroditic: plants carry female (pistil) and male

(stamens) organs on a bisexual flower [2]. Other species (5-6 %) are called dioecious: male

and female flowers are separated on different individuals. In 1877, C. Darwin [3] proposed

that these plants “are descended from plants which formerly had the two sexes combined

in the same flower. It is a curious and obscure problem how and why such hermaphrodites

have been rendered bisexual”. He proposed that the reproduction systems that he called

polygamous (with male, female, and hermaphroditic plants co-existing) and gynodioe-

cious (with female and hermaphroditic plants co-existing) would be an evolutionary step

towards the separation of sexual types on different individuals in dioecious species. Since

Darwin, it has been proven that monoecy (an individual carries female and male organs on

different flowers) is positively linked to dioecy regarding the number of genera including

monoecious and dioecious species [2]. Furthermore, recent studies suggest that gynodi-

oecy is also positively linked to dioecy, with more genera including gynodioecious and

dioecious species than expected by random [4]. The monoecy and gynodioecy evolving

pathways to dioecy are presented in figure 1.1.

1.1.2 Gynodioecy and cytoplasmic male sterility

Gynodioecy is widespread among angiosperms: 275 angiosperm genera contain at least

one gynodioecious species [2]. In gynodioecious populations, the female plants are male

sterile, i.e. they have lost the ability to produce pollen. In most gynodioecious systems,

the sterilizing factor is cytoplasmic. It was first shown in flax that such male sterility was

the result of combination of nuclear genes inherited in a Mendelian way, together with

cytoplasmic factors [6]. Then, M. Rhoades described the same phenomenon in maize, and

demonstrated the cytoplasmic inheritance of a male sterility used in breeding programs

[7, 8]. His work contributed to the denomination of Cytoplasmic Male Sterility (CMS).

Although male infertility can be caused by many factors, gynodioecy is most often linked

to cytoplasmically transmitted determinant with interaction of nuclear gene(s) [9].

CMS is of agronomic interest, as females are widely used to facilitate hybrid seed

production. Hybrids benefit from the “heterosis”, or hybrid vigor, phenomenon: hybrid

crops can produce up to 50 % higher yields than inbred varieties [10]. Moreover, the

breeding of different varieties or species is an important genetic resource for crop im-

provement. Many crops such as maize, rice, sorghum, and rapeseed are cultivated as

hybrids. To produce hybrid seeds, it is necessary to emasculate one line to prevent self

pollination. The use of CMS lines avoids manual labor, machine and chemical treatments

to perform emasculation and is therefore extremely convenient for breeders [11].
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Figure 1.1: Main evolution pathways from hermaphroditism to dioecy. In the gynodi-
oecy pathway (a), an intermediate stage between hermaphroditism (firstly all individuals in one
population are hermaphroditic, the plants are named cosexual) and dioecy is composed of gyn-
odioecious populations with hermaphroditic and female individuals. In the monoecy pathway
(b), an intermediate stage is composed of plants with unisexual flowers. Another pathway might
involve monoecy evolving to gynodioecy (dashed line). Modified from S. Barrett (2002) [5].
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CMS is also an interesting model to study cytonuclear incompatibilities because they

result from cytoplasmically inherited sterilizing gene, and the nucleus can restore the

fertility or maintain the sterility, as detailed in section 1.2.

1.1.3 Male gametophyte development

In this study, I was particularly interested in understanding events leading to cyto-

plasmic male sterility. In this regard, the description of male gametophyte development

is necessary. The male gametophyte, or pollen grain, is produced in the anthers of the

sporophyte. The male gametogenesis requires tight cooperation between gametophyte

(pollen grain) and sporophyte (tapetal cells) tissues to develop. The tapetal cells provide

nutrients to the gametophyte during early stages of development and degenerate at a pre-

cise time point, contributing to the formation of the pollen coat. A premature or delayed

tapetum degeneration results in male gametophyte abortion [12]. Two successive phases

are distinguished for male gametophyte development, that are named microsporogenesis

and microgametogenesis. The microsporogenesis consists of the production of the four

haploid spores grouped in a tetrad with a callose wall, from meiosis of the mother diploid

sporogenous cells. Then, during microgametogenesis the microgametophyte develops un-

til it is released from the anthers at anthesis. First, the callose wall is degraded by the

callase (secreted by the tapetum), thus releasing the uninucleate microspores. Individual

microspores grow and a large vacuole is formed. The nucleus migrates to the edge of

the pollen grain at the vacuolated microspore stage. The first pollen mitosis, which is a

highly asymmetric division, occurs to produce the binucleate pollen grain carrying two

unequal cells. This pollen grain is composed of a small generative cell (the male germline)

engulfed in the cytosol of the large vegetative cell. Then, there are two types of behavior

considering the species: in those that shed bicellular pollen, the binucleate pollen grain

maturates and dehydrates after the first pollen mitosis and is released from the anther.

In species that shed tricellular pollen, such as A. thaliana, the generative cell undergoes

a second round of pollen mitosis and produces twin sperm cells. The trinucleate pollen

grain dehydrates and is subsequently released at anthesis. Successful pollination results

from landing on a compatible stigma, hydration and germination. The vegetative cell

elongates to produce the pollen tube. In species that shed binucleate pollen, the second

pollen mitosis occurs in the pollen tube. In both cases, the pollen tube elongates in

the stylar tissues to deliver the twin sperm cells to the embryo sac, to perform double

fertilization and form the new diploid zygote and the albumen (triploid tissue of the seed

that provides nutrients to the embryo) [13]. The pollen grain development is represented

in figure 1.2.
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Figure 1.2: Male gametophyte development. Male gametophyte development takes place
in the anthers. Firstly, sporophytic cells differentiate into microsporocytes, that undergo meiosis
and ultimately form four haploid spores grouped with callose in tetrads. The microspores are
then released and form four uninucleate microspores. The tapetal cells start to degenerate. A
big vacuole appears in the microspore and the nucleus is found at its edge at the vacuolate
stage. A first asymmetric mitosis produces bicellular pollen grain containing a big vegetative
cell and a small generative cell. At this stage, the tapetal cells degenerate. Then, according
to the species, the generative cell undergoes the second pollen mitosis either before or after
germination, to form the spermatic cells. For both types of species, the pollen tube is formed
by elongation of the vegetative cell, that delivers the two spermatic nuclei to the embryo sac
to perform double fertilization. From D. Honys et al. (2006) [14]. The developmental stages
that are investigated in this work are indicated in blue color and framed. UNM: uninucleate
microspore; EBCP: early binucleate pollen grain; LBCP: late binucleate pollen grain; TCP:
trinucleate pollen grain.
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The male gametophyte development requires the tight developmental co-regulation of

the sporophytic and the gametophytic cells, and there are many critical steps that could

be impaired and result in pollen abortion. Two major phases can be identified during male

gametophyte development, according to their transcriptomic profiles. A transcriptomic

study in A. thaliana Landsberg erecta showed that during the early phase, that starts

at the uninucleate stage and ends at the binucleate stage, more genes are expressed

compared to the late phase composed of the trinucleate and mature stages [15]. In

the late phase, less genes are transcribed and the proportion of pollen-specific genes

increases. These genes are involved in cell wall metabolism, cytoskeleton functions and

cell signaling [15]. Molecular control of male gametophyte development is reviewed in

M. Borg et al. (2009) [13].

1.2 Cytoplasmic male sterilities are the result of a

cytonuclear incompatibility

As it was mentioned in section 1.1.2, CMS is of special interest in agronomy. The

genetics behind this sterility has been widely studied since the discovery of the maize

CMS-T, and later on in other crop species. Even though the sterilizing determinant is

challenging to identify, some studies succeeded. In 1927, R. Chittenden and C. Pellew

showed that CMS is the result of combination of nuclear genes together with cytoplasmic

factors [6]. In fact, the sterilizing factor is mostly comprised in the cytoplasmic fraction,

whereas the nucleus can counter-act its effect. This section aims at explaining in detail

these interactions: where they come from, and their consequences.

1.2.1 The plant cell is composed of three genomes that must

cooperate and have co-evolved

At least three genomes are present in the plant cell, that have different inheritance

patterns. Other genomes can be present, such as those of endosymbionts, parasites or

viruses, but they are not taken into consideration here. The plant genomes have different

inheritance patterns: most species inherit mitochondria and plastids maternally [16].

There are few exceptions: some species, for example those of the Oenothera genera,

perform maternal and bi-parental plastid inheritance [17]. In Medicago sativa plastids

are inherited paternally [18], whereas in cucumber mitochondria are inherited paternally

[19]. Nevertheless such bi-parental or paternal inheritance is scarce. The differential

inheritance of the three genomes of plant cells is represented in figure 1.3.
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Figure 1.3: Differential inheritance of the nucleus and cytoplasmic compartments
in sexual reproduction. The female gamete carries the nuclear genome A,B,C and the
cytoplasmic genome D; the male gamete carries the nuclear genome a,b,c and the cytoplasmic
genome d. The fertilization results in the formation of a new diploid zygote carrying half of
the nuclear genome from the mother and half from the father Aa,Bb,Cc, and the cytoplasmic
genome from the mother D.
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It is generally accepted that plastids and mitochondria evolved from free-living prokary-

otic organisms that were integrated into host cells (likely an archea) through endosym-

biosis [20, 21]. Mitochondria derive from a proteobacteria which association with its host

contributed to eukaryogenesis [22]. Chloroplasts descend from cyanobacteria that were

engulfed by a non-photosynthetic eukaryote [23]. During the evolutionary process that

transformed the original endosymbionts into organelles, profound genetic and functional

integration took place that profoundly modified the genomes and metabolisms of the

partners.

In particular, a massive transfer of genes occurred between compartments, essen-

tially from organelles to nucleus [24]. Nevertheless, both mitochondria and plastids have

conserved a core set of genes mostly encoding factors involved in gene expression or

energy metabolism [25], hence the costly necessity for the cell to maintain and express

organelle genomes. The maintenance in mitochondria and chloroplasts of similar sets of

genes amongst highly diverged phyla led to the “CoRR” hypothesis proposing that the

colocation of gene and product allows an efficient redox regulation of gene expression [26].

However, the sets of genes contained in organelle genomes are far from being sufficient

to allow proper function of the organelles. For example, chloroplast and mitochondrion

proteome sizes in A. thaliana are estimated at 2000 and 2700 proteins respectively [27],

whereas plastome (genome in chloroplast) and chondriome (genome in mitochondrion)

carry only 100 possible genes [28] and 57 identified genes [29] respectively.

As a consequence, major cellular processes that take place in organelles, including

organelle biogenesis and division, photosynthetic apparatus and respiratory complexes,

and organelle gene expression [30, 31, 32, 33], rely on nuclear-encoded proteins that have

to be accurately addressed to, and imported into the organelles after their synthesis in the

cytosol. Not only the right organelle itself must be targeted, but also the right position

relative to the two organellar membranes. The majority of nuclear-encoded proteins

addressed to the inner compartments of chloroplasts and mitochondria are imported

through TOC/TIC and TOM/TIM complexes, respectively. These important multimeric

complexes recognize and translocate through the outer (TOC and TOM) and inner (TIC

and TIM) membranes of the organelles the precursors of the imported proteins [34]. The

recognition of precursors by the TOC and TOM complexes is generally ensured by an

N-terminal targeting peptide that is eventually cleaved by dedicated peptidases after

import [35]. In plants, the mitochondrial processing peptidase is part of the bc1 complex

[36]. Structural, but nor primary sequence, features of precursor signal peptides are

thought to be crucial both for the recognition and discrimination by the chloroplast and

mitochondrial import complexes. Indeed, these signal peptides are sufficient to address
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new engineered proteins to organelles [37] and have been instrumental to the functional

study of these organelles [38, 39, 40] .

The massive protein import from the cytosol to the organelles is considered as the

anterograde part of the signalling pathways between the nucleus and organelles. In re-

turn, chloroplasts and mitochondria send signals to the nucleus, called retrograde signals

[41, 42]. The anterograde-retrograde signalling pathways are crucial for the normal de-

velopment and for the response of plants to their environment [43].

On the evolutionary scale, the involvement of nuclear and organellar encoded factors in

many multiprotein complexes mandatory for photosynthesis and respiration and primary

metabolic assimilation drives the coadaptation between the cell genomes, which ensures

a tight cooperation between the co-evolved compartments to fine-tune cell functions [44].

By performing inter- or intra-specific crosses, followed by recurrent backcrosses, cyto-

plasmic and nuclear genomes that diverged can be gathered because of the differential

inheritance of the genetic compartments (the cytoplasm from the mother is placed in

an unprecedented nuclear background from the recurrent father). Cytonuclear incom-

patibilities are often highlighted in these new genetic combinations but may also appear

in the early hybrid generations [44, 45, 46]. The mechanism by which incompatibilities

arise can be explained under the Dobzhansky-Muller model, as shown in figure 1.4 [44].

Cytonuclear incompatibilities can lead to a decrease fitness of the hybrid, hybrid mortal-

ity or hybrid sterility, thus creating reproductive barriers between species or populations.

Among cytonuclear incompatibilities, CMS, which is a defect in pollen production whereas

the overall fitness of the plant is normal, often occurs.

9



Figure 1.4: The Dobzhansky-Muller model of hybrid incompatibility for nuclear-
cytoplasmic interactions. In an ancestral population, the nuclear (aa) and cytoplasmic (b)
genomes are co-adapted and interact functionally (double arrow). A population split results
in reproductive isolation, and independent mutations can arise in the nuclear (AA) and the
cytoplasmic genome (B). After fixation of the mutations in the different genomes, hybridization
of two individuals from both subpopulations that differently evolved produce individual carry-
ing an unprecedented combination of nucleus and cytoplasm. This hybridization can lead to
incompatibility between the A allele and the B cytoplasm, either in the F1 progeny in the case
in which the newly evolved allele is dominant, or in the F2 progenies carrying a AA nucleus in
the case in which the newly evolved allele is recessive. From S. Greiner and R. Bock (2013) [44].
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1.2.2 Genomic conflict in cytoplasmic male sterilities

The arising of a sterilizing gene in cytoplasmic genomes has to be explained in the light

of the genomic conflict theory from L. Cosmides and J. Tooby (1981) [47]. In most cases,

the cytoplasmic genomes, i.e. the plastome and the chondriome are inherited maternally

whereas the nuclear chromosomes are inherited following Mendelian’s segregation (see

figure 1.3). Therefore, the plant genome can be divided into fractions, the fitness of all

genes in a fraction being maximized in the same way. Each fraction is selected in a way

that the genes comprised in it maximally propagate, possibly in a deleterious way for

the other fractions’ genes [47]. Cytoplasmic genes are not disadvantaged by the male

sterility (as long as the plant can be pollinated by a male-fertile plant), whereas nuclear

genes are [48]. In response to the presence of the sterilizing cytoplasm, the nuclear

genome can evolve to counter-act the effect of the sterilizing gene [49]. The nuclear

genes counteracting the sterilizing gene effect are called restorers of fertility, and they

are historically labeled Fr or Rf depending on the species. In CMS systems, the nucleus

can be of two types: restorer (of fertility) if it carries restorer genes counter-acting the

sterilizing factor, or maintainer (of sterility) if it allows the sterilizing factor effect.

Females can spread and persist in natural populations for two reasons. Firstly, it

is widely accepted that female plants in gynodioecious populations have better female

fertility (for example more seeds, or higher germinating seeds) than their hermaphroditic

counterparts [50, 51]. This “female advantage” might be explained by the arrest of male

gametophyte development at early developmental stage that thus saves resources that

are re-allocated for female gametophyte production [52]. In some species however, the

CMS individuals do not produce more or better seeds. In these species, the persistence

of females can be explained in the light of the “restoration cost” phenomenon: in the

absence of the sterilizing gene, the restorer (of fertility) alleles are counter-selected in

a population [53]. This cost is different in the CMS systems considered, regarding the

specificity of the restorer allele. For example, some restorers have deleterious pleiotropic

effects, and are therefore counter-selected when they are not in presence of the sterilizing

cytoplasm [54]. In other CMS systems, the restorer evolved from nuclear genes that

regulate cytoplasmic gene expression, called “housekeeping” genes. Hemizygous plants

for these restorers carrying the sterilizing cytoplasm are restored, and the non-mutated

restorer allele can perform its housekeeping role simultaneously. Now, fixation of such

restorer has a cost, as the housekeeping duty of the non mutated restorer allele is not

achieved [54].

To sum up, cytoplasmic male sterility results from an incompatibility between two

cell fractions that have different interests, the cytoplasmic and the nuclear compartments.
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The cytoplasm can be either sterilizing or non sterilizing, whereas the nucleus can carry

maintainer (of sterility) or restorer (of fertility) alleles, allowing or counter-acting the

effects of the sterilizing gene, respectively. The different possible combinations of cy-

toplasms and nuclei in one CMS system are presented in figure 1.5. It is noteworthy

that individuals carrying the sterilizing cytoplasm can be hermaphroditic if they have

restorer alleles, so that the effect of the sterilizing protein is hidden in these individuals.

Actually, the high frequency at which CMS appears when breeding different species or

genera [55] indicates that sterilizing cytoplasms might be common, but their effect is

hidden because of the fixation of restorer alleles. Indeed, if the female advantage is too

low, or if the restoration is not costly, the restorer allele is eventually fixed [56]. The

intra- or inter-specific hybridization in this case leads to co-adaptation disruption (see

section 1.2.1), the restorer alleles are not present anymore to counter-act the sterilizing

factor effect and male-sterile plants arise. These cytoplasmic male sterilities are called

cryptic [56]. Therefore, a “naive” nucleus in contact with a sterilizing cytoplasm results

in female plants and gynodioecious populations.

Alloplasmy, which is the phenomenon wherein cells have the cytoplasm from one

species and the nucleus from another species, often results in CMS [53]. While energy

metabolism deficiency during pollen formation is often suggested to explain alloplasmic

CMS, some studies pointed towards cryptic cytoplasmic genes silenced by fixed restorers

in the cytoplasmic donor, but active in the alloplasmic line whose “naive” nuclear genome

lacks restorers [53, 57]. In crop species, CMS are often discovered by breeding different

hermaphroditic species and can thus be considered as cryptic. For example, creation

of CMS in wheat can be performed by crossing wild wheat Triticum timopheevii or

related species such as Aegilops with common wheat followed by successive backcrosses

[58]. Sunflower CMS has been obtained by breeding wild relative male fertile species:

Helianthus petiolaris and Helianthus annuus. Moreover in wild populations, a cryptic

CMS has been highlighted in Mimulus guttatus when it was crossed with M. nasutus

[59]. All described populations of M. guttatus are hermaphroditic, so the CMS is called

cryptic. Another cryptic CMS has been discovered in A. lyrata [60]. All these findings

indicate that cryptic CMS are more common than previously thought, and so sterilizing

factors which are silenced by the restorer nucleus.

In the previous section, I attempted to explain generally how a cytonuclear interaction

could be involved in CMS. Hereafter, I bring more detailed elements on the nuclear and

cytoplasmic partners involved in CMS, based on well-studied CMS systems.
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Figure 1.5: Combination of cytoplasms and nuclei in CMS systems. CMS systems are
characterized by two types of cytoplasms and two types of nuclei. The nucleus is called main-
tainer of sterility or restorer of fertility, whereas the cytoplasm is non sterilizing or sterilizing.
Individuals carrying the sterilizing cytoplasm and maintainer nucleus are male sterile, whereas
all the other combinations result in hermaphroditic individuals.
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1.3 Cytoplasmic male sterility associated genes and

nuclear restorers

1.3.1 Cytoplasmic genes associated to male sterility

1.3.1.1 Characteristics of cytoplasmic male sterility associated genes

Well before the discovery of mitochondrial and plastidic genomes in 1964 [25], M.

Rhoades (1950) proposed that mitochondria were responsible for the sterility in CMS [61].

The identification of a mitochondrial trait governing male sterility in angiosperms was one

of the arguments advanced to set up the uniparental inheritance model of mitochondria

[62]. It was then verified that all non engineered CMS-associated genes identified are

mitochondrial [52]. Why CMS genes are related to mitochondria and not chloroplasts,

and why CMS are so frequent in plants are intriguing questions. CMS gene appearance

might come from the large size of plant mitochondrial genomes, as well as the high

recombination frequency of the chondriome [63]. In comparison, the plastome is much

more condensed and conserved. The origin of CMS-associated sequences is still a mystery.

Yet, in a recent study on rice WA-CMS, H. Tang et al. (2016) proposed a model for the

WA-CMS associated gene to arise, that could be generalized [64]. Their study indicates

that the functional sterilizing gene formation involved multiple and complex evolutionary

processes including recombinations among conserved genes, substoichiometric shifting

and sequence variation of CMS protogenes until functionalization occurred [64].

Identified CMS-associated genes share general features. First of all, they contain

sequences that are specific to each sterilizing cytoplasm [52], with few exceptions. The

CMS-related genes in BT- and HL-type CMS of rice, orf79 and orfh79, are 98 % identical

[65]. Also, the sorghum A3 CMS-related gene putatively encodes a protein for which the

49 C-terminal predicted amino acids are 57 % identical to those of orf79 [66]. Finally,

orf224 and orf222, that are respectively associated with the pol and nap CMS in B.

napus, encode predicted proteins sharing 79 % identity [67].

Another characteristic of CMS-associated genes is their close proximity and possible

co-transcription with essential mitochondrial genes. The close proximity with essential

mitochondrial genes might facilitate expression of the CMS-related genes by using ex-

pression signals from the essential mitochondrial genes [68]. Interestingly, many of the

CMS-associated genes have been found to be co-transcribed with complex V respiratory

chain subunits. For example, the first CMS gene identified, the urf13 related to maize

CMS-T, is co-transcribed with atp4 [52]. The orf108 that is associated with mori CMS
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in Brassica juncea is co-transcribed with atp1 [69]. The Ogura CMS gene orf138 is co-

transcribed with a gene firstly designated as orf158 [70], and which was later on identified

as atp8 [71]. HL-CMS rice orfh79 is co-transcribed with atp6 [72], the common bean

orf239 is co-transcribed with atp1 [73]. In other cases, other essential mitochondrial

genes are involved in co-transcription with CMS genes as for example in Petunia the

nad3 subunit of complex I is co-transcribed with the sterilizing gene pcf [74]. Yet, CMS-

associated genes are not always co-transcribed with any essential mitochondrial gene, as

it is the case for the sorghum A3-CMS related gene orf107 [66].

If the co-transcription of CMS genes with essential mitochondrial gene is not universal,

it is not rare to find the presence of parts of such essential mitochondrial genes in the

coding sequence of CMS genes [52]. For example the sorghum A3-CMS related gene orf107

harbors a part of atp9 gene in its coding region [66]. The Petunia pcf also presents parts

of atp9 and cox2 in its coding region [75]. Also, CMS-related factors often present large

hydrophobic domains or predicted transmembrane domains in their predicted amino-acid

sequences [52, 76] . Some identified CMS genes and their specific features are presented

in figure 1.6.

Finally, the expression profiles of CMS-genes usually present specific patterns. Firstly,

transcription profile is often altered by the presence of restorer genes. Also, an intrigu-

ing feature of CMS-related genes is their constitutive expression, whereas the induced

phenotype is restricted to male gametophyte production [77]. This leads to the “male

specificity” paradox: why the CMS-related gene, that is constitutively expressed, has an

effect on reproductive organs without being deleterious to the other tissues?

1.3.1.2 Identification and validation of cytoplasmic male sterility associated

genes

In the previous section, I detailed the common features of CMS-related genes. For-

mally identifying them is often tricky. Approaches that have been employed are reviewed

in M. Hanson and S. Bentolila (2004) [52]. Two approaches allow unequivocal identifica-

tion of a mitochondrial sterilizing gene. The first strategy consists in using comparative

genomics: by comparing sterilizing mitochondria with closely related fertile revertants,

one can identify a DNA region that would be specific for the sterilizing genome. Un-

fortunately, this method is often limiting as it is difficult to find mitochondrial genomes

that recently diverged and just differ at the CMS locus. Maize CMS-T urf13 [79, 80]

and CMS-S orf355/orf77 [81] as well as common bean pvs [73] sterilizing genes have

been identified in this way. Another strategy is to search for the segregation of a DNA

sequence inducing the male sterility phenotype.
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Figure 1.6: Main features of some identified CMS-associated genes, detailed in the
text. Modified from T. Kubo et al. (2011) [78].
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As the cytoplasmic compartment is maternally inherited in most species, this approach

is made possible by the technique of protoplast fusion.

This technique breaks the monoparental inheritance and allows recombinations. For ex-

ample, recombined mitochondrial genomes of rapeseed cybrids were used in addition to

comparison of fertile revertants to identify orf138 as the sterilizing gene in Ogura CMS

[70, 82, 83].

In most cases, genetic proofs such as recombinant or revertant fertile plants are not

available. In this instance, several lines of evidence from different approaches are neces-

sary to validate the sterilizing gene. Comparing mitochondrial genomes and transcript

profiles, and researching for unusual recombinants at the same time provide good hints on

a candidate. The comparison of mitochondrial genomes is fastidious, as plant chondriomes

are very large [84] and new orfs that could potentially induce CMS are common [85, 86].

As it was detailed in the previous section, CMS-related genes are often co-transcribed

with essential mitochondrial genes. Therefore, looking at transcription profiles of these

essential genes can highlight CMS-related candidate genes. Yet, these approaches are

often not sufficient, and they need to be supported by other lines of evidence. I already

mentioned that CMS was determined by cytonuclear epistasis. The nucleus can carry

restorer alleles, whose identity and mode of action will be presented in detail in section

1.3.2.2. Yet, it is interesting to mention that they often silence the sterilizing factor by

acting on its expression. Therefore, investigating the candidate expression in sterile and

restored lines could give clues to formally identify the CMS factor. Indeed, most of the

fertility restorer genes alter the sterilizing gene expression [87]. However, a restorer can

modify the expression profile of genes other than the sterilizing one [88], so this method

cannot prove alone the identity of the sterilizing gene neither.

Examples of multiple clues that had to be advanced to formally identify CMS-related

genes are detailed hereafter. The factor responsible for CMS-WA was identified via

the study of mitochondrial transcription profiles by RNA blotting: the mRNA profile

detected with an rpl5 probe was different between the CMS-WA line and a fertile line.

It was then shown that this mRNA was affected in a restored nuclear background, and

its sequence revealed an ORF of unknown origin, named wa352. This ORF led to male

sterility when it was transgenically expressed in the nucleus and its product addressed to

mitochondria. Altogether these results were considered sufficient to validate the role of

this ORF in WA-CMS [89]. Another example is the identification of the orf108 sterilizing

gene associated with mori CMS in Brassica juncea. Longer atp1 transcripts in the CMS

line were detected. The atp1 region was sequenced and the 5’ and 3’ mRNA ends were

identified in fertile, CMS and restored lines. A new orf was detected, which was expressed

in the CMS and restored lines but had a modified expression in the restored background
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[69]. Transgenic A. thaliana plants expressing orf108 were sterile, supporting the orf108

role in sterility [90]. Moreover, mutations in orf108 blocked the M. arvensis restoration

of fertility, suggesting that the restorer could not interact with its cytoplasmic partner

anymore and thus further supporting orf108 ’s role in mori CMS [91]. Finally, one more

example is the BT-type CMS, for which an additional copy of the atp6 region containing a

predicted ORF named orf79 was identified. It was proven that this ORF was transcribed

and translated in the CMS line, and that the two restorers of fertility act on its expression

either at the transcriptional or the translational level. Also, transgenic plants expressing

the orf79 phenocopied the CMS. These pieces of evidence validated the role of orf79 in

BT-type CMS [92].

1.3.2 The restoration of fertility

In the previous section, the cytoplasmic factors involved in cytonuclear incompatibil-

ities leading to CMS were outlined. This section aims in presenting the nuclear factors

of CMS systems. As it was already mentioned, the sterilizing factor is cytoplasmic, and

more precisely mitochondrial in most cases. However, the nucleus can carry restorer (of

fertility) or maintainer (of sterility) alleles. According to the type of CMS, the restoration

of fertility (also simply called “restoration”) has to occur either in the sporophyte or in

the gametophyte generation.

1.3.2.1 Gametophytic and sporophytic cytoplasmic male sterilities and their

restoration

As I mentioned in section 1.1.3, male gametophyte development is tightly regulated,

and it requires the cooperation of gametophytic and sporophytic tissues. In gametophytic

CMS the defects occur in the male gametophytes. In sporophytic CMS, the tapetal cells

are the primary targets of the sterility factor. The genetic behavior of restoration can

allow to distinguish between these two cases, since a plant that is heterozygous for the

restorer allele Rf, called Rf /rf, does not segregate Rf and rf similarly in gametophytic

and sporophytic CMS. In sporophytic CMS, the presence of one Rf allele is sufficient to

rescue the male fertility of all pollen grains whatever their allele at the restorer locus.

The Rf /rf plant thus presents 100 % of viable pollen. The Rf and rf alleles segregate

according to Mendel’s laws of genetic inheritance, and so one fourth of this Rf /rf plant’s

offspring will be male sterile. Now, in gametophytic CMS the presence of one Rf allele

rescues the fertility only in the gametophytes carrying it. Therefore, heterozygous Rf /rf

plants present half dead pollen. The rf allele is never transmitted via the pollen, but it

is transmitted via the egg cell according to Mendel’s laws, and so a segregation bias is
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expected with half of the progenies that are homozygous for the restorer allele Rf /Rf,

and the other half that are heterozygous Rf /rf. No male sterile progeny is observed. The

inheritance patterns of alleles at the restorer locus in the two different CMS systems is

represented in figure 1.7. As the two different types of CMS are widespread, and as the

two tissues on which a defect occurs are very different, it is not known whether the same

functional mechanisms lead to pollen abortion in gametophytic and sporophytic CMS.

1.3.2.2 Mechanisms of fertility restoration

In most studied CMS systems, the restoration of fertility is mediated by disturbing

the expression of the sterilizing gene [76]. The first findings were made on CMS gene

expression, that was found to be modified in restored lines compared to steriles [66, 93,

94, 95, 96, 97]. The first cloned restorer of fertility that acts on disturbing CMS-gene

expression was the restorer Rf in Petunia CMS [98]. In lines containing the Rf allele, the

sterilizing pcf mRNA profile is altered, and subsequently the accumulation level of the

PCF protein is reduced. In this study, authors identified the Rf allele to be composed of

tandem copies of a gene containing repeats of the pentatricopeptide repeat (PPR) motif,

that was described in A. thaliana shortly before and hypothesized to have a function

in mRNA processing [99]. The corresponding PPR protein, PPR592, is very similar in

maintainer and restorer lines but a polymorphism in the promoter avoids its expression

in floral buds in the maintainer background, so that the pcf and PCF accumulations are

possible and the male gametophyte development stops. Since the cloning of Petunia’s Rf,

many restorer genes that have been identified code for PPR proteins [87]. For example,

the restorer of fertility RFo in Ogura CMS is a PPR protein inhibiting orf138 mRNA

translation [100]. In the rice BT-type CMS, the two identified restorers Rf1a and Rf1b

encode PPR proteins that restore male fertility via endonucleotic cleavage or degradation

of the sterilizing mRNA [92]. Finally, some restorers of fertility do not code for PPR

proteins but they interact with them and allow the alteration of CMS factor expression.

For example, the Rf2 restorer in rice LD-type CMS encodes a glycine-rich protein that

might form a complex possibly targeting the CMS protein [101].
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Figure 1.7: The different inheritance patterns of sporophytic and gametophytic
CMS. The pollen of F1 is derived from a pollen mother cell, PMC, which forms tetrad through
meiosis. In sporophytic CMS, all pollen grains are fertiles in the heterozygous Rf /rf F1 and
in gametophytic CMS the 50 % of pollen grains that carry the rf alleles abort and do not
contribute to the next offspring. Consequently, in sporophytic CMS one fourth of the progenies
harvest the rf /rf genotype and are 100 % male sterile, whereas in gametophytic CMS the rf
allele can be passed on by the female but not male gametophyte, and so half of the progenies
carry both Rf and rf alleles and present half of dead pollen.
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All the restorers that are described above act post-transcriptionally to silence the

sterilizing gene and inhibit its action. Other identified restorers of fertility involve other

mechanisms than post-transcriptional restoration events, and they do not always code for

PPR proteins. The common bean restorer Fr reduces the sterilizing pvs mtDNA region

to substoichiometric level, thus reducing the amount of sterilizing DNA [102]. In rice

CW-type CMS, the RMS restorer in the Rf17 locus is a “loss of function” restorer allele.

Indeed, a SNP in the restorer allele promoter leads to a lower expression of RMS, which

results in male fertility restoration. RMS is hypothesized to be involved in a retrograde

signaling pathway, as its mRNA accumulation depends on the cytoplasmic genome. It

encodes an acyl carrier protein [103]. Another known “loss of function” restorer allele is

the maize S-CMS rfl1, for which accumulation of mitochondrial ATP synthase subunit α

protein is reduced in haploid microspores, maybe avoiding a necessary interaction with the

sterilizing factor to cause sterility [104]. Another hypothesis would be that this restorer

has an effect on the expression of both on atp1 and the sterilizing factor. Finally, the Rf2

restorer allele in maize CMS-T, that was the first restorer to be cloned, does not act on

the post-transcriptionnal level neither [105]. Actually, it does not silence the sterilizing

gene at all, but it rather “detoxify” its effect, by encoding an aldehyde dehydrogenase

that is suspected to remove oxidative stress caused by URF13 [106].

To sum up, plant mitochondria genomic shuffling often results in new ORFs pro-

duction that can be deleterious to the male gametophyte. The nucleus evolutionary

response is the formation of restorer of fertility alleles that can rescue male fertility [76].

The restoration of fertility can have a cost, as restorer alleles are sometimes recruited

in “housekeeping” nuclear genes that regulate mitochondrial gene expression, or because

they have pleiotropic effects affecting expression of essential mitochondrial genes [49].

Some CMS systems and their identified nuclear and mitochondrial factors are summa-

rized in table 1.1. As CMS genetics have been studied for decades by breeders, the genetic

processes behind these phenomena start to be better understood, and general patterns

can be drawn. Yet, the physiological mechanisms leading to the male gametophyte abor-

tion without affecting plant general fitness remain mysterious.
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1.4 The plant mitochondria functions and their role

in cytoplasmic male sterilities

In the previous section, I detailed the genetics behind CMS with the identified cyto-

plasmic and nuclear factors involved in different systems. The physiological mechanisms

by which pollen abortion occurs remain mysterious until now. As all naturally-occurring

CMS genes described so far are localized in the mitochondrion, it is assumed that mi-

tochondria might fulfill a specific role in the male gametophyte production. Firstly, I

summarize some of the plant mitochondria functions, with focuses on those that could

participate in the phenomenons leading to pollen death. In addition to their functions in

energy production, redox signalling and homeostasis, which are described below, mito-

chondria also play roles in organic acid and amino acid metabolism, as well as biosynthesis

of essential compounds, reviewed in [136]. I also present features displayed by mitochon-

dria during the cell cycle, as they have recently been suggested to take part in the control

of meiosis and mitoses during plant reproduction. In the last part of this section, the

main hypotheses proposed to explain CMS are reviewed.

1.4.1 Energy production through oxidative phosphorylation

The eukaryotic cell is highly compartmentalized, and each compartment fulfills a spe-

cific function. Mitochondria are often defined as the “powerhouse” of the cell as they

are the main producers of Adenosine Tri Phosphate (ATP), which is the energy currency

for the cell, together with chloroplasts. Yet, it is noteworthy to mention that ATP is

also produced in the cytosol via glycolysis, the metabolic pathway by which glucose is

converted into pyruvate while producing two molecules of ATP. Nevertheless, in non-

photosynthetic cells, the ATP production necessary for all cell functions relies mainly on

mitochondria. Mitochondria have a complex internal structure. They are compartmen-

talized by two membranes, the outer and inner membranes. The space between the two

membranes is called the inter-membrane space. Inside the inner membrane is found the

matrix, that contains the mitochondrial DNA and has a high protein content. The two

membranes have very different properties. The outer membrane controls the exchanges

of molecules between the mitochondria and the cytosol. It is permeable to ions and small

molecules through protein-based pores and carries the TOM complex that translocates

mitochondrial proteins synthesized in the cytosol. It also carries the proteins involved

in mitochondria dynamics thus controlling their shape and size [137]. The inner mem-

brane is very impermeable and supports the transmembrane potential which drives ATP

synthesis by the ATP synthase. It presents many invaginations that form the cristae,
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that increase the exchange surface. Moreover, it carries the oxidative phosphorylation

(OXPHOS) system complexes, and its properties allow the maintainance of a transmem-

brane potential. Most of the proteins encoded by the mitochondrial genome are part, or

involved in the assembly, of OXPHOS system complexes.

In mitochondria, aerobic respiration is the main pathway to produce ATP [138]. The

respiration process leads to the reduction of oxygen to water, the release of carbon dioxide

and the phosphorylation of ADP to ATP. The main steps of the respiration process are the

Krebs cycle, taking place in the mitochondrial matrix, and the oxidative phosphorylation.

The Krebs cycle involves acetyl-coA oxidation. Acetyl-coA is notably produced from

decarboxylation of the pyruvate produced during glycolysis. Glycolysis ocurs in the

cytosol, but also in mitochondria, where it would directly provides pyruvate that will

be used as a respiratory substrate [139]. The Krebs cycle reactions produces, inter alia,

NADH and FADH2 molecules that will be oxidized by the respiratory complexes that

compose the electron transport chain. The plant OXPHOS system is composed of five

complexes supplemented with proteins allowing bypasses pathways.

The complex I, or NADH-Ubiquinone oxidoreductase is composed of a mixture of

nuclear and mitochondrial-encoded proteins so that genomes coordination must be tightly

regulated in order to form a complex with the correct stoichiometry [140]. Complex I

is the main entrance point of electrons into the respiratory chain: it transfers them to

the ubiquinone using NADH as an electron source [141]. Concomitantly, it translocates

four protons from the matrix to the inter-membrane space. Complex II, or succinate

dehydrogenase, is the second entrance point of electrons, as it transfers electrons from

succinate to ubiquinone without simultaneous protons translocation. Complex III, or

cytochrome c reductase, transfers electron from the reduced ubiquinone (called ubiquinol)

to cytochrome c. Simultaneously, four protons are translocated from the matrix to the

inter-membrane space. Complex IV, or cytochrome c oxidase, is the terminal complex

of the respiratory chain. It transfers the electrons from the cytochrome c to oxygen,

simultaneously reduces the latter to water, and translocates two more protons from matrix

to the inter-membrane space. The electron transport via respiratory chain results in a

proton gradient across the inner membrane, which is the motor for complex V, or ATP

synthase, to produce ATP. The OXPHOS system complexes can form supercomplexes

[141], that might provide kinetic advantage and thus prevent reactive oxygen species

(ROS) production [142].

Besides the five complexes of the OXPHOS system, the plant mitochondria have

specific features compared with animal mitochondria. They possess alternative electron

transport pathways. These pathways were identified because plant mitochondria can
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respire even in the presence of rotenone and cyanide, that are complexes I and IV in-

hibitors respectively. The cyanide-insensitive respiration is catalyzed by the alternative

oxidase (AOX), that oxidizes ubiquinol and reduces oxygen to water without proton

translocation. AOX is an antioxidant, it is induced by oxidative stress and participates

in the stress response [143]. The alternative NAD(P)H dehydrogenases are located on

either side of the inner mitochondrial membrane, and they oxidize NAD(P)H without

proton translocation [138]. Together, any NAD(P)H dehydrogenase and the AOX form

an alternative electron transport chain [143]. The OXPHOS system and the alternative

pathways are presented in figure 1.8.

The alternative electron transport chain function is to limit mitochondrial ROS pro-

duction by keeping the ETC oxidized. However, a ROS production is inherent to mito-

chondrial function, and mitochondria are the major source of ROS in the plant cell. More

specifically, complexes I, II and III are implicated in superoxide production, because of

electron leaking and single electron reduction of oxygen to superoxide [144].

Figure 1.8: OXPHOS system and alternative electron transport chain in plant
mitochondria. From A. Rasmusson et al. (1998) [140].
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1.4.2 Redox homeostasis in the regulation of cellular processes

and response to stress: a central role for mitochondria

1.4.2.1 ROS production in mitochondria and redox biology

At high concentrations, ROS are deleterious to the cell. Their major targets are

nucleobases (DNA), disulfure bounds and methionine in proteins, and unsaturated fatty

acids. At high concentration they are thought to induce cell death, when the rate of

oxidative damage to cellular components exceeds their repair or replacement. Numerous

lines of evidence indicate that mitochondria are involved in cell death in animals [145, 146].

In plants, the involvement of mitochondria and chloroplasts in triggering programmed

cell death (PCD) is highlighted by increasing pieces of evidence. In mitochondria, pro-

death signals involve ROS production, that trigger signals leading to the opening of

mitochondrial permeability transition pore (MPTP), dissipation of the mitochondrial

membrane potential and a burst of ROS production from the electron transport chain,

dysfunction and finally disintegration of the organelle. Proteins normally contained in the

inter membrane space and that are cell death signals, such as cytochrome c, are released

in the cytosol [147]. Thus, continuous oxidation leads to cell death, but it is important

to note that this effect is cell type dependent [147].

Nevertheless, even though ROS are deleterious to the cell when they are produced in

too high amount to be efficiently scavenged, they are also signaling molecules involved in

many biological processes [148, 149]. They are early signals in many stress responses, and

they are necessary for the cell to survive [150]. ROS signaling controls many cell processes,

such as gene expression and metabolism [151]. It also mediates flower senescence, root

architecture formation, polar cell growth in pollen tube and root hair cells [152], cell

growth [153], and certainly many other processes that we have not identified so far.

As mitochondria produce superoxide and hydrogen peroxide, but also are central actors

in their control through efficient redox couples, they play a central role in such ROS

signaling. It is not known whether ROS are directly signaling molecules on their own, or

if they initiate a redox signaling cascade from their metabolism. Both can be possible, as

oxidation of transcription factors have been reported, and a small shift in the glutathione

redox potential is associated with changes in gene expression and plant development [154].

In addition, hydrogen peroxide also participates in many defense mechanisms against

various stresses, via induction of defense and resistance genes [155]. ROS production

are thought to protect cells from stress by triggering a redox signalling cascade that

leads to the appropriate response in the appropriate compartment [154]. Mitochondria

are involved in this stress response [138]. Perturbations of the mitochondrial electron
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transport chain can result in altered pathogen resistance, likely by their effect on the redox

status. For example, the Nicotiana sylvestris CMSII line has a deficiency in complex I and

a resulting increase in mitochondrial ROS production, and this line has higher resistance

to tobacco mosaic virus than the wild type [156]. Also, A. thaliana mutant in complex

II subunit SDH1-1 show less mitochondrial ROS production and a higher susceptibility

to several pathogens [156]. Finally, the slo2 mutant for which a reduction in complexes

I, III and IV as well as an increased mitochondrial ROS production has been reported, is

more susceptible to Botrytis cinerea [156]. A tight and accurate regulation of the cellular

redox status is therefore needed to mediate pathogen attack response. Finally, the AOX,

which is involved in mitochondrial regulation of ROS production, has also been reported

to participate in plant defense [157].

The maintenance of a basal level of ROS for proper cell function is illustrated in

figure 1.9. Redox biology is involved in many cell processes. A tight balance of ROS is

needed for proper redox biology, and cytostatic / cytotoxic conditions are deleterious to

the cell. Several molecules are involved in ROS scavenging, such as the ascorbate and

the glutathione.

Figure 1.9: Maintaining a basal level of ROS in cells is essential for proper cellu-
lar function. (a) the effect of different levels of ROS on the regulation of different cellular
processes. ROS levels that are too low are thought to be cytostatic for cells, whereas ROS
levels that are too high are cytotoxic. A basal level of ROS is therefore required for proper
ROS and redox signaling in cells, and this level is maintained by the balance between ROS pro-
duction and ROS scavenging. (B) The dependency of cellular functions and viability on ROS
concentrations. A bell-shaped curve is hypothesized to represent the dependency of maintaining
proper cellular processes on increasing ROS concentrations. Normal plant metabolism requires
therefore an optimum range of ROS levels that enable the plant to achieve its maximal growth
and developmental potential. From R. Mittler (2017) [150]
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1.4.2.2 Glutathione is at the centre of redox homeostasis in mitochondria

During normal functioning, ROS are scavenged via enzymatic or non-enzymatic path-

ways. The primary defense against superoxide is the manganese dependent superoxide

dismutase (Mn-SOD), located in the mitochondrial matrix. Mn-SOD detoxifies superox-

ide into hydrogen peroxide. Hydrogen peroxide is in turn scavenged by catalase (resulting

in water and oxygen formation), ascorbate glutathione cycle (resulting in the formation of

reduced glutathione (GSH) and NAD(P)+), and glutathione peroxidase cycle (resulting

in the formation of GSH and NAD(P)+) [158]. The hydrogen peroxide can be detoxified

in the mitochondrial matrix as well as in other compartments (notably in cytosol and

peroxisomes), as it is able to diffuse freely through membranes. The catalase has been

found mostly in peroxisome and in maize mitochondrial matrix [159, 160]. Yet, mitochon-

drial location seems marginal as no catalase has been reported in matrix mitochondria

in other species [161]. The ascorbate glutathione cycle occurs in chloroplast stroma and

mitochondrial matrix, and it is the main ROS detoxification pathway in plant mitochon-

dria [162]. The glutathione peroxidase (GPX) is found in the cytosol [155]. The main

enzymatic pathways of ROS detoxification are presented in figure 1.10.

The tight control of reactive oxygen, both to prevent cell damages and to ensure

efficient signalling, relies mainly on few redox couples that are at the centre of the complex

hub integrating metabolic information and environmental stimuli. C. Foyer and G. Noctor

developed the idea that glutathione plays a central role in the redox hub, defined as an

“interconnected core of reactions and components able to mediate a cross-talk between

essential bioenergetics processes and signalling pathways” [163]. Glutathione is mainly

in reduced form under normal conditions [164], and the reduced state of the cytosolic

glutathione pool is actively and robustly maintained in a broad range of organisms [165].

It is a major ROS scavenger in the cell, linked to peroxide metabolism by specific enzymes.

The oxidized form of glutathione is relatively stable, enabling changes in the GSSG:GSH

ratio to trigger cell redox responses. This ratio thus represents the dynamic equilibrium

between the ROS scavenging activity of GSH and the activity of glutathione reductases

(GR), relying on NAD(P)H as electron donors to enzymatically GSSG recycled to the

GSH reduced form. Therefore, the redox potential of the glutathione pool is indicative

of the level of ROS production in the cell. In addition, it was shown to be independently

regulated in the cytosol, mitochondrial matrix and mitochondrial intermembrane space in

yeast [166], which possibly enables an independent control of the redox signalling trigger

from different compartments.
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Figure 1.10: Enzymatic pathways involved in ROS scavenging. ROS are notably pro-
duced in plant mitochondria by respiratory complexes I, II, and III via electron leakage and
oxygen reduction to superoxide. Different pathways are involved in ROS detoxification. The
first involves reduction of superoxide into hydrogen peroxide, catalyzed with SOD (superoxide
dismutase). Thereafter, hydrogen peroxide is further detoxified in the peroxisome via catalase,
in the mitochondrial matrix via ascorbate glutathione cycle, or in the cytosol via glutathione
peroxidase cycle. The ROS are indicated with red color. Dashed arrows, black: electron trans-
fer; dashed arrows, red: electron leakage; red arrows, plain: hydrogen peroxide movements.
CAT: catalase; APX: ascorbate peroxidase; MDA: monodehydroascorbate; MDAR: MDA re-
ductase; GSH: glutathione (reduced form); GSSG: glutathione (oxidized form); GR: glutathione
reductase; GPX: glutathione peroxidase; IMS: intermembrane space.
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In the frame of this study, it is interesting to note that, among the two GRs encoded in

A. thaliana, the GR2, dually-targeted to the chloroplast and mitochondria, is mandatory

for embryo development [167], whereas the cytosolic GR1 seems to be required for pollen

tube germination and elongation in the absence of NADPH-dependent thioredoxin reduc-

tases (NRTA and NRTB) [168]. These reinforce the idea that the redox equilibrium of

the cell is crucial in both gametophyte and sporophyte, and is, at least in part, dependent

on the redox status of the glutathione pool.

1.4.3 Mitochondria and the cell cycle

Recent studies suggest that mitochondria might fulfill a specific role in plant cell dur-

ing meiosis and mitosis according to their number, size and morphology changes during

these events, as mitochondria are highly dynamic organelles that are capable of fission

and fusion [169]. For example, in cultured cells mitochondrial morphology change occurs

during G1/S boundary phase and controls the cell cycle [170]. In A. thaliana shoot apical

meristem and leaf primordia, a large mitochondrion wrapping the nuclear pole, called the

“tentaculate mitochondrion”, together with small round shaped mitochondria distributed

in the cell, are observable at the G1/S stage. In G2, mitochondria double their volume

and the tentaculate mitochondrion surrounds the nucleus. During mitosis, 60 % of the

small round-shaped mitochondria fuse with the large mitochondrion to form a cage-like

mitochondrion, that divides in two independent tentaculate mitochondria during cytoki-

nesis. After fission, newly small round-shaped mitochondria are formed. The existence

of the tentaculate/cage mitochondria is hypothesized to facilitate genetic information ex-

change between the different mitochondria, therefore mixing DNA content that changed

because of high recombination rate of plant mitochondrial DNA, and thus homogenizing

the chondriomes inherited by the daughter cells [171]. This morphology change seems

however to be dependent on the cell type, as no cage mitochondria was detected in A.

thaliana root-tip meristem, highlighting the different mitochondrial behavior in different

cell types. Moreover, mitochondria might play a role in plant reproduction as ROS are

thought to be involved in processes of plant reproductive development, for example by

controlling the transition from mitosis to meiosis, and the development and mitoses of

the gametophytes [172].

In this section, I summarized some mitochondrial functions in cell development and

signaling, with a specific interest on the consequences of mitochondrial ROS production

and subsequent redox biology. According to the CMS genetics and the known roles of

mitochondria, some hypotheses that might explain the physiological defects leading to

pollen abortion are detailed hereafter.
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1.4.4 Main hypotheses to explain cytoplasmic male sterilities

In the past years, several hypotheses have been proposed to explain how a mito-

chondrial defect could lead to pollen abortion. The most accepted one is the “ATP

hypothesis”, which postulates that male gametogenesis is highly energy demanding and

that a decrease of ATP production due to the sterilizing gene would cause pollen abortion

[52]. This hypothesis came from the observations that (1) mitochondrial gene expression

is particularly high during pollen development [173, 174], and (2) CMS genes are often

co-transcribed with, and/or often contain in their coding sequence, parts of essential mi-

tochondrial genes encoding subunits of the OXPHOS complexes. It was proposed that

this latter feature could provoke a decrease in ATP production, as the expression of the

sterilizing gene could interfere with expression and regulation of linked essential mito-

chondrial genes on one hand, and as parts of the sterilizing protein corresponding to

parts of OXPHOS subunits could interact with complexes on the other hand [52]. The

“ATP hypothesis” was experimentally supported by a study on sunflower CMS for which

a decrease in the activity of the ATP synthase was detected [175]. In rice HL-CMS,

a decrease in ATP level was also reported [176]. Yet, it is interesting to note that in

sunflower CMS only the mitochondrial ATP synthase activity has been investigated, in

mitochondria isolated from etiolated seedlings and florets. Also, in rice HL-CMS, ATP

level was measured in mitochondria isolated from seedlings. Therefore, in both cases only

the mitochondrial ATP production or concentration was under investigation and the cy-

tosolic ATP level available for the cell (for example the ATP produced during glycolysis)

was not monitored. Moreover, the analyses were performed in vegetative tissues, or in a

mixture of reproductive and vegetative tissues. Thus, there is no direct evidence of an en-

ergy depletion in male reproductive organs in these CMS lines. The “ATP hypothesis” is

controversial for several reasons. One is that many other developmental steps are highly

energy demanding and they are not affected in CMS lines. Moreover, respiratory mutants

that have a default in ATP synthesis present not only male gametophyte but also female

gametophyte defects, and vegetative growth retardation. Thus, an energy deficiency can-

not explain alone the male specificity of the CMS phenotype. Furthermore, inducible

knock down mutants for ATP synthase subunits do not present a decrease in pollen fit-

ness [177]. Also in maize CMS-S, the rfl1 restorer decreases the ATP1 accumulation in

pollen, and yet it confers fertility to the pollen carrying it [104].

It was also proposed that the sterilizing protein could interact with a still unknown

X-factor specifically present in the pollen grain and/or the tapetum and that this in-

teraction would be deleterious for the cell. This hypothesis is in accordance with our

knowledge on the CMS-T from maize, where the sterilizing protein URF13 likely forms
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a pore in the inner mitochondrial membrane, which opens in the presence of the T-toxin

from the fungus Cochliobolus heterostrophus [178]. R. Flavell (1974) proposed that some

biosynthetic product only found in young anthers would interact with URF-13 as does the

T-Toxin, leading to the T-URF13 pore opening and subsequent cell death [179]. However,

such X-factor has not been identified so far.

Also, it is proposed that mitochondria may fulfill a specific role in pollen produc-

tion, for example by producing precursors necessary for its development [177], although

no such precursor was identified to date. However, the fact that A. thaliana mutants

affected in nuclear genes encoding mitochondrial proteins present organ-specific plant

phenotypes (delayed development and flowering, altered leaf morphology and/or photo-

synthetic capacity, alteration in root morphology and respiration rate...) [138] indicates

that mitochondria could play a specific role in each of these tissues. R. Jacoby et al.

(2012) hypothesized that such differences in the tissues would come from either “the

inability of mitochondria to meet energy demands in a particular tissue”, and/or a mu-

tation in the mitochondrial proteome that might require the expression of particular

isoforms of proteins for tissue-specific functions [138]. Transcriptomic and proteomic

studies highlighted differential gene transcription and protein isoform accumulation for

mitochondrial proteins in the different tissues [180, 181]. Mitochondria from flowers tend

to have a specialized role in metabolism other than the TCA cycle, such as the main-

tenance of mitochondrial redox state (for example thioredoxin reductases and aldehyde

dehydrogenase).

Another hypothesis for the CMS mechanism involves a ROS burst in mitochondria,

that would induce PCD and lead to pollen abortion. In sporophytic CMS, such a ROS

burst is thought to induce premature tapetal layer degeneration via early PCD. For ex-

ample, in the sporophytic rice WA-type CMS, the sterilizing protein WA352 interacts

with OsCOX11, a complex IV subunit, triggering a ROS burst and a premature tapetal

cells PCD, which results in male gametophyte abortion at the uninucleate stage [89]. The

interaction of the sterilizing gene with a respiratory subunit could lead to an increase in

ROS production because of complex dysfunction, or disorganization of the supercom-

plexes. In maize CMS-C, a ROS burst as well as a PCD phenomenon was also detected

[182]. In Ogura CMS and maize CMS-T, the sterilizing protein likely forms a pore in the

inner mitochondrial membrane [178, 179, 183], leading to premature PCD of the tapetal

cells and microspore abortion, at the vacuolate microspore stage in Ogura CMS [184].

The only gametophytic CMS system for which the mechanism of pollen abortion has been

investigated is the HL-type CMS of rice [176]. The ORFH79 sterilizing protein interacts

with the P61 subunit of complex III. A lower activity of the complex III as well as a

decrease in mitochondrial ATP concentration was detected in the sterile line, as well as
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the inhibition of expression of cell-cycle related genes. Authors proposed a model for this

CMS, according to which the interaction of the sterilizing protein with complex III leads

to a ROS burst coupled with an ATP production decrease, both producing retrograde

signals repressing the nuclear genes related to cell cycle that allows the second pollen

mitosis [176].

Physiological mechanisms leading to pollen abortion elucidated in some sporophytic

and gametophytic systems are presented in table 1.2. Sporophytic CMS have been widely

studied, and general patterns including a ROS burst and premature PCD of tapetal

layer are highlighted. Conversely, there are few studies on gametophytic CMS and the

mechanism by which pollen aborts in these systems is still poorly understood.
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1.5 The Sha cryptic cytoplasmic male sterility of A.

thaliana

A. thaliana is a model plant that has been used in research since the early 50’s. Its

short life cycle, its relatively small nuclear genome (158 millions of base pairs on five

chromosomes), its autogamous reproduction as well as its propensity to produce many

seeds make it attractive for genetic studies. Moreover, the diversity of genetic resources

is very large in A. thaliana, with many accessions and mutants available. It was the

first plant organism for which the genome was sequenced [191], and 1,135 accessions were

later on sequenced [192]. A cryptic cytoplasmic male sterility has been discovered in A.

thaliana after reciprocal crosses between far-related accessions [193]. Investigating CMS

in A. thaliana allows the use of many techniques developed on this model plant, and could

possibly bypass technical issues that render difficult the study of pollen mitochondria in

CMS.

1.5.1 A gametophytic cytoplasmic male sterility system in A.

thaliana

A cryptic CMS has been discovered by our team, as part of Nicolas Gobron’s thesis,

by crossing two distantly related accessions Shahdara (Sha, originating from Tajikistan)

and Mr-0 (originating from Italy) [193]. Reciprocal crosses gave progenies with different

behavior, as they were sterile in the Sha x Mr-0 cross, whereas they were fertile in the

Mr-0 x Sha cross. The hand pollination of F1 from the Sha x Mr-0 cross resulted in

elongated siliques, highlighting a male sterility depending on the cytoplasmic genome.

The finding that the Sha x Mr-0 F1 is fully male-sterile was intriguing if only caused by

CMS, which would necessarily be sporophytic: the Sha restorer allele(s) would have to

be recessive in order to explain the sterility of the heterozygous hybrids, and recessive

restoration is scarce. The hybrid sterility of this F1 was later shown to be due to the

genetic co-localization of factors that cause segregation distortion, “pollen killers”, with

nuclear loci involved in a gametophytic CMS [194, 195]. As part of Matthieu Simon’s

thesis [194], three nuclear loci, located on chromosomes 1, 3, and 5, were found to carry

simultaneously Sha restorer alleles, and pollen-killer loci [195].

In order to detect other maintainer nuclei, reciprocal crosses were firstly performed

with the smallest core-collection of Versailles Arabidopsis Stock Center: Blh-1, Bur-0, Ct-

1, Cvi-0, Ita-0, Jea and Oy-0. Reciprocal crosses gave only fertile F1 individuals, and after

three paternal backcrosses sterile progenies were detected in the Sha x Cvi-0 descendants.
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This indicated that the Cvi-0 accession carries a maintainer nucleus, whereas all the other

accessions harbored a restorer nucleus. Moreover, the fertility of the Sha x Cvi-0 F1

indicates that there is no pollen killer co-localized with the CMS-related nuclear loci in

this cross. [Sha]Cvi-0 (Sha cytoplasm and Cvi-0 nucleus) and [Sha]Mr-0 (Sha cytoplasm

and Mr-0 nucleus) cytolines were constructed through seven backcrosses. The cytolines

were used to detect other maintainer nuclei: they were used as the mother in crosses

with different accessions; the progenies are expected to be sterile in the case in which the

tested accession carries a maintainer nucleus, and fertile otherwise.

The Sha CMS system is influenced by unidentified environmental conditions, as many

other CMS systems [9]: the [Sha]Cvi-0 cytoline was fertile in field experiments [45], and

both [Sha]Cvi-0 and [Sha]Mr-0 cytolines produce selfed seeds in non-heated greenhouse

conditions during winter (unpublished results). However, several tests with fluctuating

temperatures and/or photoperiod parameters did not allow us to determine the environ-

mental conditions leading to reversion of the phenotype to partial fertility.

1.5.2 The mitochondrial orf117Sha is strongly suspected to

cause cytoplasmic male sterility

Cytoplasms able to induce the sterility phenotype were looked for among several

accessions from the collection. Firstly, twenty accessions geographically to Sha, or having

a cytoplasm similar to that of Sha, were crossed with Mr-0 in both ways. Ten produced a

sterile F1 when used as the female, and all of these accessions carried the same chlorotype

as Sha. Among the 10 accessions not inducing sterility, only the Kz-9 accession carried

the same chlorotype as Sha.

Because Kz-9 and Sha have similar cytoplasms, although Kz-9 is not sterilizing, mi-

tochondrial structural variations were investigated in these two accessions by comparing

DNA hybridization profiles with twenty-three gene probes. This approach revealed in the

Sha mitochondrial genome the duplication of 1025 bp from the cob-rpl5 region close to

400 bp of unknown origin absent from the Kz-9 genome. This latter fragment comprises

an ORF putatively encoding a 117 amino acid peptide, and therefore named orf117Sha.

The ORF117SHA protein sequence shares 56 % identity and 69 % similarity with the

ORF108 protein sequence, which is known to cause sterility in B. juncea [69, 90, 91].

An association genetics approach was performed to support the identification of the

orf117Sha as the sterilizing gene. The presence of the orf117Sha was first tested on the

20 accessions closely related to Sha that I mentioned above, and supported with 26 novel

accessions. All of these accessions were crossed with Mr-0 in both ways in order to detect
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a sterilizing cytoplasm, and the presence of the orf117Sha was tested by PCR analysis.

Among these 46 tested accessions, 28 gave fully fertile F1 when crossed with Mr-0 as

the male parent and were negative for the presence of orf117Sha. Eighteen accessions

possessed the orf117Sha, among which 14 gave sterile F1 when crossed with Mr-0 as the

male parent. The four remaining orf117Sha carrying accessions produced fertile F1 in

similar crosses. These F1 were backcrossed by Mr-0, and half of the paternal backcross

progenies were found to be male sterile, indicating a gametophytic CMS without pollen

killer effect in these crosses [195]. All the F1 from crosses with Mr-0 as the mother parent

were fertile.

The Sha CMS system is cryptic, as no gynodioecious population has been reported in

natural A. thaliana populations, suggesting a fixation of restorers in accessions carrying

the sterilizing cytoplasm. As A. thaliana is essentially autogamous, the male sterile

plants would not be efficiently pollinated in natural populations. Moreover, the restorer

alleles are present in many distantly related genotypes, even though they do not carry

the sterilizing cytoplasm. Such a phenomenon is also observed in Mimulus cryptic CMS

[59]. This finding suggests that these accessions derived from populations that formerly

harbored the sterilizing gene, evolved restorer alleles and potentially lost the sterilizing

gene. The discovery of a CMS system in A. thaliana is in accordance with the idea that

cryptic CMS might be much more common that previously thought.

1.5.3 Objectives of the study

The aim of this work was to provide clues to better understand the mechanism(s)

that lead to pollen abortion in the Sha CMS. To this purpose I undertook two types

of experimental approaches, both relying on the maintainer nuclear background of the

Cvi-0 accession, although dormant, because it is early flowering, oppositely to the Mr-0

accession.

In a first part, I tried to test the hypothesis of the orf117Sha being the sterilizing gene

in the Sha CMS. In this regard, I attempted to provide functional evidence for its role in

the CMS and to build tools for molecular analyses of its product in vivo. I used [Sha]Cvi-

0 sterile plants, carrying the sterilizing cytoplasm of Sha and the nuclear background of

Cvi-0, and the Sha accession, with restored pollen fertility, in order to assess the effects

of the fertility restoring nuclear background on the orf117Sha expression. I used Cvi-0

plants in a transgenic approach developed in order to phenocopy the male sterility by

addressing the ORF117SHA protein to mitochondria.

In a second part, I investigated cytological features of the pollen development in sterile

and fertile control plants, independently from the nature of the sterilizing gene. In this
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part, the genotypes used all possessed the Cvi-0 nuclear background and the possible

effects of the sterilizing cytoplasm of Sha, compared to the non-sterilizing cytoplasms of

Cvi-0 and Kz-9, were tested. The Kz-9 cytoplasm appeared the best fertile control as

it is the closest to Sha known not to induce sterility: it prevented possible confounding

effects due to a disruption of cytonuclear coadaptation to be mixed up with effects of

the sterilizing factor of the Sha cytoplasm. For this approach, I used tools that allowed

observation of mitochondria in the developing pollen, for the first time in my knowledge,

and of nuclei of the germline cells. I could test whether the morphology of mitochondria

and/or the mitoses were affected in the pollen of sterile plants. Then, using innovative

genetically encoded fluorescent sensors, I investigated whether the cytosolic ATP content

and the redox state of the mitochondrial glutathione pool were similar in the pollen of

sterile and fertile plants.
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2 — Results

The major aims of this study were to determine the molecular and cytological events

leading to male gametophyte abortion in Arabidopsis thaliana Sha CMS, and to describe

mitochondrial functions in normal and impaired pollen development. For this purpose,

I developed two different types of approaches. Firstly, I used strategies relying on the

hypothesis of the orf117Sha’s role as the sterilizing gene: I attempted to determine

its expression profile, as well as the effect of restoration on it. In addition, I tried to

phenocopy the CMS in transgenic plants in order to bring functional evidence of the

involvement of orf117Sha in this CMS, and pave the way for structure-function studies of

its product. Secondly, I used approaches that were totally independent from the identity

of the sterilizing gene in order to elucidate the events leading to pollen abortion. I first

described cytological phenomenons prior to pollen death. Then, I evaluated mitochondrial

functions in the different lines, in whole plant with biochemical methods on the one hand,

and specifically in the pollen grains by confocal microscopy imaging of fluorescent sensors

on the other hand.

Before the start of this work, the cytolines [Sha]Cvi-0, [Sha]Mr-0 and [Kz-9]Cvi-0

were available. The cytolines are described in part 4.1.1 and their main characteristics

are detailed in table 4.2. The two cytolines [Sha]Cvi-0 and [Sha]Mr-0, presenting the

CMS phenotype, were described in F. Roux et al. (2016) [45] and M. Simon et al (2016)

[195], respectively. The control cytoline [Kz-9]Cvi-0 was developed for this study. As the

cytoplasm from the accession Kz-9 is very close to that from Sha, but does not carry the

sterilizing gene [193], it is the fertile control closest to the sterile line [Sha]Cvi-0 used to

characterize A. thaliana CMS in this study.

2.1 Analysis of the orf117Sha gene expression in

different nuclear backgrounds

In this part, an analysis of the expression of orf117Sha, in maintainer and restorer

nuclear backgrounds is presented. In CMS systems that have been studied, identified
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restorer of fertility genes often code for PPR proteins, as described in section 1.3.2.2.

These proteins usually act on the expression efficiency of the mitochondrial sterilizing

genes, either at the RNA level, or at the protein level [87]. Thus, I evaluated orf117Sha

mRNA accumulation in different tissues of the sterile and fertile lines, and I searched for

differentially processed transcripts. In collaboration with Nathalie Vrielynck, I developed

an antibody that recognizes the ORF117SHA protein, in order to possibly detect it in

the different lines.

2.1.1 orf117Sha mRNA accumulation in sterile and fertile lines,

and in vegetative and reproductive tissues

First, I tested the presence of the orf117Sha mRNA in leaves and floral buds of the

sterile lines [Sha]Cvi-0 and [Sha]Mr-0, the restored lines Sha and the fertile accession Cvi-

0 as a negative control. Total RNA was extracted from leaves and floral buds, and used

for RT-PCR experiments. As there is no intron in orf117Sha, a control was performed

by running in parallel RT-PCR reaction with the retrotranscriptase enzyme (RT+) and

the same reaction without the retrotranscriptase enzyme (RT-). The orf117Sha mRNA

was detected in floral buds and leaves (figure 2.1a) of the sterile and restored lines, and

not in the negative control.

Then, I evaluated further the orf117Sha mRNA accumulation. As the sterilizing gene

is constitutively transcribed in vegetative and reproductive tissues in other CMS systems

even though the phenotype is specific to the male gametophyte [77], I wanted to determine

whether the orf117Sha mRNA was equally accumulated in these different tissue types.

Thus, total RNA was extracted from leaves and floral buds of [Sha]Cvi-0 and Sha lines to

perform qRT-PCR analysis, with three biological replicates and two technical replicates.

The oligonucleotides used to quantify the orf117Sha accumulation were located in the 3’

region of the coding sequence (no overlap with the 5’-UTR shared with the cob gene),

and are referenced in table 4.6. The accumulation of the orf117Sha RNA was normalized

by the mitochondrial rrn26S mRNA level. This normalized expression is not significantly

different between floral buds and leaves (figure 2.1b). Thus, the orf117Sha mRNA seems

to be equally accumulated in leaves (vegetative tissue) and floral buds (mixture of vege-

tative and reproductive tissues). Because the fertile Sha accession carries the orf117Sha

gene as well as nuclear restorers, I also wanted to compare mRNA accumulation of this

gene in Sha and sterile plants. No significant difference in mRNA accumulation is visible

between the lines neither in vegetative tissue nor in floral buds (figure 2.1b).
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Figure 2.1: orf117Sha mRNA accumulation in sterile, restored and fertile lines. (a)
RT-PCR analysis. Total RNAs of floral buds and leaves were extracted from sterile ([Sha]Cvi-0
and [Sha]Mr-0), restored (Sha) and fertile (Cvi-0) lines, and DNase treated. RT-PCR reaction
(RT+) was performed in parallel with a negative control reaction lacking the retrotranscriptase
enzyme (RT-); (b) qRT-PCR analysis. Total RNAs of leaves and floral buds were extracted
from sterile ([Sha]Cvi-0) and restored (Sha) lines, and DNase treated. The amount of orf117Sha
mRNA was normalized by the rrn26S mRNA level. The error bars represent ± SEM. Three
independent biological replicates were performed (n=3 ). No significant difference was detected
between the populations’ distributions (Mann & Whitney test, α= 5 %).
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To sum up, there is no detectable difference in mRNA accumulation in the fertile and

restored lines in the investigated tissues. Nevertheless there might be some qualitative

differences between the mRNA molecules accumulated in restored and sterile lines, due

to differential processing events for example.

2.1.2 orf117Sha transcript processing in the sterile and restored

lines

I first attempted to detect differences in the orf117Sha RNA molecules accumulated

in the sterile cytoline [Sha]Cvi-0 and the restored accession Sha, by northern blot anal-

ysis. The atp8 mRNA was used as a loading control. The results are presented in

figure 2.2. Experiment was repeated twice with independent individuals. No major band

for orf117Sha mRNA is detectable neither in the sterile line nor in the restored line, but

rather several weak bands of different sizes between 500 bases and 2 kb, whereas the

atp8 mRNA bands (expected sizes 754 and 825 bases) [196] give strong signals, merged

in figure 2.2, but clearly distinguishable in shorter expositions. This could be explained

by the coexistence of multiple orf117Sha RNAs, as explained later.

In order to better analyze the extent of the different sized mRNAs detected in the

northern blot, I mapped the orf117Sha mRNA extremities with the cRT-PCR approach

[197]. Briefly, the principle of this method is to ligate the extremities of the processed

RNA molecules, and to use the resulting circularized RNA as a matrix in an RT reac-

tion. The cDNA carries the ligated RNA extremities that can be amplified in a PCR

reaction with divergent primers. The sequencing of cloned PCR products allows the

identification of 3’ and 5’ ends of the same RNA molecule. This approach brought clues

on the sterilizing gene and about the restoration mechanism, for example in the mori

CMS and the hau CMS in B. juncea, and the BT-CMS in rice [69, 198, 116]. cRT-PCR

analysis was performed on [Sha]Cvi-0 and Sha. PCR amplification of the cDNA from

circularized RNA produced multiple fragments with a wide range of different sizes (figure

2.3), suggesting multiple mRNA sizes for orf117Sha in accordance with the northern re-

sults. Experiment was repeated twice with independent individuals. In the gel, no clear

difference was observed between the genotypes. After in gel purification and cloning of

the PCR products, 24 and 15 clones were sequenced for the [Sha]Cvi-0 line and the Sha

accession, respectively. A major 3’ end could be determined in the sterile and fertile

lines, located 234 bases downstream of the orf117Sha stop codon. No clear major 5’ end

could be determined with this approach: the clones carried 5’ ends distributed from 0

to 516 bases upstream of the orf117Sha start codon. In addition, no clear difference in

sequenced 5’ and 3’ extremities is detectable between the restored and fertile lines, as
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represented in figure 2.4. According to these results, the orf117Sha RNAs have multiple

different sizes, which is consistent with the profile of cRT-PCR products and northern

blot analysis. These results did not allow me to highlight any difference in orf117Sha

mRNA processing in the restored background compared with the CMS line.

2.1.3 ORF117SHA protein accumulation in sterile and restored

lines

In order to test the presence of the ORF117SHA protein in the sterile and restored

lines, we produced a polyclonal antibody against the recombinant ORF117SHA protein

expressed in E. coli. Several pre-immune sera were tested to check for any aspecific band.

We selected two rabbits for which no signal was detected on mitochondrial extracts in

western blot analysis with the pre-immune sera. The produced antibodies were tested

on pure recombinant protein, and on a mixture of mitochondrial proteins from the

[Kz-9]Cvi-0 cytoline (that does not carry the orf117Sha gene) and different amounts of

the recombinant ORF117SHA protein. In the mixture of mitochondrial proteins extract

and the recombinant protein, aspecific bands were observed. Therefore the antibody was

purified. After purification, the antibody was similarly tested. The protein is detected

at the expected size (13 kD), at a minimal quantity of 50 ng, with a small decrease of

the band intensity when the protein is mixed with mitochondrial proteins. The resulting

blot is presented in figure 2.5. Even though the aspecificity decreased after purification,

some aspecific bands are still visible but not at the same size as the ORF117SHA. The

purified antibody could therefore detect the ORF117SHA in western blots, but with a

quite weak sensitivity .

After validation of the purified antibody, western bot analysis was performed on

[Sha]Cvi-0, [Kz-9]Cvi-0 and Sha mitochondrial protein extracts. After whole-plant mito-

chondria isolation, 50 µg of proteins were loaded on a 15 % SDS-gel. The Cytochrome C

protein (which is soluble, as predicted for ORF117SHA from its primary sequence) was

used as a loading control. Even though the proteins had been quantified before loading,

it appears that the [Sha]Cvi-0 line was not as much loaded as the other lines (figure 2.6).

Different levels of contamination by proteins from other organelles in the samples could

cause a bias in the quantification of real mitochondrial protein amounts. Nevertheless,

the ORF117SHA protein is detectable in the sterile line [Sha]Cvi-0 at the expected size

of 13 kDa, and neither in the negative control [Kz-9]Cvi-0, nor in the restored line Sha.

Thus, despite its unusual profile, the orf117Sha mRNA appears to be translated. The

absence of signal in the Sha sample suggests that the ORF117SHA protein is not accu-

mulated at the same level in this restored genotype compared to the sterile [Sha]Cvi-0.
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Figure 2.2: RNA hybridization analysis of the orf117Sha RNA. Total RNAs were
extracted from floral buds, separated in a 1.5 % agarose gel containing 8 % formaldehyhde,
blotted onto membranes and hybridized to an orf117Sha or an atp8 probe. Experiment was
repeated twice with independent RNA individuals.

Figure 2.3: PCR amplification on the cDNA obtained from circularized of117Sha
mRNA. Total RNAs were extracted from floral buds of sterile ([Sha]Cvi-0) and restored (Sha)
lines. mRNA was circularized and reverse transcribed. The resulting cDNA was used as the
matrix for PCR amplification with divergent primers on the orf117Sha sequence, and the PCR
product loaded on a 2% agarose gel.
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Figure 2.4: 3’ and 5’ extremities of the orf117Sha RNAs detected by cRT-PCR in
sterile and restored lines. In both fertile and sterile lines, a clear major 3’ but no major
5’ end could be determined. This figure summarizes the results of the 24 clones obtained for
[Sha]Cvi-0 (below gene boxes) and the 15 clones obtained for Sha (above gene boxes). The
height of the vertical bar is proportional to the number of clones carrying the corresponding
identified end (scale in the top left of the figure).

This result was obtained a once, and needs repetition to be confirmed.

In this part, I showed that there is no detectable difference in the orf117Sha mRNA

accumulation between leaves and floral buds, as well as between sterile and restored

plants. Also, I could establish with cRT-PCR that orf117Sha mRNAs are composed of

molecules with similar 3’ ends but variable 5’ ends. Finally, I highlighted an ORF117SHA

protein production in sterile lines and a possible difference in protein accumulation in

restored and sterile lines.
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Figure 2.5: Validation of the ORF117SHA purified antibody. Pure recombinant
ORF117SHA protein (left panel) and recombinant ORF117SHA protein mixed with 40 µg of
mitochondrial proteins from [Kz-9]Cvi-0 (right panel) were separated on 15 % SDS-PAGE. Pro-
teins were blotted onto a 0.20 µm PVDF membrane and probed with the purified ORF117SHA
antibody. Experiment was repeated twice.

Figure 2.6: ORF117SHA protein detection in the sterile line. Mitochondrial proteins
were isolated from whole plants and separated by a 15 % SDS-PAGE. 50 µg of proteins were
blotted onto 0.20 µm PVDF membrane and probed with the purified ORF117SHA (top) or
CYT C (bottom) primary antibodies. The ORF117SHA band appears in the sterile line at
the expected size of around 13 kDa. This result was obtained once, and needs repetition to be
confirmed.
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2.2 Production of transgenic plants to phenocopy

the CMS

We already accumulated several lines of evidence pointing towards the role of the

orf117Sha in the A. thaliana Sha CMS system, as detailed in part 1.5. Indeed, the

perfect correlation of its presence with the sterilizing ability of an accession’s cytoplasm

and the similarity of the encoded protein with the ORF108 CMS protein [193] strongly

support the role of the orf117Sha gene in the CMS. In the previous part, I obtained

results suggesting that the ORF117SHA protein accumulates more in the sterile line

[Sha]Cvi-0 than in the restored accession Sha. In order to bring functional evidence of

the involvement of the orf117Sha gene in sterility, and in view of developing a tool for

structure-function analysis of its role in pollen abortion, I constructed transgenic lines

producing the ORF117SHA or ORF108 proteins.

Mitochondria transformation is not technically feasible yet, so I used constructs for nu-

clear transgenesis and added the mitochondria-targeting sequence of the β ATPase from

N. plumbaginifolia to the sterility gene [38, 39]. This mitochondria-targeting sequence

was successfully used previously in the team [199]. As controls, I also produced lines with

genes encoding either sterilizing protein not targeted to mitochondria. We excluded the

CaMV 35S promoter, which is not active in pollen [200]. I used the constitutive promoter

pUBQ10 from A. thaliana [201], because we observed a signal in mature pollen grains

with the construct pUBQ10::SHMT-roGFP2-Grx1 (see section 2.4.3) in preliminary ex-

periments, and the pollen-specific promoter pM32 from rapeseed described as specific for

the male gametophyte [202].

2.2.1 Expression profile of the promoters in pollen development

I checked the expression profile of the two promoters during pollen development with

constructs that were used for other approaches in this study, that are the constructs

pUBQ10::ATeam and pM32::mt-GFP (see sections 2.3.3 and 2.4.2 respectively), in Cvi-0.

The ATeam sensor is detectable from the late binucleate to the trinucleate stages when it

is expressed under the pUBQ10 promoter (figure 2.7). It is also constitutively expressed

in vegetative tissues and in the tapetum. The GFP is detectable from the uninucleate

microspore to the trinucleate pollen grain stages when it is expressed under the pM32

promoter (figure 2.8). This promoter is specifically expressed in pollen.
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Figure 2.7: Expression profile of the pUBQ10 promoter during pollen development
Transformed Cvi-0 plants with the construct pUBQ10::ATeam were used to check the promoter
expression profile during the development of pollen. Pollen grains were stained with DAPI to
determine the developmental stage. UNM: uninucleate microspore, arrow: microspore nucleus;
BCP: binucleate pollen grain, arrow: vegetative nucleus, arrowhead: generative nucleus; PMII:
pollen mitosis II, arrow: vegetative nucleus, arrowhead: dividing generative nucleus; TCP:
trinucleate pollen grain, arrow: vegetative nucleus, arrowheads: spermatic nuclei. Scale bar: 10
µm.

Figure 2.8: Expression profile of the pM32 promoter during pollen development.
Transformed Cvi-0 plants with the construct pM32::mt-GFP were used to check the promoter
expression profile. Pollen grains were stained with DAPI to determine the developmental stage.
UNM: uninucleate microspore, arrow: microspore nucleus; BCP: binucleate pollen grain, arrow:
vegetative nucleus, arrowhead: generative nucleus; PMII: pollen mitosis II, arrow: vegetative
nucleus, arrowhead: dividing generative nucleus; TCP: trinucleate pollen grain, arrowheads:
spermatic nuclei, the vegetative nucleus is not visible because in another focal plane. Scale bar:
10 µm.

48



2.2.2 Production and characterization of transgenic plants

I transformed Cvi-0 lines with the different constructs. After in vitro selection, I

transferred positive plants on soil, genotyped them for the insert, and grown them to

flowering. As Sha CMS is gametophytic (see part 1.3.2.1), a successful phenocopy of the

CMS should lead to a sterilizing effect of the transgene in the male gametophyte: only the

pollen grains carrying the transgene would die, that is 50 % in T1 (hemizygous) plants,

and this should impair the transmission of the transgene to the next generation by the

pollen. If the CMS was sporophytic, male sterile plants with 100 % of dead pollen would

be expected even in heterozygous plants, provided that the sterilizing gene is expressed

in the right sporophytic tissue. Hence, I performed Alexander’s staining on T1 plants in

order to look for dead pollen. After harvesting the self-progenies from the plants carrying

the transgene, I analyzed the T2 segregation of the T-DNA in vitro with the appropriate

selection, or by genotyping, in order to look for a bias in the transgene transmission.

I first obtained transformants expressing the transgenes under the control of the

pUBQ10 promoter. Only very few plants could be selected per construct, and even less

presented dead pollen: 1 plant out of 2 with the construct pUBQ10::ORF117 presented

dead pollen, 2 out of 5 with pUBQ10::mt-ORF117, 1 out of 3 with pUBQ10::ORF108

and 0 out of 2 with pUBQ10::mt-ORF108. These results are summarized in table 2.1.

The T1 plants presenting pollen abortion had approximately half of dead pollen in the

observed anthers. Examples of Alexander staining of anthers from fully fertile or partially

sterile T1 individuals are presented in figure 2.9. All alive pollen grains are red-colored,

whereas the dead ones are blue-colored.

These T1 plants were selfed and I analyzed the segregation of the T-DNA in the T2

generation by in vitro selection on 100 plants, and by genotyping on 100 other plants. A

chi square test was used to test if there was a segregation bias in the T-DNA transmission,

considering one or two insertion sites. All the plants that did not present dead pollen

transmitted the transgene in expected Mendelian proportions. Among plants presenting

dead pollen, only the two plants expressing the ORF117SHA addressed to the mitochon-

dria under the pUBQ10 promoter presented a segregation bias: almost no offspring carried

the resistance gene or the orf117Sha gene, suggesting an induced lethality in the male

but also in the female gametophytes. From these two T1 plants, only one T2 individual

carried the transgene but it was unfortunately lost because used for DNA extraction and

genotyping. Repeated attempts to get transgenic T2 plants from these families failed.

Therefore, as these T1 did not transmit the insert to offspring, the transformation events

were lost and I could not analyze them further. RT-PCR on the transgene was performed

on transgenic T2 plants from pUBQ10::mt-ORF117SHA T1s not presenting dead pollen
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and the expression of transgene was detected in all families. The very low number of

selected plants carrying either gene under the pUBQ10 promoter could be explained by a

deleterious effect of the ORF117SHA or ORF108 proteins on early stages of development

whether or not they are targeted to mitochondria.

In parallel, I used the pollen-specific promoter pM32, and focused on the pM32::mt-

ORF117 construct. I obtained 20 T1 plants, among which 6 presented dead pollen in

varying amounts, as indicated in table 2.2. When testing T2 segregation, no segregation

bias was found. Moreover, the transgenic T2 plants did not present dead pollen anymore.

The pollen mortality that was detectable in the T1 generation was therefore not due to

the presence of the transgene, but most probably to environmental factors. Here again,

orf117Sha RT-PCR analysis was performed on the T2 plants. Amplification was observed

for all plants, indicating that the transgene was properly transcribed.

I reasoned that the sterilizing activity of ORF117SHA could depend on the presence

of a partner present in the Sha, or a very closely related, cytoplasm but absent from the

Cvi-0 cytoplasm. I assumed that if such a partner is present in Sha’s cytoplasm, it would

likely be present in Kz-9 cytoplasm as well. Therefore, in order to test this hypothesis,

we crossed [Kz-9]Cvi-0 cytoline as the female parent with four transgenic T2 carrying the

pM32::mt-ORF117SHA construct as the male parent. The F1 progenies were genotyped

for the presence of the orf117Sha, and Alexander’s staining was performed on positive

plants. Half of the pollen grains should abort in the case where a partner mandatory for

the expression of the sterility phenotype was encoded in the Kz-9 cytoplasmic genome.

None of the plants presented dead pollen, ruling out this hypothesis.

In this part, I attempted to phenocopy the CMS in transgenic plants in order to bring

functional evidence of the involvement of the orf117Sha in the CMS, and eventually

provide a tool for its structure-function analysis. However, in the rare cases where the

mt-OF117SHA construct induced pollen death and has the expected effect on the trans-

gene transmission through pollen, it was not transmitted to the progeny at all. Maybe

this is due to an effect of the mt-OF117SHA construct in ovaries, where the pUBQ10

promoter is active [203]. The absence of induced gametophytic sterility when the mt-

OF117SHA production is driven by the pollen specific pM32 promoter will be discussed

in section 3.1.2.
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Figure 2.9: Alexander staining of anthers from T1 plants. Flowers from T1 plants were
fixed in ethanol and stained with Alexander’s stain. (a) T1 individual presenting only viable
pollen (red-colored, arrows); (b) T1 individual presenting approximately half of dead pollen
(blue-colored, arrowheads). Scale bar: 50 µm.

Table 2.1: Results of transgenesis with pUBQ10 constructs.

Promoter pUBQ10

Coding sequence ORF117 mt-ORF117 ORF108 mt-ORF108

Number of plants selected 2 5 3 2

Number of plants with dead pollen 1 2 1 0

Number of plant with dead pollen and segregation

bias

0 2 0 0

Table 2.2: Results of transgenesis with pM32 construct.

Promoter pM32

Coding sequence mt-ORF117

Number of plants selected 20

Number of plants with dead pollen 6

Number of plant with dead pollen and segregation bias 0
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The two previous sections focused on the orf117Sha gene: its expression, the effect

of fertility restoration on it, and the effect on pollen viability of its ectopic expression

from the nucleus in transgenic plants. The next sections present approaches that are

completely independent from the role of this gene in the sterility. Firstly, I described

pollen abortion in sterile plants with cytological approaches, and then I investigated

mitochondrial functions in pollen in the sterile and fertile lines.

2.3 Analysis of cytological events during abortion

As the CMS phenotype is specifically restricted to pollen grain, I wanted to investigate

the events taking place specifically in this tissue prior to abortion. The determination

of pollen developmental stage at which abortion occurs was a prerequisite for sterility

description, as I wanted to analyze the events prior to it. Then, I verified if pollen

mitoses occur properly. Finally, as CMS are likely caused by a mitochondrial defect, I

characterized the mitochondria morphology in the pollen grain during male gametophyte

development.

2.3.1 Identification of the developmental stage at which the

abortion starts

In order to determine the developmental stage in which the abortion occurs, I per-

formed propidium iodide staining of the pollen nuclei in whole anthers. Total inflores-

cences were collected and fixed. After fixation, floral buds were stained with propidium

iodide, and whole anthers were mounted between a slide and a cover-slip. These slides

were observed on a confocal microscope, in order to count the living and the dead pollen

grains during development. Three individuals per genotype were analyzed, and at least

three anthers per stage and per individual were imaged and counted. I took Z-stack

accumulations in order to look to pollen grains deeply in the anthers.

In figure 2.10, examples of images used to count the pollen grains in the sterile cytoline

[Sha]Cvi-0 and the fertile control [Kz-9]Cvi-0 are presented, at the expected trinucleate

stage. In the sterile cytoline, two pollen grains are round-shaped and full, presenting

three nuclei (not visible for both of them in this image as it is an optical slice of a Z-stack

accumulation), whereas all the other pollen grains are empty and shrunken (figure 2.10a).

In the fertile cytoline, it is the opposite: a few pollen grains are shrunken and empty

whereas the vast majority are round-shaped and harbor three nuclei (figure 2.10b). The

round-shaped pollen grains were counted as alive, whereas the shrunken and collapsed

ones were counted as dead.
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The results for all stages and genotypes are synthesized in figure 2.11. In the fertile

genotypes, I observed 100 % of pollen viability until the early trinucleate stage, with a

light decrease at the late trinucleate stage. In the sterile line however, 100 % of pollen is

viable at the microspore stage, and viability starts to decrease from the binucleate stage

and dramatically drops at the late binucleate stage. At the trinucleate stage, almost all

pollen grains are dead.

These results suggest that in the sterile plants pollen aborts after the first pollen mito-

sis, and that the abortion is a progressive process during development. Also, immediately

after the first pollen mitosis, some of the pollen grains are dead already and the ones that

are still alive present a different phenotype in the sterile cytoline [Sha]Cvi-0 compared

with [Kz-9]Cvi-0 and Cvi-0: they contain unidentified black dots when propidium iodide-

stained (see figure 2.12).

Then, I wanted to verify whether the majority of pollen grains could undergo first

pollen mitosis with proper determination of the germinal lineage fate.

Figure 2.11: Time line of pollen viability from propidium iodide staining of pollen
nuclei. Propidium iodide-stained whole anthers were observed in confocal microscopy. Living
and dead pollen grains were counted in each Z-stack, and proportions were calculated. For each
developmental stage, the average proportion of alive pollen grains and standard deviations were
calculated. Total number of counted pollen grains per stage, genotype and biological replicate
varied from 50 to 100. The error bars represent ±SD. Three independent biological replicates
were performed (n=3 ). Mann & Whitney test between [Sha]Cvi-0 and [Kz-9]Cvi-0 showed that
the genotype [Sha]Cvi-0 has significant different viability at stages EBCP, LBCP, ETCP and
LTCP, whereas no significant difference was detected between [Kz-9]Cvi-0 and Cvi-0 at any
developmental stage (α= 5 %). UNM: uninucleate microspore; EBCP: early binucleate pollen
grain; LBCP: late binucleate pollen grain; ETCP: early trinucleate pollen grain; LTCP: late
trinucleate pollen grain. The pollen development schema above the graph is modified from
M. Borg et al. (2009) [13].
∗∗P ≤ 0.01
∗∗∗P ≤ 0.001
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Figure 2.12: Image of binucleate pollen grains colored with propidium iodide in
sterile and fertile lines. Propidium iodide staining of pollen grains nuclei in whole anthers
of the sterile [Sha]Cvi-0 cytoline (a) and the fertile [Kz-9]Cvi-0 cytoline (b). (a) In the sterile
line, pollen grains present black dots (arrowheads). (b) In the fertile line, pollen grains are fully
grey. Scale bar: 10 µm.

2.3.2 Verification of the male germ lineage fate

In order to verify the proper fate of the generative lineage in the male gametophyte of

sterile plants, I used the pTIP5;1::H2B-GFP construct, kindly provided by Pr David Twell

(Leicester University). The pTIP5;1 promoter is specifically expressed in the generative

lineage of the male gametophyte, that is in germ and sperm cells [204]. The promoter

controls the production of a GFP fused to a histone, so this construct marks generative

and spermatic nuclei with GFP.

The Cvi-0 accession was transformed with the pTIP5;1::H2B-GFP construct and the

transgene was introduced into the cytolines by crossing, using the T1 plants as the fathers.

Generative and spermatic nuclei were observed in developing pollen of the T2 (Cvi-0

genetic background) and F1 plants ([Sha]Cvi-0 and [Kz-9]Cvi-0 genetic backgrounds).

Floral buds were collected and dissected in order to take out the anthers. Pistil size was

measured to determine the expected developmental stage of pollen, as described in section

4.2.5.2, and samples were mounted in water and observed with the confocal microscope.

Pollen grains presenting fluorescence in the germinal lineage were counted as positive,

and the number of nuclei was checked. I focused on three developmental stages: the first

pollen mitosis, the binucleate pollen grain stage and the second pollen mitosis. For each

of these developmental stages, I looked at the four large anthers of one flower from three
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different individuals.

In the Cvi-0 line, I observed individuals homozygous for the transgene. Almost

100 % of the pollen grains are positive from the first to the second pollen mitosis (figure

2.13), with the appropriate number of nuclei according to the developmental stage. The

[Kz-9]Cvi-0 analyzed plants were heterozygous, and approximately 50 % of the pollen

grains are positive at the three stages of pollen development, also with the proper num-

ber of nuclei according to the expected developmental stage. A higher variability during

the first pollen mitosis (figure 2.13a) is likely due to the fact that not all pollen grains

underwent the first pollen mitosis at the exact same time. The [Sha]Cvi-0 plants were

heterozygous as well, but no more than 25 % of the pollen grains are positive at first

pollen mitosis and binucleate pollen grain stages, suggesting that half of the pollen grains

never undergo the first pollen mitosis and therefore do not produce a male germ lineage.

Also, in the sterile lines Cvi-0 and [Kz-9]Cvi-0, at second pollen mitosis and trinucleate

stage the pollen grains harbor two fluorescent nuclei. In contrast, in [Sha]Cvi-0 only 3 %

of the pollen grains presented two fluorescent nuclei at the second pollen mitosis stage,

and around 17 % had only one fluorescent nucleus. This indicates that in the pollen

grains alive at this stage, almost none had undergone the second pollen mitosis, and that

pollen grains died during the binucleate stage (as the proportion of positive pollen grains

decreased). The phenotype of pollen grains from the [Sha]Cvi-0 cytoline still presenting

one marked nucleus at the second pollen mitosis and at the expected trinucleate stage is

presented in figure 2.14. Such pollen grains are also observed at the late binucleate stage

of pollen grains for which nuclei were colored with propidium iodide: the two nuclei are

located against the cell wall and the cytoplasm started to collapse. These results suggest

that, in the sterile plants, those pollen grains that can achieve the first pollen mitosis

scarcely undergo the second pollen mitosis.
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Figure 2.13: Counting of pollen grains presenting generative nuclei marked with
GFP. Floral buds of sterile ([Sha]Cvi-0) and fertile ([Kz-9]Cvi-0 and Cvi-0) lines with the
pTIP5;1::H2B-GFP were collected, dissected and the pistil size was measured in order to de-
termine the expected developmental stage of the pollen. 25 to 75 pollen grains were counted
per stage, genotype, and biological replicate. Three biological replicates were performed (n=3 ).
The error bars represent ±SD. Mann & Whitney test detected significant difference between
ranks of [Sha]Cvi-0 and [Kz-9]Cvi-0. [Sha]Cvi-0 and [Kz-9]Cvi-0 were hemizygous whereas Cvi-
0 was homozygous for the GFP transgene (a) pollen mitosis I; (b) binucleate pollen; (c) pollen
mitosis II.

Figure 2.14: Confocal images of GFP-tagged generative and spermatic nuclei in
CMS and fertile lines during pollen development. Floral buds of CMS and fertile lines
were collected, dissected and the pistil size was measured in order to determine the expected
developmental stage of the pollen grains. GFP-tagged generative and spermatic nuclei were
observed at different pollen development stages. BCP: binucleate pollen, arrow: generative
nucleus; LBCP: late binucleate pollen, arrowhead: generative like nucleus; PMII: pollen mitosis
II, arrow: dividing generative nucleus; TCP: trinucleate pollen, arrows: spermatic nuclei. Scale
bar: 10 µm.
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2.3.3 Mitochondria morphology during pollen development

As a mitochondrial gene is responsible for CMS, and because mitochondria may ful-

fill a specific role in male gametophyte production, I analyzed mitochondria morphol-

ogy during male gametophyte development. The Cvi-0 accession was transformed with

the pM32::mt-GFP construct and the transgene was introduced into the [Sha]Cvi-0 and

[Kz-9]Cvi-0 cytolines by crossing, using the T1 plants as the fathers. Mitochondria were

observed in developing pollen of T2 and F1 plants. Floral buds were collected and dis-

sected in order to take out the anthers. Anthers were then shredded in DAPI with

Citifluor, and mounted between slide and cover-slip. The DAPI staining of nuclei was

used to determine the developmental stage.

Typical observations of the mitochondria during pollen development in the three geno-

types are presented in figure 2.15. In the Cvi-0 and [Kz-9]Cvi-0 lines, the mitochondria

are round shaped and are stationary at the uninucleate and binucleate stages. During

the second pollen mitosis they seem to form a network. At the trinucleate stage, the mi-

tochondria are round shaped again, they look smaller and they are mobile. In the sterile

[Sha]Cvi-0 cytoline, the observation of the GFP signal led to the grouping of pollen in

three classes: (1) “normal” looking mitochondria, as those of Cvi-0 and [Kz-9]Cvi-0 at

the corresponding developmental stage; (2) round shaped and “swollen” mitochondria;

(3) “ruptured” mitochondria: the GFP is observable in the whole cytosol, indicating

that mitochondria released their content into the cytosolic compartment. The number of

pollen grains in each class was counted at different developmental stages, and results are

synthesized in figure 2.16. For each developmental stage, pollen grains in the four big

anthers of one flower from three different individuals were observed. Twenty to seventy

pollen grains per stage per genotype per individual were observed.

In [Kz-9]Cvi-0 and Cvi-0, almost 100 % of pollen grains harbors normal looking mi-

tochondria all along development. In [Sha]Cvi-0, half of the pollen grains has normal

mitochondria at the uninucleate stage, and this proportion decreases during development

down to 3 % of “normal” pollen grains at the late binucleate stage (corresponding to the

normal trinucleate stage in fertiles, according to the pistil size as explained in part 2.3.2).

In parallel, the class of pollen grains with swollen mitochondria is around 40 % at the

uninucleate stage, and it decreases during pollen development while the proportion of

pollen grains with mitochondria that released their content into the cytosol increases to

finally represent the vast majority of pollen grains at the late binucleate stage. Mann

and Withney test was performed at each developmental stage to compare proportions

of “normal” pollen. Significant difference was detected between the sterile line and the

controls, whereas no significant difference was detected between the two fertile lines.
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These results indicate that prior to pollen abortion, the mitochondria of sterile plants

swell and eventually break, releasing their content into the cytosol. This phenomenon

is progressive during pollen development, as is the abortion. Mitochondrial swelling is

the earliest abnormal event that I detected in male gametophyte development of sterile

plants, as it concerned half of the pollen grains already at the uninucleate stage.

Figure 2.16: Proportions pollen grain classes according to mitochondria morphol-
ogy in CMS and fertile lines during pollen development. The three classes of pollen
grains defined according to the appearance of their GFP-tagged mitochondria - “normal”,
“swollen” or “ruptured” - were counted in the CMS line [Sha]Cvi-0 (a), and the fertile lines [Kz-
9]Cvi-0 (b) and Cvi-0 (c) at different stages of development. Their proportion were calculated
after observations of three anthers of a flower from three different individuals (n=3 ). The error
bars represent ±SD. 20 to 70 pollen grains were observed per stage, genotype, and biological
replicate. UNM: uninucleate microspore; BCP: binucleate pollen; LBCP: late binucleate pollen;
TCP: trinucleate pollen.
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2.4 Mitochondrial functions in sterile and fertile lines

As already mentioned above, a mitochondrial sterilizing gene induces CMS, and mito-

chondria possibly fulfill a special role in pollen development. In addition, my cytological

studies pointed a swelling of mitochondria as the first observable defect in the pollen of

CMS plants (see section 2.3.3). For these reasons, investigations of the mitochondrial

functions in CMS and fertile lines were of special interest. The main function of plant

mitochondria is to produce ATP through the OXPHOS system (as explained in section

1.4.1), therefore I verified the proper function of the mitochondrial OXPHOS supercom-

plexes with different approaches. Some of these approaches were not feasible specifically

in pollen, because the amount of purified pollen that we are able to extract, especially

from sterile plants, would not be sufficient for the analyses. Therefore, I performed

these analyses on whole plants. I first checked the integrity of mitochondrial OXPHOS

complexes with biochemical approaches. Then, I used approaches that allowed in situ

evaluation of mitochondrial activity, giving access to the specific observation of pollen.

I measured the ATP steady state in vegetative tissues and developing pollen in order to

confront the commonly accepted but controversial “ATP hypothesis” [177]. Also, as ROS

production is inherent to the mitochondrial function, and because an increase of ROS

production might be deleterious to the cell (see part 1.4.2), I compared the redox state

of mitochondria in CMS and fertile lines. Both last approaches were based on innovative

tools: fluorescent sensors allowing the quantification of those two parameters in confo-

cal microscopy. They were developed in collaboration with Markus Schwarzländer from

Bonn University, and were performed in his Plant Energy Biology laboratory in Bonn.

Finally, I measured expression of alternative oxidase (AOX) genes. In collaboration with

D. Macherel (IRHS, Angers) we verified the respiration rate as an integrated mitochon-

drial function, and examined the AOX capacity on plantlets. The two different types

of approaches (on whole plant / specifically in different tissues) allowed the collection of

complementary information on mitochondrial functions in the different genotypes.
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Figure 2.17: In gel determination of mitochondrial complexes integrity. Crude mem-
brane proteins from sterile and fertile flower buds were solubilized in digitonin. After ultracen-
trifugation, the supernatant was loaded on BN-PAGE and the gel was Coomassie Blue stained
(a), immunobloted (c and e) or activity stained (b and d). The position of respiratory com-
plexes are indicated (arrowheads), (b) Complex I detection with NADH dehydrogenase assay,
(c) complex III detection in immunoblot with a anti-RISP antibody, (d) complex IV detection
with Cytochrome C oxidase assay and (e) complex V detection in immunoblot with anti-ATP-
B antibody. The asteriks indicate aspecific bands from plastid proteins, whereas the expected
complex V band is indicated by an arrowhead on the right side of the panel.

2.4.1 In gel analysis of respiratory complexes

In order to evaluate the integrity of mitochondrial respiratory complexes in [Sha]Cvi-0,

[Kz-9]Cvi-0 and Cvi-0 lines, crude membrane proteins were extracted from unopened

floral buds. These proteins were then solubilized in digitonin, and ultracentrifuged before

being loaded on BN-PAGE. After migration, different assays were performed: one part

of the gel was stained with Coomassie blue as a loading control, complexes I and IV

were analyzed via in gel activity staining while complexes III and V were analyzed via

immunoblot assays (with the antibodies against RISP and ATP-B respectively). The

resulting gels and blots are presented in figure 2.17.

This experiment did not highlight any obvious discrepancy between the CMS and

fertile lines. Therefore, there is no strong complex size or accumulation difference between
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the whole plant extracts of the different genotypes. However, a subtle dysfunction of one

complex would probably not be detectable by this approach. Then, because I wanted to

investigate further a possible stress response induction in CMS line, I evaluated the AOX

response.

2.4.2 ATP production in sterile and fertile lines

The ATP steady-state concentration in the cytosol was evaluated in hypocotyl epi-

dermis cells and in developing pollen grains of CMS and fertile lines. To that end, Cvi-0

was transformed with the pUBQ10::ATeam and the pM32::ATeam constructs. I first at-

tempted to determine the profile expression of the sensor with these different promoters.

The pollen-specific promoter pM32 does not allow a bright-enough fluorescence of the

sensor to quantify ATP in pollen grains. The pUBQ10 promoter allows ATP quantifi-

cation from the binucleate pollen stage (see figure 2.7). Therefore, the pUBQ10::ATeam

construct was introduced into the cytolines [Sha]Cvi-0 and [Kz-9]Cvi-0 by crossing with

Cvi-0 T1.

The ATeam sensor is a FRET-based sensor for which the emission properties are

changed when ATP binds to it. The higher the YFP/CFP emission ratio gets, the more

the sensor is in the ATP-bound form, and thus the more ATP is present in direct proximity

of the sensor. For detailed informations on the ATeam sensor, refer to section 4.2.5.5. Ten

six-day old,in vitro grown, individuals per genotype were used to measure the YFP/CFP

ratios in the hypocotyl epidermis, with three image acquisitions for each plant. Eight

one month old plants were used to calculate YFP/CFP ratios in pollen grains, with three

acquisitions on three big anthers from one individual for each developmental stage. As

pUBQ10 promoter is not expressed during early male gametogenesis (see section 2.2.1),

ATP content could not be investigated before the first pollen mitosis.

In hypocotyl epidermis, no difference is detected in YFP/CFP ratios between CMS

and fertile lines (Figure 2.18a), which is not surprising as CMS plants did not present

any growth retardation or any defect in the vegetative tissues. Also, no difference is

detectable in the pollen neither at the binucleate stage (Figure 2.18b) between CMS and

fertile lines, nor at the late binucleate stage in steriles compared with the corresponding

normal trinucleate stage of fertiles (Figure 2.18c). At this latter stage the ratio softly

decreases in the sterile line, but it is not significantly different from the ratio in the fertile

lines. Thus, there is no evidence of ATP depletion in the pollen of sterile plants during

abortion, compared to viable pollen of fertile plants.
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2.4.3 Glutathione pool redox state in sterile and fertile lines

The redox state of the glutathione pool was measured in hypocotyl epidermis mito-

chondria and in developing pollen grains of CMS and fertile lines. To that end, the Cvi-0

line was transformed with the pUBQ10::SHMT-roGFP2-Grx1 construct, that was then

introduced into the [Sha]Cvi-0 and [Kz-9]Cvi-0 cytolines by crossing. The roGFP2-Grx1

sensor can be in oxidized or reduced form, and the two forms do not have the same exci-

tation properties. The ratio of the fluorescences emitted at both excitation wavelengths

is used to calculate the oxidation state of the sensor. The higher the calculated ratio

is, the more the compartment in which the sensor is located is oxidized. For detailed

informations on the roGFP2-Grx1 sensor, refer to section 4.2.5.6.

Redox state of the glutathione pool was first investigated in mitochondria of the

hypocotyl epidermis of sterile and fertile lines. Ten six-day old, in vitro grown, individ-

uals per genotype were used to measure ratios in the hypocotyl epidermis, with three

acquisitions per individual. The confocal images were then analyzed with the RRA soft-

ware from M. Fricker (available on line), in order to quantify precisely the ratios. Regions

of interest were determined inside the mitochondria, in order to avoid autofluorescence

from cell wall. The average ratio of the different lines in hypocotyl epidermis cells is

presented in figure 2.19. I measured a significantly higher ratio, indicating a higher oxi-

dation of the glutathione pool, in the hypocotyl epidermis cells of the CMS line than in

those of fertile lines.

The roGFP2-Grx1 sensor was hitherto never used to monitor the glutathione pool

redox state in the pollen. In this regard, before the real measurements of redox states in

pollen, I first calibrated the experiment and verified the dynamic range of the sensor in

the pollen. Anthers were taken out from floral buds and treated either by DPS or DTT

in order to bring the sensor to its completely oxidized or reduced forms, respectively.

This experiment was performed with trinucleate pollen from Cvi-0. Examples of images

taken in these conditions are presented in figure 2.20. When anthers are DTT-treated,

the fluorescence intensity of the sensor is very low when excited at 405 nm (that is the

oxidized form) and strong when excited at 488 nm. In the merged image, mitochondria

are greenish, indicating that the sensor is more in reduced than oxidized form.
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Figure 2.18: Fluorescence ratios of the ATeam sensor in CMS and fertile lines.
Fluorescence ratios of the ATeam sensor were calculated from confocal microscopy images ac-
quired on (a) hypocotyl epidermis from 6-day old plants, (b) binucleate pollen grains or (c) late
binucleate (CMS line) and trinucleate pollen grains (fertile lines). (a) Ten independent biolog-
ical replicates were performed (n=10 ); (b) and (c) eight independent biological replicate were
performed (n=8 ). Each bar represents the mean of the calculated ratios, and the error bars
represent ±SEM. No significant differences were detected between the ratios in the different
genotypes in the tissues and developmental stages considered (Mann and Whitney test, α= 5
%). Ratios were calculated with the RRA software from M. Fricker.

Figure 2.19: Mitochondrial redox state measurement in hypocotyl from CMS and
fertile lines. Mitochondrial redox state was measured with the SHMT-roGFP2-Grx1 sensor in
confocal microscopy on hypocotyl epidermis from 6-day old plants. Ten independent biological
replicates were performed (n=10 ). Each bar represents the mean of the calculated ratios, and
the error bars represent ±SEM. Significant difference was detected between the ratios of the
sterile ([Sha]Cvi-0) and fertile ([Kz-9]Cvi-0 and Sha) lines (Mann and Whitney tests). Ratios
were calculated with the RRA software from M. Fricker.
∗∗P ≤ 0.01
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Oppositely, when anthers are DPS-treated, the fluorescence intensity of the sensor

excited at 405 nm is much higher than the one of the sensor excited at 488 nm, resulting in

yellowish mitochondria in the merged image. The anthers that are mock-treated (treated

with water) present greenish mitochondria, suggesting a prevalence of the reduced form

of the sensor in trinucleate pollen grains, as it is expected for mitochondria under non-

stressed conditions [164].

Confocal images were analyzed with the RRA software to calculate the fluorescence

ratios. As the mitochondrial-targeting of the SHMT-roGFP2-Grx1 construct leaks, lead-

ing to some accumulation of the sensor in the cytosol, I measured the ratios in the cytosol,

the mitochondria, and the whole pollen grain, by determining appropriate regions of in-

terest (ROI). The average ratios of the different ROI of the calibration experiment are

presented in figure 2.21a. The average ratios of fully oxidized and fully reduced form are

not significantly different in cytosol and in mitochondria. Moreover, the mock-treated

pollen grains have similar ratios to those treated by DTT in these two compartments,

supporting the idea that the glutathione pools are near to fully reduced form in normal

trinucleate pollen.

Eight one month old plants were used to measure the redox state of the glutathione

pool in pollen grains of the different genotypes. Measurements were performed at the

late binucleate stage in the CMS line and trinucleate stage in the fertile lines, which

corresponds to equivalent pistil size. Measures at earlier stages were technically impossible

because when excited at 405 nm, the pollen exine showed higher autofluorescence intensity

than the sensor. A silencing phenomenon was observed in pollen grains, so that less

than the expected 50 % of pollen grains presented fluorescence. Together with the high

proportion of dead pollen at the late binucleate stage in the CMS line, this contributed to

the fact that three images could not be acquired for each sterile individual. I thus collected

fourteen images from four different individuals in the CMS line. For the fertile lines, three

images per individual on the eight individuals were acquired. Then, I calculated ratios

in late binucleate pollen grains from the CMS line and trinucleate pollen grains from

the fertile lines in cytosol, in mitochondria, and in the whole pollen grain. The average

ratios for each compartment and genotype are presented in figure 2.21b. Ratios are

significantly higher in the pollen from sterile lines than in the pollen of fertile lines in

cytosol, mitochondria and whole pollen grain, despite the high variability observed for

the measures from the sterile line. This variability might come from the fact that most

of the pollen grains are dying at this late binucleate stage in sterile plants.
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These results indicate that there is an over-oxidation of the mitochondrial glutathione

pool in hypocotyl epidermis (which is a vegetative tissue) as well as of mitochondrial and

cytosolic glutathione pools of late binucleate pollen in the CMS line compared with the

trinucleate pollen in the fertile lines. In order to study the effect of fertility restoration

on this over-oxidation and establish a possible correlation between the redox state and

the sterility phenotype, we crossed Cvi-0, [Sha]Cvi-0 and [Kz-9]Cvi-0 plants expressing

the sensor with Sha plants also expressing the sensor, independently obtained by trans-

genesis. The hybrids Sha x Cvi-0 and [Sha]Cvi-0 x Sha are genetically identical, and

they possess the sterilizing cytoplasm in presence of all Sha restorer alleles, in the het-

erozygous state. Because the Sha genotype contains numerous restorer genes [195] we

expected that nearby all pollen grains of the hybrid would be restored to fertility by at

least one Sha restorer. The hybrid [Kz-9]Cvi-0 x Sha which possesses an identical nuclear

background and a non sterilizing cytoplasm was used as a control. The calculated ratios

are not significantly different between hybrids carrying the sterilizing cytoplasm in a fer-

tility restoring background and hybrids not carrying the sterilizing cytoplasm, neither in

hypocotyl epidermis (figure 2.22a) nor in trinucleate pollen grains (figure 2.22b). These

results indicate that the mitochondria are not over-oxidized when fertility is genetically

restored, suggesting that the over-oxidation phenotype is correlated to the CMS.
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Figure 2.21: Redox state measurement in pollen from CMS and fertile lines. Mito-
chondrial redox state was measured with the SHMT-roGFP2-Grx1 sensor in confocal microscopy
on (a) Cvi-0 trinucleate pollen grains DPS, DTT or mock-treated, and (b) late binucleate (CMS
line) and trinucleate (fertile lines) pollen grains. Eight independent biological replicates were
performed (n=8 ). Each bar represents the mean of the calculated ratios, and the error bars
represent ±SEM. No significant difference was detected between the ratios of the mock and
the DTT-treated samples (Mann and Whitney test, α= 5 %), while significant difference was
detected between the ratios of the sterile ([Sha]Cvi-0) and fertile ([Kz-9]Cvi-0 and Sha) lines
in cytosol, mitochondria and whole pollen grain at the trinucleate stage (Mann and Whitney
test). Ratios were calculated with the RRA software from M. Fricker.
∗∗P ≤ 0.01
∗∗∗P ≤ 0.001

Figure 2.22: Mitochondrial redox state measurement in restored hybrids. Mitochon-
drial redox state was measured with the SHMT-roGFP2-Grx1 sensor in confocal microscopy
on (a) hypocotyl epidermis from 6-day old plants, and (b) trinucleate pollen grains. (a) Ten
independent biological replicates were performed (n=10 ); (b) eight independent biological repli-
cate were performed (n=8 ). Each bar represents the mean of the calculated ratios, and the
error bars represent ±SEM. No significant difference was detected between the ratios (Mann
and Whitney test, α = 5 %). Ratios were calculated with the RRA software from M. Fricker.
Ratios were calculated with the RRA software from M. Fricker.
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2.4.4 AOX response in sterile and fertile lines

I investigated the AOX expression in the different genotypes, as an induction of AOX

is known to participate in diverse stress response and in the control of ROS production

in plant mitochondria [157]. First, I investigated the AOX response in 6-day old, in vitro

grown, plantlets as over-oxidation of the mitochondrial glutathione pool was detected

in hypocotyl epidermis of sterile plants. AOX1a mRNA accumulation was verified with

qRT-PCR and normalization was performed on APT1, highlighting no mRNA accumu-

lation differences between the genotypes (figure 2.23a.). An immunoblot experiment was

realized on mitochondrial extracts from one month old in vitro grown plantlets on CMS

line [Sha]Cvi-0, fertile maintainer lines [Kz-9]Cvi-0 and Cvi-0 and restored line Sha to

check whether the AOX1 and AOX2 proteins were more accumulated in any of these

lines (figure 2.23b.). No difference could be detected. On these six day old in vitro grown

plantlets, the respiration rate of CMS, fertile and restored lines was measured as an indi-

cator of global mitochondrial functioning (collaboration with D. Macherel, IRHS Angers).

No significant difference in the respiration rate is detected between the lines. Moreover,

the proportion of cyanide insensitive respiration of plantlets do not differ between the

genotypes neither. Regarding these results, despite the over-oxidation measured in veg-

etative tissue and in pollen we could not highlighting an AOX response in the sterile

plants.

Then, as over-oxidation of the mitochondrial and cytosolic glutathione pools was de-

tected in pollen grains, I investigated the different AOX isoforms mRNAs accumulation.

I performed qRT-PCR on total RNA from unopened floral buds in fertile Cvi-0 and [Kz-

9]Cvi-0 and CMS [Sha]Cvi-0 lines to quantify mRNA accumulation of AOX1a, AOX1b,

and AOX1c. AOX1a normalization was performed on APT1, because it is an isoform

expressed constitutively with a lower expression in male gametophyte. The AOX1b and

AOX1c normalization was performed on ATSTP2 (AT1G07340 ), because they are pref-

erentially accumulated in the male gametophyte at early stages of development and the

ATSTP2 mRNA is expressed specifically in the male gametophyte at the uninucleate

and binucleate stages [15]. The results are presented in figure 2.24. I did not detect any

difference in mRNA accumulation of any of these isoforms between extracts from sterile

and fertile lines.

In the CMS line, the respiratory complexes are accumulated as in the fertile lines,

and the ATP production seems to be equivalent. However, a mitochondrial dysfunc-

tion probably induces an increase in ROS production, leading to an over-oxidation of

the glutathione pool, in vegetative tissues (hypocotyl epidermis) and in pollen, and is

annihilated in restored hybrids. The AOX pathway is not induced in sterile line.
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Figure 2.23: AOX response in in vitro grown plantlets. (a) qRT-PCR analysis. Total
RNAs were extracted from sterile ([Sha]Cvi-0) and fertile ([Kz-9]Cvi-0 and Sha) in vitro grown
plantlets, and DNase treated. The amount of AOX1a mRNA was normalized by the APT1
mRNA level. The error bars represent ± SEM. Three independent biological replicates were
performed (n=3 ). No significant difference was detected between the populations’ distributions
(Mann and Whitney, α= 5 %); (b) Immunoblot analysis. Mitochondrial proteins were isolated
from one month-old in vitro grown plantlets and separated on 10-20 % SDS-PAGE. 20 µg of
proteins were blotted onto a 0.20 µm PVDF membrane and probed with the AOX1/2 (top) or
CYT C (bottom) primary antibodies.

Figure 2.24: AOX response in floral buds. Total RNAs of unopened floral buds were
extracted from sterile ([Sha]Cvi-0) and fertile ([Kz-9]Cvi-0 and Cvi-0) lines, and DNase treated.
(a) AOX1a mRNA accumulation normalized on the APT1 mRNA level, (b) AOX1b mRNA
normalized on the ATSTP2 mRNA level, (c) AOX1c mRNA accumulation normalized on the
ATSTP2 mRNA level. The error bars represent ± SEM. Three independent biological repli-
cates were performed (n=3 ). No significant difference was detected between the populations’
distributions (Mann and Whitney test, α= 5 %).
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3 — Discussion

In the previous chapter, I presented the experiments that I realized to better under-

stand the Sha CMS in A. thaliana. I first attempted to bring further evidence on the role

of the candidate gene orf117Sha in this CMS, then I described phenomenons occurring

during pollen development prior to and during abortion by comparing fertile and sterile

lines, and finally I evaluated some mitochondrial functions in the sterile and fertile lines.

The results I obtained will contribute to further explore two questions, puzzling in most

CMS systems, that are (1) What criteria should be used to formally identify the steriliz-

ing gene? and (2) How does a mitochondrial gene cause pollen abortion in CMS without

having other deleterious effect on the plant fitness?

3.1 Is the orf117Sha the sterilizing gene?

As mentioned in section 1.5, no direct genetic evidence such as recombinant or fertile

revertant lines are available for the unequivocal identification of the mitochondrial gene

responsible of the Sha CMS in A. thaliana. Yet, the availability of the wide natural

variability allowed an association genetic approach. Although the Kz-9 accession is not

a fertile revertant line stricto sensu, its non-sterilizing cytoplasm is genetically highly

similar to the Sha sterilizing cytoplasm. Polymorphism detection between Sha and Kz-9

chloroplastic and mitochondrial genomes highlighted the presence of orf117Sha specifi-

cally in Sha, and subsequently in all tested sterilizing cytoplasms [193]. Even though this

evidence is not as strong as a recently diverged fertile revertant or a recombinant line,

it greatly supports the hypothesis of orf117Sha being the CMS-associated gene. With

the genetic markers that have been used, it has been calculated that approximately 280

kb, that is over three quarters of the size of the A. thaliana’s mitochondrial genome

of reference, were covered by the RFLP analysis [193]. Moreover, the high similarity

of ORF117SHA with ORF108 that has been proven to induce sterility in other Brassi-

caceae [69, 90, 91] supports the implication of orf117Sha in the CMS. Nevertheless, these

findings are not sufficient to definitely eliminate the possibility that still undetected poly-
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morphisms between Sha and Kz-9 cytoplasms cause CMS.

In order to strengthen the hypothesis of orf117Sha role in the CMS, I attempted to

describe its expression, as a prerequisite for validation is to verify that the orf is indeed

expressed in sterile lines. Also, as a wide range of identified restorers act on the expression

products of the sterilizing gene in other CMS systems [87], I characterized the expression

of the orf117Sha in maintainer (Cvi-0) and restorer (Sha) backgrounds, in order to look

for any difference possibly linked to restoration of fertility. Finally, as the transgenically

expressed ORF108 was found to induce pollen abortion in A. thaliana [90], I tried to

transgenically express the ORF117SHA in order to phenocopy the CMS and provide

tools to study it.

3.1.1 Expression of the orf117Sha

3.1.1.1 Expression profile of the orf117Sha in CMS line

The first observation is that orf117Sha mRNA as well as ORF117SHA protein could

be detected in the CMS line, showing that it is actually expressed. The northern blot

and cRT-PCR analyses of orf117Sha mRNA molecules showed a great diversity of mRNA

molecules of different sizes. The high size variability detected in northern blot analysis

could be partly explained by the presence of several possible promoters regulating the

orf117Sha transcription initiation. Indeed, it has been shown that multiple mitochondrial

promoters are common in A. thaliana [205]. Nevertheless, this cannot be the only reason:

multiple mRNA sizes were also detected via the cRT-PCR approach. Indeed, the 3’ end

of the orf117Sha mRNA was found to be quite stable, but a wide range of different 5’

ends were detected, which is a frequent feature for plant mitochondrial genes [196]. Yet,

the circularization with T4 RNA ligase is not possible on primary transcripts. Therefore,

the high number of transcript sizes is due, at least in part, to the presence of several

processed 5’ ends, leading to mRNA molecules of different sizes. It is generally assumed

that 5’ processing is a necessary process to stabilize plant mitochondrial mRNA molecules

and generate the mature mRNAs [206].

Mitochondrial gene expression signal hijacking is a common feature in CMS; it is

notably visible because a lot of described CMS associated genes are co-transcribed with

essential mitochondrial genes and are thus using their mandatory neighbor’s expression

signals to drive their own expression [52]. F. Budar and G. Pelletier (2001) proposed that

the localization of CMS-associated genes nearby essential mitochondrial genes allowed

their opportunistic expression and lowered significantly their chances to be eliminated

from the genome by recombination events that would lead to the deleterious loss of their
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mandatory neighbor gene [68]. The A. thaliana’s Sha CMS does not follow this scheme,

as no essential gene is co-transcribed with orf117Sha. As for not conserved intergenic orfs

that were found to be partly transcribed (for example in rice, 36.9 % of orfs in intergenic

regions are transcribed without association with any essential mitochondrial gene) [207],

the origin of transcription signals used by orf117Sha is still elusive. The identification of

the promoter(s) used to produce the orf117Sha primary transcript(s) would necessitate

to determine the position of transcription start(s), for example by comparing the 5’ ends

identified by cRT-PCR of tobacco acid phosphatase treated RNAs with those of untreated

RNAs. Although the orf117Sha promoter does not seem to be shared with any conserved

mitochondrial gene, the candidate CMS-associated gene shares 1025 base pairs of its

5’UTR region with cob, and this putatively brings, immediately upstream of the start

codon, a PPR target site that likely favors its translation (figure 3.1).

Indeed, an interesting result obtained by the team during my thesis provides an addi-

tional clue for the implication of orf117Sha in the CMS. A gene encoding a PPR protein

named RFL19, that is predicted to be addressed to mitochondria, was identified by ge-

netic mapping as an active maintainer of the Sha CMS: the [Sha]Cvi-0 plants carrying the

EMS-mutated rfl19 (KO) allele are fertile and the mutated rfl19 allele co-segregates with

pollen viability in this background (S. Durand, C. Camilleri et al., unpublished work).

Interestingly, the target site predicted with the PPR code [208] for RFL19 is a region

located upstream of the cob start codon, which is also present upstream of the orf117Sha

start codon (see figure 3.1). This predicted target site is currently under investigation

by gel shift analyses, as we suspect RFL19 to be involved in the translation of its tar-

get mRNAs. The experimental validation that the orf117Sha mRNA is one of RFL19’s

targets would further support the orf117Sha as the sterilizing gene. Immunoblots with

the ORF117SHA antibody will also be performed on the [Sha]Cvi-0 cytoline, the Sha

accession and the [Sha]Cvi-0 cytoline homozygous for the rfl19 mutated allele (which is

fertile).
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Figure 3.1: The orf117Sha probably hijacks the cob 5’UTR for its expression. The
orf117Sha and cob genes share the same 5’UTR. The predicted target site of RFL19 is located
on this sequence, and we suspect that it is important for the internal recruitment of ribosomes
between rpl5 and cob coding sequences, and necessary for the translation of ORF1117SHA.

3.1.1.2 The effect of restoration on the orf117Sha expression products

As I showed in section 2.1, qRT-PCR analysis highlighted that the orf117Sha mRNA

accumulates equally in floral buds and in leaves, and in sterile and restored lines. Also,

the different orf117Sha mRNA molecules do not notably differ between sterile and Sha

restored lines when investigated with cRT-PCR and northern blot approaches. These

results suggest that if the orf117Sha is really the sterilizing gene, none of the Sha restorer

genes acts at the mRNA level on its expression, or alternatively if there is such a restorer,

it acts only in specific cell types (the pollen grain at least), which were absent or diluted in

the RNA samples studied. Indeed, restorers can have an effect on the whole plant or on a

specific organ (for example, anthers or pollen grain) in the different CMS systems already

known [78]. As the Sha restoration is multigenic [194, 195] and as identified restorers often

act on the mRNA profile of sterilizing genes [209], the most likely hypothesis is the second

one. In order to check whether at least one of the Sha’s restorers has an effect on the

orf117Sha mRNA level in the pollen, we are currently performing total RNA extraction

from microspores that will be followed by orf117Sha mRNA quantification via qRT-PCR

analysis in [Sha]Cvi-0 and Sha lines.

The detection of the ORF117SHA protein in the sterile but not in the restored line

supports the hypothesis of its role in causing the sterility, and of at least one of the Sha’s

restorers acting at the translational or post-translational level. In order to identify which

restorer(s) could act at these levels, immunoblot experiments should be performed on

plants carrying individual Sha restorer alleles in the Cvi-0 nuclear background in pres-

ence of the Sha cytoplasm. The absence of ORF117SHA detection in any of these lines

would indicate that the translation is blocked or the protein degraded by the correspond-

ing restorer. Some of the possible lines meeting these criteria are already available in the

team, and mitochondria isolation followed by immunoblot detection of the ORF117SHA
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will be performed on them. In parallel, the RFL19 expression in maintainer and re-

stored backgrounds is under investigation, in order to determine whether a higher ex-

pression of RFL19 in the maintainer background could explain a higher accumulation of

the ORF117SHA protein in the sterile line.

3.1.2 Functional evidence for the role of orf117Sha in CMS

A transgenic approach was used in order to bring functional evidence on the orf117Sha’s

role in CMS. Because ORF108 and ORF117SHA are highly similar, I also attempted to

induce a male sterility by transgenic expression of ORF108. As nowadays, it is techni-

cally not feasible to transform A. thaliana’s mitochondria, we transformed nuclei with

orf117Sha and orf108 fused downstream of a mitochondrial targeting sequence. We

transformed Cvi-0, even though this accession presents weak transformation efficiency

and its dormancy delays the results by one to three months, because the widely used

Col-0 genetic background restores fertility. Therefore, if any of the Col-0’s restorers acts

on the ORF117SHA protein in the mitochondria, this would possibly interfere with the

mitochondria-targeted transgenic sterilizing protein. I first attempted to phenocopy the

sterility by using the pUBQ10 promoter, that is constitutive and expressed in the male

gametophyte from the binucleate to the trinucleate pollen stages. Then, in order to avoid

vegetative or female gametophyte effect of the transgene, I used a pollen-specific pro-

moter that is expressed from the uninucleate microspore to the trinucleate pollen stages

(see section 2.2.1): the pM32 [202].

3.1.2.1 Phenocopy attempt with a constitutive promoter

In the transgenic plants expressing the ORF117SHA with the constitutive promoter

pUBQ10, very few transformed plants were selected. Only 5 plants were selected that

carry the ORF117SHA addressed to the mitochondria. This low success in transformed

plants obtention could be explained either by a low transformation efficiency, or by a

lethality induction by the transgene when expressed under a constitutive promoter. In-

deed, the pUBQ10 promoter is known to be expressed in the embryo [210]. Among these

5 pUBQ10::mt-ORF117SHA selected transformed plants, even though 3 did not produce

dead pollen and transmitted the transgene in the expected Mendelian ratio, 2 presented

half dead pollen and transmitted very poorly the inserted T-DNA at a ratio of 0 to 1 %,

leading to the unfortunate loss of these transformation events. Thus, the insert probably

does not only cause pollen lethality in these transgenic plants, but also female gameto-

phyte lethality, which does not exclude an effect of the transgene, as the UBQ10 gene was

found to be transcribed in A. thaliana’s ovary [203]. The transgenic plants expressing the
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ORF117SHA or ORF108 without mitochondrial targeting signal transmitted the inserted

T-DNA in the expected Mendelian ratio, even though some of them presented dead pollen

in various proportions, excluding in these cases a direct effect of the transgene on pollen

viability. None of the 2 plants expressing the ORF108 with a mitochondrial targeting

sequence that I obtained presented dead pollen, nor a bias in transgene transmission.

My results are somehow similar to those reported by Kumar et al. (2012) [90], who

produced A. thaliana transgenic lines expressing the CMS-associated gene orf108. They

also found both male and female gametophyte abortion in transgenic plants expressing

the ORF108 [90]. However their results and mine also present some differences. Indeed,

Kumar et al.’s results indicated that the ORF108 could induce sterility also when it

was not targeted to mitochondria. In my experiments, none of the constructs with the

orf108 gene induced male sterility. I did not use the same promoters, nor transformed

the same accession, as they performed all their experiments on the Col-0 genotype. They

used an anther-specific promoter, which surprisingly turned out to be likely expressed in

female gametophyte and embryo as well, highlighting the fact that there is no certainty

concerning a promoter specificity as its expression is rarely investigated in all organs and

developmental stages.

As it was shown in section 2.2.1, the pUBQ10 promoter is expressed starting from the

binucleate stage in pollen. Yet, the abortion phenotype of A. thaliana Sha CMS is already

visible at the uninucleate microspore stage (see part 2.3.1), suggesting that the sterilizing

gene would have an effect at this stage or even earlier in the development. Thus, the

absence of sterility in some plants might come from the late expression of the transgene.

As some plants present the expected gametophytic sterility phenotype, this hypothesis

is not the most likely. In the experiment performed by Y. Duroc et al. (2006) [199],

transgenic expression of ORF138 in A. thaliana did not succeed in phenocopying the

CMS likely because the hydrophobic ORF138 was stuck in the outer mitochondrial mem-

brane of transgenic plants, whereas it is inserted in the inner mitochondrial membrane

of CMS plants. Such a wrong sub-localization is unlikely to occur with the ORF117SHA

and the ORF108, as (1) the proteins do not have predicted trans-membrane domains,

and (2) some plants presented a gametophytic sterility with the ORF117SHA in our ex-

periment and with the ORF108 in experiments from Kumar et al. (2012). Also, it is

extremely unlikely, if not impossible, that the gametophyte lethality in both plants ex-

pressing the mitochondria-addressed ORF117SHA was linked to the T-DNA insertion by

itself. Indeed, such gametophytic mutational effect of T-DNA insertion is not frequent, as

it was highlighted by T-DNA insertion collection screening to isolate male gametophyte

defective mutants. For example, Bonhomme et al. (1998) identified 8 putative male ga-

metophyte mutants out of 15,861 transgenic lines, which represented 0.2 % of the screened
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collection [211]. Thus, the gametophytic sterility phenotype observed in two transgenic

plants likely resulted from the expression of the orf117Sha inserted gene. Finally, I ob-

served that plants expressing the mitochondria-targeted redox sensor roGFP2-Grx1 under

the pUBQ10 promoter (see section 2.4.3) often presented silencing phenomenon in the

pollen grains, even though the sensor was properly expressed in vegetative tissues. There-

fore, the same phenomenon could occur in plants expressing the mitochondria-targeted

ORF117SHA or ORF108 with the pUBQ10 promoter, which could be an explanation for

the low proportion of transgenic plants displaying the expected phenotype.

3.1.2.2 Phenocopy attempt with a pollen-specific promoter

The results that were obtained with the pM32 promoter did not bring more evidence

about orf117Sha’s function in CMS, although the use of this promoter was expected to

alleviate some of the drawbacks detailed in the previous section: it is active from the ear-

liest stage of pollen development, and is not, from my experience, subjected to silencing.

Transgenic plants presenting dead pollen in varying amounts transmitted the insert in

the expected Mendelian ratio, ruling out the role of the transgene in pollen lethality for

these plants. As it was detailed in section 2.4.2, the pM32 promoter did not allow enough

expression of the ATeam sensor to perform quantification of fluorescence. I concluded

that this promoter is somehow weaker that expected, and that the ORF117SHA might

not be accumulated enough in pM32::mt-ORF117SHA lines to cause sterility. Expression

profile of the pM32 promoter was previously investigated using a GUS reporter [202],

which might have led to an overestimation of its activity. Indeed, GUS staining is per-

fectly suited for weak promoter activity detection because its enzymatic activity allows

signal amplification [212].

3.1.2.3 Conclusions and perspectives of the transgenic approach

The transgenic approach does not allow us to investigate further the role of orf117Sha

in sterility by structure-function analysis for the moment, as the selected T1 plants were

scarce and the transformation events lost in the T2 generation. Moreover, the induced

phenotype was not shared by all the positive selected T1 plants, which would impede

structure-function analysis. If some studies succeeded in inducing a male sterility with

transgenic expression of CMS-associated genes [90, 89, 116, 213], other failed even though

the candidate gene was proven to be the sterilizing gene [199, 214]. Other studies obtained

a semi-sterility, with only a part of T1 individuals having a sterility phenotype. For

example, A. thaliana plants transformed with the mitochondria-targeted ORF456 from

pepper presented 45 % of T1 plants with a sterility phenotype, which were those with
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the highest orf456 mRNA level [127]. Therefore, the results I obtained during this study

do not exclude the orf117Sha, even though they bring only weak support to its role in

CMS.

We are currently transforming Cvi-0 plants with a new construct carrying the protein

ORF117SHA fused to a GFP and addressed to the mitochondria under the pUBQ10 pro-

moter (named pUBQ10::mt-ORF117SHA-GFP). The GFP fusion will allow us to verify

that the ORF117SHA is properly expressed and localized in mitochondria and whether

its expression is silenced in the pollen of (some) transgenic lines. In addition, it will

allow to check whether the presence of the ORF117SHA (fused to GFP) is associated

to mitochondria swelling and rupture in transgenic lines (see section 2.3.3). Also, addi-

tional transformation experiments of Cvi-0 with the pUBQ10::mt-ORF117SHA construct

should allow us to collect new plants presenting dead pollen associated with a segrega-

tion bias, which would further strengthen the causal effect of ORF117SHA in the induced

phenotype.

Still, plants presenting a sufficient expression of the ORF117SHA addressed to mi-

tochondria specifically in male gametophyte would be extremely interesting to collect

transgenic plants inducing male but not female gametophyte lethality. Indeed, an effect

on the female gametophyte impaired the study of transgenic plants with the pUBQ10

promoter as we could not collect any T2 plant carrying the transgene. Some charac-

terized promoters showed to be expressed specifically in the developing pollen grain: it

is the case for the AtXYLP3 promoter [215], the MSP1 promoter [216], as well as the

At5G17340 gene promoter [217]. Furthermore, transcriptomic analyses showed that the

three genes AtXYLP3, MSP1 and At5G17340 are more transcribed than the UBQ10 gene

at the uninucleate microspore and binucleate pollen stages [15]. The AtXYLP3 is the

gene for which expression was much higher than UBQ10 from the uninucleate microspore

to the tricellular pollen stages [15]. After checking of their expression profile with a GFP

reporter, these promoters could be used to drive expression of the ORF117SHA addressed

to the mitochondria. If results show more reliable induction of gametophytic pollen abor-

tion, accompanied with the cytological symptoms of the CMS described in this study,

a structure-function study of the ORF117SHA would become feasible. This would also

open up opportunities for the use of antigen-tagged ORF117SHA to compensate the poor

quality of the anti-ORF117SHA antibody in biochemical studies.
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3.1.3 Concluding remarks on the role of the orf117Sha in male

sterility

In this part of my thesis work, I tried to bring further evidence to support the role of

orf117Sha in CMS. The transgenic approach gave heterogeneous results with the pUBQ10

promoter and showed no sterility induced phenotype with the pM32 promoter, but these

results could be explained without rejecting orf117Sha’s role in CMS. Therefore, it would

be interesting to further explore this approach with new constructs using different pro-

moters for which we would have checked a strong expression in the male gametophyte

all along pollen development. The use of a chimeric ORF117SHA-GFP coding sequence

would allow following protein expression in the different tissues. Should the phenotype

induced by the chimeric protein be similar to that induced by ORF117SHA, it would con-

stitute a valuable tool in structure function experiments. The orf117Sha is transcribed

but no difference between restored and sterile lines could be detected in whole plant

RNA expression profile. We are currently investigating a possible effect of restoration on

orf117Sha mRNA specifically in the pollen. The orf117Sha is translated in the sterile line

and the protein is not detected in the Sha restored line, supporting the hypothesis that

at least one Sha restorer gene acts on ORF117SHA accumulation. The link between fer-

tility restoration and ORF117SHA accumulation needs to be strengthened by analyzing

[Sha]Cvi-0 plants homozygous for the rfl19 mutated allele, and [Sha]Cvi-0 plants carrying

individual Sha restorer alleles. Taken together with the association genetics experiments,

the fact that the only detected polymorphism between Kz-9 and Sha mitochondria was

the orf117Sha, and the high protein similarity with the ORF108, even though there is

no formal evidence for the sterilizing gene definitive identification, still point towards the

orf117Sha. The whole mitochondrial genome sequencing and assembly of the Kz-9 and

Sha accessions is in progress in the team, and any other candidate gene that escaped pre-

vious analyses should be detected soon. Moreover, further analyses on RFL19 function

could provide further support for the orf117Sha as the sterilizing gene.
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3.2 How does a mitochondrial gene cause pollen abor-

tion in CMS?

As it was detailed in section 1.4.4, several, non mutually exclusive, hypotheses are

proposed to explain pollen abortion in CMS systems. The “ATP hypothesis” proposes

that an energy depletion, due to a deficiency in ATP production, causes pollen abortion.

Under another hypothesis there could be an interaction of the sterilizing protein with a

still unknown X-factor, specifically in the pollen grain and/or the tapetum, with delete-

rious consequences. Also, a specific role of mitochondria in pollen production could be

defective in CMS lines. Finally, a ROS burst in mitochondria would induce PCD and

pollen abortion.

The A. thaliana’s Sha CMS system is gametophytic: the primary events leading to

pollen abortion take place in developing pollen. Most of the studied CMS are sporophytic,

with primary events leading to pollen abortion taking place in the tapetum, whereas

few gametophytic CMS have been studied. The rice gametophytic HL-CMS was deeply

explored, and a model was proposed to link molecular interaction between the CMS

protein with a component of the mitochondrial complex III and pollen abortion [176].

Briefly, the product of the sterilizing gene, ORFH79, interacts with a nuclear-encoded

subunit of the mitochondrial complex III and decreases its activity. The proposed model

postulates that a consequent decrease of ATP concentration and a ROS burst would act

together as retrograde signals that inhibit cell-cycle related gene expression and eventually

block the second pollen mitosis. Therefore in this model, the sterility protein ultimately

triggers a signal that blocks pollen at a definite step of its development.

3.2.1 Chronology of pollen death

Male gametophyte development in angiosperms is a complex process, and many steps

could be affected that would lead to pollen abortion. In this study, I described events

taking place prior to pollen abortion with the aim to better understand the cause of

pollen death. In the first place, I determined the pollen developmental stage at which

pollen grains aborted, and then I described some events occurring before abortion with

cytological approaches.

3.2.1.1 Developmental stage of pollen abortion

The developmental stage at which abortion occurs was identified in order to possibly

determine a critical step that would be affected in this CMS. The staining of nuclei and

81



counting of pollen grains with different phenotypes in the anthers showed that pollen

grains with abnormal phenotype are already present at the early binucleate microspore

stage, and that a decrease in pollen viability occurs during the binucleate stage. At

the expected trinucleate stage, almost all pollen grains are dead and the few survivors

have collapsed cytoplasm as if they would die soon. Most of the pollen grains seem

to arrest their development at the binucleate stage, and they degenerate until the late

binucleate stage, at which pollen grains harbor two nuclei located against the pollen

wall. Considering the pistil and floral bud size, the late binucleate stage in the CMS line

corresponds to the trinucleate stage in the fertile lines, suggesting that pollen grains that

are still alive at the stage when they should enter the second pollen mitosis do not divide

their germ cell.

The abortion stage varies from one gametophytic CMS to another: pollen grains from

Boro-II rice CMS abort at the trinucleate stage [116], whereas those from HL-type rice

CMS abort at the binucleate stage [176], even though their CMS-related genes share

98 % homology [65]. In common bean CMS the abortion starts at the tetrad stage [218].

Therefore, there is no critical male gametophyte developmental stage that would be im-

paired in every gametophytic CMS. This might be due to different mechanisms being

involved in each CMS system, or it might also come from differences in CMS gene ex-

pression profiles, or from the presence of a specific partner for each sterilizing gene at

different developmental stages. Finally, there might be a physiological defect that would

accumulate along male gametophyte development and eventually lead to pollen abortion.

The accumulation of such a deleterious effect could be faster or slower in the different

CMS systems or even in different nuclear backgrounds or environmental conditions. In

this case, the critical level of the deleterious effect required for pollen abortion would

be reached at different stages, leading to variability in the stages of pollen death in the

different situations. The rice BT- and LD- type CMS support this hypothesis: the abor-

tion stage of pollen grain in these two CMS is the trinucleate stage, but it is delayed

in LD-CMS. Interestingly, both CMS systems are linked to the presence of the orf79,

which has a lower expression in LD-type CMS [118]. In A. thaliana’s Sha CMS, as pollen

grains start to undergo abortion at the binucleate stage, I assumed that defects leading to

male sterility start at the first pollen mitosis or earlier. Indeed, using a GFP specifically

tagging the nuclei of germ and spermatic cells, I found that about half of the microspores

did not undertake the first pollen mitosis in CMS plants (see section 2.3.2)
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3.2.1.2 Description of events occurring prior to pollen abortion

As we expect that CMS comes from a mitochondrial dysfunction, and because mi-

tochondria are highly dynamic organelles with different shapes in distinct tissues and

developmental stages, I investigated in vivo mitochondrial shape in developing pollen

grains from CMS and fertile lines with transgenic plants expressing a GFP targeted

to mitochondria [219], with the pM32::mt-GFP construct. In the CMS line there is

a heterogeneity in mitochondria appearance all along pollen development: some pollen

grains presented normal looking mitochondria, whereas others presented either swollen

or ruptured mitochondria (see section 2.3.3). As pollen presenting swollen mitochondria

proportion decreases while pollen with ruptured mitochondria increases, it seems logical

to assume that mitochondria swell before rupture. At the binucleate and late binucle-

ate stages, only few pollen grains presented normal mitochondria. Mitochondrial swelling

prior to cell degeneration and pollen death was reported in tapetal cells from Ogura CMS

in B. napus [184], from maize CMS-T [187], and from CMS found in an alloplasmic cross

between Glycine max and G. soja [220]. In both last cases, the morphological change of

mitochondria from normal to swollen is progressive during the development, similarly to

what I observed in developing pollen grains from A. thaliana. Another case of mitochon-

drial swelling in pollen grain is the self incompatibility response in Papaver rhoeas [221].

Mitochondria morphology change from normal to swollen has been reported as an early

indicator of cell death in plants [222], as it will be detailed in section 3.2.3.

Concomitantly to mitochondria swelling, an arrest in pollen development seems to

occur. About half of the pollen grains in anthers of transgenic plants with the pM32::mt-

GFP construct did not present normal looking mitochondria in the CMS line at the

uninucleate microspore stage. Interestingly, this corresponds to the proportion of mi-

crospores that do not undertake the first pollen mitosis, after my results with transgenic

plants specifically expressing a GFP targeted to the nuclei of germ and spermatic cells.

Similarly, the proportion of pollen grains that could undergo the second pollen mitosis

corresponds to that of pollen grains with normal mitochondria at the late binucleate

stage. It seems therefore that the pollen grains that do have swollen or ruptured mi-

tochondria stop their development. These results suggest that normal mitochondria are

necessary for the pollen mitoses, and that the cells stop their development as soon as their

mitochondria changed their morphology. In order to confirm this hypothesis, transgenic

plants expressing two different fluorophores, one targeted to the germ lineage nuclei and

the other one targeted to the mitochondria, would allow a simultaneous observation of

these two events and strengthen the link between mitochondrial morphology change and

cell cycle arrest.
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Finally, I observed that propidium iodide stained pollen grains present black dots

starting from the binucleate stage whereas none was observable in fertile lines. At the

uninucleate microspore stage, the large vacuole is detected in all lines as a black region,

as there is no propidium iodide stain in it. Therefore, the black dots that are detected

in sterile line could correspond to vacuoles. The possible vacuolization of pollen grains

from A. thaliana could be early signs of collapsing, as it was observed by cytological

approaches in other CMS systems [127, 187, 220] and in the self incompatibility response

in P. rhoeas [221].

The first detectable phenotype in the pollen of CMS plants is a change in mitochondria

morphology, which starts at the uninucleate microspore stage, or earlier, and is progressive

until the late binucleate stage at which almost all mitochondria ruptured. Moreover, the

arrest of pollen development occurs at the uninucleate microspore stage for half of the

pollen grains, and at the binucleate stage for the other half. Taken together, these results

are compatible with a default in mitochondria physiology as the source of a deleterious

effect that would accumulate in pollen grain. Its first observable consequences would be

the swelling of mitochondria and arrest of pollen cell cycle, and it would proceed until

the mitochondria rupture and pollen death.

3.2.2 Physiological modifications in sterilizing mitochondria

As it was detailed in sections 1.4.1 and 1.4.2, the main function of plant mitochondria

is to produce energy via respiration. Moreover, the commonly accepted hypothesis to

explain CMS is the “ATP hypothesis” (see section 1.4.4), which postulates that a defi-

ciency in ATP production would lead to pollen abortion because male gametogenesis is

highly energy demanding. For these reasons, I investigated the ATP steady state content

in developing pollen grains and some vegetative tissues in sterile and fertile lines. Also, as

the mitochondrial genome principally contains genes encoding subunits of the OXPHOS

complexes, I investigated the integrity of these complexes in the sterile and fertile lines in

order to seek for any defect in the CMS line. Finally, I checked different features relative

to mitochondria functions such as ROS production, AOX response and respiration rate.

One challenging technical issue in addressing pollen mitochondria functioning is to

collect enough material to analyze general mitochondrial functions on one hand, but also

to collect information on mitochondrial functions specifically in the pollen grains on the

other hand. As I have shown that the candidate sterilizing gene is expressed in repro-

ductive and in vegetative tissues (see section 2.1), as in many other CMS systems, it was

relevant to characterize mitochondria functions in vegetative tissues in CMS and fertile

lines: a possible effect due to the expression of the sterilizing gene could be expected in
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this accessible and abundant material. Therefore, I investigated general mitochondrial

functions such as respiratory complexes integrity, respiration rate and the AOX response

on whole plant mitochondria or young in vitro grown plantlets. Now, as CMS is char-

acterized by the male specificity of the phenotype, comparison of mitochondrial function

in the pollen grain and in vegetative tissue was interesting, in order to possibly highlight

a difference that could explain this phenotype specificity. In this regard, the fluorescent

sensors allowing in vivo and single cell imaging are innovative tools that gave us access

to informations hitherto unattainable.

3.2.2.1 Challenging the ATP hypothesis

In order to experimentally confront the “ATP hypothesis” in A. thaliana Sha CMS, I

quantified the ATP steady-state in the cytosol of pollen grains and hypocotyl epidermis

in fertile and sterile lines with the FRET-based ATeam sensor. As this fluorescent sensor

imaging is done with confocal microscopy, it allows in vivo and in single cell measure-

ment [223]. For these reasons, this sensor was particularly suited for ATP steady-state

measurement in cells from CMS and fertile lines. No significant difference in ATP level

was detected in hypocotyl epidermis from the CMS and fertile lines, which is not surpris-

ing since the plant has no growth retardation. Most relevant, ATP levels in the pollen

of sterile plants did not significantly differ from that of fertile plants, neither at early

binucleate nor at late binucleate stages compared with the corresponding binucleate and

trinucleate stages, even though the rare measurable pollen grains already have a dying

phenotype and swollen or ruptured mitochondria at this latter stage in steriles (see sec-

tion 2.3.3). These results strongly suggest that a decrease in ATP production leading to

energy depletion is not likely to be the primary cause for pollen abortion in A. thaliana

Sha CMS. Therefore, other mitochondrial (dys)functions should be involved in order to

explain the CMS phenotype.

3.2.2.2 Mitochondrial dysfunctions in CMS

I first investigated mitochondria functions on whole plants. No clear difference in

accumulation or size of mitochondrial respiratory complexes I, III, IV and V was detected

by immunodetection or in gel assay on BN-PAGE between the CMS line and the fertile

ones. Therefore, it seems that, should the sterilizing protein interact with any of the

respiratory complexes, it does not markedly modify its accumulation or its apparent size.

In rice HL-CMS, even though the ORFH79 was found to interact with one of the complex

III subunit and to decrease its activity, no band shift of complex III could be detected

in BN-PAGE [176]. Also, respiration rate was measured in CMS and fertile lines, and
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was found to be not altered in the CMS line, indicating a normal global function of

CMS mitochondria in plantlets. This is not surprising, as the vegetative phenotype of

CMS plants was not distinguishable from that of fertiles in all growth conditions used

since the discovery of this CMS. Nevertheless it had to be verified as, in some CMS

systems, defects in mitochondrial functions or respiratory complexes could be highlighted

on vegetative tissues of sterile plants without being deleterious to vegetative development

[176, 175, 123].

The redox state of the glutathione pool was investigated in hypocotyl epidermis cells

and pollen from sterile and fertile lines. Taking advantage on the fact that the mi-

tochondrial targeting leaks in the SHMT-roGFP2-Grx1 construct, both mitochondrial

and cytosolic redox states of the glutathione pool were measured separately in pollen

grains. Over-oxidation of the glutathione pool was detected in the mitochondria and

the cytosol in pollen grains of sterile plants at late developmental stages. Unfortunately,

measurements could not be performed at earlier developmental stages due to the lower

activity of the pUBQ10 promoter and higher pollen autofluorescence of the pollen wall

excited at 405 nm. The fact that the glutathione pool was over-oxidized in both com-

partments of pollen grains at a late developmental stage could be due to the fact that

pollen grains were already almost all dead and the survivors, most probably those that

could be measured, would die soon. Nevertheless, this over-oxidation was also detected

in mitochondria from hypocotyl epidermis cells of sterile plants. Moreover, it is the

unique phenotypical difference that I could highlight in vegetative tissues between CMS

and fertile plants. Therefore, over-oxidation is unlikely to be a consequence of the cell

death process in action in the observed pollen grains. It rather seems that there is a

general oxidative stress in the CMS line. Interestingly, in the restored hybrids, the mito-

chondrial glutathione pool is not over-oxidized in epidermis cells of the hypocotyl. Also,

the calculated ratio in pollen grains was not significantly different in restored hybrids

carrying the Sha cytoplasm compared with a hybrid with identical nuclear background

carrying the Kz-9 non sterilizing cytoplasm, indicating that the effect of the sterilizing

cytoplasm on the glutathione redox status was completely annihilated by the presence

of Sha alleles. Thus, the over-oxidation of the glutathione pool seems to be related to

the sterilizing effect of the cytoplasm. Now, it would be of particular interest to measure

the redox status of the glutathione pool on genotypes for which we would be certain that

only the sterility mechanism is studied and no other possible effect of the Sha nuclear

background. To this purpose, crosses were performed between the [Sha]Cvi-0 cytoline

carrying the rfl19 mutated allele, or other genotypes with limited Sha introgressions

carrying restorer genes in the Cvi-0 nuclear background, and Cvi-0 transgenic plants ex-

pressing the SHMT-roGFP2-Grx1. However the silencing of the sensor expression did
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not allow fluorescence measurements in the hybrids. Nevertheless, over-oxidation of the

glutathione pool is the only phenotype shared by vegetative and pollen cells of plants

carrying the sterilizing cytoplasm, and it seems to be linked with the sterility phenotype,

although this correlation needs to be further consolidated. Yet, in vegetative tissues, the

sterilizing cytoplasm has no further deleterious consequence that I could detect, whereas

in pollen both over-oxidation and abortion are observed. As restoration of fertility seems

to “cure” over-oxidation both in vegetative tissues and pollen, it is tempting to relate

this observation with the “male specificity paradox” of the CMS phenotype: why is the

effect of the sterilizing gene on mitochondria limited in vegetative tissues, whereas in the

pollen mitochondria swell until explosion and development stops?

Unfortunately, monitoring redox state at earlier developmental stages was not pos-

sible as autofluorescence was higher than the sensor fluorescence intensity. Constructs

with stronger promoters in the male gametophyte could be built, in order to allow mea-

surement of the physiological parameters earlier in pollen development. Moreover, a

silencing phenomenon coupled with the high number of dead pollen at the late binucleate

stage in the CMS line rendered difficult to collect a high number of fluorescent pollen

grains in CMS line to perform substantial statistical analyses. We are currently realizing

new constructs with the promoter from the FKP1 gene from A. thaliana (At4g11820 )

[224], reported to drive expression in tapetal cells and pollen from the microspore stage.

Unfortunately, the expression profile of this promoter was analyzed via GUS staining.

Therefore, we will first check the expression profile of the pFKP1::mt-mCherry construct

recently obtained in our team, and introduced into Cvi-0 and Sha accessions by floral dip-

ping. Also, the promoter that will be chosen in order to phenocopy the CMS (see section

3.1.2) could be used for this approach as well, as it should ensure a high level of expression

in young developing pollen. These tools, combined with the use of appropriate restored

genotypes, will allow to draw robust conclusions on the link between over-oxidation of

the glutathione pool and the sterility phenotype.

Because AOX induction is known to constitute a frequent response to oxidative stress

[157], and AOX activity reduces the effects of oxidative stress by preventing ROS accu-

mulation in plant mitochondria [225], I investigated whether AOX response was trig-

gered in the sterile plants. Five genes encode isoforms of alternative oxidases in A.

thaliana: AOX1a, AOX1b, AOX1c, AOX1d and AOX2. Transcriptome analysis showed

that AOX1a mRNA is found in all tissues, but in lower amount in developing pollen

grains compared with vegetative tissues and embryo suspensor [15]. In parallel, the

AOX1b and AOX1c are expressed almost only in the developing pollen [15]. Therefore,

an induction of the AOX pathway in vegetative tissues with AOX1a up-regulation and

not in reproductive tissues if AOX1b and AOX1c expression are not up-regulated could
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have explained the different tolerance of the different tissues to oxidative stress. Yet, no

difference in mRNA level of any isoform was detected neither in in vitro plantlets nor in

floral buds. Moreover, the analysis of AOX accumulation with western blot, as well as the

AOX capacity measured by cyanide insensitive repiration, did not highlight differences

between the genotypes. Thus, it seems that there is no AOX induction or activation in

the sterile line in response to over-oxidation of the glutathione pool neither in vegetative

nor in reproductive tissues. Hence, the hypothetic differential tolerance of the tissues to

oxidative stress cannot be linked to a differential stress response in these tissues, and so

the “male specificity” paradox cannot be explained in this way.

3.2.3 Possible mechanisms causing the Sha cytoplasmic male

sterility

One relevant discovery made in this study is the fact that the ATP steady-state in

pollen grains does not seem to differ between CMS and fertile lines, even though pollen

grains had an abnormal phenotype in sterile plants at the observed stages. This result

has to be confirmed at earlier stages of development. Nevertheless, from my results an

ATP depletion is unlikely to be the cause for pollen abortion. No significant difference

was detected in the respiration rate, and in the integrity and accumulation of respiratory

complexes, in the vegetative tissues of CMS and fertile lines. However, the over-oxidation

of the mitochondrial glutathione pool of vegetative tissues and pollen grains from the

sterile line compared with the fertiles is possibly related to the sterilizing effect of the

Sha cytoplasm. This over-oxidation is certainly due to higher ROS production in the CMS

line, considering the role of glutathione in ROS detoxification (see section 1.4.1). Higher

ROS content was observed in mitochondria of vegetative cells of rice plants with the

gametophytic HL-CMS. In cotton, it has been shown that the CMS line had increased

ROS production, but ROS-scavenging enzymes activities were at lower level than in

maintainer lines, while ROS could be eliminated in the anthers of restored lines by an

increase of ROS-scavenging enzyme activities compared with the CMS line [226].

In the A. thaliana Sha CMS system, it seems that over-oxidation of the glutathione

pool, or its primary cause, is well tolerated in vegetative tissues whereas it ultimately

leads to pollen death. Therefore, the puzzling “male specific paradox” of CMS systems

translates into the following question: if the oxidative effect of the Sha cytoplasm is

indeed related to its sterilizing effect, how a mitochondrial dysfunction with the same

over-oxidative effect in different cell types would have so different consequences on cell

fate?

Several hypotheses can be proposed to attempt addressing this question. The first one
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implies a signaling defect specifically in the pollen of CMS lines. Mitochondria are known

to have a role in cell cycle [227]. Moreover, even though an excess of ROS is deleterious to

the cell, they are also necessary for the control of many biological processes [228]. Recent

reviews suggested that ROS would play a role in reproductive development [229, 172].

It is postulated that ROS, RNS and antioxidant proteins could allow the switch from

mitosis to meiosis, and regulate different steps of gametogenesis. Thus, a ROS signaling

could be necessary in the male gametophyte development, and any ROS imbalance could

lead to the arrest of development and subsequent abortion. In A. thaliana Sha CMS, the

over-oxidation of the glutathione pool probably reflects an imbalance between the ROS

producing and scavenging capacities that could lead to a confused signaling pathway

in male gametophyte development and subsequent development arrest. However, the

above hypothesis is not completely satisfying. Indeed, the progressivity of mitochondrial

morphology modification and of pollen development arrest, as both pollen mitoses can be

canceled, suggests that a progressive physiological defect rather than a signaling defect

at a precise developmental step is involved in the CMS.

Mitochondrial glutathione pool is over-oxidized in the CMS line, and not in the re-

stored hybrids carrying Sha restorer alleles. This over-oxidation might be due to an

interaction of the sterilizing protein with one mitochondrial complex subunit, as it has

been shown for ORFH79 interacting with complex III in rice HL-CMS [176], and WA352

interacting with complex IV in rice WA-CMS [89]. However, no evidence of such inter-

action is available in A. thaliana Sha CMS yet. The swollen appearance of mitochondria

resemble the phenotype induced by heat or oxidative stress [222]. Thus, the mitochon-

drial morphology change in pollen grains from the CMS lines could be related to an

oxidative stress, highlighted by the over-oxidation of the glutathione pool. In a study of

A. thaliana protoplasts treated with heat stress, it was shown that mitochondrial mor-

phology change is an early indicator of cell death, and was linked to the opening of the

mitochondrial permeability transition pore. The mitochondrial permeability transition

(MPT) ultimately lead to rupture of the outer mitochondrial membrane and release of

the proteins located in the intermembrane space (such as Cytochrome C) that are signals

triggering cell death [222]. In A. thaliana, it would be interesting to treat anthers of the

CMS line with CsA, that is an inhibitor of the permeability transition pore, in order to

challenge this hypothesis.

Yet, as tempting as the hypothesis of an oxidative stress leading to pollen abortion

in A. thaliana Sha CMS could be, it is still not clear why oxidative stress in vegetative

cells would not induce mitochondria swelling and cell death, whereas it would be the

case in the male gametophyte. The male gametophyte could be more sensitive to oxida-

tive damage, as it is reflected by some studies. For example, triple mutant plants with
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deletion of NADPH-dependent thioredoxin reductases NTRA and NTRB and cytoso-

lic Glutathione reductase 1 GR1 present ntr1 /gr1 pollen lethality after gametogenesis

whereas the female gametophyte is not affected [168]. Authors proposed that the male

gametophyte might depend on robust redox buffer system, and that pollen grains were

over-oxidized in the absence of NTRA and GR1, whereas female gametophyte are bet-

ter protected with the surrounding sporophytic tissues. Also, it has been proven that

pollen presenting over-oxidation of the glutathione pool had germination defects [230],

highlighting the importance of this molecule in pollen development. Moreover, proteomic

studies on A. thaliana showed that mitochondria of reproductive organs seem to have a

specialized role in metabolism, such as the maintenance of the mitochondrial redox state

[181]. Also, mitochondrial defect leading to ROS accumulation might be more deleterious

in the developing pollen grain and tapetum than in other tissues, because they contain a

high number of mitochondria. Therefore, a mitochondrial ROS production increase might

be much more important in these tissues than in others containing less mitochondria per

cell.

3.3 General conclusions and perspectives

As it was already detailed, the only other gametophytic CMS on which the mech-

anism of pollen abortion was well studied so far is the rice HL-type CMS. In Sha and

HL-type CMS systems, an oxidative stress seems to occur on male gametophyte during

development. However, some differences were highlighted between these two systems:

no modification in any mitochondrial complex activity could be observed in Sha CMS

from A. thaliana, and no ATP decrease was detected neither. The ROS production likely

occuring in Sha CMS might act as a retrograde signal to block the pollen mitoses as it

was proposed for HL-CMS, but it seems more likely that a continuous oxidative stress

leads to male gametophyte cell death induction. Reproductive organs need strong antiox-

idant buffer, as plant male reproductive organs seem to be extremely sensitive to oxidative

stress. Interestingly, during heat stress male gametophyte development is one of the most

affected process. Moreover, the Sha CMS in A. thaliana is environment-dependent, as

well as many other CMS systems [9]. F. Müller and I. Rieu (2016) stressed some similari-

ties between CMS and high temperature defects in microspore and tapetum development

[231]. Male gametophyte and tapetum are highly sensitive to high temperature compared

with vegetative tissues and female gametophyte. As ROS production is increased during

heat stress, similar mechanisms might be involved in CMS and heat stress.
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4 — Material and methods

4.1 Material

4.1.1 Plant material

CMS results from a cytonuclear incompatibiliy. We possessed two natural accessions

from A. thaliana harboring a sterilizing cytoplasm, and two accessions with a maintainer

nucleus. We constructed cytolines as described in Roux et al, 2016 [45]. Cytolines’

nomenclature is as following: [X]Y refers to cytoline combining the cytoplasm from the

accession X with the nucleus from the accession Y. The accessions that were used in this

study are presented in Table 4.1, whereas the cytolines are presented in Table 4.2. The

[Kz-9]Cvi-0 has been produced specifically for this study, whereas the cytolines [Sha]Cvi-0

[45] and [Sha]Mr-0 [195] were already available. The cytolines were sequenced on a

HiSeq3000 at the Genotoul Platform in Toulouse, and no residual zone of heterozygosity

was detected (analysis with the help of J. Jimenez-Gomez).

4.1.2 Bacteria

The bacteria strains that were used are referenced in Table 4.3. The complete genotype

of E. coli strains is available at http://www.openwetware.org/wiki/E. coli genotypes.

4.1.3 Vectors

Different constructs were used in cytological and molecular approaches. These con-

structs are detailed in Table 4.4

4.1.4 Antibodies

The list of the antibodies that were used in this study to reveal proteins in western

blot analyses are presented in Table 4.5.
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Table 4.1: List of A. thaliana accessions used in this study

Accession Origin Cytoplasmic type Nuclear type Dormancy Flowering

Col-0 Poland Non sterilizing Restorer No Early

Cvi-0 Cap Verde Non sterilizing Maintainer 3 months Early

Kz-9 Karagandy Non sterilizing Restorer No Early

Mr-0 Italy Non Sterilizing Maintainer 4 months Late

Rak-2 Russia Sterilizing Restorer No Late

Shahdara (Sha) Tajikistan Sterilizing Restorer No Early

Table 4.2: List of the cytolines used in this study

Name Cytoplasm Nucleus Male sterile/fertile Source and description cytoline

[Kz-9]Cvi-0 Kz-9 Cvi-0 Fertile This study

[Sha]Cvi-0 Sha Cvi-0 Male-sterile [45]

[Sha]Mr-0 Sha Mr-0 Male-sterile [195]

Table 4.3: List of bacteria strains used in this study

Specie Strain Notable

features

Source Use

E. coli DB3.1 ccdB

resistant

Invitrogen

(11782-018)

Multiplication of donor and des-

tination vectors of the Gateway

system

E. coli DH10b None Invitrogen

(18290-015)

Cloning, plasmid multiplication

A. tumefaciens C58C1

pMP90

RifR,

GentaR
A. thaliana transformation

A. tumefaciens Gv3101

pMP90RK

RifR, KanaR A. thaliana transformation
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4.1.5 Oligonucleotides

The oligonucleotides used in this study are presented in table 4.6, except those used

for Gateway cloning strategies that are presented in table 4.7.
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Table 4.6: List of oligonucleotides used in this study

Name Sequence 5’ - 3’ Use

A-team-F CGTGACCACCCTGACCTG ATeam sensor genotyping

A-team-R CATGAATTCGTTTGCCTTCC ATeam sensor genotyping

apt-rt1 TCCCAGAATCGCTAAGATTGCC Nuclear control qRT-PCR

apt-rt2 CCTTTCCCTTAAGCTCTG Nuclear control qRT-PCR

STP2-F GCTCTCCAGATGACCGCTAC Microspore control qRT-PCR

STP2-R CAATACAATCAGCGGCACGG Microspore control qRT-PCR

CmR-Gen-R TCGTCGTGGTATTCACTCCA Genotyping in pMDC-32

GFPRTR GCAGATTGTGTGGACAGGTAATGG GFP genotyping

GRX-F TGGCTCTTCGAAGGCTTTCTT roGFP2-Grx1 genotyping

GRX-R TCTCGTTGGGGTCTTTGCTC roGFP2-Grx1 genotyping

M13-F ACTGGCCGTCGTTTTACA Genotyping and sequencing in pTOPO

M13-R CAGGAAACAGCTATGACCATG Genotyping and sequencing in pTOPO

M32-F GGCCGAACACTAAAATCACGTT M32 promoter genotyping

ORF108-Gen-R GCAACATTTCCCAAGGTCAT ORF108 genotyping

ORF117-Gen-R GCTGGCTAGTCCCAACTGAG ORF117SHA genotyping

promTIP5;1-F AAGCCTTCAGGTCCCACATC TIP5;1 promoter genotyping

pUBDEST-R TGTGATGGGCCCTTAGAGGAT Genotyping in pUB-DEST

pUBI-F TGCTTCACCGCCTTAGCTTT Genotyping in pUB-DEST

QMR26SF GACGAGACTTTCGCCTTTTG Mitochondrial control qRT-PCR

QMR26SR CTTGGAGCGAATTGGATGAT Mitochondrial control qRT-PCR

Shamt6 GGGACTAGCCAGCGATGAGTT cRT-PCR

Shamt7 TGAAACCCGAAAACCAATTGA cRT-PCR

Shamt23 CATCGCTGGCTAGTCCCAAC qRT-PCR ORF117SHA

Shamt24 TTGGACCCACGAGCAGATAC qRT-PCR ORF117SHA

NdeI-

ORF117SHA

CATATGAAACCCGAAAACCAATTGG

TGCCTCGAGGATCAAGTGGTCATACA

Antibody anti-ORF117SHA produc-

tion

BamHI-

ORF117SHA

GGATCCTTAATTAAACCCCCCCCCACC Antibody anti-ORF117SHA produc-

tion
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4.2 Methods

4.2.1 Biological material culture

4.2.1.1 A. thaliana culture and breeding

Growth conditions, breeding and transformation of A. thaliana plants are detailed

thereafter.

a. In vitro germination and early growth

Seeds were sterilized in sterilizing solution (45 mL of 95% EtOH and 5 mL of a first

solution composed of one bleach pill and 5 to 6 drops of Teepol in 40 mL water),

and then rinsed twice in pure ethanol. They were dried overnight under a sterile air

flux, and subsequently sown on 3.1 g.L−1 Gamborg B5 medium supplemented with

0.08 % BCP, 1 % saccharose, 0.7 % agar, iron salt solution to a final concentration

of 1 M, and adjusted to pH 6. The medium contained the proper selective agent

in the cases where a selection was needed (hygromycin, Basta R©or kanamycin) at

50 mg.L−1. Seeds were stratified at 4◦C for four days, before being placed in a

growth chamber under long day conditions (16-h day, 8-h night) and at 20 ◦C.

b. Greenhouse culture

Dormant seeds were stratified for four days at 4 ◦C in 0.1 % agarose supplemented

with 7 mM KNO3 and then sown on soil, whereas non dormant seeds were directly

sown on soil. They were then grown under long-day conditions (16-h day, 8-h night)

with additional artificial light (105 mE/m2/sec) when necessary.

c. Crosses and seed production

For crossing experiments, buds with immature anthers were emasculated, and hand

pollination from the male parent was performed under the binocular. The siliques

were harvested after they dried on the plant. Seeds from selfing were harvested

when the plant was completely dried. After threshing, seeds were then stored at

room temperature.

d. Transformation of A. thaliana, and selection of transformants

One-month-old plants from A. thaliana were dipped in an A. tumefaciens suspen-

sion containing 5 % sucrose (w/v) and 0.02 % Silwett L-77 (v/v) for 2 minutes. The

obtention of the suspension is detailed in part 4.2.1.2. Plants were then watered
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and placed in greenhouse for maturation. Seeds from fully matured plants were

harvested and stored for 1 (in vitro selection) to 3 months (basta selection on sand)

at least in the case in which the accession is dormant (Cvi-0 and Mr-0). In vitro

selection was performed with appropriate selective antibiotic in a concentration of

50 µg.mL−1, whereas seeds were sown on sand in the greenhouse and watered with

a basta solution at 0.01 % (v/v) when the selection marker was the resistance to

this herbicide. Resistant plants were transferred to soil and genotyped by PCR.

4.2.1.2 Bacteria culture conditions

a. Solid Culture

Cells were cultivated on agar LB-media (Duchefa) supplemented with the appropri-

ate antibiotics. E. coli cells were cultivated 24 hours at 37 ◦C, and A. tumefaciens

cells 48 hours at 28 ◦C.

b. Liquid culture

• Preparation of competent bacteria

One isolated colony from E. coli DH10b or A. tumefaciens C58C1 was resus-

pended in 10 mL liquid LB, and incubated overnight. This pre-culture was

used to inoculate 1 L of LB. When the culture reached 0.5 < OD600 < 1, it

was transferred into large centrifuge bottles and incubated 30 minutes on ice.

Samples were centrifuged at 4,000 g and 4 ◦C during 15 minutes. Pellets were

washed in sterile water first separately, and then pooled. Pellets were then

resuspended in 20 mL 10 % glycerol, centrifuged again in the same conditions

and finally resuspended in 1 mL sterile 10 % glycerol. 50 µL aliquots were

frozen in liquid nitrogen, and stored at -80 ◦C.

• Bacteria transformation and multiplication

50 µL of bacteria were mixed with the appropriate plasmid at a concentration

of about 150 ng.µL−1 and electroporated (Pulse: 2.5 kV for E. coli and 1.8 kV

for A. tumefaciens). 1 mL of LB was added, and bacteria were then incubated

1 hour at the optimal growth temperature (E. coli 37 ◦C, A. tumefaciens

28 ◦C). Bacteria were then selected on solid LB containing the appropriate

antibiotics.

• A. tumefaciens culture for A. thaliana transformation

One isolated colony from A. tumefaciens was resuspended in 10 mL liquid

LB containing the appropriate antibiotics, and incubated at 28 ◦C overnight.
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The next day, 1 mL of this pre-culture was used to inoculate 400 mL of LB

containing the appropriate antibiotics and incubated at 28 ◦C overnight. The

culture should have a 0.8 < OD600 < 1 to perform A. thaliana transformation.

A. tumefaciens cells were pelleted by centrifugation at 5,000 g for 20 minutes,

and resuspended in 400 mL of 5 % sucrose (w/v) and 0.02 % Silwett L-77

(v/v) solution.

4.2.2 Nucleic acids analyses

4.2.2.1 Nucleic acids isolation

a. Genomic DNA isolation from A. thaliana

Depending on the expected use of the genomic DNA, two alternative protocols

were applied: CTAB extraction when high quality DNA was needed, and quick

DNA extraction otherwise.

• CTAB DNA extraction

Leaves from A. thaliana were harvested and placed in a pre-warmed (60 ◦C)

lysis buffer composed of 100 mM Tris-HCl pH 8.20 mM EDTA, 1.4 M NaCl,

2 % CTAB (w/v) and 0.2 % 2-Mercaptoethanol (v/v). Material was ground

at 30 Hz for 5 min, using a Mixer Mill (Qiagen), and subsequently incubated

30 minutes at 60 ◦C. DNA was extracted by adding 1 volume of chloroform-

isoamylalcohol solution (48:2), and centrifuging 15 minutes at 15,000 g and

4 ◦C. The upper phase was recovered and DNA precipitated with the addition

of 300 µL isopropanol followed by a centrifugation step 30 min at 15,000 g. The

pellet was washed with 70 % ethanol, and DNA was resuspended in Tris-EDTA

buffer (10 mM Tris, 1 mM EDTA, pH 8.0).

• Quick DNA extraction for genotyping

Leaves from A. thaliana were harvested and placed in a lysis buffer containing

200 mL Tris-HCl pH 7.5, 250 mM EDTA, and 0.5 % SDS (v/v), with two

metal balls. Plant material was then ground using a Mixer Mill (Qiagen).

Crushed material was centrifuged, and the resulting supernatant transferred

into isopropanol to precipitate the DNA. After a new centrifugation step, pellet

was recovered and washed with cold ethanol 70 %. Precipitated DNA was dried

at 37 ◦C and resuspended in sterile water.
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b. Plasmidic DNA isolation from E. coli

pDNA was isolated with the NucleoSpin R© Plasmid (Macherey-Nagel) kit according

to manufacturer’s instructions.

c. RNA isolation from A.thaliana

Fresh plant tissue was harvested on A. thaliana and immediately frozen in liquid

nitrogen. Tissue was ground with liquid nitrogen-cold mortar and pestle, and RNA

was extracted with the RNeasy Plant Mini Kit from Qiagen, according to manufac-

turer’s protocol. When DNase treatment was needed, it was performed using the

RTS-DNaseTM (Ozyme) according to manufacturer’s protocol, with minor modi-

fications: nuclease treatment was extended up to 30 minutes, and treatment was

stopped with phenol-chloroform-isoamylalcohol (pH 4.5) extraction, and RNA pre-

cipitation (1.5 vol Ethanol, 0.1 vol sodium acetate pH 4.8) at -20 ◦C overnight. The

next day, RNA was pelleted with a centrifugation at 20,000 g for 20 minutes, air

dried and resuspended in sterile water.

4.2.2.2 Agarose gel electrophoresis

Nucleic acids were analyzed on 1 % to 3 % agarose (Sigma-Aldrich) gels in 1 x TAE

buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8). 500 bp and 1 kb ladders DNA size

standards (ThermoFisher Scientific) were used according to the needs.

4.2.2.3 PCR amplifications

Home-made Taq polymerase was used to amplify DNA fragments with PCR methods,

using the following reaction mixture:

10X buffer 4 µL

MgCl2 (25 mM) 4.8 µL

dNTP (25 mM each) 0.2 µL

Forward Primer (10 µM) 1 µL

Reverse Primer (10 µM) 1 µL

Taq-Polymerase 0.5 µL

DNA 5 to 50 ng

H2O Qsp 20 µL
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10X buffer: 750 mM Tris-HCl, 200 mM (NH4)2SO4, 0.1 % (v/v) triton, pH 8.8.

In a PCR thermocycler (Ependorf), the DNA was denatured for 2 min at 94 ◦C,

followed by 35 cycles of 30 s denaturation at 94 ◦C, 30 s hybridization of oligonucleotides

at (Tm-3) ◦C and 1 min elongation per kb of expected PCR product at 72 ◦C. The run

was completed after another 2 min at 72 ◦C.

4.2.2.4 Sequencing

Purified PCR products and plasmids were sent to Beckman Coulter Genomics for

Sanger sequencing (http://www.beckmangenomics.com).

4.2.2.5 Gene expression analysis

a. Northern blot analysis

RNA Electrophoresis in denaturing conditions :

20 µg of total RNA were denatured 5 min at 70 ◦C in denaturing loading buffer

(50 % (v/v) formamide, 16 % (v/v) formaldehyde (39 % w /v), 0,5 x MOPS buffer)

and placed on ice. After addition of 1/3 vol of bromophenol blue 0,25 % (w/v)

in glycerol 20 % and 1 µL of ethidium bromide 10mg/mL, they were loaded on a

1.5 % agarose gel in 1x MOPS buffer with 8 % formaldehyde. Commercial RNA

ladders (0.1-2kb and 0.5-10kb RNA ladders Invitrogen) were treated similarly before

loading. Electrophoresis was conducted at 100V for approximately 7 hours.

Northern blotting of RNA:

After visualization and snap shop under UV light, the gel was rinsed three times 5

minutes in distilled water and transferred onto a nylon membrane (Genescreen) in

10 X SSPE buffer overnight. After a quick wash in 2 X SSPE buffer, the membrane

was colored in 0.04 % (w/v) methylene blue, 0.5 M Na acetate pH 5.2 for 10 minutes

and bleached in ethanol 20 % until the RNA bands clearly appeared, to check for

correct transfer, and mark the ladder bands. The membrane was further bleached

in 0.2 X SSPE 1 % SDS. It was kept at 4 ◦C between two Whatman papers or

directly prehybridized.

Hybridization of Northern blots:

A nylon membrane was placed in a hybridization tube with 10 mL of PerfectHybTM

buffer from Sigma at 68 ◦C for 2 hours. Hybridization was conducted at 68 ◦C

overnight in 10 mL of new PerfectHybTM buffer containing the probe that had just

been denatured at 100 ◦C for 5 minutes. After removal of the probe, the membrane
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was rinsed at 68 ◦C in 2 X SSPE 0.1 % SDS 0.2 % Na4P2O7.10H2O and 0.2 X SSPE

0.1 % SDS 0.2 % Na4P2O7.10H2O.

Labeling of DNA probes:

20 to 40 ng of DNA were denatured at 100 ◦C for 5 minutes and immediately placed

on ice. Labeling was realized in a final volume of 50 µL in labeling buffer x1 (50

mM Tris-HCl pH 8, 5 mM MgCl2, 2 mM DTT, 200 mM HEPES pH 6.6) with

random hexadeoxyribonucleotides ( 5 A260/ mL), dATP, dGTP, dTTP 20 µM

each, 400 µg/mL BSA, 50 µCie of alpha 32P dCTP (3000 Cie/mmol), and 5 units

of Klenow DNA polymerase, at 37 ◦C for one hour. Non incorporated nucleotides

were removed by purification on a G50 micro-column (Biorad). The eluate was

denatured at 100 ◦C for 5 minutes and immediately placed on ice before addition

to the hybridization buffer.

MOPS 10 X: 0.2 M MOPS, 0.05 M Na acetate, 0.01 M Na2 EDTA, pH 7.

SSPE 20 X: 3 M NaCl, 0.2 M NaH2PO4.2H2O, 0.02 M EDTA, pH 7.4.

b. RT-PCR

1 µg of RTS-DNaseTM treated RNA sample and random hexamer primers were

heated up 5 minutes at 70 ◦C in order to minimize secondary RNA structures prior

to RT-PCR. Denatured RNA was shortly spun and directly put on ice. cDNA syn-

thesis was performed with M-MLV Reverse Transcriptase (Thermo Fisher Scientific)

with the following reaction mixture:

RNA 1 µg

Random hexamers (100 µM) 1 µL

RNase-free dNTPs (25 mM each) 0.5 µL

M-MLV RT buffer (5X) 5 µL

M-MLV RT (200 U/µL) 1 µL

RiboLock RNase inhibitor (40 U/µL) 0.625 µL

RNase-free H2O Qsp 25 µL

For genes without introns, a negative control was performed by running in parallel

the same reaction without the M-MLV RT. cDNA was synthesized in a thermocy-

cler, at 37◦C for 1 hour, and reaction was inactivated by heating up at 70 ◦C for

15 minutes. The obtained cDNA was diluted by adding 175 µL of sterile water and

aliquots were stored at -20 ◦C for subsequent analysis. For regular RT-PCR, 5 µL

of cDNA was used as PCR template.
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c. cRT-PCR

5 µg of RTS-DNase treated RNA sample from floral buds were circularized with

T4-RNA ligase (ThermoFisher Scientific) with the following reaction mixture:

RNA 5 µg

T4 RNA buffer 10X 5 µL

BSA (1 mg/mL) 5 µL

ATP (10 mM) 5 µL

T4 RNA ligase (10 U/µL) 4 µL

RiboLock RNase inhibitor (40 U/µL) 1 µL

RNase-free H2O Qsp 50 µL

Ligation was performed by incubating the samples 2 hours at 37 ◦C in a thermo-

cycler. After ligation, RNA was extracted with phenol-chloroform-isoamylalcohol

(pH 4.5), and precipitated (1.5 vol Ethanol, 0.1 vol sodium acetate pH 4.8) at -

20 ◦C overnight. The next day, RNA was pelleted with centrifugation at 20,000 g

for 20 minutes, air dried and resuspended in 10 µL sterile water. RT-PCR was

performed on circularized RNA as described in part b with minor modifications:

reverse transcriptase reaction was extended to 3 hours at 40 ◦C . PCR was per-

formed on 5 µL cDNA with divergent oligonucleotides.

d. qRT-PCR

PCR amplification on genomic DNA sample was performed using primers designed

for qRT-PCR (product size around 100 bp, Tm close to 55 ◦C), and qRT-PCR

reaction was performed with the corresponding oligonucleotides and with a dilution

array of the resulting PCR products as matrix. Oligonucleotides couples with an

efficiency from 95 to 105 % were selected for subsequent analysis.

For sample analysis, 5 µg of RTS-DNase treated RNA samples were used to per-

form cDNA synthesis as described in part b. The SsoAdvanced
TM

SYBR R© Green

supermix kit from Biorad (Hercules, USA) was used. The reaction mix was the

following:

cDNA 5 µL

Biorad 2X buffer 7.5 µL

Forward primer (100 µM) 0.1 µL

Reverse primer (100 µL) 0.1 µL

H2O 2.3 µL
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qRT-PCR was performed and analyzed by using the CFX96TM Real-Time PCR

Detection System (Biorad). Significant differences were tested with Mann and

Whitney statistical test.

4.2.3 Cloning and vector constructions

4.2.3.1 Cloning in pTOPO

Purified PCR products were cloned in pTOPO according to the manufacturer’s in-

structions.

4.2.3.2 Construction of destination vector with pM32 promoter for the Gate-

way system

pM32 promoter was amplified from CTAB extracted DNA from rapeseed (Brutor

cultivar), with the oligonucleotides pM32-HindIII-F and pM32-KpnI-R, containing se-

quences specific to the pM32 promoter and additional HindIII and KpnI restriction sites

respectively (table 4.7). The resulting PCR products and the pMDC32 vector were

firstly digested KpnI restriction enzyme (Fermentas, Thermo Fisher Scientific) at 37 ◦C

overnight. Digestion buffer was then supplemented with NaCl to reach a final concen-

tration of 50 mM NaCl, and the second digestion was performed with HindIII for 8

more hours. Digestion was inactivated 10 min at 80 ◦C, and the digestion products were

separated in agarose gel and purified with the Macherey-NagelTMNucleoSpinTMGel and

PCR Clean up according to manufacturer’s protocol. Ligation of the digested vector and

PCR products was performed with T4 DNA ligase at 4 ◦C overnight. Then, the ligation

products were introduced into E. coli DB3.1 strain. Colonies were then genotyped by

PCR with the M32-F and CmR-Gen-R oligonucleotides (see table 4.6) in order to select

colonies containing the new vector.

4.2.3.3 Gateway cloning

Sequences that needed to be inserted into Gateway vectors were amplified with the

oligonucleotides referenced in table 4.7. Cloning reactions were performed with BP

clonase II and LR clonase II according to the manufacturer’s instructions.
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4.2.4 Biochemistry: proteins analysis

4.2.4.1 Organelle isolation

a. Mitochondria isolation

Fresh material from around 400 whole plants were harvested, and each 10 g of ma-

terial was ground with a blender in 40 mL of grinding medium composed of 300 mM

sucrose, 25 mM Na4P2O7, 10 mM KH2PO4, 0.8% (w/v) polyvinylpyrrolidone-40,

0.3 % (w/v) BSA, and 20 mM ascorbate, pH 7.5. Cell debris were removed by fil-

tering through 2 layers of a Miracloth membrane (Calbiochem). After a low speed

centrifugation (3,000 g for 10 min), the supernatant was recovered and centrifuged

at 20,000 g for 20 min. Then, pellet was resuspended in washing buffer (0.3 M

sucrose and 10 mM HEPES-KOH, pH 7.5), and a new round of low speed and high

speed centrifugations was performed.

The last pellet was resuspended in washing buffer and organelles were loaded on

Percoll density step gradients of 2 vol., 10 vol., and 2 vol. containing respectively 50,

30 and 16% (v/v) of Percoll diluted in washing buffer supplemented with 0.2% BSA.

After 45 min of centrifugation at 40,000 g at 4 ◦C and no brake, mitochondria were

collected from the 50/25% interface, diluted at least 10 times in washing buffer

and pelleted at 20,000 g for 20 minutes. Three washing steps were performed

by diluting the pellet in 10 vol. of washing buffer and centrifugation. After the

last centrifugation, mitochondria pellets were stored at -80 ◦C or kept on ice for

immediate analysis.

b. Crude membrane extracts

Crude membrane extraction was performed on 800 mg of unopened floral buds as

described in [234].

4.2.4.2 Protein quantification with RC DC protein assay

Mitochondrial pellets were resuspended in 50 µL 30 mM Hepes, 10 mM KCl, 5 mM

MgCl2, 0.5% CHAPS (w/v), 10 % glycerol (v/v), and 1 mM DTT, pH 7.5. Samples were

incubated for 30 min at 4 ◦C. 5µL of the protein solution were diluted in 20 µL resuspen-

sion buffer, and quantified with RC DC assay kit (Biorad) according to manufacturer’s

protocol.
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4.2.4.3 Polyacrylamide gel Electrophoresis in denaturing conditions (SDS-

PAGE)

Quantified protein extracts (see previous part) were diluted in Laemli loading buffer

(300 mM Tris-Hcl, 12% SDS (v/v), 50 % glycerol (v/v), 1 M DTT, and 0.05% (w/v)

bromophenol blue, pH 6.8) and heated up at 95 ◦C for 10 min. Proteins were then

separated according to their molecular weight on precast 4-20 % polyacrylamide-SDS gel.

Electrophoresis was performed in Tris-Glycine-SDS buffer at 120 Volts. A pre-stained

molecular mass marker (Fermentas) was used to determine protein size.

4.2.4.4 Polyacrylamide gel Electrophoresis in native conditions (BN-PAGE)

The equivalent of 500 µg of proteins of crude membrane extracts were lysed in buffer

containing 50 mM bis-Tris-HCl, 750 mM 6-aminohexanoic acid, 0.5 mM EDTA, 20% digi-

tonin (w/w proteins), pH 7 for 30 min at 4 ◦C. Membranes and non-solubilized proteins

were removed by centrifuging the samples at 100,000 g and 4 ◦C for 15 min. Super-

natant was diluted and supplemented with Coomassie G-250. Samples were loaded on

NativePage 4-16% Bis-Tris protein gel (Thermofisher Scientist) and migration was per-

formed at 70 V and 4 ◦C overnight.

4.2.4.5 Immunoblot

Proteins or complexes separated respectively by SDS-PAGE or BN-PAGE were trans-

ferred on PVDF membranes. Gel was placed in contact with the PVDF membrane and

sandwiched between 4 layers of Whatman 3MM paper soaked with transfer buffer (10%

(v/v) EtOH, 2 mM Tris, 15 mM Glycine).

Denatured proteins were transferred using the Trans-Blot Turbo Transfer System

(Biorad) according to manufacturer’s protocol.

Native proteins were transferred in liquid conditions at 30 V and 4 ◦C overnight.

After transfer, the membrane was placed in a blocking solution containing 5 % of

skimmed milk in TBS-T buffer (10 mM Tris-HCl, 1.5 M NaCl, and 0.1% Tween (v/v),

pH 7.5) for 45 min at room temperature, before being incubated overnight at 4 ◦C in

a solution containing 5 % of skimmed milk and the primary antibody diluted at the

appropriate dilution (see Table 4.5) in TBS-T buffer. The membrane was then washed

3 times 10 min in TBS-T buffer and incubated with the appropriate secondary antibody

(see Table 4.5) for 1 hour at room temperature. After 3 washing steps, proteins that

were recognized by the primary antibody were revealed with the Clarity ECL Western
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Blotting substrate (Biorad) and visualized with the LAS4000 chemiluminescence analyzer

(Fujifilm).

4.2.4.6 Integrity of mitochondrial supercomplexes by in gel activity assay

Activities of complexes I and IV were revealed on proteins separated with BN-PAGE,

as described in Sabar et al. (2005) [235].

4.2.4.7 Development of the anti-ORF117SHA antibody

The anti-ORF117SHA antibody was raised in collaboration with Nathalie Vrielynck.

A 363-bp DNA fragment was amplified from ORF117SHA-CDS cloned in pTOPO using

primers NdeI-ORF117SHA and BamH I-ORF117SHA and inserted into the pET15b plas-

mid digested with NdeI and BamH I (Novagen). The resulting construct was transferred

to E. coli BL21 cells (Novagen) and protein expression was induced in liquid culture by

addition of 1 mM IPTG for 3 h at 37 ◦C. Cells were harvested by centrifugation and

resuspended in 1/100th of culture volume with lysis buffer (50 mM Tris pH 8, 150 mM

NaCl) supplemented with protease inhibitor (AEBSF 1 mM, E-64 1 mM, Pepstatin 10

µg/mL, Aprotin 10 µg/mL and Leupeptin 10 µg/mL). Cells were ruptured by a single

pass through a French pressure cell (SLM Aminco) at 1000 psi. The recombinant protein

mainly accumulated in the soluble fraction and was recovered by centrifugation at 40,000

g for 20 min. The protein was then purified and finally eluted 5 times in 0,5 mL of 100

mM Glycine pH 2, 0.5 M NaCl, 0.1 % (v/v) Tween 20 and 0.1 % (v/v) Triton X-100 and

acidity was immediately neutralized with 100 ml of 1 M Tris pH 9.5.

4.2.5 Cytological approaches

4.2.5.1 Pollen viability analysis: Alexander staining

The viability of pollen grains was evaluated after Alexander staining [236]. Briefly,

newly opened flowers were collected and fixed in 10 % EtOH for up to 1 week. Fixed

samples were dissected under the binocular and anthers were mounted in Alexander’s

stain. After at least 24 h they were observed by transmitted light microscopy with a

Leica Diaplan DIC microscope.

4.2.5.2 Pollen developmental stage determination

According to the experiments, the developmental stage of pollen was either determined

by pollen nuclei coloration (see hereafter), or by measuring pistil size. Indeed, Daniel
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Table 4.8: Correspondence of pollen developmental stage with pistil size.

Pollen developmental stage Pistil size (mm)

Tetrad 0.75

Uninucleate microspore 1

First pollen mitosis 1.25

Second pollen mitosis 1.5

Early trinucleate 1.75

Late trinucleate 2

Vezon (IJPB, Versailles), established a correspondence between pollen developmental

stage and the pistil size in Col-0 accession. I verified that the pistil sizes could be

correlated to the same pollen developmental stages in Cvi-0, [Sha]Cvi-0 and [Kz-9]Cvi-

0 by measuring the pistil and staining pollen grains nuclei with DAPI. This experiment

validated the correlation of these two factors. The correspondence of pollen developmental

stage with pistil size is presented in table 4.8.

4.2.5.3 Staining of pollen grain nuclei

a. DAPI staining

Floral buds were dissected under a binocular magnifier, and anthers were shredded

with needles in Citifluor/DAPI 20 µg.mL−1. Pollen grains were imaged using a

Leica SP8 confocal microscope using a 405 nm diode laser line exciting DAPI.

Fluorescence emission was detected between 410 and 480 nm.

b. Propidium iodide staining

Floral buds were fixed in 0.5 vol propionic acid, 1 vol 37 % formaldehyde and 7

vol ethanol for 2 h at room temperature. Such fixed samples could be stored up

to several month in 70 % ethanol at 4 ◦C. In order to perform propidium iodide

staining, samples were rehydrated in decreasing ethanol concentration solutions,

and rinsed in pure water. Small buds were opened with a needle to allow the

chemicals to penetrate the tissues. As propidium iodide stains DNA and RNA, RNA

was removed with an RNase treatment in a 0.5 M Nacl, 10 mM Tris, 1 mM EDTA

buffer and for 30 min at 37 ◦C. Samples were rinsed in this same buffer, and stained

with 50 µg.mL−1 propidium iodide diluted in 0.1 M Arginine pH 12.4 for 5 days at

4 ◦C. After coloration, samples were washed 2 times for 1 hour in 0.1 M Arginine
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pH 8. Buds were then dissected in order to collect the whole anthers that were

mounted in Citifluor. Whole anthers were observed in confocal microscopy with

the Leica SP5 tandem microscope, by doing Z-stack images acquisition. Propidium

iodide-colored nuclei were excited with the Argon 488 nm laser line, and fluorescence

emission was detected between 570 and 670 nm. For each genotype, 3 individuals

were observed, and at least one bud per developmental stage and individual was

analyzed. Alive and dead pollen grains were then counted on Z-stack series with

ImageJ software.

c. Genetic fluorescent marker

The generative lineage nuclei were labeled with the construct pTIP5;1-H2B:GFP,

kindly provided by David Twell, from Leicester University. This construct is com-

posed of a GFP fused to a histone that locates the fusion protein in the nucleus,

under the control of the generative lineage specific promoter of TIP5;1 (At3g47440)

[204] (See Table 4.4). Buds of transgenic plants were dissected in order to take

out the anthers, and those were shredded with needles in Citifluor. Pollen grains

were imaged using a Leica SP8 confocal microscope. The 488 nm Argon laser line

excites GFP and emission was detected between 510 and 530 nm. For each geno-

type, 3 individuals were observed, and at least one bud per developmental stage

and individual was analyzed.

4.2.5.4 Observation of mitochondria in developing pollen grains

Mitochondria were observed in developing pollen grains with a GFP addressed to

mitochondria and expressed under the control of the pM32 promoter [202] (see Table 4.4).

Buds of transgenic plants were dissected in order to take out the anthers, and those were

shredded with needles in Citifluor/DAPI 20 µg.mL−1. Pollen grains were imaged using a

Leica SP8 confocal microscope and a sequential acquisition. The 405 nm diode laser line

excites DAPI and the 488 nm Argon laser line excites GFP. DAPI fluorescence emission

was detected between 410 and 480 nm, and GFP between 510 and 530 nm. For each

genotype, 3 individuals were observed, and at least one bud per developmental stage and

individual was analyzed.

4.2.5.5 Quantification of the cytosolic ATP concentration (ATeam sensor)

The ATP steady state level is measured with the fluorescent resonance energy transfer

(FRET) based sensor ATeam 1.03 nD/nA [223]. I used the pUBQ10::ATeam construct

(see table 4.4), as I constructed by Gateway the pM32::ATeam construct that was not
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expressed enough to allow quantification in pollen. It is composed of the msECFP and

the circularly permutated (cp)-mVenus, linked by the ε subunit of the F0F1-ATP syn-

thase from B. subtilis, as represented in figure 4.1. ATP binds to the ε subunit without

being hydrolyzed, therefore cell homeostasis is not affected. In the ATP-free form of the

sensor, the two fluorophores do not perform FRET efficiently, resulting in a high emission

from the msECFP (noted CFP) and low emission from the cp-mVenus (noted YFP). By

contrast, in the ATP-bound form of the sensor there is an increase in FRET efficiency

resulting in higher emission from cp-mVenus and lower emission from msECFP. There-

fore, the higher the YFP/CFP emission ratio, the more ATP-bound form, compared with

unbound form, and thus the more ATP present in direct proximity of the sensor.

Plants expressing the sensor were in vitro sown, and grown for 6 days in culture

chamber. The plants were then observed under binocular with a GFP-fluorescence filter,

and the individuals presenting the brighter fluorescence were selected for further analysis:

10 individuals per genotype were used to measure YFP/CFP ratios in the hypocotyl

epidermis, and others were transferred into soil and grown to flowering in order to measure

the ratios in pollen grains.

Samples were mounted in sterile water and tissues were imaged using a Zeiss 780

confocal microscope, as described in [237]. It was verified with carbonylcyanide-m-

chlorophenylhydrazone treated pollen grains that a depletion in ATP could be detected

with lower ratios.

4.2.5.6 Quantification of the mitochondrial redox state (SHMT-roGFP2-

Grx1 sensor)

Mitochondria redox state was analyzed in hypocotyl epidermis and pollen with the

mt-roGFP2-Grx1 sensor (see Table 4.4). I used the pUBQ10::SHMT-roGFP2-Grx1 con-

struct, as I constructed by Gateway the pM32::SHMT-roGFP2-Grx1 construct that was

not expressed enough to allow quantification in pollen. The roGFP2-Grx1 sensor is a

GFP for which sequence was modified to add two cystein residues. These two cystein

residues can form a di-sulfure bound, changing the protein configuration. The oxidized

and the reduced forms do not have the same excitation properties. Indeed, the oxidized

form has two excitation peaks at 405 nm and 488 nm, whereas the reduced form has a

unique excitation peak at 488 nm (figure 4.2). Therefore the ratio of fluorescence emis-

sion intensity at 405 nm to the fluorescence emission intensity at 488 nm indicates the

redox state of the compartment where the sensor is expressed. The higher the ratio, the

more oxidized the compartment. The roGFP2-Grx1 sensor allows the measurement of

the glutathione pool redox state. The roGFP2 protein was genetically fused to the human
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redox enzyme Grx1 because it facilitates real-time equilibration between the roGFP2 and

the GSH:GSSG couple [238].

Samples were mounted in sterile water and tissues were imaged using a Zeiss 780

confocal microscope, as described in [239]. 6 day-old in vitro plantlets were used in order

to image hypocotyl epidermis, and 6 week-old plants to image pollen grains. Calibration

was performed by perfusion with 10 mM DTT and 10 mM DPS to drive the roGFP2 to the

reduced and oxidized forms respectively. Fluorescence emission intensity was measured

when the sensor was excited at 405 and 488 nm, and autofluorescence signal was collected

in order to subtract it in the analysis, as a lot of autofluorescent compounds are excited

at 405 nm.

4.2.5.7 Ratiometric analysis

Quantification of ATP level and mitochondria redox state was done with the Redox

Ratio Analyser software, a custom MatLab (The MathWorks, Nantick, MA) analysis suite

(available on https://markfricker.org/77-2/software/redox-ratio-analysis/ ) developed by

Mark Fricker. Regions of interest were determined and ratio images were calculated on

a pixel by pixel basis.

Significant differences of measurements between the genotypes were tested with Mann

and Whitney test.
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Figure 4.1: Quantification of ATP steady-state with the ATeam sensor. The sensor
is made of a CFP fluorophore linked to a mVenus fluorophore (YFP), with the ε subunit of B.
subtilis F0F1-ATP synthase in between. In the ATP-free form (on the left), the configuration
of the sensor results in low FRET efficiency. When ATP binds to the ε subunit, a configuration
change increases FRET efficiency. Measurement of YFP/CFP emission ratio will indicate the
proportion of ATP-bound form and ATP-free form, and therefore the steady-state of ATP in
presence of the sensor.

Figure 4.2: Measurement of the glutathione pool redox state with the roGFP2-
Grx1 probe. (a) The sensor is a GFP with modified sequence to add two cystein residues,
that can form a di-sulfure bound in the oxidized form. The reduced and oxidized form do not
share the same excitation spectra. (b) From [240] Excitation spectra of roGFP2 in fully oxidized
(red curve) and fully reduced (blue curve) states.
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Titre : Analyse fonctionnelle d'une stérilité mâle cytoplasmique chez Arabidopsis thaliana

Mots clefs : Stérilité mâle cytoplasmique, pollen, mitochondries, roGFP2-Grx1, ATeam, microscopie confocale

Résumé : Les stérilités mâles cytoplasmiques (SMC)
résultent d'une incompatibilité nucléo-cytoplasmique.
Le cytoplasme (presque toujours la mitochondrie) peut
porter un gène de stérilité mâle, et le noyau peut restau-
rer la fertilité pollinique ou non. Les mécanismes physio-
logiques conduisant à la mort pollinique restent large-
ment incompris. Plusieurs hypothèses ont été proposées,
parmi lesquelles une dé�cience en ATP. Une SMC gamé-
tophytique a été découverte chez A. thaliana. Une phase
ouverte de lecture codant possiblement un peptide de
117 acides aminés, appelée orf117Sha, a été identi�ée
comme facteur de stérilité candidat. Au cours de ma
thèse, j'ai cherché à valider le rôle de l'orf117Sha, et
à comprendre comment une anomalie mitochondriale
pouvait induire cette SMC. Aucune di�érence n'a pu
être détectée au niveau de l'ARNm de l'orf117Sha entre
les lignées stérile et restaurée, mais sa protéine semble
accumulée uniquement dans la lignée stérile. La phé-
nocopie par transgénèse de la SMC a suggéré un e�et
délétère de l'ORF117SHA dans les gamétophytes mâle

et femelle. La description cytologique de la SMC montre
une mort pollinique progressive à partir du stade binu-
cléé. Auparavant, les mitochondries du pollen gon�ent
puis éclatent, et le développement s'arrête. L'utilisation
de senseurs génétiquement encodés mesurant la concen-
tration en ATP (ATeam) et l'état redox du glutathion
(roGFP2-Grx1) a permis la mesure de ces facteurs en
microscopie confocale, dans des tissus végétatifs et dans
le pollen. La production d'ATP ne semble pas a�ec-
tée dans la lignée stérile, contredisant l'hypothèse de
l'ATP. Le glutathion mitochondrial est suroxydé dans
la lignée stérile, à la fois dans les tissus végétatifs étu-
diés et le pollen, qui serait liée à la SMC car annulée par
la restauration génétique de fertilité. Avec cette étude,
j'apporte des arguments en faveur de l'orf117Sha dans
l'induction de la SMC Sha, et je décris les évènements
préalables à l'avortement du grain de pollen. Mes résul-
tats permettent de mieux comprendre les évènements
physiologiques conduisant à la mort du pollen.

Title : Functional analysis of a cytoplasmic male sterility in Arabidopsis thaliana

Keywords : Cytoplasmic male sterility, pollen, mitochondria, roGFP2-Grx1, ATeam, confocal microscopy

Abstract : This work aims at better understand the
events leading to pollen abortion in a recently discove-
red gametophytic cytoplasmic male sterility (CMS) in
Arabidopsis thaliana. Although CMS have been widely
used in hybrid seed production in many crops, the phy-
siological mechanisms leading to pollen death by the
mitochondrial sterilizing genes in the permissive (main-
tainer) nuclear backgrounds are poorly understood. As-
sociation genetics previously identi�ed orf117Sha as a
candidate mitochondrial CMS-associated gene. In a �rst
part, I analyzed the expression of the orf117Sha gene
in sterile plants and in fertile plants carrying nuclear
genes restoring male fertility. I observed unusual fea-
tures of its mRNA, but detected no di�erence at this
level between sterile and restored plants. Oppositely,
the ORF117SHA protein seems to be accumulated spe-
ci�cally in the sterile line, supporting its role in CMS.
A phenocopy attempt by transgenesis suggested a pos-
sible link between a female and male gametophytic le-
thality and the ORF117SHA, even though few indivi-
duals could be analyzed. In a second part, I observed
pollen development in sterile plants and fertile controls
using di�erent cytological approaches. My results show

a progressive pollen death starting from the binucleate
stage in the sterile. Prior to abortion, pollen mitochon-
dria swell before rupture, and the development stops. I
used confocal microscopy combined with genetically en-
coded sensors to explore speci�c physiological features
in pollen and vegetative tissues of sterile plants. With
ATeam, which allows the assessment of ATP content
in the cytosol, I could challenge the generally accepted
hypothesis of an ATP de�ciency leading to pollen abor-
tion in CMS. Indeed, the ATP production does not seem
to be a�ected in the sterile line. With a mitochondria-
targeted roGFP2-Grx1, I was able to assess the redox
state of the glutathione pool in vegetative tissues and
in the male gametophyte. I observed an overoxydation
of the glutathione pool in mitochondria of the sterile
line, in vegetative tissue investigated and in the pol-
len grain. This overoxydation seems to be linked to the
CMS as it is annihilated by the presence of restorer
genes. My results pave the way for further exploration
of the links between the sterility protein, mitochondrial
morphology changes, mitochondrial overoxydation, and
pollen development arrest and death in the A. thaliana

CMS.
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