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Résumé : L’évolution des organismes 
photosynthétiques a été marquée par de grands 
bouleversements (colonisation terrestre, 
développement des racines, des vaisseaux, des 
graines) pour aboutir à l’apparition des 
angiospermes. 
La photosynthèse est au cœur du métabolisme 
primaire des organismes photosynthétiques et a 
elle aussi fait l’objet de certains changements au 
cours de l’évolution. Elle permet de produire de 
l’énergie sous forme d’ATP et de NAD(P)H à partir 
de l’énergie lumineuse. Pour cela, la réaction 
d’oxydation de l’eau, catalysée par le cluster de 
manganèse (Mn4CaO5) est nécessaire. Le cluster de 
Mn est le seul biocatalyseur sur Terre capable de 
catalyser la production d’oxygène à partir de H2O. 
Son assemblage dépendant de la lumière, nommé 
photoactivation, est obligatoire pour la maturation 
du photosystème II (PSII). La photosynthèse est 
protégée et régulée par de nombreux mécanismes 
lui permettant de faire face aux changements 
environnementaux. Parmi eux, la famille des 
protéines PTOX (Plastid Terminal Oxidase) permet 
la protection du photosystème II.  
Le but de cette thèse est d’étudier deux 
mécanismes conservés à travers l’évolution de la 
lignée verte en caractérisant une plante modèle 
émergente : Marchantia polymorpha. Sa place dans 
l’évolution, entre les algues et les angiospermes, en 
fait un organisme idéal puisque l'apparition des 
angiospermes est marquée par la perte de 
nombreuses protéines régulatrices, y compris au 
niveau de la photosynthèse.  
Dans un premier temps, la photoactivation du PSII 
in vivo et in vitro a été étudiée. La culture de 
Marchantia dans des conditions d’excès et de 
carence en Mn a mis en évidence une atteinte au 
niveau du métabolisme pour le premier et de la 
photosynthèse pour la seconde. Ensuite, des PSII 
isolés d’épinards dépourvus de cluster ont été 
étudiés par Résonance Paramagnétique 
Électronique de Haut champs et des méthodes  

dérivées pour mettre en évidence les différents 
intermédiaires de la photoactivation et pour 
déterminer les ligands du premier Mn(II) fixé au 
PSII. 
D’autre part, la culture de Marchantia à l’obscurité, 
rendue possible grâce à une voie de biosynthèse de 
la chlorophylle indépendante de la lumière, a 
permis le suivi de la photoactivation in vivo en 
fonction du temps. La microscopie super-résolution 
a montré la dynamique des thylakoïdes pendant la 
photoactivation et la mise en place du flux 
d’électron. 
Dans une seconde partie, la régulation du transport 
d’électron photosynthétique et en particulier la 
fonction des protéines PTOX a été abordée. Une 
approche phylogénétique a montré que 
Marchantia possède deux isoformes de PTOX dont 
le premier est similaire à l’unique PTOX des 
angiospermes (PTOXa) alors que le second 
ressemble aux deux isoformes présents chez les 
algues vertes (PTOXb). Un simple mutant de chaque 
isoforme a été obtenu et caractérisé. Puis, un 
double mutant a été généré pour la première fois. 
Leur caractérisation a montré que les PTOX 
protègent contre la photoinhibition du 
photosystème I. Enfin, une analyse in silico a été 
menée sur les séquences protéiques de nombreux 
organismes photosynthétiques afin de déterminer 
des pistes concernant leur évolution en particulier 
sur la partie Nter des PTOX de type algue. 
Pour finir, une réflexion théorique sur la dynamique 
des membranes et des complexes 
photosynthétiques au cours de la mise en place de 
différents mécanismes de protection de la chaîne a 
été menée. 
En conclusion, Marchantia polymorpha est une 
plante modèle très importante pour l’avenir. Elle 
est facile à analyser et sa place dans l’évolution de 
la lignée verte permettra d’élargir la vision de la 
recherche sur la photosynthèse. 
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Abstract: The evolution of photosynthetic 
organisms was marked by great upheavals (land 
colonisation, development of roots, vessels, seeds) 
to lead to the appearance of the angiosperms that 
we know today. 
Photosynthesis is at the heart of the primary 
metabolism of photosynthetic organisms and was 
also affected by evolutionary events. 
Photosynthesis allows the production of energy in 
the form of ATP and NAD(P)H using light energy. For 
this, the oxidation reaction of water catalysed by 
the manganese (Mn) cluster (Mn4CaO5) is 
necessary. The Mn cluster is the only biocatalyst on 
Earth able to catalyse oxygen production from H2O. 
Its light-dependent assembly, termed 
photoactivation, is mandatory for photosystem II 
(PSII) maturation. Photosynthesis is protected and 
regulated by many mechanisms allowing it to cope 
with environmental changes. Among them, the 
family of PTOX proteins (Plastid Terminal Oxidase) 
allows the protection of photosystem II by 
preventing the generation of reaction oxygen 
species (ROS).  
The Aim of this thesis is to study two mechanisms 
conserved through the evolution of the green 
lineage by characterising an emerging model plant: 
Marchantia polymorpha. Its place in evolution, 
between algae and angiosperms, makes it an ideal 
organism since the appearance of angiosperms was 
marked by the loss of many regulatory proteins, 
including at the photosynthesis level. 
First, the photoactivation of PSII in vivo and in vitro 
was studied. The culture of Marchantia under Mn 
excess and deficiency conditions revealed an attack 
on the level of the metabolism for the first and of 
the photosynthesis for the second. Then, PSII 
isolated from spinach devoid of clusters were 
studied by High-Field Electron Paramagnetic 
Resonance and derivative methods to highlight the 
different photoactivation intermediates and to 
determine the ligands of the first Mn(II) bound to 
the PSII. On the other hand, growing Marchantia in  

the dark, enabled by a light-independent 
chlorophyll biosynthesis pathway, allowed in vivo 
tracking of the photoactivation as a function of 
time. Super-resolution microscopy follows the 
dynamics of thylakoids during photoactivation and 
the establishment of electron flow. 
In a second part, the regulation of photosynthetic 
electron transport, in particular the function of 
PTOX proteins was discussed. A phylogenetic 
approach showed that Marchantia has two 
isoforms of PTOX, the first of which is similar to the 
unique PTOX of angiosperms (PTOXa) while the 
second resembles the two isoforms present in 
green algae (PTOXb). A single mutant of each 
isoform was obtained and characterised. Then, a 
double mutant was generated for the first time. 
Their characterisation showed that PTOX protects 
against photosystem I photoinhibition. Finally, an in 
silico analysis was carried out on the protein 
sequences of many photosynthetic organisms in 
order to determine leads concerning their 
evolution, in particular on the Nter part of the alga-
type PTOX. 
Finally, a theoretical reflection on the dynamics of 
membranes and photosynthetic complexes during 
the establishment of different protection 
mechanisms of the photosynthetic chain was 
carried out. 
To conclude, Marchantia polymorpha is a powerful 
plant model for the future. It is easy to analyse and 
its place in green lineage evolution will broaden the 
vision of photosynthetic research. 
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Résumé en Français 
 

La photosynthèse oxygénique est une réaction du métabolisme primaire des organismes 

photosynthétiques leurs permettant de produire de l’énergie à partir d’eau et de CO2 en utilisant l’énergie 

lumineuse. La photosynthèse permet de produire de l’oxygène grâce au seul biocatalyseur sur Terre capable 

de catalyser l’oxydation de l’eau : le cluster de manganèse (Mn4CaO5). L’étude de la photosynthèse a un 

grand intérêt pour l’Homme car les autotrophes sont les organismes à base de toute chaîne alimentaire, leur 

développement a permis l’apparition de conditions favorables à notre respiration en produisant de l’oxygène 

et ce sont les seuls organismes capables d’utiliser des gaz à effet de serre, produits par l’activité humaine 

tout en utilisant une source d’énergie inépuisable : la lumière. 

Néanmoins, les études sur la photosynthèse ont jusqu’à présent ciblées qu’une petite partie des organismes 

photosynthétiques. Majoritairement pour des raisons techniques, deux modèles principaux ont été utilisés : 

Chlamydomonas reinhardtii (algue verte) et Arabidopsis thaliana (Angiosperme). L’inconvénient majeur de 

l’utilisation intensive de ces modèles est que le premier représente le groupe ancestral de la lignée verte, 

alors que le second représente le groupe le plus évolué. Ainsi, on compare souvent des mécanismes observés 

chez des individus dont l’apparition est séparée de plusieurs millions d’années avec tous les événements 

charnières qui ont pu avoir lieu entre eux. 

Récemment, les avancées technologiques du séquençage ont permis la mise à disposition de données sur 

l’ADN de nouvelles plantes modèles, en particulier : Physcomitrium patens (mousse) et Marchantia 

polymorpha (hépatique, mousse ancestrale). Toutes les deux font partie du groupe des Bryophytes au sens 

large (mousses) qui sont considérées comme les premières plantes à avoir colonisé le milieu terrestre. 

Marchantia polymorpha en particulier est considérée comme l’une des plus anciennes. Les premières études 

menées montrent bien qu’elle possède des caractéristiques morphologiques et moléculaires intermédiaires 

entre les algues vertes et les angiospermes et la réaction de photosynthèse ne fait pas exception. 

Dans cette étude, j’ai choisi d’utiliser l’organisme Marchantia polymorpha afin d’ouvrir de nouvelles 

perspectives quant à l’étude de mécanismes très conservés au niveau de la photosynthèse qui sont : 

l’assemblage dépendant de la lumière du cluster de manganèse, la photoactivation, ainsi qu’une famille de 

protéine impliquée dans la protection du photosystème II, les Plastid Terminal Oxidases (PTOX). 

 

 Dans la première partie de la thèse, je me suis intéressée au cluster de Manganèse et à son 

assemblage dépendant de la lumière : la photoactivation. Le premier objectif a été d’obtenir des mutants 

des deux transporteurs de manganèse dans le chloroplaste connus à ce jour : CMT1 (Chloroplast Manganese 

Transporter 1) et PAM71 (Photosynthesis Affected Mutant 71). Tous les essais de transformations réalisées 

chez Marchantia n’ont pas fonctionné, même en supplémentant le milieu de transformation avec du 

manganèse. Par ailleurs, d’autres mutants ont pu être obtenus en parallèle ce qui suggère que ces mutations 

sont létales. 
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Pour tout de même essayer de caractériser l’homéostasie du manganèse chez Marchantia, j’ai étudié l’impact 

de la carence et de l’excès de manganèse sur la photosynthèse et le métabolisme de Marchantia polymorpha. 

Les conditions de culture ont été difficiles à mettre au point. J’ai mis en évidence que Marchantia est très 

tolérante à ces deux stress. L’utilisation de différentes méthodes de microscopie a montré de grands 

changements dans la structure des chloroplastes ainsi que dans l’arrangement des thylakoïdes. Les analyses 

de chromatographie gazeuse (GC-MS) ont montré une influence importante de l’excès de Mn sur le 

métabolisme des thalles en augmentant la teneur en certains métabolites connus pour protéger les plantes 

contre un stress aux métaux lourds. J’ai mis en évidence que même si les thalles ne possèdent pas autant de 

molécules ou de systèmes de protection que Arabidopsis par exemple, ils sont tout de même capables de 

contenir des teneurs en Mn proches de celles de certains hyperaccumulateurs. Par ailleurs, l’accumulation 

importante de manganèse dans les plantes a également été visible dans les chloroplastes isolés. D’un autre 

côté, la carence en Mn a été très difficile à générer chez Marchantia polymorpha. Le remplacement de l’agar, 

trop contaminé en manganèse, par de l’amidon a été nécessaire pour cultiver les thalles. Les résultats des 

mesures de fluorescence ainsi que des mesures d’absorption du PSI obtenues semblent pointer du doigt 

l’importance du flux cyclique d’électron pour permettre aux thalles de survivre dans ces conditions (article 

1). 

Par ailleurs, j’ai souhaité continuer l’étude sur le cluster de Manganèse en utilisant un système plus simple, 

c’est-à-dire des PSII isolés d’épinards déplétés en cluster de Mn. La photoactivation, qui correspond à 

l’assemblage dépendant de la lumière du cluster de manganèse, est difficile à étudier. Le cluster de 

manganèse est localisé du côté donneur du PSII. Il a une forme plutôt cubique et a une composition complexe 

: quatre ions manganèse reliés entre eux par des atomes d'oxygène et un ion de calcium. Dans un premier 

temps, j’ai réalisé des mesures à l’électrode d’oxygène. Le principe étant de déterminer les conditions 

permettant la photoactivation des PSII. Si les PSII sont photoactivés, alors la présence du cluster permettant 

l’oxydation de l’eau entraîne un dégagement d’oxygène. Ainsi, j’ai testé l’importance de certains paramètres 

(pH, concentration en MnCl2, durée et intensité de lumière etc.) pour déterminer de bonnes conditions de 

photoactivation mais des expériences complémentaires pourraient permettre d’en améliorer le rendement. 

Ensuite, j’ai continué l’étude de la photoactivation in vitro de manière plus mécanistique en changeant de 

méthode d’analyse. En collaboration avec Sun Un, nous avons utilisé la Résonance Paramagnétique 

Électronique (RPE) de haut champ et des techniques dérivées dans le but d’étudier l’attachement du premier 

Mn(II) côté donneur du PSII. Nous avons pu mettre en évidence que le premier Mn(II) possède dans son 

environnement proche (dans nos conditions expérimentales) cinq molécules d’eau et au moins un atome de 

N. Ensuite, la mesure de la distance entre le standard interne (la tyrosine D) et le premier atome de 

manganèse par la méthode du Pulse Dipolar spectroscopy a permis de montrer qu’il s’agit du résidu histidine 

332 de la protéine D1, ce qui est en accord avec les structures des PSII déplétés en Mn publiées dans la 

littérature. Enfin, nous avons complété notre étude avec d’autres expériences de photoactivation en utilisant 

différentes équivalences de Mn(II) par rapport aux PSII (1.5, 3, 6 Mn(II) par PSII) qui nous ont permis de 
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conclure que l’état d’assemblage à deux premiers Mn semble être le plus stable et que plus de quatre Mn(II) 

sont nécessaires pour former un cluster. 

Pour terminer cette partie, j’ai voulu trouver un système in vivo chez les plantes permettant de suivre la 

photoactivation et de voir ses effets sur la dynamique des thylakoïdes. Il est connu dans la littérature que 

l’assemblage du cluster change la répartition des PSII au sein des thylakoïdes. Pour ce faire, j’ai utilisé le 

modèle Marchantia polymorpha. Contrairement aux angiospermes, Marchantia a conservé une protéine 

permettant la synthèse de chlorophylle à l'obscurité, comme chez les algues. Cette protéine permet donc de 

produire des photosystèmes correctement assemblés à l’obscurité. Ainsi, la culture de Marchantia dans le 

noir peut permettre de suivre la photoactivation in vivo en temps réel. Des mesures de la fluorescence des 

chlorophylles ont permis de montrer que je suis capable de photoactiver des thalles en utilisant des flashs de 

lumière successifs. Mais, la méthode la plus efficace s’est révélée être une illumination de 5 minutes. Enfin, 

Andrew Gall et moi avons suivi cette photoactivation en utilisant une nouvelle technique de microscopie à 

fluorescence : la super-résolution avec un nouveau processus de traitement d’image mis au point au CEA de 

Saclay, nommé SPiRi (Single Pixel Reconstruction Imaging). J’ai été capable de suivre la dynamique des 

membranes des thylakoïdes lors de la photoactivation de l’échantillon.  

 

 Dans une seconde partie, j’ai étudié les protéines Plastid Terminal Oxidases (PTOX). La première 

protéine PTOX à avoir été étudiée est celle d’Arabidopsis thaliana, dont le mutant montre un phénotype de 

variégation. Il a été montré que l’unique protéine PTOX des angiospermes est impliquée dans la protection 

du PSII contre la photoinhibition dans des conditions de stress, de manière indirecte dans la voie de 

biosynthèse des caroténoïdes et enfin dans la chlororespiration qui est un flux d’électron alternatif. De plus, 

il est connu que certains organismes photosynthétiques, dont l’algue verte Chlamydomonas reinhardtii 

possèdent deux isoformes de la PTOX. Seulement un mutant de l’isoforme PTOX2 a pu être obtenu dans cet 

organisme. Il semble avoir les mêmes rôles que ceux décrits chez Arabidopsis. Dans cette partie, j’ai 

caractérisé les deux protéines PTOX de Marchantia polymorpha. 

Dans un premier temps, j’ai caractérisé les deux simples mutants 𝝙ptoxa et 𝝙ptoxb chez Marchantia. Une 

analyse phylogénétique des séquences protéiques a mis en évidence la présence de deux types de PTOXs à 

travers la lignée verte. Nous avons défini les PTOXs de type “algue” qui présentent une longue partie Nter 

comme celles de Chlamydomonas alors que les PTOX de type “plante” ressemblent à l’isoforme plus évolué 

d’Arabidopsis. Marchantia polymorpha possède un isoforme de chaque. Ensuite, chacun des simples mutants 

ne montrent aucun changement de phénotype et ne semblent pas dépourvu en caroténoïdes. Par ailleurs, 

bien que la fonction des deux protéines semble similaire, certains indices montrent qu’elles ne sont tout de 

même pas entièrement complémentaires. En tout cas, elles restent importantes pour la protection de la 

chaîne photosynthétiques en permettant l’oxydation du pool de plastoquinone (article 2). 

Pour aller plus loin, j’ai réussi à obtenir le premier double mutant PTOX dans l’organisme Marchantia 

polymorpha. Les deux lignées double mutants obtenues ne montrent toujours pas de phénotype, suggérant 
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que la PTOX n'intervient pas, contrairement à ce qui a été précédemment mis en évidence chez Arabidopsis, 

dans la biosynthèse des caroténoïdes, même de manière indirecte. De manière encore plus étonnante, les 

mesures de fluorescence des chlorophylles montrent que l’absence de l’activité PTOX ne change pas la 

photoinhibition du PSII mais celle du PSI. Ainsi, il semblerait que les PTOXs chez Marchantia polymorpha 

soient importantes pour la protection du PSI en permettant de “sacrifier” le PSII qui reste tout de même 

moins dommageable pour la plante (article 3). 

Pour finir, j’ai réalisé une étude in silico de la partie Nter des PTOXs de types “algues” à partir des séquences 

protéiques utilisées dans l’article 2. J’ai pu mettre en évidence chez ces protéines la présence de quatre 

hélices 𝛂 conservées qui pourraient être nécessaires pour leurs activités catalytiques. Par ailleurs, la première 

hélice 𝛂 transmembranaire du site catalytique de ces protéines est plus courte que celles des PTOX de type 

“plante”. On suppose que l’extension de la partie Nter pourrait faciliter l’ancrage à la membrane et avoir un 

rôle dans la régulation de l’activité de la protéine. Cette hypothèse est d’autant plus favorisée que certains 

résultats de la caractérisation des mutants semblent aller dans le sens qu’une des protéines PTOXs puisse 

être majoritairement attachée à la membrane (PTOXb) alors que l’autre serait plus en retrait et attachée à la 

membrane uniquement dans des conditions de stress intense (PTOXa). 

 

Enfin, dans la dernière partie je me suis intéressée d’un point de vue théorique aux changements 

dans la dynamique des associations entre les protéines et les membranes dans la régulation du transport 

d’électron photosynthétique. En effet, les membranes des thylakoïdes à l’intérieur du chloroplaste sont très 

mobiles en fonction des conditions physiologiques de la plante. En particulier lors d’un stress, la mise en place 

des systèmes de protection que ce soit des flux d’électrons alternatifs (flux d’électron cyclique ou 

chlororespiration), des mécanismes du quenching non-photochimique ou l’implication de protéines 

particulières (ex : Plastid Terminal Oxidase, PTOX), changent la conformation des membranes. Or, les 

complexes de la chaîne photosynthétique eux-mêmes sont capables de migrer des grana (zones condensées) 

aux lamelles stromales (zones lâches) et inversement en fonction des conditions (article 4). 

 

 Pour conclure, dans cette étude, j’ai essayé d’avoir une vision plus globale des mécanismes ultra 

conservés que sont la photoactivation et un des mécanismes de protection de la chaîne photosynthétique. 

L’utilisation de Marchantia polymorpha a été un point fort aussi bien d’un point de vue technique (facilité 

d’utilisation, présence de protéines permettant sa culture dans des conditions particulières) que scientifique 

puisqu'elle présente des caractéristiques morphologiques et moléculaires évolutivement intermédiaires 

entre les organismes principalement étudiés : les algues vertes et les angiospermes. Je pense avoir démontré 

que l’étude des plantes inférieures couplée à l’utilisation de nouvelles technologies est un projet de 

recherche d’avenir.
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General Introduction 
______________________________________________________________________________________ 

 

Oxygenic photosynthesis 

Oxygenic photosynthesis appeared around 2.45 million years ago (Sánchez-Baracaldo and Cardona, 2020). It 

requires the presence of two photosystems whose purpose is to collect light through antennae and convert 

it into chemical energy in their reaction centres. The electron flow then generated allows photosynthetic 

organisms to produce the energy necessary for their metabolism using water and atmospheric carbon dioxide 

(Figure 1, A). Oxygenic photosynthesis produces oxygen, necessary for our respiration, thanks to the presence 

of the only biocatalyst able to catalyse water oxidation: the manganese cluster or Oxygen Evolving Complex 

(OEC). Although photosynthesis is mostly well conserved through evolution, it has nevertheless undergone 

significant changes during key events in the development of photosynthetic organisms such as the 

appearance of multicellular individuals, the specialisation of specific tissue and then land colonisation, 

accompanied with the appearance of a vascular system and other specific organs. 

     
Figure 1: Energetic balance of photosynthesis and primary endosymbiosis theory 

Photosynthesis energetic balance. In the chloroplast (green), photosynthesis uses light energy to oxidise 

water and to generate chemical energy in the form of ATP and NAD(P)H while releasing O2. These two sources 

of energy are used by the Calvin-Benson Cycle to generate carbon intermediates molecules from CO2. Under 

certain conditions, Reactive Oxygen Species (ROS) can be produced by photochemistry and electron transfer, 

which, at low concentrations, can act as signal molecules. Together, ROS and carbon intermediates establish 

interactions between the different organelles of the cell such as the nucleus or the mitochondria. B. Primary 

endosymbiosis involves the uptake of a cyanobacterium by a non-photosynthetic eukaryote. The process 

involves DNA transfer from the endosymbiont to the host and the evolution of a protein import apparatus 

into the organelle. Primary plastids are surrounded by two membranes. The peptidoglycan layer present in 

the cyanobacterial progenitor was lost in red and green algae. Image and legend from Archibald, 2015. 
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From the first autotroph to land colonisation  

Photosynthetic organisms’ origin is explained by the endosymbiosis of a cyanobacterium (McFadden, 1999; 

Marin et al., 2005; Maréchal, 2018) by a heterotrophic protist (Figure 1, B), part of which evolved to form the 

clade of Chloroplastida, also called the green lineage. The cyanobacterium became an organelle in its own 

right of this cell, now called the chloroplast. The metabolism of each of these two ancestors is now regulated 

in relation to the other one. For example, genes encoding photosynthetic proteins are present in the nuclear 

genome and the proteins are then transported into the chloroplast (Martin et al., 1998; Cullis et al., 2009). 

The green lineage is composed of chlorophytes (green algae) and land plants (streptophytes) (Figure 2). The 

latest evo-physio studies tend to show that the terrestrial colonisation of plant ancestors was enabled by the 

ability to change the environment such as the passage from salt to fresh water (Fürst-Jansen et al., 2020). 

Thus, it is assumed that streptophytes come from an ancestral alga able to grow in freshwater. 

Land colonisation by algae and first land plants make the soil a favourable environment for the development 

of a more complex vegetation allowing the appearance of terrestrial animals (Harrison, 2017; Ma et al., 2020). 

The first land plants (Donoghue et al., 2021; Bowles et al., 2022) were members of the Bryophytes, which 

appeared about 480 million years ago, which includes three taxonomic groups: Marchantiophyta (liverworts), 

Anthocerotophyta (hornworts) and the Bryophyta (mosses). The discovery of fossils highlights that the oldest 

group is that of liverworts. Bryophytes in the broad sense appeared when the atmospheric CO2 concentration 

was around 4500 ppm compared to the current 400 ppm (Raven and Colmer, 2016) (Figure 3). Land 

colonisation therefore completely changes the accessibility to resources. Indeed, CO2 becomes more 

abundant, as does light, which can become excessive, and water becomes scarcer. In particular, fixed life 

becomes a new constraint since it does not allow evasive strategies to be carried out in changing 

environmental conditions as is the case for algae that can swim deeper.  

Thus, early land plants had to develop essential traits such as desiccation tolerance to cope with lack of water, 

modifications in their light-harvesting systems, and changes in carbon absorption and utilisation and finally 

the use of protective polymers as a composite of the cell wall.  
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Figure 2: Phylogenetic tree of green lineage with character acquisition 

Characters acquired by each of the clades during the evolution of the green lineage. Not all subclasses contain 

all characters. The organisms mainly cited in this thesis are circled in orange. Image from Petersen et al., 2022 

and evolutive characters from Bowman et al., 2017. 

 

From land colonisation to the development of the most evolved plants 

Flowering and fruiting plants or angiosperms are the photosynthetic organisms considered to be the most 

evolved to date. They appeared about 335 million years later than Bryophytes, at a time when CO2 

atmospheric concentrations were almost 2000 ppm and O2 concentration was almost two times higher 

compared to Ordovician (Figure 3). These organisms had to develop morphological adaptation strategies: 

vascularisation systems, leaves and specialised roots (Hetherington et al., 2019), reproductive systems more 

independent of humidity, which were accompanied by molecular changes. In particular, the appearance of 

angiosperms is known to be marked by the loss of many regulatory proteins and photosynthesis is not an 

exception. This may make angiosperms much more efficient compared to gymnosperms and lower plants in 

most ecological habitats. 
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Figure 3: Atmospheric CO2 and O2 levels during plant evolution 

Atmospheric concentrations of CO2 (Berner et al., 2006), O2 (Berner et al., 2009) and CO2:O2 ratio are plotted 

in blue, red and orange, respectively. Evolutionary periods a, b, c, d and e correspond to the development of 

Bryophytes (Ordovician), ferns, cyclades and Ginkgoaceae, conifers and angiosperms, respectively. Image 

and legend modified from Haworth et al., 2011. 

 

Photosynthesis research 

Since the advent of sequencing in the 2000s, among the oxygenic photosynthetic organisms most studied are 

the green alga Chlamydomonas reinhardtii (Blaby et al., 2014) and the angiosperm Arabidopsis thaliana 

(Arabidopsis Genom Initiative, 2000), particularly because the latter is diploid while many other angiosperms 

have a more complicated genomes (Figure 2). In recent years, genome sequencing of new model plants has 

broadened photosynthesis research and opened new perspectives in evolutionary developmental biology. 

This is the case for certain Bryophytes such as Physcomitrium patens (Lang et al., 2008; Rantala et al., 2008) 

(moss) and Marchantia polymorpha (Bowman et al., 2017) (liverwort). The study of these new organisms 

provides an intermediate view of the evolutionary state of photosynthesis between the appearance of green 

algae and that of angiosperms. In particular, it has been shown that these organisms have intermediate 

characteristics: conservation of characteristics present in algae, appearance of characteristics corresponding 

to angiosperms or cohabitation of ancestral and evolutionary characteristics. This is particularly the case of 

a protein family of interest in this present work: the Plastid Terminal Oxidase (PTOX) (Messant et al., 2021). 

On the other hand, the diversification of model organisms facilitates the study of preserved mechanisms by 

investigating them in simpler plants (dominating tissue haploid, easier culturing, propagation of cultivars). 

Here I am interested in the manganese cluster. Although studied for decades, many questions about its light-
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dependent assembly (photoactivation) remain unanswered. I have chosen to use Marchantia polymorpha to 

open up new ways for studying this mechanism. 

 To conclude, this study aims to obtain clues on certain fundamental aspects of plant photosynthesis 

which are the assembly of the OEC and the Plastid Terminal Oxidase PTOX, the latter protein being involved 

in a protection mechanisms of the photosynthetic chain against photodamage through the panoramic vision 

offered by photosynthetic organisms' evolution. I will compare the results of our studies carried out in 

Marchantia polymorpha with what is already known in Chlamydomonas reinhardtii and Arabidopsis thaliana. 

Furthermore, Marchantia polymorpha being a very little studied model to date, I will compare some of my 

data with published data collected on the most evolutionarily close and more often studied plant: 

Physcomitrium patens, to support my findings. 

 

 In an introductory part, I will describe the main characteristics of the photosynthetic chain of plants 

as well as protection mechanisms. I will discuss the dynamics of photosynthetic complexes in thylakoid 

membranes. I will end with the presentation of super-resolution microscopy, which is an emerging tool to 

follow changes in the organisation of thylakoid membranes. Then, I will present the emerging model plant, 

Marchantia polymorpha, with its morphological and photosynthetic peculiarities in relation to its place in 

evolution and I will explain why its study was essential for my work. To summarise, this thesis addresses three 

main themes. The first point is a study of photosynthesis regulation at the PSII donor side. On the one hand, 

I characterised the impact of manganese deficiency or excess on Marchantia polymorpha photosynthesis and 

metabolism (article 1). Furthermore, I investigated the light-dependent mechanism of Mn cluster assembly 

in vitro and followed this process in vivo and compared the findings with previous works. The second point 

concerns the regulation of photosynthetic electron transport. It consists of a study of the PTOX (Plastid 

Terminal Oxidase) protein in vivo (article 2, article 3) and in silico. Finally, a theoretical reflection on the 

impact of changes in membrane dynamics leading to a modulation of photosynthetic electron flow (article 

4) was carried out. 

 

I) Background of photosynthesis 

 Oxygenic photosynthesis takes place in cellular organelles called chloroplasts. I concentrate here only 

on land plants, which include all clades from the appearance of Bryophytes unless otherwise specified in the 

text.  

In land plants, chloroplasts are located in very large numbers in the photosynthetic cells. They are composed 

of two membranes (which is not the case for all photosynthetic organisms), an external and an internal, 

whose permeability is very different (Figure 4, A). The outer membrane is mostly unselective and allows the 

entry of many molecules from the cytoplasm of the cell. Conversely, the inner membrane truly serves as a 

selective barrier, containing transporters, allowing the selection of molecules entering the stroma (aqueous 

phase). Inside the chloroplast, there is a complex membrane network called thylakoids (Figure 4, B). The 
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thylakoids are either stacked, these are the grana, or bathed directly in the stroma, these are the stroma 

lamellae (Rumak et al., 2010; Staehelin and Paolillo, 2020). Protein complexes that are part of the 

photosynthetic chain are located in the thylakoid membrane (Rantala et al., 2020; Goss et al., 2021) (Figure 

4, C) while additional proteins are attached to these transmembrane protein complexes either at the luminal 

or stroma side of the membrane. The scheme only shows the complexes embedded in the membrane: 

photosystem II (PSII), the plastoquinone (PQ) pool, cytochrome b6f (cyt b6f) and photosystem I (PSI). The 

complex 3D structure of thylakoids is important for the optimization of electron transfer through the 

photosynthetic chain (Johnson et al., 2018). The distribution of complexes on grana and stroma lamellae is 

also important. Finally, the complexes are oriented in the membrane. One talks about the acceptor side for 

the part in contact with the stroma and of the donor side for the part in contact with the lumen. Different 

electron flows are generated through these complexes depending on the different physiological conditions, 

forming the notion of Linear Electron Flow (LEF) or Cyclic Electron Flow (CEF) (Stirbet et al., 2020). Finally, 

under stress conditions, plants have developed mechanisms to protect the photosynthetic chain. I will detail 

all these points in this introductory chapter. 

 

Figure 4: Chloroplast and thylakoid structure and presentation of the photosynthetic chain 

A. Land plant chloroplast structure. From encyclopaedia Britannica, 

https://www.britannica.com/science/chloroplast. B. 3D thylakoid membrane structure. By Kelvinsong. 

http://creativecommons.org/licenses/by-sa/3.0. C. Scheme of the principal constituents of the 

photosynthetic chain: the photosystem II (green), the plastoquinone pool (purple), the cytochrome b6f 

(yellow) and the photosystem I (red).  

http://creativecommons.org/licenses/by-sa/3.0
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A) Linear Electron flow 

 

Linear Electron Flow (LEF) from water to NADP+ is generated through the photosynthetic electron 

transfer chain in order to convert the light energy from the sun into chemical potential energy. Light is 

collected by the antennae (Light Harvesting complexes, LHCs) of PSI and PSII thanks to chlorophyll pigments. 

Carotenoids are also linked to LHC proteins which are involved in photon capture but their major role is the 

photoprotection. 

Electron transfer through the photosynthetic chain occurs as follows (Figure 5). Photon energy is 

converted into chemical energy through charge separation in the photosystems. Oxidation of water and 

reduction of PSII components result in reduction of the plastoquinone pool whose molecules are diffusible 

inside the thylakoid membrane. The reduced plastoquinone transmits its electrons to the cytochrome b6f 

complex, allowing, together with the proton release upon oxidation of water, the generation of a 

transthylakoidal proton gradient (ΔpH). This leads to the acidification of the lumen and the ΔpH together 

with the electrochemical gradient is the driving force (also called proton motive force) for ATP production 

(Höhner et al., 2016; Kaur et al., 2021). Then, cytochrome f reduces the plastocyanin, a diffusible molecule 

in the lumen which is the electron donor of PSI. On the stromal side, PSI reduces Ferredoxin (Fd) whose 

electrons are used by Ferredoxin-NADP+-Reductase (FNR) to generate reducing power in the form of NADPH. 

In this part, I will detail the structures of the various complexes of the photosynthetic chain 

mentioned above as well as the electron flow and its regulation. 

 
Figure 5: Simplified presentation of linear electron transfer through the protein complexes of the 
photosynthetic chain 
Photons (broken orange arrow) excite the chlorophyll pigments present in all the antennae or Light 
Harvesting Complexes (LHC, cylindrical shapes) present at the level of photosystems I (red complex) and II 
(green complex). When the chlorophylls of the LHCIIs are excited, they transmit their energy to particular 
chlorophylls of the PSII reaction centre (called P680) where a charge separation takes place and electrons are 
transferred to a series of electron acceptors (continuous dark red arrows). A cascade of redox reactions 
follows which leads to the reduction of the plastoquinone (PQ) pool (purple complex). The return to the 
ground state of the PSII reaction centre is enabled by the manganese cluster (blue) which catalyses water 
oxidation. The plastoquinol (PQH2) is reoxidized by the cytochrome b6f (yellow complex) which in turn will 
reduce the plastocyanin (PC) present in the lumen (orange complex). Within the PSI reaction centre, after 
excitation of chlorophylls, charge separation takes place at the special chlorophyll P700 and subsequent 
electron transfer steps lead to the reduction of the ferredoxin (Fd, grey) on the stromal side. It is itself 
oxidised by the Ferredoxin-NADP+-Reductase (FNR, blue), able to catalyse the reduction to NADPH, a 
universal energy carrier for metabolic reactions. 
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1) Photosystem II Structure and Electron Transport 

 

 Photosystem II is composed of the antenna proteins that harvest photons and the reaction centre 

which converts the resulting excitons into chemical potential energy. The ensemble of antennae and a 

reaction centre is called a supercomplex. 

Light Harvesting Complexes in PSII (LHCII) are embedded in the membrane and surround the reaction centre 

(Wei et al., 2016; Cao et al., 2018; Sheng et al., 2021). They are composed of different combinations of three 

LHC proteins which have the ability to non-covalently bind pigments: chlorophyll (light harvesting) and 

xanthophylls (light harvesting and protection). Each LHCII contains four xanthophylls: two luteins, one 

neoxanthin and one xanthophyll which can be violaxanthin, antheraxanthin or zeaxanthin (Liu et al., 2004; 

Standfuss et al., 2005). The latter are important for PSII protection during a mechanism called the xanthophyll 

cycle (see “Non-photochemical quenching”, page 32). There are three types of LHCII whose attachment to 

the reaction centre depends on their Lhcb protein compositions (strong, moderately or loosely bound) 

(Boekema et al., 1999). Some of them are able to migrate under certain conditions: this is the state transition 

(see “Non-photochemical quenching”, page 32). LHCIIs are composed of three Lhcb proteins (1 to 3) 

combined in different ways. Once talk about homo/heterotrimers. There are also monomeric minor 

antennae: Lhcb4 to 6 also named CP29, CP26 and CP24, respectively. For a more detailed description, see 

article 4, page 165. In higher plants, the standard supercomplex for PSII-LHCII is considered to be C2S2 (Dekker 

and Boekema, 2005): a PSII core dimer attached to two strongly-associated LHCIIs. However, different 

combinations of major antennae bound to the reaction centre depending on the species can also be found 

(Figure 6). 

 

Figure 6: Example of structure diversity of PSII-LHCII supercomplexes in higher plants 
A. Top view of the C2S2 supercomplex from spinach (PDB ID code 3JCU) from the stromal side. PSII core dimer 
is surrounded by two S-LHCII (green) major antennae and two CP29 (red) and CP26 (yellow) minor antennae. 
PsbH (cyan) is thought to be important for CP29 binding. The same is true for PsbZ (dark blue) with CP26. 
PsbW is believed to be important for CP43 binding which is an inner light harvesting protein. B. Top view of 
the C2S2M2 supercomplex from pea (PDB ID code 5XNL) from the stromal side. Added to the previous image 
are the two major antennae M-LHCII (magenta) as well as two minor antennae proteins CP24 (dark grey). 
Images and inspired legends from Sheng et al., 2021. 
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The reaction centre is composed of at least 20 subunits depending on the species, the inner light 

harvesting proteins (CP43 and CP47), a dozen of transmembrane subunits of low molecular weight as well as 

several extrinsic subunits named PsbO, P and Q (Figure 7). The highest molecular weight proteins are D1 and 

D2. Together, they bind the direct contributors to the electron flow through the core: the P680 chlorophylls 

of the PSII reaction centre, the initial electron acceptor, the pheophytin, the primary and secondary quinone 

acceptors, QA and QB, as well as the manganese cluster.  

 
Figure 7: PSII structure of Pisum sativum 
Side view along the membrane plane. The sub-units are coloured in one PSII monomer and shown in white 
in the other (PDB ID: 3JCU/5XNM). The water molecules and the Mn4CaO5 cluster are presented as filled 
circles. The other cofactors are omitted for clarity. The N-terminal domain of CP29 is indicated by an arrow. 
The M and S-LHCII are part of the major collector antennae. CP24, CP29 and CP26 are the minor antennae. 
CP43 and CP47 are the inner light harvesting proteins. D1 and D2 are the two high molecular weight subunits 
of the PSII reaction centre. The subunits surrounding the manganese cluster are PsbP, PsbO and PsbQ. The 
role of the other subunits will not be detailed in this study. 
Structure and inspired legend from Cao et al., 2018. 
 

The orientation of PSII across the membrane helps to determine donor and acceptor sides (Figure 8, 

A). On the reaction centre stromal side are the primary and secondary quinone acceptors QA and QB as well 

as the non-heme iron coordinated by a bicarbonate and 4 histidine residues, two coming from D1 and two 

from D2 (Figure 8, B). QA, a one-electron acceptor, is a quinone strongly bound to the D1 protein whereas 

the PQ of the QB-site, a two-electron acceptor called QB, is more weakly bound and is able to diffuse after 

complete reduction and protonation into the membrane joining the PQ pool. QB can also be replaced by 

exogenous molecules allowing its study such as artificial quinones or herbicides (e.g. DCMU). It is known that 

the bicarbonate ion affects forward electron transfer.  

On the lumenal side the manganese cluster (Mn4CaO5) is located whose role is to catalyse water 

oxidation and allows the return to the P680 ground state (see “Oxygen Evolving Complex”, page 23). 
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Figure 8: Electron transfer through PSII 

A. PSII core cofactors, for one PSII monomer, involved in electron transfer. The acceptor side formed by the 

quinones QA and QB as well as the non-heme iron are circled in brown. The donor side composed of TyrZ and 

the manganese cluster are circled in orange. The excited ChlZD1 transmits its excitation to the ChlD1  (yellow 

arrow) where charge separation takes place. Then, the positive charge is stabilised on P680, a weakly coupled 

chlorophyll dimer, PD1PD2, with the positive charge mainly on PD1. Then, pheophytin is reduced (1), Pheo- 

reduces then the primary quinone acceptor QA (2). The positive charge of P680 is filled by an electron coming 

from TyrZ (3) which is itself reduced by an electron coming from water oxidation carried out by the Mn4CaO5 

cluster (4). Finally, two successive electrons coming from QA reduce the quinone at the QB site (5). Image 

from Lubitz et al., 2019. B. Detailed structure of the acceptor side. In orange is the non-heme iron coordinated 

by a bicarbonate (HCO3
-) and two residues of D1 and D2. Here, only D1-H215 and D2-H214 are visible. The 

bicarbonate ion is also ligated to residues of the D1 and D2 proteins. QA and QB quinones are shown in pink 

and blue respectively. Image from Brinkert et al., 2016. C. Energetic scheme of redox reactions explained in 

A (Merry et al., 1998 ; Shibuya et al., 2010 ; Krieger and Weis, 1992 ; Krieger et al., 1995 ; Johnson et al., 1995 

; Shibamoto et al., 2009 ; Shibamoto et al., 2010). 

 

Concerning the electron transfer (Figure 8, A and C), when the chlorophylls of the PSII light harvesting 

complexes are excited, the excitation is transferred to ChlZD1 and then to ChlD1 where charge separation takes 

place. The positive charge is distributed over PD1 and two chlorophylls, all together named P680+, while the 

negative charge is transmitted to the pheophytin which becomes Pheo-. Pheo- reduces the first quinone 

acceptor QA, which in turn reduces QB, the secondary quinone acceptor. Two successive electron transfer 

steps are required to allow the complete reduction and protonation of the second quinone QB producing 

plastoquinol (PQH2). This PQH2 will then be replaced by an oxidised quinone from the plastoquinone pool. 

 On the donor side, tyrosine Z (TyrZ) reduces P680+. This allows the return to the fundamental state 

of P680. Finally, the TryZ+ extracts an electron from the Mn cluster, allowing, in subsequent steps, water 
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oxidation after in total four charge separation and electron transfer reactions (see “Oxygen Evolving 

Complex”, page 23). 

 

In PSII Reactive Oxygen Species (ROS) can be formed such as singlet oxygen by charge recombination 

reactions or also reduced forms of O2 such as the superoxide anion radical and hydrogen peroxide. This 

happens in particular upon exposure to strong light intensities. This stress has the consequence of over-

reducing the plastoquinone pool which in turn leads to a slowdown in the electron flow between QA and QB. 

This has the effect of encouraging charge recombination reactions causing the generation of a chlorophyll 

triplet (3P680) which reacts rapidly with oxygen generating the highly reactive singlet oxygen (Johnson et al., 

1995; Rutherford and Krieger-Liszkay, 2000). This has the major consequence of degrading the D1 protein of 

the reaction centre (Keren and Ohad et al., 1998; Rokka et al., 2005). It has recently been shown that QA
- can 

catalyse oxygen reduction to superoxide under certain circumstances (Fantuzzi et al., 2022). 

There are many protection mechanisms that allow the limitation of this damage, the most important 

ones are explained in article 4, page 150. 

 

In addition, studies show that there could be a protective mechanism of PSII based on a slowing down 

of the forward electron transfer between QA and QB. Indeed, it has been shown in certain photosynthetic 

organisms that the bicarbonate ion present on the PSII acceptor side could be replaced by small carboxylic 

acids. In Arabidopsis thaliana, the study of a the hpr1 (hydroxypyruvate reductase-1) photorespiratory 

mutant able to accumulate the glycolate shows that the replacement of the bicarbonate by glycolate shifts 

the midpoint redox potential of the redox couple QA/QA
- to a more positive value. This lowers the yield of the 

production of singlet oxygen and promotes the protection of PSII (Messant et al., 2018). The same 

phenomenon was also observed in a mixotrophic culture of the green alga Chlamydomonas reinhardtii in the 

presence of acetate (Roach et al., 2013). However, no study has yet demonstrated the physiological role of 

this regulatory mechanism in wild-type organisms under stressed conditions. However, drought evokes a 

slowdown of electron transport between QA and QB, indicating that redox tuning of QA may indeed occur in 

vivo (Leverne and Krieger-Liszkay, 2021). 

 

 

 

 

 

 

 

 

 

 

 



 

23 

2) Oxygen-Evolving Complex 

 

The manganese cluster (Mn4CaO5) or Oxygen Evolving Complex (OEC, with extrinsic proteins) is the 

only biocatalyst on Earth able to catalyse water oxidation and the production of oxygen. The cluster is located 

on the donor side of PSII and is absolutely necessary to complete its maturation and allow it to be functional. 

It is coordinated by seven ligands coming from the reaction centre, the majority of which come from D1 

(Figure 9, A). The cluster is composed of four Mn atoms and one calcium. Its structure has a cubic shape with 

three Mn and the Ca. The fourth Mn is nicknamed “the soaker” because it is located slightly outside (Bao and 

Burnap, 2016). Nixon and Diner, 1992 and others after them (Boerner et al., 1992) has defined, by directed 

mutagenesis, that D1-Asp170 is an essential residue for Mn cluster assembly. Then, they called it High Affinity 

Site (HAS) by assuming that It is the place where Mn(II) bound during photoactivation. 

 

Figure 9: Manganese cluster cubane structure and extrinsic stabilising proteins 

A. Superposition of the structure of two different OEC monomers. Broken lines in black and blue indicate the 

valence bonds and the hydrogen bonds respectively. Image and inspired legend from Tanaka et al., 2017. B. 

Structure of the spinach C2S2-type PSII-LHCII supercomplex. Side view along the membrane plane. Dashed 

lines indicate estimated interfacial regions between the two monomers. The major components are shown 

as cartoon and stick models in different colours and the 12 small intrinsic subunits of PSII core are shown as 

yellow sphere models. Image and legend from Wei et al., 2016. 
 

The manganese cluster assembly process is a light-dependent mechanism named photoactivation 

(Bao and Burnap, 2016). Photoactivation occurs in two distinct physiological conditions: in the last maturation 

step of a new PSII reaction centre but also when the D1 protein is damaged, during the repair process. In the 

first case, it allows the quinone QA to be photochemically active by causing a change in its electrochemical 

potential (Krieger and Weis, 1993). Then the cluster must be deconstructed to allow D1 replacement (Krieger 

et al., 1998) and then reassembled (see article 4, page 165). This observation also highlighted a difference in 

localisation between photoactivated and non-photoactivated PSII in the grana stacks and stroma lamellae, 

respectively (Rantala et al., 2020) (see part “Chloroplast membrane dynamic”, page 37). The photoactivation 

steps and the structural details of the cluster will be presented in more detail in part I, page 50. 
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Three extrinsic proteins are attached to the cluster: PsbP, PsbO and PsbQ (Figure 9, B). Over the 

years, several hypotheses have been formulated about their assembly. It has been proposed that their 

attachment was sequential. For example, PsbO would attach first because it contains residues necessary for 

PsbP attachment (Bricker and Frankel, 2003). Today, once favour the hypothesis of an independent assembly 

even if their expressions are correlated with each other. It has been shown in mutants of higher plants 

depleted in PsbP (Ifuku et al., 2005) and PsbO (Yi et al., 2005), an almost complete absence of PsbQ. Finally, 

it has been demonstrated that the binding of the three proteins involves minor PSII subunits such as PsbK, 

PsbJ and PsbR (Suorsa et al., 2004; 2006). In particular, PsbR is required for PsbP attachment. 

 The attachment of these proteins is necessary to allow the stabilisation of the cluster. PsbP is known 

to be important for calcium binding. It also allows, with PsbQ the coordination between PSII donor and 

acceptor sides while guaranteeing the stabilisation of PSII-LHCII supercomplexes (Ifuku et al., 2011). For more 

details on the roles of PsbP, PsbO and PsbQ see Suorsa and Aro, 2007; Bricker and Frankel, 2011; Suorsa et 

al., 2016. 

 

The water oxidation model was established by Kok and Joliot in the seventies of the last century (Kok 

et al., in 1970). It corresponds to five S-states, from S0 to S4, which represents a succession of four water 

oxidation steps. The S0 state is the most reduced state while the S4 is a transient state that decays 

spontaneously to S0 by releasing a molecule of dioxygen. Four charge separations are needed to complete 

the cycle, and each corresponds to a removal of an electron from a water molecule and to a release of a 

proton. The oxidation state of the Mn ions as well as the mechanisms of each of the S-states are still under 

debate. An example is presented in Figure 10. Here, I will just present some recently highlighted facts on this 

topic. 

The S1 state is stable in the dark. Thus it is the easiest state to obtain and the first that has been 

crystallized (Umena et al., 2011, Suga et al., 2015)(Figure 9, A). The most accepted Mn oxidation state  

proposed for this step is Mn(III)2-Mn(IV)2 (Figure 10) (Vinyard et al., 2015) or Mn(III)4 or Mn(II)-Mn(III)2-Mn(IV) 

(Gatt et al., 2012; Vinyard et al., 2013). The transition to S2 is marked by the oxidation of one of the Mn(III) 

to Mn(IV) and no protons are released. The S2 state shows two paramagnetic signals by Electron 

Paramagnetic Resonance (EPR) spectroscopy. The two spin isoforms are: SGS=1/2 low spin (S2
LS) and SGS≥5/2 

high spin (S2
HS). During this step, it is assumed that only one Mn(III) remains in the structure which is 

suggested to be present at either Mn1 or Mn4 in the cluster. The presence of a Mn(III) at Mn1 place forms 

the open cubane structure (Pantazis, 2012) which corresponds to S2
LS while at Mn4 place, it forms the closed 

cubane structure and corresponds therefore to S2
HS. At the experimental level, S2

LS is known to represent a 

multiline EPR spectrum whereas the S2
HS has a derivative-like EPR signal. Thus, it has recently been shown 

that S3 is formed only from S2
HS. Boussac (2019) proposes that S2 to S3 transition is triggered by the generation 

of tyrosine Z radical which favors deprotonation (of W1 by Asp61) as well as water binding. So far, all the 

structures presented for S-states result from theoretical models based on the S1 crystallographic structure 
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(Guo et al., 2017; Wang et al., 2017; Narzi et al., 2018; Siegbahn et al., 2018) although the field is advancing 

(Suga et al., 2017; Kern et al., 2018). Finally, S4 is experimentally obtained by applying three flashes of light 

to dark-adapted PSII. It corresponds to the oxidation of two water molecules attached to the cluster and the 

release of oxygen to allow the return to S0 (Yano and Yachandra, 2014; Shen, 2015; Dau et al., 2012; Vineyard 

and Brudvig, 2017). 

 

Figure 10: Example of OEC manganese ion oxidation mechanisms 

O5 (yellow) in the S1 state is connected to both Mn1(III) and Mn4(III). Upon transition from S1 to S2, an 

electron may be removed from Mn4, leading to a right-side open structure (‘R-type’), or from Mn1, leading 

to a left-side open structure (‘L-type’). Both structures will allow insertion of a new water molecule during 

the subsequent S-state transition, preparing for the transition state immediately before O＝O bond 

(indicated by a red bond in the right-hand structure in the bottom row) formation. Alternatively, the 

transition state ready for O＝O bond formation may be formed by moving either W2 or W3 toward O5 

(indicated by orange arrows in the left-hand structure in the bottom row). Manganese ions are shown with 

their assumed oxidation states (grey). The oxygen atoms are colored in red, the calcium ion in blue and water 

molecules in orange. Image and legend from Suga et al., 2015. 
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3) Photosystem I 

 

In higher plants, PSI supercomplexes also designate the association of the reaction centre with its 

antennae. The PSI antennae is composed of Lhca proteins. Lhca1 to 4 form a belt around the reaction centre 

(Figure 11, A). They are arranged in the following order: Lhca1, Lhca4, Lhca2 and Lhca3. Their conserved N-

terminal (Nter) regions allow them to interact with each other. They are also each linked to the reaction 

centre proteins PsaB, PsaF, PsaJ and PsaA, respectively. PsaA and PsaB are the two central proteins of the 

reaction centre that bind the cofactors involved in electron flow together with PsaC, localised on the stromal 

side. In contrast to D1 and D2 in PSII, PsaA and PsaB contain many pigments. PsaF is involved in the 

plastocyanin docking. PsaC, PsaD and PsaE form the docking site of Fd, and PsaG participates in the regulation 

of electron flow by stabilising the core (Sétif et al., 2002; Varotto et al., 2002). Under certain physiological 

conditions, such as light stress, it is possible that the PSII antennae (LHCII) migrate and bind to the PSI 

supercomplex, a process called state transition (article 4, page 150). Together, the PsaL, PsaH and PsaO 

proteins form the domain allowing the PSI-LHCII association. Thereby, PSI has the ability to receive energy 

from two pools of antennae: LHCI and LHCII (Rantala and Tikkanen, 2018). 

Electron transfer involves chlorophyll P700, the chlorophyll a A0, the phylloquinone A1 and FX which 

is an iron-sulfur (4Fe-4S) cluster linked to four cysteine residues, two from PsaA and two from PsaB (Figure 

11, B). PSI also has two other 4Fe-4S clusters that are linked to the PsaC protein, named FA and FB.  

 

 

Figure 11: Structure of PSI antennae and the PSI-supercomplex 

A. Stromal view of Lhca subunits interactions and association with PSI core (Mazor et al., 2017 ; PDB 5L8R). 

Lhca1, pink; Lhca4, dark green; Lhca2, skyblue; Lhca3, red. Contact sites of PsaA, blue; PsaB, purple; PsaJ, 

grey; PsaF, yellow; PsaG, orange. 1: helix C of Lhca1 interacts with the first transmembrane helix of PsaG. 2: 

PsaB stromal loop and Lhca1 Nter. 3: Lhca4 Nter and PsaF C-terminus (Cter). 4: Lhca2 first transmembrane 

helix and PsaJ Nter. 5: Lhca3 stromal loop and PsaA Nter. Image and legend from Caspy and Nelson, 2018. B. 

PSI reaction centre structure from T. elongatus. Image from Gordiichuk et al., 2017. 
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The P700 dimer receives energy from the antennae resulting in P700* that undergoes charge 

separation (Figure 12). An electron is transmitted to the primary acceptor chlorophyll a A0 then to 

phylloquinone A1. It successively reduces the three Fe-S clusters FX, FA and FB and finally ferredoxin. The 

Ferredoxin-NADP+-Reductase (FNR) catalyses the production of reducing power as NADPH from reduced 

ferredoxin (for a review, see Hanke and Mulo, 2013). At the same time, the positive charge generated (P700+) 

returns to its ground state by accepting electrons from the reduced plastocyanin (Caspy et al., 2020). 

Different to PSII, both branches containing the cofactors are active in electron transport. 

 

 
Figure 12: PSI reaction centre scheme and energetic diagram of electron transfer 

A. Simplified tertiary structure of the PSI:plastocyanin:ferredoxin complex (PDB accession 6YEZ; Caspy et al., 

2020), showing protein subunits PsaA and PsaB (white), PsaC (cyan), PsaD (blue), PsaE (pink) and LHCI 

subunits (green). Other PSI subunits are coloured in grey. Also shown are plastocyanin (orange) at the PSI 

donor side and ferredoxin (yellow) at the PSI acceptor side. Cofactors involved in electron transport are 

shown; Cu2+ (blue), P700 (dark green), A−1 and A0  chlorophylls (lime), A1 phylloquinone (red) in PSI, as well as 

the PSI 4Fe4S clusters FX, FA, FB (orange) and the ferredoxin (Fd) 2Fe-2S cluster (orange). Image and legend 

from Lima-Melo et al., 2021. B. Energy Diagram of redox reactions from the PSI reaction centre to the 

production of energy in the form of NADPH that is used in the Calvin-Benson cycle reactions (Brettel and 

Leibl, 2001 ; Mamedov et al., 2015). 

 

4) Cytochrome b6f 

 

Plastoquinol (PQH2) diffuses from the QB site of PSII to the next closest contributor of the 

photosynthetic electron transport chain: cytochrome b6f. Cyt b6f is analogous to complex III of the respiratory 

chain of mitochondria. It is able to accept electrons and also has a proton pumping activity which contributes 

to the acidification of the lumen, essential for the synthesis of ATP. Each monomer of cytochrome b6f (Figure 

13, A) is composed of two type b cytochromes (bH, bL), one type c cytochrome (ci), a Rieske protein containing 

a Fe-S cluster, a cytochrome f and two quinone oxidation-reduction sites (Qi, Q0) (Malone et al., 2019). It also 

contains 4 small subunits named PetG, M, N and L. Mutants generated in tobacco have shown that plants 

lacking PetG and N are almost completely deficient in cytochrome b6f and that PetL appears to stabilise the 

conformation of Rieske proteins allowing the dimerization (Schwenkert et al., 2007). 
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For linear electron flow (Figure 13, B) a cytochrome b6f dimer is needed. The PQH2 molecule transfers 

one of its electrons to the Fe-S centre of a Rieske protein and another to a bL cytochrome which allows the 

expulsion of two protons towards the lumen (Laisk et al., 2016). Meanwhile, the electron transferred to the 

Rieske protein passes to the level of cytochrome f and to the plastocyanin. The reduced bL cytochrome 

transfers an electron to the second bH cytochrome which in turn reduces the quinone to semiquinone. To 

complete the Q cycle, a second reduced plastoquinone is needed. Again, an electron will be transferred from 

the Rieske protein to the plastocyanin and then to PSI. The second electron will successively reduce bL and 

bH to reduce the semiquinone to PQH2. This causes the translocation of two additional protons. Thus, four 

protons enter the lumen for every two electrons transferred to the PSI reaction centre.  

 

 
Figure 13: Cytochrome b6f structure and Q-cycle 

A. Cytochrome b6f structure from spinach: cytochrome b6 (green), cytochrome f (magenta), Rieske proteins 

(yellow), subunit IV (cyan) and small subunits PetG, M, N and L (grey, pale purple, orange and pink 

respectively). Image from Malone et al., 2019. B. Q-cycle. Two cytochrome b6f monomers are embedded in 

the thylakoid membrane (yellow and blue). Each monomer is composed of two reduced quinone binding 

sites (Q0, Qi), two cytochromes b (bH, bL), a cytochrome c (ci), a cytochrome f (f) and a Rieske protein with an 

Fe-S centre. The blue arrow represents the migration of reduced quinone between the Qi and Qo sites within 

the same monomer while the orange one shows a cross migration between the two. Scheme from Nawrocki 

et al., 2019. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

29 

B) Alternative Electron Transports and different protection mechanisms 

 

Previously I described LEF under optimal physiological conditions. Nevertheless, photosynthetic 

organisms and in particular land plants have to adapt rapidly to a changing environment. To protect the 

photosynthetic chain against over-reduction of the PQ pool and thereby ROS generation; photosynthetic 

organisms have developed protective mechanisms. 

In this part, I will discuss two alternative electron flows: Cyclic Electron Flow (CEF) and 

chlororespiration. Furthermore, of interest are other mechanisms that protect the photosynthetic chain such 

as the various components of Non-Photochemical Quenching (NPQ) and finally I shall introduce a family of 

proteins, the Plastid Terminal Oxidases (PTOX), whose activity seems to act as a “safety-valve” to protect PSII. 

All the mechanisms discussed in this section are detailed in article 4, page 165. 

 

1) Cyclic Electron Flow 

 

Cyclic Electron Flow (CEF) leads to the generation of a proton gradient and permits ATP synthesis 

without generating NADPH (Joliot et al., 2022; Miyake, 2010; Gonzalès et al., 2021; Takahashi, 2022) (Figure 

14). CEF is important under different physiological conditions: 1. When the demand of ATP is higher than the 

amount generated only by LEF; 2. when the PQ pool is very reduced allowing to unclog the chain of excess 

electrons and 3. to protect PSII against photoinhibition (Suorsa et al., 2016). This condition can be caused by 

high light stress for example. In high light, carbon fixation can be limited leading to the accumulation of 

NAD(P)H. Also at the onset of photosynthesis when the redox-regulated enzymes of the Calvin-Benson cycle 

are still inactive or in the case where the regeneration of NADP+ by other metabolic pathways is weak, CEF is 

of physiological importance. CEF takes place around the PSI. The principle is the use of reduced Fd as an 

electron source allowing in turn to reduce the PQ pool. Historically, two pathways contributing to CEF have 

been described, one involving the cytochrome b6f complex and the other the NAD(P)H dehydrogenase-like 

complex (NDH). The NDH complex accepts electrons from ferredoxin and results in the reduction of the 

plastoquinone pool. It is able to form supercomplexes with PSI, which allows it to contribute to the electron 

flow under specific conditions (Yamamoto et al., 2011; Peng et al., 2009). It has been proven that the low 

abundance of the NDH complex as well as its electron flux and its proton pumping activity in the light period 

is too low to be the major contributor to CEF (Burrows et al., 1998; Joliot et al., 2004; Joliot and Johnson, 

2011). It is now widely accepted that cytochrome b6f is the major component of CEF and that its activity is 

responsible for a large part of the ΔpH required for ATP synthesis. This has the consequence of CEF coming 

into direct conflict with LEF and of greatly changing the ATP/NADPH ratio that is available for general 

metabolism.  
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Figure 14: Two cyclic electron flow pathways 

A. CEF using the PGR5/PGRL1-dependent pathway. Alternatively, Fd may also reduce directly a heme at Cyt 

b6f and does not require PGR5/PGRL1 B. NDH-1-dependent cyclic electron flow. Images from Alboresi et al., 

2019. 

 

It remains to be elucidated how reduced Fd is able to come into contact with the cytochrome b6f and 

transmit its electron. Studies carried out in Chlamydomonas reinhardtii seem to indicate that FNR and Fd- 

would be able to form a complex with cytochrome b6f (Zhang et al., 2001; Szymańska et al., 2010). In 

addition, mutants of Arabidopsis thaliana mutated in the proteins PGR5 (Proton Gradient Regulation 5) and 

PGRL1 (Proton Gradient Regulation-like 1) lead to a strong reduction in the dissipation of energy as heat (qE, 

see next chapter) and therefore an alteration in lumen acidification (Munekage et al., 2002; DalCorso et al., 

2008). PGR5 is a small soluble protein present on the stromal side which can bind to the transmembrane 

protein PGRL1. It has recently been proposed that in Arabidopsis thaliana, the accumulation of PGR5 would 

allow the stabilisation of PGRL1 while PGRL2 (homolog to PGRL1) would allow the degradation of PGR5 (Rühle 

et al., 2021). In addition, in Chlamydomonas, a complex composed of FNR, Fd, cytochrome b6f and the two 

proteins PGR5/PGRL1 was isolated (Iwai et al, 2010). Thus, it is assumed that these two proteins play a role 

in the regulation of CEF but their direct implication is an ongoing discussion (Takahashi, 2022). Alternatively, 

PGR5/PGRL1 may also play a structural role in the formation of supercomplexes between PSI and Cyt b6f and 

do not participate directly in CEF. 
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2) Chlororespiration 

 

Chlororespiration (Peltier and Cournac, 2002; Ibáñez et al., 2010) (Figure 15) is also an alternative 

electron flow and allows, like CEF, to protect the photosynthetic chain under conditions that could limit the 

linear electron flow. It involves the NDH complex and although it plays a role in light, its activity is very small 

compared to the contribution of CEF. On the other hand, its role becomes predominant in the dark where it 

uses the energy stored in the form of NAD(P)H during the light phase to allow the re-generation of a proton 

gradient. FNR catalyses the oxidation of NAD(P)H to NADP+ and reduces Ferredoxin. The latter is able to 

donate its electron to the NDH complex (Schuller et al., 2019) which, like cytochrome b6f, has a proton 

pumping activity towards the lumen and reduces plastoquinone. Finally, the Plastid Terminal Oxidase (PTOX) 

re-oxidizes the plastoquinone pool (see “Plastid Terminal Oxidase”, page 33). 

 
Figure 15: Cyclic Electron Flow and Chlororespiration 

Scheme representing chlororespiration (green background), mainly taking place in the dark, and cyclic 

electron flow (CEF, grey background). CEF allows the use of Ferredoxin (Fd, orange) as an electron donor to 

initiate a new Q cycle at the cytochrome b6f (purple). The latter again reduces the plastocyanin (PC, orange) 

which diffuses in the lumen to PSI. The contribution of the PGRL1 (black) and PGR5 (dark green) proteins 

remains a debate. It is proposed that the FNR (pink) and the protein PGRL1 are able to bind the cytochrome 

b6f in order to regulate the CEF. Chlororespiration uses the energy produced by photosynthesis in the form 

of NADPH to allow the reduction of the NDH-1 complex (dark green) in plants or NDH-2 (yellow) in algae. 

Next, the plastoquinone pool (PQ/PQH2) is reduced and then electrons are used in the rest of the 

photosynthetic chain. At the same time, the Plastid Terminal Oxidase (PTOX, cyan) re-oxidises the PQ pool. 

Scheme from Nawrocki et al., 2019. 
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3) Non-Photochemical Quenching 

 

 Non-Photochemical Quenching (NPQ) brings together the defence systems put in place to safeguard 

photosynthetic activity under physiological stress (Stirbet et al., 2020; Ruban and Wilson, 2021; Navakoudis 

et al., 2022; Shi et al., 2022). There are five main components of NPQ and their activation depends on the 

severity of the stress caused. The different components can be distinguished by their kinetics during 

relaxation of fluorescence quenching in the dark: qE, qZ, qT, qI and the very recently highlighted qH. 

 

 The dissipation of energy as heat, qE, is activated only a few seconds after the detection of a 

significantly high ΔpH. The implementation of qE reduces the excitation of the antennae by transferring the 

energy of the over-excited chlorophylls to the carotenoids associated with them: this is the xanthophyll cycle 

(qZ). The arrangement of xanthophylls in the LHC allows an energy transfer with excited chlorophylls. The 

conversion of violaxanthin to antheraxanthin and finally zeaxanthin mediated by the violaxanthin de-

epoxidase enzyme in the lumen helps to protect PSII against photodamage. qE also involves the PSBS (PSII 

subunit S) protein of PSII. Details on qE and the other mechanisms of NPQ are given in article 4 (page 165) 

and not detailed here. 

 State-transition, qT, is a more difficult process to implement than qE. This is why its effectiveness is 

only significant a few minutes after the establishment of stress. The state transition is the migration of 

antennae from PSII to PSI with the aim of reducing excitation of the former and therefore protecting it against 

photodamage. This transition involves phosphorylation of LHCII and several other proteins including kinases 

and an acetylase that is necessary to allow the separation of LHCII from PSII core. 

 Photoinhibition, qI, corresponds to the slowest process of NPQ since it designates the damage of the 

PSII reaction centres and therefore the repair of the latter. It is the D1 protein which is the main site of 

damage at the level of PSII. Its repair involves proteins necessary for the migration of the damaged PSII, as 

well as, its partial disassembly allowing the degradation and re-synthesis of the D1 protein, the turn-over of 

which is widely known to be approximately 20 min. 

 Finally, qH is a recently discovered mechanism that belongs, like qI and qZ, to slowly relaxing 

quenching. It protects the PSII and its action is localised at the level of the latter’s peripheral antenna. Only 

three molecular intervenants have been identified and their interactions are described in article 4. 
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4) Plastid Terminal Oxidases 

 

The enzyme Plastid Terminal Oxidase (PTOX) was first discovered by Rédei in 1975 who produced a 

mutation in Arabidopsis thaliana by bombarding seeds with X-rays. Named Immutans, the mutant has a 

variegating phenotype whose proportion of white parts depends on the light intensity under which it is grown 

(Figure 16, A; Wu et al., 1999). As the light intensity increases the variegation phenotype becomes more 

pronounced. In addition, electron microscopy images were able to highlight heteroplasty within the cells, 

that is to say a mixture of malformed and correctly formed chloroplasts (Figure 16, B; Wetzel et al., 1994). 

PTOX is nuclear encoded and its expression is ubiquitous at the plant level. It is located in mature 

(chloroplasts, chromoplasts, etioplasts) and immature plastids (proplastids) where its main role is to ensure 

carotenoid biosynthesis and to participate in the electron flow to counter oxidative stress. 

 

Figure 16: Immutans phenotype 

A. Picture of Immutans variegation phenotype. Image from Wu et al., 1999. B. transmission electron 

microscopy. Micrograph of thylakoids of a wild-type chloroplast (a). Scale bar: 500 nm. Normal and abnormal 

chloroplasts of two adjacent cells in the white sector (b). Scale bar: 2 µm. Abnormal chloroplast in white 

sector (c). Scale bar: 2 µm. Chloroplast thylakoids in white sector (d). Scale bar: 500 nm. Image from Wetzel 

et al., 1994. 

 

Three main roles are attributed to PTOX: the protection of PSII under stress, in the biosynthesis of 

carotenoids as well as in chlororespiration. It has been established that PTOX never conflicts with linear 

electron flow, however it appears to activate due to salt-stress (Stepien and Johnson, 2009) and excessive 

light which has earned it the nick-name of “safety valve” (Figure 17, A). Although its activation mechanism 

still remains mysterious, It is known that it is the over-reduction of the plastoquinone pool which is at the 

origin of the PTOX activation. In addition, it was recently shown in Arabidopsis thaliana that the protein has 

a different location depending on darkness or light (Bolte et al., 2020). These results suggest that PTOX 

localisation and thereby its activity depends on the proton motive force across the thylakoid membrane. The 

PTOX will anchor itself at the level of the membrane close to the acceptor side of PSII where it has access to 
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its substrates, PQH2 and oxygen, which are used to reinject oxidised plastoquinones into the linear flow 

avoiding the degradation of PSII. 

On the other hand, it has been shown that ptox mutants are not able to produce carotenoids in high 

light and instead accumulate one of the precursors of the biosynthetic pathway: phytoene (Wetzel et al., 

1994). Carotenoids play a major role in photosynthesis since they are part of the constitution of the PSII (2 

β-carotenes for the reaction centre) but also of the antennae where they participate in energy dissipation as 

heat (qE). In addition, carotenoids have an important role as ROS scavengers. It has been proposed in the 

literature (Carol and Kuntz, 2001) that Phytoene Desaturase uses oxidised plastoquinones from the pool as 

an electron acceptor to carry out the desaturation steps (Figure 17, B). In this case, PTOX would allow 

reoxidation of the plastoquinone pool and regenerate the electron acceptor PQ. It is the dysfunction of this 

biosynthetic pathway that is the cause of the variegation phenotype in Immutans as well as the discoloration 

of tomato fruits in the Ghost mutant (Barr et al., 2004; Shahbazi et al., 2007). It could also be the cause of 

heteroplasty. It is hypothesised that the natural but very slow reaction of plastoquinol with oxygen may be 

sufficient to compensate for the lack of PTOX in the mutants if they are grown at very low light intensity. It is 

suggested that within the same cell, certain chloroplasts are “sacrificed” to allow healthy chloroplasts to 

develop despite the absence of PTOX. 

Finally, as explained above, the plant can consume energy in the dark for its metabolism through the process 

of chlororespiration. In this case, it is able to use the energy stored in the form of NAD(P)H. The electrons are 

transferred to the NDH complex which generates a proton gradient and reduces the quinones in the PQ pool. 

PTOX regenerates an oxidised pool (Peltier and Cournac, 2002). 
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Figure 17: PTOX involvement in photosynthetic electron flow and carotenoid biosynthesis 

A. Redox state of the PQ pool in different physiological conditions. In the dark (top), the PQ pool is mostly 

oxidised. In the light, the pool is reduced by electrons coming from the PSII reaction centre. During a stress 

(in the middle) such as high light intensity, the PQ pool is greatly reduced. In this case, protective mechanisms 

are put in place and the PTOX is activated (bottom). This results in the oxidation of the PQ pool using O2 as a 

substrate. (McDonald et al., 2011) B. Summary of major steps in carotenoid biosynthesis. Phytoene 

desaturase (PDS) catalyses the desaturation of phytoene and 𝛇-carotene desaturase catalyses the 

desaturation of ζ-carotene. It is assumed that they lead to the reduction of the PQ pool which is re-oxidised 

thanks to PTOX activity (Foudree et al., 2012). 

 

The PTOX in vitro structure has not been elucidated. It is known that, like certain complexes of the 

photosynthetic chain, it has a homologous protein in the mitochondria: Alternative OXidase (AOX). AOX is 

able to catalyse the oxidation of ubiquinol to ubiquinone. The superimposition of the predicted protein of 

Chlamydomonas PTOX2 (CrPTOX2) on the experimentally determined structure of Trypanosoma AOX 

(TbAOX) revealed the characteristics of the catalytic site of PTOX (Nawrocki et al., 2015). Indeed, PTOX has a 

catalytic site consisting of six iron binding sites, essential for its activity. In addition, it also has six helices, two 

of which are necessary for the attachment to the membrane (α-1 and α -4) and the other four of which are 

important for iron coordination (α -2, α -3, α -5 and 𝛂-6) (Figure 18). The production of rice PTOX in vitro 

allows the measurement of the kinetic parameters of this recombinant protein (Yu et al., 2014). 
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Figure 18: Simulation of Chlamydomonas reinhardtii Plastid Terminal Oxidase 2 structure superimposed of 

those of Alternative Oxidase from Trypanosoma brucei 

A model structure of CrPTOX2. The stromal surface of the membrane is schematically depicted as light green 

spheres. (a) Overview of the PTOX dimer in the membrane. Helix numbering is from N- to C-terminus. (b) 

Major structural differences between CrPTOX2 (blue) and TbAOX (orange; Protein Data Bank ID 3VV9). Green 

sticks show the last residue before and first residue after the loop in PTOX. The increased length of the helices 

next to the binding pocket in AOX is shown in pink. (c) PTOX (blue) superimposed on AOX (orange). The 

dimerization domain of AOX (black) spans the second AOX monomer (grey surface). Because of its low 

sequence homology, the corresponding domain of PTOX was not included in the model. (d) The interface of 

two monomers. The colours of the helices in one monomer correspond to the colours in panel a; helices from 

the other monomer are shown in transparent grey. Conserved residues (in 93% of PTOX sequences) in the 

interface are shown as thick sticks; other residues that could make contact are shown as thin sticks. The 

distance between two pairs of phenylalanine residues between the monomers does not exceed 4 A .̊ Note 

the two pairs of glutamic acid and arginine opposite one another and the two pairs of lysine opposite the 

tryptophan. (e) Differences in the binding pocket between PTOX (blue) and AOX (orange). (f) Docking 

software model of plastoquinol (PQH2)–binding modes in PTOX. Residues flexible during the docking are 

shown as sticks. Residues orienting PQH2 with regard to the diiron active site by hydrophobic stacking are 

shown as surfaces. Images and legends from Nawrocki et al., 2015. 

 

Finally, it is known in the literature that many photosynthetic organisms possess not one but two 

PTOX isoforms. This is the case of the green algae Chlamydomonas reinhardtii (Houille-Vernes et al., 2011) 

while angiosperms like Arabidopsis thaliana have only one. In this study, I was interested in characterising 

the differences between these isoforms in the liverwort Marchantia polymorpha (Part II, page 121). 
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II) Chloroplast membrane dynamic 

Depending on the physiological condition in which they evolve, photosynthetic organisms must adapt 

their photosynthetic activity. At the level of the chloroplast, different mechanisms are able to take place, 

such as the avoidance reaction. Indeed, in high light, chloroplasts which are normally located in the centre of 

the cells, can stick against the cell wall in order to receive less light. In this part, I will focus more particularly 

on the dynamics of chloroplast membranes as well as the supramolecular rearrangement of these, in other 

terms, the reorganisation of photosynthetic complexes (Kirchhoff, 2019). 

 

Under favourable light conditions, thylakoid membranes have condensed parts called grana and 

loose parts in the stroma called stroma lamellae. This configuration allows efficient linear electron transfer, 

in particular by optimising the diffusion of plastoquinone and plastocyanin. Nevertheless, under stress (i. e. 

highlight), the thylakoid structure changes to allow the establishment of the various protective mechanisms 

mentioned above (for details see article 4, page 165). In particular, the presence of a bulge on the edges of 

the grana has been observed with a slight loosening of the latter (Puthiyaveetil et al., 2014; Yoshioka-

Nishimuro et al., 2014). It was hypothesised that it could help the repair process making damaged PSII more 

accessible for degradation by proteases. 

 

 In parallel, supramolecular rearrangements are observed (Pribil et al., 2014). It has been established 

that the distribution of photosynthetic complexes is heterogeneous in the thylakoids. This implies that the 

electron transfer is not as linear as the schemes suggest. Under physiological light conditions, PSII are present 

in grana whereas PSI are present in stroma lamellae (Figure 19, A). It is also assumed that the b6f cytochromes 

are located at the junction between the grana and the stroma lamellae to allow the transfer of electrons 

between the two photosystems. When the light intensity is too high changes occur. For example, the state 

transition (qT) is characterised by the migration of LHCII antennae from the PSII localised in the grana to the 

PSI localised in the stroma lamellae (Betterle et al., 2009; Johnson et al., 2011) and the relocalisation of 

cytochrome b6f. Moreover, a new complex, cytochrome b6f-LHCI-PSI, was recently discovered in Arabidopsis 

thaliana (Yadav et al., 2017). More concretely, if we take the example of PSII, its location is different 

depending on its state of assembly (Figure 19, B) but also depending on the environmental conditions 

(Danielsson et al., 2006). Properly assembled and photoactivated PSII are present in the grana core, while 

damaged PSII migrate to the margins for the repair. This is also where the PSII are photoactivated, whether 

they are newly assembled or repaired. 
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Figure 19: Photosynthetic complexes and super-complexes arrangement across the membrane 

A. Scheme showing the distribution of major photosynthetic complexes on the thylakoid membrane. The PSII 

reaction centres and their antennae are mainly located at the level of the appressed membrane with the 

protein PGRL1 supposed to be involved in cyclic electron flow. At the level of the margins is the CURT1 

protein. Finally, the stroma lamellae are mainly occupied by PSII, ATPases, cytochromes b6f and proteins 

involved in alternative electron flows (PGRL1/PGR5 and NDH). The role of the CURT1, PGRL1, PGR5 and NDH 

proteins are discussed in article 4: Messant et al., 2021 (see below). Scheme from Pribil et al., 2014. B. 

Quantitative distribution of the various PSII complexes in the different domains of the thylakoid membrane. 

Scheme and legend from Danielsson et al., 2006. 

 

To conclude, in this part I have mainly taken light stress as an example, but there are a multitude of 

signals and signalling cascades that lead to this kind of change such as the redox state of the plastoquinone 

pool, ion homeostasis (Aranda Sicilia et al., 2021), phosphorylation and acetylation (Staehelin and Arntzen, 

1983; Tikkanen and Aro, 2011; Koskela et al., 2018) just to cite a few others. Thus, membrane dynamics are 

important in all physiological processes relating to the photosynthesis reaction including the establishment 

and maintenance of the linear electron flow under favourable conditions and for the implementation of all 

the protective mechanisms mentioned above (article 4, page 165) and investigated in this study. 
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III) Super-resolution microscopy: an in vivo way to study dynamic of photosynthetic 

complexes 

 

For decades, the origin of chloroplast evolution has been an important topic in the literature. It is 

now widely accepted that the appearance of the first photosynthetic cells from which species of the green 

lineage resulted from primary endosymbiosis between a heterotrophic eukaryote and a photosynthetic 

cyanobacterium followed by gene transfer events between them (McFadden, 1999). Thus, the structure and 

number of chloroplasts in the photosynthetic organisms cells have been widely studied. The majority of 

unicellular green algae, the common ancestor of the green lineage, have a single chloroplast (e.g. 

Chlamydomonas reinhardtii). Whereas in Angiosperms, considered as the most evolved plants, the 

photosynthetic cells have a multitude of chloroplasts. Furthermore, the structure of the thylakoids has been 

observed, mainly by electron microscopy. Differences in their architecture could be highlighted depending 

on the species. Nevertheless, as explained previously, the structure of thylakoids is complex and the dynamics 

of both membranes and photosynthetic complexes through it is very difficult to study in vivo. This is explained 

in particular by the resolution limit of the microscopy methods used until today. 

 The principle of super-resolution fluorescence microscopy (SRM) is to exceed the “classical” 

diffraction limit of optical resolution by about half the wavelength of the emitted light when using modern 

high-quality optics, a concept initially conceived by Abbe. The objective is the observation of cellular 

structures with a level of detail approaching electron microscopy (Schermelleh et al., 2019). There are three 

main SRM techniques where each has their limits. Photoactivated Localization Microscopy (PALM) and its 

derivatives mostly require the labelling of biological molecules. Structured Illumination Microscopy (SIM) 

involves a complex reconstruction of images. Finally, the Stimulated Emission Depletion (STED) microscopy 

whose high photon fluxes necessary can cause the bleaching of the fluorophores. The SRM microscope 

conceived and developed at Saclay primarily studies photosynthetic organisms. This experimental method is 

based on the use of a wide-field microscope whose modifications allow the attainment of a resolution of 126 

nm in xy and 320 nm in z with the use of a 100X objective with immersion oil (Streckaïté, 2021; Streckaïté et 

al., 2022). The methodology, called Single Pixel Reconstruction Imaging method (SPiRi), is relatively easy-to-

use and requires a minimum of processing to reconstruct the final image. 

 A wide range of photosynthetic organisms were used to test the SRM microscopy at Saclay. The 

comparison of two organisms is particularly interesting for this present study: the green alga Chlamydomonas 

reinhardtii and the angiosperm Arabidopsis thaliana (Figure 20). Both are the most used organisms in the 

study of photosynthesis in the green lineage. Since the advent of the first electron microscope in 1931 and 

until its most recent improvements, this technique allows to highlight the internal structures of chloroplasts 

(grana and stroma lamellae) with an unequalled resolution. 
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Figure 20: Structure of green algae and higher plant cells and chloroplasts 

A. Electronic microscopy image of a Chlamydomonas reinhardtii cell (Gershuny Rachel, 2005). B. 

Chlamydomonas reinhardtii cell scheme. Image from Sasso et al., 2018. C. Electronic microscopy image of 

higher plant chloroplast. Image from Shutova, 2007. D. Microscopy image of higher plant photosynthetic 

tissue with cells containing chloroplasts. Image by Kristian Peters. 

 

Nevertheless, SRM images offer new views of these chloroplasts (Figure 20, A and C). It is possible to 

establish the ultrastructure of chloroplasts in 3D (Figure 21, B and D). Technically, it is possible to carry out 

precise statistical measurements on the size of the grana. Theoretically, it allows us to formulate new 

hypotheses regarding the structure and function of different parts of the thylakoid membrane. 
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Figure 21: Chloroplast ultrastructure of Chlamydomonas reinhardtii and Arabidopsis thaliana by Super-

resolution microscopy 

A. An axial scan of C. reinhardtii cell in vivo by SPiRi. B. Cross-sections of the 3D reconstruction of C. 

reinhardtii. cell every 45 degrees rotating it around y axis. C. SPiRi images of an axial scan of arabidopsis 

chloroplast. D. Cross-sections of the 3D reconstruction (obtained from the images shown in panel (C) every 

60 degrees around y axis. Images and legends from Strekaïté, 2019. 

 

 Today, the future of this technique is to exploit the biodiversity to show different organisations of 

the chloroplast. I have used SPiRi microscopy to follow changes in the organisation of the Marchantia 

polymorpha thylakoid membranes in vivo. As a first step, I hope to be able to understand the dynamics of 

thylakoid membrane (un)stacking as a function of physiological conditions using this simple method. This is 

the case in the study observing in vivo photoactivation in Marchantia polymorpha (see Part I, page 50). On 

the other hand, it may also be possible to study the different yield of chlorophyll fluorescence of PSI and PSII 

to determine the location of these centres in the thylakoids in different culture conditions. Furthermore, 

mapping of photosystems could allow the use of plant material expressing tagged photosynthetic proteins in 

order to study the colocalization of photosynthetic complexes/photosystems. One could hope to observe 

supercomplexes in vivo. So far, these latter perspectives have not been tested although they are technically 

feasible.  
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IV) Marchantia polymorpha, an emerging model plant 

Marchantia polymorpha is one of the liverworts, considered to be the first plants to have colonised 

the land. Its genome was sequenced in 2008 (Bowman et al., 2017) and then made available on the 

Marpolbase platform. Molecular tools allowing its study, such as CRISPR/Cas9 directed mutagenesis, were 

developed in 2014 (Sugano et al., 2014). It is only very recently that the genes have been renamed with the 

MpXgXXXXX nomenclature and annotated according to the knowledge acquired in other organisms. Finally, 

the last advance was the online release of gene expression data and the construction of small co-expression 

networks (MBEX). Marchantia is therefore an organism that is beginning to gain popularity within the 

scientific community. 

To understand the positionment of Marchantia in the evolutionary tree, its comparison with already 

known organisms is essential. Here, I will mention the green alga Chlamydomonas reinhardtii as an ancestor, 

Arabidopsis thaliana as an evolved organism and the moss Physcomitrium patens as the evolutionary closest 

organism. In this part, I will first describe the morphological characteristics and in a second part the molecular 

mechanisms of Marchantia with a particular interest in photosynthesis. 

 

A) General characteristics 

Bryophytes have a thallus-like morphology which keeps them close to the ground due to the absence 

of lignin. They are very dependent on external conditions, in particular the presence of water. It is necessary 

for their sexual reproduction since it allows male gametes to move to access females. Regarding their way of 

life, the diploid phase is very reduced, preferring a haploid phase. Polyploidy is known to protect organisms 

against unfavourable genetic mutations. In Marchantia, the thalli have 9 chromosomes including one sexual. 

It has been shown that gene expression depends on the sex of the thallus. On the other hand, asexual 

reproduction, mainly used in the laboratory, involves organs called gemmae cup which form on the top of 

the thalli. They contain clones of miniature thalli (gemmae) whose dispersal is also dependent on water. 

Gemmae are not able to germinate in the dark (Bowman, 2016). 

Compared to Arabidopsis, Marchantia does not have specific leaf or root apparatus, nor stomata and flowers 

or seeds (Table I). Marchantia therefore has a very simple morphology with which it must adapt to 

environmental changes. 
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Table I: Comparison of major morphological traits between liverworts and angiosperms 

The first character is always referring to liverworts and the second to angiosperms. 

I obtained liverworts rhizoid and air pore complexes images by brightfield microscopy from Marchantia 

polymorpha thalli. The thallus image comes from MNHN&OFB [Ed]. 2003-2022, Inventaire National du 

Patrimoine Naturel (INPN). Gemmae cup and gemmae pictures are modified from Kato et al., 2019. 

References for angiosperms images: roots (F. Ditengou, T. Haser, AG. Palme, University of Freiburg) and 

stomata (D. Mosquin, University of British Columbia). 

 

Characters Liverworts Angiosperms 

Rhizoids: no specialised cells, 
uncontrolled water movement and 

absorption [1], [2] 

 

Roots: polarised with specific zones 
and specialised transporters for 

absorption [1], [2] 

 
 

Thallus: flat and close to the ground 

with bifurcation into dyads or tryads [3] 

 

Aerial part: vascular tissues and 
development in height thanks to lignin, 
branches with evolved bifurcations, 

leaves with various shapes [3] 

 

Different arborescence, 
inflorescence 

Air pore complexes: uncontrolled 

pores [4] 

 

Stomata: opening and closing 

controlled by different signals [4] 

  

Life cycle 
 Long haploid phase [5], [6]  Long di/polyploid phase [5] 

Sexual reproduction Gendered individuals [7] Hermaphroditic flowers 
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Vegetative reproduction: gemmae 

dispersion, layering [8] 

 

Vegetative reproduction: very 
different mechanisms with sometimes 
specialised organs (i. e. stolons or 
adventitious roots) 

 

Bulb, tuber, rhizome, 
layering etc. 

[1]Raven and Edwards, 2001; [2] Seago and Fernando, 2013; [3] Harrison and Morris, 2017; [4] Clark et al., 

2012; [5] Niklas and Kutschera, 2010; [6] Shimamura et al., 2015; [7] Coelho et al., 2019; [8] Kato et al., 2019. 

 

B) Peculiarities of photosynthesis 

 Two main evolutionary events interest me in this part. First, the terrestrial colonisation of plants 

suggests that this adaptation leads to many changes in regulatory proteins, in particular to help protect the 

photosynthetic chain. Second, it is known that the appearance of angiosperms is marked by the loss of many 

regulatory proteins that are still present in gymnosperms, mosses and liverworts. 

 

 At the level of the chloroplast, the light avoidance mechanism allows them to agglutinate at the level 

of the wall of the photosynthetic cells in order to protect themselves under conditions of light stress. In higher 

plants, this process is notably regulated by blue light receptors called phototropins (PHOT1 and PHOT2). In 

lower plants, neochrome, red light receptors are also involved (Pribil et al., 2014).  

At the level of the thylakoid membrane, the lipid composition is also changing. A study conducted on 

Marchantia polymorpha revealed a 3 times higher concentration of the lipid Sulfoquinovosyl Diacylglycerol 

(SQDG) than in other photosynthetic organisms and its content increases drastically after high light stress 

(Zaitsev et al., 1998). SQDG plays a role in the interaction with peripheral membrane proteins. It has been 

shown to influence the assembly of the PSII core and antennae (Schaller et al., 2011). 

 

 

 



 

45 

 In addition, the biosynthesis of chlorophyll is also different. The reduction of protochlorophyllide to 

chlorophyll is catalysed by the enzyme Pchlide reductase (Amstrong, 1998; Schoefs and Frank, 2003) which 

exists in two versions. The first is light-dependent, Light-Dependent NADPH-Pchlide (LPOR) and the second 

is light-independent, Light-Independent Pchlide oxidoreductase (DPOR). LPOR is encoded by a gene present 

in the nucleus while the gene encoding DPOR is present in the chloroplast genome. The latter is completely 

absent in angiosperms and has been lost by some lineages of Pteridophytes and Gymnosperms (Ueda et al., 

2014). Marchantia polymorpha has both genes which allows it to grow in the dark. This property allowed us 

to follow the photoactivation of PSII in vivo (Part I, page 50). 

 Evolution has also brought changes at the level of photosynthesis complexes such as the 

oligomerization of PSI as a trimer (cyanobacteria) to a monomer (Yang et al., 2015). The antennae can also 

be different. In Physcomitrium the LHCIs are only composed of Lhca1-3 proteins and only one minor Lhca is 

present: Lhca5 (Busch et al., 2013). In Marchantia polymorpha, Harrer (2003) showed that more than half of 

the PSIIs observed under electron microscopy possess an LHCII trimer and probably one more chlorophyll 

a/b binding protein than the other species mentioned. Differences in protein sequences have also been 

shown in Marchantia, which has been hypothesised to change protein regulation, as it is the case for CP29 

(Kilian et al., 1998). 

The atmospheric conditions under which the Bryophytes arose also resulted in significant differences in 

RuBisCo content. It is reasonable to suggest that the high concentration of CO2 allowed more efficient 

photosynthesis by favouring the carboxylase activity of the enzyme. It has also been suggested that the 

adaptability of Bryophytes to light conditions is due to the increased amounts of RuBisCo (Gerrotto, 2011). 

The light intensity also modulates their chlorophyll a/chlorophyll b ratio. In particular, that of mosses is 

between 1 and 2.5 depending on the species, which characterises them as shade plants. 

 

 At the level of linear and alternative electron flows as well as mechanisms of energy dissipation as 

heat, many proteins have been affected. Two proteins are involved in the induction of a strong protective 

mechanism of energy dissipation as heat: PSBS and LHCSR (Light Harvesting Complex Stress Related). PSBS is 

a protein able to sense the pH in the lumen and to bind to the PSII antennae but it does not bind pigments 

itself (see article 4, page 150). In C. reinhardtii, it seems to contribute to photoprotection independently of 

energy dissipation (Redekop et al., 2020). In vascular plants, it is constitutively expressed and controls the 

pH-dependent part of NPQ: qE (Li et al., 2000). PSBS acts as a pH sensor, its activation depends on the 

protonation of two glutamate residues (Li et al., 2002; 2004). It activates qE by interaction with LHCII (Sacharz 

et al., 2017). In Physcomitrium patens, the mechanisms of energy dissipation as heat emitted by PSBS and 

LHCSR are additive. PSBS and LHCSR have been shown to form megacomplexes with PSI-PSII in stromal 

lamellae (Furukawa et al., 2019). It has been hypothesised that mechanisms mediated by PSBS and LHCSR 

contributed to the adaptation of early land plants to intense and fluctuating light conditions (Alboresi et al., 

2010). 
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Concerning Cyclic Electron Flow, there are two isoforms of the PGRL protein (PGRL1 and PGRL2) in 

Arabidopsis thaliana. In this organism, PGR5 is stabilised by PGRL1 whereas PGRL2 seems to cause the 

degradation of PGR5 (Rhüle et al., 2021). In Chlamydomonas reinhardtii and Physcomitrium patens PGRL2 is 

absent, suggesting the involvement of another PGR5 regulatory mechanism (Rühle et al., 2021).  

An important change from cyanobacteria to angiosperms in the P700 oxidation strategy is the presence of 

Flavodiiron Proteins (FLVs). FLVs keep the acceptor side of PSI oxidised since they catalyse the reduction of 

O2 to H2O using Fd- as electron donor (Sétif et al., 2020). In angiosperms, they have been functionally replaced 

by photorespiration as the dominant electron sink (Shimakawa et al., 2021). The transient activity of FLVs 

therefore avoids the accumulation of electrons on the acceptor side of the PSI when the LEF is limited and 

the consumption of NAD(P)H is slow (Alboresi et al., 2019). In Marchantia polymorpha, they play the same 

role as in cyanobacteria (Shimakawa et al., 2017). 

Finally, Plastid Terminal Oxidases are known to act as a “safety valve” to allow the oxidation of the 

plastoquinone pool under stress conditions to avoid the generation of ROS. In Chlamydomonas reinhardtii, 

two PTOX isoforms are present. Until today, only one mutant affected in CrPTOX2 was obtained and could 

be studied. CrPTOX2 has been shown to be involved in chlororespiration (Houille-Vernes et al., 2011). In 

Arabidopsis thaliana, only one isoform remains and seems not to fulfil the same functions and to be regulated 

in the same way as CrPTOX2 (Bolte et al., 2020). In this thesis the presence of two PTOX isoforms has been 

highlighted in Marchantia polymorpha, one of which is close to green algae and the other one to angiosperms 

(article 2, page 117). 

 

C) Photosynthesis study in Marchantia polymorpha 

 Marchantia polymorpha was chosen for its morphological characteristics, its place in evolution and 

its photosynthetic particularities. Indeed, the thin and slightly cut thallus of Marchantia compared to other 

Bryophytes (i. e. Physcomitrium patens) makes it easier to perform in vivo fluorescence measurements to 

detect photosynthetic activity. Moreover, its ploidy makes it easier to carry out CRISPR/Cas9 mutations than 

in angiosperms, most of which are polyploid. On the other hand, two biological particularities are important 

for my thesis. First, the presence of light-independent chlorophyll biosynthetic pathway allows Marchantia 

to be grown in the dark to track for the first time photoactivation, light-dependent Manganese cluster 

assembly, in vivo and to study its consequences on the organisation of the thylakoid membrane. Finally, the 

presence of all these protective mechanisms, which had disappeared in angiosperms, made it possible to 

highlight the presence of two types of PTOX isoforms in Marchantia: alga and plant-type. Thus, we were able 

to study the role of these proteins in vivo and determine their enzymatic characteristics in order to 

understand the evolutionary interest of the conservation of these two proteins in Marchantia and the 

disappearance of one of them in angiosperms. 
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Aims 
 

The aim of the thesis was to investigate two mechanisms conserved at the level of photosynthesis: 

the photoactivation which is the light-dependent assembly of the Mn cluster as well as the role of PTOX 

proteins, involved in the protection of the photosynthetic chain. For this purpose, Marchantia polymorpha 

was chosen as a model system because of its capability to assemble PSII in the dark and the feasibility of 

doing super-resolution microscopy on the whole thallus. Furthermore, M. polymorpha offers the possibility 

to study regulation mechanisms of photosynthesis that are absent in angiosperms. 

 

The first part concerns photoactivation. 

1. The first objective was to characterise the impact of chloroplast manganese transporters mutations 

in Marchantia polymorpha, but this could not be achieved (presumed lethal mutations). 

       1’.   Characterise the impact of Mn excess and deficiency on photosynthesis and metabolism in  

              M. polymorpha 

2. Determine the in vitro photoactivation conditions of isolated PSII from spinach using the oxygen 

electrode 

3. Use EPR and derived methods to study the different stages of photoactivation and in particular the 

binding of the first Mn(II) 

4. Find the conditions for cultivating Marchantia polymorpha in the dark and the analytical methods for 

monitoring photoactivation in vivo and as a function of time of illumination 

 

The second part concerns PTOX proteins. 

1. Studying the role of the two isoforms of PTOX in Marchantia polymorpha compared to other 

organisms of the green lineage: characterization of single and double mutants. 

2. Compare and generate the structures of the two isoforms in silico. 

 

A last part consisted in carrying out a theoretical reflection on the dynamics of the thylakoids and 

photosynthetic complexes within the chloroplast necessary to understand and explain certain results of the 

previous parts. 
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________________________________________________________________ 

Part I : Photosynthesis regulation at PSII donor side  

Study of Manganese homeostasis and Photoactivation 
______________________________________________________________________________________ 
 

In this section, various issues will be addressed. First, I characterised the effect of manganese excess 

or deficiency on the development of Marchantia polymorpha and in particular the impact on photosynthesis 

and metabolism. Then, I used PSII isolated from spinach to achieve photoactivation in vivo. I first tried to find 

the best conditions for photoactivation by measuring the release of oxygen. Finally, still with isolated PSII, I 

approached photoactivation in a more mechanistic way using High-Field EPR spectroscopy and derived 

methods to determine the ligands of the first manganese ion used for photoactivation. Finally, I used 

Marchantia to try to follow photoactivation in vivo and to track changes in thylakoid dynamics in real time 

using SRM (Super-resolution fluorescence microscopy). 

 

I) Impact of Manganese excess and deficiency on Photosynthesis and metabolism of 

Marchantia polymorpha 

 

 Manganese is an essential metal for plant survival. In particular, it plays an important role in 

photosynthesis since it is the major constituent of the Manganese cluster also called Oxygen Evolving 

Complex (Mn4CaO5). The light-dependent assembly of this cluster, termed photoactivation, is required for 

PSII activation and function.  

Furthermore, it is known that manganese is not evenly distributed to the soil. Indeed, in some regions 

of the world, it is very abundant (Australia, China) and in others very poor (Scandinavia, Turkey), which in 

both cases leads to significant yield losses. In particular, it has been shown that excess Mn mainly leads to 

competition with the absorption of other metals such as iron. It is strongly assumed that this is the 

consequence of a decrease in the amount of PSI in these plants due to the presence of Fe-S clusters. On the 

other hand, Mn deficiency has been shown to mainly affect PSII because of the presence of Mn cluster at 

donor side. 

Regarding Marchantia polymorpha, very little is known about metal homeostasis. Nevertheless, it 

has been defined as being a bio-indicator of heavy metals in its natural state and shown to be able to 

hyperaccumulate heavy metals (Samecka-Cymerman et al., 1997; Ares et al., 2018). 

In this article, I defined Mn excess and Mn deficiency culture conditions for Marchantia polymorpha 

in order to study the homeostasis of this metal at the whole plant and chloroplast scale. In addition, we have 

performed a metabolomics analysis and highlighted a strong alteration of plant metabolism in excess 

condition while the deficiency rather targets photosynthesis. 
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Article 1: Manganese Excess and Deficiency affect chloroplast structure and 

photosynthesis in Marchantia polymorpha (accepted) 

 

 In this article, I have established the culture conditions of Marchantia polymorpha and carried out 

most of the experiments. I did the quantification of metals in thalli and chloroplasts in collaboration with 

Sébastien Thomine. Super-resolution microscopy and image processing was done with Andrew Gall. I 

personally collected and derived the metabolomic samples, processed the data and analysed the results in 

collaboration with Florence Guérard. I performed the photosynthetic measurements, i. e. chlorophyll 

fluorescence, P700 absorption measurements, pigment determination and activity of PSI and PSII and of 

antioxidant enzymes. In addition, I had the chance to supervise a student, Thaïs Henebelle, for 6 months on 

this project. Finally, I actively participated in writing with Anja Krieger-Liszkay.   
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Abstract
Manganese (Mn) is an essential metal for plant growth. The most important Mn-containing enzyme is the Mn4CaO5 cluster
that catalyzes water oxidation in photosystem II (PSII). Mn deficiency primarily affects photosynthesis, whereas Mn excess is
generally toxic. Here, we studied Mn excess and deficiency in the liverwortMarchantia polymorpha, an emerging model ideally
suited for analysis of metal stress since it accumulates rapidly toxic substances due to the absence of well-developed vascular
and radicular systems and a reduced cuticle. We established growth conditions for Mn excess and deficiency and analyzed the
metal content in thalli and isolated chloroplasts. In vivo super-resolution fluorescence microscopy and transmission electron
microscopy revealed changes in the organization of the thylakoid membrane under Mn excess and deficiency. Both Mn excess
and Mn deficiency increased the stacking of the thylakoid membrane. We investigated photosynthetic performance by meas-
uring chlorophyll fluorescence at room temperature and 77 K, measuring P700 absorbance, and studying the susceptibility of
thalli to photoinhibition. Nonoptimal Mn concentrations changed the ratio of PSI to PSII. Upon Mn deficiency, higher non-
photochemical quenching was observed, electron donation to PSI was favored, and PSII was less susceptible to photoinhibition.
Mn deficiency seemed to favor cyclic electron flow around PSI, thereby protecting PSII in high light. The results presented here
suggest an important role of Mn in the organization of the thylakoid membrane and photosynthetic electron transport.

Introduction
Manganese (Mn) is an essential element for plant growth.
Mn homeostasis is disturbed under suboptimal or excessive
Mn availability (Schmidt et al. 2016; Alejandro et al. 2020).
The most important Mn-containing enzyme is the
Mn4CaO5 cluster at photosystem II (PSII) that catalyzes
water oxidation. Although Mn is involved as a cofactor in a
range of biochemical pathways, the primary effect of Mn de-
ficiency in photosynthetic organisms is a decrease in photo-
synthetic activity (Marschner 1995). Furthermore, Mn is
involved in reactive oxygen species (ROS) metabolism and

in the antioxidant response. Manganese is the cofactor of
the manganese superoxide dismutase (MnSOD) found in
mitochondria and peroxisomes (Bowler et al. 1994; Corpas
et al. 2017). Oxalate oxidase (OxOx) present in the apoplast
also requires Mn. This enzyme catalyzes the oxidation of ox-
alate to carbon dioxide coupled with the reduction of oxygen
to hydrogen peroxide (Requena and Bornemann 1999), the
latter having an essential role in the defense against patho-
gens (Lane 2002). When accumulated in excess, Mn can be
toxic causing oxidative stress (Marschner 1995; Pittman
2005; Delhaize et al. 2007; Peiter et al. 2007; Eroglu et al.
2016).
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In the presence of excess Mn in the soil, there is a compe-
tition between the uptake of Mn and other metals that are
also essential for the plant (Alam et al. 2005; St. Clair and
Lynch, 2005; Blamey et al. 2015; Lešková et al. 2017).
Indeed, at the level of the roots, plants do not have transpor-
ters that are completely selective for a single metal. Thus, a
high abundance of Mn can lead to a decrease in the absorp-
tion of other essential metals such as calcium, magnesium,
iron, or even phosphorus, thereby negatively affecting photo-
synthesis (Nable et al. 1988; Amao and Ohashi 2008) and in-
hibiting chlorophyll synthesis (Clairmont et al. 1986;
Subrahmanyam and Rathore 2001). Manganese excess causes
chlorosis followed by necrosis leading to plant death, but
these symptoms are very variable and species dependent
(Millaleo et al. 2010). To overcome Mn toxicity, plants have
developed different ways of Mn storage in vacuoles (Ducic
and Polle 2007), cell walls (Führs et al. 2010), and even
Golgi vesicles (Marschner 1995; Pittman 2005). In the litera-
ture, plant species have been divided into tolerant and non-
tolerant to Mn excess. Some species can hyperaccumulate
Mn at levels above 10,000 mg.kg−1 dry weight (DW) (Van
der Ent et al. 2013).
The effect of Mn deficiency on photosynthetic electron

transport and chloroplast structure has been studied for dec-
ades in a number of different organisms ranging from cyano-
bacteria to angiosperms (e.g. Homann 1967; Salomon and
Keren 2011). In general, a decline in PSII activity is observed
although symptoms of Mn deficiency are species dependent
(Homann 1967). Depending on the severity of Mn deficiency,
the ultrastructure of chloroplasts may be perturbed. In slight-
ly Mn-deficient spinach (Spinacia oleracea) plants, the stro-
ma lamellae are affected, while the grana stacks are normal.
Under more severe Mn deficiency, grana stacks are also dis-
organized (Mercer et al. 1962). More recently, similar obser-
vations were reported in the Arabidopsis (Arabidopsis
thaliana) knockout mutant chloroplast Mn transporter1
(CMT1), a transporter localized in the inner envelope mem-
brane, where chloroplast development was abnormal and
thylakoids appeared disorganized, with either hypo- or
hyper-stacked grana lamellae (Eisenhut et al. 2018; Zhang
et al. 2018). In this mutant, a large heterogeneity between
the chloroplasts was observed with chloroplasts containing
a well-structured, normal organization of the thylakoid
membranes next to chloroplasts with completely disorga-
nized architectures (Eisenhut et al. 2018). The consequences
of the loss of PSII activity and the disorganization of the
thylakoid membrane on the ratio of linear and cyclic photo-
synthetic electron transport have not been investigated in
previous studies.
In this present study, we investigated the consequences of

both excess and deficiency of Mn on photosynthesis in the
liverwort Marchantia polymorpha, an emerging model sys-
tem. Marchantia has been described in the 1990s as being
able to hyperaccumulate certain metals such as, for example,
lead (Samecka-Cymerman et al. 1997). Due to the morph-
ology of the thalli, the ventral part and hyaline parenchyma

of the plant are in direct contact with the substrate allowing
the uptake of the metals from themediumwithout having to
pass through the root system as occurs in vascular plants.
Compared to vascular plants, the leaf anatomy of
Marchantia is simpler and the tissues are thinner.
Chloroplasts are less structured than in vascular plants
(Tanaka et al. 2017) with smaller grana stacks, making these
chloroplasts an ideal system for super-resolution fluores-
cence microscopy.
We have established conditions for cultivating Marchantia

on plates under Mn deficiency and excess. The metal con-
tent, metabolome, and antioxidant activities as well as
photosynthetic activity and chloroplast structure were de-
termined to investigate the response of Marchantia to non-
optimal Mn supply. Manganese excess and deficiency affect
these processes in different ways. Manganese excess led to
a strong response of the metabolome but subtle defects in
photosynthesis, whereas, in contrast, Mn deficiency affected
the activity of PSII and promoted cyclic electron transport
around PSI. Under Mn deficiency, an increase in non-
photochemical fluorescence quenching was observed, pro-
tecting PSII against photoinhibition.

Results
Part I: Mn excess induces a stress response and affects
the photosynthetic apparatus
In order to determine the effect of Mn excess onM. polymor-
pha, plants were cultivated on media containing different
MnCl2 concentrations, ranging from 33 µM (Agar Control)
to 6.5 mM (200×) manganese. Gemmae were cultured on a
standard Gamborg’s B5 medium (33 µM MnCl2) for 2 weeks
before being transferred for 1 week to the different Mn con-
centrations before analysis. Figure 1A shows that thalli were
able to grow normally up to 1 mM Mn. However, thalli
showed reduced growth from 2 up to 6.6 mMMn, with signs
of stress visible as brown spots. The chlorophyll content of
the thalli was significantly decreased in excess Mn conditions
(SI Table 1). The determination of Mn concentration in thalli
(Figure 1B) showed that there is a positive correlation be-
tween Mn accumulation and Mn concentration in the me-
dium. In addition to Mn, we determined Fe and Mg
content since high Mn may negatively impact Fe import
into the chloroplasts and thereby the assembly of FeS clus-
ters in PSI (Millaleo et al. 2013), and Mg is important for
stacking of the thylakoid membranes. Neither Fe norMg con-
tent was affected by the high Mn concentrations.
In the following, we focus on the conditions of Mn excess

30× and 200×. The first being the highest concentration at
which Marchantia showed no obvious signs of stress and
the second being the most stressful condition. We con-
ducted a metabolomic analysis by gas chromatography–
mass spectrometry (GC-MS) on thalli. In total,
94 metabolites have been identified and quantified
(Supplemental Figure S1, Tables S2 and S3). Regarding the
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200× condition, certain metabolites involved in the re-
sponse to heavy metal or oxidative stresses were strongly in-
creased, while all other metabolites decreased compared to
the control. A very high concentration of Mn was associated
with a strong induction of polyamine synthesis with an ac-
cumulation of ornithine, citrulline, and putrescine
(Table 1). Among sugars and their derivatives, strong in-
creases in trehalose, rhamnose, and galacturonic acid were
also observed. All these compounds are known to accumu-
late in plants and other organisms upon exposure to heavy
metals (Sharma and Dietz 2006; Singh et al. 2016; Liu et al.
2017; Hasanuzzaman et al. 2019; Alejandro et al. 2020).
Most striking, N-methylalanine content was 30 and 50 times
higher in 30× and 200× conditions, respectively. To further
investigate the response to oxidative stress, the activity of a
few antioxidant enzymes was measured (Table 2). A 2-fold
increase in superoxide dismutase (SOD) activity was ob-
served at the highest Mn concentration. The activity of class
III peroxidases was also slightly increased at 200× , while
catalase activity gradually decreased.

Next, we studied the impact of Mn excess on chloroplast
ultrastructure and photosynthetic activity. The concentra-
tion of Mn, Fe, and Mg was measured in isolated intact chlor-
oplasts (Figure 2A). The results show a gradual and significant
increase of Mn comparable with the observation made in the

A B

C D

Figure 1. Effect of nonoptimal Mn supply on growth and metal content ofMarchantia polymorpha. Mn excess: A) 2-wk-old thalli were transferred
for 1 week to agar plates containing 33 µM (control, Crtl), 0.5 mM (15×), 1 mM (30×), 2 mM (60×), 5 mM (150×), and 6.5 mM (200×) MnCl2,
respectively. White scale bars represent 1 cm. B) Manganese, iron, and magnesium concentrations were determined after 1-week growth with
the given Mn concentrations. Mn deficiency: C) 2-week-old thalli were transferred and grown for 1 week on starch plates with or without the add-
ition of 33 µM MnCl2. Black scale bars represent 1 cm. D)Manganese, iron, and magnesium concentrations in thalli were measured after 1 week of
growth on starch plates with (Ctrl, hatched bars) or withoutMnCl2 (-Mn, white bars) in the medium. Error bars in B andD represent standard errors.
Stars in B and D indicate significant differences, compared to the control condition, based on a Mann–Whitney test (*P< 0.05, **P< 0.01, ***P<
0.001; N ≥ 3 biological replicates).

Table 1. Increase in metabolites involved in oxidative stress response
upon growth on high Mn concentration

Metabolite Experimental condition

Ctrl 30× 200×

Citrulline 0.001± 0 0.001± 0 0.003± 0.001
Galacturonic acid 0.004± 0 0.004± 0.001 0.008± 0.001
L-ornithine 0.003± 0.001 0.003± 0 0.007± 0.001
N-Methylalanine 0.021± 0.002 0.67± 0.237 1.101± 0.038
Putrescine 0.003± 0.001 0.002± 0 0.008± 0.001
Rhamnose 0.004± 0 0.004± 0.001 0.008± 0.001
Trehalose 0.053± 0.003 0.049± 0.008 0.083± 0.012

List of selected metabolites showing an increase in plants grown in 200× condition.
The mean value and SD are given (N= 4). P< 0.05 for all values, according to the
2-way ANOVA test. See Supplemental Table S2 for the full list.
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whole thalli. We observed an increase from 2 to 175 µg Mn
mg Chl−1 in the 200× condition compared to the Control.
We determined the total chlorophyll content of the thalli
to determine the proportion of Mn allocated to chloroplasts
(Figures 1B and 2A; Supplemental Table S1). About 7% to
13% of the total Mn content of the thalli was detected inside
the isolated chloroplasts with 13% in Control and 30× and
7% in 200× . There were no significant changes in the chloro-
plast Fe and Mg concentrations under Mn excess.

We used first bright-field and epifluorescencemicroscopy to
see whether Mn excess changes the morphology of the cells as
well as the number of chloroplasts (Figure 2B). In Control Agar,
most chloroplasts show typical plant-type spherical morph-
ology, while in 30×, there was a divergence from this typical
architecture. Some chloroplasts had a deformed shape. In
200× , this progression of deformation of the morphology
was further enhanced and the chloroplasts were smaller on
average (Figure 2C, Supplemental Figure S2). Next, we used

Table 2. Antioxidant enzymes activities in thalli from control and manganese excess and deficiency conditions

Parameter Experimental condition

Ctrl 30× 200× Starch +Mn Starch − Mn

SOD activity 3.01± 0.63 4.19**± 0.86 6.00***± 1.48 5.63± 1.43 5.08± 0.63
CAT activity 1.18± 0.16 0.87**± 0.26 0.54***± 0.12 0.72± 0.16 0.70± 0.13
PRX activity 1.27± 0.38 1.17± 0.25 1.59*± 0.42 1.52± 0.20 1.04**± 0.40
ROS — — — 44.4± 4.2 100± 1.4

Superoxide dismutase, Catalase, and peroxidase activities (µmol substrate mg proteins−1 min−1) were measured in crude extracts. •OH derived from H2O2/O2
●− was measured

using electron paramagnetic resonance (EPR) as a hydroxyethyl-N-tert-butyl-α-(4-pyridyl)nitrone N′-oxide.
(4-POBN) adduct. Mean value and SD are given. Stars indicate a significant difference compared to the control condition, based on a Mann–Whitney test (*P< 0.01, **P< 0.01,
***P< 0.001, N= 3 biological replicates).

Figure 2. Chloroplast metal content and structure in Marchantia polymorpha grown on nonoptimal Mn supply. Mn excess: A) Metal content of
intact chloroplasts isolated from thalli cultured on agar (control, 33 µM; 30×, 1 mM; 200×, 6.5 mMMnCl2). B)Microscopy images of thalli cultured
on agar (a, Control; b, 30×; c, 200×). C) Epifluorescencemicroscopy images of chloroplast surfaces of thalli (d, Control; e, 30×; f, 200×). Mn deficiency:
D)Metal content of intact chloroplasts isolated from thalli cultured on starch (Starch +Mn, 33 µM Mn; Starch –Mn, without Mn). E)Microscopy
images of chloroplasts in thalli (g, Starch +Mn; h, Starch –Mn). F) Epifluorescencemicroscopy images of chloroplast surfaces of thalli (i, Starch +Mn;
j, Starch –Mn). Scale bars in B and E represent 200 µm; scale bars in C and F represent 10 µm. Error bars in A and D represent standard errors. Stars in
A and D indicate significant differences, compared to the control condition, based on a Mann–Whitney test (***P< 0.001; N ≥ 3 biological
replicates).
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super-resolution fluorescence nanoscopy and transmission
electron microscopy (TEM) to determine better the change
in the organization of the thylakoid membranes triggered by
excess Mn (Figure 3). At physiological temperatures, chloro-
phyll fluorescence is mainly due to PSII emission, which is es-
sentially concentrated in the grana lamellae (for reviews, see
Dekker and Boekema 2005; Kirchhoff 2019). Hence, the fluor-
escence images partly represent the spatial organization and
relative abundance of grana stacks in in vivo chloroplasts.
The organization of the chloroplast in the Control
(Figure 3A top panel) is similar to that of Arabidopsis thaliana
(Iwai et al. 2018; Streckaite 2021) with a “round” shape and the
presence of numerous grana stacks visualized as highly fluores-
cent yellow/orange patches in the false-color images, albeit

with a less clear separation between stroma and grana lamel-
lae. Under the 30× condition, the chloroplast is smaller, indi-
cating a more compact spatial organization of the
interconnected granae. Furthermore, the presence of a non-
fluorescent region was observed in the center corresponding
to a void in bright-field images. In 200× , the smaller chloro-
plasts still exhibited strong chlorophyll fluorescence emissions
with a well-developed distribution of patches indicative of
thylakoid grana stacks. Electron microscopy images confirm
clear grana stacking under control and 200× conditions, while
the organization at 30× was different with 3 thylakoid mem-
branes always attached to each other concomitant with a lack
of major grana stack formation (Figure 3B, TEM insert).
This uniform distribution of attached membranes under

A B

Figure 3. Organization of chloroplast membranes as evidenced by room temperature in vivo super-resolution chlorophyll fluorescence emission
nanoscopy and by TEM. A) Super-resolution fluorescence microscopy. 1) Agar Control, 30× and 200× conditions and 2) Starch Control and
Starch – Mn. For each culture condition, reading from left to right, the 3 reconstructed fluorescence maps are separated by 300 nm in the axial
(z) direction. The false-color scale is represented by horizontal color bar (minimum, black; maximum, white). Scale bar: 1 µm. One chloroplast is
represented by a total of 10 chloroplasts analyzed for each condition. B) TEM images. 10–20 chloroplasts were analyzed, exhibiting the same features
for each culture condition. Scale bar: 1 µm (except for the digitally enhanced insert, 200 nm).
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30× Mn is in agreement with the quasi-uniform false-color
chlorophyll emissionmaps observed using in vivo fluorescence
nanoscopy, attributed to mainly PSII emission.
Since the size of the chloroplasts and the distribution of

the chlorophyll fluorescence within the chloroplasts were af-
fected by the growth conditions, photosynthesis was studied
in more detail. Table 3 presents that the Chl a/b ratio re-
mained unchanged at 30× but decreased at 200× Mn, in-
dicating that the antenna size relative to the reaction
center increased since Chl b is a major constituent of the
light-harvesting complex II (LHCII). The 77 K fluorescence
emission spectra (Figure 4A) showed 3 characteristic peaks
at 685, 695, and 725 nm; the former 2 peaks are attributed
to LHCII and PSII, and the latter to PSI with its antenna
(Satoh and Butler 1978). For chloroplasts isolated from thalli
grown at 200×, the emission attributed to PSI decreased rela-
tive to that of PSII, while there was no change when grown at
30× (Figure 4A). In line with the lower PSI fluorescence rela-
tive to PSII fluorescence in 200×, the capacity of PSI electron
transport was slightly lower although the effect was not stat-
istically significant (Table 3). However, the capacity of PSII
electron transfer was significantly decreased. A damaging ef-
fect of high Mn concentration on PSII activity was confirmed
by fluorescence induction curves (Figure 4B). The appear-
ance of the K-phase under 200× condition can be attributed
to the damage to the Mn4CaO5 cluster at the PSII donor side
according to Strasser (1997). In 200× , maximum quantum
yield of PSII (Fv/Fm) and chlorophyll quenching fluorescence
were altered during illumination with actinic light, but there
was no increase in the susceptibility of PSII to photoinhibi-
tion (Table 3, Supplemental Figures S3 and S4).

Part II: Mn deficiency affects the photosynthetic
apparatus and may favor cyclic electron flow
In the following, we investigated the effect of Mn starvation
on M. polymorpha. Agar plates were not suitable to induce
Mn deficiency since agar contains too muchMn as an impur-
ity (12.8± 0.4 µM). Therefore, we substituted agar with
starch as a gelling agent. Gemmae were cultured for 2 wk
on Gamborg’s B5 Agar medium (33 µMMnCl2) before young
thalli were transferred to Mn-free Gamborg’s B5 Starch me-
dium with or without the addition of Mn (33 µMMn). It was

not possible to culture gemmae directly on starch because
they were not able to develop. Figure 1C shows that plants
exhibited no visible growth defect after 1 week culturing
on Starch Control or without Mn. However, chlorophyll
fluorescence showed a clear decrease in the quantum yield
of PSII (Fv/Fm) was lower when no MgCl2 had been added
to the medium (Supplemental Figure S5). The amount of me-
tals in thalli was measured (Figure 1D). The use of starch al-
lowed a reduction of Mn content from 75 µg Mn g DW−1

(Starch Control) to 20 µg Mn g DW−1 (Starch – Mn). Fe
and Mg contents were not affected.
As for Mn excess, a metabolic analysis was carried out. No

significant difference in the metabolomics profiles was ob-
served between the 2 starch conditions (Supplemental
Table S1), while there were clear differences between Agar
Control and Starch Control (Supplemental Table S2). The ac-
tivity measurements of the antioxidant enzymes showed a
significant decrease in the activity of type III peroxidases
(Table 2). Using a spin-trapping assay, the generation of
•OH derived from H2O2/O2

•− was detected in starch-grown
plants. ROS levels were 2 times higher in the Starch – Mn
condition.
Next, the impact of Mn deficiency on chloroplasts was

investigated. The measurements (Figure 2D) revealed a
decrease in the Mn content by about 50% in the Starch –
Mn condition compared with the Starch Control. There
was a tendency that the Starch –Mn growth condition low-
ers slightly the Fe and Mg content; however, the differences
were not statistically significant. Overall, the metal content
(Mn, Fe, and Mg) of the chloroplasts under starch conditions
was almost double compared to chloroplasts from thalli
grown under Agar Control conditions. This may be due to ef-
fects on the metal uptake and transport system or also be
connected to a higher intactness of the isolated chloroplasts.
The epifluorescence microscopy images (Figure 2F) showed
more “horseshoe-shaped” chloroplasts under the Starch
Control condition. In Starch – Mn, chloroplasts appeared
rounder. These observations were confirmed by super-
resolution nanoscopy (Figure 3B); however, the area of the
chloroplasts was unaltered (Supplemental Figure S2). In the
Starch Control, the thylakoid membranes were organized
in grana/lamellae-like structures. In the Starch – Mn condi-
tion, the chloroplasts had fewer voids in the 3D volume.

Table 3. Chl a/b ratio and electron transport capacities of thylakoids from thalli cultured on manganese excess and deficiency

Parameter Experimental condition

Ctrl 30× 200× Starch +Mn Starch − Mn

Chl a/b 1.23± 0.09 1.30± 0.10 0.97± 0.06 0.95± 0.22 0.91± 0.20
Fv/Fm 0.775± 0.005 0.773± 0.003 0.765± 0.004 0.772± 0.012 0.751*± 0.004
PSI/PSII 1.47± 0.02 1.42± 0.01 1.19*± 0.02 1.11± 0.02 1.51*± 0.01
PSII activity 48± 13 43± 17 15.0***± 5.1 30± 9 22± 8
PSI activity 116± 20 114± 27 100± 40 59± 8 75*± 16

Chlorophyll content was determined after extraction in acetone. PSI to PSII ratio was determined by integrating the area of the fluorescence at 77 K (λmax725/λmax685). PSII and PSI
activities (µmol O2 µg chl

−1 h−1) were measured using an O2 electrode. PSII activity was measured as oxygen evolution in the presence of 1 mM 2,6-dichloro-1,4-benzoquinone
(DCBQ), 10 mMNH4Cl. PSI activity was measured as oxygen uptake in the presence of 10 μMDCMU, 5 mM ascorbate, 30 μMDCPIP, 500 μMmethylviologen, and 10 mMNH4Cl.
Mean value and SE are given. Stars indicate significant difference compared to the control condition, based on a Mann–Whitney test (*P< 0.01, ***P< 0.001, N= 6).
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Compared with a standard chloroplast as represented in the
Agar Control (Figure 3A, top panel), or Arabidopsis (Iwai
et al. 2018; Streckaite 2021), the strongly fluorescent regions
were localized more distinctly, indicating a change in the me-
soscopic organization of the thylakoid membrane. This indi-
cates smaller grana stacks with a more pronounced
segregation between them and the stroma lamellae as con-
firmed by TEM. The TEM image shows a much higher degree
of stacking of the thylakoid membranes (Figure 3B).
The 77 K fluorescence (Figure 4B) showed a decrease in the

emission at 680 nm in chloroplasts isolated from Starch –
Mn thalli, indicating a loss of PSII content compared with
PSI. PSII activity was lower (Table 3). The quantum yield of
PSII, Fv/Fm, was significantly lower upon Mn deficiency. PSI
activity increased significantly, confirming the change in
the PSI/PSII ratio under Mn deficiency seen in 77 K

fluorescence spectra. In the Starch –Mn condition, the fluor-
escence induction curves showed a dip phase at about 2 ms,
indicative of damage to the Mn4CaO5 cluster at the PSII do-
nor side (Figure 4D).

Figure 5 shows changes in room temperature chlorophyll
fluorescence upon illumination with actinic light. Upon Mn
deficiency, energy dissipation as the heat was enhanced
(qN; Figure 5C). However, photochemical quenching (qP;
Figure 5D) was not affected. Furthermore, the slightly higher
minimum fluorescence level during the recovery phase (post-
illumination fluorescence transient, PIFT) upon Mn
deficiency indicates an increase in chlororespiratory and/or
cyclic electron flow. To show whether the stability of PSII
or the repair of damaged PSII was affected under Mn defi-
ciency, photoinhibition experiments were carried out with
or without the protein synthesis inhibitor lincomycin

Figure 4. Chlorophyll fluorescence at 77 K and room temperature.A) 77 K fluorescence emission of chloroplasts extracted from thalli grown on agar: Ctrl
(black), 30× (red), and 200× (blue, upper trace at 685 nm) (N= 3, biological replicates). B) Same as (a) carried out on starch-cultivated thalli with (Ctrl,
black) or without MnCl2 (−Mn, red, upper trace at 685 nm). Spectra in A and B were normalized to the maximum emission at 725 nm. C)
Room-temperature fluorescence induction curves (OJIP) were measured on 5-min dark-adapted thalli by the application of a saturating flash with
300 ms duration. Culture conditions as in A.D) Fluorescence induction curves on thalli grown as in B. One representative curve is shown for each condition.
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(Figure 6). Plants cultivated on Starch – Mn were more sus-
ceptible to high light in the absence of lincomycin. In the
presence of lincomycin, the opposite was observed with
PSII in plants cultivated on Starch –Mn being more resistant
to the photoinhibitory treatment. This may be explained by
the higher nonphotochemical quenching (NPQ) protecting
the photosynthetic apparatus. A higher NPQ was observed
also in the presence of lincomycin (Supplemental Figure S6).
The higher PSI fluorescence at 77 K, the higher NPQ, and

the protection of PSII against photoinhibition in plants culti-
vated on Starch –Mnmay indicate that cyclic electron trans-
port is favored under these conditions. Absorption changes
of P700 show that P700 is more slowly oxidized, both in
red actinic and in far-red light, in plants cultivated on
Starch – Mn indicating that more electrons are available in
the electron transport chain (Figure 7A). To show that in-
deed more electrons are available for P700+ reduction at
the luminal side, we determined the yield of donor-side limi-
tation, Y(ND) as a function of the intensity of the actinic

light. Figure 7B shows the less donor-side limitation of PSI
over a wide range of light intensities in plants cultivated on
Starch – Mn compared to those cultivated on Starch
Control. These data further indicate a higher activity of cyclic
electron flow under Mn deficiency. Under both conditions,
acceptor side limitation at the stromal side of PSI was not ob-
served because Marchantia possesses flavodiiron proteins
that use ferredoxin as an electron donor to reduce oxygen
to water (Shimakawa et al. 2021).

Discussion
In this study, we established growth conditions for manga-
nese excess and deficiency in M. polymorpha. Marchantia
can absorb up to 25 mg Mn g DW−1 (Figure 1B) which is
higher than the hyperaccumulator Polygonum lapathifolium
that contains approximately 18 mg Mn g DW−1 in its aerial
parts (Liu et al. 2016). However, Marchantia shows symp-
toms of toxicity under the 200× conditions, and thalli

Figure 5. Analysis of variable chlorophyll fluorescence in Mn deficiency. A) and B) Induction and recovery fluorescence curves were measured on
thalli transferred for 1 week to starch medium with (black) or without added MnCl2 (red). After 5 min dark adaptation, thalli were exposed to a
measuring light to determine the minimum fluorescence level (dashed lines) and to a saturating flash to obtain the maximum fluorescence level.
Actinic light (50 µmol photons m−2 s−1) was applied for 5 min (white bar). Recovery in the dark was followed (gray bar). C) qN and D) qP para-
meters were calculated, thanks to saturating flashes applied during the light and dark period. Mean values and standard deviation are given in C and
D (N= 12, 3 biological replicates). C: lower trace, without added MnCl2; D: upper trace, without added MnCl2.
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only survive for a few weeks. Therefore, Marchantia does not
qualify as a hyperaccumulator despite its high Mn uptake
capacity. Mn excess conditions induced an increase in SOD
and peroxidase (PRX) activity, while catalase activity de-
creased (Table 2). An increase in SOD activity could reflect
a higher amount of MnSOD present under Mn excess condi-
tions. The metabolomics analysis showed that known
stress-induced metabolites accumulate upon excess Mn
(Table 1; Supplemental Figure S2 and Tables S2 and S3); how-
ever, the metabolomics response of Marchantia is distinct
from that of angiosperms and requires in-depth functional
analysis of metabolites and metabolic pathways. An excess
of Mn affected the ratio between it and other metals (e.g.
Fe and Mg) in both thalli and chloroplasts. Indeed, cation
transporters are known not to be completely selective under
stressed conditions (Vert et al. 2002; Ducic et al. 2005; Lei
et al. 2007; Millaleo et al. 2010; Barberon et al. 2011); well-
documented examples of excess of Mn in the soil are known
to perturb the absorption and translocation of other ele-
ments, including iron, magnesium, and phosphorus (Ducic
et al. 2005; Lei et al. 2007; Millaleo et al. 2010), causing Fe de-
ficiency in plants. However, Marchantia grown at 200× does
not show alterations in the Fe and Mg content inside the
thalli (Figures 1B and 2A). Nevertheless, an alteration in the
Mn/Fe ratio may induce Fe deficiency through competitive
binding. Fe deficiency is known to affect primarily PSI that
is rich in 4Fe4S clusters. As shown in Figure 4B, PSI content
is lowered in comparison to PSII in 200×. A similar reduction
of PSI upon exposure to Mn excess has been reported for
Arabidopsis (Millaleo et al. 2013). Aside PSI, the water-

splitting activity of PSII seems also to be affected in the
200× condition as seen by the appearance of the K-phase
in fluorescence induction curves (Figure 4C) and the decrease
in PSII activity (Table 2). A toxic effect of Mn excess on PSII ac-
tivity is in accordance with data on angiosperms (Liang et al.
2019); 200× Mn not only negatively affected the photosyn-
thetic apparatus but also led to a reduction in chloroplast
size and an alteration of the well-separated grana stack and
stroma lamellae distribution (Figures 2 and 3).
Transfer of thalli from agar to starch plates allowed to es-

tablish Mn deficiency conditions. Growth in starch allowed
lowering the Mn content drastically in the thalli to 21 µg
Mn g DW−1. According to Mengel and Kirkby (1987), the
minimum Mn content required for the growth of angios-
perms is about 20 to 40 mg Mn kg DW−1, and most angios-
perms usually contain 30 to 500 mg Mn kg DW−1.
Manganese deficiency led to a decrease in Fv/Fm, a change
in the ratio of the activity PSI/PSII (Table 3), and less PSII con-
tent relative to PSI according to 77 K fluorescence
(Figure 4B). In angiosperms, Mn deficiency lowers PSII activity
while PSI activity remains unaffected (Homann 1967; for re-
view see Schmidt et al. 2016). Furthermore, the structural or-
ganization of the thylakoids was affected (Figure 3). It is
known that Mn deficiency leads to disorganization of the
thylakoid membrane in angiosperms (Mercer et al. 1962;
Homann 1967). InM. polymorpha, the smaller compartmen-
tation of the grana stacks could be partly responsible for the
changes in electron transport. In addition to a change in the
stoichiometry between active PSI and active PSII, a different
distribution of photosynthetic complexes may favor cyclic
electron flow around PSI by allowing the formation of super-
complexes likely to be required for cyclic electron flow (Iwai
et al. 2010). As shown in Figure 7, thalli grown on Starch –Mn
show less limitation of electron donation to P700+ than
those of the Starch Control indicating a stimulation of cyclic
electron flow under Mn deprivation. Cyclic electron flow is
known to be induced under specific physiological conditions
like anaerobiosis in Chlamydomonas reinhardtii (Joliot et al.
2022). Changes in the organization of PSI complexes were
also observed under Mn limitation in cyanobacteria
(Salomon and Keren 2011). Increased cyclic electron flow
generates a higher proton gradient across the thylakoid
membrane and thereby an increase in NPQ (Figure 5C). A
higher NPQ protects PSII against photoinhibition as seen
when thalli grown on Starch –Mnwere exposed to high light
in the presence of lincomycin (Figure 6), while they were
more susceptible to photoinhibition in the absence of linco-
mycin (Figure 6) likely due to a slowdown of PSII repair. A
slowdown of PSII repair under Mn deficiency has been ob-
served previously in the Mn transporter mutant nramp3n-
ramp4 in Arabidopsis (Lanquar et al. 2010). The repair of
PSII may be slowed down in the light because of the higher
ROS levels in Starch –Mn (Table 2) that affects the synthesis
of the D1 protein (Nishiyama et al. 2011).
In conclusion, we show here that unfavorable Mn concen-

trations during the growth of Marchantia affect not only the

Figure 6. Photoinhibition in Mn deficiency in the absence and pres-
ence of lincomycin. Photoinhibition was measured on starch-cultivated
thalli with (black symbols) or without MnCl2 (red symbols). Fv/Fm was
followed during exposure to high light (800 µmol photons m−2s−1) for
90 min (yellow bar) and during the recovery at room light (black bar).
Squares: without lincomycin; lower trace without MnCl2, triangles: with
lincomycin; upper trace without MnCl2 As a control, lincomycin sam-
ples incubated in the dark are shown (stars). Mean values and standard
errors are given (N= 6, 2 biological replicates).
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photosynthetic apparatus but also the organization of the
thylakoid membrane. Future work is needed to explore the
link between changes in the organization and stacking of
the thylakoid membrane and stimulation of cyclic electron
flow under Mn deficiency.

Materials and methods
Plant growth conditions
Gemmae fromM. polymorpha, Takaragaike (Tak-1) accession
(male) were asexually cultured on ½ Gamborg’s GB5 1% (w/
v) Agar medium (Gamborg et al. 1968) for 2 weeks under a
light–dark cycle of 16-h light, 22°C, 120 µmol quanta
m−2s−1, white fluorescent lamp/8 h dark, 20°C. For Mn ex-
cess condition, young thalli were transferred to ½
Gamborg’s GB5 1% Agar medium containing 33 µM (con-
trol), 0.5 mM (15×), 1 mM (30×), 2 mM (60×), 5 mM
(150×), or 6.5 mM (200× ) MnCl2 for 1 week before measure-
ments. According to the metal quantification, the control
medium contained 2.52± 0.27 µg Mn g−1 fresh weight of
the solid medium. For Mn deficiency, young thalli were trans-
ferred on ½ Gamborg’s GB5 6% starch (w/v) medium with or
without the addition of 33 µM MnCl2 for 1 week before per-
forming measurements. According to the metal quantifica-
tion, the starch medium with MnCl2 contained 2.03±
0.13 µg Mn g−1, and the medium without the addition of
MnCl2 contained 0.26± 0.08 µg Mn g−1 fresh weight of the
solid medium.

Chloroplast and thylakoid isolation
About 10 g of thalli was collected, the media carefully mech-
anically removed, and grounded in 100 ml of GR buffer
(50 mM Hepes-KOH pH 7.5, 0.33 M sorbitol, 1 mM MgCl2,

2 mM EDTA, 5 mM Na-ascorbate) with a spatula of BSA.
The slurry was filtered through 2 layers of Miracloth and cen-
trifuged at 1,200 × g (4°C) for 7 min. Pellets were resus-
pended in 2 m of GR buffer and then layered on the top of
a Percoll gradient [15 ml of 30% Percoll/GR buffer (v/v)
and 10 ml of 70% Percoll/GR buffer v/v], centrifuged at
7,000 × g (4°C) for 17 min (no brake). Intact chloroplasts
were collected and washed in 25 ml of GR buffer; centrifuga-
tion 1,500 × g (4°C) for 5 min. The intactness was checked by
light microscopy. For thylakoids, the same procedure was
used without the percoll gradient.

Metal quantification
Thalli were collected and dried at 70°C for 2 days before
being weighed. About 1 ml of nitric acid (65%) was added
to 1 mg of plant material. For intact chloroplasts, the chloro-
phyll concentration was adjusted to 100 µg chl ml−1 before
the addition of 2.5 volume of nitric acid. After 10-fold dilu-
tion in trace-metal-free water, the metal content of the sam-
ples was determined by atomic emission spectroscopy using
an MP AES 1200 spectrometer (Agilent, USA).

Super-resolution microscopy
For each sample, a small quantity of thallus was placed in a
sandwich of 2 glass coverslips (22 mm diameter, Paul
Marienfeld GmbH & Co. KG), sealed, and placed inside an in-
house built sample holder. The sample holder was fixed to a
nano-positioning system (P-733.2CD, P-725.4CD, E-725.3CD,
Physikinstrumente) coupled to an inverted microscope
(Ti-U, Nikon) equipped with a CFI Apochromat Lambda
100× oil immersion objective. Room-temperature fluores-
cence emission was recorded by an iXon ULTRA 897 camera
in conventional mode, gain 3 (Andor Technology Ltd.,

Figure 7. Activity of PSI in Mn deficiency. A) Normalized P700+ signal was obtained on thalli cultivated on Starch (+Mn, black, upper trace; −Mn,
red, lower trace). The redox state of the PSI primary donor P700 was monitored through the changes in absorbance at 830 versus 875 nm. Leaves
were kept in the dark for 5 min prior to the measurements. Thalli were exposed to actinic light for 15 s (white bar) and to far-red light until reaching
a plateau (red bar). Then, a saturating flash was applied (yellow bar) and the decay was observed in the dark (gray bar). B) PSI donor-side limitation
Y(ND) based on saturating pulse analyses. Following the initial determination of maximal oxidation of P700, actinic light of the indicated intensities
was given for 180 s. Mean values and standard deviation are given (N= 6, 2 biological replicates).
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Belfast), coupled to the microscope with a custom-made
Optomask (Cairn Research Ltd, Faversham). The total
chlorophyll fluorescence emission was isolated using a di-
chroic mirror/emission filter doublet (59022BS/ET655LP,
Chroma Technology Corporation). Epifluorescence images
were recorded using an excitation provided by a plasma light
source (HPLS245 Thorlabs Inc.) and an excitation filter
(MF469-35 Thorlabs Inc.). The excitation source for the
laser-scanning measurements was a 445-nm emitting laser
(OBIS LX, Coherent Inc.) at 100 nW intensity at the sample.
Laser scanning and final image reconstruction [resolution (d )
dxy= 126 nm, dz= 320 nm] were as previously described
(Streckaite 2021) with a dwell time of 10 to 30 ms, 60-nm
X/Y-scan steps, and 300-nm Z-scan steps.

Transmission electron microscopy
About 1-mm strips of thalli were cut under glutaraldehyde/
paraformaldehyde fixative and impregnated by the 1% os-
mium (w/v) and 1.5% potassium hexacyanoferrate (w/v) en
bloc staining protocol as described (Hawes et al. 1981;
Juniper et al. 1982); 70-nm-thick sections were cut with an
EM UC6 ultramicrotome (Leica Microsystems) and depos-
ited on to copper grids. Ultrathin sections were stained
with 2% uranyl acetate (w/v) (Merck) and Reynolds lead cit-
rate according to standard procedures. Grids were examined
under a JEOL 1400 TEM operating at 80 kV (JEOL, http://
www.jeol.com). Images were acquired using a 9-megapixel
high-speed camera (RIO9; Gatan, http://www.gatan.com)
and processed using Digital Micrograph (Gatan).

Pigment analysis
Thalli were weighed and incubated in 100% acetone for 16 h
in the dark. For complete pigment extraction, acetone incu-
bation was repeated 3 times. The pigment extract was di-
luted to 80% acetone (v/v) before measurement.
Chlorophyll a and chlorophyll b contents were calculated ac-
cording to Porra and Scheer (2019).

77K Chlorophyll fluorescence measurements
Fluorescence spectra of intact chloroplasts diluted in GR buf-
fer were measured with a Carry Eclipse fluorimeter (Agilent,
USA); excitation wavelength: 430 nm. The spectra were nor-
malized to the intensity of the PSI emission.

Chlorophyll fluorescence analysis at room
temperature
Chlorophyll fluorescence analysis was performed on 5 min
dark-adapted thalli using a Dual-PAM-100 fluorimeter
(Walz, Effeltrich, Germany). Fm and Fm′ were determined
using saturating flashes (10,000 μmol quanta m−2s−1, dur-
ation 300 ms). Fo, minimum and Fm, maximum fluorescence
in a dark-adapted sample; Fm′, maximum fluorescence and F′,
fluorescence emission from a light-adapted sample.
Induction and recovery curves were measured using actinic
light of 50 µmol quanta m−2s−1: Fv/Fm= (Fm − F0)/Fm,

qN= (Fm − Fm′)/(Fm − F0′), and qP= (Fm′ − F)/(Fm′ − F0′).
For induction curves (OJIP), one saturating flash was given.

Photoinhibition
Thalli were placed on wet filter paper and illuminated with
white light (800 µmol quanta m−2s−1) LED panel SL3500
(Photon Systems Instrument, Drasov, Czech Republic). For
recovery, samples were placed in low light (10 µmol quanta
m−2s−1). When indicated, thalli were incubated in lincomy-
cin (1 g L−1) for 4 h prior to the photoinhibition treatment.
Fv/Fm was measured using an Imaging-PAM (Walz, Effeltrich,
Germany).

P700 measurements
P700 absorbance was measured using a Dual-PAM-100 fluor-
ometer (Walz, Effeltrich, Germany). Near-infrared measuring
lights (830 and 870 nm) were applied to measure the trans-
mittance of oxidized P700. Prior to the measurements, the
plants were kept in the light in the growth chamber so
that the Calvin–Benson cycle enzymes were active. Five min-
utes dark-adapted thalli were exposed to actinic light fol-
lowed by far-red light. Then, a saturating flash was given at
the end of the far-red light period. To determine quantum
yields of PSI donor, Y(ND), and acceptor side limitations,
Y(NA), saturating pulse analysis was used (Klughammer
and Schreiber 1994). Each actinic light intensity was applied
for 180 s before determining Y(ND) and Y(NA).

Antioxidant enzymes activity
Thalli were harvested and ground in 50-mMHEPES buffer pH
6.5. The slurry was filtered through one layer of Miracloth,
centrifuged for 5 min at 10.000 × g (4°C). Protein concentra-
tion in the crude extract was determined by amido black
since the supernatant contained pigments (Schaffner and
Weissmann 1973). About 10 µg ml−1 protein was used for
the enzymatic tests. Guaiacol peroxidase activity was deter-
mined spectrophotometrically by measuring the oxidation
of guaiacol to tetraguaiacol at 470 nm (ϵ: 26.6 mM−1cm−1)
(Chance and Maehly 1955). The reaction mixture contained
50 mM NaH2PO4/Na2HPO4 pH 7.5, 3 mM H2O2, and 0.01%
(v/v) guaiacol. Catalase activity was measured polarographi-
cally at 20°C with a Clark-type electrode in 50 mM Tris buffer
pH 8.5 and 1 mM H2O2 as substrate. SOD activity was mea-
sured using a solution of 500 µM Xanthine, 20 mM HEPES
buffer pH 7, 0.2 U ml−1 xanthine oxidase, and 100 µM XTT
(Na,3′-(1-(phenylaminocarbonyl)-3,4-tetrazolium)-bis-(4-m-
ethoxy-6-nitro) benzene sulfonic acid hydrate) as substrate.
The kinetics of superoxide production were measured as in-
crease in absorbance at 470 nm, and the SOD activity was de-
termined by following the inhibition of the superoxide
production after the addition of the crude extract (Molins
et al. 2013). For •OH detection, 15 mg thalli were incubated
for 1 h in 3 ml 10 mM phosphate buffer, pH 6.0, 50 mM
N-tert-butyl-α-(4-pyridyl)nitrone N′-oxide (4-POBN), and
4% ethanol (v/v) (Heyno et al. 2008).
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Metabolite analysis
GC-MS profiling of metabolites was performed on thalli cul-
tured on Agar Control, 30× and 200× conditions and thalli
grown on Starch Control and Starch – Mn. Dried and
grounded samples (5 mg of dry weight) were incubated in
1 ml of H2O/ACN/isopropanol (2/3/3) with 4 mg l−1 of ribitol
for 10 min at 4°C with shaking at 250 g in an Eppendorf
Thermomixer. Insoluble material was removed by centrifuga-
tion at 20,400 × g for 10 min; 700 µl of supernatant was recov-
ered, and 70 µl of a mix of H2O/MeOH/isopropanol (2/5/2)
with 0.3 g L−1 of myristic acid d27 was added as an internal
standard for retention time locking. Aliquots of each extract
(100 µl) extracts were dried for 4 h at 30°C in a Speed-Vac
and stored at −80°C. After thawing, samples were dried
again in a Speed-Vac for 1 h at 30°C before adding 10 µl of
20 mg ml−1 methoxyamine in pyridine to the samples. The re-
action was performed for 90 min at 30°C under continuous
shaking in an Eppendorf thermomixer. A volume of 90 µl of
N-methyl-N-trimethylsilyl-trifluoroacetamide was then added
and the reaction continued for 30 min at 37°C. After cooling,
80 µl were transferred to an Agilent vial for injection. Four
hours after derivatization, 1 µl sample was injected in splitless
mode on an Agilent 7890B gas chromatograph coupled to an
Agilent 5977A mass spectrometer (column: RESTEK RXI 5SIL
MS 30MX0.25MMX0.25UM). An injection in split mode with
a ratio of 1:30 was systematically performed for the quanti-
fication of saturated compounds. Raw Agilent data files were
analyzed with AMDIS https://chemdata.nist.gov/dokuwiki/
doku.php?id=chemdata:amdis. The Agilent Fiehn GC-MS
Metabolomics RTL Library was employed for metabolite iden-
tifications. Peak areas were determined with the Masshunter
Quantitative Analysis (Agilent) in splitless and split 30
modes. Peak areas were normalized to ribitol and dry weight.
Metabolite contents are expressed in arbitrary units (semi-
quantitative determination).
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Manganese excess and deficiency affect chloroplast structure and the photosynthetic 

apparatus in Marchantia polymorpha 

 

Table S1 Chlorophyll and Mn content in thalli grown in Mn excess  

 

sample mg Chl/g DW  mg Mn/g DW  µg Mn/mg Chl µg Mn in Chloroplast/ 

g DW 

Crtl (agar) 14,6 ± 1,2 0,231 2,1 30,3 ± 0,10 

30x 10,6 ± 1.7* 2,714 23,6 250,8 ± 0.09*** 

200x 8,8 ± 1.3* 23,116 178,7 1566,2 ± 0.06*** 

 

Chlorophyll content and dry weight was determined by three consecutive acetone extractions (N=6). 

Values of Mn content are the same as in Figs 1, 2 of the main manuscript. Stars indicate significant 

differences, compared to the control, based on a Mann and Whitney test (* p<0.05, *** p<0.001). 

Chlorophyll content was determined according to Porra and Scheer (2019).  
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Messant et al. 

Manganese excess and deficiency affect chloroplast structure and the photosynthetic 

apparatus in Marchantia polymorpha 

 

Table S2 List of 96 metabolites identified by GC-MS in Marchantia polymorpha 

 

List of 96 metabolites identified and quantified in plants grown in Agar Control, 30X, 200X, 

Starch Control and Starch-Mn condition. N=4 biological replicates. P<0.05 for all values, 

according to two-way ANOVA test. 

 

 Control 30X 200X Starch+Mn Starch-Mn 

Metabolites Mean SD Mean SD Mean SD Mean SD Mean SD 

1,3-propanediol 0.011 0.000 0.012 0.000 0.011 0.000 0.011 0.001 0.011 0.001 

1,6-anhydro-glucose 0.005 0.001 0.004 0.000 0.002 0.000 0.002 0.001 0.002 0.001 

2,3-butanediol 0.005 0.001 0.005 0.000 0.004 0.000 0.005 0.000 0.004 0.000 

2-hydroxypyridine 0.021 0.003 0.017 0.002 0.014 0.001 0.015 0.001 0.012 0.002 

3,4-dihydroxymandelic acid 0.003 0.001 0.002 0.000 0.008 0.002 0.002 0.000 0.001 0.000 

3-hydroxy-3-methylglutaric 

acid 0.005 0.000 0.004 0.000 0.003 0.000 0.003 0.001 0.002 0.001 

4-hydroxypyridine 0.003 0.000 0.002 0.000 0.002 0.000 0.002 0.000 0.002 0.000 

acetohydroxamic acid 0.030 0.004 0.028 0.003 0.034 0.006 0.030 0.005 0.034 0.006 

allantoin 0.007 0.004 0.012 0.008 0.008 0.003 0.001 0.001 0.000 0.000 

alpha ketoglutaric acid 0.029 0.004 0.006 0.006 0.000 0.000 0.011 0.010 0.010 0.009 

arabinose 0.003 0.000 0.003 0.000 0.003 0.000 0.001 0.000 0.001 0.000 

arbutin 0.002 0.000 0.002 0.000 0.002 0.000 0.001 0.000 0.000 0.000 

aspartic acid 0.750 0.207 0.585 0.114 0.385 0.053 0.086 0.027 0.155 0.130 

benzoic acid 0.003 0.000 0.003 0.000 0.003 0.000 0.003 0.000 0.003 0.000 

Beta- alanine 0.004 0.001 0.003 0.001 0.004 0.001 0.001 0.000 0.001 0.001 

beta-cyano-L-alanine 0.002 0.000 0.004 0.002 0.020 0.007 0.001 0.000 0.001 0.000 

beta-sitosterol 0.004 0.001 0.004 0.001 0.004 0.001 0.002 0.001 0.002 0.001 

citramalic acid 0.005 0.000 0.004 0.000 0.002 0.000 0.004 0.001 0.004 0.003 

citric acid 0.285 0.010 0.295 0.017 0.037 0.005 0.289 0.063 0.247 0.091 

citrulline 0.001 0.000 0.001 0.000 0.003 0.001 0.000 0.000 0.000 0.000 

D-(+) trehalose 0.053 0.003 0.049 0.008 0.083 0.012 0.036 0.011 0.021 0.008 

dehydroascorbic acid  0.007 0.001 0.004 0.000 0.005 0.001 0.001 0.000 0.001 0.000 

D-glucose 0.239 0.035 0.252 0.068 0.218 0.058 0.411 0.233 0.234 0.081 

D-glucose-6-phosphate 0.015 0.002 0.010 0.003 0.005 0.001 0.010 0.005 0.006 0.003 

DL-isoleucine 0.060 0.015 0.061 0.010 0.046 0.014 0.028 0.006 0.023 0.009 

D-malic acid 0.453 0.067 0.288 0.051 0.048 0.009 0.654 0.299 0.618 0.257 

D-mannitol 0.013 0.010 0.009 0.007 0.009 0.006 0.023 0.022 0.024 0.019 

D-mannose 0.005 0.000 0.004 0.000 0.004 0.000 0.045 0.042 0.002 0.000 

dopamine (hydroxytyramine) 1.589 0.178 1.144 0.201 1.810 0.252 0.612 0.074 0.260 0.019 

D-sorbitol 0.008 0.001 0.007 0.000 0.006 0.000 0.007 0.001 0.006 0.000 
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D-threitol 0.010 0.003 0.008 0.002 0.008 0.003 0.017 0.013 0.023 0.013 

fructose 0.182 0.027 0.203 0.060 0.173 0.045 0.261 0.134 0.166 0.065 

fructose 6-phosphate 0.008 0.001 0.006 0.001 0.003 0.001 0.005 0.002 0.003 0.001 

fumaric acid 0.180 0.031 0.126 0.030 0.022 0.002 0.070 0.008 0.067 0.028 

galactonic acid 0.001 0.000 0.001 0.000 0.000 0.000 0.092 0.088 0.009 0.005 

galacturonic acid 0.004 0.000 0.004 0.001 0.008 0.001 0.013 0.008 0.005 0.003 

gluconic acid 0.003 0.000 0.003 0.000 0.002 0.000 0.002 0.001 0.002 0.000 

glyceric acid 0.016 0.001 0.014 0.001 0.006 0.001 0.016 0.005 0.013 0.006 

glycerol 0.014 0.001 0.013 0.001 0.011 0.001 0.011 0.002 0.010 0.002 

glycerol 1-phosphate 0.021 0.002 0.016 0.002 0.011 0.002 0.010 0.003 0.007 0.001 

glycine 0.007 0.001 0.006 0.001 0.006 0.001 0.002 0.000 0.003 0.001 

glycolic acid 0.013 0.001 0.015 0.001 0.014 0.001 0.009 0.000 0.009 0.002 

L-(+) lactic acid 0.012 0.001 0.016 0.004 0.012 0.001 0.014 0.003 0.012 0.002 

L-alanine 0.010 0.002 0.010 0.002 0.004 0.001 0.003 0.001 0.003 0.002 

L-asparagine 0.372 0.021 0.461 0.074 0.478 0.085 0.059 0.036 0.108 0.095 

leucrose 0.003 0.000 0.004 0.001 0.005 0.001 0.001 0.000 0.001 0.000 

L-glutamic acid 2.642 0.178 2.568 0.065 2.024 0.148 1.143 0.298 1.078 0.449 

L-glutamine 0.107 0.013 0.080 0.022 0.202 0.078 0.023 0.019 0.023 0.022 

L-homoserine 0.002 0.000 0.002 0.000 0.002 0.000 0.001 0.000 0.000 0.000 

L-leucine 0.004 0.001 0.007 0.001 0.007 0.001 0.007 0.002 0.006 0.001 

L-lysine 0.003 0.001 0.002 0.001 0.004 0.002 0.001 0.000 0.000 0.000 

L-methionine sulfoxide 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 

L-norleucine 0.059 0.013 0.066 0.015 0.043 0.015 0.025 0.007 0.018 0.005 

L-ornithine 0.003 0.001 0.003 0.000 0.007 0.001 0.001 0.000 0.001 0.001 

L-proline 0.010 0.002 0.011 0.001 0.009 0.001 0.004 0.000 0.005 0.002 

L-serine 0.625 0.028 0.617 0.037 0.616 0.113 0.157 0.040 0.138 0.069 

L-threonine 0.080 0.008 0.070 0.010 0.042 0.006 0.028 0.007 0.024 0.010 

L-threonine 0.025 0.005 0.036 0.018 0.070 0.019 0.005 0.001 0.004 0.000 

L-tryptophan 0.043 0.019 0.036 0.017 0.134 0.035 0.005 0.002 0.003 0.002 

L-valine 0.046 0.007 0.054 0.014 0.060 0.013 0.026 0.005 0.022 0.006 

maltose 0.002 0.001 0.003 0.000 0.002 0.001 0.084 0.067 0.022 0.011 

myo-inositol 0.042 0.003 0.041 0.001 0.031 0.003 0.022 0.005 0.018 0.004 

myristic acid 0.005 0.000 0.004 0.001 0.004 0.000 0.005 0.001 0.004 0.000 

N-ethylglycine 0.849 0.030 0.888 0.093 1.101 0.039 0.755 0.089 0.743 0.053 

N-methylalanine 0.021 0.002 0.670 0.237 1.101 0.038 0.607 0.210 0.743 0.053 

norepinephrine (noradrenalin) 0.008 0.002 0.006 0.002 0.020 0.003 0.007 0.003 0.003 0.001 

norvaline 0.086 0.015 0.092 0.015 0.069 0.020 0.047 0.008 0.044 0.019 

oleic acid 0.005 0.000 0.004 0.001 0.004 0.000 0.004 0.001 0.005 0.001 

O-phosphocolamine 0.005 0.001 0.003 0.001 0.002 0.000 0.002 0.001 0.001 0.001 

oxalic acid 0.024 0.004 0.023 0.002 0.018 0.003 0.013 0.002 0.013 0.005 

palmitic acid 0.146 0.019 0.134 0.025 0.140 0.025 0.164 0.034 0.146 0.021 

phenanthrene 0.007 0.001 0.006 0.001 0.007 0.001 0.006 0.000 0.007 0.001 

Phenylalanine 0.018 0.002 0.019 0.002 0.009 0.002 0.006 0.003 0.005 0.001 

phosphoric acid 0.615 0.138 0.318 0.124 0.093 0.019 0.589 0.176 0.510 0.280 

phytol 0.050 0.002 0.046 0.006 0.089 0.024 0.016 0.007 0.011 0.005 

porphine 0.032 0.003 0.030 0.002 0.039 0.002 0.029 0.001 0.024 0.001 

putrescine 0.003 0.001 0.002 0.000 0.008 0.001 0.000 0.000 0.001 0.000 
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pyruvic acid 0.006 0.001 0.005 0.000 0.003 0.000 0.001 0.001 0.002 0.001 

rhamnose 0.004 0.000 0.004 0.001 0.008 0.001 0.002 0.000 0.001 0.000 

shikimic acid 0.209 0.043 0.168 0.031 0.068 0.010 0.265 0.106 0.127 0.074 

stearic acid 0.076 0.017 0.073 0.021 0.087 0.019 0.098 0.022 0.098 0.023 

stigmasterol 0.022 0.003 0.023 0.003 0.021 0.002 0.009 0.002 0.007 0.002 

succinic acid 0.074 0.006 0.080 0.008 0.040 0.007 0.093 0.019 0.096 0.041 

Sucrose 2.261 0.326 2.004 0.232 1.473 0.293 1.571 0.421 1.042 0.277 

tagatose 0.005 0.000 0.004 0.000 0.074 0.071 0.079 0.046 0.085 0.084 

talose 0.005 0.000 0.004 0.000 0.004 0.000 0.004 0.001 0.002 0.000 

threonic acid 0.102 0.010 0.120 0.016 0.098 0.008 0.082 0.008 0.062 0.010 

Threonic acid-1,4-lactone 0.007 0.001 0.008 0.001 0.016 0.003 0.004 0.000 0.003 0.001 

trans-aconitic acid 0.475 0.054 0.362 0.049 0.031 0.006 0.407 0.151 0.324 0.151 

tyramine 0.073 0.006 0.074 0.015 0.106 0.020 0.076 0.036 0.021 0.012 

tyrosine 0.044 0.007 0.043 0.007 0.052 0.013 0.018 0.009 0.011 0.008 

uracil 0.003 0.001 0.003 0.000 0.002 0.000 0.002 0.000 0.002 0.000 

urea 0.011 0.002 0.010 0.002 0.003 0.001 0.005 0.002 0.002 0.001 

xylitol 0.005 0.000 0.003 0.001 0.001 0.000 0.001 0.000 0.001 0.000 

xylose 0.004 0.000 0.004 0.000 0.002 0.000 0.002 0.000 0.001 0.000 

xylulose 0.007 0.000 0.005 0.000 0.003 0.000 0.004 0.001 0.003 0.001 
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Table S3 Metabolites significantly decreased in Starch condition compared to Agar 

Control in Marchantia polymorpha 

 

List of 41 metabolites significantly different between Agar Control and both Starch Control 

and Starch-Mn conditions combined. A statistical test ANOVA 2 was conducted. Absolute 

values represent the mean of 4 biological replicates for each condition. The column Starch (+/-

) represents the mean between the 4 biological replicates of Starch Control and Starch-Mn 

conditions together. 

 Agar Control Starch (+/-) 

Metabolites Mean SD Mean SD 

1,6-anhydro-glucose 0.005 0.001 0.002 0.001 

2-hydroxypyridine 0.021 0.003 0.013 0.003 

3,4-dihydroxymandelic acid 0.003 0.001 0.001 0.001 

arabinose 0.003 0.000 0.001 0.001 

arbutin 0.002 0.000 0.001 0.000 

aspartic acid 2 0.750 0.207 0.120 0.177 

beta-cyano-L-alanine 0.002 0.000 0.001 0.000 

citrulline 2 0.001 0.000 0.000 0.000 

D-(+) trehalose 0.053 0.003 0.029 0.020 

dopamine (hydroxytyramine) 1.589 0.178 0.436 0.213 

fumaric acid 0.180 0.031 0.068 0.038 

glycerol 1-phosphate 0.021 0.002 0.008 0.005 

L-alanine 1 0.010 0.002 0.003 0.003 

L-asparagine 2 0.372 0.021 0.083 0.136 

leucrose 0.003 0.000 0.001 0.001 

L-glutamic acid 3 (dehydrated) 2.642 0.178 1.110 0.707 

L-glutamine 1 0.107 0.013 0.023 0.038 

L-homoserine 2 0.002 0.000 0.000 0.000 

L-lysine 2 0.003 0.001 0.000 0.001 

L-methionine sulfoxide 3 0.001 0.000 0.000 0.000 

L-norleucine 1 0.059 0.013 0.022 0.012 

L-serine 1 0.625 0.028 0.148 0.105 

L-threonine 1 0.080 0.008 0.026 0.016 

L-valine 2 0.046 0.007 0.024 0.010 

myo-inositol 0.042 0.003 0.020 0.009 

N-methylalanine 0.021 0.002 0.675 0.293 
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O-phosphocolamine 0.005 0.001 0.002 0.001 

Phenylalanine 1 0.018 0.002 0.005 0.004 

phytol 1 0.050 0.002 0.013 0.012 

putrescine 0.003 0.001 0.000 0.001 

pyruvic acid 0.006 0.001 0.001 0.002 

rhamnose 1 0.004 0.000 0.002 0.001 

stigmasterol 0.022 0.003 0.008 0.005 

talose 1 0.005 0.000 0.003 0.002 

threonic acid 0.102 0.010 0.072 0.019 

Threonic acid-1,4-lactone 0.007 0.001 0.003 0.002 

tyrosine 2 0.044 0.007 0.015 0.016 

urea 0.011 0.002 0.004 0.003 

xylitol 0.005 0.000 0.001 0.001 

xylose 2 0.004 0.000 0.002 0.001 

xylulose 0.007 0.000 0.003 0.001 
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Figure S1: Metabolite analysis in M. polymorpha grown in Mn excess condition.  

 

 

 

 

 

Heatmap showing significantly different metabolites in whole thalli grown under Control, 30X 

and 200X conditions. This figure is a result of an ANOVA 2 statistical test. The colour scale 

represents the changes between the three conditions taking into account the maximum and the 

minimum value for a given metabolite in each condition.  
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Figure S2 Estimation of the chloroplast size under the different growth conditions 
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Area of the chloroplasts was determined from super-resolution fluorescence microscopy images 

using ImageJ. Number of images analysed: Crtl agar: N=12, 30X: N=12; 200X: N=23; Crtl starch: 

N=25, starch –Mn : N=7. Stars indicate significant differences, compared to the control, based on 

a Mann and Whitney test (*** p<0.001). 
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Figure S3 Chlorophyll fluorescence at room temperature in M. polymorpha grown in 

control and Mn excess conditions 

 

 
 

 

 

Induction and recovery of chlorophyll measured on thalli grown in Control (red), 30X (blue) 

and 200X (black) conditions. After 5 min dark adaptation, thalli were exposed to a measuring 

light to determine the minimum fluorescence level (dashed lines) and to a saturating flash to 

obtain the maximum fluorescence level. Actinic light (50 µmol photons m-2 s-1) was applied 

for 5 min (white bar). Recovery in the dark was followed (grey bar). Representative curves are 

shown. 
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Figure S4 Photoinhibition of photosystem II in M. polymorpha grown in control and Mn 

excess condition in the presence and absence of lincomycin 

 

 

 
 

 

(a) Photoinhibition without lincomycin was measured in thalli cultivated in Control (red), 30X 

(blue) and 200X (black) conditions. Fv/Fm was followed on plants exposed to a strong light 

(800 µmol photons m-2s-1) for 3h and during the recovery at room light. (b) Fv/Fm was recorded 

during photoinhibition of thalli preincubated with lincomycin x (N=3, biological replicates). 
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Figure S5 Chlorophyll fluorescence (Fv/Fm) in M. polymorpha grown on starch plates in 

low Mn concentrations 

 

 

 

 

Thalli were grown for 2 weeks on standard medium before transferred for 1 week to starch 

media with the addition of the indicated Mn concentration. After 1 week growth on starch 

medium, thalli were dark-adapted for 5 min before Fv/Fm values were determined using an 

Imaging-PAM (Walz, Elleftrich, Germany). 
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Figure S6 qN determination in the presence of lincomycin in Marchantia polymorpha 

grown on starch in control and Mn-deficient conditions 

 

 

 

 

Thalli were incubated for 4 h in lincomycin solution (1g L-1) prior to the measurements. After 

5 min dark adaptation, thalli were exposed to measuring light and to saturating flashes. 

Actinic light (55 µmol quanta m-2s-1) was applied during 5 min. N=4. 
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 Complementary experiments to precisely measure the parameters of the cyclic electron flow are 

currently in progress. In order to complete the culture conditions, measurements on Arabidopsis thaliana 

mutants affected in Mn homeostasis will also be studied. I have tried to obtain in Marchantia polymorpha, 

mutants of two Mn transporters inside the chloroplast. Indeed, CMT1 (Chloroplast Manganese Transporter 

1) located on the inner membrane as well as PAM71 (Photosynthesis Affected Mutant 71) located to the 

thylakoid membrane have been shown in Arabidopsis to be responsible for Mn import (Schneider et al., 2016; 

Eisenhut et al., 2018). All our attempts to mutate these genes in Marchantia were unsuccessful, while other 

mutations could be successfully obtained in parallel. These observations suggest that simple mutations of 

CMT1 and PAM71 are lethal in Marchantia polymorpha.   
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II) Study of Photosystem II photoactivation 
 

Photoactivation (Oliver et al., 2021) is the light-dependent assembly of the manganese cluster at the 

PSII donor side. As mentioned in the general introduction, the manganese cluster is composed of four Mn, 

five oxygen and one calcium. Manganese ions are connected by oxo-bridges, thus forming the cubane-like 

structure of the cluster (see “Oxygen-Evolving Complex”, page 23). Photoactivation plays an essential role at 

PSII level because the latter only becomes functional in the presence of a correctly assembled Mn cluster. 

This mechanism takes place under two distinct conditions: activation of a newly synthesised PSII and during 

the D1 protein repair mechanism, where the cluster will be removed to allow degradation of the D1 protein 

by proteases, followed by the synthesis of a new D1 protein then re-assembly of PSII. The PSII distribution in 

thylakoid membranes depends on the presence of the Mn cluster (see “Chloroplast membrane dynamic”, 

page 37).  

Photoactivation is a complex process whose different steps still need to be clarified since the 

intermediates are difficult to determine. It is generally accepted that the Mn ions are linked successively 

(Figure 22, A). The first Mn(II) is believed to bind to PSII in the dark. It is not currently known whether this 

binding occurs spontaneously or requires the presence of a protein. Then, the first light-dependent step 

allows the oxidation of Mn(II) to Mn(III). A dark rearrangement follows. It is supposed that it allows a change 

of conformation of the proteins present at the level of the PSII. This would have the consequence of favouring 

or allowing the attachment of the second Mn(II) and so on until a fully formed and functional cluster is 

obtained. 

The main study method used, Electron Paramagnetic Resonance (EPR) spectroscopy, does not 

provide direct access to the reaction intermediates that lead to the oxidation of Mn(II) to Mn(III). On the 

other hand, the configuration of the residues that coordinate Mn(II) ions coming from the adjacent proteins 

(mainly D1, CP43) differs between the non-photoactivated PSII (apo-PSII) and the functional PSII (Figure 22, 

B, C). In apo-PSII the loops of D1 and CP43 are positioned differently. For example, D1-His337 is far away 

from the metal binding site in the apo-protein while it is one of the ligands of the final manganese cluster. It 

is difficult to predict what conformational changes can be generated by the different Mn intermediates 

complexes formed, especially since the mechanism requires alternatively light and dark steps. Furthermore, 

some have also mentioned that extrinsic proteins, especially PsbP which is able to bind Mn (Bondarava et al., 

2007), may play a role in the photoactivation mechanism. 
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Figure 22: PSII donor side structures before and after photoactivation and general photoactivation steps 

A. General scheme of photoactivation. The yellow arrows represent the light-dependent steps with ɸ1 and 

ɸ2 representing the first two photooxidation steps. The grey arrow represents the rearrangement step. B. 

The active site of the Mn4CaO5 cluster is resolved within our PSII-I structural model but is not yet oxygen 

evolving. C. Crystal structure of the oxygen evolving, mature PSII (PDB ID 3WU2, resolution 1.9 Å). Images 

and legends from Zabret et al., 2021.  

 

 It has been argued by Nixon et al., 1992, that the initial step of photoactivation requires the presence 

of a HAS (High Affinity Site), the exact location of which remains to be confirmed, but the Asp170 residue of 

the D1 protein seems to be the most promising candidate. The mutation of D1-Asp170, which coordinates in 

the final cluster Mn4 and Ca2+, results in the greatest decrease in Mn(II) binding affinity compared to other 

residues tested. Moreover, it has been shown that this Mn(II) binding affinity does not depend on the Ca2+. 

These observations suggest the presence of an intermediate oxo-bridge bond. This was demonstrated by 

Tyryshkin and coworkers (2006): in the dark, there is the formation of a precursor complex [Mn2+ - OH- - Ca2+] 

which, after light exposure, forms the first intermediate complex [Mn3+ - O2
- - Ca2+]. It is widely accepted that 

photoactivation involves unstable intermediates between the photooxidation steps and dark rearrangement, 

explaining its low quantum yield of around 1%. 

The presence of calcium plays a major role in the cluster assembly. Avramov and coworkers (2020) 

recently demonstrated that It is important in all stages of photoactivation by stabilising certain intermediates. 

They also showed that a high concentration of Ca2+ decreases the speed of dark re-arrangement. Finally, it 

could also compete with the binding of the second Mn ion by taking its place at the dedicated site. 

Completed by structures of isolated complexes at different photoactivation steps, a translocation 

mechanism of Mn(II) and Mn(III) has been proposed (Bao and Burnap, 2016; Zhang et al., 2017). Overall, the 

latter suggests that each Mn(II) is successively recruited at the HAS and translocated to the positions Mn(1), 

then Mn(2) and so on, when they are oxidised in Mn(III). 
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In this part, I mainly used two different methods to study photoactivation in vitro and I used dark-

grown Marchantia polymorpha to study it in vivo. 

First, I used an oxygen electrode to study Mn catalase-like activity in solution by reproducing the 

experiments of Tikhonov and coworkers (2006). They demonstrated that Mn ions are able to spontaneously 

form complexes with bicarbonate in solution, also able to release oxygen, this is the catalase-like activity. 

From an evolutionary point of view, it has been hypothesised that the Mn catalase is at the origin of PSII Mn 

cluster development (McConnell et al., 2012). Thus, Mn, Ca and HCO3
- are able to react in solution to produce 

oxygen, independently of PSII photoactivation. The first experiments carried out in this part aimed to 

determine the precise parameters and conditions of the catalase-like activity of Mn in our experimental 

conditions. Then, PSII photoactivation conditions in solutions were determined (intensity/duration of 

illumination, solute concentration…).  

The second technique used is the High Field Electron Paramagnetic Resonance (HF-EPR). This method 

generates a magnetic field to determine the electromagnetic radiation of electrons, i. e. their ability to absorb 

and then re-emit this energy. The so-called HF-EPR technique is the most advanced method in this field to 

date and has the main characteristic of being carried out at very low temperature and allowing a clearly 

defined signal to be obtained. This technique allows to determine the electromagnetic radiation of the 

electrons associated with Mn(II) whose signal is particularly clear at 5K and represented by 6 lines. In addition, 

the High Field EPR machine available at Saclay is able to carry out other derived experiments. Sun Un and I 

determined the ligands of the first Mn(II) bind to the PSII using ENDOR (Electron Nuclear Double Resonance) 

and ELDOR-detected NMR (Electron Double Resonance detected Nuclear Magnetic Resonance) methods 

which allow the determination of water molecules and identify the nuclei of other types of ligands 

respectively. Then, we used the Pulse Dipolar Spectroscopy (PDS) technique to calculate the distance 

between the Tyrosine D and the first Mn(II) to superimpose our findings to the apo-PSII structure. At last, we 

investigated the reversibility of photoactivation intermediates by increasing the Mn(II)/PSII ratio and follow 

the Mn(II) signal after photoactivation and then after 30 min dark adaptation. 

Finally, I determined the culture conditions of Marchantia polymorpha in the dark in order to study 

photoactivation in vivo. I tested the use of two different techniques to help induce and monitor 

photoactivation, which are chlorophyll fluorescence measurement and SRM. 
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A) Measurement of Mn-catalase like activity and apo-PSII photoactivation in vitro using Oxygen 

Electrode 

 

In solution, Mn itself is able to have a catalase-like activity using H2O2 as a substrate (Tikhonov et al., 

2006). It has been hypothesized that it is the base for manganese cluster evolution. In these first short 

experiements, I determined if the Mn catalase-like activity occurs in our samples and experimental conditions 

to be able to interprete our further EPR data. 

 

1) Material and methods 

 

Measurement of catalase-like activity of Mn(II)-bicarbonate complexes 

These experiments are based on the work by Tikhonov et al., 2006 using an Oxygen electrode. For each 

measurement, the concentrations of the different stock solutions used are as follows :  100 mM H2O2, 10 mM 

MnCl2, 1 M HCO3
- et 10 mM CaCl2. Each mixture was supplemented with Tris-HCl buffer with three different 

pH values : pH=6.5, pH=7.5 and pH=8.5. 

 

2) Results 

a) Characterization of oxygen evolution caused by Mn in solution: monitoring of Mn catalase-like 

activity 

 

 Different MnCl2 concentrations were mowed with H2O2 (substrate) and Tris-HCl buffers at different 

pH values. The results in Table II show that there is no catalase-like activity of MnCl2 alone when the pH is 

acidic. Thus, the condition of pH=6.5 will not be used further. A slight activity is observed for the pH=7.5 and 

pH=8.5 values. Thus, MnCl2 alone exhibits derisory catalase-like activity under the conditions tested and does 

not depend on the concentration of Mn in the sample. For the rest of the experiments, only 10 µM MnCl2 

was used. Since the results obtained are similar to those already published, only a single replicate was 

measured to determine our conditions. 

 

Table II: Characterization of manganese catalase-like activity depending on MnCl2 concentration and pH 

For each measurement, 10 mM H2O2 was added as a substrate. 

 pH=6.5 pH=7.5 pH=8.5 

MnCl2 concentrations Oxygen Evolution (µmol O2. mL-1. h-1) 

10 µM 0 2.8 1.9 

20 µM 0 2.8 1.9 

50 µM 0 2.8 1.9 

100 µM 0 2.8 11 
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I added to the previous experiment increasing concentration of bicarbonate to study its role on the activity 

of Mn in solution. The mixture of H2O2, HCO3
- and MnCl2 does induce oxygen production at pH=7.5 (catalase-

like activity) and oxygen consumption at pH=8.5, as has already been shown (Tikhonov et al., 2006). In 

addition, the increase in the bicarbonate concentration leads to an increase in the various activities observed. 

 

Table III: Influence of bicarbonate concentration on Manganese catalase-like activity 
For each measurement, 10 mM H2O2 was added as substrate and 10 µM MnCl2 as a catalyst. Since the 
variations are the same as those published by Tikhonov et al., 2006, only one replicate of each condition was 
conducted. 

 pH=7.5 pH=8.5 

HCO3
- concentrations Oxygen Evolution (µmol O2. mL-1. h-1) 

15 µM 4.7 - 14.1 

20 µM 9.4 - 14.1 

25 µM 11.3 - 18.9 
 

To conclude, the measurement of oxygen evolution allowing to highlight photoactivation is not likely 

to be compromised by the catalase-like activity of Mn by the use of a solution buffered at pH=6.5 (Table II). 

This pH value is also that of the lumen under conditions where the photosynthetic chain is active. On the 

other hand, bicarbonate has a positive effect on the catalase or superoxide dismutase activity of Mn in 

solution. One can therefore wonder to what extent the catalase activity of Mn resembles that of PSII cluster. 

 

b) Apo-PSII photoactivation primary experiments 
 

Then, I did the same experiments as before but with the aim to photoactivate isolated PSII depleted 

in the Mn cluster. Oxygen evolution was measured on intact PSII and inactive PSII after photoactivation in 

the presence of MnCl2 and CaCl2. Intact PSII activity was 175 µmol O2. mg Chl-1. h-1 (+/- 19.01) whereas inactive 

PSII activity after photoactivation was only 35 µmol O2. mg Chl-1. h-1 (+/- 2.80). It can be estimated that the 

fifth of the inactive PSII were photoactivated in these experimental conditions.  

 

3) Conclusions and perspectives 
 

 The first control experiments determined that the catalase-like activity of Mn, if it does exist in plants, 

does not compete with the release of oxygen allowing the study of photoactivation at the pH value used in 

our following experiments (pH=6.5). On the other hand, these preliminary experiments show that the 

isolated PSII are active and that the hydroxylamine treatment to remove the Mn cluster still allows the PSII 

to be photoactivated. Nevertheless, the photoactivation conditions seem not to be optimal and could be 

improved. The resulting increase in photoactivation yield could allow us to test certain hypotheses such as: 

does the ligand of the non-heme iron, on the acceptor side, influence photoactivation ? 
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B) In vitro photoactivation of isolated PSII by High-Field EPR Spectroscopy 

 

 All the experiments done in this part were conducted in collaboration with Sun Un who is a specialist 

of the HF-EPR technique. As previously explained, it is assumed that the first Mn(II) binds to HAS to allow its 

conversion to Mn(III) by light. So far, all the accumulated evidence seems to point to the Asp170 of D1 

protein, but it is still indirect. With the use of the ENDOR and ELDOR-detected NMR techniques, we were 

able to establish the number of water molecules as well as the nature of the other ligands bound to the first 

Mn(II). Then, we wondered to which structural elements these ligands can relate and for that we used a Pulse 

Dipolar Distance (PDS) measurement technique that measures the distance between unpaired electron spins. 

Finally, we aimed to do the same kind of experiment for the translocation of the other three Mn(II) atoms. 

So far we have succeeded in establishing a calibration curve allowing to highlight the binding of Mn(II) during 

the generation of the different photoactivation intermediates. 

 

1) Material and Methods 

 

PSII isolation 

Spinach leaves were mixed in a solution of 0.4 M sorbitol, 10 mM NaCl, 5 mM MgCl2, 20 mM HEPES, pH=7.5. 

The supernatant was filtered through 4 layers of cheesecloth and centrifuged at 8000 rpm, 4°C, 10 min. The 

pellet was resuspended using a brush with a 5 mM MgCl2 solution and centrifuged at 7800 g, 4°C, 10 min. 

Chlorophyll concentration was measured in 80% acetone using Arnon’s equation. A663 and A645 were 

determined by spectrophotometry. A volume of buffer 3 (15 mM NaCl, 5 mM MgCl2, 25 mM MES, pH=6.5) 

was added to reach a concentration of 3 mg Chl.mL-1. A third buffer 4 (buffer 3 with 100 mg.mL-1 triton X-

100, pH=6.5) is added to the volume previously obtained. It was covered with foil and incubated in the dark 

in ice water for 30 min under very gentle agitation. Then, centrifuged at 1100 g for 5 min at 4°C. The 

supernatant was kept and centrifuged at 35500 g for 20 min at 4°C. The pellet was resuspended in buffer 5 

(0.3 M Sucrose, 10 mM NaCl, 25 mM MES, pH=6.5) and centrifuged at 40000 g for 20 min at 4°C. This 

centrifugation step was repeated until the supernatant was pale green and chlorophyll concentration was 

measured again. Isolated PSII were conserved at -80°C until their use. 

 

Removal of the manganese cluster: hydroxylamine and EDTA treatment 

PSII were suspended in a solution of 5 mM NH2OH until a concentration of 0.5 mg chl. mL-1 to remove the 

manganese cluster. The incubation was carried out in the dark for one hour and PSIIs were washed three  

times with buffer 5 and centrifugated 25 min, at 24100 g. The PSII were washed 3 times with buffer 5 

containing 0.5 mM EDTA with successive centrifugation steps for 5 min, at 24100 g, 4°C in order to eliminate 

residual manganese atoms detached from PSII by NH2OH treatment. 
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Photoactivation experiment and EPR High Field analysis 

An aliquot of isolated PSII was thawed at room temperature and light for 5-10 min to allow irreversible 

oxidation of tyrosine D. Different concentrations of MnCl2 solution are added when indicated. Less than 2 µL 

samples are loaded into an uncapped EPR tube. The tyrosine D signal control is measured at 55K. All 

experiments were carried out using a modified Bruker Elexsys II 680 EPR spectrometer equiped with an 

Oxford Instruments CF935 flow cryostat and 500 W Amplifier Research radio frequency amplifier.  

EPR High Field spectra: First, the Mn(II) and tyrosine D signals are measured at 50K. Then, the sample warmed 

up to -20 °C and illuminated for 30 min with an LED optical fibre (Thorlabs) at 470 nm. A second measurement 

of the Mn(II) signal was done at 50K. In order to prove the reversibility of incomplete Mn cluster formation, 

the sample was warmed up to -20 °C and dark-adapted during 30 min. Preliminary experiments show that it 

works but It is difficult to determine how much light is really used. 

So, to simplify the experimental procedure, samples were analysed as follows: they were illuminated for 5 

min at room light and temperature to be photoactivated. Then, the first spectrum was measured at 50K. 

Finally, the sample was warmed up to -20 °C and dark-adapted during 30 min and another spectrum was 

measured at 50K. 

ENDOR spectra: It has been previously shown that the number of water molecules ligated to a Mn(II) centre 

can be measured using 1H ENDOR (see Bruch et al., 2015; Un, 2013; Tabares and Un, 2013, for details). 1H 

ENDOR spectra of the apo-PSII in the presence of 1 equivalent of Mn(II) was obtained. On average there were 

about 5±1 water ligands. 

ELDOR-NMR: The identification of the other nuclei near to the PSII-bound Mn(II) was obtained from the 

ELDOR-NMR. The methodology is described in Bruch et al., 2015 and Tabares and Un, 2013.  

Pulse Dipolar Spectroscopy: The 94 GHz pulsed dipolar time traces were obtained using the 5-pulse RIDME 

technique (Milikisyants et al., 2009) at 50 K. The magnetic-field position at which the measurements were 

made corresponded to the maximum of the Tyrosine-D spectrum. The data analysis was carried out using 

locally written python/Fortran-90 programs that implemented the method of Ibáñez and Jeschke (Fábregas 

Ibáñez and Jeschke, 2020). 
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2) Results 

 

To be able to compare our samples with each other, an intensity standard signal had to be chosen 

and tested. In our experiments, tyrosine D was the obvious candidate. Indeed, the Tyrosine D signal is easy 

to obtain. The sample just needs to be illuminated for a few minutes at room temperature to generate the 

tyrosine D radical. As each reaction centre constrains a single Tyrosine D, it allows a precise quantification 

between samples. Finally, it is easily detectable and once It is present, it does not vary according to the light-

dark cycles used in our experimental procedure. First, the sample was illuminated at room temperature to 

get the tyrosine D radical. Then, it was frozen at 50K to measure the Tyrosine D signal (Figure 23, black). The 

sample was warmed up at -20°C for a dark adaptation of 30 min and frozen again to measure the spectrum 

at 50K (red). In this case, the tyrosine D signal is not changing but 5 lines are visible in red, under the basal 

black line. They are corresponding to the typical Mn(II) signal, consisting in 6 lines, whose the third lines is 

mingled to the big tyrosine D signal. To make it more visible, the light-dark curve was calculated and 

multiplied by 8 (green). The Mn(II) signal is not visible after the light period because It is oxidised to Mn(III) 

and the latest is not visible in these conditions. As a conclusion, the tyrosine D signal is an excellent intensity 

standard for our experiments.   

 

 
Figure 23: Tyrosine D signal, an essential element for apoPSII/Mn(II) quantification 

The sample containing MnCl2 was illuminated at room temperature to get the tyrosine D radical. It was frozen 

at 50K to take the “30 min illuminated” spectrum (black). It was warmed up at -20°C for dark adaptation 

during 30 min and frozen again at 50K to take the “30 min dark adapted” spectrum (red). In the light, Mn(II) 

is oxidised in Mn(III) so, no signal is visible. But, in the dark the Mn(III) is reduced to Mn(II) and this 

corresponds to the difference between the light and the dark spectra (green). This signal was magnified 8 

times to be easily visible. EPR spectrum at 94 GHz.  
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Figure 24: Evolution of Mn(II) signal at different Mn(II) concentrations during photoactivation 

Samples containing different Mn(II)/PSII ratios were illuminated at room temperature and the EPR signals 

were measured at 50K (black). Then, samples were warmed at -20°C and dark-adapted for 30 min before the 

EPR signals were measured again at 50K (red). The 6 lines representative of the Mn(II) signal are present, the 

third is erased by the presence of the tyrosine D signal. The area in purple represents almost 1 eq and the 

green area 2 eq. 
 

We were interested in the different intermediates of photoactivation. As a preliminary experiment 

we determined a calibration curve with different Mn(II) to PSII ratios (Figure 24). To do so, samples containing 

different Mn(II)/PSII equivalences were illuminated at room temperature. The light oxidation of Mn(II) to 

Mn(III) leads to the disappearance of the Mn(II) signal. The Mn(III) EPR signal is not visible in our experimental 

conditions. Then, the “light” spectra were measured at 50K (black). Samples were warmed up at -20°C and 

dark adapted for 30 min. Mn(III) is reduced in Mn(II), EPR signals are supposed to come back. The “dark” 

spectra were measured at 50K (red). The difference between light (disappearance of Mn(II) signal, converted 

in Mn(III)) and dark curves (Mn(III) reduction, Mn(II) signal come back) allows to determine the reversibility 

of the different intermediates during cluster assembly. 

The first two samples have a Mn(II) content subequivalent to that of the PSII. Under these conditions (0.5 

and 0.9 eq), an almost complete absence of Mn(II) signal in the light is observed. This indicates that all of the 

Mn(II) has been oxidised. The small residual (~10%) presence of Mn(II) can be explained by the presence of 

damaged reaction centres which cannot be photoactivated or the existence of a secondary site that does not 

carry photo-oxidation. After dark adaptation, we observed that Mn(II) oxidation is completely reversible since 

all the signals have recovered. The same behaviour is observed for the 1.5 eq. 

For the 3 eq, there are 2 Mn(II) oxidised by PSII after light exposure which is not changing after 30 min of 

dark adaptation. It can be concluded that the intermediate composed of 2 Mn(II) oxidised is stable. It is 

interesting to note the parallel with native non-heme Mn catalase. The oxidation step of this intermediate 

can be Mn(III),Mn(III) or Mn(III),Mn(IV). It has been shown that Mn catalase enzymes are preferentially in 

Mn(III,)Mn(III) oxidation state (Fronko et al., 1988; Khagulov et al., 1990; Waldo et al., 1991). 
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For the 5 eq, there are about 3 Mn(II) oxidised by PSII after illumination and dark adaptation does not change 

this ratio. Finally, for the 6 eq, there are 5 Mn(II) oxidised per PSII whereas in the dark, this ratio changes to 

around 4 Mn(II) per PSII. It can be concluded that 4 equivalences are not sufficient to generate a complete 

cluster but that at least 6 are needed. 

 

 
Figure 25: Determination of Mn(II) ligands 

A. Spectra measured by the ENDOR and ELDOR-detected NMR techniques to allow the detection of ligands 

bound to Mn(II) (green). The black curve represents the standard spectrum of Mn(II) in water solution. The 

red curve represents the standard spectrum of Mn(II) bound to a nitrogen atom. B. Determination of the 

number of imidazole present around the first Mn(II) in the dark. On one side is the calibration curve taken 

from Un, 2013 (red) and on the other side the analysed sample containing 6 eq. The same thing was observed 

for 0.5 eq but the signal was less clear. 
 

To go further, we focused on the attachment to the first Mn(II) to the PSII before the photoactivation. 

We addressed the question: what are the ligands of the first Mn(II) in the dark ? To answer it, we used ENDOR 

and ELDOR-detected NMR techniques. The ENDOR and ELDOR-detected NMR techniques allow to determine 

the ligands close to the first Mn(II) bound to PSII (Figure 25). Finally, to be sure to observe only the ligands of 

the first Mn(II) we remain under conditions of subequivalence in Mn(II) with respect to PSII. 

The ENDOR experiment (Figure 25, A) showed that the shoulders of the 0.65 eq (green) is between 

the signal of free Mn(II) in solution with 6 water and those of Mn(II) linked to an imidazole with 5 water 

molecules (red). It can be concluded that, on average, some Mn(II) in the dark are free or linked with one 

other ligand.  

The ELDOR-NMR was used to identify the ligand (Figure 25, B). It is known that Mn(II) preferentially 

binds one or two nitrogen atoms with a carboxylic acid. We determined that the signal measured corresponds 

to one nitrogen atom according to the calibration curve of Mn(II) binding to imidazole, previously established 

by Un, 2013.  

It is known that Mn(II) is preferentially bound to a nitrogen and a carboxylic acid. In living systems, 

Mn is often bound to a nitrogen coming from a histidine which is consistent with apo-PSII structure (Zabret 
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et al., 2019). Nevertheless, although carboxylic acids cannot be detected by this technique, none of our 

results suggest the presence of another ligand which should be, according to Nixon et al., 1992 who assumed 

that the first Mn(II) binds to D1-Aps170 (the supposed HAS). 

 

 
Figure 26: Distance determination between the tyrosine D radical and the first Mn(II) bound to PSII before 
photoactivation 
A. (left) Spectrum corresponding to the experimental determination of the distance between the tyrosine D 
and the first Mn(II) (black) is compared to the fit obtained by the maths calculation model of the distance 
(red). Finally, the error/difference between the two was magnified 10 times (green). (right) Results of the 
mathematical calculation of the distance (previous red curve) which determines that the most probable 
distance corresponding to the measured spectrum (previous black curve) is 32Å (or 3.2 nm). B. This figure is 
from the cryo-EM structure of the apo-protein (Zabret et al., 2021) which shows a metal ion. In the paper, 
authors were not able to distinguish between Ca2+ or Mn2+. D1-Asp170, D1-His332 and Tyrosine-D (D2-Y160) 
were represented according to their correct localisation and distance. The distance from the structure was 
determined to be 30.5Å compared to 32Å (or 3.2 nm) in PDS measurement, in A. 
 

 The apo-PSII structure (Figure 22, B) shows the presence of two histidines near an ion: D1-His332 and 

D1-His337. To determine precisely which of them is related to the first Mn(II), the Pulse Dipolar spectroscopy 

(PDS) technique has been used to measure the distance between the Tyrosine D and the first Mn(II) (Figure 

26, A). The principle of this technique is to take the measurement of the distance and then apply a maths 

program which estimates the most probable distance which fits to the experimental data. The distance is 

about 32Å (or 3.2 nm).  

Compared to the structure of Zabret et al., 2021 (Figure 26, B), we can conclude that the first Mn(II) is bound 

to the D1-His332 residue before the first photoactivation step. These results also provide proof that the ion 

present in the structure is indeed a Mn(II) (and not a calcium, as they can’t distinguished).  Then, it would be 

interesting to try to carry out the same kind of experiment with the different equivalences used before in 

order to detail the stages of photoactivation. 

C) Photoactivation studied in dark-grown Marchantia polymorpha in vivo 

 



 

90 

Photoactivation plays a central role in PSII function and in the establishment of photosynthetic 

electron transport. It has been shown previously that photoactivation mechanisms are easier to be 

characterised in vitro. But, in vitro experiments erase the physiological involvements of the photoactivation 

at photosynthetic chain, thylakoid and even chloroplast scales. Thus, a perfect model to study 

photoactivation in vivo could be an organism able to produce complete PSII in the dark, ready to be 

photoactivated. This is the case of Marchantia polymorpha. In this part, I will describe how I cultured 

Marchantia in the dark in order to track photoactivation in vivo using chlorophyll fluorescence measurements 

and SRM method. The results obtained by the SRM method were carried out in collaboration with Andrew 

Gall who is a specialist in this technique.  

 

1) Material and Methods 

 

Culture conditions 

Marchantia polymorpha gemmae from the Tarakagaike (Tak)-1 male accession were grown on ½ Gamborg’s 

B5 agar medium containing 1% sucrose supplemented with 50 µg.mL-1 Spectinomycin to avoid bacteria 

contaminations. The gemmae were exposed for 3 days to light (16 h light, 22°C, 120 µmol photons. m-2. s-1, 

white fluorescent lamp/8 h dark, 20°C) in order to allow the transition between the photosynthesis and the 

use of sucrose as a carbon source. Then, the plates were immersed in the dark under the same culture 

conditions previously detailed, for a week before being analysed. 

 

Fluorescence measurement 

Fluorescence induction curves were measured on plants grown in the dark using one or more saturated light 

flashes of 300 ms duration with a Dual-PAM-100 fluorimeter (Walz, Effeltrich, Germany). To check the effect 

of the flashes, an induction curve is measured after exposing the thalli for 5 minutes under actinic light (100 

µmol photons. m-2. s-1). 

 

Super-resolution microscopy 

Images were obtained from thalli cultured in the dark of 1 week. For each sample, a small quantity of thallus 

cultured was placed in a sandwich of two glass coverslips (22 mm diameter, Paul Marienfeld GmbH &amp; 

Co. KG), sealed and placed inside an in-house built sample holder under green light. The sample holder was 

fixed to a nano-positioning system (P-733.2CD, P-725.4CD, E-725.3CD, Physikinstrumente) coupled to an 

inverted microscope (Ti-U, Nikon) equipped with a CFI Apochromat Lambda 100x oil immersion objective. 

Room-temperature fluorescence emission was recorded by an iXon ULTRA 897 camera (Andor Technology 

Ltd., Belfast) coupled to the microscope with a custom-Optomask (Cairn research Ltd, Faversham). An epi-

fluorescence image was taken before photoactivation. Total chlorophyll fluorescence emission was isolated 

using a dichroic mirror/emission filter doublet (59022BS/ET655LP, Chroma Technology Corporation). 
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Epifluorescence images were recorded using an excitation provided by a plasma light source (HPLS245 

Thorlabs Inc.) and an excitation filter (MF469-35 Thorlabs Inc.). The excitation source for the laser-scanning 

measurements was a 445 nm emitting laser (OBIS LX, Coherent Inc.). Laser-scanning and final image 

reconstruction (resolution (d) d xy =126 nm, d z =320 nm) was as previously described (Streckaïté, 2021); a 

ca. 3 µm² of the thylakoid membrane was repeatability scanned with a dwell time of 30 ms at 60 nm (X/Y) 

intervals, giving a final frame rate of 80s. 

 

2) Results 

a) Dark-grown Marchantia 

 

Marchantia gemmae were not able to survive when put directly in the dark. An acclimatation of 3 

days in the sucrose medium under light is needed to allow them to survive. On the other hand, gemmae stay 

little after 1 week in the dark. They showed reduced growth. Finally, the limiting point of the culture was the 

large number of contaminations. It is certainly possible to improve the culture conditions to allow the thalli 

to develop more significantly and thus carry out experiments requiring more material. 

 

b) Chlorophyll fluorescence measurement: photoactivation impact on PSII reaction centre 

 

It has been shown that the measurement of the PSII chlorophyll fluorescence induction curves (OJIP, 

Stirbet and Govindjee, 2011; Stirbet et al., 2014; Gupta, 2020) allow the determination of the phases 

corresponding to the flow of electrons through the reaction centre. The phases O to J (ends at ∼ 2 ms) and J 

to I (ends at ∼ 30 ms) correspond to the reduction of QA and QB respectively. Then, the I to P phase (ends at 

∼ 500 ms) is considered to be relative to the fast (I) and slow (P) reduction of the plastoquinone pool. On the 

other hand, under certain conditions, such as high temperature, the appearance of the K phase (∼ 200 to 300 

µs) has been shown to be directly related to the damages at the level of the Mn cluster (Srivastava et al., 

1997). 
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Figure 27: Photoactivation of dark-grown Marchantia polymorpha followed by chlorophyll fluorescence 
induction curves (OJIP) 
A. Dark-grown Marchantia thalli were exposed to 1 (dark blue), 2 (red), 3 (green), 4 (purple) and 5 (cyan) 
successive flashes of saturating light during 300 ms. The abscissa shows the chlorophyll fluorescence (a. u.) 
as a function of the time (ms) in logarithmic scale. B. Fluorescence induction curve taken before (dark blue) 
and after (red) 5 min actinic light exposure of dark-grown thalli. The abscissa shows the chlorophyll 
fluorescence (a. u.) as a function of the time (ms) in logarithmic scale. 
 

 PSII chlorophyll fluorescence induction curves were measured on dark-culured Marchantia thalli 

(Figure 27). The aim was to determine the state and the set-up of the electron flow through the reaction 

centre of the PSII during photoactivation. Induction curves were measured by applying a saturating flash of 

light lasting 300 ms. Two types of illumination were tested to induce photoactivation: application of 

successive flashes of 300 ms (Figure 27, A) or exposure to actinic light for 5 min (Figure 27, B). In this last 

condition, a flash of 300 ms was applied to the sample before and after the illumination. 

 The application of a single flash (Figure 27, A) indicates the presence of a very marked K phase 

(between 0.2 to 0.3 ms) then a strong decrease in fluorescence during the J phase (ends at 2 ms). The 

appearance of the K phase clearly shows that the PSIIs are not photoactivated. The ensuing decrease in 

fluorescence could be explained by the accumulation of P680+, known to have a low fluorescence yield. This 

seems consistent with the fact that photoactivation must be complete to allow QA to be active (Krieger and 

Weis, 1993) and also because without a cluster there are no electrons that allow the return to the ground 

state of the P680. Then, the successive application of the flashes still shows the K phase but the decrease in 

fluorescence is more reasonable between K and J phases. It can therefore be concluded that certain clusters 

are formed. The difference between the induction curves after 3 up to 5 flashes does not really change which 

can be explained by the fact that more illumination may be necessary to photoactivate all the reaction 

centres. It can be hypothesised that the establishment of linear electron flow is necessary to increase the 

efficiency of photoactivation. As shown in Figure 27, B, after 5 min of actinic light, the K phase disappears 

completely, indicating that all the centres are photoactivated and the J-I-P phases are correctly defined, 

which is in agreement with the establishment of a linear electron flow through the photosynthetic chain. 
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c) Super-resolution fluorescence microscopy: tracking to thylakoids dynamic during photoactivation 

 

In addition, super-resolution fluorescence microscopy has been used to observe ultrastructural 

changes caused by photoactivation in a region of thylakoid membrane. The use of the laser allows focussing 

on a small part of a chloroplast. First, a confocal image was taken rapidly with a very low light (Figure 28, A). 

Then, structural changes were tracked using PSII chlorophyll fluorescence detection for approximately 41 

minutes since each scan lasted almost 80s (Figure 28, B). At the beginning of the experiment, the thylakoids 

(yellow fluorescence) are loose in the stroma and then begin to condense from around 5 minutes (Frame 3). 

Condensation seems to reach an intermediate level around 14 minutes (Frame 11) and seems to reach a 

“maximum” around 25 minutes (Frame 19). Finally, the last images, from 25 to 41 minutes still show a very 

slight condensation. It is reasonable to assume that the sudden light exposure of dark-grown thalli, although 

very low, results in significant stress which might suggest that the latter are showing conditions that are 

possibly not physiologically relevant. To check if damage has occurred, it would be interesting to measure 

Fv/Fm by chlorophyll fluorescence measurement after the photoactivation in the microscope. 

 

 
Figure 28: Evolution of chloroplasts ultra-structure of dark-grown Marchantia polymorpha during 

photoactivation 

A. Confocal image of a chloroplast of a dark-grown Marchantia before photoactivation. The square 

corresponds to the area of interest followed in B. B. Tracking of photoactivation in vivo by super-resolution 

fluorescence microscopy. Each frame corresponds to 80s. 
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 Thanks to all these observations, it can be hypothesised that the photoactivation of the first PSIIs 

allows the establishment of an electron flow through the membrane which will generate a gradual increase 

of the lumen acidification. This would have the effect of leading to the restructuring of the membranes by 

increasing the proportion of grana but also generating the gathering of the newly photoactivated PSII towards 

these compact structures in order to guarantee an efficient photosynthetic electron flow throughout the 

whole chain.  

 

 To conclude, chlorophyll fluorescence measurements and SRM can be used to monitor the 

photoactivation at different scales. To go further, the use of the chlorophyll fluorescence allows the 

determination of the changes which take place at the level of the PSII reaction centre during photoactivation 

while SRM shows it at thylakoids scale. Then, we know that It is possible to isolate the fluorescence emitted 

by PSII compared to that of PSI with the SRM in order to follow the changes in the localisation of 

photosynthetic complexes according to the photoactivation but also the first steps of the establishment of 

electrons flow through the chain. 
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D) Part I Conclusions 

 

This first part was devoted to the donor side of the PSII and in particular to the use of Mn by 

Marchantia polymorpha and its vital importance as a catalyst for oxygen under the shape of the Mn cluster. 

First, I characterised the impact of excess and deficiency of Mn on the photosynthesis and the 

metabolism of Marchantia polymorpha. I showed that Marchanita is able to set up protection and 

detoxification systems allowing it to survive to high Mn concentrations. From an evolutionary point of view, 

it can be hypothesised that these systems were developed to overcome the lack of regulation of Mn uptake, 

certainly due to the simple morphology of the plant. On the other hand, I have shown that the Mn deficiency, 

although difficult to establish, leads to an increase in the dissipation of energy as heat allowing to protect the 

PSII against photoinhibition in particular by also promoting cyclic electron flow. 

The second part was particularly focused on Mn cluster-dependent light assembly, the so-called 

photoactivation. I have reproduced the experiments by Tikhonov et al., 2006, to verify that the catalase-like 

activity of Mn(II) in solution does not generate the release of parasitic oxygen from photoactivation. Then, I 

verified apo-PSII activity after photoactivation.  

To finish the in vitro part of the photoactivation, Sun Un and I carried out High Field EPR 

measurements and derivative experiments to determine the sequential intermediates of Mn cluster 

assembly during photoactivation. We have shown that the first Mn(II) is bound to D1-His332 in the dark, 

before the first photoactivation step.  

Finally, for the first time ever, Andrew Gall and I tracked photoactivation and associated changes in 

chloroplast thylakoids structure in vivo in the dark-cultured organism Marchantia polymorpha. We have 

shown by different methods that photoactivation can be followed in vivo. It leads to the condensation of 

thylakoids allowing photosynthetic activity as we know it. 
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________________________________________________________________ 

Part II: Regulation of Photosynthetic Electron Transport : Characterization of 

Plastid Terminal Oxidases a and b in Marchantia polymorpha 
______________________________________________________________________________________ 

 

 Photosynthetic organisms are subject to changing environmental conditions and have to deal with 

them. For this, they developed protective mechanisms, in particular at the level of the photosynthetic 

apparatus which is at the heart of their primary metabolism. As explained in the general introduction (page 

29), many strategies have been developed such as alternative electron flows, non-photochemical quenching 

mechanisms and other protein families may be involved. This is the case of Plastid Terminal Oxidase (PTOX, 

page 33). 

In this part, the model plant Marchantia polymorpha was used because of its place in the green lineage. Given 

that the most evolved plants, the angiosperms, have lost many regulatory proteins, the study of one of the 

first plants to have colonised the land offers new opportunities for understanding these mechanisms. 

In the first two parts, the isoforms PTOXa and PTOXb in Marchantia were studied in vivo by the analysis of 

single and double mutants. Finally, an in silico analysis of the PTOX protein sequences across different 

photosynthetic organisms was conducted in an attempt to explain the differences between these two 

isoforms. 

 

I) Characterization of PTOXa and PTOXb from Marchantia polymorpha in vivo 

 

 As explained above, the physiological role of the PTOX protein has mainly been studied in 

Angiosperms (i. e. Arabidopsis thaliana, Solanum lycopersicum, Eutrema salsugineum) as well as in the green 

algae Chlamydomonas reinhardtii. Nevertheless, it is known that the evolution of Angiosperms is marked by 

the disappearance of many regulatory proteins and photosynthesis is no exception. Indeed, in the following 

article, I have highlighted the presence of two isoforms of PTOX (PTOXa and PTOXb) in Marchantia 

polymorpha, each of which is similar to those of algae or that of Angiosperms. Single mutants 𝚫ptoxa and 

𝚫ptoxb were generated in order to characterise their roles in vivo. 
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Article 2 : Evolutive differentiation between alga- and plant-type plastid terminal oxidase 

: study of plastid terminal oxidase PTOX isoforms in Marchantia polymorpha 

 

 In this article, single mutants of Marchantia polymorpha were generated by Ginga Shimakawa in 

Japan, in the laboratory of Chikahiro Miyake, Kobe University. I carried out almost all the experiments 

allowing the characterization of the mutants. The quantification of carotenoid content was carried out in 

collaboration with François Perreau, INRAE Versailles. I actively participated in writing the article. 
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A B S T R A C T   

The liverwort Marchantia polymorpha contains two isoforms of the plastid terminal oxidase (PTOX), an enzyme 
that catalyzes the reduction of oxygen to water using plastoquinol as substrate. Phylogenetic analyses showed 
that one isoform, here called MpPTOXa, is closely related to isoforms occurring in plants and some algae, while 
the other isoform, here called MpPTOXb, is closely related to the two isoforms occurring in Chlamydomonas 
reinhardtii. Mutants of each isoform were created in Marchantia polymorpha using CRISPR/Cas9 technology. 
While no obvious phenotype was found for these mutants, chlorophyll fluorescence analyses demonstrated that 
the plastoquinone pool was in a higher reduction state in both mutants. This was visible at the level of fluor-
escence measured in dark-adapted material and by post illumination fluorescence rise. These results suggest that 
both isoforms have a redundant function. However, when P700 oxidation and re-reduction was studied, dif-
ferences between these two isoforms were observed. Furthermore, the mutant affected in MpPTOXb showed a 
slight alteration in the pigment composition, a higher non-photochemical quenching and a slightly lower 
electron transport rate through photosystem II. These differences may be explained either by differences in the 
enzymatic activities or by different activities attributed to preferential involvement of the two PTOX isoforms to 
either linear or cyclic electron flow.   

1. Introduction 

One of the most important events in the evolution of photosynthetic 
organisms has been the colonization of lands. Alboresi et al. [1] have 
highlighted the great diversity of protection mechanisms that allow 
photosynthetic organisms to face environmental conditions that could 
induce oxidative stress and destruction of the photosynthetic apparatus 
(photoinhibition) when more light is absorbed than needed for photo-
synthesis. All oxygenic phototrophs ranging from algae to plants have 
the following regulation mechanisms in common: photosynthetic con-
trol limiting electron transport at the level of the cytochrome b6f 
complex when the pH in the lumen decreases below a certain threshold 
value [2]; mechanisms to dissipate excess energy in the antenna system, 

the so-called non-photochemical quenching (NPQ) [3]; the proton 
gradient regulation 5 (PGR5) and PGR5-like 1 (PGRL1) proteins having 
a supposed role in the cyclic electron flow [4,5]; the chloroplast NADPH 
dehydrogenase (NDH) complex involved in cyclic electron flow and in 
chlororespiration [6,7] as well as the so-called Mehler reaction (the 
water-water cycle) that occurs when photosystem I (PSI) reduces O2 to 
the superoxide anion radical which is then converted into O2 and H2O 
by detoxification enzymes [8]. Others, such as flavodiiron proteins 
(FLV) that reduce O2 to H2O at the acceptor side of PSI [9,10] have 
disappeared in angiosperms, but are present from cyanobacteria up to 
gymnosperms. Finally, some proteins have evolved over the time into 
separate subclasses such as the plastid terminal oxidase (PTOX). 

PTOX oxidizes plastoquinol (PQH2) and reduces O2 to H2O. It may 
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play an important physiological role since the redox state of the plas-
toquinone (PQ) pool is a key point of photosynthesis regulation in many 
physiological conditions. In angiosperms, PTOX is often regarded in the 
literature as a “safety valve”, allowing to avoid the over-reduction of PQ 
pool in conditions such as for example high light [11] or salt stress [12]. 
An increase of PTOX expression levels and of protein amounts have 
been observed upon exposure of plants to abiotic stress conditions like 
low or high temperature, drought etc. [13,14] Furthermore, PTOX is 
involved in carotenoid biosynthesis by maintaining PQ in its oxidized 
form [15,16]. In addition, PTOX acts as a terminal oxidase during 
chlororespiration [17] and in non-green plastids in etiorespiration [18] 
and chromorespiration [19,20]. Finally, PTOX is important in the first 
steps of chloroplast biogenesis, based on the publication by Wetzel et al. 
[15], highlighting that mutants have heteroplastidic cells. 

Phylogenetic trees on PTOX evolution have been published pre-
viously focussing on amino acid sequences comparison with other 
oxidases [21,22]. Nawrocki et al. [23] have investigated the evolu-
tionary relationship among PTOX isoforms in various photosynthetic 
organisms, which suggested that PTOX in angiosperms has been 
evolved along with the evolution from green algae to plants with sev-
eral independent duplication events. The appearance of the ancestral 
protein is not clearly identified. Atteia et al. [24] hypothesized that the 
origin of PTOX predates primary endosymbiotic events, justifying its 
presence in the progeny of chlorophytes. Nevertheless, most articles 
agree that PTOX appears to diverge from its analogue, the mitochon-
drial alternative oxidase (AOX) that catalyzes the oxidation of ubi-
quinol by reducing O2 to H2O. AOXs are non-heme diiron carboxylate 
enzymes with six well conserved iron binding sites. It has been shown 
that this catalytic site including the ligands is conserved in PTOX [25] 
but PTOX diverges from AOX by insertion of amino acids conserved in 
all PTOX-containing photosynthetic organisms. 

Characterization of PTOX activity in vivo has been mainly conducted 
in angiosperms by the characterization of immutans and ghost mutants 
in Arabidopsis thaliana [15,26–28] and Solanum lycopersicum [29], re-
spectively. These mutants are known to have a variegated phenotype 
which is more important when exposed to increasing light intensities 
[30]. In addition, PTOX activity has been characterized in vivo in the 
green alga Chlamydomonas reinhardtii using a mutant affected in the 
isoform PTOX2 (Crptox2). Houilles-Vernes et al. [31] have highlighted 
its involvement in chlororespiration. Crptox2 shows an over-reduction 
of PQ pool and is also affected in redistributing light excitation energy 
between photosystem II (PSII) and PSI (the so-called state transition). 
Using a single mutant of the cytochrome b6f complex as well as a double 
mutant of both cytochrome b6f and PTOX2, they concluded that PTOX2 
is the major oxidase used to reoxidize PQ pool compared to PTOX1 in C. 
reinhardtii. Crptox2 did not exhibit a defect in carotenoid contents and 
did not show a variegation phenotype such as immutans or ghost. 
Houille-Vernes and coworkers concluded that PTOX1 is sufficient for 
regenerating oxidized PQ for phytoene desaturase while being less ac-
tive than PTOX2 in controlling the redox poise of PQ pool during 
photosynthesis. No PTOX1 mutant of C. reinhardtii has been char-
acterized so far. 

Liverworts can be regarded as the oldest living land plants or at least 
the land plants which have kept the most ancestral characters, among 
them Marchantia polymorpha has been used as a model with the se-
quencing of its genome and the development of genetic tools in order to 
better understand the evolution of land plants [32,33]. Here we de-
monstrate that the two M. polymorpha PTOX isoforms are phylogen-
etically significantly different and representative of algal- and angios-
perm-type of PTOX respectively, and, by using mutants affected in one 
of the isoforms we investigated whether the isoforms diffedr in their 
activity. First, we focussed on PTOX evolution through the green 
lineage using in silico approaches. Then, mutation of both proteins in-
dependently allowed us to highlight the partial redundancy of these 
proteins in vivo by performing mainly chlorophyll fluorescence ana-
lyses. 

2. Materials and methods 

2.1. Phylogenetic analysis 

31 amino acid sequences of PTOX and AOX in oxygenic phototrophs 
were aligned using Muscle [34], and then the extra N- and C-terminal 
regions were removed based on the comparison to cyanobacterial PTOX 
sequences. Thereafter, gaps in the alignment were removed using Gap 
Squeeze (https://www.hiv.lanl.gov/content/sequence/GAPSTREEZE/ 
gap.html) with 50% of gap tolerance. The resulting sequences were 
compared using Muscle for building up phylogenetic trees (Supple-
mentary material Fig. S1). The amino acid sequences of PTOX and AOX 
were obtained from CyanoBase (Glo, gll0601; Ana, Anacy_4546; Nos, 
all2096), National Center for Biotechnology Information (Coc, 
XP_005649673; Tha a, XP_002293901; Tha b, XP_002296917), Joint 
Genome Institute (Ost a, Ot11g01620; Ost b, Ot16g00910; Chl 1, 
Cre07.g350750; Chl 2, Cre03.g172500; Chl A, Cre09.g395950; Vol 1, 
Vocar.0011s0051; Vol 2, Vocar.0015s0153; Ory, Os04g57320; Zos, 
Zosma182g00520; Zea, Zm00008a005994; Nan a, 587833; Nan b, 
605717; Pha a, 29275; Pha b, 41170; Cya 1, XM_005536341; Cya 2, 
XM_005536340), Klebsormidium nitens NIES-2285 genome project (Kle 
a, kfl00205_0040: Kle b, kfl00009_0280), MarpolBase (Mar a, Ma-
poly0050s0020; Mar b, Mapoly0003s0157), FernBase (Azo a, Az-
fi_s0009.g011680; Azo b, Azfi_s0070.g036665; Sal, Sa-
cu_v1.1_s0132.g022138), and TAIR (Ara, AT4G22260; Ara A, 
AT3G22370). 

The evolutionary history was inferred by using the Maximum 
Likelihood method [35]. The tree with the highest log likelihood 
(−8225.18) is shown. The percentage of trees in which the associated 
taxa clustered together is shown next to the branches. Initial trees for 
the heuristic search were obtained automatically by applying Neighbor- 
Join and BioNJ algorithms [36] to a matrix of pairwise distances esti-
mated using a JTT model, and then selecting the topology with superior 
log likelihood value. The tree is drawn to scale, with branch lengths 
measured in the number of substitutions per site. Evolutionary analyses 
were conducted in MEGA X [37]. 

2.2. Material 

A male accession of Marchantia polymorpha, Takaragaike (Tak)-1 
and the mutants were asexually cultured on one-half-strength 
Gamborg's B5 agar medium [38] under a light−dark cycle (16 h-light, 
22 °C, 120 μmol photons m−2 s−1, white fluorescent lamp/8 h-dark, 
20 °C). For biochemical and physiological measurements, 2-3 weeks 
thalli were used. 

2.3. Genome editing by CRISPR/Cas9 system 

The PTOX mutants of M. polymorpha were prepared by CRISPR/ 
Cas9-based targeted mutagenesis [39]. The target regions (ptoxa.1, 
TTACACATGTACGAGAGCTT; ptoxb.1, CCAGGTTGTGAGTCCCAACC; 
ptoxb.2, AAGCACCTTGGTGGATTCT) were introduced into the Gateway 
entry vector pMpGE_En03, and finally included in the destination 
vector pMpGE010 and pMpGE011. Thalli of M. polymorpha were in-
fected with Rhizobium radiobactor C58C1 (GV2260) transformed with 
the resulting plasmids, and the transformants were selected on half- 
strength Gamborg's B5 agar medium supplemented with hygromycin or 
chlorsulfuron [40]. The genome DNA was extracted from the thalli of 
mutants, and the mutations were confirmed by DNA sequencing (Sup-
plementary material Fig. S2). The mutants Δptoxa.1 and Δptoxb.1 were 
mainly used in this study as Δptoxa and Δptoxb. We confirmed the same 
phenotype of Δptoxb.2 as Δptoxb.1 by chlorophyll fluorescence mea-
surements (Supplementary material Fig. S3). 
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2.4. Pigment analysis 

Liquid chromatography-UV-absorption analysis was conducted 
using a HPLC column (Uptisphere Strategy C18-HQ 250 × 3 mm 3 μm, 
Interchim, Montluçon, France) with a liquid chromatography chain 
HPLC/UV (Shimadzu, Tokyo, Japan), consisting of two pumps (LC- 
20AD), a sample manager (SIL-20AC HT), a column oven (CTO-20A) 
and an UV diode array detector (UVSPD-M20A) with a flow of 
0.5 mL min−1. The mobile phase A was composed of 10% water and 
90% acetonitrile with 0.5% acetic acid and the mobile phase B was 
ethyl acetate with 0.5% acetic acid. The elution gradient was as follows: 
initially 10% B, 1 min 10% B; 25 min 95% B. Then the column was 
equilibrated to initial conditions for 15 min. Absorbance was monitored 
at 450 nm. Peak areas were normalized by known absorption factors for 
each compound at 450 nm, and amounts of each pigment were calcu-
lated by normalization to chlorophyll a. 

2.5. Chlorophyll fluorescence analysis 

Chlorophyll a fluorescence was measured in 5 min dark-adapted 
thalli using an Imaging-PAM (Fig. 2 and Supplementary material Figs. 
S3A–C, and S4) or a Dual-PAM-100 fluorometer (Figs. 3 and 4, and 
Supplementary material Fig. S3D) (Walz, Effeltrich, Germany). Fluor-
escence parameters during illumination with blue actinic light 
(230 μmol photons m−2 s−1) and recovery curves were measured after 
the determination of Fo and Fm parameters. Fm and Fm′ were de-
termined using saturating flashes (10,000 μmol photons m−2 s−1, 
duration 300 ms): Fo, minimum and Fm, maximum fluorescence in a 
dark-adapted sample; Fm′, maximum fluorescence and F′, fluorescence 
emission from a light-adapted sample [41]. Post-Illumination Fluores-
cence Transient (PIFT) was monitored in the dark after exposure to 
actinic red light (400 μmol photons m−2 s−1) for 10 min. When in-
dicated, far-red light was given. Quantum yield of photochemical en-
ergy conversion in PSII, Y(II), and NPQ were determined as (Fm′-F′)/Fm′ 
and (Fm-Fm′)/Fm′, respectively. Electron transport rate through PSII was 
calculated as the product of Y(II) multiplied with photon flux density of 
red actinic light, the sample absorptance, and the ratio of the absor-
bance by PSII to that by both PSI and PSII [42]; we used 0.8 and 0.5, 
respectively, as these absorptance values which had been determined 
for leaves. 

2.6. P700 measurement 

P700 absorbance was measured using a Dual-PAM-100 fluorometer 
[43] (Walz, Effeltrich, Germany). Near-infrared measuring lights (830 
and 870 nm) were applied to measure the transmittance of oxidized 
P700 (P700+). Five minutes dark-adapted thalli were exposed to ac-
tinic light and far-red light for 15 s. Then, a saturating flash was given 
in the presence of far-red light after switching off the light. First, this 
experiment was done on intact thalli which were then immersed for 
5 min in 100 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) or 
in a combination of DCMU and 500 μM methylviologen. 

2.7. Immunoblots 

Thalli were grinded in 50 mM HEPES pH 7.6. The extract was fil-
tered through cheese, centrifuged at 4000g, the pellet was resuspended 
in 50 mM HEPES pH 7.6, the chlorophyll concentration was determined 
and this membrane fraction was used for analysis by SDS-PAGE (10% 
acrylamide) and immunoblotting. Proteins were blotted onto ni-
trocellulose membrane. Labelling of the membranes with anti-PGR5, 
anti-NDH-B and anti-RbcL (Agrisera, Vännäs, Sweden) was carried out 
at room temperature in 1× TBS (50 mM Tris-HCl pH 7.6, 150 mM 
NaCl), 0.1% Tween 20 and 1% non-fat powder milk. After washing, 
bound antibodies were revealed with a peroxidase-linked secondary 
anti-rabbit antibody (Agrisera, Vännäs, Sweden) and visualized by 

enhanced chemiluminescence. PTOX antibodies raised against the 
proteins from Arabidopsis (gift from Marcel Kuntz, CEA Grenoble) and 
Chlamydomonas reinhardtii (gift from Xenie Johnson, CEA Cadarache) 
did not reveal bands in Marchantia polymorpha. 

3. Results 

Marchantia polymorpha contains two PTOX isoforms (MpPTOXs) 
that differ significantly in their sequences. The study of PTOX evolution 
has so far been limited to the comparison of their protein sequences 
with those of AOXs. However, the more recent evolution of different 
PTOX isoforms is just as interesting. Sequence comparison shows that 
MpPTOXa is closely related to PTOX of angiosperms that usually con-
tain only one isoform, while MpPTOXb is more similar to PTOX iso-
forms found in the green alga Chlamydomonas reinhardtii (CrPTOXs). 
Since the PTOX isoform of Arabidopsis thaliana has been highlighted 
first, the isoforms resembling to it were defined here as “PTOXa” and 
the other isoforms as “PTOXb”. MpPTOXa shows 96% identity with 
PTOX in Arabidopsis thaliana (AtPTOX), while MpPTOXa and MpPTOXb 
share only 53% identity. Since the two MpPTOX isoforms are so dif-
ferent in respect to their sequence homology, it can be hypothesized 
that these proteins have different physiological functions. A closer look 
at the sequences revealed that MpPTOXb and CrPTOXs (hereafter de-
fined as “alga-type PTOX”) are larger than MpPTOXa and AtPTOX 
(hereafter defined as “plant-type PTOX”; Fig. 1A). CrPTOX1 and 
CrPTOX2 are composed of 471 and 416 amino acid residues. MpPTOXb 
has 497 amino acid residues while MpPTOXa and AtPTOX contain only 
376 and 352 ones (Supplementary material, Fig. S1). 

31 amino-acid sequences of PTOX isoforms were investigated in a 
variety of photosynthetic organisms, including cyanobacteria, algae, 
and land plants. Although the C-terminal parts of the proteins are not 
particularly well conserved between these isoforms, the longer N- 
terminal part is mostly recognized in alga-type PTOX. Plant-type PTOX 
seems to have lost a part of the sequence between the transit peptide 
and the conserved motif containing the catalytic site (Fig. 1A), resulting 
in the shorter primary structures, although there are some exceptions 
such as Zea mays and Nannochloropsis oceanica. A phylogenetic tree 
including cyanobacterial PTOX, alga-type PTOX, plant-type PTOX, and 
AOX was built (Fig. 1B) based on the amino acid sequence alignment in 
the largely conserved region containing the catalytic site (the part “Fe- 
Fe” in Fig. 1A) among PTOX isoforms in a variety of photosynthetic 
organisms, clearly showing the three different PTOX groups. Several 
amino acid residues around the catalytic site are highly conserved in 
alga- and plant-type PTOX (Supplementary material Fig. S1). The green 
alga Coccomyxa subellipsoidea has one PTOX belonging to the alga-type. 
Chlamydomonas reinhardtii and Volvox carteriv have two PTOX isoforms, 
both belonging to the alga-type. The other green alga Ostreococcus tauri 
has both alga- and plant-type PTOX isoforms. Seed plants are proposed 
to be evolved from green algae through charophytes, bryophytes (li-
verworts, mosses, and hornworts), and pteridophytes (ferns), termed as 
photosynthetic green lineage [44]. Like in Ostreococcus tauri both alga- 
and plant-type PTOX isoforms are conserved in the charophyte alga 
Klebsormidium nitens, the liverwort Marchantia polymorpha, and the fern 
Azolla filiculoides, but alga-type one is lost in the fern Salvinia cucullata 
and in all angiosperms (Fig. 1B). In contrast to the green lineage, 
photosynthetic red lineage is defined as having evolved from red algae 
to secondary algae such as eustigmatophytes and diatoms [44]. The red 
alga Cyanidioschyzon merolae has two PTOX isoforms, both of which are 
closer to the alga-type ones, but the eustigmatophyte alga Nanno-
chloropsis oceanica and two diatoms Phaeodactylum tricornutum and 
Thalassiosira pseudonana have both, alga- and plant-type PTOX 
(Fig. 1B). 

Since the two MpPTOX isoforms are so different in respect to their 
sequence homology, it can be hypothesized that these proteins have 
different physiological functions. To characterize the physiological role 
of the two PTOX isoforms in vivo, M. polymorpha has been chosen since 
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it has one PTOX belonging to the plant-type and another one of the 
alga-type enzyme, and its position in the evolution of the green line is 
intermediate between green algae and plants [33]. The mutants defi-
cient in MpPTOXa and MpPTOXb, named hereafter Δptoxa and Δptoxb, 
were constructed using CRISPR/Cas9-genome editing system [39]. The 
specific regions to MpPTOXa and MpPTOXb were determined as the 
target site for CRISPR/Cas9. The Marchantia transformants were gen-
erated by the infection of Agrobacterium containing binary vectors with 
young thalli in the presence of antibiotics (see “Materials and 
methods”). The gemma from the transformants was cultured on agar 

plates with the antibiotics, and the frameshift mutation in the target 
regions were confirmed by DNA sequencing (Supplementary material 
Fig. S2). Concerning that the mutation occurred at the later part of the 
gene in the mutant Δptoxb (Δptoxb.1), we constructed another line 
(Δptoxb.2) to confirm that the phenotype was due to the mutation of 
PTOXb (Supplementary material Figs. S2 and S3). Similar to Crptox2, 
no variegation phenotype such as immutans or ghost was seen in both 
Δptoxa and Δptoxb mutants. 

In order to characterize the role of PTOX on photosynthetic electron 
transport, measurements of chlorophyll fluorescence upon illumination 

Fig. 1. Phylogenetic analysis of plastid terminal oxidase (PTOX) and alternative oxidase (AOX) isoforms in oxygenic phototrophs. (A) Typical primary structures of 
plant- and alga-type PTOX. TP, transit peptide; FeeFe, highly conserved region containing the catalytic site; C, C-terminal region; X, an extended region often 
observed in alga-type PTOX. (B) Phylogenetic tree of the evolutionary relationship between plastid terminal oxidase (PTOX) in oxygenic phototrophs. Each highly 
conserved region (FeeFe) was used for the alignment analysis to build the phylogenetic tree (Supplementary material Fig. S2). Branch lengths correspond to the 
evolutionary distances. Organisms included in this phylogenetic analysis are cyanobacteria (Gloeobacter violaceus, Anabaena cylindrica, and Nostoc sp.), green algae 
(Coccomyxa subellipsoidea, Ostreococcus tauri, Chlamydomonas reinhardtii, and Volvox carteriv), the charophyte alga Klebsormidium nitens, the liverwort Marchantia 
polymorpha, ferns (Azolla filiculoides and Salvinia cucullata), angiosperms (Arabidopsis thaliana, Oryza sativa, Zostera marina, and Zea mays), the eustigmatophyte alga 
Nannochloropsis oceanica, diatoms (Phaeodactylum tricornutum and Thalassiosira pseudonana), and the red alga Cyanidioschyzon merolae. Alternative oxidase (AOX) in 
Chlamydomonas reinhardtii (AOX1) and Arabidopsis thaliana (AOX1A) are also included in the analysis. 
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and dark recovery were carried out. As shown in Fig. 2, upon illumi-
nation with actinic light Δptoxb showed a lower fluorescence level 
during saturating pulses while Δptoxa was very similar to Tak-1 (wild 
type). When the actinic light was switched off, fluorescence levels in 
mutants decreased below the Fo level, more significantly for Δptoxb 
than for Δptoxa. This can be either caused by a higher level of NPQ 
leading to a quenching of Fo or chlororespiratory activity resulting in a 
higher reduction state of PQ pool, QB and QA in the dark giving rise to a 
higher fluorescence level. In this case, dark adaptation of the material 
prior to the fluorescence measurement does not assure that all reaction 
centers are in the “open state”. 

One way to determine chlororespiratory activity is to follow the so- 
called Post-Illumination Transient Fluorescence (PIFT) rise. 
Illumination with actinic light for a given time leads to the production 
of NADPH and ATP that can be consumed in the dark leading to a 
transient reduction of the PQ pool, QB and QA. Fig. 3 shows after pre-
vious illumination in the dark a strong increase in the fluorescence level 
(PIFT) in both mutants detected using low intensity measuring light. 
Applying far-red light removed the PIFT, confirming the high reduction 
state of the PQ pool in both mutants. 

If one calculated Fv/Fm values using dark-adapted material and 
without taking into account that the Fo may be not correct, one obtains 
values for Fv/Fm being 0.56  ±  0.04 for Δptoxa and 0.61  ±  0.04 for 
Δptoxb (n = 6). If these values were determined after far-red light il-
lumination, 0.69  ±  0.01 and 0.71  ±  0.01 were obtained for Δptoxa 
and Δptoxb (n = 6), similar to those measured for Tak-1. Fv/Fm values 
determined with the Imaging-PAM system tend to be low because the 
intensity of the measuring light is rather high. This explains the dis-
crepancy with the literature reporting an Fv/Fm value in Tak-1 of ap-
proximately 0.8 [45], 

Fig. 2. Response of chlorophyll fluorescence of wild type and mutants deficient 
in plastid terminal oxidase to illumination by blue actinic light (230 μmol 
photons m−2 s−1). A: M. polymorpha wild type (Tak-1), B: Δptoxa, C: Δptoxb. 
Before the measurements, the plants were dark-adapted for 5 min. Dashed lines 
indicate the chlorophyll fluorescence levels before the first saturation flash. 
Blue bar indicates the duration of the actinic light. Measurements were con-
ducted independently three times (biological replicates), and representative 
traces are shown. 

Fig. 3. Typical trace of chlorophyll fluorescence change after switching off the 
actinic red light (400 μmol photons m−2 s−1, 10 min) at 0 min in wild type 
(Tak-1; black) and the mutants deficient in plastid terminal oxidases a (Δptoxa; 
red) and b (Δptoxb; blue). Measurements were conducted independently three 
times (biological replicates), and representative traces are shown. Dashed lines 
indicate the chlorophyll fluorescence levels prior to illumination. Application of 
far-red light suppressed the post illumination fluorescence rise as shown here 
for Δptoxa (green). 
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Next, we measured NPQ and the electron transport rate as a func-
tion of actinic light intensity (Fig. 4). Δptoxb showed a lower electron 
transport rate and a higher NPQ while Δptoxa behaved like Tak-1. 
Pigment analysis showed that the amounts of certain carotenoids such 
as neoxanthin and violaxanthin were slightly larger in Δptoxb (Fig. 5). 
The increase in pigment content of the violaxanthin pool may explain 
the stronger NPQ found in this genotype. It may also indicate that 
Δptoxb is more stressed than Δptoxa or Tak-1, leading to a lower elec-
tron transport rate. However, no higher susceptibility to photoinhibi-
tion was observed in Δptoxb (Supplementary material Fig. S4). 

When the PQ pool is more oxidized in the dark, it is expected that 
P700+ is accumulating to a higher level in response to the illumination 
at a given light intensity. As can be seen in Fig. 6, more P700+ accu-
mulated in Tak-1 upon illumination with either actinic or far-red light. 
Both mutants showed the same lower level of P700 oxidation sug-
gesting that PQ pool was more reduced, if we consider that there was no 
PSI acceptor side limitation thanks to the presence of the flavodiiron 
proteins (FLVs) [45]. There are nevertheless striking differences be-
tween Δptoxa and Δptoxb. Upon illumination with actinic light that 
excites both photosystems and favours linear electron flow, the oxida-
tion of P700 was delayed in Δptoxa compared with Δptoxb, especially at 
the initial rise. This seems to indicate that the PQ pool was more re-
duced in Δptoxa, suggesting a higher activity of this enzyme. However, 

when illuminated with far-red light that excites preferentially PSI and 
favours cyclic electron flow, P700 was faster oxidized in Δptoxa than in 
Δptoxb. To show the electron donation to P700 and the reduction state 
of the PQ pool in the absence of electron input from PSII, we added 
DCMU, an inhibitor of PSII blocking the QB-binding pocket. The re- 
reduction of P700+ after far-red illumination was much faster in Δptoxa 
than in Δptoxb and Tak-1, with Δptoxb being slightly faster than Tak-1 
(Fig. 7). This indicates again a higher reduction state of the PQ pool in 
Δptoxa. In the absence of inhibitors, the re-reduction of P700+ after far- 

Fig. 4. Dependence of electron transport rate through PSII (A) and non-pho-
tochemical quenching (NPQ; B) on light intensity at steady-state photosynthesis 
(4 min after onset of actinic light) in M. polymorpha wild type (Tak-1; black) and 
the mutants deficient in plastid terminal oxidases a (Δptoxa; red) and b (Δptoxb; 
blue). Data are represented as the mean  ±  SD, n = 3 (biological replicates). 

Fig. 5. Pigment content in thalli of M. polymorpha wild type (Tak-1; black) and 
the mutants deficient in plastid terminal oxidases a (Δptoxa; red) and b (Δptoxb; 
blue) determined by HPLC-UV measurement. Data are represented as the 
mean  ±  SD, n = 3 (technical replicates). Statistically significant differences 
(*) in Δptoxb compared to Tak-1 were determined by Student's t-test 
(p  <  0.05). 

Fig. 6. Oxidation of P700 in response to light in M. polymorpha wild type (Tak- 
1; black) and the mutants deficient in plastid terminal oxidases a (Δptoxa; red) 
and b (Δptoxb; blue). Red actinic light (500 μmol photons m−2 s−1) and far-red 
light were given as indicated by red and white bars. Experiments were con-
ducted independently three times (biological replicates), and representative 
traces are shown. The maximum oxidation amplitude of P700 was determined 
by a saturation flash at the end of the far-red light at 40 s. 
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red illumination was slightly faster in both mutants than in Tak-1 in-
dicating that the reduction state of the PQ pool and plastocyanin is 
higher. As expected, addition of the electron acceptor methylviologen 
together with DCMU abolished the differences between the mutants and 
Tak-1 (Supplementary material Fig. S5). Immunoblots probing for NDH 
and PGR5 showed an increase in the amount of NDH in Δptoxa and of 
PGR5 in both, Δptoxa and Δptoxb (Fig. 8). 

4. Discussion 

Here, we categorized PTOX isoforms in oxygenic phototrophs into 
three different groups (Fig. 1): cyanobacterial, alga-type, and plant-type 
PTOXs. Based on the present phylogenetic analysis, two different types 
of PTOX isoforms had been inherited to basal land plants from green 
algae like Ostreococcus tauri that is often described as one of the ancient 
members of the photosynthetic green lineage [46]. Both alga- and 
plant-type PTOXs are conserved in most basal land plants, while an-
giosperms have lost the alga-type PTOX. Also, the fern Salvinia cucullata 
has only a plant-type PTOX (Fig. 1B), and another fern, Azolla filicu-
loides, lost a conserved ligand of the non-heme diiron center, most 
probably leading to the loss or alteration in the catalytic activity in its 
alga-type PTOX (Supplementary material Fig. S1). These facts suggest 
that alga-type PTOX are already not functional in some pteridophytes. 
Both plant-type and alga-type PTOX are also found in secondary algae 
that are supposed to be derived from red algae in photosynthetic red 
lineage (Fig. 1B). In this study, we show that the red alga Cyani-
dioschyzon merolae has only two isoforms of alga-type PTOX. This may 
not be the case for all red algae and improved open genome sources of 
red algae may uncover the red algae species having both alga- and 
plant-type PTOX isoforms in near future. The appearance of the an-
cestral protein for PTOX has not been identified to date. However, 
many studies based on genomic sequence analysis seem to favor the 
hypothesis of PTOX acquisition during the primary endosymbiotic 
event, suggesting that this protein appeared much earlier than the eu-
karyotic lineage [21,22,24,47]. The question is when these alga- and 
plant-type PTOXs had been separated in the evolutionary history of 
photosynthetic organisms. It can be speculated that a single protein has 
been duplicated in eukaryotic algae, finally resulting in alga- and plant- 
type PTOXs, if we consider that cyanobacterial PTOX is closer to plant- 
type PTOX but can be clearly distinguished from both alga- and plant- 
type PTOXs. Interestingly, most of alga-type PTOX isoforms show 

longer N-terminal regions, resulting in bigger size of proteins (Fig. 1A 
and Supplementary material Fig. S1). In addition, some amino acid 
residues are specifically conserved in each type of PTOX even in the 
motif containing catalytic sites (Supplementary material Fig. S1), re-
flected also in the phylogenetic tree (Fig. 1B). Differences in enzymatic 
activities of these different types of PTOX remain to be characterized in 
future, possibly uncovering why angiosperms had lost alga-type PTOX 
during the evolutionary history. 

The results shown here (Figs. 2, 3, 6, 7) indicate that both MpPTOX 
isoforms have redundant functions and are both important for con-
trolling the redox state of the PQ pool. Especially the PIFT showing the 
slow electron donation to the PQ pool via the NDH complex during 
chlororespiration is similar in both mutants. However, there are small 
differences when comparing Δptoxa and Δptoxb. Δptoxa shows no dif-
ference in electron transport rate and NPQ compared with Tak1, 
whereas in Δptoxb the electron transport rate is lower while NPQ is 
higher. The lower electron transport rate and the higher NPQ and 
violaxanthin amount in Δptoxb suggest that this mutant is slightly 
stressed although no obvious phenotype was visible. Crptox2 mutant 
showed a lower fitness when cells were grown under phototrophic 
conditions and was more susceptible to photoinhibition [31]. In addi-
tion, Crptox2 was affected in the state transition being preferentially in 
state 2. In contrast, Δptoxb in M. polymorpha showed neither signs of a 
defect in the state transition nor a higher susceptibility to high light 
(Supplementary material Fig. S4) suggesting that the plant-type 
MpPTOXa could compensate better for the absence of MpPTOXb than it 
was the case in C. reinhardtii possessing only two alga-type isoforms. In 
respect to carotenoid synthesis MpPTOXb seems to replace perfectly 
MpPTOXa since the absence of MpPTOXa did not alter the carotenoid 
composition neither induced a variegated phenotype as described in 
angiosperms for immutans and ghost. 

P700 measurements show that the isoform MpPTOXa is more effi-
cient in keeping the PQ pool oxidized since the oxidation of P700+ in 
actinic light was retarded in Δptoxa compared with Δptoxb (Fig. 6). 
However, under illumination with far-red light the opposite was ob-
served with slower P700 oxidation in Δptoxb than in Δptoxa. Actinic 
light drives mainly reduction of the PQ pool by linear electron trans-
port, while far-red light oxidizes the PQ pool and may also favor PQ 
reduction by cyclic electron flow. This leads us to hypothesize that 
PTOXa may be more active in linear electron transport and PTOXb 
more in cyclic electron transport. This different behaviour of the PTOX 
isoforms at the different light qualities can be rationalized by different 
enzymatic properties, with MpPTOXb having a higher affinity (low Km- 
value) for PQH2 but a lower Vmax than MpPTOXa. This would make 
MpPTOXa the more efficient enzyme keeping the PQ pool oxidized 
under conditions favouring linear electron flow. The proposition of a 
high activity of MpPTOXa is supported by the fact that, in the presence 
of DCMU, the reduction of P700+ is accelerated in Δptoxa (Fig. 7). 
However, the amount of the NDH complex is also increased in Δptoxa 
(Fig. 8), and a higher chlororespiratory activity may also explain the 
higher reduction state of the PQ pool in this mutant. Since cyclic 
electron flow in far-red light is expected to be relatively low, the re-
duction state of the PQ pool may also be relatively low and MpPTOXb 
may become under these conditions highly efficient to keep the PQ pool 
oxidized. Alternatively, the two PTOX isoforms may be heterogeneously 
distributed within the thylakoid membrane. MpPTOXb may be pre-
ferentially associated with supercomplexes involved in cyclic flow 
composed of PSI, ferredoxin, cytochrome b6f and a putative ferredoxin 
quinone reductase possibly linked to PGR5 and PGRL1 [48,49] while 
MpPTOXa may be preferentially associated with components of linear 
electron flow. A third possibility to explain the different behaviour of 
the two mutants may simply be a difference in the protein level of the 
two isoforms. 

Both mutants have a higher amount of PGR5 (Fig. 8), indicating that 
the loss of a part of PTOX activity triggers the accumulation of higher 
amounts PGR5 and likely increases the capacity for cyclic electron 

Fig. 7. P700+ re-reduction after illumination with far-red light in DCMU- 
treated thalli. Representative traces of M. polymorpha wild type (Tak-1, black) 
and the mutants deficient in plastid terminal oxidases a (Δptoxa; red) and b 
(Δptoxb; blue) are shown. 
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transport. Cyclic electron transport may be important in these mutants 
to compensate for a reduction of the PTOX-dependent chlororespiratory 
activity and to keep the size of the proton motive force. 

PTOX activity may also be regulated as a function of the physiolo-
gical state of the chloroplast. Stepien and Johnson [12] have demon-
strated that plant PTOX is localized under control conditions at the 
stroma lamellae while it is localized at the grana stacks under salt stress 
in the halophile Eutrema salsugineum. Furthermore, it has been shown 
that AtPTOX could be found partially in a soluble protein fraction and 
in a membrane-associated fraction. The strength of the membrane as-
sociation of AtPTOX was shown to depend on the proton motive force 
[13,50]. A difference between plant-type and alga-type PTOX may lie in 
the strength of the membrane association. Nawrocki et al. [23] carried 
out a modelling of the structure of CrPTOX2 based on the x-ray struc-
ture of AOX from Trypanosoma brucei (TbAOX) [51]. Shiba et al. [51] 
proposed that two alpha helices upstream of the catalytic site of TbAOX 
are involved in the anchoring to the inner mitochondrial membrane. 
According to the calculation by Nawrocki et al. [23] the amphipathic 
helices of CrPTOX dock to a depth of approximately 8 Å into the 
membrane. They suggest that the N-terminal extension in CrPTOX 
contributes to the interaction of the two monomers of the protein. We 
propose here that the increase in length may as well strengthen the 
association of the protein to the upper membrane leaflet. Further stu-
dies are needed to investigate the difference in plant-type and alga-type 
PTOX regarding their attachment to the membrane and differences in 
the regulation of the activity of these isoforms. 
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Red brown shadings represent iron-binding sites. Green box indicates the insert specific to PTOX. 

Organisms included in the alignment are as follows: cyanobacteria Gloeobacter violaceus (Glo), 

Anabaena cylindrica (Ana), and Nostoc sp. (Nos); green algae Coccomyxa subellipsoidea (Coc), 

Ostreococcus tauri (Ost), Chlamydomonas reinhardtii (Chl), and Volvox carteriv (Vol); the 

charophyte alga Klebsormidium nitens (Kle); the liverwort Marchantia polymorpha (Mar); ferns 

Azolla filiculoides (Azo) and Salvinia cucullata (Sal); angiosperms Arabidopsis thaliana (Ara), 

Oryza sativa (Ory), Zostera marina (Zos), and Zea mays (Zea); the eustigmatophyte alga 

Nannochloropsis oceanica (Nan); diatoms Phaeodactylum tricornutum (Pha) and Thalassiosira

pseudonana (Tha); and the red alga Cyanidioschyzon merolae (Cya). Alternative oxidase (AOX) in 

Chlamydomonas reinhardtii (AOX1) and Arabidopsis thaliana (AOX1A) are also included in the 

analysis (ChlA and AraA).

Messant et al

Supplementary Material Figure S1. Amino-acid sequence comparison of the region in 

plastid terminal oxidase (PTOX) used for the phylogenetic analysis in Fig. 1.



Targeted regions in open reading frames of PTOXa and b are shown by red. In the Δptoxa.1 (so-

called Δptoxa) and Δptoxb.2 mutants, the mutations occurred at the motif containing the catalytic 

sites. In the Δptoxb.1 mutant (so-called Δptoxb), the mutation occurred at the C-terminal region. 

We predict that the protein is expressed in a form with a part of the C-terminal region replaced 39 

by different amino-acid residues if transcription and translation were not affected at all.

Messant et al.

Supplementary Material Fig. S2. Mutations generated by CRISPR/Cas9 

system in genome editing in M. polymorpha deficient in plastid terminal 

oxidases a (ptoxa) and b (ptoxb).



(A−C) Response of chlorophyll fluorescence to the light. An actinic blue light (230 µmol photons m−2

s−1) was given to the M. polymorpha wild type (Tak-1; A), Δptoxb.1 (B), and Δptoxb.2 (C) as indicated 

by blue bars. (D) Post illumination fluorescence rise after illuminations with actinic red light (800 

µmol photons m−2 s−1, 10 min) in Tak-1 (black), Δptoxb.1 (blue), and Δptoxb.2 (sky blue). Before the 

measurments, the plants were adapted to the dark for 5 min, and dashed lines indicate the chlorophyll 

fluorescence levels before illumination. Experiments were conducted independently three times 

(biological replicates), and representative traces are shown.

Messant et al.
Supplementary Material Fig. S3. Representative results in the other line of the 

M. polymorpha mutant deficient in plastid terminal oxidases b (Δptoxb.2).



Photoinhibition of PSII in the M. polymorpha wild type (Tak-1; black) and the mutants deficient 

in plastid terminal oxidases a (Δptoxa; red) and b (Δptoxb; blue). Thalli of M. polymorpha were 

exposed to high light (600 µmol photons m−2 s−1) for 1 h and thereafter to low light (15 µmol 

photons m−2 s−1) as indicated by blue and light blue bars. The chlorophyll fluorescence 

parameter Fv/Fm was determined after a dark adaptation for 5 min. Data are represented as the 

mean ± SD, n = 3 (biological replicates).

Messant et al

Supplementary Material Fig. S4. Photoinhibition of PSII 



P700+ re-reduction after illumination with far-red light. Representative traces of M. 

polymorpha wild type (Tak-1, black) and the mutants deficient in plastid terminal 

oxidases a (Δptoxa; red) and b (Δptoxb; blue) are shown. A: no inhibitors present, 

measurement performed in fast acquisition mode, average of 3 measures are 

shown; B: incubation of the thalli with 100 µM DCMU, 500 µM methylviologen.

no addition

+ DCMU + MV

Messant et al

Supplementary Material Fig. S5. P700+ reduction
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 To conclude, we have demonstrated the presence of two PTOX types in photosynthetic organisms: 

plant and alga-type PTOX, the latter of which have a N-terminus (Nter) elongation. Marchantia polymorpha 

has the particularity of having two isoforms belonging to each of the two types mentioned above, which only 

have 50% sequence identity between them. Fluorescence measurements have shown that the two simple 

mutations cause an increase in the reduction of the plastoquinone pool as well as an increase in 

chlororespiration and/or cyclic electron flow. These observations suggest that the two isoforms play a similar 

role in plants and are able to complement each other to some extent. On the other hand, the 𝚫ptoxb mutant 

is more heavily affected in the electron transport rate, non-photochemical quenching and exhibits a 

significant increase in the amount of certain carotenoids. Together, these data suggest that the two isoforms 

are not completely complementary. 
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II) Characterization of 𝚫ptoxaptoxb double mutants in Marchantia polymorpha 

 

 As explained in the previous article (Messant et al., 2021), Marchantia polymorpha has two distinct 

PTOX proteins, one of which (PTOXa) has the characteristics of the unique protein conserved in Angiosperms 

such as Arabidopsis thaliana while the other (PTOXb) resembles of both isoforms present in green algae such 

as Chlamydomonas reinhardtii. To date, it has been demonstrated that the mutation of the unique PTOX in 

Angiosperms leads to a visible variegation phenotype on the leaves (Arabidopsis thaliana) (Rédei, 1975) or 

even the fruits (Solanum lycopersicum) (Barr et al., 2004). This mutation has many consequences in terms of 

protection of the photosynthetic chain against over reduction. Although no visible phenotype was observed 

in both Marchantia polymorpha single mutants, the two proteins impacts also the photosynthetic chain 

protection but in a slightly different way (see article above). On the other hand, no CrPTOX1 mutant could 

be obtained (Houille-Vernes et al., 2011). Thus, to date, no study has highlighted the exact role of each plant 

and alga-type PTOX isoforms and to explain why it is the plant-type one which has been retained during 

evolution.  

In this article, we generated two different biological materials. First, the mutant of the unique PTOX 

of Arabidopsis (Immutans) was transformed to express the bacterial desaturase CRTl, allowing to overcome 

the impact of the mutation on carotenoid biosynthesis. Secondly, I managed to obtain for the first time a 

PTOX double mutant in Marchantia polymorpha. Chlorophyll fluorescence of PSII and PSI absorption 

measurements demonstrated that PTOX protects against PSI photoinhibition and not of PSII. Finally, the 

activities of the recombinant proteins PTOXb and PTOXb truncated in Nter were measured. 
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Article 3: PTOX proteins are involved in PSI photoinhibition protection in Marchantia 

polymorpha: study of the first PTOX double mutant (submitted) 

 

I participated in obtaining double mutants by carrying out molecular biology for CRISPR/Cas9 as well as plant 

transformation. I also participated in the characterization by trying to find the conditions to generate a 

phenotype and carried out some measurements.  
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Abstract 14 

The plastid terminal oxidase PTOX controls the oxidation level of the plastoquinone pool in the 15 
thylakoid membrane and acts as a safety valve upon abiotic stress, but detailed characterization of its 16 
role in protecting the photosynthetic apparatus is limited. Here we used PTOX mutants in two model 17 
plants Arabidopsis thaliana and Marchantia polymorpha. We created a green Arabidopsis PTOX 18 
mutant expressing the bacterial carotenoid desaturase CRTI and a double mutant in Marchantia 19 
lacking the plant-type and the alga-type PTOX enzymes. In both species, lack of PTOX affected the 20 
redox state of the plastoquinone pool. Exposure of plants to high light intensity showed higher 21 
susceptibility of photosystem I to light-induced damage in the absence of PTOX while photosystem II 22 
was more stable demonstrating that PTOX plays a pro-oxidant and an anti-oxidant role in vivo. Our 23 
results shine new light on the function of PTOX in protection of photosystem I and II.  24 

 25 

Introduction 26 

In nature, plants have to cope with sudden changes in light intensity. Light intensities higher than 27 
needed for CO2 assimilation saturate the photosynthetic electron transport chain and can cause 28 
oxidative stress leading to damage of the photosystems. Photosynthetic organisms have a multitude 29 
of regulation mechanisms to protect the photosynthetic apparatus in excess light. Among these 30 
protection mechanisms there are processes that lead to the dissipation of excess energy as heat, down 31 
regulation of the photosynthetic electron transport and even the degradation and repair of 32 
photosystem II (PSII) that is sacrificed protecting photosystem I (PSI) against photodamage1,2. PSII, 33 
different to PSI, has an efficient damage repair cycle so that damage of PSII is not very costly3. 34 
Alternative electron transport routes like cyclic electron flow and Mehler/Mehler-like reactions are 35 
important to protect PSI against photoinhibition4. Furthermore, the plastid terminal oxidase PTOX has 36 
been shown to be an important sink for electrons upon stress5-7. PTOX is a non-heme diiron carboxylate 37 



2 
 

enzyme that catalyzes the oxidation of plastoquinol, reducing oxygen to water. Depending on the 38 
quinol availability, it can have an anti-oxidant or a pro-oxidant function as has been shown in vitro 39 
using recombinant PTOX protein8. Upregulation of PTOX expression has been reported for several 40 
stress-tolerant plant species acclimated to harsh environments such as drought, high light and high 41 
temperature9, 10, high salinity5, low temperature7, 11, and high levels of UV light12. PTOX is believed to 42 
act as a stress-induced safety valve that keeps the acceptor side of PSII oxidized, thereby helping to 43 
protect PSII from photodamage5,7,9-12. However, overexpression of PTOX1 from Chlamydomonas 44 
reinhardtii promotes photoinhibition via the production of reactive oxygen species13,14 while 45 
overexpression of PTOX from A. thaliana does not alter the light susceptibility of PSII15.  46 

The genome of angiosperms encodes one PTOX while most other photosynthetic organisms possess 47 
two isoforms that can either be closely related or belong to a plant-type or an alga-type family. The 48 
liverwort Marchantia polymorpha, the basal land plant evolutionarily located between green algae and 49 
plants, contains two isoforms, a plant-type named PTOXa, and an alga-type isoform named PTOXb16. 50 
PTOX mutants called immutans (im) in Arabidopsis thaliana and ghost in tomato show, depending on 51 
the light intensity, a very strong variegated phenotype17,18. PTOX is crucial for carotenoid biosynthesis 52 
Plant desaturases18. Plant carotenoid desaturases use plastoquinone (PQ) as electron acceptor and 53 
depend on PTOX for reoxidation of plastoquinol (PQH2) to PQ. Single mutants of PTOX in Marchantia 54 
or in Chlamydomonas reinhardtii show normal pigmentation16,19. The regulation of PTOX activity may 55 
differ between plant-type and alga-type PTOX. While the catalytic center is well conserved, alga-type 56 
PTOX has an N-terminal extension probably anchoring PTOX permanently to the membrane. Plant-57 
type PTOX has been shown to migrate either within the thylakoid membrane from stroma lamellae to 58 
grana stacks6 or associate to the thylakoid membrane only in the presence of a high proton motive 59 
force where it can have access to its substrate PQH2

20. 60 

The importance of PTOX for protection of the photosynthetic apparatus against photoinhibition 61 
remains unclear. Here we use PTOX mutants of Arabidopsis and Marchantia to study the susceptibility 62 
of the photosynthetic apparatus to high light stress. To overcome the strong impact on carotenoid 63 
biosynthesis in im, we crossed im with Arabidopsis expressing the bacterial carotene desaturase 64 
(CRTI)21. CRTI introduces conjugation in phytoene by adding four double bonds using directly O2 as 65 
electron acceptor and, therefore, being independent of PQ. In addition, we generated double mutants 66 
of PTOXa and PTOXb in Marchantia to show the importance of PTOX in an organism that contains, 67 
different to angiosperms, flavodiiron enzymes allowing Mehler-like reaction as additional route of 68 
alternative electron flow and keeping the electron transport chain oxidized. Furthermore, we 69 
determined the enzymatic activity of both, PTOXa and PTOXb using an in vitro approach. 70 

 71 

Results 72 

PTOX affects the redox state of the electron transport chain in A. thaliana and M. polymorpha. 73 

We crossed im with Arabidopsis expressing the bacterial carotene desaturase (CRTI) and used 74 
chlorophyll fluorescence induction curves and post-illumination fluorescence for screening the F2 75 
generation (Fig. 1). Mutants lacking PTOX in the F2 generation of the imCRTI lines show 76 
homogeneously green leaves under normal growth light and also under fluctuating light (SI Fig. S1).Two 77 
imCRTI lines were selected for this study hereafter called imCRTI_1 and imCRTI_2. In both lines, the 78 
maximum level of chlorophyll fluorescence was reached faster in the imCRTI lines than in the wild type, 79 
Col-0 (Fig. 1b). This shows that less PQ is available for reduction in the mutant. Moreover, the so-called 80 
post-illumination fluorescence rise is higher in imCRTI than in Col-0, reflecting a more reduced PQ pool 81 
due to the absence of PTOX activity.  82 



3 
 

Marchantia ∆ptoxaptoxb_1 and ∆ptoxaptoxb_2 construction is shown Fig. 2a. Different to Arabidopsis, 83 
PTOX mutants in Marchantia do not show a phenotype independent of the light regime (Fig. 2b). When 84 
the growth light intensity was doubled, all genotypes were paler. No variegated phenotype was 85 
observed in the double mutants, showing that carotenoid biosynthesis was not or, if at all, very little 86 
affected in the absence of PTOX in contrast to the variegated phenotype reported in the im mutant. 87 
To challenge the photosynthetic apparatus even more, plants were grown in fluctuating light. The 88 
double mutants were not more stressed than the other genotypes, only the wild type, Tak-1, was a bit 89 
paler than the mutants (SI Fig. S1).  90 

Both PTOX enzymes, PTOXa and PTOXb contribute to keep the redox state of the PQ pool oxidized as 91 
shown by chlorophyll fluorescence induction upon illumination with actinic light (Fig. 2c). Fluorescence 92 
induction was measured by applying a moderate light intensity of red light (I=53 µmol quanta m-2s-1). 93 
When instead a saturating flash was used like usually done for determining the size of the PQ pool 94 
from fluorescence induction curves, there was no difference, indicating that the size of the PQ pool 95 
was the same in all genotypes. The absence of an effect in the mutants in a saturating flash can be 96 
explained either by a slower reoxidation of PQH2 by PTOX than the light-induced reduction of PQ or 97 
that a certain period of actinic light is needed to provide enough substrate for PTOX. Fig. 2c shows that 98 
in the first seconds after onset of light the fluorescence level remains high in ∆ptoxaptoxb_1, while it 99 
decreases in the single mutant ∆ptoxa. Tak-1 showed a slower fluorescence rise indicative for higher 100 
PTOX activity. When the light was switched off, the fluorescence level remained higher in 101 
∆ptoxaptoxb_1 showing that the oxidation of PQH2 was retarded in the absence of PTOX. The faster 102 
fluorescence rise was observed in all mutants, also when only one PTOX isoform was lacking.  103 

PTOX activity affects the quantum efficiency of PSI. 104 

PTOX competes to a certain extent with linear electron flow from PSII via the PQ pool, the cytochrome 105 
b6f complex and plastocyanin to PSI. Since PTOX oxidizes PQH2, it reduces at the same time the number 106 
of electrons available for reduction of P700+. The number of available electrons determines the level 107 
of the so-called donor-side limitation of PSI, Y(ND). When Marchantia thalli were exposed to 108 
fluctuating light intensities, Y(ND) was high at high light intensities and low at low light intensities 109 
independent of the genotype (Fig. 3a). However, the switch from high Y(ND) to low Y(ND) was 110 
immediate in the double mutant while this transition was slower in Tak-1, indicating that PTOX oxidizes 111 
partly the PQ pool and limits electron donation upon the change from high light to low light. 112 
Accordingly, less donor side limitation (Y(ND)) was observed in the mutants when plants were 113 
illuminated with increasing light intensity (Fig. 3b). Each intensity was applied for 3 min before the 114 
measurement was taken to ensure that the photosynthetic apparatus was acclimated to the given light 115 
intensity. At all light intensities, there was less donor-side limitation in the double mutant than in the 116 
single mutant while Tak-1 showed the highest Y(ND). The lower donor side limitation in the mutants 117 
resulted in a higher PSI yield (Fig. 3c), while the relative quantum yield of PSII (Y(II)) was the same in 118 
all genotypes (Fig. 3d).   119 

Comparison of PTOXa and PTOXb recombinant proteins 120 

Since the double mutant had a stronger effect on PSI parameters than the single mutants, we further 121 
studied the two isoforms. As shown in SI Fig. S2, there are differences in the amino acid sequence of 122 
the two proteins16. In the catalytic site site, starting from α-helix 1, fully single conserved residues 123 
represent 64% of the total sequences whereas conservative and semi-conservative exchanges are 26% 124 
and 6% respectively. We used purified recombinant PTOXa and PTOXb proteins to determine the 125 
maximum catalytic activity of the two isoforms using saturating concentrations of decylplastoquinol as 126 
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substrate (Table 1). The enzyme activity of PTOXa was 3 times higher than that of PTOXb. For PTOXb, 127 
the N-terminal extension had been removed since the full-length gene was not expressed in E. coli. 128 

 129 

PTOX protects against photoinhibition of PSI and promotes photoinhibition of PSII 130 

Next, we investigated the protective effect of PTOX against light-induced damage of the two 131 
photosystems. Both, Arabidopsis leaves and Marchantia thalli, were exposed for 3 h to high light (1250 132 
µmol quanta m-2s-1) and photoinhibition of PSI was followed as a loss in the absorption signal at 830 133 
nm, the so-called Pm value, while photoinhibition of PSII was monitored by the loss of the maximum 134 
quantum yield of PSII (Fv/Fm). PSI was more susceptible to photoinhibition in imCRTI lines and in 135 
∆ptoxaptoxb mutants (Fig. 4a, c) than in the respective wild types. The opposite was observed for PSII 136 
(Fig. 4b, d). It was more damaged in respective wild types than in the PTOX lacking mutants. In 137 
Marchantia, PTOX single mutants showed no increase in PSII photoinhibition compared with the 138 
double mutants, showing that one PTOX isoform is enough to allow sufficient accumulation of P700+ 139 
that protects against the destruction of the FeS clusters in PSI22. On the other hand, one PTOX isoform 140 
was also sufficient to protect PSII.  141 

 142 

Discussion 143 

The Arabidopsis imCRTI lines are homogeneously green and grow well in high light. This makes this 144 
mutant an ideal tool to study the effect of PTOX activity on photosynthetic electron transport in higher 145 
plants. Previously the study of PTOX activity in higher plants was limited to plants grown at low light 146 
intensity, a growth condition that permits to avoid the variegated phenotype23. In Chlamydomonas 147 
only a mutant of PTOX2 had been obtained19. The double mutant in Marchantia is the first mutant that 148 
lacks all PTOX activity in an organism evolutionary placed below angiosperms.  149 

In vivo experiments showed a higher PTOX activity in C. reinhardtii19 than in the vascular plant tomato23 150 
or in Eutrema salsugineum5. In M. polymorpha the deletion of PTOXb has a larger effect on the redox 151 
state of the PSII acceptor side than that of PTOXa16. Purified recombinant PTOXa and PTOXb proteins 152 
from M. polymorpha showed a higher activity than has been previously reported for rice PTOX8. In 153 
both studies, the enzymes were expressed as MBP fusion protein to ensure their solubility. A Vmax for 154 
MBP-OsPTOX of 16.6 ± 0.8 μmol O2 mg−1 min−1 has been determined using soluble decyl-PQ at 155 
saturating concentration as substrate, while here, using the same enzymatic assay, a 3-fold higher Vmax 156 
was determined for the truncated MBP-MpPTOXb and a 10-fold higher Vmax for MBP-MpPTOXa (Table 157 
1). The difference in activity may be caused by differences in substrate accessibility to the catalytic 158 
center that may be caused by difference in the amino acid sequence (SI Fig. 1). The differences in 159 
activities reported for in vivo and in vitro assays may be caused either by differences in the protein 160 
amount relative to PSII content or in the regulation of the enzyme. The N-terminal extension in PTOXb 161 
likely anchors the protein permanently to the membrane24, while PTOXa is most likely only attached 162 
to the thylakoid membrane in the presence of a high proton motive force20 or has to move from the 163 
stroma lamellae to the grana stacks to be active6. Anchoring of the enzyme to the membrane is 164 
required for the access to its membrane-localized substrate PQH2 and PTOXa is supposed to be 165 
regulated via relocalization under conditions when photosynthetic electron transport is saturated.  166 

As shown in Fig. 5, both in Arabidopsis and Marchantia, PSI is more susceptible to photoinhibition in 167 
PTOX mutants while the opposite was observed for PSII. In the literature, PTOX is discussed as a safety 168 
valve that protects the photosynthetic apparatus and especially PSII upon exposure of plants to 169 
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oxidative stress conditions such as high light, high salinity, extreme temperatures5,7,9. Increase in 170 
donor-side limitation to PSI and a high level of P700+ accumulation is known to protect PSI against 171 
photoinhibition25,26. We note that the PTOX mutants still can sustain P700 oxidation, which should be 172 
due to the other electron sink such as Calvin-Benson cycle and flavodiiron proteins27. More surprising 173 
is the higher PSII damage observed in the wild types compared with the mutants. It is generally 174 
assumed that a reduced PQ pool favours PSII photoinhibtion. When the PQ pool is highly reduced, the 175 
probability of charge recombination reactions within PSII increases leading to the generation of the 176 
triplet state of P680. 3P680 react with oxygen (3O2), a triplet in its ground state, generating singlet 177 
oxygen (1O2), a highly reactive species that damages PSII28. On the other hand, it has been shown that 178 
overexpression of PTOX1 from Chlamydomonas reinhardtii in tobacco promotes oxidative stress and 179 
PSII photoinhibition13,14,29. Overexpression of A. thaliana PTOX, however, did not result in an increased 180 
capacity to keep the plastoquinone pool oxidized and did not affect the level of PSII photoinhibition15. 181 
Overexpression of PTOX1 from C. reinhardtii increased the production of superoxide anion radicals 182 
(O2

•-)14. In vitro it has been shown that an anti-oxidant or pro-oxidant behaviour of MBP-OsPTOX 183 
depends on both substrate availability and pH-value. O2

•- production depends on the availability of its 184 
substrate PQH2

8. At slightly alkaline pH, more O2
•- is produced when the substrate concentration is 185 

high, while PTOX plays an antioxidant role at low substrate concentration. O2
•- production at pH=8.0 186 

may be caused by the pH-dependent stabilization of the semiquinone PQ•- or by the catalytic enter 187 
itself.  188 

According to the data presented here, PTOX activity plays an important role under high light stress 189 
stimulating PSII photoinhibition most likely via its pro-oxidant role leading to O2

•- production. In high 190 
light stress, PTOX activity of both PTOX isoforms is expected to be maximal in vivo. Photoinhibition of 191 
PSII protects PSI against photoinhibition since it limits electron donation and favours the accumulation 192 
of P700+. Sonoike and coworkers2,30 have proposed that PSII photoinhibition can be regarded as a 193 
protection mechanism for PSI. PSI photoinhibition is irreversible in the short-term compared with the 194 
efficient damage repair cycle of PSII32.  195 

 196 

Material and Methods 197 

Plant material 198 

Arabidopsis thaliana. Arabidopsis thaliana (Col-0), the PTOX mutant im, a transgenic Arabidopsis line 199 
expressing CRTI under 35S promoter control as described in Schaub et al., 200521 here called CRTI, and 200 
two lines of crosses im x CRTI were grown for 3-4 weeks in soil under a light−dark cycle (16 h-light, 22 201 
°C, 100 μmol photons m−2 s−1, white fluorescent lamp/8 h-dark, 20 °C). The lines of the F2 generation 202 
which showed no PTOX activity were named imCRTI_1 and imCRTI_2. 203 

Marchantia polymorpha. A male accession of M. polymorpha, Takaragaike (Tak)-1 and all mutants 204 
were asexually cultured on one-half-strength Gamborg's B5 agar medium32 in the same light conditions 205 
as used for Arabidopsis. For physiological measurements, 2-3 weeks old thalli were used. 206 

Genome editing by CRISPR/Cas9 system 207 

The construction of plasmids allowing the transformation of M. polymorpha by the CRISPR/Cas9 208 
method was carried out according to the method of Sugano et al., 201433. Six target sequences of 209 
interest, three for PTOXa and three for PTOXb, were inserted into pMpGE_En03 vectors which were 210 
transferred into pMpGE010 or pMpGE011 vectors by gateway reaction. Each of the Δptoxa and Δptoxb 211 
single mutants previously characterized16 were transformed with the vectors to mutate the remaining 212 
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intact PTOX gene. The final transformation of the plants was carried out using the Agar-Trap 213 
method34,35 on thalli and gemmae. After sequencing, two double mutants were obtained from the 214 
single Δptoxb mutant transformed with a PTOXa gene targeting sequence: CCTTATGGAGGCTCTAGG. 215 
These different mutants do not differ in the location but in the type of mutation caused by Cas9. 216 
Throughout the manuscript, these two double mutants are called Δptoxaptoxb_1 and Δptoxaptoxb_2. 217 

Vector constructions and MBP-MpPTOXa and MBP-MpPTOXb∆Nter expression, purification from 218 
E.coli and enzymatic assay  219 

PETM-40_PTOXa construct. The synthetic optimized gene (Eurofins) of PTOXa (Mp3g12150.1) from 220 
Marchantia was amplified by PCR with the primers [F-PTOXa-Nco1 and R-PTOXa-Xho1]. The amplified 221 
fragment was digested with Nco1 and Xho1 and ligated with Nco1/Xho1-digested PETM-40 to produce 222 
the vector PETM-40_PTOXa. 223 

PETM-40_Δ33-257-PTOXb (PETM-40_∆Nter-PTOXb) construct. First, PTOXb gene (Mp7g11430.1) from 224 
Marchantia was amplified by PCR using the cDNA of Tak-1 as template and the primers [F-PTOXb and 225 
R-PTOXb]. The amplified fragments were cloned in PETM-40 vector linearized with Nco1 and Xho1 226 
using the In-Fusion HD Cloning Kit (TaKaRa) to generate the vector PETM-40_PTOXb. Then, a deletion 227 
of a large part of a sequence encoding the N terminal domain (33–257) of the PTOXb gene 228 
(Mp7g11430.1) were introduced by site-directed mutagenesis using the plasmid PETM-40_PTOXb as 229 
template and synthetic primers F-PET-PTOXb Del and R-PET-PTOXb Del. All plasmids were checked by 230 
sequencing. List of primers in SI Table S1. The obtained plasmids were used to transform BL21 (DE3) E. 231 
coli cells. 20 mL of overnight cultures was inoculated into 1L of LB, grown at 37 °C to an OD 600 nm 232 
between 0.6 and 0.8 and induced with IPTG. After induction overnight at 16 °C, the cells were 233 
harvested, washed in buffer A (25 mM sodium-phosphate buffer pH 7.6, MgCl2 2.5 mM, NaCl 300 mM, 234 
glycerol 15 % V/V) and frozen at −80 °C. Purifica on was carried out on ice. Cells were resuspended in 235 
buffer A with DNase, PMSF and lysozyme and sonicated. After centrifugation at 28,000 g for 45 min 236 
the supernatant was solubilized for 30 min on ice by slowly adding 6 X CMC n-octyl β-D-237 
glucopyranoside (nOG; 1 X CMC = 25 mM) and then applied to Amylose resin. After washing thoroughly 238 
with buffer A containing 2 X CMC nOG; the elution was accomplished with buffer B (50 mM Tris–HCl 239 
pH 8.0, MgCl2 2.5 mM, glycerol, 10 % V/V, 2 X CMC nOG and 10 mM maltose). Proteins resolved by 240 
SDS-PAGE were detected using Coomassie Brilliant Blue. Protein quantification was done by using the 241 
Bradford reagent. The activity of recombinant PTOX was measured as described in Yu et al., 20148.  242 

Activity was measured using a coupled enzymatic assay. PQ was reduced to PQH2 by human DT-243 
diaphorase and PQH2 oxidized by PTOW. Standard assay conditions containing 10 μg protein per 700 244 
μl assay volume, 100 μM decyl-plastoquinone, 200 µM NADH, 10 µg human DT-diaphorase (Sigma-245 
Aldrich), 50 mM Tris-HCl pH 8.0, 2.5mM MgCl2 were used. Activities were determined by measuring O2 246 
consumption with a Clark-type electrode.   247 

Chlorophyll absorption and P700 measurements 248 

Chlorophyll a fluorescence and P700 absorption was measured using a Dual-PAM-100 fluorometer 249 
(Walz, Effeltrich, Germany). Chlorophyll fluorescence curves were measured using a low actinic light 250 
(38 µmol quanta m-2 s-1). Post illumination fluorescence rise was measured after illumination of 251 
Arabidopsis leaves for 10 min at 530 µmol quanta m-2 s-1. PSII and PSI parameters were determined as 252 
described in Messant et al. 202116. Pm is the maximal P700 signal upon transformation of P700 from 253 
the fully reduced to the fully oxidized state. The following definitions were used according to37: 254 
Effective quantum yield of PSII: Y(II)=(Fm’-F)/Fm’; Yield of donor side limitation: Y(ND)=1-P700red; 255 
Yield of acceptor side limitation: Y(NA) =(Pm-Pm’)/Pm with Pm’ being the maximal change of the P700 256 
signal at a given light intensity; PSI quantum yield: Y(I)=1-Y(ND)-Y(NA). 257 
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Photoinhibition 258 

Arabidopsis leaves and Marchantia thalli were exposed to high light (1250 µmol quanta m-2s-1) for 3h. 259 
Samples were kept for 15 min at room light (8 µmol quanta m-2s-1) before determining the maximum 260 
value for P700 absorption, Pm, and the maximum quantum yield of PSII, Fv/Fm.  261 
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 371 
 372 

Table 1 373 

Activity of purified recombinant MBP-MpPTOXa and MBP-MpPtoxb-∆Nter. 374 

 Activity 
(µmol O2 mg protein-1 min-1) 

MBP-MpPTOXa 149 +/- 16 

MBP-MpPtoxb-∆Nter 46 +/- 6 

 375 

Standard assay conditions were used containing 10 μg protein per 700 μl assay volume, 100 μM decyl-376 
plastoquinone, 200 µM NADH, 10 µg DT-diaphorase, 50 mM Tris-HCl pH 8.0, 2.5 mM MgCl2. Activities 377 
were determined by measuring O2 consumption with a Clark-type electrode.   378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 
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Figure Legends 400 

Figure 1. Characterization of Arabidopsis im x CRTI lines. a. The photo shows 4 week old plants, wild-401 
type Col-0, PTOX mutant im, plant-expressing bacterial desaturase CRTI and imCRTI_1 mutant; grown 402 
in long day conditions at 100 µmol quanta m-2s-1. b. Chlorophyll fluorescence induction curves of Col-403 
0 and the imCRTI_1 and imCRTI_2 lines. c. Post-illumination fluorescence rise of Col-0 and both imCRTI 404 
lines after 10 min actinic light (530 µmol quanta m-2s-1). The flash indicates turning of the actinic light. 405 
Representative curves are shown. 406 

Figure 2. Characterization of Marchantia polymorpha PTOX mutant lines. a. Design of the PTOX 407 
mutants using CRISP/Cas9 technology. b. Images of the different genotypes grown for three weeks at 408 
100 µmol quanta m-2s-1 and at 200 µmol quanta m-2s-1. c. Chlorophyll fluorescence induction curves 409 
measured at low actinic light (I=53 µmol quanta m-2s-1). Arrows indicate the set on/off of the measuring 410 
light and of the actinic light. The inset shows a zoom of the fluorescence change upon the onset of the 411 
actinic light. Black: Tak-1, blue: ∆ptoxa, violet: ∆ptoxaptoxb_1. d. Fluorescence induction curves upon 412 
onset of actinic light for all genotypes starting from the F0 level. 413 

Figure 3. Chlorophyll fluorescence and P700 absorption parameters measured with Marchantia. a. 414 
Changes in PSI donor side limitation Y(ND) upon illumination with fluctuating light. Light intensity was 415 
altered between 55 µmol quanta m-2s-1 (LL) and 850 µmol quanta m-2s-1 (HL). For clarity, only values 416 
for Tak-1 (black squares) and the double mutant line ∆ptoxaptoxb_1 (grey triangle) are shown. b. PSI 417 
donor side limitation Y(ND) as a function of the light intensity. c. Quantum yield of PSI, Y(I), as a function 418 
of the light intensity. d. Effective quantum yield of PSII, Y(II) as a function of the light intensity.  419 

Figure 4. Photoinhibition of PSI and PSII in Arabidopsis (a, b) and Marchantia (c, d). Leaves and thalli 420 
were exposed to high light (1250 µmol quanta m-2s-1) for 3h. Left, percentage of the loss of maximum 421 
absorption change of P700 (Pm) compared to the Pm value prior to the photoinhibition treatment. 422 
Right, percentage of the loss of maximum PSII quantum yield (Fv/Fm) compared to the Fv/Fm value 423 
prior to the photoinhibition treatment. Fv/Fm values were for all genotypes 0.8±0.15 (100%) prior to 424 
the photoinhibitory treatment. Stars indicate significant differences, compared to the control 425 
condition, based on a Mann and Whitney test (* p<0.05, ** p<0.01; N≥5 biological replicates). 426 

 427 

 428 
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Supplementary Information

Figure 1.
Arabidopsis thaliana (3 weeks old) in long day or for 1 week in  fluctuating light 
condition (LL = 55 µmol quanta m-2s-1, HL = 850 µmol quanta m-2s-1)

Marchantia polymorpha (2 weeks old), grown for 1 week in 
fluctuating light (5 min 55 µmol quanta m-2s-1, 1 min 850 µmol 
quanta m-2s-1)

5 min HL, 1 min LL

1 min HL, 5 min LL

Growth light
120 µmol quanta m-2s-1

imCRTI_1 imCRTI_2 CRTI Col-0



Sequence alignment of MpPTOXa and Nter truncated MpPTOXb catalytic sites

by MUSCLE. The six helices 𝛂-1 (red), 𝛂-2 (green), 𝛂-4 (yellow), 𝛂-5 (magenta)

and 𝛂-6 (cyan) are framed and the fourth iron binding sites motifs with the six

iron binding sites determined by McDonald et al., 2003, are indicated in bold

above sequences. The site of truncation of the recombinant protein is indicated

by a flash

Ref.: McDonald AE, Amirsadeghi S, Vanlerberghe GC. Prokaryotic orthologues of 
mitochondrial alternative oxidase and plastid terminal oxidase. Plant Mol Biol. 53(6):865-76. 
(2003)
Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. 

Nucleic Acids Res. 32(5):1792-7. (2004)

E

E*HHLL

E**H

E

truncated sequence

SI Fig. 2. 
Sequence alignment of MpPTOXa and Nter truncated MpPTOXb catalytic sites 
by MUSCLE.



Supplementary Table SI:

Primer sequences

Primers used for vector constructions for PTOX expression in E.coli
as described in the Methods section.

Primer names Primer sequences

F-PTOX1-Nco1 F 5’- GAT ATA CCA TGG CTT CTG GCC TGC GCA TTG -3’

R-PTOX1-Xho1 R 5’- GCC GGC CTC GAG TTA TAA TTC GCT GCC ATC -3’

F-PTOX2 F 5’- TTC AGG GCG CCA TGG GCA GTC CTG CCG CAT GCA TGC TTC -3’

R-PTOX2 R 5’- GTG GTG GTG CTC GAG TCA CGG CAG ACG GTC GGG-3’

F-PET-PTOX2 Del

F 5’-GCTACCGACTGCACGGCTGCAGCTCGAGAACAAGTGGAA

GCACCTTGG-3’

R-PET-PTOX2 Del R 5’- TGCAGCCGTGCGTCGGTAGCAGCGGAACTGGGGAGGTG -3’
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 As a conclusion, the characterization of 𝚫ptoxaptoxb double mutant by chlorophyll fluorescence and 

PSI absorption measurements showed that PTOX activity triggers PSI protection against photoinhibition. Our 

results also showed that both PTOX are regulated in a different manner and seem to be used by the plant in 

different physiological conditions. In vitro characterization of the proteins also pointed out that the plant-

type PTOX is more efficient to oxidised plastoquinol which can be the cause of their selection during 

angiosperms evolution. 
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III) In silico comparison of the structure of Algae and Plant-type PTOX  
 

The first in silico analysis carried out on proteins often said that PTOX have highly conserved catalytic 

sites with the six iron-binding sites as in Alternative Oxidases (McDonald et al., 2003). In previous papers 

(Messant et al., 2021; 2022 submitted), we highlighted the difference between Alga and Plant-type PTOX 

whose catalytic centres only possess 50% sequence identity. In particular, we have shown that Alga-type 

have an Nter extension and that the activity of the recombinant protein MpPTOXb without this extension is 

three times lower than that of MpPTOXa. In this part, I carried out an in silico study on the sequences of PTOX 

proteins used in Messant et al., 2021 to study more precisely the characteristics of the Nter extension of 

Alga-type PTOX and the differences in the catalytic site of the two groups in particular in regions close to iron 

binding sites. The objectives of this part are to try to determine clues to understand the evolution and the 

regulation of the two isoforms. 

 

A) Material and Methods 

 

Sequence alignment and phylogenetic tree 

Phylogenetic tree were generated on phylogeny.fr (Dereeper et al., 2008) using the following softwares: 

sequence alignment were performed by MUSCLE version 3.5 (Edgar, 2004), ambiguous regions were 

removed using Gblocks v0.91b (Castresana, 2000) and then phylogenetic tree were generated using PhyML 

(Guindon et al., 2010) based on the maximum likelihood principle and TreeDyn.  

 

Protein prediction structures and visualisation 

AlphaFold software (Jumper et al., 2021) was used to predict the structure of proteins whose sequences were 

used in Messant et al., 2021 to generate the phylogenetic tree. The PyMol molecular graphic system (Version 

1.2r3pre, Schrödinger, LLC) was used to visualise and compare the structure of proteins with each other and 

to determine the potential structural differences. 

 

Conserved Iron Binding Site motifs 

The protein sequences were aligned by MUSCLE version 3.5 (Edgar, 2004). The online software Color Align 

conservation (Stothard, 2000) was then used to highlight the identical residues between the different 

proteins. 
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B) Results 

1) Characteristics of the Nter extension of Alga-type PTOX 

a) Description of the different Nter extension structures 

 

A sequence alignment of conserved Nter parts (Figure 29, A) as well as the use of Alpha Fold structure 

predictions of complete protein sequences previously used for phylogenetic analysis from Messant et al., 

2021; allow to highlight the presence of protein structures potentially important for the physiological role of 

Alga-type PTOXs. The first group defined corresponds to the proteins of Cyanidioschyzon 1 and 2 which are 

the outermost of the Alga-type PTOX according to the phylogenetic tree (Figure 29, B, C). They have two 

helices of 24 to 27 amino acids each (dark red and blue) dubbed 𝛂1’ and 𝛂3’. Group 2 corresponds to the 

Phaeodactylum b, Thalassiosira b and Ostreococcus b proteins. They have the same two helices 𝛂1’, slightly 

shorter than the previous group and 𝛂2’. The absence of any notable difference in structure between these 

three proteins indicates that the separation of the branches between the Phaeodactylum b and Thalassiosira 

b proteins with that of Ostreococcus depends on differences in amino acids. Finally, all the proteins present 

in group 3 have not two but three helices in their Nter parts. A helix renamed 𝛂2’ has interspersed between 

helices 𝛂1’ and 𝛂3’. The branching differences observed in the tree for all group 3 proteins are not due to 

differences in protein structure but rather are related to differences in amino acids. Nevertheless, a 3’ group 

could be identified corresponding to the proteins of Coccomyxa, Chlamydomonas 1 and Volvox 1. These 

proteins do have the three helices of group 3, however, the 𝛂1’ is longer and seems to be in two parts. One 

can therefore conclude that the 𝛂3’ helix is the most conserved through the evolution of the green lineage 

of Alga-type PTOX, which suggests a major physiological importance. Moreover, the helix 𝛂1’ seems the most 

variable but also the most ancestral. Finally, the 𝛂2’ helix seems to have acquired physiological importance 

later in evolution. 
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Figure 29: Comparison of Nter sequences of Alga-type PTOX proteins according to phylogenetic analysis of 
Messant et al., 2021 
A. Sequence alignment of conserved Nter parts of the majority of protein sequences used for phylogenetic 
analysis performed in Messant et al. 2021. Sequence differences result in differences in Nter part structures. 
Three main groups have been defined : group 1 (light blue) includes the two proteins of Cyanidioschyzon, 
group 2 (orange) contains the proteins of Ostreococcus b, Phaeodactylum b and Thalassiosira b. Finally, group 
3 (grey) regroups the rest of the proteins with a subcategory called group 3’ containing the Nter parts of 
Coccomyxa, Volvox 1 and Chlamydomonas 1. The particular structures of the Nter parts are helices defined 
as follows : helix 𝛂1’ (red), hélice 𝛂2’ (green) et hélice 𝛂3’ (blue). B. Phylogenetic tree from the article 
Messant et al., 2021. The establishment of groups through sequence alignment corresponds to the order of 
sequences during phylogenetic analysis. C. Complete protein sequence prediction by Alphafold and visualised 
by PyMol. Only one protein from each previously established group is shown here : group 1 (a) is 
characterised by the presence of a fairly large 𝛂1’ helix (dark red) and a 𝛂3’ helix (blue). Group 2 (b) has the 
same characteristics with just a shortening of the helix 𝛂1’ (dark red). Group 3 is marked by the appearance 
of the 𝛂2’ helix (dark green). Finally, the 3’ group has a two-part 𝛂1’ (dark red) helix. For each of the 4 images, 
the conserved catalytic site is colored in light green and the rest of the protein in white. 
 

Further experiments are needed to determine the importance of the Nter part of Alga-type PTOX. It 

has been shown in Messant et al., 2022 (submitted) that its absence does not abolish catalytic activity in vitro. 

On the other hand, it could play a role in the attachment of the membrane or in the regulation of the catalytic 

activity by activating the protein or by regulating the accessibility of the enzyme for its substrate. Regarding 

membrane attachment, it is observed that the first 𝛂-1 helix (catalytic site) of Alga-type PTOX is generally 

shorter than that of Plant-type PTOX. For example, for MpPTOXa it contains 29 amino acids against only 18 

for MpPTOXb. This seems to be largely the case for the different photosynthetic organisms studied (Table 

VI). 
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Table VI: Comparison of helices of the catalytic centre of Alga-type PTOX 
Quantification of the number of amino acids forming the helices of the reaction centre of the proteins used 
for the phylogenetic analysis of Messant et al., 2021. For each of these proteins the helices 𝛂-1 and 𝛂-4 
corresponds to the amphipathic helices (AH) which dock the protein to the membrane while the helices 𝛂-2, 
𝛂-3, 𝛂-5 and 𝛂-6 contain the 6 iron binding sites allowing the catalytic activity of proteins. The size of the 
linker between helices 𝛂-5 et 𝛂-6 was also quantified. 
 

Species by phylogenetic order 
Catalytic centre 

𝛂-1 (AH) 𝛂-2 (Fe) 𝛂-3 (Fe) 𝛂-4 (AH) 𝛂-5 (Fe) linker 𝛂-6 (Fe) 

Cyanidioschyzon 1 17 29 24 24 32 38 22 - 33 

Cyanidioschyzon 2 17 29 24 24 32 39 23 - 33 

Phaeodactylum b 18 29 24 23 31 43 22 

Thalassiosira b 18 29 24 23 32 44 22 

Ostreococcus b 18 29 24 23 32 37 22 

Marchantia b 18 29 24 23 32 36 23 

Klebsormidium b 18 29 24 24 32 37 22 

Chlamydomonas 2 17 29 24 25 32 41 23 

Volvox 2 17 29 24 24 32 38 24 

Coccomyxa 17 29 24 25 32 37 23 

Chlamydomonas 1 17 30 24 24 33 38 24 

Volvox 1 17 29 24 24 32 38 24 

 
Thus, one could suppose that a part of the Nter extension would help for the attachment to the membrane 

which ended up being shortened during evolution to generate the isoform of the plant-types with a longer 

𝛂-1 helix. To verify this theory, a sequence alignment was performed between the Nter part of the Alga-type 

PTOX and the first 𝛂-1 helix of the plant-type PTOX (Figure 30). It is observed that even if a sequence 

alignment has been generated, no similarity is observed between the two types of sequences. In particular, 

the helix 𝛂3’ which was previously supposed to be the most conserved absolutely does not match. 
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Figure 30: Sequence alignment between the Nter parts of Alga-type and the 𝛂-1 helix of Plant-type PTOXs 

Sequence alignment was performed by MUSCLE (Edgar, 2004). Automatically, the sequences have been 

divided according to their membership: the Plant-type above and the Alga-type below the blue line. For the 

Plant-type, the helix 𝛂-1 has been coloured in red as before. For Alga-type, helices 𝛂’1 and 𝛂’2 have been 

coloured in red and green, respectively as before. 

 

b) Special cases of Nter region of Alga-type PTOX of Nannochloropsis b and Azolla 

 

Two proteins were intentionally excluded from the above results because they possess particular 

characteristics that are difficult to explain with the previously established model. Indeed, the 

Nannochloropsis b and Azolla b proteins present significant structural anomalies as shown in Figure 31. First, 

I observe that the Nter part of the Azolla protein corresponds completely to the protein model of the group 

3 previously defined (with 𝛂1’, 𝛂2’ and 𝛂3’). So, the previously established model does not fit to all Alga-type 

PTOX. These differences can be due to punctuated evolutionary events for example. On the other hand, the 

Nannochloropsis b protein does not present any of the three helices observed previously, not even the helix 

𝛂3’ that was the most conserved. Surprisingly, the catalytic site of Azolla does not contain the first 

amphipathic helix of the catalytic site. 
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Figure 31: Comparison of protein structures of Nannochloropsis b and Azolla Alga-type PTOX with CrPTOX2 
Images a and b represent the Nter parts of the CrPTOX2 and Azolla proteins respectively. Helices 𝛂1’, 𝛂2’ et 
𝛂3’ are colored in dark red, dark green and blue previously described. The catalytic site is coloured in light 
green in the background. Images c, d and e represent the catalytic sites of the CrPTOX2, Azolla and 
Nannochloropsis b proteins respectively. The proteins are oriented in such a way that the transmembrane 
helices (𝛂-1, red and 𝛂-4, yellow) are located horizontally as they are supposed to be in vivo. The helices of 
the catalytic site are colored as follows : the helices 𝛂-1 and 𝛂-4 are in red and yellow while the helices 
containing the 6 iron binding sites, 𝛂-2, 𝛂-3, 𝛂-5 and 𝛂-6 are colored in green, blue, magenta and cyan. The 
Nter and Cter parts of the proteins as well as the linker between helices 𝛂-5 and 𝛂-6 appeared in white. 
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2) Comparison of Algae and Plant-type catalytic site sequences: re-definition of iron binding motifs 

 

It has been shown that PTOX has six iron-binding sites conserved with AOX (Alternative Oxidase, 

McDonald et al., 2003). Nevertheless, the sequence identity between Alga and Plant-type catalytic sites is 

only around 50% (Messant et al., 2021). Moreover, activity measurements of recombinant proteins MpPTOXa 

and Nter truncated MpPTOXb highlight that MpPTOXa seems to be more active (Messant et al., 2022, 

submitted). The sequence alignment between MpPTOXa and MpPTOXb catalytic sites revealed specific PTOX 

iron-binding motifs (Figure 32). So, I was interested in the comparison of the surroundings of the iron fixation 

sites according to those previously established by McDonald et al., 2003. 

 
Figure 32: Sequence alignment of MpPTOXa and Nter truncated MpPTOXb catalytic sites 
Sequence alignment of MpPTOXa and Nter truncated MpPTOXb catalytic sites by MUSCLE. The six helices 𝛂-
1 (red), 𝛂-2 (green), 𝛂-3 (blue), 𝛂-4 (yellow), 𝛂-5 (magenta) and 𝛂-6 (cyan) are framed and the fourth iron 
binding sites motifs with the six iron binding sites determined by McDonald et al., 2003 are indicated in bold 
above sequences. 
 

The alignment of all catalytic sites sequences showed that two groups form spontaneously and 

correspond to the previously defined groups: The Plant and Alga-type PTOX (data not shown). To study the 

conserved sequences specific to each of the two groups, an alignment of the catalytic sequences was carried 

out separately and used to highlight the conserved regions (Figure 33). Solid arrows indicate residues only 

conserved in Alga-type (Figure 33, A) or in Plant-type (Figure 33, B) PTOX. The empty arrows correspond to 

variable residues in each of the two respective groups. It is observed that the conserved sequences in all the 

PTOX proteins are much greater than what was previously defined (McDonald et al., 2003). The regions 

around the first three iron-binding sites seem to be particularly conserved in all PTOXs (helices 𝛂-2 and 𝛂-3) 

while for the other three, the regions seem more variable (helices 𝛂-5 and 𝛂-6). PyMol visualisation of both 

PTOX types (data not shown) highlight that conserved residues are localised inside catalytic sites, near to 

irons, or on the external side of 𝛂-2 and 𝛂-3 helices which were already hypothesised to be involved in PTOX 

dimerisation (Nawrocki et al., 2015). 
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Figure 33: Sequence alignment between PTOX catalytic sites of different photosynthetic organisms 
A. Alignment of the sequences of the catalytic sites of Alga-type PTOX used previously. B. The same alignment 
for Plant-type PTOX. Alignments were performed by MUSCLE and analysis of conserved sequences by Color 
Align Conservation software. The consensus parts of the catalytic sites are framed according to their position 
in the protein (𝛂2, green; 𝛂3, blue; 𝛂5, magenta; 𝛂6, cyan). All conserved residues are highlighted in black. 
Solid red arrows correspond to completely conserved residues specific for Algae (A) or Plant-type (B) PTOX 
while empty arrows correspond to variable residues. 
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 The results have been summarised in Figure 34 to be more readable and also to be compared with 

the alignment of the AOX sequence carried out by McDonald et al., 2003.  

First, it is observed that few residues are conserved in both oxidase families (highlighted in yellow). This is for 

example the case of leucine present in the first Iron-Binding Motif (IBM) considered to be important for a 

correct interaction between substrate and iron (Nawrocki et al., 2015). But AOX and PTOX are not so close.  

Nawrocki et al., 2015 showed that the 𝛂-1 and 𝛂-2 AOX helices are longer than those of PTOX. They suggested 

that this would reduce the binding pocket of the substrate and therefore give it its specificity. It can be 

hypothesised that the shortening of the 𝛂-1 helix in Alga-type PTOX regulate the catalytic activity by 

restricting the substrate binding pocket. Moreover, IBM in AOX are pretty well conserved with ∼66 to 55% 

sequence identity (Figure 34) based on McDonald et al., 2003 alignment. From another side, IBM1 and 2 are 

very well conserved through PTOX proteins (∼70 and 66% sequence identity) while IBM3 and 4 are the most 

variable (∼45 and 33% respectively). 

Within the PTOX family, IBM from Alga-type are more conserved and those of Plant-type are more variable. 

The differences observed for IBM1 and 2 are amino acid substitutions having the same properties whereas it 

is more random for IBM3 and 4. Indeed, for IBM1 the Alga-type have the “LETVAR” motif whereas in plant-

types valine can also be substituted by isoleucine which are both hydrophobic amino acids with side chains. 

And the conserved phenylalanine in all PTOX proteins has been hypothesised to be responsible for reducing 

the substrate-binding pocket. 

To conclude, it could be interesting to use punctual mutations in order to determine the catalytic mechanism 

of PTOX and which amino acids are responsible for enzyme oligomerization.  
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Figure 34: Comparison of iron binding sites of AOX proteins (McDonald et al., 2003) and algae and plant-

type PTOX 

The motifs of the AOX were determined by McDonald et al., 2003. The consensus sequences of the two types 

of PTOX were determined from the sequence alignment Figure 33. The residues in parentheses are the most 

frequently encountered, the stars correspond with highly variable residues. Residues conserved between the 

three types of proteins are highlighted in yellow and those conserved only between the PTOX proteins are 

highlighted in orange. On the left, the tables represent the percentage of residues conserved in AOX, (all) 

PTOX, Alga and Plant-type PTOX for each of the iron-binding motifs. Concerning IBM1, the values in 

parentheses were calculated from the “LE” motif to be able to be compared with the AOX sequence while 

the others take into account the entire sequence. 
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C) Part II conclusions and perspectives 

 To conclude, Marchantia is an ideal model to study PTOX across green lineage evolution because it 

has two isoforms, PTOXa, a plant-type PTOX and PTOXb, an alga-type PTOX as described in article 2. We have 

shown that PTOXb seems to be more important for chlororespiration. Then, the analysis of the 𝚫ptoxaptoxb 

double mutant and imCRTI lines (Messant et al., 2022 submitted) highlights that PTOXs are important to 

protect PSI against photoinhibition and not PSII as previous studies suggested. Moreover, the activities of the 

recombinant proteins MpPTOXa and MpPTOXb truncated in Nter show that MpPTOXa has a catalytic activity 

three times greater. All our results converge towards the idea that the two types of PTOX, although catalysing 

the same reaction, do not play the same role within photosynthetic organisms. We suggested that the Alga-

type PTOX would be present in all circumstances, finely regulated, while the plant-type would be activated 

only in the event of significant stress.  

On the other hand, the in silico analysis highlights important characteristics at the level of the Nter 

part of the Alga-type but also of the catalytic site of the PTOX. Alga-type have up to 3 𝛂 helices in their Nter 

extensions. Site-directed mutagenesis experiments or the expression of truncated proteins in vivo could help 

determine their roles. For the moment, it is assumed that they are important for the regulation of catalytic 

activity. On the other hand, the analysis of the catalytic sites showed that the AOX and the PTOX share some 

essential residues which are important for iron ligation nevertheless, the regions which surround them are 

very variable between these two families. The IBMs of the AOX seem to be much more conserved than those 

of the PTOX. But this trend is not uniform among the PTOX family since the Alga-type has much more 

redundant IBM than those of the plant-type. Further analyses are needed to understand the catalytic activity 

of PTOX, but first differences highlighted by in silico analysis could help to explain the differences in activities 

already measured.  

Finally, the mechanism of PTOX catalysis has never been defined. These sequence alignments could 

help identify amino acids important for electron transfer using mutated recombinant proteins whose activity 

would be analysed by transient absorption spectroscopy. 
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________________________________________________________________ 

Part III : Dynamic changes in protein-membrane association for regulating 

Photosynthetic Electron Transport 
______________________________________________________________________________________ 

 

 Throughout the previous parts, the dynamics of membranes as well as photosynthetic complexes or 

regulatory proteins necessary for the protection of the electron transport chain have been underlying. For 

this, we conducted a theoretical reflection on what has already been proven of the establishment of these 

dynamics during alternative electron flows, non-photochemical quenching mechanisms and certain families 

of proteins as PTOX. 

 

Article 4 : Dynamic changes in protein-membrane association for regulating Photosynthetic 

Electron Transport 

 

In this review, we describe protective mechanisms of the photosynthetic apparatus in relation to 

changes in protein-membranes interactions. We have discussed cyclic electron flow, chlororespiration and 

the components of non-photochemical quenching. Finally, we have chosen examples of protection 

mechanisms involving  dynamic changes of protein-membrane interactions that are not part of the major 

“photoprotection” schemes such as the Vesicle-Inducing Protein in Plastids (VIPP) proteins that influence 

nuclear gene expression and Plastid Terminal Oxidase that was thought to protect against PSII 

photoinhibition). 

I mainly did the state transition and photoinhibition parts and I actively participated in discussions and critical 

reading. 
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Abstract: Photosynthesis has to work efficiently in contrasting environments such as in shade
and full sun. Rapid changes in light intensity and over-reduction of the photosynthetic electron
transport chain cause production of reactive oxygen species, which can potentially damage the
photosynthetic apparatus. Thus, to avoid such damage, photosynthetic electron transport is regulated
on many levels, including light absorption in antenna, electron transfer reactions in the reaction
centers, and consumption of ATP and NADPH in different metabolic pathways. Many regulatory
mechanisms involve the movement of protein-pigment complexes within the thylakoid membrane.
Furthermore, a certain number of chloroplast proteins exist in different oligomerization states,
which temporally associate to the thylakoid membrane and modulate their activity. This review
starts by giving a short overview of the lipid composition of the chloroplast membranes, followed
by describing supercomplex formation in cyclic electron flow. Protein movements involved in the
various mechanisms of non-photochemical quenching, including thermal dissipation, state transitions
and the photosystem II damage–repair cycle are detailed. We highlight the importance of changes
in the oligomerization state of VIPP and of the plastid terminal oxidase PTOX and discuss the
factors that may be responsible for these changes. Photosynthesis-related protein movements and
organization states of certain proteins all play a role in acclimation of the photosynthetic organism to
the environment.

Keywords: photosynthesis; regulation; abiotic stress; membrane association; thylakoid membrane

1. Introduction

The thylakoid membrane in chloroplasts is a complex three-dimensional structure that
is morphologically highly dynamic, as seen by rearrangements of protein complexes under
low light and high light conditions. The thylakoid membrane harbors the photosynthetic
electron transport chain. It is known that several processes that regulate the efficiency of
light harvesting and electron transport are linked to membrane dynamics. The electron
transport chain is made out of the main protein complexes photosystem II (PSII), the site of
water oxidation and oxygen release, the cytochrome b6f complex (Cyt b6f ) and photosystem
I (PSI), where ferredoxin is reduced. Reduced ferredoxin reduces NADP+ to NADPH, as
catalyzed by the Ferredoxin NADP+ oxidoreductase (FNR). Both photosystems contain
chlorophylls and carotenoids in their reaction centers, in the inner antenna and in the
light harvesting complexes (LHC). During photosynthetic electron transport, a proton
gradient (∆pH) is established that is, together with an electrochemical gradient (∆Ψ), the
driving force for the synthesis of ATP by the CF0CF1-ATP synthase. Regulation of light
absorption efficiency of the pigment containing antenna systems and of photosynthetic
electron transport is essential to allow the plant to acclimate rapidly to changes in light
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intensities, which can occur, for example, in sun flecks, when shade leaves or whole
plants are suddenly exposed to full sun light. Regulation of photosynthetic electron
transport is also needed to fulfil the energetic demands of the chloroplast/cell/organism
by optimizing the ATP/NADPH ratio. This can be achieved by changing the activity
of cyclic electron transport around PSI, a process requiring formation and dissolution of
supercomplexes. Well-characterized processes involved in the distribution of the LHCs
between the photosystems, the so-called state transitions, depend on movements of large
protein-pigment complexes within the membrane. Another well-known process that
involves protein movements within the thylakoid membrane is the PSII damage–repair
cycle. Furthermore, soluble proteins attach reversibly to the thylakoid, enabling their
involvement in metabolic reactions and regulatory mechanisms (Figure 1).
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Figure 1. Dynamic changes of the association of proteins with the thylakoid membrane. In the
stroma, proteins can be present in soluble forms or as peripheral membrane proteins, and their
oligomerization state can change upon membrane association (1). Transmembrane proteins can move
laterally within the membrane and are associated with different partner proteins (2). Soluble proteins
can attach to protein complexes in the membrane (3). In the lumen, soluble proteins can attach to the
membrane as a function of pH (4).

In this review, we first shortly describe the specific characteristics of the thylakoid
membrane. Then, we focus on cyclic electron flow, alterations of the efficiency of light
absorption and dissipation of excess energy as heat (non-photochemical quenching, NPQ),
followed by a chapter on state transitions and the PSII damage–repair cycle. We will
present other less well-known processes that are involved in the acclimation response
of the photosynthetic apparatus and which depend on dynamic interactions with the
thylakoid membrane (Figure 2). We focus mainly on processes taking place in eukaryotic
photosynthetic organisms.
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Figure 2. Dynamic changes of protein–membrane association for regulating photosynthetic electron transport. Photo-
synthetic linear electron flow produces NADPH and ATP for CO2 assimilation in the grana margin. In the grana, heat
dissipation at the light-harvesting complex (LHCII), the so-called qE quenching, occurs, and the damaged PSII migrates and
is digested; In the grana margin, STN7 and NSI stimulate the state transition. PTOX changes its localization in response
to stroma pH to maintain the PQ redox poise. A part of PSI forms supercomplexes with PGRL1, FNR and NDH in the
stroma lamellae.

2. Membrane Composition

Chloroplast membranes have a very unique lipid composition with the galactolipids
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and the glycol-
ipid sulfoquinovosyl-diacylglycerol (SQDG) [1–4]. The external and the internal envelope
membranes and the thylakoids have different lipid compositions. The outer envelope
membrane is rather permeable, especially for ions, and is important for the connection
between the chloroplast and the endoplasmic reticulum (ER), where protein translation
principally takes place. It is composed of about 25% DGDG and 30% phosphatidylcholine,
the main lipid of the ER membrane. On the contrary, the inner envelope membrane is par-
ticularly impermeable and serves as a barrier. The thylakoid membranes are mainly made
of MGDG and DGDG (MGDG about 50%, DGDG about 30% of total lipid content). The
lipids SQDG and phosphatidylglycerol (PG), the only major phospholipid in thylakoids,
are negatively charged at neutral pH. Each represents about 10% of the total lipid content.
The physicochemical properties of the head groups of the individual lipids are important
for their behavior. MGDG and DGDG are neutral lipids with uncharged polar head groups.
MGDG is not able to form a lipid bilayer in water because of its galactose head group [2,3].
In the thylakoid membranes, however, it forms a lipid bilayer thanks to the presence of a
very high protein concentration. Compared with MGDG, DGDG has a bulkier headgroup
with a cylindrical shape thanks to the presence of a second galactose residue allowing it to
form a lamellar lipid bilayer. The glycolipids constitute the lipid matrix of the thylakoid
membrane. As pointed out by Demé et al. [5] and Kobayashi et al. [6], the ratio of MGDG to
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DGDG is important for the phase behavior of the lipid bilayer, and thereby for the structure
and stability of the thylakoid membrane. The negatively charged lipids SQDG and PG may
play a role in the interaction with peripheral membrane proteins.

Thylakoid membranes form distinct structures: the so-called grana stacks and stroma
lamellae that differ in their protein composition. The outer layer of the grana stacks and
the connection to the stroma lamellae is called the margin. Grana cores are rich in PSII and
LHCII proteins. DGDG contributes to the stacking of the thylakoids in the grana [5] while
PG is important for the trimerization as well as the stabilization of LHC complexes [7].
Stroma lamellae and margins are mainly composed of PSI, LHCI as well as around half of
the Cyt b6f complex. Margins contain more lipids per protein content than grana stacks
and stroma lamellae [8]. According to Duchêne et al. [9], the distribution of the individual
glycerolipids is identical in grana stacks, margins and stroma lamellae.

Lipids also have an important role as integrated components of the photosynthetic
reaction centers, and are required for the optimal functioning of the photosystems. In
cyanobacteria, absence of PG inhibits electron transfer between QA and QB at the acceptor
side of PSII [10]. The crystal structure of PSII from cyanobacteria revealed the presence
of four molecules of SQDG [11]. In the absence of SQDG, the electron flow from water to
tyrosine Z is inhibited, possibly due to conformational changes in PSII [12]. According to
Schaller et al. [13], SQDG influences the assembly of PSII core subunits and the antenna
complexes. Several lipids were found in the structure of PSI from pea, with one being
important for the connection between the Lhc subunit Lhca1 and the PSI subunit PsaF [14].

3. Dynamic Changes of Supercomplex Formation Required for Cyclic Electron Flow

Depending on the physiological conditions, a higher ATP/NADPH demand is re-
quired to fulfil the metabolic demands. Cyclic electron flow allows the generation of a
proton gradient without the production of NADPH and serves to provide extra ATP. Alter-
natively, reduction of O2 at PSI, the so-called Mehler reaction or pseudocyclic flow, also
leads to an increase in the ∆pH and ATP synthesis. By increasing the ∆pH, cyclic electron
flow contributes to the qE component of NPQ and to the regulation of linear electron flow
at the level of the Cyt b6f complex in so-called photosynthetic control. In addition, it may
help to increase the volume of the lumen by pumping extra H+ into the lumen in the
light. Swelling of the lumen facilitates diffusion of plastocyanin and may also allow the
relocalization of luminal proteins like, for example, Deg proteases that are involved in the
degradation of the D1 protein of PSII [15].

There are two pathways of cyclic electron flow, the first is insensitive to the inhibitor
Antimycin A and involving the NDH complex, while the second is Antimycin-A-sensitive
and involves the Cyt b6f complex as well as the proton gradient regulation complex
PGR5/PGRL1. A protein supercomplex composed of PSI with LHCI, LHCII, Cyt b6f com-
plex, FNR and the integral membrane protein PGRL1 has been isolated from C. reinhardtii
and suggested to be a prerequisite for cyclic flow [16]. FNR may change its interaction
partners and sub-chloroplast location as part of a mechanism to decrease CEF and increase
LEF during light adaptation. FNR has been discussed for a long time to be either present
in a soluble form in the stroma, or tethered to the thylakoid membrane by interaction
with partner proteins. Recently, it has been demonstrated that FNR is always associated
with the membrane [17]. This view that state transitions are a required for supercomplex
formation was questioned by Takahashi et al. [18] who found the same protein composition
of supercomplexes in C. reinhardtii wild type, and in a mutant incapable of performing state
transitions. According to their data, there is no correlation between state transitions and
cyclic electron flow, but rather between the latter and chloroplast redox state (anoxic versus
oxic conditions). Furthermore, they reported the presence of PGRL1 together with FNR in
high molecular weight fractions that did not contain PSI or Cyt b6f complex. In this context,
it is interesting to mention that thioredoxin m forms a complex with PGRL1 [19,20], which
itself contains redox-active cysteine residues [21]. The formation of a complex between
reduced thioredoxin m and PGRL1 may inhibit cyclic electron flow by preventing the
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supercomplex formation required for cyclic flow. The work by Takahasi et al. [18], and
the reports on the interaction between thioredoxin m and PGRL1 [19,20], indicate that
formation of supercomplexes in the stroma lamellae depends on the redox state of the
plastoquinone pool, and on the general redox state of the chloroplast.

The example of cyclic electron flow demonstrates that the protein localization is very
dynamic, that it is likely under the control of the redox state of the chloroplast and that
protein movements within the thylakoid membrane are needed for acclimation responses.

4. Protein Movements Involved in Non-Photochemical Quenching

One of the strategies to protect the photosynthetic apparatus from photo-oxidative
damage is to dissipate excess light energy as heat at PSII, the so-called NPQ. NPQ is
composed of several components that can be distinguished by their relaxation time in the
darkness: qE (seconds to minutes), state transitions, qT, (tens of minutes), and photoinhibi-
tion, qI (hours). A long persisting quenching related to photoinhibition is called qH. Here,
we focus on the recent research progress on dynamic changes in protein–membrane associ-
ation in NPQ, especially qE, qT (see also the recent review by Johnson and Wientjes [22]),
and we will finish by introducing a newly found slowly relaxing quenching: qH.

4.1. qE Quenching

qE quenching is the largest component of NPQ in short-term regulations in eukaryotic
phototrophs. It occurs within the PSII antenna, the so-called LHCII. LHCII is the most
abundant integral membrane protein in chloroplasts and binds 13–15 Chl a and Chl b
molecules [23], 3–4 carotenoids [24] and one phospholipid [25] per monomer. Lumen
acidification in the light changes the macro structure of thylakoid membranes affecting
the associations between proteins and thylakoid membranes. Different models for the
molecular mechanisms of qE in plants and algae have been proposed in the last decades,
and they are still a matter of debate. In the following, we describe qE related to (a) the
pH-dependent de-epoxidation of violaxanthin to the quencher zeaxanthin, (b) the protein
PsbS and (c) to aggregation of LHC proteins.

(a) One proposed qE mechanism depends on the formation of zeaxanthin as a quencher
of excited states of chlorophyll. The xanthophyll cycle enzyme violaxanthin de-epoxidase
(VDE), converting violaxanthin to zeaxanthin with the help of ascorbate, is an example
of dynamic association of a protein to the thylakoid membranes. It is associated with the
membrane depending on the pH in the lumen. VDE is localized at the luminal side of the
thylakoid membrane and is attached to the membrane domain containing LHCII and being
rich in MGDG when the luminal pH is approximately at 6.5 or less [26,27]. The structure of
VDE at pH 7 is very different from its structure at pH 5 [28]. VDE is a monomer at pH 7
and a dimer at pH 5. At pH 5, a hydrophobic patch, likely to be involved in the membrane
attachment of VDE, becomes surface exposed [28].

(b) The qE-related pH-sensing protein PsbS affects the extent of qE. The protein
PsbS does not contain pigments itself but it is involved in zeaxanthin-dependent quench-
ing [29,30]. PsbS has been shown to be associated to PSII, and its protonation state is
essential for activating qE. Fan et al. [29] resolved the structure of PsbS, and they discov-
ered structural differences between the PsbS dimers at pH 7.3 and pH 5.0. According to
their data, a conformational change at the luminal site may activate PsbS interaction with
LHCII and thereby induce the quenching event. Kereiche and coworkers [31] proposed
that PsbS controls the macro-organization of the grana membrane. PsbS was not exclu-
sively found in LHCII-PSII supercomplexes, but was also found in PSI fractions [32]. The
PsbS content seems to affect both, the grana stacks and the organization of photosynthetic
complexes in the stroma lamellae, as demonstrated in freeze-fracture electron micrographs
from isolated chloroplasts from wild type, npq4 (mutant lacking PsbS) and L17 (mutant
over-expressing PsbS) [33]. Haniewicz et al. [34] have shown that PsbS is mainly associ-
ated with monomeric PSII. This observation suggests that PsbS may play, in addition to
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its involvement in qE, a role in the PSII repair cycle where dimeric PSII dissociates into
monomeric PSII (see below).

(c) According to other models, qE is induced by aggregation of LHCII [35]. Quenching
by aggregation can potentially occur in any form of LHCII but more likely it takes place
within the major LHCII. LHCII aggregation is caused by the protonation of the antenna
at the luminal side. Zeaxanthin is not necessary for the quenching, but may be important
to couple LHCII aggregation with a change in ∆pH. The thylakoid membrane becomes
thinner and hydrophobic in response to decreases in the lumen pH and the increase in
NPQ [36]. Such changes may increase the probability that part of the LHCII detaches from
PSII and aggregates. The lipid DGDG plays an important role in the macrostructure of
the thylakoid membrane since it contributes to grana stacking [5], and it could favor the
contact between LHCII trimers for excess energy dissipation [7]. Ostroumov et al. [37]
recently observed a far-red emitting state in isolated aggregated LHCII and in LHCII
crystals. This special state could explain how energy is dissipated. According to these
authors, qE is derived from a charge transfer reaction involving a chlorophyll pair caused
by a conformational change in aggregated LHCII [37]. In another model, qE is based
on charge transfer between a chlorophyll-carotenoid pair. This model needs carotenoids
such as zeaxanthin or lutein as the essential component for qE [38,39], and may require a
closer association of PsbS with qE compared to the other models. In summary, the exact
quenching mechanism is still controversial, although it is broadly accepted that qE occurs
at the level of LHCII and involves carotenoids and PsbS.

4.2. qT: State Transition

State transition is defined as the migration of LHC from PSII (state 1) to PSI (state 2), in-
creasing PSI antenna size and lowering excitation pressure in PSII (for reviews see [40–42]).
The mechanism of state transition in plants involves phosphorylation of LHCII and de-
tachment of phosphorylated LHCII from PSII. In physiological conditions, it takes place
within minutes after a stress, and particularly during fluctuating light [43] or moderate
heat stress [44]. State transitions can also be activated artificially by using specific wave-
lengths that preferentially excite PSII or PSI to change the redox state of the PQ pool (see
below) [45]. In higher plants, state transition mobilizes approximately 15–20% of the LHCs.

The composition in Lhcb proteins of LHCII is complex. Arabidopsis has no fewer
than 18 Lhcb proteins [46]; here, only the role of Lhcb1 to Lhcb6 is described. Lhcb 4 to 6
are known to be monomeric and interact directly with the PSII core whereas Lhcb 1 to 3
can form different combination of trimers interacting with monomeric Lhcbs, and these
complexes are able to migrate differently during state transition. Three types of trimers are
currently defined depending on their interaction with PSII: S-LHCs (strongly), M-LHCs
(moderately), and L-LHCs (loosely bound). The latter are known to migrate more easily
due to their composition of Lhcb1 and 2 [47]. They are defined as antennas shared between
PSI and PSII. It has been shown that L-LHCs constitute almost 50% of the total trimers
in plants cultivated in non-saturating light [40]. On the contrary, due to the presence of
Lhcb3, M-LHCs are less mobile but their absence affects LHCII reorganization during state
transition [48]. S-LHCs seem to be tightly associated with PSII, facilitating light harvesting
at the periphery of PSII and ensuring efficient energy capture and transfer to the reaction
center [49].

The specific thylakoid-bound transmembrane kinase responsible for state transitions,
Stt7, was first discovered in C. reinhardtii [50]. Two years later, STATE TRANSITION 7
(STN7) serine/threonine kinase, the homologue of Stt7 in A. thaliana, was identified [51].
Activation of the kinase involves both the reduction state of the plastoquinone pool and the
Cyt b6f complex. When PSII is preferentially excited, over-reduction of the plastoquinone
pool leads to the docking of a plastoquinol molecule to the Qo site of the Cyt b6f complex.
This activates the transmembrane kinase that phosphorylates LHCII [52–54]. Mutant
analysis revealed that the activation of Stt7 depends on its interaction with the stromal
side of Cyt b6f complex, whereas its release for LHCII phosphorylation is controlled by
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plastoquinol occupancy and turnover at the Qo site [53]. In addition, redox regulation via
the reduction of a disulfide bridge plays a role in controlling the activity of the Stt7/STN7
kinases [55]. Recently, Wu and coworkers [56] showed that STN7 interacts with the Lumen
Thiol Oxidoreductase 1 (LTO1), a transmembrane protein with a luminal thioredoxin
domain. This interaction likely helps to keep STN7 in its oxidized active state required
for LHCs phosphorylation. These data demonstrate a link between state transitions and
the redox state of the chloroplast and especially that of the lumen. For a long time,
phosphorylation of LHCIIs was the only known factor required for migration of LHCII.
The STATE TRANSITION 8 kinase (STN8), an STN7 isoform, had been shown to be mainly
involved in the phosphorylation of PSII core subunits such as D1, D2 and CP43 [57–59].
However, recent investigations have demonstrated that STN8 is also secondarily involved
in LHCII phosphorylation at the same phosphorylated sites as the STN7 kinase, with
a notable preference for Lhcb1 compared to Lhcb2 [60]. This is consistent with STN7
and phosphorylated Lhcb2 being more abundant in stroma lamellae, whereas STN8 and
phosphorylated Lhcb1 locate preferentially in the grana core [61]. Recently, Koskela and
coworkers [62,63] discovered that phosphorylation of LHCII is not sufficient to induce its
migration alone. Plants lacking the acetyltransferase NUCLEAR SHUTTLE INTERACTING
(NSI) are locked in state 1, despite phosphorylation of LHCII. NSI acetylates lysins of
several proteins including subunits of PSI, PSII and LHCII. Taking together, these findings
demonstrate that post-translational modifications that increase the negative charges of
the LHC proteins are key elements for state transition. The return to state 1 is initiated
by LHCII dephosphorylation mediated by THYLAKOID-ASSOCIATED PHOSPHATASE
38/PROTEIN PHOSPHATASE 1 (TAP38/PPH1) phosphatase [64,65].

How exactly LHCIIs migrate from PSII to PSI along the thylakoid membrane is still
unknown. Several hypotheses can be found in the literature: (1) LHCIIs are transferred
from grana stacks to stroma lamellae or (2) PSI approaches grana margins where, after a
reorganization of the margin domain, an association of the PSI-LHCI-LHCII supercomplex
takes place [66,67]. Phosphorylation of Lhcb1 could increase its mobility and the removal
of peripheral antenna from PSII complexes. Furthermore, it could permit unstacking of
grana [68–70]. However, other experiments revealed that phosphorylated Lhcb1 is not
included in LHCII trimer binding to PSI [71,72]. Further characterization of a protein dis-
covered 15 years ago gives new insights. CURVATURE THYLAKOID1 (CURT1) B protein,
also known as TMP14, was identified by the same phosphoproteomic approaches as STN7.
Initial experiments have shown that CURT1B is only localized in PSI fractions, and that it
interacts with PsaL, H and O subunits [73]. Furthermore, CURT1B is present in specific
regions of grana margins, i.e., the curvature of the grana edges where it is responsible for
changes in grana dimensions according to light quality and quantity. CURT1B phosphory-
lation correlates with LHCII phosphorylation and PSI-LHCII interaction and, according to
Trotta and coworkers [74], is key to modulation of thylakoid lateral heterogeneity and/or
the decrease in grana diameter.

The interaction between PSI and LHCII was shown to be as strong as the binding
of LHCII to PSII [75]. Structural analysis has highlighted that PSI-LHCI-LHCII complex
is composed of a unique LHCII trimer, which binds to the PSI core on the opposite side
of LHCI. However, it has also been reported that supercomplexes with a second LHCII
trimer can bind to PSI to another site involving LHCI [76–79]. Pan and coworkers [80]
recently published a structure showing interaction of PSI-LHCII of maize, involving the
PSI subunits PsaO, L, H and potentially PsaK. According to this structure, PsaO, H and
particularly PsaL interact directly with phosphorylated Lhcb2. PsaO seems to be involved
in light energy transfer from Lhcb2 to PSI core, while PsaK could function similar for Lhcb1.

4.3. qI: Photoinhibition

Photoinhibition is characterized by a loss of maximum chlorophyll fluorescence and a
loss of water-splitting activity in PSII. Photoinhibition is a process that occurs when the
photo-oxidative damage to PSII is greater than its repair [81]. This phenomenon takes place
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when plants are facing stressful conditions, such as higher light intensities than required
for photosynthesis. In the most drastic cases, it is characterized by a sharp decrease in
the photosynthetic capacity of the plant due to loss of linear electron transport. The D1
protein of PSII is considered in the literature to be the principal protein damaged under
photoinhibitory conditions [82–84]. It is known for having a very rapid turnover in the
order of 20 min [85,86], thanks to a very efficient repair system. Under photoinhibitiory
conditions, the acceptor side of the PSII is over-reduced, which results in the production
of reactive oxygen species and, in particular, singlet oxygen that is responsible for the
damage of D1 [87]. In addition, photoinhibition can also take place at the donor side of
PSII inhibiting the [Mn4CaO5] cluster, thereby limiting electron donation to TyrZ

+ and
P680+ [88].

The movement of proteins within the thylakoid membranes and the association of
proteins with the membrane/photosystems are important for not only qE and qT, but also
for the PSII repair process. Active PSII dimers are located in grana stacks, whereas the
PSII repair cycle occurs in grana margins. First, damaged PSII centers are phosphorylated
by STN8 leading to the disassembly of LHCII-PSII complexes and PSII dimers [57,58,89].
However, a study of the stn8 mutant highlighted that the repair is not completely depen-
dent on phosphorylation [57] but that the later facilitates lateral mobility and, therefore,
the transport of damaged PSII from the grana stacks to the margins [66]. A study of
fluorescence recovery in a confocal laser-scanning microscope suggested that a limited
population of chlorophyll-containing proteins can move within a 10-min time scale [90].
The population of mobile proteins increased after PSII photoinhibition in wild type but
not in the stn8 mutant of A. thaliana. This suggests that migration of damaged PSII de-
pends on phosphorylation of certain subunits. In the grana margins, photoinhibited PSII
is dephosphorylated again in order to allow partial disassembly of PSII monomers and
to trigger degradation [91,92]. Upon arrival at grana margins, only the intermediate
PSII complex RC47 remains, which is recognized by the protease FtsH [93,94]. FtsH is a
complex of metalloproteases anchored to the thylakoid membrane, and it is important
for the formation of thylakoid membranes during chloroplast development as well as in
their maintenance [95,96]. In addition to FtsH, stromal and lumenal Deg proteases act
in a cooperative manner, allowing the endopeptidase cleavage of the D1 protein. It is
assumed that the action of both stromal and lumenal Deg proteases makes it possible to
increase the number of D1 recognition sites for FtsH, and to facilitate the dissociation of
the water-oxidizing complex [97–99].

A new quenching component, qH, active during photoinhibition and completely
independent from the other mechanisms cited so far, has recently been reported [100,101].
qH has been described as a slowly relaxing quenching with photoprotective action which
acts in concert with other quenching mechanisms involved in qI. The site of qH has
been localized in the peripheral antenna of PSII. Until now, three proteins have been
identified to be involved in qH: LCNP, a plastid lipocalin protein, is necessary for qH
activation while for the relaxation of qH, two proteins were identified so far: SOQ1 for
SUPPRESSOR OF QUENCHING 1 and the protein RELAXATION OF QH1 (ROQH1).
LCNP-mediated modification of a thylakoid membrane lipid was proposed to change the
conformation of LHCII and thus create a quenching site [100]. SOQ1 is a transmembrane
protein that constitutively inhibits qH. LCNP is located in the thylakoid lumen and may
interact with the SOQ1 domains responsible for regulating qH. ROQH1 is an atypical
short-chain dehydrogenase-reductase and functions as a qH-relaxation factor. It may either
directly remove the quenching conformation of the antenna or modify the hydrophobic
environment at the LHCII. An A. thaliana soq1roqh1 double mutant shows constitutive
qH [101].

5. Proteins with Dynamic Changes in Oligomerization State and Localization at the
Thylakoid Membrane

In the following, we introduce two proteins (PTOX, VIPP) that are related to the
response to high light stress. These proteins are activated by perturbation of the redox
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poise of the photosynthetic electron transport chain. They permit a protection of the
photosynthetic electron transport chain against over reduction (PTOX), or play a role in
the repair of damaged PSII (VIPP). The common point of these proteins is changes in their
oligomerization state and their association with the thylakoid membrane, depending on
the physiological condition.

5.1. Plastid Terminal Oxidase (PTOX)

The plastid terminal oxidase (PTOX), a plastohydroquinone:oxygen oxidoreductase
of the thylakoid membranes, contains a catalytic center similar to that of the alternative
oxidases of the mitochondria (AOXs), and the two enzymes share structural similari-
ties [102]. PTOX is involved in carotenoid metabolism, it protects the photosynthetic
electron transport chain against over-reduction, it participates in chlororespiration, and
it may be important for setting the redox poise for cyclic electron transport. PTOX has
been localized in the region of the stroma lamellae in spinach chloroplasts of non-stressed
leaves [103]. It was recently demonstrated that PTOX can relocalize within the mem-
brane [104], or can even reversibly associate to the membrane depending on the proton
motive force [105]. Stepien and Johnson [104] showed that PTOX overexpressed in the
halophile Eutrema salsugineum moved from the stroma lamellae to the grana stacks upon
exposure of the plants to salt stress. Using confocal fluorescence microscopy, Bolte and
coworkers [105] investigated PTOX localization in A. thaliana overexpressing green fluores-
cent protein (GFP)-PTOX. They observed a relatively homogeneous distribution of the GFP
fluorescence over the whole chloroplasts when leaves had been pre-illuminated with high
light intensities, a condition generating a high proton motive force. In contrast, when leaves
were treated with uncouplers, or had been adapted to the dark, the GFP fluorescence was
localized in spots. The spots were interpreted as PTOX oligomers. These results show that
PTOX localization within the chloroplast is highly dynamic and depends on the pH in the
stroma, and/or on the ion concentration. Membrane association with the grana lamellae is
required to allow PTOX the access to its lipophilic substrate plastoquinol. In vitro, purified
PTOX associated at slightly alkaline pH-value to liposomes composed of a lipid mixture
similar to thylakoid membranes. Enzymes of the carotenoid biosynthesis pathway may
behave in a similar manner like PTOX. As mentioned above, at low pH in the lumen, VDE
changes its conformation, dimerizes and attaches to the membrane, thereby gaining access
to the lipophilic violaxanthin. Furthermore, the phytoene desaturase that requires PTOX
activity for the regeneration of its electron acceptor, plastoquinone, seems also to change
its oligomeric state and thereby its activity. Gemmecker et al. [106] reported that phytoene
desaturase exists in vitro in rings or stacks. The rings were composed of tetramers, which
assembled into highly ordered stacked tubular structures of a length between 15–30 nm.
The oligomeric stacks were soluble, while the form attached to liposomes was assigned
to a single tetrameric ring. It is likely that the same distribution for phytoene desaturase
is found inside the chloroplasts: a soluble form organized in stacks in the stroma and the
smaller tetramers attached to the thylakoid membrane, allowing access to its substrate
phytoene. Similar changes in the oligomerization state as described for the phytoene
desaturase may also take place for PTOX. The catalytically functional unit of PTOX con-
sists most likely of a dimer as it is the case for AOX [107]. Recombinant fusion protein
maltose-binding protein-PTOX (MBP-PTOX) of rice tends to form different oligomeric
states depending on the detergent used. In the presence of n-octyl β-D-glucopyranoside,
MBP-PTOX was found mainly as a tetramer [108], while it was mainly in a dimeric form
in the presence of β-dodecyl-maltoside [105]. Angiosperms contain one PTOX isoform,
while other phylae mostly contain two isoforms; a plant-type PTOX and an algal-type
PTOX [109]. The algal-type PTOX has a longer N-terminal extension that probably allows a
stronger anchoring of this protein to the membrane. A dynamic association of PTOX with
the thylakoid membrane may be important to permit PTOX activity only under conditions
of a highly reduced electron transport chain, thereby preventing competition between
PTOX and Cyt b6f complex for platoquinol under optimal conditions for photosynthesis.
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The same holds for the VDE, permitting the formation of antheraxanthin and zeaxanthin
only under certain physiological conditions. The activity of other carotenoid biosynthesis
enzymes, such as phytoene desaturase, may be regulated in a similar way.

5.2. Vesicle-Inducing Proteins in Plastids (VIPP)

Another example of a stroma protein that changes its oligomerization state, and its
membrane association, is the vesicle-inducing protein in plastids (VIPP). Plants contain
only one isoform, VIPP1, while chlorophyceae have a paralog of VIPP1, called VIPP2.
In chloroplasts, VIPP1 has been found at different location within the chloroplast: in a
soluble form in the stroma, and in a membrane-associated form at the chloroplast envelope
and at the thylakoids. In vitro, VIPP1 and VIPP2 form large oligomeric rod-like struc-
tures [110,111]. Fluorescence microscopy in vivo revealed high oligomerization states of
VIPP1 as punctae, indicating that VIPP1 may assemble into higher-order oligomers not only
in vitro but also in vivo [112,113]. The chloroplast chaperone system, with HSP70B-CDJ2-
CGE1 being interaction partners of VIPP, plays a role in controlling the oligomerization
state of VIPP [110]. A role in membrane vesicle traffic and in the biogenesis of the lipid
part of thylakoid membranes had been originally attributed to VIPP1 [114] while it was
later shown to be also involved in high light stress response [112,113,115]. In cyanobacteria,
VIPP1 punctae dynamically form at or close to highly curved thylakoid membranes. At
high light intensities, the membrane-bound form of VIPP1 was favored compared to lower
light intensities when more of the cytosolic form was present [112,113]. In C. reinhardtii,
both VIPP1 and VIPP2 accumulate under photoinhibitory conditions and likely play a
role in the PSII repair cycle [115]. A certain level of VIPP1 proteins was present in all light
conditions, while VIPP2 was only detectable after high light stress [116]. In C. reinhardtii,
VIPP1 knock-down lines showed defects in PSII biogenesis and in repair of photoinhibited
PSII [115]. These results indicate that VIPP1 has an important role in creating membrane
domains that favor disassembly and repair of photoinhibited PSII.

6. Conclusions and Perspectives

In the present review, we give examples that show the physiological importance and
the complexity of dynamic changes of protein associations to and within the thylakoid
membrane. The photosynthetic electron transport components (PSII, PSI, LHCII, etc.)
are heterogeneously distributed in the thylakoid membrane. The protein composition of
supercomplexes changes depending on the physiological situation. Protein movements
play a role in short-term regulatory mechanisms that protect the photosynthetic apparatus
against photo-oxidative damage. Protein–membrane associations are required for the PSII
damage–repair cycle and for the biogenesis of the photosynthetic apparatus in general.
Dynamic changes of membrane association of VDE, phytoene desaturase and PTOX allow
a regulation of their enzymatic activity by allowing access to their lipophilic substrates.
In addition, local differences in pH and in ion concentrations are likely, creating domains
which may favor membrane association of proteins. At present, it is unknown to which
degree such local domains with differences in proton or ion concentration are separated or
shared, and how much (how fast) changes in these heterogeneities are associated with the
regulation of photosynthetic electron transport.

Many questions remain open like the effects of ions and pH on the relocalization of
proteins, factors that determine the oligomerization state of proteins, associated lipids
or protein partners that allow changes in oligomerization states and in the association
of proteins to the membrane. Recent development of super resolution microscopy, and
fluorescence lifetime imaging on plants expressing fluorescent proteins, will allow better
characterization of dynamic protein localizations and structural rearrangements of the
thylakoid membrane upon exposure of plants to changes in the environment.
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Discussion and Perspectives 
 

The different aims (Figure 35) of this thesis were: 

(1) to study the light dependent assembly of the Mn cluster in vitro and in vivo using new and rare 

technologies (HF-EPR and SRM), Figure 35, blue box. 

(2) to characterise the roles of the different isoforms of the Plastid Terminal Oxidase family of proteins 

across green lineage, Figure 35, orange box. 

(3) employing the singularities of Marchantia polymorpha to show new research opportunities that this 

species can offer, Figure 35, purple box. 

 

(1) Study of Manganese homeostasis and Photoactivation 

 

Marchantia polymorpha: a future model for metal homeostasis studies 

In Messant et al., 2022, we have shown that in Mn excess conditions Marchantia is able to absorb up 

to 25 mg Mn. g DW-1 which can only be reached by hyperaccumulators (Liu et al., 2016). This can be due to 

the absence of specific transporters at the level of rhizoids or maybe its protection mechanisms against metal 

stress are so efficient that Marchantia does not need to limit Mn uptake under physiological conditions. In 

fact, metabolomic analysis has shown that some metabolites accumulate that are known to protect against 

heavy metals stress. For example, tryptophan is involved in cadmium protection (Sanjaya et al., 2008), 

putrescine and its precursor ornithine, which modulates ion transport across membranes under stress 

conditions (Pottosin et al., 2021) or citrulline, a scavenger of hydroxyl radicals and protects against oxidative 

damage (Akashi et al., 2001; 2004; Yokota et al., 2002). For the metabolome analysis, I used a library 

commonly used for Arabidopsis metabolomic analysis, but many metabolites that were detected in 

Marchantia were absent in this library. This suggests that Marchantia has different and more diverse 

metabolites than Arabidopsis. For example, N-methyl-L-Alanine greatly increases under Mn excess but this 

molecule, according to my understanding, has never been mentioned in plants. It can be hypothesised that 

it plays a similar role than β-alanine. The latter has been described to be important for the resistance to 

abiotic stress and protection against heavy metals as well as free radicals (Klapheck et al., 1988; Moran et al., 

2000). Accumulation of metabolites not present in Arabidopsis could be interesting to study in detail to see 

whether different metabolic pathways exist in liverworts compared with higher plants. Marchantia is a 

promising model to study heavy metal homeostasis in plants. It may also be a good candidate for 

phytoremediation. 

 On the other hand, Mn deficiency has been a very difficult condition to obtain. It is reasonable to 

think that gemmae have, like seeds, a quantity of Mn sufficient for their development. The substitution of 

agar by starch as a gelling agent highlights an alteration in the structure of the chloroplasts as well as in the 

level of photosynthetic activity. It is known that ion homeostasis modulates the dynamics of the thylakoid 
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membranes (Li et al., 2021). In particular, Mn deficiency leads to condensation of the thylakoid membranes 

(Mercer et al., 1962; Homan, 1967; Schmidt et al., 2016; Messant et al., 2022). Ion flows into the mesophyll 

cell and into the chloroplast are particularly controlled by ion channels. Two Mn transporters have recently 

been characterised in Arabidopsis: PAM71 (Photosynthesis Affected Mutant 71, Schneider et al., 2016) and 

CMT1 (Chloroplast Manganese Transporter 1, Eisenhut et al., 2018) whose mutants could not be obtained in 

Marchantia even by supplementing the medium with Mn. These mutations therefore lead to a drastic or 

even lethal phenotype. It would be interesting to generate RNAi mutants in the hope of obtaining an 

attenuated phenotype.  

Regarding photosynthetic activity, measurements of PSII chlorophyll fluorescence and PSI absorption point 

to an increase in cyclic electron flow as well as an increase in NPQ. All these elements show a desire to protect 

the active PSII to avoid repair and therefore photoactivation, which in the absence of a sufficient quantity of 

Mn is  more difficult to achieve. 

To conclude, the data from Messant et al., 2022 tend to show that Marchantia has different or 

possibly ancestral metal uptake, transport, regulation and protection systems to those described in higher 

plants. Their characterization could help to understand the great adaptability of Marchantia in the face of 

deficiency and excess of Mn but also for other heavy metals (Samecka-Cymerman et al., 1997). These 

mechanisms could be used for phytoremediation of transplants to plants of agronomic interest. 

 

High-Field EPR and derivative techniques: new horizons for the mechanistic study of photoactivation 

 I showed in the first part of the thesis that photoactivation is a difficult process to study whose 

intermediates have yet to be precisely determined. The preliminary experiments carried out using an O2 

electrode lead to the quantification of the Mn catalase-like activity in solution (Tikhonov et al., 2006) under 

my experimental conditions. I was able to determine that Mn catalase-like activity is unlikely to take place in 

the lumen when the pH is acidic. 

Moreover, Sun Un and I were interested in characterising the assembly steps of the Mn cluster. For 

this, we used HF-EPR and derived methods. We have determined that the photoactivation steps are 

reversible until the oxidation of two Mn(II) together. Moreover, by focusing more particularly on the binding 

of the first Mn(II), we have shown the presence of 5 water molecules (± 1) and an atom of N as ligands. The 

calculation of the distance between tyrosine D and the first Mn(II) allows us to confirm that the single amino 

acid ligand detected corresponds to the D1-His332 residue. This confirmed that the ion present in the apo-

PSII structure (Zabret et al., 2019) corresponds to Mn(II). Nevertheless, even if carboxylic groups are not 

detectable by the method used, no other ligand was detected. Interestingly, all our results can be compared 

with the structure of Mn catalase from Lactobacillus plantarum (Barynin et al., 2001, Figure 35). Indeed, the 

two Mn atoms are linked by an oxobridge and coordinated by histidine and glutamine residues, which 

resembles the configuration of Mn1 and Mn2 in the final cluster (Figure 35). Mn1 is coordinated by D1-Glu189 

and D1-His332 and Mn2 by D1-Asp342 and CP43-Glu354. This is an argument that seems to support the 
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theory of cluster evolution, derived from Mn catalase. On the other hand, the structure of apo-PSII also seems 

to point in this direction since the divalent ion is coordinated by D1-His332 and D1-Glu189. These 

observations raise the question of the proposed involvement of the D1-Asp170 residue and the presence of 

a HAS. The experiments of Nixon et al., 1992 were carried out on mutants lacking D1-Asp170. However, its 

role in the final structure of the cluster (coordination of the calcium ion) could also explain its preponderant 

importance. Furthermore, a binding site composed of a nitrogen and a carboxylic group does not specifically 

form a high affinity site for Mn and could actually be suitable for any divalent ion. Thus, one can also discuss 

the involvement of a cargo protein, able to bind Mn(II) or of an extrinsic protein whose PSII binding could 

promote Mn(II) binding. It has been shown in Synechocystis that the tetratricopeptide protein (TRP) PratA, 

that is able to bind Mn(II), is necessary to supply the first Mn(II) to the PSII precursor to initiate 

photoactivation. This hypothesis could be all the more favoured as it could explain more easily how 

photoactivation on the donor side activates QA on the PSII acceptor side (Krieger and Weis, 1993). It has been 

hypothesised that the extrinsic protein PsbP could be a Mn chaperone delivering Mn to PSII during 

photoactivation in higher plants (Bondarava et al., 2007). Moreover, Peng et al. 2006, demonstrated the 

presence of a chloroplast TRP protein, LPA (Low PSII Accumulation), involved in the assembly of PSII and the 

repair of the D1 protein. These two processes are the two physiological conditions in which photoactivation 

takes place. It would be interesting to study the role of PsbP and LPA during both photoactivation and 

recovery after photoinhibition to show whether they have homologous roles to PratA in cyanobacteria.  

 I have initiated a project on LPA proteins in Marchantia. Thalli will be transformed to obtain mutants 

of homologs LPA1, LPA2 and LPA3. Preliminary in silico analysis have shown that the expression of LPA2 is 

correlated with that of the Mn transporter CMT1 in Arabidopsis and Marchantia. If these mutants are 

obtained, it would be interesting to grow them in the dark and use the SRM to determine their involvement 

during photoactivation. Finally, recombinant protein production and even point mutations could be analysed 

by EPR to determine if and how they bind Mn. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

164 

(2) Characterization of PTOXa and PTOXb isoforms in Marchantia polymorpha 

 

Alga and Plant-type PTOXs: same activity, different roles and regulations 

In Messant et al., 2019; I highlighted the presence of two types of isoforms in the green lineage: the 

alga-type and the plant-type PTOX. The Alga-type PTOX isoforms have an elongation in Nter, absent in the 

Plant-type isoforms. The Alga-type PTOXs are close to the two isoforms present in the green algae 

Chlamydomonas, while the plant-types are close to the single isoform of angiosperms such as Arabidopsis. 

Studying Marchantia allows one to investigate the function of each of the two types since it has one of each. 

Analysis of the single mutants demonstrated that thalli do not have variegation phenotype, unlike known 

angiosperms mutants (immutans in Arabidopsis, ghost in tomato). It is possible that the two isoforms 

complement each other to some extent. Unsurprisingly, the plastoquinone pool was shown to be more 

reduced in the two single mutants. Although both isoforms catalyse the same reaction, we have shown that 

they play distinct roles in vivo. Indeed, MpPTOXb seems to be more important for chlororespiration. 

Additionally, experiments performed as in Bolte et al., 2020 could also help to determine the localization of 

the two isoforms to test the hypothesis of an always-membrane-attached isoform with access to the PQ pool, 

assumed to be MpPTOXb, and an isoform attaching to the thylakoid membrane only under stress conditions, 

assumed to be MpPTOXa. This could also offer new research perspectives concerning the transport of PTOX 

proteins to the membrane but also their interaction partners. It has been suggested that PTOX proteins are 

stored in plastoglobules. In silico co-expression analyses on Arabidopsis data have already revealed certain 

genes that code for proteins present in plastoglobules (van Wijk and Kessler, 2017) as well as proteins of the 

photosynthetic chain (data not shown). 

 

MpPTOX isoforms are not involved in carotenoid biosynthesis and protects against PSI photoinhibition 

 To go further, we have for the first time succeeded in obtaining a PTOX double mutant (Messant et 

al., 2022 submitted). We have shown that the double mutant does not possess a variegation phenotype. This 

proves that PTOX does not play the same role in carotenoid biosynthesis in Marchantia polymorpha as in 

Arabidopsis. Given the results of the analysis of metabolites for the Mn homeostasis study, it may also be 

possible that, in Marchantia, the biosynthesis of carotenoids takes place in a slightly different way to that of 

angiosperms. Then, we conclude that PTOX is important for PSI protection. We have shown that PTOX activity 

promotes PSII photoinhibition which is a protection mechanism for PSI preservation. 

On the other hand, obtaining imCRTI mutants allows to overcome the variegation phenotype and therefore 

offers new opportunities to understand the role of PTOX on the electron flow in high light. Microscopy images 

are needed to verify whether the heteroplastic of chloroplasts is still present and therefore to study the role 

of PTOX in the biosynthesis of chloroplasts. 
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Characterization of Alga-type Nter elongation and iron binding site motifs 

The in silico study on the Nter elongation of alga-type PTOX showed the presence of two or three 

helices named: 𝛂’1, 𝛂’2 et 𝛂’3. The first and the last being the most preserved and the second being the one 

that seems to have appeared later. We propose that the helices may play a role in the attachment to the 

membrane, the accessibility to the substrate or the activation and regulation of the protein. To determine 

this, additional experiments are required, such as the production of point mutations on the recombinant 

protein or the complementation of the Marchantia double mutant with a MpPTOXb Nter truncated protein. 

On the other hand, even although the catalytic sites of the two isoforms are highly conserved, their 

comparison allows to define (1) more specific patterns of iron binding sites of PTOX proteins than those 

already established in comparison with AOXs (McDonald et al., 2003; Fu et al., 2005) and (2) to define 

variations between alga and plant-type PTOX. Finally, the amino acid variations between the two types of 

isoforms will allow to identify sites for specific point mutations that could help to understand the lower 

activity of purified MpPTOXb compared to MpPTOXa. In general, the catalytic mechanism of PTOX needs to 

be elucidated, for example using the transient absorption spectroscopy. 

 

To conclude, the characterization of the two PTOX isoforms in Marchantia polymorpha has 

highlighted the importance of using models from other classes than higher plants. Indeed, this study allow 

to show the diversity of PTOX proteins and to redefine their roles by overcoming the pleiotropic effects 

present only in certain groups, as it seems to be the case for the role in the biosynthesis of carotenoids in 

certain angiosperms. On the other hand, the abundance of regulatory proteins in Marchantia, which explain 

its high adaptability, could be interesting for plant engineering. 
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(3) Marchantia polymorpha, an emerging plant model 

 

In the near future, I think that Marchantia studies will resolve many questions regarding the 

evolution of plants during the green lineage, particularly at the molecular level (metabolic pathways, 

signalling, regulation, etc.). Regarding photosynthesis, it will allow the study of lost or modified regulatory 

systems compared to angiosperms, as is the case for PTOX and Mn homeostasis. The use of a morphologically 

simpler but molecularly more complex model will undoubtedly open up new perspectives on photosynthesis 

and its protective mechanisms. 

 

Monitoring chloroplast membrane and photosynthetic complexes dynamic: the new opportunities of the 

super-resolution fluorescence Microscopy 

As I showed throughout this study, Marchantia is a plant that can adapt to all kinds of conditions and 

is difficult to stress even when mutated. In addition to the fact that it is easy to cultivate and transform, this 

characteristic makes it an essential model organism because it allows the observation of events that are 

difficult to observe in less adaptive species (photoactivation, PTOX mutation, heavy metal stress etc.). For 

this, Andrew Gall and I used super-resolution fluorescence microscopy (SRM) to determine the dynamics of 

thylakoids in two different projects: Mn homeostasis in the chloroplast and photoactivation. For Mn 

homeostasis, the principle has been to observe the membranes upon excess and starvation as discussed 

previously. While for photoactivation, the dynamics of the membranes were followed over time. We have 

shown, albeit using a limited number of regions of interest, that photoactivation of PSII and the establishment 

of the linear electron flow leads to the condensation and thus compartmentation of thylakoid membranes. 

To go further, we want to use SRM to determine the dynamics of photosynthetic complexes in different 

physiological conditions and in particular, during the establishment of protection systems of the 

photosynthetic chain (Messant et al., 2021). SRM has also the potential to distinguish the fluorescence of 

both photosystems (assuming that the experimental conditions are correct) without using modified plant 

material. On the other hand, Marchantia is easy to transform and could be used to produce tagged proteins. 

To cite just one example, the localization and dynamics of PGRL1/PGR5 proteins across the membrane could 

elucidate their roles in specific physiological conditions. Together, the technology and the emerging plant 

model offer new possibilities.   
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Figure 35: Summary of the importance of manganese and PTOX in photoactivation and photoinhibition processes 
(top left) simplified scheme of the Mn cluster at PSII donor side and PTOX at stroma-side. (in blue) Photoactivation was carried out on apo-PSII whose structure is shown at the top left (Zabret et 
al., 2019). Sun Un and I have shown that the first Mn(II) binds to an N atom and 5 water molecules (± 1) and that the N atom comes from D1-His332. We have demonstrated that intermediate D, 
formed by two Mn atoms, is stable. It is likely that their arrangements resemble the Mn catalase structure (top right, Barynin et al., 2001). At the bottom right is the structure of the fully formed 
cluster (wikipedia, from Robertazzi et al., 2014; Najapour et al., 2014; Suga et al., 2015). (in yellow) the characterization of PTOX from Marchantia polymorpha showed the presence of Alga-type 
PTOX with a long Nter part and of Plant-type. The protein sequence alignment helps to redefine the highly conserved iron binding motifs. PTOX protects PSI against photoinhibition. The role of 
each isoform remains to be defined. (In purple) Marchantia polymorpha has opened up new research opportunities on conserved mechanisms of photosynthesis, namely photoactivation and 
protection of the photosynthetic chain through the characterization of PTOX isoform.
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