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Abstract  
 

Photosynthesis is a key bioenergetic mechanism allowing photosynthetic organisms such as 

plants or algae to convert sunlight energy into chemical energy to produce sugar, while 

releasing molecular oxygen. This process takes place in a specific cellular organelle called 

chloroplast. Inside the chloroplast, the components of the photosynthetic machinery required to 

perform the photochemical part of photosynthesis, are inserted in a highly dynamic structure, 

the thylakoid membrane. Plastoglobules, small lipoprotein particles (lipid droplets) associated 

with the thylakoid membrane, are essential for chloroplast lipid metabolism, thylakoid 

formation and photoprotection. These structures contain a large diversity of neutral lipids some 

of which have strong antioxidant properties, such as tocopherols, carotenoids or plastoquinone. 

Most of the plastoglobule proteins are involved in lipids metabolisms. Among them, the 

ABC1K proteins are involved in the regulation of neutral lipid metabolism and contribute to 

the maintenance of photosynthetic activity by plastoquinone homestasis. My PhD consists in 

the study of the physiological and molecular functions of ABC1K1 protein in the early 

development of Arabidopsis thaliana. In particular, we studied its role in early chloroplast 

biogenesis under stress-enhancing red and high light conditions. 

We have discovered a new signaling mechanism in which ABC1K1 promotes the degradation 

of EX1, a singlet oxygen trigger (1O2), though the FTSH2 protease, particularly active under 

red light conditions. The accumulation of EX1 in abc1k1 and ftsh2 mutant led to the arrest of 

chloroplast biogenesis and a greening defect. Mutation of EX1 by CRISPR/Cas9 in the abc1k1 

background partially alleviated the greening defect observed in the abc1k1 mutant (Chapter 

2.1). 

During my PhD, we also observed that abc1k1 displayed a variegated phenotype under high 

light conditions, similarly to the ftsh2 mutant. This result was integrated in the publication 

called “Plastoquinone homoeostasis by Arabidopsis proton gradient regulation 6 is essential for 

photosynthetic efficiency” published in the scientific journal “Communication Biology” in 

2019 (Chapter 2.2).  

Finally, we have shown that the dark re-oxidation of the photoactive plastoquinone pool is 

impaired in the abc1k1 mutant suggesting a defect in the plastoquinone mobility. This defect is 

restored in the abc1k1/abc1k3 double mutant. This result was integrated in the publication 

“Mutation of the Atypical Kinase ABC1K3 Partially Rescues the PROTON GRADIENT 

REGULATION 6 Phenotype in Arabidopsis thaliana” published in the scientific journal 

“Frontiers in Plant Science” in 2020 (Chapter 2.3).  

This thesis provides new insight into the role of ABC1K1 and ABC1K3 proteins in the 

regulation of early chloroplast biogenesis and photosynthesis under stressful light conditions. 

Keywords: Photosynthesis, Chloroplasts, plastoglobules, plastoquinone, ABC1K1, 

ABC1K3, Executer 1, signalling, singlet oxygen, chloroplast biogenesis, FTSH, red light.  
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Résumé  
 

La photosynthèse est un mécanisme fondamental permettant aux organismes photosynthétiques 

comme les plantes ou les algues de convertir l’énergie lumineuse en énergie chimique dans le 

but de produit des sucres, en libérant de l’oxygène moléculaire. Ce processus se déroule dans 

une organelle spécifique appelé le chloroplaste. A l’intérieur du chloroplaste, tous les 

composants de la machinerie photosynthétique requis pour effectuer la phase photochimique 

de la photosynthèse sont insérés dans une structure hautement dynamique, la membrane des 

thylakoïdes. Les plastoglobules, de petites particules lipoprotéiques (« gouttelettes lipidiques ») 

associées à la membrane des thylakoïdes, sont essentiels pour le métabolisme du chloroplaste, 

la formation des thylakoïdes et la photo-protection. Ces structures contiennent une grande 

diversité de lipides neutres dont certains possèdent de fortes propriétés antioxydantes, comme 

les tocophérols, les caroténoïdes et la plastoquinone. La majorité des protéines du plastoglobule 

sont impliquées dans le métabolisme des lipides. Parmi elles, les protéines de la famille ABC1K 

sont impliquées dans la régulation du métabolisme des lipides neutres et contribuent au 

maintien de l’activité photosynthétique à travers l’homéostasie du plastoquinone. 

 

Mon doctorat consiste à étudier les fonctions moléculaires et physiologiques de la protéine 

ABC1K1 dans le développement de jeunes plantules d’Arabidopsis thaliana. En particulier, 

nous avons étudié l’impact de la mutation d’abc1k1 sur la biogénèse des chloroplastes en 

conditions de stress lumineux comme la lumière rouge ou la forte lumière blanche. 

 

Nous avons découvert un nouveau mécanisme de signalisation dans lequel ABC1K1 stimule la 

dégradation de EX1, un senseur du singlet oxygène (1O2), à travers la protéase FTSH2 qui est 

particulièrement actif en conditions de lumière rouge. L’accumulation de EX1 dans les mutants 

abc1k1 et ftsh2 engendre l’arrêt de la biogénèse du chloroplaste qui donne un phénotype vert 

pâle aux plantules. La mutation de EX1, obtenue par CRISPR/Cas9 dans le mutant abc1k1 

permet de partiellement supprimer le phénotype pâle de abc1k1 (Chapitre 2.1). 

Durant ce doctorat, nous avons également observé que le mutant abc1k1 présente un phénotype 

particulier quand il pousse sous forte intensité lumineuse appelé « variegated phenotype », de 

manière similaire au mutant ftsh2. Ce résultat a été intégré dans la publication appelée 

“Plastoquinone homoeostasis by Arabidopsis proton gradient regulation 6 is essential for 

photosynthetic efficiency” publiée dans le journal scientifique “Communication Biology” en 

2019 (Chapitre 2.2). Finalement, nous avons montré que la ré-oxydation des plastoquinones au 

noir est affectée chez le mutant abc1k1, suggérant un défaut de mobilité ou d’homéostasis des 

plastoquinones. Ce défault est supprimé dans le double mutant abc1k1/abc1k3. Ces résultats 

ont été intégrés dans la publication appelée “Mutation of the Atypical Kinase ABC1K3 Partially 

Rescues the PROTON GRADIENT REGULATION 6 Phenotype in Arabidopsis 

haliana”publiée dans le journal scientifique “frontiers in Plant Science” en 2020 (Chapitre 2.3).  

Cette thèse ouvre de nouvelles portes concernant le rôle de ABC1K1 et de ABC1K3 dans la 

régulation de la biogénèse des chloroplastes et de la photosynthèse en conditions de stress 

lumineux. 

Mots-clés : Photosynthèse, chloroplastes, plastoglobules, ABC1K1, ABC1K3, Executer 1, 

signalisation, singlet oxygen, biogenèse du chloroplaste, FTSH, lumière rouge.
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1. General introduction  
 

1.1. Developmental plasticity of the plant 

 

Plants are sessile organisms continuously challenged by environmental changes and stress 

factors, which require a strong capacity of acclimation. The plant phenotypic plasticity allows 

coping with environmental and developmental changes.  It encompasses all the different 

phenotypes expressed by a single genotype in various environmental and stress conditions 

(Fusco and Minelli, 2010). Phenotypic plasticity is crucial for plant development, when many 

morphological and physiological changes occur. After germination in the dark, exposure of the 

seedling to light activates the de-etiolation process and plants undergo important phenotypic 

changes defined as the photomorphogenesis process.  

 

1.1.1. Photomorphogenesis 

 

Photomorphogenesis occurs upon illumination and is characterized by the opening of the 

cotyledons, arrest of the hypocotyl elongation and the full development of chloroplast 

(“greening”). This process is mostly under the control of photoreceptor families including the 

phytochromes (Phy). In Arabidopsis thaliana, five members of phytochrome family exist (Phy 

A, B, C, D and E). PhyA is involved in far red light signaling while the other Phy regulate red 

light signaling (Rockwell et al., 2006; Tripathi et al., 2019). Phytochromes are dimeric 

chromoproteins and exist in two forms: an active form (Pfr, active FR light-absorbing) and an 

inactive form (Pr, R light-absorbing) (Song et al., 2018). Upon red light illumination, the 

cytosolic inactive form of phytochrome (Pr) is converted into the active Pfr form and imported 

into the nucleus to regulate the expression of many light responsive genes. The main target of 

Pfr, is a group of basic helix loop helix (bHLH) transcription factors called PIFs, which act as 

negative regulators of photomorphogenesis (Martı́nez-Garcı́a et al., 2000). It has been shown 

that phytochrome can phosphorylate PIFs leading to their degradation via the 26S proteasome 

pathway allowing photomorphogenesis to proceed (Park et al., 2018). 

The E3 ubiquitin ligase COP1 (Constitutive photomorphogenesis protein 1) in complex with 

SPA1, is highly active in the dark and allows the degradation of many positive regulators of 

photomorphogenesis, such as HY5 (elongated hypocotyl 5) via the 26S proteasome pathway. 

HY5 is a transcription factor able to regulate many light-induced genes by binding to their 

promoters (Chattopadhyay et al., 1998). Upon illumination, COP1 is inactivated and Pfr (Phy 

B) can directly interact with SPA1 contributing to the dissociation of the COP1/SPA1 complex 

(Holm and Deng, 1999; Ponnu and Hoecker, 2021) allowing the accumulation of HY5 and the 

inhibition of hypocotyl elongation.  

Light exposure of the seedling will also lead to modifications of plastid structure and 

metabolism resulting in a plastid designed for photosynthesis: the chloroplast. 
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1.1.2. Plastids are highly flexible plant organelles 

 

Plastids are an essential family of organelles present in plant cells. They originated from an 

endosymbiotic event that occurred more than one billion years ago and involved a 

cyanobacterium and a eukaryotic cell (Gould et al., 2008; Reyes-Prieto et al., 2007; Yoon et al., 

2004). These specialized organelles are highly versatile and possess a strong plasticity allowing 

them to differentiate and to perform many diverse functions.  

The proplastid, an undifferentiated plastid, can differentiate into a leucoplast, etioplast or 

chloroplast according to the plant developmental stage and the environmental conditions. 

Leucoplasts are non-pigmented and serve mainly as storage compartments. Amyloplast and 

oleoplast are two types of leucoplasts, which accumulate starch and lipids, respectively. Two 

others types of plastids, the chromoplast and the gerontoplast generally differentiate from the 

chloroplast. Chromoplasts differentiate during fruit ripening and accumulate high levels of 

pigments, essentially carotenoids. In senescent leaves, the chloroplast thylakoid membrane is 

degraded resulting in gerontoplasts, which accumulate several thylakoid degradation products 

including triacylglycerol and phytol esters (Li and Yuan, 2013; Sadali et al., 2019). Chloroplast 

biogenesis requires light, which promotes the differentiation of the chloroplast precursor in the 

dark, the etioplast, into a photosynthetically active chloroplast. Chloroplasts possess their own 

genetic material and transcription/translation machinery. They are characterized by highly 

specific membrane structures, the thylakoids, allowing it to host the the photosynthetic electron 

transport chain. 

 

1.2. The chloroplast, an essential plant organelle 

 

1.2.1. The chloroplast structure 

 

Three membrane systems define the chloroplast structure: an outer and an inner membrane, and 

a thylakoid membrane, where the light-driven photosynthetic reactions take place (Figure 1.1). 

 

 

 

 

 

 

 

Figure 1.1. Schematic representation of the chloroplast structure (From burrosabio.net). 
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1.2.1.1. The outer and inner membrane of the chloroplast 

 

The chloroplast is delimited by an envelope, consisting of an inner and an outer membrane, 

separated by an intermembrane space. These membranes are composed mainly of 

monogalactosyldiacylglycerol MGDG, digalactosyldiacylglycerol DGDG and include a low 

proportion of phosphatidylcholine (Block et al., 1983; Mackender and Leech, 1974). 

Into theses membranes, the TIC and TOC complexes (translocons at the inner/outer chloroplast 

membranes) are inserted and responsible for the import of preproteins into the chloroplast (Paila 

et al., 2015; Richardson et al., 2014; Schnell et al., 1994). Preproteins are proteins encoded by 

the nucleus and carrying a transit peptide at their N-termini allowing their recognition and then 

their import by the TIC-TOC import machinery into the chloroplast (Keegstra and Cline, 1999; 

Keegstra and Froehlich, 1999; Kessler and Schnell, 2004; Lee et al., 2005; Smith et al., 2004). 

The TOC complex is located across the outer membrane and is mainly composed of three 

proteins: TOC 159, TOC 75 and TOC34. The TIC complex is composed of 5 proteins;  TIC 

110, TIC 20, TIC 40, TIC 21, TIC 22, and allows protein translocation across the inner 

membrane of the chloroplast (Andrès et al., 2010; Küchler et al., 2002; Schnell et al., 1997; 

Schnell et al., 1994)  (Figure 1.2).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. The TIC/TOC complex (translocon at the inner/outer membrane) (From Paila et al., 

2015). 

 

 



18 

 

1.2.1.2. The thylakoid membrane of the chloroplast  

 

The thylakoid membrane is a highly dynamic structure mostly arranged in stacks called grana 

(granal thylakoids) inside the chloroplast. The portion of the thylakoid membranes that is not 

stacked in grana is called stroma lamellae (stromal thylakoids) (Daum and Kühlbrandt, 2011) 

(Figure 1.1). This membrane is mainly composed of: two galactolipids 

monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), a sulfolipid 

(sulfoquinovosyldiacylglycerol SQDG) and a low proportion of phosphoglycerolipids, mostly 

phosphatidylglycerol (PG), phosphatidylcholine (PC) and phosphatidylinositol (PI) (Boudière 

et al., 2014). Within the thylakoid membrane there are also several neutral lipids, which 

participate in the structure of the photosynthetic complexes and in electron transport between 

and within them (plastoquinone, phylloquinone). Some of these neutral lipids possess 

antioxidant properties that are critical for light acclimation such as β-carotene/xantophyll, 

plastoquinone, plastochromanol and tocopherols (Cazzaniga et al., 2012; Havaux et al., 2005; 

Latowski et al., 2011; Szymańska and Kruk, 2010). The photosynthetic complexes are inserted 

into the thylakoid lipid bilayer. This membrane separates two different compartments inside the 

chloroplast; the space comprised inside the thylakoids is referred to as the lumen while the 

stroma corresponds to the soluble phase outside the thylakoids (Figure 1.3). This separation is 

essential for the formation of a proton gradient across the membrane and thus for the 

functionality of the ATP synthase (Junesch and Gräber, 1991).  

Small lipid droplets, with a radius from 30 to 100 nm (Lichtenthaler, 1968), are associated with 

certain regions of the thylakoid membrane, mostly the curved regions of the stromal thylakoids. 

These lipid droplets, called plastoglobules, are delimited by a lipid monolayer contiguous with 

the outer leaflet of the thylakoid membrane. Plastoglobules remain attached to the thylakoid 

after their formation (Austin et al., 2006a). 

 

Figure 1.3. Schematic representation of thylakoids membrane and photosynthetic proteins 

(From Mirkovic et al., 2017). 
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1.2.2. Chloroplast biogenesis 

 

1.2.2.1. From etioplast to chloroplast 

 

In the dark, proplastids differentiate into precursors of the chloroplast called etioplasts 

(Solymosi and Schoefs, 2010). This plastid type is characterized by the absence of chlorophyll, 

an accumulation of its precursor, protochlorophyllide, and the presence of paracrystalline 

prolamellar bodies (PLB), which contain molecules essential for the biogenesis of the thylakoid 

membrane and the synthesis of chlorophyll (Blomqvist et al., 2008; Solymosi and Schoefs, 

2010). Indeed, the PLB accumulates MGDG and DGDG, the two main components of the 

thylakoid membrane (Aronsson et al., 2008) and several proteins, linked to chlorophyll 

synthesis and the photosynthetic process (chlorophyll synthase, NADPH protochlorophyllide 

oxidoreductase, ATP synthase, cytochrome b6f). Upon illumination, lamellar prothylakoids 

emerge from the PLB, (Grzyb et al., 2013; Gunning, 2001) and the typical structure of the 

chloroplast, the thylakoid membrane, takes shape (Pipitone et al., 2021). At the same time, 

protochlorophyllide is converted into chlorophyll. The number of plastoglobules is higher in 

the etioplast and decreases during the conversion into the chloroplast (Lichtenthaler, 1968; 

Nacir and Brehelin, 2013; Sprey and Lichtenthaler, 1966). This decrease suggests that 

plastoglobules play an important role in the formation of thylakoid membranes during the 

conversion from etioplasts to chloroplasts. 

 

1.2.2.2. Mutants defective in chloroplast biogenesis: the im and var2 mutants 

 

Chloroplast biogenesis is a highly complex process and involves many cytosolic and 

chloroplast proteins. It has been shown that mutation of different genes in Arabidopsis thaliana 

can lead to severe chloroplast biogenesis defects, among them, the im (ptox) and the var2 (ftsh2) 

mutants have been well characterized. Both mutants display a variegated phenotype, 

characterized by green and albino leaf sectors (Rosso et al., 2009). The green sectors contain 

cells with normal chloroplasts whereas cells in white sectors contain abnormal chloroplasts with 

a lower pigment concentration (Aluru et al., 2001; Rédei, 1967). 

The PTOX enzyme is responsible for electron transfer from PQH2 to molecular oxygen 

producing water. This shows that PTOX contributes to the regeneration of oxidized PQ from 

its reduced form (PQH2). Consequently, the ptox mutant (im) is characterized by an over-

reduced plastoquinone pool, leading to a defect in the electron transport along the thylakoid 

membrane, in particular around PSI (Okegawa et al., 2010). The PTOX enzyme is indirectly 

involved in the desaturation reactions required for carotenoid production and the ptox mutant 

is characterized by the accumulation of the carotenoid precursor phytoene (Wetzel et al., 1994). 

The redox imbalance in the im mutant results in a variegated phenotype with green and white 

sectored leaves (Rosso et al., 2009). Studies on dark-grown seedlings suggest that PTOX has a 

central role in etioplast metabolism, specifically being involved in cyclic PSI electron flow 

mediated by PGR5 (PROTON GRADIENT REGULATION 5) and in plastoquinone redox 

regulation mediated by NDH (NAD(P)H dehydrogenase) (Kambakam et al., 2016). By acting 
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on the redox state of the plastoquinone pool, PTOX contributes to an important retrograde 

signal for the adaptation to stress conditions. 

The var2 (ftsh2) mutant also shows strong chloroplast biogenesis defects characterized by a 

variegated phenotype (Chen et al., 2000). This mutant lacks the FTSH2 chloroplast protease. 

FTSH2 is an ATP-dependent metalloprotease that belongs to the AAA (ATPase Associated 

with diverse cellular Activities) protein family and is part of the FTSH complex localized in the 

thylakoid membrane (Neuwald et al., 1999; Patel and Latterich, 1998). In Arabidopsis thaliana, 

nine out of 12 FTSH proteases are localized in chloroplast (FTSH 1,2,5,6,7,8,9,11,12) and three 

in mitochondria (Lindahl et al., 1996; Sakamoto et al., 2003; Yu et al., 2004; Yu et al., 2005). 

The most accumulated FTSH protease in Arabidopsis thaliana are FTSH2, FTSH5, FTSH8 and 

FTSH1 (Sinvany-Villalobo et al., 2004; Yu et al., 2004). These proteins form a hetero-complex 

composed of two types of subunits, A (FTSH1 and FTSH5) and B (FTSH2 and FTSH8). The 

proteins within a type are redundant, but the presence of both types is essential for the 

accumulation of a stable complex (Adam et al., 2006; Sakamoto et al., 2003; Yu et al., 2004; 

Zaltsman et al., 2005). 

It is known that the FTSH complex is involved in the degradation of several photosynthetic 

complexes and proteins such as cytochrome b6f complex (Ostersetzer and Adam, 1997) and 

the damaged  D1 proteins in the PSII repair cycle (Bailey et al., 2002; Nixon et al., 2005). This 

important process allows avoiding the accumulation of photodamaged D1 that can lead to 

photoinhibition. (Bailey et al., 2002; Sakamoto et al., 2002, 2004). Indeed, accumulation of 

ROS has been observed in ftsh mutants (Kato et al., 2009). However, no up-regulation of ROS 

related genes has been observed in theses mutants. (Miura et al., 2010). Knowing that ROS are 

important retrograde signaling molecules, these results suggest that FTSH protease may be 

involved in ROS signaling (Kato and Sakamoto, 2018). 

 Indeed, it has been shown that FTSH2 triggers 1O2 signalling through the proteolysis of 

EXECUTER 1 (EX1) (Dogra et al., 2017; Wang et al., 2016). EXECUTER1 (EX1) and EX2 are 

key components of the singlet oxygen signaling pathway (Lee et al., 2007; Zhang et al., 

2014). Mutation of both EX1 and EX2 largely suppresses chloroplast 1O2 signaling observed 

in the flu mutant (Kim and Apel, 2013; Kim et al., 2012; Wagner et al., 2004) and, in 

addition, ex1/ex2 mutant was reported to have a defect in chloroplast biogenesis during embryo 

development (Kim et al., 2009). 

 

1.2.3. The photosynthesis, the main plant bioenergetic mechanism  

 

1.2.3.1. Generalities 

 

Photosynthesis is a key bioenergetic mechanism allowing plants, algae and cyanobacteria to 

convert sunlight energy into chemical energy to be used to produce organic molecules. This 

process takes entirely place inside the chloroplast. 

The photosynthetic process can be divided into two distinct phases. A first part called “light 

phase”, which is dependent on the light and results in the production of the high-energy 

molecules NADPH and ATP. A second part, which is called “dark phase”, is independent of 
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light and occurs in the stroma of the chloroplast and consists in the assimilation of CO2 into 

organic molecules such as glucose. This is accomplished using the high energy molecules 

produced during the light phase in a process known as the Calvin cycle. 

 

1.2.3.2. Structure, composition and functioning of the thylakoid photosynthetic machinery 

 

The “light phase” of photosynthesis occurs at the thylakoid membrane and consists in the 

conversion of the light energy into chemical energy. This process is driven by an electron flow 

along a chain of photosynthetic complexes inserted in the thylakoid membrane and ultimately 

leads to the production of the two aforementioned high-energy molecules: NADPH and ATP. 

The two main photosynthetic complexes are photosystem I (PSI) and photosystem II (PSII). 

The photosystems are separated in the thylakoid membrane: PSI is mainly localized in the 

stroma lamellae whereas the PSII is mainly found in the grana stacks. These complexes 

constitute a network of proteins and pigments and work in tandem to provide the energy needed 

for the Calvin cycle in the stroma. Membrane-bound peripheral light-harvesting complexes 

(LHC) surround the core of the PSII and PSI. 

The PSII core is mainly present as a dimer in the stacked regions of the thylakoid membrane.  

It consists of a heterodimer of two proteins PsbA and PsbD, also called D1 and D2 respectively 

(Pagliano et al., 2014). These proteins contain the reaction center of the PSII enclosing a 

specialized pair of chlorophylls, the chlorophyll P680, which is involved in the electron transfer 

from water to the plastoquinone molecule QB bound to the PSII core during the light driven 

reactions of the photosynthesis. The PsbA and PsbD proteins of the PSII core are associated 

with two other major proteins, PsbB (CP47) and PsbC (CP43), which are inner PSII antenna 

proteins (Figure 1.4). Other proteins (PsbE, F, H, I, J, K, L, M, N, S, W, X) play a role in the 

stabilization of cofactors binding to the PSII core (Pagliano et al., 2013). PSII is also associated 

with the oxygen evolving complex (OEC) localized on the luminal side of the thylakoid 

membrane. This complex is composed of a Mn4CaO5 cluster surrounded by 4 PSII proteins: 

PsbO, PsbP, PsbQ and PsbR (Loll et al., 2005), and constitutes the catalytic center of PSII 

responsible of the oxidation of two H2O molecules, leading to the release of one oxygen 

molecule, 4 protons (H+) and 4 electrons (Vinyard and Brudvig, 2017). The majority of PSII 

proteins are encoded by the chloroplast genome except PsbO, P, Q, R, S, W, X, which are 

nuclear encoded proteins. 

Peripheral antenna complexes transfer absorbed light energy in the form of chlorophyll 

excitation to the core of the PSII. This antenna system is composed of 6 isoforms of light-

harvesting proteins (Lhcb1-6); Lhcb1, Lhcb2 and Lhcb3 form homo- and heterotrimers known 

as the major LHCII antenna. Lhcb4, Lhcb5 and Lhcb6 (CP29, CP26, and CP24 respectively) 

are located between LHCII trimers and the core complex as monomers (Xu et al., 2017). Each 

LHCB protein is associated with 11-14 chlorophyll molecules a or b and 2-4 carotenoid 

molecules (Liu et al., 2004; Pan et al., 2011; Standfuss et al., 2005). The size of the functional 
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antenna, its composition and organization can change in response to variations of light intensity 

and spectrum. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Representation of the PSII-LHCII supercomplex. (From Caffari et al., 2014). 

 

PSI consists of a core complex composed of a heterodimer of the two major subunits, PsaA and 

PsaB, surrounded by 10 other structural proteins (PsaC, D, E, F, G, H, I, J, K, L and N) (Amunts 

et al., 2007) (Figure 1.5). Some of these proteins are encoded by the nucleus (PsaD, E, F, G, H, 

J, K, L, N) while the others are chloroplast encoded. The core complex contains 

approximatively 100 chlorophyll molecules. A specialized pair of chlorophyll, called P700, is 

located inside the reaction center of PSI and catalyzes the transfer of electrons from 

plastocyanin to the ferredoxin (Fd) to produce NADPH. The core of PSI is associated with 

protein pigment light-harvesting complexes consisting of four LHCI antennas (Lhca1-4). These 

antennas are composed of four proteins of the LHC family of chlorophyll a/b binding proteins, 

Lhca1-4. Lhca proteins are encoded by the nucleus and each protein contains 11-14 chlorophyll 

molecules (Amunts et al., 2007). 
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Figure 1.5. Representation of the PSI-LHCI super-complex (From Caffari et al.,2014). 

 

The cytochrome b6f complex (cytb6f) is functionally located between the PSII and the PSI. The 

structure of this complex has some analogies to that of its mitochondrial homologue the bc1 

complex (Breyton, 2000). cytb6f is composed of 8 subunits; four large subunits PetA, PetB, 

PetC, PetD and four small subunits PetG, PetL, PetM and PetN (Whitelegge et al., 2002), and 

allows the electron transfer from the two electron-carrier plastoquinol PQH2 to the lumenal 

single electron-carrier plastocyanine (PC) (Tikhonov, 2014). 

Figure 1.6. Schematic representation of the photosynthetic electron transport along the 

thylakoid membrane. (From Rochaix et al., 2011). 

 

The capture of a photon by the chlorophylls in PSII antennas leads to an excitation of this 

molecule increasing its energy status. The excitation is transferred between chlorophylls 

through the antenna network until it reaches the specialized chlorophyll P680 pair in the PSII 

reaction center (Figure 1.6). Excitation of P680 results in the transfer of one electron from P680 
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to the plastoquinone molecule located in the QA site of the reaction center of the PSII. P680 

thus becomes a strong oxidant capable of taking one electron provided by the OEC. 

Then, the reduced quinone QA in the reaction center transfers its electrons to the quinone QB, 

which is released from PSII into the diffusible plastoquinone pool until it reaches the cytb6f 

complex. 

The cytb6f complex catalyzes the transfer of one electron at a time from the plastoquinol (PQH2) 

to the plastocyanine (PC), which can in turn transfer its electron to the oxidized chlorophyll 

P700 in the reaction center of the PSI. Finally, the P700 excited by the chlorophylls located in 

the associated antenna, will transfer one electron to the ferredoxin and then to the NADP+ to 

form NADPH (Rochaix, 2011; Tikhonov, 2014). 

The linear electron transport produces also a proton gradient (ΔpH) across the thylakoid 

membrane. The accumulation of protons in the lumen of thylakoid allows the production of 

ATP by the ATP synthase complex located in the stroma lamellae portion of the thylakoid 

membrane. 

In parallel to linear electron transport, PSI can also perform cyclic electron transport (CEF), 

which also contributes to the formation of the proton gradient across the thylakoid membrane 

(Fork and Herbert, 1993; Munekage et al., 2004). The cyclic transport system transfers electrons 

from reduced ferredoxin or NADPH back to the plastoquinone pool and subsequently to the 

cytb6f complex (Figure 1.6), allowing to produce ATP without the accumulation of NADPH 

(Shikanai and Yamamoto, 2017). 

 

1.2.3.3. Photoprotection mechanisms: Non-photochemical quenching (NPQ), state 

transition and PSII repair cycle 

 

The action of different complexes and molecules involved in the photochemical electron 

transport needs to be finely regulated in order to maximize the photosynthesis while avoiding 

the production of potentially harmful redox species (Pospíšil, 2016). This regulation is of 

particular relevance upon changes in light quality and intensity. In conditions of high light, 

there is an excess of energy that cannot be used for photochemistry. In particular, the over-

excitation of P680 results in the production of triplet state chlorophyll (3Chl*) that can react 

with molecular oxygen producing singlet oxygen (1O2*) as well as other reactive oxygen 

species (ROS) which are toxic for the plant (Richter et al., 1990). To limit this problem, the 

photosynthetic machinery is capable of dissipating excess energy via an inducible process 

called non-photochemical quenching (NPQ). NPQ is activated by the acidification of the 

thylakoid lumen and involves PsbS, and the conversion of violaxanthin to zeaxanthin (Li et al., 

2002; Li et al., 2000; Nilkens et al., 2010). This leads to a conformational change in LHCII 

antenna which promotes the non-photochemical dissipation of the excess energy (Chen and 

Gallie, 2012; Müller et al., 2001). 

Another regulatory mechanism exists to tune the light harvesting between the two photosystems 

(PSI and PSII) known as state transitions. This process occurs when there is an imbalance of 

excitation between the two photosystems. When PSII is overexcited, a kinase (STN7) 

phosphorylates the LHCII antenna (Bellafiore et al., 2005). This phosphorylation leads to the 
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migration of a mobile part of the LHCII trimers from PSII to PSI. The LHCII redistribution 

equilibrates the light harvesting between the two photosystems. This state is called state II. The 

dephosphorylation of LHCII antenna by the PPH1/TAP38 phosphatase triggers the dissociation 

of LHCII antenna from PSI and its association back to PSII (state 1) (Shapiguzov et al., 2010). 

(Figure 1.7). It has been shown that this state transition process depends on the redox state of 

the photoactive plastoquinone pool since the reduction of this pool constitutes a signal for the 

activation of the STN7 kinase (Vener et al., 1997; Zito et al., 1999). 

 

 

 

 

  

  

 

 

Figure 1.7. Schematic representation of the state transition process (From Rochaix et al., 2011). 

During stress conditions, particularly under high light exposure, PSII can produce an excess of 

ROS. This can lead to photooxidative damage of the PSII core subunit D1 (PsbA) (Aro et al., 

1993; Pospísil, 2009). To maintain PSII activity and the substitute damaged D1 protein, plants 

have a mechanism called PSII repair cycle, consisting in the light-dependent turnover of the D1 

protein (figure 1.8).  

This process is initiated by the phosphorylation of PSII core proteins, particularly D1, D2, CP43 

and PsbH at their N-termini by the thylakoid state transition kinase homolog STN8. The 

phosphorylation facilitates the disassembly of the PSII supercomplexes in the grana stack and 

the migration of the PSII core monomer to the stroma lamellae (Herbstová et al., 2012; 

Tikkanen et al., 2008). Once there, the PSII core monomer is disassembled concomitantly with 

the release of CP43 and the oxygen evolving complex (OEC) and the D1 protein can be 

degraded. Two types of protein are involved in D1 degradation: The FTSH metalloprotease and 

Deg protease (Järvi et al., 2015; Kato and Sakamoto, 2009; Kato et al., 2012; Nixon et al., 

2005).  

After D1 degradation, a newly synthesized D1 protein is inserted into the PSII core monomer 

followed by the CP43 reassembly and by that of the OEC (van Wijk et al., 1997; Walter et al., 

2015; Zhang et al., 1999). Finally, the repaired PSII core monomer can return back to the grana 

stack to be reassembled in a dimer and supercomplexes (Theis and Schroda, 2016). 
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Figure 1.8. Schematic representation of the PSII repair cycle I) Functional PSII supercomplex 

in the grana stack of the thylakoid membrane. II) Photodamage of D1 core protein. The STN8-

dependent phosphorylation of PSII proteins including damaged D1 induced the partial 

disassembly of the PSII complex and the migration of PSII core monomer to thylakoid stroma 

lamellae. III) The PSII core monomer is disassembled and FTSH and DEG protease degrade 

the photodamaged D1 protein. IV) After De novo synthesis of D1 protein, the PSII core is 

reassembled and migrate to the grana stack of the thylakoid membrane to form PSII-LHC 

supercomplexes. (Adapted from Kato and Sakamoto., 2009). 

 

1.2.4. Communication between the chloroplast and the nucleus  

 

1.2.4.1. Retrograde signalling, a key mechanism for plant acclimation 

 

During evolution, a major part of the ancestral cyanobacterial genome (95%) has been lost or 

transferred to the genome of the eukaryotic host cell, so that only around 100 residual genes 

remain in the chloroplast (Martin et al., 2002; Martin et al., 1998; Sugiura, 1989; Timmis et al., 

2004). Consequently, many of the chloroplast proteins are encoded by nuclear genes. The 117 

chloroplast-encoded proteins are mainly related to organelle gene expression (OGE) or energy 

production whereas about 3000 plastid proteins with a wide variety of functions are imported 

from the cytosol (Jarvis, 2004; Keegstra and Froehlich, 1999; Kessler and Schnell, 2006). In 

order to coordinate the gene expression and the protein production between the nucleus and the 

chloroplast, the cell has evolved a retrograde/anterograde signaling system, allowing the 

communication between these two cellular compartments. This regulation is critical for the 

development of the plant and its stress resistance. 
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Nuclear genes encode the majority of proteins involved in OGE, thus allowing direct nuclear 

control of the OGE. This control is part of an anterograde signaling system. Conversely, the 

chloroplast can also modulate the expression of some nuclear genes through several retrograde 

signaling pathways. 

The retrograde signaling allows the transmission of information about the physiological and 

developmental states of the chloroplast to the nucleus in order to modulate the expression of 

specific set of nuclear genes. The chloroplast retrograde signals are needed for the chloroplast 

and photosystem development, but also for the adaptation to environmental changes (Kleine 

and Leister, 2016). 

 

1.2.4.2. Several molecules can act as retrograde signalling factors  

 

Up to now, several sources of retrograde signaling have been identified and characterized:First, 

intermediates of the tetrapyrrole biosynthesis pathway have been reported to act as retrograde 

signaling molecules, leading to a modification of nuclear gene expression. 

A genetic mutant screen using the bleaching herbicide norflurazon, an inhibitor of carotenoid 

biosynthesis, allowed the identification of some mutants affected in retrograde signaling, these 

mutants were called “Gun mutants” for genome uncoupled (gun) (Susek et al., 1993) (figure  

1.9).  

The gun2 and gun5 mutants are both impaired in enzymes involved in tetrapyrrole biosynthesis. 

The GUN5 locus encodes for the H-subunit of Mg-chelatase and gun5 is characterized by a 

reduced level of Mg-protoporphyrin IX (Mg-ProtoIX) and therefore a reduced level of 

chlorophyll (Mochizuki et al., 2001). The GUN2 locus encodes a heme oxygenase, and the 

corresponding mutant displays a pale phenotype due to the accumulation of heme which is part 

of the feedback inhibition of the early step of tetrapyrrole biosynthesis (Terry and Kendrick, 

1999). These mutants are both characterized by a reduced level of Mg-ProtoIX and by an 

impairment of retrograde signaling manifest in the expression of photosynthesis-associated 

nuclear genes (PhANG) even under norflurazon treatment when chloroplasts do not properly 

develop (Strand et al., 2003). In addition, treatment with norflurazon of wild type seedlings has 

been shown to increase the level of Mg-ProtoIX and down-regulate the expression of nuclear 

photosynthetic genes, supporting the hypothesis in which Mg-ProtoIX acts as a retrograde 

signaling molecule to repress the nuclear gene expression under stress condition such as 

norflurazon treatment (Strand et al., 2003).  

Other intermediates of the tetrapyrrole biosynthetic pathway have been proposed to trigger 

retrograde signaling. In the gun6-1D mutant, which overexpressed the plastid ferrochelatase 1 

(FC1, heme synthase) the PhANG expression is increased, suggesting that heme accumulation 

may act directly on PhANG expression (Woodson et al., 2011). However, it cannot be excluded 

that the heme-related signal acts indirectly on PhANG expression, by inducing the reduction of 

the level of Mg-ProtoIX. Interestingly, analysis of the gun1 mutant, suggests that GUN1 is 

acting downstream of the Mg-ProtoIX signal. Indeed, treatment of norflurazon grown gun1 

seedlings with dipiridyl (DP), a compound known to increase the level of Mg-ProtoIX fails to 

restore the repression of Lhcb gene expression, while in gun2 and gun5 mutant, DP treatment 
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restores the PhANG. Moreover, ABAI4, a nuclear transcription factor, has been identify as a 

nuclear component of retrograde signaling.  

The genetic analysis of the aba1 mutant revealed an accumulation of Lhcb gene expression 

even when the chloroplast is impaired, similarly to gun mutants. Interestingly, overexpression 

of ABI4 restored the gun1 phenotype, demonstrating that ABI4 acts downstream of GUN1 in 

retrograde signaling pathway (Koussevitzky et al., 2007; Zhang, 2007). Taken together, these 

results suggest that Mg-ProtoIX or heme signals may not directly trigger the retrograde 

signaling but rather be integrated in the GUN1-ABA14 pathway to repress PhANG.   

Another well-described retrograde signaling pathway is the SAL1-PAP pathway. SAL1 is a 

phosphatase found in both mitochondria and chloroplast which negatively regulate the level of 

PAP (3’-phosphoadenosine 5’-phosphosulfate) by dephosphorylating PAP into AMP 

(adenosine monophosphate). Therefore, the sal1 mutant is characterized by an accumulation of 

PAP. PAP has been shown to inhibit the exoribonuclease XRN2, 3 and 4 involved in the 

degradation of aberrant RNAs. It is proposed to act as retrograde signal since the level of PAP 

increased during high light or drought stress (Estavillo et al., 2011). This is consistent with the 

observation that sal1 mutant (alx8) was reported to be drought tolerant (Rossel et al., 2006).  

Transgenic lines targeting the SLA1 protein either in the nucleus or the chloroplast in the sal1 

mutant restored the level of PAP suggesting that PAP is able to move between the nucleus and 

the chloroplast to relay retrograde signaling (Estavillo et al., 2011). Finally, analysis of global 

gene expression in the sal1 mutant revealed an up-regulation of genes, many being involved in 

drought, heat, wounding and cold, demonstrating the involvement of SAL1-PAP pathway in 

stress-retrograde signaling (Wilson et al., 2009). More recently, the SAL1-PAP pathway has 

been shown to be involved in iron homeostasis since mutation of this pathway lead to the up-

regulation of three ferritin genes AtFER1, AtFER3, and AtFER4  (Balparda et al., 2020). 

A further source of retrograde signaling is associated with the redox state of the chloroplast. 

The over-accumulation of reactive oxygen species (ROS) such as hydrogen peroxide H2O2 or 

hydroxyl radicals (OH*), can also act as retrograde signals and modulates the expression of 

nuclear genes, especially during stress conditions (Galvez-Valdivieso and Mullineaux, 2010; 

Pogson et al., 2008; Rossel et al., 2002; Slesak et al., 2007). In particular, singlet oxygen (1O2) 

is responsible for most photosynthetic damage occurring inside the chloroplast under stress 

conditions (Triantaphylidès et al., 2008) and was reported to act as a retrograde signal 

modulating the expression of nuclear photosynthetic genes during cotyledon greening (Page et 

al., 2017). The role of 1O2 in cell death signaling has been well characterized, in the flu mutant, 

a mutant that over-accumulates protochlorophyllide in the dark due to the absence of the FLU 

negative regulation of tetrapyrrole biosynthesis. Upon illumination, the accumulated free 

photosensitizing protochlorophyllide lead to the release of 1O2 and therefore, to the bleaching 

of seedlings (Meskauskiene et al., 2001; op den Camp et al., 2003). Genetic screening allowed 

the identification of suppressors of the flu mutant, including the EXECUTER 1 and 2 protein 

(EX1) (Wagner et al., 2004). Mutation of EX1 and EX2 together largely suppress 

the upregulation of chloroplast 1O2 signaling and the bleaching of seedlings observed in the flu 

mutant (Lee et al., 2007) showing that the bleaching of seedlings is not due to oxidative damage 

that the accumulation of 1O2 may produce, but rather to the EX1/EX2 mediated signaling. 
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Interestingly, a genetic screen allowed the identification of a suppressor of the flu/ex1 mutant 

with a flu-like phenotype, named SAFE1 (Wang et al., 2020). Whereas the up-regulation of 
1O2-induced signaling observed in flu mutant is suppressed in the flux/ex1 mutant, the 

flu/ex1/safe1 triple mutant shows 1O2-induced signaling similar to those observed in flu single 

mutant. Moreover, analyses of the chloroplast ultrastructure showed chloroplast degradation in 

the flu mutant, which is suppressed in flu/ex1 double mutant. Whereas the number and the size 

of plastoglobules is unaffected in flu and flux/ex1 mutant after the release of 1O2, flux/ex1/safe1 

displays a large increase in both size, number and fusion of to each other and with thylakoid 

stacks to form “dumbbell-shaped conglomerates on GMs”. It was concluded that SAFE1 is a 

suppressor of the 1O2-Induced EX1 independent pathway and protects grana margin from 1O2. 

Other molecules have been reported to be 1O2 sensors in the grana core of the thylakoids such 

as some oxidation products of β-carotene. β-carotene plays a major role in the photoprotection 

of PSII thanks to its capacity to physically quench 1O2 and triplet chlorophyll, the main source 

of 1O2 in plant leaves. These molecules are able to deactivate 1O2 to the unreactive ground state 

through a direct energy transfer between both molecules, and to dissipate its excess energy to 

the environment (Stahl and Sies, 2003). In addition to the physical quenching of 1O2, β-carotene 

can perform chemical quenching, by being oxidized to various compounds such as aldehydes, 

ketones, endoperoxides, epoxides and lactones (Havaux, 2014; Ramel et al., 2012a). Among 

them, β-cyclocitral has been reported to act as an important signal molecule particulary under 

photoxidative stress (Ramel et al., 2012b). External addition of different concentrations of β-

cyclocitral to Arabidopsis plants has revealed a strong induction of 1O2 related genes, many of 

which are involved in oxidative stress response, cellular sensing and defense. Interestingly, 

according to the localization of the production site of 1O2, grana core or grana margin, the 1O2-

induced signaling can follow two distinct pathways. In the first one, the light stress induced the 

production of 1O2 in the PSII grana core and lead to the accumulation of β-cyclocitral which 

acted as a retrograde signaling molecule to allow plant acclimatation by activating genes 

involved in stress response and detoxification. In the second pathway, the accumulation of 1O2 

in the PSII thylakoid grana margin (GM) can be detected by the EX1 protein which is then 

degraded by FtsH to induce modification of nuclear gene expression leading to acclimation or 

cell death  (Dogra and Kim, 2020) (figure 1.10). 

Similarly, the redox state of the photoactive plastoquinone (PQ) pool, a molecule involved in 

photosynthetic electron transport, is also a major player in retrograde signaling. The redox state 

of this PQ pool plays the role of a “sensor” of photosynthetic efficiency, since it is directly 

affected by changes in environmental conditions, especially light variations (Jung and Mockler, 

2014; Karpinski et al., 1999). It has been shown that the redox state of the PQ pool can affect 

the expression of about 750 nuclear genes, many of which are involved in the stress response 

(Jung et al., 2013), and can regulate nuclear alternative splicing (Petrillo et al., 2014).  
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Figure 1.9. Schematic representation of GUN signaling in the tetrapyrrol biosynthetic pathway 

inside the chloroplast (from Kleine and Leister, 2016). 

 

 

 

 

 

 

 

 

 

Figure 1.10. Schematic representation of singlet oxygen retrograde signalling in the grana core 

and grana margin of the thylakoid membrane (From Dogra et al., 2020) 

 

1.3. Plastoglobuli constitute a highly dynamic microdomain of the thylakoid membrane 

 

1.3.1. Structure and composition of plastoglobuli 

 

The thylakoid membrane possesses microdomains known plastoglobules (PG) (Austin et al., 

2006b). These globular structures were first observed in the 1960s. Owing to their osmiophilic 

properties due to the presence of unsaturated lipids they could easily be observed using electron 

microscopy. PG are lipid droplets ranging from 30 to 100 nm in diameter (Greenwood et al., 

1963; Lichtenthaler, 1968; Spurr and Harris, 1968). These lipid droplets are delimited by a lipid 

monolayer that is contiguous with the outer leaflet of the thylakoid membrane. The structure of 

PG consists of a core of neutral lipids surrounded by a monolayer of polar lipids associated with 

proteins (Kessler et al., 1999). Biochemical studies revealed that the core of these lipid droplets 
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contained a variety of neutral lipids including prenylquinones (plastoquinone (PQ), 

phylloquinone (vitamin K1), plastochromanol-8 (PC8)), as well as tocopherols (vitamin E), 

carotenoids, phytylesters and triacylglycerol (TAG) (Gaude et al., 2007; Lichtenthaler and 

Peveling, 1966; Lippold et al., 2012; Tevini and Steinmüller, 1985; Vidi et al., 2006; Zbierzak 

et al., 2009). PG also contained a small amount of polar galactolipids and proteins, many being 

involved in lipid metabolism (Eugeni Piller et al., 2012a; Grennan, 2008; Ytterberg et al., 2006). 

The number, the size and the composition of PG fluctuate with the plastid type, the plastid 

developmental stage and the environmental conditions. 

 

1.3.2. Role of plastoglobuli in chloroplast differentiation and metabolism 

 

The decrease of PG number during the differentiation from etioplasts to chloroplasts suggested 

that these structures play an important role in the formation of thylakoid membranes probably 

by supplying chemical building blocks to thylakoid lipid biosynthesis such as that of MGDG 

(Rottet et al., 2015). Similarly, during chloroplast senescence, the disassembly of the thylakoid 

membrane and the increase of PG size and number can be observed, supporting the fact that PG 

and thylakoid membrane functionally interact (Tuquet and Newman, 1980).  

PG are a major site of lipid metabolism and storage since most of the plastoglobular proteins 

are known or have been predicted to be involved in related processes. Similary, PG are involved 

in the final steps of the biosynthesis of plastochromanol (PC8), phylloquinone as well as α-

tocopherol (Eugeni Piller et al., 2012b) (Figure 1.11). The tocopherol cyclase VTE1 (Vitamin 

E-deficient 1) is involved  both in PC8 and tocopherol biosynthesis and shows how PG-

embedded enzymes may interact with neutral lipids: a domain spanning the polar lipid 

monolayer allows it to contact the neutral lipids within the plastoglobule (Austin et al., 2006a; 

Mène-Saffrané et al., 2010).  

In addition to their role in plastid differentiation and lipid metabolism, PG also play a role in 

stress responses. The number and the size of PG increases during various stress such as high 

light, heat, drought stress and nitrogen starvation, suggesting a role of PG in stress response and 

chloroplast acclimation (Ben Salem-Fnayou et al., 2011; Gaude et al., 2007; Zhang et al., 2010). 

The presence of antioxidant molecules inside PG such as carotenoids, plastoquinone or 

tocopherol may also play a protective role during stress exposure. PG also play a critical role 

during tomato fruit maturation and have been identified as a site of colored carotenoid 

biosynthesis. Four enzymes of the carotenoid biosynthesis pathway have been localized in red 

pepper PG: ζ-carotene desaturase (ZDS), lycopene β-cyclase (LCY) and two β-carotene 

hydroxylases 2 (CHY2) (Ytterberg et al., 2006). (Simkin et al., 2007b) 

Although the role of PG has been relatively well studied, mechanisms regulating the PG 

proteome and its lipid composition as well as the role and mode of action of several PG-

associated proteins remain largely unknown. 
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Figure 1.11. Prenylquinone metabolism inside chloroplast plastoglobules.  

PQ-9, plastoquinone; PQH2-9, plastoquinol; PC8: plastochromanol-8; MPBQ, 2-methyl-6-

phytyl-1,4-benzoquinol; DMPBQ, 2,3-dimethyl-5-phytyl-1,4-benzoquinol (From Eugeni Piller 

et al., 2012). 

 

1.3.3. The plastoglobule as a lipoprotein particle 

 

The core proteome of PG is composed of approximately 30 proteins (Lundquist et al., 2012b; 

Vidi et al., 2006; Ytterberg et al., 2006) among which, the most abundant are structural proteins 

called Fibrillins (FBN) and members of the Activity of BC1 complex Kinase (ABC1K) family 

(Table 1.1).  
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Table 1.1. List of identified plastoglobule proteins. (Adapted from Lundquist et al., 2012b). 

FBN proteins are considered structural proteins and possess a predicted lipocalin motif, which 

may bind and facilitate transport of small hydrophobic molecules such as plastoquinone (Laizet 

et al., 2004; Simkin et al., 2007a; Singh et al., 2012; Singh and McNellis, 2011). Furthermore, 

some evidence shows that fibrillin proteins play a role in stress resistance and protection of the 

photosystem from photodamage (Otsubo et al., 2018; Singh et al., 2010; Torres-Romero et al., 

2020). 
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ABC1K are atypical, predicted protein kinases conserved from prokaryotes (archaea and 

bacteria) to eukaryotes and possess a conserved kinase domain containing regions essential for 

ATP binding and phosphotransfer reaction (Scheeff and Bourne, 2005). In eukaryotes, these 

proteins are known to be localized in chloroplast and mitochondria (Lundquist et al., 2012a) . 

In mitochondria, ABC1Ks function in ubiquinone biosynthesis and is necessary for the 

respiratory chain (Bousquet et al., 1991; Brasseur et al., 1997; Do et al., 2001). In the 

chloroplast, the exact roles of ABC1Ks remain largely unknown, but the evidence so far 

suggests that they may be important regulators of chloroplast lipid metabolism and 

suborganellar distribution. 

 

1.4. The role of ABC1-like kinase proteins in chloroplast metabolism 

 

1.4.1. Overview of ABC1-like kinase proteins 

 

1.4.1.1. ABC1K phylogeny from prokaryotes to eukaryotes 

 

ABC1K homologs are found in bacteria, yeast, human and plants, and belong to the super 

family of the protein kinase-like (PKL), which can be divided into two groups: the ePKs 

(eukaryotic protein kinases) and the atypical protein kinases (aPKs). Among the group of aPKs, 

the ABC1-like kinase is classified as an eukaryotic protein kinase-like (ELKs) (Lundquist et 

al., 2012a) (Figure 1.12). Although there is no direct evidence of ABC1Ks mediated 

phosphorylation, some studies support the hypothesis that this protein has a kinase activity 

(Martinis et al., 2013; Xie et al., 2011). 

The alignment of 100 full length ABC1K sequences from different angiosperm species revealed 

that the ABC1 kinase domain, containing 350 amino acids and twelve conserved motifs, is well 

conserved. Five of these motifs are also found in the ePK family (motif III, IVa, IVb, VIIb and 

VIII). Among these highly conserved motifs, III, IVa, and IVb are involved in ATP binding, 

the motif VIIb in catalysis and VIII in Mg2+ chelation. 

Protein homologs of ABC1K in Saccharomyces cerevisiae (ABC1/Coq8 (coenzyme Q 

biosynthesis) and in Escherichia coli (YigR) are both required for the regulation of ubiquinone 

synthesis (Do et al., 2001; Poon et al., 2000; Xie et al., 2011). In yeast, ABC1/Coq8 protein 

regulates the redox activity of the mitochondrial bc1 complex involved in cellular respiration 

(Do et al., 2001).  In humans, the ABC1-1 homolog CABC1 or ADCK3 is also required for the 

synthesis of ubiquinone and mutant of this protein leads to defect in the respiratory chain and 

causes severe neurological disorders  (Mollet et al., 2008). Recently, It has been shown that 

additional ABC1K homologs in mitochondria are required for subcellular distribution of 

ubiquinone (Kemmerer et al., 2021). Although the role of ABC1 homologs has been studied in 

mitochondria and bacteria, comparatively little is known about the role of the plant ABC1K 

proteins localized in the chloroplast. 
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Figure 1.12. Classification of the protein kinase-like (PKL) family (From Lundquist et al., 

2012a). 

1.4.1.2. ABC1K homologs inside the chloroplast 

 

Among the 17 members of the ABC1K family in Arabidopsis, eight localize in plastids and 

nine in mitochondria. Moreover, six of these eight ABC1Ks have been found in the 

plastoglobule proteome (1, 3, 5, 6, 7, 9) (Lundquist et al., 2012b; Vidi et al., 2006; Ytterberg et 

al., 2006). These conserved kinases are expected to have an important role in the regulation of 

chloroplast physiology potentially being involved in the coordination of plastoglobule functions 

with the rest of the chloroplast. For instance, ABC1K7 has been shown to be involved in 

chloroplast lipid metabolism, oxidative stress response, iron distribution and  crosstalk between 

abscisic acid and ROS signaling (Manara et al., 2016; Manara et al., 2015; Manara et al., 2013). 

In Chlamydomonas, the ABC1K6 (EYE 3) homologue is involved in eyespot assembly (Boyd 

et al., 2011). 

The colocalization of chloroplast ABC1K proteins with enzymes involved in prenylquinone 

metabolism inside the plastoglobule suggests that these kinases participate in their regulation. 

This is likely since ABC1Ks in bacteria and mitochondria of eukaryotes are involved in 

regulating ubiquinone biosynthesis (Do et al., 2001; Poon et al., 2000; Xie et al., 2011). 

However, still little is known about the molecular and physiological functions of this 

plastoglobular ABC1 kinase network. During my PhD, I will focus on the role of ABC1K1 and 

ABC1K3 proteins. 
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1.4.2. Role of ABC1K1 and ABC1K3  

 

Several previous studies have investigated the role of the ABC1K1 and ABC1K3 in 

Arabidopsis, but the mode of action of these proteins remained elusive. 

It has been shown that ABC1K1is required for the stability of chlorophyll-binding proteins in 

Arabidopsis. The abc1k1 mutant shows an accumulation of chlorophyll degradation products 

after high light exposure and is, therefore, more sensitive to photooxidative stress (Lundquist 

et al., 2013; Yang et al., 2012). In addition, this mutation alters the chloroplast prenyl lipid 

composition (Lundquist et al., 2013; Martinis et al., 2013; Martinis et al., 2014). High light 

treatment induces a decrease in the level of α, γ and δ-tocopherol and an increase of α-

tocopherol oxidation products in abc1k1 compared to wild type, while the abc1k3 mutant is 

only affected in plastochromanol PC-8 level. Knowing that α-tocopherol and PC-8 are synthesis 

by the VTE1 enzyme, these results suggested that VTE1 activities may be impaired in both 

mutants. Interestingly, in vitro analysis showed that these two kinases may act together to 

phosphorylate the tocopherol cyclase VTE1. Moreover, immunoprecipitation experiments 

suggested that ABC1K1 and ABC1K3 physically interact  (Lundquist et al., 2013; Martinis et 

al., 2013). The abc1k1 mutant also has a reduced level of β-carotene and is affected in starch 

and sugar metabolism. 

ABC1K1 was originally identified as PGR6 (proton regulation 6) (Shikanai et al., 1999) and, 

like the other pgr mutants, is conditionally defective in non-photochemical quenching (NPQ) 

and  photosynthetic electron transport, particularly under high light (Martinis et al., 2014). 

Recent data produced in our laboratory show that ABC1K1 is involved in maintaining the 

photoactive PQ pool, possibly by regulating its distribution between the thylakoid membrane 

and PG (Pralon et al., 2019). Interestingly, the abc1k3 mutation allows a partial rescues of the 

pgr6 phenotype observed in abc1k1 supporting the idea that these two kinases are functionally 

linked (Pralon et al., 2020). In summary, the evidence so far suggests the existence of a 

regulatory link between the photosynthetic activity and chloroplast metabolism, which could 

be mediated by ABC1K1 and ABC1K3. 

Recently, it has been shown that ABC1K1 has an important role in regulating plant 

development under monochromatic red light light. Indeed, abc1k1 mutant, under continuous 

red light, is characterized by a shorter hypocotyl, pale cotyledons, and a significant decrease in 

the expression of phytochrome-interacting Factors PIFs (1,3,4,5)(Yang et al., 2016). These 

transcription factors are involved in phytochrome-mediated developmental processes (Leivar 

and Monte, 2014; Pham et al., 2018) and the reduced PIF levels in abc1k1 mutants suggests 

that ABC1K1 plays an upstream role in this signaling pathway. The two major photoreceptors 

perceiving far-red and red light are PhyA (phytochrome A) and PhyB (phytochrome B). 

Analysis of the phyB-9/abc1k1 double mutant in red light has shown that abc1k1 mutation 

reduces the hypocotyl elongation typical of phyB-9, suggesting that ABC1K1 is involved in the 

regulation of plant development possibly independently or downstream of phyB in the red light 

signaling pathway (Yang et al., 2016). 
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Interestingly, analysis of hypocotyl elongation of abc1k1/abc1k3 double and 

abc1k1/abc1k3/phyB-9 triple mutants under red light strongly suggests that these two putative 

kinases have opposite activity. A tempting hypothesis was that ABC1K1 acts as a repressor of 

ABC1K3 activity. In fact, the mutation of ABC1K3 suppresses the short hypocotyl phenotype 

in abc1k1/phyB-9 and abc1k1 mutant (Huang et al., 2015; Yang et al., 2016). Taken together, 

these findings show that ABC1K1 plays an important role in chloroplast functions, and that it 

has a specific role in development; however, its phosphorylation targets and the signaling 

pathways are currently unknown. 

 

1.5. Aim of this work 

 

Whereas plastoglobules have been considered for a long time as simple lipid storage 

compartments, more and more studies revealed the importance of these lipoprotein particles for 

chloroplast metabolism and regulation. ABC1K like-kinase proteins inside the plastoglobule 

are necessary to maintain chloroplast lipid metabolism and photosynthesis; however, its 

phosphorylation targets and functional mechanisms are mostly unknown. In this context, the 

aim of this thesis is to investigate the physiological and molecular functions of ABC1K1 during 

the early development of Arabidopsis thaliana when the role of this kinase appears to be highly 

relevant. In particular, this work aims to characterize the molecular events leading to the 

chloroplast biogenesis defect observed in abc1k1 seedlings when grown under red light. 

To do that, several objectives have been established: 

- The first objective is to study the impact of white high light (500 µE) and pure red light (60 

µE, 680 nm) on the development of young seedlings, in particular by comparing abc1k1 

phenotypes and molecular defects with those of other mutants affected either in photosynthetic 

activity or chloroplast development. In particular, the sps2 mutant, which is affected in the 

solanesyl diphosphate synthase 2 (SPS2) enzyme. This enzyme catalyzes the elongation of the 

PQ prenyl side chain (Block et al., 2013; Jun et al., 2004). Therefore, the sps2 mutant has 

decreased total PQ levels and this limits the photoactive PQ pool and consequently electron 

transport chain (ETC) activity, similarly to abc1k1 (Pralon et al., 2019). However, the sps2 

mutant does not show the greening phenotype observed in abc1k1 under red light. The 

comparison of abc1k1 with sps2 as well as other mutants should therefore allow us to 

distinguish between the phenotypes of abc1k1 caused by the defect of the ETC activity from 

those related to chloroplast development.  

- To determine whether ABC1K1 is involved in a specific retrograde signaling pathway, which 

could explain the chloroplast development defect observed in abc1k1 under red light, analysis 

of ABC1K1 interaction partners will be performed. Candidate interaction partners will be 

confirmed using independent methods and further characterized with regard to their 

involvement in ABC1K1-dependent signaling. 

- Finally, we would like to confirm and understand the functional link between ABC1K1 and 

ABC1K3. The objective is to narrow down the abc1k1 molecular defects that can be 

complemented by the abc1k3 mutation, separating them from those still present in the double 
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abc1k1/abc1k3 mutant. To do so, the abc1k1/abc1k3 double mutant was compared to abc1k1 

when germinated under red light.
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Abstract 

Multiple chloroplast-to-nucleus signaling pathways contribute to the regulation of chloroplast 

biogenesis during plant greening. Here, we provide evidence for the direct implication of the 

atypical kinase ABC1K1. ABC1K1 is required for sufficient plastoquinone (PQ) allocation to 

the photosynthetic electron transport chain. Unexpectedly, mutation of abc1k1 suppresses 

greening and results in pale cotyledons under red light. This phenotype was not observed in 

other photosynthetic mutants and points to a specific signaling defect. Under red light, abc1k1 

accumulated EXECUTER1 (EX1), a trigger of singlet oxygen (1O2) signaling. Consistent with 

the role of the FTSH metalloprotease in chloroplast biogenesis and EX1 degradation, the 

FTSH2 mutant, mimicked the greening defect of abc1k1 and accumulated EX1 under red light. 

We propose that this novel ABC1K1-dependent signal is required to promote chloroplast 

biogenesis in challenging light conditions. 
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Introduction 

Photoautotrophic organisms depend on the conversion of light energy into chemical energy. In 

eukaryotes, this process, known as photosynthesis, takes place in a dedicated organelle: the 

chloroplast. Fully functional chloroplasts are therefore essential for survival of most higher 

plants. Plant embryos contain undifferentiated, non-photosynthetic proplastids. During the 

switch from heterotrophic to photoautotrophic growth they become functional chloroplasts 

(Waters and Langdale, 2009). Light is a key factor in this process and the initiation of the 

developmental process relies on signals conveyed by photoreceptors. In particular red light 

sensitive phytochromes together with the downstream PIF transcription factors play a central 

role. They activate chloroplast translation via an anterograde nucleus-to-chloroplast signal 

(Liebers et al., 2020; Yoo et al., 2019). However, the development of the chloroplast also 

requires retrograde signaling that is, at least partially, independent of PIF mediation (Martin et 

al., 2016). Five major retrograde signaling pathways have been reported: the tetrapyrrole 

biosynthesis pathway (TBP), plastid gene expression, reactive oxygen species (ROS), changes 

in photosynthetic electron transport chain (PETC) activity, and finally plastid metabolism 

(Hernandez-Verdeja and Strand, 2018). These signals are intricately interwoven and 

perturbation of one may have an impact on another as well as on different physiological 

processes. While there are existing reports chloroplast biogenesis impairement due to alteration 

of TBP signals via GUN1 (Martin et al., 2016; Tadini et al., 2020) and chloroplast gene 

expression (Liebers et al., 2020), little is known about the impact of a defective PETC signaling 

during seedling germination. Impaired PETC activity is often correlated with an increased 

production of ROS, such as hydrogen peroxide (H2O2), hydroxyl radicals (OH*) and singlet 

oxygen (1O2). 
1O2 has been reported to act as a retrograde signal modulating the expression of 

nuclear genes during cotyledon greening (Page et al., 2017). Key components of singlet oxygen 

signaling are EXECUTER1 (EX1) and EX2 (Lee et al., 2007; Wagner et al., 2004). Mutation 

of both EX1 and EX2 largely suppresses chloroplast 1O2 signaling and the ex1/ex2 mutant has 

been reported to have a defect in chloroplast biogenesis during embryo development (Kim et 

al., 2009). Further research revealed that the FTSH protease activates EX1-mediated signaling 

via EX1 proteolysis (Wang et al., 2016). FTSH also participates in the photosystem II (PSII) 

repair mechanism, thus linking 1O2 signaling to the PETC activity (Kato et al., 2009). 

Furthermore, the mutation of single subunits of the FTSH protease complex leads to a 

variegated leaf phenotype due to the arrest of thylakoid development (Sakamoto et al., 2009). 

The arrest of thylakoid development has been reported to be light independent and not due to 

PSII photobleaching (Zaltsman et al., 2005a). 

Among the PETC regulators, Activity of Bc1 Complex Kinase 1 / Proton Gradient Regulation 

6 (ABC1K1) has a reported role in early plant development. Its mutation caused a conditional 

cotyledon greening defect and hampered hypocotyl elongation by acting on downstream 

effectors of the PHYB/HY5 pathway under monochromatic red light (Yang et al., 2016). 

ABC1K1 is required for plastoquinone (PQ) homeostasis balancing PQ between the PETC 

(photoactive PQ pool) and the plastoglobuli reservoir (non-photoactive PQ pool)(Pralon et al., 

2020; Pralon et al., 2019). In particular, ABC1K1 is required to maintain the photoactive PQ 

pool when light is in excess over the PETC capacity and its mutation causes an over-reduction 
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and depletion of photoactive PQ (Ksas et al., 2015; Pralon et al., 2019). The limitation of the 

photoactive PQ pool, caused by the loss of ABC1K1, results in a defect in the induction of the 

photoprotective thermal dissipation (non-photochemical quenching; NPQ), in an imbalance of 

the PETC redox equilibrium and a limitation of electron flow (Pralon et al., 2019); the effects 

become phenotypic under high light intensity (Martinis et al., 2014). The lower level of 

photoactive PQ in abc1k1 indirectly affects the phosphorylation of thylakoid proteins. In 

particular, diminished phosphorylation was reported for the targets of the state transition kinase 

7 (STN7), such as the subunits of the light harvesting complex II (LHCII). STN7-dependent 

phosphorylation is a key component of PETC regulation and alters the LHCII organization 

around the photosystems (Bellafiore et al., 2005; Fristedt and Vener, 2011). PQ levels are also 

affected in sps2, the mutant of the solanesyl diphosphate synthase 2 (SPS2) enzyme, which 

catalyzes the elongation of the PQ prenyl side chain (Block et al., 2013; Jun et al., 2004). The 

sps2 mutant mimics the defects in PETC activity observed in abc1k1 (Pralon et al., 2019). The 

activity of ABC1K1 is counteracted by its homolog ABC1K3, as it was reported that both PETC 

activity and chloroplast biogenesis are partially restored under red light in the abc1k1/abc1k3 

double mutant (Huang et al., 2015; Pralon et al., 2020). 

We observed that the greening defect of abc1k1 is due to a chloroplast biogenesis arrest and 

separable from the perturbation of the PETC also caused by this mutation. The phenotype 

correlates with an over-accumulation of EX1 combined with diminished accumulation of the 

FTSH protease. Low concentrations of DCMU to produce 1O2 elicited EX1 degradation and 

alleviated the chloroplast biogenesis arrest in abc1k1. This study demonstrates that ABC1K1 is 

a component of PETC signaling and enhances FTSH-dependent degradation of EX1, thereby 

regulating the progression of chloroplast biogenesis. 

 

Results 

The PETC defect is separable from the greening defect under red light. 

To assess whether the greening defect, visible in abc1k1 mutant lines germinated under red 

light, was caused by the PETC defect. We compared a panel of mutants affected in PETC with 

abc1k1: stn7 (Bellafiore et al., 2005), psaL (Plochinger et al., 2016), npq1 (Niyogi et al., 1998), 

pgr5 (Munekage et al., 2002) and sps2 (Pralon et al., 2019). All of these mutants, including 

abc1k1, are unable to relieve excess excitation pressure on PSII but none of them, except 

abc1k1, had a visible greening defect under red light (Figure 2.1a). However, all of the mutants 

including abc1k1 had shorter hypocotyls under red light when compared to the WT (Figure 

2.1b) while no differences were observed under white light except for stn7 and psal 

(Supplementary figure S1). This indicated that hypocotyl elongation and the greening defect 

are separable phenomena. While hypocotyl elongation appears to be linked to photosynthetic 

activity, the greening defect may reflect impairment of a hypothetical ABC1K1-dependent 

signaling pathway. 

To narrow down the time point at which cotyledon greening was affected in abc1k1 we 

germinated the plants under white light for increasing durations before transferring them to red 

light. abc1k1 mutant plants, germinated for 48h under white light and then shifted to red light, 
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had greener cotyledons than those germinated under constant red light, suggesting that abc1k1 

interferes with chloroplast biogenesis at a very early stage when exposed to red light. 

Consistently, abc1k1 mutant plants germinated under red light for 72h (to compensate for the 

slower germination) before transfer to white light, remained compromised in cotyledon 

greening and occasionally resulting in albinism (Figure 2.1c).  

Considering the early onset of this phenotype, the greening defect likely reflects a chloroplast 

biogenesis arrest (rather than bleaching) that is specifically induced in abc1k1 by red light. We 

therefore investigated the possible role of ABC1K1 in chloroplast signaling. 

 

ABC1K1 mutation increases Executer1 and decreases FTSH2 accumulation under red 

light 

Affinity purification was carried out to identify potential signaling partners of ABC1K1 

(Supplementary Table S1). To this end, abc1k1 was complemented with a construct expressing 

a C-terminally YFP-HA-tagged version of ABC1K1 (ABC1K1:YFP-HA) under the control of 

the 35S promoter. As a negative control we used a WT line expressing a C-terminally GFP-

HA-tagged version of the N-terminus of the small subunit of RuBisCO (pSSU::GFP-HA). 

Extracts were prepared from plants of these two lines grown under white as well as red light. 

The extracts were subjected to affinity purification (Supplementary Figure S2). A list of 

putative interactors was obtained by subtracting proteins identified in the pSSU::GFP-HA 

eluate from those in the ABC1K1:YFP-HA eluate from both light conditions. The resulting list 

was enriched in chloroplast proteins, and notably a number of subunits of the NDH complex 

(supplementary table S1). Among the subset of putative interactors of ABC1K1 identified only 

in the red light eluate, we found EX1. We considered EX1 a strong candidate as it is a known 

component of the 1O2 chloroplast retrograde signaling pathway. Moreover, previous studies 

hinted at a possible function of EX1 in chloroplast biogenesis (Kim et al., 2012; Page et al., 

2017). 

A possible role of EX1 in ABC1K1 signaling may be reflected by its altered accumulation in 

the abc1k1 background. Therefore, EX1 abundance relative to wildtype (WT) was assessed by 

immunoblotting. Among the PETC mutants sps2 was selected as a negative control as it is the 

most similar to abc1k1, in terms of PETC defect, but has no greening defect under red light. 

Under red light, EX1 accumulated to higher levels in abc1k1 than in WT (2.68±0.28 and 

2.46±0.58 for abc1k1-1 and abc1k1-2 respectively) (Figure 2.2). An increased accumulation of 

EX1 under red light was also observed in the abc1k1/abc1k3 background (2.08±0.29) while its 

level in sps2 was comparable to WT (0.94±0.01). No significant difference in EX1 level was 

observed between these genotypes grown under white light (Figure 2.2). A previous report 

showed that the FTSH2 metalloprotease is involved in the degradation of EX1 and thereby 

contributes to the coordination of 1O2-dependent retrograde signaling (Dogra et al., 2017). 

Therefore, diminished accumulation of this protease could explain the higher level of EX1 

observed in the abc1k1 mutants under red light. Abundance of FTSH2 and its close homolog 

FTSH5 were assessed by immunoblotting in abc1k1, sps2 and abc1k1/abc1k3 and compared to 

WT total protein extracts. Under white light, there were no major differences. However, under 
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red light, abc1k1 mutant lines had a significantly lower level of both FTSH2 (0.37±0.11 and 

0.35±0.02 for abc1k1-1 and abc1k1-2 respectively) and FTSH5 (0.33±0.06 and 0.50±0.09 for 

abc1k1-1 and abc1k1-2 respectively) compared to WT. 

 

Eliciting EX1 degradation by 1O2 restores chloroplast biogenesis in abc1k1 under red light 

1O2 has been shown to induce post-translational oxidation of Trp643 of EX1, which promotes 

EX1 degradation (Dogra et al., 2019b). To take advantage of this mechanism the production of 
1O2 in the plants was induced by a low dose of DCMU (12.5 nM). This increases the 1O2 

production from PSII without negatively affecting PETC function (Wagner et al., 2004). 

Measurement of the hydroxyoctadecatrienoic acids (HOTEs) leve indicated that the DCMU 

treatment increased lipid peroxidation, confirming the production of 1O2, in the abc1k1 

background but not in WT (Supplementary Figure S3). 

DCMU treatment resulted in partial recovery of chlorophyll accumulation in abc1k1, visible as 

cotyledon greening under red light, while there was no measurable effect on WT, sps2 and 

abc1k1/abc1k3 chlorophyll content (Figure 2.3a, 2.3b). We determined whether the greening 

recovery in abc1k1 correlated with reduced levels of EX1: DCMU-treated abc1k1 mutant plants 

under red light, showed diminished EX1 accumulation compared to the untreated abc1k1 plants 

(0.57±0.19 and 0.81±0.26 for acb1k1-1 and abc1k1-2 respectively). In contrast, the DCMU 

treatment did not reduce EX1 accumulation in the abc1k1/abc1k3 double mutant under red light 

(2.41±0.27 compared to WT) (Figure 2.2). The levels of FTSH5 and FTSH2 proteases after 

DCMU treatment were also addressed: The FTSH2 protein level had increased, reaching a level 

close to that of WT, in abc1k1 plants treated with DCMU (0.72±0.19 and 0.72±0.13 for abc1k1-

1 and abc1k1-2 respectively). The levels of FTSH5 were the same as in WT in both of the 

abc1k1 mutant lines (1.01±0.23 and 1.07±0.38 for abc1k1-1 and abc1k1-2 respectively) (Figure 

2.2). 

To exclude that the observed changes in the EX1, FTSH5 and FTSH2 protein abundance were 

due to changes in gene expression, quantitative RT-PCR was carried out. The expression of all 

of these genes under red light was lower in the abc1k1 mutant lines than in WT and was not 

affected by the DCMU treatment (Supplementary Figure S4). This indicates that ABC1K1 is 

implicated in posttranslational protein regulation within the chloroplast, possibly promoting the 

FTSH-dependent proteolysis of EX1, rather than in the regulation of the expression of the 

corresponding genes.  

To assess the effect of the DCMU treatment on the recovery of the chloroplast biogenesis in 

abc1k1, the levels of thylakoid protein accumulation was determined by immunoblotting. 

Representative proteins for photosystem II (PsbA), photosystem I (PsaB, PsaD), cytochrome 

b6f (PetB, PetC) and ATP synthase (ATPC) were analyzed in 5 days old seedlings. Under red 

light the accumulation of all tested proteins was higher in abc1k1 seedlings treated with DCMU 

than in non-treated seedlings (Supplementary figure S5a). Analysis of PSII activity by 

chlorophyll fluorescence measurements, showed that the DCMU treatment alleviated the 

photosynthetic defect imposed by red light in abc1k1 mutants, while it had no significant effect 
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on abc1k1/abc1k3 and sps2 (Supplementary figure S5b). Additional indicators for the 

progression of chloroplast biogenesis are the degradation of the early light-inducible proteins 

(ELIPs) (CRONSHAGEN and HERZFELD, 1990) and the accumulation of mono-

galactosyldiacylglycerols (MGDG), which are membrane lipids almost exclusively present in 

the thylakoids (Pipitone et al., 2021). Both indicators support the hypothesis that DCMU 

treatment allows to overcome the arrest in chloroplast biogenesis: the ELIP protein accumulated 

in abc1k1 under red light, but decreased when the plants were treated with DCMU 

(Supplementary figure S5a). The accumulation of MGDGs under red light in the abc1k1 

mutants was very low (679.15 ± 39.22 and 688.45 ± 156.30 µg/g FW for abc1k1-1 and abc1k1-

2 respectively) compared to WT (1748.12 ± 156.18 µg/g FW). Under red light the DCMU 

treatment led to a partial recovery of the MGDG content in the abc1k1 lines (1013.13 ± 129.96 

and 874.02 ± 88.78 µg/g FW for abc1k1-1 and abc1k1-2 respectively). The MGDG content of 

the abc1k1 lines treated with DCMU was thus similar to that of the untreated sps2 line that has 

no phenotype under red light (1152.40 ± 89.83 µg/g FW). Furthermore, abc1k1/abc1k3 plants 

under all light conditions also had a slightly lower level of MGDG compared to the WT despite 

the green phenotype of both lines (Figure 2.3c). 

 

ABC1K1 genetically interacts with the executer pathway 

Altered levels of FTSH2 and EX1 correlated with the greening phenotype in abc1k1. To 

establish whether they are directly implicated, T-DNA insertion lines for the FTSH5 and 2 

proteases (var1 and var2) and for the EXECUTER genes (ex1 and ex2) were tested under red 

light. The var2 mutant, which lacks the FTSH2 protease, displayed a greening defect and a 

short hypocotyl, phenotypically mimicking abc1k1 under constant red light (Figure 2.4a).The 

FTSH5 mutant, var1, showed a milder greening defect. Finally, knockout mutations of EX1 or 

EX2 genes had no visible impact on the seedlings greening under red light. 

To compare the effect of var2 and abc1k1 mutations on chloroplast biogenesis progression, 

ELIP accumulation was assessed. Both var2 and abc1k1 had higher levels of ELIP when grown 

under red light (Figure 2.4b). Furthermore, ELIP accumulated to a higher level also when var2 

and abc1k1 mutants were germinated under high light (500 µmol photons m-2 s-1). This suggests 

that abc1k1 and ftsh2 have related chloroplast biogenesis defects, also under other light 

conditions than red light. To investigate the relationship between the greening defect and EX1 

accumulation, the levels of EX1 were assessed by immunoblotting. A higher level of EX1 was 

observed in the var2 and abc1k1 mutants compared to the WT, this effect was more evident 

under red light, while EX1 accumulated to a lower extent in plants germinated under high light, 

which correlates with a milder greening defect observed in high light for both lines (Figure 

2.4c).  

To obtain genetic evidence that the chloroplast biogenesis defect in abc1k1 mutants was 

dependent on EX1 accumulation, the EX1 gene was knocked out by CRISPR/Cas9 targeted 

mutation. Using two sgRNAs a portion of the EX1 gene was deleted (Supplementary figure S6). 

This was detectable as a change in the fragment size of the diagnostic PCR amplicon 

(Supplementary figure S7a). Homozygous abc1k1/ex1 double mutant lines were isolated and 
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verified by diagnostic PCR (Supplementary figure S7b). Homozygous double mutant lines were 

then challenged with red light. These double mutants partially recovered the greening 

phenotype when compared to abc1k1. However, the recovery was not complete and the 

phenotype of the double abc1k1/ex1 mutants was similar to that of the abc1k1 plants treated 

with DCMU under red light (Figure 2.5a). To confirm this observation, the chlorophyll content 

of WT, abc1k1 and two abc1k1/ex1 lines grown under white as well as red light was measured. 

The chlorophyll content observed in the double mutant was significantly higher than that of the 

abc1k1 parental line in both light conditions (Figure 2.5b). The impact of ex1 mutation in the 

abc1k1 background on the accumulation of FTSH2 and LHCB1 was assessed by 

immunoblotting. The accumulation of these proteins correlated with the greening phenotype. 

Both proteins accumulated to higher levels in the abc1k1/ex1 double mutant under red light 

when compared to abc1k1 (Figure 2.5c). Consistently, the level of ELIP was lower in 

abc1k1/ex1 lines compared to abc1k1.  

 

Discussion 

In this study, we show that the atypical kinase ABC1K1 plays a role in regulating the early 

phases of chloroplast biogenesis, as a potential relay between PSII activity and the regulation 

of the chloroplast biogenesis via the EX pathway. Under red light the loss of ABC1K1 results 

in an irreversible greening defect in the cotyledons and a short hypocotyl. We show here that 

these two phenotypes can be separated. The greening phenotype is specific for abc1k1 whereas 

the short hypocotyl is a common trait in a panel of mutants affected in the regulation of the 

PETC. The defective elongation of the hypocotyl in abc1k1 has been investigated previously 

and attributed to a perturbation in downstream phytochrome signaling (Yang et al., 2016). A 

possible explanation is that red light at 680nm overexcites PSII and that the mutants are unable 

to release the excitation pressure. Thereby, the PETC may generate a retrograde signal that 

ultimately converges with phytochrome pathway. Unlike the abc1k1 mutant, the panel of 

photosynthetic mutants did not show a greening defect under red light suggesting that it is, at 

least partially, independent from the PETC. In the abc1k1 mutant the photosynthetic defect has 

been attributed to a lack of PQ in the PETC. In this regard the sps2 mutant, defective in PQ 

biosynthesis (Block et al., 2013), closely mimics the photosynthetic phenotype of abc1k1 

(Pralon et al., 2019) but not the greening defect under red light. For this reason, we used sps2 

as a reference, to isolate the photosynthetic defect from that of chloroplast biogenesis. Whereas 

SPS2 is simply a biosynthetic enzyme, ABC1K1 belongs to the family of atypical kinases that 

may have signaling functions beyond the allocation of PQ to the PETC.  

Following up on potential signaling functions of ABC1K1, we identified EX1 as a potential 

interactor under red light in a co-isolation experiment (Supplementary table S1). In support of 

this notion, EX1 accumulated to higher levels in abc1k1 of under red light than in the WT 

(Figure 2.2). However, the higher level of EX1 was not due to increased transcription 

(Supplementary figure S4). The phenotype of abc1k1 in red light suggests that EX1 

accumulation is linked to the arrest of chloroplast biogenesis visible as the greening defect. The 

hypothesis that EX1 could be involved in greening has also been explored by Page and 

coworkers (Page et al., 2017), which showed an increase in EX1 gene expression in seedlings 
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showing a chloroplast biogenesis arrest induced by far-red light pre-treatment. The factors 

promoting EX1 proteolysis in programmed cell death signaling: singlet oxygen (Wagner et al., 

2004) and FTSH-dependent degradation (Dogra et al., 2017; Wang et al., 2016), are potentially 

involved also in EX1 proteolysis in seedlings germinating under red light. When abc1k1 

seedlings were germinated on DCMU, a herbicide inducing singlet oxygen production from the 

PSII by blocking the PETC (Trebst, 1980), the level of EX1 under red light decreased (Figure 

2.2). Furthermore, the ftsh2 mutant (var2) failed to degrade EX1 under red light (Figure 2.4c). 

However, the accumulation of EX1 alone did not appear to be sufficient to cause the greening 

phenotype; in fact, the abc1k1/abc1k3 double mutant had no visible phenotype under red light, 

but still accumulated the EX1 protein (Figure 2.2). This suggests that the presence of ABC1K1 

is required to promote EX1 degradation independently from a visible greening defect.  

The observation that the ftsh2 mutant (var2), had a similar greening defect as abc1k1 under red 

light points to FTSH2 as a central component in the pathway (Figure 2.4a). Under red light the 

abc1k1 mutant had a lower level of FTSH2. This would be expected to have a broader effect 

on chloroplast proteins than just regulating the level of EX1, as this metalloprotease has been 

reported to act on essential proteins of the PETC (reviewed in (Kato and Sakamoto, 2018). Our 

results are consistent with the FTSH threshold model, which proposes that the chloroplast 

biogenesis defect in the ftsh mutants is due to insufficient FTSH activity relative to the rate of 

protein synthesis (Chen et al., 2000; Yu et al., 2008; Zaltsman et al., 2005b). In fact, the ftsh5 

mutant (var1) had a milder greening defect under red light, and the greening recovery in the 

double abc1k1/ex1 and abc1k1/abc1k3 mutant correlates with higher accumulation of the FTSH 

metalloproteases (Figure 2.5c, figure 2.2). 

To rationalize these results, we propose a model in which ABC1K1 enhances the proteolysis of 

EX1 by FTSH (Figure 2.6) potentially as a transient component of the signalosome proposed 

by (Dogra et al., 2019b). As ABC1K1 is also involved in the regulation of the PQ homeostasis 

(Pralon et al., 2019), it is tempting to suggest that the redox status of the photosynthetic PQ 

pool, and/or the concentration of photoactive PQ, may be factors regulating ABC1K1 signaling 

activity and/or its interaction with EX1. Thereby, ABC1K1 provides a link between the PETC 

and the executor pathway. The contribution of ABC1K1 during chloroplast biogenesis would 

thus act synergistically with the FTSH complex; both are involved in maintaining the PETC 

homeostasis, FTSH by acting on the PETC proteins (Järvi et al., 2016) and ABC1K1 on the 

photoactive PQ pool, and both are implicated in the chloroplast retrograde signaling via EX1. 

The complementation of abc1k1 greening phenotype by the mutation of ABC1K3 would act by 

alleviating the PETC defect (Pralon et al., 2020) and thus the retrograde signals generated by a 

damaged PETC (Dogra et al., 2019a; Zaltsman et al., 2005a), rather than on the EX pathway. 

Therefore, the greening defect of abc1k1 is the result of the combination of the PETC defect 

with the executor pathway defect.  

In conclusion, we show that the abc1k1 defect, as well as that of other PETC mutants, results 

in a suppression of the hypocotyl elongation under red light. However, ABC1K1 is also 

implicated in a separate signaling pathway that contributes to the regulation of the protein 

homeostasis during chloroplast biogenesis by the FTSH metalloprotease. The ABC1K1-
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dependent signals elicit the degradation of EX1 by the FTSH metalloprotease. This signaling 

pathway is light dependent and becomes essential for chloroplast biogenesis in challenging light 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 

 

Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. The photosynthetic defect of abc1k1 mutants does not explain the pale green 

phenotype. WT, abc1k1-1 stn7, psal, pgr5, npq1 and sps2 seedlings grown on 0.5 X MS 

medium for 5 days under continuous white light (80 µE) or continuous red light (60 µE). a) 

Visible phenotype, b) Length of the hypocotyl by genotype of seedlings grown under 

continuous red light (60 µE). The whiskers and box plot shows the minimum, first quartile, 

median, average, third quartile and maximum of each dataset, points indicate individual 

samples, outliers are indicated by a bigger point (WT n=13, abc1k1-1 n=14, , stn7 n=17, psal 

n=18, pgr5 n=23, npq1 n=18 and sps2 n=19). The letters identify statistically different groups 

obtained by a Tukey-HSD post-hoc test (alpha =0.01). c) Phenotype of WT and abc1k1 

seedlings exposed to red light (left) or white light (right) until radicle emergence and then 

moved to the opposite light condition. 
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Figure 2.2. Changes in accumulation of protein EX1 and chloroplast FTSH proteases 

depending on genotype and light condition.  Total protein extracts from five days old 

seedlings grown under constant white light (80 µE) or red light (60 µE) with or 

without  12.5 nM of DCMU were probed for the accumulation of Executer1 (EX1), and two 

different FTSH proteases, FTSH1-5 and FTSH2-8. The numbers below the immunoblot image 

show the average protein signal intensity compared to WT under white light ± the standard 

error between biological replicates (n=2 for EX1, n=3 for FTSH1-5 and FTSH2-8). In red are 

marked the samples showing a statistically significant difference from WT white light from a 

Tukey HSD post-hoc test following a Kruskal-Wallis test (p<0.05).  
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Figure 2.3. Effect of DCMU treatment on seedlings under white and red light. Col-

0, abc1k1-1, abc1k1-2, abc1k1/abc1k3 and sps2 seedlings were grown under constant white 

light (80 µE) or constant red light (60 µE, peak 680nm) on standard 0.5x MS media or the same 

media supplemented with 12.5 nM DCMU  a) Representative image of the phenotype of the 

seedlings 5 and 10 days after germination. b) Chlorophyll levels in seedlings 5 days after 

germination, the bar plot shows total chlorophyll, chlorophyll a and chlorophyll b 

concentrations. Error bars indicate ± SD (n=3). c) MGDG content in seedlings 5 days after 

germination, the bar plot shows total MGDG and Error bars indicate ± SD (n=3). The letters in 

b and c identify statistically different groups obtained by a post-hoc Fisher's analysis (alpha 

=0.05).  
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Figure 2.4. abc1k1 and ftsh2 have a similar defect in chloroplast biogenesis under light-

induced stress. WT, abc1k1-1, var2, var1, ex1 and ex2 seeds were germinated under constant 

white (80 µE), constant red light (60 µE) or constant high light (500 µE). a) Visible phenotype 

of 5 days old seedlings for all the genotypes. b) representative  image of immunoblot showing 

the levels of accumulation of ELIP and c) EX1 in WT, abc1k1 and var2 genotypes. The 

numbers below the band represents the signal intensity compared to WT for each light condition 

± the standard error SE ( n= 3 biologicallyindependent replicates). In red are marked the 

samples showing a statistically significant difference from WT red light from a post-hoc test 

following a Kruskal-Wallis test (p<0.05). 
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Figure 2.5. Mutation of the EX1 gene partially restores the abc1k1 greening defect under 

red light. a) Visible phenotype of 5 days old seedlings of WT, abc1k1, and two independent 

abc1k1/ex1 lines grown under constant red light (60 µE). b) Relative total chlorophyll levels of 

5 days old WT, abc1k1, and abc1k1/ex1 A, abc1k1/ex1 B seedlings grown under constant white 

light (80 µE) or constant red light (60 µE). Error bars represent ± SD (n=2). The letters identify 

statistically different groups obtained by a post-hoc Fisher's analysis (alpha =0.1) c) Level of 

FTSH2-8, LHCB1 and ELIP protein analyzed by immunoblot in 5 days old seedlings of WT, 

abc1k1 and abc1k1/ex1 A, abc1k1/ex1 B grown under constant white light (80 µE) or constant 

red light (60 µE).  
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Figure 2.6. ABC1K1 interacts with EX1 signaling during chloroplast biogenesis. Under red 

light the pressure on the photosystem II (PSII) is increased leading to the production of singlet 

oxygen. This signal leads to the degradation of EX1 by FTSH and is integrated by the ABC1K1 

dependent signal, the contribution of both signals leads to the degradation of EX1 that allows 

the progression of chloroplast biogenesis. In the absence of ABC1K1 a combination of multiple 

factors leads to the arrest of the chloroplast biogenesis. First, EX1 cannot be efficiently 

degraded and its accumulation is a first factor arresting the chloroplast biogenesis. Second, the 

photosynthetic electron transport is impaired, and its damage leads to a negative retrograde 

signaling, blocking the chloroplast biogenesis. Third, the FTSH protease is less accumulated, 

possibly damaged by the impaired PETC activity, leading to an imbalance in the chloroplast 

protein homeostasis and contributing to arrest the chloroplast biogenesis. 
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Materials and methods 

Plant materials, growth conditions and treatments 

Arabidopsis thaliana wild-type plant refers to var. Columbia-0 (Col-0). To analyze the effect 

of ABC1K1 knock-down, two T-DNA insertion lines (SALK_068628, SALK_130499C) were 

obtained from the Nottingham Arabidopsis Stock Centre (NASC, http://arabidopsis.info). The 

abc1k1/abc1k3 double mutant was previously obtained by crossing (Pralon et al., 2020), the  

sps2 mutant was a kind gift from Gilles Basset. The  mutants used in this reports : stn7 

(N69602), npq1 (N3771), psaL (N626585), var1 (ftsh5, N271),  ex1(N502088) and ex2 

(N521694) were obtained from NASC.The pgr5 mutant was isolated as CE11-1-1 in a screen 

for high fluorescence mutants (Shikanai et al., 1999). The var2 (ftsh2) mutant was a generous 

gift from Wataru Sakamoto. To generate the abc1k1-1/ex1 double mutant, we introduced, by 

Agrobacterium-mediated nuclear transformation, a T-DNA construct containing two synthetic 

gRNAs (sgRNA) under the control of the U6 promoter, and the Cas9 gene under the control of 

the synthetic EC1 promoter that confers expression in the egg cells (Durr et al., 2018). The 

binary vector and the cloning method to insert two sgRNA were developed and described by 

Xing and coworkers (Xing et al., 2014). The chop chop software was used to design the sgRNA 

sequences targeting the EX1 coding sequence (Montague et al., 2014). The highest ranking 

sgRNA sequences were further analyzed with E-CRISP, and the two sequences with the highest 

efficacy score were chosen for the cloning (Heigwer et al., 2014). 

The abc1k1 mutant was complemented with 35S:ABC1K1-YFP-HA. The ABC1K1 coding 

sequence was synthetized directly in the pEarleyGate101 plant expression vector (Earley et al. 

2006) by GeneCust (Boynes, France) between the constitutive 35S promoter and the YFP-HA 

tag resulting in pEarlyGate101-ABC1K1. The pEarlyGate101-ABC1K1 plasmid was 

introduced by electroporation into the Agrobacterium tumefaciens C58 strain. The resulting 

strain was used to transform abc1k1-1 by floral dipping (Clough and Bent, 1998). Transgenic 

plants were selected on ½ MS agar medium supplemented with 30 mg/L glufosinate 

ammonium. Homozygous 35S:ABC1K1-YFP-HA lines with a single insertion of the transgene 

were selected by segregation analyses. Complemented plants, in which the protein expression 

was confirmed by immunoblot, were used for the following pull-down experiment. As a control, 

we produced a pSSU::YFP-HA line which overexpressed the YFP-HA-tag fused to the transit 

peptide of the Rubisco small subunit.To target the YFP-HA fusion to the chloroplast stroma, 

the chloroplast transit peptide (cTP) of the small subunit of Rubisco (SSU, At5g38430) was 

PCR-amplified with the primers list in table S2. The PCR product was inserted into the plant 

expression vector pEarleyGate 101, containing a C-terminal YFP-HA tag, using the Gateway 

recombination cloning system (Invitrogen) (Earley et al., 2006) 

Sterilized seeds were spread on 0.5x MS plates with or without 12.5 nM of DCMU ( 3-(3,4-

dichlorophenyl)-1, 1-dimethylurea),  and were placed in the dark for 24 hours at 4°C. Seeds 

were moved to 22-24°C and exposed for 1 hour to white light (80 µmol m−2 s−1), afterwards 

were kept for 5 days under continuous white light (80 µmol m−2 s−1) or moved to continuous 

red light (60 µmol m−2 s−1). 5 days old seedling were then collected under the light, immediately 

frozen in liquid nitrogen and stored at -20°C.  

http://arabidopsis.info/
http://arabidopsis.info/
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Chlorophyll quantification 

Total chlorophyll was extracted from a minimum of 20 mg of fresh weight (FW) of 5 days old 

seedlings by adding 10 µl per mg FW of DMF (Dimethylformamide). Samples were centrifuged 

1 minute at 16,000 g and stored overnight at 4°C in the dark. Extracts were further centrifuged 

3 minutes at 16,000 g and the absorbance at 664 nm and 647 nm was measured with a Nanodrop 

spectrophotometer (NanoDrop ND-1000 spectrophotometer,Witec AG). Total chlorophyll, 

chlorophyll a and chlorophyll b concentrations were calculated according to (Porra et al., 1989). 

Immunoblot analyses 

Frozen 5 days old seedlings were ground in lysis buffer (100 mM Tris-HCl pH 8.5, 2% SDS, 

10 mM NaF, 0.05% of protease inhibitor cocktail for plants (Sigma)) with a micro-pestle in a 

1.7 ml microtubes. Samples were incubated at 37°C for 30 min and centrifuged for 15 minutes 

at 16,000 g at room temperature. Protein concentration was determined using the Pierce BCA 

protein assay kit (Thermo Scientific, cat. No. 23225) following manufacturer instructions.  

Proteins were precipitated using chloroform-methanol and resuspended in sample buffer (50 

mM Tris-HCl pH 6.8, 100 mM Dithiothreitol, 2% SDS, 0.1% Bromophenol Blue, 10% 

Glycerol) at a final concentration of 1 µg/µl.; after denaturation for 10 minutes at 65°C, an 

aliquot of 5 µl was loaded on a 12% polyacrylamide SDS gel and proteins were separated by 

electrophoresis. Proteins were transferred to a nitrocellulose membrane for immunoanalysis 

using the following antibodies: anti-Lhcb1 (Agrisera, AS01 004), anti-Lhcb2-P (Agrisera, 

AS13 2705), anti-Lhcb1-P (Agrisera , AS13 2704) anti-D1 (PsbA) (Agrisera, AS05 084), anti-

Lhca1 (Agrisera, AS01005),  anti-PsaB (Agrisera, AS10 695), anti-PsaD (Agrisera, AS09 461), 

anti-PetB (Agrisera, AS18 4169), anti-PetC (Agrisera, AS08 330), anti-AtpC (Agrisera , AS08 

312), anti-Elip (Agrisera , AS03 036), anti-Ftsh2-8 (Agrisera , AS16 3929), anti-Ftsh1-5 

(Agrisera , AS16 3930), anti-Ex1 ( Phytoab, PHY1693S). Primary antibodies were detected 

with horseradish peroxidase-conjugated anti-rabbit (Merck, AP132P) or anti-mouse (Sigma, 

A5278) antibodies. Chemiluminescent signals were generated by home-made reaction mixture 

(Luminol 1.25 mM, cumaric acid 0.20 mM, mixed with 0.01% H2O2 just before the reaction). 

Signals were revealed with a CCD camera (Amersham Imager 600, AmershamBiosciences, 

Inc.). 

Real-time PCR analysis 

Total RNA was extracted from multiple 5-days old seedlings using the RNeasy plant mini kit 

(Qiagen, cat. no. 74904) and cDNAs were synthetized from 1 µg of total RNA using GoScriptTM 

Reverse Transcriptase kit (Promega, cat. no. A5001). Quantitative RT-PCR reactions were 

performed using the LightCycler 480 SYBR Green I Master mix (Roche, cat. no. 04887352001) 

and a LightCycler® 480 Instrument. The specific primers for each gene are listed in the 

supplementary table S2. The gene expression level was quantified using the 2-ΔΔCt method 

(Livak and Schmittgen, 2001). The relative expression level of each gene was assessed using 

the Actin 2 gene (ACT2) as reference. All the reactions were performed in technical duplicates 

and the data shown come from two independent biological replicates. 
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Photosynthetic parameters 

The chlorophyll fluorescence signal was measured with a Fluorcam MF800 (Photon System 

Instrument, Czech Republic, http://www.psi.cz). The actinic light for the light curve induction 

was provided by blue LEDs (470nm). At the beginning of the protocol, the maximum yield of 

PSII was measured: Φmax = (FM–FO)/FM where FM is the maximal fluorescence in dark 

acclimated plants, measured during a saturating light pulse, and FO the fluorescence recorded 

in the dark.  For each light intensity step we estimated the fraction of open PS II centers based 

on a “lake” model by qL = [(FM'–FS)/ (FM'–FO')]* (FO'–FS) (Kramer et al., 2004), the quantum 

yield of PSII ΦPSII = (FM'–FS)/FM' and the non-photochemical quenching NPQ = (FM – FM')/FM'. 

FM' is the maximal fluorescence at the end of each light intensity step, FS the steady state 

fluorescence at the end of each light step and FO' the fluorescence in the dark measured after 2 

seconds of exposition to far-red light at the end of each light phase. The experiment was 

repeated on four independent biological replicates composed by 9 to 12, 5-days old seedlings 

per genotype. 

Lipid profile analysis 

Extraction of total lipids was performed on pools of 5-days old seedlings for each genotype 

obtained from three independent experiments. In brief, after grinding, the lipids were extracted 

with 10 μl of tetrahydrofuran:methanol 50:50 (v/v) per mg of FW, the debris were separated by 

centrifugation (3 min, 14,000 g), and the supernatant transferred to an HPLC vial. 2.5 μl of the 

sample were loaded on a reverse-phase Acquity BEH C18 column (50 × 2.1 mm, 1.7 μm) 

maintained at 60°C, and analysed by ultra-high pressure liquid chromatography coupled to 

atmospheric pressure chemical ionization-quadrupole time-of-flight mass spectrometry 

(UHPLC-APCI-QTOF-MS) as previously described (Spicher et al., 2016). Data were acquired 

using MassLynx version 4.1 (Waters) and further processed with TargetLynx (Waters). 

Compound identity was determined based on reference standards that were also used for the 

quantification curve (Spicher et al., 2016). For the identification of the galactolipids a 

commercial MGDG mix (Avanti Polar Lipids) was used as a standard, the linearity of the 

detection was assessed as previously reported (Sattari Vayghan et al., 2020).  

Lipid peroxidation analysis  

Lipid peroxidation was measured by quantifying HOTEs (hydroxyoctadecatrienoic acids, 

C18:3-OH), oxidation products of linolenic acid (C18:3), the major fatty acid in Arabidopsis, 

as described elsewhere (D'Alessandro et al., 2018; Montillet et al., 2004). Lipids were extracted 

from about 0.3 g of frozen Arabidopsis seedlings. The samples were ground in an equivolume 

of methanol/chloroform solution containing 5 mM triphenyl phosphine, 1 mM 2,6-tert-butyl-p-

cresol (5 mL g-1 fresh weight), and citric acid (2.5 mL g-1 fresh weight), using an Ultra-Turrax 

blender. Internal standard 15-HEDE was added to a final concentration 100 nmol g-1 fresh 

weight. After centrifugation at 1000 g and 4 °C for 5 min, the lower organic phase was carefully 

taken out with the help of a glass syringe into a glass tube. The solvent was evaporated under 

N2 gas at 40 °C. The residues were recovered in 1.25 mL of absolute ethanol and 1.25 mL of 

3.5 N NaOH and hydrolyzed at 80 °C for 30 min. The ethanol was evaporated under N2 gas at 
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40 °C for 10 min. After cooling to 25 °C, pH was adjusted between 4 and 5 with citric acid. 

Hydroxy fatty acids were extracted with hexane/ether (v/v). The organic phase was analyzed 

by straight phase HPLC-UV, as previously described (Montillet et al., 2004). HOTE isomers 

(9-, 12-, 13-, and 16-HOTE) were quantified based on the 15-HEDE internal standard. 

Affinity purification 

Affinity isolation of ABC1K1 interactors was performed using the 35S:ABC1K1-YFP-HA line. 

As control, we used the pSSU::YFP-HA line. The pull down was performed using the µMACS 

HA Tagged protein isolation kit (Miltenyi Biotec, cat. no. 130-091-122). Briefly, 1 g of  5 days 

old seedlings grown under white light (80 µE) or pure red light (60 µE) were ground in 2 ml of 

lysis buffer and centrifuged 10 min at 16 000 g to remove the cell debris. Then, 50 µl of HA-

beads were added to the supernatant and incubated for 45 min at 4°C. The samples were loaded 

on a µ column, Miltenyi Biotec, cat. no. 130-042-701). The column was washed and proteins 

eluted. Eluates were analyzed by mass spectrometry at the Protein Analysis Facility, Center for 

Integrative Genomics, Faculty of Biology and Medecine, University of Lausanne, Switzerland. 

The obtained peptides were identified using the MASCOT/SCAFFOLD algorithm. The 

peptides corresponding to proteins identified only in the eluates from ABC1K1-YFP-HA 

extracts and not in the pSSU::YFP-HA control are listed in the supplementary table S1. The 

mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier 

PXD030243 and 10.6019/PXD030243. 

Statistical Analysis 

The normal distribution of the residuals of each data set was tested before any other statistical 

analysis. If this assumption was met, an ANOVA model was utilized; otherwise, a Kruskal–

Wallis rank sum test was performed to assess statistically significant differences between the 

data groups. If the result was significant, we used post hoc Tukey’s HSD test for multiple 

comparisons. The reported p-values, corrected by the false discovery rate (Benjamini and 

Hochberg, 1995), were obtained with the latter, the classes in the figures were defined as distinct 

by an alpha score of 0.05, unless otherwise specified. The calculations were performed with 

RStudio with the package agricola (Version 1.2.5019 RStudio Inc). 
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Supplementary figures  

Figure S1: Length of the hypocotyl by genotype of seedlings grown under continuous 

white light (80 µE). The whiskers and box plot shows the minimum, first quartile, median, 

average, third quartile and maximum of each dataset, points indicate individual samples, 

outliers are indicated by a bigger point. (WT n=20, abc1k1-1 n=24, stn7 n=20, psaL n=12, pgr5 

n=19, npq1 n=17 and sps2 n=18). The letters identify statistically different groups obtained by 

a Tukey-HSD post-hoc test (alpha =0.01).  
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Table S1: List of ABC1K1 interaction candidates. The proteins identified by mass 

spectrometry in the co-immunoprecipitation eluate with ABC1K1::HA are shown in the table 

(spectral count >4). The protein identification was based on TAIR database, from which the 

protein description and the corresponding accession number were taken. The corresponding 

gene locus was also obtained from TAIR. The peptide counts are shown in the column for the 

negative control and the ABC1K1:HA samples (CTL and K1 respectively) prepared from plants 

grown under constant white light (NL) or red light (RL). Protein localization, as annotated in 

TAIR, is reported in the last column. The top part of the table shows proteins identified in both 

growth conditions, while the bottom part shows the proteins identified in the protein samples 

obtained only from plants grown under red light.     
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Figure S2: Co-immuno purification of ABC1K1-HA with putative interaction partners. 

Total protein extracts were prepared from 5 days old seedling of pSSU-HA control line and 

ABC1K1-HA complemented line, grown under white light (80 µE) or pure red light (60 µE). 

The extracts were loaded on affinity chromatography, the picture shows the protein staining 

(top membrane) of the flow through (FT), the first washing (W1), the second washing (W2) 

and the eluate (E), of the isolation process for the two lines and the two light condition. On the 

bottom membrane is shown the chemioluminescent signal obtained by the decoration of the 

membrane with an antibody anti-HA. The bands corresponding to pSSU-HA and ABC1K1-HA 

in the respective eluates, are framed in blue. 
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Figure S3: DCMU treatment increases lipid peroxidation in abc1k1-1. The lipid 

peroxidation was measured by the hydroxy-octodecatrienoic acid levels (HOTEs), in 5 days old 

WT and abc1k1 seedlings grown under white light (80 µE) in the presence or absence of 

12.5nM DCMU (n=3). The different letters represent statistically different groups (alpha=0.05) 

as identified by a Tukey HSD test. 
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Figure S4: Gene expression of EX1 and FTSH proteases in various genotypes and light 

conditions. Transcript levels of Ex1 (At4g33630), ftsh2 (At2g30950) and ftsh5 (At5g42270) 

analyzed by quantitative PCR (qRT-PCR) of 5 days old WT, abc1k1-1, abc1k1-2, and sps2 

seedlings grown under white light (80 µE) or red light (60 µE) with or without 12.5 nM of 

DCMU. Error bars indicate the standard error (n= 2). The different letters represent statistically 

different groups (alpha=0.05) as identified by a Tukey HSD test. 
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Figure S5: DCMU treatment partially restored the level of photosynthesis-associated 

proteins and the maximum quantum yield in abc1k1 under red light.  

a) Representative immunoblot image showing the accumulation of photosynthetic proteins 

representative of the electron transport chain complexes in 5 days old seedling grown under 

four tested conditions: White light, red light, with and without DCMU. The phosphorylation 

level of LHCII and PSII was assessed with antibodies recognizing the main phosphorylated 

peptide of these proteins. Amidoblack staining of the membrane is showed as the 

loading control. b) PSII maximum quantum yield (QY MAX = FV/FM) measured in 5 days old 

seedlings, whiskers and box plot shows the minimum, first quartile, median, average, third 

quartile and maximum of each dataset, outlier measures are plotted as separated points. (n=4). 
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Figure S6: Schematic representation of the ex1 gene showing the position of the two guide 

RNAs and primers used for CRISPR/Cas 9 mutation and validation. The sequences of the two 

gRNAs used for the targeted mutation are reported below the scheme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7: Screening by genomic PCR of the double abc1k1/ex1 CRISPR/Cas9 mutants. 

Total genomic DNA was extracted from WT (Col-0) and multiple abc1k1/ex1 CRISPR/Cas9 

lines originated from two transformed plants and tested by PCR a) using primers listed in table 

S3 and represented in figure S6. The abc1k1/ex1 A2 10, abc1k1/ex1 B1 4, 5 and 9 (red arrow) 

show only one band at about 400 bp which confirms the homozygous mutation of the EX1 gene. 

b) The presence of the T-DNA insert in the ABC1K1 gene mutation was confirmed by PCR 

using primers abc1k1_LP, abc1k1_RP and LBb1.3 listed in table s3. In red squares, the 

abc1k1/ex1 lines used for experiments. 
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Table S2: List of the oligonucleotides used in this report 
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2.2. Plastoquinone homoeostasis by Arabidopsis proton gradient regulation 6 is essential 

for photosynthetic efficiency 

 

Contributions 

My contribution to this paper is the discovery of the variegated phenotype of abc1k1 under high 

light. The discovery of the pale-green phenotype of abc1k1 seedlings under red light exposure 

by Yang et al in 2016 raised many questions about ABC1K1 function during the early 

development of Arabidopsis thaliana. Until then, the abc1k1 mutant had been characterized 

mainly under high light stress and only in adult plants. Consequently, little was known about 

the impact of the abc1k1 mutation on chloroplast biogenesis and development in young 

seedling. In this context, I wanted to test the phenotype of abc1k1 seedlings, germinated and 

grown 12 days under high light. I observed that abc1k1 mutants displayed a variegated 

phenotype, with green and white leave sectors, which was not the case in the related mutants 

abc1k3, abc1k1/abc1k3 and sps2. This result suggested that ABC1K1 plays a specific role in 

chloroplast biogenesis under light stress conditions. 
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2.3. Mutation of the Atypical Kinase ABC1K3 Partially Rescues the PROTON  

GRADIENT REGULATION 6 Phenotype in Arabidopsis Thaliana 

 

Contributions  

In this paper, I measured Dark and Far Red PQ re-oxidation in Col-0, abc1k1-1, abc1k1-2, 

abc1k1/abc1k3 and sps2 under moderate light and high light. The previous discovery of the 

abc1k1 variegated phenotype under high light lead us to analyze other mutants displaying a 

similar phenotype. Variegated phenotypes have been observed in several mutants, among them, 

ptox. Yet, the causes of variegation remain poorly understood (Carol et al., 1999). PTOX is an 

oxidase localized in the stroma lamellae of the thylakoid membrane and is responsible of the 

light-independent oxidation of the plastoquinone. PTOX activity provides oxidized 

plastoquinone as a co-factor in the desaturation reactions required for carotenoid synthesis. In 

agreement with the fact that the abc1k1 mutant has a defect in the homeostasis of the 

plastoquinone pool and also displays a variegated phenotype, we hypothesized that PTOX 

function may be impaired in the abc1k1 mutant. We therefore analyzed the red/ox state of the 

photoactive plastoquinone pool in abc1k1, abc1k3, abc1k1/abc1k3, sps2 and ptox, and we 

observed that the dark re-oxidation of the plastoquinone pool is impaired in abc1k1, despite the 

presence of the PTOX protein, suggesting a defect in the mobility of plastoquinone molecules. 
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3. General Conclusion 
 

Plants have developed many mechanisms to cope with environmental changes and to maintain 

the efficiency of the photosynthesis inside the chloroplast. Photosynthesis is a highly complex 

bioenergetic mechanism and needs to be finely regulated in order to maintain celllar functions 

in various environmental conditions. For this reason, the chloroplast communicates 

continuously with the nucleus via a retrograde signaling system to regulate and coordinate the 

functions of both compartments. Plastoglobules, lipids droplets attached to the thylakoid 

membrane of the chloroplast, participate in chloroplast metabolism and in the maintenance of 

photosynthetic efficiency. Indeed, the ABC1K1 protein, localized inside plastoglobules, has 

been shown to be essential for plastoquinone homoeostasis thereby contributing to control 

photosynthetic electron transport. Consequently, the abc1k1 mutant is defective in 

photosynthetic electron transport as well as NPQ (non-photochemical quenching). 

Interestingly, the abc1k1 mutant displays a strong greening defect characterized by a pale green 

phenotype with a short hypocotyl under red light conditions. This phenotype is separable from 

the photosynthetic phenotype suggesting that ABC1K1 could have an additional role in 

chloroplast biogenesis especially under stressful light conditions.  

Consequently, this PhD affords new insight into the role of the atypical ABC1K1 kinase in the 

regulation of chloroplast biogenesis and signaling under light stress conditions. Here, we 

showed that ABC1K1 interacts with the FTSH2/ EX1 signaling pathway to regulate the 1O2 

mediated retrograde signaling under red light conditions, when the PSII should be particularly 

excited.  

This work demonstrates that the greening defect of abc1k1 is not directly linked to the 

photosynthetic defect, but rather implicates a specific signal involving the degradation of 

Executer 1 (EX1) through the chloroplast protease FTSH. However, all the photosynthetic 

mutants tested, including abc1k1, had hypocotyls shorter than the wild type suggesting that the 

photosynthetic defects triggers other signals that, integrating with the phytochrome pathway, 

affect the hypocotyl elongation.  

Our results suggest that the accumulation of EX1 protein in the abc1k1 mutant leads to the 

arrest of chloroplast biogenesis during the early phase of the germination. This hypothesis is 

supported by the observation that the EX1 mutation in the abc1k1 background results in a partial 

recovery of the abc1k1 pale green phenotype under red light. Moreover, the discovery of a 

highly similar pale green phenotype for the var2 (ftsh2) mutant under red light, which correlated 

with the accumulation of EX1, supports the hypothesis that the accumulation of EX1 itself 

constitutes a signal for the arrest of the chloroplast biogenesis. 

During this PhD, we also showed that the abc1k1 mutant displays a variegated phenotype under 

high light similar to that of the var2 mutant, which also strongly suggested that ABC1K1 has a 

role in the chloroplast biogenesis regulation under light stress conditions (Pralon et al., 2019). 

Moreover, our work demonstrated that the abc1k1 mutant is impaired in the dark-reoxidation 

of the plastoquinone pool, suggesting a defect in the mobility of photoactive plastoquinone in 
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this mutant. Interestingly, this defect is partially restored in the abc1k1/abc1k3 mutant (Pralon 

et al., 2020). 

We propose that the ABC1K1 protein may act as a sensor of 1O2 in order to regulate the 

proteolysis of EX1 under stressful red or high light conditions. Even though there is no evidence 

that ABC1K1 directly senses 1O2, a possible hypothesis would be that it senses the 

plastoquinone redox state which may act as proxy for the production of 1O2 by PSII. In 

agreement with its role in plastoquinone homoeostasis, it is imaginable that ABC1K1 relays the 

redox state of the plastoquinone pool to induce EX1 degradation thereby promoting chloroplast 

biogenesis.  

These results demonstrate a functional link between photosynthesis and chloroplast signaling 

and biogenesis. They identify an important contribution of plastoglobule proteins to this 

process. However, we still need to understand how and if ABC1K1 senses 1O2 or the redox 

state of the plastoquinone pool to induce the EX1 signalling. The mechanisms of plastoquinone 

homoeostasis by ABC1K1 and its partner protein ABC1K3 remains unknown and needs to be 

elucidated in the future to better understand the molecular functions of ABC1K1 inside the 

chloroplast. 

For the future perspectives, it will be interesting to confirm the link between ABC1K1 and the 

production of single oxygen by quantifying directly the accumulation of 1O2 in abc1k1 under 

red light and particularly in presence of DCMU using singlet oxygen green sensor (SOGS). The 

impact of the abc1k1 mutation on the 1O2 induced gene expression after 3 hours of red light 

should also allow us to determine whether ABC1K1 functions as a component of the1O2-

mediated signaling under light stress conditions.  

A second objective is to understand the link between ABC1K1-mediated plastoquinone 

homoeostasis and ABC1K1 signaling. How can the regulation of the plastoquinone pool by 

ABC1K1 affect the 1O2-mediated signaling? To answer this question, it will be interesting to 

do some in vitro complementation experiments in abc1k1 by adding exogenous plastoquinone 

to isolated thylakoids or by overexpressing enzymes involved in the biosynthesis of 

plastoquinone. To directly establish a link between ABC1K1 and the regulation of the 

plastoquinone pool, we can perform some binding experiments between ABC1K1 and the 

plastoquinone molecule.  

In the pull-down experiment, we identified multiple subunits of the chloroplast NAD(P)H 

dehydrogenase (NDH) complex as a potential ABC1K1 interaction partners. The NDH 

complex being involved in the reduction of the plastoquinone pool through the cyclic electron 

flow. It will be interesting to determine to which extent the ABC1K1 protein regulates this 

complex and what the impact of the NDH complex is on the regulation of the plastoquinone 

pool.  

To better understand the ABC1K1 molecular mechanisms, we should determine whether the 

ABC1K1 kinase activity is required for the protein functions by using abc1k1 line 

complemented with a kinase mutant (ABC1K1 D400N).  Similarly, we could also check if the 

phosphorylation state of ABC1K1 is important for its functions. We are currently segregating 
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abc1k1 lines that express ABC1K1 carrying point mutations in the phosphorylation sites to 

mimic a constitutively phosphorylated residues (ABC1K1 T604D T606D) or lacking 

phosphorylation sites (ABC1K1 T604A T606A) in both abc1k1 and wild type backgrounds. 

Since the EX1 protein has been identified as a potential ABC1K1 interaction partners, and 

seems to accumulate in the abc1k1 mutant, we should confirm the interaction between the two 

proteins using bimolecular fluorescence complementation (BiFC) or a yeast two-hybrid 

experiment (for instance). The impact of EX1 accumulation on chloroplast biogenesis should 

also be analysed by overexpressing the EX1 protein in a wild type background or by trying to 

complement the var2 mutant by the ex1 mutation (for instance). 

Finally, the role of the ABC1K3 protein in ABC1K1-mediated signalling should be elucidated. 

It will be interesting to understand why the abc1k3 mutation complements the abc1k1 

phenotype. For example, we can analyse the interactions partners of ABC1K3 and complement 

abc1k3 and abc1k1/abc1k3 with an ABC1K3 protein mutated in the kinase domain (ABC1K3 

D379N). 

I think that these research questions would make very interesting projects for a future generation 

of PhD students and researchers in the field. 
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