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Summary

The research presented throughout this doctoral Thesis explores the roles of
mitochondrial respiration and fibrillin proteins in plant metabolism, primarily using
Arabidopsis (Arabidopsis thaliana) and tomato (Solanum lycopersicum) plants as model
organisms. Previous studies have reported metabolic functions of fibrillin 6 (FBN6) and
mitochondrial alternative oxidase (AOX) in plants, however, their roles during carotenoid
biosynthesis and stress responses remain poorly understood. The objectives of the present
Thesis were focused on (i) investigating the relevance of FBN6 for the production of
carotenoids and subsequent responses to high light stress in Arabidopsis; (ii) studying the
role of AOX respiration during the biosynthesis of stress-related primary metabolites in
Arabidopsis; and (iii) analyze the contribution, in vivo regulation and (iv) different roles
of mitochondrial respiration during carotenoid biosynthesis and ripening in tomato fruits.

These objectives were addressed along four different chapters.

In chapter 1, the Arabidopsis FIBRILLIN6 (AtFBN6) protein is shown to be crucial for
carotenoid biosynthesis, particularly under high light conditions. AtFBN6 promotes the
activity of phytoene synthase (PSY), a key enzyme in the carotenoid biosynthetic
pathway, highlighting its significant role in enhancing carotenoid levels. High light stress
induces the expression of AtFBN6, which directly interacts with PSY to support increased
carotenoid production. The absence of AtFBNG6 results in decreased carotenoid levels,
indicating its essential function in this biosynthetic process and its role in protecting

plants from photooxidative damage under high light stress.

In chapter 2, the role of the AOX pathway in maintaining respiratory activity and redox
balance during acute water and salt stress is unveiled by using Arabidopsis mutants
lacking AOXIa gene (AtAOXl1a). The aoxla mutants exhibit decreased photosynthetic
performance and higher levels of oxidative stress-related metabolites, reinforcing the
importance of AOX in cell redox balancing and preventing excessive reactive oxygen
species (ROS) accumulation. Furthermore, the AOX pathway is shown to provide
metabolic flexibility by enabling the synthesis of stress-related metabolites and

supporting leaf osmoprotection.
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In chapter 3, mitochondrial respiration and electron partitioning studies in tomato fruits
of wild-type (WT) plants and chromorespiration-defective ghost mutants reveal that
mitochondrial respiration is the primary energy and metabolite source during fruit
ripening. The in vivo activity of the AOX pathway significantly increases at the breaker
stage, becoming the main contributor to climacteric respiration. Such climacteric
upregulation of the AOX pathway is mediated by a post-translational activation of the
AOX protein, very likely through interactions with key organic acid activators. Overall,
AOX respiration coincided with changes in primary metabolism suggesting its critical

role in providing carbon precursors required for fruit ripening.

Finally in chapter 4, the generation of new aox/a mutants in tomato reveal the importance
of AOX1a for normal growth and development of vegetative as well as fruit tissues in
this species. Fruits from aox/a mutants exhibit altered respiration patterns and delayed
ethylene-induced gene expression, which impacted ethylene and carotenoid metabolism
during fruit ripening. Despite these early metabolic disruptions, aoxl/a mutants
eventually compensate through the upregulation of AOX1b, partially restoring metabolic

functions and carotenoid levels by the end of the ripening process.

Overall, these findings highlight the multifaceted roles of AOX and fibrillin proteins in
plant metabolism, stress response, and development. They underscore the complexity of
metabolic pathways involved in plant growth and adaptation, offering insights into how
plants manage and respond to environmental stresses through intricate biochemical
networks. These insights have potential applications in agricultural practices, particularly

in developing crops with enhanced stress tolerance and optimized metabolic efficiency.
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General Introduction
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1. Plant carotenoids: biosynthesis and functions

Carotenoids are a diverse group of isoprenoid compounds naturally synthesized in all
photosynthetic organisms, including plants, algae, and cyanobacteria, as well as in certain
non-photosynthetic bacteria and fungi (Liang et al., 2018; Rodriguez-Concepcion et al.,
2018). Most animals, except for a few such as pea aphids, spider mites, and gall midges,
cannot produce carotenoids on their own but can accumulate them in specific body
tissues. Like all plastidial isoprenoids, carotenoids are produced from precursors supplied
by the methylerythritol 4- phosphate (MEP) pathway (Pokhilko et al., 2015). The first
committed step of carotenoid biosynthesis is the condensation of two geranylgeranyl
diphosphate (GGPP) molecules to produce phytoene (Rodriguez-Concepcion et al.,
2018) (Figure I-1). This step, catalyzed by phytoene synthase (PSY), the main flux-
controlling enzyme of the carotenoid pathway (Cao et al., 2019; Zhou et al., 2022) just
the beginning of a complex and fascinating process. Several dehydrogenation and
isomerization enzymatical steps convert uncolored phytoene into red lycopene
(Rodriguez-Concepcion et al., 2018). Lycopene acts as a branching point for carotenoid
production, depending on how the ends of its carbon chain are cyclized. The production
of 2 B rings at the two ends of the chain produces B-carotene (B, branch), while the
output of 1 P ring and one € ring produces a-carotene (f,e branch). Oxygenation of the
rings of carotenes produces xanthophylls such as violaxanthin and neoxanthin (B, B

branch) or lutein (B,e branch) (Figure I-1).

Carotenoids play indispensable roles in photosynthesis, aiding in assembling the
photosynthetic machinery and in photoprotection by mitigating excess light energy
through heat dissipation and free radical scavenging. They also contribute to the
pigmentation of non-photosynthetic plant tissues, such as flower petals and fruits,
facilitating animal attraction for pollination and seed dispersal. They accumulate in
significant amounts within chloroplasts, closely associated with the photosynthetic
apparatus, protecting it from photooxidative damage and aiding in light absorption.
However, carotenoids reach their highest concentrations in chromoplasts, specialized

plastids that store these highly lipophilic compounds in carotenoid-accumulating non-
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photosynthetic tissues. For instance, tomatoes are known for their high lycopene content,
while carrots are rich in beta-carotene, showcasing the diversity of carotenoid

biosynthesis in different plants.
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Figure I-1. Schematic representation of the carotenoid biosynthesis pathway.

Beyond their biological functions in plants, carotenoids have gained significant attention
for their potential as natural pigments and nutritional supplements (Rodriguez-
Concepcion et al., 2018). Their role as precursors of retinoids, including vitamin A, and
their antioxidative properties make them crucial components of the human diet
(Bolhassani et al., 2017; Meléndez-Martinez, 2019). Exploring these health-related
attributes and the increasing demand for natural products has sparked intense interest in
biotechnological strategies to enhance plant carotenoid production, opening up exciting
possibilities for the future of nutrition and industry. However, despite notable progress in
this area, significant gaps persist in our understanding of the regulatory mechanisms
governing the carotenoid biosynthetic pathway across diverse plant organs and tissues as

well as its interplay with other isoprenoid and primary metabolism pathways. Addressing
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these knowledge deficits is essential for advancing our understanding of plant
metabolism and harnessing the full potential of carotenoids for nutritional and industrial

applications.

2. Plant plastoglobules and fibrillins: roles in carotenoid accumulation and
stress

Chloroplasts are present in all green plant tissues, and they are characterized by an
extensive thylakoid membrane system that facilitates photosynthesis (Jarvis and Lopez-
Juez, 2013). Plastoglobules (PGs) are lipid-containing structures that bud from the outer
leaflet of the thylakoid membranes and remain associated with them (Bréhélin et al.,
2007) (Figure I-2). First identified by Lichtenthaler in the early 1970s using transmission
electron microscopy, these "osmophilic globuli" have been the subject of extensive
research. Chloroplast PG act as a storage compartment containing tocopherols (vitamin
E), phylloquinones (vitamin K1) and fatty acids, (Deruére et al., 1994). By contrast, PGs
in chromoplasts contain several critical enzymes involved in the carotenoid biosynthetic
pathway, highlighting their role in carotenoid synthesis and accumulation (Ytterberg et

al., 2006).

eee

Figure I-2. Illustration of the physical link between the thylakoid membrane and the plastoglobule
(PG). (A) Chloroplast PGs emerge from the outer leaflet of the thylakoid membrane at its curved
regions. Key proteins include ABC1K (activity of bcl complex-like kinases), CCD4 (carotenoid
cleavage dioxygenase 4), FBNs (fibrillins), NDC1 (NAD(P)H dehydrogenase C1), and VTE1
(tocopherol cyclase). (B) Chromoplast PGs recruit the carotenoid biosynthetic pathway enzymes,
including phytoene synthase (PSY). FBNs are also abundant. Adapted from Shanmugabalaji et al.
(2022).
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PGs contain a specialized proteome comprising around 30 proteins, categorized into
structural proteins, regulatory kinases, and enzymes (Ytterberg et al., 2006). Among the
structural proteins, plastid lipid-associated proteins, also known as fibrillins (FBNs)
(Egeaetal., 2010), have been identified in the PG proteomes of Arabidopsis (Arabidopsis
thaliana) chloroplasts and bell pepper (Capsicum annum) chromoplasts (Ytterberg et al.,
2006). FBNs are a family of nuclear-encoded proteins that contribute to PGs’ structural
organization and stability (Laizet et al., 2004). Gene families encoding FBNs in
photosynthetic and non-photosynthetic organisms, are classified into 12 distinct clades
with distinct molecular characteristics and functions (Laizet et al., 2004). This diversity
reflects a broad range of biological roles beyond PGs, from maintaining plastid structural
integrity to participating in metabolic processes essential for growth and adaptation from

cyanobacteria to higher plants (Singh and McNellis, 2011).

In tomato (Solanum Ilycopersicum), FBN1, FBN2, and FBN4 accumulate significantly
during fruit ripening (Winkenbach et al., 1976). This accumulation contributes to
enhanced carotenoid production and storage in chromoplasts, which are responsible for
the pigmentation and nutritional quality of the fruit. Similar functions have been observed
in other plant species; for instance, homologs of FBN1 in rapeseed (Brassica juncea) and
melon (Cucumis melo) also facilitate carotenoid accumulation in chromoplasts (Barsan
et al., 2012; Suzuki et al., 2015; Zhou et al., 2023). In Arabidopsis thaliana, FBN
isoforms such as FBN1a, FBN1b, and FBN2 are associated with PGs and are crucial for
photoprotection and stress responses. These proteins help manage reactive oxygen
species (ROS) and maintain the integrity of the photosynthetic apparatus under adverse
conditions (Singh and McNellis, 2011). In this context, FBNs are upregulated in response
to biotic and abiotic stresses, including pathogen attacks, drought, high light intensity,
and temperature extremes. For example, in response to pathogen attacks, the
accumulation of FBNs helps reinforce the structural integrity of plastids, which is
essential for maintaining their function during infection (Leitner-Dagan et al., 2006;
Margaria and Palmano, 2011). During drought conditions, FBNs aid in stabilizing the
thylakoid membranes and PGs, preventing damage from desiccation and maintaining

photosynthetic efficiency (Gillet et al., 1998). Under temperature stress, FBNs promote
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stabilizing plastid membranes and associated structures, preventing protein denaturation
and maintaining thylakoid membranes' fluidity to ensure photosynthetic activity (Singh
and McNellis, 2011). Under cold stress, they assist in preserving the integrity of PGs and
other plastid components, preventing freezing damage and supporting the plant's
metabolic processes. Moreover, FBNs play a crucial role in photoprotection under high
light stress by dissipating excess light energy and reducing the formation of ROS that can
damage cellular components. By participating in ROS scavenging, FBN1a and FBN1b
in Arabidopsis thaliana help maintain the redox balance within chloroplasts, thereby
protecting the photosynthetic machinery from oxidative stress, i.e. stabilizing the
photosystem II (PSII) (Yang et al., 2006). FBNG6 also supports plant acclimation to light
stress and contributes to scavenging ROS (Lee et al., 2020). These findings highlight the
diverse roles of FBN isoforms in different plant species, underscoring the need for
additional research.

Additionally, the expression of FBN genes is regulated by plant hormones such as
abscisic acid (ABA), gibberellic acid (GAs), and auxin (IAA). ABA, often called the
stress hormone, increases during drought and high salinity conditions, leading to the
upregulation of FBNs that enhance the plant's stress tolerance. In Arabidopsis, ABA
treatment stimulates the accumulation of FBN1a, which in turn protects photosystem II
(PSII) from photoinhibition (Yang et al., 2006). For instance, under drought stress, ABA-
mediated upregulation of FBNs aids in stomatal closure, reducing water loss and
maintaining cellular turgor. GAs, known for its role in promoting growth and
development, also influences FBN expression. During periods of rapid growth, GA3
levels increase, coordinating the expression of FBNs to ensure that the expanding tissues
have adequate protection against stress. GA3 increases carotenoid accumulation in flower
tissue of cucumber and activates the expression of the FBN1 gene (Leitner-Dagan et al.,
2006). Auxin (IAA), essential for cell elongation and division, similarly regulates FBN-
encoding genes to align plastid development with cellular growth, ensuring newly formed
cells have the necessary plastid structures to perform their functions efficiently in bell

peppers (Deruére et al., 1994).

Altogether, the evidence presented highlights the multifaceted roles of FBNs in plant

development and stress responses by participating in ROS scavenging and maintaining
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the stability of plastid structures (Kim et al., 2015; Lee et al., 2020). However, the
function of most FBNs remains poorly understood and/or requires further research.
Recently, the identification of FBN-interacting proteins has substantially improved our
understanding of the function of different FBN family members, including those that are
not found in PGs such as FBNS and FBNG6. Interestingly, Arabidopsis FBN6 was found
to be among the proteins co-immunoprecipitated with a GFP-tagged version of PSY, the
first and main rate-determining enzyme of the carotenoid pathway (Welsch et al., 2018).
Furthermore, FBNG is the only FBN enriched in purified envelope fractions where PSY
is also localized (Ferro et al., 2010; Bouchnak et al., 2019). Therefore, it was tempting to
speculate that this particular FBN isoform modulates PSY activity, thereby potentially
impacting the metabolic flux of the carotenoid pathway in chloroplasts. In Chapter 1 of
this doctoral Thesis, the role of Arabidopsis FBN6 for carotenoid biosynthesis has

been studied based on its interaction with PSY.

3. Plant mitochondria and their energy-bypass systems

Besides plastids, mitochondria are another class of endosymbiotic organelles present in
plant cells. Both organelles are central for plant metabolism under normal growth
conditions and in response to stress. Chloroplasts are the site of photosynthesis and act
as regulators of plant responses to abiotic and biotic stresses in part via the production of
ROS as signaling molecules, which help initiate stress signaling responses through
retrograde signaling, where stress signals are sent back to the nucleus to adjust gene
expression and enhance stress tolerance (Welchen et al., 2021). When specialized in the
biosynthesis and storage of particular metabolites, plastids might eventually lose their
photosynthetic capacity and differentiate from chloroplasts into chromoplasts
(carotenoids), amyloplasts (starch), or elaioplasts (fatty acids). Other specialized plastid
types include those of etiolated seedlings (etioplasts) or senescent leaves (gerontoplasts),
whereas leucoplasts are found in non-pigmented roots and shoot organs such as petals
(Sadali et al., 2019). Mitochondria are not as diverse as plastids but they are essential in
all tissues for plant respiration that uses photosynthetically produced carbohydrates to
support growth and maintenance by providing carbon intermediates, reducing

equivalents and ATP. Furthermore, plant mitochondria display a high degree of flexibility
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by switching to alternative pathways to adjust their metabolic activities in response to
changes in photosynthesis, photorespiration, stress and/or different developmental

processes (O’Leary et al., 2019; Welchen et al., 2021).

The mitochondrial electron transport chain (mETC) is central for plant energy production
through oxidative phosphorylation at the inner mitochondrial membrane (IMM), where
a sequence of redox reactions drives ATP synthesis (Figure I-3). The oxidation of
reducing equivalents by Complex I, known as NADH dehydrogenase, alongside various
plant-specific alternative dehydrogenases facilitate the transfer of electrons from
NAD(P)H to the ubiquinone pool. Complex II, or succinate dehydrogenase, part of the
tricarboxylic acid (TCA) cycle, also contributes with electron transport to the ubiquinone
pool. The electrons are then relayed from the ubiquinol pool to Complex III, and through
cytochrome c, they reach Complex IV, also known as cytochrome ¢ oxidase (COX). COX
reduces molecular oxygen (O;) to water (H>O) through a four-electron transfer process.
Complexes I, 1II, and IV are coupled with the translocation of protons from the
mitochondrial matrix to the intermembrane space (IMS). The electrochemical gradient
generates a proton motive force that is used by the ATP synthase (Complex V) to catalyze
the conversion of ADP and inorganic phosphate (Pi) into ATP (Barreto et al., 2022)
(Figure 1-3).

While these complexes constitute the canonical ATP-producing pathway, plant mETC is
characterized by containing alternative respiratory pathways involving the internal and
external type Il NAD(P)H dehydrogenases, uncoupling proteins (UCPs), and alternative
oxidases (AOXs) (Barreto et al., 2022). The alternative oxidase (AOX) pathway directly
couples the ubiquinol oxidation with the reduction of O, to H,O without generating a
proton gradient and thus bypassing the proton pumping at complexes III and IV. Some
ATP is still produced through the AOX pathway if electrons arise from the NADH
oxidation at the proton-pumping Complex I. However, if these electrons come from
NAD(P)H oxidation by an alternative dehydrogenase or Complex II, the electron flow to
AOX is entirely uncoupled from ATP production (Vanlerberghe, 2013). On the other
hand, even if the COX pathway generates a proton gradient across the IMM, the
uncoupling proteins (UCPs) can pump protons from the IMS back to the mitochondrial
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matrix, thus uncoupling the electron transport from the ATP synthesis bypassing complex
V. Therefore, both AOX and UCP systems can release energy as heat and uncouple
respiration from ATP synthesis (Barreto et al., 2022) (Figure I-3).

Among the different alternative respiratory pathways, the AOX pathway has attracted
most of the attention in the last decades, although some of its roles in plants (Del-Saz et
al., 2018; McDonald, 2023) and other organisms (Li et al., 2024) are still a matter of
debate. Despite its energy inefficiency, several studies have reported the crucial role of
the AOX pathway in plants to produce heat, tolerate stress and maintain growth in balance
with resource availability (Vanlerberghe, 2013; Del-Saz et al., 2018). By allowing ATP-
uncoupled electron transport, the AOX pathway can reduce the excess of reducing power
and prevent over-reduction of the mETC, which can otherwise come with increased ROS

production and cellular damage (Del-Saz et al., 2018; Selinski et al., 2018b).
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Figure I-3. Representation of the respiratory pathways in the mitochondrial electron transport
chain (mETC) and ATP synthase in the inner membrane of plant mitochondria. (A) Cytochrome ¢
oxidase (COX) pathway. (B) Alternative oxidase (AOX) pathway bypasses proton pumping
complexes III and IV. NDy: and NDjy represent the alternative non-proton pumping NAD(P)H
dehydrogenases on the outer and inner surfaces of the mitochondrial inner membrane,
respectively, which bypass proton pumping complexes I. Members of the mitochondrial

uncoupling protein (UCP) family dissipate the proton gradient bypassing ATP synthase.
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Beyond its metabolic roles, the AOX also influences mitochondrial retrograde signaling
pathways that regulate nuclear gene expression, modulating signaling molecule levels
such as superoxide, nitric oxide, and other redox couples. This signaling capacity allows
AOX to play a general role in stress response mechanisms, by adjusting the expression
of genes involved in stress tolerance and metabolic adjustments (Arnholdt-Schmitt et al.,
2006; Vanlerberghe, 2013b). However, its function is not limited to the regulation of
mitochondrial stress signaling but more generally for providing flexibility to primary
metabolism (Del-Saz et al., 2018; Oh et al., 2023). The role of AOX respiration during
the biosynthesis of stress-related primary metabolites has been addressed in

Chapter 2 of this doctoral Thesis.

4. Plastid-mitochondria interactions

In green tissues, chloroplasts and mitochondria are tightly interconnected because they
share crucial intermediates for cell carbon and energy metabolism (Kromer, 1995;
Raghavendra and Padmasree, 2003; Watanabe et al., 2010; Vanlerberghe et al., 2020;
Igamberdiev and Bykova, 2023). During photosynthesis, harvested light energy is
converted to ATP and reducing equivalents which are then used for carbon and nitrogen
assimilation in the chloroplasts. Photosynthetic CO, assimilation produces trioses
phosphates (TPs) that can be exported to the cytosol and used for sucrose synthesis. The
ATP needed for sucrose synthesis is thought to be supplied by the mitochondrial electron
transport chain (Kromer et al., 1993) although some experimental evidence do not
support this hypothesis (Carrari et al., 2003). Sucrose or TPs can enter the glycolytic
pathway to produce substrates (i.e. pyruvate) for the TCA cycle (Figure I-4).
Mitochondrial respiration in green tissues is not only related to sugars oxidation to
generate ATP, but also generates carbon skeletons for amino acid synthesis and supports
photorespiration (a process that helps recycle 2-phosphoglycolate into 3-
phosphoglycerate, thus preventing the loss of carbon), nitrogen metabolism, and the
export of redox equivalents from the chloroplast via the malate shuttle, which allows the
transfer of NADPH from the chloroplast to the mitochondria, balancing cell redox state

and enabling efficient metabolic regulation (Figure 1-4).
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The photorespiratory pathway represents a very important flux of leaf metabolites among
chloroplast, peroxisome and mitochondria, where glycine is decarboxylated at the
mitochondrial matrix generating CO,, NH4* and NADH. The vast amount of
photorespiratory NADH produced at the mitochondria can be either exported to the
cytosol through the malate—oxaloacetate shuttle, or reoxidized by the mitochondrial

electron transport chain (mETC) (Igamberdiev and Bykova, 2023) (Figure I-4).
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Figure 1-4. Simplified metabolic interactions between chloroplasts and mitochondria in
photosynthetic  tissues. 2-OG, 2-Oxoglutarate; 2-PG, 2-Phosphoglycolate; 3-PG, 3-
Phosphoglycerate; AA, Amino Acids; AOX, Alternative Oxidase; Asc, Ascorbic Acid; Asp,
Aspartate; Asn, Asparagine; Cit, Citrate; COX, Cytochrome ¢ Oxidase; ETR, Electron Transport
Rate; Fum, Fumarate; Gly, Glycine; Glyc, Glycolate; Glu, Glutamate; Isocit, Isocitrate; L-Gal-L,
L-Galactono-1,4-lactone; Mal, Malate; NADH, Nicotinamide Adenine Dinucleotide; NADPH,
Nicotinamide Adenine Dinucleotide Phosphate;; OAA, Oxaloacetate; Orn, Ornithine; Pro,
Proline; Pyr, Pyruvate; RuBP, Ribulose 1,5-Bisphosphate; Ser, Serine; Suc, Succinate; TP, Triose
Phosphate; UQ, Ubiquinone.

Metabolic models predict that the alternative components of the mETC, such as the

internal type II dehydrogenases and the alternative oxidase (AOX), become activated
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under high photorespiratory conditions (Shameer et al., 2019; Igamberdiev and Bykova,
2023), however, direct in vivo evidence is still scarce. On the other hand, photosynthetic
nitrogen assimilation and mitochondrial respiration are also linked through several
metabolic reactions (Igamberdiev and Bykova, 2023) (Figure 4). Previous studies
support the importance of the TCA cycle functioning in a non-cyclic mode for providing
carbon precursors and reducing power needed for nitrogen assimilation and subsequent
amino acid synthesis (Nunes-Nesi et al., 2007; Sweetlove et al., 2010; Igamberdiev and
Bykova, 2023). Furthermore, the mETC plays an important role in photosynthetic
performance by acting as a sink for the excess of reducing power from the chloroplast,
i.e. under high light or ammonium stress (Noguchi and Yoshida, 2008; Podgoérska et al.,
2020).

Another important role of mitochondria in cell redox balance resides at the involvement
of the mETC on the synthesis of ascorbate (Bartoli et al., 2000; Millar et al., 2003).
Recently, an intriguing hypothesis has proposed that the AOX pathway can influence
ascorbate synthesis by modulating the redox state of the mETC, particularly under stress,
although in vivo evidence is lacking to support for this relationship (Matos et al., 2022).
Environmental stresses impact the availability of light, CO», water, and nutrients, directly
affecting photosynthetic processes. Under these conditions, the dynamic activation of the
complex set of alternative proteins present in plant mETC provides metabolic flexibility
to adjust carbon and energy supplies and demands (Del-Saz et al., 2018; O’Leary et al.,
2019).

Mitochondria might also have a pivotal role to produce carotenoids in plastids of non-
photosynthetic tissues. Among different non-photosynthetic plastids, relatively minor
amounts of carotenoids are synthesized in etioplasts, amyloplasts and leucoplasts (Howitt
and Pogson, 2006). However, chromoplasts are plastids highly specialized in the
accumulation of carotenoids that are mainly present in flower and fruit tissues, serve as
reservoirs for carotenoids, and provide attractive yellow to red hues that facilitate animal-
mediated pollen and seed dispersal (Camara et al., 1995; Egea et al., 2010). During the
ripening of many fruits, including tomato, the differentiation of chloroplasts into

chromoplasts involves the complete degradation of chlorophylls, loss of the thylakoid
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structures, and remodeling of the internal membrane system, in parallel to a massive
accumulation of carotenoids in PGs and other storage structures such as fibrils,
membranes and even crystals (Sadali et al., 2019). In contrast to leaf chloroplasts, the
Calvin cycle is inactive in fruit chromoplasts and does not contribute to the MEP pathway
(Lytovchenko et al., 2011; Garrido et al., 2023). Instead, the MEP pathway substrates,
pyruvate and glyceraldehyde-3-phosphate (GAP), can be produced by glycolysis, whose
flux tightly depends on respiratory metabolism during ripening of tomato fruits (Tucker,
1993). On the other hand, the provision of hexoses resulting from plastid starch
breakdown and of metabolites imported from the cytosol are suggested to support the
high demand of carbon precursors for the synthesis of carotenoids and other metabolites

in tomato fruit chromoplasts (Bouvier and Camara, 2007).

As regard to energy production, climacteric fruits such as tomato show an increase in
respiration in concert with the production of ethylene, the main hormone controlling fruit
ripening, and both events precede carotenoid synthesis (Giovannoni, 2004). Respiratory
pathways in the cytosol and mitochondria have been proposed as the main suppliers of
ATP and metabolic precursors for ensuring the high activity of plastid MEP pathway in
poplar leaves and thermogenic plants (Loreto et al., 2007; Terry et al., 2016).
Furthermore, chromorespiration was shown to provide ATP in tomato fruit chromoplasts
at late ripening stages (Renato et al., 2014) (Figure I-5). This respiratory process involves
an electron transport chain at the thylakoidal membrane composed by a NAD(P)H
dehydrogenase, cytochrome b6f complex and the plastid terminal oxidase (PTOX), which
mediates the light-independent O, consumption coupled to the oxidation of the
plastoquinone (PQ) pool (Renato et al., 2015) (Figure I-5). The electron transport
through this chomorespiratory chain is coupled to proton translocation and ATP
generation by a chromoplast ATP synthase (Renato et al., 2014) (Figure I-5), but the in
vivo contribution of mito- versus chromo-respiratory pathways during fruit ripening
remains to be determined. In Chapter 3 and 4 of this doctoral Thesis, the contribution
of mito- and chromorespiration and the role of the AOX pathway for carotenoid

biosynthesis in tomato fruits have been investigated.
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Figure 1-5: Interactions between chromoplasts and mitochondria. The chromoplast electron
transport chain involves NAD(P)H dehydrogenase (NDH), plastoquinone (PQ), phytoene
desaturase (PDS), and plastid terminal oxidase (PTOX), which has a dual role in carotenoid
synthesis and ATP generation. Pyruvate produced by glycolysis can be converted to acetyl-CoA
at the mitochondrial matrix, entering the TCA cycle. The NADH produced by the TCA cycle can
be oxidized by the mETC, which contains different complexes and alternative components (for
details see Figure 3). 2-0G, 2-Oxoglutarate; 3-PG, 3-Phosphoglycerate; AA, Amino Acids; AOX,
Alternative Oxidase; ATP, Adenosine Triphosphate; Cit, Citrate; CO., Carbon Dioxide; COX,
Cytochrome ¢ Oxidase; Fum, Fumarate; GAP, Glyceraldehyde-3-Phosphate; Glu, Glutamate;
Isocit, Isocitrate; Mal, Malate; MEP, Methylerythritol Phosphate; NDH, NAD(P)H
Dehydrogenase; Oz, Oxygen; OAA, Oxaloacetate; PQ, Plastoquinone; PDS, Phytoene Desaturase;
Pro, Proline; PTOX, Plastid Terminal Oxidase; Pyr, Pyruvate; RuBP, Ribulose 1,5-Bisphosphate;
Suc, Succinate; TP, Triose Phosphate; UCP, Uncoupling Protein; UQ, Ubiquinone.
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Objectives

The research in this Thesis aims to investigate different mechanisms regulating the
metabolic flux into the carotenoid pathway and their connection with mitochondria and

responses to stress. For this, the following specific objectives were established:

1. Investigate the relevance of the interaction of PSY with FBNG6 for the production
of carotenoids and subsequent responses to high light stress in Arabidopsis.

2. Study the role of mitochondrial alternative oxidase (AOX) respiration during the
biosynthesis of stress-related primary metabolites in Arabidopsis.

3. Analyze the contribution of mitochondrial respiration and chromorespiration to
carotenoid biosynthesis in tomato fruits.

4. Clarify the role of the mitochondrial AOX for plant development and fruit

metabolism (including carotenoid biosynthesis) in tomato.

Each of the four objectives were addressed in a corresponding chapter from 1 to 4.
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Chapter 1: Arabidopsis
FIBRILLING influences
carotenoid biosynthesis by
directly promoting phytoene
synthase activity
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Introduction

Carotenoids are a family of plant isoprenoids with roles in photosynthesis and
photoprotection in green tissues. They also function as pigments in non-photosynthetic
tissues such as flower petals and ripe fruits to attract animals for pollination and seed
dispersal. Carotenoids are also precursors of bioactive molecules in plants (including
hormones such as abscisic acid and strigolactones) and animals (including retinoids such
as vitamin A) (Rodriguez-Concepcion et al. 2018). Carotenoids accumulate at high levels
in chloroplasts, where they are mostly associated with the photosynthetic apparatus.
However, they are most abundant in chromoplasts, which are plastids specialized in the
sequestration of these highly lipophilic compounds found in carotenoid-accumulating
non-photosynthetic tissues (Rodriguez- Concepcion et al. 2018). Chromoplast
ultrastructure changes depending on the species, organ, and carotenoid type they
accumulate. For example, chromoplasts from carrot (Daucus carota) roots accumulate
carotenoids as large crystals whereas those of red pepper (Capsicum annuum) contain a
large number of plastoglobules (PG) with fibrillar extensions surrounded by an outer
layer of proteins referred to as plastoglobulins or fibrillins (FBNSs) (Egea et al. 2010).

FBNs are encoded by gene families in plants and algae that can be grouped into 12 clades
(Singh and McNellis 2011; Kim and Kim 2022). They include members with diverse
molecular masses, pl values, hydrophobicity profiles, and homology with lipocalins
(small proteins involved in the binding and transport of small lipophilic compounds),
suggesting that each FBN family member has specific biological function(s) (Singh and
McNellis, 2011; Lundquist et al., 2012; Kim and Kim, 2022). In agreement, plastid types
vary in their FBN composition, suggesting that specific FBNs might have specialized
functions in different classes of plastids (Singh and McNellis 2011; Kim and Kim 2022).
However, their mechanisms of action remain poorly understood in most cases. In tomato
(Solanum lycopersicum), the PG-associated FBN1, FBN2, and FBN4 isoforms
accumulate at high levels during fruit ripening, when carotenoids are actively produced
and stored in chromoplasts (Barsan et al. 2012; Suzuki et al. 2015). FBN1 homologs from
rapeseed (Brassica juncea) and melon (Cucumis melo) contribute to carotenoid
accumulation in chromoplasts (Li et al. 2023; Zhou et al. 2023). By contrast, the

Arabidopsis (Arabidopsis thaliana) homologs FBN1a, FBN1b, and FBN2 are involved
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in photoprotection and stress responses (Torres-Romero et al. 2022) whereas FBN4 is
likely involved in the partitioning of metabolites between the PG and thylakoid
membranes of chloroplasts (Singh et al., 2012). Arabidopsis FBN1a, FBN1b, and FBN2
interact with each other around the PG surface, but FBN2 also plays FBN1-independent
roles through interaction with other proteins (Torres-Romero et al. 2022). Arabidopsis
FBNS5 is a stromal protein involved not only in the acclimation to photooxidative stress
but also in plastoquinone-9 biosynthesis by binding to solanesyl diphosphate synthases
(Kim et al. 2015). FBNG is needed for plants to acclimate to light stress, and it contributes
to reactive oxygen species (ROS) scavenging (Lee et al. 2020). The role of other FBNs
remains poorly studied (Singh and McNellis 2011; Kim and Kim 2022).

Arabidopsis FBN6 was found to be among the proteins co-immunoprecipitated with a
GFP-tagged version of phytoene synthase (PSY), the first and main rate-determining
enzyme of the carotenoid pathway (Welsch et al. 2018). Furthermore, FBNG is the only
FBN enriched in purified envelope fractions where PSY is also found (Ferro et al. 2010;
Bouchnak et al. 2019). Therefore, we questioned whether this particular isoform
modulates PSY activity, thereby potentially impacting the metabolic flux of the
carotenoid pathway in chloroplasts. Besides confirming binding and co-localization of
Arabidopsis FBN6 and PSY, we demonstrate the functional relevance of such an

interaction.

Materials and methods

Plant material and growth conditions

N. benthamiana and Arabidopsis (A. thaliana) plants were grown as described (Morelli
et al. 2023). The fbn6-1 mutant (GABI_159E10) (Lee et al. 2020) was obtained from the
Nottingham Arabidopsis Stock Centre (NASC). Homozygous lines were identified by
genomic PCR with T-DNA and gene-specific primers (Supplemental Table C1-1).
Transgenic lines overexpressing an RFP-tagged version of Arabidopsis FBN6 were
generated in the Columbia-0 background using construct pPGWB454-FBN6-RFP. Lines
with a single T-DNA insertion were identified based on the Mendelian segregation of the
kanamyecin resistance marker gene, and transformants showing different levels of FBN6-

RFP protein (as deduced from RFP fluorescence intensity) were selected for analysis. For
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the de-etiolation experiments, seeds were surface-sterilized and sown on Petri dishes
containing solid 0.5x MS medium without sucrose. After stratification for 3 d at 4°C in
the dark, seeds were exposed to white light (50 umol photons-m—2 s—1, referred to as
normal light or NL) for 3 h at 22°C to stimulate synchronized germination. Then, plates
were covered in aluminum foil and incubated at 22 °C in the dark for 3 d for seeds to
germinate and produce etiolated seedlings. Such etiolated seedlings were either collected
in the dark or exposed to NL to allow de-etiolation. For the intense light experiments,
seedlings grown on plates for 9d under NL were exposed for 24 h to 600 xmol
photons-m—2 s—1 (referred to as high light or HL) or left under NL for the same time. N.
benthamiana leaves were agroinfiltrated as described (Morelli et al. 2023). Some leaves
were later treated with the commercial herbicide Zorial, containing 80% NFZ. The
herbicide was diluted in a 0.05% (v/v) solution of Tween 20 in water to a final
concentration of 2 uM NFZ. The solution was then infiltrated with a syringe on the leaf
areas that has been agroinfiltrated with constructs of interest 24 h earlier (so the
agroinfiltration halo was properly absorbed).

Gene constructs

The full coding region of the Arabidopsis FBN6 (AT5G19940) cDNA was PCR-
amplified using primers AtFBN6-attB1-F and AtFBN6-attB2-R (Supplemental Table
C1-1) and cloned into Gateway pDONR207 and subsequently pGWB420 (to create the
FBN6-myc fusion) and pGWB454 (to create the FBN6-RFP fusion). Similarly, the
FBN4-myc fusion was generated by PCR-mediated amplification of a cDNA sequence
encoding full-length FBN4 (AT3G23400) with primers AtFBN4-attB1-F and AtFBN4-
attB2-R (Supplemental Table C1-1) and cloned into Gateway pGWB420 via
pDONR207. Constructs encoding PRK-myc (Barja et al. 2021) and PSY-GFP (Welsch

et al. 2018) were previously available in the lab.

Microscopy

Fluorescent proteins transiently expressed in agroinfiltrated N. benthamiana leaves or
stably produced in transgenic Arabidopsis lines were analyzed with a Leica TCS SP5
Confocal Laser Scanning Microscope using a 63x immersion objective. GFP

fluorescence was detected using a PMT detector (gain 980) from 500 to 560 nm after
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argon laser excitation at 488 nm (29%), while RFP was excited by a Diode laser 561
(20%) and, the signal was detected using a PMT detector (gain 76) from 570 to 630 nm.
Chlorophyll autofluorescence was detected using a PMT detector (gain 41) from 650 to

750 nm after argon laser excitation at 488 nm (29%).

Co-immunoprecipitation and immunoblot assays

N. benthamiana leaves were agroinfiltrated with the appropriate constructs and samples
were collected after 4 d for co-immunoprecipitation experiments performed as described
(Barja et al. 2021). Immunoblot analysis of plant protein extracts was carried out as
described (Paulisi¢ et al., 2021). In the case of E. coli, extracts for immunoblot analysis
were made by directly boiling pelleted cells in 12.5 mM Tris—HCI pH = 6.8, 4% (w/v)
SDS. Blots were incubated with available antibodies against FBN1a and FBN2 (Morelli
et al. 2023) diluted 1:5,000 or commercial antibodies against GFP (Invitrogen, 1:2,000)
and Myc (Calbiochem, 1:5,000). Quantification of the signals was carried out as
described (Morelli et al. 2023).

Gene expression and metabolite analysis

RNA isolation, cDNA synthesis, and reverse transcription quantitative PCR experiments
were carried out as described (Barja et al. 2021) using the primers listed in Supplemental
Table C1-1. Normalized transcript levels were calculated using Arabidopsis UBC21
(At5g25760) as the reference gene. Carotenoids and chlorophylls were extracted from
plant tissues, separated, identified, and quantified by HPLC-DAD (Barja et al. 2021).

Statistical analyses

One-way ANOVA followed by Tukey’s multiple comparisons test and Student’s t-test

analyses were used to determine statistically significant differences.

Accession numbers

Sequence data from this article can be found under the following accession numbers:
At5g17230 (PSY), At5g19940 (FBN6), At3g23400 (FBN4), Solyc09g090330 (SIFBN4),
At1g32060 (PRK), At5g25760 (UBC21), and ADD79329 (crtB).
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Results and discussion

Arabidopsis FBN6 and PSY physically interact in particular subplastidial locations
FBNG6 was one of the proteins pulled down with a GFP antibody in Arabidopsis lines
overexpressing the fusion protein PSY-GFP (Welsch et al. 2018), suggesting that FBN6
and PSY physically interact in vivo. To confirm this previously observed interaction and
test its specificity, we performed co-immunoprecipitation experiments in Nicotiana
benthamiana leaves. Constructs encoding C-terminal myc-tagged FBN6 and GFP-tagged
PSY were co-agroinfiltrated in leaves, and 4 d later, protein extracts were used for
immunoprecipitation using anti-myc antibodies (Figure C1-1). As a negative control, we
used a myc-tagged version of Arabidopsis phosphoribulokinase (PRK), a stromal enzyme
of the Calvin cycle (Barja et al. 2021). Immunoblot analysis of immunoprecipitated
proteins with anti-GFP antibodies detected PSY-GFP in FBN6-myc but not in PRK-myc
samples (Figure C1-1A). The specificity of the FBN6-PSY interaction was then tested
by using a myc-tagged version of the FBN4 protein as a negative control (Torres-Romero
et al. 2022). Results (Figure C1-1B) showed that Arabidopsis FBN4 does not interact
with PSY, and this confirmed the specificity of FBN6 and PSY interaction.

When analyzing the co-immunoprecipitation assays, we noticed that the PSY-GFP
protein concentrated in fluorescent dots within chloroplasts (Figure C1-2A). These dots
are similar to those observed for PG-associated proteins (Lundquist et al., 2012; Gamez-
Arjona et al., 2014; Morelli et al., 2023) and for PSY enzymes (Shumskaya et al. 2012)
when fused to fluorescent protein tags. Interestingly, GFP-tagged Arabidopsis FBN6
shows a spotted distribution within chloroplasts despite the fact that the protein is not
found in PG but localized in thylakoid and envelope membranes (Ferro et al. 2010;
Lundquist et al. 2012; Bouchnak et al. 2019; Lee et al. 2020). To test whether the
fluorescent dots observed in chloroplasts harboring FBN6-GFP and PSY-GFP proteins
corresponded to the same or different subplastidial locations, we fused the red fluorescent
protein (RFP) to FBN6 (FBN6-RFP construct) and co-agroinfiltrated it with the PSY-
GFP construct. Confocal microscopy of the leaves 4 d after agroinfiltration showed a
clear overlapping of RFP and GFP fluorescence signals (Figure C1-2A), indicating that
FBNG6 and PSY co-localize within chloroplasts, as expected for interacting proteins.
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Figure C1-1. FBN6 and PSY can be immunoprecipitated together. N. benthamiana leaves were
co-agroinfiltrated with the indicated combinations of proteins with C-terminal myc or GFP tags.
Four days later, agroinfiltrated leaves were collected and used for protein extraction and analysis.
Part of the protein extracts was used to test protein production (input) by immunoblot analyses
with antibodies against myc (amyc) or GFP (aGFP; asterisk marks the position of unspecific
bands). The remaining protein extracts were used for co-immunoprecipitation (Co-IP)
experiments using amyc followed by immunoblot analyses with immunoblot analyses with amyc
(to confirm successful IP) and aGFP (to detect the presence of co-immunoprecipitated PSY-GFP
protein). A) Experiment using the Calvin cycle enzyme PRK fused to the myc tag as a negative
control. B) Experiment using the PG-ssociated FBN4 protein fused to the myc tag to test for the
specificity of the FBN6-PSY interaction.

Despite the fact that FBN6-GFP has been previously found to co-localize with PG
proteins fused to fluorescent tags in co-expression experiments similar to the results
reported here, subsequent analysis of chloroplast membrane fractions argued against a
localization of FBNG in PG (Lee et al. 2020), a conclusion that is supported by proteomic
data (Ferro et al. 2010; Lundquist et al. 2012; Bouchnak et al. 2019). While

overexpression of FBNs and other PG-associated proteins typically results in PG
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proliferation (Shanmugabalaji et al., 2013; Van Wijk and Kessler, 2017), overproduction
of FBNG6 or/and PSY proteins in agroinfiltrated leaf chloroplasts did not cause changes
in PG core-associated proteins such as FBN1 or FBN2 homologs (Figure C1-2B). These
results provide further indirect evidence that FBN6 and PSY are not PG-associated
proteins. Together, we conclude that Arabidopsis FBN6 and PSY interact and
preferentially co-localize in particular locations of the chloroplast such as envelope or

thylakoid membrane domains different from PG.
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Figure C1-2. FBN6 and PSY co-localize in chloroplasts. N. benthamiana leaves were co-
agroinfiltrated with constructs encoding FBN6-RFP and PSY-GFP, and 4 d later, samples were
taken for confocal and immunoblot analyses. A) Representative confocal microscopy images of a
leaf section transiently expressing the indicated fluorescent fusion proteins. All panels in the same
column show the same field. RFP fluorescence is shown in the top panels, GFP fluorescence in
the second row, and chlorophyll autofluorescence in the third row. Bottom panels show a merge
of the 3 fluorescence channels. Right panels are a magnification of the area boxed in white in the
left panels. Bars, 5 um. B) Immunoblot analysis of the accumulation of FBNs identified using
antibodies against Arabidopsis PG-associated FBN1a and FBN2 proteins in leaves expressing the
indicated constructs or a GFP control (—/—). Quantification was made by relativizing each band
intensity to the one obtained in the control. Representative results are shown in the lower panels.

Barplot shows the mean + SD values of quantitative data from n = 3 leaves.
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FBN6 promotes PSY activity

To investigate whether FBN6 might influence PSY activity in the chloroplasts of plant
cells, we analyzed the production of phytoene (the direct product of PSY activity) and
downstream carotenoids in N. benthamiana leaves agroinfiltrated with constructs to
transiently express the Arabidopsis genes encoding FBNG6, PSY, or both (Figure C1-3
and Supplemental Tables C1-2 and C1-3). Control leaves were agroinfiltrated with a
GFP construct. While phytoene was not detected in control or FBN6 samples, it was
present in PSY samples, and it increased in samples agroinfiltrated with both FBN6 and
PSY (Figure C1-3A). To investigate whether overexpression of FBN6 could also impact
the endogenous PSY enzymes in N. benthamiana leaves, we used norflurazon (NFZ).
This inhibitor prevents phytoene conversion into downstream carotenoids, thereby
allowing indirect estimation of PSY activity through quantifying the amount of phytoene
accumulation in NFZ-treated tissues. As expected, phytoene was detected in all the
samples treated with NFZ. FBN6 samples showed a slight but statistically significant
increase in phytoene compared with GFP controls, in agreement with the conclusion that
FBNG6 is a promoter of endogenous PSY activity. In PSY-overexpressing samples, the
presence of FBNG led to a much more obvious increase in phytoene content (Figure C1-
3A). In the case of total carotenoids, FBNG6 alone did not lead to increased levels but a
combination of FBN6 and PSY resulted in more carotenoids than PSY alone (Figure C1-
3B). FBN6 also promotes the activity of plant PSY (but not bacterial crtB) in E.coli cells,
i.e., in the absence of other plastid proteins that might indirectly improve PSY activity
(lglesias-Sanchez et al., 2024; Annex 1). Consistent with the results in bacterial systems,
the effect of FBN6 in enhancing PSY-promoted carotenoid accumulation in
agroinfiltrated N. benthamiana leaf cells was not observed whe