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Abstract

The ability of energy conversion by the photosynthetic machinery under stress and its
capacity to adjust to an ever-changing environment is crucial for plant survival. The
photosynthetic light reactions occur at the photosystems in the thylakoids of chloroplasts.
The photosystems are composed of proteins in a specific lipid environment. It includes
not only membrane lipids but also lipophilic pigments (chlorophylls, carotenoids) and
prenylquinones (plastoquinone, phylloquinone, tocopherol). Apart from their respective
roles in light harvesting and electron transport, carotenoids and prenylquinones have
important antioxidant properties and protect plant cells against reactive oxygen species.
The focus of this work is to understand how plants resist and adapt to environmental
stress in particular high light, high temperature and the combination of the two. Lipid
metabolism takes places in plastid subcompartments, at the level of envelopes, at thylakoid
microdomains called plastoglobules. Plastoglobules are involved in various essential
biosynthetic metabolic pathways and accumulation of prenylquinone molecules. In this
thesis, we use tomato as the model system to address the role of (prenyl) lipids synthesis
and remodelling to protect photosynthetic function under stress. After an introduction
on the implication of photosynthetic machinery in lipid metabolism, in Chapter 2 we
summarized recent advances in plastoglobule research and their findings on biosynthesis
and metabolism of Vitamins E and K;. Then in Chapter 3, we investigate the question
of how the photosynthetic machinery is protected against heat stress. Amongst many
hundreds of compounds that change under heat stress, we identified a-tocopherol and
plastoquinone as the most significantly increased antioxidants. This finding suggests a
new role for these two prenylquinones in protecting the photosynthetic apparatus against
temperature stress. In Chapter 4, through a joint effort, we provided valuable information
on the metabolic fluxes and biosynthesis of Vitamin E in tomato. Finally, in Chapter 5, we
intended to identify molecules that contribute to the protection against combined high
temperature and high light stress. To perturb a-tocopherol levels we used the tomato vte5
knock down-line. The data indicate that VTE5 protects against combined high light and
high temperature stress and does so by supporting a-tocopherol production. Overall, this
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thesis contributes to a better understanding of the role of prenylquinone compounds, in
the resistance of tomato plants against high light and high temperature stresses.

Keywords: lipidomics, prenylquinones, photosynthesis, temperature stress, high light
stress, tocopherol, Vitamin E, plastoquinone, plastochromanol, carotenoids, Fv/Fm, plas-
toglobules, phytol, phytol kinase, Solanum lycopersicum, tomato.



Résumé

La capacité de conversion de I’énergie par les chloroplastes en condition de stress et son
aptitude a s’adapter a un environnement en constante évolution est cruciale pour la survie
des plantes. Les réactions photosynthétiques se produisent au niveau des photosystémes
dans les thylakoides des chloroplastes. Les photosystemes sont composés de protéines
dans un environnement lipidique spécifique. Ce dernier comprend non seulement des
lipides membranaires mais aussi des pigments lipophiles (chlorophylles, caroténoides) et
des prénylquinones (plastoquinone, phylloquinone, tocophérol). A part leurs réles de col-
lecteur de lumiére et leurs implications dans le transport d’électrons, les caroténoides et les
prénylquinones (respectivement) ont d’importantes propriétés antioxydantes et protegent
les cellules végétales contre les especes réactives a 'oxygéne. Le but de ce travail est de
comprendre comment les plantes résistent et s’adaptent aux stress environnementaux, en
particulier aux fortes intensités lumineuses, a la hausse de température et a la combinaison
des deux. Le métabolisme des lipides prend place dans les sous-compartiments des plas-
tides, au niveau des enveloppes, des membranes des thylacoides et de ses microdomaines,
appelés plastoglobules. Les plastoglobules sont impliqués dans diverses voies métaboliques
biosynthétiques essentielles et dans 'accumulation des molécules de prénylquinone. Dans
cette thése, nous avons utilisé la tomate comme systéme modeéle afin d’étudier le role de la
synthése des (prényl) lipides ainsi que leur remodelage dans la protection de la fonction
photosynthétique en condition de stress. Apreés une introduction sur I'implication des
chloroplastes dans le métabolisme des lipides, nous avons résumé, dans le chapitre 2, les
récents progres de la recherche sur les plastoglobules et leurs implications sur la biosyn-
thése et le métabolisme de la vitamine E et de la vitamine K;. Ensuite, dans le chapitre
3, nous avons étudié comment le chloroplaste est protégé contre le stress d{i a la hausse
de la température. Parmi les centaines de composés qui changent sous stress thermique,
nous avons identifié 'a-tocophérol et la plastoquinone comme étant les antioxydants les
plus significativement en hausse. Cette découverte suggere un nouveau role pour ces
deux prénylquinones dans la protection de I'appareil photosynthétique contre le stress
thermique. Dans le chapitre 4, nous avons fourni des informations précieuses sur les flux
métaboliques et de biosynthése impliqués dans 'accumulation de la vitamine E chez la
tomate. Enfin, au chapitre 5, nous avons cherché a identifier les molécules qui contribuent
a la protection contre le stress dii a la hausse des températures combiné au stress de haute
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intensité lumineuse. Pour perturber les niveaux d’a-tocophérols, nous avons utilisé un
mutant chez la tomate ayant perdu la fonction du VTES (vte5). Les données indiquent que
le VTES protege la plante contre la hausse des températures combinée au stress de forte
intensité lumineuse en soutenant la production d’a-tocophérol. D’'une maniére générale,
cette these contribue a une meilleure compréhension du réle des prénylquinones impliqués
dans la résistance chez la tomate au stress de forte intensité lumineuse combiné a la hausse

de température.

Mots-clés: lipidomique, prénylquinones, photosynthése, stress de température, lumiere
de forte intensité, tocophérol, Vitamin E, plastoquinone, plastochromanol, caroténoides,
Fv/Fm, plastoglobules, phytol, phytol kinase, Solanum lycopersicum, tomate.
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General introduction

1.1 Introduction

Plants have to adapt continually to environmental changes. With the changes in climate,
including increased temperatures in combination with high light intensity, plants incur
losses and shifts of their original habitat (Pretty et al., 2010; Streb et al., 2003; Walther
et al., 2002). The inability of plants to adapt to environmental changes leads to significant
physiological perturbations that affect photosynthesis (Mishra and Singhal, 1992). As
a consequence climate changes increase pressure on agriculture, especially crop plant
productivity.

Plant growth and development depends on photosynthesis. Photosynthesis is an essential
process that enables life on Earth (Jajoo, 2014) and the major bioenergetic activity that
takes place at the thylakoid membranes in the chloroplasts (Eberhard et al., 2008). The
photosynthetic light reactions generate ATP, NADPH, and molecular oxygen. Using the
ATP and NADPH, the “dark” reactions assimilate carbon dioxide into organic compounds,
initially in the form of starch (Waters and Langdale, 2009). Starch degradation products
will then either be exported to the cytosol or directly used in the chloroplast stroma as a
primary carbon source for plant biomass production.

Light is essential for plant growth and productivity. However excessive light can cause
severe stress in plants by damaging the photosynthetic reaction centers (Lichtenthaler,
1999; Takahashi and Badger, 2011). In combination with increased temperature, excessive
light leads to dramatic changes in the structure of photosynthetic machinery, consequently
altering the photosynthetic capacity of plants, and disrupting cellular homeostasis (Bita
and Gerats, 2013; Wahid et al., 2007).

1.1.1 Plastids adapt to changes in environmental conditions

Plastids are essential organelles of endosymbiotic origin. Plastid occur in higher plants
in various sizes, shapes, and functions (Thomson and Whatley, 1980). Depending on
environmental stimuli and developmental signals, plastids develop into distinct, tissue-
specific types, including chloroplasts, chromoplasts, amyloplasts, elaioplasts, gerontoplasts
(Figure 1.1) (Jarvis and Lopez-Juez, 2013; Lopez-Juez and Pyke, 2005; Wise, 2006).
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Fig. 1.1: Plastid diversity and interconversions. Plastids differentiate in various functional or-
ganelles depending on tissue, developmental stage, hormonal and environmental cues.
Proplastids are totipotent plastids present in the meristematic tissue. Etioplasts are chloro-
plast precursors that develop in the absence of light and accumulate the chlorophyll
precursor protochlorophyllide in the prolamellar body (PLB, paracrystalline membra-
nous structure). Upon illumination etioplasts, rapidly differentiate into chloroplasts
containing the vast thylakoid membrane system. Leucoplasts are non-pigmented, storage
plastids. This group comprises amyloplasts and elaioplasts. Amyloplasts store starch
and are present in storage tissues such as cotyledons, endosperm, and tubers. Elaio-
plasts store lipids and exist, for example, in the functional layer of nutritive cells within
the anther during pollen development or epidermal cells of some monocotyledonous
families. Chromoplasts accumulate colored carotenoids and are associated with repro-
ductive tissues in flowers and fruits, having roles in attracting pollinators and seed
disseminators. Gerontoplasts differentiate from chloroplasts during senescence and have
highly regulated catabolic activities including the disassembly of the photosynthetic
machinery, autophagic recycling and reallocation of resources to seed and perennial
tissues (Jarvis and Lépez-Juez, 2013; Neuhaus and Emes, 2000; Rottet et al., 2015;
Waters and Langdale, 2009)
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Moreover, in its photosynthetic role, the chloroplast adapts to varying environmental
conditions, remodeling its membrane system to increase or decrease light harvesting
surface (Figure 1.2) (Lichtenthaler and Burkart, 1999).

Sun-type Chloroplast Shade-type Chloroplast

(high-light chloroplast) (low-light chloroplast)

Fig. 1.2: Chloroplast ultrastructural adaptation in response to high-light and low-light. Sun-
type chloroplasts exhibit a reduction of the grana stacks and abundance of light-harvesting
complex-LHCII, large starch grains, and enlargement of plastoglobules when compared
to chloroplasts in shade-grown plants (Lichtenthaler, 2010). Adapted from Lichtenthaler
and Burkart (1999)

1.1.2 Chloroplasts - a primary site of diverse metabolic
pathways

Besides supplying energy through photosynthesis, chloroplasts, fulfill other important
metabolic roles (Lopez-Juez and Pyke, 2005; Neuhaus and Emes, 2000; Rolland et al.,
2012). Chloroplasts synthesize an immense variety and quantity of lipophilic compounds
that serve different purposes within the cell. The implication of these chloroplast lipids
range from structural roles, such as membrane biogenesis (Andersson et al., 2001; Benning,
2008, 2009; Kobayashi et al., 2007, 2013) and remodeling (Kelly and Dérmann, 2004;
Kirchhoff, 2014; Shimojima and Ohta, 2011) to protection against oxidative stress under
high light (Nowicka et al., 2016; Szymanska and Kruk, 2010) and to lipid-derived signaling
in response to biotic stress, e.g. wounding, herbivory and pathogens (Howe and Schilmiller,
2002; Upchurch, 2008; Wasternack, 2007).

Lipid metabolism takes places in plastid subcompartments, at the level of envelopes,
thylakoid membranes and at thylakoid microdomains called plastoglobules. The processes
involved in chloroplast lipid metabolism are tightly regulated depending on developmental
stage and environmental factors (Zhang et al., 2010).

The chloroplast structural core is constituted by a complex membrane system, the thy-
lakoids, that are formed mainly by galactolipids, approximated 50% monogalactosyl-
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diacylglycerol, 26% digalactosyldiacylglycerol, sulfoquinovosyldiacylglycerol and phos-
phatidylglycerol comprise most of the remaining lipids (Boudiere et al., 2014; Dérmann,
2013; Kobayashi, 2016). Chloroplast photosynthetic membranes also contain embedded
proteins and lipophilic compounds including chlorophylls, carotenoids (3-carotene, lutein,
neoxanthin and the three xanthophyll cycle carotenoids zeaxanthin, violaxanthin and
antheraxanthin) and prenylquinones (plastoquinone, phylloquinone, tocopherol and plas-
tochromanol) (Dekker and Boekema, 2005; Lichtenthaler, 2007; Lichtenthaler and Calvin,
1964; Lichtenthaler and Park, 1963; Matringe et al., 2008). While carotenoids play struc-
tural and light harvesting roles and have a protective function against excessive light Frank
and Cogdell, 1996; Gruszecki and Strzatka, 2005; Niyogi et al., 2000, prenylquinones have
essential roles as antioxidants and in electron transport (Havaux et al., 2005). Together,
the carotenoids and prenylquinones unfold protective functions under environmental stress
and shield plant cells against ROS (reactive oxygen species) (Havaux and Kloppstech,
2001; Horvath et al., 2006).

1.1.3 Regulatory roles of plastids in isoprenoid compounds
biosynthesis

The prenylquinones, as well as the carotenoids, belong to the plastid isoprenoid family.
Due to their diverse roles in a wide range of biological processes, they are essential for
plant growth and development. Also known as terpenoids, isoprenoid compounds are
the most abundant class of metabolites and more than 50 000 different molecules have
been identified and reported to date (Banerjee and Sharkey, 2014; Thulasiram et al.,
2007). In higher plants, two independent biosynthetic pathways supply the universal
C5 precursor, isopentenyl diphosphate (IPP) and its isomer, dimethylallyl diphosphate
(DMAPP) (Eisenreich et al., 1998), the cytosolic mevalonate (MVA) and the plastidial
methylerythritol-4-phosphate (MEP) pathways (Lange and Croteau, 1999; Lange et
al., 1998; Lichtenthaler, 1999, 2010; Paseshnichenko, 1998; Rodriguez-Concepcién and
Boronat, 2015; Vranova et al., 2013; Wanke et al., 2001). Whilst the MVA pathway supplies
precursors for the synthesis of sesquiterpenes, triterpenes and sterols (e.g. brassinosteroid
hormones) (Mendoza-Poudereux et al., 2015; Rodriguez-Concepcion, 2006), the MEP
pathway is involved in the production of monoterpenes, plastoquinones, carotenoids, the
phytol tail of chlorophylls, and phytohormones (e.g. cytokinins, gibberellins, abscisic
acid) (Boronat, 2010; Rodriguez-Concepcion, 2006; Rodriguez-Concepcion and Boronat,
2002). The separation of the two pathways in different compartments and its advantages
are not yet fully understood (Hemmerlin et al., 2012). The plastid pathway is probably
conserved from the endosymbiotic event, whereas the cytosolic one is eukaryotic. Moreover,
many isoprenoid compounds from the MEP pathway are required in the plastid for their
roles in photosynthesis (Figure 1.3). Thus the physical separation is likely to facilitate
the optimal supply of precursors for each pathway (Rodriguez-Concepcion and Boronat,
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2015). In this chapter, I will focus on plastidial derived pathway, with particular emphasis
into prenyllipids and tocopherol metabolism.

Protein .
prenylation Plastid

A
Pyruvate Y Glyceraldehyde-3-phosphate
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\
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] ¥
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Fig. 1.3: Plastid MEP pathway in plant cells. Solid-line arrows indicate a single enzymatic
step, dashed-line arrows indicate more than one enzymatic step, and circle-ended ar-
rows indicate cross-membrane transport. White arrows indicate enzymatic reactions
in plastids. Short-chain prenyl diphosphates such as isopentenyl diphosphate (IPP),
dimethylallyl diphosphate (DMAPP), geranyl diphosphate (GPP), and farnesyl diphos-
phate (FPP) translocate across the plastid membrane (Bick and Lange, 2003). Geranyl-
geranyl diphosphate (GGPP) can be used for protein prenylation in the cytosol of tobacco
cells (Gerber et al., 2009). Specific transporters for prenyl diphosphates have not yet
been identified. Other abbreviations: 1-Deoxy-D-xylulose 5-phosphate synthase (DXS);
1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR); 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase (MCT); 4-(Cytidine 5’-diphospho)-2-C-methyl-D-erythritol
kinase (CMK); 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MDS); 4-Hydroxy-
3-methylbut-2-enyl-diphosphate synthase (HDS); 4-Hydroxy-3-methylbut-2-enyl diphos-
phate reductase (HDR); Isopentenyl diphosphate-isomerase (IPPI); Geranyl diphosphate
synthase (GPPS); Geranylgeranyl diphosphate synthase (GGPPS). Adapted from Vranova
et al. (2013).

The MEP pathway (also known as 1-deoxy-D-xylulose 5-phosphate (DXP) pathway or
pyruvate/glyceraldehyde-3-phosphate pathway) consists of seven enzymatic steps (Rodriguez-
Concepcion and Boronat, 2002; Rohdich et al., 2001; Rohmer, 1999; Rohmer et al.,
1996; Sharkey et al., 2007). DXP is biosynthesized from pyruvate and D-glyceraldehyde
3-phosphate (GAP) that are catalyzed by the enzyme 1-deoxy-D-xylulose-5-phosphate syn-
thase (DXS) (Rodriguez-Concepcién and Boronat, 2002; Rohmer et al., 1993). Next, the
enzyme 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR) converts DXP into MEP.
Then, through three consecutive enzymatic steps involving cytidylation (CTP-dependent),
phosphorylation (ATP-dependent), and cyclization, MEP is converted to the cyclic inter-
mediate methylerythritol 2,4-cyclodiphosphate (MEcDP). In the following step, catalyzed
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by HMBDP synthase (HDS) MEcDP is converted into hydroxymethylbutenyl diphosphate
(HMBDP). Finally, HMDBP is reduced to IDP and DMADP by HMBDP reductase (HDR).
IDP and DMADP are also isomerized by isopentenyl diphosphate isomerase (IDI) (Banerjee
and Sharkey, 2014)).

1.1.4 Prenylquinone biosynthesis also derives from the MEP
pathway

Prenylquinones, like all isoprenoids, are assembled from the condensation of monomers
of isopentenyl diphosphate (IPP) and its double bond isomer dimethylallyl diphosphate
(DMAPP). A series of subsequent condensation reactions yields geranylgeranyl diphosphate
(GGDP) from IPP. GGDP is an essential intermediate for isoprenoid-derived metabolism
shared in the biosynthesis of carotenoids, tocochromanols, a group that includes to-
copherols, tocotrienols and plastochromanol (PC-8), and other isoprenoid metabolic
pathways isoprenoids (DellaPenna and Pogson, 2006; Kruk et al., 2014). Prenylquinone
biosynthesis also depends on aromatic precursors from the shikimate pathway: p-hydroxy-
phenylpyruvate for plastoquinone, plastochromanol, and tocopherols, or chorismate, for
phylloquinone, ubiquinone, and menaquinones (Figure 1.4).

1.1.5 Tocochromanols essential plastid antioxidant metabolites

Tocochromanols make up a small family of amphipathic molecules that is composed of
four tocopherols and four tocotrienols. This group of molecules does not only have potent
lipid-soluble antioxidant activity, but its members are also essential as nutrients for human
health (Kamal-Eldin and Appelgvist, 1996; Munné-Bosch and Alegre, 2002; Schneider,
2005; Wolf, 2005). Discovered as a reproductive factor in 1922 (Evans and Bishop, 1922),
the tocopherol biosynthetic pathway in plants and algae was decoded at the beginning of
the 1970ies from precursor and products studies using radiolabeled intermediates (Grusak
and DellaPenna, 1999; Whistance and Threlfall, 1970). Tocopherol biosynthetic reactions
were unraveled in the following decade (Soll et al., 1980; Soll and Schultz, 1980; Soll
et al., 1983, 1985), whereas the genes involved were only recently identified (Cheng et al.,
2003; Collakova and Dellapenna, 2001; Porfirova et al., 2002; Rohmer, 2003; Savidge
et al., 2002; Shintani and Dellapenna, 1991; van Eenennaam et al., 2003). Almost all of
the enzymes responsible for tocopherol biosynthesis were localized to the inner envelope
membrane (Bouvier et al., 2005; DellaPenna and Pogson, 2006) with the exception of
VTEL that is present predominantly in plastoglobules (Austin II et al., 2006; Lundquist
et al., 2012; Vidi et al., 2006; Ytterberg et al., 2006).

Tocochromanols occur naturally as «, 3, 7, and d-tocopherol and -tocotrienols that differ
in the number and position of methyl groups at the aromatic ring (Grusak and DellaPenna,
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Fig. 1.4: Overview of plastidic isoprenoid, tocopherol, and carotenoid biosynthesis in plants.
The MEP pathway provides IPP for the synthesis of GGDP. Orange arrows relate to abun-
dant carotenoids. Minor products of the carotenoid pathway are not shown. Green
arrows regard tocopherol synthesis starting with homogentisate, a product of the shiki-
mate pathway. The tocotrienol product of the condensation of GGDP with homogentisate
produced by the same pathway is not shown, adapted from DellaPenna and Pogson

(2006).
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1999) (Figure 1.5). a-tocopherol is the most active form as vitamin E due to its retention
by a hepatic a-tocopherol binding protein (a-TTP) (Hosomi et al., 1997; Terasawa et al.,
2000).

R4

HDW\)\
R2 © e,

CH,

General Tocopherol Structure

R2 CH;
General Tocotrienol Structure

Form R Rz *Relative Activity
(toco vs trienol)

o.-tocopherol/trienol -CH; -CH; 100%vs 30%

B-tocopherol/trienol -CHs -H 50% vs 5%
y-tocopherol/trienol  -H -CHs  10% vs 0%
d-tocopherol/trienol -H -H 3% vs 0%

Fig. 1.5: Tocopherol and tocotrienol structures. Differences are indicated in red. The table
shows the number/position of methyl substituents in «, 5, 7, and J-tocopherol and
tocotrienols. *Vitamin E activity of each tocopherol and tocotrienol with a-tocopherol
being 100% (DellaPenna, 2005).

Tocopherols and tocotrienols are differentiated by their isoprenyl side chains, derived from
phytyl-PP or GGDP, respectively. The polar head group (homogentisate) of tocochromanols
is derived from the Shikimate pathway of aromatic amino-acid metabolism (DellaPenna
and Pogson, 2006; Kamal-Eldin and Appelqvist, 1996; Munné-Bosch and Alegre, 2002).
The condensation of the prenyl moiety phytyl diphosphate and homogentisate by ho-
mogentisate phytyl transferase, (HPT, VTE2) initiates tocopherol synthesis. The 2-methyl-
6-phytylbenzoquinol (MPBQ) derived from the previous step can be methylated on the C-3
position on the aromatic ring by the dimethyl-phytylquinol methyl transferase (VTE3) to
give 2,3-dimethyl-6-phytyl-1,4-benzoquinone (DMPBQ). The cyclization of either MPBQ or
DMPBQ by the tocopherol cyclase (VTE1) results in - and ~-tocopherol, respectively. The
further methylation at the C-5 position of these two molecules, mediated by the tocopherol
~-methyl transferase (VTE4), leads to the formation of 3- and a-tocopherol (DellaPenna
and Pogson, 2006; Zbierzak et al., 2010). Phytyl diphosphate, besides de novo synthesis,
may originate from an alternative salvage pathway dependent on the phytol kinase (VTE5)
and phytyl-phosphate kinase (VTE6), which by phosphorylation recycle the phytol moiety
released from the chlorophyll tetrapyrrole ring into tocopherol biosynthesis (Almeida et al.,
2016; Ischebeck et al., 2006; Valentin et al., 2006; vom Dorp et al., 2015).
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Tocochromanols react with polyunsaturated acyl groups and protect membrane lipids from
oxidative damage by scavenging lipid peroxyl radicals and quenching highly reactive singlet
oxygen ('03) as well as other reactive oxygen species (DellaPenna and Pogson, 2006;
Méne-Saffrané and DellaPenna, 2010; Wolf, 2005). Their chromanol ring is responsible for
their spectral and antioxidant properties (Kruk et al., 2014). In the first mechanism, the
tocochromanol ring hydroxyl will donate a hydrogen atom to a highly reactive PUFA peroxyl
radical, which will convert into its much less reactive hydroperoxide form, preventing the
propagation of PUFAs peroxidation in the cell membranes (Serbinova et al., 1991; Traber
and Atkinson, 2007). In the second mechanism, 'O, will be either quenched physically or
chemically (Krieger-Liszkay and Trebst, 2006; Triantaphylides and Havaux, 2009). The
physical quench of 'O, relies on charge transfer and thermal dissipation mechanisms
to return the oxygen to its ground state (30,) (Dellapenna and Méne-Saffrané, 2011).
The 'O, chemical quenching occurs by the opening of the chromanol ring, resulting in
the tocopherol oxidation product, a-tocopherolquinone. The latter can still fulfil roles
in electron transfer, and it can be reconverted and recycled into a-tocopherol, by the re-
introduction of the chromanol ring by the activity of tocopherol cyclase (VTE1) (Gruszka
et al., 2008; Kobayashi and DellaPenna, 2008; Kruk et al., 2005; Munné-Bosch, 2005;
Triantaphylides and Havaux, 2009).

Even though relative tocopherol composition can vary among species (Grusak and Del-
laPenna, 1999; Horvath et al., 2006). Tocopherols are found in most plant organs, while
tocotrienols are mostly present in monocotyledon seeds. The levels of a-tocopherol in
most seeds are low and limited by the expression of VTE4. Arabidopsis and soybean
plants overexpressing VI'E4 have strikingly increased a-tocopherol levels (Shintani and
Dellapenna, 1991; van Eenennaam et al., 2003). Besides its photoprotective roles (Falk
and Munné-Bosch, 2010), tocopherol participates in seed longevity and germination (Chen
et al., 2016; Meéne-Saffrané and DellaPenna, 2010; Sattler et al., 2004). The loss of
function mutant vte2 exhibited reduced seed longevity, and during germination, seedlings
showed severe growth defects, presumably caused by increased levels of lipid hydroperox-
ides and hydroxyl fatty acids. VTES was initially characterized in Arabidopsis. The vte5
mutant had only 20% of the tocopherol normally found in wild-type seeds, and even less so
in leaves. Surprisingly, however, no effect on seed germination has been reported (Valentin
et al., 2006).

1.1.6 Plastoglobules are more than lipid droplets

Chloroplast lipid droplets, also known as plastoglobules are microdomains of the thylakoid
membranes (Austin II et al., 2006). They were first believed to be just a storage site for
lipid metabolites (Bailey and Whyborn, 1963; Greenwood et al., 1963). Plastoglobules are
physically connected to thylakoids through the outer membrane leaflet (Austin II et al.,
2006) and their lipid monolayer boundary hosts a small number of proteins (Kessler et al.,
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1999), that are mostly involved in lipid metabolism (Eugeni Piller et al., 2012; Grennan,
2008). Since the analysis of plastoglobule proteomes of Arabidopsis chloroplasts and red
pepper chromoplasts, an active metabolic role of plastoglobules in the biosynthesis of
neutral lipids, has been established (Lundquist et al., 2012; Vidi et al., 2006; Ytterberg
et al., 2006).

It has been demonstrated that plastoglobules are involved in various essential biosyn-
thetic metabolic pathways. In the context of this thesis, metabolism and/or accumulation
of prenyl quinone molecules, e.g. tocopherol, plastoquinone and plastochromanol in
plastoglobules (Vidi et al., 2006; Zbierzak et al., 2010). Beyond lipid metabolism and
storage, plastoglobule protein composition changes in response to stress or developmental
transitions. During chloroplast senescence, which entails catabolic processes such as the
dismantling of the thylakoid membrane, plastoglobules play roles in metabolic detoxifica-
tion. The degradation of chlorophyll (liberating phytol) and monogalactosyldiacylglycerol
(MGDG) was correlated with the accumulation of triacylglycerol (TAG) and fatty acid
phytyl ester (FAPE). Both TAG and FAPE are products of phytyl ester synthases 1 (PES1)
and 2 (PES2) that localize to plastoglobule (Besagni and Kessler, 2013; Gaude et al., 2007,
Ischebeck et al., 2006; Lippold et al., 2012; Rottet et al., 2015; Tevini and Steinmdiller,
1985). Likewise, in reproductive tissues and fruit maturation, plastoglobules have roles in
disassembly of thylakoids, and concomitant accumulation of carotenoids in plastoglobules
and plastoglobule-derived carotenoid fibrils (Deruére et al., 1994; Steinmdiiller and Tevini,
1985).

Not only plastoglobules fascinate by their dynamic ultrastructural changes, in constant
adaptation to plant development stage, stresses or changes in the environment; but
also their direct involvement in essential lipid metabolism highlights their importance in
plant development and survival. This present thesis explores and confirms the role of
prenylquinone lipids, which metabolism takes place in the plastoglobules, in the resistance
of tomato plants against high light and high temperature stresses.

1.2 General thesis outline

The focus of this work is to understand how plants resist and adapt to environmental stress
in particular high light, high temperature and the combination of the two. I took strong
interest in lipid synthesis and re-modeling as the two are key factors in photosynthetic
function under environmental stress conditions I addressed the role of (prenyl) lipids in
these processes taking a broad metabolomics approach to lipophilic compounds. I chose
tomato as the model system. As a crop plant this prominent member of the Solanaceae
family is not only of importance in agriculture, but it has also become an important
laboratory model system for fleshy fruit plants. In addition to its nutritional value, tomato
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is also a suitable model to study prenylquinone metabolism. The use of a crop systems may
allow a more rapid translation of the findings into agriculture. Our knowledge of the role
of prenylquinones in stress resistance was expanded by the use of new lipidomic-based
methods, which allowed the simultaneous and rapid profiling of prenylquinones and
carotenoids in plant extract based-methods.

In Chapter 2, I present a review published in Current Opinions in Plant Biology entitled
“Unexpected roles of plastoglobules (plastid lipid droplets) in vitamin K; and E metabolism.”
In this review, I summarized recent advances on plastoglobule research and their findings
on biosynthesis and metabolism of Vitamins E and K;.

Climate change and rising temperatures are amongst the most serious issues on this
planet. In Chapter 3, I present a manuscript that was published in Frontiers in Plant
Science entitled “Lipid antioxidant and galactolipid remodeling under temperature stress
in tomato plants.” To investigate the question of how the photosynthetic machinery is
protected against heat stress, I employed a non-targeted lipidomics approach. Amongst
many hundreds of compounds that change under heat stress, I identified a-tocopherol and
plastoquinone as the most significantly increased antioxidants. This suggest a new role for
these two prenyl quinones in protecting the photosynthetic apparatus against temperature
stress.

In Chapter 4, I present an article published in the Journal of Experimental Botany entitled
“Down-regulation of tomato PHYTOL KINASE strongly impairs tocopherol biosynthesis
and affects prenyllipid metabolism in an organ-specific manner.” This article was the
result of a collaboration with the University of Sdo Paulo. My contribution to this study;,
together with Neuchatel Platform of Analytical Chemistry (NPAC), was the non-targeted
lipidomic analysis of prenyllipids and galactolipids in leaves and fruits of a tomato vte5
knock down-line (SIVTES). I designed the extraction method for mature-green and ripe
fruit analysis. The results obtained through this joint effort provided valuable information
on the metabolic fluxes implicated in Vitamin E accumulation as well as biosynthetically
related pathways which impact tomato physiology.

In Chapter 5, I intended to identify molecules that contribute to the protection against
combined high temperature and high light stress. The ability of energy conversion by
the photosynthetic machinery under stress and its capacity to adapt to an ever-changing
environment is crucial for plant survival. Here, we use the non-targeted lipidomics
approach in the tomato model system to identify lipophilic molecules that may contribute
to protection against this combined stress. Among several hundred compounds, the two
most strongly upregulated compounds were a-tocopherol and plastoquinone/-ol. To
perturb a-tocopherol levels we used the tomato vte5 knock down-line (SIVTE5). The
data indicate that VTES protects against combined high light and high temperature stress
and do so by supporting a-tocopherol production. The manuscript entitled “VTE5 phytol
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kinase is essential for resistance to combined light and temperature stress in tomato” will
be submitted shortly.

The use of plants perturbed in biosynthetic pathways has deepened our understanding
of the importance of prenyllipid metabolism in plants (Mene-Saffrané and DellaPenna,
2010). Currently, climate change scenarios include rising temperatures in conjunction
with high light (HL) intensity that may undermine plant survival and affect agricultural
yields (Streb et al., 2003; Walther et al., 2002). This thesis provides valuable insights into
how prenyllipids, notably a-tocopherol, contributes to plant resistance to high light and
high temperature stress.

Chapter 1 General introduction



References

Almeida, J. et al. (2016). “Down-regulation of tomato PHYTOL KINASE strongly impairs
tocopherol biosynthesis and affects prenyllipid metabolism in an organ-specific manner”.
In: Journal of Experimental Botany 67.3, pp. 919-934. 1ssN: 0022-0957. DOI: 10.1093/
jxb/erv504.

Andersson, M. X. et al. (2001). “Chloroplast biogenesis. Regulation of lipid transport to
the thylakoid in chloroplasts isolated from expanding and fully expanded leaves of pea.”
In: Plant physiology 127.1, pp. 184-93. 1SSN: 0032-0889. DOI: 10.1104/pp.127.1.184.

Austin I, J. R. et al. (2006). “Plastoglobules are lipoprotein subcompartments of the chloro-
plast that are permanently coupled to thylakoid membranes and contain biosynthetic
enzymes”. In: Plant Cell 18.7, pp. 1693-1703. DOI: 10.1105/tpc.105.039859.

Bailey, J. L. and A. Whyborn (1963). “The osmiophilic globules of chloroplasts II. Globules
of the spinach-beet chloroplast”. In: Biochimica et Biophysica Acta 78.1, pp. 163-174.
ISSN: 00063002. DOI: 10.1016/0006-3002(63)91621-4.

Banerjee, A. and T. D. Sharkey (2014). “Methylerythritol 4-phosphate (MEP) pathway
metabolic regulation”. In: Natural Product Reports 31.8, p. 1043. 1SSN: 0265-0568. DOTI:
10.1039/C3NP70124G.

Benning, C. (2008). “A role for lipid trafficking in chloroplast biogenesis.” In: Progress in

Lipid Research 47.5, pp. 381-389. 1ssN: 01637827. DOI: 10.1016/j.plipres.2008.04.

001.

Benning, C. (2009). “Mechanisms of lipid transport involved in organelle biogenesis in
plant cells.” In: Annual review of cell and developmental biology 25, pp. 71-91. ISSN:
1081-0706. DOI: 10.1146/annurev.cellbio.042308.113414.

Besagni, C. and F. Kessler (2013). “A mechanism implicating plastoglobules in thylakoid
disassembly during senescence and nitrogen starvation.” In: Planta 237.2, pp. 463-470.
ISSN: 1432-2048. DOI: 10.1007/s00425-012-1813-9.

Bick, J. A. and B. M. Lange (2003). “Metabolic cross talk between cytosolic and plastidial
pathways of isoprenoid biosynthesis: unidirectional transport of intermediates across
the chloroplast envelope membrane.” In: Archives of biochemistry and biophysics 415.2,
pp- 146-154. 1SsN: 0003-9861. DOI: http://dx.doi.org/10.1016/50003-9861(03)
00233-9.

Bita, C. E. and T. Gerats (2013). “Plant tolerance to high temperature in a changing
environment: scientific fundamentals and production of heat stress-tolerant crops”. In:
Frontiers in Plant Science 4.273. ISSN: 1664-462X. DOI: 10.3389/fpls.2013.00273.

Boronat, A. (2010). “The methylerythritol 4-phosphate pathway: regulatory role in plastid
isoprenoid biosynthesis”. In: The chloroplast: Basics and applications. Ed. by C. Rebeiz
et al. Springer Netherlands. Chap. 8, pp. 119-126. 1SBN: 978-90-481-8531-3. DOI:
10.1007/978-90-481-8531-3_8.

References

13


https://doi.org/10.1093/jxb/erv504
https://doi.org/10.1093/jxb/erv504
https://doi.org/10.1104/pp.127.1.184
https://doi.org/10.1105/tpc.105.039859
https://doi.org/10.1016/0006-3002(63)91621-4
https://doi.org/10.1039/C3NP70124G
https://doi.org/10.1016/j.plipres.2008.04.001
https://doi.org/10.1016/j.plipres.2008.04.001
https://doi.org/10.1146/annurev.cellbio.042308.113414
https://doi.org/10.1007/s00425-012-1813-9
https://doi.org/http://dx.doi.org/10.1016/S0003-9861(03)00233-9
https://doi.org/http://dx.doi.org/10.1016/S0003-9861(03)00233-9
https://doi.org/10.3389/fpls.2013.00273
https://doi.org/10.1007/978-90-481-8531-3_8

14

Boudieére, L. et al. (2014). “Glycerolipids in photosynthesis: Composition, synthesis and
trafficking”. In: Biochimica et Biophysica Acta - Bioenergetics 1837.4, pp. 470-480. I1SSN:
00052728. DOI: 10.1016/j.bbabio.2013.09.007.

Bouvier, F. et al. (2005). “Oxidative tailoring of carotenoids: a prospect towards novel
functions in plants.” In: Trends in plant science 10.4, pp. 187-194. 1SSN: 1360-1385. DOTI:
10.1016/j.tplants.2005.02.007.

Chen, D. et al. (2016). “Specific roles of tocopherols and tocotrienols in seed longevity
and germination tolerance to abiotic stress in transgenic rice.” In: Plant science : an
international journal of experimental plant biology 244, pp. 31-39. 1SSN: 1873-2259. DOTI:
10.1016/j.plantsci.2015.12.005.

Cheng, Z. et al. (2003). “Highly divergent methyltransferases catalyze a conserved reac-
tion in tocopherol and plastoquinone synthesis in cyanobacteria and photosynthetic
eukaryotes.” In: The Plant cell 15.10, pp. 2343-2356. 1SSN: 1040-4651. DOI: 10.1105/
tpc.013656.

Collakova, E. and D. Dellapenna (2001). “Isolation and functional analysis of homogenti-
sate phytyltransferase from Synechocystis sp . PCC 6803”. In: Plant physiology 127.3,
pp. 1113-1124. DOI: 10.1104/pp.010421.

Dekker, J. P. and E. J. Boekema (2005). “Supramolecular organization of thylakoid mem-
brane proteins in green plants.” In: Biochimica et biophysica acta 1706.1-2, pp. 12-39.
ISSN: 0006-3002. DOI: 10.1016/j.bbabio.2004.09.009.

DellaPenna, D. (2005). “A decade of progress in understanding vitamin E synthesis in
plants.” In: Journal of plant physiology 162.7, pp. 729-737. 1SSN: 0176-1617. DoOI:
10.1016/j.jplph.2005.04.004.

Dellapenna, D. and L. Méne-Saffrané (2011). “Vitamin E”. In: Advances in botanical
research. Ed. by J.-C. Kader and M. Delseny. London: Academic Press, pp. 179-227.
ISBN: 9780123858511.

DellaPenna, D. and B. J. Pogson (2006). “Vitamin synthesis in plants: tocopherols and
carotenoids.” In: Annual review of plant biology 57, pp. 711-738. 1SSN: 1543-5008. DOI:
10.1146/annurev.arplant.56.032604.144301.

Deruere, J. et al. (1994). “Fibril assembly and carotenoid overaccumulation in chromo-
plasts: A model for supramolecular lipoprotein structures”. In: The Plant cell 6.1, pp. 119-
133. 1SsN: 10404651. DOI: 10.1105/tpc.6.1.119.

Doérmann, P. (2013). “Galactolipids in plant membranes”. In: eLS. Chichester, UK: John Wi-
ley & Sons, Ltd, pp. 1-6. I1SBN: 0470016175. DOI: 10.1002/9780470015902.a0020100.
pub2.

Eberhard, S. et al. (2008). “The dynamics of photosynthesis”. In: Annual Review of Genetics
42.1, pp. 463-515. 1SSN: 0066-4197. DOI: 10 . 1146/ annurev . genet . 42 . 110807 .
091452.

Eisenreich, W. et al. (1998). “The deoxyxylulose phosphate pathway of terpenoid biosyn-
thesis in plants and microorganisms.” In: Chemistry & biology 5.9, R221-R233. 1SSN:
10745521. pOI: 10.1016/51074-5521(98) 90002-3.

Chapter 1 General introduction


https://doi.org/10.1016/j.bbabio.2013.09.007
https://doi.org/10.1016/j.tplants.2005.02.007
https://doi.org/10.1016/j.plantsci.2015.12.005
https://doi.org/10.1105/tpc.013656
https://doi.org/10.1105/tpc.013656
https://doi.org/10.1104/pp.010421
https://doi.org/10.1016/j.bbabio.2004.09.009
https://doi.org/10.1016/j.jplph.2005.04.004
https://doi.org/10.1146/annurev.arplant.56.032604.144301
https://doi.org/10.1105/tpc.6.1.119
https://doi.org/10.1002/9780470015902.a0020100.pub2
https://doi.org/10.1002/9780470015902.a0020100.pub2
https://doi.org/10.1146/annurev.genet.42.110807.091452
https://doi.org/10.1146/annurev.genet.42.110807.091452
https://doi.org/10.1016/S1074-5521(98)90002-3

Eugeni Piller, L. et al. (2012). “Plastid lipid droplets at the crossroads of prenylquinone

metabolism”. In: Journal of Experimental Botany 63.4, pp. 1609-1618. 1SSN: 00220957.

DOI: 10.1093/jxb/ers016.
Evans, H. M. and K. S. Bishop (1922). “On the existence of a hitherto unrecognized dietary

factor essential for reproduction”. In: Science 56.1458, pp. 650-651. 1SSN: 0036-8075.

DOI: 10.1126/science.56.1458.650.
Falk, J. and S. Munné-Bosch (2010). “Tocochromanol functions in plants: antioxidation

and beyond.” In: Journal of experimental botany 61.6, pp. 1549-1566. 1SsN: 1460-2431.

DOI: 10.1093/ jxb/erq030.
Frank, H. A. and R. J. Cogdell (1996). “Carotenoids in photosynthesis.” In: Photochemistry

and photobiology 63.3, pp. 257-264. 1SSN: 0033-4545. DOI: 10.1351/pac198557050723.

Gaude, N. et al. (2007). “Nitrogen deficiency in Arabidopsis affects galactolipid composition
and gene expression and results in accumulation of fatty acid phytyl esters”. In: Plant

Journal 49.4, pp. 729-739. 1SSN: 09607412. DOI: 10.1111/j.1365-313X.2006.02992.

X.

Gerber, E. et al. (2009). “The plastidial 2-C-methyl-D-erythritol 4-phosphate pathway
provides the isoprenyl moiety for protein geranylgeranylation in tobacco BY-2 cells.” In:
The Plant cell 21.1, pp. 285-300. 1SSN: 1040-4651. DOI: 10.1105/tpc.108.063248.

Greenwood, A. et al. (1963). “The osmiophilic globules of chloroplasts: I. Osmiophilic
globules as a normal component of chloroplasts and their isolation and composition in
Vicia faba L”. In: Biochimica et Biophysica Acta 78.1, pp. 148-162. 1SSN: 00063002. DOI:
10.1016/0006-3002(63)91620-2.

Grennan, A. K. (2008). “Plastoglobule proteome”. In: Plant physiology 147.2, pp. 443-445.

ISSN: 0032-0889. DOI: 10.1104/pp.104.900261.
Grusak, M. A. and D. DellaPenna (1999). “Improving the nutrient composition of plants to
enhance human nutrition and health”. In: Annual review of plant physiology and plant

molecular biology 50.1, pp. 133-161. 1SSN: 1040-2519. DOI: 10.1146/annurev.arplant.

50.1.133.

Gruszecki, W. 1. and K. Strzatka (2005). “Carotenoids as modulators of lipid membrane
physical properties”. In: Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease
1740.2, pp. 108-115. 1SSN: 09254439. DOI: 10.1016/j.bbadis.2004.11.015.

Gruszka, J. et al. (2008). “Tocochromanols, plastoquinol, and other biological prenyllipids
as singlet oxygen quenchers-determination of singlet oxygen quenching rate constants
and oxidation products.” In: Free radical biology & medicine 45.6, pp. 920-928. ISSN:
0891-5849. DOI: 10.1016/j.freeradbiomed.2008.06.025.

Havaux, M. and K. Kloppstech (2001). “The protective functions of carotenoid and
flavonoid pigments against excess visible radiation at chilling temperature investigated

in Arabidopsis npq and tt mutants”. In: Planta 213.6, pp. 953-966. 1SSN: 0032-0935.

DOI: 10.1007/s004250100572.
Havaux, M. et al. (2005). “Vitamin E protects against photoinhibition and photooxidative

stress in Arabidopsis thaliana”. In: The Plant cell 17.12, pp. 3451-3469. 1SSN: 1040-4651.

DOI: 10.1105/tpc.105.037036.radicals.

References

15


https://doi.org/10.1093/jxb/ers016
https://doi.org/10.1126/science.56.1458.650
https://doi.org/10.1093/jxb/erq030
https://doi.org/10.1351/pac198557050723
https://doi.org/10.1111/j.1365-313X.2006.02992.x
https://doi.org/10.1111/j.1365-313X.2006.02992.x
https://doi.org/10.1105/tpc.108.063248
https://doi.org/10.1016/0006-3002(63)91620-2
https://doi.org/10.1104/pp.104.900261
https://doi.org/10.1146/annurev.arplant.50.1.133
https://doi.org/10.1146/annurev.arplant.50.1.133
https://doi.org/10.1016/j.bbadis.2004.11.015
https://doi.org/10.1016/j.freeradbiomed.2008.06.025
https://doi.org/10.1007/s004250100572
https://doi.org/10.1105/tpc.105.037036.radicals

Hemmerlin, A. et al. (2012). “A raison d’étre for two distinct pathways in the early steps
of plant isoprenoid biosynthesis?” In: Progress in Lipid Research 51.2, pp. 95-148. 1SSN:
01637827. DOI: 10.1016/j.plipres.2011.12.001.

Horvath, G. et al. (2006). “Differential distribution of tocopherols and tocotrienols in
photosynthetic and non-photosynthetic tissues.” In: Phytochemistry 67.12, pp. 1185-
1195. 1SSN: 0031-9422. DOI: 10.1016/j.phytochem.2006.04.004.

Hosomi, A. et al. (1997). “Affinity for alpha-tocopherol transfer protein as a determinant
of the biological activities of vitamin E analogs.” In: FEBS letters 409.1, pp. 105-108.
ISSN: 0014-5793. DOI: 10.1016/30014-5793(97)00499-7.

Howe, G. A. and A. L. Schilmiller (2002). “Oxylipin metabolism in response to stress”. In:
Current Opinion in Plant Biology 5.3, pp. 230-236. 1SSN: 13695266. DOI: 10.1016/S1369-
5266(02)00250-9.

Ischebeck, T. et al. (2006). “A salvage pathway for phytol metabolism in Arabidopsis”. In:
Journal of Biological Chemistry 281.5, pp. 2470-2477. 1SSN: 00219258. DOI: 10.1074/
jbc.M509222200.

Jajoo, A. (2014). “Stress and Photosynthesis”. In: Journal of Photochemistry and Photobiol-
ogy B: Biology 137, pp. 1-3. 1SsN: 10111344. DOI: 10.1016/j. jphotobiol.2014.05.
006.

Jarvis, P. and E. Lopez-Juez (2013). “Biogenesis and homeostasis of chloroplasts and other
plastids.” In: Nature reviews. Molecular cell biology 14.12, pp. 787-802. 1SSN: 1471-0080.
DOI: 10.1038/nrm3702.

Kamal-Eldin, A. and L.-A. Appelqvist (1996). “The chemistry and antioxidant properties
of tocopherols and tocotrienols”. In: Lipids 31.7, pp. 671-701. 1SSN: 0024-4201. DOI:
10.1007/BF02522884.

Kelly, A. A. and P. Dérmann (2004). “Green light for galactolipid trafficking”. In: Current
Opinion in Plant Biology 7.3, pp. 262-269. 1SSN: 13695266. DOI: 10.1016/j.pbi.2004.
03.009.

Kessler, F. et al. (1999). “Identification of proteins associated with plastoglobules isolated
from pea (Pisum sativum L.) chloroplasts”. In: Planta 208.1, pp. 107-113. 1SSN: 0032-
0935. DOI: 10.1007/s004250050540.

Kirchhoff, H. (2014). “Structural changes of the thylakoid membrane network induced by
high light stress in plant chloroplasts”. In: Philosophical Transactions of the Royal Society
B: Biological Sciences 369.1640, p. 20130225. 1SSN: 0962-8436. DOI: 10.1098/rstb.
2013.0225.

Kobayashi, K. (2016). “Role of membrane glycerolipids in photosynthesis, thylakoid bio-
genesis and chloroplast development”. In: Journal of Plant Research 129.4, pp. 565-580.
ISSN: 0918-9440. pOI: 10.1007/s10265-016-0827-7y.

Kobayashi, K. et al. (2007). “Galactolipid synthesis in chloroplast inner envelope is essential
for proper thylakoid biogenesis, photosynthesis, and embryogenesis”. In: Proceedings
of the National Academy of Sciences of the United States of America 104.43, pp. 17216—
17221. 1sSN: 0027-8424. DOI: 10.1073/pnas.0704680104.

Chapter 1 General introduction


https://doi.org/10.1016/j.plipres.2011.12.001
https://doi.org/10.1016/j.phytochem.2006.04.004
https://doi.org/10.1016/S0014-5793(97)00499-7
https://doi.org/10.1016/S1369-5266(02)00250-9
https://doi.org/10.1016/S1369-5266(02)00250-9
https://doi.org/10.1074/jbc.M509222200
https://doi.org/10.1074/jbc.M509222200
https://doi.org/10.1016/j.jphotobiol.2014.05.006
https://doi.org/10.1016/j.jphotobiol.2014.05.006
https://doi.org/10.1038/nrm3702
https://doi.org/10.1007/BF02522884
https://doi.org/10.1016/j.pbi.2004.03.009
https://doi.org/10.1016/j.pbi.2004.03.009
https://doi.org/10.1007/s004250050540
https://doi.org/10.1098/rstb.2013.0225
https://doi.org/10.1098/rstb.2013.0225
https://doi.org/10.1007/s10265-016-0827-y
https://doi.org/10.1073/pnas.0704680104

Kobayashi, K. et al. (2013). “Role of galactolipid biosynthesis in coordinated development
of photosynthetic complexes and thylakoid membranes during chloroplast biogenesis in
Arabidopsis”. In: Plant Journal 73.2, pp. 250-261. 1SSN: 09607412. DOI: 10.1111/tpj.
12028.

Kobayashi, N. and D. DellaPenna (2008). “Tocopherol metabolism, oxidation and recycling
under high light stress in Arabidopsis”. In: The Plant Journal 55.4, pp. 607-618. ISSN:
09607412. poi: 10.1111/5.1365-313X.2008.03539.x.

Krieger-Liszkay, A. and A. Trebst (2006). “Tocopherol is the scavenger of singlet oxygen
produced by the triplet states of chlorophyll in the PSII reaction centre.” In: Journal of
experimental botany 57.8, pp. 1677-1684. 1SSN: 0022-0957. DOI: 10.1093/jxb/er1002.

Kruk, J. et al. (2005). “Tocopherol as singlet oxygen scavenger in photosystem II”. In:
Journal of Plant Physiology 162.7, pp. 749-757. 1SSN: 01761617. DOI: 10.1016/j. jplph.
2005.04.020.

Kruk, J. et al. (2014). “Plastochromanol-8: fifty years of research.” In: Phytochemistry 108,
pp. 9-16. 1ssN: 1873-3700. DOI: 10.1016/j .phytochem.2014.09.011.

Lange, B. M. and R. Croteau (1999). “Isopentenyl diphosphate biosynthesis via a mevalonate-
independent pathway: Isopentenyl monophosphate kinase catalyzes the terminal enzy-
matic step”. In: Proceedings of the National Academy of Sciences 96.24, pp. 13714-13719.
ISSN: 0027-8424. DOI: 10.1073/pnas.96.24.13714.

Lange, B. M. et al. (1998). “A family of transketolases that directs isoprenoid biosynthesis
via a mevalonate-independent pathway.” In: Proceedings of the National Academy of
Sciences of the United States of America 95.5, pp. 2100-2104. 1SSN: 0027-8424.

Lichtenthaler, H. K. (1999). “The 1-deoxy-D-xylulose-5-phosphate pathway of isoprenoid
biosynthesis in plants”. In: Annual Review of Plant Physiology and Plant Molecular Biology
50.1, pp. 47-65. 1SSN: 1040-2519. DOI: 10.1146/annurev.arplant.50.1.47.

Lichtenthaler, H. K. (2007). “Biosynthesis, accumulation and emission of carotenoids, a-
tocopherol, plastoquinone, and isoprene in leaves under high photosynthetic irradiance”.
In: Photosynthesis research 92.2, pp. 163-179. 1SsN: 0166-8595. DOI: 10.1007/s11120-
007-9204-y.

Lichtenthaler, H. K. (2010). “The non-mevalonate DOXP/MEP (deoxyxylulose 5-phosphate/
methylerythritol 4-phosphate) pathway of chloroplast isoprenoid and pigment biosyn-
thesis”. In: The Chloroplast - Basics and Applications. Ed. by C. A. Rebeiz et al. Vol. 31.
Dordrecht, The Netherlands: Springer Netherlands. Chap. 7, pp. 95-118. 1SBN: 978-90-
481-8530-6 (HB). DOI: 10.1007/978-90-481-8531-3_7.

Lichtenthaler, H. K. and S. Burkart (1999). “Photosynthesis and high light stress”. In:
Bulgarian Journal of Plant Physiology 25.3-4, pp. 3-16.

Lichtenthaler, H. K. and M. Calvin (1964). “Quinone and pigment composition of chloro-
plasts and quantasome aggregates from Spinacia Oleracea”. In: Biochimica et Biophysica
Acta (BBA) - Specialized Section on Biophysical Subjects 79.1, pp. 30-40. 1SSN: 09266577.
DOI: 10.1016/0926-6577 (64) 90035-X.

References

17


https://doi.org/10.1111/tpj.12028
https://doi.org/10.1111/tpj.12028
https://doi.org/10.1111/j.1365-313X.2008.03539.x
https://doi.org/10.1093/jxb/erl002
https://doi.org/10.1016/j.jplph.2005.04.020
https://doi.org/10.1016/j.jplph.2005.04.020
https://doi.org/10.1016/j.phytochem.2014.09.011
https://doi.org/10.1073/pnas.96.24.13714
https://doi.org/10.1146/annurev.arplant.50.1.47
https://doi.org/10.1007/s11120-007-9204-y
https://doi.org/10.1007/s11120-007-9204-y
https://doi.org/10.1007/978-90-481-8531-3_7
https://doi.org/10.1016/0926-6577(64)90035-X

Lichtenthaler, H. K. and R. B. Park (1963). “Chemical composition of chloroplast lamellae
from spinach”. In: Nature 198.4885, pp. 1070-1072. 1sSN: 0028-0836. DOI: 10.1038/
1981070a0.

Lippold, F. et al. (2012). “Fatty acid phytyl ester synthesis in chloroplasts of Arabidopsis”. In:
The Plant Cell 24.5, pp. 2001-2014. 1ssN: 1040-4651. DOI: 10.1105/tpc.112.095588.

Lopez-Juez, E. and K. A. Pyke (2005). “Plastids unleashed: their development and their
integration in plant development.” In: The international journal of developmental biology
49.5-6, pp. 557-577. 1SSN: 0214-6282. DOI: 10.1387/ijdb.051997el.

Lundquist, P. K. et al. (2012). “The functional network of the Arabidopsis plastoglobule
proteome based on quantitative proteomics and genome-wide coexpression analysis”. In:
Plant physiology 158.3, pp. 1172-1192. 1SSN: 0032-0889. DOI: 10.1104/pp.111.193144.

Matringe, M. et al. (2008). “Tocotrienols, the unsaturated forms of vitamin E, can function
as antioxidants and lipid protectors in tobacco leaves.” In: Plant physiology 147.2,
pp. 764-778. 1SSN: 0032-0889. DOI: 10.1104/pp.108.117614.

Mendoza-Poudereux, I. et al. (2015). “Metabolic cross-talk between pathways of terpenoid
backbone biosynthesis in spike lavender”. In: Plant Physiology and Biochemistry 95,
pp. 113-120. 1SSN: 09819428. DOI: 10.1016/j.plaphy.2015.07.029.

Mene-Saffrané, L. and D. DellaPenna (2010). “Biosynthesis, regulation and functions of
tocochromanols in plants.” In: Plant physiology and biochemistry : PPB / Société frangaise
de physiologie végétale 48.5, pp. 301-309. 1SSN: 1873-2690. DOI: 10.1016/j.plaphy.
2009.11.004.

Mishra, R. K. and G. S. Singhal (1992). “Function of photosynthetic apparatus of intact
wheat leaves under high light and heat stress and its relationship with peroxidation of
thylakoid lipids.” In: Plant physiology 98.1, pp. 1-6. ISsN: 0032-0889. pOI: 10.1104/pp.
98.1.1.

Munné-Bosch, S. (2005). “The role of a-tocopherol in plant stress tolerance”. In: Journal
of Plant Physiology 162.7, pp. 743-748. 1sSSN: 01761617. DOI: 10.1016/j. jplph.2005.
04.022.

Munné-Bosch, S. and L. Alegre (2002). “The function of tocopherols and tocotrienols in
plants”. In: Critical Reviews in Plant Sciences 21.1, pp. 31-57. 1SSN: 0735-2689. DOI:
10.1080/0735-260291044179.

Neuhaus, H. E. and M. J. Emes (2000). “Nonphotosynthetic metabolism in plastids”. In:
Annual Review of Plant Physiology and Plant Molecular Biology 51.1, pp. 111-140. 1SSN:
1040-2519. DOI: 10.1146/annurev.arplant.51.1.111.

Niyogi, K. K. et al. (2000). “A pigment-binding protein essential for regulation of photo-
synthetic light harvesting”. In: Nature 403.6768, pp. 391-395. 1ssN: 00280836. DOI:
10.1038/35000131.

Nowicka, B. et al. (2016). “Prenyllipid antioxidants participate in response to acute
stress induced by heavy metals in green microalga Chlamydomonas reinhardtii”. In:
Environmental and Experimental Botany 123, pp. 98-107. 1SSN: 00988472. DOI: 10.
1016/ j .envexpbot.2015.11.008.

Chapter 1 General introduction


https://doi.org/10.1038/1981070a0
https://doi.org/10.1038/1981070a0
https://doi.org/10.1105/tpc.112.095588
https://doi.org/10.1387/ijdb.051997el
https://doi.org/10.1104/pp.111.193144
https://doi.org/10.1104/pp.108.117614
https://doi.org/10.1016/j.plaphy.2015.07.029
https://doi.org/10.1016/j.plaphy.2009.11.004
https://doi.org/10.1016/j.plaphy.2009.11.004
https://doi.org/10.1104/pp.98.1.1
https://doi.org/10.1104/pp.98.1.1
https://doi.org/10.1016/j.jplph.2005.04.022
https://doi.org/10.1016/j.jplph.2005.04.022
https://doi.org/10.1080/0735-260291044179
https://doi.org/10.1146/annurev.arplant.51.1.111
https://doi.org/10.1038/35000131
https://doi.org/10.1016/j.envexpbot.2015.11.008
https://doi.org/10.1016/j.envexpbot.2015.11.008

Paseshnichenko, V. A. (1998). “A new alternative non-mevalonate pathway for isoprenoid
biosynthesis in eubacteria and plants.” In: Biochemistry. Biokhimiia 63.2, pp. 139-148.
ISSN: 0006-2979.

Porfirova, S. et al. (2002). “Isolation of an Arabidopsis mutant lacking vitamin E and
identification of a cyclase essential for all tocopherol biosynthesis.” In: Proceedings of the
National Academy of Sciences of the United States of America 99.19, pp. 12495-12500.
ISSN: 0027-8424. DOI: 10.1073/pnas . 182330899.

Pretty, J. et al. (2010). “The top 100 questions of importance to the future of global
agriculture”. In: International Journal of Agricultural Sustainability 8.4, pp. 219-236.
ISSN: 14735903. DOI: 10.3763/ijas.2010.0534.

Rodriguez-Concepcion, M. (2006). “Early steps in isoprenoid biosynthesis: multilevel
regulation of the supply of common precursors in plant cells”. In: Phytochemistry Reviews
5.1, pp. 1-15. 1SSN: 1568-7767. DOI: 10.1007/s11101-005-3130-4.

Rodriguez-Concepcién, M. and A. Boronat (2002). “Elucidation of the methylerythritol
phosphate pathway for isoprenoid biosynthesis in bacteria and plastids. A metabolic
milestone achieved through genomics.” In: Plant physiology 130.3, pp. 1079-1089. 1SSN:
0032-0889. DOI: 10.1104/pp.007138.

Rodriguez-Concepcién, M. and A. Boronat (2015). “Breaking new ground in the regulation
of the early steps of plant isoprenoid biosynthesis”. In: Current Opinion in Plant Biology
25, pp. 17-22. 1SSN: 13695266. DOI: 10.1016/j.pbi.2015.04.001.

Rohdich, F. et al. (2001). “The non-mevalonate pathway of isoprenoids: genes, enzymes
and intermediates”. In: Current Opinion in Chemical Biology 5.5, pp. 535-540. ISSN:
13675931. DOI: 10.1016/81367-5931(00)00240-4.

Rohmer, M. (1999). “The discovery of a mevalonate-independent pathway for isoprenoid
biosynthesis in bacteria, algae and higher plants”. In: Natural Product Reports 16.5,
pp. 565-574. 1SSN: 02650568. DOI: 10.1039/a709175c¢.

Rohmer, M. (2003). “Mevalonate-independent methylerythritol phosphate pathway for
isoprenoid biosynthesis. Elucidation and distribution”. In: Pure and Applied Chemistry
75.2-3, pp. 375-388. 1sSN: 1365-3075. DOI: 10.1351/pac200375020375.

Rohmer, M. et al. (1993). “Isoprenoid biosynthesis in bacteria: a novel pathway for the
early steps leading to isopentenyl diphosphate.” In: The Biochemical journal 295.Pt 2,
pp. 517-524. 1SSN: 0264-6021.

Rohmer, M. et al. (1996). “Glyceraldehyde 3-phosphate and pyruvate as precursors of
isoprenic units in an alternative non-mevalonate pathway for terpenoid biosynthesis”.
In: Journal of the American Chemical Society 118.11, pp. 2564-2566. 1SSN: 0002-7863.
DOI: 10.1021/ja9538344.

Rolland, N. et al. (2012). “The biosynthetic capacities of the plastids and integration
between cytoplasmic and chloroplast processes”. In: Annual Review of Genetics 46.1,
pp. 233-264. 1SSN: 0066-4197. DOI: 10.1146/annurev-genet-110410-132544.

Rottet, S. et al. (2015). “The role of plastoglobules in thylakoid lipid remodeling during
plant development”. In: Biochimica et Biophysica Acta (BBA) - Bioenergetics 1847.9,
pp. 889-899. 1SSN: 00052728. DOI: 10.1016/j.bbabio.2015.02.002.

References

19


https://doi.org/10.1073/pnas.182330899
https://doi.org/10.3763/ijas.2010.0534
https://doi.org/10.1007/s11101-005-3130-4
https://doi.org/10.1104/pp.007138
https://doi.org/10.1016/j.pbi.2015.04.001
https://doi.org/10.1016/S1367-5931(00)00240-4
https://doi.org/10.1039/a709175c
https://doi.org/10.1351/pac200375020375
https://doi.org/10.1021/ja9538344
https://doi.org/10.1146/annurev-genet-110410-132544
https://doi.org/10.1016/j.bbabio.2015.02.002

20

Sattler, S. E. et al. (2004). “Vitamin E is essential for seed longevity and for preventing
lipid peroxidation during germination.” In: The Plant cell 16.6, pp. 1419-1432. ISSN:
1040-4651. pOI: 10.1105/tpc.021360.

Savidge, B. et al. (2002). “Isolation and characterization of homogentisate phytyltrans-
ferase genes from Synechocystis sp. PCC 6803 and Arabidopsis.” In: Plant physiology
129.1, pp. 321-332. 1SSN: 0032-0889. DOI: 10.1104/pp.010747.

Schneider, C. (2005). “Chemistry and biology of vitamin E”. In: Molecular Nutrition & Food
Research 49.1, pp. 7-30. ISSN: 1613-4125. DOI: 10.1002/mnfr.200400049.

Serbinova, E. et al. (1991). “Free radical recycling and intramembrane mobility in the
antioxidant properties of alpha-tocopherol and alpha-tocotrienol.” In: Free radical biology
& medicine 10.5, pp. 263-275. 1SSN: 0891-5849.

Sharkey, T. D. et al. (2007). “Isoprene emission from plants: Why and how”. In: Annals of
Botany 101.1, pp. 5-18. 1SSN: 0305-7364. DOI: 10.1093/aob/mcm240.

Shimojima, M. and H. Ohta (2011). “Critical regulation of galactolipid synthesis controls
membrane differentiation and remodeling in distinct plant organs and following envi-
ronmental changes”. In: Progress in Lipid Research 50.3, pp. 258-266. I1SSN: 01637827.
DOI: 10.1016/j.plipres.2011.03.001.

Shintani, D. and D. Dellapenna (1991). “Elevating the vitamin E content of plants through
metabolic engineering”. In: Science 282.5396, pp. 2098-2100. DOI: 10.1126/science.
282.5396.2098.

Soll, J. et al. (1980). “Tocopherol and plastoquinone synthesis in spinach chloroplasts
subfractions.” In: Archives of biochemistry and biophysics 204.2, pp. 544-550. ISSN:
00039861. DOI: http://dx.doi.org/10.1016/0003-9861 (80)90066-1.

Soll, J. and G. Schultz (1980). “2-Methyl-6-phytylquinol and 2,3-dimethyl-5-phytylquinol
as precursors of tocopherol synthesis in spinach chloroplasts”. In: Phytochemistry 19.2,
pp- 215-218. 1sSN: 00319422, pOI: 10.1016/50031-9422(00)81963-9.

Soll, J. et al. (1983). “Hydrogenation of geranylgeraniol: two pathways exist in spinach
chloroplasts.” In: Plant physiology 71.4, pp. 849-854. 1SSN: 0032-0889. po1: 10.1104/
pp-71.4.849.

Soll, J. et al. (1985). “Localization and synthesis of prenylquinones in isolated outer and
inner envelope membranes from spinach chloroplasts.” In: Archives of biochemistry and
biophysics 238.1, pp. 290-299. 1SSN: 00039861. DOI: 10.1016/0003-9861(85)90167-5.

Steinmiiller, D. and M. Tevini (1985). “Composition and function of plastoglobuli. I.
Isolation and purification from chloroplasts and chromoplasts”. In: Planta 163.2, pp. 201-
207. 1sSN: 0032-0935. DOI: 10.1007/BF00393507.

Streb, P. et al. (2003). “High temperature effects on light sensitivity in the two high
mountain plant species Soldanella alpina (L.) and Rannunculus glacialis (L.)” In: Plant
Biology 5.4, pp. 432-440. 1SSN: 1435-8603. DOI: 10.1055/5-2003-42713.

Szymarnska, R. and J. Kruk (2010). “Plastoquinol is the main prenyllipid synthesized during
acclimation to high light conditions in arabidopsis and is converted to plastochromanol
by tocopherol cyclase”. In: Plant and Cell Physiology 51.4, pp. 537-545. 1SSN: 00320781.
DOI: 10.1093/pcp/pcq017.

Chapter 1 General introduction


https://doi.org/10.1105/tpc.021360
https://doi.org/10.1104/pp.010747
https://doi.org/10.1002/mnfr.200400049
https://doi.org/10.1093/aob/mcm240
https://doi.org/10.1016/j.plipres.2011.03.001
https://doi.org/10.1126/science.282.5396.2098
https://doi.org/10.1126/science.282.5396.2098
https://doi.org/http://dx.doi.org/10.1016/0003-9861(80)90066-1
https://doi.org/10.1016/S0031-9422(00)81963-9
https://doi.org/10.1104/pp.71.4.849
https://doi.org/10.1104/pp.71.4.849
https://doi.org/10.1016/0003-9861(85)90167-5
https://doi.org/10.1007/BF00393507
https://doi.org/10.1055/s-2003-42713
https://doi.org/10.1093/pcp/pcq017

Takahashi, S. and M. R. Badger (2011). “Photoprotection in plants: a new light on photo-
system Il damage.” In: Trends in plant science 16.1, pp. 53-60. 1SSN: 1878-4372. DOI:
10.1016/j.tplants.2010.10.001.

Terasawa, Y. et al. (2000). “Increased atherosclerosis in hyperlipidemic mice deficient in
alpha-tocopherol transfer protein and vitamin E”. In: Proceedings of the National Academy
of Sciences 97.25, pp. 13830-13834. 1sSN: 0027-8424. DOI: 10.1073/pnas . 240462697.

Tevini, M. and D. Steinmiiller (1985). “Composition and function of plastoglobuli. II. Lipid
composition of leaves and plastoglobuli during beech leaf senescence”. In: Planta 163.1,
pp. 91-96. 1ssN: 0032-0935. DoI: 10.1007/BF00395902.

Thomson, W. W. and J. M. Whatley (1980). “Development of Nongreen Plastids”. In:
Annual Review of Plant Physiology 31.1, pp. 375-394. 1SSN: 0066-4294. DOI: 10.1146/
annurev.pp.31.060180.002111.

Thulasiram, H. V. et al. (2007). “Chimeras of two isoprenoid synthases catalyze all four
coupling reactions in isoprenoid biosynthesis”. In: Science 316.5821, pp. 73-76. I1SSN:
0036-8075. DOI: 10.1126/science.1137786.

Traber, M. G. and J. Atkinson (2007). “Vitamin E, antioxidant and nothing more”. In:
Free Radical Biology and Medicine 43.1, pp. 4-15. 1SSN: 08915849. poI: 10.1016/j .
freeradbiomed.2007.03.024.

Triantaphylides, C. and M. Havaux (2009). “Singlet oxygen in plants: production, detoxifi-
cation and signaling.” In: Trends in plant science 14.4, pp. 219-228. 1SSN: 1360-1385.
DOI: 10.1016/j.tplants.2009.01.008.

Upchurch, R. G. (2008). “Fatty acid unsaturation, mobilization, and regulation in the
response of plants to stress”. In: Biotechnology Letters 30.6, pp. 967-977. 1SSN: 01415492.
DOI: 10.1007/s10529-008-9639~-z.

Valentin, H. E. et al. (2006). “The Arabidopsis vitamin E pathway gene5-1 mutant reveals
a critical role for phytol kinase in seed tocopherol biosynthesis.” In: The Plant cell 18.1,
pp. 212-224. 1SSN: 1040-4651. DOI: 10.1105/tpc.105.037077.

van Eenennaam, A. L. et al. (2003). “Engineering vitamin E content : from Arabidopsis
mutant to soy oil we report the identification and biotechnological utility of a plant gene
encoding the tocopherol (vitamin E) biosynthetic enzyme”. In: 15.December, pp. 3007-
3019. DOI: 10.1105/tpc.015875. 2.

Vidi, P. A. et al. (2006). “Tocopherol cyclase (VTE1) localization and vitamin E accumula-
tion in chloroplast plastoglobule lipoprotein particles”. In: Journal of biological chemistry
281.16, pp. 11225-11234. 1ssN: 00219258. DOI: 10.1074/jbc.M511939200.

vom Dorp, K. et al. (2015). “Remobilization of phytol from chlorophyll degradation is
essential for tocopherol synthesis and growth of Arabidopsis.” In: The Plant cell 27.10,
pp. 2846-2859. 1SSN: 1532-298X. DOI: 10.1105/tpc.15.00395.

Vranova, E. et al. (2013). “Network Analysis of the MVA and MEP Pathways for Isoprenoid
Synthesis”. In: Annual Review of Plant Biology 64.1, pp. 665-700. 1SSN: 1543-5008. DOTI:
10.1146/annurev-arplant-050312-120116.

References

21


https://doi.org/10.1016/j.tplants.2010.10.001
https://doi.org/10.1073/pnas.240462697
https://doi.org/10.1007/BF00395902
https://doi.org/10.1146/annurev.pp.31.060180.002111
https://doi.org/10.1146/annurev.pp.31.060180.002111
https://doi.org/10.1126/science.1137786
https://doi.org/10.1016/j.freeradbiomed.2007.03.024
https://doi.org/10.1016/j.freeradbiomed.2007.03.024
https://doi.org/10.1016/j.tplants.2009.01.008
https://doi.org/10.1007/s10529-008-9639-z
https://doi.org/10.1105/tpc.105.037077
https://doi.org/10.1105/tpc.015875.2
https://doi.org/10.1074/jbc.M511939200
https://doi.org/10.1105/tpc.15.00395
https://doi.org/10.1146/annurev-arplant-050312-120116

22

Wahid, A. et al. (2007). “Heat tolerance in plants: an overview”. In: Environmental and
experimental botany 61.3, pp. 199-223. 1SSN: 00988472. DOI: 10.1016/j.envexpbot.
2007.05.011.

Walther, G.-R. et al. (2002). “Ecological responses to recent climate change”. In: Nature
416.6879, pp. 389-395. 1ssN: 0028-0836. DOI: 10.1038/416389a.

Wanke, M. et al. (2001). “Isoprenoid biosynthesis via 1-deoxy-D-xylulose 5-phosphate/2-
C-methyl-D-erythritol 4-phosphate (DOXP/MEP) pathway.” In: Acta biochimica Polonica
48.3, pp. 663-672. 1SSN: 0001-527X.

Wasternack, C. (2007). “Jasmonates: an update on biosynthesis, signal transduction and
action in plant stress response, growth and development”. In: Annals of Botany 100.4,
pp. 681-697. 1SSN: 03057364. DOI: 10.1093/aob/mcm079.

Waters, M. T. and J. a. Langdale (2009). “The making of a chloroplast”. In: The EMBO
Journal 28.19, pp. 2861-2873. 1SSN: 0261-4189. DOI: 10.1038/emboj.2009.264.

Whistance, G. R. and D. R. Threlfall (1970). “Biosynthesis of phytoquinones. Homogentisic
acid: a precursor of plastoquinones, tocopherols and alpha-tocopherolquinone in higher
plants, green algae and blue-green algae.” In: The Biochemical journal 117.3, pp. 593—
600. 1SSN: 0264-6021.

Wise, R. R. (2006). The structure and function of plastids, pp. 4-26. ISBN: 978-1-4020-4060-
3. DOI: 10.1007/978-1-4020-4061-0.

Wolf, G. (2005). “The discovery of the antioxidant function of vitamin E: the contribution
of Henry A. Mattill.” In: The Journal of nutrition 135.3, pp. 363-366. 1SSN: 0022-3166.

Ytterberg, A. J. et al. (2006). “Protein profiling of plastoglobules in chloroplasts and
chromoplasts. A surprising site for differential accumulation of metabolic enzymes”. In:
Plant physiology 140.3, pp. 984-997. 1ssN: 0032-0889. DOI: 10.1104/pp.105.076083.

Zbierzak, A. M. et al. (2010). “Intersection of the tocopherol and plastoquinol metabolic
pathways at the plastoglobule.” In: The Biochemical journal 425.2, pp. 389-399. ISSN:
1470-8728. DOI: 10.1042/BJ20090704.

Zhang, R. et al. (2010). “Moderate heat stress of Arabidopsis thaliana leaves causes
chloroplast swelling and plastoglobule formation.” In: Photosynthesis research 105.2,
pp. 123-134. 1SsN: 1573-5079. DOI: 10.1007/511120-010-9572-6.

Chapter 1 General introduction


https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1038/416389a
https://doi.org/10.1093/aob/mcm079
https://doi.org/10.1038/emboj.2009.264
https://doi.org/10.1007/978-1-4020-4061-0
https://doi.org/10.1104/pp.105.076083
https://doi.org/10.1042/BJ20090704
https://doi.org/10.1007/s11120-010-9572-6

Unexpected roles of plastoglobules
(plastid lipid droplets) in vitamin K;
and E metabolism
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Abstract

Tocopherol (Vitamin E) and phylloquinone (Vitamin K;) are lipid-soluble antioxidants
that can only be synthesized by photosynthetic organisms. These compounds function
primarily at the thylakoid membrane but are also present in chloroplast lipid droplets,
also known as plastoglobules (PG). Depending on environmental conditions and stage of
plant development, changes in the content, number and size of PG occur. PG are directly
connected to the thylakoid membrane via the outer lipid leaflet. Apart from storage, PG
are active in metabolism and likely trafficking of diverse lipid species. This review presents
recent advances on how plastoglobules are implicated in the biosynthesis and metabolism
of Vitamin E and K.
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2.1 Introduction

Tocopherols (Vitamin E) and phylloquinone (Vitamin K;) are essential nutrients for humans
and can be only synthesized by photosynthetic organisms such as cyanobacteria and
plants (Nowicka and Kruk, 2010). Tocopherols and phylloquinone belong to the family
of prenylquinone compounds that also includes plastoquinone (PQ) and its chromane
derivative plastochromanol (PC8). The family consists of lipid-soluble molecules, which act
as antioxidants preventing lipid peroxidation in the thylakoid membrane and quenching
harmful reactive oxygen species (ROS) (Havaux et al., 2005; Kobayashi and DellaPenna,
2008; Krieger-Liszkay and Trebst, 2006). Phylloquinone and PQ also act as electron
carriers in photosystem I (PSI) and II (PSII), respectively. Phylloquinone deficiency
causes a reduction of PSI and increase of PQ leading to the unbalanced functioning of
PSII (Lohmann et al., 2006; Shimada et al., 2005). Phylloquinone is present in the PsaA
and PsaB subunits of the PSI complex. Phylloquinone, located at A; acceptor locus, receives
an electron from the chlorophyll a acceptor molecule (Aj) and then donates an electron
to the membrane-associated iron-sulfur protein acceptor cluster (F,, F4 /Fp) (Brettel
and Leibl, 2001; Itoh and Iwaki, 1989; Shimada et al., 2005; van Oostende et al., 2008,
2011).

Tocopherols belong to the eight-member tocochromanol family, consisting of four toco-
pherols and four tocotrienols. Tocopherols have a phytyl side chain whereas tocotrienols
have an unsaturated geranylgeranyl side chain with three double-bonds. «-, 5-, v- and
d-tocopherols and -tocotrienols are all active and collectively referred to as vitamin E. a-,
B-, v- and § only differ in the number and position of the methyl groups in the hydrophilic
chromane group. a-, -, v- and §-tocopherols and tocotrienols have many activities in
plants as detailed in recent reviews (DellaPenna, 2005; Dérmann, 2007) and highlighted
in subsequent sections. These compounds also act as important lipid soluble antioxidants
in the diet of mammals (including humans) and in this context are collectively referred to
as vitamin E. The vitamin E activity of the different compounds ranges from zero for 4-
and ~v-tocotrienol to 100% for a-tocopherol, the most active form.

The majority of the chloroplast enzymes implicated in the biosynthesis of prenylquinones
have been localized at the inner membrane of the chloroplast envelope (Schultz et al.,
1981; Soll et al., 1980; Soll et al., 1985), with the exception of part of the phylloquinone
biosynthetic pathway that is compartmentalized in peroxisomes (Babujee et al., 2010;
Reumann, 2013) (Figure 2.1).

However, recent studies have demonstrated that several important steps in the metabolic
pathways localize at plastoglobules (PG) (Vidi et al., 2006; Ytterberg et al., 2006).
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Vitamin K; is synthesized de novo from a naphthoquinone ring derived from chorismate in
the shikimate pathway and a prenyl side chain derived from phytyldiphosphate (Eugeni
Piller et al., 2011; van Oostende et al., 2011) (Figure 2.1). Similarly, the tocopherol ben-
zoquinone group is a product of the shikimate pathway and prenyl side chains originate
from plastidic isoprenoid pathway (Kobayashi and DellaPenna, 2008; Munné-Bosch and
Alegre, 2002; Sattler et al., 2003; Soll et al., 1985). The benzoquinone head group is
derived from the homogentisic acid (HGA) that is formed from p-hydroxyphenylpyruvic
acid by p-hydroxyphenylpyruvic acid dioxygenase (HPPD) (Lohmann et al., 2006). The
isoprenoid phytyl or geranylgeranyl (in the case of tocotrienols) tail derives from the
1-deoxy-D-xylulose-5-phosphate pathway located in the plastid. All the subsequent steps
in the tocopherol synthesis have been reported to occur in the inner envelope of the chloro-
plast (Eisenreich et al., 1998; Lichtenthaler, 1998; Sattler et al., 2003) (Figure 2.1).

2.2 Plastoglobules change with plant developmental
stages and function as microdomains for (prenyl-)
lipid metabolism

The photosynthetic light reactions take place at the chloroplast thylakoid membranes. Thy-
lakoid membranes are composed mainly of galactolipids but also contain prenylquinones
as well as chlorophylls and carotenoids that are mostly attached to thylakoid membrane
proteins (Lichtenthaler and Calvin, 1964; Lichtenthaler and Park, 1963). At the curved
stromal margins of thylakoid membranes, PG may emerge and constitute thylakoid mem-
brane microdomains (Eugeni Piller et al., 2012; Kessler et al., 1999; Lichtenthaler, 1968;
Smith et al., 2000).

PG were long thought to be just storage droplets for excess neutral lipids. However, recent
studies show that PG also play important metabolic roles in the metabolism of prenyl lipids
(Austin II et al., 2006; Bréhélin et al., 2007; Eugeni Piller et al., 2011, 2012; Ytterberg
et al., 2006). PG consist of an outer, polar lipid monolayer, which is contiguous with the
thylakoid outer lipid leaflet (Austin II et al., 2006; Bréhélin et al., 2007). The PG core
contains neutral lipids such as prenylquinones (tocopherol, DMPBQ, phylloquinone, PQ,
carotenoids, fatty acid phythyl esters, and triacylglycerols). The PG surface is studded
with proteins. Among these are the fibrillins (FBN), previously known as plastoglobulins
(PGL). FBNs are considered structural proteins (Bréhélin et al., 2007), that are also known
or predicted to be involved in various lipid metabolic pathways (Ytterberg et al., 2006).

PG numbers, size and lipid content change, depending on environmental conditions and
plant developmental stage (Besagni and Kessler, 2013). These changes at the ultrastruc-
tural level (visible by electron microscopy) correlate with the remodeling of lipid content

Plastoglobules change with plant developmental stages and function as microdomains

2.2 for (prenyl-) lipid metabolism
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Fig. 2.1: Overview of the prenylquinone biosynthetic pathways in Arabidopsis. Phylloquinone de
novo synthesis. Four Men enzymes are responsible for the conversion of chorismate to o-
succinyl-benzoate. They are referred to as MenF, D, H and C, respectively (Babujee et al.,
2010; Gross et al., 2006; Reumann, 2013).The three next steps consist of the activation
of o-succinyl-benzoate into o-succinyl-benzonyl-CoA followed by the formation of the
naphtoate ring. Then, production of the DHNA-CoA is compartmentalized in peroxisomes
where MenE, B and H act sequentially (Babujee et al., 2010; Reumann, 2013). The
pathway then returns to the plastid where the CoA moiety of DHNA-CoA is removed,
and conversion to DHNA is catalyzed by a thioesterase hotdog-fold enzyme (Furt et
al., 2013). DHNA phytyltransferase (MenA) converts DHNA to Phytyl-NQ. Phytyl-NQ is
methylated at the C3-position of the naphthoquinone moiety by the MenG gene yielding

phylloquinone (Lohmann et al., 2006). Continued on next page.
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Fig. 2.1: continued: Tocopherol de novo synthesis: the benzoquinone head group is derived

from the shikimate pathway and the phytyl tail from the plastidic 1-deoxy-D-xylulose-
5-phosphate isoprenoid pathway. Phytyl-DP prenylation by homogentisate phytyltrans-
ferase (HPT/VTE2) converts HGA into MPBQ (Besagni and Kessler, 2013; Eugeni Piller
et al., 2014). TC/VTEL catalyzes chromanol ring formation in MPBQ leading to the
formation of §-tocopherol. Alternatively, MPBQ methyltransferase (encoded by the Ara-
bidopsis VTE3 locus) may methylate MPBQ to give DMPBQ. Cyclization DMPBQ by
VTEL1 leads to the formation of y-tocopherol. The addition of a methyl group to the
sixth position of the chromanol ring by VTE4 is responsible for conversion of ¢- and
~-tocopherols into - and «-T, respectively (Cheng et al., 2003; DellaPenna, 2005; Eu-
geni Piller et al., 2014; Kobayashi and DellaPenna, 2008; Porfirova et al., 2002; Sattler
et al., 2003; Shintani et al., 2002). Enzymes are shown in red and enzymes which
are discussed in more detail are shown in bold letters. The prenylquinone metabolites
highlighted in yellow are probably synthesized at the plastoglobule. Abbreviations:
TAT, tyrosine aminotransferase; HPPD, p-hydroxyphenyl-pyruvate dioxygenase; HST,
homogentisic acid solanesyl transferase; VTE, enzymes of vitamin E synthesis; LOO-, lipid
peroxy radical; TC, tocopherol cyclase; Men, menaquinone synthesis; ICS 1/2, isochoris-
mate synthase 1 and 2; AAE14, acyl-CoA activating enzyme isoform 14; NS, naphtoate
synthase; DHNA-CoA, 1,4-dihydroxy-2-naphthoyl-CoA; DHNA-CoA thioesterase, 1,4-
dihidroxy-2naphthoyl-CoA thioesterase; DHNA, 1,4-dihydroxy-2-naphthoate; Phytyl-NQ,
2-phytyl-1,4-naphthoquinone ; ECHId, enoyl-CoA hydratase/isomerase; DP, diphos-
phate; MPBQ, 2-methyl-6-phytyl-1,4-benzoquinone; DMPBQ, 2,3-dimethyl-6-phytyl-1,4-
benzoquinone; MSBQ, 2-methyl-6-solanesyl-1,4-benzoquinol; PQH,-9, plastoquinol,;
PQ-9, plastoquinone; PC8, plastochromanol; SEPHCHC, 2-succinyl-5-enolpyruvyl-6-
hydroxy-3-cyclohexene-1-carboxylate; SHCHC, 2-succinyl-6-hydroxy-2,4-cyclohexadiene-
1-carboxylate; NDC1, NAD(P)H-dependent:quinone oxidoreductase; ABC1K1/K3, activity
of bc1 kinases 1 and 3 complex; TMPBQH,, Trimethylbenzoquinol; TMPBQ, Trimethyl-
benzoquinone; «a-TQH,, a-tocopherol quinol; a-TQ, a-tocopherol quinone; a-TR, a-
tocopheroxyl radical. Adapted from Eugeni Piller et al. (2014) and Ytterberg et al.
(2006).

Plastoglobules change with plant developmental stages and function as microdomains
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of the thylakoid membrane. Moreover, PG participate in remodeling by metabolizing and
storing lipid molecules. Their role in trafficking from and to the thylakoid is inferred from
the existence of PG-thylakoid contact sites that may serve as conduits for lipid molecules.

2.3 Vitamin K; in the thylakoids and plastoglobules

Phylloquinone is present mainly in thylakoid membrane and, two molecules localize to
each PSI complex. However, it has been demonstrated through chloroplast isolation and
subplastidial fractionation that phylloquinone is not restricted to PSI. Around a third of
the total phylloquinone was found to be located in PG, suggesting that PG function as a
reservoir for excess phylloquinone (Lohmann et al., 2006).

In the final step of phylloquinone biosynthesis, AtMENG functions as the methylase for
2-phytyl-1,4-naphthoquinone (Phytyl-NQ) (Lohmann et al., 2006) (Figure 2.2). The
AtmenG knock-out mutant is devoid of phylloquinone but accumulates Phytyl-NQ. Un-
expectedly, the lack of phylloquinone does not provoke a drastic phenotype as reported
previously for the abc4 mutant, in which the absence of phylloquinone led to a lethal
albino phenotype (Shimada et al., 2005). AtmenG only exhibited reduced growth and an-
thocyanin accumulation under normal light condition, besides there was a slight decrease
in photosynthetic efficiency upon high light (HL) treatment due to accelerated degradation
of PSI (Lohmann et al., 2006). It therefore appears that the Phytyl-NQ precursor of
phylloquinone is able to replace phylloquinone under non-stress conditions.

Strangely, the mutant of the PG protein NDC1 (NAD(P)H-dependent:quinone oxidoreduc-
tase) has a molecular phenotype that is similar to that of atmenG. Lipidomics analysis in
Arabidopsis showed that the most significant difference between the ndcl mutant and the
wild type (wt) consisted in the absence of phylloquinone in wt and the presence of the
Phytyl-NQ precursor in ndcl (Eugeni Piller et al., 2011). An ortholog of NDC1 exists in
the green alga Chlamydomonas reinhardtii. In this organism the NDA2 NAD(P)H:quinone
oxidoreductase, takes over the function of the NDH complex in cyclic electron flow and
chlororespiration (Eugeni Piller et al., 2011; van Oostende et al., 2011). NDC1 in Ara-
bidopsis is a member of a family of seven homologs. Apart from NDC1 that is present in
chloroplasts the homologs have been localized in mitochondria. However, NDC1 may be
dually localized and also be present in mitochondria (Eugeni Piller et al., 2011). NDC1
does not appear to play a role in a major electron pathway. Yet it keeps the PQ in PG
reduced resulting in an overall reduced state of total chloroplast PQ. The consequences of
this for chloroplast Redox signaling have not yet been studied. How NDC1 is implicated in
the AtmenG-dependent methylation step of phylloquinone synthesis remains a mystery.
It will be interesting to see whether NDC1 is uniquely required for phylloquinone in
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Arabidopsis or whether this is also the case in other species (Babujee et al., 2010; Furt
et al., 2013; Reumann, 2013).
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2.2: Biosynthetic pathways and enzymes of Vitamin E and K metabolism in plastoglob-

ules. Enzymes in red participate in a-tocopherol metabolism, including its redox cycle,
as well as the conversion of plastoquinone to plastochromanol. Enzymes in purple
participate in phylloquinone metabolism. In light orange connectors represent bidirec-
tional trafficking of metabolites between plastoglobules and thylakoids. Final products
are highlighted in yellow. MPBQ, 2-methyl-6-phytyl-1,4-benzoquinol; DMPBQ, 2,3-
dimethyl-6-phytyl-1,4-benzoquinol; MSBQ, 2-methyl-6-solanesyl-1,4-benzoquinol; PQ-9,
plastoquinone; PQH2-9, plastoquinol; PC8, plastochromanol-8; «-T, alpha-tocopherol;
a-TR, alpha-tocopheroxyl radical; a-TQ, alpha-tocopherolquinone; TMPBQ, trimethyl-
benzoquinone; TMPBQH,, trimethylbenzoquinol; ~+-T, gamma-tocopherol; 4-T, delta-
tocopherol; -T, beta-tocopherol; Phytyl-NQ, 2-phytyl-1,4-naphthoquinone.

2.4 Tocopherol cyclase (VTE1) located at

plastoglobules fulfills diverse roles in the
tocopherol metabolism

A large proportion of VTE1 (tocopherol cyclase - TC) is localized at PG (Lundquist et al.,
2012). This was one of the first indications that PG function not only in the storage

but also participate in the metabolism of tocopherol (Besagni and Kessler, 2013; Schultz

et al.,

1981) (Figure 2.2). The vtel mutant lacking TC and vte2 mutant lacking the

homogentisate phytyl transferase are both devoid of a-tocopherol. Instead of a-tocopherol,
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vtel accumulates its precursor DMPBQ and also lacks PC8 (Fugeni Piller et al., 2014; Méne-
Saffrané and DellaPenna, 2010). It has been suggested that in vtel DMPBQ can substitute
for a-tocopherol, for example, in seed germination (Sattler et al., 2004). However,
under HL vtel displays a drop in PSII efficiency. Under HL, a-tocopherol concentrations
increase in wt but in vtel the DMPBQ concentrations remain constant (Kobayashi and
DellaPenna, 2008). This supports the idea that the accumulation of DMPBQ under HL is
not sufficient to completely replace a-tocopherol and assume its membrane protective role
in the thylakoid membranes (Havaux et al., 2005; Martinis et al., 2013; Zbierzak et al.,
2010). vte2 displayed a similar phenotype under short-term HL stress as vtel (Havaux
et al., 2005). In vte2, both tocopherols and DMPBQ are entirely absent. However, in vte2
PC8 may partially assume the antioxidant protection role of a-tocopherol attenuating or
suppressing perturbed phenotypes under stress. In support of this notion, the absence of
both tocopherol and PC8 in the vtel/vte2 double mutant leads to a dramatic reduction
in seed longevity and seedling viability (Meéne-Saffrané and DellaPenna, 2010). The role
of VTE1 in the production of PC8 is clearly apparent in overexpressing lines that show a
massive increase of PC8 (Mene-Saffrané and DellaPenna, 2010). Moreover, much of the
PC8 accumulates in PG.

2.5 VTE1 and NDC1 enzymes are directly implicated
in the redox cycle of a-tocopherol

The oxidation of a-tocopherol involves donation of two electrons. First, a lipid peroxy
radical (LOO™) is reduced to a more stable hydroperoxide (LOOH) yielding «-tocopheroxyl
radical (o-TR). Subsequently, «-TR is oxidized to a-tocopherol quinone (a-TQ) by LOO™. a-
TQ accumulates in PG. A PG-based repair system enables the reconversion of the oxidation
products to tocopherol (DellaPenna and Pogson, 2006; Eugeni Piller et al., 2012, 2014;
Kobayashi and DellaPenna, 2008; Mene-Saffrané and DellaPenna, 2010) (Figure 2.2).

Initially, «-TQ is reduced to yield a-tocopherol quinol (a-TQH-), a reaction that is facili-
tated by NDC1. This is not surprising because NDC1 has a wide substrate specificity (Eugeni
Piller et al., 2011). The following step consists of the conversion of a-TQHs to trimethylben-
zoquinol (TMPBQH>) by an unknown dehydratase. Finally, the conversion of TMPBQH- to
a-tocopherol is carried out by VTE1 (Eugeni Piller et al., 2014; Kobayashi and DellaPenna,
2008; Mene-Saffrané and DellaPenna, 2010; Schultz et al., 1981) (Figure 2.2). The
presence of a large proportion of VTE1 suggests that it may be committed to tocopherol
recycling in PG rather than to de novo synthesis in this compartment.
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2.6 ABC1-like kinases affect prenyl lipid composition of
the chloroplast

BC1 (activity of bc1 complex)-like kinases are essential regulators of ubiquinone synthesis
in bacteria and mitochondria of all lineages (Ytterberg et al., 2006). In plants, surprisingly,
a group of 8 ABC1-like kinases family are present in chloroplasts, six of which are associ-
ated with PG. By analogy to bacterial and mitochondrial ABC1-like kinases implication in
prenylquinone metabolism was proposed and demonstrated using reverse genetic experi-
mentation in conjunction with lipidomics (Lundquist et al., 2012; Martinis et al., 2013,
2014). The ABC1K1 homolog was identified earlier as PGR6 (proton gradient regulation 6).
The pgr6 mutant has a high fluorescence phenotype indicative of a defect in the formation
of the proton gradient across the thylakoid membrane. Lipidomics analysis revealed that
the abcl1k1/pgr6 mutant is defective in prenyl lipid metabolism. Under HL conditions,
abc1/pgr6 failed to accumulate «-, v- and §- tocopherols to the high levels observed in wt.
At the same time, abc1k1/pgré showed a striking 6-fold increase of a-TQ, the oxidation
product of a-tocopherol over wt under HL. These findings indicated a perturbation in
tocopherol metabolism at the level of VTEL. The kinase nature of ABC1K1/PGR6 and the
common localization in PG suggested that VTE1 might be a substrate of ABC1/PGR6. This
was confirmed by in vitro experimentation. Moreover, VTE1 is a known phosphoprotein
containing a phosphorylation hotspot near its N-terminus (Martinis et al., 2013). However,
the range of other metabolic effects (reduced levels of S-carotene and lutein, altered
PQ/PQH- ratio) observed in the mutant suggests that ABC1K1/PGR6 has many more
targets. This molecular phenotype resulted in reduced photosynthetic electron transport,
strong but reversible photodamage under HL and decrease of carbon fixation. Thus,
the mutant had lower photosynthetic rates which led to reduced starch production and
perturbation in the starch and sugar ratios after recovery from initial photodamage (Bayer
et al., 2012; Martinis et al., 2014).

Another ABC1 homolog in PG, ABC1K3 has a mutant phenotype related to that of
ABC1K1/PGR6, but photosynthetic efficiency was as in wt. abclk3 was affected in
prenylquinone composition but, unlike abclkl, a-tocopherol accumulation was as in
wt. In abc1k3, a-TQ over accumulated under HL and PC8 was sharply reduced under all
conditions. These results suggest that, ABC1K1 specifically regulates tocopherol recycling
and plastochromanol production, functions that have been attributed to PG-localized VTEL.
Like ABC1K1, ABC1K3 kinase phosphorylates VTE1 in vitro, which may provide a basis for
regulation of VTE1 activity in vivo.

Under HL stress conditions, gene expression of ABC1K3 and VTE1 were highly correlated.
At the protein level, however, Martinis et al. (2013, 2014) showed significantly lower
contents of VTE1 in the abc1k1/pgr6 and abcl1k3 mutants than in wt. These data suggest
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that ABC1K1/PGR6 and -K3 stabilize VTE1 levels. However, these data differ from the
data by Lundquist et al. (2013) that show no difference in VTE1 levels between the
abclkl1/abc1k3 double mutant and wt. Currently, the reasons for this discrepancy are not
known. The ABC1K1 and -K3 kinases have been shown to interact with each other forming
a protein complex (ABC1K1/3 complex). Analysis of the abcI1k1/abc1k3 double mutant
revealed additional defects suggesting a premature senescence phenotype by activation
of jasmonate pathways, including chlorophyll and PSII degradation (Lundquist et al.,
2013).

2.7 Conclusion

PG functions have been reported throughout all stages of plant development, from plastid
biogenesis to senescence and fruit maturation (Shimada et al., 2005). This review focuses
on the role of PG in phylloquinone synthesis and tocopherol metabolism including the
Redox cycle and accumulation under HL (Bréhélin et al., 2007; Eugeni Piller et al., 2011,
2012; Kobayashi and DellaPenna, 2008; Mene-Saffrané and DellaPenna, 2010; Ytterberg
et al., 2006). Astonishingly, NDC1 a PG enzyme with no apparent link to phylloquinone
synthesis is required for its accumulation in Arabidopsis. The mechanism of NDC1 is
currently unknown.

It is important to note that not only metabolic enzymes reside at the PG but also regulatory
ABC1-like kinases that affect tocopherol accumulation and Redox recycling under HL.
VTEL1 is the likely target of the ABC1K1 and -K3 kinases. However, these kinases are likely
to have far more targets judged by the multitude of processes that are perturbed in the
single and double abc1k1 and -k3 mutants.

How can PG exert their role in remodeling chloroplast prenyl lipid composition? It is
hard to imagine that remodeling could take place if the thylakoid and PG did not form
a continuum, in which the PG serve as a functional membrane microdomain bearing an
arsenal of specific enzymes (Bréhélin and Kessler, 2008; Bréhélin et al., 2007; Lundquist
et al., 2012; Ytterberg et al., 2006). Implicitly, trafficking of metabolites between PG and
the thylakoid membrane is required. The conduit formed by the common outer membrane
leaflet is likely the "bottle-neck" in metabolite trafficking between the thylakoid and the
PG. A lot remains to be discovered as PG are clearly tied into a larger metabolic network
that includes pathways beyond prenylquinone metabolism, affecting the metabolisms of
galactolipids (Lippold et al., 2012), carotenoids (Gonzalez-Jorge et al., 2013), chlorophyll,
sugars and more.

Chapter 2 Unexpected roles of plastoglobules (plastid lipid droplets) in vitamin K; and E metabolism



References

Austin II, J. R. et al. (2006). “Plastoglobules are lipoprotein subcompartments of the chloro-
plast that are permanently coupled to thylakoid membranes and contain biosynthetic
enzymes”. In: Plant Cell 18.7, pp. 1693-1703. DOI: 10.1105/tpc.105.039859.

Babujee, L. et al. (2010). “The proteome map of spinach leaf peroxisomes indicates partial
compartmentalization of phylloquinone (vitamin K1) biosynthesis in plant peroxisomes.”
In: Journal of experimental botany 61.5, pp. 1441-53. 1SsN: 1460-2431. pOI: 10.1093/
jxb/erq014.

Bayer, R. G. et al. (2012). “Chloroplast-localized protein kinases: a step forward towards
a complete inventory.” In: Journal of experimental botany 63.4, pp. 1713-1723. ISSN:
1460-2431. DOI: 10.1093/jxb/err3T77.

Besagni, C. and F. Kessler (2013). “A mechanism implicating plastoglobules in thylakoid
disassembly during senescence and nitrogen starvation.” In: Planta 237.2, pp. 463-470.
ISSN: 1432-2048. DOI: 10.1007/s00425-012-1813-9.

Bréhélin, C. and F. Kessler (2008). “The plastoglobule: a bag full of lipid biochemistry
tricks.” In: Photochemistry and photobiology 84.6, pp. 1388-1394. 1sSN: 0031-8655. DOTI:
10.1111/3j.1751-1097.2008.00459 . x.

Bréhélin, C. et al. (2007). “Plastoglobules: versatile lipoprotein particles in plastids”. In:
Trends in Plant Science 12.6, pp. 260-266. 1SSN: 13601385. DOI: 10.1016/j.tplants.
2007.04.003.

Brettel, K. and W. Leibl (2001). “Electron transfer in photosystem I”. In: Biochimica et
Biophysica Acta (BBA) - Bioenergetics 1507, pp. 100-114.

Cheng, Z. et al. (2003). “Highly divergent methyltransferases catalyze a conserved reac-
tion in tocopherol and plastoquinone synthesis in cyanobacteria and photosynthetic
eukaryotes.” In: The Plant cell 15.10, pp. 2343-2356. 1SSN: 1040-4651. DOI: 10.1105/
tpc.013656.

DellaPenna, D. (2005). “A decade of progress in understanding vitamin E synthesis in
plants.” In: Journal of plant physiology 162.7, pp. 729-737. 1SSN: 0176-1617. DOI:
10.1016/j.jplph.2005.04.004.

DellaPenna, D. and B. J. Pogson (2006). “Vitamin synthesis in plants: tocopherols and
carotenoids.” In: Annual review of plant biology 57, pp. 711-738. 1SSN: 1543-5008. DOI:
10.1146/annurev.arplant.56.032604.144301.

Dormann, P. (2007). “Functional diversity of tocochromanols in plants”. In: Planta 225.2,
pp- 269-276. 1SSN: 00320935. DOI: 10.1007/s00425-006-0438-2.

Eisenreich, W. et al. (1998). “The deoxyxylulose phosphate pathway of terpenoid biosyn-
thesis in plants and microorganisms.” In: Chemistry & biology 5.9, R221-R233. 1SSN:
10745521. poi1: 10.1016/51074-5521(98) 90002-3.

Eugeni Piller, L. et al. (2011). “Chloroplast lipid droplet type II NAD(P)H quinone oxi-
doreductase is essential for prenylquinone metabolism and vitamin K1 accumulation”.

References

33


https://doi.org/10.1105/tpc.105.039859
https://doi.org/10.1093/jxb/erq014
https://doi.org/10.1093/jxb/erq014
https://doi.org/10.1093/jxb/err377
https://doi.org/10.1007/s00425-012-1813-9
https://doi.org/10.1111/j.1751-1097.2008.00459.x
https://doi.org/10.1016/j.tplants.2007.04.003
https://doi.org/10.1016/j.tplants.2007.04.003
https://doi.org/10.1105/tpc.013656
https://doi.org/10.1105/tpc.013656
https://doi.org/10.1016/j.jplph.2005.04.004
https://doi.org/10.1146/annurev.arplant.56.032604.144301
https://doi.org/10.1007/s00425-006-0438-2
https://doi.org/10.1016/S1074-5521(98)90002-3

In: Proceedings of the National Academy of Sciences 108.34, pp. 14354-14359. 1SSN:
0027-8424. pO1: 10.1073/pnas.1104790108.

Eugeni Piller, L. et al. (2012). “Plastid lipid droplets at the crossroads of prenylquinone
metabolism”. In: Journal of Experimental Botany 63.4, pp. 1609-1618. 1ssSN: 00220957.
DOI: 10.1093/jxb/ers016.

Eugeni Piller, L. et al. (2014). “Role of plastoglobules in metabolite repair in the tocopherol
redox cycle”. In: Frontiers in Plant Science 5.298. 1SSN: 1664462X. DOI: 10.3389/fpls.
2014.00298.

Furt, F. et al. (2013). “Functional convergence of structurally distinct thioesterases from
cyanobacteria and plants involved in phylloquinone biosynthesis.” In: Acta crystallo-
graphica. Section D, Biological crystallography 69.Pt 10, pp. 1876-1888. 1SSN: 1399-0047.
DOI: 10.1107/S0907444913015771.

Gonzalez-Jorge, S. et al. (2013). “Carotenoid cleavage dioxygenase4 is a negative regulator
of 3-carotene content in Arabidopsis seeds.” In: The Plant cell 25.12, pp. 4812-4826.
ISSN: 1532-298X. DOI: 10.1105/tpc.113.119677.

Gross, J. et al. (2006). “A plant locus essential for phylloquinone (vitamin K1) biosynthesis
originated from a fusion of four eubacterial genes.” In: The Journal of biological chemistry
281.25, pp. 17189-17196. 1sSN: 0021-9258. DOI: 10.1074/jbc.M601754200.

Havaux, M. et al. (2005). “Vitamin E protects against photoinhibition and photooxidative
stress in Arabidopsis thaliana”. In: The Plant cell 17.12, pp. 3451-3469. 1SSN: 1040-4651.
DOI: 10.1105/tpc.105.037036.radicals.

Itoh, S. and M. Iwaki (1989). “Vitamin K1 (phylloquinone) restores the turnover of FeS
centers in the ether-extracted spinach PS I particles”. In: FEBS Letters 243.1, pp. 47-52.
ISSN: 00145793. DOI: 10.1016/0014-5793(89)81215-3.

Kessler, F. et al. (1999). “Identification of proteins associated with plastoglobules isolated
from pea (Pisum sativum L.) chloroplasts”. In: Planta 208.1, pp. 107-113. 1SSN: 0032-
0935. DOI: 10.1007/s004250050540.

Kobayashi, N. and D. DellaPenna (2008). “Tocopherol metabolism, oxidation and recycling
under high light stress in Arabidopsis”. In: The Plant Journal 55.4, pp. 607-618. 1SSN:
09607412. poi: 10.1111/5.1365-313X.2008.03539.x.

Krieger-Liszkay, A. and A. Trebst (2006). “Tocopherol is the scavenger of singlet oxygen
produced by the triplet states of chlorophyll in the PSII reaction centre.” In: Journal of
experimental botany 57.8, pp. 1677-1684. 1SSN: 0022-0957. DOI: 10.1093/jxb/er1002.

Lichtenthaler, H. K. (1968). “Plastoglobuli and the fine structure of plastids”. In: Endeavour
27, pp. 144-149.

Lichtenthaler, H. K. (1998). “The plants’ 1-deoxy-D-xylulose-5-phosphate pathway for
biosynthesis of isoprenoids”. In: Fett-Lipid 100.4-5, pp. 128-138.

Lichtenthaler, H. K. and M. Calvin (1964). “Quinone and pigment composition of chloro-
plasts and quantasome aggregates from Spinacia Oleracea”. In: Biochimica et Biophysica
Acta (BBA) - Specialized Section on Biophysical Subjects 79.1, pp. 30-40. 1SSN: 09266577.
DOI: 10.1016/0926-6577 (64) 90035-X.

Chapter 2 Unexpected roles of plastoglobules (plastid lipid droplets) in vitamin K; and E metabolism


https://doi.org/10.1073/pnas.1104790108
https://doi.org/10.1093/jxb/ers016
https://doi.org/10.3389/fpls.2014.00298
https://doi.org/10.3389/fpls.2014.00298
https://doi.org/10.1107/S0907444913015771
https://doi.org/10.1105/tpc.113.119677
https://doi.org/10.1074/jbc.M601754200
https://doi.org/10.1105/tpc.105.037036.radicals
https://doi.org/10.1016/0014-5793(89)81215-3
https://doi.org/10.1007/s004250050540
https://doi.org/10.1111/j.1365-313X.2008.03539.x
https://doi.org/10.1093/jxb/erl002
https://doi.org/10.1016/0926-6577(64)90035-X

Lichtenthaler, H. K. and R. B. Park (1963). “Chemical composition of chloroplast lamellae
from spinach”. In: Nature 198.4885, pp. 1070-1072. 1sSN: 0028-0836. DOI: 10.1038/
1981070a0.

Lippold, F. et al. (2012). “Fatty acid phytyl ester synthesis in chloroplasts of Arabidopsis”. In:
The Plant Cell 24.5, pp. 2001-2014. 1SSN: 1040-4651. DOI: 10.1105/tpc.112.095588.

Lohmann, A. et al. (2006). “Deficiency in phylloquinone (vitamin K1) methylation affects
prenyl quinone distribution, photosystem I abundance, and anthocyanin accumulation in
the Arabidopsis AtmenG mutant”. In: Journal of Biological Chemistry 281.52, pp. 40461-
40472. 1SSN: 00219258. DOI: 10.1074/jbc.M609412200.

Lundquist, P. K. et al. (2012). “The functional network of the Arabidopsis plastoglobule
proteome based on quantitative proteomics and genome-wide coexpression analysis”. In:
Plant physiology 158.3, pp. 1172-1192. 1SSN: 0032-0889. DOI: 10.1104/pp.111.193144.

Lundquist, P. K. et al. (2013). “Loss of plastoglobule kinases ABC1K1 and ABC1K3 causes
conditional degreening, modified prenyl-lipids, and recruitment of the jasmonic acid
pathway.” In: The Plant cell 25.5, pp. 1818-1839. 1sSN: 1532-298X. DOI: 10.1105/tpc.
113.111120.

Martinis, J. et al. (2013). “A chloroplast ABC1-like kinase regulates vitamin E metabolism
in Arabidopsis”. In: Plant physiology 162.2, pp. 652-662. 1SSN: 0032-0889. DOI: 10.
1104/pp.113.218644.

Martinis, J. et al. (2014). “ABC1K1/PGR6 kinase: a regulatory link between photosyn-
thetic activity and chloroplast metabolism”. In: Plant Journal 77.2, pp. 269-283. ISSN:
09607412. DOI: 10.1111/tpj . 12385.

Mene-Saffrané, L. and D. DellaPenna (2010). “Biosynthesis, regulation and functions of
tocochromanols in plants.” In: Plant physiology and biochemistry : PPB / Société frangaise
de physiologie végétale 48.5, pp. 301-309. 1SSN: 1873-2690. DOI: 10.1016/j.plaphy.
2009.11.004.

Munné-Bosch, S. and L. Alegre (2002). “The function of tocopherols and tocotrienols in
plants”. In: Critical Reviews in Plant Sciences 21.1, pp. 31-57. 1SSN: 0735-2689. DOI:
10.1080/0735-260291044179.

Nowicka, B. and J. Kruk (2010). “Occurrence, biosynthesis and function of isoprenoid
quinones.” In: Biochimica et biophysica acta 1797.9, pp. 1587-1605. 1SSN: 0006-3002.
DOI: 10.1016/j .bbabio.2010.06.007.

Porfirova, S. et al. (2002). “Isolation of an Arabidopsis mutant lacking vitamin E and
identification of a cyclase essential for all tocopherol biosynthesis.” In: Proceedings of the
National Academy of Sciences of the United States of America 99.19, pp. 12495-12500.
ISSN: 0027-8424. DOI: 10.1073/pnas. 182330899.

Reumann, S. (2013). “Biosynthesis of vitamin k1 (phylloquinone) by plant peroxisomes and
its integration into signaling molecule synthesis pathways.” In: Sub-cellular biochemistry.
Subcellular Biochemistry 69.L, pp. 213-229. 1SSN: 0306-0225.

Sattler, S. E. et al. (2003). “Characterization of tocopherol cyclases from higher plants and
cyanobacteria. Evolutionary implications for tocopherol synthesis and function”. In: Plant
physiology 132.4, pp. 2184-2195. 1SSN: 0032-0889. DOI: 10.1104/pp.103.024257.

References

35


https://doi.org/10.1038/1981070a0
https://doi.org/10.1038/1981070a0
https://doi.org/10.1105/tpc.112.095588
https://doi.org/10.1074/jbc.M609412200
https://doi.org/10.1104/pp.111.193144
https://doi.org/10.1105/tpc.113.111120
https://doi.org/10.1105/tpc.113.111120
https://doi.org/10.1104/pp.113.218644
https://doi.org/10.1104/pp.113.218644
https://doi.org/10.1111/tpj.12385
https://doi.org/10.1016/j.plaphy.2009.11.004
https://doi.org/10.1016/j.plaphy.2009.11.004
https://doi.org/10.1080/0735-260291044179
https://doi.org/10.1016/j.bbabio.2010.06.007
https://doi.org/10.1073/pnas.182330899
https://doi.org/10.1104/pp.103.024257

36

Sattler, S. E. et al. (2004). “Vitamin E is essential for seed longevity and for preventing
lipid peroxidation during germination.” In: The Plant cell 16.6, pp. 1419-1432. ISSN:
1040-4651. pOI: 10.1105/tpc.021360.

Schultz, G. et al. (1981). “Site of prenylation reaction in synthesis of phylloquinone
(vitamin K1) ny spinach chloroplasts”. In: European journal of biochemistry / FEBS 117.2,
pp- 329-332. 1SSN: 0014-2956.

Shimada, H. et al. (2005). “Inactivation and deficiency of core proteins of photosystems
I and II caused by genetical phylloquinone and plastoquinone deficiency but retained
lamellar structure in a T-DNA mutant of Arabidopsis”. In: Plant Journal 41.4, pp. 627-
637. 1SSN: 09607412.

Shintani, D. K. et al. (2002). “The role of 2-methyl-6-phytylbenzoquinone methyltrans-
ferase in determining tocopherol composition in Synechocystis sp. PCC6803”. In: FEBS
Letters 511.1-3, pp. 1-5. 1SSN: 00145793. DOI: 10.1016/S0014-5793(01)03223-9.

Smith, M. D. et al. (2000). “Co-association of cytochrome f catabolites and plastid-lipid-
associated protein with chloroplast lipid particles”. In: Plant physiology 124, pp. 211-
221.

Soll, J. et al. (1980). “Tocopherol and plastoquinone synthesis in spinach chloroplasts
subfractions.” In: Archives of biochemistry and biophysics 204.2, pp. 544-550. ISSN:
00039861. DOI: http://dx.doi.org/10.1016/0003-9861 (80)90066-1.

Soll, J. et al. (1985). “Localization and synthesis of prenylquinones in isolated outer and
inner envelope membranes from spinach chloroplasts.” In: Archives of biochemistry and
biophysics 238.1, pp. 290-299. 1sSN: 00039861. pDOI: 10.1016/0003-9861(85)90167-5.

van Oostende, C. et al. (2008). “Detection and quantification of vitamin K(1) quinol in
leaf tissues.” In: Phytochemistry 69.13, pp. 2457-2462. 1SSN: 0031-9422. poI: 10.1016/
j.phytochem.2008.07.006.

van Oostende, C. et al. (2011). “Vitamin K1 (phylloquinone): function, enzymes and
genes.” In: Biosynthesis of Vitamins in Plants Part B: Vitamins B6, B8, B9, C, E, K. Ed. by
F. Rebeille and R. Douce. Academic Press, pp. 229-261.

Vidi, P. A. et al. (2006). “Tocopherol cyclase (VTE1) localization and vitamin E accumula-
tion in chloroplast plastoglobule lipoprotein particles”. In: Journal of biological chemistry
281.16, pp. 11225-11234. 1sSN: 00219258. DOI: 10.1074/jbc.M511939200.

Ytterberg, A. J. et al. (2006). “Protein profiling of plastoglobules in chloroplasts and
chromoplasts. A surprising site for differential accumulation of metabolic enzymes”. In:
Plant physiology 140.3, pp. 984-997. 1ssN: 0032-0889. DOI: 10.1104/pp.105.076083.

Zbierzak, A. M. et al. (2010). “Intersection of the tocopherol and plastoquinol metabolic
pathways at the plastoglobule.” In: The Biochemical journal 425.2, pp. 389-399. 1SSN:
1470-8728. DOI: 10.1042/BJ20090704.

Chapter 2 Unexpected roles of plastoglobules (plastid lipid droplets) in vitamin K; and E metabolism


https://doi.org/10.1105/tpc.021360
https://doi.org/10.1016/S0014-5793(01)03223-9
https://doi.org/http://dx.doi.org/10.1016/0003-9861(80)90066-1
https://doi.org/10.1016/0003-9861(85)90167-5
https://doi.org/10.1016/j.phytochem.2008.07.006
https://doi.org/10.1016/j.phytochem.2008.07.006
https://doi.org/10.1074/jbc.M511939200
https://doi.org/10.1104/pp.105.076083
https://doi.org/10.1042/BJ20090704

Lipid antioxidant and galactolipid
remodeling under temperature stress
In tomato plants

Livia Spicher, Gaétan Glauser and Felix Kessler
Frontiers in Plant Science, 2016, 7:167

Abstract

Increased temperatures are a major scenario in climate change and present a threat to plant
growth and agriculture. Plant growth depends on photosynthesis. To function optimally
the photosynthetic machinery at the thylakoid membrane in chloroplasts continuously
adapts to changing conditions. Here, we set out to discover the most important changes
arising at the lipid level under high temperature (38 °C) in comparison to mild (20 °C)
and moderately cold temperature (10 °C) using a non-targeted lipidomics approach. To
our knowledge, no comparable experiment at the level of the whole membrane system
has been documented. Here, 791 molecular species were detected by mass spectrom-
etry and ranged from membrane lipids, prenylquinones (tocopherols, phylloquinone,
plastoquinone, plastochromanol), carotenoids (S-carotene, xanthophylls) to numerous
unidentified compounds. At high temperatures, the most striking changes were observed
for the prenylquinones (a-tocopherol and plastoquinone/-ol) and the degree of saturation
of fatty acids in galactolipids and phosphatidyl ethanolamine. Photosynthetic efficiency at
high temperature was not affected but at moderately cold temperature mild photoinhibi-
tion occurred. The results indicate that the thylakoid membrane is remodeled with regard
to fatty acid saturation in galactolipids and lipid antioxidant concentrations under high
temperature stress. The data strongly suggest that massively increased concentrations of
a-tocopherol and plastoquinone are important for protection against high temperature
stress and proper function of the photosynthetic apparatus.
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3.1 Introduction

Plants have the ability to acclimate to changing environmental conditions. However,
long-term climate change driven by rising temperatures may have a deleterious impact
on plant physiology and in turn negative effects on crop yields. Plant growth is directly
dependent on photosynthesis that takes place in the chloroplast. The chloroplast contains
an extensive membrane system, the thylakoids that harbor the photosynthetic machinery
responsible for the light reactions.

The thylakoid membrane consists mostly of galactolipids, composed of 50% of monogalac-
tosyldiacylglycerol (MGDG) and 26% digalactosyldiacylglycerol (DGDG), phosphatidylglyc-
erol and sulfoquinovosyldiacylglycerol making up most of the remainder. The abundance
of galactolipids in the photosynthetic membranes suggests they have not only typical
bilayer functions but also specific roles, such as the stabilization of photosynthetic com-
plexes, membrane architecture (curvature), thylakoid stack (grana) formation (Dérmann,
2013).

In addition to membrane lipids, the thylakoids contain embedded lipid antioxidants such as
tocopherols, plastochromanol as well as plastoquinone (that is better known as an electron
transporting redox molecule) (Gruszka et al., 2008; Ksas et al., 2015; Mene-Saffrané and
DellaPenna, 2010; Munné-Bosch and Alegre, 2002; Nowicka and Kruk, 2012; Rastogi
et al., 2014).

Chloroplasts and photosynthetic membranes respond to environmental changes. They
acclimate to intensity and quality of light, with changes in the structure of thylakoid
membranes, the size of grana stacks, chlorophyll content, amount, and localization of
light harvesting complexes (LHCII), to mention some (Kanervo et al., 1997; Lichtenthaler,
2010; Rochaix, 2007; Rochaix et al., 2012). The modification of the saturation level of
membrane lipids is an important acclimation strategy of plants in response to temperature
changes, allowing to maintain parameters such as membrane fluidity and permeability in
response to varying temperature (Zheng et al., 2011). Recent findings also reported that
reversible increase in the size of chloroplasts and number of plastoglobules occurs under
moderate temperature stress (Zhang et al., 2010).

Upon abiotic stress, such as high or low temperature and high-light, the homeostasis of
reactive oxygen species (ROS) metabolism in the plant cell is challenged (Apel and Hirt,
2004; Lichtenthaler, 1999; Zhang et al., 2010). A protective system in part based on lipid
soluble molecules is in place to protect plant cells and the photosynthetic membranes
against the action of ROS. Carotenoids - such as -carotene, lutein, neoxanthin and three
xanthophyll cycle carotenoids, zeaxanthin, violaxanthin, and antheraxanthin, - besides
structural stabilization and light harvesting roles, play important photoprotective roles
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in scavenging of singlet oxygen species and quenching of chlorophyll triplet states, and
in excess energy dissipation by non-photochemical quenching (NPQ) that implicates xan-
thophylls and lutein (Choudhury and Behera, 2001; Frank and Cogdell, 1996; Gruszecki
and Strzatka, 2005; Mimuro and Katoh, 1991; Shumskaya and Wurtzel, 2013). An-
other category of molecules, the prenylquinones (including tocopherols, plastoquinone,
plastochromanol) are lipid soluble compounds that function as membrane-protective
antioxidant molecules. Tocopherols have widely been described as antioxidants against
high-light triggered oxidative stress (Havaux et al., 2005; Kobayashi and DellaPenna, 2008;
Krieger-Liszkay and Trebst, 2006). Plastoglobule-localized enzymes are actively implicated
in the lipid metabolic pathways during high-light stress: NAD(P)H-dependent quinone
oxidoreductase (NDC1), and tocopherol cyclase (VTE1) participate in the synthesis and
the recycling of tocopherols and plastochromanol (PC-8). In addition, NDC1 is essential
for phylloquinone production (Besagni and Kessler, 2013; Eugeni Piller et al., 2011; Fatihi
et al., 2015).

Therefore, the content of carotenoids and prenylquinones changes in response to stress
as well as throughout the development stages of the plant. These changes can be seen as
an integral part of the lipid remodeling taking place at the thylakoid membrane system.
This paper analyses changes in lipid composition during temperature stress using liquid
chromatography-mass spectrometry based lipidomics methods. Lipidomics are a powerful
tool set enabling identification and fingerprinting of different classes of lipids, ranging
from galactolipids and their degree of fatty acid saturation, to antioxidant prenylquinones
and carotenoids.

The study was carried out in tomato (Solanum lycopersicum L.). Even though it is a species
of tropical origin, it is cultivated worldwide and has become an important agricultural
crop. Therefore tomato is a relevant model system to study how variation in temperature
affects the lipid composition in leaves.

3.2 Material and Methods

3.2.1 Plant material and stress treatments

Tomato plants (S. lycopersicum L.) variety M82, grown on soil under conditions referred to
as control (250 umol m~2s~! of light, 16-h light/8h dark, at 20/18 °C, with 55% relative
air humidity). 5 to 6-week old plants were transferred to either 10/8°C (day/night),
38/30°C or remained in 20/18 °C, as control conditions. After six days, plants that were
all returned to control conditions for a recovery period of 5 days.
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3.2.2 Determination of photosynthetic parameters

Maximum photochemical efficiency or optimum quantum yield of photosystem II (F,/F},),
was fluorometrically determined using a MINI-PAM Photosynthesis Yield Analyzer (Walz,
http://www.walz.com). Plants were dark-adapted for 15 minutes before F),/F), mea-
surements with illumination by application of a saturation flash. Five replicates for each
treatment were done, at day O and on days 2, 4, 6 and 11 days of temperature treatments.
The data obtained from F,/F,, measurements in leaves were subjected to One-Way anal-
ysis of variance (One-Way ANOVA), followed by Bonferroni-Holm test to determine any
significant differences in photosynthetic efficiency (Aickin and Gensler, 1996).

3.2.3 Chlorophyll quantification

Chlorophyll was extracted from 100 mg of tissue in 1 ml of 80% acetone. Total chlorophyll
levels were then spectrophotometrically determined (Inskeep and Bloom, 1985). Five
replicates for each treatment were done, at days 0, 6 and 11 of the temperature treatments.
The data obtained from the measurements were subjected to One-Way ANOVA, followed
by Bonferroni-Holm test to determine any significant differences between the various
temperatures over the time course.

3.2.4 Lipid profiling

Samples were prepared and analyzed from the five replicates for each treatment, at days
0, 6 and 11 of the temperature treatments, according to Martinis et al. (2013) with small
modifications. In brief, lipids were extracted from 100 mg of fresh tissue and suspended
in 1 ml of tetrahydrofuran:methanol 50:50 (v/v). 5-10 glass beads (1 mm in diameter)
were added to the mixture and homogenized for 3 min at 30 Hz in a tissue lyser. After
centrifugation (3 min, 14 000 g, and 4 °C), the supernatant was transferred to an HPLC
vial. Lipid profiles were obtained by ultra-high pressure liquid chromatography coupled
with atmospheric pressure chemical ionization-quadrupole time-of-flight mass spectrom-
etry (UHPLC-APCI-QTOF-MS) as described in Martinis et al. (2011, 2013). Separation
was performed on a reverse-phase Acquity BEH C18 column (50 x 2.1 mm, 1.7 um) under
the following conditions: solvent A=water; solvent B=methanol; 80-100% B in 3 min,
100% B for 2 min, re-equilibration at 80% B for 0.5 min. The flow rate was 0.8 ml min~!
and the injection volume was 2.5ul. Data were acquired using MassLynx version 4.1
(Waters), and further processed with MarkerLynx XS (Waters) to generate peak lists con-
sisting of variables described by mass-to-charge ratio and retention time. Multivariate
analysis was carried out using the statistics softwares EZinfo and Simca v.13.0.3 (Umet-
rics). Variables were Pareto-scaled before applying principal component analysis (PCA)
and supervised partial least square discriminant analysis (PLS-DA; Eugeni Piller et al.,
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2011; Martinis et al., 2011). In Pareto scaling, variables are divided by the square-root
of their standard deviation as an intermediate between no scaling and dividing variables
by their standard deviation alone. PLS-DA is a supervised multivariate method which
takes advantage of class information. For PLS-DA models, the predictive ability and the
degree of overfitting were evaluated using a leave-one-subject-out cross-validation and
permutation tests with 200 random permutations. R2 and Q2 coefficient values were calcu-
lated for the original and permuted models. Identification of the variables of interest was
achieved through comparison with pure standards whenever available. When standards
were not available, tentative identification was performed by combining determination
of elemental compositions (with accurate mass and isotopic ratios provided by QTOF-
MS), fragmentation by collision induced dissociation to obtain characteristic fragments,
and search in online databases such as LIPID MAPS (http://www.lipidmaps.org/data/
structure/LMSDSearch.php?Mode=SetupTextOntologySearch) and PUBCHEM (https:
//pubchem.ncbi.nlm.nih.gov/search/search.cgi#). Complete information regarding
the identification procedure is available at http://journal.frontiersin.org/article/
10.3389/fpls.2016.00167. For an example of the identification procedure refer to Sup-
plemental Figure I. In addition to untargeted analysis, the UHPLC-APCI-QTOFMS method
enabled the absolute quantification of several lipids for which reference standards were
available. Absolute concentrations of §-T, 7- T, a-T, a-TQ, PQ-9, PC-8, and phylloqui-
none (Vit K) were measured based on calibration curves obtained from pure standards.
Moreover, PC-OH and PQ-OH were quantified as PC-8 and PQ-9 equivalents, respectively.
Tocopherol and phylloquinone standards were obtained from Sigma-Aldrich, and PC-8
and PQ-9 standards were kindly provided by J. Kruk (Gruszka and Kruk, 2007; Kruk,
1988). The other molecules identified for which pure standards were unavailable were
quantified relatively based on peak intensity measurements in the chromatograms. The
two carotenoids violaxanthin and neoxanthin were measured as a sum since they could
not be resolved either in the chromatographic or the mass dimensions under the condi-
tions employed. The data obtained from the measurements were subjected to One-Way
ANOVA, followed by Bonferroni-Holm test to determine any significant differences between
different temperatures over the time course.
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3.3 Results

3.3.1 Photosynthetic efficiency is reduced after cold temperature
treatment

Chlorophyll fluorescence was measured to determine if prolonged exposure to varying
temperatures (10 °C moderate cold stress, 38 °C heat stress, 20 °C control condition) had
an impact on the photosynthetic efficiency (Fig. 3.1). Measurements of photochemical
efficiency or quantum yield of photosystem II (F,/F,,) values were carried at day O at
20 °C and subsequently measured after 2, 4, 6 days, as well as after 5 days of recovery
period at 20 °C. 38 °C did not have a significant effect over the period of treatment. The
plants exposed to 10 °C showed a slight but significant reduction in F,/F,, (p = 0.002)
after six days and recovered after five days at control conditions (20 °C).

0.90

0.85
g 38°C
080 -0-38°C
=
= —-0-20°C

—0-10°C
0.75
0.70 T T T T
L Day 0 Day 2 Day 4 Day 6 ;  Dayll |
Temperature treatments Recovery

Fig. 3.1: Photosynthetic efficiency in tomato leaves over a time course of exposure to differ-
ent temperatures. Values are the mean of 5 biological replicates (n = 5) from plants
exposed to 10, 38 and 20 °C (control conditions) over six days followed by five days of
recovery at control temperature up to day 11. Means + SE. Significant differences in
data between temperature treatments are indicated: *, P < 0.05, by One-Way ANOVA.

3.3.2 Heat stress reduces chlorophyll content in tomato leaves

Total chlorophyll from tomato leaves was extracted and measured spectrophotometrically
to determine differences in chlorophyll content after exposure to the three different
temperatures (Fig. 3.2). A significant reduction in total chlorophyll content was detected
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for tomato plants subjected to 38°C (p = 0.0107) for six days and after five additional
days at 20°C for recovery (p = 0.0289) (11 days). Exposure to 10°C had no effect on
chlorophyll levels.
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Fig. 3.2: Changes in chlorophyll content in tomato leaves exposed to different temperatures.

Means (n = 5) + SE. Significant differences in data between temperatures are indicated:
* p < 0.05, by One-Way ANOVA, followed by Bonferroni-Holm, post hoc test.

3.3.3 Untargeted lipidomics identify changes in lipid composition
in tomato leaves after high temperature treatment

To determine the differences in lipid composition after exposure to the three different
temperatures, we carried out untargeted lipidomics analysis (Fig. 3.3). The data obtained
from total lipid extracts of leaves from each treatment were subjected to multivariate
analysis to determine differences in lipid content between different temperatures. By this
method, 791 markers were detected, most of which were not identified (Supplemental
Table I, available online: refer to http://journal.frontiersin.org/article/10.3389/
fpls.2016.00167). A principal component analysis (PCA) model was established to
reduce data complexity according to variation in lipid content found after temperature
treatments. PCA identifies and ranks major sources of variance, which allows to cluster

samples based on similarities and differences, in this case, in measured lipid profiles.

PCA displayed two distinct clusters when comparing the variability of lipids followed by
temperature treatment tested in five biological replicates each (Fig. 3.3a). In the loadings
plot (Fig. 3.3b), the most contributive features of the first principal component (PC1)
were selected and characterized by a combination of tandem mass spectrometry data
and consultation of databases such as LIPID MAPS (Supplemental Table I, online: http:
//journal.frontiersin.org/article/10.3389/fpls.2016.00167). This revealed that
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prenylquinones, namely plastoquinol (PQH,-9), plastoquinone (PQ-9) and a-tocopherol
mostly contributed to the separation of the high temperature cluster, together with the
galactolipid DGDG-18:3/16:0. Lower temperature treatment clusters were characterized
by the presence of more unsaturated galactolipids such as MGDG-18:3/16:3 (Supplemental
Figure I, available online: http://journal.frontiersin.org/article/10.3389/fpls.
2016.00167), -18:3/18:3 and DGDG-18:3/18:3 (Fig. 3.3b). Loadings located near the
center of the plot, (i.e. the vast majority) make a negligible contribution to metabolic
variation.

To evaluate variations between cold treatment and control conditions data were submitted
to supervised PLS-DA. In contrast to PCA, which failed to separate the two treatments, PLS-
DA revealed two distinct clusters (Fig. 3.4a). Loadings from PLS-DA revealed that saturated
diacylglycerols (DAG), such as DAG-18:0/18:0 and -18:0/16:0, phosphotidylethanolamines
(PE), such as PE-18:2/18:2, -18:2/16:0 and saturated MGDG-18:3/16:0 were enhanced
in the low-temperature samples (Fig. 3.4b). Moreover, unsaturated galactolipids, such as
MGDG-18:2/18:3, -18:3/16:3, -18:3/16:1 and DGDG-18:3/18:3, as well as prenylquinones
such as a-tocopherol, PQH2-9, PQ-9, PQ-OH and [-carotene contributed to the control
treatment cluster (Fig. 3.4a and 3.4b).

3.3.4 High temperature increases prenylquinones in tomato
leaves

To quantify the effects of different temperatures on tocopherols, 6-T (§-tocopherol), v-T
(vy-tocopherol), a-T (a-tocopherol) and a-TQ («a-tocopherol quinone) were measured,
using pure standards (Fig. 3.5). Levels of §-T, 4-T (p = 0.013) and «-T (p < 0.001)
increased under 38 °C for Day 6. Levels of o-TQ, the oxidation product of «-T, appeared
to increase at both 10°C and 38 °C, at Day 6, albeit not significantly when compared to
control conditions. At Day 11, o-T (p < 0.001) and ~-T (p = 0.001) concentrations still
remained significantly increased.

The effect of different temperatures on plastoquinol, plastochromanol and their relatives,
PQ-9 (plastoquinone), PQH»-9 (plastoquinol), PQ-OH (hydroxy-plastoquinone), PC-8 and
PC-OH (hydroxyplastochromanol) were measured and quantified, using pure standards
(Fig. 3.6a-e.). All of the compounds showed a significant increase at Day 6 at 38°C
(p < 0.001) (Fig. 3.6) and remained significantly (p < 0.001) higher after five additional
days of recovery under 20 °C control conditions (Day 11). Phylloquinone content was
quantified using a pure standard (Fig. 3.7a) but no changes was detected under any of the
temperatures tested.

High temperature provokes a slight decrease in content of carotenoids in tomato leaves.
Carotenoid contents were quantified after exposure to the same temperature regime as for

Chapter 3 Lipid antioxidant and galactolipid remodeling under temperature stress in tomato plants


http://journal.frontiersin.org/article/10.3389/fpls.2016.00167
http://journal.frontiersin.org/article/10.3389/fpls.2016.00167

(@)

&0

50

40

30

20

10°C
38°C
10
£ L
g {
2 o /
o o,
[} 20°C ‘
T /
/
-20 '\.‘.
.
30
-40
50
60
-100 0 00
PC1(64%)
N
05 656.558
DAG-18:018:0
04
03 628,527
DAG-18:0118:0
02
N
—_ A 748,614
g PQ-9
= .
= 01 N
o
8 .
00
B B 429,372
;45 487 ‘ i a-tocopherol
- 935,571
MGDGAB:3/16:3 DGDG-18:3/183 .‘ .
01
N
773.518
02 MGDG-183/18:3 N PQH,
o 913.587 748.614
DGDG-18:3116:0
i
04 03 02 01 00 01 02 03
PC1(64%)

Fig. 3.3: Untargeted lipidomic profile of tomato leaves subjected to six days of low and high
temperature treatments. (a) Principal component analysis (PCA) of the lipid composi-
tion of leaf samples exposed to 10, 38 and 20 °C (control conditions), over six days of
temperature treatments. (b) Corresponding loading plots. Data were Pareto scaled prior
to principal component analysis. PC1 and PC2 are first and second principal components,
respectively, with their percentage of explained variance. Refer to Supplemental Table I
for PCA loadings sorted according to the PC1.
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Fig. 3.4: Untargeted lipidomic profile of tomato leaves subjected to six days of low temper-
ature treatment. (a) Partial least squares discriminant analysis (PLS-DA) of the lipid
composition of leaf samples exposed to 10 and 20 °C (control conditions), over six days
of temperature treatments. t[1] and t[2] are first and second latent variables, respec-
tively, with their percentage of explained variance. Applying cross-validation on the data
yielded high R2Y and Q2 coefficient values, which demonstrates the validity of the model
(R2Y=0.988, Q2=0.899). (b) Corresponding loading plots. Data were Pareto scaled
prior to PLS-DA. Refer to Supplemental Table I for PLS-DA loadings sorted according to
the PC1.
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Fig. 3.5: 0-T (6-tocopherol), - T (y-tocopherol), o-T (a-tocopherol) and «-TQ (a-tocopherol

quinone) quantification in tomato leaves after exposure to three different temper-
atures. (a) 6-T; (b) +-T; (c) a-T; (d) o-TQ. Lipids were extracted from plants submitted
to 10°C, 38°C and 20 °C for 6 days and then allowed to recover at 20 °C control temper-
atures (Day 11); values are means + SE, (n = 5). Significant differences in data between
temperatures are indicated: ¥, p < 0.05 and **, p < 0.001; by One-Way ANOVA, followed
by Bonferroni-Holm, post-hoc test.
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Fig. 3.6: PC-8 (plastochromanol), PQ-9 (plastoquinone), PQH--9 (plastoquinol), PQ-OH
(hydroxy-plastoquinone), and PC-OH (hydroxy-plastochromanol) quantification in
tomato leaves after temperature treatment and recovery period. (a) PC-8; (b) PQ-9;
(c) PQH2-9; (d) PQ-OH; (e) PC-OH. Lipids were extracted from plants exposed to 10,
38 and 20 °C for 6 days and then allowed to recover under 20 °C control conditions for
five additional days (Day 11); values are means + SE, (n = 5). Significant differences
in data between temperatures are indicated: *, p < 0.05 and **, p < 0.001; by One-Way
ANOVA, followed by Bonferroni-Holm, post hoc test.
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the prenylquinones. For §-carotene, lutein, violaxanthin and neoxanthin together relative
quantification was carried out by measuring the peak intensity in the chromatograms
(Fig. 3.7b; 3.7c and 3.7.d; respectively). In contrast to the prenylquinones no significant
changes in relative abundance of any of the compounds was observed under any of the
three conditions tested except for combined violaxanthin and neoxanthin, which showed a
significant decrease at Day 6 at 38 °C (p = 0.007) (Fig. 3.5d).

3.3.5 Temperature modulates saturation of galactolipids mostly
present in thylakoid membranes

Fatty acid-derived lipids were profiled in tomato leaves exposed to the same temper-
ature regime as for prenylquinones and carotenoids. Phosphatidylethanolamine (PE),
diacylglycerol (DAG), MGDG, DGDG were organized according to their saturation degree
(Fig. 3.8) and identified following the sn-2 position of the glycerol backbone structure
(prokaryotic referring to 16C fatty acid chains of plastid origin and eukaryotic to 18C
fatty acid chains of endoplasmic reticulum origin, Roughan and Slack, 1982). The DAG
feeding chloroplast lipid synthesis originates from two separate pathways: the endoplasmic
reticulum-localized eukaryotic pathway and the prokaryotic pathway that is located at
the plastid inner envelope (Ohlrogge and Browse, 1995). Data are means of relative fold
change of fatty acid-derived lipids detected relative to control (20 °C) treatment at Day
6.

After six days at 38 °C, there was a decrease in levels of unsaturated PE-18:2/18:2 accom-
panied by an increase in PE-18:3/16:0. Also, there was a reduction of unsaturated MGDGs
of prokaryotic origin such as MGDG-18:3/16:3 and MGDG-18:3/16:1. Moreover, there
was also a significant reduction in unsaturated DGDG-18:3/16:3 together with an increase
in saturated DGDG-18:3/16:0 and -18:2/16:0. In fatty acid-derived lipids of eukaryotic
origin, alterations of abundance were less remarkable but still, there was a significant
reduction in the abundance of highly unsaturated DGDG-18:3/18:3 and -18:3/20:3 to-
gether with an increase of MGDG-18:2/18:3 under high temperature. In contrast to high
temperature exposure, MGDG-18:2/18:3 significantly decreased after low-temperature
exposure, and PE-18:2/18:2 increased significantly contrasting with its decrease at high
temperature.

No significant changes were observed at the different temperatures for PE-18:2/16:0;
DAG-18:0/18:0 and -18:0/16:0, nor for the eukaryotic MGDG-18:3/18:3, -18:2/18:3, and
DGDG-18:1/18:3 and -18:0/18:3.
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Fig. 3.8: Alteration of saturation levels of fatty acid-containing membrane lipids in tomato
leaves under different temperatures. Data are means (n = 5) and are expressed by fold
change of fatty acid-derived lipids detected relative to control (20 °C) treatment at Day
6. Phosphotidylethanolamine (PE); diacylglycerol (DAG); monogalactosyldiacylglycerol
(MGDG); digalactosyldiacylglycerol (DGDG) are organized according to their saturation
degree.
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3.3.6 Discussion

Climate change exposes plants to increasing temperatures. Changes in temperature
impact plant physiology with potentially deleterious effects. Inhibition of photosynthesis
at the level of Photosystem II has been reported to occur after short exposure to high
temperature (35-40 °C), in a variety of species (Crafts-Brandner and Salvucci, 2000, 2002;
Havaux, 1993; Law and Crafts-Brandner, 1999). Changes in temperature also have a
direct influence on the physical properties of thylakoid membranes and affect electron
transport dynamics (Williams, 1998). In this study, we aimed to determine the dynamics of
lipid metabolism in response to high temperature (38 °C) treatment and its impact on the
photosynthetic efficiency of tomato plants using moderately low temperature (10 °C) and
20°C as a reference. In contrast to other studies we did so at a lipidome-wide level and
used statistical analysis to determine the most important changes. This approach allows to
put observed changes in a wider context and gain insight on the relative importance of the
observed effects. The ability of the plants to acclimate to the temperature regimes was
probed by chlorophyll fluorescence measurements that give a measure of photosynthetic
efficiency (Sinsawat et al., 2004) as well as photoinhibition at the level of Photosystem
II that is the most thermosensitive component of the photosynthetic membrane (Berry
and Bjorkman, 1980; Mathur et al., 2014; Srivastava et al., 1997). Chlorophyll contents
was also measured as it is known to be reduced by high temperature stress (Dutta et al.,
2009; Efeoglu and Terzioglu, 2009; Kumar Tewari et al., 1998). Indeed, high temperature
(38°C) treatment also reduced the chlorophyll contents in tomato (Fig. 3.2). However,
photosynthetic efficiency F,/F,, was not reduced over the duration of the experiment
at 38 °C suggesting that the plants acclimated well. In contrast, 10 °C treatment led to a
reduction of F,/F,, by around 4%. This mild photoinhibition suggested that tomato plants
do not acclimate as well to low temperatures as to high temperatures.

Using non-targeted lipidomics we detected 791 molecular species in the mass spectra
of total tomato leaf extracts. To determine the most important differences between the
three conditions we used principle component analysis followed by the identification
of compounds combining mass spectrometric information with searches in the online
databases. The first principal component was dominated by the presence of prenylquinones
and membrane lipids. These results indicate that the most important changes at the
lipidome-wide level occur in tocopherols, plastoquinone/plastoquinone as well as their
metabolites (Fig. 3.4) and in the degree of fatty acid saturation of galactolipids.

Several studies have already demonstrated that tocopherol production correlates with
oxidative stress (for instance under high-light conditions), and suggested that this may re-
flect the ability of tocopherols to quench ROS and protect Photosystem II (DellaPenna and
Pogson, 2006; Kobayashi and DellaPenna, 2008). Tocopherol biosynthesis is dependent on
the availability of phytol. Recently, it has been demonstrate that phytyl diphosphate origi-
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nating from chlorophyll degradation contributes significantly to tocopherol biosynthesis
(Almeida et al., 2016; vom Dorp et al., 2015). It is therefore possible that the chloro-
phyll degradation observed at 38 °C contributes directly to the increased biosynthesis of
tocopherols under this condition. A temperature-dependent increase on the kinetics of
prenylquinone biosynthesis at 38 °C can not be excluded. However, the biosynthesis of
phylloquinone as well as that of vast majority of other compounds in the samples were
not affected. This suggests that there is no sweeping Arrhenius effect that would widely
upregulate the synthesis of many lipid compounds (Guy et al., 2007; Kaplan et al., 2004;
Ruelland and Zachowski, 2010). The high concentrations of tocopherols produced under
high temperature, much like high-light, can probably be rationalized by an increased
requirement for lipid antioxidants in reponse to this stress. A recent study reported a
seven-fold increase in a-tocopherol in soybean that was grown at moderately high tem-
peratures (33/25°C, Chennupati et al., 2011). Tocopherol levels in leaves subjected to
10°C treatment (in contrast to high temperature) were not significantly different from
tocopherol levels detected under control temperature.

The decline in F,/F,, in plants subjected to 10 °C treatment suggests that the constant
concentrations of the major prenylquinones at this temperature may be insufficient for
plants to cope with this condition and, therefore, lead to photoinhibition. However, the
decline in F,,/F,, was reversible indicating that no permanent damage had been inflicted
(Haldimann et al., 1996). Low temperatures slow down enzymatic reactions and interfere
with both antioxidant biosynthesis and regeneration leading to inhibition of photosynthesis
(Allen and Ort, 2001; Jahnke et al., 1991). This may also pertain to tocopherol and
explain why photoinhibition is inflicted. The unchanged concentrations of tocopherols
under low-temperature treatment may also contribute to the destabilization of biophysical
properties, such as the fluidity of the thylakoid membrane (Hincha, 2008).

Plastoquinone and plastoquinol were the most increased molecular species under high
temperature. Plastoquinone is best known as an electron carrier in the photosynthetic
electron transport chain (Amesz, 1973). However, recent reports identify plastoquinone as
a lipid antioxidant functioning as a scavenger of singlet oxygen species and inhibitor of
lipid peroxidation (Gruszka et al., 2008; Kruk and Trebst, 2008; Kruk et al., 2014; Méne-
Saffrané and DellaPenna, 2010; Nowicka and Kruk, 2012; Nowicka et al., 2013; Olejnik
et al., 1997; Szymanska and Kruk, 2010). A recent report showed that an Arabidopsis line
overexpressing a gene in the biosynthetic pathway of PQ-9 SPS1 (SOLANESYL DIPHOS-
PHATE SYNTHASE 1) had two- to three-fold higher levels of PQ-9 and was more resistant
to photooxidative stress under excess light when compared to the wild type, showing a de-
crease of bleaching, lipid peroxidation and PSII photoinhibition (Ksas et al., 2015). Barley
seedlings exposed to 3 hours of high temperature treatment showed a reduction in the size
of the photoactive plastoquinone-pool present in thylakoids, suggesting a transfer to the
non-photoactive pool under temperature stress conditions (Pshybytko et al., 2008). The
non-photoactive plastoquinone pool is not active in the photosynthetic electron transport
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chain but participate in anti-oxidant reactions. The non-photoactive pool is contained in
the plastoglobules (Ksas et al., 2015; Szymanska and Kruk, 2010). Our results showed
a massive accumulation of PC-8, PQH,-9, and PQ-9 as well as its oxidized metabolites
PC-OH and PQ-OH (Fig. 3.5) under high temperature. It appears likely that the increase
of PQ and metabolites under high temperature reflect the role of PQH,-9 as a powerful
membrane antioxidant rather than that of an electron carrier. Therefore, the increase of
PQH,-9 and PQ-9 may contribute mostly to the non-photoactive pool that is located in
thylakoid-bound plastoglobules lipid droplets (Kruk and Trebst, 2008; Ksas et al., 2015).
Carotenoids are important components in the light harvesting complexes, but have other
functions, including the xanthophyll cycle in NPQ to dissipate excess excitation energy
(DellaPenna, 1999; Miiller et al., 2001). The interaction of carotenoids with membrane
lipids may also directly influence membrane physical properties (Havaux, 1998). When
carrying out targeted analysis of carotenoids, the only significant change we observed was
a reduction of the sum of violaxanthin and neoxanthin after 6 days exposure to 38 °C.
It thus appears that resistance to high temperatures does not require increased levels of
carotenoids in general and that the decrease observed for xanthophylls does not have
deleterious effects on NPQ and the ability to dissipate excess excitation energy.

Membrane fluidity is a function of the degree of saturation of membrane fatty acid lipids
and temperature (Zheng et al., 2011). Our results confirm in tomato leaves that fatty acid
saturation decreases at high temperatures and increases in the cold and show that these are
amongst the most important lipidome-wide changes occurring. The most significant differ-
ences concern phosphatidylethanolamine (PE), an extraplastidic phospholipid, and mono-
as well as digalactosyldiacylglyerol. Unsaturated PE-18:2/18:2 increased significantly
at low-temperature contrasting with its decrease at high temperature. The prokaryotic
origin galactolipids rich in unsaturated fatty acids, MGDG-18:3/16:3, -18:3/16:1 as well
as DGDG-18:3/16:3, exhibited a striking drop at high temperature when compared to
control and low temperature. In contrast, levels of more saturated DGDG-18:3/16:0 and
-18:2/16:0 increased under high temperature treatment. These results are in agreement
with reports that have shown an increase of the degree of saturation of fatty acids in Ara-
bidopsis exposed to 36 °C when compared to plants grown at 17 °C (Falcone et al., 2004).
The increase of saturation in membrane lipids has been shown to confer thermotolerance
to Arabidopsis and tobacco plants (Kunst et al., 1989; Murakami et al., 2000; Routaboul
et al., 2012).

Several unsaturated membrane lipids of eukaryotic origin decreased significantly under
low temperatures, possibly because they are substrates of eukaryotic DGDG formation.
The increase of unsaturated MGDG-18:2/18:3 at high temperature could be explained by
a possible high temperature-induced perturbation affecting its recycling into DGDG. It has
been reported that lipid saturation levels increase over time under heat stress, implying
that there is a relation between the degree of saturation of leaf membrane prior to heat
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stress and the ability of that plant to limit heat-induced damages during the stress period
(Larkindale and Huang, 2004).
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Abstract

Tocopherol, a compound with vitamin E activity, is a conserved constituent of the plastidial
antioxidant network in photosynthetic organisms. The synthesis of tocopherol involves
the condensation of an aromatic head group with an isoprenoid prenyl side chain. The
latter, phytyl diphosphate, can be derived from chlorophyll phytol tail recycling, which
depends on phytol kinase (VTES5) activity. How plants coordinate the isoprenoid precursor
distribution for supplying tocopherol and other prenyllipids biosynthesis in different organs
is poorly understood. Here, Solanum lycopersicum plants impaired in the expression of
two VTE5-like genes identified by phylogenetic analyses, named SIVTE5 and SIFOLK, were
characterized. Our data show that while SIFOLK does not affect tocopherol content, the
production of this metabolite is over 80% dependent on SIVTES in tomato, both in leaves
and fruits. VTES5 deficiency greatly impacted lipid metabolism, including prenylquinones,
carotenoids and fatty acid phytyl esters. However, the prenyllipid profile greatly differed
between source and sink organs, revealing organ-specific metabolic adjustments in tomato.
Additionally, VTE5-deficient plants displayed starch accumulation and lower CO5 assim-
ilation in leaves associated with mild yield-penalty. Taken together, our results provide
valuable insights into the distinct regulation of isoprenoid metabolism in leaves and fruits
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and also expose the interaction between lipid and carbon metabolisms, which results in
carbohydrate export blockage in the VTE5-deficient plants affecting tomato fruit quality.

4.1 Introduction

Tocopherols are potent lipid-soluble antioxidants synthesized only by photosynthetic
organisms and together with tocotrienols are collectively referred as vitamin E (VTE)
compounds (DellaPenna and Pogson, 2006; Kamal-Eldin and Appelgvist, 1996). Since
plants are the major source of VTE required for human nutrition, understanding of the
mechanisms underlying its synthesis and accumulation in crop species is of great inter-
est (Fitzpatrick et al., 2012; Grusak and DellaPenna, 1999). The antioxidant function of
tocopherols relies on their ability to scavenge peroxyl radicals, limiting lipid oxidation
of polyunsaturated fatty acids (PUFAs) (Serbinova et al., 1991; Traber, 2008), and also
singlet oxygen (10,) (Di Mascio et al., 1990; Fukuzawa et al., 1997; Kaiser et al., 1990).
In plants, light-driven photosynthetic processes are the main contributors to reactive
oxygen species (ROS) production in chloroplasts owing to electron-transport chains and
photosensitizing molecules such as chlorophyll (Chl) (Demmig-Adams et al., 2014; Edreva,
2005). The delicate equilibrium between ROS production and their detoxification in
chloroplast, which determines damage, protection or signaling response, is controlled
by a diversified ROS-scavenging system, including non-enzymatic antioxidant mecha-
nisms (Edreva, 2005; Foyer and Noctor, 2005). Tocopherols, as part of the photoprotective
machinery, are particularly involved in controlling the level of !O5 in photosystem II
(PSID), and the extent of lipid peroxidation in thylakoid membranes specially under stress
conditions (Miret and Munné-Bosch, 2015; Rastogi et al., 2014; Triantaphylidés and
Havaux, 2009). Beyond photoprotective roles, tocopherol is also involved in seed longevity,
seedling germination (Méne-Saffrané et al., 2010; Sattler et al., 2004), and photoassimi-
late export (Asensi-Fabado et al., 2014; Maeda et al., 2006, 2008); although, for the latter,
the precise underlying mechanism remains elusive (Maeda et al., 2014).

Accumulation of tocopherol in plant tissues is a tightly controlled process and several
studies determined that tocopherol levels change significantly during plant growth and
development, as well as in response to environmental stimuli including high light, low
temperature, salt and osmotic stress (Abbasi et al., 2007; Eugeni Piller et al., 2014;
Loyola et al., 2011; Maeda et al., 2006; Munné-Bosch, 2005; Quadrana et al., 2013).
Additionally, transgenic approaches have demonstrated that VTE content correlates with
the expression of the biosynthesis- and recycling-related genes (reviewed by Dellapenna
and Mene-Saffrané (2011)). Tocopherol synthesis occurs in plastids and requires two
precursors, a prenyl side chain and a tyrosine catabolite-derived head group (Figure 4.1).
The prenyl moiety phytyl diphosphate and homogentisate derived from the plastidial
2-C-methyl-D-erythritol 4-phosphate (MEP) and the shikimate pathway, respectively, are
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condensed by homogentisate phytyl transferase (VTE2), the only tocopherol synthesis
unique enzyme. From this precursor, the four naturally occurring tocopherol forms (a-, -,
~- and ¢-tocopherol), which vary in the methylation pattern of the chromanol ring, are
synthesized via the action of methyl-phytylquinol methyl transferase (VTE3), tocopherol
cyclase (VTE1), and tocopherol v-methyl transferase (VIE4). These enzymes are also
responsible for the synthesis of the other tocochromanols compounds, which not only
include tocotrienols but also plastochromanol (PC-8), a product of plastoquinone (PQ-9)

cyclization (Zbierzak et al., 2010).
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Fig. 4.1: Schematic view of tocopherol biosynthetic and related pathways. The genes are
the following: 1-deoxy-D-xylulose-5-P synthase (DXS); geranylgeranyl diphosphate re-
ductase (GGDR); 4-hydroxyphenylpyruvate dioxygenase (HPPD); homogentisate phytyl
transferase (VTE2); 2,3-methyl-5-phytylquinol methyltransferase (VTE3); tocopherol
cyclase (VTE1); ~-tocopherol-C-methyl transferase (VTE4); phytoene synthase (PSY);
phytoene desaturase (PDS); chloroplast-specific 5-lycopene cyclase (LCY/3); chromoplast-
specific 3-lycopene cyclase (CYC/); chlorophyll synthase (CHLG); staygreen 1 (SGR1);
pheophytinase (PPH); pheophorbide a oxygenase (PAO); phytol kinase (VTES); farnesol
kinase (FOLK); homogentisate solanesyl transferase (HST); solanesyl-diphosphate syn-
thase (SPS). Abbreviated intermediate metabolites are: glyceraldehyde 3-phosphate
(GA3-P); 1-deoxy-D-xylulose-5-P (DXP); isopentenyl diphosphate (IDP); dimethylallyl
diphosphate (DMADP); geranylgeranyl-diphosphate (GGDP); hydroxyphenylpyruvate
(HPP); homogentisate (HGA); chlorophyllide a (Chlide a); geranylgeranyl-chlorophyll a
(Chl ag@); phytylated-chlorophyll a (Chl apy,); pheophytin a (Phein a); pheophorbide
a (Pheide a); red chlorophyll catabolite (RCC); 2-methyl-6-geranylgeranylbenzoquinol
(MPBQ); 2,3-dimethyl-6-geranylgeranylbenzoquinol (DMBQ); 2-methyl-6-solanyl-1,4-
benzoquinol (MSBQ); plastoquinol-9 (PQH;-9); plastochromanol-8 (PC-8).

In addition to the de novo synthesis, the phytyl diphosphate precursor may also originate
from Chl turnover or degradation, by the release of phytol moiety from tetrapyrrole ring.

4.1 |ntroduction
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Intriguingly, the precise identity of the tocopherol biosynthesis-related phytol hydrolase
remains to be determined. In Arabidopsis thaliana, the absence of the known dephytylating
enzymes, pheophytinase (PPH) and chlorophyllase (CLH), in triple mutants, does not alter
seed tocopherol content whereas the seed-specific PPH-overexpressing transgenic lines
exhibit modestly increased tocopherol levels (Zhang et al., 2014). The hydrolyzed phytol is
sequentially phosphorylated by two enzymes, phytol kinase (VTES) and phytyl-phosphate
kinase (VTE6) (Ischebeck et al., 2006; Valentin et al., 2006; vom Dorp et al., 2015). VTE5
has been characterized in Arabidopsis where its mutant allele, vte5, causes a substantial
reduction of the tocopherol content in seeds and to a lesser extent in leaves (Valentin
et al., 2006). Furthermore, based on sequence similarity, a locus encoding a putative VTE5
paralog was identified in Arabidopsis, which further was characterized as a farnesol kinase
(FOLK) (Fitzpatrick et al., 2011). However, its involvement in tocopherol biosynthesis was
not addressed. So far, VTES has only been characterized in Arabidopsis, and its contribution
to tocopherol content is largely unknown in other species and organs, such as in edible
fleshy fruits. Moreover, the impact of VTE5 deficiency on plant metabolism remains
unexplored. Solanum lycopersicum is an interesting model species for studying tocopherol
metabolism. Besides being an important food crop worldwide, the fruits are a significant
source of VTE for human diet (Chun et al., 2006). Additionally, tomato ripening, which
encompasses the conversion of chloroplasts into chromoplasts, couples Chl degradation
and an active MEP pathway (Seymour et al., 2013), both sources of the prenyl precursor
for tocopherol biosynthesis (Almeida et al., 2015). A previous study on the regulation
of tocopherol biosynthesis in this species demonstrated a strong correlation between
VTE5 mRNA levels and the contents of Chl and tocopherol in tomato leaves and fruits,
suggesting the contribution of phytol recycling to tocopherol biosynthesis (Quadrana et al.,
2013). Moreover, expression analysis of senescence-related tomato mutants suggested that
maintenance of the de novo phytyl diphosphate synthesis might, at later ripening stages,
compensate for the lack of Chl-derived phytol for tocopherol production in fruits (Almeida
et al., 2015).

To better understand the extent of the contribution of the VTE5-dependent phytol pathway
to tocopherol biosynthesis in source and sink organs, we functionally characterized VTE5-
like genes in tomato. Tocopherol content was dramatically compromised both in leaves and
fruits of SIVTE5-knockdown plants. By contrast, analyses of folk mutant genotype ruled
out that SIFOLK is a major contributor to phytol kinase activity required for tocopherol
biosynthesis. Additionally, VTES5 deficiency differentially impacts fatty acid phytyl ester and
prenyllipid metabolism in fruits and leaves, and also have consequences in photosynthesis
and sugar partitioning.
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4.2 Materials and Methods

4.2.1 Plant material, growth conditions and sampling

Seeds of tomato (Solanum lycopersicum, cv. Micro-Tom) were obtained from the Laboratory
of Hormonal Control of Plant Development (www.esalq.usp.br/tomato). The folk-1 tomato
mutant was isolated from an ethyl methanesulfonate (EMS)-mutagenized Micro-Tom
collection from INRA, France. Plants were grown in a greenhouse under automatic
irrigation at an average temperature of 25°C, 11.5 h/13 h (winter/summer) photoperiod,
and 250-350 umol m~—2s~! of incident photoirradiance. Source (the first fully expanded
leaf) and sink (first apical leaf not fully expanded) leaves were sampled. Fruits were
harvested at mature green, one day after breaker (B+1), three days after breaker (B+3)
and ripe (B+6) stages at 35, 38, 40 and 43 days after anthesis, respectively. Samples were
frozen in liquid Ny and stored at —80 °C. All biochemical analyses were performed in T;
generation. For photosynthesis and yield evaluation, an independent experiment in Ts
generation was performed. Destructive harvest took place at a point where the largest
possible number of fruits was ripe without visible overripening (15-week-old) (Vicente
et al., 2015). At harvest time, aerial biomass was weighed and all the fruits were counted
and weighed.

4.2.2 Phylogenetic analysis

For phylogenetic analysis, Blastp searches were performed using the protein sequences
of A. thaliana VTE5 (At5g04490) and FOLK (At5g58560) as queries against the tomato
genome (http://solgenomics.net). Homologous sequences from other plant species
were retrieved by Blastp from Phytozome database (http://phytozome.jgi.doe.gov/
pz/portal.html). Nicotiana benthamiana sequences were obtained from the Sol Genomics
Network database (http://solgenomics.net). The sequences were aligned using the
MUSCLE package available in the MEGA 5.0 software with default parameters (Tamura
et al., 2007), and Neighbor-Joining phylogeny with 5000 bootstrap replications were
created with the distances calculated according to the best model pointed by MEGA 5.0.

4.2.3 Generation of SIVTE5S-RNA interference (RNAI) transgenic
lines

Transgenic plants expressing a SIVTE5-specific intron-spliced hairpin sequence under the
control of the cauliflower mosaic virus 35S promoter were obtained for RNAi-mediated
silencing of Solyc03g071720 locus. A 237 bp fragment of SIVTE5 was amplified by PCR
using the primers RNAi-VTE5-F and RNAi-VTES5-R listed in Supplementary Table 5.S1. PCR
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products were cloned into pENTR/d-TOPO vector (Invitrogen) via directional cloning, and
then recombined into the binary vector pK7GWIWG2 (Karimi et al., 2002) to generate
pPK7GWIWG2(I)-SIVTE5. Agrobacterium-mediated transformation (strain EHA105) of S.
lycopersicum was performed according to Pino et al. (2010). The presence of the transgene
in Ty, T; and T9 kanamycin-resistant plants was detected by PCR in genomic DNA using
35S-right and RNAi-VTE5-R primers (Supplementary Table 5.S1).

4.2.4 |dentification of the folk-1 tomato mutant by TILLING

Mutations in SIFOLK were identified by screening an EMS-mutagenized tomato popula-
tion (Just et al., 2013) essentially as described in Okabe et al. (2011). TILLING (Targeting
Induced Local Lesions In Genomes) unlabeled external primers and internal primers 5’
labeled with IRDye 700 and IRDye 800 dye are listed in Supplementary Table 5.S1. In-
duced point mutations were identified using the mismatch-specific endonuclease ENDO
1. Digested DNA fragments were separated on a LI-COR DNA analyser (LI-COR, USA).
The mutation analysis was performed using PARSESNP (Taylor and Greene, 2003) and
SIFT (Ng and Henikoff, 2003) softwares. Homozygous mutant plants were identified by
sequencing of tilled M3 family. Phenotypic characterization was performed in M, plants
homozygous for folk-1 allele using the corresponding segregating individuals homozygous
for FOLK wild-type allele as control genotype.

4.2.5 gPCR analysis

RNA extraction, cDNA synthesis, and real-time quantitative PCR (qPCR) assays were
performed as described by Quadrana et al. (2013). Primer sequences are listed in Sup-
plementary Table 5.S1. qPCR reactions were performed in a 7500 real-time PCR system
(Applied Biosystems) using 2X SYBR Green Master Mix reagent (Applied Biosystems).
Expression values were normalized against the geometric mean of two reference genes,
CAC and EXPRESSED, according to Quadrana et al. (2013). A permutation test lacking
sample distribution assumptions (Pfaffl et al., 2002) was applied to detect statistical
differences (P < 0.05) in expression ratios using the algorithms in the fgStatistics software
package (Di Rienzo, 2009).

4.2.6 Leaf gas exchange and fluorescence measurements

Gas exchange and chlorophyll fluorescence parameters were evaluated in five-week-old
plants using a portable open gas-exchange system incorporating infra-red CO, and water va-
por analyzers (LI-6400XT system; LI-COR) equipped with an integrated modulated chloro-
phyll fluorometer (LI-6400-40; LI-COR). Reference [CO,] was held at 400 umol mol~! and
temperature at 25 °C for all measurements. Air humidity inside the leaf chamber was
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controlled to the externally measured greenhouse relative humidity (50-60%). Carbon
assimilation rate (A), leaf stomatal conductance (g;), leaf dark respiration (R;) and flu-
orescence parameters were measured at at a photosynthetic photon flux density (PPFD)
of 600 umol PPFD m~2s~! in the first fully expanded leaf between 10:00 h and 14:00 h.
The parameters derived from Chl fluorescence, including light-adapted PSII maximum
quantum efficiency (F)/F],), proportion of open PSII centers (photochemical quenching,
qP), PSII operating efficiency (®pss), were calculated according to Genty et al. (1989).

4.2.7 Tocopherol, free phytol and fatty acid phytyl ester
quantification

Tocopherols were extracted and measured by high performance liquid chromatography
(HPLC) as previously described (Yang et al., 2011). For determination of fatty acid phytyl
esters (FAPEs) and free phytol, total lipids were extracted with chloroform according to
Lippold Lippold et al. (2012). Non-polar lipids were purified using chromatography on
silica columns (Kieselgel 60; Merck). FAPEs were measured by direct infusion nanospray
quadrupole time-of-flight tandem mass spectrometry (Q-TOF-MS/MS; Agilent 6530 Accu-
rate Mass Q-TOF) using methanol:chloroform:300 mM ammonium acetate [665:300:35
(v/v/v); Welti et al. (2002)] as the solvent system. FAPEs were detected in the positive ion
mode by neutral loss scanning for m/z 278.2974, a fragment characteristic for the phytol
moiety. For phytol measurements, non-polar lipid fraction was silylated and then phytol
quantified by gas chromatography coupled to mass spectrometry (GC-MS) as previously
described (Lippold et al., 2012).

4.2.8 Prenylquinone and carotenoid profile

Prenylquinone and related compounds («-tocopherolquinone, PQ-9, plastoquinol-9, hydroxy-
plastoquinone, PC-8, hydroxy-plastochromanol, ubiquinone-10) were analyzed by a tar-
geted analysis of lipidomic profile obtained by ultra-HPLC coupled with atmospheric
pressure chemical ionization-quadrupole time-of-fight mass spectrometry (UHPLC-APCI-
QTOF-MS) as described in Martinis et al. (2013) with the following modifications. Briefly,
15 mg of lyophilized tissue were exactly weighed and resuspended in 500 ul of tetrahydro-
furane:methanol:water 42.5:42.5:15 (v/v/v). The mixture was homogenized using glass
beads (1 mm of diameter) for 3 min at 30 Hz in a tissue lyser. After two rounds of cen-
trifugation (3 min, 14 000 g, and 4 °C), supernatants were transferred to vials. Prenyllipids
were separated on a reverse-phase Acquity BEH C18 column (50 x 2.1 mm, 1.7 um) under
the following conditions: solvent A = water; solvent B = methanol; 80-100% B in 3 min,
100% B for 2 min, re-equilibration at 90% B for 0.5 min. The flow rate was 0.8 mlmin—"',

and the injection volume was 2.5 ul. PQ-9 and PC-8 were quantifed based on calibration
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curves obtained from standard compounds. Data were processed using MassLynx version
4.1 (Waters).

Carotenoids were extracted and detected as described in Almeida et al. (2015) using an
Agilent 1200 Series HPLC system coupled with a Diode Array Detector on a reverse phase
column [Zorbax Eclipse Plus C18 (150 mm x 4.6 mm, 5um), Agilent Technologies]. Com-
pounds were identified at 440 nm by their order of elution and absorption spectra (Gupta
et al., 2015), and co-migration with authentic standards (all-trans-lycopene, all-trans-3-
carotene, lutein, violaxanthin, neoxanthin, and zeaxanthin). Relative quantification was
performed based in chromatografic peak area normalized against sample dry weight.

4.2.9 Chlorophyll and chlorophyll catabolites

Chl and green catabolites (chlorophyllide, pheophorbide, pheophytin) were extracted
from 10 mg of lyophilized tissue during 17 h at —20°C in 90% (v/v) acetone, 10% (v/Vv)
0.2 M Tris-HCI, pH 8.0, pre-cooled to —20°C (5mlg~! initial fresh weight). After twice
centrifugation (2 min, 16 000 g, 4 °C), supernatants were analyzed by HPLC as described
Langmeier et al. (1993). Pigments were identified by their absorption spectra at 665 nm.
For quantification, peak areas were analyzed and referred to calibration curves built from
known quantities of standard pigments (Schelbert et al., 2009).

4.2.10 Quantification of soluble sugars and starch

A 10 mg aliquot of the lyophilized samples were five times extracted with 1.5 ml of 80%
ethanol at 80 °C according to de Souza et al. (2013). Combined supernatants were dried
under vacuum and re-suspended in 1 mL of ultrapure water. To remove pigments, an
extraction with 0.5 ml of chloroform was performed. Alcohol-soluble sugar quantification
was done by a high performance anion exchange chromatography with pulsed ampero-
metric detection (HPAEC/PAD) (Dionex-ICS3000, Dionex). Sugar separation was carried
out on a CarboPac PA1 column using isocratic elution of 150 mM NaOH with a flow rate
of 1 mlmin~!. The calibration curves were prepared using standard solutions of glucose,
fructose and sucrose with a concentration range from 50 um to 200 um.

For starch quantification, the dried insoluble material obtained after ethanol extraction
was treated with a-amylase (120 U ml~!, Megazyme) from Bacillus licheniformis and
amyloglucosidase (30 U ml~!, Megazyme) from Aspergillus niger according to Amaral
et al. (2007). The glucose content obtained after starch hydrolysis was determined from
extract aliquots of 20ul and 50ul for leaves and fruits, respectively, after an incubation
with glucose oxidase/peroxidase and D-4-aminoantipirine (GOD/POD). Absorbance of
quinoneimine dye, which is directly proportional to glucose concentration, was measured
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spectrophotometrically using an ELISA-type microplate reader at 490 nm. A standard
curve was prepared using high purity glucose solution (Sigma) ranging from 2.5ug ml~!
to 12.5ug ml~1.

4.2.11 Trolox equivalent antioxidant capacity (TEAC) assay

The antioxidant capacity of non-polar extracts was assayed as previously described (Re et
al., 1999), with minor modifications. The pre-formed radical 2,2’-azin-obis-(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS'1) was produced by oxidation of 7 mM ABTS with potassium
persulphate (2.45 mM final concentration) dissolved in ultrapure water. The mixture
was incubated in the dark at room temperature for 12-16 h before use. The ABTS'*
solution was diluted with ethanol and adjusted to 0.70 + 0.02 absorbance units at 734 nm.
A 50mg aliquot of diluted extract or Trolox standard was mixed with 150 ul of diluted
ABTS' " solution, and the absorbance was read at 734 nm after 10 min at 30 °C. The ABTS"*
antioxidant capacity was reported as um of TEAC per gram of sample on a dry weight
basis by comparing with a Trolox standard curve (0.015-0.50 mM). Analyses were run in
triplicate at two dilutions for a total of six assays per sample.

4.2.12 Transmission electron microscopy

Leaf segments were fixed at 4 °C in Karnovsky’s solution [2.5% glutaraldehyde, 2% (v/v)
paraformaldehyde in 0.1 M sodium phosphate buffer pH 7.2] for 24 h. After washing
in buffer, the samples were post-fixed in buffered 1% (w/v) osmium tetroxide, washed,
dehydrated in a graded series of acetone, and embedded in Spurr resin. The resin was poly-
merized at 60 °C. Ultrathin sections were stained with saturated uranyl acetate (Watson,
1958) and lead citrate (Reynolds, 1963) and observed using a Zeiss EM 900 transmission
electron microscope.

4.2.13 Data analyses

Statistical analyses were performed using R statistical software (www.r-project.org).
To determine significant differences between the transgenic lines and the control, data
were analyzed by t-test or one-way analysis of variance (ANOVA) followed by a Dunnett’s
multiple comparison test with the level of significance set to 0.05.
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4.3 Results

4.3.1 Tomato tocopherol contents are highly dependent on
SIVTES but not on SIFOLK

By using the A. thaliana VTES protein sequence (At5g04490; Valentin et al. (2006)) as
query, a survey for homologous sequences in the S. lycopersicum genome was performed in
the Solanaceae Genomics Network (http://solgenomics.net/). Two loci were identified,
Solyc03g071720 and Solyc09g018510. In order to establish the orthology relationships,
a phylogenetic analysis was performed with VTE5 homologous protein sequences of 14
flowering species with completely sequenced genomes. The tree revealed two clades whose
topology coincided with the established phylogenetic relationships between the analyzed
species. One clade contains the Arabidopsis VTE5 protein sequence (Valentin et al., 2006)
that clustered together with Solyc03g071720. The other clade groups At5g58560, an
earlier proposed VTES paralog that was further identified as a farnesol kinase (FOLK;
(Fitzpatrick et al., 2011)), together with Solyc09g018510. This analysis displayed VTE5
and FOLK proteins as sister clades, and the respective genes were named SIVTE5 and
SIFOLK (Supplementary Fig. 4.1). Both genes showed similar expression patterns with
highest mRNA levels found in green tomato tissues (Supplementary Fig. 4.52).

In order to gain experimental evidence regarding SIVTE5 function in the tocopherol
biosynthesis, transgenic SIVTE5-knockdown plants were generated by RNA interference
(RNAi)-mediated silencing. Out of eight primary transformants that showed reduced
levels of SIVTE5 mRNA (Supplementary Fig. 4.S3), three lines with reduction over 80%
were selected for further analyses; SIVTE5-RNAi#1, SIVTE5-RNAi#7 and SIVTE5-RNAi#11
(Fig. 4.2A). Under normal growth conditions, these transgenic lines exhibited no evi-
dent morphological alterations and an apparently unaltered pattern of fruit degreening
(Supplementary Fig. 4.S3B).

HPLC analysis revealed that down-regulation of SIVTES5 resulted in a dramatic reduction
(80-90%) of total tocopherol contents both in leaves and in fruits (Fig. 4.2B). Overall, no
differences in tocopherol composition were observed (Supplementary Table 4.S2) except
for the line #7 at mature green stage. Notably, we detected only traces of tocotrienols in
SIVTE5-RNAI lines (data not shown). These results ruled out the possibility that depletion
of tocopherols could be compensated by tocotrienol production in these plants.

The VTES deficiency in transgenic lines would be expected to increase free phytol con-
tent (Valentin et al., 2006). We therefore assayed the amount of this metabolite by GC-MS.
While in mature leaves and ripe fruits of wild-type tomato plants free phytol amount
ranged from 100 nmol g~! DW to 190 nmol g~ DW, in the counterparts from SIVTE5-RNAi

Chapter 4 Down-regulation of tomato PHYTOL KINASE strongly impairs tocopherol biosynthesis


http://solgenomics.net/

>

§ 121 leaf 1.2 -
2
2 1.0 1 1.0 |
g 08 0.8 -
(]
2 06 0.6 -
o
> 0.4 - 0.4
CI>? * * *
2 0.2 0.2 -
k=
2 0.0 0.0 -
WT  #1 #7  #11
B
300 - leaf 120 -
_ 250 100 A
$s
%n 200 | 80 -
8 @ 150 - 60 -
=]
5 E 100 40 -
° - *
2~ 50 * * 50
0 A 0 A

WT #1  #7 #11

mature green fruit

WT  #1

#7 #11

mature green fruit

WT #1

#7 #11

1.2 4
1.0 A
0.8 -
0.6 -
0.4 -
0.2 1
0.0

140
120
100
80
60
40
20

ripe fruit

WT #1  #7 #11

ripe fruit

WT  #1  #7  #11

Fig. 4.2: Down-regulation of SIVTE5 expression and tocopherol content in SIVTE5-RNAi
transgenic lines. (A) Relative expression of SIVTE5 gene in wild-type (WT) and SIVTES5-
RNAI lines (#1, #7 and #11). Data are means + SEM of five biological replicates.
Asterisk denotes statistically signi?cant differences (permutation test, P < 0.05). (B) To-
tal tocopherol was measured in leaves, mature green and ripe fruits of SIVTE5-RNAI lines.
Data represent the mean + SD of five biological replicates. Asterisk denotes significant
differences between the wild-type (WT) and the transgenic lines (ANOVA/Dunnett’s test,

P < 0.05). DW, dry weight.
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lines this prenyl alcohol accumulated four to five times more (Fig. 4.3). Interestingly,
the molar amount of free phytol that accumulated in leaves was of the same order of
magnitude as the reduction observed in total tocopherol contents. Strikingly, the increase
in the amounts of free phytol in transgenic ripe fruits was 10 times higher than the decrease
in tocopherol (Supplementary Table 4.S3), suggesting differential regulation in response
of phytol metabolism perturbations in source and sink tomato organs.
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Fig. 4.3: Free phytol content in leaves and ripe fruits of the SIVTE5-RNAI transgenic lines.
Data represent the mean + SD of at least three biological replicates. Asterisk de-
notes significant differences between the wild-type (WT) and the transgenic lines
(ANOVA/Dunnett’s test, P < 0.05). DW, dry weight.

Due to sequence similarity between the tomato phosphatidate cytidylyltransferases pro-
teins SIVTES and SIFOLK, and the lack of a complete functional characterization of the
latter, the putative impact of SIFOLK on tocopherol metabolism was also explored. In
this case, a TILLING-based molecular screening was applied to identify a loss-of-function
mutation in SIFOLK using an EMS-mutagenized tomato collection. Among the identified
mutants, one, named folk-1, displayed a G to A substitution disrupting the 3’ splicing site
of intron 4. Sequence analyses of folk-1 cDNA from homozygous mutant plants revealed
that this lesion led to the use of a cryptic splicing site in intron 4, producing a mRNA
that lacks exon 4 and contains a fragment of intron 4 (Supplementary Fig. 4.S4A). This
abnormal spliced transcript of FOLK, which is the only isoform detected in the mutant,
contains an in-frame premature stop codon that presumably leads to a truncated protein
(Fig. 4.4A, Supplementary Fig. 4.S4A, B). mRNA harboring premature termination codons
can be recognized by the RNA surveillance machinery as aberrant; these transcripts may
be targeted by the nonsense-mediated decay pathway being rapidly degraded (Filichkin
et al., 2015). Expression analysis by qPCR showed the amount of the abnormal mRNA
in folk-1 corresponded to only 10% of the fully spliced transcript found in control plants
(Supplementary Fig. 4.54C). Tocopherol levels and composition in plants homozygous
for the folk-1 allele were much the same as in control plants, suggesting a small, if any,
contribution of SIFOLK to tocopherol biosynthesis both in leaves and fruits (Fig. 4.4B,
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Supplementary Table 4.52). Having demonstrated the major role of VTES5 in tomato toco-
pherol metabolism, we further performed a comprehensive phenotypic characterization of
SIVTE5-RNAI lines.
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Fig. 4.4: Total tocopherol content in folk-1 mutant. (A) Diagram showing SIFOLK gene and
fully spliced mRNA found in wild-type (WT) and abnormal spliced mRNA found in folk-1
mutant. Boxes and solid lines represent exons and introns, respectively. The premature
stop codon is indicated by a black hexagon. (B) Total tocopherol was measured in
leaves, mature green and ripe fruits of M4 plants homozygous for folk-1 allele. The
corresponding segregating individuals homozygous for FOLK WT allele were used as
control. Data represent the mean + SD of five biological replicates. No significant
differences were observed (Student’s t-test, P > 0.05). DW, dry weight.

4.3.2 Down-regulation of SIVTES boosted phytyl ester synthesis
in leaves

Free phytol can be esterified directly with fatty acids derived from activated acyl groups.
Fatty acid phytyl esters (FAPEs) increase during stress-associated Chl degradation (e.g.
nitrogen deprivation) and senescence (Gaude et al., 2007; Lippold et al., 2012). To address
the question whether the increased phytol levels affect FAPE contents in the SIVTE5-RNAi
lines, the level of these compounds was measured by direct infusion Q-TOF MS/MS.
Notably, SIVTE5 knockdown resulted in a dramatic increase of FAPE content up to 10-fold
in leaves. In contrast, fruits from SIVTE5-RNAI lines exhibited levels of FAPE identical to
those of wild-type plants (Fig. 4.5). Besides the total amount, FAPE composition was also
highly affected in transgenic leaves (Fig. 4.6A). With the exception of palmitic (16:0) and
linolenic (18:3) acids, analysis of profiles showed that the contribution of the different
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acyl chains was not proportional to the increment in total FAPE content observed in
SIVTE5-RNAI lines. In particularly, FAPEs containing oleic acid (18:1), hexadecatrienoic
acid (16:3), and medium-chain fatty acids (10:0, 12:0, 14:0) exhibited a reduction in
their relative content, while FAPEs containing stearic acid (18:0) and linoleic acid (18:2)
became the predominant forms, increasing at least two-fold in transgenic leaves compared
to wild-type. In SIVTE5-RNAI fruits the FAPE composition at mature green and ripe stages
remained almost unchanged (Fig. 4.6 B,C).
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Fig. 4.5: Total fatty acid phytyl ester (FAPE) content in SIVTE5-RNAI transgenic lines. Data
represent the mean + SD of at least three biological replicates. Asterisk denotes significant
differences between the wild-type (WT) and the transgenic lines (ANOVA/Dunnett’s test,
P < 0.05). DW, dry weight.

4.3.3 Chlorophyll content is not affected in SIVTE5-RNAI lines

To examine whether SIVTE5 knockdown affects Chl metabolism, we determined Chl a,
Chl b and pheophytin a (Phein a) levels in leaves and fruits at three different ripening
stages by HPLC. The contents of these compounds were largely unaltered in both tested
organs, suggesting that accumulation of phytol did not significantly affect Chl and Phein a
levels in tomato (Fig. 4.7).

4.3.4 SIVTES knockdown alters prenyllipid metabolism in fruits

In addition to tocopherols, the plastidial antioxidant network includes a variety of prenyl-
lipids derived from the MEP isoprenoid pathway with strong antioxidant properties, such
as carotenoids, prenylquinones (PQ-9) and other tocochromanols (e.g. PC-8) (Nowicka
et al., 2013). To investigate whether tocopherol deficiency in SIVTE5-RNAI lines is compen-
sated by any other non-enzymatic antioxidant mechanism, we performed a comprehensive
profiling of prenyllipids (Table 4.1). For determination of prenylquinone and their deriva-
tive compounds, a targeted analysis of lipidomic profile obtained by UHPLC-QTOF MS
method was performed, whereas carotenoids were quantified by HPLC. In leaves and ripe
fruits of the transgenic plants, depletion of tocopherol was accompanied by a decrease
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Fig. 4.7: Chlorophyll (Chl) and pheophytin a (Phein a) content in SIVTE5-RNAI transgenic lines.
(A,C) Quantification of Chl and Phein a in leaves. (B,D) Quantification of Chl and Phein
a in fruits at mature green (MG), breaker+1 (B+1) and breaker+3 (B+3) stage. Data
represent the mean + SD of at least three biological replicates. No significant differences
were observed (ANOVA/Dunnett’s test, P > 0.05). FW, fresh weight.
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of a-tocopherolquinone, an oxidized intermediate of the tocopherol redox cycle; yet, the
level of this metabolite remained unchanged in mature green fruits. Remarkably, the
levels of photosynthetic electron carrier phylloquinone (vitamin K), another product of
phytyl diphosphate-dependent biosynthesis, did not change between SIVTE5-RNAI lines
and wild-type control.

The presence of the reduced and oxidized forms of PQ-9 in wild-type tomato leaves has
already been reported (Jones et al., 2013), and our data showed that PC-8 is also detected
in S. lycopersicum, in both leaves and fruits (Supplementary Fig. 4.S5). PC-8 was less
abundant than tocopherols in wild-type tomato leaves as described for other species (Kruk
et al., 2014). In fruits, however, the amount of these tocochromanols was similar (Fig. 4.2
and Supplementary Fig. 4.S5).

The comparison of prenyllipid profiles between wild-type and SIVTE5-knockdown leaves
revealed that PQ-9 forms (PQ-9, PQH,-9 and PQ-OH) remained unchanged. In contrast,
a reduction to 50% of PC-8 content was observed in SIVTE5-RNAI lines, which was
accompanied by lower levels of its oxidation product, PC-OH (Table 4.1). In sharp
contrast, the prenylquinone pool of transgenic fruits was significantly increased. PQ-9
levels were >2-fold higher in the SIVTE5-RNAI lines, although the reduced form PQH>-9
were unchanged. Intriguingly, the levels of the mitochondrial prenylquinone UQ-10 were
also ~ 2-fold increased in SIVTE5-RNAI fruits. In addition, PC-8 accumulated up to 2-fold
in both mature green and ripe fruits of the transgenic lines (Table 4.1). These results
suggest that the pool of PQ-9 and PC-8 contributes to fulfilling antioxidant function in the
transgenic fruits.

Carotenoid contents in leaves and mature green fruits remained largely unaltered in
the SIVTE5-RNAI lines (Table 4.1). Although no differences in visual appearance were
identified (Supplementary Fig. 4.S3B), at the ripe stage, silenced fruits exhibited 30% less
lycopene than those of wild-type plants, which was also accompanied by an equivalent
reduction in levels of lycopene precursors (phytoene, phytofluene and (-carotene).

Considering the differences observed in prenyllipid profiles, the total antioxidant capacity
between SIVTE5-RNAi and wild-type tomato plants were evaluated in non-polar extracts
by the Trolox equivalent antioxidant capacity (TEAC) assay. Transgenic ripe fruits showed
a reduction in TEAC values in lines #1 and #11 (Supplementary Fig. 4.56). These results
emphasize the role of tocopherol and/or carotenoids in antioxidant protection, since the
increase in prenyllipid contents exhibited in the fruits of the SIVTE5-RNAI lines did not
compensate the TEAC values up to those observed in wild-type plants.
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Table 4.1: Changes in prenyllipids contents in leaves and fruits of SIVTE5-RNAI transgenic
lines compared with wild-type.

Prenyllipids SIVTE5-RNAi

(relative amounts) WT #1 #7 #11
Leaf
a-TQ 1.00 +0.18 0.234+0.03 0.22 4+ 0.08 0.24 + 0.01
PC-8 1.00£0.30 0.524+0.19 0.54+0.19 0.36 £+ 0.07
PQ-9 1.00+0.18 0.83+£0.15 0.87+0.20 0.63 £ 0.12
PQH»-9 1.00+0.66 1.27+0.59 1.02+0.43 0.86 +0.37
PC-OH 1.00£0.21 0.654+0.18 0.72+0.24 0.51 £0.11
PQ-OH 1.00+0.20 1.014+0.26 1.0440.27 0.70 £ 0.19
UQ-10 1.00£0.24 0.834+0.23 0.81+0.12 0.81 £ 0.10
phylloquinone 1.00£0.16 0.874+0.12 0.84+0.12 0.81 £ 0.12
[-carotene 1.00£0.07 0.894+0.04 0.91+0.02 0.91 £0.07
lutein 1.00+0.07 0.97£0.06 0.96 +0.03 0.95 £+ 0.03
violaxanthin/neoxanthin 1.00 £0.06 0.97 +0.06 1.00 + 0.02 0.99 £ 0.06
Mature green fruit
a-TQ 1.00£0.15 1.114+0.48 1.20+£0.47 1.13£0.10
PC-8 1.00£0.15 1.894+0.26 1.78 +0.05 1.88 £ 0.19
PQ-9 1.00+0.15 2.114+0.46 2.22 4 0.42 2.22 1+ 0.26
PQH»-9 1.00+0.30 0.77£0.23 1.24+0.36 1.16 £ 0.36
PC-OH 1.00£0.42 0.894+0.34 1.10+£0.30 1.02£0.29
PQ-OH 1.00£0.26 1.314+0.49 1.74+0.47 1.52 +£0.32
UQ-10 1.00+0.13 2.134+0.24 1.76 +0.28 1.93 + 0.34
phylloquinone 1.00+0.27 1.234+0.18 1.25£0.32 1.32£0.16
[-carotene 1.00+0.22 096+0.16 0.92£0.15 1.00 £0.16
lutein 1.00+0.22 0.984+0.10 1.09£0.11 1.31 £ 0.15
violaxanthin/neoxanthin 1.00 £0.34 0.854+0.16 0.85+0.07 1.28 £ 0.20
Ripe fruit
a-TQ 1.00+0.25 0.54+0.04 0.64+0.17 0.64 + 0.15
PC-8 1.00£0.15 2.294+0.34 1.67+0.20 2.07 + 0.05
PQ-9 1.00 £0.17 2.40+£0.54 2.24+0.20 1.76 +0.26
PQH»-9 1.00+0.29 1.55+0.39 1.77+£0.55 1.92 £ 1.06
PC-OH 1.00£0.27 1.264+0.51 1.35+£0.46 0.99 4+ 0.42
PQ-OH 1.00 £0.07 2.274+1.03 2.24+0.80 2.10£0.94
UQ-10 1.00+0.14 2.404+0.38 1.96 + 0.53 2.13+0.24
phylloquinone 1.00£0.18 1.114+0.18 1.32+£0.50 1.41 £ 0.05
phytoene 1.00£0.09 0.68+0.11 0.72+0.19 0.62 £+ 0.10
phytofluene 1.00+0.14 0.72+0.13 0.66 +0.14 0.64 £+ 0.08
neurosporene 1.00+0.22 0.73+0.24 0.97+0.18 0.60 + 0.20
(-carotene 1.00+0.20 0.444+0.17 0.33+0.19 0.39 +0.18
lycopene 1.00£0.06 0.78 £0.14 0.70+ 0.08 0.74 4+ 0.13
p-carotene 1.00+0.06 0.87+0.20 0.86=+0.16 0.90 £0.14
lutein 1.00 £0.13 1.074+0.13 1.02+0.09 1.19+£0.25

Data were normalized to sample dry weight and expressed relative to wild-type (WT)
in each tissue. Values are represented as means + SD. Terms in bold indicate a statisti-
cally significant difference by ANOVA/Dunnett’s test (P < 0.05). a-tocopherolquinone
(a-TQ), plastoquinone-9 (PQ-9), plastoquinol-9 (PQH;-9), hydroxy-plastoquinone
(PQ-OH), plastochromanol-8 (PC-8), hydroxy-plastochromanol (PC-OH), ubiquinone-
10 (UQ-10).
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4.3.5 VTES deficiency affects the expression of tocopherol
metabolism-related genes

The biochemical profile described above showed that SIVTE5 knockdown results in an
adjustment in prenyllipid and FAPE metabolism in an organ-specific manner. In order to
understand whether these changes could be associated with differential gene expression
regulation, mRNA levels of genes encoding proteins involved in MEP, shikimate, tocochro-
manol, carotenoid and Chl metabolism (Almeida et al., 2015; Lira et al., 2014; Quadrana
et al., 2013), as well as in prenylquinone and FAPE synthesis were measured by the qPCR
(Fig 4.1). Genes that showed significantly different mRNA levels in at least two transgenic
SIVTE5-RNAI lines and, when applicable, the third followed the same trend are shown in
Fig. 4.8. The complete set of data is shown in Supplementary Table 4.54.
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Fig. 4.8: Changes in gene expression levels of some key isoprenoid-metabolism related
genes resulting from SIVTE5 down-regulation in both leaves and fruits.The mRNA
amount of the enzyme encoding genes showed in Figure 4.1 were quantified. Expression
data are means + SEM of three biological replicates of log2-fold changes compared to the
corresponding organ of the wild-type control. Only genes that showed signi?cantly dif-
ferent mRNA levels in SIVTE5-knockdown lines are shown (permutation test, P < 0.05).
For simplicity, solely data from SIVTE5-RNAi#7 were represented. The complete data set
is available in Supplemental Table 4.54.

Genes of tocochromanol biosynthesis did not exhibit a consistent expression tendency in
leaves of SIVTE5-RNAI lines. In fruit, the elevated expression of HPPD(1) and HPPD(2)
is consistent with the increased prenylquinone content in silenced plants. Moreover, in
transgenic ripe fruit, VTE3(1) up-regulation also coincided with the higher content of PC-8
and PQ-9. Intriguingly, the expression of the gene encoding the solanesyl-diphosphate
synthase (SPS), which catalyzes the production of the PQ-9 or PC-8 prenyl side chain, was
decreased in transgenic mature green fruits, suggesting a negative feedback regulatory
mechanism.
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In leaves, an apparent reduction in the Chl degradation pathway was observed in SIVTE5-
RNAI lines, as indicated by a down-regulation of STAY-GREEN1 (SGR1) and PHEOPHOR-
BIDE A OXYGENASE (PAO) expression. Although Chl contents remained invariant, the
observed transcriptional down-regulation may reflect a response to phytol accumulation.
This scenario contrasts with that observed in fruits where SGRI was up-regulated in
transgenic plants compared to wild-type. Additionally, ripe fruit of SIVTE5-RNAI lines
showed higher mRNA levels of PHEOPHYTINASE (PPH).

Regarding carotenoid biosynthesis, only certain genes showed significant changes in their
mRNA levels in leaves and mature green fruits of the SIVTE5-RNAI lines, although the
biochemical profiles of these compounds remained unaltered when compared to wild-type.
In contrast, in ripe fruits, the increased levels of CHROMOPLAST-SPECIFIC (3-LYCOPENE
CYCLASE (CYC-p) transcripts could account for the reduction in lycopene and its immediate
precursors verified in the transgenic lines.

Finally, the PALE YELLOW PETAL 1 (PYP1) gene, the ortholog of the Arabidopsis PHYTYL
ESTER SYNTHASE]1 (PES1) (Ariizumi et al., 2014), showed increased levels of transcripts
in the leaves of the SIVTE5-RNAI lines, in agreement with the higher FAPE contents
observed in these organs. Thus, the analysis of transcriptional profiles reinforces the
specific regulation occurring in leaves and fruits.

4.3.6 Measurements of carbohydrate metabolism, photosynthesis
and yield parameters suggest carbon export impairment in
SIVTE5-knockdown plants

To evaluate whether the observed tocopherol deficiency in SIVTE5-RNAI lines affects
carbon fixation and partitioning, the starch and soluble sugar content, photosynthetic
performance, and yield parameters were assessed. Leaves of 5-week-old transgenic plants
showed up to 4.5-fold increase in starch content accompanied by a 20% decrease in
sucrose levels compared to wild-type control at the middle of light period (Fig. 4.9).
Concomitantly, the carbon assimilation rates were reduced in SIVTE5-RNAI lines, while
the efficiency of photosystem II (PSII) activity (®ps;;) displayed moderate reduction
(Fig. 4.10). The chloroplast ultrastructure was mostly preserved in SIVTE5-knockdown
plants (Supplementary Fig. 4.S7).

In agreement with carotenoid profiling and gene expression pattern, transgenic plants
displayed a delay in fruit development and ripening as indicated by the frequency of red
and green fruits, as well as, the red fruit yield compared to control genotype at harvest
time (Table 4.2). Moreover, they displayed a yield penalty evidenced by a modest reduction
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Fig. 4.9: Starch and soluble sugar levels in source leaves in SIVTE5-RNAi transgenic lines.
First-fully expanded leaves were harvested from 5-week-old plants at the middle of the
light cycle. Starch is given in ug glucose equivalents. Data are means + SD of five
biological replicates. Asterisk denotes significant differences between the wild-type (WT)
and the transgenic lines (ANOVA/Dunnett’s test, P < 0.05). DW, dry weight.

in the harvest index. These results suggest that efficiency in photosynthate partitioning is
compromised by the tocopherol deficiency in transgenic lines.

4.4 Discussion

Several reports have dissected tocopherol biosynthesis, identified quantitative trait loci
(QTLs) that determine VTE accumulation and characterized regulatory mechanisms that
control the tocopherol biosynthetic pathway Almeida et al., 2011; Dellapenna and Mene-
Saffrané, 2011; Martinis et al., 2013, 2014; Quadrana et al., 2013, 2014; Zhang et al.,
2013; Zhang et al., 2014. One well-defined metabolic constraint is the availability of
phytyl diphosphate precursor for tocopherol biosynthesis, which can be derived from de
novo biosynthesis via MEP pathway and from Chl phytol tail recycling Ischebeck et al.,
2006; Quadrana et al., 2013; Zhang et al., 2013. The phytol hydrolysis of Chl is the
primary source of prenyl chain for tocopherol biosynthesis in Arabidopsis seeds (Valentin
et al., 2006). However, functional analysis of the phytol salvage pathway has been limited
to this species. In this study, we investigated the contribution of VTE5-mediated phytyl
diphosphate synthesis for tocopherol production and its impact on plant physiology in
tomato. The comprehensive metabolite profiling, expression analyses and evaluation of
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Fig. 4.10: Gas-exchange and PSII efficiency parameters in SIVTE5-RNAI transgenic lines. (A)
The response of carbon assimilation (A) to light intensity. (B) Leaf stomatal conduc-
tance (gs). (C) Leaf dark respiration (Ry). (D) Light-adapted PSII maximum quantum
efficiency (F!/F! ). (E) PSII operating efficiency (¢pss). Data correspond to measure-
ments in the first fully expanded leaf of 5-week-old plants and represent the means + SD
of five biological replicates. Asterisk denotes significant differences between the wild-
type (WT) and the transgenic lines (ANOVA/Dunnett’s test,P < 0.05).
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Table 4.2: Yield associated-traits of SIVTE5-RNAIi transgenic lines.

SIVTE5-RNAi
Trait WT #1 #7 #11
Number of total fruits 36.2+5.8 37.4+4.7 40.8 +4.3 358+ 1.5
Frequency red fruits (%) 63.9+6.9 49.6 + 7.8 54.0+11.5 53.3+ 8.8
Frequency green fruits (%) 37.3+6.9 50.4+ 7.8 46.0 £ 11.5 46.7 £ 8.8
Vegetative plant weight (g FW)  30.0 £ 8.3 34.3+8.0 39.4+£6.9 34.0£7.3
Total yield per plant (g FW) 114.4+£17.2 1159+£11.3 125.9+£28.8 101.6 £16.9
Harvest index 0.79+0.02 0.77+0.04  0.76 +0.02 0.75 4+ 0.03
Red yield /aerial biomass ratio ~ 0.57 £0.08  0.47 £0.11  0.50 £+ 0.09 0.52 £0.15

Vegetative plant weight was determined by weighing only the vegetative tissue (after harvesting
the fruits) without the root. Harvest index was calculated as the ratio between total fresh yield
per plant (red and green fruit mass) and aerial biomass (total yield + vegetative plant weight).
Values indicate the means + SD of phenotypic values (n = 5) determined for 15-week-old plants.
Statistically significant differences between the wild-type (WT) control and transgenic lines are
indicated in bold (Student’s t-test, P < 0.05). FW, fresh weight.

photosynthetic parameters performed in tomato SIVTE5-knockdown plants allowed to
gain insights into the interactions between phytol recycling, lipid and carbon metabolisms,
exposing distinct metabolic adjustment in source and sink organs.

Even with an active phytyl diphosphate de novo synthesis, down-regulation of SIVTE5
dramatically reduces tocopherol content in leaves and fruits in comparison with the wild-
type genotype. These data demonstrated that in tomato, tocopherol production is mostly
dependent on the Chl-linked pathway for phytyl diphosphate synthesis in both vegetative
and reproductive organs. Furthermore, these findings suggest that SIVTE5 is the main—if
not sole—contributor to VTES5 activity. The analysis of the tomato folk-1 mutant suggested
that SIFOLK is not involved in reactivation of free phytol.

Coincident with SIVTE5 down-regulation, free phytol, the substrate of the phytol kinase
reaction, accumulates in leaves of transgenic lines. Interestingly, the amount of free phytol
accumulated corresponds to the decrease in tocopherol content, suggesting that a large
proportion of phytol-diphosphate derived from the phytol phosphorylation pathway is
used for tocopherol biosynthesis in tomato. Furthermore, FAPEs are strongly increased in
the SIVTE5-RNAI lines mature leaves, although the Chl levels remain unchanged. FAPEs
are plastogobule compounds that represent a class of stress-induced lipids in higher
plants, which may act as plastidial transient sinks for the deposition of fatty acids and
phytol (Gaude et al., 2007). Since the phytol moiety of FAPEs is mostly derived from Chl
degradation (Lippold et al., 2012), our findings raise an intriguing issue concerning the
origin of the phytol that sustains FAPE synthesis in SIVTE5-knockdown plants. One possible
explanation may be that perturbations on phytol metabolism caused by the lack of VTE5
activity promote an increase in Chl turnover in transgenic lines. In leaves, the increase of
steady-state phytol levels were channeled to FAPE synthesis, while in fruits it remained
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as free form. Alternatively, the origin of FAPE-associated phytol might be explained by
the impairment in catabolism, which in plants involves the production of phytenoyl-CoA
in chloroplasts that is further degraded by «-oxidation in peroxisomes and mitochondria
similar to that described in animals (Araujo et al., 2011). Notably, phylloquinone levels,
another phytyl diphosphate chain-containing molecule, were unchanged both in leaves and
fruits, indicating that VTE5-dependent phytol pathway does not affect vitamin K synthesis
in tomato. This result coincides with the previous observation of feeding experiments of
Arabidopsis seedlings with radiolabelled phytol (Ischebeck et al., 2006).

Even under permissive growing conditions, VTE5-tocopherol deficiency not only impacts
lipid profile but also carbon metabolism and photosynthesis, having consequences on
the tomato plant physiology. SIVTE5-RNAI lines showed higher starch accumulation in
mature leaves that correlated with lower CO5 assimilation rate and the reduction in PSII
operating efficiency. This scenario suggests carbohydrate-mediated feedback inhibition
rather than a direct impact of tocopherol deficiency on photosynthetic capacity (Adams
et al., 2013; Asensi-Fabado et al., 2014). Moreover, a subtle reduction of the number
of harvestable fruits and harvest index were observed. These results could be indicative
of sugar export blockage from leaves towards sink organs in SIVTE5-knockdown tomato
plants. Photoassimilate export impairment mediated by tocopherol deficiency has been
reported in literature such as in potato VTEI-RNAi lines (Asensi-Fabado et al., 2014; Hofius
et al., 2004) and vte2 A. thaliana during low-temperature adaptation (Maeda et al., 2006,
2008), where carbon accumulation was verified in source leaves at the end of light period.
How tocopherol influences photoassimilate partitioning has not been precisely addressed
yet. However, Song et al. (2010) provided robust genetic evidence that alterations in
extra-plastidic lipid metabolism are upstream of the defect in photoassimilate export in
VTE-deficient plants, which is mediated by fatty acid desaturases (FADs). In particularly, it
was reported that VTE depletion led to increase linoleic acid (18:2) content and reduced
level of linolenic acid (18:3). Consistent with this, one of the acyl groups that mostly
contribute to the total FAPEs increase in the chloroplasts of the SIVTE5-RNAI lines was
18:2. Additionally, our lipidomic data revealed that the plastidial digalactosyldiacylglycerol
(DGDG), which mainly consist of pairs including 18:3 species, were reduced in leaves of
SIVTE5-RNAI lines compared to wild-type (Supplementary Table 4.S5), resembling the
lipid alterations previously reported (Maeda et al., 2006, 2008). It has been proposed
that changes in membrane lipid composition as a result of tocopherol deficiency might
affect the properties of the secretory membrane systems (Maeda et al., 2008, 2014). Since
tomato has been described as an apoplastic phloem loader (Muller et al., 2014), we
could speculate that the alteration of endomembrane vesicle formation affects the sucrose
efflux mediated by SWEET proteins, which have been described as key players for phloem
transport (Chen et al., 2012; McCurdy and Hueros, 2014). Alternatively, the carbon
export impairment observed in SIVTE5-knockdown tomato plants could be the result of the
interaction between lipid and sugar metabolism by a yet unidentified mechanism probably
involving sugar sensing proteins, as proposed by Asensi-Fabado et al. (2014).
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VTES deficiency triggered different metabolic responses in fruits compared to those de-
scribed for leaves, reflecting the intrinsic physiological differences between organs and their
corresponding plastids. First, fruits of SIVTE5-knockdown plants accumulated phytol in the
free form rather than channeled into synthesis of FAPEs. This might be explained by the
lowered availability of acyl-donors inherent to fruit-specific lipid metabolism (Dominguez
et al., 2010). Secondly, the observation that non-tocopherol prenylquinone pool, including
PQ-9 and PC-8, is increased in fruits of SIVTE5-knockdown plants suggests that a regu-
latory compensation mechanism between the tocopherol and prenylquinone pathways
exists in this organ. The ability of plastoquinol (PQH>-9), ubiquinol (UQH,-10), the
reduced forms of PQ-9 and UQ-10, respectively, and PC-8 to scavenge ROS and inhibit
lipid peroxidation have been demonstrated before (Kruk and Trebst, 2008; Nowicka et al.,
2013; Rastogi et al., 2014). Moreover, PQ-9 and PC-8 have already been associated
with inhibition of lipid peroxidation and 'O, scavenging in VTE-deficient Arabidopsis
vte2 mutants (Mene-Saffrané and DellaPenna, 2010). Likewise, in tomato leaves, the
reduction of PQ-9 content by virus-induced gene silencing approach resulted in increased
tocopherol and UQ-10 levels (Jones et al., 2013). Interestingly, the favorable biochemical
environment for the PQ-9 and PC-8 accumulation is supported not only by reduced flux
through tocopherol competing pathway but also by the HPPD and VTE3 up-regulation in
this organ. Finally, SIVTE5-RNAI ripe fruits exhibited perturbations in carotenoid pathway.
The reduced amount of lycopene and its biosynthetic precursors can be explained by the
higher transcripts levels of SGR1 found at mature green and ripe stages. Besides having an
important role in the regulation of plant Chl degradation and senescence Hortensteiner,
2009, SGR1 also regulates lycopene and (-carotene biosynthesis by direct interaction
with PSY(1), thereby inhibiting its activity (Luo et al., 2013). Simultaneously, the failure
of coordinate transcriptional repression of the CYC-$ in SIVTE5-knockdown ripe fruits
could also account for the reduced abundance of acyclic carotenoids. The amounts of
B-carotene and lutein in transgenic fruits were similar to those in wild-type at the ex-
pense of the preceding carotenoids. Additionally, it has been demonstrated that the level
of PPH transcripts decreases during tomato fruit ripening (Lira et al., 2014); however,
SIVTE5-RNAI ripe fruits displayed higher levels of PPH transcripts than wild-type. Thus,
the comprehensive analysis of the biochemical and transcriptional data together with the
results of the yield experiment indicates that the ripe profiled transgenic fruits are indeed
less ripe than wild-type ones. The reduction in carbohydrate export described above
might be in part responsible for the delay in fruit development and ripening, resulting in a
reduced proportion of mature fruits at harvest time in SIVTE5-knockdown plants.

The results presented here clearly show that in tomato VTE biosynthesis is largely depen-
dent on the salvage pathway for phytyl diphosphate synthesis rather than the de novo
synthesis from the MEP pathway in both leaves and fruits. VTES5 deficiency affected
lipid metabolism evidenced by the abundance and composition of FAPEs in leaves and
prenylquinones in fruits. Together, these results exposed the complexities of the metabolic
regulation that emerge from isoprenoid pathway network, which involves a tight control
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between precursor supply and utilization highly dependent on the plastid type. Moreover,
our data highlighted the cross-talk between lipid and carbon metabolism mediated by
tocopherol that resulted in the impairment of carbon export in SIVTE5-knockdown tomato
plants compromising fruit development and ripening.
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Table 4.51: Primers used for each experiment.

Primer Sequence (5'-3")

Experiment Primer name® Foward Reverse
gPCR DXS(1) CAGGACTGGTGTGGTTTCAG GGGATAGTTCACAGTGTCC
GGPS(2) GTTGATTCATGGGGTCAAGC CAAATCGCCTTTTCAGCTACG
GGDR CAGAGACGCTCGCTAAGG GCTTCAGAGTCTGTCCGATATC
HPPD(1) CCAGGGCAGGGGATATACTG CTCCTTCCTCGTTTTTCAGC
HPPD(2) CCAGGCGTGTGAAGAATTG CGATCTAAACAGCTCAGAG
VTE2 CAATTCCAGTTCCTGCTGAG CCTCCAACATGCTCTTGCGTG
VTE3(1) CTTGACCAATCTCCTCATC GCACGCCTTTCCTCCAGG
VTE3(2) GCTAAGGCTAGGCAGAAGGAG CAGGCAACCCCACCTATGG
VTET CGAACTCCTCATAGCGGGTATC CACGCCAGTAAACCGAGGC
VTE4 CAGATCATCGTGCTGCTCAG CCTCTCTGCTTGTACAGGAC
VTE5 CGTATCAGGACGGGCTCGC TCACCACCACACATCATTGCTAATG
FOLK CTATGAGCCGATTTGGAGACC GAACCTCCTGCCAACAATGTC
SGR1 GCAAAGAACTCCCTGTGGTT CCCACCAGAAGAAGATGAGG
CHLG CCAATTCCTTCAGGTGCGGT CCCACCAAGGCAAGCTGATA
PPH TATGGAGGGAGCAAGTACGC TGGAGGGCAGAGGAAAAGTAC
PAO TCAGAAGTGGGTGATATGGA TATCCCCGTCATACACCTTA
HST GCTGCTAACTTGGTGCTC GATCCTAGCACAGTCCCACG
SPS GTGGTTGCGGATGACCTACTTA CTTCTGTGATTTGTGGTGAGTTCC
PSY(1) CGATGGTGCTTTGTCCGATAC CTCATCAACCCAACCGTACC
PSY(2) GCATCACACATAACTCCACAAGC CGCATTCCTTCAACCATATCTCTG
PDS CGTTCCGTGCTTCTCCGC CTAGAACATCCCTTGCCTCCAG
LCYB GCACCCACATCAAAGCCAGAG GCCACATGGAGAGTGGTGAAG
CYCB TTGACTTAGAACCTCGTTATTGG AACAGTTCCCTTTGTCATTATCT
PYP/PES(1) ACAGGACACAACTCCAACC TAACCATCGCCATCTTCAGTG
PES(2) CGAAGAGAGGGAAAAATGCCTGTG GCTGCCATCCTGACAAATTCAGAC
CAC CCTCCGTTGTGATGTAACTGG ATTGGTGGAAAGTAACATCATCG
EXPRESSED GCTAAGAACGCTGGACCTAATG TGGGTGTGCCTTTCTGAATG
SIVTE5-RNAI RNAi-VTE5 CACCATGCAAGCTTTGGTGTGTG CTAATAAGCAAAAGCCAATGATGCTAC
lines 35S-right CCCACTATCCTTCGCAAG
TILLING SIFOLK external TCATCTTTTAGAAGTGATATCCTAACC  ACACAATCCTGTGTTAGACTAACACAT
screening internal GAACAGAAAGCTTGTTCATATTAGCAT  ACATTGCCCATTTTCAGTAAGCATTTT

@ 1-deoxy-D-xylulose-5-P synthase (DXS); geranylgeranyl pyrophosphate synthase (GGPS); geranylgeranyl diphosphate
reductase (GGDR); 4-hydroxyphenylpyruvate dioxygenase (HPPD); homogentisate phytyl transferase (VTE2); 2,3-dimethyl-5-
phytylquinol methyltransferase (VTE3); tocopherol cyclase (VTE1); y-tocopherol-C-methyl transferase (VTE4); phytol kinase
(VTEDB); farnesol kinase (FOLK); chlorophyll synthase (CHLG); staygreen 1 (SGR1); pheophytinase (PPH); pheophorbide a
oxygenase (PAO); homogentisate solanesyl transferase (HST); solanesyl-diphosphate synthase (SPS); phytoene synthase
(PSY); phytoene desaturase (PDS); chloroplast-specific B-lycopene cyclase (LCYRB); chromoplast-specific B-lycopene cyclase

(CYCRB); pale yellow petal/phytyl ester synthase (PYP/PES); clathrin adaptor complex medium subunit (CAC).
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Table 4.S2: Tocopherol content and composition of SIVTE5-RNAI transgenic lines and folk-1

mutant.
a-tocopherol  B-/y-tocopherol b-tocopherol Total tocopherol

leaf
WT 176.1 +51.4 249+28 nd 201 +52.6
SIVTE5-RNAI#1 28.7+ 125 2019 nd 30.7 + 12.1
SIVTE5-RNAIi#7 21.2+9.1 4217 nd 25.5 + 10.7
SIVTE5-RNAi#11 22195 45+15 nd 26.6 £ 10.9
control 587.5 + 60.0 6.8+0.7 0.1 +0.1 594.4 +60.8
folk-1 611.7 £78.0 6.8+1.0 0.2£0.1 618.7 £ 79.1
Mature green fruit
WT 53.6 +7.3 18.2 + 4.1 nd 71.8 +10.1
SIVTE5-RNAI#1 22+34 11.0£ 6.0 nd 13.1 5.7
SIVTE5-RNAi#7 20.5%6.2 25+24 nd 23.0+4.4
SIVTE5S-RNAi#11 6.5%7.3 3.7:0.6 nd 10.3+7.8
control 103.8+7.7 22+0.6 0.1+0.1 106.1 +8.3
folk-1 98.4+119 28+09 0.1+0.1 101.3+12.9
Ripe fruit
WT 446 + 253 438 +17.8 24+2 90.8 +34.7
SIVTE5S-RNAI#1 3.2+19 0.7%1.5 nd 39+3.2
SIVTES-RNAi#7 3.3x1.1 1.9+3.3 0.2:0.4 53+4.7
SIVTES-RNAi#11 6.3 5.4 3.0x5.1 0.3+0.6 9.6+7.6
control 147.5 +11.1 15.9+7.6 0.9+0.4 164.2 +19.1
folk-1 115.8 +11.3 9.7 + 4.1 0.4+0.2 125.9 + 15.6

Tocopherol content is showed as nmol. g' dry weight. The corresponding M4 segregating individuals
homozygous for FOLK WT allele were used as control. Statistically significant differences between the
wild-type (WT) and transgenic lines are indicated in bold terms (ANOVA/Dunnett's test, P < 0.05). nd,
not detected.

Table 4.53: Moles of prenyllipids found in SIVTE5-RNAI transgenic lines.

Prenyllipid (nmol g”' DW)

PC-8 PQ-9 PQHz9 tocopherol FAPE free phytol
Leaf WT 57 653 322 200 290 90
SIVTE5-RNAi # 27 508 339 25 3000 400
Mature green  WT 87 33 20 71 350 nm
SIVTE5-RNAI ¥ 160 72 21 15 450 nm
Ripe WT 75 56 15 90 260 193
SIVTE5-RNAIi ¢ 150 120 26 6 460 1095

@ Mean value obtained from three transgenic lines. Significant differences between wild-type (WT)
and transgenic lines are indicated in bold (ANOVA/Dunnett's test, P < 0.05). Plastochromanol-8 (PC-
8), oxidized plastoquinone-9 (PQ-9), plastoquinol-9 (PQH,-9), fatty acid phytyl ester (FAPE). nm, not
measured.
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Table 4.54: Transcriptional profile of genes encoding isoprenoid metabolism-related enzymes.

Leaf Mature green fruits Ripe fruits
WT SIVTE5-RNAi#1  SIVTE5-RNAi#7  SIVTES-RNAi#11 WT SIVTE5-RNAi#1  SIVTE5S-RNA#7 SIVTES-RNAi#11 WT SIVTE5-RNAi#1  SIVTE5-RNAi#7  SIVTE5-RNAi#11
DXS(1) 1.00 + 0.06 1.14 £ 0.15 1.12 £ 0.05 1.53 £ 0.15 1.00 + 0.09 0.87 + 0.09 0.87 + 0.09 0.58 + 0.06 1.00 + 0.13 0.94 + 0.18 0.70 % 0.07 0.68 + 0.14
GGPS(2) 1.00 £ 0.14 0.75 £ 0.08 1.06 *+ 0.07 1.80 £ 0.34 1.00 + 0.08 1.43 £ 0.07 1.23 £ 0.24 1.07 £ 0.07 1.00 + 0.09 0.99 + 0.06 1.67 % 0.22 1.10 +0.17
GGDR 1.00 £ 0.07 0.84 + 0.07 0.91 + 0.04 1.48 £ 0.20 1.00 + 0.17 0.96 + 0.02 1.09 £ 0.14 0.66 + 0.06 1.00 + 0.27 1.21 £0.18 1.16 £ 0.16 0.68 + 0.22
SPS 1.00 + 012 0.59 # 0.06 0.90 + 0.04 0.92 + 0.09 1.00 £ 0.10 0.61 + 0.02 0.86 +0.13 0.53 + 0.05 1.00 + 0.11 1.20 £ 0.15 1.36 % 0.11 117 £ 024
HST 1.00 £ 0.01 1.14 £ 0.12 1.03 = 0.06 1.37 £ 0.08 1.00 + 0.09 0.91 + 0.09 1.20 £ 0.09 0.75 + 0.08 1.00 + 0.22 0.93 + 0.12 2.10 % 0.26 0.83 + 0.13
HPPD(1) 1.00 + 0.08 0.70 % 0.08 0.79 + 0.01 1.08 + 0.05 1.00 +0.03 1.28 £ 0.03 1.36 + 0.13 1.09 + 0.01 1.00 + 0.10 1.38 £ 0.17 2.10 + 0.37 1.03 £ 017
HPPD(2) 1.00 + 0.14 0.52 + 0.08 0.80 + 0.05 1.16 + 0.05 1.00 + 0.06 1.74 £ 0.28 1.73 £ 0.18 1.25 + 0.04 1.00 + 0.11 1.55 + 0.19 1.75 % 0.37 1.22 +0.21
VTE1 1.00 + 0.06 1.06 + 0.07 1.06 = 0.03 1.22 + 0.02 1.00 £ 0.10 0.98 + 0.09 1.00 £ 0.03 0.77 + 0.05 1.00 + 0.19 111 £ 0.10 1.57 % 0.11 0.98 + 0.07
VTE2 1.00 + 0.02 1.08 + 0.06 1.14 + 0.07 1.28 + 0.04 1.00 + 0.02 0.91 + 0.10 1.05 = 0.02 0.83 + 0.02 1.00 + 0.20 0.97 + 0.10 1.26 + 0.12 0.86 + 0.08
VTE3(1) 1.00 £ 0.02 0.91 £ 0.07 0.85 + 0.02 0.96 + 0.00 1.00 + 0.07 0.99 + 0.04 1.08 £ 0.08 0.90 + 0.02 1.00 + 0.11 1.23 £ 0.08 1.58 % 0.16 1.39 £ 0.13
VTE3(2) 1.00 + 0.03 0.73 % 0.04 0.80 + 0.03 1.00 + 0.02 1.00 + 0.04 0.84 + 0.04 1.01 £0.05 0.71 + 0.03 1.00 + 0.15 1.09 £ 0.03 1.70  0.27 1.13 £ 0.10
VTE4 1.00 £ 0.09 0.86 * 0.08 0.71 + 0.03 0.83 £ 0.02 1.00 + 0.10 0.86 + 0.06 1.04 £ 0.09 0.70 + 0.02 1.00 + 0.10 0.89 + 0.06 1.01 £ 0.10 1.10 £ 0.09
VTE5 1.00 +0.07 0.19 * 0.00 0.19 * 0.01 0.14 * 0.01 1.00 +0.07 0.25 + 0.03 0.23 + 0.02 0.19 * 0.03 1.00 + 0.04 0.06 * 0.02 0.08 + 0.01 0.06 + 0.00
FOLK 1.00 + 0.09 0.92 + 0.10 0.91 + 0.04 1.07 + 0.04 1.00 + 0.07 0.86 + 0.07 1.00 = 0.07 0.72 + 0.04 1.00 + 0.14 1.34 £ 0.11 1.93 # 0.31 1.28 +0.12
SGR1 1.00 + 0.42 0.56 + 0.09 0.73 £ 0.29 0.54 + 0.14 1.00 £+ 0.29 1.83 £ 0.25 1.98  0.16 1.14 £ 0.10 1.00 + 0.05 1.55 + 0.08 1.54 % 0.25 1.27 £ 0.15
CHLG 1.00 + 0.01 0.86 * 0.04 0.90 + 0.07 1.11 £ 0.04 1.00 + 0.02 0.97 + 0.09 117 % 0.07 0.75 + 0.05 1.00 + 0.12 1.16 + 0.12 1.88 = 0.22 1.04 +0.13
PAO 1.00 + 0.04 0.77 £ 017 0.90 + 0.02 0.75 £ 0.07 1.00 £ 0.12 1.37 £ 0.09 1.23 £ 0.11 0.97 + 0.03 1.00 + 0.01 1.04 £ 0.10 1.13 £ 0.07 1.04 +0.03
PPH 1.00 + 0.06 0.79 £ 0.16 0.90 + 0.02 0.84 + 0.09 1.00 + 0.05 1.07 + 0.11 0.81 + 0.09 0.71 £ 0.03 1.00 + 017 1.39 £ 0.07 1.78  0.43 1.20 +0.28
PYP/PES(1) 1.00 £ 0.10 1.48 = 0.21 1.56 + 0.05 1.92 £ 0.05 1.00 + 0.14 0.96 + 0.08 1.06 £ 0.15 0.66 + 0.05 1.00 + 0.11 1.50 £ 0.33 1.11 £ 0.01 0.92 + 0.17
PES(2) 1.00 + 0.11 111 £ 0.14 1.16 £ 0.10 1.09 +0.06 1.00 +0.01 1.14 £ 0.08 1.25 + 0.09 1.02 £ 0.05 1.00 + 012 1.02 £ 0.10 1.20 £ 0.08 1.09 +0.13
PSY(1) 1.00 + 0.10 0.37 £ 0.04 0.58 + 0.07 1.19 = 0.12 1.00 + 0.12 1.89 £ 0.31 213 £ 0.37 1.30 £ 0.07 1.00 + 0.06 1.41 £ 0.15 0.79 £ 0.08 1.12 £ 0.13
PSY(2) 1.00 + 0.03 0.44 % 0.05 0.58 + 0.02 1.10 £ 0.13 1.00 + 0.04 0.84 £ 0.05 0.92 + 0.07 0.87 + 0.15 1.00 + 0.07 1.45 + 0.21 1.07 £ 0.08 1.07 +0.27
PDS 1.00 + 0.08 1.22 % 0.05 1.29 + 0.10 1.37 £ 0.02 1.00 + 0.06 0.79 £ 0.04 0.90 + 0.04 0.72 + 0.05 1.00 + 0.05 1.01 £ 0.15 0.84 + 0.22 1.09 + 0.08
LCY-B 1.00 + 0.06 0.65 + 0.03 0.70 + 0.04 1.00 £ 0.07 1.00 + 0.05 1.00 £ 0.03 112 £0.12 0.86 + 0.06 1.00 + 0.05 1.16 £ 0.11 0.85 + 0.06 0.81 + 0.11
CYC-B 1.00 + 0.09 2.22 + 0.27 1.57 + 0.08 261 +0.29 1.00 + 0.08 0.54 + 0.08 0.70 % 0.13 0.79 + 0.06 1.00 + 0.05 1.34 + 0.14 1.54 = 0.16 1.61 £ 0.16

Values represent means from at least three biological replicates. The expression data shown represent fold-change compared to control wild-type (WT) in the respective organ. Significant differences were determined according to a
permutation test (P<0.05) and indicate in bold. 1-deoxy-D-xylulose-5-P synthase (DXS); geranylgeranyl pyrophosphate synthase (GGPS); geranylgeranyl diphosphate reductase (GGDR); 4-hydroxyphenylpyruvate dioxygenase (HPPD);
tocopherol cyclase (VTE1); homogentisate phytyl transferase (VTE2); 2,3-dimethyl-5-phytylquinol methyltransferase (VTE3); y-tocopherol-C-methyl transferase (VTE4); phytol kinase (VTE5); farnesol kinase (FOLK); staygreen 1 (SGR1);
chlorophyll synthase (CHLG); pheophytinase (PPH); pheophorbide a oxygenase (PAQ); pale yellow petal/phytyl ester synthase (PYP/PES); homogentisate solanesyl transferase (HST); solanesyl-diphosphate synthase (SPS); phytoene
synthase (PSY); phytoene desaturase (PDS); chloroplast-specific B-lycopene cyclase (LCYB); chromoplast-specific B-lycopene cyclase (CYCB).



Table 4.55: Changes in fatty acid-derived lipids in leaves of SIVTE5-RNAIi transgenic lines
compared with wild-type.

SIVTE5-RNAI
Relative amounts WT #1 #7 #11
MGDG-18:3/16:3 1.00+0.06 092+0.07 0.93+0.03 0.96+0.03
MGDG-18:3/18:3 1.00£0.05 093008 0.91+0.02 0.97£0.03
DGDG-18:3/18:3 1.00+0.05 0.90%£0.07 0.89+0.03 0.91+0.04
DGDG-18:3/16:0 1.00+0.04 090+0.09 089+0.06 0.96+0.03
DGDG-18:2/16:0 1.00+0.08 1.09+0.13 1.00 £0.07 0.92 +£0.03
MGDG-18:2/18:3 1.00+0.05 099+0.13 091+0.09 0.88+0.01
DGDG-18:3/16:3 1.00+0.07 0.84+0.09 088+0.06 0.88+0.05
MGDG-18:3/16:1 1.00+0.10 098+0.14 095+0.10 0.99+0.09
DGDG-18:1/18:3 1.00+0.02 093+0.06 092+0.05 0.85+0.06
DGDG-18:3/20:3 1.00+0.15 0.78 £0.21 0.81 +0.11 0.76 £ 0.04
DGDG-18:0/18:3 1.00 £ 0.11 0.85+0.12 0.85+0.16 0.75 £0.06
PE-18:2/16:0 1.00 £0.08 1.08 £ 0.04 1.07 £0.08 1.10+£0.10
PE-18:3/16:0 1.00+0.06 092+0.13 092+020 0.92+0.11
PE-18:2/18:2 1.00+£0.27 1.19x0.17 1.11 £0.18 1.38 £ 0.20
DAG-18:0/18:0 1.00+£0.17 0.93+0.25 0.79+0.10 0.82 £0.22
DAG-18:0/16:0 1.00+0.16 093+026 0.77+0.09 0.83+0.23
DAG 1.00£0.17 093+025 0.79+0.09 0.82+0.22

Data were normalized to sample dry weight and expressed relative to wild type (WT)
in each tissue. Values are represented as means + SD. Terms in bold indicate a
statistically significant difference by ANOVA/Dunnett's test (P < 0.05).
Monogalactosyldiacylglycerol ~ (MGDG);  digalactosyldiacylglycerol ~ (DGDG);
phosphatidylethanolamine (PE); diacylglycerol (DAG).
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Fig. 4.S1: Phylogenetic analysis VTE5 and FOLK proteins. Neighbor-joining phylogeny of VTES
and FOLK homologs in flowering plants, which were identified by Blastp searches using
AtVTES as the query against the Phytozome database (http://www.phytozome.net). Br,
Brassica rapa; Bd, Brachypodium distachyon; Cc, Citrus clementina; Cs, Citrus sinensis; Pt,
Populus trichocarpa; Nb, Nicotiana benthamiana; St, Solanum tuberosum; Sb, Sorghum
bicolor; Zm, Zea mays; Os, Oryza sativa; Vv, Vitis vinifera; Rc, Ricinus communis. Gene
numbers following names are based on those listed at Phytozome, with the exception
of Arabidopsis ID.
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Fig. 4.52: Expression of SIVTE5 and SIFOLK. Relative expression were measured by qPCR in
source (SrL) and sink (SnL) leaves, green (G), mature green (MG), breaker (B) and
ripe (R) fruits in at least three biological replicates. The means were calculated from
two technical replicates and normalized against R fruit samples. Statistically significant
differences (permutation test, P < 0.05) are indicated with different letters.
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Fig. 4.53: Screening of primary transformants and fruit phenotype of SIVTE5-RNAI trans-
genic lines. (A) SIVTE5 mRNA levels in source leaves from T, transformants. Bars
represent the mean of three technical replicates. Values were expressed as relative
abundance of mRNA compared to wild-type (WT). (B) Representative T; fruits of
SIVTE5-RNAI transgenic lines at mature green, breaker, one day after breaker (B+1),
three days after breaker (B+3) and ripe (B+6) stages. Scale bar = 1 cm.
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Fig. 4.S4: Analysis of folk-1 mutation. (A) Schematic diagram of SIFOLK (Solyc09g018510)
splicing pattern showing the fully spliced wild-type (WT) and folk-1 mutant mRNA.
The open boxes and solid lines represent exons and introns, respectively. The green
arrows indicate the position of the primers used for TILLING screening and the red
arrows indicate intron-flanking primers used for qPCR assay. The position of the G to
A substitution (G2976A) is indicated in the 3’ consensus splicing site of intron 4. The
star denotes the 3’ cryptic splicing site. The folk-1 mutant mRNA generates a premature
stop codon indicated by a black hexagon, which presumably affects the phosphatidate
cytidylyltransferase domain. (B) Partial amino acid sequences deduced from WT and
abnormal cryptic site transcripts. Frameshift in predicted amino acid sequence is
indicated in bold. (C) gPCR analysis of SIFOLK expression in leaves of M4 plants
homozygous for folk-1 allele. The corresponding segregating individuals homozygous
for FOLK wild-type allele were used as control. Data are means + SEM of three
biological replicates. Asterisk denotes statistically significant differences (permutation
test, P < 0.05). The insets shows agarose gel electrophoresis of SIFOLK PCR amplicons
obtained from control and folk-1 plants. Nt, nucleotide; bp, base pair; aa, amino acid.
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Fig. 4.S5: Plastoquinone (PQ-9) and plastochromanol (PC-8) levels in SIVTE5-RNAI trans-
genic lines. Prenylquinone were measured in leaves, mature green and ripe fruits of
SIVTE5-RNAI lines. (A) Total PQ-9 content; bars indicate the fraction of oxidized (PQ-9)
and reduced (PQH,-9) forms. (B) PC-8 content. Data represent the mean + SD of five
biological replicates. Asterisk denotes significant differences between the wild-type
(WT) and the transgenic lines (ANOVA/Dunnett’s test, P < 0.05). DW, dry weight.
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Fig. 4.56: Trolox equivalent antioxidant capacity (TEAC) in leaves and fruits of SIVTE5-RNAI trans-
genic lines. Data represent the mean + SD of five biological replicates. Measurements
are from three technical replicates. Asterisk denotes significant differences between the
wild-type (WT) and the transgenic lines (ANOVA/Dunnett’s test, P < 0.05). DW, dry
weight.
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Fig. 4.S7: Chloroplast ultrastructure resulting from SIVTE5 downregulation. Transmission electron
micrographs of the first leaflet from the first fully expanded leaf at the middle of day-
light (16-week-old plant). (A,B) wild-type, (C,D) SIVTE5-RNAi#1, (E,F) SIVTE5-RNAi#7
and (G,H) SIVTE5-RNAi#11. Ch: chloroplast; st: starch granule; pl: plastoglobule; gt:
grana thylakoids.
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Abstract

In a changing environment, plants need to cope with the impact of rising temperatures
together with high light intensity. Here, we used lipidomics in the tomato model system
to identify lipophilic molecules that enhance tolerance against combined high tempera-
ture and high light stress. Among several hundred metabolites, the two most strongly
upregulated compounds were a-tocopherol and plastoquinone/-ol. Both are well-known
lipid antioxidants and contribute to the protection of photosystem II against photodamage
under environmental stress. To address the protective function of tocopherol, a RNAI line
(vte5) with decreased expression of VTE5 and reduced levels of a-tocopherol was selected.
VTES encodes phytol kinase that acts in the biosynthetic pathway of tocopherols. vte5
suffered strong photoinhibition and photobleaching when exposed to combined stress but
neither stress alone produced a visible phenotype. As vte5 had plastoquinone levels similar
to those of the wild type under combined stress, the strong phenotype could be attributed
to the lack of a-tocopherol. Therefore, VTES protects against combined high light and
high temperature stress and does so by supporting a-tocopherol production.
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5.1 Introduction

Plants are sessile organisms and therefore constantly exposed to environmental challenges.
Climate change scenarios include high temperatures (HT) that may occur in conjunction
with high light (HL) intensity that together could undermine plant survival and affect
agricultural yields (Pretty et al., 2010; Streb et al., 2003; Walther et al., 2002).

Protection of the photosynthetic machinery, embedded in the thylakoid membrane, is
paramount. Plastoquinone (mostly known as an electron transporter) and tocopherols
are lipid-soluble molecules which act as antioxidants, preventing lipid peroxidation and
photoinhibition by quenching reactive oxygen species (ROS) under high light intensi-
ties (Gruszka et al., 2008; Ksas et al., 2015; Méne-Saffrané and DellaPenna, 2010; Miret
and Munné-Bosch, 2015; Munné-Bosch and Alegre, 2002; Nowicka and Kruk, 2012;
Rastogi et al., 2014; Triantaphylides and Havaux, 2009).

Tocopherols (collectively known as Vitamin E) contribute to seed longevity, seedling
development and protection of the photosynthetic apparatus against oxidative stress (Mene-
Saffrané and DellaPenna, 2010; Sattler et al., 2004) and their synthesis is increased under
these conditions (Collakova and DellaPenna, 2003; Eugeni Piller et al., 2012; Loyola et al.,
2011; Maeda et al., 2006; Munné-Bosch, 2005; Quadrana et al., 2013; Spicher et al.,
2016). Yet, conditions under which tocopherols are essential are currently not known.
The synthesis of tocopherol requires the condensation of the aromatic homogentisate
ring derived from the plastidial shikimate pathway and a phytol diphosphate chain.
The majority of the phytol required is salvaged from chlorophyll catabolism rather than
synthesized de novo (Almeida et al., 2016; vom Dorp et al., 2015). The salvage pathway
requires phytol kinase (VTES) and phytyl-phosphate kinase (VTE6) converting free phytol
into phytyl diphosphate and vte5 and -6 mutant plants accumulate less tocopherol (Almeida
et al., 2016; Ischebeck et al., 2006; Valentin et al., 2006; vom Dorp et al., 2015). Apart
from tocopherol, phytol may also be converted into fatty acid phytyl esters (FAPEs) (Gaude
et al., 2007; Ischebeck et al., 2006; Lippold et al., 2012). This detoxifies free phytol that
has detergent-like characteristics (Dérmann, 2007). In this study, we demonstrate that
VTES through its effect on tocopherol levels plays an essential role in protection of tomato
against combined hight temperature and high light stress.
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5.2 Materials and Methods

5.2.1 Plant material

A tomato VTE5-knockdown transgenic line (SIVTE5-RNAi#1, herein vte5, background
in cv. Micro-Tom, MT) had been generated in a previous study (Almeida et al., 2016)
by constitutively expressing an intron-spliced hairpin sequence targeting SIVTES gene
(Solyc03g071720). Wild-type (WT, Solanum lycopersicum, cv. MT) and vte5 plants were
grown in soil under conditions referred to as control (250umolm~2s~! of light, 16-h
light/8-h dark, at 20/18 °C, with 55% relative air humidity).

5.2.2 Stress treatments

5 to 6-week old plants were either kept under standard growth conditions referred to
as control, or subjected for 6 days to stress treatments, such as HL (800 umolm—2s7!,
at 20/18°C,16-h light/8-h dark), HT (250 umol m~2s~! of light,38/30 °C, 16-h light/8-h
dark), and a combination of HL and HT (800 umolm—2s~! of light, at 38/30°C, 16-h

light/8-h dark).

5.2.3 Transmission electron microscopy

Transmission electron microscopy was used to analyze the chloroplast ultrastructure of
WT and vte5 and compare their ultrastructure under HL, HT and a combination of both
HT+HL stress treatments. Leaf segments from tomato plants exposed for 6 continuous
days to stress treatments (day 6 after stress treatments) were fixed under vacuum overnight
in 0.1 M phosphate buffer (pH 6.8) containing 4% (w/v) formaldehyde and 5% (w/v)
glutaraldehyde, washed three times in 0.1 M phosphate buffer (pH 6.8) for 20 min, and
postfixed for 2 h with 1% (w/v) osmium tetraoxide at 20 °C. Samples were washed in 0.1 M
phosphate buffer and then dehydrated in a graded series of ethanol and acetone. Samples
were first infiltrated overnight in Spurr resin (Polyscience). Leaf fragments were then
placed in an appropriate mold in Spurr and heated for 24 h at 60 °C to allow solidification
and embedding of the leaf section in the resin. Ultrathin sections of Sigma 90 nm were
prepared using an Ultracut-E microtome (Reichert-Jung) equipped with a diamond knife
(Diatome), mounted on copper grids, and contrasted with a saturated uranyl acetate
solution in 50% ethanol (Watson, 1958) and with Reynold’s lead citrate (Reynolds, 1963).
Ultrathin sections were observed with a Philips CM-100 electron microscope operating at
Sigma 60 kV.

5.2 Materials and Methods

109



5.2.4 Determination of photosynthetic parameters

The ratio of maximum photochemical efficiency or optimum quantum yield of photosystem
IT (Fv/Fm), electron transport rate (ETR) and non-photochemical quenching (NPQ) were
fluorometrically determined using a MINI-PAM Photosynthesis Yield Analyzer (Walz, http:
//www.walz.com). Plants were dark-adapted for 15 min before Fv/Fm measurements with
illumination by application of a saturation flash. Measurements were done in the green
photosynthetic tissue. At least four replicates for each treatment were performed, at day O,
as a baseline measurement before application of stress, and at day 2, 4, and 6 after the
start of continuous stress treatment. On day 7 all plants were exposed to control conditions
in order to assess recovery after stress. Another measurement was taken after 5 days of
recovery (day 11).

5.2.5 Untargeted lipid profiling

After six days of the HT, HL, and combined high-temperature and HL treatment, at
least four replicates for each treatment of leaf material were harvested for untargeted
lipid analysis (Martinis et al., 2013). Lipids were extracted from Sigma 100 mg of
fresh leaf tissue using Sigma 1 ml of tetrahydrofuran:methanol 50:50 (v/v) according
to Spicher et al. (2016). After centrifugation, the supernatant was directly analysed
by ultrahigh pressure liquid chromatography (UPLC™, Waters) coupled to quadrupole
time of flight mass spectrometry (Synapt G2, Waters) through an APCI interface. To
evaluate variations in the wild type and the vte5, features were extracted from lipidomics
data using Markerlynx XS (Waters) mean-centred and Pareto-scaled before applying
principal component analysis analysis (PCA) Eugeni Piller et al., 2011; Martinis et al.,
2011. The changes in lipid content after stress treatments was established after the
PCA, reducing data complexity. Identification of the variables of interest was achieved
through comparison with pure standards whenever available. When standards were
not available, tentative identification was performed by combining determination of el-
emental compositions (with accurate mass and isotopic ratios provided by QTOF-MS),
fragmentation by collision-induced dissociation to obtain characteristic fragments, and
search in online databases such as LIPID MAPS (http://www.lipidmaps.org/data/
structure/LMSDSearch.php?Mode=SetupTextOntologySearch) and PUBCHEM (https:

//pubchem.ncbi.nlm.nih.gov/search/search.cgi#).

5.2.6 Targeted lipid profiling: prenylquinone, carotenoid and
glycolipids profile

Absolute concentrations of delta-tocopherol (§-T), gamma-tocopherol (v-T), alpha-tocopherol
(a-T), alpha-tocopherolquinone (a-TQ), plastoquinone (PQ-9), plastochromanol (PC-8),
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and phylloquinone (Vit K) were measured based on calibration curves obtained from stan-
dards as described in Martinis et al. (2013). Moreover, plastoquinol (PQH»-9), hydroxy-
plastoquinone (PQ-OH) and hydroxy-plastochromanol (PC-OH) were quantified as PQ-9
and PC-8 equivalents, respectively. Tocopherol and phylloquinone standards were pur-
chased from Sigma-Aldrich. Pure standards of PQ and PC-8 were obtained by purification
from spinach leaves and flaxseed oil, respectively. PQ was extracted from entire leaves
in acetone and further purified by normal phase open-column chromatography followed
by reverse phase semi-preparative HPLC. PC-8 was obtained by saponification of the oil
followed by partition with a hexane:ethylacetate mixture. The resulting extract was then
separated by open column chromatography and semi-preparative HPLC as for PQ isolation.
A detailed description of the purification process is given in supplementary material and
method (Figure 5.S5). The two carotenoids violaxanthin and neoxanthin were measured
as a sum since they could not be resolved either in the chromatographic or the mass
dimensions under the conditions employed.

The other molecules identified for which pure standards were unavailable were quantified
relatively based on peak intensity measurements in the chromatograms. The data obtained
from the measurements were subjected to One-Way ANOVA, followed by Bonferroni-Holm
test comparisons vs. control in WT, to determine any significant differences between
different temperatures and light conditions over the time course.

5.2.7 Free phytol and fatty acid phytyl ester quantification

Total lipids were extracted from approx. 20 mg of lyophilized leaf tissue with diethylether
and 300 mM ammonium acetate. Afterwards fatty acid phytyl esters (FAPEs) and free
phytol were purified via solid phase extraction on silica columns (Strata Si-1, 100 mg,
Phenomenex) using a step gradient of n-hexane and diethylether (www.cyberlipid.org):
FAPEs were eluted with n-hexane:diethylether 99:1 (v/v), while free phytol was eluted
with n-hexane:diethylether 92:8 (v/v). FAPEs and free phytol were analyzed as previously
described (vom Dorp et al., 2015).

5.2.8 gPCR analysis

RNA extraction, cDNA synthesis, and quantitative real-time PCR (qPCR) assays were
performed as described by Quadrana et al. (2013). Specific primers to genes in the
tocopherol biosynthetic and related pathways were designed. Primer sequences are listed
in Supplementary table 5.51. qPCRs were performed in a 7500 real-time PCR system

(Applied Biosystems) using 2x SYBR Green Master Mix reagent (Applied Biosystems).

Expression values were normalized against the geometric mean of two reference genes, CAC
and EXPRESSED (Quadrana et al., 2013). A permutation test lacking sample distribution
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assumptions (Pfaffl et al., 2002) was applied to detect statistically significant differences
(P<0.05) in expression ratios using the algorithms in the fgStatistics software package (Di
Rienzo, 2009).

5.2.9 Isolation of thylakoid membranes and Hill reaction

Thylakoid membranes were prepared from 50 g of fresh leaves from 18-day-old pea plants,
which were grown under control conditions with minor modifications Fitzpatrick and
Keegstra, 2001; Kummerova et al., 2006, 2008; Smith et al., 2003. The Hill reaction
was adapted and carried out to measure the direct effect of phytol on the photosynthetic
primary reaction at level of PSII. 4ml of total reaction mixture contained 0.03uM of
sodium salt solution of 2,6-dichloro-phenol-indophenol (redox system - DCPIP), 20% of
dimethyl sulfoxide (DMSO, Sigma-Aldrich) and 0.5 and Sigma 1 mg thylakoid membranes
in suspension buffer. Phytol (97%, mixture of isomers) was purchased from Sigma-Aldrich
and suspended in DMSO at a final concentration of Sigma 10uM. Phytol was used to
obtain final concentrations of 500 uM and 50uM. The reactions were incubated for 5

L at

minutes and then exposed for 6 minutes to an irradiance of 200-250 umolm~2s~
room temperature. A 1 ml aliquot was removed at 3 and 6 minutes, centrifuged for 1 min
at 13200 rpm and measured spectrophotometrically at Sigma 600 nm. Photosynthetic
activity was determined by measuring DCPIP reduction using an UltraViolet-Visible Spec-
troscopy (UV/VIS) Ultrospec 3100 pro (Amersham Biosciences) in 1 cm visible cuvettes.

Measurements were repeated at least three times at each time point.

5.3 Results

5.3.1 Untargeted lipidomics demonstrated changes in lipid
composition in tomato leaves after combined high light and
HT

To determine variations in the lipid composition after exposure to HL, HT, and the combi-
nation of HT+HL in wild type tomato plants (WT), we carried out untargeted lipidomics
analysis (Figure 5.1). Lipid extracts were isolated from fresh leaf tissue and analyzed by
ultra-high pressure liquid chromatography coupled with atmospheric pressure chemical
ionization-quadrupole time-of-flight mass spectrometry (UHPLC-APCI-QTOF-MS). Princi-
pal component analysis (PCA) identified four distinct clusters when comparing control to
the different stress conditions (Figure 5.1A). In the loadings plot (Figure 5.1B), the most
contributive features of the first principal component (PC1) were selected and character-
ized by a combination of tandem mass spectrometry analysis and consultation of databases
such as LIPID MAPS. This revealed that prenylquinones, a-tocopherol and plastoquinol
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(PQH,-9) contributed most to the separation of the HT+HL cluster. The HT cluster was
characterized by the accumulation of the saturated galactolipid MGDG-18:3/16:0 and the
control as well as HL clusters were specifically separated from the other clusters repre-
sented by MGDG-18:3/16:3, -18:3/18:3 and DGDG-18:3/18:3 (Figure 5.1B). Loadings
located near the center of the plot, (i.e., the vast majority) make a negligible contribution
to metabolic variation.

5.3.2 vteb5 develops a chlorotic phenotype under combined
high-light and high-temperature stress

To investigate the role of tocopherol in resistance to HT+HL stress, a VTE5-deficient tomato
line (vte5) was used (Almeida et al., 2016). The vte5 line contains diminished levels
of phytol kinase, and therefore accumulates reduced levels of tocopherol in leaves and
fruits (Almeida et al., 2016). The line was subjected to HL, HT and HT+HL conditions. HL
treatment alone had little effect on wild type (WT) and vte5 plants. Under HT treatment, no
differences were apparent between WT and vte5 or when compared to control conditions.
While WT plants developed a mild bleaching phenotype only in the oldest leaves after 6
days under HL+HT, vte5 plants were extensively photobleached and developed chlorotic
leaves. The chlorosis became visible after 2 days under HL+HT. The visible phenotype
after 4 days is shown in Supplementary Figure 5.S1.

5.3.3 Combination of high light and high temperature triggers
photoinhibition in vte5 plants

To determine the effects of HL, HT and HT+HL stress on photosynthetic activity, photo-
synthetic parameters were determined by measuring Chl fluorescence (Supplementary
Figure 5.S2). After 6 days of stress, WT and vte5 plants were allowed to recover for 5
days under control conditions. The control plants were permanently grown under control
conditions. Significant differences in the photosynthetic parameters were observed under
HT+HL when comparing the two genotypes (Fig 5.3). In vte5 a strong and increasing
reduction of the photochemical efficiency of photosystem II (F,/F,,) was observed resulting
in almost complete photoinhibition after 6 days. The vte5 plants reached close to normal
values after 5 days of recovery under control conditions (Fig 5.3, top panel). In WT
(F,/F,,) decreased slightly under HT+HL but recovered while still under the combined
stress. Both WT and vte5 exhibited a significant reduction of non-photochemical quenching
(NPQ) under HL+HT. However, NPQ in WT began to recover at day 6 of HT+HL whereas
vte5 improved only during the 5 day recovery period under control conditions. Electron
transport rate (ETR) in WT under HT +HL treatment remained almost constant throughout
the stress treatment and recovery period. In contrast, HT+HL provoked a rapid and severe
drop in ETR in vte5, with a recovery to control values after a 5-day recovery period.
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Fig. 5.1: Untargeted lipidomics profile of WT tomato leaves subjected to 6 days of HL, HT
and the combination of HT+HL stress treatments. (A) Principal component analysis
(PCA) of the lipid composition of WT leaf samples exposed to HL, HT and a combination of
HT+HL for 6 days. PC1 and PC2 are first and second principal components, respectively,
with their percentage of explained variance. (B) Corresponding loading plots. Data were
mean-centred and Pareto scaled before principal component analysis.
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control

Fig. 5.2: Visible phenotypes of WT and vte5 after six days under control, HL, HT and com-
bined HT+HL conditions. Scale bar: 3 cm.

5.3.4 Plastoglobules accumulate under HT+HL in vie5

Electron microscopy was carried out on leaf sections of plants exposed to control, HL, HT
and HT+HL conditions to determine their impact on chloroplast ultrastructure (Fig 5.4,
showing representative images). Under control conditions, WT (Fig 5.4A) and vte5
(Fig 5.4B) chloroplasts were very similar. Under HL conditions, chloroplasts in both WT and
vte5 contained large starch granules (Fig 5.4C and5.4D) and also larger plastoglobules ap-
peared, particularly in vte5. The vte5 plastoglobules were surrounded by a non-osmiophilic
ring appearing to contain additional, smaller globular structures (Fig 5.4D). Under HT
treatment highly stacked thylakoids were observed and large plastoglobules surrounded by
non-osmiophilic rings appeared in both WT and vte5 (Fig 5.4E and 5.4F). Under HL+HT,
WT chloroplasts contained large plastoglobules with non-osmiophilic rings and thylakoids
appeared disorganized and swollen ((Fig 5.4G). vte5 chloroplasts under HT+HL contained
diminished and scattered thylakoids, increased numbers of plastoglobules (mostly without
non-osmiophilic rings) as well as areas that contained amorphous material (Fig 5.4H).

5.3.5 Stress treatments change prenylquinone and carotenoid
metabolism

Knockdown of vte5 results in tocopherol-deficiency (Almeida et al., 2016). Under control
conditions, a-tocopherol content in vte5 was one third of that in WT and other tocopherols
displayed similar ratios (Fig 5.5). Under both HL and HT stress, a 1.6-fold increase in
a-tocopherol content was observed in WT. When exposed to the combination of stress
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Fig. 5.3: Photosynthetic parameters in WT and vte5 over a time course of exposure to the
combination of HT +HL stress. The photochemical efficiency of photosystem II (F,/F,,),
electron transport rate (ETR) and non-photochemical quenching (NPQ) values are
the mean of at least 4 biological replicates (n = 4) from plants exposed to HT+HL
(820 umol m~2s~1, 16-h light/8-h dark, at 38/30°C) for 6 days followed by 5 days of
recovery at control temperature up to day 11. Means + SE. The asterisks indicate signifi-
cant differences between the WT and vte5 subjected to HT+HL (One-ANOVA, followed
by Holm-Sidak, posthoc test, *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Fig. 5.4: Changes in chloroplast ultrastructure under control and HL, HT and combined
HT+HL stress. Transmission electron micrographs of WT (A, C, E, G) and vte5 (B, D, F,
H) leaves upon 6 days of control (A, B), HL (C,D), HT (E,F), and combined HL+HT(G,H)
treatments. Scale bar: 500nm.
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WT plants showed a striking 2.8-fold increase in a-tocopherol. This indicates that high
light and high temperature have additive effects on a-tocopherol accumulation in WT. In
vte5, a-tocopherol also increased in an additive manner under HT+HL, but it was only
around half of that observed in WT (Fig 5.5). Also, vte5 showed a 3-fold increase in
a-tocopherolquinone (a-TQ) when compared to WT under combined stress conditions
(Fig 5.5).

a-T (a-tocopherol), ~-T (y-tocopherol), 4-T (d-tocopherol), and a-TQ (a-tocopherol
quinone) after exposure to control, HL, HT and combined HT +HL stresses. Lipids were
extracted from WT and vte5 plants subjected to control or stress conditions for 6 days;
Lipids were analyzed by UHPLC-QTOFMS. Values are means of at least 4 biological repli-
cates + SE. The asterisks indicate significant differences between the WT (control) and
the stress treatments, including vte5 (One-Way ANOVA, followed by Holm-Sidak, posthoc
test, *, p < 0.05; **, p < 0.01; *** p < 0.001).

Plastoquinone (consisting of oxidized PQ-9 (plastoquinone) and reduced PQH»-9 (plas-
toquinol) and its derivatives PQ-OH (hydroxy-plastoquinone), plastochromanol-8 (PC-8)
and hydroxy-plastochromanol-8 (PC-OH) were also measured (Fig 5.6). PQH>-9 and
PQ-OH concentrations under all conditions were similar in WT and vte5. PQ-9 was similar
under control conditions and single stress, but PQ-9 was increased 1.5-fold in vte5 when
compared to the WT under combined HT+HL stress (Fig 5.6). PC-8 was reduced by around
half in vte5 under HT and HT+HL while PC-OH was similar. Phylloquinone concentrations
were not strongly affected in vte5 and WT under any of the conditions (Fig 5.6).

No significant changes in §-carotene and Violaxanthin+Neoxanthin concentrations were
observed under any conditions when comparing WT to vte5 (Supplementary Figure 5.S3).
However, lutein increased 1.5- and 1.3-fold under HT in WT and vte5 with respect to
control conditions.

5.3.6 Fatty acid phytyl esters accumulate massively in the vie5
mutant

Quantification of fatty acid phytyl esters indicated a striking accumulation under combined
HT+HL stress in WT but at far lower levels than in vte5. The most notable molecular
species were 16:0-, 18:3-, 18:2-, 18:1- and 18:0-phytol (Fig 5.7). 18:0-phytol was the
most abundant phytyl ester. In vte5 its accumulation was 36-fold greater than in the WT
exposed to HT+HL treatment.

Fatty acid phytyl ester (FAPE) content in WT and vte5 after exposure to control, HL,

HT and combined HT+HL stresses. WT and vte5 were subjected to control or stress
conditions for 6 days. Data represent the mean=*SE of at least three biological replicates.
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Fig. 5.5: o-T (a-tocopherol), v- T (y-tocopherol), §-T (5-tocopherol), and a-TQ (a-tocopherol
quinone) after exposure to control, HL, HT and combined HT+HL stresses. Lipids
were extracted from WT and vte5 plants subjected to control or stress conditions for 6
days; Lipids were analyzed by UHPLC-QTOFMS. Values are means of at least 4 biological
replicates + SE. The asterisks indicate significant differences between the WT (control)
and the stress treatments, including vte5 (One-Way ANOVA, followed by Holm-Sidak,
posthoc test, *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Fig. 5.6: Plastoquinone, plastoquinone-derived quinones and phylloquinone after exposure
to control, HL, HT and combined HT +HL stresses. Lipids were extracted from WT and
vte5 plants subjected to control or stress conditions for 6 days; lipids were analyzed by
UHPLC-QTOFMS. Values are means of at least 4 biological replicates 4+ SE. The asterisks
indicate significant differences between the WT (control) and the stress treatments,
including vte5 (One-Way ANOVA, followed by Holm-Sidak, posthoc test, *, p < 0.05; **,
p < 0.01; *** p < 0.001).
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The asterisks indicate significant differences between the WT (control) and the stress
treatments, including vte5 (One-Way ANOVA, followed by Holm-Sidak, posthoc test, *, p
< 0.05; **, p < 0.01; ***, p < 0.001).
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5.3.7 Free phytol levels increased under combined high light and
temperature stress

vte5 plants accumulate free phytol in the leaf (Fig 5.7) (Almeida et al., 2016. When exposed
to combined HT+HL, vte5 plants had 7.6-fold higher concentrations than under control

conditions. Even more strikingly, free phytol concentrations under HT +HL were 26-fold
greater than in WT.

Free phytol content in WT and vte5 after exposure to control, HL, HT and combined
HT+HL stresses.
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Fig. 5.8: Free phytol content in WT and vte5 after exposure to control, HL, HT and combined
HT+HL stresses. Data represent the mean + SE of at least four biological replicates.
The asterisks indicate significant differences between the WT (control) and the stress
treatments, including vte5 (One-Way ANOVA, followed by Holm-Sidak, posthoc test, *,
p < 0.05; ** p < 0.01).

5.3.8 Phytol toxicity assessed by electron transport activity

High free phytol concentrations were detected in vte5 exposed to combined HT+HL. Phytol
is presumed to be toxic due to its detergent-like structure and may therefore contribute
to the photobleaching phenotype observed under HT+HL in vte5. To determine whether
phytol may exert toxicity via perturbation of the thylakoid membrane and of the photo-
synthetic electron transport, we carried out the Hill reaction in the presence of increasing
concentrations of phytol. The Hill reaction is a method to measure photosynthetic electron
transport in isolated thylakoid membranes (Pisum sativum) at the level of PSII (Fig 5.7).
In the Hill reaction, the synthetic electron acceptor DCPIP (2,6-dichlorophenolindophenol)
is reduced which can be measured spectrophotometrically. In the absence of phytol, DCPIP
reduction was arbitrarily set to 100% reduction; in a negative control experiment in the
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absence of thylakoids, DCPIP reduction did not occur and was set to 0%. The effets of the
presence of two concentrations of phytol (50 uM and 500 M) on the Hill reaction were
measured. The phytol concentrations were calculated to be 50 and 500 times as high
as those measured in vivo in vte5 leaves under HT+HL. Two separate experiments were
carried out using isolated thylakoids corresponding to either 0.5 mg or 1 mg of chlorophyll
per reaction. The Hill reaction was only significantly inhibited at 500 uM phytol.
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Fig. 5.9: Assessment of phytol toxicity on photosynthetic electron transport in isolated thy-
lakoid membranes. Photoreduction of DCPIP (2,6-dichlorophenolindophenol) was
measured in the presence of 50 and 500 uM phytol. 0% reduction relates to the negative
control in the absence of both thylakoids and phytol. 100% refers to the Hill reaction in
the absence of phytol. Absorbance was measured after 6 minutes of incubation. Values
are mean + SE, (n = 3). Significant differences in data between assays in each time point
are indicated: *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001 by One-Way
ANOVA, followed by Holm-Sidak, posthoc test.

5.3.9 Gene expression profiles

To determine whether the observed biochemical changes could be due to altered gene
expression under the HL, HT and HT+HL conditions, transcript levels of genes encoding
proteins involved in MEP, carotenoid, prenylquinone, Chl and phytol metabolism (Almeida
et al., 2016; Lira et al., 2016) were measured by qPCR (Supplementary Figure 5.54).

VTES showed a down regulation of 76% in the vte5 line under control conditions close
to the value previously published in Almeida et al. (2016). Under HL as well as HT
conditions the expression patterns of genes encoding enzymes involved in tocochromanol,
prenylquinone, chlorophyll degradation, carotenoid, and FAPE metabolic pathways (Sup-
plementary Figure 5.54 for genes) were remarkably similar in both WT and vte5. Even
under combined HT+HL stress, differences between WT and vte5 were rather limited.
However, some differences were observed: First, in WT as well as vte5, the abundance
of the 1-deoxy-D-xylulose-5-P synthase (DXS1) transcript was diminished under HL and
HT+HL. This potentially limits carbon supply to the plastidial isoprenoid pathway. How-
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ever, this did not appear to be the case: with the exception of a-tocopherol in vte5,
prenyllipids were unchanged or increased, particularly under the combined HT +HL stress.
NDC1 expression was remarkably upregulated in vte5 under combined HT +HL. In contrast
VTE1 expression was much lower in vte5 than the transcript levels found in WT under
the same stress conditions. The low VTE] transcription level correlates 1) with the ac-
cumulation of a-TQ, indicating insufficient activity in the redox recycling of a-TQ by
VTE1L and 2) with the reduced levels of PC-8 that were observed in vte5 (Fig 5.6). In
WT as well as vte5, geranylgeranyl reductase (GGDR) mRNA abundance was diminished
under all stress conditions, potentially provoking a reduction of chlorophyll synthesis.
Higher expression of the plastoglobule-associated enzyme PES (phytol ester synthase) was
observed to similar degrees under HL as well as HL+HT in both WT and vte5. However,
only in vte5 a dramatic increase of FAPEs was actually observed. This suggests that the
transcriptional regulation had only a limited role in diverting the metabolic flux into the
FAPE biosynthetic pathway.

5.3.10 Discussion

Photosynthetic metabolism is among the primary processes that are strongly affected
by environmental perturbations (Chaves et al., 2009; Lichtenthaler and Burkart, 1999;
Mathur et al., 2014; Tezara et al., 1999). Changes in temperature, in combination with
other parameters, such as high incident light intensity constitute powerful challenges
to plants. There is a compelling need to understand the mechanisms underlying plant
adaptation to such multi-stresses connected to climate change. Only few studies have
investigated the impact of simultaneous HL and HT on the photosynthetic apparatus of
plants (Buchner et al., 2014; Faik et al., 2016; Gerganova et al., 2016; Krause et al., 2015;
Qiu and Lu, 2003; Quiles, 2006; Streb et al., 2003).

Under combined HT+HL, adaptation of the photosynthetic machinery is mediated by
changes in protein levels and remodeling of the thylakoid membrane (Burgos et al., 2011;
Szymanski et al., 2014; Zhao et al., 2016). This response includes not only membrane lipids
but also lipophilic antioxidants, including tocopherols, plastoquinone and plastochromanol.
Both tocopherols and plastoquinone have been implicated in resistance to high light. A
recent study that carefully dissected the distinct roles of tocopherols and plastoquinone
indicated a predominant role for plastoquinone under high light (Ksas et al., 2015). This
came as somewhat of a surprise as plastoquinone is normally associated with electron
transport and the role of a lipid antioxidant is usually attributed to tocopherols. Our
experiments aimed at determining what makes plants (using tomato as the model system)
tolerant to prolonged HL, HT and combined HL+HT stress.

WT tomato plants exposed to HL, HT or HT+HL stresses exhibited a striking increase
in prenylquinone contents. In particular, a-tocopherol and plastoquinol were elevated.

5.3 Results
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Compared to HT and HL alone a near doubling of both compounds under combined
HT+HL stress was observed indicating an additive effect of the two stress conditions. The
production of tocopherols has been correlated with oxidative stress in the past (Havaux et
al., 2005; Kobayashi and DellaPenna, 2008). Our own recent work suggested a correlation
of the increase of a-tocopherol and plastoquinone with the normal functioning of the
photosynthetic apparatus under HT stress (Spicher et al., 2016). That study however was
unable to resolve whether tocopherol or plastoquinone was the main contributor.

As a tool to investigate the role of tocopherol in protecting the photosystem we used a
line (vte5) in which the phytol kinase (VTES5) is silenced. VTE5 which salvages phytol
from chlorophyll degradation, contributed to around 70% of the tocopherol biosynthesis.
vte5 plants were highly sensitive to combined HT+HL but not the single stresses, HT+HL
resulting in extensive photobleaching (Fig 5.2). This phenotype was likely brought about
by photoinhibition as apparent from the severe reduction of Fv/Fm in vte5 (Fig 5.3). The
tolerance of WT plants but not vte5 to HT+HL suggested that tocopherol metabolism holds
the key to HT+HL resistance in tomato.

When comparing WT and vte5 prenyllipid profiles under HT +HL, tocopherols were dimin-
ished in vte5 in agreement with the defect in the tocopherol salvage pathway. In contrast,
PQH,-9 (the reduced form of plastoquinone) was unchanged, and PQ-9 (the oxidized form
of plastoquinone) was even increased in vte5. This increase in PQ-9 is probably due to the
photoinhibition affecting PSII and its ability to reduce PQ-9. These findings provide strong
evidence for the role of tocopherol rather than plastoquinone in tolerance to HT+HL stress.
The amount of PC-8, the VTE1-dependent chromanol derivative of plastoquinone, was
diminished under HT +HL. However, PC-8 is present at far lower concentrations than the
oxidized and reduced forms of plastoquinone and a-tocopherol, and therefore unlikely to
contribute to HT+HL resistance in a major way. A possible explanation for the diminished
concentration of PC-8 is the observed downregulation of VTE1 in the vte5 background.
This downregulation under HT+HL may also be responsible to the accumulation of a-TQ,
an a-tocopherol oxidation product which depends on VTEL1 for recycling to a-tocopherol
(Eugeni Piller et al., 2014). Moreover, this is additional evidence for the profound defect
in tocopherol metabolism in vte5.

Why would tocopherols be particularly important for tolerance to combined HT+HL? «-
tocopherol partitions into the hydrophobic phase of a membrane lipid bilayer. In addition to
its function as a lipid antioxidant, a-tocopherol physically stabilizes membrane structures
by reducing membrane fluidity (Arora et al., 2000; Wang and Quinn, 2000). Reduction of
membrane fluidity may therefore contribute to the adaptation of the thylakoid membrane
to high temperatures. Although the membrane stabilizing effect has not been shown in
artificial membranes having thylakoid lipid composition, it is tempting to propose that the
protective function under HT+HL lies in the combination of a-tocopherol’s anti-oxidant
and membrane stabilizing properties.
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The inability of vte5 to salvage phytol resulting from chlorophyll degradation leads to the
accumulation of free phytol and FAPE biosynthesis (Almeida et al., 2016; Lippold et al.,
2012). The FAPE content rose significantly in response to HL, HT, and HT+HL in both vte5
and WT but in far more dramatic fashion in vte5 (Fig 5.7). FAPE synthesis is boosted by the
high levels of free phytol due to the increase in chlorophyll catabolism and simultaneous
lack of VTE5 activity. But not only FAPE increased, also free phytol reached much higher
levels in vte5 than in WT. Under HT+HL the levels were particularly high and this can
probably be attributed to the increased chlorophyll catabolism under these photobleaching
conditions.

Phytol is a long chain alcohol which similar to free fatty acids may exert detergent-like
effects that may be detrimental to membrane function (Lébbecke and Cevce, 1995; Sikkema
et al., 1995). In contrast, FAPE (lacking detergent-like structure) are not considered
toxic and in addition they are sequestered in plastoglobules (Fig 5.4) (Gaude et al.,
2007; Lippold et al., 2012). Indeed, plastoglobule numbers visibly increased in vte5
under HT+HL (Fig 5.4). Free phytol may affect photosynthetic function and lead to
photoinhibition and photobleaching in its own right. To determine the integrity of the
photosynthetic electron transport chain, we carried out the Hill reaction in the presence of
two concentrations of free phytol. Concentrations that were 500 times as high as those
measured in vte5 under HT+HL only slightly reduced electron transport. These results
strongly suggested that photoinhibition and photobleaching in vte5 were not due to free
phytol accumulation. Alltogether the evidence presented here indicates that tocopherols
more than any other of the metabolites analyzed are responible for tolerance to combined
high temperature and high light stress in tomato.
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Fig. 5.S1: Phenotype MT and vte5 after 4 days of combined HL and HT. Scale bar: 3cm.
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Fig. 5.52: Chlorophyll fluorescence measurements. Photosynthetic efficiency in tomato leaves,
WT and vte5, over a time course of exposure to different stress treatments. The
ratio of maximum photochemical efficiency or optimum quantum yield of photo-
system II (F,/F,,), electron transport rate (ETR) and non-photochemical quench-
ing (NPQ) values are the mean of at least 4 biological replicates (n = 4) from
plants exposed to control conditions (250 umol m~—2 s~ of light, 16-h light/8-h dark,
at 20/18°C), HT(250umolm~2s~! of light, 16-h light/8-h dark, at 38/30°C), HL
(820umol m~2s~1, 16-h light/8-h dark, at 20/18 °C), and combination of both stresses
HT+HL (820 umol m~2 s~ !, 16-h light/8-h dark, at 38/30 °C conditions for 6 days fol-
lowed by 5 days of recovery at control temperature up to day 11. Means + SE. The
asterisks indicate significant differences between the control and the stress treatments
for each time point (One-Way ANOVA, followed by Holm-Sidak, posthoc test, *, p < 0.05;
** p < 0.01; ***, p < 0.001
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Fig. 5.S3: Violaxanthin + Neoxanthin, S-carotene, Lutein in tomato leaves after exposure to
control, high light, high temperature and a combination of both HT+HL stresses.
Carotenoids were extrated from WT and vte5 plants subjected to control conditions,
high temperature (HT), high light (HL), or combined HT +HL stress conditions for 6
days; Carotenoids were analyzed by UHPLC-QTOFMS. Values are means of at least 4
biological replicates + SE. The asterisks indicate significant differences between the
WT (control) and the stress treatments, including vte5 (One-Way ANOVA, followed by
Holm-Sidak, posthoc test, *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Fig. 5.54: Expression of genes encoding isoprenoid metabolism-related enzymes. The tran-
script abundance shown compares to WT control genotype of at least three biological
replicates. The log, of the expression ratios is indicated by a color scale where red
and blue indicate statistically significant decreases and increases of transcript abun-
dance (p < 0.05), respectively. 1-deoxy-D-xylulose-5-P synthase (DXS); geranylgeranyl
diphosphate reductase (GGDR); tocopherol cyclase (VTE1l); homogentisate phytyl
transferase (VTE2); 2,3-methyl-5-phytylquinol methyltransferase (VTE3); v-tocopherol-
C-methyl transferase (VTE4); phytol kinase (VTES5); phytyl-phosphate kinase (VTE6);
4-hydroxyphenylpyruvate dioxygenase (HPPD); solanesyl-diphosphate synthase (SPS);
homogentisate solanesyl transferase (HST); chlorophyll synthase (CHLG); chlorophyll
dephytylase (CLD1/PPHL1); pheophytinase (PPH); pheophorbide a oxygenase (PAO);
phytoene synthase (PSY); pale yellow petal/phytyl ester synthase (PYP/PES); phytoene
desaturase (PDS); chloroplast-specific 5-lycopene cyclase (LCYS3); naD(P)H dehydroge-
nase C1 (NDC1); carotenoid cleavage dioxygenase 4 (CCD4/ NCED4).

5.4 Supplementary data 131



!

[4>

1yb1| pauiqwiod 0} 8oUBIS|0} Ul 3 ulweliA/jo1eydooo) pue aseuly |0lAyd Joj ojos [ennuessy g Ja)deys

Table 5.S1: Primers used for each experiment.

Experiment Primer name®

qPCR DXS(1)
GGDR
HPPD(1)
HPPD(2)
VTE2
VTE3(1)
VTE3(2)
VTE1
VTE4
VTES
VTE6
CHLG
PPH
PAO
HST
SPS
PSY(1)
PSY(2)
PDS
LCYp
PYP/PES(1)
PES(2)
CAC
EXPRESSED
NDC1
CCD4A
CCD4B
CLD1/PPHL1

Tomato locus

Solyc01g067890
Solyc03g115980
Solyc07g045050
Solyc05g041200
Solyc07g017770
Solyc09g065730
Solyc03g005230
Solyc08g068570
Solyc08g076360
Solyc03g071720
Solyc07g062180
Solyc09g014760
solyc01g088090
Solyc11g066440
Solyc03g051810
Solyc07g061990
Solyc03g031860
Solyc02g081330
Solyc03g123760
Solyc04g040190
Solyc01g098110
Solyc02g094430
Solyc06g061150
Solyc07g025390
Solyc03g043750
Solyc08g075480
Solyc08g075490
Solyc02g062610

Primer Sequence (5’-3’)

Foward
CAGGACTGGTGTGGTTTCAG
CAGAGACGCTCGCTAAGG
CCAGGGCAGGGGATATACTG
CCAGGCGTGTGAAGAATTG
CAATTCCAGTTCCTGCTGAG
CTTGACCAATCTCCTCATC
GCTAAGGCTAGGCAGAAGGAG
CGAACTCCTCATAGCGGGTATC
CAGATCATCGTGCTGCTCAG
CGTATCAGGACGGGCTCGC
AGCACAAGCATCAGTGTCTG
CCAATTCCTTCAGGTGCGGT
TATGGAGGGAGCAAGTACGC
TCAGAAGTGGGTGATATGGA
GCTGCTAACTTGGTGCTC
GTGGTTGCGGATGACCTACTTA
CGATGGTGCTTTGTCCGATAC
GCATCACACATAACTCCACAAGC
CGTTCCGTGCTTCTCCGC
GCACCCACATCAAAGCCAGAG
ACAGGACACAACTCCAACC
CGAAGAGAGGGAAAAATGCCTGTG
CCTCCGTTGTGATGTAACTGG
GCTAAGAACGCTGGACCTAATG
TGCTGGTTGGAATTTGTGGG
GTGGGGTAGTGAGTAGACATCC
GAAGACAGGAATGGTGAGC
GATTTGGTGCTTCTGCCTTTC

Reverse
GGGATAGTTCACAGTGTCC
GCTTCAGAGTCTGTCCGATATC
CTCCTTCCTCGTTTTTCAGC
CGATCTAAACAGCTCAGAG
CCTCCAACATGCTCTTGCGTG
GCACGCCTTTCCTCCAGG
CAGGCAACCCCACCTATGG
CACGCCAGTAAACCGAGGC
CCTCTCTGCTTGTACAGGAC
TCACCACCACACATCATTGCTAATG
AAGAAAGCAGCCGCAATACC
CCCACCAAGGCAAGCTGATA
TGGAGGGCAGAGGAAAAGTAC
TATCCCCGTCATACACCTTA
GATCCTAGCACAGTCCCACG
CTTCTGTGATTTGTGGTGAGTTCC
CTCATCAACCCAACCGTACC
CGCATTCCTTCAACCATATCTCTG
CTAGAACATCCCTTGCCTCCAG
GCCACATGGAGAGTGGTGAAG
TAACCATCGCCATCTTCAGTG
GCTGCCATCCTGACAAATTCAGAC
ATTGGTGGAAAGTAACATCATCG
TGGGTGTGCCTTTCTGAATG
CCATCAGTGAAACTTGGTGAAACAG
ACGATCCCTGATAACTTAGGTGG
CTATTACTTTTGGCATAGGACCC
GCTGTTTCTTCAGTTCCTTC

@ 1-deoxy-D-xylulose-5-P synthase (DXS); geranylgeranyl diphosphate reductase (GGDR); 4-hydroxyphenylpyruvate dioxyge-
nase (HPPD); homogentisate phytyl transferase (VTE2); 2,3-dimethyl-5- phytylquinol methyltransferase (VTE3); tocopherol
cyclase (VTE1); ~-tocopherol-C-methyl transferase (VTE4); phytol kinase (VTES); phytyl-phosphate kinase (VTE6); chloro-
phyll synthase (CHLG); pheophytinase (PPH); pheophorbide a oxygenase (PAO); homogentisate solanesyl transferase (HST);
solanesyl-diphosphate synthase (SPS); phytoene synthase (PSY); phytoene desaturase (PDS); chloroplast-specific 3-lycopene
cyclase (LCY/3); pale yellow petal/phytyl ester synthase (PYP/PES); clathrin adaptor complex medium subunit (CAC); naD(P)H
dehydrogenase C1 (NDC1); carotenoid cleavage dioxygenase 4 (CCD4/ NCED4); chlorophyll dephytylase (CLD1/PPHL1).




Fig. 5.S5: Supplementary material and method: PQ and PC purification. Plastoquinone (PQ)
was isolated from about 200 g fresh spinach leaves according to a protocol derived from
Malferrari and Francia (2014). Leaves were extracted in 1L acetone under continuous
stirring for 2 h followed by re-extraction in 300 mL. The extract was filtered using
filter paper and the resulting solution was evaporated to dryness and reconstituted in
10 mL of petroleum ether. The concentrated extract was fractionated by open column
chromatography on acidic alumina (Sigma-Aldrich) using increasing concentrations
of diethylether in petroleum ether (0, 0.2, 2, 4, 8, 12, 16, 20, 24, 28% v/v). The 8%
diethylether fraction containing PQ was evaporated, reconstituted in 0.5 mL THF:water
(85:15, v/v) and injected in semi-preparative HPLC (see below). Plastochromanol
(PC-8) was purified from flaxseed oil using a protocol adapted from Siger et al. (2014).
To 2 g of oil were added 0.5 g of pyrogallol, 20 mL ethanol and 2.5 mL. KOH 60%. The
mixture was heated at 80 °C for 30 min, after which 50 mL of NaCl 1% was added.
Once at room temperature, 50 mL of hexane:ethylacetate (9:1) were added and the
resulting mixture was agitated for 30 min at 300 rpm. The two phases were then
separated and the upper phase was washed twice with water. The organic phase was
collected and dried with Na;SO4, filtered and evaporated to dryness. The dried extract
was reconstituted in 10 mL petroleum ether and chromatographied as described above
for plastoquinone. The 12% diethylether fraction containing plastochromanol was
evaporated to dryness and reconstituted in 0.5 mL THF:water (85:15, v/v) for injection
in semi-preparative HPLC. Final purification of both PQ and PC-8 was achieved by
reverse phase semi-preparative HPLC. The semi-preparative system was composed of a
1525 EF pump (Waters) and a dual wavelength UV detector (2487, Waters) equipped
with a semi-preparative UV cell (path length 3 mm). An XTerra MS C18 column (19 x
150 mm, 5uM) thermostated at 60 °C in a heated water bath was employed. Gradient
conditions were as follows: solvent A was water and solvent B was methanol; initial
conditions 90% B, 0-40.0 min 90-100% B, 40-77 min 100% B. Both prenyllipids were
purified in one single injection of 5uL. The flow rate was set to 8.0 mL min~!. Detection
was performed at 255 and Sigma 290 nm and fractions were collected every minute
in 13x100 mm glass tubes using a Gilson FC203B fraction collector. An aliquot of
the fractions corresponding to PQ and PC-8 was diluted 200-fold and re-injected in
UHPLC-QTOFMS for confirmatory analysis. The remaining solutions were evaporated
to dryness, yielding 2.0 mg of PQ and Sigma 1.2 mg of PC-8. The purity (>95%) of the
standards was assessed by comparison of the signal intensities with those of authentic
standards provided by Jerzy Kruk (Gruszka and Kruk, 2007; Kruk, 1988).

290 nm

PQ

255 nm

Minutes.
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General conclusion

The results of this thesis provide new insights into the mechanisms of resistance of the
photosynthetic apparatus to abiotic stress. Given the rapidity and severity of climate change
on the planet, the understanding of the mechanisms of resistance of the photosynthetic
apparatus to temperature and light dual-stress is highly significant (Maheswari et al.,
2012; Pretty et al., 2010). I studied how tomato plants regulate lipid metabolism to this
effect. The new found role for a-tocopherol in conferring resistance of the photosynthetic
apparatus to high light and high temperature stress appears extremely important. «-
tocopherol accumulation and biosynthesis in crop plants, beyond their physiological
importance in photosynthetic plants, are also essential for human health. In this thesis, we
use a crop model system, the tomato plant, which may allow a more rapid translation of
the findings into agricultural systems.

Since the characterization of their proteome (Austin II et al., 2006; Lundquist et al., 2012;
Vidi et al., 2006; Ytterberg et al., 2006), the involvement of plastoglobules in a variety of
essential metabolic pathways has been established, e.g. those of a-tocopherol, phylloqui-
none and carotenoids. Moreover, plastoglobules have been shown to play additional roles
such as detoxification of chlorophyll and galactolipid catabolic products i.e. the storage
and conversion of fatty acids and phytol into phytyl esters (Besagni and Kessler, 2013;
Gaude et al., 2007; Ischebeck et al., 2006; Lippold et al., 2012; Rottet et al., 2015).

In this context, we presented a review (Chapter 2) of how NAD(P)H dehydrogenase C1
(NDC1) (Eugeni Piller et al., 2011), tocopherol cyclase (VTE1), activity of bcl complex-like
kinases (ABC1K1 and -K3, ABC1K1/K3) (Lundquist et al., 2013; Martinis et al., 2013,
2014), all located in plastoglobules, are involved in the biosynthesis and metabolism
of tocopherol and phylloquinone. In phylloquinone metabolism, NDC1 together with
MenG is required for the final methylation step of the 2-phytyl-1,4-naphthoquinone
(Phytyl-NQ) precursor (Eugeni Piller et al., 2011; Fatihi et al., 2015; Lohmann et al.,
2006). Moreover, ABC1K1 is necessary for the elevated accumulation of tocopherol
accumulation under high light stress (Lundquist et al., 2013; Martinis et al., 2013, 2014).
Also, tocopherol redox recycling requires VTE1, ABC1K1/K3 and NDC1 (Eugeni Piller
et al., 2014; Kobayashi and DellaPenna, 2008; Martinis et al., 2013, 2014; Mene-Saffrané
and DellaPenna, 2010; Porfirova et al., 2002). Lastly, ABC1K1/K3 are also involved in the
regulation of plastochromanol synthesis (Eugeni Piller et al., 2014; Lundquist et al., 2012;
Martinis et al., 2013, 2014; Méne-Saffrané and DellaPenna, 2010).
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As it is shown here, tomato plants exposed to temperature stress exhibit a massive in-
crease of a-tocopherol and plastoquinone/ol, suggesting that these molecules contribute
to membrane protection under high temperature stress (Chapter 3). Secondly, in collabo-
ration with our colleagues we demonstrated that, through perturbation of phytol kinase,
a-tocopherol biosynthesis in tomato is strongly diminished (Chapter 4). Third, phytol
kinase, via its function in a-tocopherol synthesis, is essential for resistance to combined
high temperature and light stress in tomato plants (Chapter 5).

Chloroplast lipid metabolism in tomato plants seems to be utterly well suited to high
temperature conditions. We demonstrated how prenylquinone biosynthesis in tomato
plants responds to high temperature (38 °C) in comparison to mild (20 °C) and moderately
cold temperature (10°C) (Chapter 3). By employing lipidomic-based methods, which
allow the simultaneous and rapid profiling of prenylquinones and carotenoids in plant
extracts (Martinis et al., 2011), we carried out non-targeted lipidomics analysis to deter-
mine changes at the level of membrane composition. This powerful method was developed
in collaboration with the Neuchatel Platform of Analytical Chemistry (NPAC) and to our
knowledge, is one of the first to allow simultaneous analysis of different lipid types at the
level of the whole membrane system.

Chlorophyll fluorescence parameters were measured to determine photosynthetic efficiency.
The fluorescence parameter Fv/Fm is a sensitive indicator of maximum efficiency of the
photosystem II, allowing to assess damage to the photosystem II (Hendrickson et al., 2004).
No effects on maximum efficiency of the photosystem II under high temperature were
observed. However, a slight inhibition at moderately cold temperatures was detected.
This indicates that the tomato plants resist better to high temperature stress than to cold
temperatures. Interestingly, the lipidomics results confirmed that tocopherol and the
degree of saturation of fatty acids were increased under high temperatures. Our results
showed that the thylakoid membrane is remodeled with regard to fatty acid saturation in
galactolipids and lipid antioxidant concentrations under high temperature stress.

Surprisingly, hardly any change was observed for carotenoids. It should be noted, however,
that carotenoids are structural constituents of the light harvesting complexes. Besides,
they have functions in non-photochemical quenching (NPQ) as dissipators of excitation
energy in the xanthophyll cycle (Choudhury and Behera, 2001; DellaPenna, 1999; Frank
and Cogdell, 1996; Gruszecki and Strzatka, 2005; Mimuro and Katoh, 1991; Miiller et al.,
2001; Shumskaya and Wurtzel, 2013). Davison et al. (2002) showed that Arabidopsis
plants overexpressing the chyB gene that encodes (-carotene hydroxylase exhibited a
two-fold increase in the xanthophyll pool size. The protection against stress was attributed
to zeaxanthin, as transformed plants showed reduced levels of anthocyanins and lipid
peroxidation in conditions of high light and temperature. However, no prenylquinones
were measured in that study. Furthermore, carotenoids have been widely connected to
protection against photo-oxidative damage (Cogdell and Frank, 1987; Falk and Munné-
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Bosch, 2010; Lichtenthaler, 1999; Strzatka et al., 2003; Zhu et al., 2010). Even though
a later study from Havaux and Tardy (1996) suggested that zeaxanthin also plays a role
in protecting thylakoid membranes specifically from the effects of heat stress, the heat
stress treatments were applied in leaf discs for a short duration of time (15 minutes).
One could speculate that even though carotenoids are known antioxidants, resistance to
high temperatures in tomato plants does not require an increase of overall carotenoid
levels. This is in agreement with the lack of an increase in the maximum extent of NPQ
in constitutive zeaxanthin-accumulating Arabidopsis mutants (Hurry et al., 1997; Pogson
et al., 1998).

Moreover, my results demonstrated that plastoquinone is strongly upregulated under high
temperatures. It appears very likely that plastoquinone, like tocopherol, contributes to
protecting membranes under high temperature. Ksas et al. (2015) demonstrated resistance
to photooxidative stress under excessive light in an Arabidopsis line overexpressing the
SPS1 (SOLANESYL DIPHOSPHATE SYNTHASE 1) gene of the PQ-9 biosynthetic pathway.
Under high light stressthis line had two- to three-fold higher levels of PQ-9 and showed a
decrease of bleaching, lipid peroxidation, and the photoinhibition PSII (Ksas et al., 2015).
Our data in tomato plants strongly suggest that massively increased concentrations of
a-tocopherol and plastoquinone are necessary for protection against high temperature
stress and proper function of the photosynthetic apparatus.

The understanding of the regulation of a-tocopherol metabolism is crucial for targeting
specific genes for improvement in crop plants. Prior to this study, a systematic in silico
study of all genes involved in tocopherol biosynthesis in tomato was carried out based on
prediction and similarity to Arabidopsis orthologues (Almeida et al., 2011). By a reverse
genetics approach, we evaluated the contribution of two enzymes, phytol kinase (VTE5)
and farnesol kinase (FOLK), to tocopherol synthesis in different tomato organs. vte5
silenced plants had strongly reduced levels of tocopherol. vte5 plants are an attractive
model to study the impact of tocopherol reduction in tomato plants, as the mutation does
not interfere with PQ-9 content in leaves, which would disrupt the electron transport
chain. We investigated how changes in tocopherol levels affect the levels of other related
compounds and antioxidants (Chapter 4). Phytol kinase phosphorylates phytol that is
released during chlorophyll degradation. Phytol kinase is involved in tocopherol synthesis
in Arabidopsis seeds and to some extent also in leaves (Valentin et al., 2006). Downregu-
lation of VTES5 dramatically reduces tocopherol content and also alters lipid metabolism,
which ultimately affects carbon partitioning in tomato plants. However, prenyl alcohol
kinase activity of VTE5 has not been yet demonstrated for phytol or any other related
prenyl alcohols. Therefore, this could be interesting to pursue in future studies.

Our results provide a comprehensive analysis of prenyllipids and membrane lipids, as well
as the analysis of the antioxidant capacity of different organs and a number of physiological
parameters in wild type and mutant tomato plants. Tocopherol synthesis in tomato is
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highly dependent on phytol originating from chlorophyll degradation, which applies, not
only to active photosynthetic tissues but also to fruit during the ripening process. This is
in contrast with Arabidopsis, in which the VTE5 pathway has been claimed to be more
important in seed than the photosynthetic tissue (Valentin et al., 2006). Moreover, even
though FOLK was identified in this study through phylogenetic analysis as a potential
phytol kinase candidate, it turned out not to contribute to phytol phosphorylation and
tocopherol synthesis. Finally, VTE5 was characterized as the major enzyme providing
phosphorylated phytol for tocopherol synthesis in tomato (Chapter 4).

We investigated the effects of combined high temperature and high light stress and the
role of a-tocopherol role as a potent antioxidant (Chapter 5). Under the combined stress,
as well as under high temperature and high light stress alone, we observed a striking
increase in tocopherol as well as plastoquinone in wild-type tomato plants. To address
the question of whether tocopherol is required for resistance to the combined stress, we
used vte5 RNAI lines (Almeida et al., 2016). The tocopherol concentrations in this mutant
were up to 70% lower than in wild-type plants. Under the combined stress, the vte5
plants exhibited strong photobleaching as well as photoinhibition. This indicates that
plants lacking normal tocopherol levels have lethally impaired resistance to the combined
stress. So far, this is the first indication ever that tocopherol has an essential function
under any condition. Tocopherols are potent lipid-soluble antioxidants and their levels are
known to increase during stresses, which would place a significant demand on providing
large quantities of phytyl-diphosphate for the prenyltransferase in tocopherol synthesis.
Under combined high light and high temperature stress, the perturbed VTES activity does
not only alter tocopherol synthesis but also has a substantial impact on other prenyllipid
metabolic pathways. It causes a massive increase of of free phytol and fatty acids phytyl
ester (FAPEs). The implication of two plastoglobule-localized acyl transferases (PES1
and PES2) in thylakoid disassembly during senescence and nitrogen starvation has been
reported (Gaude et al., 2007; Lippold et al., 2012). PES1 and PES2 esterified either
diacylglycerol or phytol, released from galactolipids and chlorophyll, with free fatty acids
(FA), resulting in triacylglycerols and FAPE (Lippold et al., 2012).

Plastoglobules alter their protein composition in response to stress or developmental
transitions. Plastoglobules can also act as a transient sink sequestering significant amounts
of phytol. vte5 mutant plants under combined stress exhibited larger numbers and size of
plastoglobules than the wild type. In electron micrographs of chloroplast and plastoglobule
ultrastructure catabolic events within the chloroplast were evident. The visual appearance
by electron microscopy correlated with the dramatic loss of photosynthetic activity seen in
the vte5 mutant line. To exclude that high accumulation of phytol (a long chain alcohol that
can exert detergent-like effects) in the vte5 plants was the main cause for the catabolism
of photosynthetic tissue (Lobbecke and Cevc, 1995; Sikkema et al., 1995), we measured
the impact of high concentrations of phytol on electron transport in isolated thylakoid
membranes (Hill reaction). Even though highest phytol levels in the experiment exceeded
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in vivo levels more than 500 fold, only a comparatively mild impact on electron transport
was detected. In summary, the data indicate that VTES protects against combined high
light and high temperature stress and do so by supporting a-tocopherol production.

6.1 Future directions

The photosystems are composed of protein complexes that are embedded in the thylakoid
membrane. These photosynthetic protein complexes consist of the two photosystems (PSII
and PSI), the light-harvesting complex II (LHCII), the cytochrome b6f and the ATP synthase.
These complexes strongly interact with the thylakoid lipids, and it is suggested that
alterations in the composition of lipids that form photosynthetic membranes affects their
stability, function and conformation resulting in altered supercomplexes (Dérmann, 2013;
Kanervo et al., 1997; Kobayashi et al., 2007; Nevo et al., 2012; Pribil et al., 2014; Rochaix
et al., 2012). Further analysis of the photosynthetic complexes and supercomplexes
in tomato, wild-type (WT) and perturbed phytol kinase (vte5) line would allow us to
understand how the lack of a-tocopherol under the different stress conditions affect the
structure and dynamics of photosynthetic complexes and also their protein components.

The inability of vte5 to salvage phytol resulting from chlorophyll degradation into the
a-tocopherol biosynthesis leads to the accumulation of free phytol and FAPE biosyn-
thesis (Almeida et al., 2016; Lippold et al., 2012). vte5 plants were sensitive to the
tested combination of stress which led to strong photobleaching and photoinhibition.
a-tocopherol in the membrane lipid layer, besides its antioxidant functions, physically
stabilizes membrane structure (Arora et al., 2000; Wang and Quinn, 2000). The increase
of chlorophyll catabolism under the photobleaching conditions suggests that higher quan-
tities of chlorophyll intermediates are accumulated. The identification and quantification
of these intermediates, which can act as photosensitizers, may give information on the
chlorophyll turnover in vte5 under different stresses (Hortensteiner and Krautler, 2011;
Sakuraba et al., 2012; Schelbert et al., 2009). The reduced content of a-tocopherol may
impact the thylakoid membrane stability, which under conditions of combined stress, lead
to the high chlorophyll catabolism observed in vte5 coupled with an increase of ROS
production.

Another possibility to be explored is the perturbation of other genes related to the pathway
of phytol recycling in the a-tocopherol biosynthesis pathway in tomato plants (Kobayashi
and DellaPenna, 2008; Sattler et al., 2003; Schelbert et al., 2009; Soll et al., 1985).
A couple of examples would be: the production of pheophytinase (PPH) mutants that
could give us insights into the phytol salvage pathway from chlorophyll degradation into
a-tocopherol production, or phytyl ester synthase (PES) mutants that could also give
insights on the phytol conversion into FAPEs, following different stress conditions.

6.1 Future directions
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Plastoglobules are an important site for metabolism of essential metabolites inside the
chloroplast. It appears that plastoglobules provide a favorable chemical environment for
the biosynthesis and metabolism of lipophilic vitamins, e.g. a-tocopherol (Vitamin E) and
phylloquinone (Vitamin K).

The lipid and proteomic analysis of plastoglobules isolated from tomato plants through
membrane fractionation could give insights into their functions in tomato species. More-
over, the characterization of unknown plastoglobule proteins (Vidi et al., 2006; Ytterberg
et al., 2006) and the analysis of plastoglobule proteomes of plants growing under various
stresses in combination with modern lipid profiling methods will bring valuable insights
into new approaches to create resistant crop lines. Modification of factors regulating
Vitamin E and K, for instance, may lead to new ways to increase the nutritional value of
crop species. This approach may also result in the identification of yet new candidate
proteins and advance our understanding of the involvement of plastoglobules in yet other
lipid metabolic pathways.
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