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1 Introduction 1

1 Introduction

1.1 The senescence syndrome

1.1.1 Overview

Leaf senescence in autumn leaves is one of the beasttiful phenomena
observed in nature (Lingt al., 2003). Green leaves on trees and other
perennial plants turn yellow, orange and red befloey become brown, die
and are discarded from the plant (Buchanan-Wolhegttal., 2003). Annual
plants such as crops undergo a similar processtufrom green to yellow
(Buchanan-Wollastost al., 2003). This visible change of leaf color refect
the loss of chlorophyll and is accompanied by aetarof physiological,
cellular, molecular and metabolic events, that ragulated very precisely
(Lim et al., 2003). With respect of agricultural aspectsf ls@nescence
limits the yield of crop plants and affects thelthte of leafy vegetables.
Therefore, the analysis of the underlying key congms and mechanisms
that control this last step of development are kd#ag interest (Gan and
Amasino, 1997; Quirinet al., 2000; Gepstein, 2004; Lira al., 2007).
Previously senescence was regarded as a negativeewitable process.
However, it is now thought to be an important, gng part of
differentiation and development (Gepstein, 2004).

Since the processes, mechanisms and key compmidets senescence are
quite complex, it is useful tdivide leaf senescence into several stages (Fig.
1.1): initiation, reorganisation and termination ofdlién et al., 1997,
Yoshida, 2003). The induction of leaf senescenaedhlready occurs during
normal growth and development is considered aperate, additional stage
(Fig. 1.1).

During normal growth and development of the le&yesal internal and
external factors are thought to be responsiblé¢h@induction of senescence
(Fig.1.1). Internal factors are represented byreetsaof phytohormones and
other growth regulators. The best evidence for looahinvolvement in the
induction of leaf senescence has been shown for ptmgohormone
cytokinin, which is known to retard the onset ohescence (Buchanan-
Wollastonet al., 2003). In contrast, the gaseous phytohormondesthyis
known to induce the senescence syndrome (Buchardiaston et al.,
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2003). In addition to these classical phytohormoo#ser growth regulators
such as jasmonic acid (Heal., 2002), salicylic acid (Morrist al.,
2000) and brassinosteroids (Clouse, 1996) are wedoin the induction of

leaf senescence.

initiation reorganization termination
photosynthesis &

Chlorophyll !7

proteins &

Iipids‘!v ﬁ

respiration

nucleic acids !’ active oxygenﬁ
/
s (B — B — | @i
/
“point of
no return”
cell death suppressors cell death

¢ mediators

remobilization of P and N
and C

leaf
development:

Fig. 1.1 Progression of leaf senescence in highdampts. The scheme reflects the three-
stage theory (Noodést al., 1997) dividing leaf senescence into initiaticeprganisation &
termination. In addition, the processes which tplkece during normal growth to initiate
senescece are indicated. This figure was kindlyigeal by Prof. Dr. K. Krupinska.

Moreover, sugar metabolism and sugar signalingaamengst the internal
factors inducing the initiation of leaf senescerf¢éingler et al., 2006;
Wingler and Roitsch, 2008; Winglet al., 2009), though it is still unclear,
whether sugar accumulation or sugar starvationesatise onset of leaf
senescence (van Doorn, 2008). Moreover, the denwop (e.g. the
reproductive organs), the redox state, the agheowhole organism and the
age of the single leaf are crucial internal factwrghe initiation of leaf
senescence (Fig. 1.1; Noodén and Penney, 2001graért al., 2004).
External factors regulating the onset of leaf semese are the light
conditions, ozone and UV-B, the temperature anchthmtenance of water
and nutrients. Additionally, the infection with pagens is able to induce
the senescence program (Fig. 1.1; Buchanan-Watiast., 2003).
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After leaf senescence is induced by the internal amternal factors
mentioned above, the initiation phase itself is rabgerised by first
regulatory cascades (Yoshida, 2003). These rasaltsink-source transition
in the leaf with a switch from metabolism to catiggra (Yoshida, 2003).

The initiation of leaf senescence is followed bg tieorganisation phase
where the degradation of (macro)molecules and rdisation of nutrients
take place (Fig. 1.1; Quirinet al., 2000; Himelblau and Amasino, 2001).
The degradation of chlorophylls, proteins, lipisslanucleic acids is carried
out by the enzymes of the chlorophyll catabolisthpay, several endo-
and exopeptidases, lipases and nucleases, reghgcfig. 1.1; Buchanan-
Wollastonet al., 2003; Limet al., 2007). The function of plant organelles is
differentially affected. The number of chloroplastecreases quite early
(Krupinska, 2006) and a dramatic decrease of plothstic activity is
observed (Krupinska and Humbeck, 2004). On the rothand,
mitochondria, which provide energy by respiratizemain intact until later
stages of senescence (Lenal., 2007). These degenerative processes are
accompanied by a massive remobilisation of metgkosphorus,
carbohydrates and nitrogen to growing areas ofplhat, such as young
leaves, developing seeds, flowers and fruits (Qaiet al., 2000; Himelblau
and Amasino, 2001; Limet al., 2003). Oshimaet al. (2007) and
Meskauskienet al. (2009) have shown that the remobilisation of ieats

Is able to continue as long as so called cell deatipressors (e.g. Bax
inhibitor-1 or SOLDAT10) are active (Fig. 1.1).

Once nutrients have been remobilised and recycledthe second
reorganisation stage of senescence, a “point ofetirn” occurs, which
renders the senescence syndrome irreversible {HigNoodéret al., 1997,
Thomaset al., 2003; van Doorn, 2005). The terminal step cdssid a
programmed cell death (PCD), which is characteribgdhallmarks of
apoptosis, such as chromatin condensation and RNéering (Delormet
al., 2000; Simeonovat al., 2000; Yoshida, 2003). In addition, the vacuole
plays a key role during PCD in the terminal stafjéeaf senescence, as it
accumulates several secondary metabolites andnatesi the senescence-
related PCD by becoming autolytic (Thongasl., 2003).
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1.1.2 Senescence-associated gertess)

Over the last decade, many research groups havgsadahe changes in
gene expression that take place during leaf senesog-ig. 1.1; Gan and
Amasino, 1997; Kleber-Janke and Krupinska, 1997d3wski et al., 2002;
Buchanan-Wollastoret al., 2003; Gepsteiret al., 2003; Zentgrafet al.,
2004; Guoet al., 2004; Lin and Wu, 2004). Senescence-associaadsy
(SAGs) are either exclusively induced or simply up-tegted, so called
class | and class BAGs, respectively (Gan and Amasino, 1997). In cohtras
to the SAGs, the senescence down-regulated gefe&¢) show decreased
transcription level very early (Gan and Amasino972Pand are mainly
represented by genes related to photosynthesisasuaa, rbcl andrbcS
encoding the chlorophyl/b-binding protein CAB and the large and small
subunit of Rubisco, respectivglgan and Amasino, 1997). Interstingly, 185
genes for transcription factors (TFs) show alteeggression during pre-
senescence and early stages of leaf senecencezdBakeet al., 2008).
Apart from genes of transcriptional regulation, geninvolved in the
degradation of macromolecules, such as genes enrqioteases, lipases
and nucleases, show changes in expression (Tabp.Gegstein, 2004).
Furthermore genes for nutrient recycling appeaodamportant (Tab. 1.1,
Gepstein, 2004): in a large variety of plants, BigimRNA levels of
cytosolic glutamine synthase gsl) and mitochondrial glutamate
dehydrogenaseggdh) genes have been observed during leaf senescence
(Masclaux et al., 2000; Masclaux-Daubresset al., 2005; Masclaux-
Daubresseet al., 2006; Pageaet al., 2006; Masclaux-Daubresst al.,
2008). Masclaux-Daubresse and co-workers demoedtrdhat GS1 and
GDH enzymes, which are involved in the metabolismamino acids
dedicated to phloem loading, play a key role in teenobilisation of
nitrogen (Masclaux-Daubresset al., 2008). Finally, genes related to
defense and cell rescue and further signal tranisualso show changes in

expression levels during leaf senescence (TabGefstein, 2004).
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Tab.1.1 Major functional categories of senescencessociated genegfrom Gepstein,
2004, modified)

functional associated abundant genes
category processes
breakdown of genes coding for cysteine
proteins, proteases, nucleases,
macromolecule nucleic phospholipases,
degradation acids, lipases/acylhydrolaseg;
lipids & glucosidase, glucanases,
polysacch pectinesterases,
arides polygalacturonase
transport of genes coding for oligopeptide
peptides, transporters, ammonium
amino transportes, purine &
nutrient recycling & acids, pyrimidine transporters,
I sugars, glutamine synthase,
remobilisation 4
purines, glutamat dehydrogenase,
pyrimidin sugar transporters, ABC
es & ions transporters

genes encoding
metallothionein,

defense & glutathioneS-transferase,
cell rescue abiotic & biotic stress, protein similar to
mechanisms oxidative stress jasmonate-inducible

protein, glutathione
peroxidase, cold-
regulated protein COR6.6
genes encoding zinc finger
proteins, basic helix-loop
transcriptional transcription proteins, bZIP proteins,
regulation factors HMG-box proteins and
transcription factors of
the WRKY, NAC, AP2,
MYB, HB. TCP &
GRAS families
genes encoding receptor-like
kinases, components of

protein phosphorilation MAP kinase signal
signal transduction and cascades, phosphatases,
dephosphorilation phospholipases, calcium-

dependent protein
kinases, cytoskeleton-
associated proteins

1.1.3 Degradation of proteins

The degradation of proteins has been investigaiea great extent in the
past. In particular, the degradation of the plastitbhulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) is often used taitorahe progression of
leaf senescence (Hortensteiner and Feller, 2008erFet al., 2008;

Gregersen et al.,, 2008). Rubisco is the predominant protein in
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photosynthesising parts of plants and the most @gdminprotein on earth
(Feller et al., 2008). The high percentage of leaf nitrogen lbdoum the
Rubisco illustrates the importance of this stroofdbroplast enzyme. Apart
from its functions in the assimilation of inorgan@arbon Rubisco is
essential for the nitrogen budget of a plant (Fe#teal., 2008). Despite
intensive studies, the proteases, detailled lodi mechanisms responsible
for the degradation of Rubisco have not been ifledtiup to date
(Gregerseret al., 2008). That degradation takes place within theestjul
itself is supported by the observation that chltasiz contain active
proteases. However, it seems that within the plasiis process is mainly
related to chlorophyll binding proteins such as UH@Vartinez et al.,
2008). The breakdown of plastidic chlorophyll-bingliproteins associated
to the thylakoid membrane has been investigateda tbesser extent
(Hortensteiner and Feller, 2002). Stromal Rubissordleased (after an
initial pre-cleavage) from the organelle via Rubisontaining bodies
(RCBs), that may fuse with protease-containing,eseance-associated
vesicles in the cytoplasm later on which resultsfurther digestion of
Rubisco (SAVs; Krupinska, 2006; Gregersatral., 2008; Martinezt al.,
2008). Subsequently, the fusion vesicles coulditr&h the central vacuole,
where protein fragments and peptides might be diegiréo completion and
amino acids are stored until they are redistribied remobilised to other
parts of the plant (Martinest al., 2008).

1.1.4 Degradation of chlorophylls

Of course, the degradation of chlorophyll-bindingptpins requires the
simultaneous catabolism of chlorophylls indicatithgit both degradation
pathways are at least partially interconnected tg#&teiner and Feller,
2002, Hortensteiner, 2009). Since the beginningenfescence research the
degradation of chlorophyll was a classical biomarker senescence
(Oughamet al., 2008). Interestingly, nitrogen present in chprgll is not
exported from senescing leaves, but remains withe cells in form of
linear tetrapyrrolic catabolites that accumulatéh@ vacuole (Hortensteiner
and Feller, 2002).
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Fig. 1.2 Pathway for chlorophyll breakdown in highe plants (from Hoértensteiner,
2009) The chemical structures of chlorophylls and chlbtsgbcatabolites are shown.;R
Rs indicates the presence of species-specific madifin in NCCs from different plants.
Abbreviations: chl, chlorophyll; FCC, fluorescerttl ccatabolite; MCS, metal chelating
substance; NCC, non-fluorescent chl catabolite; NAOL, NON YELLOW
COLORING1/NYC-ONE LIKE; PAO, pheida-oxygenase; pFCC, primary FCC; pheide,
pheophorbide; RCC, red fluorescent chl catabdR@CR, RCC reductase.

For many years, chlorophyll catabolism during lesahescence and fruit
ripening was considered as a biological enigma tghdteiner, 2009). Only
the identification and structure determination oh#fluorescent chlorophyll
catabolites (NCCs) as the final products of breakdallowed the stepwise
elucidation of the chloropyll degradation pathwdyig( 1.2), which is
common in higher plants (Hortensteiner, 2009). $kparation of phytol
from chlorophylla by chlorophyllase yields chlorophyllide which has a
small effect on the color (HoOrtensteiner, 2009)teAfa metal chelating
substance (MCS) has removed the central®Ntn, pheophorbide-
oxigenase (PAO) opens the pheophorbide ring (Héteamer, 2009). The
resulting red chlorophyll catabolite (RCC) is corted by RCC reductase
(RCCR) to the flourescent chlorophyll catabolit€ @), a colorless product
that fluoresces under UV-light (Hortensteiner, 200Chlorophyll
breakdown ends with the accumulation of one or muoa-fluorescent
catabolites (NCCs; Hortensteiner, 2009).
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1.1.5 Stay-green organisms

In the past, many so called stay-green organisnasacterised by the
retention of chlorophyll during leaf senescence ehadween identified
(Hortensteiner, 2009). These stay-green plantsbeaoategorised into two
major groups: on the one hand functional stay-ggend on the other
cosmetic ones (Howargt al, 2002; Hértensteiner, 2009). In cosmetic stay-
greens the retention of chlorophylls is accompanked a loss of
photosynthetic function, whereas in functional sgagens the retention of
green colour is linked to the retention of photdkgtic activity (Howardget

al, 2002; Hortensteiner, 2009).

An established representative of cosmetic stayrgrgdants is the
Lolium/Festuca mutant generated by the introgression of thestuca
pratensis stay-green locussgr) into Lolium species (Howardt al. 1997,
Howard et al., 2002; Hortensteiner, 2009). Historically, desett thesgr
genes of many plants had been correlated to redactdty or content of
the pheophorbide-oxygenase (PAO; Fig. 1.2), but recent molecular
cloning of PAO and the availability of PAO antibedishowed that SGR
acts independently of PAO (Hértensteiner, 2009k thore likely that SGR
proteins are candidates for protein factors invdlven the LHCII
disassembly, and the absence of SGR during sereescanses a retention

of chlorophyll within the stable apoproteins (H@$e&einer, 2009).

A well-known example for functional stay-green argans is the transgenic
SAG12-IPT tobacco line with an autoregulated, senescencsfspe
production of cytokinin (Gan and Amasino, 1995)eBAG12-IPT tobacco

exhibits a the retention of chlorophylls due to uesedd chlorophyllase
activity and the stimulation of chlorophyll biostesis (Hare and Staden,

1997), but also a delay of other senescence-refatasses.

Firstly, the decrease of photosynthetic activitydedayed as indicated by
measurements of GQuptake, the maximal efficiency of PSIl(F,) and

the effective quantum yield of PSIl (Gan and Amasit995; Wingleet al.,
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1998; Prochazkovét al., 2008). Accordingly, the decline of photosyntbeti
proteins such as Rubisco is delayed (Wingled., 1998; Jordet al., 2000).

Secondly, the retention of chlorophylls is accomednby a retarded
remobilisation of nutrients as cytokinin causesrameased sink-strength in
mature leaves of higher plants (Roitsch and Eh2&R0; Cowanet al.,
2005; Sykorovat al., 2008). The delayed remobilisation of carbohyesat
which is represented by a high content of solublgass (Wingleret al.,
1998) can be explained by the induction of theamdliular invertase and
hexose transporters that are crucial for apoplaptitoem unloading
(Roitsch and Ehnel3, 2000; Balibrea Latal., 2004). As a consequence,
the import of carbohydrates into the sink-cellsirisreased whereas the
export is decreased (Roitsch and Ehnel3, 2000; figalibaraet al., 2004).
Also the remobilisation of nitrogen is affected: eduo the delayed
degradation of photosynthetic proteins senescemteke of SAG12-1PT
plants accumulate nitrogen and the translocatiomot@senescing leaves is
reduced (Jordet al., 2000; Cowanet al., 2005). Especially under low
nitrogen conditions, the impairment of remobilisati processes is
responsible for the observation, ti@&G12-1PT tobacco turns directly into
cell death at the end of leaf development (Winglei., 2005).

Thirdly, the decrease of the antioxidant systemcthoccurs during leaf
ageing is retarded in the functional stay-greeramigm: the activity of the
antioxidative enzymes ascorbate peroxidase (APKiathione reductase
(GR) and superoxide dismutase (SOD) as well axdinéent of the water
soluble antioxidants ascorbate and glutathione,redses slower in
senescing leaves of ti#AG12-1PT compared to a normal senescing control
line (Dertingeret al., 2003). Interestingly, the amount of the lipidudué o-
tocopherol, which is also thought to participate time antioxidative
protection, is increased iBAG12-IPT tobacco as well as in the control
dependent on leaf age suggesting tld@bcopherol may have another
function that is not necessarily related to itsaatlant property (Dertinger
et al., 2003).
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1.2 Tocopherols

1.2.1 Common traits

In 1922, Evans and Bishop discovered a nutritidaedor essential for the
reproduction of rats. The name for that molecules warived from the
Greektokos for childbirth, pherein for bringing forth and the suffiel for
alcohol tocopherol (Evanat al., 1936; Wagnekt al., 2004). Tocopherols
belong to the group of vitamin E compounds, whick anportant for
human nutrition and health. They can be divided four forms, namely-
tocopherol,p-tocopherol,y-tocopherol and-tocopherol. Tocopherols are
exclusively synthesised by oxygenic and photosyitteerganisms such as
plants, algae and some cyanobacteria (Munné-Ba2@05). In higher
plants, they are mainly found in seeds, fruits ades (Munné-Bosch and
Alegre, 2002). On the cellular level tocopherole &und in chloroplasts,
more precisely in the chloroplast envelope wheey @ire synthesised (Soll
et al., 1985; Arango and Heise, 1998), in plastoglolofilihe chloroplast
stroma where they are stored (Lichtenthateal., 1981), and in thylakoid
membranes (Fryer, 1992; Havaux, 1998).

1.2.2 Tocopherols as antioxidants

Due to their localisation tocopherols are thougbt te important in
maintaining membrane integrity and fluidity (Gonfégrmandezet al.,
1989; Wang and Qinn, 1999; Munné-Bosch and Alegre, 2002)course,
the function as an antioxidant is closely relatedhieir chemical structure,
but the effects in the cell are linked to theirdhsation: tocopherols are
known to reduce reactive oxygen species (ROS) mootisly generated in
higher plants as byproducts of photosynthesis anmtdtect polyunsaturated
fatty acid chains (PUFAs) from lipid peroxidatiori (et al., 2008).
Tocopherols are not only able to scavenge hyroxadicals (OH),
superoxide anions (@ and lipid peroxyl radicals (ROD by being
converted into the tocopheroxyl radical, they aso lay a key role as
antioxidants by physically quenching or chemicadlgavenging singlet
oxygen {O,) (Munné-Bosch and Alegre, 2002). Under conditiosfs
photoinhibition and extensive D1 protein turnowetiocopherol may have a
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photoprotective function as singlet oxygen scavemgdSIl (Kruk et al.,
2005). Cellular redox systems such as ascorbat¢athione, carotenoids
and tocopherols represent the nonenzymatic parthef antioxidative
network, and might also play an important role urelevironmental stress
conditions (Apel and Hirth, 2004). The enzymatictpd the antioxidative
network is represented by enzymes like the supegeodismutase (SOD)
converting the super oxide anion to hydrogene pdeoXHO,) and the
catalases that convert®, to water. The same reaction is catalysed by the
ascorbate peroxidase (APX) which is an enzyme efwhater-water-cycle
(Mittler, 2002; Mittler et al., 2004). The water-water-cycle, also called
Halliwell-Asada cycle (Asada, 1999), is not onlyvaived in the
detoxification of HO,, it is also required for the conversion of tocajxg!
radicals back to tocopherol (ki al., 2008).

1.2.3 Tocopherols as signaling molecules

For mammals and humans, it is well-establishedtti@ipherols might also
play a role as signaling molecules or transcriglaegulators (Azzet al.,
2004; Zingg and Azzi, 2004). Accordingly, recenidsés on higher plants
showed that tocopherols may have similar functigbs et al., 2008).
Tocopherols appear to function as signaling motcinh the regulation of
carbohydrate metabolism (Dérmann, 2007¢gtial., 2008). In 1996, Russin
et al. described thedxl (sucrose export deficientl) mutant of maize that
was defective in sugar export from source leavesneSyears later, this
mutant was characterised in more detail and shovire ta VTE1 tocopherol
cyclase mutant, and thus deficient in tocopherBil®\enchest al., 2001;
Porfirova et al., 2002; Sattleret al., 2003; Kumaret al., 2005). By a
transgenic approach using a RNAi-potato tel gene encoding the
tocopherol cyclase was silenced. This showed tteatdcopherol deficiency
resulted in a sugar export block (Hofiasal., 2004). This data suggests,
that tocopherols are involved in the regulatiorcafbohydrate metabolism
(Li et al., 2008; Dormann, 2007). Furthermore, studies or th
cyanobacteriumSynechocystis sp. PCC 6803 indicate, thattocopherol
probably has a non-antioxidant function in macrdeat homeostasis
(Sakuragkt al., 2006).
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1.2.4 Biochemistry and biosynthesis of tocopherols

Tocopherols are amphipathic molecules with a hykitmp head group,
which is generated from homogentisate, and a hydroie phytyl tail
derived from phytyldiphosphate. In conjunction wittcotrienols, which
contain an unsaturated phytyl tail derived fromaggtgeranyl diphosphate,
tocopherols are known as vitamin E in medicine aatfitional sciences.
Tocopherols, as well as tocotrienols, exist in féanms differing in the
number and position of methyl groups on the arcerraitg, known asi-, f3,

v-, 6-forms (Liet al., 2008).

The pathway of tocopherol biosynthesis (Fig. 1.8swlucidated in the mid
of the 1990s using the model organismsabidopsis thaliana and
Synechocystis sp. PCC6803 by cloning the genes coding for tlayraes of
the pathway (Liet al., 2008). The head groups of tocopherols are derive
from the shikimate pathway via thehydroxyphenylpyruvate dioxygenase
(HPPD) that convertp-hydroxyphenylpyruvate into homogentisate (Schulz
et al.,, 1993; Forbes and Hamilton, 1994; Kleber-Janke Knapinska,
1997; Falket al., 2003). In contrast to all the other enzymesefgathway,
the HPPD is not localised in the plastids, butha tytosol (Garciat al.,
1997). Homogentisate represents a key moleculi,sasves as a precursor
of all forms of tocopherols, tocotrienols and phagtinone (Whistance and
Threlfall, 1970; Soll et al., 1980, DellaPenna, 2005). In addition,
homogentisate is part of the tyrosine aromatic ananid catabolism as
homogentisate 1,2-dioxygenase (HGO) is able to ednvt into
maleylacetoacetate, which is degraded further moafate and acetoacetate
(Dixon and Edwards, 2006). The involvement of hoemdgpate in
plastoquinone biosynthesis was demonstrated by @plterol and
plastoquinone deficient mutant éfabidopsis thaliana affected in HPPD
activity (Norris et al., 1995, 1998). For the synthesis of plastoquinone,
homogentisate is converted into 2-methyl-6-soldngHbenzoquinone
(MSBQ) by the homogentisate solanyltransferase (H8$0 MSBQ vyields
plastoquinone by methylation via MSBQ methyltrans$ée (VTE3; Sadret
al., 2006). To synthesise tocopherols, homogentisatprénylated with
phytyl diphosphate by homogentisate phytyltransierédHPT, VTE2) to
yield 2-methyl-6-phytyl-1,4-benzoquinone (MPBQ) @&lenna, 2005).
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The recent characterisation of thee5 mutant of Arabidopsis thaliana
revealed that phytol is phosphorylated by the phiittase VTES (Valentin
et al., 2006). Thevte5 mutant ofArabidopsis thaliana shows reduced seed
and leaf tocopherol, and a knock-out mutant of tBgechocystis
homologue also led to reduced tocopherol accunauat cyanobacteria,
which underlines the importance of this gene inopderol biosynthesis
(Valentin et al., 2006). Interestingly, gas chromatography-mass-
spectrometry analysis of teabidopsis andSynechocystis mutants showed
an accumulation of free phytol and the synthesisAi@bidopsis VTES
protein inE. coli in the presence of free phytol led to the fornrataf
phytylmonophosphate (PMP; Valentet al., 2006). In addition to these
findings the activity of a second kinase, the phptyosphate kinase, was
identified in Arabidopsis thaliana (Ischebecket al., 2006). Both kinases
were localised in the chloroplast envelope, whesdpherol biosynthesis
takes place (Ischebeekal., 2006; Valentiret al., 2006).

The next step in the synthesis of tocopherold\iabidopsis thaliana is
either the cyclisation of MPBQ by the tocopherotlege (VTEL; Porfirova
et al., 2002; Sattleet al., 2003; Kanwischeet al., 2005) or the methylation
at the C-3 position by MPBQ methyltransferase (VIIEhenget al.,
2003), to yields-tocopherol or 2,3-dimethyl-5-phytyl-1,4-benzoquieo
(DMPBQ), respectively. VTE3 methyltransferase iseggial for both
tocopherol and plastoquinone synthesis, since aamhudf Arabidopsis
thaliana carrying an insertion irvte3 is also deficient in plastoquinone
(Motohashiet al., 2003). Subsequent methylationdefocopherol by the-
tocopherol methyltransferase (VTE4) results in tleemation of (-
tocopherol (Shintani and DellaPenna, 1998), whetbascyclisation of
DMPBQ by the tocopherol cyclase VTE1 generatéscopherol (Porfirova
et al., 2002; Sattleet al., 2003; Kanwischeet al., 2005), the major form
found in seeds (Munné-Bosch and Falk, 2004).
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Fig. 1.3 Biosynthesis of tocopherols and plastoquime. HPPD, 4-
hydroxyphenylpyruvate dioxygenase; HGO, homogetgisd,2-dioxygenase; HST,
homogentisate solanyltransferase; PPK, phytylphaisinase; VTEL, tocopherol cyclase;
VTE2, homogentisate phytyltransferase; VTE3, MSBIQRBQ methyltransferase; VTEA4,
y-tocopherol methyltransferase; VTES5, phytolkinaddSBQ, 2-methyl-6-solanyl-1,4-
benzoquinone; MPBQ, 2-methyl-6-phytyl-1,4-benzogui®; DMPBQ, 2,3-dimethyl-5-
phytyl-1,4-benzoquinone; SAMg-adenosyl methionine; BRyrophosphate (modificated
from DellaPenna, 2005).

Finally, y-tocopherol methyltransferase (VTE4) convertecopherol too-
tocopherol (Shintani and DellaPenna, 1998), theonfaym of tocopherols

in green plant tissue such as leaves (Munné-Basgdlralk, 2004).

1.2.5 The requlation of tocopherol biosynthesis

As tocopherols are part of an antioxidative netwdrks no surprise, that
tocopherol biosynthesis is regulated by ROS and tgsyathesis.
Photosynthesis can yield ROS and the accumulatioRQS will induce
antioxidant-related gene expression (Apel and 12004, Liet al., 2008).
Interestingly, the promoters of photosynthesisteglagenes and genes of

tocopherol biosynthesis posses the same ATCTA segueslement,
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suggesting common regulatory mechanisms (Welgsthal.,, 2003).
Furthermore, several studies indicate, that tocapheosynthesis might be
regulated by plastoquinone biosynthesis, astldegene as well as the gene
encoding the VTE3-methyltransferase play a roldath tocopherol and
plastoquinone biosynthesis (Fig. 1.2; Falkal., 2002; Liet al., 2008). In
addition, there is evidence that the phytohormaiesisic acid (ABA) and
ethylene and growth regulators such as jasmonid aocd salicylic acid
(SA) are able to affect tocopherol biosynthesisnianic acid is known to
accumulate under stress conditions. As a consequ@motosynthesis is
inhibited, but genes important for chlorophyll dadation, the synthesis of
anthocyanin and antioxidants, including tocopherate induced (Fallet
al., 2002; Munneé-Bosch and Alegre 2002; Sandorf antiaHder-Czytko,
2002; Munné-Bosch and Falk, 2004). In turn, therdased level of
tocopherols will cause a negative feedback ondkellof jasmonic acid as
already mentioned above (Munné-Bosch and Falk, ;2004 al., 2008). A
relationship between tocopherol biosynthesis andAAB likely, since
tocopherol biosynthesis genes suchhpd were shown to contain a ABA
response element in the promoter (Dahnhetrdt., 2002; Liet al., 2008).
Moreover, it has been reported that SA and the ayss@hytohormone
ethylene have an impact on tocopherol biosynthasishe endogenous SA
concentration correlates with the concentratiom-¢dcopherol in drought
stressed plants, and mutants of ethylene signalnmaiyperception exhibit a
sharp increase in the level @ftocopherol during leaf ageing, respectively
(Munné-Bosch and Reelas, 2004; Celet al., 2009).

To summarise, it is clear that tocopherols are plaain antioxidant network
and their biosynthesis is regulated by variousrimgglkand external signals
(Li etal., 2008).

1.2.6 The accumulation of tocopherols during leafehescence

When isolating cDNA clones for genes exhibitingeathanced expression
in barley leaves during dark-induced and naturaleseence under field
conditions, Kleber-Janke and Krupinska (1997) foumcDNA with a
significant homology to the sequence of the humalydfoxyphenyl-
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pyruvate dioxygenase, which was known to play &ae rol tyrosine
metabolism (Ruetschiet al., 1993). Measurement of tocopherols in
senescent barley leaves revealed that the senesassaciated expression
of the hpd gene correlates with an increased tocopherol obntd
approximately two fold fom-tocopherol and even approximately ten fold
for y-tocopherol (Chrostt. al., 1999). As early as 1989, thetocopherol
content was shown to be increased during leaf senes of Melia
azedarach (China tree),Vinca major (greater periwinkle) andCitrus
sinensis (orange). Additionally, the-tocopherol accumulation was detected
in orange fruits and citrus fruit peel (Riseatt, 1989; Sawamurat al.,
1986). The level oti-tocopherol was not elevated in senescent leaves of
Petroselinum sativum (parsely),Apium graveolens (celery) andNicotiana
tabacum (Rise etal., 1989). This last finding about tobacco is in
disagreement with data published many years |&ertihgeret al., 2003;
Falk et al., 2003; Abbaskt al., 2007). Although the same HPLC-method
was used, it was clearly demonstrated that theeobnvf a-tocopherol
increases constantly during leaf age of severakliof Nicotiana tabacum.
Obviously, the sensitivity of the HPLC-method hagkb improved over the
years.The analysis of tocopherols focuses very muchu-@acopherol, as
only few data exist aboyttocopherol (or the less important isoforfrsand
d-tocopherol). In the case gftocopherol, it was observed that senescent
leaves of tobacco overexpressing the barley 4-hxyghtzenylpyruvate
dioxygenase show an approximately ten fold higloetent ofy-tocopherol

in senescent leaves when compared to the contenyaning leaves (Fakt

al., 2003).

The functions of tocopherols during leaf senescareestill not clear to
date. On the one hand some functions point tdhésctassical antioxidative
function (Dertingeret al., 2003; Abbaset al., 2009), on the other hand it is
often also considered as a passive consequenceheofchlorophyll
breakdown that also occurs during leaf senesceRage (etal., 1989;
Doérmann, 2007). It has been hypothesised that exaesunts of phytol
resulting from chlorophyll breakdown during senemsemight be deposited

in form of tocopherols in the chloroplast (Rael., 1989; Dormann, 2007).
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1.2.7 Senescence-related phenotypes of mutants atrdnsgenic lines

affected in tocopherol biosynthesis

In order to investigate the relationship betweemeseence and tocopherols,
it is not only necessary to measure the tocopheookent in senescent
leaves of various plant species. It is also impurta study the senescence
behaviour of transgenic lines and mutants impaiied tocopherol
biosynthesis.

Very recently, it has been reported that a transgete2-RNAi-line of
tobacco (in the background of Samsun) which is1s@d for homogentisate
phytyltransferase (HPT, VTEZ2), and thus is tocophdeficient, showed an
accelerated leaf senescence in the lower leaveslasited by an elevated
level of the GS protein, reducebcS transcript amounts, an earlier decrease
of chlorophyll content and an increased level aflakve stress (Abbast
al., 2009). Unexpectedly, the transgenic line showedblock of sugar
export known from other tocopherol deficient plardise the already
mentioned RNAi-potato (Hofiust al., 2004) andsdxl maize mutant
(Provencheet al., 2001; Porfiroveet al., 2002), both lacking a functional
tocopherol cyclase (Lat al., 2008).

In addition, the diploma thesis of Thorsten Wa(#004) indicated, that the
vted knock-out mutant oArabidopsis thaliana shows a shortened life cycle
and accelerated leaf senescence. This suggestsedficspole for y-
tocopherol during leaf senescence.

Although the research on the phenotype of transderds and mutants with
a disturbance in tocopherol biosynthesis was qintensive, no further
senescence-related phenotype was identified, meitha transgeni5S
vted-RNAI tobacco nor in several tocopherol-deficienbkk-out mutants or
transgenic lines overexpressing a gene of the temop biosynthesis

pathway ofArabidopsis thaliana.
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1.3 Aims of this study

A major goal of this project is to elucidate thderof tocopherols during
leaf senescence of higher plants. Since it is kndhet tocopherols
accumulate during that last phase of leaf developme is hypothesised
that this accumulation is an inevitable passivesegaence of chlorophyll
breakdown. It was never considered or investigatduether tocopherol
might have any real functions, or whether theyase able to accumulate
during senescence when chlorophyll breakdown ivgmted. Therefore,
tocopherols and chlorophylls will be measured aygjreen organisms such
as theSAG12-IPT tobacco exhibiting a delay of leaf senescenceher t
Festuca/Lolium mutant with a block in chlorophyll catabolism. dontrast
to previous research;tocopherol accumulation should be compared-to
tocopherol accumulation to reveal putative spedifrections of both forms.
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2. Material and methods

2.1 Basic solutions & chemicals
All chemicals and solutions were purchased from hR@arlsruhe,
Germany), Sigma (Munich, Germany), Merck (Darmst&irmany), Life

Technologies (Karlsruhe, Germany) and Invitrogear(§tuhe, Germany).

* acetone

*  DAF-FM-(4-amino-5-methylamino-27-difluor ofluorescein) (DAF-FM)

« dithiothreitol (DTT)

e 10x DNA sample buffer: 50% (v/v) glycerine, 0.1% /My
bromophenol-blue

e double distilled water (dd#D)

« EDTA

* isopropanol

* kinetin solutions : 0.001 mM, 0.005 mM, 0.01 mM0®.mM, 0.1
mM

e 1x Laemmli buffer: 0.025 M Tris/HCI, 0.192 M gly@n
0.1% (v/v) SDS

e Luminogen™ TMA-6 Detection Solution A (Amersham Batences,
Buckinghamshire, UK)

e Luminogen™ TMA-6 Detection Solution B (Amersham 8igences,
Buckinghamshire, UK)

* magnesium hydroxide carbonate

* B-mercaptoethanol

* 5% (w/v) milk powder solution (ALDI Kaffeeweil3er)

* NacCl

* n-heptane

* NOx extraction buffer (10 mL): 5 mL sodium phosphatéfér, 4.998
L ddH,O, 0.002 mg NaEDTA

» protein extraction buffer: 125 mM Tris/HCI (pH 6,86 (w/v) SDS,
200 pL PMSF, 100 uM DTT

e protein sample buffer: 0.25 M Tris/HCI (pH 6.8), 484/v) SDS,
10 M urea, 2% (v/vB-mercaptoethanol, 20% (v/v) glycerol
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* Roti® Nanoguant Reagent (Roth, Karlsruhe, Germany)

* sodium dodecyl sulfate (SDS)

« 10 x TAE buffer (pH 8.5): 0.4 M Tris/HCI, 0.01 M B\, 0.2 M
acetic acid

e 1xTBST: 50 mM Tris/HCI, pH 7.4, 150 mM NacCl, 0.IPween 20

» tris(hydroxymethyl)-aminomethane (Tris)

« polyoxyethylene(20)-sorbitan-monolaurate (Tween 20)

2.2 General equipment

e Balance OL 3100-PCE Max 3100 g (Omnilab, Bremenntay)

* Blotting System Fastblot 34 (Biometra, Gottingeeyi@any)

e Centrifuge 5415D & 5415R (Eppendorf, Hamburg, Gerya

e Centrifuge 5804R with rotors FA45-30-11 and A-2-MTP
(Eppendorf, Hamburg, Germany)

« ECL film (Hyperflm™ ECL Amersham Biosciences,
Buckinghamshire, UK)

* Fine Balance A200S (Sartorius Analytic, Gottingéeymany)

* Gel Chambers for Protein Electrophoresis (Biome@Gaéttingen,
Germany)

e Gloves Gentle Skin Classic Large (Meditrade, Kisfielde,
Germany)

* Heatblock Thermomixer Compact (Eppendorf, HambGgrmany)

¢« HPLC including software Class-VP 7.4 SP1 (Shimadzuisburg,
Germany)

* Magnetic Mixer MR3001 (Heidolph, Kelheim, Germany)

* Maxi-Imaging-PAM and corresponding software ImagWig v 2.14
(Waltz, Effeltrich, Germany)

e Microwave 8017 (Privileg, Furth, Germany)

* Milipore Water Distillation Seralpur PRO 90 CN (&krMunich,
Germany)

* Minishaker M2 (IKA, Staufen, Germany)
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* OWL Separation Systems Electrophoresis Chambery East B1A
(Thermo Scientific, New York, USA)

* OWL Separation Systems Electrophoresis Chambery East B2A
(Thermo Scientific, New York, USA)

* PCR-Cycler Primus 96 plus (MWG Biotech, Ebersb&grmany)

* pH-Electrode Seven Easy (Mettler Toledo, Giessamntany)

e Pipettes (10 pL, 20 pL, 200 pL, 1000 pL) and tipsgendorf,
Hamburg, Germany)

* Premium Kombi Freezer -20 °C and Fridge 4 °C (LexbhBulle,
Schweiz)

*  PVDF membrane (BioRad, Munich, Germany)

* Syngene Digital Graphic Printer UP-D890 (Sony Dehitsnd,
Berlin, Germany)

* Geno/Grinder 2000 (SPEX CertiPrep, Stanmore, UK)

e Speed-Vac Master Jet (Heto, Oude Wetering, Nethesha

» Steam Autoklave 82525 (Webeco, Selmsdorf, Germany)

e TFX-20.M UV-Transilluminator (Vilber Lourmat, Ebeardzell,
Germany)

e Ultra Low Freezer CFC Free -85 °C (New Brunswic#ligén, USA)

» UV-VIS recording spectrophotometer UV-2501 PC (Suilzu,
Duisburg, Germany)

» Voltage Generator Standard Power Pack P25 (Biom@titingen,
Germany)

* Voltage Generators E863 & E834 (Consort, TurnhBatgium)

* Vortex 2 (IKA, Staufen, Germany)

2.3 Enzymes

« Taq DNA Polymerase, DNase | and-MuLV-Reverse Transcriptase

(MBI Fermentas, St. Leon-Rot, Germany)
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2.4 Markers

* Smart Laddefor DNA (Eurogentec, Koln, Germany)
» Page Ruler™ Prestained Protein Ladder (MBI Fernsgi@ta Leon-Rot,
Germany)

2.5 Commercial kits
Spectrum™ Plant Total RNA Kit (Sigma Aldrich, MuhicGermany)

2.6 Oligonucleotides for semi-quantitative RT-PCR

Gene-specific primer pairs were ordered from Sig8tainheim, Germany).

» cab encoding the chlorophy#/b-binding protein CAB;
accession number: AY219853;
foreward primer: 5’-gctggactttcagctgatcc-3’;
reverse primer: 5’-actgccaccagggtaaagtg-3’;
temperature of annealing: 60 °C; cycle number: 28

Conditions according to Winglet al., 2005

» ¢plencoding the cysteine proteinase CP1;
accession number: AY881011,
forward primer: 5’-attcatggggcagtaaatggggtg-3’;
reverse primer: 5’-cagtctaatccaagtctgcctcaa-3’;
temperature of annealing: 66 °C; cycle number: 27
(gene sequence published in Beyena., 2006)

¢ dinencoding DIN involved in molybdenum cofactor bin8esis;
accession number: AB026439;
foreward primer: 5’-tgagaattctttccttccc-3’;
reverse primer: 5'-ttcatcatccttcccgaaac-3’;

temperature of annealing: 56 °C; cycle number: 30
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efla encoding the elongation factor EE1

accession number: AF120093;

foreward primer: 5’-tcacatcaacattgtggtcattgg-3’;
reverse primer: 5’-ttgatctggtcaagagcctcagg-3’;
temperature of annealing: 60 °C; cycle number: 27;
taken from Wingleet al., 2005

gdh encoding the glutamate dehydrogenase GDH;
accession number: TC5199;

foreward primer: 5’-gggtgttctctttgctacgg-3’;
reverse primer: 5’-ctaacggtgacacca cctga-3’;

temperature of annealing: 50 °C; cycle number: 30

gsl encoding the cytosolic glutamine synthase GS1,
accession number: X95932;

foreward primer: 5’-aatctctcgactccactca-3’;

reverse primer: 5’-aagacct ttccag ctccaat-3’;

temperature of annealing: 54 °C; cycle number: 30

gus encoding the beta-glucuronidase GUS;
accession number: NC 000913;

foreward primer: 5’-tcgatgcggtcactcattac-3’;
reverse primer: 5’-atcagcacgttatcgaatcc-3’;
temperature of annealing: 58 °C; cycle number: 30;

obtained from Dr. Bianca Steffens, University oeKi

hgo encoding the homogentisate-1,2-dioxygenase HGO;
accession number: NC 003076;

foreward primer: 5’-ctgaacacaccttccgtcct-3’;

reverse primer: 5’-gagacttcaagccgatccag-3’;

temperature of annealing: 55 °C; cycle number: 30
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* hpd encoding the 4-hydroxyphenylpyruvate diogxygertdBeD;
accession number: TC47009;
foreward primer: 5’-gtacctccttcgtcccgttt-3’;
reverse primer: 5’-tccactacaggaccca gctc-3’;

temperature of annealing: 50 °C; cycle number: 30

* iptl encoding the isopentenyltransferase IPT;
accession number: X14410;
foreward primer: 5’-cggtccaacttgcacaggaa-3’;
reverse primer: 5'-tttctgttcctgtcgacgeg-3’;
temperature of annealing: 54 °C; cycle number: 32

* prlbencoding the pathogenesis-related protein PR1b;
accession number: X05453;
foreward primer: 5’-tggatgcccataacacagctg-3’;
reverse primer: 5’-cccccccttaattaagaccac-3’;
temperature of annealing: 60 °C; cycle number: 28;
taken from Wingleet al., 2005

* rbcL encoding the large subunit of Rubisco LSU;
accession number: M16896;
foreward primer: 5’-gcgctctacgtctggaagat-3’;
reverse primer: 5’-cccccgttaagtagtcatgc-5’;

temperature of annealing: 54; cycle number: 25

* rbcSencoding the small subunit of Rubisco SSU;
accession number: J01308;
foreward primer: 5’-agcacggatttgtctatcgtgaaa-3’;
reverse primer: 5’-gtaacatttcaaacaaactgcccc-3’;
temperature of annealing: 66 °C; cycle number: 27
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¢ vtel encoding the tocopherol cyclase VTEL;
accession number: AY536918;
foreward primer: 5’-aggatggcctgctgcttt-3’;
reverse primer: 5’-cgcaatgtggttccagga-3’;

temperature of annealing: 54 °C; cycle number: 28

2.7 Antibodies for Western blot analysis

e The primary antibody generated in a rabbit anderhiagainst the
whole Rubisco protein was kindly provided by Pra&ir. H. J.
Schneider-Potsch (University of Cologne, Germanty)was diluted
1:1000 in TBST.

* The secondary antibody, raised against rabbit acldding the horse-
radish peroxidase (HRP), was purchased from GE thizak
(Chalfont St. Giles, UK).

2.8 Soils and fertiliser for plant growth
* TKS2 (Floragard) mixed with sand (2:1)

e Stender Vermehrungssubstrat
» Fertiliser COMPO Blaukorn ENTEC

2.9 Plant lines

2.9.1SAG12-1PT line and SAG12-GUS line of Nicotiana tabacum

These lines (Fig. 2.1 A) were generated, initi@haracterised and kindly
provided by Prof. Dr. Richard Amasino, UniversityWisconsin, Madison,

USA (Gan and Amasino, 1995). TI®AG12-IPT tobacco is transformed
with a construct containing the senescence-speSAiG12-promoter and

the bacterialptl gene coding for the isopentenyltransferase, agkzyme

of cytokinin biosynthesis (Fig 2.1 B). The contlioke SAG12-GUS contains

thegus gene coding for beta-glucuronidase insteaigptdf
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young leaves
(at the top)

gradient of
leaf age

old leaves
(at the bottom)

SAG12- 1
iptl

Fig. 2.1 SAG12-IPT tobacco andSAG12-GUS tobacco (control). (A) On
the left the control plantsSAG12-GUS) and on the right th8AG12-1PT line
with delayed leaf senescence. The leaf age-gragientlicated by the arrow
on the right: old leaves at the bottom and youryds at the top of a plant.
The transgenic construct in tHf8AG12-IPT line is shown in (B). It is a
combination of the senescence-spec&8G12-promoter and théptl gene
coding for a key enzyme of cytokinin biosynthesis.

2.9.2Festuca/Lolium stay-green mutant and the wild type of_olium perenne
The Festuca/Lolium stay-green mutanfFig. 2.2) was generated, initially
characterised and kindly provided by Dr. Helen Camgh Institute of
Grassland and Environmental Research, Aberystwykh,(Thomaset al.,
1997).

2.9.3 Recombinant inbred lines (RILs) ofArabidopsisthaliana

These lines (Fig. 2.3) were generated and deschiddudetet al. (2002)
and Diazet al. (2005). RIL plant material for the analysis of dpberols
was kindly provided by Dr. Céline Masclaux-Daubed®RA, Versailles,

France.
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2.9.4GIn1.2 knock-out mutant of Arabidopsisthaliana

The gInl.2 knock-out mutant (FST120E03) belongs to the INFRMection
of T-DNA knock-out mutants and was described in thaster thesis of
Laure Gaufichon (INRA / Versailles, Unité de Nutit Azotée des Plantes,
2006, unpublished data). Plant material of gh#l.2 knock-out mutant for

the analysis of tocopherols was kindly providedDy Céline Masclaux-

Daubresse, INRA, Versalilles, France.

Fig. 2.Eestuca/Lolium and the wild type ofLolium perenne. On the left the wild type of
Lolium perenne, on the right thé&estuca/Lolium showing a stay-green phenotype.
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RIL310 RILO83 RIL2. RIL045 RIL272

Fig. 2.3 Recombinant inbred lines (RILs)Five RILs (RIL310, RIL083, RIL232, RIL045,
RIL272) showing different onsets of leaf senescdpasture from Diazt al., 2005).

2.10 Plant growth conditions

2.10.1 Tobaccgrown under normal growth conditions

SAG12-IPT plants andSAG12-GUS plants (control) were grown in a
greenhouse under natural light and with additidigglt for 16 h (7 — 23 h)
with a photosynthetic photon flux density of apgnoately 300 pmol s

! Each plant was grown in a large pot (~20 cm @)Ftoragard TKS2
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instant soil containing 50% (v/v) sand, and treated withtiliser once a
week with COMPO Blaukorn ENTEC (10 mM NGand 2 mM NH) until

flowering. Plants were watered every second day.

2.10.2 Tobacco grown under nutrient deficiency

SAG12-GUSplants (control) andSAG12-IPT-plants were grown in a
greenhouse under natural light and with additidigat for 16 h (7 - 23 h) at
a photosynthetic photon flux density of approxiyat800 pmol nf s’
Each tobacco plant was grown in a large pot (& 20 em) on nutrient-
depleted Stender Vermehrungssubstrat. Plants wete tneated with

fertiliser and watered every second day.

2.10.3Festuca/Lolium and the wild type ofLolium perenne

The Lolium/Festuca stay-green-mutant and the wild typelaiium perenne
were grown in a greenhouse under natural lightvaitid additional light for
16 h (7 — 23 h) by a photosynthetic photon flux siignof approximately
300 pmol nfs*. Approximately 20 plants were grown together ie ¢arge
pot (~30 cm @) on Floragard TKS2 instawil containing 50% (v/v) sand

and watered twice a week. Plants were not treatddfertiliser.

2.10.4 RILs andginl.2 knock-out mutant of Arabidopsis thaliana

RILs, theglnl.2 knock-out mutant and its corresponding wild typerev
grown in a growth chamber for eight hours undehmtligith a photosynthetic
photon flux density of 150-160 pmols®. The temperature was 21°C in
the day and 17°C in the night. Six plants were grawa small pot (60 mm
long, 65 mm wide and 60 mm high) on soil that was$ tmeated with
fertiliser (similar to Stender Vermehrungssubstrat)d watered every
second day with a solution containing 0.25 mMSKy and 0.25 mM
KHoPO,, 0.25 mM MgSQ, 0.25 mM CaCl Additionally, the watering
solution for the RILs also contained 3 mM of KpQ'he glnl.2 knock-out
mutant and the corresponding wild type were growrtwo groups: the
watering solution for one group also contained 2 KNO3; and that for the
other group 10 mM KN@
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2.11 Plant sampling

2.11. Leaves for the kinetics under normalgrowth aaditions

Leaves number 14 and 15 (counted from the bottdnone tobacco plant
per line were collected every week beginning in WA&nd ending in WAS
26. Samples of 50-100 mg were always taken fronsémee, defined areas
of the tobacco leaf (2-3 leaf discs of @ 1,7 cojrteasure the amount of
chlorophyll, carotinoid, tocopherol, soluble sugend to isolate RNA and
proteins (Fig. 2.2). Collecting of leaves was alsvggrformed at 10 o’clock.
Following photographically documentation of thef]el@af disc samples
were taken, immediately frozen in liquid nitrogerdastored by -80°C until
further use. For every week, three independent kmmjpom different,
defined areas of the tobacco leaf were analyseel r@$ulting values are the

mean of three measurements and given in relatiteafcurface.

AR e

Fig. 2.4 Sampling of tobacco leaves.Every
week leaf disc samples of tobacco for were taken
in the same way: 3 x 3 leaf-discs for tocopherols
(red), 3 x 2 leaf-discs for chlorophylls and
carotinoids (green), 3 x 3 leaf discs for soluble
sugars (yellow) and 2 x 3 leaf discs for RNA
(blue) and 1 x 3 leaf discs for proteins (white).

2= iy i

2.11.2 Tobacco leaves for the kinetics under nutme deficiency

Leaves number 15 and 16 of one tobacco plant perwere harvested

every week beginning in WAS 12 and ending up in WIAS Harvests were

performed at 10.00 o’clock. After the photographiiccumentation the

maximum photosynthetic efficiency of the leaf/Hs, was measured as a
senescence parameter. Samples (3 x 3 leaf dis@slof cm) for tocopherol

analysis were always taken from the middle pathefleaf, immediately



2 Material and methods 30

frozen in liquid nitrogen and stored at -80°C ufdrther use. For every
harvest, three independent samples from differdafined areas of the
tobacco leaf were analysed and averaged. Resukings are given relative

to the leaf surface.

2.11.3 Tobacco leaves for other experiments

* For the measurement of tocopherol content in taédge gradient,
tobacco was grown under normal growth conditioree (shapter
2.10.1). Three leaves number 10 (young) and tle@eeks number 20
(old) from theSAG12-IPT line and theSAG12-GUS line (control),
respectively, were collected in WAS 13. Leaf diamples (~1,7 cm
@) for measuring tocopherols (3 x 3), chloroph$lix(2) and NQ (1
x 3) were taken from the middle part of the leavesnediately

frozen in liquid nitrogen, and stored at -80°C Liuither use.

e For the analysis of tocopherol distribution in anamiformly
senescing tobacco leaf, tobacco was grown undenalogrowth
conditions (see chapter 2.10.1). Leaf disc sam{@es3; @ 1.7 cm)
were taken from green, yellow and brown tissueeaf humber 15
of the SAG12-GUS line in WAS 18 (Fig. 2.5 A). From th8AG12-
IPT line, leaf disc samples (3 x 3) were taken fromeg;, white and
brown tissue in WAS 27 (Fig. 2.5 B). As a contteBf disc samples
were taken from green, non-senescent tissue ofythug leaf
number 23 of SAG12-GUS in WAS 18. Leaf samples were
immediately frozen in liquid nitrogen and stored -80°C until

further use.

» For the regreening experiment with kinetin, tobascas grown
under normal growth conditions (see chapter 2.10¥gllow,
senescing leaf discs (2 x 2; 1.7 cm @) were (clployls and
carotinoids) taken from leaf number 15 in WAS 1@irtheSAG12-
GUS line (Fig. 2.6). Leaf discs were posed with thewér surface

on wet whatman filter paper in a petri dish andutmated in kinetin
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for three days in the dark at room tempeeatar three days, then

frozen in liquid nitrogen and stored at -&until further use.

Control B SAG12-IPT C control

e, %0
2

Fig. 2.5 Sampling for the analysis of tocopherol dtribution in a non-uniformly
senescing tobacco leafA) Leaf disc samples (3 x 3) were taken from brown yB)low
(y) and green (g) tissue of leaf number 15 of 8&12-GUS line in WAS 18.From the
SAG12-1PT line, leaf disc samples (3 x 3) were taken fromegr(g), brown (b) and white
(w) tissue in WAS 27. (C) As a control, leaf dismgples were taken from green, non-
senescent tissue of the young leaf number ZA6f12-GUS in WAS 18.

2.11.4Festuca/Lolium stay-green-mutant

From theFestuca/Lolium stay-green mutant, leaf number one was always
collected at 10 o’clock. 1 cm of the leaf tip andm of the leaf bottom were
removed by cutting. After the maximum photosynthefficiency, K/Fn, or

the SPAD value were measured as senescence pamsntbee leaf was

frozen in liquid nitrogen and stored by -80°C urftirther use.
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Control

Fig 2.6 Sampling for the
regreening  experiment  via
kinetin. Yellow (y), senescing leaf
discs (2 x 2) for measuring
pigments (chlorophylls and) were
taken from leaf number 15 in WAS
18 from theSAG12-GUSline.

2.11.5 RILs andglnl.2 knock-out mutant of Arabidopsis thaliana

For the measurement of tocopherols in the RILsy tmé first six emerging
leaves of the rosette were used. For the measuteshémcopherols in the
glnl.2 knock-out mutant and the corresponding wild typaterial of the

whole rosette was used.

2.12 Quantification ofa- andy-tocopherol via HPLC

The contents ofa- and y-tocopherol were analysed as described by
Déhnhardet al. (2002). Briefly, three leaf discs (& 1.7 cm), ethhad been
frozen in liquid nitrogen, were ground with the ®&arinder2000 and
extracted with 200 - 1000 pL n-heptane at -20 °Cafoleast 24 h. After
centrifugation at 15.000g, the clear supernatant was analysed by normal
phase HPLC. A sample volume of 20 pL of the sam@e analysed using

a LiChrosphere Si 60 (5 pum) column (4 x 250 mm)hwitheptane/2-
propanol (99 + 1) as eluant and a flow rate ofrildmin. Tocochromanols
were detected and quantified by fluorimetry (moRE&LOAXL, Shimadzu)
set athexcitation= 290 NM and.emission= 328 nm. To calibrate the system and
to verify the identity of individual peaks, tocopbestandards from Merck
(Darmstadt, Germany) were used. Data analysis wd®rmed using the
Class-VP 7.4 SP1 software (Shimadzu, Duisburg, @eyn
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2.13 Extraction and analysis of chlorophylls and aatinoids

Two leaf discs, which had been kept at -80°C, (Bcin) were ground with
the Geno/Grinder2000 and repeatedly extracted Qh— 2 mL ice-cold
acetone after addition of a few crystals of magmasiydyroxycarbonate to
avoid pigment oxidation. Chlorophyll and carotinemhtent were estimated
spectrophotometrically, using the specific absorpticoefficients for
chlorophyll a, chlorophyll b and carotinoids reported by Lichtenthaler
(1987).

2.14 Determination of PSll-efficiency by Imaging-PM

Before the sampling, the maximum photosyntheticicieificy of
photosystem 1l (FF,) was analysed using the Maxi-Imaging-PAM
(IMAG-MAX/K-Dolphin, Heinz Walz GmbH, Effeltrich, ®&rmany).
Measurements were performed as described in Sehreibal. (1986).
Briefly, leaves were incubated in the dark for 3id o oxidise the reaction
center of PSII and put under the Imaging-PAM emipigypulse-modulated

measuring light for fluorescence excitation.

2.15 Measurement of SPAD

The relative chlorophyll content was measured witike SPAD 502
Chlorophyll Meter of Minolta (Japan). On a measgrsurface of 2 mm
x 3 mm, the relative content of chlorophyll is detened by measuring

the absorption in the red and infrared wavelengtige.

2.16 Quantification of soluble sugars

For the determination of soluble sugars (fructafleacose and sucrose),
three frozen leaf discs stored in liquid nitrog@€nh1(.7 cm) were ground with
the Geno/Grinder2000 and resuspended in 900 plistfled water. After
centrifugation at 15.000g for 10 min at 4 °Cthe supernatant was heated to
100°C for 3 min to denatuthe enzymes. Soluble sugars in the resulting
solution were quantified by HPLC coupled to a pdisamperometry
detector (Dionex 4500iDionex Softron, Germering, Germany). Three
independent samples from different, defined arédbentobacco leaf were
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analysed at least twice and averaged. Resultingegare given as the mean
relative to leaf surface. These HPLC-analyses wedopned in the

laboratory of Prof. Dr. T. Roitsch (University of(zburg, Germany).

2.17 Semi-quantitative RT-PCR

For semi-quantitative RT-PCR, total RNA was extedctrom three frozen
leaf discs (& 1.7 cm) using the Spectrum™ PlanalTRNA Kit according
to the manufacturer's protocol (SIGMA The resulting pellet was
resuspended in 50 pL dgBl. 5 pg of total RNA were treated with 1 unit
DNase (1 h, 37°C) to remove genomic DNA contamisiaDiNase | treated
RNA as a template and primers for the constituyive{pressed gengfla
served as a negative control and a sample withg3@f genomic DNA as a
positive control. RNA was transcribed to cDNA wih5 pg oligo(dT)
primers and the RevertAiM-MuLV-Reverse Transcriptase (MBI
Fermentas) according to the manufacturer’s protdgobsequently, 30 ng
of cDNA was used for PCR. The PCR program startéth & 5 min
denaturation at 95°C. The cycle profile consistéd anin denaturation at
95°C, 1 min annealing at 50-68°C depending on pleeific primer pair and
1 min extension at 72°C. Cycle number varied depgnan the gene-
specific primer pair. An additional extension wasred out for 5 min at
72°C following the cycling. The gene-specific primmairs, the annealing

temperature and the cycle number are given in en@p8..

2.18 Western blot analysis

Soluble proteins were extracted from in liquid ogfen frozen and ground
leaf samples (@ 1.7 cm) of about 100 mg by homageioin with 300 pL of
warm (60°C) protein extraction buffer. After mixinigcubation for 10 min
at 100°C and centrifugation for 15 min at 14.0@)xhe supernatants were
used for protein concentration determination udimg Roti® Nanoquant
reagent (Roth, Karlsruhe, Germany). Proteins wexeatlired in protein
sample buffer by incubation at 95°C for 20 minut@stein extracts were

loaded on a 14% (w/v) SDS containing polyacrylangeé 20 ug per lane,
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and gel electrophoresis was performed at 4°C am28in 1x Laemmli

buffer. Proteins were transferred onto a PVDF mamér(BioRad, Munich,
Germany) with the help of the Blotting System Fhxdti84 (Biometra,

Gottingen, Germany). The transfer was performed gold room (4°C) at
0.65 mA / cri of gel. The membrane was incubated in a 5% (w/ik m
powder solution for 15 min at 4°C. After washingtiwiTBST, the

membrane was incubated over night with the primamyibody raised
against whole Rubisco protein. The primary antib@ys generated in a
rabbit and kindly provided by Prof. Dr. H. J. Sciuse-Potsch (University
of Cologne, Germany) and used at a working conagatr of 1: 1000 in

TBST. After washing with TBST, the membrane wasulvated in a 5%
(w/v) milk powder solution for 15 min at 4°C. Sulgsently, the membrane
was washed with TBST and incubated for 60 min th#h secondary horse-
radish peroxidase (HRP)-linked antibody generated rabbit and ordered
from GE Healthcare (Chalfont, St. Giles, UK). Tlee@ndary antibody was
diluted 1: 2500 in TBST. For detection, equal antewi detection solution
A and detection solution B were mixed and appliedtie membrane.
Chemoluminescence was detected in a dark room usmdCL film

(Hyperfilm™ ECL Amersham Biosciences, Buckinghamshi UK).

Molecular mass standard proteins (Page Ruler ™dtnesl Protein Ladder)

were purchased from MBI Fermentas (St. Leon-Rotn@ay).

2.19 Determination of NQ content

Three leaf discs kept in liquid nitrogen (& 1.7 cwgre ground with the
Geno/Grinder2000 and extracted with 1 mL N&xtraction buffer. After a

centrifugation for 15 min at 14.000gy, 490 pL of supernatant were
incubated with 10 pL of DAF-FM for 10 min. Subseqthg the reaction

mix was transferred to a 96-well plate (150 pL petl) and analysed by
fluorimetry (excitation: 480 nm, emission: 515 nmnhancement: 60,

number of flashes: 10, time of integration 40 gmperature: 21.5°C).
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3 Results

3.1 Temporal, quantitative and functional characteisation
of tocopherol accumulation inSAG12-1PT tobacco

Gan and Amasino published in 1995 tIS&G12-1PT tobacco exhibits a
delay of leaf senescence caused by the autoredubateluction of IPT, a
key enzyme of cytokinin biosynthesis (see chapterk5 and 2.9.1).
Cytokinin is known to be a senescence retardinggbtoymone and can also
reverse senescence (Richmond and Lang, 1957; GhAmasino, 1996).
In plants synthesising cytokinin during leaf seme®e, chlorophyll content
remains nearly stable up to the final phase of dedith. Therefore, these
plants are suitable to investigate, whether theimctation of tocopherols is
a passive consequence of chlorophyll breakdownalfeady mentioned in
chapter 1.2.6, it has been hypothesised that exasssunts of phytol
resulting from chlorophyll breakdown during senemsemight be deposited

in form of tocopherols in the chloroplast (Rael., 1989; Dérmann, 2007).

3.1.1 Development-dependent changes of tocopherohtent in leaves of
SAG12-I PT-tobacco
In order to investigate the relationship betweaoptherol accumulation and

chlorophyll degradation, leaf number 15 of ®®&G12-IPT line and of the
control, respectively, were analysed by HPLC fairtk- andy-tocopherol
and chlorophyll content over a period of 18 weekarting in WAS 9 and
ending in WAS 26. Through regular treatment of phents with fertiliser,
the life span of leaf number 15 was approximatlywegks longer than that
of the control plants (Fig. 3.1). The transgenielstays green until WAS
26 (Fig. 3.1), goes immediately into programmed death and dies finally
in WAS 27. In the control plants, leaf number 15ergoes normal leaf
senescence which can be divided into three steggtion took place in
WAS 15 with first visible loss of chlorophylls, empally at the border
areas, in WAS 17 the second stage of reorganisatiocared (see chapter
1.1.1). Interestingly, at this point in time thefi@eins used for the transport
of nutrients were still green, whereas the mesdphgtl already turned
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yellow. In WAS 18 the terminal and third stage @&afl senescence
programmed cell death occured (Fig. 3.1).

WAS 13 15 17 18 19 21 22 24 26

s W QTOTOTROTI NS
LRI

Fig 3.1 Development of leaf number 15 il8AG12-1PT-tobacco grown under normal
growth conditions. In a course of 18 weeks, beginning in WAS 9 andrenth WAS 26,
every week leaf number 15 was collected from 8A€12-1PT plant and from one control
plant, respectively, for further analyses.

Control

To monitor the progression of senescence, the devklchlorophylls and
carotinoids were determined during leaf developménacetone extraction
and spectrometry. A constant decrease in the amamfuchlorophyll took
place in the control plants throughout the whoteeticourse (Fig. 3.2 A).
From WAS 9 to WAS 14, about 50 % of chlorophyll wadesgraded, and in
WAS 17 nearly no chlorophyll was left (Fig. 3.2 Ah the SAG12-1PT
tobacco, some residual traces of chlorophyll weiteesent in WAS 26
(Fig. 3.2 A). The carotenoid content of the conplaints decreased rapidly
from WAS 9 to WAS 13, but a small amount was skdtectable in WAS 19
(Fig. 3.2 B). In theSAG12-IPT tobacco carotenoid levels remained fairly
constant until WAS 26 (Fig. 3.2 B).
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Fig. 3.2 Development-dependent changes of pigmentrgent in leaf number 15.In a
course of 18 weeks, beginning in WAS 9 and endm§ViIAS 26, leaf number 15 of the
SAG12-1PT line (dark dots) and of the control (white dotsgsaanalysed for its content of
chlorophylls (A) and carotenoids (B) by acetoneraotion and spectrophotometry. The
values represent the mean of triplicates and alative to the leaf surface.
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To investigate the impact of chlorophyll degradatom the accumulation of
tocopherols, the- andy-tocopherol content was measured in the leaf over
the time course of 18 weeks (Fig. 3.3). In accocdawith the results
described by Dertingeat al. (2003), the content af-tocopherol increased
during leaf senescence in an approximately leafdegpendent manner. In
the control plants, the accumulationeetocopherol started in WAS 15 and
the maximal levels oéi-tocopherol (approximately 1,7 pg/€mwas found
in WAS 17 (Fig 3.3 A). Then the content @tocopherol decreased again,
until the leaf finally died in WAS 19 (Fig 3.3 AT.he SAG12-IPT tobacco
showed a quite similar curve shape éstocopherol in the first half of the
plant’s life span, beginning in WAS 15 with a firsaximum of nearly 1,0
ng/ cnfin WAS 17, followed by a decrease up to WAS 19 (Big A). At
this time point the leaf of th®8AG12-1PT tobacco still seemed to function in
the same way as the control leaf that was destinaetie. However, from
WAS 20 onwards the senescence specific activatiohnedSAG12-promoter
initiated the production of IPT resulting in an md@tion of the life span. As
a consequence, the content wetocopherol increased again reaching its
second significant maximum of approximately 2,3 grgf in WAS 24 (Fig.
3.3 A). Afterwards the amount af-tocopherol declined until cell death
terminated the life span of the leaf (Fig. 3.3 K).is notable, that the
maximal value foro-tocopherol in the control (approximately 1,7 pgfrm
was just approximately 70% of the maximal valueaoi#d for theSAG12-
IPT line (nearly 2,3 pg/ chn

Interestingly,y-tocopherol accumulated in the amounts of ng arldndit
seem to be age-dependent but transient at latgesstaf senescence as
evidenced by the significant peak occuring in WASahd WAS 18 of the
control (Fig. 3.3 B). However, th&&AG12-IPT tobacco showed no
accumulation of-tocopherol in WAS 17 and 18, as observed in therog
and just a low increase in WAS 24 to WAS 26 (Fi§. B).

The tocopherol and chlorphyll measurements dest@beve were not only
performed with leaf number 15, but also with leainier 14 (Fig. 3.4).
The results obtained for leaf number 14 were simitathose for leaf

number 15.
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Fig. 3.3 Development-dependent changes of tocophkmontent in leaf
number 15.Over 18 weeks, beginning in WAS 9 and ending in S\i26, the
a-tocopherol (A) andy-tocopherol (B) content of leaf number 15 of the
SAG12-1PT-line (dark dots) and of the control (white dot®reranalysed by
HPLC. Mean values of triplicate measurements wase on leaf surface.
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Fig. 3.4 Development-dependent changes of tocophkamd chlorophyll content in leaf
number 14. During 18 weeks, from WAS 9 - 28, leaf number f4he SAG12-IPT-line
(dark dots) and of the control (white dots) waslgsed by spectrophotometry for its
chlorophyll content (A) and by HPLC for itstocopherol (B) ang-tocopherol content (C).
Values are given as the mean of triplicate measem¢srand were based leaf surface.
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3.1.2 Impact of cytokinin on the content of tocoph®ls and pigments

To examine, whether tocopherol content is affedigdnew chlorophyll
synthesis, a regreening experiment with the cyiokikinetin was
performed. Senescent, yellow leaf discs from thenadly senescing control
tobacco were treated with kinetin solutions of eliéint concentrations (Fig.
3.5). After three days of incubation the amount totopherols and
chlorophylls present in the tobacco leaf discs amalysed. As can be seen
in Fig. 3.5 the regreening effect was directly mmjonal to kinetin
concentration. This was confirmed by the chlorophytasurements (Fig.
3.6 A).

0 0.001 0.005 0.01 0.05 0.1
. @ & y g =
® & @& &80 - : @
» @y > v @ ®@®
S =4 o - - ®

Fig. 3.5 Regreening of senescent tobacco leaf discs afténdtin treatment. Yellow leaf
discs from the normally senescing control tobacesewposed with their lower surface on
wet whatman filter paper in a petri dish and predidn their upper surface with 5 pL
microliter of kinetin at different concentration® M, 0.001 mM, 0.005 mM, 0.01 mM,
0.05 mM and 0.1 mM). After incubation for three day the dark and at room temperature,
the content of chlorophylls and tocopherols wassuesd.

The concentration of kinetin seemed to have nactlimpact on the content
of tocopherols. Neither the-tocopherol (Fig. 3.6 B) nor thgtocopherol

levels (Fig. 3.6 C) were significantly differenttexf the regreening by
different concentrations of kinetin. This indicatethat tocopherol
accumulation is independent of chlorophyll breakdoas it occurred not
only when chlorophylls were degraded, but even wttdorophyll wasde

novo synthesised. In addition, these results demosestrathat the

accumulation of tocopherols is independent of ciytiok
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Fig. 3.6 Content of chlorophylls and tocopherols atdent in yellow, senescent leaf discs
after kinetin treatment. 5 pL kinetin at different concentrations (0 mMQ@1 mM, 0.005
mM, 0.01 mM, 0.05 mM and 0.1 mM) were added toupper surface of yellow, senescent
leaf discs taken from the normal senescing comédobcco. After an incubation for 3 days
in the dark and at room temperature leaf discs waralysed for their content of
chlorophylls (A), a-tocopherol (B) and-tocopherol (C). The values represent the mean
values for two leaf disc extracts.
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3.1.3 Development-dependent changes of free solulslegar content in
leaves ofSAG12-1 PT tobacco

A look at the developmental changes in the corgénttocopherol (Fig. 3.3
A), might address the question, whether the maxinmumM/AS 24 is only
due to its traditional function as an antioxiddhthas also been proposed,
that the function of tocopherols could be relatedtite regulation of
carbohydrate metabolism, especially to the expbrsugars from source
leaves. In support of this hypothesis fkdl-mutant of maize (Russkt al.,
1996) as well as thetel-RNAi-potato (Hofiuset al., 2004), both lines
deficient in tocopherols, exhibit a significant anwlation of free soluble
sugars and starch.

In this work free soluble sugars such as glucosg @7 A), fructose (Fig.
3.7 B) and sucrose (Fig. 3.7 C) were measured glleiaf development of
the SAG12-IPT tobacco to determine, whether the accumulatione-of
tocopherol is accompanied by a disturbance in aleisation. Samples
were analysed by a HPLC-system coupled with pulaegberometry
detection in the laboratory of Prof. Dr. T. Roitsthniversity in Wirzburg.
To monitor the changes of C-remobilisation in 8¢12-IPT line, the ratio
between the amount of total monosaccharides (gbuphss fructose) and
the amount of the disaccharide sucrose was cadtl(&ig. 3.7 D).

All soluble sugars measured, namely glucose, fegctand sucrose, were
significantly increased during the whole leaf deyehent in theSAG12-1PT
line compared to control plants (Fig. 3.7 A-C). §h$ in accordance to
measurements performed by Wingktral. (1998). Especially at the later
stages of development (WAS 19 to WAS 25), whichduaracterised by an
increased level of a-tocopherol (Fig. 3.3), th&AG12-1PT line showed
values for free soluble sugars that were all highan those measured for
the control plant from WAS 13 to WAS 17 (Fig. 3.73). Finally, the ratio
between the amount of total monosaccharides (ghuphss fructose) and
the amount of the disaccharide sucrose was cagcllafhis ratio was
increased in th&AG12-IPT line compared to the control (except in WAS
15) suggesting decreased sucrose transport orcthenalation of hexoses
(Fig. 3.7 D).
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Fig. 3.7Developmental changes in soluble sugar conterRelated to the tobacco kinetics
described in chapter 4.1, the content of glucosg fructose (B) and sucrose (C) was
measured in th&AG12-I1PT line (white bars) and in the control (dark bars) BiLC
coupled with pulsed amperometry detectidhe ratio of (glucose + fructose)/sucrose is
shown in (D).The mean of triplicare measurements were basedadsurface.

Overall, the sugar measurements revealed, that a@be-dependent
accumulation ofu-tocopherol observed in leaf number 15 of BG12-
IPT-line (Fig. 3.3 A) was accompanied by an accumaitabf free soluble
sugars (Fig. 3.7).

3.1.4 Development-dependent changes of gene expi@ssn leaves of

SAG12-IPT tobacco grown under normal growth conditions

To gain further insight into the functions and tiegulation of tocopherol
biosynthesis during leaf senescence, the expresdi@ variety of genes
was analysed at selected time points of developraedtcompared to the
tocopherol levels. Analysis of gene expression wasformed by
semiquantitative RT-PCR.

The expression of thefla gene (Fig. 3.8 A) coding for the translation
elongation factor ERd was used as a control as it is constantly exptdesse
throughout leaf development (Bouquenal., 2001). When determining the
developmental changes aftocopherol content in th8AG12-IPT line, it

was supposed that the activation of tI8G12-promoter and the
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corresponding production of IPT does not take plaeéore WAS 109.
Indeed, the expression of the bactenml gene, that was transformed into
tobacco under control of th@AG12-promoter (see chapter 2.9.1; Gan and
Amasino, 1995), showed no significant induction topWAS 22 in the
SAG12-IPT line (Fig. 3.8 A). In the control tobacco line taiming thegus
gene instead afptl, the induction of th&AG12-promoter already occured
in WAS 13 (Fig. 3.8 A), although the leaf exhibited visible signs of
senescence (Fig. 3.1) and no degradation of chhgtisp(Fig. 3.2) at this
time point.

As Welschet al. (2003) found an ATCTA element present in the prtano
of photosynthesis-related genes and in genes cddiripe enzymes of the
biosynthetic pathway for tocopherols, common reigulamechanisms for
tocopherol biosynthesis and photosynthesis wersidered. Therefore, the
expression level of genes related to tocopherdyithesis (3.8 B) and the
expression of three photosynthesis marker gen8sJBwere analysed.

As genes which are related to tocopherol biosymghbe three gendspd,
vtel andhgo were selected (Fig. 3.8 B). Whilgpd andvtel gene products
are part of the biosynthetic pathway for tocophgrotatalysing the
conversion of p-hydroxy-phenylpyruvate to homogentisate and the
cyclisation, respectively, tHago gene encodes the HGO enzyme that is part
of another biosynthetic pathway, which competes whe former pathway
for the biosynthesis of tocopherols and plastoquéieee chapter 1.2.4;
DellaPenna, 2005). The HGO enzyme is able to rerhow@ogentisate from
the tocopherol biosynthesis pathway convertingoitnialeylacetoacetate.
Therefore, the level ohgo gene expression might provide interesting
insights into the regulation of tocopherol biosydis. In the control plants,
all tocopherol-related genes anaylsed showed aerased expression from
WAS 13 to WAS 17 (Fig. 3.8 B) suggesting that tleewmulation of
tocopherols during leaf senescence is at leastypasgulated at the
transcriptional level. While the senescence-enhdegpression diipd gene
could already be demonstrated in senescing bazbexebk (Kleber-Janke and
Krupinska, 1997), the senescence-associated eigraxdigo was found in
rosette leaveg\rabidopsis thaliana (Dixon and Edwards, 2006; Diploma
thesis of Christian Sievert, 2008). The increasqutession of thépd gene
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may be responsible for the higher accumulatiomobpherols as well as the
increasecdhgo expression representing the competing pathwaylelaads via
maleylacetoacetat to fumarate and acetoacetateel®8G12-1PT line, the
senescence-associated expression of the threeherobpelated genes was
not as clear as in the control. Thgo gene showed a stronger signal in
WAS 25 compared to former harvests in WAS 13 — WI&S(the missing
signal in WAS 22 is most likely due to a PCR ant&fawhereas thetel
gene gave stonger signals in WAS 13, WAS 19 and V¥AS$Fig. 3.8 B).
By contrast, thehpd gene exhibited stronger signals from WAS 17 on,
which were most pronounced in WAS 17 and WAS 25.

As genes related to photosynthesis the nuclas gene encoding the small
subunit of Rubisco, the plastidibcL gene encoding the large subunit of
Rubisco, and the nucleaab gene that encodes the chloroprg/l-binding
protein were chosen (Fig. 3.8 C). THaL gene as well as theab gene
were down-regulated in the control from WAS 13 té\8/17 (Fig. 3.8 C).
By contrast, the expression of the nucldaS gene appeared to be constant
(Fig. 3.8 C). While plastom-containing chloroplaate degraded quite early
in the progression of senescence, the nuclear gememains active until
later stages of senescence thus ensuring the sigrexf SAGs (Yoschida,
2003). TheSAG12-1PT line exhibits no down-regulation of these three
photosynthesis-related genes. The signalscér and rbcS were constant
and the signals fabclL even increased throughout the time course.

In order to investigate whether the disturbancereshobilisation in the
SAG12-IPT line is restricted to processes of carbohydrateabmdism, the
expression of two senescence-associated markers ritrogen
remobilisation, namelyghd and gsl (Masclaux-Daubresset al., 2005;
Pageauet al., 2006), was examined (Fig. 3.8 D). In the contitbie
expression ofsl andgdh was induced in WAS 17, which represents a later
phases of leaf senescence. In 8&12-1PT line, the expression of both
genes was already detectable in WAS 17 and agaMA® 22 and 25. It
should be noted that the levelgsl expression ilBAG12-I1PT line was very
low throughout the whole time course compared @ dignal obtained in
WAS 17 of the control (Fig. 3.8 D) and that the mgsion pattern ofsl
andgdh was quite similar to that dipd (Fig. 3.8 B).
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Fig. 3.8 Developmental changes in gene expressi@ene expression was analysed in the
control and in theSAG12-1PT line using semiquantitative RT-PCR. The followiggnes
were analysed: (A) the constitutively expressecegfln was used a control and the genes
gus andipt indicate the activity of th&AG12-promoter in the controlSAG12-GUS) and in
the SAG12-IPT line, respectively (A). The genépd, vtel andhgo are genes related to the
biosynthetic pathway of tocopherols (B), wheragésl, rbcS and cab are genes of
photosynthesis (C). The gengdh andgs indicate nitrogen remobilisation (D), whitp1,
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To monitor the onset and the progression of leaéseence, two different
molecular senescence markers were used. Firstyyclh gene, which
encodes the tobacco cysteine proteinase CP1, tlugenous orthologue of
the SAG12 gene inArabidopsis thaliana (Beyeneet al., 2006). Secondly,
the senescence-associathéd gene, which possesses 56 % identity to the
Atsenl gene that is distinctively regulated during ndtuaad artificially
induced leaf senescence (@hal., 1996, Yangt al., 2003). In the control
line a significant induction of both senescencesaisted genes occured in
WAS 15, with the strongest signal obtained in WAS When the transient
accumulation ofy-tocopherol was observed (Fig. 3.8 E). In 8412-1PT
line, the expression of the senescence-associaedsdin and cpl was
clearly detectable in WAS 19 (Fig. 3.8 E). Inteirggity, the signals obtained
in the SAG12-1PT line were not as pronounced as in the control. (Fi§ E).
Furthermore, the expression level of the pathogsniekated geneorlb,
which should monitor cell death processes (Winglerl., 2005), was
examined (Fig. 3.8 E). In the control plarpslb expression was restricted
to WAS 17, a time point that exhibits a strong siant accumulation of-
tocopherol. In theSAG12-IPT line, prlb was clearly not induced before
WAS 25 (Fig. 3.8 E).

3.1.5 Degradation of Rubisco in leaves &AG12-1 PT tobacco

To establish whether increased expression ofrbok gene results in a
higher amount of Rubisco, Western blot analysis per$ormed. Although
the antibody was raised against the whole Rubisoten, the small subunit
was not detectable. However, according to previepsrts (Wingleret al.,
1998; Jordiet al., 2000) the degradation of Rubisco was delayedhduhe
leaf development of th8AG12-1PT line (Fig. 3.9).

The level of protein monitored by the Western l@oalysis did not follow
the expression data obtained for thEL gene. The expression obcL
increased in the second half of the time coursg. (Bi8 B), whereas the
amount of Rubisco protein decreased during thae t(fig. 3.9). As the
degradation of Rubisco is an established indicafor protein

remobilisation, these results are in accordancé wit observation that
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remobilisation processes are impaired by the emmge production of
cytokinin in theSAG12-IPT line (see chapter 1.1.5). This suggests that the
accumulation of tocopherols, especialtytocopherol, counteracts this

impairment.

Control SAG12-I1PT
WAS 13 15 17 13 15 17 19 2%

- h!.”-.-

Fig. 3.9 Immunological detection of the large subuh(LSU) of Rubisco in leaf number
15. Proteins were extracted from 100 mg leaf materiafter denaturation and
quantification, 20 pg of extract was loaded onttD& SDS polyacrylamide gel. Proteins
were blotted to a PVDF membrane and detected witardibody raised against the whole
Rubisco protein.

3.1.6 Impact of nutrient deficiency on tocopherol antent of leaves of
SAG12-I PT tobacco

Many reports state that tocopherols are necessanry & proper

remobilisation of carbohydrates, since tocophesdleient maize mutants
and tocopherol-deficient RNAi-potato lines exhiaiblock in sugar export
(Provencheret al., 2001; Porfirovaet al., 2002; Hofiuset al., 2004). In
addition, the results presented in this work ingicdhat plants which are
impaired in remobilisation like th&AG12-IPT tobacco show increased
levels of tocopherols as the maximal value deocopherol in the control
was just approximately 70% of the maximal valueaoi#d for theSAG12-
IPT line (Fig. 3.3).

The next question to be addressed was whetherheoolpcontent is altered
when plants have an enhanced need for remobilisafio this end tobacco
plants were grown under nutrient-deficient conaisiolt is well-known that
nitrogen depletion (or deficiency) causes an irggea the recycling and

remobilisation of nitrogen, when the uptake of mutts from the soil is



3 Results 51

limited (Schulzeet al., 1994; Diazet al., 2008). As a consequence, plants
are highly dependent on recycling and inner orgamsdistribution of
remobilised macromolecules (Schukteal., 1994; Diazet al., 2008). The
development of leaf number 15 is shown in Fig. 3T@e time period of
growth was shortened in comparison to normal graetiditions (Fig. 3.1).
While the control leaf died in WAS 16, tI8AG12-IPT leaf was still alive
up to WAS 22 (not shown). Interestingly, the lifgaa of leaf number 15 of
the control plants was approximately two weeks t&@navhen grown under
nutrient deficiency (compare Fig. 3.1 and Fig. 3.lMthereas leaf number
15 in theSAG12-IPT line showed a life span reduced by approximateky f

weeks when nutrients coming from the soil were tkahi

WAS 12 13 14 15 16 17

SAG12-IPT

Control

Fig 3.10 Development of leaf number 15 iSAG12-1PT tobacco grown under nutrient

deficiency. Plants were grown on “Stender Vermehrungssubstvatiout fertiliser for 17
weeks. Every week leaf number 15 was collected feo®G12-1PT plant and from one
control plant, respectively, beginning in WAS 12landing in WAS 17.

Plants of both lines exhibited very small amounts ablorophylls
throughout the whole time, alternatively the raifd=/F,, was measured to
determine the onset and progression of leaf senesdéig. 3.11 A). The
F/Fn value describes the maximal efficiency of PSIlI aada reliable
indicator of senescence (Humbeskal., 1996). In the control plants, the

maximum efficiency of PSII started to decrease iantly in WAS 15
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and was below the level of detection in WAS 16 (Rdl1l A). In the
SAG12-1PT line, R/F, was constant throughout the whole time span
analysed (Fig. 3.11 A).

The values fon-tocopherol were quite high in young and senesleavies

of both lines (Fig. 3.11 B). Under nutrient-defitie conditions the
accumulation of a-tocopherol was not restricted to senescence. This
supports the rationale thattocopherol accumulation is generally related to
remobilisation as the need to remobilise is givemgl before the onset of
senescence. Especially the higtiocopherol content in WAS 16 of the
control is noteworthy as the leaf still containedrenthan 2 pg/cm(Fig.
3.11 A), although the leaf had already lost all pteotosynthetic activity
(Fig. 3.11 B).

In the SAG12-1PT line, the values foy-tocopherol increased transiently in
WAS 13 and WAS 14 while in the control the maximualue was already
observed in WAS 12 (Fig. 3.11 C).

The tocopherol values from the first time courselgtunder normal growth
conditions (Fig. 3.3) were compared to those frome time course
experiment under nutrient deficiency (Tab. 3.1)WAS 13, leaf number 15
contained an approximately ten fold higletocopherol content and an up
to 100-fold highery-tocopherol content when tHeAG12-IPT and control
plants were grown under nutrient deficiency. As thmounts ofy-
tocopherol are minimal and therefore negligible, tbtal tocopherol content
mainly reflects the amounts aftocopherol. The ratio of-tocopherol /o-
tocopherol significantly increased to approximatedy fold in the control
and about two fold in th&AG12-IPT line when plants were grown under
nutrient-deficient conditions and not under normiadwth conditions (Tab.
3.1).

In summary, this experiment demonstrated that atplath an increased
need to remobilise, for example during senescemoghen grown under

nutrient deficiency, exhibits a higher contentafdpherols.
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Fig. 3.11 Developmental changes of tocopherol conten leaf number 15

of SAG12-1PT tobacco grown under nutrient deficiency.In leaf number
15 of the SAG12-IPT line (white bars) and of the control line (dark$)athe
maximum PSII efficiency (A) was determined by ImagPAM and the
contents ofu-tocopherol (A) and-tocopherol (B) were measured by HPLC
over a period of six weeks, beginning in WAS 12 amdling in WAS 17.
Values are given as the mean of triplicate measenémnd were based leaf
surface.
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Tab. 3.1 Content of tocopherols in leaves SAG12-IPT tobacco grown under normal
growth conditions and under nutrient deficiency. The table compares the tocopherol
content in leaf number 15 &AG12-1PT tobacco and control, grown under normal growth
conditions, and the tocopherol content of leaf nemb5 of SAG12-1PT tobacco and the
control, grown under nutrient deficiency, in WAS. Ihe values fou-tocopherol and-
tocopherol (both in pg/ch stated here were determined under the normal throw
conditions described in chapter 4.1.1 and thosesundtrient deficiency detailed in this
chapter. The values for the contentigtbcopherol ang-tocopherol are the mean values of
triplicate measurements with the standard devigtiD) indicated in brackets. In addition,
total tocopherol (in ug/cthand they-tocopheroli-tocopherol ratio are given.

Leaf 15in normal growth nutrient
WAS 13 conditions deficiency

Control [SAG12-IPT| Control [SAG12-IPT

a-tocopherol 0.27 0.35 2.36 1.92
in pgfom? (0.04) (0.04) (0.03) (0.24)
7-tocopherol 0.39 0.13 31.30 9.65
in ugfem? (0.02) (0.03) (6.85) (2.10)
total tocopherol
in Laiem? 0.21 0.28 2.37 1.93
Ratio Y/a 14 x10° | 25x10%° | 13.2x10%| 5.0x 10°®

3.1.7 Tocopherol content in theaf age gradient

To find support for the observation that the acclatmn of a-tocopherol is
age-dependent whereas the accumulationy-ebcopherol senescence-
dependent, tocopherols were measured in diffetels of one and the
same plant grown under normal growth conditiondabao is characterised
by a leaf age gradient, as old leaves grow at tittoim of the plant and
young, new emerging leaves on the top (Fig. 2.h).WAS 15, the
tocopherol content of the young leaves number 2@hfthe top of one
SAG12-1PT plant and of one control plant was compared totdlcepherol
content of the old leaves number 10 taken frombttieom of aSAG12-IPT
plant and a control. The young leaves number 2 fitee top of the plants
appeared very similar (Fig. 3.13 A).

The old leaf number 10 of th®AG12-IPT plant, which exhibits an auto-
regulated production of senescence retarding IHIT,skowed no visible

signs of senescence, whereas the old leaf numbepoflthe control
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yellowed considerably. This observation was undediby the values for
chlorophylls (Fig. 3.13 B). In both lines, the yagureaf number 20
possessed a high chlorophyll content of approxilp&@-25 pg/ crf In the
old leaf number 10 of th8AG12-1PT plant, the chlorophyll content was still
comparable to that in the young leaves. Howeverthen old leaf of the
control the chlorophyll content was reduced by d@©®6 to approximately
10pg/ ¢, demonstrating that the old leaf number 10 ofdbetrol plant
was senescent, while the corresponding old le#ie®AG12-IPT plant was
not.

The measurement of tocopherol (Fig. 3.12 C) andtocopherol (Fig. 3.12
D) revealed thati-tocopherol accumulated in both old leaves numitegr 1
whether the leaf was senescent (control) or 84G(2-1PT line) (Fig. 3.12
C). By contrasty-tocopherol accumulated only in the senescentieafber
10 from the control, whereas it is not detectableéhe non-senescent leaf
number 10 from th&AG12-1PT (Fig. 3.12 D).

Since it is known from experiments on seedémaibidopsis thaliana thaty-
tocopherol reacts with the signal molecule NO tgutate germination
(Desel et al., 2007), it was hypothesised thattocopherol might also
scavenge NO in leaves. As NO is discussed as ascamee-retarding
molecule (Leshenet al., 1998), the postulated reaction witHocopherol
was consindered a mechanism to initiate senescéndest this hypothesis,
the relative content of NO was measured by a DAFd&sshy (Fig. 3.12 E).
In both lines, the content of NO decreased witlh é&ge. From this point of
view a interaction betweentocopherol and NO seemed quite unlikely.
This experiment supported the findings from theetioburse experiment
under normal growth conditions that the accumutatd a-tocopherol is
dependent on leaf age, whereas the accumulatiory-totopherol is

senescence-specific.
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Fig. 3.12 Analysis of tocopherols in tobacco leaves taken fno different
stages of a plant(A) In WAS 15 a young leaf from the top (leaf numbey 20
and an old leaf from the bottom (leaf number 10yewanalysedn the
SAG12-1PT line (right) and in the control (left). Chloropls/were measured
as a senescence parameter (B). d&hecopherol (C) andg-tocopherol (D)
content was determined by HPLC. The relative NQiesl(E) were measured
by the DAF-FM-assay. All values are the mean oé¢hmeasurements and
stated relative to leaf surface.
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3.1.8 Distribution of tocopherols in a non-uniformyy senescing tobacco

leaf

A tobacco leaf does not senesce uniformly, henterdbgeneous tissues at

different stages of senescence are present irgke swbacco leaf.
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Fig. 3.13 Distribution of tocopherols in a senescéneaf of the SAG12-GUS tobacco.
Green, yellow and brown leaf discs were taken fleaf number 15 of th&AG12-GUS
line in WAS 18. As a control, green and non-senastEaf discs from the top of a control
plant were used. Following,/,, measurements, which indicate the efficiency ofl &),
leaf discs were analysed for their(B) andy-tocopherol (C) content.
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In a senescent leaf of the control plants, thereevgéill some green parts
undergoing the initiation of senescence, where roployll and
photosynthetic competence was still maintainedth&t same time yellow
parts were present in the leaf, especially in ttierveinal areas, that were
apparently about to remobilise nutrients from theurse organ.
Additionally, some leaf areas were already browdidating PCD which
occurs during the terminal phase of leaf senesceéxsenescent leaf of the
SAG12-IPT line, also showed green and brown areas. Howav&tead of
yellow tissue the senescent leaf of 8&12-1PT line exhibited white parts.
This observation may be due to the disturbancemibbilisation as in this
organism chlorophylls are not degraded and rensddlito the vacuole, but
retarded in the leaf until photooxidative stressises the destruction of

chlorophylls and the bleaching of the senescestidis
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Fig. 3.14 Distribution of tocopherols in a senesnoe leaf of the SAG12-IPT tobacco.
Green, white and brown leaf discs were taken freafi humber 15 of th8AG12-IPT line

in WAS 27. As a control, green and non-senescetitdescs were derived from a young
leaf taken from the top of a control plant (A). &fthe measurement of/F,, indicating the
efficiency of PSII (A), leaf discs were analysed fioeir a-tocopherol (B) ang-tocopherol
(C) content.
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In order to gain information about the biologicajrsficance of tocopherol
accumulation, the tocopherol content of leaf disé®n from green, yellow
and brown tissue of leaf number 15 of the conttdMAS 18 was measured.
In parallel, the green, white and brown tissue e#f Inumber 15 of the
SAG12-IPT line in WAS 27 were analysed for their tocopherotstent.
Leaf discs derived from a young leaf of the contié, respectively, were
taken as a non-senescent reference.

Prior to tocopherol measurementg/Hs was determined by Imaging-PAM
indicating the maximum PSII efficiency (Fig. 3.13 B.14 A). The leaf
discs from still green tissue undergoing the ititia of senescence
exhibited a value for i, that was approximately reduced by 20% in the
control plants and approximately by 40% in B&G1212-IPT line when
compared to leaf discs taken from the young coméa (Fig. 3.13 A, 3.14
A). Remobilising and thus yellow tissue from thentrol line (Fig. 3.14 A)
as well as the white, bleached tissue from3A€12-1PT line (Fig. 3.14 A)
showed a decrease in the maximal PSIlI efficiencyabbut 80% (in
comparison to the young control leaf). Finally, wrotissue of both lines
had completely lost its photosynthetic ability (F8gl3 A, 3.14 A).

The measurement of tocopherols in 8#&12-GUS line (control) revealed
a similar amount ofi-tocopherol in all tissues analysed (Fig. 3.13 By.
contrast, the amount gftocopherol was signifcantly increased in yellow
and brown tissue (Fig. 3.13 C). The analysis obpberols in different
tissues of a leaf taken fromSAG12-IPT line showed that the content eof
tocopherol is comparable in the non-senescent @otigsue, green and
white tissue, whereas the content in brown tissuggnificantly decreased
(Fig. 3.14 B). In theSAG12-IPT line, the amount ofy-tocopherol was

significantly increased exclusively in brown tisgigg. 3.14 C).
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3.2 Developmental changes in the tocopherol conterdf

recombinant inbred lines (RILS)

As previously shown in this work for the tobaccsteyn, the senescence-
associated accumulation aftocopherol increased slightly and was shown
to be dependent on leaf age, whereas the accuomulafiy-tocopherol
occurs transiently at later stages of senescence.

In order to examine whether these findings are addml in another plant
model system with irregular senescence behaviog RILs of Arabidopsis
thaliana were investigated. RILs are the result of a crassveen the two
different wild types Shadhara and Bay-0 that ameegeally quite distant
from each other. Tocopherols were measured in RIks exhibiting
different onsets of leaf senescence (from earlesgng to late senescing)
in a developmental time course. As plant matettas, first six emerging
leaves of the rosette were used.

a-tocopherol accumulation increased slightly andstamtly with leaf age in
every line (Fig. 3.15 B), regardless of the diffeses in th onsets of
senescence in the RILs as indicated by the chlgtbpbntent (Fig. 3.15 A).
These results demonstrated that the age-dependenmalation of o-
tocopherol is not only occuring in the tobacco Esgvbut also in rosette
leaves of five RILs ofArabidopsis thaliana. However, in contrast to the
tobacco system, no decrease at the end of develdpnas evident (Fig.
3.3; Fig. 3.4; Fig. 3.15 B). This can be explairad the fact, that the
tocopherol extract measured in tobacco was derik@d one single leaf
and the extract analysed in the RILs was a mixbfi@x leaves what makes
leveling effects possible.

While the late senescing lines RIL 45 und RIL 2&8ched their maximum
levels very late at DAS 62, the early senescingdiRIL 310 and RIL 83
already exhibited their maximum peaks at DAS 59.(Bi1l5 C). The earlier
senescing RIL 232 showed a transient peak from [3ASto 34, when
senescence was still not initiated, but the magmuenulation in RIL 232
started fairly early in WAS 45 (Fig. 3.15 C). It abvious, that early
senescing lines showed an early accumulation-tdcopherol, whereas the

late senescing lines showed a late accumulation.
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These results suggest thatbcopherol might play a role that is associated to
late senescence processes, wintecopherol could be responsible for more

global processes such as the remobilisation ofamnis:.
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Fig. 3.15 Content of tocopherols in rosette leaves Arabidopsisthaliana RILs. (A) The
values for the content of chlorophylls were takemf Diazet al., 2005. The contents of
tocopherol (B) andy-tocopherol (C) were measured by HPLC in leaf niatdrom the
first six emerging leaves of five recombined inblieés (RIL310, RIL83, RIL232, RIL45,
RI 272) in DAS (days after sowing).
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3.3 The effect of the knock-out of the genginl.2 on
tocopherol content inArabidopsis thaliana

3.3.1 Tocopherol content in rosette leaves

Studies with tobacco indicated thattocopherol might play a role in
remobilisation processes. To further test this liypsis, tocopherols were
measured in thglnl.2-knock-out mutant ofArabidopsis thaliana, which

lack a functionablnl.2 gene that encodes the cytosolic glutamine synthase
GSL1. In contrast to the four other isoforngsnf.1, ginl.3, ginl.4, ginl.5)
existing in Arabidopsis thaliana, ginl.2 expression is up-regulated during
leaf senescence. Thyinl.2-knock-out mutant was shown to be affected in
remobilisation processes as demonstrated by a deldgwering, a slower
stem growth and a higher accumulation of total @anasicids compared to the
wild type (Master thesis of Laure Gaufichon, 2006).
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Fig. 3.16 Developmental changes in the-tocopherol content of theginl.2-knock-out
mutant of Arabidopsis thaliana. The graph shows thetocopherol content (in pg/g FW)
in the first six rosette leaves of tgnl.2-knock-out mutant and the wildt type grown under
10 mM or 2 mM nitrogen. The measurements were padd at DAS 36 and DAS 43, both
representing the mature leaf, and at DAS 64, reptery the senescent leaf. All values are
the mean of three independent measurements.

The gInl.2-knock-out mutant and the corresponding wild typerevgrown
on soil supplemented with 10 mM (normal growth datods) or 2 mM
(nutrient deficiency) nitrate. The measurements ewg@erformed with
material from the whole rosette at WAS 36 and WASrdpresenting the
mature leaf, and at WAS 64 representing seneseants.

The level ofa-tocopherol was very low in mature leaves (WAS 88 WAS
43) as well as senescent leaves (WAS 64) of the type and the mutant
when grown under 10 mM nitrate (Fig. 3.16). Howewvetocopherol was
significantly increased, when wild type and mutplaints are grown under 2
mM nitrate. The increase ia-tocopherol content was less pronounced in
mature leaves (WAS 36 and WAS 43) and more in semédeaves (WAS
64), particularly those of the mutant. The restdtsthe measurement of

tocopherol are not presented here, since they mardetectable.

3.3.2 Tocopherol content of seeds

As a controly-tocopherol representing the major tocopherol féoomd in
seeds (see chapter 1.2.4) was measured in sedtie giihl.2-knock-out
mutant and the wild type when both were grown urzlenM or 10 mM
nitrogen. Unexpectedly, there are neither signifiadifferences between the
wild type and theglnl.2-knock-out mutant nor significant differences
between the seeds subjected to different growtkitons with either 2 mM
or 10 mM nitrate (Fig. 3.17).

In conclusion, while the growth condition and thesturbance of
remobilisation caused by the knock-out of ghel.2 gene had a significant
impact on thex-tocopherol content in the leaf, no changes-tocopherol

content were detectable in the seed.
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Fig. 3.17y-tocopherol content in seeds of thglnl.2-knock-out mutant of Arabidopsis
thaliana. The graph shows the contentyotocopherol (in pg/g FW) in seeds of tjial.2-
knock-out mutant and the wild type grown under 1@ or 2 mM nitrate. All values are the
mean of four independent measurements.

3.4  Tocopherol content in theFestuca/Lolium stay-green
mutant

According to the time course experiment 8AG12-IPT tobacco grown
under normal growth conditions, the accumulationtamfopherols did not
appear to be a passive consequence of the chldrafdgradation, as the
amount of degraded chlorophyll is about 10 foldheigthan the amount of
accumulating tocopherols. So the idea that tocaphrosynthesis functions
as a kind of ‘waste bin’ for chlorophyll broken dowluring the progression
of leaf senescence was not supported here. Howéwveryesults of the
SAG12-IPT tobacco time course could not rule out that theuawlating
tocopherol uses the reactivated phytol coming frdra breakdown of
chlorophylls.

To investigate whether tocopherols are still abladcumulate when there is

no phytol from chlorophyll degradation availablae ti- and y-tocopherol
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and chlorophyll contents were measured in leaf rambne of the
Festuca/Lolium stay-green mutant and wild type in WAS 4 and WAS 1
representing young and old leaf, respectively Thatant exhibits a
disturbance in pigment metabolism caused by thekblge of the ring
opening step in chlorophyll breakdown (Thonetsl., 2002). Although the
ring opening step occurs later than phytol elimoratrom the chlorophyll
molecule by the chlorophyllase, a progressive acdation of the upstream
metabolite chlorophyll can be observed (Thoneaal., 2002).

As further senescence parameters, the maximum®fgliency (Tab. 3.2;
Fig. 3.18) and the SPAD value (Tab. 3.3) were measUAs expected, the
values for K/Fy,, which represent the maximum PSII efficiency ofaesdl as
the SPAD values decreased in the wild type from WAIS WAS 12 (Tab.
3.2; Fig. 3.18, Tab. 3.3). In contrast, the stagegr mutant showed no
significant decrease of,f/, or SPAD(Tab. 3.2; Fig. 3.18; Tab. 3.3). Fig.
3.19 presents the values for chlorophylls and theogs. In the wild type,
chlorophylls decreased and andy-tocopherol accumulated from WAS 4 to
WAS 12. By contrast, the stay-green mutant showsdraficant increase in
a- andy-tocopherol contents, although no degradation édrophylls was
observed. Evidently chlorophyll degradation is neerpquisite for the

accumulation of tocopherols.

Tab. 3.2 Measurement of the maximal efficiency in goung and an old leaf of the
Festuca/Lolium stay-green mutant.F,/F,, was measured by Imaging-PAM in leaf number
one of theFestca/Lolium stay-green mutant and in the wild type. MeasurésehR/F,,
representing the maximum PSII efficiency, were genied in WAS 4 and WAS 12. Mean
values of measurements from six independent areim$enest equally distributed over the
whole leaf blade (SD is given in brackets) areestat

Age of leaf Wild type Stay green

WAS 4 0.79 (0.005) 0.80 (0.009)

WAS 12 0.45 (0.175) 0,72 (0.057)
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WAS 4 WAS 12

Fig. 3.18 Image of the Imaging-PAM. Leaf number one of the
Festuca/lLolium stay-green mutant (SG) and of the wild type (WT)eve
analysed in WAS 4 and WAS 12. Blue areas indicdtegh value for FF,,
whereas yellow and green areas show a more ordes®ased value for
F./Fr, respectively. The values for the measurement thighimaging-PAM
are given in table 3.2 A.

Tab. 3.3 Measurement of SPAD.SPAD values representing the relative chlorophyll
content were measured in leaf number one oftstuca/Lolium stay-green mutant and in
the wild type. Measurements were performed in WAShd WAS 12. Values are the mean
of about 30 measurements equally distributed dvemthole leaf blade of all leaves taken
for further analyses (SD is given in brackets).

Age of leaf Wwild type Stay green

WAS 4 33.50 (3.30) 35.73 (3.24)

WAS 12 14.44  (6.97) 45,765  (5.00)
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Fig. 3.19 Content of chlorophylls and tocopherolsiyoung and senescent
leaves of theFestuca/Lolium stay-green mutant. Chlorophylls (A), o-
tocopherol (B) and-tocopherol (C) were determined in leaf number ohe
the Festuca/Lolium stay-green mutant (grey bars) and in the wild tfigack
bars). Measurements were performed in WAS 4 and \WW2Sepresenting a
young and a senescent leaf, respectively. All \slage the result of six
independent measurements with leaves from sixrdifteplants.
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To confirm these results, a more accurate time ssowxperiment was
performed including four different time points (WAS WAS 6, WAS 8,
WAS 10). In the stay-green mutant, the maximum 8itiency remained
constant over the whole time course, whereas tHd type showed a
significant decrease in WAS 10 (Tab. 3#)andy-tocopherol accumulated
in the wild type and the stay-green mutant, alttotige stay-green mutant
showed no degradation of chlorophylls (Fig. 3.2@}erestingly, thea-
tocopherol content in WAS 10 showed a greater asggan the mutant than
in the wild type (Fig. 3.20 B), while thetocopherol content was nearly the
same inboth in WAS 10 (Fig. 3.20 C). This indicatest the two forms of

tocopherol might have different functions.

Tab. 3.4: Development-dependent changes of maximaPSll-efficiency in the
Festca/Lolium stay-green mutant.F,/F,, was measured by Imaging-PAM in leaf number
one of theFestuca/Lolium stay-green mutant and in the wild type. MeasuresmehFR,/F,
representing the maximal efficiency of PSII, weegfprmed in WAS 4, 6, 8 and WAS 10.
Values are the mean of nine independent areasestst equally distributed over the whole
leaf blade (SD is given in brackets).

Age of leaf Wild type Stay-green
WAS 4 0.761 (0.009) | 0.785 (0.007)
WAS 6 0.807 (0.005) | 0.790 (0.012)
WAS 8 0.713 (0.066) | 0.755 (0.034)
WAS 10 0.395 (0.362) | 0.787 (0.021)
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Fig. 3.20 Chlorophylls and tocopherols content ingung and senescent leaves of the
Festuca/Lolium stay-green mutant.Chlorophylls (A),a-tocopherol (B) and-tocopherol
(C) were determined in leaf humber one of Bestuca/Lolium stay-green mutant (grey
bars) and in the wild type (black bars). Measuramerere performed in WAS 4, 6, 8 and
10, All values are the result of three independertisurements with leaves from three
different plants.
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4 Discussion

Since their discovery by Evans and Bishop in 19@2opherols have been
investigated to a great extent in several fieldsoiénce such as medical and
pharmaceutical sciences, human and animal nutribimthemistry, botany
and microbiology. For a long time, research mafolyussed on effects and
mechanisms of tocopherols in human beings, althaigise secondary
metabolites are exclusively synthesised by oxygemd photosynthetic
organisms: plants, algae and some cyanobacteriavetty, in the late
1970s and early 80s, plants and cyanobacteria lecamicial to the
elucidation of the biosynthetic pathway for tocoie (DellaPenna, 2005).
Nevertheless, only over the last decade genes ant@ins involved in
tocopherol biosynthesis were finally isolated amdracterised and higher
plant biology contributed strongly to the body afokvledge (DellaPenna,
2005). Most studies on the function of tocophenolsigher plants typically
considered the antioxidant properties and functiefated to antioxidants,
such as photoprotection and reduction of lipid pefation by reduction of
lipid peroxyl radicals to their corresponding hypeooxides (Liet al.,
2008). The idea that tocopherols, especialtpcopherol, could also play a
role in cellular signaling and regulation of highglants was originally
derived from animal studies, but only few data dest@ted these non-
antioxidant functions in photosynthetic organisinsef al., 2008).

Although it is known since 1989 that tocopherolsueoulate during leaf
senescence (Risa al., 1989; Chrostt al., 1999; Dertingeet al., 2003;
Falk et al., 2003) the specific functions af andy-tocopherol during that
developmental process remain unclear until todagopherol accumulation
was mainly considered an inevitable consequenchlofophyll breakdown
because phytol released from chlorophyll catabolksm be employed for
tocopherol biosynthesis (Riset al., 1989; Doérmann, 2007). To my
knowledge, the specific functions af- and y-tocopherol during leaf
senescence or common regulatory mechanisms bettiersenescence
syndrome and the metabolism of tocopherols havebaeh considered so

far.
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4.1 The relationship between tocopherol accumulatio and
chlorophyll breakdown

Chlorophyll is the most abundant photosynthetiarggt in higher plants.
During leaf senescence, chlorophyll is hydrolysedulting in the release of
free phytol (Ischebeclet al., 2006). As early as 1989, when Rigeal.
(1989) detected tocopherol accumulation in sengstaaves of several
higher plants, it was hypothesised that the physéd for tocopherol
biosynthesis is derived from chlorophyll breakdowand that the
accumulation might simply be a passive consequenicechlorophyll
catabolism (Ddrmann, 2007). It was not considerdtetiver tocopherol
might have any direct function during leaf senesee\t this time it was
also not known whether tocopherols accumulate wimorophylls are not
degraded.

In the present study, experiments on stay-greemnisms such as the
SAG12-IPT tobacco or thé-estuca/Lolium stay-green mutant were used to
investigate the relevance of chlorophyll degradatitor tocopherol
accumulation.

The time course experiment GAG12-IPT tobacco grown under normal
growth conditions indeed showed that chlorophytirdeation was delayed
in the SAG12-IPT line compared to the control, but nevertheless the
chlorophyll content (Fig. 3.2 B), and the tocopherontent, especially-
tocopherol (Fig. 3.3 A), changed in an antipromodl manner during
senescence. These findings do not contradict thethgsis that free phytol,
possibly derived from chlorophyll breakdown, senas a substrate for
tocopherol biosynthesis (Rigtal.,1989; Ischebeckt al., 2006; Dérmann,
2007).

Although it seems likely, that the phytol for tot@pol biosynthesis is
derived from chlorophyll catabolism, it remained clear whether
chlorophyll breakdown is really a mandatory preisi@ or the explicit
reason for tocopherol accumulation. However, ifofgdeerol accumulation
just represents a cellular mechanism to depositoplderived from the
chlorophyll degradation in chloroplasts, the e#fraty of that mechanism
would be quite low, because the amount of chlorégliegraded during the

time course performed witBAG12-IPT tobacco is about ten fold higher
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than the amount of accumulated tocopherol. Takimg tnto account,
tocopherol accumulation during leaf senescence tmiogh more than a
deposit for phytol released from chlorophyll catébn. Moreover, the
isoprenoid phytyl moiety represents only one paifttlwe tocopherol
molecule. The hydrophilic head group derived froomlogentisate also
needs to be synthesised for tocopherol biosynthasis it seems unlikely
that plants undergo such an energy consuming pauesely to provide a

storage opportunity for phytol released during obydyll breakdown.

Apart from the kinetics approach where the tempadhnahges in one and the
same leaf were analysed, tocopherols were measugegoung and an old
leaf derived from the top and the bottom of the sgant, respectively. The
observation thati-tocopherol accumulated in the old, but not sendsce
SAG12-IPT leaf which showed no decrease in chlorophyll can€ig. 3.12
B; 3.12 C), indicates that chlorophyll breakdowmag mandatory.

To investigate the importance of chlorophyll breakd for tocopherol
accumulation in leaves of higher plants furthemegreening experiment
with yellow, senescent tobacco leaf discs was pewd (Fig. 3.5). The
regreening of the tobacco leaf discs was obtairyeexiogenous application
of the phytohormone cytokinin. This experiment diga@lemonstrated that
tocopherols also accumulate in senescent leaf (f3gs3.6 B; Fig. 3.6 C),
when chlorophyll is not degraded, but even synseekie novo (Fig. 3.6

A). Since chlorophyll metabolism serves as a sk ghytol under these
conditions and a competition between chlorophyll &acopherol synthesis
for phytol takes place, it is possible that phy®inot the limiting factor.

Furthermore, it appears that chlorophyll degradaigonot the only phytol

source in senescing leaves.

In addition to the studies carried out on tobaceavés, tocopherol
accumulation was investigated in the cosmetic gtaynFestuca/Lolium

mutant, which exhibits a block of chlorophyll breakvn (Fig. 3.19; Fig.
3.20). The results showed thattocopherol as well ag-tocopherol

accumulated, although the amount of chlorophyll e@sstant or at the very
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least did not decrease. Interestingly, tRestuca/Lolium mutant was
described as a cosmetic stay-green organism eixigbid block in
chlorophyll breakdown accompanied by a fairly ndrntkecrease in
photosynthetic capacity (Howasd al., 2002). This seems to contradict the
measurements of maximum PSII activity performethia work. The FFy
value did not decrease significantly as observeithénwild type (Fig. 3.18;
Tab. 3.2; Tab. 3.4). However, the determinationtited maximum PSII
activity is not the only parameter for photosyniheictivity. CQ up-take
might be a more suitable approach to show thatgsyothetic capacity
diminishes, as would have been expected for a disnstay-green

organism.

The finding that tocopherols accumulated even thatlgorophyll was not
degraded was also observed in the kinetics expatinom RILS of
Arabidopsis thaliana. Late senescing lines already showed the onset of
tocopherol accumulatioru{tocopherol) even when chlorophyll degradation

and leaf yellowing had not yet started (Fig. 3.15).

In summary, although the phytyl moiety used forofterol synthesis might
be derived from chlorophyll degradation, chlorophyleakdown does not
seem to be the reason for tocopherol accumulatioingi leaf senescence as
tocopherols also accumulate when chlorophylls are degraded. These
conclusions were supported by the time course erpet on theSAG12-
IPT tobacco grown under normal growth conditions, tlegreening
experiment,the measurement of tocopherols in thdignt of tobacco leaf
age, the analysis of tHeoliun/Festuca stay-green mutant and the kinetics

performed with RILs.

4.2 Specific functions ofu-tocopherol

Many functions ofi-tocopherol are due to its antioxidant properties,this

work intended to elucidate further non-antioxidamictions. To shed light
on the functions ofi-tocopherol during the last phase of leaf develagutee

more detailed analysis of senescence-related adationuwith regards to
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its onset, duration and extent was necessary. fdrerethe tocopherol
content in SAG12-IPT tobacco and a corresponding control line were
measured over a specific time course, both growtleumormal growth
conditions (Fig. 3.3 A, B; Fig. 3.4 B, C). In bdthes, the accumulation of
a-tocopherol increased in a fairly leaf age-depehdsamnner on a pg scale.
Of course, an age-dependent increase includesease in senescence and
it has to be emphasised that the age-dependemtaserhad its maximum
during this later phase of leaf development. The-dgpendency ofbi-
tocopherol accumulation observed here is consisteht the a-tocopherol
content in leaves of thBAG12-1PT line reported by Dertingesat al. (2003).
However, in that article the accumulation eftocopherol was mainly
discussed with regard to the antioxidative and nramd stabilising
functions ofa-tocopherol. Moreover, sampling was carried outdaly a
few times, which did not allow the observation ttiea-tocopherol content
in the leaf of theSAG12-1PT line decreased significantly at the time when
the leaf of the control was shortly before dyingy(RB.3 A; Fig. 3.4 B). This
indicates that the development of both lines wastidal until the level of
a-tocopherol increased again as a consequence detiescence-specific
activation of theSAG12-promoter in theSAG12-1PT-line. Correspondingly,
the expression of the bacterigtl gene showed no significant induction

until tocopherol content increased again in$A&12-IPT-line (Fig. 3.8 A).

The findings from the time course experiment thatocopherol
accumulates in a leaf age-dependent manner wagoned by the
measurement od-tocopherol in a young and an old leaf derived fribma
top and the bottom of the same plant, respectifélg. 3.12 C).o-
tocopherol accumulated in the old leaf of ®8&G12-1PT line as well as in
the old leaf of the control, though chlorophyll wasly degraded in the
control, whereas the old leaf of tH8AG12-IPT line was clearly not
senescing due to the effect of endogenously pratiog®kinin (Fig. 3.12
C).

When a-tocopherol was measured in a developmental tinmeseoof five

Arabidopsis thaliana RILs exhibiting different onsets of leaf senes@&nc
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(Fig. 3.15), the amount ef-tocopherol increased with leaf age and was not
dependent on the onset of leaf senescence. Thisdns in accordance

with the results obtained with tobacco.

Following the characterisation af-tocopherol with respect to its onset,
duration and extent, the functional analysis wasssquently focussed. To
date investigations into the functions @ftocopherol were mainly
concerned with its antioxidant properties and egfigca-tocopherol was
shown to play a crucial role in the chemical scaueg of singlet oxygen
produced by the triplet states of chlorophylls Ive tPSIl reaction centre
(Kruk et al., 2005). Thereforey-tocopherol is considered part of the ROS
modulation system (Foyer and Noctor, 2005). Studresxidative stress in
outdoor grownvtel and vte4 knock-out mutants oArabidopsis thaliana
lacking total tocopherol and-tocopherol, respectively, demonstrated, that
y-tocopherol might also have a function in prevantihe oxidation of
cellular components (Semchek al., 2009). Althougha-tocopherol is the
major form of tocopherol in the leaf, many studseggest, that-tocopherol

is at least partially able to overtake the antiaxid functions ofa-
tocopherol, ifa-tocopherol biosynthesis is prevented somehow (Réligr

et al., 2003; Meadaet al., 2006; Kobayashi and DellaPenna, 2008;
Semchuclet al., 2009).

However, the time course on thestuca/Lolium mutant showed that the
accumulation ofi-tocopherol, but not that gttocopherol, was significantly
enhanced in senescent leaves of the stay-greemnimetanpared to the
corresponding wild type (Fig. 3.20). This indicatkata- andy-tocopherol
might have different functions, and it is in acamde with this postulation
that a-tocopherol in particular is crucial for the prdiea of PSIl and D1
protein turnover, especially under strong lightig@ger-Liszkay and Trebst,
2006). In theFestuca/Lolium mutant, the accumulation af-tocopherol
obviously represents a stress response inducedxbgs® amounts of
chlorophyll giving rise to an increased level ofiatbphyll in the triplet

state under conditions of photooxidative stress.
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However, several studies on tocopherol-deficieahtd support the idea that
a-tocopherol might have a function that is not mdato its antioxidant
properties. Thesxdl-mutant of maize (Russiret al., 1996) and the
transgenic vtel-RNAi-potato (Hofius et al., 2004), both deficient in
tocopherols, are characterised by an export blbcdadbohydrates in source
leaves resulting in the accumulation of soluble assigand starch. In
addition, it was reported that the tocopherol-defit vie2-RNAi-tobacco
accumulates amino acids in senescent leaves (Abasi, 2009). These
findings suggest that a decreasexvdbcopherol content causes a decline of
carbohydrate and nitrogen remobilisation (Fig. AL Obviously, o-
tocopherol serves as a factor that is highly releveor the proper

remobilisation of nutrients.

The time course experiment GAG12-IPT tobacco grown under normal
growth conditions revealed that ti¥8G12-1PT line showed an increased
level of a-tocopherol compared to the control line. The maximvalue of
the control was just approximately 70% of the maximvalue observed in
the SAG12-IPT tobacco (Fig. 3.3 B). Ifa-tocopherol is crucial for
remobilisation processes as postulated above, kemsense to hypothesise
that the increased accumulation in leaveSA®12-IPT line is a response to
a retarded remobilisation of nutrients occurring aagonsequence of an
increased cytokinin-mediated sink strength whiclbaased by mutation or
transgenic modification (Fig. 4.1 B). From that ngoof view, a-tocopherol
could be considered as a remobilisation-promotagjdr. That thesSAG12-
IPT tobacco is retarded in remobilisation processesalr@ady described in
the introduction (see chapter 1.1.5). In this wotke disturbance of
remobilisation processes in tI8G12-IPT tobacco was indicated by the
high content of soluble sugars (Fig. 3.7) as alyedebcribed by Wingleet

al. (1998), the low expression level of tgel gene (Fig. 3.8 D) and the
constant expression of the gembsS andcab (Fig. 3.8 C). Moreover, the
observations that the expressiornrlbéL was increased throughout the time
course (Fig. 3.8 C) and that the expressionboE was in contradiction to

the amount of Rubisco protein detected by Westenhamalysis (Fig. 3.9)
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strongly suggested that remobilisation is impaiied the SAG12-IPT
tobacco.

To test the hypothesis that a plant with reducedof@lisation shows an
increasedu-tocopherol contentg-tocopherol was measured in mature and
senescent rosette leaves of tlgnl.2 knock-out mutant and the
corresponding wild type oArabidopsis thaliana (Fig. 3.16). Theglnl.2
knock-out mutant is affected in remobilisation msses as demonstrated by
a delay in flowering, a slower stem growth and ghkr accumulation of
total amino acids compared to the wild type (Madteesis of Laure
Gaufichon, 2006). Thginl.2 knock-out mutant showed an extremely high
a-tocopherol content in senescent rosette leaves Wigeplants were grown

under low nitrogen conditions (Fig. 3.16).

A @ C-remobilisation — accumulation of sugars
) a—tocopheros_<

@ N-remobilisation — accumulation of AA

(:) C-remobilisatio
B mutation or a-tocophero@
transgenic modification I
(= N-remobilisatio

C @ C-remobilisation
senescence or a-tocopherol@

nutrient deficiency @ N-remobilisatio
mutation or —>@ C-remobilisation

transgenic modification @
>— F— a—tocophero@

senescence or —
—@ C-remobilisation

nutrient deficiency

Fig. 4.1: Relationship between the content af-tocopherol and the remobilisation of
carbohydrates and nitrogen.(A) A decrease im-tocopherol content causes a decrease of
C- and N-remobilisation. Subsequently an accunwtatf sugars or amino acids (AA)
occurs. (B) If a mutation or transgenic modificaticauses a decrease of C- and N-
remobilisation, thei-tocopherol content is increased. (C) If a plarteensenescence or is
grown under nutrient deficiency, remobilisationrisreased. Subsequently the conteni-of
tocopherol is increased. (D) If a plant with a ntigta or transgenic modification shows a
decrease in remobilisation, but in parallel an eckd need to remobilize due to
senescence or nutrient deficiency, this contraaticis counteracted by a strongly increased
a-tocopherol level. + indicates an increase, ++ rangt increase, - a decrease afd
opposing effects.
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The experiment on thglnl.2 knock-out mutant supported the hypothesis
that an organism, which shows a decrease in rersatiin due to mutation
or transgenic modification, exhibits an increasaeel of a-tocopherol (Fig.
4.1 B). The observation that this prominent valoe d-tocopherol only
appeared during senescence and under low nitrogaditions can be
explained by the senescence-associated expressibie ginl.2 gene and

the enhanced need for remobilisation, respectively.

The findings that plants deficient intocopherol show a disturbance in C-
and/ or N-remobilisation (Fig. 4.1 A) and that pgkamith a decreased C-
and/ or N-remobilisation which is caused by mutatior transgenic
modification, show an increased content wfocopherol (Fig. 4.1 B),
support the basic hypothesis thatocopherol accumulation is linked to
remobilisation. So, if the age-dependentocopherol increase, that also
takes place and even reaches its maximum duringssence, is related to
an enhanced remobilisation, thigocopherol level should also be increased
in other situations of remobilisation that are seeace-independent.
Therefore, theSAG12-IPT tobacco and the control were grown under
nutrient deficiency, as under this condition thenenrorganismic
remobilisation and recycling of nutrients is inged (Schulzet al., 1994;
Diaz et al., 2008). Accordingly, leaves of tI8G12-IPT tobacco and of the
corresponding control tobacco showed a dramatiease ino-tocopherol
levels throughout their development when grown umderient deficiency
(Fig. 3.11; Tab. 3.1). Long before the usual ortdeleaf senescence, the
content ofa-tocopherol was about 10-fold higher in the leaw¢sboth
tobacco lines when grown under normal growth comalt (Tab. 3.1)
compared to plants grown under nutrient deficiecayditions. The amount
of y-tocopherol was even increased up to 60-fold. Theselts support the
idea that plants with an increased need to rensebdiue to senescence or
nutrient deficiency have an increased level of pbayols (Fig. 4.1 C).

To further test whether this is also the case imeotplant speciesy-
tocopherol was measured in thginl.2 knock-out mutant and the
corresponding wild type, both grown on 2 mM (nuttideficiency) and 10
mM (optimal concentration) nitrogen. As expectdst, inutant and the wild
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type plants grown under 2 mM nitrogen showed antauf0-fold higher
level of a-tocopherol compared to plants grown under normalwth
conditions such as 10 mM nitrogen (Fig. 3.16). ©beervation that the-
tocopherol level is higher in senescent leaves dasistent with the
enhanced need to remobilise in this stage of dpwedmt (Fig. 3.16).
Therefore, this experiment indicated that plantthvain increased need to
remobilise, for example during senescence or umdgrient deficiency,
exhibit a higher tocopherol content (Fig. 4.1 C).

For comparison, the tocopherol content was alstys@a in the seeds of the
glnl.2-knock-out mutant and the corresponding wild typesaed filling is
dependent on remobilisation. It should be noted thtocopherol was
measured and nattocopherol, since this is the major form of tocegh in
seeds. There were neither significant differencgsvéen the wild type and
the glnl.2 knock-out mutant nor between those grown undeferdiht
conditions, i.e. with 2 mM or 10 mM nitrogen (F§17). As the content of
y-tocopherol was even increased up to 60-fold iwvdeaof tobacco grown
under nutrient deficiency, it is possible, thgbcopherol is at least partially
able to take over the remobilisation-related fumrtdi ofa-tocopherol.

The experiments on th8AG12-IPT tobacco and thelnl.2 knock-out
mutant not only showed that plants with decreaseahobilisation of
nutrients, due to a mutation or a transgenic meatifbn, showed a higher
level of a-tocopherol (Fig. 4.1 B). It was also demonstratdtht o-
tocopherol increases when plants showed an enharesst to remobilize
during senescence or under nutrient deficiency; &ify C). Interestingly,
both plant systems indicated that tr¢ocopherol level is especially high,
when both aspects are combined (Fig. 4.1 D). Ilfudamt or transgenic line
shows a decrease in remobilisation, but is at #mestime forced to
remobilize due to nutrient deficiency, these oppgsieffects are
counteracted by a very strong increase-tdcopherol content (Fig. 4.1 D).
In the SAG12-IPT tobacco, the level ofi-tocopherol was already higher
under normal growth conditions than in the wildayf-ig. 3.3; Fig. 3.4).
This increased further when grown under nutrierficecy (Fig. 3.11;

Tab. 3.1). Accordingly, in theglnl.2-knock-out mutant and the
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corresponding wild type-tocopherol level were significantly increased due
to growth under nutrient deficiency, but as tjel.2-knock-out mutant
additionally exhibited a decline in remobilisatialuring senescence, the

value was extremely pronounced in that phase ofldpment (Fig. 3.16).

In conclusion, the results of this work stronglyggest thata-tocopherol
levels and nutrient remobilisation are linked anal t-tocopherol serves as
a remobilisation-promoting factor. Thetocopherol content is increased
when normal plant remobilisation is hindered (FdL B) and also when a
plant exhibits an increased need to remobilise, ifgtance during leaf
senescence or under nutrient deficient growth ¢mmdi (Fig. 4.1 C). If a
plant with retarded remobilisation is grown on mrit deficiency in
parallel, a synergistic effect causes a very strimegease im-tocopherol
content (Fig. 4.1 D) These three findings are imoatance with the
observation that tocopherol-deficient plants showpaired remobilisation
(Fig. 4.1 A). In the introduction the five majoraskes ofSAGs were
described (see chapter 1.1.2): genes for macromnieléegradation, nutrient
recycling and remobilisation, defence and cell wescmechanisms,
transcriptional regulation and signal transductidoe to the results of this
work, the senescence-associdtpd gene of tocopherol biosynthesis should
be classified aSAG related to nutrient recycling and remobilisatidhis is
also supported by the observation that the exmrnedsiel of thehpd gene,
which is correlated to the amountwtocopherol, and the marker genes for
N-remobilisationgsl and gdh exhibited a similar expression pattern (Fig.
3.8), and that the-tocopherol accumulation reached its maximum &na t
point during leaf senescence where mainly remaliba processes take

place.

Although a relationship betweena-tocopherol accumulation and
remobilisation is strongly suggested in this waotkemains unclear, which
signals and molecular mechanisms are responsiblethis interplay.
Possibly,a-tocopherol acts as a regulator or sensor of eellsignals by
affecting the level of sugars, directly or indidgctLi et al., 2008).

Tocopherol may play a role as a signal moleculetigyating in
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chloroplast-to-nucleus signal transduction pathw@yst al., 2008). These
signal cascades may be associated with the regulati carbohydrate
metabolism. Since carbohydrate metabolism and getrometabolism are
dependent on each other, an impact on the rematiis of nitrogen is not
unlikely (Fritzet al., 2006; Liet al., 2008).

Therefore, it is possible that tocopherols areatliyeor indirectly involved
in the remobilisation of proteins from the chloragtl The fact thati-
tocopherol is able to affect membrane integrity ahddity is well-
established (Munné-Bosch and Allegre, 2002). Thiseg the question
whethera-tocopherol regulates the generation and formatiomembrane
vesicles such as SAVs or RCBs, which are probabiwlved in the
degradation and remobilisation of chloroplast prat€éKrupinska, 2006). In
fact, the biosynthesis of tocopherols requiresbifeakdown of the aromatic
amino acid tyrosine as homogentisate - a key mdeofi tocopherol
biosynthesis (see chapter 1.2.4) - is produced ftioentyrosine aromatic
amino acid catabolitp-hydroxyphenylpyruvate (L&t al., 2008). Maybe the
release of tyrosine and its breakdown during pnotkigradation promotes
the biosynthesis ofa-tocopherol, which serves in the subsequent
remobilisation as a factor influencing the membremegrity and fluidity of
the vesicles mentioned above.

Furthermore,a-tocopherol might play a role in phloem loading.was
reported that a rapid reduction of photoassimiéadgort in thevte2 mutant
of Arabidopsis thaliana takes place under low-temperature. In parallel,
callose deposition exclusively occurs in phloemepahyma transfer cell
walls adjacent to the companion cell/sieve elenteniplex (Maeda et al.,
2006). However, the analysis of tocopherols in aeand interveinal areas
of tobacco leaf (data not shown) revealed no diffiees between both types

of tissues as is expected, if tocopherols werebelved in phloem loading.

4.3 Specific functions ofy-tocopherol

In the past, plant biology research as well as ittwestigations in the
scientific fields of medicine and human nutritioraimy addressed the
antioxidant properties af-tocopherol, whereas the roleyetocopherol was
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barely investigated. However, a few recent studies-tocopherol and its
functions in higher plants have emerged.

At the start of this study it was thought thatocopherol could be a
scavenger of the senescence-modulating signal oieledric oxide (NO),
what is likely agy-tocopherol possesses a free C-5 position at treamol
ring (Wagneret al., 2004). Furthermore, the nitration ptocopherol was
demonstrated for seeds Afabidopsis thaliana, tobacco and rapeseed and
the resulting adduct was present in the leaf tissuthe vte4 mutant of
Arabidopsis thaliana (Desel et al., 2007). Following the analysis of
tocopherols in the leaf age gradientSdG12-1PT tobacco, which indicated
that the accumulation gftocopherol is senescence-dependent (Fig. 3.12 C)
and the decrease of NO age-dependent (Fig. 3.1thiB)initial hypothesis
was not investigated further. In addition, the &eay-tocopherol adduct
was not detectable in leaves of tobacco even whewrgunder nutrient-
deficiency (Dr. Christine Desel, personal commutiicg, which resulted in
a content ofy-tocopherol that is up to 100-fold higher comparedeaves
derived from tobacco grown under normal growth ctowls (Tab. 3.1).
Although it is known from studies on senescing darbr tobacco leaves
that the content of-tocopherol increases up to 10-fold in comparison t
young leaves (Chrost al., 1999; Falket al., 2003), specific functions gt
tocopherol during leaf senescence have not beesidmed until now. As
stated in the introduction leaf senescence caniaded into four stages,
namely induction, initiation, reorganisation andmnation (see chapter
1.1.1). To elucidate the function pftocopherol during leaf senescence the
accumulation ofy-tocopherol was analysed during these four stalyes.
contrast to the more or less age-dependent acctiorulaf a-tocopherol,
the accumulation of-tocopherol was found to be transient and restfitbe
the later stages of senescence (Fig. 3.3 B; FHgC3. This was underlined
by the observation that the accumulationy-@bcopherol was accompanied
by an increased expression level of the gerps and prlb, which are
known to be involved in protein degradation durihg reorganisation stage
and processes of programmed cell death in the matnstage of leaf
senescence, respectively (Fig. 3.8 D; Beyenal., 2006; Wingleret al.,
2005).
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Furthermore, the senescence-associatédcopherol accumulation was
measured in a young and an old leaf derived fragrtdp and the bottom of
the same plant, respectively (Fig. 3.12 D). In astttoa-tocopherol which
accumulated in the old, but non-senescent ledi@®AG12-IPT tobacco as
well as in the old, senescing leaf of the conttahp the accumulation aof
tocopherol was only detectable in the old leafhad tontrol plant, which
was undergoing senescence as indicated by a smmifidecrease in
chlorophyll content (Fig. 3.12 B, D).

Moreover, the spatial distribution oftocopherol in senescing tobacco
leaves of theéSAG12-IPT line and the control line was determined. In the
control plants that exhibited green, yellow andwdissue in one and the
same leaf, the content gftocopherol was significantly increased in yellow
and brown tissue providing further evidence tha #tcumulation of-
tocopherol is restricted to later stages of sem&sgein particular to the
processes of cell death that occur in the ternstagje. The senescent leaf of
SAG12-1PT tobacco also contained green and brown tissue.edery the
leaf of that transgenic tobacco contained whiteabhed tissue instead of
yellow tissue. The occurrence of white, bleachedug in theSAG12-IPT
line may be due the fact, that chlorophylls aredegraded to NCCs that are
mobilised to the vacuole for storage. Instead, rdpbylls remain intact
until photooxidative stress causes bleaching amgénéhe white color. The
measurement of-tocopherol in the leaf of th8AG12-IPT line showed that
the accumulation is exclusively restricted to bravesue. These results are
in accordance to those from the time course expmarinthe accumulation of
y-tocopherol is related to later stages of senesceaspecially to the
processes of celldeath occurring in the terminagestas indicated by
increased values fortocopherol in yellow and brown tissue of the cohtr
and an increased content in brown tissue ofSk@12-1PT line. Both lines
thus have in common, thattocopherol is mainly found in brown and nearly
parched tissue. The observation that the yellosu&=f the control, but not
the white tissue of th&AG12-IPT line, contained a high content of
tocopherol, underlines that the senescence expilifésrentially in both
lines. This is in accordance with the finding ttred SAG12-1PT tobacco
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progresses directly into cell death without presiotemobilisation of
nutrients (Wingleet al., 2005).

It has to be mentioned, that the time course empri on the five RILs of
Arabidopsis thaliana also showed a senescence-specific accumulatign of
tocopherol. Early-senescing lines exhibited anyeariset ofy-tocopherol
accumulation, whereas late-senescing lines cornelipgly started to
accumulate-tocopherol later (Fig. 3.15). Interestingly, tinerease was not
transient, buty-tocopherol level was elevated until the end off lea
development.

In summary, the results of the experiments desdrdtmve strongly suggest
that the accumulation of-tocopherol is senescence-specifig¢ocopherol
accumulation is restricted to later stages of Ea&iescence implicating a
function in the regulation of the terminal processé cell death, regardless
whether cell death occurs via PCD as in the cordgrahecrosis as in the
SAG12-IPT line. Therefore, the accumulationwtocopherol appears to be
a suitable marker for senescence-related cell dgatbugh it cannot be
excluded, thaty-tocopherol has no function in cell death and that
accumulation is simply the result of a low activity y-TMT, such a
possibility seems unlikely singetocopherol was shown to induce apoptosis
and cell death in two different human colon carwadl lines (Campbelét
al., 2006). DNA laddering, a well-known trait of apogis in mammalian
cells, was only evident in samples treated witlocopherol, but not the-
tocopherol-treated samples in both colon cancéiioek tested (Campbell
et al., 2006). The molecular mechanisms leading frorogberol activity to
cell death are currently heavily discussed. In huidm@ast cancer cells, for
instance, y-tocopherol induces apoptosis via mediating an tybicp
signalling pathway (Y&t al., 2008) Treatment of malignant cells with
tocopherolincreased mRNA, protein and cell surface expressfoam death
receptor (DR5; Yuet al., 2008). Of course, this type of protein has resrb
identified in the whole plant kingdom so far. Howew-tocopherol seems
only to affect cells that are destined to undergth death like the colon

cancer cells mentioned above, while normal cololts cgtay unaffected
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(Campbellet al., 2006). This is supported by the results of thesent study
that y-tocopherol induces cell death only in senescefiis,cevhich are
already destined to die. Accordingly, cells tha¢ aot senescent show no
accumulation ofy-tocopherol. Whilst senescent plant cells and human
cancer cells are not directly comparable, the ugitgy mechanisms
including the activity ofy-tocopherol may well be similar. If senescent

tissue is to a plant what cancer is to a humangoewho knows?

4.4 Conclusions

The functions ofi-tocopherol and-tocopherol during leaf ageing and leaf
senescence as determined in this study are sunaethabg the model
presented in Fig. 4.2. As long as the leaf undexgoeopherol biosynthesis
up to the final end product, namelytocopherol which is the major form of
tocopherol in leavesgo-tocopherol assumes specific functions in the
antioxidative network, such as scavenging of singbeygen in the PSII
reaction centre or the prevention of lipid peroximia In addition, a specific
function as a remobilisation promoting factor iggested by this work.
Both its antioxidant function and its role in renidation result in the
maintenance and rescue of cells and of the whaearo(Fig. 4.2 A). By
contrast, if tocopherol biosynthesis would be distd at the conversion
from vy-tocopherol to a-tocopherol, a temporary accumulation f
tocopherol occurs, which might be involved in theitsh from
remobilisation and antioxidant protection to pragraed cell death (Fig. 4.2
B). According to that model, the accumulationy@gbcopherol may serve as
a marker for cell death. The accumulatiorngbcopherol is age-dependent
and a possible marker for senescence-related résatioin. This idea is
supported by the fact, that the accumulation alsurs during
remobilisation events that are not restricted toeseence, as demonstrated
by the high values in plants grown under nutriegftaiency.

Of course, this model generates many open questispgcially about the
underlying mechanisms of regulation, and withoutulato further
investigations are necessary to fully elucidate ititerplay of senescence

and tocopherols.
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First and foremost ROS, the phytohormone ethylend the growth
regulators jasmonate and salicylic acid should txesiclered as potential
mediators between the senescence syndrome and idkgnthesis of
tocopherols, as these molecules are known to playeain both processes.
Although the results of this work suggest thatliheakdown of chlorophyll
has no modulating impact on the tocopherol biosssif) it is quite likely
that other biosynthetical and signalling pathwasggutate the biosynthesis
of tocopherols. The senescence-associated expnesistbehgo gene (Fig.
3.8 B) provides evidence that the tocopherol bitsssis pathway is not
only regulated by the biosynthetic pathway of migsinone, as shown in
studies on the cyanobacteriufgnechocystis sp. PCC6803 (Dahnhardit
al., 2002). The HGO-pathway, which converts homogeii to the end
products fumarate and acetoacetate, also seenavécahmodulating impact

on the biosynthesis of tocopherols.
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Fig. 4.2 Hypothetical model to summarise the funotins of tocopherols during leaf
aging and leaf senescencgA) The end product of tocopherol biosynthesis ais
tocopherol, which has functions in the antioxidativetwork and in remobilisation. This
results in the rescue of the cells and the wholgamr (B) Tocopherol biosynthesis is
disturbed at the conversion fromtocopherol toa-tocopherol. As a consequence,
tocopherol accumulates and participates in celitdpeocesses resulting in the death of the
cells and the whole organ.
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The generation and characterisation of a transg8A@l12-vted-tobacco
line, which silenceste4 exclusively during senescence, would shed new
light into the senescence- and age-related regulabf tocopherol
biosynthesis and the model proposed in Fig. 4.2.

Finally, the important finding of this work that dmpherol content is
dramatically increased when plants are grown umdérient deficiency is
emphasized once more. This is certainly of pamicuielevance to
agriculture. In order to enrich the content of foloerols in leafy vegetables
such as lettuce, it will not be necessary to mogiénts genetically. Instead,
the simple act of reducing nutrients in the soiluldosuffice to generate
plants with a much higher content of tocopherolgjcv are so vital to
human health and nutrition! Although the impactnatrient deficiency on
the content of tocopherols has been demonstratethéoleaf organ, the
tocopherol content in seeds was not found to berignt on the growth
conditions. Therefore, with respect to agricultiaat nutritional aspects, it
needs to be investigated further whether the growtider nutrient
deficiency has an influence on the tocopherol adnte fruits as these
represent a very crucial component of the humatn die
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5 Abstract

Although it is well-known that tocopherols are imfamt for human nutrition
and health, their functions in plants are not weltlerstood until now. Asa-
and y-tocopherol accumulate in senescent leaves of higkents, specific
functions ofa- andy-tocopherol during leaf senescence were investigate

To test the hypothesis, that tocopherol accumulaitioan inevitable passive
consequence of chlorophyll breakdown, tocopherold ehlorophylls were
measured in stay-green organisms such as the émricsspG12-IPT tobacco
and the Festuca/Lolium mutant. These analyses revealed that chlorophyll
breakdown is no mandatory prerequisite for the mwdation of tocopherols,
though it is possible that phytol used for tocopheynthesis is derived from
the chlorophyll catabolism.

Experiments on leaves of tI8G12-IPT line and on rosette leaves of RILs of
Arabidopsis thaliana demonstrated that the accumulationosfocopherol is
dependent on leaf age. The measuremeni-toicopherol in theSAG12-1PT
tobacco and theynl.2 knock-out mutant ofA. thaliana, both affected in
nutrient remobilisation, elucidated that plants hwian impairment of
remobilisation exhibit an increased level @ftocopherol. Furthermore, the
tocopherol content was dramatically increased wpkmts were forced to
remobilise by growing them under nutrient deficign€hese results indicate,
that the accumulation ofa-tocopherol plays a crucial role for the
remobilisation, not only during senescence.

The measurement gttocopherol in leaves ohrabidopsis thaliana RILs and
the SAG12-IPT line showed, that-tocopherol accumulation is restricted to
later stages of the senescence. Gene expressitysiarend the observation
that y-tocopherol content is significantly elevated irolwn, senescent leaf
tissue provide evidence, thgtocopherol is involved in cell death processes.
Therefore,y-tocopherol accumulation is discussed as a marertHe last

phase of senescence which is characterised bgezih.
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6 Zusammenfassung

Tocopherole sind wichtig fur die menschliche Erngiy und Gesundheit,
ihre Funktionen in Pflanzen sind hingegen bis heateezu unverstanden.
Es war bekannt, dass und y-Tocopherol wéhrend der Blattseneszenz
Hoherer Pflanzen akkumulieren. Aufgabe der voriegm Arbeit war
daher, mdgliche Funktionen vo@ und y-Tocopherol wéhrend dieser
letzten Phase der Blattentwicklung aufzuzeigenzawngrifen.

Zunachst sollte geklart werden, ob die Akkumulatider Tocopherole
wahrend der Seneszenz durch einen erhdhten Chiglaipbau bedingt
wird. Hierzu wurden Tocopherole und Chlorophyllesiay-green Pflanzen
quantifiziert, die sich durch eine verzdgerte calesbleibende Degradierung
von Chlorophyllen auszeichnen. Diese Analysen am 8&G12-1PT
Tabaklinie als auch an déwestuca/Lolium Mutante zeigten eindeutig auf,
dass Tocopherole auch akkumulieren, wenn kein lgteitger Abbau von
Chlorophyllen stattfindet. Es ist jedoch nicht aemsthlossen, dass der
Phytolrest, der zur Biosynthese von Tocopherolembtigt wird, aus dem
Chlorophyllabbau stammt.

Ferner wurde durch Untersuchungen an BlatterrS4&12-1PT Tabaklinie
sowie an Rosettenblattern vAnabidopsis thaliana RILs demonstriert, dass
die Akkumulation vona-Tocopherol mit steigendem Blattalter zunimmt.
Die gemessenemTocopherolgehalte in d&8AG12-IPT Tabaklinie und der
glnl.2 Mutante vonArabidopsis thaliana lassen weiterhin vermuten, dass
Pflanzen, die eine Storung bezuglich der Remoébiiisig von Nahrstoffen
aufweisen, a-Tocopherol vermehrt anreichern. Ein Zusammenhang
zwischen der Akkumulation vamrTocopherol und der Remobilisierung von
Nahrstoffen wurde zudem dadurch bestatigt, dassn®éh, die aufgrund
von Nahrstoffmangel vermehrt remobilisieren muissebenfalls stark
erhohte Gehalte an Tocopherole besitzen.

Die Quantifizierung von y-Tocopherol in Blattern derSAG12-1PT
Tabaklinie sowie in Rosettenblattern derthaliana RILs zeigten auf, dass
die Akkumulation vory-Tocopherol auf eine spate Phase der Blattseneszenz
beschréankt ist. Auch konnte bestatigt werden, d#iesExpression von

Genen, die an dey-Tocopherolbiosynthese beteiligt sind, in braunem,
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nahezu totem Blattgewebe besonders hoch ist. [asen weisen darauf
hin, dassy-Tocopherol eine Bedeutung fur Zelltodprozessetbesielche
die die Blattseneszenz terminieren. Hohe Gehalte-ancopherol sind

demnach ein Kennzeichen der letzten Phase der Za1zes
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8 Curriculum vitae

1 Personal information

Date of birth: 11.03.1977
Place of birth: Erbach / Odenwald
Nationality: German

Marital status: unmarried

2 School education

1996 Obtaining of general qualification for university entrance at the Karl-
Theodor von Dalberg-Gymnasium in Aschaffenburg (Bavaria)

3 Alternative civilian service

01.09.1996 — 31.09.1997
Alternative civilian service at the Sozialstation in Hochst / Odenwald (mobile
nursing service)

4 Studies at university

01.10.1997 — 31.03.2004
Studies at the Johann-Wolfgang-von-Goethe-University in Frankfurt / Main in
order to become high-school teacher for biology and chemistry

01.04.2000 — 25.10.2004

Studies & diploma in biology at the Johann-Wolfgang-von-Goethe-University in
Frankfurt / Main; focus of studies: genetics of plants & fungi, biochemistry &
physiology of plants and (inorganic) chemistry; diploma thesis in plant genetics
“Analysis of senescence-associated changes of copper metabolism in
Arabidopsis thaliana”, supervisor: Prof. Dr. H. D. Osiewacz

5 Work experience

Winter 2002 / 2003 (as undergraduate)
Supervising the practical course “Organic chemistry for biologists”

Summer 2003 & summer 2004 (as undergraduate)
Supervising the practical course “ Developmental physiology of plants for
biologists”

16.11.2004 — 31.09.2005

Position as graduate assistent of Prof. Dr. H. D. Osiewacz

(Resarch group for developmental biology & biotechnology at the Botanical
Institute of the Johann-Wolfgang-von-Goethe-University in Frankfurt / Main)
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01.10.2005 up to date

PhD position in the research group of Prof. Dr. K. Krupinska (Department for
Plant Cell Biology at the Botanical Institute of the Christian-Albrechts-University in
Kiel) and member of the DFG-funded Graduiertenkolleg 820 “Natural
Antioxidants- Effects in Plants, Foods, Animals and Humans”

Summer 2007
Supervizing a three month, DAAD-funded internship of an American
undergraduate student

01.04.2008 — 30.09.2008
Marie-Curie funded internship in the laboratory of Dr. Céline Masclaux-
Daubresse, Nutrification azotee des plantes (NAP) at INRA in Versailles / France

6 Qualifications & competences

6. 1 Molecular biology

Isolation of nucleic acids from plants & fungi

Southern Blot Analysis, Northern Blot Analysis, Western Blot Analysis
PCR, semi-quantitative RT-PCR, Real-Time-PCR

Cloning in E. Coli

Generation of transgenic RNAi-plants in A. thaliana

6.2 Physiology & biochemistry

Isolation of carotinoids, chlorophylls and tocopherols from plant tissue
Assays to detect ROS in plant tissues

Measurement of photosynthetical parameters by imaging-PAM
Assays to measure soluble sugars, amino acids and NH,"

6.3 Instrumental analytics

HPLC to characterize tocopherols and carotinoids

6.4 Languages

Mother language: German
Foreign languages: English (very good), Latin (very good), French (moderate)

6.5 Mobility

Drivers licence Class 3 (own car at hand)
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6.6 Computer skills
Microsoft Word, Excel, Powerpoint, Sigma Plot, Corel Draw, Adobe Photoshop,

Clone Manager, Imaging-PAM-Software, HPLC-Software von Shimadzu

6.7 Knowledge derived from the studies in order to become high
school teacher
Good knowledge in inorganic, organic & physical chemistry, basics in psychology

& pedagogy

6.8 Participation in congresses, workshops and cour ses for further
training
“Botanical Congress 2004” in Braunschweig / Germany:

poster & talk in the satellite-meeting “Molecular mechanisms of ageing and

senescence processes in plants” (as undergraduate)
Congress for “Oxygen metabolism, ROS & redox signalling in plants 2005”

in Bristol / GB
Workshop for “Communication & Presentation” in Salzau / Germany, 2006
Practical course for microscopy (CLSM) at the ZM in Kiel / Germany, 2006
Congress for “Plant genetics” in Kiel / Germany, 2006
“4™ SPPS PhD Student Conference” in Lycksele / Sweden 2006:

talk & winner of the “Auditorial Talk Award”

Practical course for Real-Time-PCR by Applied Biosystems in Hannover, 2006
“3"Y European Workshop on Plant Senescence 2007” in Salzau / Germany:
poster
Supervizing a three month, DAAD-funded internship of an American
undergraduate student in summer 2007

“Botanical Congress 2007” in Hamburg / Germany

6.9 Membership in biological societies
Scandinavian Plant Physiology Society SPPS

German Botanical Society (Section Physiology & Molecular Biology of Plants)

7 Hobbies

7.1 Sports: tennis, volleyball, alpine skiing

7.2 Other activities: travelling, dancing and listening to trance music
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