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1 Summary

Arginine is one of 20 standard amino acids necessary for the formation of peptides and
proteins. It is also used as a nitrogen storage compound in seeds. Furthermore, arginine is
the precursor of polyamines and nitric oxide which play an important role in many devel-
opmental processes and the response to various environmental stresses. Plant amino acid
pathways have for a long time been mainly deduced from studies in bacteria and fungi. In
this work the first conclusive study on an arginine biosynthetic Arabidopsis mutant is de-
scribed. The EMS mutant tup3-1 (tumor prone 5-1) was found in a screen for Arabidopsis
mutants of which hypocotyl and root explants were cultivated on medium containing low
auxin and cytokinin concentrations. The phytohormone concentrations were under the
threshold of callus induction in the wild type, while the fumor prone mutants produced
calli (Riefler, 2001). Furthermore, fup5-1 also has a unique blue light-dependent short root
phenotype: The root meristem is lost under blue light irradiation, resulting in root growth
stop in the mutant (Frémont, 2004). In the following work, it was shown that the inhibiting
light is perceived by the root. The cells constituting this short, growth arrested root have a
strongly reduced metabolic activity, but are still viable. The gene encoding TUP5 was
identified as an acetylornithine aminotransferase (ACOAT), catalysing the fourth step of
arginine biosynthesis. The fup5-1 mutation is located in the third exon of Atlg80600
causing an amino acid substitution (G424R). The amino acid targeted by this substitution is
conserved in the homologous genes of bacteria, fungi and plants. Consistently, the free
arginine content was reduced in fup5-1 compared to the wild type and root growth was
restored in the mutant by exogenous supplementation of arginine. As an additional func-
tional proof, a yeast mutant lacking ACOAT which was auxotrophic for arginine could
restore its arginine autotrophy after transformation with the Arabidopsis TUP5 cDNA. Mi-
croarray data and real-time PCR showed that TUPS is expressed in rosette leaves, stems,
flowers, siliques and roots. Furthermore, TUPS expression is positively regulated by light.
A TUPS5-GFP fusion showed that TUPS is most likely localised in chloroplasts. A knock-
out of TUP) is lethal, as was shown for T-DNA insertion alleles. This confirms the crucial
role of TUP) as a single copy gene. The loss of root meristem in fup35-1 might be directly
caused by the lack of arginine or by accumulation of other metabolites in toxic amounts, as
the amino acid metabolism is more generally deregulated in fup5-1. The mechanisms

linking the short root phenotype to arginine deficiency and blue light signalling still have
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to be elucidated. The mutant tup5-1 provides a link between primary metabolism, plant

development and blue light signalling.



2 Zusammenfassung

Arginin ist eine von 20 proteinogenen Aminosduren, die fiir die Bildung von Peptiden und
Proteinen benotigt werden. Zusétzlich wird Arginin zur Stickstoffspeicherung in Samen
eingelagert und ist aulerdem eine Vorstufe von Polyaminen und Stickoxid, die eine wich-
tige Rolle in Entwicklungsprozessen und bei der StreBantwort auf Umwelteinfliisse spie-
len. Die Synthesewege von Aminosduren in Pflanzen wurden lange Zeit vorwiegend von
bekannten Stoffwechselwegen aus Bakterien und Pilzen abgeleitet. In der vorliegenden
Arbeit wird die erste umfassende Charakterisierung einer Argininbiosynthese-Mutante in
Arabidopsis beschrieben. Die EMS-Mutante tup5-1 (tumor prone 5-1) wurde in einem
genetischen Hormonsensitivititsscreen gefunden. Wurzel- und Hypokotylexplantate dieser
Mutante bildeten in vitro vermehrt Kalli auf Medium mit geringen Auxin- und Cytokinin-
konzentrationen (Riefler, 2001). fup5-1 zeigte aulerdem eine bisher nicht beschriebene
blaulichtabhéngige Ausdifferenzierung des Wurzelmeristems, die zum Stop des Wurzel-
wachstums fiihrte (Frémont, 2004). In der vorliegenden Arbeit wurde die Mutante weiter
charakterisiert und die Funktion des betroffenen Gens untersucht. Es konnte gezeigt wer-
den, daB das inhibierende Licht in der Wurzel perzipiert wird, und daB3 die Wurzelzellen
des ausdifferenzierten Wurzelmeristems in ihrer Stoffwechselaktivitét stark eingeschrinkt
sind. Das Gen, das fiir TUP5 kodiert, wurde als Acetylornithin-Aminotransferase
(ACOAT) identifiziert. Das Enzym katalysiert den vierten Schritt der Arginin-Biosynthese.
Die tup5-1 Mutation ist im dritten Exon von Atlg80600 lokalisiert und bewirkt eine
Aminoséuresubstitution (G424R). Die von dieser Substitution betroffene Aminosdure ist in
homologen ACOATSs von Bakterien, Pilzen und Pflanzen konserviert. Die aufgrund von
Sequenzvergleichen postulierte Funktion von TUPS in der Argininbiosynthese konnte auf
verschiedene Weise bestétigt werden: Zum einen war der Arginingehalt in fup5-1 im Ver-
gleich zu Wildtyp wegen der Stérung in der Argininbiosynthese stark reduziert, zum ande-
ren konnte das Wurzelwachstum in der Mutante durch exogene Gabe von Arginin wieder-
hergestellt werden. Als zusétzlicher funktioneller Nachweis konnte eine Hefe-Mutante, die
aufgrund des fehlenden homologen ACOAT-Gens argininauxotroph war, durch Transfor-
mation mit der Arabidopsis TUP5 cDNA komplementiert werden. Microarray-Daten und
gRT-PCR-Experimente zeigten, dal TUPS5 in Rosettenblittern, Sprof3, Bliiten, Schoten und
Wurzeln exprimiert und durch Licht positiv reguliert wird. Durch Untersuchung eines

TUPS-GFP-Fusionsproteins in transformierten Protoplasten konnte gezeigt werden, dal3
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TUPS mit grofBter Wahrscheinlichkeit in Chloroplasten lokalisiert ist. Die Untersuchung
von T-DNA-Insertionslinien ergab, daB3 sich ein kompletter Verlust der TUP5 Funktion
letal auswirkt. Dies bestitigt die iliberlebenswichtige Rolle von TUPS5, von dem nur eine
einzige Kopie im Arabidopsis-Genom vorliegt. Zusammenfassend kann gesagt werden,
dafB3 die Mutante fup5-1 eine bisher unbekannte Verbindung zwischen Primdrmetabolismus,

Pflanzenentwicklung und Blaulicht-Perzeption in Arabidopsis aufzeigt.



3 Introduction

The aim of developmental biology is to answer the interesting question: which mechanisms
make it possible for a single cell, the zygote, to become a multicellular organism with
complex organ structures? In contrast to animals, plants need to maintain a lifelong mor-
phological plasticity due to their sessile way of life. While animals usually cannot regrow
lost organs and limbs, plants are able to regenerate shoots and roots after herbivore attacks
or if they need to extend their shoots to less shaded areas and roots to more humid or nutri-
ent rich soils. Formation of plant organs takes place in meristems in which cells divide
from initial cells and differentiate under the influence of plant hormones, cell-cell commu-
nication signals and environmental cues (Tucker and Laux, 2007; Werner and Schmiilling,
2009). Cell division and differentiation needs to be kept under tight control, because
uncontrolled cell proliferation leads to tumour growth and unrestrained differentiation
causes meristem loss and growth arrest. Skoog and Miller (1957) described an important
role of the two plant hormones cytokinin and auxin for cell proliferation and differentia-
tion. They showed that in tobacco cell culture, a high auxin to cytokinin ratio led to root
growth in calli, while a high cytokinin to auxin ratio promoted shoot growth (Skoog and
Miller, 1957). If auxin and cytokinin are applied in a certain balanced ratio, an
undifferentiated cell proliferation takes place, yielding growing calli. Auxin and cytokinin
often act antagonistically: Auxin is important for stem cell maintainance and cell division
by activating the PLETHORA genes, while cytokinin is necessary for the restriction of the
meristem and cell differentiation in the root meristems (Dello Ioio et al., 2008). In the
shoot meristem it is cytokinin which promotes cell division, while auxin induces organo-
genesis (Sablowski, 2007).

M. Riefler made a screen in EMS-mutagenised Arabidopsis plants in order to find cyto-
kinin- and auxin-dependent genes involved in cell cycle and differentiation control
(Riefler, 2001). For this purpose explants of the EMS-treated plants were cultivated on
medium containing low auxin and cytokinin concentrations which normally do not induce
callus (or root and shoot) formation in WT explants (Riefler, 2001). Five mutants named
tumor prone (tupl - tup5) with the ability to form calli under these conditions were identi-
fied (Riefler, 2001). This work is focusing on the study of the mutant tup5 (renamed tup5-
1) and the elucidation of the gene’s function. Beside the above-mentioned phenotype, tup3-
I also has a striking blue light-dependent short root phenotype, making it an interesting

object for the study of the unusual connection between light signalling and root develop-
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ment (Riefler, 2001; Frémont, 2004). Due to the set-up of the mutant screening, regulatory
elements connected to hormone signalling were expected as candidates for the tup5-1 gene.

Interestingly, the result of the gene search was much unexpected (see chapter 5.2).

3.1 The root of Arabidopsis thaliana
3.1.1 Root growth and morphology

General organisation of the Arabidopsis root

The root of Arabidopsis is radially symmetric with four concentric layers of (from outside
to inside) epidermis, cortex, endodermis and pericycle with vascular tissue in its center
(Figure 3-1, A) (Scheres et al., 2002). Longitudinally, the root is constituted of four differ-
ent developmental zones (shootward from root tip): root cap, root meristem, elongation

zone and differentiation zone (Scheres et al., 2002; Baskin et al., 2010).

The root cap

The root cap is composed of two types of tissue: The columella cells in the inner zone of
the root cap, which contain starch granules used for sensing gravity, and the lateral root
cap cells which constitute the peripheral zone of the root cap (Figure 3-1, A) (Scheres et
al., 2002). These two cell types are formed by different initial cells: the columella initials
and the epidermal/lateral root cap initials (Nakajima and Benfey, 2002). The root cap pro-
tects the growing root tip against mechanical damages when penetrating the soil (Taiz and
Zeiger, 2002, p. 355) . During this process root cap cells are peeled off, but they are con-
stantly renewed by cell division (Taiz and Zeiger, 2002, p. 355) .

The root meristem

The meristematic zone lies shootward of the root cap. In its center the meristem contains
four mitotically (almost) inactive Quiescent Center (QC) cells which are surrounded by a
single layer of five types of initials (Nakajima and Benfey, 2002). The columella initials
are positioned rootward from the QC (Scheres et al., 2002). They are the origin of the colu-
mella cells. These initials do not contain starch granules, because these are only formed
during the differentiation process of columella cells (van den Berg et al., 1997). The colu-
mella initials are radially surrounded by the epidermal/lateral root cap initials which gener-
ate the epidermis and the lateral root cap cells. The cortical/endodermal initials lay radially

around the QC cells. They generate the cortex layer and the endodermis (Figure 3-1, A)
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(Scheres et al., 2002). The pericycle and the vascular tissue (together forming the stele) are
generated by their respective initial cells, which lay shootward from the QC (Figure 3-1,
A) (Nakajima and Benfey, 2002).

Differentiation of tissues from initial cells

The initial cells first undergo an anticlinal division, which means perpendicular to the
growth axis. The daughter cell in contact with the QC remains an initial cell which does
not differentiate. The other one, which is more distant from the QC, can either differenti-
ate, as in the case of columella cells or divide periclinally, which means parallel to the
growth axis. Therefore an additional radial cell layer is formed, as for example corti-
cal/endodermal initials do (Figure 3-1, B) (Dolan et al., 1993). In this case the second
periclinal division generates the endodermis and the cortex layer (Figure 3-1, A and B).
Due to ongoing divisions of the initials, clonal cell files are formed longitudinally. Older
daughter cells are therefore located more shootward from the meristem, except for colu-
mella cells. In the elongation zone they divide a few more times periclinally and then start
to expand anisotropically (Scheres et al., 2002). The radial expansion takes place in the
elongation zone, defining the ultimate root radius (Scheres et al., 2002). In the differentia-
tion zone lying shootward of the elongation zone, the cells receive their tissue-specific

properties (Taiz and Zeiger, 2002, p. 355) .

Regulation and signalling controlling root meristem function

It is important for the functionality of the meristem that the initials remain mitotically ac-
tive and do not differentiate. This maintenance of an embryonic state is controlled by sig-
nals from the QC which prevent the surrounding initial cells from differentiating by direct
cell to cell contact (van den Berg et al., 1997). The QC identity itself is defined by external
signals (van den Berg et al., 1995). The QC is positioned at the overlap of the SCARE-
CROW (SCR)/SHORT ROOT (SHR) signalling pathway on the radial axis and of the
PLETHORA genes which are activated by the auxin polarly transported into the root tip
through vascular cells on the longitudinal axis (Sablowski, 2007; Dinneny and Benfey,
2008). The RETINOBLASTOMA-RELATED gene promotes cell differentiation and re-

stricts proliferation within the root meristem (Wildwater et al., 2005).
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Pattern formation relies on
consistent division of initial
cells

8-

wild type
=] cortex/endodermis initial (Cei) [l quiescent center (QC)
: and its daughter (Ceid) pericycle and its initial 7] stele
epidemmis (Epi) ] vasculature and its initial _| (Ste)
[] lateral root cap (LRC) Bl endodermis (End)

B epidermis /lateral root cap initial [] cortex (Cor) :| ground tissue

& columella (Col) and its initial

Figure 3-1: Root meristem structure and mechanism of asymmetric cell division.

A: Scheme of transverse (left) and longitudinal (right) section of the Arabidopsis root tip (Dolan et
al., 1993; Nakajima and Benfey, 2002); B: Mechanism of asymmetric cell divisions that the
cortex/endodermis initial cell and its daughter undergo (adapted from: Scheres et al., 2002).

3.1.2 Natural abiotic factors influencing root development

The roots have to anchor the plant in the soil and ensure the nutrients and water supply.
Roots can use several physical and chemical cues to direct their growth into the appropriate
direction. A very basic physical cue perceived by the root to grow into the soil is gravity,
which is sensed through the position of starch granule-filled amyloplasts in columella cells,
leading to positive gravitropic growth (Rosen ef al., 1999). To avoid mechanical obstacles
in the soil, as for example rocks, plant roots can sense mechanical stimuli (Monshausen
and Gilroy, 2009). As a reaction to these stimuli, a transient cytosolic Ca’" increase
followed by transient changes in pH and increased production of extracellular ROS
(reactive oxygen species) occur in roots (Monshausen et al., 2009). If the root cannot force
its way through the obstacle it will bend and moreover can induce lateral root development
(Monshausen et al., 2009). Roots can also sense soil moisture by yet unknown molecular
mechanisms and direct their growth into the direction of better water supply, this reaction
is called hydrotropism (Monshausen and Gilroy, 2009). To react to possible nutrient-
deprivation, plants have evolved signalling pathways indicating the internal and external
nutrient status, which can lead to changes in root architecture (Lopez-Bucio ef al., 2003).

Especially nitrogen, phosphorus, iron and sulphur deprivation can alter root development

8
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(Lopez-Bucio et al., 2003). Plants do not only react by changes in root growth, but also by
enhancing the formation and elongation of root hairs to increase the absorptive surface as
for example in the case of low iron and phosphorus availability (Lopez-Bucio et al., 2003).
Interestingly, root meristems can undergo a determinate developmental program which
causes the loss of the meristem possibly due to phosphate starvation (Sanchez-Calderén et
al., 2005). Though it is being discussed whether the ultimate reason for this root growth
inhibition is higher and therefore toxic iron availability due to the phosphate reduction
(Ward et al., 2008).

The soil can contain amino acids from decomposing animals and plants which might be
used as nitrogen sources (Forde and Lea, 2007). It might therefore be beneficial for plants
to sense soil areas of higher amino acid concentrations (Forde and Lea, 2007). The amino
acid L-glutamate has a specific primary root growth-inhibiting effect which is perceived at
the root tip and which reduces mitotic activity in the primary root apical meristem when
applied exogenously (Walch-Liu et al., 2006; Forde and Lea, 2007). Besides this, lateral
root formation is induced near the root apex. The newly formed lateral roots also become
glutamate-sensitive when they have reached a length of 5-10 mm (Walch-Liu ef al., 2006;
Forde and Lea, 2007). This leads to a dense root system where glutamate concentration is
high (Forde and Lea, 2007). In the study of Walch-Liu et al. (2006) the primary root
growth recovery after glutamate treatment was assessed. The primary root meristem was
lost if a critical duration of glutamate exposure was exceeded (Walch-Liu ef al., 2006).

The amino acid L-tryptophan also has an effect on root growth when applied exogenously,
but it might be an auxin effect, as tryptophan is a precursor of indole-3-acetic acid (IAA)
(Miiller et al., 1998; Walch-Liu et al., 2006).

The effect of light on root development will be discussed in chapter 3.2.2.

3.2 Light signalling in plants

Light is an energy source and an important environmental signal for plants (Liscum et al.,
2003). For example, the day length gives information on the season and helps the plant to
anticipate the environmental conditions and adapt its development to them (Sullivan and
Deng, 2003). Light, together with other factors, controls developmental processes such as
germination, photomorphogenesis, shade avoidance, phototropism, chloroplast movement,
stomatal opening, circadian clock adjustment and flowering time (Sullivan and Deng,

2003). Arabidopsis has different light receptor types: phytochromes, cryptochromes,
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phototropins, the Zeitlupe family genes and possibly UVB receptors (Nemhauser and
Chory, 2002; Christie, 2007b).

3.2.1 Plant photoreceptors

Phytochrome

Phytochromes are photoreceptors which perceive mainly the red / far red wavelengths (600
— 750 nm) of light spectrum (Sullivan and Deng, 2003). Phytochromes act as homodimers,
each monomere being composed of an apoprotein with a molecular weight of approxi-
mately 125 kDa and a linear tetrapyrrole (phytochromobilin) as chromophore (Casal ef al.,
2003; Bae and Choi, 2008). Arabidopsis has five phytochrome apoprotein genes (PHYA -
PHYE). The highest concentrations of phytochromes are found in young undifferentiated
tissues, especially in shoot and root apical meristem (Taiz and Zeiger, 2002, p. 381) . phyA
and phyB are localised in the cytosol in dark-grown seedlings (Casal et al., 2003). Light
induces their translocation to the nucleus (Bae and Choi, 2008). This translocation is criti-
cal for their role in the regulation of gene expression (Nagatani, 2004).

Seeds use light signals via phytochrome together with humidity and temperature for the
determination of germination time (Nemhauser and Chory, 2002; Bentsink and Koornneef,
2008). Another important role of phytochrome is the light perception for shade avoidance.
Overhanging leaves of neighbouring plants selectively absorb red light and let far red light
pass through, resulting in light with a low red/far red ratio perceived by phytochromes
(Sullivan and Deng, 2003). When the plant perceives these unfavourable photosynthetic
conditions, it can react with elongation growth and increased apical dominance to try to
overgrow the shading plants (Sullivan and Deng, 2003). Phytochromes are also involved in
deetiolation of seedlings, circadian clock adjustment and the transition to flowering to-
gether with other photoreceptors (Casal et al., 2003; Sullivan and Deng, 2003).
Cryptochrome

Cryptochromes are blue light and UV-A photoreceptors found in bacteria, fungi, animals
and plants (Lin and Shalitin, 2003). Most plant cryptochromes have a molecular weight of
70-80 kDa (Lin and Shalitin, 2003). They are composed of a photolyase-related domain
(PHR) at the amino-terminus and a CCT (cryptochrome carboxy-terminal) domain not
related to photolyases and which is critical for the function of Arabidopsis cryl and cry2
(Lin and Shalitin, 2003; Liscum et al., 2003). The PHR domain binds flavin adenine dinu-
cleotide (FAD) as catalytic cofactor and Methenyltetrahydrofolate (MTHF) as antenna
chromophor (Batschauer et al., 2007). Cryptochromes are phosphorylated in response to

10



3. INTRODUCTION

blue light; this is necessary for their biological activity (Batschauer et al., 2007). Three
cryptochromes have been found in Arabidopsis: cryl, cry2 and a cryDASH protein named
cry3 (Batschauer et al., 2007; Zirak et al., 2009). cryl and cry2 are involved mainly in
deetiolation of seedlings, day length perception and circadian clock adjustment; and the
transition to flowering together with the phytochromes (Sullivan and Deng, 2003). A func-
tion as photolyase was shown in vitro for cry3 which is targeted to chloroplasts and mito-
chondria, but its in vivo function is still under discussion (Pokorny et al., 2008; Reisbacher,
2009).

cryl and cry2 interact with COP1 (Batschauer et al., 2007). COP1 is an E3 ubiquitin ligase
which targets the photomorphogenesis inducing transcription factor HYS for degradation
(Batschauer et al., 2007). cryl is localised to the nucleus in darkness and exported to the
cytosol after light treatment (Lee et al., 2008b). After illumination with blue light, the CCT
domain of cryptochrome is phosphorylated and it probably undergoes conformational
changes to an active state (Batschauer et al., 2007). In the active state CCT represses the
COP1 function and cause the export of COP1 from the nucleus (Batschauer et al., 2007).
HY5 can therefore accumulate in the nucleus and activate light-induced genes according to
that model (Batschauer et al., 2007). cry2 seems not to bee shifted between cellular
compartments, it is phosphorylated and degraded in the nucleus (Yu et al., 2007).

Phototropin

Phototropins are flavoprotein blue light / UV-A photoreceptors involved in “movements”
of plant organs due to light stimuli, such as phototropism, light-induced stomatal opening
or chloroplast relocation to improve the photosynthetic rate (Quail, 2002; Christie, 2007a).
Additionally, phototropins play a role in cotyledon and leaf expansion and the rapid hypo-
cotyl elongation after shift of dark-grown seedlings to blue light (Christie, 2007a).
Arabidopsis has two phototropins, photl and phot2, localised in the plasma membrane and
having an approximate molecular weight of 120 kDa (Sakamoto and Briggs, 2002).
Phototropins are composed of a photosensory domain at the amino-terminus and a
serine/threonine kinase domain at the carboxy-terminus (Christie, 2007a). The photosen-
sory domain contains two so-called LOV domains, found in members of the light, oxygen,
voltage-regulated protein family (Liscum et al., 2003; Sullivan and Deng, 2003). Each
LOV domain binds one molecule of flavin mononucleotide (FMN) as chromophore
(Banerjee and Batschauer, 2005). Phototropins undergoe blue-light dependent autophos-
phorylation (Sakamoto and Briggs, 2002). While photl mediates reactions to low fluence
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rates of blue light, phot2 plays only a role in high fluence rate perception (Sakamoto and
Briggs, 2002). The positive phototropism of the hypocotyls is mediated by photl at low
and by both, photl and phot2 at high fluence rates of blue light. The phototropin-mediated
directional light perception probably forms a signalling gradient which causes auxin accu-
mulation on the shaded side of the hypocotyl (Sakamoto and Briggs, 2002; Christie,
2007a). This induces an increased growth on the shade side and therefore bending towards
the light source (Sakamoto and Briggs, 2002; Christie, 2007a). Phytochromes and crypto-
chromes are also involved in hypocotyl phototropism, but only phototropin mediates the
directional light sensing (Christie, 2007a). Chloroplasts relocate according to light condi-
tions: They move towards the light irradiated surfaces within the cell to increase their
photosynthetic rate. This effect is mediated by photl and phot2. If irradiation is too high
and might cause damages to the photosynthetic system, the chloroplasts are redistributed in
a light avoiding manner (Briggs and Christie, 2002). This effect is mediated solely by
phot2 (Christie, 2007b). Stomatal opening which is regulated by both phototropins is medi-
ated by swelling of the guard cells (Lin, 2002). As a consequence of blue light signals, ion
fluxes and osmotic changes within the guard cell lead to water intake and increased turgor

pressure (Kwak et al., 2009).

Zeitlupe family and another LOV containing protein in Arabidopsis

Three proteins constitute a novel blue light receptor family; these are ZLP (Zeitlupe),
FKF1 (Flavin-binding Kelch repeat F-box 1) and LPK2 (LOV Kelch Protein 2) (Christie,
2007a; Demarsy and Fankhauser, 2009). All three possess a single LOV domain (see
phototropin) at the aminoterminus, an F-box motif and six kelch repeats (Banerjee and
Batschauer, 2005; Christie, 2007a). The LOV domain of the ZLP family members shows
typical light sensor properties comparable to phototropins, except for dark-reversion found
in phototropins but not in the ZLP family (Banerjee and Batschauer, 2005; Christie,
2007a). The F-BOX motif is found in E3 ubiquitin ligases which target proteins for
degradation. The function of ZLP family proteins is therefore considered to be the target-
ing of circadian clock-related proteins for degradation (Banerjee and Batschauer, 2005;
Christie, 2007a). The Kelch domain repeats might be important for protein-protein interac-
tions (Banerjee and Batschauer, 2005; Christie, 2007a). The ZLP family plays a role in
circadian clock and flowering time control (Banerjee and Batschauer, 2005; Christie,

2007a). ZLP is also involved in photomorphogenesis (Spalding and Folta, 2005).
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Another LOV-containing protein was found in Arabidopsis (Christie, 2007a). The function
of the so-called PAS/LOV protein is not known yet (Christie, 2007a).

UV-B photoreceptors

UV-B is an important environmental signal which influences plant development, metabo-
lism and stress responses such as DNA damage signalling, reactive oxygen species accu-
mulation and signalling; and wound/defense signalling (Jenkins, 2009). UV-B promotes
branching and reduces stem and leaf elongation for example and it induces the production
of secondary metabolites such as flavonoids for UV protection (Jansen, 2002; Jenkins,
2009). There are different signalling pathways involved in UV-B perception and up to now
it is not known how many pathways do exist in plants (Jenkins, 2009). Many molecules, as
for example phenolic compounds, nucleic acids and proteins, absorb UV-B (Jenkins,
2009). The existence of specific UV-B photoreceptors has been discussed, but the molecu-

lar components have not been found yet (Jenkins, 2009).

3.2.2 Light signalling and root development

Though roots are mainly located in the soil where light plays a minor role as environmental
signal, phytochromes, cryptochromes and phototropins were found in root tissue (T6th et
al., 2001; Sakamoto and Briggs, 2002; Canamero ef al., 2006). Light might have an impact
on root development as it can be transmitted through the upper soil layers (Mandoli et al.,
1990). Additionally, light can be conducted axially from the stem to the roots (Sun ef al.,
2005). Blue and red light have antagonistic effects on Arabidopsis root phototropism: blue
light induces phototropin-mediated negative phototropism, while red light induces a weak
phytochrome-mediated positive phototropism (Ruppel et al., 2001; Sakai et al., 2001). The
blue light-mediated negative phototropism might prevent the root from growing toward the
stressful upper soil layers (Boccalandro et al., 2008). And indeed, photl was found to have
an impact on drought tolerance, because photl-deficient roots grow less efficiently into
deeper soil layers (Galen et al., 2007a). PHYTOCHROME KINASE SUBSTRATE 1
(PKS1) is involved in blue light-dependent negative root phototropism and it negatively
regulates root gravitropism (Boccalandro et al., 2008). PKS1 interacts with photl and the
blue light signal that induces PKSI expression is perceived by phyA, therefore indicating
that PKS1 links both photoreceptor signalling pathways (Lariguet et al., 2003; Lariguet et
al., 2006).
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Light does not only play a role in root phototropism, but also in root growth. Phytochromes
inhibit root elongation in etiolated seedlings treated with red light and additionally influ-
ence root gravitropism (Correll and Kiss, 2005). In contrast to Correll and Kiss (2005),
Canamero et al. (2006) found that continuous red light promoted root growth. Crypto-
chromes have antagonistic effects on primary root growth in blue light: cryl promotes root
growth, while cry2 inhibits it (Canamero et al., 2006).

Two recently described Arabidopsis mutants are impaired in seedling development and
root growth (Tong et al., 2008; Leasure et al., 2009). This developmental arrest is due to
UV-B light exposure of the root (Tong et al., 2008). Both, rus! (root UV-B sensitivel) and
rus2-1 carry a mutation in homologous genes containing a DUF647 domain (domain of
unknown function 647) highly conserved in eukaryotes (Tong et al., 2008; Leasure et al.,
2009). RUSI and RUS2 interact and are probably localised in plastids (Leasure et al.,
2009).

At last, root hair development is promoted by phytochrome in a light-dependent manner

(De Simone et al., 2000).

3.3 Amino acid biosynthesis

Amino acids have a fundamental role in living organisms. Beside their function as building
blocks of proteins, they are also important in primary and secondary metabolism. Nitrogen,
which is assimilated in the form of amino acids for the plant’s metabolism, is a rate-limit-
ing factor in plant growth (Lam et al., 1995). Glutamate, glutamine, aspartate and aspar-
agine are needed for nitrogen transport (Lam et al., 1995). Many amino acids are precur-
sors of various products of secondary metabolism, like plant hormones or molecules used
for plant defense (Coruzzi and Last, 2000). Hence, genes involved in amino acid
biosynthesis play an important role in plant growth and development. The field of amino
acid synthesis was extensively studied in bacteria and fungi. The knowledge gained from
these organisms is used for investigating plant amino acid biosynthesis which is not fully
explored yet (Coruzzi and Last, 2000).

First, an overview of nitrogen assimilation and the synthesis pathways of the different
amino acids will be given, with emphasis on the role of light in regulating these processes
(chapter 3.3.1). In a second part, plant mutants of amino acid synthesis genes will be pre-
sented with a focus on root developmental phenotypes (chapter 3.3.2). Finally, arginine
biosynthesis and regulation will be described in more detail (chapter 3.3.3), because the

gene TUPS studied in this work is involved in this pathway (see chapter 5.2.8).
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3.3.1 Overview of amino acid synthesis pathways

Nitrogen assimilation

All amino acids are synthesised from carbon skeleton backbones produced during photo-
synthesis, glycolysis, the oxidative pentose phosphate pathway and the citric acid cycle
(Coruzzi and Last, 2000). Light and the availability of carbon and nitrogen metabolites are
factors regulating the nitrogen assimilation into the nitrogen-transporting amino acids glu-
tamate, glutamine, aspartate and asparagine which represent 70% of the total free amino
acids in Arabidopsis (Lam et al., 1995; Coruzzi and Last, 2000). As the light-dependent
root phenotype of tup5-1 is probably connected to amino acid metabolism, the light-regu-
lated nitrogen assimilation is described exemplarily in the following part.

The primary nitrogen assimilation in plants takes place by the incorporation of ammonium
using glutamate to form glutamine (Figure 3-2) (Rose and Last, 1994). This reaction is
performed by glutamine synthetase (GS). Subsequently the amide group is transferred by
glutamate synthase (GOGAT) from glutamine to a—ketoglutarate to form two molecules of
glutamate (Coruzzi and Last, 2000). These two reactions form the GS/GOGAT cycle.

Two isoforms of glutamine synthetase were found: a cytosolic one (GS1), and a chloro-
plastic one (GS2) (Coruzzi, 2003). The three GS1 isoenzymes encoded by GLNI.1-1.3
supposedly work in primary nitrogen assimilation in roots: the assimilated nitrogen is ex-
ported as glutamine into other plant organs through the xylem (Coruzzi, 2003). GS2 is
light-regulated through the phytochrome signalling pathway and mainly expressed in
leaves (Coruzzi, 2003). The leaf GS2 isoenzyme is thought to have a function in primary
ammonia assimilation and in reassimilation of ammonia from photorespiration (Coruzzi
and Last, 2000; Coruzzi, 2003).

Glutamine, a metabolically reactive amino acid, is accumulated in the light (Coruzzi and
Last, 2000). When nitrogen has been assimilated in glutamate and glutamine, it can be
transferred as an amino group onto other compounds by aminotransferases. The transfer of
the amino group from glutamate to oxalacetate yielding aspartate and regenerating o—
ketoglutarate is catalysed by aspartate aminotransferase (Figure 3-2) (Coruzzi and Last,
2000). a—ketoglutarate can again be used for primary nitrogen assimilation while aspartate
is used for inter- and intracellular transport of carbon and nitrogen (Coruzzi and Last,
2000). Many plant species use asparagine as inert nitrogen storage and transport compound
with a high N / C ratio (Figure 3-2) (Coruzzi, 2003). The level of asparagine raises in dark-
adapted plants (Coruzzi, 2003), when carbon backbones become scarce. Asparagine syn-

thetase (AS) catalyses the transfer of an amino group from glutamine to aspartate, yielding
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asparagine and glutamate (the hydrolysed former glutamine) (Figure 3-2) (Coruzzi, 2003).
ASNI, one of the three AS genes of Arabidopsis accounts for the main synthesis of free
asparagine. Its expression is repressed by light and induced in darkness (Coruzzi, 2003).
The ASNI expression correlates with free asparagine levels measured in light (low) and
darkness (high) (Figure 3-2). ASN1 expression is inhibited by exogenously applied sucrose
(Lam et al., 1994). This effect can be partly rescued by application of glutamate, glutamine
or asparagine, suggesting that a high nitrogen to carbon ratio induces ASNI expression
(Lam et al., 1994).

The assimilated nitrogen can then be used for the synthesis of all other amino acids, of
nucleotids and secondary metabolites (such as chlorophyll, flavonoids, lignin, and the

phytohormones cytokinin, auxin and ethylene) (Rose and Last, 1994; Coruzzi, 2003).

Alanine

Alanine is produced by the transfer of an amino group from glutamate to pyruvate by
alanine aminotransferase (Figure 3-3) or by desulfurisation of cystein when sulfur is used
for the production of iron—sulfur (Fe—S) clusters; this is catalysed by cysteine desulfurases
(Liepman and Olsen, 2004; Balk and Lobréaux, 2005). High alanine concentrations are
accumulated in the roots under hypoxia (Miyashita et al., 2007). Alanine aminotransferase
catalyses the degradation of alanine thereby releasing the stored carbon and nitrogen when

normal oxygen conditions are restored (Miyashita et al., 2007).

Aromatic amino acid synthesis

The aromatic amino acid pathway is not only used for trypthophan, phenylalanine and ty-
rosine synthesis as protein building blocks (Figure 3-3); but also for the synthesis of aro-
matic secondary metabolites in plants (Coruzzi and Last, 2000). The synthesis pathway is
as follows: Erythrose-4-phosphate and phosphoenolpyruvate are converted to shikimate in
four reactions (Herrmann, 1995). In three more reaction steps, chorismate is formed from
shikimate (Herrmann, 1995). Chorismate can then either be converted to anthranilate for
tryptophan synthesis or to prephenate for tyrosine and phenylalanine biosynthesis (Figure
3-3) (Radwanski and Last, 1995; Coruzzi and Last, 2000). Feedback inhibition by end
products and activation by concurring end products exist at the branching points of the
three aromatic amino acid synthesis pathways (Siehl and Conn, 1988; Radwanski and Last,

1995; Mobley et al., 1999; Coruzzi and Last, 2000)
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Aromatic amino acid biosynthesis takes place in plastids (Coruzzi and Last, 2000). Trypto-
phan can be further metabolised to the phytohormone auxin, to indolic alkaloids and in-
dolic glucosinolates (Radwanski and Last, 1995). These compounds play a role in plant
development, pathogen defense, pollinator attraction and other processes (Radwanski and
Last, 1995). Phenylalanine and tyrosine are used for many secondary metabolites as for

example lignins, alkaloids and flavonoids .(Coruzzi and Last, 2000)

LIGHT = high reduced C Low reduced C DARK

= Low organic N high organic N

N-storage (inert)

sucrose —» oxaloacetate aspartate asparagine (4C:2N)

= ASN1
(aspartate aminotransferase 2)

(AAT2) (asparagine synthetase 1)
glutﬁte a-ketoglutarate (AST1)
+ glutamate
hevis 6LU1 1
biosynthetic (FA-GOGAT) catabolic
~—» glutamate glutamine 6DH 1
(5C:2N)
A
a -ketoglutarate GLN2 | reactive

(glutamine synthetase 2) ¢

NH4+ (6S2) piosynthesis NH4* a-ketoglutarate

Figure 3-2: A model for the metabolic flow of nitrogen assimilation into the nitrogen-transport
amino acids glutamate, glutamine, aspartate, and asparagine in light and darkness.

In the light, inorganic nitrogen is assimilated initially into glutamate and glutamine by the combined
actions of the plastid enzymes: chloroplastic glutamine synthetase 2 (GS2) encoded by GLN2, and
ferredoxin-dependent glutamate synthase (Fd-GOGAT) encoded by GLU7. The conversion of
glutamate into aspartate in the light is controlled by the cytosolic aspartate aminotransferase AAT2
encoded by ASP2. In the dark, this pool of aspartate is converted into asparagine by asparagine
synthetase (ASN17). Gene names are shown in boxes, protein names in brackets below (adapted
from Coruzzi and Last (2000) and Coruzzi (2003)).

Aspartate-derived amino acids

Lysine, methionine, threonine are synthesised from aspartate in a common pathway
(Figure 3-3) (Coruzzi and Last, 2000; Jander and Joshi, 2009). Isoleucine, a branched-
chain amino acid, is derived from threonine (Figure 3-3). All four amino acids are synthe-
sised in plastids (Coruzzi and Last, 2000; Jander and Joshi, 2009). Methionine is a precur-
sor of S-adenosylmethionine (SAM), ethylene and polyamines (Coruzzi and Last, 2000).

The biosynthesis of aspartate-derived amino acid is controlled by allosteric regulation of
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the branch-point enzymes (Jander and Joshi, 2009). AGD?2 is another example of light-
regulated gene expression in amino acid biosynthesis: it encodes for L,L-diaminopimelate
aminotransferase acting in lysine biosynthesis and it is upregulated by light (Song et al.,

2004; Hudson et al., 2006; Jander and Joshi, 2009).

Branched-chain amino acids

Threonine is deaminated to 2-ketobutyrate for the synthesis of isoleucine (Figure 3-3).
After this step, valine and isoleucine are synthesised in parallel by four enzymes with dual
substrate specificity using 2-ketobutyrate as starting substance for isoleucine and pyruvate
as precursor for valine (Singh, 1999; Coruzzi and Last, 2000). The intermediate of the third
step in valine synthesis, 2-ketoisovalerate, can be used as substrate for the synthesis of leu-
cine in four more enzymatic steps (Singh, 1999; Coruzzi and Last, 2000). The branched-
chain biosynthetic pathway seems to be located in plastids (Singh, 1999). It is regulated by
feedback inhibition of different enzymes at committing steps of the pathway (Singh, 1999).
Threonine deaminase, which catalyses the first committing step to isoleucine synthesis, is

activated by valine (Halgand et al., 2002; Binder et al., 2007).

Glutamate-derived amino acids

Both, glutamate and its derivative ornithine, are precursors in the proline biosynthesis
pathway (Verbruggen and Hermans, 2008). Proline accumulates in plants in response to
various stresses, especially osmotic stress. Proline has various functions in the plant’s
adaption to stress: in osmoprotection, ROS scavenging, molecular chaperone action, and
others (Verbruggen and Hermans, 2008). Both, glutamate and ornithine are the precursors
in young Arabidopsis plants for proline accumulation under osmotic stress, while in older
plants mainly the glutamate pathway is used (Roosens et al., 1998). A'-pyrroline-5-
carboxylate synthase 1 (P5CS/) catalyses the first two reactions of proline biosynthesis via
the glutamate pathway (Verbruggen and Hermans, 2008). The transcription of P5CS/ and
proline accumulation is promoted by light and repressed by brassinosteroids in Arabidopsis
(Abrahém et al., 2003; Szabados and Savour¢, 2010).

Arginine biosynthesis will be discussed in chapter 3.3.3.

Histidine
Histidine is synthesised in a highly energy consuming process of eleven reaction steps

from phosphoribosyl-a-1-diphosphate (PRPP), which is also a starting product for the de

18



3. INTRODUCTION

novo biosynthesis of purines (Stepansky and Leustek, 2006). It is assumed that the entire
histidine biosynthesis pathway is located in chloroplasts (Ward and Ohta, 1999; Stepansky
and Leustek, 2006). Feedback regulation takes place at the first enzymatic step of histidine
biosynthesis: ATP-phosphoribosyl transferase is inhibited by histidine (Ohta et al., 2000).
Beside its role as proteinogenic amino acid, histidine can act as chelator for metal ions and

is therefore important for metal ion homeostasis in plants (Stepansky and Leustek, 2006).

Glycine, serine and cysteine

Glycine and serine can be interconverted; therefore their biosynthesis is tightly connected
(Bourguignon et al., 1999). There are two synthesis pathways for serine. 3-phosphoglycer-
ate, an intermediate of glycolysis, is used to produce serine in three reaction steps in the so-
called “phosphorylated” or “glycolytic” pathway (see in “Plant Metabolic Network™:
http://www.plantcyc.org:1555/ARA/server.html; Rhee et al., 2006) (Bourguignon et al.,
1999). Serine can then be reversibly converted to glycine. This pathway seems to be
important in non-photosynthetic tissues and under environmental stress conditions (Ho and
Saito, 2001). The other pathway for serine synthesis is derived from photorespiration. Gly-
oxylate, an intermediate in the photorespiratory pathway, can be transaminated to glycine.
Glycine can then be converted to serine (Bourguignon et al., 1999). The photorespiratory
pathway is highly active in photosynthetic tissues, though its contribution to net serine and
glycine production is not clear, because the latter are mostly redirected into the calvin cy-
cle (Bourguignon et al, 1999). An additional pathway for glycine synthesis is via
threonine aldolase (Joshi ef al., 2006).

Cysteine can be synthesised from serine in two reaction steps (Saito, 1999). In the second
reaction, sulphur is integrated. This is the main integration pathway of sulphur into organic
molecules (http://www.plantcyc.org:1555/ARA/server.html: “Plant Metabolic Network™;
Rhee et al., 2006). The sulphur can be transferred from cysteine to the other sulphur-con-
taining amino acid methionine and other important compounds as glutathione, thiamine,

coenzyme A and biotin (http://www.plantcyc.org:1555/ARA/server.html) (Saito, 1999).
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Figure 3-3: Amino acid biosynthesis pathways in plants (Coruzzi and Last, 2000).

3.3.2 Mutants of amino acid metabolism

A large collection of auxotrophic bacteria and fungi has been used for the study of bio-
synthetic pathways. Screens were performed to find auxotrophic plants, but compared to
microorganisms there are only a few plant mutants available up to now (Muralla et al.,
2007). Some of them will be described here with a special focus on root developmental

phenotypes.

Aspartate

Arabidopsis contains different aspartate aminotransferase isoenzymes having distinct
functions and located in different subcellular locations (Coruzzi, 2003). From the five ana-
lysed mutant alleles of aspartate aminotransferase 2 (AspAT2) several showed changes in
amino acid content (Miesak and Coruzzi, 2002). The AspAT2 mutant alleles aat2-2 and
aat2-T had a reduced root growth phenotype (Schultz et al., 1998; Miesak and Coruzzi,

2002). In the case of aat2-2 this effect was enhanced when aspartate was applied exoge-
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nously, implying a dual role of the enzyme in aspartate catabolism beside its function in

biosynthesis (Coruzzi, 2003).

Histidine

There are two histidinol-phosphate aminotransferases (HPA) in Arabidopsis required for
histidine biosynthesis (Mo et al., 2006). A mutation in one of them, AtHPA, causes a de-
fect in primary root growth and root meristem maintenance (Mo et al., 2006). The mutant
had a reduced content in free, but not in protein-bound histidine. The root phenotype could
be rescued by exogenous application of histidine. The histidine-dependence of root devel-
opment was higher in young seedlings than in older plants (Mo et al., 2006). A complete
knockout of the gene was embryo lethal (Mo et al., 2006).

apgl0 (albino and pale green 10) carries a mutation in BBMII (N'-[(5’-phosphoribosyl)-
formimino]-5-aminoimidazole-4-carboxamide ribonucleotide) isomerase which performs
the fourth step in histidine biosynthesis (Noutoshi et al., 2005). The mutant had pale green
leaves and a global increase in free amino acids in young seedlings, although the plants
recovered later and the phenotype disappeared (Noutoshi ef al., 2005). A knockout allele of
the gene was embryo lethal (Noutoshi et al., 2005). This embryolethality was also found
for several insertion alleles of different histidine biosynthesis genes (HISN2-4, HISN 6 and
HISN §8) (Muralla ef al., 2007).

Tryptophan

Arabidopsis has two tryptophan synthase 3 subunit (7SB) genes, 7SBI and 7SB2, needed
for the last step of tryptophan biosynthesis. #rp2-1 which carries a mutation in 7SB/ failed
to produce true leaves and roots on medium without tryptophan when grown under stan-
dard illumination. Interestingly, the plants could develop without tryptophan treatment
when grown under low light (Last et al., 1991). TSB1I accounts for >90% of the mRNA in
leaves. The authors therefore argued that the weakly expressed 7SB2 gene can fulfil the
requirements of the slowly growing mutant under low light, while this is not possible at
higher metabolic rates occuring under high light (Last et al., 1991). Alternatively, they
suggested that the mutation might alter the regulation of TSB! or that residual activity of
the mutated enzyme might contribute to the tryptophan synthase  enzyme activity in low
light intensity (Last et al., 1991).

This conditional light phenotype was also observed in mutants of the 7TRPI gene coding for

anthranilate phosphoribosyl-transferase, catalysing the second step in tryptophan synthesis,
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and of the TRP3 gene which codes for tryptophan synthase a (TSA) subunit, which cataly-
ses the penultimate step in tryptophan biosynthesis (Last et al., 1991; Radwanski et al.,
1996).

Lysine

agd?2-1 (aberrant growth and death2) has a mutation in L,L-diaminopimelate aminotrans-
ferase which acts in lysine biosynthesis (Song et al., 2004; Hudson et al., 2006; Jander and
Joshi, 2009). The mutant was smaller than the wild type, it had enlarged leaf cells and
showed some spontaneous cell death and embryo lethality (Song et al., 2004). agd?2-1 also
displayed a salicylic acid-dependent resistance to the pathogen Pseudomonas syringae,
because the wild-type AGD2 probably represses disease resistance (Rate and Greenberg,
2001). The expression of AGD2 was light-regulated (Song et al., 2004).

A mutation affecting a dihydrodipicolinate synthase gene (DHDPS) which is also involved
in the lysine biosynthesis pathway led to reduced plant growth and strong accumulation of
threonine and reduction of lysine content in the mutant Rm 57 (Sarrobert et al., 2000).
Other amino acid levels were also affected in the mutant (Sarrobert et al., 2000). The
growth phenotype of Rm57 might be due to a combined effect: lysine deficiency, toxic
concentrations of threonine and changes in other amino acids. The root phenotype was
only partly complemented by external application of lysine. A toxic effect of threonine
could be mimicked in WT by application of threonine, leading to a reduced root growth

comparable to the mutant (Sarrobert et al., 2000).

Threonine
mto2-1, a mutant in threonine synthase, showed reduced plant growth, reduced levels of
threonine and over-accumulation of soluble methionine in young rosettes (Bartlem et al.,

2000).

Photorespiration, serine and glycine

The photorespiratory sat mutants deficient in serine-glyoxylate aminotransferase had re-
duced photosynthesis rates and accumulated serine and glycine when exposed to photores-
piratory conditions. The mutants were only viable in nonphotorespiratory conditions and
showed chlorosis and stunted growth when shifted into ambient atmospheric conditions

(Somerville and Ogren, 1980).
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aoatl-1 is mutated in an photorespiratory glutamate:glyoxylate aminotransferase (GGAT)
which also showed activity as alanine:2-oxoglutarate aminotransferase (AOAT),
alanine:glyoxylate aminotransferase (AGAT) and glutamate:pyruvate aminotransferase
(GPAT) (Igarashi et al., 2003). The mutant was stunted and had chlorotic leaves, elevated
glutamate and decreased serine levels when grown under normal air conditions (Igarashi et
al., 2003). The mutant could develop almost wildtype-like under low light conditions or on

medium containing 3% sucrose (Igarashi et al., 2003).

3.3.3 Arginine function and biosynthesis

A The role of arginine in plants

Arginine is one of the 20 standard amino acids necessary for the assembly of peptides and
proteins. It is therefore vital for the functioning of the cell. Arginine is a basic amino acid
with the linear formula: H,NC(=NH)NH(CH;);CH(NH,)COOH and a very high N:C ratio
(4:6) which makes it ideal for nitrogen storage (Llacer et al., 2008). And indeed, arginine
can represent a significant part of nitrogen store in protein or as free amino acid in seeds,
bulbs or other parts of plants (VanEtten ef al., 1963; Lea and Miflin, 1980; Boutin, 1982;
Micallef and Shelp, 1989). Arginine can account for 11% of the nitrogen pool in Arabidop-
sis seeds (VanEtten et al., 1963; Zonia et al., 1995). Besides this, ornithine (a precursor of
arginine) and arginine are necessary for the production of polyamines (Slocum, 2005).
However, it seems that in Arabidopsis only arginine, but not ornithine, can be used as pre-
cursor for the biosynthesis of polyamines (Hanfrey et al., 2001). These small positively
charged organic molecules play an important role in plant stress response, senescence, cell
growth and division, root growth, fruit development and ripening, and other processes
(Kaur-Sawhney et al., 2003). Furthermore, arginine is a source for nitric oxide (NO) which
plays an important role in germination, defense responses, hormonal signalling, root

growth, and flowering in plants (Crawford, 2006; Griin et al., 2006).

B Synthesis pathway

The synthesis of arginine can be divided into two distinct parts: First the so-called “or-
nithine pathway” (in bacteria, plants and fungi, but not in animals) in which ornithine is
synthesised from glutamate and second, the “arginine pathway” in which arginine is
formed from ornithine with the enzymes of the urea cycle, also existing in animals

(Slocum, 2005).
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In the first step of arginine synthesis, glutamate is acetylated by the N-acetylglutamate
synthase (NAGS) (EC 2.3.1.1) (Figure 3-4, step 1). In Arabidopsis At2g22910 and
At4g37670 might encode this enzyme according to Slocum (2005). NAGS of soybean
(Glycine max L. var. Mandarin) was localised in the cytoplasm (Jain et al., 1987). In con-
trast, the database Aramemnon gave a prediction for chloroplastic localisation for both
putative Arabidopsis NAGS proteins (October 28, 2009) (Schwacke ef al., 2003).

In the second step, N-acetylglutamate is phosphorylated by N-acetylglutamate kinase
(NAGK) (EC 2.7.2.8), yielding N-acetylglutamate-5-phosphate (Figure 3-4, step 2) (Jain et
al., 1987; Slocum, 2005). NAGK activity was shown for At3g57560 (Chen et al., 2006);
other candidates are At4g37670, At2g19940 and At2g22910, according to the database
AraCyc (Plant Metabolic Network (PMN), October 26, 2009). NAGK of soybean was lo-
calised in plastids (Chen et al., 2006).

The third step consists of the removal of the phosphate residue from N-acetylglutamate-5-
phosphate by N-acetylglutamate-5-phosphate reductase (NAGPR) (EC 1.2.1.38), yielding
N-acetylglutamate-5-semialdehyde (Figure 3-4, step 3) (Slocum, 2005). NAGPR is en-
coded by At2g19940 according to Slocum (2005), though At4g37670 and At2g22910
might also have this function according to AraCyc (October 26, 2009). The database
Aramemnon gave a prediction for chloroplastic localisation for At2g19940 (October 28,
2009) (Schwacke et al., 2003).

In the fourth step of ornithine synthesis an amino group is transferred to N-acetylgluta-
mate-5-semialdehyde (from glutamate) by NZ-acetylornithine aminotransferase (EC
2.6.1.11), yielding N*-acetylornithine (Figure 3-4, step 4) (Jauniaux et al., 1978; Slocum,
2005). Slocum (2005) gave the enzyme the abbreviation “NAOAT”, while in this work it
will be named “ACOAT” following the nomenclature of Heimberg et al. (1990). In
Arabidopsis a single gene, At1g80600, is predicted to encode ACOAT (Slocum, 2005).
ACOAT of soybean was localised in plastids (Jain et al., 1987). The gene At1g80600 will
be analysed more profoundly in this work.

In the next step of ornithine synthesis, the acetyl residue of N*-acetylornithine should be
removed to obtain ornithine. This can be accomplished in two ways: the first possibility is
to transfer the acetyl residue back onto a glutamate molecule with N*-acetylor-
nithine:glutamate acetyltransferase (NAOGACT) (EC 2.3.1.35), resulting in a cyclic path-
way (Figure 3-4, step 5) (Shargool et al., 1988; Slocum, 2005). This pathway is used in
non-enteric bacteria, fungi and plants (Shargool ef al., 1988). At2g37500 might encode this
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enzyme in Arabidopsis according to Slocum (2005). It is targeted to chloroplasts according
to the predictions of the database Aramemnon (October 30, 2009) (Schwacke et al., 2003).
The second way of removing the acetyl residue might be accomplished by a putative N*-
acetylornithine deacetylase (NAOD) (EC 3.5.1.16). This enzyme fulfils the deacetylation
step in enteric bacteria in a linear pathway (Shargool et al., 1988). In this case the acetyl-
residue is cleaved from the ornithine in a hydrolysis reaction: H,O is split in OH™ and H"
and the hydroxyl group is used to form acetate with the acetyl-residue (Figure 3-4, step 6)
(AraCyc database, October 30, 2009). It is not clear whether the linear pathway exists in
plants, though a possible candidate coding for this enzyme might be At4gl17830 (Slocum,
2005).

The next steps are part of the “arginine pathway:

Ornithine transcarbamylase (OTC) (EC 2.1.3.3), catalyses the transfer of a carbamoyl resi-
due to ornithine, yielding citrulline (Figure 3-4, step 7) (Slocum, 2005). It is probably en-
coded by Atlg75330 in Arabidopsis, as it shares high sequence similarities with OTCs
from other organisms (Slocum, 2005). OTC activity in Arabidopsis was studied by Slocum
et al. (2000). OTC activity of pea (Pisum sativum) was localised in chloroplasts (Taylor
and Stewart, 1981).

Argininosuccinate is formed from citrulline and aspartate by argininosuccinate synthase
(AS) (EC 6.3.4.5) (Figure 3-4, step 8) (Thompson, 1980; Slocum, 2005). AS is probably
encoded by At4g24830 and localised in chloroplasts in Arabidopsis (Slocum, 2005). The
chloroplastic localisation is supported by the predictions of the database Aramemnon (No-
vember 3rd, 2009) (Schwacke et al., 2003).

Fumarate is cleaved from argininosuccinate by argininosuccinate lyase (AL) (EC 4.3.2.1),
yielding arginine (Figure 3-4, step 9) (Thompson, 1980; Slocum, 2005). The gene
At5g10920 is predicted to encode for AL in Arabidopsis (Slocum, 2005). The putative
enzyme might be localised in chloroplasts according to different database predictions
(Slocum, 2005). The subcellular localisation is supported by the predictions of the database
Aramemnon (November 3rd, 2009) (Schwacke et al., 2003).
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Figure 3-4: Arginine biosynthesis pathway in plants.

Enzymes catalysing the different synthesis steps: 1) N-acetylglutamate synthase (NAGS); 2) N-
acetylglutamate kinase (NAGK); 3) N-acetylglutamate-5-P reductase (NAGPR); 4) N°-
acetylornithine aminotransferase (ACOAT); 5) Nz-acetylornithine:glutamate acetyltransferase
(NAOGACT); 6) N-acetylornithine deacetylase (NAOD); 7) ornithine transcarbamylase (OTC);
8) argininosuccinate synthase (AS); 9) argininosuccinate lyase (AL). Enzyme abbreviations are
shown in blue characters, gene names of bacterial and yeast orthologs in red characters and
Arabidopsis genes in green characters (bold characters if the gene function was proven). The
gene which is the subject of this work is shown in a blue box (modified from Slocum (2005) and
Aracyc database).

C Regulation of arginine biosynthesis

A classical feedback regulation controls the first two steps of arginine synthesis in non-
enteric bacteria, fungi and plants: The enzymes NAGS and NAGK are inhibited by argin-
ine (Shargool et al., 1988; Pauwels et al., 2003; Slocum, 2005). NAGK is activated by
NAG (McKay and Shargool, 1981). The activity of NAGK is also modulated by the PII
protein (Chen et al., 2006). PII is a highly conserved protein playing a role in energy status
and nitrogen/carbon balance (C/N) sensing in bacteria, eukaryotic algae and higher plants
(Feria Bourrellier et al., 2009). The PII protein of Arabidopsis is localised in chloroplasts
(Chen et al., 2006). When PII binds to NAGK it slightly increases its activity, but it mainly
relieves the feedback inhibition by arginine (Chen et al., 2006).
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ACOAT which catalyses the fourth step in arginine biosynthesis is arginine repressible in
E. coli and yeast (Albrecht and Vogel, 1964; Heimberg ef al., 1990).

In bacteria and plants carbamoyl-P is used as a common substrate for arginine and
pyrimidine biosynthesis (Slocum, 2005). A coordination of both pathways is therefore
necessary. According to a model, regulation takes place in the following way: Carbamoyl-
phosphate synthase (CPS) and aspartate transcarbamoylase (ATC), which catalyses the
committing step to pyrimidine synthesis, are feedback-inhibited by uridine monophosphate
(UMP), the molecule from which all other pyrimidines are derived (Slocum, 2005; Zrenner
et al., 2006). Carbamoyl-P is preferentially used for UMP biosynthesis. When carbamoyl-P
is depleted due to the CPS inhibition by UMP, its availability is also reduced for arginine
biosynthesis, therefore ornithine is accumulated. When the ornithine content reaches a
certain threshold, it can relieve the CPS inhibition, but not the ATC inhibition, so that new
carbamoyl-P is formed and used for arginine biosynthesis. If UMP is depleted, ATC inhi-
bition is relieved and UMP is formed again, depleting the carbamoyl-P stocks until orni-

thine accumulates again (Slocum, 2005).

3.4 The mutant tup5-1

The recessive EMS mutant fup5-1 forms, in contrast to WT explants, calli on hypocotyl
and root explants when grown on medium containing low concentrations of the phytohor-
mones auxin and cytokinin (Riefler, 2001). The mutant tup5-1 was therefore called tup5
(tumor promne 5) (Riefler, 2001). It was renamed tup5-1 because additional alleles were
used during this work. The mutant has a very short root when grown in vitro in light
(Figure 3-5, A). The primary root does not grow longer than 1-2 mm under these growth
conditions (Riefler, 2001). Also adventitious roots stop growing if not shaded by leaves
(data not shown). These growth arrested root primordia at the hypocotyl/root junction
formed callus-like structures (Riefler, 2001). Root growth of fup5-1 has been shown to be
inhibited only when exposed to light, while roots developed normally in soil or in darkness
(Riefler, 2001; Frémont, 2004). Apparently, the light dose regulates the degree of inhibi-
tion, as tupS5-1 roots grown in short day (SD) grow longer than tup5-1 roots grown under
long day (LD) conditions (Frémont, 2004).

The root development of fup5-1 was analysed histologically. The roots of the mutant seed-
lings growing in light did not develop an elongation zone and a meristematic zone: the root

development of tup5-1 was disturbed at an early stage (Frémont, 2004). The meristematic
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cells of tup5-1 roots grown in light differentiate, while those grown in darkness or in soil
maintained their meristematic identity (Figure 3-5, C) (Frémont, 2004). Roots cultivated in
darkness immediately stopped growth when shifted into light (Frémont, 2004). Growth
experiments with different monochromatic light qualities showed that the inhibition of root
growth in fup5-1 is induced by blue light, but not by red or far red light, suggesting a pos-
sible involvement of a blue light receptor in the signalling pathway of fup5-1 (Figure 3-5,
B) (Frémont, 2004). Furthermore tup5-1 had a higher germination rate than WT in dark-
ness without previous light treatment (Frémont, 2004). Germination of fup5-1 was not
inhibited by far red light as was WT (Frémont, 2004). These data suggest impairment of
blue and red light signalling in tup5-1. Therefore TUPS is likely to have a function in
negative control of blue and far red light dependent processes. At the beginning of this
work the mutation was located in an interval of 88 kb on the lower arm of chromosome I,

near the telomere (Frémont, 2004).

3.5 Aim of the work

This work should provide a deeper understanding of the role of TUPS5 in Arabidospsis. The
mutant fup5-1 was found in a screen for increased ability to form calli on medium con-
taining low auxin and cytokinin concentrations (Riefler, 2001). Additional studies had
shown that tup5-1 has a blue light-dependent short root phenotype (Riefler, 2001; Frémont,
2004). To understand the role of TUPS5, several questions needed to be answered.

In a first step the gene had to be identified. Different approaches were used to identify
TUPS, because the gene is located at a cold spot of recombination. Classical mapping
alone did not allow the identification of the gene due to this circumstance.

The blue light dependence of the root phenotype raised the question about a possible in-
volvement of known light signalling pathways. Therefore, several light receptor mutants
were used to clarify the light signalling pathway of fup5-1 by epistasis analysis.

Due to the mutant screening conditions and because of the observation of root meristem
loss in tup35-1, a possible change in cell cycle regulation in tup5-1 with an impact of the
auxin and cytokinin status was expected. The GUS expression pattern of marker lines visu-
alising the hormonal status, cell cycle activity and quiescent center identity in the root of
tup5-1 was analysed to examine the physiological situation of tup5-1.

Information about the expression pattern of TUPS5 during different developmental stages,

its organs and tissue distribution and the effect of external cues on the expression was col-
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lected to characterise the function of TUPS. For this purpose, the activity pattern of pro-
moter-GUS and TUP5-GFP constructs was examined, real-time PCRs were made and data
base information was analysed.

Additional alleles containing T-DNA insertions in TUPS5 and TUPS5-overexpressing trans-
genic plants were characterised to gain additional information on the functions of the gene.
Finally, the identification of TUPS revealed its role in amino acid metabolism. Therefore
the amino acid composition of fup5-1 mutant plants and TUPS5-overexpressing transgenic

plants was analysed.
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Figure 3-5: Phenotype of the tup5-1 mutant.

A: Root length of 12-d-old WT and tup5-1. B: Root length of 6-d-old WT and tup5-1 seedlings under
different light conditions. (n= 18-26 plants, except far red light: for WT n = 5 plants). All plants were
treated with white light for 16 h at the beginning of the experiment to induce germination. BL, Blue
light (445 nm) approx. 2 YE; FR, Far red light (approx. 724 nm) approx. 3,5 PE; R, Red light
(approx. 660 nm) 3,5 uE; DK: Dark control. Significance: * P < 0,001, Student’s t test comparing
WT and tup5-1 grown under the same light conditions. C: Root meristem of WT und tup5-1 grown
in light and darkness. Plants grown in light were 5 days old, those grown in darkness were 6 days
old. Roots were cleared according to Malamy und Benfey (1997) and starch granules were stained
with Lugol solution. Scale bar: 100 um. B and C modified from Frémont (2004).
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4 Material and methods

4.1 Arabidopsis thaliana lines

4.1.1 Ecotypes

The mutant line fup5-1 had been generated by EMS mutagenesis in Arabidopsis thaliana
(L.) Heynh. (Riefler, 2001). Col-0 g/ wild type plants were used as control in this work.
The ecotype Landsberg erecta (Ler) was used to generate an F, generation between Col-0

gl (tup5 / tup5) x Ler (TUPS /| TUPY) for the mapping of tup5-1.

4.1.2 T-DNA insertion lines

T-DNA insertion lines used for the search of the TUP5 locus by root phenotype similarities
were ordered from Nottingham Arabidopsis Stock Center (NASC) and Arabidopsis Bio-
logical Resource Center (ABRC) (http://signal.salk.edu/cgi-bin/tdnaexpress) (Table 9-1).
After the TUP5 locus was identified, various available T-DNA insertion alleles of the
TUPS gene were screened for phenotypes and analysed on the molecular level to confirm a
T-DNA insertion at the predict locus (Table 5-6). The mutant lines again came from NASC
and ABRC.

4.1.3 Marker lines

The marker lines used for analysis of various gene functions and activities in tup5-1 are

listed in Table 4-1.

Table 4-1: Marker lines used for studies on tup5-1.

Marker line Description and reference

DR5::GUS An auxin-induced marker with a synthetic promoter containing seven
repeats of an auxin-responsive element (Sabatini et al., 1999).

ARR5::GUS A marker line in which GUS activity is visible in cells responding to

cytokinin (D'Agostino et al., 2000).
Recent cell divisions can be visualised with this line. It contains the

FA4C promoter of CycB1;1 and an N-terminal part of the protein encoding a
mitotic destruction box fused to GUS (Colén-Carmona et al., 1999).
QC25 This line shows specific GUS activity in the Quiescent Center (QC)

cells (Sabatini et al., 1999).
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4.1.4 Mutant lines

The light receptor and light signalling mutants used for epistasis analysis are listed in Table
4-2.

Table 4-2: Arabidopsis mutants used for epistasis analysis.

Mutant NASC code or other Description and reference
allele source
phyB-1 NG9 Phytochrome apoprotein mutant of phytochrome B
(hy3-Bo64) (PHYB) gene (Reed et al., 1993; Rockwell et al., 2006).
hv2-1 NGS Phytochrome chromophore (phytochromobilin) biosyn-
y thesis mutant (Kohchi et al., 2001).
) Cryptochrome apoprotein mutant of cryptochrome 1
cry? (hy4-1) N70 (CRY1) gene (Ahmad and Cashmore, 1993).
phot1-5 St\élvr:?s:gvbr?lcg?;t Phototropine 1 apoprotein null mutant (Huala et al.,
(nph1-5) USA ¥ 1997; Briggs et al., 2001).
Mutant of the HY5 gene, encoding a bZIP transcription
hy5-1 N71 factor that activates light induced genes (Oyama et al.,
1997; Chen et al., 2004).

4.2 Growth conditions for Arabidopsis thaliana

4.2.1 Growth temperature and day length (photoperiod)

The standard growth temperature for Arabidopsis was 22°C and the photoperiod comprised

16 h of light and 8 h of darkness unless otherwise stated.

4.2.2 Growth on soil

Arabidopsis seeds were sown on humid sowing soil (Table 4-3), stratified at 4°C for 4 days
and then transferred to the greenhouse or a growth chamber. The seeds and the soil were
protected from desiccation by a clear plastic dome until the seedlings had reached the size
of 5 mm. When plantlets were pricked out, they were transferred to a more nutrient rich

soil mixture (“prick out soil”, Table 4-3)

Table 4-3: Soil composition for Arabidopsis cultivation.

Soil Type P Soil Type T Perligran G
Soil type (Einheitserde®, Terreau | (Einheitserde®, Terreau | Sand (Knauf Perlite
professionnel Gepac) professionnel Gepac) [kq] GmbH)
[litre] [litre] [litre]
Sowing sail 140 140 25 -
Prick out soll 140 140 - 60

31




4. MATERIAL AND METHODS

4.2.3 In vitro culture

Sodium hypochlorite solution
- 1,2% sodium hypochlorite (from 12% stock)
- 1:10 000 Triton" X-100

The seeds were shaken with sodium hypochlorite solution for 15 min (or 20 min when the
solution was older than two months) on a vortex or an Eppendorf Thermomixer compact at
1400 rpm. The next steps were performed under a clean bench. For rinsing the seeds the
sterilisation solution was replaced by sterile aqua bidest. The washing step was repeated
four to five times. The seeds were then pipetted onto a sterile filter paper in a Petri dish and
dried for 1 h. The dried seeds were then transferred onto medium with sterile toothpicks.
Alternatively the water of the last washing step was replaced by 0,1% sterile agarose and
seeds were pipetted onto medium with a 1 ml pipette.

After the seeds were sown on medium, the Petri dishes were loosely sealed with plastic
wrap (allowing gas exchange) and stratified at 4°C for 4 days, they were then transferred to

the culture room (for culture conditions see chapter 4.2.1).

4.2.4 Age of the plants

The age of the plants (given in days (d), weeks or months) refers to date of transfer into the
culture room after stratification, because the exact time point of germination could not al-

ways be monitored.

4.3 Localisation of the perception site of root growth inhibition
by light

Glass tubes (Schott Duran, @ 2,4 cm, 19 cm high) were filled half with MS medium (with 7
g/l agar). The sterilised seedlings were picked with extra long sterile wooden skewers and
transferred onto the medium in the tubes (4-6 seeds of WT and tup5-1 per tube each). The
tubes were closed with plastic lids (Magenta Corp. Chicago). The seeds were then strati-
fied at 4°C for 4 days and shifted to 22°C and light for 16 h to induce germination. After
the light treatment, the upper, medium-free part of the tube or the lower, medium filled part
(with 0,5 cm above medium level) was wrapped to prevent light to shine into this segment.
Some tubes were completely wrapped for dark control and no wraps were used for light
control tubes. In this experimental setup the light source was fixed in a 90° angle to the

tube axis. As wrapping material aluminium foil with a black non-reflecting surface facing
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the glace tube was used. After 28 days the tubes were unwrapped and the root length of the
plants was analysed.

The use of a layer of black, not light-transparent medium (by adding 8 g charcoal (acti-
vated) to the MS medium) on top of the normal MS medium did not yield good results,
because tup3-1 roots grew horizontally within this black layer. Therefore only normal me-
dium was used, though it can’t be excluded that the growing roots were exposed to a small

quantity of light.

4.4 Histology
4.4.1 Viability test

Fluorescein diacetate (FDA) is a nonpolar ester which can be transported into intact plant
cells where it is hydrolysed by cellular esterases yielding fluorescein, which is a fluores-
cent compound. As the fluorescence signal is a result of metabolic activity in the cell, it is
used as viability marker (Rotman and Papermaster, 1966).

Propidium iodide (PI) cannot pass intact membranes. If the red staining of PI can be found
accumulating within cells, these are considered as dead, because the membranes are dam-
aged (Jones and Senft, 1985).

The samples were incubated in FDA (5 pg/ml) for 30 sec, shortly rinsed in water and then
transferred into propidium iodide (3 pg/ml) for 1 min. The samples were again rinsed and
directly analysed under the microscope (Zeiss Axioskop 2 plus with AxioCam ICc3) using
UV light and red filter (excitation: 565/30 nm, emission: 620/60 nm) and eGFP filter (ex-
citation: 470/40 nm, emission: 525/50 nm) filter for PI and FDA respectively.

4.4.2 GUS staining

500 mM sodium phosphate buffer pH7

For 20 ml:

5,77 ml 1M NazHPO4

4,23 ml 1 M NaH,PO,

The volume was filled to 20 ml with aqua bidest.

Potassium ferricyanide buffer

- 20 mM Potassium ferricyanide

- 50 mM sodium phosphate pH7 (from 500 mM stock)

- 0,2% Triton® X-100 (from 20% stock)

The buffer was stored at 4°C (in darkness) for up to 3 months.
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Potassium ferrocyanide buffer

- 20 mM Potassium ferrocyanide

- 50 mM sodium phosphate pH7 (from 500 mM stock)

- 0,2% Triton® X-100 (from 20% stock)

The buffer was stored at 4°C (in darkness) for up to 3 months.

GUS buffer

Equal volume of potassium ferricyanide buffer and potassium ferrocyanide buffer were
mixed and 0,5 mg/ml X-Gluc was added. To dilute the X-Gluc, the mixture was stirred and
slightly warmed. The solution was freshly prepared before the GUS staining experiment. In
some cases it was frozen as aliquots for later use.

The plant material was incubated in ice-cold 90% acetone for 1h at -20°C. The acetone was
then replaced by 50 mM sodium phosphate buffer (pH7) at RT. This washing step was
repeated a second time. The samples were then incubated in GUS staining solution at 37°C
for 1 h or longer (up to 24 h). The plant material was destained with 70% EtOH at RT for 3
to 5 h. The samples were stored at 4°C in 70% EtOH (modified from Weigel and Glaze-
brook (2002)). The plant material was often cleared (for method see chapter 4.4.3) to in-

crease translucency of the tissue, improving the quality of the fotos taken with the micro-

scope or the binocular.

4.4.3 Tissue clearing

A Clearing method for root histology and GUS staining

Seedlings were incubated in 0.24 N HCI / 20% methanol on a 57°C heat block for 15 min-
utes. The solution was replaced with 7% NaOH / 60% ethanol for 15 minutes at RT. Seed-
lings were then rehydrated for 5 minutes each in 50%, 40%, 30%, 20% and 10% ethanol,
and infiltrated for 15 minutes in 5% ethanol / 25% glycerol. Roots or whole seedlings were

mounted in 50% glycerol on glass microscope slides (modified from Malamy and Benfey

(1997)).

B Chloral hydrate clearing method for siliques

All steps were performed at RT. The tissue was first fixed in a solution of EtOH and acetic
acid (Vol. 9:1) overnight. It was transferred to 90% EtOH for 45 min. Finally the tissue
was transferred to 70% EtOH were it was stored until the day of (or the day before) ex-
amination. A few siliques (only as many as should be examined directly), were transferred
into a chloral hydrate: glycerol: water solution (8:1:2, w:v:v) for 1 h or longer if necessary

(up to 24 h), until the siliques became translucent. They were then transferred to 25% glyc-
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erol until use. The siliques were mounted with 50% glycerol for analysis under the bin-

ocular or microscope using bright field (modified from Yadegari et al.).

4.4.4 Fast protoplast isolation for GFP analysis

Enzyme mixture

- 400 mM mannitol

- 8 mM CaCl, (from autoclaved 80 mM CaCl, stock solution)

- 1% cellulase

-0,25% Macerozym®R-10 (Yakult Honsha Co, Ltd., Tokyo, Japan)

The pH of the solution should be about 5,5. The solution was prepared freshly, without
sterile filtration.

1 to 3 Arabidopsis leaves were cut into strips with a razor blade in a drop of 500 mM man-
nitol solution (prepared freshly, without autoclaving). The plant tissue was incubated in
500 mM mannitol solution for 1 h at RT for plasmolysis. The solution was replaced by
enzyme mixture (see above) and the samples were shaken at 20 rpm in darkness at RT
overnight (~16 h) (Damm and Willmitzer, 1988, modified by Wolfgang Schuster, personal
commun.). The protoplasts were then analysed with a Leica TCS SP2 confocal laser scan-
ning microscope. An excitation wavelength of 488 nm and a filter of 510-550 nm were

used for the analysis of GFP fluorescence signal and an excitation wavelength of 488 nm

and a filter of 610-680 nm for the autofluorescence signal of chloroplasts.

45 Plant DNA extraction

CTAB buffer

-2% CTAB (w/v)

- 100 mM Tris pH 8

-20 mM EDTA pH 8.0

- 1.4 M NaCl,

- 1% PVP (Polyvinylpyrrolidone)

A small quantity of plant tissue (e.g. a young leaf or small seedling) was frozen in a 1,5 ml
microcentrifuge tube in liquid nitrogen. The tissue was then ground with a small pestle and
200 pl CTAB buffer were added to the plant powder. The mixture was briefly vortexed
and then incubated on a heating block at 65°C for 10-30 min. 200 pl chloroform:isoamyl
alcohol 24:1 (v/v) were added and the solution was shortly vortexed. The sample was cen-
trifuged in a microcentrifuge for 3 min at 13 000 rpm and the supernatant was transferred

to a fresh 1,5 ml microcentrifuge tube. 600 ul (3 volumes) ice-cold 96% EtOH were added

to the sample. The sample was gently mixed. The mixture was incubated at -20°C for
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15 min to let the DNA precipitate. The sample was centrifuged at 13 000 rpm for 15 min at
4°C. The supernatant was decanted. 200 pl 70% EtOH were added to the sample. The
sample was gently mixed to wash the pellet. The DNA was again collected at the bottom of
the microcentrifuge tube by centrifuging the sample at 13 000 rpm for 10 min at 4°C. The
supernatant was decanted. The DNA pellet was dried on a heating block at 40°C until the
EtOH was evaporated. The DNA was redissolved in 100 pl TE buffer. The sample was
kept at 4°C for short term storage (about a month) or at -20°C for long term storage.

Modifications for high-throughput DNA extraction

The plant samples were collected into Collection Microtubes (Qiagen) and stored at -20°C
until extraction. The frozen plant samples were ground to coarse powder with a sterile
glass stirring rod of @ 4 mm, height 150 mm (one per sample). After the addition of CTAB
buffer with a multichannel “Eppendorf Research pro” pipette, the stirring rods were re-
moved and a sterile stainless steel bead of @ 3 mm was added to each sample. After the
tubes were sealed with lids, the samples were ground in a Mixer Mill (MM30, Retsch) at a
frequency of 30 shakes/sec for 2 min. The samples were then centrifuged in a Heraeus
Megafuge 1.0R (with carriers for microplates) at 2800 rcf to collect the solution on the
bottom of the tubes (to prevent cross-contaminations when opening the cap strips). All
following steps were performed as described above (chapter 4.5), except for the use of
Qiagen Collection Microtubes, the Heraeus Megafuge 1.0R (with carriers for microplates),
multichannel pipettes, a waterbath for incubation at 65°C (caution: the lids may open; Put-
ting something heavy on top could prevent this) and an oven (Memmert, Schwabach, Ger-
many) for drying the DNA pellets at 55°C overnight. This high-throughput method al-

lowed extraction of up to 192 samples in parallel.

4.6 Gene mapping

During meiosis a recombination of the chromosomes takes place. After a homologous
pairing of sister chromosomes, DNA fragments are exchanged between them during
crossing over. At the end of meiosis the sister chromosome pairs are separated and equally
distributed into the newly formed gametes. It is more probable that a crossing over, and
therefore a recombination event, takes place if the distance between two loci on a chromo-
some is high than if the loci are in close vicinity. Loci lying on different chromosomes
(non sister chromosomes) segregate independently. These recombination probabilities can

be used for mapping a gene: A mutation can be located by calculating the recombination
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frequency between the mutated locus (visible by the phenotype) and marker genes or loci
for which the position on a chromosome is already known.

For the mapping of tup5-1, which is a recessive mutation, a homozygous fup5-1 (in the
ecotype background: Col-0 g/) plant was crossed with a plant of the ecotype Landsberg
erecta (Ler). The F; generation was uniformly heterozygous. During the formation of
sperm cells (in pollen grains) and egg cells (in ovules) in the flowers of F, plants, the first
meiosis causing recombination events between the two ecotype genomes took place. In the
next step the F, generation was screened for plants with tup5-1 phenotype, because this
locus is originating from the Col-0 g/ ecotype. These plants were used for the following
mapping analysis.

Differences in the DNA sequence (polymorphisms) between Col-0 g/ and Ler have been
characterised and listed in the “Monsanto Arabidopsis Polymorphism and Ler Sequence
Collection” (Jander ef al., 2002). Molecular markers can be generated from these polymor-
phisms (SSLP and CAPS marker were used for the mapping of tup3-1; for details see be-
low) to visualise the genotypic constitution of a plant. Specific bands on agarose gel can
show whether the analysed plant is homozygous for Col-0 g/ or Ler respectively on this
special locus, or whether the plant is heterozygous for this locus. Knowing that the ana-
lysed F, generation plants with fup5-1 phenotype carry a Col-0 g/ fragment at the searched
locus (because the mutation was generated in this ecotype), the goal is to find molecular
markers which very rarely show Ler specific bands in the F, mapping population, because
Ler DNA sequences occure after recombination. If F, generation plants only have Col-0 g/
bands for a certain molecular marker, it is probable that this marker is close to the muta-
tion.

The recombination frequency showing the distance between a marker and the gene locus of

interest can be calculated according to the formula:

(R x 100 = [cM]

R = Recombination frequency in percent
L =Number of Ler -fragments

C = Number of Col-fragments

Unit: cM (centiMorgan)
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SSLP marker

Simple Sequence Length Polymorphisms (SSLPs) are microsatellite repeat sequences
which vary in lengths for different ecotypes. Primers can be designed to border such a
polymorphic region, so that this fragment can be amplified by PCR (Konieczny and
Ausubel, 1993; Bell and Ecker, 1994). If Col-0 g/ for example contains a repeat of 80 bp in
the amplified region which does not exist in Ler, the PCR product will be 80 bp longer and
this product length difference can be visualised on an agarose gel. Heterozygous plants will
produce two bands of different lengths corresponding to the two ecotypes Col-0 g/ and
Ler.

CAPS marker

CAPS marker (Cleaved Amplified Polymorphic Sequences) use ecotype specific single
base exchanges. If an enzymatic restriction site is covering this polymorphic site for one
ecotype but not for the other (because the base exchange destroyed the restriction site), this
DNA fragment can be amplified via PCR and digested with a suitable restriction enzyme
(Konieczny and Ausubel, 1993). The PCR product of the ecotype containing the restriction
site will be cleaved into two fragments while the PCR product of the other ecotype will
remain uncleaved. The differences in PCR product lengths can be visualised on an agarose

gel, showing the ecotype constitution (the genotype) of a plant sample for this locus.

4.7 Sequencing

A Preparations for plasmid sequencing

For sequencing of a gene cloned into a vector, the DNA was extracted by plasmid mini
preparation using PeqGold Plasmid Miniprep Kit I (Peqlab, Erlangen, Germany). The ex-
traction was done according to the manufacturer’s protocol. The DNA was verified with
restriction analysis (chapter 4.8.3, E) and PCR (with Taq polymerase, see Table 4-4 and
Table 4-5) before further use.

B Preparations for genomic DNA sequencing

If plant genomic DNA was sequenced, the sequence of interest was amplified by PCR with
the proofreading DNA polymerase Pfu (Table 4-4 and Table 4-5) and the PCR product was
purified with MSB Spin PCRapace Kit (Invitek, Berlin, Germany). For this purpose 1 pul 3
M sodium acetate pH 5,2 was first mixed with the PCR product. The following steps of the
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purification were done according to manufacturer’s protocol. The elution of the DNA was
done with aqua bidest. or elution buffer. After centrifugation the eluted DNA solution was

loaded onto the column for a second elution round to increase the DNA yield.

Table 4-4: PCR mixture for Pfu and Taq polymerase reaction

Components Pfu-Mix Tag-Mix
P Volumes [pl] Volumes [pl]
Primer f 0,5 (50 uM) 0,3 (10 uM)
Primer r 0,5 (50 uM) 0,3 (10 uM)
10x buffer (Pfu or Taq
. 5 2
buffer respectively)
dNTPs (Mix of 5mM each) 1,6 0,4
MgCl, (100 mM) (Mg?" in Pfu buffer) 0,2
H,O 40,9 15,5
DNA 1 1
Polymerase (Pfu_or Taq 0.5 0.3
polym. respectively)
Table 4-5: PCR programme for Pfu and Taq polymerase.
Temperatures Pfu Temperatures Taq
Programme steps
for Pfu programme for Tag programme
1. First denaturation 94°C 1 min 94°C 1-4 min
2. Denaturation 94°C 15-20 sec 94°C 20 sec
3. Annealing 60°C 30 sec 55°C 25 sec
o o 1 min 30 sec o .
4. Polymerisation 72°C t02 min / kb 72°C 1 min/ kb
5. Final exte.nsu_)n step 79°C 2 min 30 sec 72°C 2 min / kb
(polymerisation) to 4 min/ kb
6. Pause 16°C o0 16°C ©
Number of cycles (step 2-4) 25 x 25-40 %
Lid temperature 99°C 99°C

C Determining and adjusting the DNA concentration

After extraction and purification, the DNA concentration of the sample was determined on
an agarose gel. Different volumes of purified DNA (for example 2 and 4 pl) were loaded
onto the gel. A 100 bp DNA ladder (100-5000 bp) (P-815 from MBBL) or HyperLadder™
I (Bioline, London, UK) with bands of equimolar mass was also loaded onto the gel in two
different (small) volumes. The intensity of the DNA bands of the sample was compared to
the reference DNA (Hyperladder). The plasmid concentration was adjusted to the expected
value (required by the sequencing companies) by dilution of the DNA, or if the extracted

concentration was too low, the DNA sample was concentrated using a Speed Vac.

The samples were sequenced by the following companies:

- Martin Meixner, Institut fiir Genetik, Chausseestr. 117, 10115 Berlin.
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- Seqlab (Sequence Laboratories Gottingen GmbH, Hannah-Vogt-Str. 1, 37085 Gottingen)

- GATC (GATC Biotech AG, Jakob-Stadler-Platz 7, 78467 Konstanz)

The samples were sent to the companies in the required volumes and concentrations with
the required primers. For the sequencing of different candidate genes in the tup5-1 back-
ground, Martin Meixner also generated PCR primers and produced the PCR products for
sequencing.

The sequences were controlled and (if necessary) edited with the programme Chromas
(http://www.technelysium.com.au/chromas.html).

The sequences of WT and tup5-1 were aligned with the programmes ClustalW or Vector
NTI® to detect mutations (Larkin et al., 2007).

4.8 Generation of transgenic A. thaliana

4.8.1 Cloning of a DNA fragment into a vector with restriction enzymes

A PCR product

The DNA fragment that should be cloned into a vector was amplified with the proofread-
ing DNA polymerase Pfiu (Table 4-4 and Table 4-5). In case of Gateway™ cloning, the
primers contained attachment sites for the BP reaction according to the manufacter’s man-
ual. If amplification was difficult with primers containing attachment sites, the insert was
first amplified (10 cycles) with gene-specific primers. The resulting PCR product was then
used as template for the PCR with primers containing attachment sites. For classical clon-
ing with restriction site ligation, the PCR product was digested with the appropriate re-
striction enzymes according to manufacter’s manual. If the restriction enzymes were not
compatible with the Pfu buffer, the PCR product was first purified with MSB Spin
PCRapace Kit (Invitek, Berlin, Germany) (chapter 4.7, B).

B Fragments from BAC clones

Preparation of BAC DNA with QIAGEN® Plasmid Midi Kit (with modified protocol for
BAC DNA isolation)

A single BAC clone containing E. coli colony was picked to inoculate a starter culture of 3
ml LB medium containing the appropriate antibiotic. The culture was cultivated on a
shaker at 37°C overnight. From this preculture 1 ml was used to inoculate a 200 ml culture
(LB medium containing the appropriate antibiotic). This culture was again incubated over-
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night on an incubator shaker at 37°C. The 200 ml of bacterial culture were filled into 4
Falcon tubes of 50 ml and centrifuged at 4000 rcf for 30 min at 4°C. The supernatant was
decanted and each pellet was resuspended with 5 ml buffer P1. Two resuspended pellets
were pooled respectively. To each of the (10 ml) resuspended samples 10 ml of buffer P2
were added and the tubes were inverted several times. Then 10 ml of cold buffer P3 were
added to each tube, the samples were again inverted and incubated on ice for 15 min. The
samples were centrifuged at 13000 rpm for 30 min at 4°C. The supernatant was filled into
sterile beaker until further use. If white precipitate was still remaining in the supernatant,
the centrifugation step was repeated for 15 min. Two Qiagen columns were equilibrated
with 4 ml QBT buffer. The supernatant was pipetted onto the columns to bind the DNA on
the membrane. The columns were washed twice with 10 ml QC buffer each. The DNA was
eluted from each column with 7 ml preheated (65°C) QF buffer and filled into sterile
Corex tubes. 4,9 ml isopropanol was added to each sample and the solution was carefully
inverted. The tubes were tared and centrifuged in a Beckman® J2-21 centrifuge with the
rotor JS13.1 at 9000 rpm for 30 min at 4°C. The supernatant was carefully decanted. 2 ml
70% EtOH were pipetted onto each DNA pellet and the tubes were tared with 70% EtOH.
After gentle mixing, the samples were again centrifuged at 9000 rpm for 15 min. The su-
pernatant was decanted and the tubes were turned upside down to let the EtOH drain off.
The pellet was dried at RT for one or two hours. After all EtOH was evaporated, each pel-
let was eluted with 100 pl sterile bidest. The DNA was stored at -20°C. For quality control
a restriction analysis was done before further use of the BAC clone DNA. The BAC sub-
cloning strategy was done by two persons: The T21F11 subcloning was performed by An-

drea Arbeiter and the F23A5 subcloning was done by N. Frémont.

Restrictionanalysis

The BAC clones should be used to generate subclones containing a few genes each, which
can be used for complementation tests in tup5-1. First the sequence of the BAC clone
(available from NCBI: http://www.ncbi.nlm.nih.gov or TAIR: http://www.arabidopsis.org)
was analysed with the “Restriction analysis” programme of TAIR (http://www.arabidopsis.
org/cgi-bin/patmatch/RestrictionMapper.pl). The coordinates of the genes (available from
TIGR: http://www.tigr.org/tigr-scripts/euk manatee/BacAnnotationPage.cgi?db=ath1&as
mbl _1d=60054&page size=29&page= for the BAC clone T21F11) located on the BAC
clone were compared to the restriction sites of various enzymes. The restriction enzymes

which should cleave the BAC DNA were according to the expected gene groups, in which
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the genes should possibly included full length, with 2000 bp promoter region and 500 bp 3’

region.

Digestion of the BAC clones and agarose gel purification

BAC DNA was digested with the chosen restriction enzymes and the cleaved fragments
were separated on an agarose gel. The bands containing the required gene groups were cut
out from the gel with a razor blade. The DNA was purified from the gel using QIAEX II
Gel Extraction Kit (Qiagen) (for long DNA fragment of 10 to 50 kb) or QIAquick Gel Ex-
traction Kit (Qiagen) (for 70 bp to 10 kb DNA fragments). The DNA was quantified on
agarose gel (chapter 4.7, C).

C Preparation of the vector

A single vector-containing E. coli colony was picked to inoculate a culture of 10 ml LB
medium containing the appropriate antibiotic. The culture was cultivated on a shaker at
37°C overnight. The vector was isolated with the PeqGold Plasmid Miniprep Kit I (Peqlab)

according to the manufacturer’s manual (one column per 5 ml bacterial culture).

D Restriction of the vector

The vector was then digested with the same restriction enzymes as the DNA fragment that
should be inserted into the vector. Restriction of the vector was done according to the re-
striction enzyme manufacturer’s protocol. After restriction it was in some cases necessary
to remove the buffer which was not compatible with the CIAP for dephosphorylation of the
vector. In this case the DNA was purified by precipitation.

E Purification of DNA by precipitation

Aqua bidest. was added to the DNA sample in a 1,5 ml microcentrifuge tube to reach a
volume of 100 pl. The same volume (100 pl) of phenol:chloroform:isoamylalcohol
(25:24:1) was added and the sample was mixed. The sample was centrifuged for 3 min at
13000 rpm in a microcentrifuge at RT. Approximately 80 pl of the supernatant were trans-
ferred into a fresh 1,5 ml microcentrifuge tube without taking traces of the phenol phase.
0,1 volume of 3 M sodium acetate (pH 5,2) was added to the sample and the solution was
mixed. 2,5 volumes of 96% EtOH were added and the the solution was mixed again. The
sample was centrifuged at 13000 rpm in a microcentrifuge at 4°C for 15 min. The super-

natant was removed and 200 pl of 70% EtOH were added to the sample. The solution was
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mixed again. The sample was centrifuged at 13000 rpm in a microcentrifuge at 4°C for 10
min. The supernatant was removed and the DNA pellet was dried on a heating block at
50°C for approximately 30 min until the EtOH was evaporated. The pellet was then eluted
in 20 pl (or another appropriate volume) of aqua bidest., 10 mM Tris buffer (pH8) or TE
buffer. The sample was stored at -20°C.

F Dephosphorylation of the vector

Dephosphorylation of the vector was done with Calf Intestinal Alkaline Phosphatase
(CIAP) (Invitrogen, California, U.S.A.) according to the manufacturer’s protocol.

G Ligation

The ligation of vector and DNA fragment was done with T4 DNA ligase (Fermentas
GmbH, St. Leon-Rot, Germany) according to manufacturer’s protocol in a volume of 20 ul
for 1 h at RT. After ligation the ligase was inactivated for 10 min at 65°C. The ligation was
then dialysed on a MF-Millipore membrane (filter pore size: 0.025 pm, cat. no.:
VSWP02500), because the salts in the ligation mix would disturb the electroporation. The
drop of ligation mix was pipetted on the membrane swimming on aqua bidest. (shining
membrane side facing upwards) and was incubated for 2 h. The desalted ligation mixture
was recovered by carefully pipetting the drop from the membrane. The ligation was stored

at -20°C until electroporation.

4.8.2 Cloning of a DNA fragment into a vector with Gateway®

The cloning of a DNA fragment into a vector with the Gateway” system was done with the
kit “PCR Cloning System with Gateway® Technology (with pDONR™221)” and Gate-
way” compatible plant destination vectors from Karimi et al. (2005) according to the
manufacturer’s manual (with a few modifications). The insert (a PCR product bordered by
attachment sites, see chapter 4.8.1, A) was first cloned into the donor vector pPDONR™221
from Gateway® by BP reaction (Table 4-6). After transformation of E. coli (strain
DH10B™) (chapter 4.8.3, B) positive clones were selected with the appropriate antibiotics.
The plasmid of positive clones was purified by plasmid mini preparation (chapter 4.8.3,
D), the insert of the clones was verified by PCR (with Taq polymerase, see Table 4-4 and
Table 4-5) and restriction (chapter 4.8.3, E). If the identity of the plasmid was confirmed, it
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was sequenced (chapter 4.8.3, F). Plasmids with correct insert sequence were used for the
LR reaction to clone the insert into the destination vector. Again positive clones were se-
lected and tested as described before (without sequencing). The plasmid of positive LR
clones containing the insert of interest in the chosen destination vector was used for trans-
formation of A. tumefaciens (chapter 4.8.4) followed by transformation of A. thaliana

(chapter 4.8.5). The resulting transgenic plants were then analysed.

Table 4-6: BP and LR reaction setup for Gateway® cloning (modified from the manufacturer’s

manual).

Components of BP reaction Components of LR reaction
BP reaction (10 pl) LR reaction (10 pl)
BP buffer 2 ul LR buffer 2yl
PCR product (insert) X ul (up to 6,5 pl) Entry clone 1 ul (100 ng/pl)
Donor vector N
oDONR™221 1 ul (150 ng/ul) Destination vector 1 pl (100 ng/pl
™ ™
BP clonasel 0.5 4l LR clonase_ 0.5 4l
enzyme mix enzyme mix
Xl (fill to a final
H:0 reaction vol. of 10 ) H:0 5.5 ul
Incubation time 20 h Incubation time 20 h
Incubation 25°C Incubation 25°C
temperature temperature

4.8.3 Transformation of E. coli

A Preparation of competent E. coli cells

A single E. coli colony (strain used here: DH10B™) was picked to inoculate a starter cul-
ture of 50 ml LB medium. All working steps were done under sterile conditions. The cul-
ture was cultivated on a shaker at 37°C overnight at 200 rpm. Four flasks containing 250
ml LB medium (prewarmed to 37°C) were inoculated with 12,5 ml starter culture each.
The cultures were cultivated until an ODgg of 0,8 was reached. Cell density was measured
with the photometer at 600 nm (1 ml cell aliquot). When the cells had reached the expected
density, the flasks were immediately transferred onto an ice water mixture for up to 20 min
and shaken for cooling. The bacterial culture was filled into 4 sterile and cooled 500 ml
centrifuge tubes and the tubes were tared. The cells were centrifuged at 3500 rpm for 15
min at 4°C. The supernatant was decanted and each pellet was resuspended with 250 ml
cold sterile aqua bidest. (always starting with 15 ml for pellet dilution, and always using
chilled pipettes with wide openings). The tubes were tared. The cells were again centri-
fuged at 3500 rpm for 20 min at 4°C. The supernatant was decanted and each pellet was

resuspended with 125 ml cold sterile 10% glycerol solution (v/v). Two cell batches were
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pooled respectively and again centrifuged at 3500 rpm for 20 min at 4°C. The supernatant
was decanted and each pellet was resuspended with 10 ml cold sterile 10% glycerol solu-
tion (v/v). The cells were transferred into 50 ml Falcon tubes and centrifuged at 3500 rpm
for 20 min at 4°C. The supernatant was carefully decanted and each pellet was resuspended
with 1 ml cold sterile 10% glycerol solution (v/v) by careful shaking. The cells were
pooled and aliquoted to 50 pl batches in sterile 1,5 ml microcentrifuge tubes and stored at -
80°C. The cells were tested for competence prior to use by electroporating them (chapter
4.8.3, B) with the control vector pUC19 with two defined concentrations (10 and 100 pg)
and by defining the number of transformed cells (surviving carbenicillin selection) per

quantity (in pg) of vector used.

B Electroporation of E. coli

A 50 pl aliquot of competent E. coli cells was thawn on ice. 1 pl of plasmid or 5 pl of
ligated DNA (chapter 4.8.1, G) were pipetted to the cells and carefully mixed by stirring
with the pipette tip. The cells were kept on ice during the whole procedure until electropo-
ration to keep the competence of the cells high. The cells were incubated with the DNA on
ice for 30 min. The cells were then transferred to a chilled electroporation cuvette and were
pulsed in an electroporator (Bio-Rad MicroPulser) with 1,8 kV. After the pulsing, 1 ml of
prewarmed LB medium (37°C) was pipetted to the cells and carefully mixed with the pi-
pette. The cells were then transferred into a 1,5 ml tube and were incubated for 1 h at 37°C
on a thermomixer (Eppendorf Thermomixer compact) at 180 rpm. The cells were plated
out on LB medium containing the appropriate antibiotics for selection and incubated at

37°C overnight.

C Colony PCR

The success of transformation in E. coli cells was first tested by colony PCR. This method
allows testing of a large number of samples in short time. For this purpose 7ag polymerase
reaction mixes (see Table 4-4) with insert specific primers were filled into PCR tubes (on
ice). From each transformant colony, cells were picked with a sterile wooden toothpick and
were dipped into one PCR reaction mix each. The toothpick was stirred in the reaction
mixture to dilute the cells (caution: This should be done fast to prevent the reaction mix-
ture to be absorbed by the wooden material!). The tubes were sealed and the PCR reaction

was performed in a Biometra® T-Gradient PCR cycler. The first denaturation step (94°C)
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of the PCR programme was prolonged to 3-4 min to disrupt the cells. Following steps of
the PCR programme were as described in Table 4-5. The amplification products of the

expected insert DNA sequence were visualised with gel electrophoresis.

D Plasmid preparation (mini prep)

Transformed colonies were picked to inoculate cultures of 5 ml LB medium containing the
appropriate antibiotic. The cultures were cultivated on a shaker at 37°C overnight. Trans-
formant cells were collected by centrifuging 1,8 ml in a 2 ml tube at 13000 rpm in a micro-
centrifuge at RT. The supernatant was decanted. The cells were resuspended in 150 pl cold
P1 buffer containing RNase A. 300 pl P2 buffer were added to the sample. The tube was
inverted several times. The sample was incubated for 4-5 min (not longer than 5 min!) at
RT. 225 pl ice-cold P3 buffer were added to the sample, again the tube was inverted sev-
eral times. The sample was incubated on ice for 15 min, followed by centrifugation at
13000 rpm at 4°C for 5 min. The colourless supernatant was transferred into a fresh micro-
centrifuge tube. If the DNA should be very pure, an optional phenol:chloroform purifica-
tion step was performed. In this case the supernatant was transferred into a 1,5 ml micro-
centrifuge tube and the same volume of phenol:chloroform was added. The sample was
vortexed and centrifuged for 3 min at 13000 rpm at 4°C. The aqueous upper layer was
transferred into a fresh 2 ml microcentrifuge tube. The plasmid DNA (with or without phe-
nol:chloroform step) was then precipitated by adding 2 volumes of 96% EtOH. The solu-
tion was vortexed and incubated for 2 min at RT. The sample was centrifuged for 5 min at
13000 rpm at 4°C. The supernatant was decanted and 1 ml of 70% EtOH was added to the
DNA pellet. The sample was vortexed and again centrifuged for 5 min at 13000 rpm at
4°C. The supernatant was removed and the DNA pellet was dried on a heating block at
50°C for approximately 10 min until the EtOH was evaporated . The pellet was then eluted
in 20-40 pl of aqua bidest., 10 mM Tris buffer (pH 8) or TE buffer. The sample was stored
at -20°C (protocol modified from Sambrook and Russel, 2001).

E Restriction analysis

First the sequence of the vector and the insert was analysed with the “restriction analysis”
programme of TAIR (http://www.arabidopsis.org/cgi-bin/patmatch/RestrictionMapper.pl)
or Vector NTI® (Invitrogen, California, U.S.A.) to find restriction sites and calculate frag-

ment lengths produced by digestion with the enzyme of interest. The plasmid was then

46



4. MATERIAL AND METHODS

digested according to the enzyme’s manufacturers manual and the DNA fragments were
separated with gel electrophoresis. Only clones which had the expected results with PCR

and restriction analysis were chosen for further use.

F Sequencing

The DNA of positive clones which were chosen for transformation into 4. tumefaciens and
then A. thaliana was purified with PeqGold Plasmid Miniprep Kit I (Peqlab) (chapter
4.8.1, C) and the insert was sequenced to make sure that no mutation had occurred. For this
purpose the purified plasmid and insert specific primers were sent to a sequencing com-

pany (chapter 4.7, C).

4.8.4 Transformation of A. tumefaciens

A Preparation of competent A. tumefaciens cells

A starter culture of 5 ml LB medium containing rifampicin and gentamycin was inoculated
with A. tumefaciens (strain GV3101). The culture was cultivated on a shaker at 28°C over-
night (or two days) at 140 rpm. Two flasks containing 250 ml LB medium (with rifampicin
and gentamycin) were inoculated with 2,5 ml starter culture respectively. The cultures
were cultivated on a shaker at 28°C overnight (~ 16 h) at 140 rpm. The cell density (at
ODgoo) was used between 0,8 and 1,2. For measurement of cell density, the photometer
was set to a wavelength of 600 nm. A 1 ml cell aliquot was measured. When the cells had
reached the expected density, the flasks were immediately transferred onto an ice water
mixture for 15 min and were shaken for cooling. The bacterial culture was filled into 2
sterile and cooled 500 ml centrifuge tubes and the tubes were tared. The cells were centri-
fuged at 7000 rpm for 10 min at 4°C. The supernatant was decanted and each pellet was
resuspended with 250 ml cold sterile aqua bidest. (always starting with 5 ml for pellet di-
lution, and always using chilled pipettes with wide openings). The tubes were tared. The
cells were again centrifuged at 7000 rpm for 10 min at 4°C. The supernatant was decanted
and each pellet was resuspended with 125 ml cold sterile aqua bidest. The cells were again
centrifuged at 7000 rpm for 10 min at 4°C. The supernatant was decanted and each pellet
was resuspended with 25 ml cold sterile agua bidest. The cells were transferred into 50 ml
Falcon tubes and centrifuged at 4000 rcf for 10 min at 4°C. The supernatant was carefully

decanted and each pellet was resuspended with 1 ml cold sterile 10% glycerol solution
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(v/v) by careful shaking. The cells were pooled and filled to 5 ml with cold sterile 10%
glycerol solution. The cells were aliquoted to 50 pl batches in sterile 1,5 ml microcentri-

fuge tubes and stored at -80°C.

B Electroporation of A. tumefaciens

The electroporation was done as described for E. coli, except that 1 pl of plasmid was used
for transformation and that the transformed cells were incubated in liquid LB medium for
2-4 h at 28°C on a thermomixer in the case of 4. tumefaciens. 2 pul of the transformed cells
(diluted in 98 pl LB medium) were plated on LB medium containing the two antibiotics for
the strain GV3101 (rifampicin and gentamycin) and the antibiotic for which a resistance
was transferred by the plasmid. The transformant colonies were cultivated at 28°C for 2-4
days. The vector transformed into A. tumefaciens was already thoroughly tested in E. coli
(chapter 4.8.3, C-F). The selected A. tumefaciens transformants were therefore only tested

with colony PCR.

4.8.5 Floral dip transformation of A. thaliana

dipping solution

- 5% sucrose

- 0,05% Silwett® L-77

- 2,3 g/l MS salts

- 10 ul/I BA (from 1 mg/ml DMSO stock solution)

A. thaliana plants were grown on soil in pots (@ 9 cm) as a pool of 10 to 20 plants. The
plants were used for transformation when the first flower shoots had reached a length of 8
to 12 cm. The A. tumefaciens clones containing the plasmid with the transgene which
should be inserted into the A. thaliana genome were cultivated on a shaker incubator at
28°C in 250 ml LB medium containing the appropriate antibiotics (chapter 4.8.4, B) for 2
to 3 days. The cells were then collected in 500 ml centrifugation tubes for 20 min at 5500
xg at RT. The supernatant was decanted and the cells were resuspended in dipping solution
to a cell density of 0,8 at ODggo. The cell suspension was filled into a beaker glass and the
flower shoots of A. thaliana were briefly dipped into the mixture (2-3 sec). The plants were
then layed horizontally onto a plastic tray (with a flat lid under the pot to avoid contact of
the dipped flower shoots with the tray). The plants were covered with a plastic dome to
avoid fast drying of the dipping mixture and were stored in the dark until the following
day. On the next day plants were transferred back into the greenhouse. The treated plants
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were dipped once more after one week. The seeds produced by these dipped plants were

named T, generation.

4.9 Yeast transformation with a modified lithium acetate method

Stock solutions:
A) 10mg/ml carrier DNA (herring sperm)
B) IM DTT (always store on ice)
C) 40% Glucose
D) 1 g/100ml L-arginine
E) 0,2 g/100ml uracil
F) 1 g/100ml L-histidine
G) 1 g/100ml L-leucine

PLATE mixture (1 ml)

- 900 ul 60% PEG 3350 (use autoclaved stock solution)

- 100 pul 1 M LiAc (use autoclaved stock solution)

- 10 ul 1M Tris-ClI (pH 7,5) (use autoclaved stock solution)
-2 ul 0,5 M EDTA pH 8 (use autoclaved stock solution)

The cloning of the insert into the yeast vector p423TEF was done with the classical re-
striction enzyme digestion (BamHI and Sall) and ligation method (see chapter 4.8.1)
(Mumberg et al., 1995). The ligated vector was transformed into E. coli and the positive
clones were checked in the previously described way (chapter 4.8.3, C-F).

S. cerevisiae (mutant strain Y37711) was inoculated in 15 ml YPD medium (with kanamy-
cin) and cultivated at 30°C overnight. 1 ml of cell culture per transformation was centri-
fuged in a 1,5 ml microcentrifuge tube at 13000 rpm for 30 sec at RT. The supernatant was
decanted and the pellet was resuspended with approximately 50-100 pl remaining fluid. 2
ul of 10 mg/ml carrier DNA (Herring sperm, Sigma) which had shortly before been heated
at 95°C for 5 min (with vortexing from time to time) and immediately cooled on ice was
pipetted to the cells together with 1 pl of miniprep plasmid for transformation. The cells
were vortexed and 0,5 ml of freshly prepared PLATE mixture (see buffers, chapter 4.15.2)
were added. The cells were vortexed again. 20 pl of 1M DTT was added; the sample was
vortexed again and incubated for 24 h at RT. The cells were then incubated at 42 °C for 15
min and centrifuged for 30 sec at 13000 rpm. The pellet was resuspended in 200 pl sterile
aqua bidest. 100 pul of the cell suspension were plated on SD medium containing the ap-
propriate antibiotics and amino acids (depending on the antibiotic resistance or amino acid

autotrophy conferred by the transformed plasmid).
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4.10 Analysis of free amino acid content in A. thaliana

The free amino acid content in fup5-1 and WT was analysed by HPLC. All plants were
grown in vitro under long day conditions (except for dark controls). Seedlings were culti-
vated in liquid 2 MS medium for seven days. They were grown at standard light intensity
(SLI) (150 pmol m? sec™), at low light intensity (LLI) (3 pmol m” sec”) and in darkness
to test the effect of light on amino acid content. To harvest the seedlings, the liquid was
removed with a water jet vacuum pump, the seedlings were washed once with 5 ml sterile
aqua bidest. 100 mg of seedlings per sample were frozen in liquid nitrogen and stored at -
80°C until extraction.

Plant samples of shoots and roots were analysed from 11-d-old seedlings grown under long
day conditions on vertical plates with MS medium (root material could only be harvested
from WT). The seedlings were cut at the border of hypocotyls and root. Shoot and root

batches were frozen in liquid nitrogen and stored at -80°C until extraction.

Extraction

The frozen plant material (100 mg) was ground with a frozen mortar and pestle (cooled
with liquid nitrogen) to produce a fine plant powder. The powdered sample was transferred
into a frozen 2 ml microcentrifuge tube. 400 ul of 80% EtOH / 2.5 mM HEPES (pH 7,5)
were added to the frozen powder. The sample was incubated at 80°C for 20 min on an Ep-
pendorf Thermomixer compact and then centrifuged at 13 200 rpm for 10 min at 4°C in a
microcentrifuge. The supernatant was transferred into a fresh 2 ml microcentrifuge tube
and the pellet was resuspended and incubated with 400 pl 50% EtOH / 2.5 mM HEPES
(pH 7.5) for 20 min at 80°C on a thermomixer. The sample was centrifuged at 13 200 rpm
for 10 min at 4°C. The supernatant was removed with a pipette and pooled with the first
supernatant. The pellet was again resuspended and incubated with 200 pl 80% EtOH for 20
min at 80°C on a thermomixer. The sample was centrifuged at 13 200 rpm for 10 min at
4°C. The supernatant was removed with a pipette and pooled with the other supernatants of
the sample. The extraction samples can be stored at —80°C for several weeks. The next
steps were performed in the laboratory of Dr. Rainer Hofgen (MPI for Molecular Plant
Physiology, Golm).
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HPLC analysis

Amino acid stock solution for HPLC standard

No cystein and proline were used, because they could not be analysed in this experimental
setup. The concentration of each amino acid in the mixture was 10 mM (diluted in water
from 500 uM stocks): Alanine, arginine, asparagine, aspartic acid, glutamic acid, gluta-
mine, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, serine,
threonine, tryptophan, tyrosine, and valine.

Buffer A

- 22 ml 0,4 M sodium phosphate buffer pH 6,8
-2ml THF

Filled with aqua bidest. to 1 1.

Buffer B

- 25 ml 0,4 M sodium phosphate buffer pH 6,8
- 175 ml methanol

- 110 ml acetonitril

- 225 ml aqua bidest.

160 pl of extracted sample were mixed with 40 ul of 1 M boric acid (pH 10.7) and incu-
bated for 10 min at RT. The sample was then centrifuged at 13 200 rpm for 10 min at 4°C.
120 pl of the supernatant were transferred into an HPLC vial. In the HPLC machine 70 pl
of the sample were automatically mixed with 70 ul of the OPA (ortho-phthaldialdehyde)
reagent. The sample was incubated for 90 sec. During this time the amino acids were deri-
vatised with OPA to fluorescent isoindole derivatives. The sample mixture was automati-
cally injected into the HPLC column, where the amino acids were separated. Due to OPA
the amino acid could be detected and its quantity running through a column containing
octadecyl silica (ODS) (5 uM particle size) could be measured by detection of the fluores-
cence signal. The results were visualised as peaks by the programme Chromeleon®. The
retention time of a specific amino acid is comparable for each sample. Therefore the peaks
of the samples could be compared with those of a standard amino acid mixture which was
measured as control. For quantification of the amino acids, 10, 20, 50 and 100 uM standard
mixtures were measured. The area below the peaks was measured for each amino acid by
the program Chromeleon® (Dionex, California, U.S.A.). The values were used for a cali-
bration curve. The concentration of each amino acid in the sample could be calculated with

the calibration curve of the corresponding amino acid from the standard mixture.
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4.11Real-time PCR
4111 RNA extraction and purification

A RNA extraction with the trizol method

Trizol Reagent

- 38% phenol

- 800 mM guanidinium thiocyanate

- 400 mM ammonium thiocyanate

- 100 mM sodium acetate pH5 (from 3 M stock solution)
- 5% glycerol

Always prepare freshly.

RNA salt solution

- 1,2 M sodium chloride

- 800 mM sodium citrate

Do not autoclave the solution.

The plant sample was ground with a frozen mortar and pestle (cooled with liquid nitrogen)
to produce a fine plant powder. The powdered sample was transferred into a frozen 2 ml
microcentrifuge tube (filling up to ’2 of the tube volume) and 1 ml of Trizol was added.
The sample was vortexed until a homogenous mixture was produced. The sample was in-
cubated at RT for 5 min and then centrifuged at 16 000 xg for 5 min at 4°C. The super-
natant was transferred into a fresh 2 ml microcentrifuge tube and 400 pul Chloroform-Isoa-
mylalcohol (24:1) were added. The sample was vortexed to homogeneity and then incu-
bated at RT for 5 min. It was then centrifuged at 16 000 xg for 15 min at 4°C. 700 pl of the
upper phase of the supernatant were transferred into a fresh 1,5 ml microcentrifuge tube
(without taking traces of the interphase into the new tube.). 350 ul isopropanol and then
350 pl RNA salt solution were added. The mixture was inverted until the solution became
transparent again. After 10 min of incubation at RT the sample was centrifuged at 12 000
xg for 10 min at 4°C. The supernatant was completely removed. 900 pl of 75% EtOH were
added to the RNA pellet and the mixture was shortly vortexed. The sample was centrifuged
at 7500 xg for 5 min at 4°C. The supernatant was completely removed again. This EtOH
washing step was repeated a second time. The RNA pellet was dried on a heating block at
60°C until the EtOH was evaporated. The pellet was then diluted with 30 pl of sterile,
RNase-free aqua bidest. on a heating block at 60°C for 5 min. The sample was stored at -
80°C.

To check if the extraction was successful, 1 pl of the RNA sample was measured with the
NanoDrop ND-1000 spectrophotometer at the wavelengths 260, 280 and 230 nm with the
predefined RNA-40 programme.
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B Purification of RNA with Quiagen RNeasy

This additional purification step was performed on RNA used for real-time PCR. It can be
omitted for simple semi-quantitative RT-PCR. The RNA sample was purified with the
RNeasy Mini kit (Qiagen) according to manufacturer’s protocol (“RNA cleanup”), in-

cluding on-column DNase digestion to eliminate genomic DNA contamination.

4.11.2 RNA quantification and quality check

1 pl of the RNA sample was measured with the NanoDrop ND-1000 spectrophotometer at
the wavelengths 260, 280 and 230 nm with the predefined RNA-40 programme. To check
the quality of the RNA, the RNA samples (1 ug per sample) were compared on agarose gel
to make sure that the concentrations measured before were correct and that no degradation

had taken place.

4113 cDNA synthesis

The cDNA synthesis was made with the reverse transcriptase SuperScript™ III (Invitro-
gen, California, U.S.A.). First mix 1 (see Table 4-7) was incubated for 5 min at 65°C and
directly transferred onto ice for 3 min. Mix 2 (see Table 4-7) was added to Mix 1 and the
reaction mixture was incubated at 25°C for 5 min, at 50°C for 45 min and at 70°C for 15
min. After cDNA synthesis, the DNA concentration was measured with the NanoDrop
ND-1000 spectrophotometer at the wavelengths 260, 280 and 230 nm with the predefined
DNA-50 programme. For real-time PCR the cDNA was diluted to a concentration of ap-
proximately 200 ng/ul.

Table 4-7: Reaction mixture for reverse transcription reaction with SuperScript™ |lI.

Mix 1 Mix 2
Components Volume [pl] Components Volume [pl]
. 5 x SuperScript™ Il
Oligo dT (50 uM) 1 buffer 4
N9 random primer .
(50 uM) 1,83 DTT-Mix 1
RNaseOut™
RNA X (5 ug) (Invitrogen) !
dNTP 1 SuperScript™ Il 1
(10 mM each) enzyme (Invitrogen)
H,O X: fill reaction vol. - -
Total 13 Total 7
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411.4

The reaction mixture for the real-time PCR was prepared as listed in Table 4-8. To gener-
ate three technical replicates per sample, first a master mix containing all components ex-
cept the primers and the template DNA was prepared. This master mix was portioned and
the primers were added. The master mixes containing primers were aliquoted for three
samples each (for technical triplicates) and the template DNA was added. Each triplicate
mixture was filled in three wells of a microtiter plate for real-time PCR reaction. The PCR
reaction was performed in a 7500 Fast Real-Time PCR system (Applied Biosystems, Life
Technologies, California, U.S.A.) with the PCR programme as described in Table 4-9. The
data were analysed with Applied Biosystems 7500 FAST Software v2.0.1 (Applied Bio-

Real-time PCR reaction

systems, Life Technologies, California, U.S.A.).

Table 4-8: PCR mixture for real-time PCR reaction with Immolase” DNA polymerase.

Components Volume [ul]
10 x ImmoBuffer 2
MgCl, (50 mM) 0,8
dNTP (5 mM each) 0,4
10 x SYBR Green | 0,2
ROX (25 uM) 0,04
H,O 13,52
Primer 1 (6 uM) 1
Primer 2 (6 uM) 1
Immolase (5 u/pl) (Bioline) 0,04
Template (approxim. 200 ng) 1

Table 4-9: Real-time PCR programme for Immolase " DNA polymerase.

Programme steps Temperatures Duration
1. First denaturation 95°C 15 min
2. Denaturation 95°C 10 sec
3. Annealing 55°C 15 sec
4. Polymerisation 72°C 10 sec
5. Pause 16°C 0
Number of cycles (step 2-4) 50x%

4.12Primers

The primers used for mapping TUPS, for cloning different fragments, for real-time PCR
and other purposes are listed in Table 9-8. Primers used for sequencing genes in the map-

ping interval of TUP5 and for gene identification during BAC subcloning are listed in

Table 9-3.
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4.13Databases and Software

The databases and softwares used for the analysis of TUPS are listed in Table 4-10 and

Table 4-11.

Table 4-10: Databases used for the analysis of TUPS5.

Description of use

Name of the

Reference or internet link

database
Arabidopsis gene TAIR The Arabidopsis Information Resource
information search (http://www.arabidopsis.org)
Arabidopsis gene MIPS Munich Information Centre for Protein Sequences
information search (http://mips.gsf.de)
Arabidopsis gene TIGR The Institute for Genomic Research
information search (http://www.tigr.org)
Enzymatic reactions KEGG Kyoto Encyclopedia of Genes and Genomes
and metabolic pathways (http://www.genome.jp/kegg/pathway.html#amino)
Ordering of Arabidopsis NASC Nottingham Arabidopsis Stock Center
seeds and DNA stocks (http://arabidopsis.info/)
Ordering of Arabidopsis Arabidopsis Biological Resource Center
seeds and DNA stocks ABRC (http://www.biosci.ohio-
state.edu/pcmb/Facilities/abrc/abrchome.htm)
Search for Arabidopsis The Salk Institute Genomic Analysis Laboratory
mutant lines containing SIGnAL (http://signal.salk.edu/cgi-bin/tdnaexpress) (Alonso
T-DNA insertions et al., 2003)
Metabolic pathways in Plant Metabolic Network (PMN)
Arabidopsis AraCyc (http://www.plantcyc.org:1555/ARA/server.html)
(Rhee et al., 2006)
Analysis of protein Expert Protein Analysis System (
sequences and ExPASy http://www.expasy.org) (Gasteiger et al., 2003)
structures
Ordering of yeast EUROpean Saccharomyces Cerevisiae ARchive
mutants for Functional Analysis (Franfurt, Germany)
EUROSCARF (http://web.uni-frankfurt.de/fb15/mikro/euroscarf
/index.html)
Information on S. SGD Saccharomyces Genome Database
cerevisiae genes (http://www.yeastgenome.org/)
Literature, sequence NCBI The National Center for Biotechnology Information
analysis and others (http://www.ncbi.nlm.nih.gov)
Gene expression https://www.genevestigator.ethz.ch/gv/user/serveA
database (microarray Genevestigator | pplet.jsp
data)
Skeletal formula of Human http://www.hmdb.ca (Wishart et al., 2009)
chemical compounds Metabolome
Database
Colour-coded electronic http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
Arabidopsis organ Fluorescent (Winter et al., 2007)
images of gene Pictograph
expression patterns (eFP)
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Table 4-11: Software used for the analysis of TUPS.

Description of use Name of the Company, reference or internet link
software
Calculations Excel Microsoft Office
Analysis and editing Chromas (http://www.technelysium.com.au/chromas.html)
of DNA sequences ) ) ) ) )
Alignment of DNA or ClustalW (Larkin et al., 2007)
AA sequences Clustal W (1.83) | http://www.ch.embnet.org/software/ClustalW.html
ClustalW2 http://www.ebi.ac.uk/Tools/es/cgi-bin/clustalw2
Vector NTI® Invitrogen, California, U.S.A.

(http://www.invitrogen.com/site/us/en/home.html)
Shading of
co_nse_rved amino Boxshade http://www.ch.embnet.org/software/BOX_form.html
acids in AA
alignment
Analysis of HPLC Chromeleon® Dionex (http://www.dionex.com/en-
data us/software/chromeleon/Ip70618.html)
Prediction of TargetP (http://www.cbs.dtu.dk/services/TargetP/)
subcellular protein (Emanuelsson et al., 2007)
targeting Aramemnon (http://aramemnon.botanik.uni-koeln.de/)

(Schwacke et al., 2003)

(http://psort.ims.u-tokyo.ac.jp/form.html)

PSORT (Nakai and Horton, 1999)
Analysis of real-time Applied
PCR data Biosystems 7500 Applied Biosystems
FAST
Software v2.0.1
Image analysis
ImageJ (Abramoff et al., 2004)

4.14Microbial strains, vectors and gene constructs

4141 Microbial strains

The microbial strains used for cloning and for the analysis of TUPS function are listed in

Table 4-12.

Table 4-12: Microbial strains used for the analysis of TUPS5.

Name Description Source
DH10B™ E. coli strain used for transformation Invitrogen,
California, U.S.A.
A. tumefaciens strain used for transformation, rifampicin | (Koncz and Schell,
and gentamycin resistant. 1986)
S. cerevisiae homozygous, diploid strain in which the

GV3101:pMP90

acetylornithine aminotransferase gene YOL140w on Euroscarf,
Y3771 . . : Frankfurt,
chromosome XV is deleted. Kanamycin resistant, Germany

arginine, histidine, leucine, urea auxotrophic.
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4.14.2 Vectors and gene constructs

The vectors which were used for cloning are listed in Table 9-5. Gene constructs received
from other sources used for the analysis of TUPS are listed in Table 9-6. Gene constructs
which were produced during this work for the analysis of TUPS are shown in Table 9-7,

except for BAC subclones (see Table 5-1 and Table 5-2).

4.15Solutions
4151 Stock solutions

Only those stock solutions are described, which are not listed within the buffer protocols in

chapter 4.15.2 and 4.15.3.

DNA handling

The components of TBE, TAE and EDTA stock solutions are listed in Table 4-13.

Table 4-13: Protocol for TBE, TAE and EDTA stock solutions.

10x TBE
(Tris/borate/EDTA) buffer
(for11)

50x TAE

(Tris/acetate/EDTA) buffer 0,5MEDTA(11)

Dilute 186,1 g EDTA with

108 g Tris base 242 g Tris base approximately 800 ml aqua

55 g boric acid
40 ml 0,5M EDTA (pH 8)
Fill to 1 | with aqua bidest.

57,1 ml glacial acetic acid
100 ml 0,5M EDTA (pH 8)
Fill to 1 | with aqua bidest.

bidest.,
titrate to pH 8 with approximately
20 g of NaOH pellets, fill to 11,

autoclave.

Antibiotics

The antibiotics used in this work are listed in Table 4-14.

Table 4-14: Antibiotics stock solutions

Concentration in growth

Antibiotic medium [mg/l]
Ampicillin 100
Carbenicillin 50
Chloramphenicol 34
Gentamycin 25
Kanamycin 50
Phosphinothricin (for plants) 12
Rifampicin 50
Spectinomycin 50
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Amino acids and other organic compounds

Stock solutions of chemicals used for complementation tests of tup5-1. The concentration
was always 250 mM (diluted in water): acetylornithine, arginine, citrulline, DNQX, fu-
maric acid, glutamic acid, a-ketoglutaric acid (2-oxoglutaric acid), lysine, ornithine,

proline, putrescine, spermidine, spermine, urea, except glutathione which had 100 mM.

4.15.2 Buffers

TE buffer pH 8
- 10 mM Tris / HCI pH 8 (from 1 M Tris / HCI pH 8 stock solution)
-1 mM EDTA pH 8.0 (from 500 mM EDTA pH 8.0 stock solution)

Bacterial plasmid isolation

The composition of bacterial plasmid isolation buffers are listed in Table 4-15.

Table 4-15: Components of bacterial plasmid isolation buffers.

P1 (+RNAse A) P2 P3 (for 100 ml)
- 25 mM Tris-ClI - 0,2 N NaOH (from 10 N | - 60 ml of 5 M potassium
-10 mM EDTA stock) acetate
pH 8 with 25% HCI - 1% (w/v) SDS (from 10% | - 11,5 ml glacial acetic
The solution was autoclaved. A 100 | stock) acid

ml batch was aliquoted to which | The solution was freshly | - 28,5 ml aqua bidest.
100 mg/l RNase A (from stock | prepared before each plasmid
solution) was added before use. | preparation.

The RNase-containing buffer was
stored at 4°C.

DNA purification by precipitation

Phenol: chloroform: isoamyl alcohol (25:24:1)

PCR buffers

The composition of 10 x7aq and Pfu polymerase buffer is listed in Table 4-16.

Table 4-16: Components of 10 xTaqg and Pfu polymerase buffer.

10x Taq buffer 10x Pfu buffer
200 mM Tris-HCL (pH 8 at 25°C)
100 mM KCI
500 mM KCl 100 mM (NH,),SO,

100 mM Tris (pH 9)

1% Triton® X-100 20 mM Mg SO,

1 mg/ml nuclease-free BSA
1% Triton® X-100

Gel loading buffer

The composition of blue and orange gel loading buffer is listed in Table 4-17.
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Table 4-17: Components of blue and orange gel loading buffer.

Blue gel loading buffer

Orange G gel loading buffer (50 ml)

0,25% (w/v) bromophenol blue
0,25% (w/v) xylenecyanol FF
40% (w/v) sucrose in H,O
(Sambrook and Russel, 2001)

33,5 g sucrose
200 mg orange G
5 mlI EDTA 500 mM

(pH 8)

Fill to 50 ml with aqua bidest., warm the mixture to
solubilise. (caution: only very little water is necessary!)

4.15.3

Growth media

The composition of MS media for in vitro culture of A. thaliana are listed in Table 4-18

and the growth media for E. coli, A. tumefaciens and S. cerevisiae are listed in Table 4-19.

Table 4-18: Components of MS medium for A. thaliana

Solid medium Y2 MS liquid medium
Components Concentration Stock solutions used Concentration
MS salts 4,6 g/l - 2,3 g/l
Myo-inositol 0,14/ - -

MES 0,54g/ - 0,5 g/l
Sucrose 10-30 g/l - 1 g/l
Thiamine 20 mg/l -

Nicotinic acid 1 mg/l From 1000x mixed stock -
Pyridoxine 1 mgl/l -
Biotin 1 mg/l From 18?\)/IOSXOS)tOCk (in )
Agar (extra pure) 7-9 g/l - -
pH 57 6

Table 4-19: Components of growth media for E. coli, A. tumefaciens and S. cerevisiae.

Growth medium for
E. coli and A.
tumefaciens

Growth medium for S. cerevisiae

LB medium

YPD medium

SD medium

- Tryptone: 10 g/I

- Yeast extract: 5 g/l
- NaCl: 10 g/l

- (Agar: 15 g/l)

pH7

- 1% Yeast extract

- 2% Peptone

- 2% Glucose (add glucose
after autoclaving from a sterile
40% stock solution)

- (1% Agar (Merck) for solid
medium)

For 500 ml YPD medium:
Dilute 5 g yeast extract and
10 g peptone in 400 ml aqua
bidest., titrate to pH 6,5 with
1M HCI, fill to 475 ml with aqua
bidest. and autoclave. Add 25
ml of glucose from a sterile
40% stock solution.

- 0,67% Yeast nitrogen base without
amino acids

- 2% Glucose (add glucose after
autoclaving from a sterile 40% stock
solution)

- (1% Agar (Merck) for solid medium)

For 1 1 SD medium: Dilute 6,7 g yeast
nitrogen base without amino acids in
800 ml aqua bidest., titrate to pH 5,8
with 1M KOH, fill to 900 ml with aqua
bidest., add 10 g agar and autoclave.
When the medium has cooled to
55°C, add 50 ml of glucose from a
sterile 40% stock solution and 50 ml
of sterile aqua bidest. or amino acid
solutions for supplementation of
auxotroph yeast mutants (to reach a
total volume of 11).
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4.16 Chemicals

The chemicals were mainly provided by the companies Merck (Darmstadt, Germany),

Sigma-Aldrich (U.S.A.), Roth (Karlsruhe, Germany), Serva (Heidelberg, Germany) and

Boehringer Mannheim GmbH (Mannheim, Germany).

4.17 Abbreviations

Aqua bidest.  Aqua bidestillata

Arg Arginine

A. thaliana Arabidopsis thaliana

BA Benzyladenine

bp base pair

°C degree Celsius

CAPS Cleaved Amplified
Polymorphic Sequence

CIAP Calf Intestinal Alkaline
Phosphatase

cm Centimetre

Col g/ Columbia glabra

CTAB cetyltrimethylammonium
bromide

d day

DMSO Dimethyl sulfoxide

DNA Desoxyribonucleic acid

dNTPs Deoxynucleoside
triphosphates

DNQX 6,7-dinitroquinoxaline-2,3-
dione

DTT Dithiothreitol

EDTA Ethylenediamine tetraacetic

acid

EMS Ethyl methanesulfonate

EtBr Ethidium bromide

EtOH Ethanol

FDA Fluorescein diacetate

g Gramme

g Gravitational acceleration

Gent. Gentamycin

h hour

HCI Hydrochloric acid

HEPES N-(2-Hydroxyethyl)piperazine
-N'-(2-ethanesulfonic acid)

I Litre

Ler Landsberg erecta

LD Long day

Lithium acetate LiAc

M molar

MES 2-(N-morpholino)

ethanesulfonic acid

MetOH
MgCl
um

UM
mm
mM
min
mRNA
MS medium
NaOH
nM
OPA
PCR
Pl

PPT
PVP
rcf

Rif.
RNA
rpm
RT

S or sec
SD
SDS
SSLP

Taq
TBE
T-DNA
TE
THF
Tris

U

viv
WT
w/iv
X-Gluc

Methanol

Magnesium chloride
Micrometre

Micromolar

Millimetre

Millimolar

Minute

messenger RNA
Murashige & Skoog medium
Sodium hydroxide
nanomolar
ortho-phthaldialdehyde
Polymerase chain reaction
Propidium iodide
Phosphinothricin
Polyvinylpyrrolidone
relative centrifugal force
Rifampicin

Ribonucleic acid
revolutions per minute
room temperature
second

standard deviation
Sodium dodecyl sulfate
Simple Sequence Length
Polymorphism
Thermophilus aquaticus
Tris/Borat/EDTA buffer
Transfer DNA

Tris EDTA
Tetrahydrofuran
Tris(hydroxymethyl)-
aminomethane

enzyme unit

volume / volume

wild type

weight / volume
5-bromo-4-chloro-3-indolyl--
D-glucoronide



5 Results
5.1 Studies on root meristem structure and viability in tup5-1

The primary root of mup5-1 undergoes a growth arrest almost immediately after germination
at a length of approximately 1,5 mm when exposed to white light (e.g. in vitro culture)
(Riefler, 2001). The reason for this growth arrest might be the loss of structure in the RAM
by differentiation of the meristematic cells (chapter 3.4).

To clarify the mechanisms of light perception in this context, the following questions were
addressed: Which organ perceives the root growth-inhibiting light in fup5-1 (chapter 5.1.1)?
And which light signalling pathway is being used for this (chapter 5.1.2)?

Phytohormones - like auxin and cytokinin - play an important role in root growth control.
tup5-1 was found in a screen for the ability of callus formation under culture conditions of
reduced phytohormone concentrations (chapter 3.4). Therefore the mutant might have an
altered response to these phytohormones. Experiments addressing this question are re-
ported in chapter 5.1.3, A and B.

A reduced mitotic activity in the root might be a reason for the growth arrest. To clarify if
divisions take place in the tup5-1 primary root at all, a cell cycle marker was studied in the
tup5-1 background (chapter 5.1.3, C).

As stated above, the meristem is suspected to lose its embryonic identity in the tup5-1 root.
To track the fate of the QC, a QC marker was analysed in tup5-1 (chapter 5.1.3, D).

The analysis of marker lines showed a general decrease in GUS activity. To judge whether
these were specifically reduced responses or a general loss of viability in the root cells, the
state of viability in the root was analysed (chapter 5.1.4, A).

The root meristem loss of fup5-1 can be avoided by supplementing the seedling with ar-
ginine (chapter 5.3.1). Can the meristem which has already undergone the process of
differentiation still be rescued by adding arginine at a later stage of development? Which
means: Is the process reversible (chapter 5.1.4, B)?

These different aspects are elucidated in the following chapters.

5.1.1 Where is the root growth-inhibiting light perceived in the tup5-1
mutant?

Previous experiments showed that the root growth inhibition of tup5-1 seedlings is light-
dependent (Frémont, 2004). To find out whether the perception of the inhibiting light takes

place in the shoot or in the root, WT and mup3-1 plants were grown in vitro in glass tubes
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with selective illumination of different parts of the plants: [llumination of the whole plant,
illumination of the shoot but not the root, or the whole plant in the dark. When grown in
light wup5-1 showed a severe root growth defect with a root length of 1,28 + 0,25 mm,
whereas WT had a maximum root length of 22,5 + 5 mm (Figure 5-1). When the roots
were kept in darkness with the shoot illuminated, the maximum root length of tup5-1 in-
creased about 11 times (14,6 + 3,45 mm) compared to light-grown fup5-1 plants. Never-
theless the fup5-1 plants growing with the shoots in the light and roots in the dark did not
reach the root length of WT under the same conditions (28,8 + 3,8 mm). This could be due
to the imperfect darkening of the root part. A small quantity of light was still penetrating
the medium from above.

From these results it can be concluded that the root is the organ which perceives the inhib-

iting light signal in the fup5-1 phenotype.

50

45
aWT
T @ tup5-1

40

35

30 A

25

20

root length [mm)]

15 A
10

5,

0
Light Root in darkness Dark

Light conditions

Figure 5-1: Effect of organ specific light application on tup5-1 root growth.

Root length of WT and tup5-1 plants: grown in light (left); with shoot in light and root in the dark
(middle); grown in the dark (right). All plants were 28 d old and grown in vitro. Mean + SD of 4 to 7
plants. Significance: * or + P < 0,01; ** or ++ P < 0,001, Student’s t test comparing WT and tup5-1
samples: *; when comparing “light” with “root in darkness” for WT or tup5-1, respectively: +.

5.1.2 Light signalling pathway of root growth inhibition

The root growth arrest in fup5-1 is caused by blue light (Frémont, 2004). To elucidate the
light signalling pathway involved in this mechanism, epistasis analyses were performed
with rup5-1 crossed with light signalling mutants. If a double mutant phenotype is found,
the signalling pathways of the two genes involved are considered to be independent (no
epistasis).
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The following light receptor mutants were crossed into fup5-1: the phytochrome apo-
protein mutants phyA4-201 and phyB-1(hy3-Bo64) (phytochrome A and B genes) (Nagatani
et al., 1993; Reed et al., 1993; Reed et al., 1994; Rockwell et al., 2006), the phytochrome
chromophore biosynthesis mutant 4y2-1 (Kohchi ef al., 2001), the cryptochrome apo-
protein mutant cryl (hy4-1) and cry2-1 and photl-5 (nphl-5) (Ahmad and Cashmore,
1993; Hoffman et al., 1996; Lin et al., 1996; Huala et al., 1997). Mutants of light signal-
ling factors were also crossed into tup5-1: the negative regulator of phyA signalling spal,
the bZIP transcription factor mutant A4y5-17, the E3 ubiquitin ligase mutant cop! (COP1 is
required for degradation of several transcription factors involved in light-regulated tran-
scription) and det! (Deng et al., 1992; Pepper et al., 1994; Oyama et al., 1997; Hoecker et
al., 1999).

In this work the analysis of the double mutants was focused on those mutants which have a
clear and recessive phenotype in white light. These were hy2-1, hy5-1, cryl and phyB-1. In
the F;, generation of tup5-1xhy2-1, tup5-1>hy5-1, tup5-1*cryl and tup5-1 xphyB-1 double
mutants with short roots were found (see an example in Figure 5-2). In the F, generation of
the double mutant tup5-1xhy2-1, as an example, six tup5-1 hy2-1 double mutants were
found in a population of 88 plants. This frequency of 1:14,6 is in accordance with the ex-
pected value of 1:15 according to Mendel’s Laws. In the case of tup5-1 xhy5-1 eight tup5-1
hy5-1 double mutants were found in a population of 128 plants in the F, generation (a fre-
quency of 1:15 as expected).

From these findings it can be deduced that the analysed light receptors or light signalling

factors are not epistatic to fup3-1.

WT hy2-1 tup5-1 F.
double mutant

! e
s
4
f
..-"' !_‘ (

Figure 5-2: Phenotype of the double mutant tup5-1 x hy2-1.
From left to right: WT, hy2-1, tup5-1 and two fup5-1 hy2-1 double mutant plants (F, generation).
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5.1.3 Hormonal status and cell cycle activity according to GUS-
markers in the tup5-1 root meristem

A Auxin status

DR5::GUS is an auxin-induced marker gene with a synthetic promoter containing seven
repeats of an auxin-responsive element (Sabatini ef al., 1999). The blue staining visualises
auxin-induced GUS activity in the cell. The pattern of GUS activity in the WT root covers
the QC, the columella initials, mature columella root cap cells and the vasculature of the
differentiation and elongation zone (Figure 5-3, A). In the root meristem of fup5-1 the
auxin-induced activity was strongly reduced in 5-d-old seedlings (Figure 5-3, B). No activ-
ity was visible in the vasculature of the differentiation and elongation zone. In the differ-
entiating meristem the activity was restricted to a few cells and the intensity of blue stain-
ing was reduced (Figure 5-3, B). This could be due to a reduction of auxin level or of
auxin-induced response in the meristem of the mutant. Another explanation could be a
more general loss of viability in the differentiated root meristem of tup5-1.

Auxin-induced DRS5::GUS expression is also found in pericycle cells during the initiation
of lateral roots formation in WT (Figure 5-4, A and B) (Benkové et al., 2003). This
DR5::GUS activity was also observed in the short tup5-1 primary root which had arrested

its growth and of which the meristem had undergone major differentiation (Figure 5-4, C).

Figure 5-3: Auxin-induced DR5::GUS expression in the primary root tip of Arabidopsis seedlings.
A: WT; B: tup5-1 (5 d old, in vitro) (magnification: 200-fold).
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Figure 5-4: Auxin-induced DR5::GUS expression in the pericycle of the primary root of Arabidopsis
seedlings during lateral root formation.
A and B: WT; C: tup5-1 (5 d old, in vitro) (magnification: 200-fold).

B Cytokinin status

In the cytokinin sensitive 4RR5::GUS marker line GUS activity is visible in cells re-
sponding to cytokinin (D'Agostino et al., 2000). In WT a strong activity can be observed in
the root tip and the vasculature of the root (Figure 5-5, A). In rup5-1 this response was ex-
tremely weak or completely vanished (Figure 5-5, B). In some cases a faint blue staining
occured in a few cells of the columella and in the vasculature of the elongation zone (data
not shown). The intensity of GUS seemed to correlate with the differentiation state of the
meristem.

Again the question is: Is it a direct effect of a cytokinin response decrease (or a lack of
cytokinin), or is it a secondary effect of a loss of cell viability in the root meristem of

tup5-1?7

Figure 5-5: GUS staining with the marker ARR5::GUS in the primary root tip of seedlings.
A: WT; B: tup5-1 (5 d old, in vitro) (magnification: 200-fold).
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C Cell cycle-induced response

The marker FA4C contains the promoter of CycBI, 1 and an N-terminal part of the protein
encoding a mitotic destruction box fused to GUS. The destruction box restricts the accu-
mulation of the cyclin (or in this case the GUS protein) to the late G2- and M-phase of the
cell cycle (Colén-Carmona et al., 1999). Thus the GUS activity pattern shows recent cell
divisions. The latter occur mainly in the “elongation zone” of the RAM (Figure 5-6, A) as
defined by Scheres et al. (2002) (chapter 3.1.1).

tup5-1 roots grown in vitro had a strongly reduced cell cycle depending GUS activity. Only
in a few cells a weak signal was visible (Figure 5-6, B). This indicates an arrest of cell cy-
cle activity in the mutant root meristem. These findings would confirm previous results:
The differentiating root meristem of mup5-1/ seemed to be constituted of a reduced number
of larger cells than WT (Frémont, 2004). The observation of reduced cell cycle-dependent
GUS activity seems very likely to be a direct result of the actual cell cycle state in the
tup5-1 RAM. But as a general reduction of GUS activity was observed in all analysed

marker lines, it cannot be excluded that this is a secondary effect of a general viability loss.

Figure 5-6: Cell cycle-dependent GUS staining with the marker FA4C in the primary root tip of
seedlings.
A: WT; B: tup5-1 (5 d old, in vitro) (magnification: 200-fold).

D Quiescent center identity

The QC is composed of four cells in the RAM which do not divide and which keep the
surrounding initial cells in an undifferentiated state. Thus the QC is important for the root
meristem maintenance (van den Berg ef al., 1997). The marker QC25 shows specific GUS
activity in the QC cells (Figure 5-7, A). In the mup5-1 background the signal was weakening

in light-grown roots according to the degree of meristem loss. When the meristematic
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structure was not completely lost, a light blue colour showed a decreased GUS activity in
the QC cells (Figure 5-7, B). The shape of the QC cells was also changed: while the cells
were flattened in the WT meristem, they stretched parallel to the root axis in fup5-1 RAM
(Figure 5-7, A and B).

When the loss of meristematic structure had progressed, the GUS activity in the QC of
tup5-1 roots had almost vanished (Figure 5-7, C).

A B | c

Figure 5-7: GUS activity of the marker QC25 in the QC of the RAM in primary roots.
A: WT, B und C: tup5-1. Arrows: GUS staining in the QC (5 d old, in vitro).

5.1.4 Viability of the root meristem

A Viability

The tup5-1 root had reduced GUS activity in the above shown marker lines (chapter 5.1.3).
To find out whether these are direct effects (e.g. changed hormonal status) or a general
viability loss of the RAM cells, a viability test was done. To determine the viability of the
RAM cells, the tissue was stained with FDA which gives a fluorescent signal in living cells
(shown in green) and PI which accumulates in dying or dead cells (shown in red) (Jones
and Senft, 1985). In the WT root a strong green fluorescent FDA signal was observed with
the eGFP filter as a sign for metabolic (esterase) activity and viability of the cells (Figure
5-8, B, F and J), whereas only a faint red signal from PI appeared with the red filter (Figure
5-8, C, G and K). In the fup5-1 root grown under LD conditions the FDA signal was weak
(Figure 5-8, B), indicating reduced metabolic activity. The PI signal was slightly stronger
in the rup5-1 root, but the red fluorescence signal was mainly restricted the the cell wall and
did not accumulate in the cells, showing that cell membranes are intact (Figure 5-8, C and
D) (Jones and Senft, 1985; Moreno et al., 2006). Only in some cases a strong PI accumula-
tion was found in the RAM in tup5-1, in cells that might correspond to what had been the

quiescent center and the columella cells (Figure 5-8, K and N, root at the right).
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Figure 5-8 : Viability of the RAM in tup5-1 compared to WT.

A-D: WT (left) and tup5-1 (right) primary root grown under standard conditions; E-H: “Dead control
test” comparing the signal of a fresh WT root (left) and a dead root (of 5-d-old plant cleared
according to chapter 4.4.3) (right); I-K: Inability of 6-d-old tup5-1 primary root meristem grown on
MS without arg to become reactivated after transfer to MS +100 yM arg for 8 d.; L-N: Newly
developed tup5-1 adventitious root formed after transfer to MS + 100 uM arg (left) had a functional
meristem in contrast to fup5-1 primary root (right) where the meristem differentiated during the 6 d
before arg treatment. Left column (A, E, | and L): bright field; central column (B, F, J and M): eGFP
filter for FDA signal; right column (C, G, K and N): red filter for Pl signal. D and H: Magnified detail
of C and G respectively. Seedlings were grown under LD conditions (14 d old).
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B Is the process of root meristem loss and root growth arrest reversible?

The mutant root meristem loses its structure and the root arrests its growth (chapter 3.4).
This phenotype can be complemented by the addition of arginine (chapter 5.3.1). To find
out whether the differentiated meristem can be reactivated, 6-d-old seedlings were trans-
ferred to medium containing arginine. After eight days of treatment the primary root de-
velopment and the meristem structure were assessed. The RAM of these 14-d-old rup3-1
primary roots treated with arginine could not restructure their meristems and the primary
roots did not start growing again (Figure 5-8, I-K). Adventitious roots of wup5-1 seedlings
which developed after the transfer to arginine-supplemented medium had a normal meris-
tematic structure (Figure 5-8, L-N), this would not have been the case without arginine

(chapter 5.3.1) (Frémont, 2004, Figure 3.21 and p. 55).

5.2 Identification of the gene TUP5

After the description of the fup5-1 phenotype in Frémont (2004) and in chapter 5.1, the
interesting question now was: Which gene is causing this developmental defect?

The state of the gene search from previous works was as follows (Frémont, 2004): First the
gene was mapped to an interval of 87,7 kb on the lower arm of chromosome I. Then, 56 T-
DNA-insertion lines with insertion loci in 27 of 29 annotated genes in the rup5-1 interval
were screened for corresponding root phenotypes. One candidate gene (4¢ZFP1) which
was found to be light-regulated (Chrispeels et al., 2000) was sequenced but no mutation
was found.

In this thesis, the gene search was continued as follows: The mapping was continued
(chapter 5.2.1). As the mutation lays on a cold spot of recombination (near the telomere),
no more recombinants could be found to narrow down the mapping interval of 87,7 kb. For
this reason, various parallel approaches were followed: The screen of T-DNA-insertion
lines was continued (chapter 5.2.2). Then candidate genes were sequenced (chapter 5.2.3).
A complementation assay was done on fup5-1 with a candidate gene (chapter 5.2.4). This
complementation assay being unsuccessful, a pooled complementation with BAC sub-
clones was done (chapter 5.2.5). The gene found in complementing lines of the BAC sub-
clone complementation was sequenced for mutations in the tup5-1 background (chapter
5.2.6). The complementing gene of the BAC subclone complementation was overex-
pressed in fup5-1 as an independent proof of complementation (chapter 5.2.7). The pre-

dicted function of the gene is presented in chapter 5.2.8.
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5.2.1 Mapping

As stated above, in previous work the mapping interval was narrowed down to 87,7 kb on
the lower arm of chromosome I (from 30 353 397 bp to 30 441 123 bp, coordinates ac-
cording to TAIR in 2004) (Frémont, 2004) (Figure 5-9). The interval contains 29 predicted
genes (from At1g80550 to Atl1g80830) according to the database ,,TIGR* (www.tigr.org,
19.12.2003). In this work, 354 more plants of the mapping population were tested. No
more recombinants were found for markers laying within the interval borders (data not
shown). In total the mapping population contained 2354 plants. At this point, the classical

mapping was stopped and the gene search was continued with other methods (see below).
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5.2.2 Screening of T-DNA insertion lines for TUPS alleles

T-DNA insertions can lead to a knockout of the gene into which they were inserted
(Krysan et al., 1999). T-DNA insertion lines for 27 of the 29 predicted genes of the fup5-1
interval were available to order from Nottingham Arabidopsis Stock Center (NASC) or
Arabidopsis Biological Resource Center (ABRC) (Frémont, 2004) (Alonso et al., 2003).

To identify the mutated gene in fup5-1 and to find other alleles of the gene, 56 T-DNA
insertion lines which had annotated insertions in 27 of 29 predicted genes in the wup3-1 in-
terval, were screened for root phenotypes in previous works (Frémont, 2004). This strategy
was continued in this work: 48 more T-DNA insertion lines were analysed (Supplemental
data, Table 9-1). Seedlings were grown in vitro and were examined at the age of two to
four weeks. The T-DNA insertions were not verified on a molecular level. No root pheno-
types were found in these lines. Thus, overall 104 T-DNA insertion lines for these 27
genes were screened for a root phenotype similar to the point mutation line tup5-1. How-

ever, since tup5-1 is not a null allele, a T-DNA mutation could result in a different pheno-

type.

5.2.3 Sequencing of candidate genes

Because the classical mapping and the screening for root phenotypes in T-DNA insertion
lines did not lead to any additional results, genes in the mapping interval were sequenced.
The candidates were chosen according to criteria as light-dependent or root-specific gene
expression. One gene (At1g80730) had been sequenced in previous work (Frémont, 2004).
No sequence difference was found in this gene.

In this work 17 additional candidate genes were sequenced in the fup5-1 mutant (at HU
Berlin) and compared to WT (Supplemental data, Table 9-4). Ten genes did not contain
any mutation. Sequencing data of four genes contained small gaps, but did not have muta-
tions in the sequenced parts. Two genes had a few ambiguous bases in the sequence data.
These were likely to result from technical artefacts. In the gene At1g80820 (cinnamoyl
CoA reductase) a mutation was found (a C—T transition) which caused an amino acid ex-
change (P97S) in the predicted second exon. According to database predictions this muta-
tion leads to a change in the secondary structure of the enzyme (data not shown). The gene
is five times upregulated after blue light treatment (according to Genevestigator response

viewer (Hruz et al., 2008)). It was therefore considered to be a candidate for the mutated

72



5. RESULTS

gene causing the phenotype in tup5-1. To test this hypothesis, further analyses were done
(chapter 5.2.4).

5.2.4 A false candidate: cinnamoyl CoA reductase

The gene At1g80820 (cinnamoyl CoA reductase) which is involved in lignin synthesis had
a mutation changing the amino acid sequence of the enzyme (chapter 5.2.3). It was there-
fore considered to be a candidate for the 7up5-1 mutation. Thus, further analyses were done
to prove this hypothesis: The transgenic line SAIL 207 GO05 (N809694) was predicted to
carry a T-DNA insertion in the second exon of At1g80820. This was confirmed via PCR
(data not shown). The line was studied for aberrant root development.

No differences in root length compared to WT could be found (Figure 5-10, A). However,
it could not be excluded that the putative allele of tup5-1 caused a different phenotype. To
find out whether the point mutation found in the cinnamoyl CoA reductase gene in the
tup5-1 background is the origin of the fup35-1 phenotype, an allelism test was done between
the T-DNA insertion line N809694 and fup5-1. For this purpose homozygous plants of
both lines were crossed reciprocally. It was expected that the F; generation would present
the tup5-1 root phenotype if the same gene is affected in both lines (with the T-DNA in-
sertion line being a knockout). The roots of the F; plants had a WT phenotype (Figure
5-10, A). There are two possible explanations for this fact: The lines are not allelic or the
T-DNA insertion line is not a complete knockout allele. To check whether cinnamoyl CoA
reductase transcript can be detected in the T-DNA insertion line, an RT-PCR was done. A
low level of transcript was found in the knockout line (Figure 5-10, B). Therefore, a suffi-
cient amount of cinnamoyl CoA reductase enzyme might be produced in the plant to allow
a normal development and metabolism. This could explain the WT root phenotype in the
F, generation of the allelism test. Thus, it could still not be excluded that At1g80820 was
the mutated gene causing the phenotype in fup3-1. For this reason a complementation test
was done. First, the WT gene cinnamoyl CoA reductase was cloned with its own promoter
(1989 bp upstream of the gene) into a binary vector and transformed into the rup5-1 back-
ground by the floral dip method (Clough and Bent, 1998). None of the transformants had a
WT-like root (data not shown). In case that the native promoter would not be sufficient to
restore the WT level of expression (for example because an enhancer element is missing),
the cinnamoyl CoA reductase was cloned downstream of a constitutive 35S promoter. The

overexpression construct was transformed into a tup5-1 homozygous line by the floral dip
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method (Clough and Bent, 1998) and by hypocotyl transformation (Inoue et al., 2001;
Akama and Beier, 2003). This overexpression gene construct did also not complement

tup5-1 (data not shown).

WT tup5-1 N80 F1 recipr.
tupS5-1<N80

WT  N809694
At1g80820
actin2/7

Figure 5-10: Allelism test and transcript level analysis of the T-DNA-insertion allele of cinnamoyl
CoA reductase.

A: Allelism test between tup5-1 and the T-DNA-insertion line of cinnamoyl CoA reductase “N80”
(N809694). B: Semi-quantitative RT-PCR of the cinnamoyl CoA reductase transcript in WT and the
T-DNA-insertion line (N809694) (duplex PCR with actin2/7 as control).

5.2.5 Pooled complementation with BAC subclones

The complementation assay with the candidate gene cinnamoyl CoA reductase did not
restore a WT root phenotype in fup5-1 (chapter 5.2.4). Therefore the gene search had to be
continued. This was done with the following strategy. The smallest fup5-1 mapping inter-
val of 87,7 kb is covered by two BAC clones: T21F11 and F23A5 (Figure 5-9). To be sure
that the sought-after gene would not be excluded because of a single false positive recom-
bination result, the interval was extended to 138 kb, where two independent recombination
events had been found at each mapping border. The BAC clones were fragmented with
appropriate restriction enzymes to produce overlapping pieces containing a few genes at a
time, if possible covering the whole mapping interval (Table 5-1 and Table 5-2). The pres-
ence of the genes was verified by PCR and restriction analysis. Because of the laborious
nature of this strategy, the BAC subcloning work was divided: The T21F11 subcloning
was performed by Andrea Arbeiter. The resulting fragments were cloned into a binary
vector (pCB302) and transformed into tup5-1 homozygous plants by the floral dip method
(Clough and Bent, 1998; Xiang et al., 1999). The transformants containing the subclones
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were screened for restored root growth in vitro. Three subclone lines from BAC T21F11,
1.e. Sfo4, Drd71 and Ecol.2, complemented fup5-1 (Sfo4 and Drd71 transformants shown
in Figure 5-11). Sfo4 contains only one full length gene: At1g80600, a predicted acetylor-
nithine aminotransferase. This gene is also present in Drd71 and Ecol.2 (Figure 5-12). The
gene is also present in Spel.21, but the root phenotype was not complemented in the trans-

formants. The promoter might be too short (Table 5-3).

Table 5-1: Subclones of the BAC clone T21F11.

Lavender: subclones used for complementation of fup5-1. F: The gene was present in full length
in the clone, I: The gene was incomplete in the clone (‘incomplete” also comprises genes of
which 2000 bp promoter or 500 bp 3’ untranslated region are incomplete, but the coding
sequence is in full length). S: Gene was sequenced / PS.: Gene was partly sequenced (see
5.2.3). The 3 letters in the clone name indicate the restriction enzyme used for fragmenting the
BAC clone. Blue marked gene: TUP5.

small interval (87,7 kb) extended interval
o o o o o o o o o o o o o o
Gene number — O - I - N BRI 8|33 o
2l1sl8(8]|¢g 2|8|8|8|8|8(8|8]|8
21212122 21212 21212121212
Clone name| |2 |Z|=2|< I || 2| |2 |2|2|Z|<
[ Sequencingstate> | PS| S | S s|s]|s PS
Pst1.64 F F F F |
Pst2.11 F
Pst3.4 [
Pst2.12 |
Pst1.56 F F I
Sac2.1 | F
Spe1.24 F
Spe1.21 | F F F
Spe3.6 |
Spe2.15 F F
Sfo59 F F F |
Sfo4 F
Sfo3 F
Drd71 | F F
Eco1.16 F F
Eco1.2 [ F F F
Eco2.4 |
Eco3.10
Eco2.16 7 |
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WT tup5-1 PRC Drd71

Figure 5-11: Phenotype of complemented primary transformants of tup5-1, transformed with the
subclones Sfo4 and Drd71. From left to right: WT, tup5-1, PPT-resistant control line (PRC) (14-d-
old plants); T, of tup5-1 transformed with Sfo4, T, of tup5-1 with Drd71 (24-d-old plants) (in vitro,
transgenic plants on medium containing PPT, non-transgenic plants on medium without PPT).

30,295,000 7 i i " 30, 300,300, 000 ] ! " 30,305,000 ' i " 30,310,000 7 i "bp

ATlGSOEGO.l AT1GBUSEU1 ETlGSOSBO‘l chGSOGOO.l ﬁTlGBOElO‘l ATICE0620.1
[ ————
ATIGROS70.1 i
——w
ATIGEO570.3
| e—

wene

Sfod4

Drd71

Figure 5-12: Overlapping BAC subclones within the tup5-1 mapping interval containing At1g80600.
The BAC subclones Sfo4, Drd71, Eco1.2 and Spe1.21, all containing At1g80600, are shown as
pink, blue, green and orange boxes. Arrows: ORFs (colour code within the arrows: red for UTRs,
yellow for exon, white for introns), with their ATG number above. Black line: chromosome | with
physical coordinates (bp) (modified from TAIR).

Table 5-3: Coordinates of complementing BAC subclones and phenotype of primary transformants.
The coordinates were calculated from restriction enzyme cutting site predictions, in the case of
Drd71 the borders do not correspond to cutting sites, the length is given approximately based on
PCR and restriction analysis.

Complementing | Length of | Length of Number of Number of Number of
clone 5’ region | 3’region | transformants | transformants | transformants
with short with long
roots roots

Sfo4 3091bp 1251 bp 24 0 24
Drd71 > 6,8 kb 1178 bp 16 3 13
Eco1.2 3648 bp 6748 bp 1 0 1
Spe1.21 1228 bp 8884 bp 6 6 0
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5.2.6 The tup5-1 mutation is located in At1g80600, a putative acetylor-
nithine aminotransferase gene

The BAC subclone Sfo4, which complemented the root phenotype of the mutant contained
only one complete predicted gene (At1g80600) (Figure 5-12). It was therefore very likely
that this gene is mutated in tup5-1. To prove this, the gene was sequenced in the fup3-1
background. A mutation was found in the third exon (base n° 1735 of the unspliced se-
quence: a transition from G to A) (Figure 9-1 in supplemental data). This base exchange
leads to an alteration in amino acid sequence (G424R) (Figure 5-13). According to the
secondary structure prediction tool APSSP2 (Raghava, 2002) a slight shift in secondary
structure might be caused by the mutation in fup5-1, but this was not confirmed by the
prediction programme PSIPRED 3.0 (Jones, 1999). Nevertheless, it might be possible that
the predictions were not accurate and that unpredicted structural changes are produced in
tup5-1 protein. It is also possible that the tertiary structure is altered due to the mutation,

causing changes in regulatory or catalytic properties of the protein.

TUPS-WT MASLSQITLPRAPSSEIGLLRRRLERPIIRTRIGFNGRIASVLTNAGDQAVSVKASVSQK 60
tup5-1-mut MASLSQITLPRAPSSEIGLLRRRLERP I IRTRIGFNGRIASVLTNAGDQAVSVKASVSQK 60
EAEEAXEAAXEAAXAAXAAAXEAAXAXAEAAXAAAXAALAAAAAXAXAAXAAXAXAAXAAAXAAXAXAAXAAAXAALAXAAXX

TUPS-WT VIEEEAKVIVGTYARAPVVLSSGKGCKLFDPEGKEYLDCASG IAVNALGHGDPDWLRAVT 120
tup5-1-mut  VIEEEAKVIVGTYARAPVVLSSGKGCKLFDPEGKEYLDCASGIAVNALGHGDPDWLRAVT 120
TUPS-WT EQAGVLAHVSNVYYTIPQIELAKRLVASSFADRVFFCNSGTEANEAAIKFSRKFQRFTHP 180
tup5-1-mut EQAGVLAHVSNVYYTIPQIELAKRLVASSFADRVFFCNSGTEANEAAIKFSRKFQRFTHP 180
TUPS-WT EDKEVATGFIAFTNSFHGRTLGALALTSKEQYRTPFEPIMPGVTFLEYGNIQAATDLIRS 240
tup5-1-mut EDKEVATGFIAFTNSFHGRTLGALALTSKEQYRTPFEPIMPGVTFLEYGNIQAATDLIRS 240
TUPS-WT GKIAAVFVEP IQGEGG I YSATKEFLQSLRSACDAAGSLLVFDEVQCGLGRTGLMWAYEAF 300
tup5-1-mut  GKIAAVFVEPIQGEGG I YSATKEFLQSLRSACDAAGSLLVFDEVQCGLGRTGLMWAYEAF 300
TUPS-WT GVTPDIMTVAKPLAGGLP IGAVLVTEKVAET INYGDHGSTFAGSPLVCSAATAVMDKVSK 360
tup5-1-mut  GVTPDIMTVAKPLAGGLPIGAVLVTEKVAET INYGDHGSTFAGSPLVCSAAIAVMDKVSK 360
TUPS-WT PSFLSSVSNKGRYFRDLLVKKLGGNSHVKEVRGEGL I IGVELDVPASSLVDACRDSGLLI1 420
tup5-1-mut PSFLSSVSNKGRYFRDLLVKKLGGNSHVKEVRGEGL 1 IGVELDVPASSLVDACRDSGLLI 420
TUPS-WT LTAGKGNVVRIVPPLVISEEEIERAVEIMSQNLTALD- 457

tup5-1-mut LTARKGNVVRIVPPLVISEEE IERAVEIMSQNLTALD- 457

Figure 5-13: Amino acid alignment of tup5-1 (tup5-1-mut) and the wild-type sequence TUP5

(TUP5-WT).

The amino acid exchange in tup5-1 (of the amino acid number 424) is marked in red. The analysis

*xxk

was carried out with Clustal W.
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5.2.7 Complementation of the mutant with the overexpressed
At1g80600

The subclone Sfo4, which complemented fup5-1, contains 6,3 kb of plant DNA insert
(Table 5-3). According to database predictions this sequence contains only one putative
ORF (At1g80600). To prove that this ORF is the complementing element in Sfo4, an over-
expression construct of Atlg80600 was used for an additional complementation assay. For
this purpose the cDNA of At1g80600 (provided in the clone U15579 by the Arabidopsis
Biological Resource Center) was cloned downstream of the constitutive CaMV 35S pro-
moter (Figure 5-14, A). The transgene was transformed into fup5-1 homozygous plants by
the floral dip method (Clough and Bent, 1998). The tup5-1 root phenotype was comple-
mented with this construct because Ty plants formed a long root in light (Figure 5-14, B).
Additionally, this result shows that the cDNA sequence of the clone U15579 is functional
and the predicted splicing sites are correct (Figure 5-37 and Figure 9-1 in supplemental
data).

The transcript level of TUP5 was tested by semi-quantitative RT-PCRs in the 35S::TUPS5
lines. The RT-PCRs were set up as duplex PCRs with two primer pairs: The primer for
TUPS and those for actin2/7 as internal control (Figure 5-15, A). The transcript quantity of
TUPS was increased in all transgenic lines compared to WT and fup5-1 (Figure 5-15, A).
More independent lines and 35S::TUPS lines in tup5-1 background were tested, all show-
ing an increase in TUPS transcript level (data not shown). The quantity of actin PCR prod-
uct was reduced in the transgenic lines, probably due to the strong competition for nucleo-
tides with the At1g80600 amplification reaction (Figure 5-15, A). The 35S::TUPS5 lines
were used for further phenotypical analyses (chapter 5.8.1 to 5.8.3). Additionally, real-time
PCR was done with one overexpressing line to verify the increased expression level with
an independent method. An approximately 4,65-fold increase of TUP5 expression was

measured in the homozygous transgenic line OE4 compared to WT (Figure 5-15, B).
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— P-35S TUPS5 Y

>

200 bp

tup5-1 tup5-1 transformed

with 35S::TUPS

Figure 5-14: Complementation of tup5-1 with 35S::TUPS.

A: Vector construct used for the overexpression of At1g80600. The cDNA of At1g80600 was
cloned between the 35S promoter (P-35S) and the 35S transcriptional terminator sequence (T-
358) in the vector pB2GW?7 (Karimi et al., 2005). B: Root phenotype of a complementing primary
trans-formant of p35S::TUP5 in the tup5-1 background (15 d old, in vitro). From left to right: WT;
tup5-1; Ty of p35S:: TUP5 in tup5-1 back-ground.

« BWT

actin 2/7 - s w— —
At1g80600 - wewws wss NS Y

A WT tup5-1 OE1 OE 2

Figure 5-15: TUPS transcript level of TUPS overexpressing lines.

A: The transcript level of WT, tup5-1 and two 35S::TUPS lines tested by semi-quantitative RT-PCR.
The primers of the control gene actin 2/7 (At5g09810) and TUP5 were used in a duplex PCR. OE1
and 2 are independent overexpression lines of TUP5 (T, generation) in WT background. The
reactions were done with the Qiagen One Step RT-PCR Kit. B: Real-time PCR of WT and a
35S::TUPS line. WT: Wild type; OE4: homozygous TUPS overexpression line (T3 generation). RQ:
relative quantity. WT was set 1. In each case one biological sample was used for three PCR
reactions originating from one master mix. The real-time PCR was performed with Applied
Biosystems 7500FAST. Plants (48 d old) were grown on soil at standard conditions. Error bars:
minimal and maximal RQ. n = 3. Significance: * P < 0,01, Student’s t test comparing WT and OE4.
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5.2.8 Structure and predicted function of TUP5

The gene Atlg80600 is predicted to code for an acetylornithine aminotransferase
(ACOAT) (EC 2.6.1.11.) (by the databases TAIR: www.arabidopsis.org and MIPS:
http://mips.gsf.de). The function of this enzyme has been studied for its homologues in
bacteria, yeast and some plant species (Vogel, 1953; Dougall and Fulton, 1967; Jauniaux
et al., 1978). The protein is predicted to have a molecular weight of 48,8 kDa and a length
of 457 amino acids (by the database TAIR: www.arabidopsis.org). The programme
TargetP predicts a chloroplastic transit peptide with a score of 0,716, while 1 is the highest
score. This is in accordance with biochemical experiments on soybean protoplasts where
acetylornithine aminotransferase activity was mainly found in the plastid fraction (Jain et
al., 1987). The enzyme catalyses the transfer of an amino group from L-glutamate to ace-
tyl-L-glutamate 5-semialdehyde yielding a-ketoglutarate and acetylornithine (www.expa-
sy.org/enzyme/2.6.1.11) (Figure 5-16), using pyridoxal 5-phosphate as a cofactor (Vogel,
1953; Albrecht and Vogel, 1964). This reaction can be catalysed in both directions. The
synthesis of acetylornithine is the fourth step (from glutamate) in de novo arginine bio-
synthesis (Slocum, 2005) (Figure 5-17, A). Arginine and its precursors citrulline and or-
nithine are also used for the biosynthesis of other important metabolic compounds like
polyamines for example (Figure 5-17, B) (see KEGG database (Kanehisa ef al., 2008)).
Genes having high similarities to 7UPS5 on the amino acid level can be found in bacteria,
fungi and plants (Figure 5-18). Highly similar amino acid sequences of Populus tricho-
carpa (dicots), Oryza sativa (monocots), Physcomitrella patens (mosses), Chlamydomonas
reinhardtii (algae), Saccharomyces cerevisiae (fungi) and Escherichia coli (bacteria) were
aligned with TUPS (Figure 5-18). The genes of C. reinhardtii, S. cerevisiae and E. coli
used in this alignment were already confirmed acetylornithine aminotransferases
(Heimberg et al., 1990; Remacle et al., 2009). The amino acid mutated in fup5-1 (G424)
was conserved in all seven organisms. This residue might therefore have an important
function in the protein TUPS, though up to now no reaction site or protein domain has
been predicted for this amino acid (Prosite, data not shown). The phylogenetic relationship
of the seven aligned proteins corresponds to the relationship between the source organ-
isms: TUPS is closely related to the Populus trichocarpa protein and farthest related to the
bacterial and fungal ACOAT (Figure 5-19).
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N-acetyl-L-ornithine + a-ketoglutarate <> N-acetyl-L-glutamate + L-glutamate
5-semialdehyde
C7H14N203 + C5H605 <> C7H11NO4 + C5H9NO4
o Q OH
HO » \H/ 3 N HGM(OH oW 0 N HOMOH
: o !

0 CH, o] 0

Figure 5-16: Chemical reaction catalysed by ACOAT.
First line: name of the chemical compounds, second line: text formula, third line: skeletal formula.

Red: OH-residues, blue: NHx-residues (from AraCyc: http://www.plantcyc.org and Human
Metabolome Database: www.hmdb.ca).
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N-a-acetylornithine L-glutamine
! l
L-ornithine carbamoyl-phosphate
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L-Citrulline

L-arginino-succinate
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L-Arginino- 3
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- Aspartate £
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= Pyrimidine U | Fumarate
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Figure 5-17: Acetylornithine aminotransferase reaction step within arginine biosynthesis.
A: Arginine biosynthesis pathway. The red arrow indicates the reaction step of ACOAT (modified

from AraCyc: http://www.plantcyc.org, date: 02.2009).
B: Overview of the urea cycle. The reaction of ACOAT (in red characters) is circled in red (modified

from KEGG: http://www.genome.jp/kegg/pathway/ map, date: 05.2006).
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Figure 5-18: Amino acid sequence alignment of TUPS with ACOAT from other organisms or highly

similar protein sequences with yet unknown function.

Identical AAs are marked in black. The aminotransferases class-Ill pyridoxal-phosphate attachment
site is marked with a blue line above the AAs. Red: AA mutated in fup5-1 conserved in all 7 aligned
organisms. At1g80600, Arabidopsis thaliana TUPS; Pt,
0Os05g0129100: Oryza sativa (japonica cultivar-group) GIl:115461885, putative
ACOAT; Pp, Physcomitrella patens subsp. patens Gl:162664563 predicted protein ACOAT family;
Cr, Chlamydomonas reinhardti ACOAT GI:159480034; Sc, Saccharomyces cerevisiae ACOAT
Gl:151945496; Ec, Escherichia coli ACOAT Gl:242378886. The analysis was carried out with

ABK95025.1.

Clustal W (1.83) and Boxshade (Larkin et al., 2007).
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Arabidopsis thaliana: 0.16
Populus trichocarpa: 0.14
Oryza sativa: 0.19

Physcomitrella patens: 0.22
Chlamydomonas reinhardtii: 0.23

Saccharomyces cerevisiae: 0.32
e Y

Escherichia coli: 0.31

Figure 5-19: Phylogram of ACOAT from different organisms or highly similar protein sequences
with yet unknown function.

The abbreviations are identical to those in Figure 5-18. The genetic distances are indicated beside
the organism names. The analysis was carried out with ClustalW2 (Larkin et al., 2007).

5.3 Proof of the predicted function of TUPS

Acetylornithine aminotransferase (EC 2.6.1.11.) has been studied in E. coli, S. cerevisiae
and some plant species (Vogel, 1953; Dougall and Fulton, 1967; Jauniaux ef al., 1978). For
Arabidopsis thaliana, only database predictions were available. If this gene is necessary for
the synthesis of acetylornithine, feeding tup5-1 with this presumably lacking amino acid or
its downstream product arginine is expected to complement the root phenotype (chapter
5.3.1). This complementation would give strong support for the correctness of the predic-
tion. A final proof of the gene function can be obtained by heterologous complementation
of a yeast mutant lacking the homologous acetylornithine aminotransferase gene (chapter
5.3.2). Protocols for an enzymatic assay with Arabidopsis ACOAT are lacking. An enzy-
matic activity assay was tested with different methods modified from Hervieu et al. (1993 )

and Kim et al. (1994), but failed (data not shown).

5.3.1 Supplementation of tup5-1 with different amino acids

The putative acetylornithine aminotransferase (Atl1g80600) is predicted to be involved in
the production of acetylornithine, which is necessary for arginine synthesis (Figure 5-17,
A). Due to the mutation, fup5-1 should not be able to synthesize the amino acids which are
produced downstream of the ACOAT enzymatic reaction. These amino acids are: N-o-ace-
tylornithine, L-ornithine, L-citrulline and L-arginine (Figure 5-17, A) (chapter 3.3.3, B and
Figure 5-17) (Slocum, 2005). Therefore, if the prediction is correct, supplementation of the
mutant with these amino acids should complement the root phenotype. Figure 5-20 to
Figure 5-22 show that this is indeed the case: At a concentration of 10 mM acetylornithine

in the medium the root length of fup5-1 nearly reached WT length (Figure 5-20). In the
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case of arginine the optimal concentration for complementation was between 100 uM and
ImM (data not shown). At I mM arginine the concentration was slightly toxic for Arabi-
dopsis seedlings, but the root development of fup5-1 was comparable to WT (Figure 5-21).
Ornithine and citrulline also complemented the tup5-1 root phenotype. This seems coher-
ent, because these amino acids are downstream of acetylornithine in the metabolic pathway
of arginine synthesis (chapter 3.3.3, B).

A number of other metabolites linked to the arginine synthesis pathway were tested for
their effect on tup35-1 root development (Figure 5-22). Concentration ranged from 1 mM to
10 mM, except for DNQX (6,7-dinitroquinoxaline-2,3-dione) which was tested at a con-
centration of 0,4 mM. Some of these metabolites have known functions in plant growth
regulation: Polyamines (putrescine, spermidine, spermine) are synthesised from arginine
and play a role in diverse developmental processes, including root growth (Kaur-Sawhney
et al., 2003). Glutamate, which is supposed to have a function in root development (Walch-
Liu et al., 2006), is involved in the enzymatic reaction of ACOAT (chapter 5.2.8 and
Figure 5-16). The effect of glutamate on fup5-1 was tested because it was hypothesised
that the glutamate content might be altered in the tup5-7 mutant. The glutamate-receptor
antagonist DNQX was tested because a rice glutamate receptor—like gene may play a role
in cell division and differentiation in the root (Li et al., 2006). Arabidopsis has some pre-
dicted glutamate receptor-like genes (Lam ef al., 1998; Brenner et al., 2000). Neither poly-
amines nor glutamate or DNQX complemented the fup35-1 root phenotype (Figure 5-22).
Glutathione, which is synthesised from glutamate and cysteine, is important for root meris-
tem maintenance: the glutathione synthesis mutant rlim/ (root meristemlessl) had a short-
root phenotype which was rescued by supplementation of the mutant with glutathione
(Vernoux et al., 2000). In the case of tup5-1 no complementation of the root phenotype
was observed (Figure 5-22).

Proline was tested, because it can be synthesised from ornithine (Adams and Frank, 1980;
Kishor et al., 2005); but this amino acid did not complement tup5-1 (Figure 5-22).
Arginine can be a source of nitric oxide (NO), which plays a role in root growth and many
other developmental processes in plants (Crawford, 2006; Griin et al., 2006). For this rea-
son NO was tested for complementation of the fup5-1 root phenotype with sodium nitro-
prusside as NO donor. Also in this experiment, no complementation of the tup5-1 pheno-

type was observed (data not shown).
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The argD gene of E. coli encoding for ACOAT has a dual catalytic function in arginine
and lysine biosynthesis (Ledwidge and Blanchard, 1999). This was not expected to be the
case in Arabidopsis, but nonetheless the effect of lysine on the fup5-1 root was tested to

exclude a possible involvement of this pathway in root growth inhibition of the mutant.

0 mM 1 mM 3 mM 10 mM
WT tup5-1 WT tupb-1 WT  tupb5-1 WT tup5-1

Figure 5-20: Root development of WT and tup5-1 on acetylornithine supplemented media.
From left to right: WT and tup5-1 seedlings (18 d old) grown on MS medium containing 0 mM,
1 mM, 3 mM or 10 mM acetylornithine.

1 mM 3 mM 10 mM
tup5-1 WT tup5-1 WT tup5-1

Figure 5-21: Root development of WT and tup5-1 on arginine supplemented media.
From left to right: WT and tup5-1 seedlings (18 d old) grown on MS medium containing 0 mM,
1 mM, 3 mM or 10 mM arginine.
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Figure 5-22: Metabolites tested for a complementing effect on the fup5-1 root phenotype.

Red boxes: complementing substances; blue boxes: substances which did not complement the
root phenotype; a-ketoglutarate and lysine: preliminary results which have to be confirmed.
Green arrows: speculative physiological or metabolic connections, for details see text. The
concentrations used were: 1, 3 and 10 mM, except for DNQX (0,4 mM). The enzyme ACOAT (in
red characters) is circled in red (modified from KEGG, http://www.genome.jp/kegg/pathway/
map/map00220.html from 05.2006).

5.3.2 Heterologous complementation of a yeast ACOAT mutant

The yeast acetylornithine aminotransferase gene YOL140w on chromosome XV is deleted
in the yeast strain Y37711 (homozygous, diploid) (Euroscarf; Saccharomyces Genome
Database). Growth tests showed that the strain was as expected arginine auxotrophic. To
prove that Atl1g80600 has the same function as the known yeast gene, the plant gene was
transformed into the yeast mutant to test whether yeast strain Y37711 would become argin-
ine autotrophic. For this purpose the genomic Arabidopsis WT sequence, the genomic
tup5-1 sequence and the Arabidopsis WT ¢cDNA sequence, respectively, were cloned into
the yeast vector p423TEF, which contains the strong constitutive promoter of translation
elongation factor la (TEF) for the expression of the gene of interest (Mumberg et al.,

1995). The yeast mutant transformed with the empty vector p423TEF, (as negative con-
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trol), with the genomic WT sequence and the genomic tup5-1 sequence was not able to
grow on medium lacking arginine (Figure 5-23, B1,2,4). In contrast, the yeast mutant
transformed with the WT cDNA sequence of Atlg80600 became arginine autotrophic
(Figure 5-23, B3).

Figure 5-23: Heterologous complementation of the yeast mutant Y37711 with At1g80600. A:
Transformed yeast on medium containing arginine; B: Transformed yeast on medium lacking
arginine. Y37711 transformed with 1: the empty vector p423TEF; 2: vector containing the genomic
Arabidopsis WT sequence; 3: vector containing the Arabidopsis WT cDNA sequence; 4: vector
containing the genomic fup5-1 sequence.

5.4 Impact of the tup5-1 mutation on the amino acid content

The gene TUPS5 (At1g80600) is coding for an ACOAT which catalyses the fourth step in
arginine synthesis (chapter 5.2.8). In agreement with this the root phenotype of tup5-1 can
be complemented with arginine and its non-proteinogenic precursor amino acids of the
urea cycle (chapter 5.3.1). This indicates that the arginine content might be reduced in
tup5-1. The overall amino acid metabolism of the mutant might also be impaired because
of the metabolic linkage between the different amino acids (see for example Igarashi et al.,
2003; Voll et al., 2004; Mo et al., 2006) . HPLC analyses were made to monitor changes in
the level of free amino acids in tup5-1 compared to WT. The amino acid content of 7-d-old
seedlings grown under different light conditions was measured. These measurements were
done twice in independent experiments. The results of these two experiments varied quan-
titatively, therefore they are presented separately. The free amino acid content of 17-d-old
seedlings was also measured. Finally, the distribution of amino acids between shoot and

root was analysed in 11-d-old seedlings because the root phenotype of tup5-1 suggests
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some organ-specific differences. Root material was only harvested from WT plants, due to

the minimal root material available from fup5-/ mutants.

5.4.1 Free arginine content in WT and tup5-1

A The free arginine concentration is reduced in tup5-1 seedlings

As expected, the concentration of free arginine in tup5-1 was significantly reduced (61 to
85%) in four different sample sets from seedlings of different ages: In 7-d-old seedlings
grown at standard light (SL), the arginine concentration was 69% to 85% lower in fup5-1
than in WT (Figure 5-24, A; Table 9-9 and Table 9-10 in supplemental data). Again in 11-
d-old seedlings a reduction in arginine concentration of 61% was observed in fup5-1 shoots
compared to WT shoots (WT contained 3084 + 673 nmol/g FW and tup5-1 1214 + 252
nmol/g FW) (Figure 5-24, B and Table 9-11). In 17-d-old plantlets the reduction reached
76% in tup5-1 compared to WT (WT contained 2099 + 655 nmol/g FW and tup5-1 509 +
40 nmol/g FW) (Figure 5-28, Table 9-12).

B The free arginine content is reduced to a comparable level in WT and
tup5-1 in darkness

While fup5-1 had a low arginine content compared to WT in SL, no difference in arginine
concentration was found in WT and fup5-1 in darkness. The arginine concentration was
decreased for seedlings grown in dark compared to seedlings grown in SL: In WT the de-
crease was about 89% and in tup5-1 approximately 67% compared to the arginine concen-
trations measured at SL (322 £130 and 295 + 102 nmol/g FW, respectively) (Figure 5-24,
A).

The effect of low light on arginine content was also studied (data not shown). There were
hints that the arginine content increased in tup5-/ under low light conditions and that it
decreased in WT, so that the difference in arginine content was decreased between WT and
tup5-1. More detailed studies investigating the effect of light quality and quantity on argin-

ine content are needed to confirm these results.

C The free arginine concentration in WT root is extremely low compared to
WT shoot

The distribution of free arginine between root and shoot was very unequal. WT roots con-
tained 50 times less arginine than WT shoots (61 + 11 compared to 3084 + 673 nmol/g

FW) (Figure 5-24, B). tup5-1 shoots contained approximately 39% less arginine than WT
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shoots (1214 + 252 compared to 3084 + 673 nmol/g FW), but about 95% more than WT
roots (1214 + 252 compared to 61 = 11 nmol/g FW) (Figure 5-24, B). This is the most ex-
treme difference in shoot / root distribution of all amino acids analysed in this experiment
(Figure 5-27). The two amino acids with the lowest concentration in the root compared to

shoot after arginine were tryptophan (26% of shoot concentration) and lysine (42% of

shoot concentration) (Table 9-11).

3500 4000
maWwWT T m WT shoot
3000 T B tup5-1 - 3500 WT oot
2500 3000 - O tup5-1shoot |
z 2 2500 -
@ 2000 L
g S 2000
— 1500 © *
g - 5 1500 | .
€ 1000 - E
++  ++ 1000 - L
5001 i I 500 -
*
O I 0 |
A Standard light Dark =]

Figure 5-24: Free arginine content in WT and tup5 seedlings.

A: Arginine content of WT and tup5-1 at standard light intensity (LD) and in darkness. Seedlings
were 7 d old and grown in %2 MS liquid culture. Mean + SD of three samples, except WT and tup5-1
at standard light in B: n = 6. Significance: ** or ++ P < 0,001, Student’s t test comparing WT and
tup5-1 samples: *; when comparing standard light with other light conditions for WT or tup5-1,
respectively: +. B: Free arginine content in WT shoot, WT root and fup5-7 shoot. Seedlings were
11 d old and grown on vertical plates of MS medium at standard light intensity (LD). WT shoot n=4;

WT root n=3; tup5-1 shoot n=4. Significance: * P < 0,01, Student’s t test comparing WT root and
shoot or WT and tup5-1 shoot samples.

5.4.2 The concentrations of serine and glycine was increased in tup5-1
in a light-dependent manner

Serine and glycine are two amino acids produced during photorespiration (Foyer et al.,
2009). Interestingly, both are increased in tup5-1 compared to WT under standard condi-
tions, while these differences were strongly reduced under low light conditions or in dark-
ness: In 7-d-old tup5-1 seedlings grown at standard light the concentration of free serine
(ser) was increased by 93% and the glycine (gly) concentration by 382% compared to WT
seedlings (Figure 5-25, Table 9-10). This strong accumulation especially of glycine in
tup5-1 under standard light was found in different experiments (supplemental data: Table

9-9 and Table 9-11). In low light the serine and glycine concentration decreased in both
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WT and fup5-1 (Figure 5-25). Under LL the serine concentration decreased to 22% in WT
and 27% in tup5-1 compared to WT in SL, the difference is not significant according to
Student’s 7 test (data not shown). The glycine concentration in LL was decreased to 29% in
WT and 47% in tup5-1 compared to WT in SL (Figure 5-25, Table 9-10). The difference
between WT and fup5-1 in LL is still significant but strongly reduced compared to stan-
dard light: In standard light fup5-1 contained almost 5 times more glycine than WT, while
in low light the difference was only 1,6-fold.
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Figure 5-25: Free glycine and serine content of WT and fup5-1 under different light conditions.

Seedlings were 7 d old and grown in %2 MS liquid culture at standard light (SL), low light (LL) and in
darkness (dark). The results of the second experiment are shown (see Table 9-10). The
concentration of each amino acid in tup5-1 is shown in percent referring to the values measured in
WT at SL set as 100% respectively. Mean + SD of three samples, except WT and fup5-1 at

standard light n = 6. Significance: ** P < 0,01, Student’s t test comparing WT and tup5-1 samples
grown under the same light condition.

5.4.3 The level of many amino acids was altered in tup5-1

The free amino acid content of WT and tup5-1 was measured in 7-, 11- and 17-d-old seed-
lings. An overview of all results is shown in Table 5-4. In 7- and 11-d-old seedlings several
amino acid concentrations were increased in fup5-I compared to WT. These were:
Aspartate (asp), asparagine (asn), (glycine — see above), Threonine (thr), alanine (ala),
valine (val), and phenylalanine (phe) (Figure 5-26 and Figure 5-27, Table 9-9 to Table
9-11 and Table 5-4). Interestingly, in 17-d-old seedlings only asparagine and glutamine
(gln) were increased in fup5-1 compared to WT (Figure 5-28, Table 9-12).

Glutamate (glu) and histidine (his) were not significantly changed at any of the three ana-

lysed plant stages (7, 11, 17 days old) (Figure 5-26 to Figure 5-28, Table 9-9 to Table 9-12
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and Table 5-4). The concentration of free leucine (leu) and lysine (lys) was reduced in
tup5-1 compared to WT in some measurements, but the results did not show clear tenden-
cies (Figure 5-26 to Figure 5-28, Table 9-9 to Table 9-12 and Table 5-4). Among all amino
acids only the arginine concentration was decreased in tup5-1 compared to WT in all

measurements, an overview is shown in Table 5-4.
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Figure 5-26: Free amino acid content of 7-d-old seedlings of fup5-1 compared to WT grown under
standard conditions.

A: First experiment. B: Second independent experiment. Seedlings were grown in 2 MS liquid
culture. The concentration of each amino acid in tup5-1 is shown in percent referring to the values
measured in WT set as 100% (see supplemental data: Table 9-9 for A and Table 9-10 for B).
Mean * SD of three samples in A, mean + SD of six samples in B. Significance: * P < 0,05; ** P <
0,01; *** P < 0,001, Student's t test comparing WT and tup5-1 samples. A (in A): Gly was not
detected in WT, thus 100% could not be defined in this case.
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Figure 5-27: Free amino acid content of 11-d-old WT and tup5-1 seedlings grown under standard
conditions.

A: Comparison between WT shoot and root (values in nmol/g FW). B: Comparison between WT
and tup5-1 shoot (the concentration of each amino acid in tup5 shoot is shown in percent referring
to the values measured in WT shoot set as 100%). Seedlings were grown on vertical plates of MS
medium at standard light intensity. The mean values are listed in Table 9-11. WT shoot n=4; WT
root n=3; tup5-1 shoot n=4. Significance: * P < 0,05; ** P < 0,01; *** P < 0,001, Student’s t test
comparing WT root and shoot or WT and fup5-1 shoot samples.
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Figure 5-28: Free amino acid content of 17-d-old seedlings of tup5-1 compared to WT grown
under standard conditions.

Seedlings were grown on vertical plates of MS medium at standard light intensity. The
concentration of each amino acid in tup5-1 is shown in percent referring to the values measured in
WT set as 100% respectively (see Table 9-12). Mean + SD of five samples for WT and two
samples for tup5-1. Significance: * P < 0,05; ** P < 0,01, Student’s t test comparing WT and tup5-1
samples.

Table 5-4: Comparison of different amino acid measurements in WT and fup5-1 plants grown at
standard light.

Red boxes: Amino acid (AA) level is reduced in fup5-1 in all experiments (| |); blue boxes: AA level
is increased in tup5-1 in all experiments (11); yellow boxes: AA level is increased in tup5-1 in 7-d-
old seedlings and 11-d-old shoots (1); green boxes: AA in which no significant difference was
measured between WT and tup5-1 in any measurement. n.s.:. difference not significant;

significance: * P < 0,05; ** P < 0,01, Student’s t test comparing WT and fup5-1 samples.

Amino 1. experiment 2. experiment .
acid 7-d-o|dpseedlings 7-d-o|dpseedlings shoot 11 d old 17-d-old seedlings
asp k] «1 «l n.s.
glu n.s. n.s. n.s. n.s.
asn *TT **TT ***TT *TT
ser n.s. *k n.s. n.s.
gln wxl T wxl T ) «11
g|y - **T **T
thr *T *T **T n.s.
his n.s. n.s. n.s. n.s.
ala **T *T *T n.s.

| ag | well | el ] Wl ] Wl
tyr - n.s. el n.s.
met * n.s. el n.s.
val *T **T ***T n.s.
trp - n.s. *x n.s.
phe ] n.s. s | n.s.
ile n.s. n.s. e n.s.
leu n.s. Fokk n.s. n.s.
lys e * * n.s.
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5.5 Subcellular localisation of TUP5

The subcellular localisation of a studied protein gives information about its biochemical
surrounding and the available substrates and interaction partners. Predictions of the sub-
cellular localisation peptides can be calculated with programmes like TargetP, PSORT,
Aramemnon and others (Nakai and Horton, 1999; Schwacke et al., 2003; Emanuelsson et
al., 2007). The prediction results can widely differ and have to be confirmed experimen-
tally (see for example the comparison of database predictions in Slocum (2005)). Classical
biochemical approaches for localisation consist in isolating different organelles and in
testing for enzymatic activity (of the enzyme of interest) in these different fractions (for
example Taylor and Stewart (1981) or Jain et al. (1987)). The reliability of the results de-
pends on the purity of the isolated fractions. Furthermore, if different genes encode for
proteins with the same enzymatic activity, their activity cannot be distinguished in these
tests. Another, more recent approach, is the fusion of the gene of interest with a marker
gene like GFP to track an in vivo fluorescence signal in the cell (Chalfie et al., 1994).

The database predictions of TUPS5 and previous biochemical studies on the subcellular lo-
calisation of ACOAT are presented in chapter 5.5.1. In this work the localisation was
experimentally tested using the marker gene GFP. The results are presented in chapter

5.5.2.

5.5.1 Database prediction and previous studies on the subcellular
localisation of ACOAT

In this work the prediction for the localisation of TUPS5 was calculated with the programme
TargetP (Table 5-5) (Emanuelsson et al., 2007). It predicted a chloroplastic transit peptide
with a score of 0,716 (the highest possible score is 1) (Date: March 2009). This score be-
longs to the prediction reliability class four (RC = 4), which indicates a low reliability for
this prediction (five is the lowest reliability class). The database Aramemnon also gave a
prediction for chloroplastic localisation (Date: March 2009) (Schwacke ef al., 2003). Other
database predictions given at the time of the study were contradictory. The databases TAIR
and TIGR gave the following annotation for Atlg80600: “Acetylornithine aminotrans-
ferase, mitochondrial, putative”. In the study of Slocum (2005), where different database
predictions were compared for the localisation of TUP5, TargetP gave a prediction for
chloroplastic, Predotar for mitochondrial, PSORT for cytosolic and ProtComp for mito-

chondrial localisation. Beside these database predictions, data of previous biochemical
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studies were available for the localisation of the enzyme ACOAT in soybean. These ex-

periments were done mainly in cell cultures and showed a plastidic localisation of ACOAT

(Jain et al., 1987).

Table 5-5: Prediction results for the subcellular localisation of TUPS by the programme TargetP.
The highest score in this prediction was calculated for a chloroplastic transit peptide with a value of
0,716 (with 1 as highest possible score value). Len = Amino acid length of the protein; cTP =
chloroplastic transit peptide; mTP = mitochondrial targeting peptide; SP = secretory pathway signal
peptide; other = other signal peptide; Loc: localisation (C = chloroplast); RC = reliability class (1 to
5, with 1 = highest reliability); TPlen = transit peptide length (Emanuelsson et al., 2007).

Name Len cTP mTP SP other Loc RC TPlen
Sequence 457 0.716 0.370 0.019 0.053 C 4 43
cutoff 0.000 0.000 0.000 0.000

5.5.2 Localisation of TUP5 by GFP fusion marker

The cDNA of TUP5 (amplified without stop codon from the clone U15579) was cloned
with the Gateway” system into the vector pB7FWG2 (Yamada et al., 2003; Karimi e al.,
2005). In this construct At1g80600 was fused at the carboxyl-terminal end to an enhanced
green fluorescent protein (Egfp) as a marker and cloned downstream of the constitutive
CaMV 35S promoter (Figure 5-29) (Karimi et al., 2005). The transgene was transformed
into fup5-1 homozygous plants and WT plants by the floral dip method (Clough and Bent,
1998). The tup5-1 root phenotype was complemented with the GFP construct, because Ty
plants formed a long root in light, indicating that the fusion protein restored TUPS5 function
(data not shown). The subcellular localisation was analysed in the tissue of stably trans-
formed lines in WT background. In the leaf tissue of seedlings the autofluorescence signal
of chlorophyll was so strong that no GFP signal could be seen (data not shown). In the root
tissue, where chlorophyll is absent, a signal could be detected in globular structures (Figure
5-30). To test the prediction for chloroplastic localisation (chapter 5.5.1), protoplasts of
leaf tissue from TUP5-GFP transgenic lines (in WT background) were isolated with a fast
method of enzymatic digestion of the cell wall (chapter 4.4.4) and analysed with a confocal
laser scanning microscope. The GFP signal was visible in globular structures within the
protoplasts (Figure 5-31, A). These globular organelles could be defined as chloroplasts

because of their autofluorescence signal (Figure 5-31, B). Both signals came from the same
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organelles, as seen in the overlay (Figure 5-31, A and B). The predicted chloroplastic

localisation of TUPS was confirmed by this experiment.

— P-35S At1g80600 Egfp T-3559—

200 bp

Figure 5-29: Vector construct used for the subcellular localisation of TUP5.

The cDNA of At1g80600 (without stop codon) was cloned between the 35S promoter (P-35S) and
enhanced green fluorescent protein (Egfp), followed by the 35S transcriptional terminator
sequence (T-35S) in the vector pB7FWG2 (Karimi et al., 2005).

Figure 5-30: TUP5-GFP signal in root tissue.
A: Fluorescence signal of GFP, B: Root tissue of A in bright field, C: Overlay of A and B. Images
were taken with the confocal laser scanning microscope Leica TCS SP2.

Figure 5-31: TUP5-GFP signal in leaf protoplasts.

A: Fluorescence signal of GFP; B: Autofluorescence signal of the chloroplasts; C: Overlay of A and
B, D: Protoplast of A and B in bright field. Images were taken with the confocal laser scanning
microscope Leica TCS SP2.

5.6 Temporal and spatial expression pattern of TUP5 in A.
thaliana

The anatomical and temporal expression pattern of a gene can give valuable hints about the
gene’s function in plant development and metabolism. Microarray expression data for
TUPS5 gene expression are available from databases such as eFP Browser or Genevestiga-

tor (Winter et al., 2007; Hruz et al., 2008). Microarray data have to be confirmed
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experimentally by reporter gene analysis (chapter 5.6.2) or quantitative real-time PCR

(chapter 5.6.3).

5.6.1 Database information on TUP5 expression

According to the developmental map of the eFP Browser (electronic Fluorescent Picto-
graph - http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) TUPS5 is expressed in all ana-
lysed tissues (Figure 5-32). The maximum expression level (expression potential) of the
probe set was 2043 absolute signal value (a.s.v.). Rosette leaves, sepals, pedicels and
cotyledons reached the highest expression levels in the developmental map with about 550
to 650 a.s.v. (Figure 5-32). The expression level in roots was about 300 a.s.v. (Figure
5-32). The TUPS expression was about 380 a.s.v. in an early stage of seed development
and decreased during maturation to a level of approximately 209 a.s.v. in dry seeds. The
lowest expression (virtually null) was found in mature pollen (7 + 7 a.s.v.), (Figure 5-32).
At tissue resolution, the highest expression was found in ovaries (840 + 103 a.s.v.) and the
lowest in the later stages of pollen development (14 to 20 a.s.v.), while in early stages of
pollen development, namely the uninucleate microspore and the bicellular pollen, the ex-
pression was still at a level of approximately 130 a.s.v. (Figure 5-33). Within the root the
highest level of TUPS5 expression was found in epidermal atrichoblast cells (456 a.s.v.)
(Figure 5-33).

According to Genevestigator TUPS is expressed in all developmental stages of the plant
(https://www.genevestigator.ethz.ch/gv/user/serveApplet.jsp) (data not shown). In earlier
stages of development the expression increased from 3689 average signal intensity value
(a.s.i.v.) in germinated seeds to the peak of 4652 a.s.i.v. in bolting plants and decreased
again after that stage towards later developmental stages (data not shown). In the anatomi-
cal overview the highest expression was found in juvenile leaves, stamen abscission zone,
pedicels, sepals and root tips (from 5121 to 6640 a.s.i.v.) (data not shown). The lowest
expression was found in pollen and sperm cell (from 55 to 156 a.s.i.v.) (data not shown).
According to Genevestigator the expression of TUP5 was low in ovary (2123 a.s.i.v.)
compared to the other tissues (data not shown), though this tissue had a high TUPS5 expres-
sion according to the data of eFP Browser (Figure 5-33).

After treatment with cycloheximide TUPS5 was downregulated to about half the level of
untreated plants, indicating that de novo protein synthesis is necessary for TUP5 expres-

sion. In contrast, it was upregulated to a ratio of 2,3 after treatment with isoxaben and 4,15
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fold after infection with nematodes (data not shown). Changes in TUP5 expression were
also found in mutants: TUP5 was downregulated in ag/65/66 to a ratio of 0,39 compared to
WT, agl65 (ratio 0,42), agl66 (ratio 0,5), and upregulated 2,9-fold in agl65/66/104 com-
pared to WT (data not shown). TUPS is not light-regulated according to most experiments
shown in Genevestigator, except for “dark 4” (comparing 7-day-old seedlings grown in
dark or light) where TUP5 was downregulated 1,9-fold compared to light-grown control
plants and “Night extension late” (gene expression in rosette leaves grown in a 14 h photo-
period at the end of the night and after a 6 h extension of the dark period) where it was

downregulated 1,7 fold compared to control plants (data not shown).
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Figure 5-32: Expression pattern of TUP5 according to the developmental map of the eFP Browser
(Winter et al., 2007).

The colour legend displays absolute transcript level of TUPS, yellow indicating low level to red
showing high level of gene expression (http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi, date:
January 2009).
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5.6.2 Testing TUP5-reporter gene fusions

To confirm the expression pattern of TUPS5 experimentally, the promoter of TUP5 was
cloned upstream of the GUS gene (B-glucuronidase) into the vector pCB308 (Xiang et al.,
1999) (for details of the cloning strategy see chapter 4.8). In a first approach, 2 kb up-
stream of TUPS were used (Table 9-7 and Figure 9-3, A). No blue staining was found in
transgenic plants (data not shown). Therefore longer promoter sequences were cloned, but
no GUS staining was found for constructs containing 2,5 kb, 3 kb or 3,2 kb upstream of
TUPS5 (Table 9-7 and Figure 9-3, B-D). Further regulatory elements might be positioned
within the coding sequence; therefore parts of the TUP5 ORF were fused with GUS (Table
9-7 and Figure 9-3, E-G). But again, no blue staining was found in the tissues of transgenic
plants (data not shown). Interestingly, the transgene containing the whole TUP5 gene fused
to GUS (Figure 9-3, G) partially complemented the tup5-1 root phenotype when trans-
formed into fup5-1 homozygous plants, indicating that there has to be at least a low level

of expression and functional TUPS protein.

5.6.3 Quantitative real-time PCR

Expression of TUPS in different plant organs

The expression of TUPS5 was tested with real-time PCR (qPCR) to verify the microarray
data from eFP Browser and Genevestigator. Plant material from different organs was har-
vested from adult WT and tup5-1 plants (32 and 35 d) grown on soil in the greenhouse
under long day conditions. The lowest expression was found in the roots with no signifi-
cant difference between WT and tup5-1 (Figure 5-34). Highest expression was found in
rosette leaves. The expression was approximately 4 times higher for WT and approxi-
mately 7 times higher for fup5-1 compared to expression in roots (Figure 5-34). The differ-
ence in expression level between WT and tup5-1 in rosette leaves was statistically not sig-
nificant, this result should be verified. Compared to the expression level of roots, the ex-
pression was about twice as high in the stem, about three times higher in flowers and about

3,5 times higher in siliques (Figure 5-34).
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Figure 5-34: TUP5 and tup5-1 expression in different plant organs of A. thaliana in WT and tup5-1
mutant plants.

Roots and rosette leaves were used from 32-d-old WT and fup5-1 plants. For stem, flower and
silique tissue only WT was analysed (35 d old). Plants were grown on soil under standard
conditions. One biological sample respectively was used for three PCR reactions originating from
one master mix. The real time PCR was performed with Applied Biosystems 7500FAST. Error bars:
minimal and maximal RQ. n = 3. WT and tup5-1 root or rosette leaves respectively were compared:
The differences were not significant with Student’s f test.

Influence of arginine treatment on TUPS expression

Arginine treatment represses ACOAT in E. coli and yeast (Albrecht and Vogel, 1964;
Heimberg et al., 1990). An influence not only on enzymatic activity but also on expression
level might be possible. Therefore the influence of arginine treatment on Arabidopsis
TUPS expression was tested. Seedlings grown under standard conditions were treated for
14 h with 100 uM arginine (which is a concentration sufficient to complement the fup5-1
root phenotype: see chapter 5.3.1). The TUPS expression was not significantly changed in
arginine treated seedlings compared to untreated WT and tup5-1 seedlings (Figure 5-35).
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Figure 5-35: Arginine treatment has no influence on TUPS expression in Arabidopsis seedlings.
Seedlings (6 d) were grown in liquid culture at 22°C under long day conditions. They were treated
with 100 yM arginine at day 5 for 14 h before harvest. One biological sample was used for three
PCR reactions originating from one master mix. The real time PCR was performed with Applied
Biosystems 7500FAST. Error bars: minimal and maximal RQ. n = 3. WT and fup5-1 with and
without arginine respectively were compared: The differences were not significant with Student’s ¢
test.

Light-dependent TUPS expression in seedlings

Information from eFP Browser and Genevestigator gave only weak hints to a light-
dependent regulation of TUPS5 expression (data not shown). The influence of white light on
TUPS expression was nevertheless studied, because fup5-1 shows a light-dependent root
phenotype. Seedlings were cultivated in liquid MS medium in constant darkness or under
long day conditions. In light-grown seedlings the expression level of TUPS5 was four times
higher in WT and five times higher in fup5-1 compared to dark-grown WT seedlings
(Figure 5-36, A).

Since the seedlings used for dark-grown control were etiolated in the experiment described
above and had therefore a presumably strongly changed overall metabolism, a second ex-
periment was done. In this case the seedlings were first grown under long day conditions
and were then subjected to an adaptation phase of 24 h in dark or light (see scheme above
Figure 5-36, B). After this adaptation phase they were shifted to light or darkness respec-
tively for 8 h. Control samples which were not subjected to the 8 h shift, were collected at
the beginning and the end of the shift phase (after 24 h and 32 h respectively). Again in
this experiment a light-dependent increase in TUPJ5 expression was observed: 24 h and 32
h light-adapted seedlings had a 3- to 4-fold higher expression level than 24 h and 32 h
dark-adapted seedlings (Figure 5-36, B, only 32 h control samples shown). The TUP5
expression was significantly decreased in light-adapted seedlings that were shifted into

darkness compared to light-adapted control plants (Figure 5-36, B). Correspondingly,
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TUPS expression was significantly increased in dark-adapted seedlings shifted into light
compared to the dark-adapted controls (Figure 5-36, B). These results need to be verified

and studied in more detail.
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Figure 5-36: Effect of light on TUP5 expression in Arabidopsis seedlings.

All seedlings (6 d) were grown in liquid culture at 22°C. One biological sample respectively was
used for three PCR reactions originating from one master mix. RQ: Relative quantity. Error bars:
minimal and maximal RQ. The real time PCR was performed with Applied Biosystems 7500FAST.
A: TUPS5 expression in light and darkness. Seedlings were grown under long day conditions or in
darkness respectively (dark-grown plants were treated with light for 18 h at day 1 to induce
germination). n = 3. Significance: * P < 0,05; ** P < 0,01, Student’s f test comparing WT and tup5-1
grown in darkness with their respective light-grown controls.

B: Changes in TUP5 expression in Arabidopsis seedlings after 8 h of shift into light or darkness.
Seedlings were grown at long day (LD) conditions for four days and subsequently light or dark-
adapted for 24 h. After this treatment seedlings were shifted for 8 h into dark (d) or light (1)
respectively and then harvested (see scheme above B). Control plants were collected after 32h of
light- or dark-adaptation. All seedlings were harvested at day 6. n = 3. Significance: * or + P < 0,05;
** or ++ P < 0,01, Student’s t test comparing light-adapted samples with those shifted from light to
dark and dark-adapted samples with samples shifted from dark to light: +, when comparing light-
adapted and dark-adapted seedlings respectively:*.

5.7 Characterisation of T-DNA insertion alleles of the TUP5 gene

In the fup5-1 mutant carrying a point mutation the TUP5 gene function is altered or re-
duced (chapter 5.2.6). The TUPS transcript level in fup5-1 is not influenced by the muta-
tion (Figure 5-15, A). To gain a better understanding of the role of TUPS5, additional T-
DNA insertion alleles were analysed. T-DNA insertion lines often lead to a complete
knockout of the gene in contrast to point mutations (Krysan et al., 1999). Eight T-DNA

insertion lines which were predicted to have an insertion in At1g80600 or its close vicinity
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were analysed. The insertion of the T-DNAs was predicted to be in exon regions of the
gene for three lines, four lines were predicted to have an insertion less than 1000 bp up-
stream of At1g80600 and one line was predicted to have an insertion less than 300 bp
downstream of the 3’ region (Table 5-6). Before genotyping, the insertion lines were
screened for obvious phenotypes with special attention to the root. No visible phenotypical
alterations were found in the examined lines (data not shown).

PCR analyses were done on genomic DNA to verify the T-DNA insertions of the lines. For
SAIL 1171 BI12 (tup5-2) and SAIL 672 D10 (tup5-3) a hybrid sequence of T-DNA and
At1g80600 bordering the insertion site was amplified, proving the insertion in the gene
(data not shown). The same primer pair was used for both lines, but the resulting PCR
products were different in size, proving that these lines originate from independent inser-
tion events. The PCR products were sequenced to verify the insertion sites. The sequencing
reaction was done with a T-DNA border primer. The exact insertion sites could not be de-
termined because the beginning of the sequences could not be read, but the prediction of
the insertion for the third exon of Atl1g80600 was confirmed. In all the other T-DNA in-
sertion lines no hybrid sequence of T-DNA border and At1g80600 could be amplified.

The two verified lines fup5-2 and tup5-3 were used for further phenotypical analyses. The
insertion loci predicted by Alonso et al. (2003) and http://signal.salk.edu/cgi-bin/tdnaex-

press are shown in Figure 5-37.

tup5-1
G—R

(I

A A

tup5-2 tupb-3

200 bp

Figure 5-37: Schematic representation of the gene At1g80600 with the mutation sites of different
alleles. Blue bars: exons; white bars: introns; grey bar and arrow: UTRs; black arrow: point
mutation of fup5-71 in base n° 1735 (a transition from the nucleotide G to A, which causes an amino
acid exchange G>R); white arrow heads: predicted T-DNA insertion loci of fup5-2 and tup5-3.
(modified from MIPS).
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Table 5-6: Putative T-DNA insertion lines in At1g80600 screened for root phenotype and tested via
PCR.

1000-Promoter: insertion within 1000 bp of promoter region. 300-UTRS5 / -3: insertion within 300 bp
of 5 or 3’ untranslated region of the gene (Alonso et al. (2003) and http://signal.salk.edu/cgi-
bin/tdnaexpress).

Working New NASC SALK/ SAIL T-DNA insertion Experimental
name official code number locus (according result
name to database)
TUPS - 151 - N504776 SALK 004776 1. Exon Insertion could not
be confirmed by
PCR
TUPS - 1T1 tup5-3 N875828 | SAIL_672_D10 3. Exon Yes. PCR product
on genomic DNA
TUPS5-1T2 | tup5-2 N878354 | SAIL_1171_B12 3. Exon Yes. PCR product
on genomic DNA
TUPS5 - 1S2 - N622547 SALK 122547 1000-Promoter | Insertion could not
be confirmed by
PCR
TUP5-1T3 - N800360 SAIL_7 D11 1000-Promoter | Insertion could not
be confirmed by
PCR
TUP5 - 1S3 - N601072 SALK_101072 300-UTR5 Insertion could not
be confirmed by
PCR
TUP5 - IT4 - N831132 | SAIL_705_A07 300-UTR3 Insertion could not
be confirmed by
PCR
TUP5 - 184 - N648692 SALK 148692 300-UTR5 Did not germinate

5.7.1 Homozygous tup5-2 and tup5-3 insertion alleles are embryo
lethal

Both confirmed T-DNA insertion lines fup5-2 and tup5-3 were screened for homozygous
plants. F; populations of heterozygous self-fertilised parents of both lines were tested by
PCR on genomic DNA. Among 118 plants tested in fup5-2 and 62 plants tested in tup5-3
no homozygous line was found. This indicates that the homozygous state might be lethal
for both alleles. Siliques of heterozygous tup5-2 and tup5-3 plants were cleared and ex-
amined for malformed or missing embryos. Indeed, empty spaces in the siliques of both
lines were visible (Figure 5-38). Microscopical examinations showed that these spaces in
the siliques contained very small, aborted ovules or embryos (Figure 5-39). The percentage
of aborted embryos was about 42 + 4% in fup5-2 and 35 = 7% in tup5-3 while in WT and
tup5-1 only 1 to 2% of aborted embryos were found (Table 5-7).
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e e Col-0 g

Figure 5-38: Siliques of heterozygous tup5-2 and tup5-3 plants with WT and tup5-1 as control.
Siliques were cleared by the chloralhydrate method (Yadegari et al., 1994).

Figure 5-39: Aborted embryos in siliques of heterozygous tup5-2 plants.
Black arrows: normally developed seeds, blue arrows: seeds which arrested development. Siliques

were cleared by the chloralhydrate method and dissected (Yadegari et al., 1994).

Table 5-7: Seed filling of silique in WT, tup5-1 and heterozygous tup5-2 and tup5-3
plants.

Seeds and aborted embryos were counted under the binocular. Mean values of n= 5
siliques for WT and tup5-1 each and n= 10 for fup5-2 and tup5-3 each. Significance:
*** P < 0,001, Student’s t test comparing WT with the other lines respectively.

Percentage of aborted
Line embryos per silique
[%]
WT 0,6 +0,8
tup5-1 23+272
tup5-2 (IT 2-8) 41943 ™"
tup5-3 (IT 1-13) 349+6,7**

Another interesting aspect was the meiotic drift found in the F; generation of heterozygous
self-fertilised tup5-2 and fup3-3 lines. In tup5-2 only 36 £ 10% of the plants and in fup3-3
43 + 11% were heterozygous for the T-DNA insertion allele in At1g80600 (Table 5-8). All
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other plants contained the TUPS5/TUPS allele combination. According to Mendel’s Laws,
the ratio between WT and heterozygous (het) plants should be 1:2. For tup5-2 the ratio was
1,7:1 and for fup5-3 1,3:1. Thus, the T-DNA insertion alleles were heavily under-
represented in the segregating populations. Curiously, when using the number of
TUPS/TUPS individuals to calculate the number of heterozygous and tup5-2 or tup5-3
homozygous plants that should have been produced in a silique of a heterozygous plant,
the number of aborted ovules seems too low to represent these individuals. In the case of
heterozygous fup5-2 plants, the number of “missing plants” was calculated to be 60 + 6%
and in the case of heterozygous tup5-3 plants as 55 + 10% (raw data not shown), while the
percentage of counted aborted embryos was 42 + 4% and 35 + 7% respectively (Table
5-7).

Reciprocal crosses of tup5-2 and tup5-3 heterozygous plants with WT were done to find
out whether the embryo development was affected (leading to the lethality), or whether
pollen and/or ovule fertility was impaired. PCR analysis showed that the T-DNA insertion
allele was transmitted into the F, generation of the crossings by both, pollen and ovule.
Though, in both cases the transmission frequency was reduced: Only 20 to 40% of the F,
generation carried the T-DNA insertion allele (data not shown), instead of 50% which
would have been expected for non-lethal gametes according to Mendel’s Law.

The low T-DNA allele frequency in the self-fertilised tup5-2 and fup5-3 lines and in the
reciprocal crosses indicates an impairment of embryo development even in a heterozygous
state. It seems that TUPS null alleles reduce gametophytic fitness and therefore cause mei-
otic drift. A clear origin of the lethality could not be identified in these analyses. A combi-
nation of pollen, ovule and embryo lethality might be responsible for the inexistence of

homozygous plants and the reduced number of heterozygous plants.

Table 5-8: Segregation of the T-DNA insertion allele in the F4 populations of heterozygous self-
fertilised tup5-2 and tup5-3 lines.

T-DNA Percentage of Perc:)chrt]atlge of Total number of Obfa(?[irged Expected ratio
. S plants analysed plants
insertion line TUP5/TUP5 TUPS/tup5-2 or per line
TUPS/tup5-3
tup5-2 64 + 10% 36 £ 10% 118 1,71 1:2
tup5-3 57 £ 11% 43 £ 11% 62 1,3:1 1:2
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5.7.2 Phenotypic analysis of transheterozygous plants

To study the phenotype of transheterozygous tup5 plants, crosses of heterozygous tup5-2
and tup5-3 plants with fup5-1 were done. In F, progeny of both crossing combinations,
tup5-2xtup5-1 and tup5-3 xtup5-1, WT-like plants and plants with a tup5-1-like phenotype
were found (Figure 5-40, A). From the plants with a fup5-1-like phenotype, 16 were geno-
typed. All plants contained the T-DNA insertion and the fup5-1 allele. WT-like plants of
these populations did not contain the T-DNA-insertion allele (41 plants genotyped). There-
fore, it seems that the allele combination tup5-1/tup5-2 or tup5-1/tup5-3 leads to a tup5-1-
like phenotype, while fup5-1/TUPS5 is known to have WT phenotype because the mutation
is recessive (chapter 3.4). On average 17 + 6% of the F; generation had a rup5-1 phenotype
in the different crossing combinations (data not shown). This is much lower than the ex-
pected 50%, when supposing that the phenotype appears in the transheterozygous allele
combination. The transheterozygous plants, which are supposed to have an even more re-
duced Atl1g80600 activity than fup5-1 were phenotypically analysed.

The tup5-transheterozygous plants produced a range of phenotypes, one class consisting of
“tup5-1-like” phenotype, another class with a more severe phenotype than fup5-1, which
did not produce true leaves when grown under standard in vitro conditions, and an ex-
tremely impaired phenotype: bleached plants with very small cotyledons (Figure 5-40, B).
The transheterozygous seedlings were transferred to medium containing 250 pM arginine
for 18 days to produce roots and were then transferred to soil for cultivation in the green-
house in summer. The general development and life cycle was slower in the transheterozy-
gous plants than in WT. The rosette and the root of soil-grown plants developed normally.
In contrast, the flower development was impaired in the transheterozygous plants (data not
shown). The flower organs were malformed. The sepals and petals were thinner and more
pointed than in the WT and the sepals were longer compared to the WT. The stamina did
not produce pollen and the gynoecia remained small and undeveloped (data not shown).
Transheterozygous plants were watered with 200 uM arginine and sprayed with 1 mM,
later 2 mM arginine solution as soon as they were transferred from arginine containing
medium to soil, to test whether the sterility phenotype can be complemented by external
application of arginine. The seed production could not be restored. A few single seeds were

found per plant (not more than ten per plant) (data not shown).
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[ SE——— transheterozygous
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F1 tup5-1 x tup5-2

Figure 5-40: Phenotype of fup5-transheterozygous seedlings.

A: Phenotype of the F; progeny of crosses between tup5-1 and TUPS/tup5-2 or TUPS/tup5-3
respectively. From left to right: WT, WT-like plants in the F; generation of fup5-1 x TUP5/tup5-2
and tup5-1 x TUPS/tup5-3 respectively, tup5-1, transheterozygous (transhet.) fup5-1-like plants in
the F; generation of tfup5-1 x TUPS/tup5-2 and tup5-1 x TUPS/tup5-3. B: Range of
transheterozygous phenotypes in the F4 generation of tup5-1 x TUP5/tup5-2. From left to right: WT,
tup5-1, three transheterozygous plants (which had been transferred to arginine containing medium
for seedling rescue since three days, therefore starting to produce small secondary/adventitious
roots, because arginine supplementation restored root growth.). All plants were 15 d old.

Seasons and resulting abiotic factors might alter the phenotype of transheterozy-
gous plants

As stated above, the transheterozygous plants had a phenotype comparable or more severe
than fup5-1 when grown in vitro (Figure 5-40, A and B). As tup5-1 develops a normal root
system when germinated and grown on soil, the root development of transheterozygous
plants was tested under these conditions. In transheterozygous plants grown directly on soil
in summer the root grew longer than in vitro (compare Figure 5-40 to Figure 5-41, A), but
not as long as WT, as in the case of fup5-1 (chapter 3.4) (Frémont, 2004). The shoot
development of the transheterozygous plants grown on soil was again heavily impaired,
comparable to in vitro culture. The shoot actually stopped developing at the cotyledon
stage, while the first pair of true leaves remained tiny (Figure 5-41, A). In rare cases tup5-1
was also severely impaired when grown in the greenhouse in summer (data not shown).
The development of transheterozygous plants on soil was again monitored in the green-
house in winter. In this experiment, the developmental impairment was less severe (Figure
5-41, B and C). The transheterozygous plants developed in a range from small, slowly
growing plants to almost normal sized plants (but with retarded growth) with small siliques
containing a few seeds (Figure 5-41, B and C). Culture conditions and seasonal light

changes might play a role in the severity of the transheterozygous phenotype.
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Figure 5-41: Phenotype of the transheterozygous plants grown on soil in summer and winter in the
greenhouse.

A: Plants in summer (24 d old). The transheterozygous plants stopped growing at this stage. B and
C: Plants in winter (38 d old). B: Silique phenotype. C: Shoot phenotype. Note the improved
development of transheterozygous plants in winter. In all cases seeds were directly germinated on
soil, as growth on medium would probably lead to developmental problems due to light exposure of
the roots. Plants marked as “tup5-3xtup5-1” or “tup5-1xtup5-3™ Plants from F; generation of
crosses between homozygous tup5-1 and heterozygous tup5-3 plants. WT-like (WTI-li.): Plants
which received the WT TUPS5 allele from the fup5-3 parent; transheterozygous (TH): Plants which
received the T-DNA insertion allele from the tup5-3 parent.

5.8 Analysis of plants overexpressing TUP5

The function of a gene during plant development can be investigated through loss-of func-
tion or gain-of-function mutations, overexpression (OE) of the gene of interest is an exam-

ple of the latter. The cloning and transformation of 35S5::TUP5 into WT and fup5-1 back-
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ground and the confirmation of the functionality of the construct were described in chapter
5.2.7. The effect of an increased expression of TUP5 on plant development is reported in

the following chapter.

5.8.1 Root phenotype of TUPS5 overexpressing plants

The root elongation of TUP5 overexpressing lines (in WT background) was measured in
vitro. Eight non-segregating lines (T, generation) originating from four primary transfor-
mants (OE1, OE2, OE4 and OES5) were analysed. The T, lines originating from a primary
transformant were considered as one line (for example: OE2-1 and OE2-2 are both from
line OE2). One line originating from each independent transformant is shown exemplarily
in Figure 5-42. The plants were grown on vertical plates of MS medium at standard condi-
tions. The root length of each seedling was marked as a starting point after three days of
growth. The root length was then marked again in 6-, 10- and 13-days-old plants. Three
growth phases (GP) were defined: Growth phase 1 comprises day 3 to 6, growth phase 2
spans day 6 to 10 and growth phase 3 comprises day 10 to 13. The root length of the seed-
lings in each phase was measured with the programme ImagelJ (Abramoft et al., 2004). A
daily growth rate was calculated for each line in each growth phase (GP). The results are
presented separately for the different growth phases in Figure 5-42. In growth phase 1 all
overexpressing lines except OE4-2 had growth rates comparable to WT (WT: 0,47 + 0,06
cm /day) (Figure 5-42, A, not all data shown). In the second growth phase the root growth
in the overexpression line OE4 (consisting of OE4-1, OE4-2 and OE4-3) was strongly re-
duced (1,6 to 10% of WT) (Figure 5-42, B, not all data shown). A less strong (but signifi-
cant) reduction of root growth was found in line OE2 (0,41 = 0,09 and 0,46 + 0,04 cm /day
in OE2-1 and OE2-2 respectively, compared to WT: 0,60 + 0,07 cm /day). The other two
overexpression lines OE1 and OES5 had root growth rates comparable to WT in GP2
(Figure 5-42, B). In the third growth phase line OE4 and line OE2 roots completely
stopped to grow (Figure 5-42, C). In OE1 the growth rate was significantly reduced com-
pared to WT (with a significance of P < 0,001 in a Student’s ¢ test) (data not shown). The
root growth in OES remained comparable to WT (Figure 5-42, C).

Interestingly, the root growth arrest seemed to correlate with the frequency of the pheno-
type occurring in cauline leaves of the TUPS5 overexpressing lines (chapter 5.8.2 and

Figure 5-43, D). In the T, generation of OE2 and OE4 the cauline leaf phenotype was fre-
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quently found, while it was rare in the T, generation of OE1 and not seen in the T, genera-
tion of OES (data not shown).

The root growth was also examined when the TUPS overexpressing lines were cultivated
on soil. The root ball was assessed in mature plants (37 d) of 4 independent lines (seven T,
lines originating from the four independent TUPS5 overexpressing T lines: OE1, OE2, OE4
and OES). The soil-grown root system of all TUP5 overexpressing lines was comparable to

that of WT (Figure 5-43, A and B).

5.8.2 Leaf and silique phenotype

The rosette leaves of the TUPS overexpressing lines were analysed phenotypically. For this
purpose 16 independent transgenic lines, together with WT and fup5-1 as controls, were
grown on soil (in single pots) in a growth chamber under standard conditions. From all 16
lines none showed a recurring rosette leaf phenotype (Figure 5-43, C). In contrast, the
cauline leaves in 7 of 14 independent transgenic lines formed chlorotic leaf areas in the
intervascular tissue, while the leaf vasculature remained darker green (Figure 5-43, D).
This was also observed in cauline leaves that appeared at the bottom of the floral shoot,
close to the rosette leaves (data not shown). In Figure 5-43, D, plants were from the T,
generation. This phenotype recurred in the T, generation (data not shown).

The siliques of transgenic plants overexpressing TUP5 were compared to WT siliques.
Their surface appeared to be wrinkled in comparison to the smooth surface of WT siliques.
The forming seeds were more visible beneath the valves in the transgenic plants than in

WT (Figure 5-43, E).
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Figure 5-42: Root growth rates of TUP5 overexpression lines during different growth phases.

From left to right: WT as control and the overexpression lines (non-segregating T, generation). A:
Growth phase 1 from day 3 to 6, B: Growth phase 2 from day 6 to 10; C: Growth phase 3 from day
10 to 13. Plants were grown at standard conditions on vertical plates of MS medium. The primary
root tip was marked at the indicated time points and root length was measured with the programme
Imaged (Abramoff et al., 2004).

Mean £ SD of 6 to 30 plants. Significance: * P < 0,05; ** P < 0,01; *** P < 0,001, Student’s ¢ test
comparing WT and OE lines.
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E WT tup5-1 OE1 OE10 OE11

Figure 5-43: Phenotype of soil-grown TUP5 overexpression lines.

A and B: Root system of WT, tup5-1 and TUPS5 overexpressing lines (the two independent T,
overexpressing lines OE2-2 and OE4-1). Typical examples of roots from 37-d-old plants are
shown after removal of the pots. A: Side view of the root ball. B: Root ball seen from below. C:
Rosette leaf phenotype of 24-d-old plants. D: Cauline leaf phenotype (T, generation) of 30-d-old
plants. E: Silique phenotype of 44-d-old plants. The plants were all cultivated in a growth
chamber under long day conditions.
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5.8.3 Free amino acid content of TUP5 overexpression plants

The tup5-1 mutation affects the amino acid metabolism (chapter 5.4, A). The affected
gene, ACOAT, is involved in arginine synthesis (chapter 5.2.8 and 5.3). In accordance with
this, the free arginine content is strongly decreased in tup5-1 (chapter 5.4, A). The overex-
pression of TUPS5 led to a complementation of the tup5-1 root phenotype (chapter 5.2.7). If
the root phenotype in tup5-1 is caused by the lack of arginine, the free arginine content in
tup5-1 overexpressing TUPS must be re-established to WT level, if not be increased. To
test this hypothesis and to monitor general changes in amino acid metabolism in TUP5
overexpressing plants, HPLC analysis were done with several transgenic lines in fup5-1
and WT background. The transgenic plants had to be used in the T; generation, which still
segregates. Therefore the plants were grown on PPT containing MS medium. To detect
possible effects of PPT on amino acid metabolism, a PPT-resistant Arabidopsis line

(pCKX1::GUS) was grown in parallel on MS medium with and without PPT.

A Arginine content: increased to normal level, but not higher than WT

The WT control plants contained 2099 + 655 nmol arg /g FW, while fup5-1 contained 509
+ 40 nmol arg /g FW (Figure 5-44, A, Figure 9-4 and Table 9-13). Between pCKX1::GUS
plants grown on medium with or without PPT no significant differences in arginine con-
centration were found (Table 9-13). PPT seems therefore not to have an effect on arginine
level in Arabidopsis. In the overexpression lines with tup5-1 background (OE I - OE IV)
arginine concentration was in the range from 1599 to 3054 nmol arg /g FW (Table 9-13)
with an average value of 1910 + 474 nmol arg /g FW (data not shown). This average is in
the range of WT. Also the TUP5 overexpression lines with WT background had arginine
concentrations comparable to WT, except for one line (OE 5), which had a lower arginine
concentration than WT (Figure 9-4 and Table 9-13). The arginine concentration of OE 1,
OE 2, OE 3, OE 7, OE 8, OE 9 and OE 10 was between 1475 and 2506 nmol arg /g FW
(Table 9-13). A dramatic increase in arginine concentration might have been expected in
the TUPS5 overexpression lines, but was not observed (Figure 5-44, A, Figure 9-4 and
Table 9-13).

B Other changes in amino acid content in TUPS overexpression lines

Asparagine (asn) was increased by a factor of three in tup5-1 compared to WT (11100 =+
791 compared to 3677 + 667 nmol asn /g FW respectively) (Figure 5-44, B, Table 9-14). In

tup5-1 lines transformed with the TUPS5 overexpression construct, the level decreased to a
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range from 3431 to 4819 nmol asn /g FW, which is comparable to WT (Figure 5-44, B and
Table 9-14). Also the TUP5 overexpression lines with WT background had asparagine
levels comparable to WT (Figure 5-44, B and Table 9-14).

Glutamine (gln) was increased by a factor of seven in tup5-1 compared to WT (tup5-1:
67476 £ 4741 compared to WT: 9419 £+ 704 nmol gln /g FW) (Figure 5-44, C and Table
9-15). The concentration of glutamine was dramatically decreased in Atlg80600
overexpression lines with tup5-1 background, though the level was still elevated compared
to WT: The concentration of gln was in a range of 13163 to 18848 nmol gln /g FW (Table
9-15). A possible influence of PPT might explain this fact: pCKX1::GUS plants grown on
PPT contained approximately the double amount compared to plants of the same line
grown on medium without PPT (19603 £+ 1711 compared to 10338 + 1335 nmol gln /g
FW) (Table 9-15).

The tryptophan (trp) concentration of WT and tup5-1 was 153 + 35 and 317 + 103 nmol trp
/g FW respectively (Figure 5-44, D and Table 9-16). In the TUPS5 overexpression lines the
concentration varied from 31 to 120 nmol trp /g FW. Tryptophan was significantly de-
creased in TUP5 overexpression lines compared to WT, when comparing all WT samples
to all overexpression lines in a Student’s ¢ test (P = 0,005, considered as significant when P
<0,05) (data not shown).

The same was the case for lysine (lys): It was significantly decreased in TUP5 overexpres-
sion lines compared to WT. The lysine concentration in WT was 712 + 296 and in tup5-1
1698 £+ 598 nmol lys /g FW (Figure 5-44, E and Table 9-17). In TUP5 overexpression lines
the lowest concentration was 77 and the highest 681 nmol lys /g FW (Table 9-17). The
decrease in lysine concentration was significant when comparing all WT samples to all
overexpression lines in a Student’s ¢ test (P = 0,025).

Also threonine, serine and phenylalanine were significantly reduced in TUP5 overexpres-
sion lines compared to WT (on average 21% reduction of thr, 19,5% of ser and 31% re-
duction phe in overexpression lines) (data not shown).

Glycine could not be detected in 17-d-old light-grown tup5-1 plants (Figure 5-44, F and
Table 9-18), while in 7- or 11-d-old light-grown tup5-1 seedlings the concentration of free
glycine was increased compared to WT in all three measurements (Figure 5-25 to Figure
5-27). In TUPS5 overexpression lines the glycine level was significantly increased com-
pared to WT (P = 0,0001 in a Student’s ¢ test, data not shown) (Figure 5-44, F and Table
9-18).
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Figure 5-44: Free amino acid content in TUP5 overexpressing lines.

A: Arginine (arg). B: Asparagine (asn). C: Glutamine (gIn). D: Tryptophan (trp). E: Lysine (lys). F:
Glycine (gly). Plants (17 d old) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were
grown on MS medium without PPT, transgenic plants: TUP5 overexpressing lines and pCKX1::GUS
were grown on MS medium containing PPT. Examples of overexpression lines (OE) of TUP5 (T,
generation). OE 1 and 2: WT background; OE | and IlI: tup5-1 background. The tested lines were
independent overexpression lines in WT or tup5-1 background respectively. (WT: n = 5; tup5-1: n =
2; pCKX1::GUS with PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n =
2, exceptfor OEl: n=1.)
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6 Discussion

At the beginning of this work it was known that in the mutant tup5-1 the blue part of the
light spectrum was responsible for the loss of root meristem (Frémont, 2004). But it was
not yet clear which organ or part of the plant perceives the inhibiting light signal. It was
also not known whether the cells of the primary root, which become mitotically inactive
and differentiate in light, are still viable or metabolically active. The identity of the TUPS
gene was unknown, though the mapping interval had been narrowed down to 88 kb on the
lower arm of chromosome I (Frémont, 2004). In this work the fup5-1 mutation was identi-
fied and the predicted gene function needed to be verified. Other questions addressed in
this work were: Where and when is TUPS5 expressed during plant life? Is the gene light-
regulated? How does overexpression or loss of function of TUP5 affect plant develop-
ment? These questions have been investigated and the results will be discussed in the fol-

lowing chapters.

6.1 Determination of the TUP5 gene function

A point mutation in At1g80600 causes the root phenotype in tup5-1

The mapping of the fup5-1 mutation led to an interval of 88 kb (chapter 5.2.1). The size of
the interval could not be reduced because of the low recombination frequency in this ge-
nomic region: Only one recombination event was found at each border of the 88 kb inter-
val in a mapping population of 2354 plants. Various strategies were pursued to find the
mutated gene, but with none of them TUPS could be identified (chapter 5.2). Therefore, the
method of complementing tup5-1 plants with BAC subclones was finally chosen (chapter
5.2.5). From 27 BAC subclones, three subclones of different sizes which all contained one
predicted gene named At1g80600 complemented the fup5-1 root phenotype. The smallest
subclone Sfo4 contained only Atlg80600 as complete ORF. At1g80600 was therefore the
most likely candidate gene for TUP5. One clone, Spel.21, also containing Atlg80600 did
not complement the root phenotype in fup5-1. In this clone only 1228 bp upstream of
At1g80600 were included. This is probably not the complete promoter sequence necessary
for a correct expression of Atlg80600. As an independent proof, tup5-1 was transformed
with the cDNA of Atl1g80600 under the control of the constitutive CaMV 35S promoter.
Again, the root phenotype of tup5-1 was complemented, confirming that TUP5 corre-
sponds to Atlg80600. A point mutation was found in the third predicted exon of
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At1g80600 in fup5-1 (chapter 5.2.6). A base transition leads to an amino acid exchange
from glycine to arginine in the amino acid residue n°® 424 (TUP59***!). This mutation is
not predicted to cause changes in secondary structure, though this would need confirmation
through X-ray crystallography. The mutation does not lie in a known functional domain of
the protein, but the affected amino acid is conserved throughout bacterial, fungal and plant
kingdom (see chapter 5.2.8) and might therefore be crucial for the protein function. The
mutation might alter the catalytic and regulatory properties of TUPS.

To map the function of different protein domains and amino acid residues in TUPS, several
new alleles could be created. For this purpose mutated 7UP5 transgenes might be tested in
a heterologous system, for example in the arginine auxotrophic yeast ACOAT mutant (see
chapter 5.3.2). The growth rate of the transformed yeast mutant can be used as an indicator
of the catalytic efficiency of the mutated TUPS protein. Subsequently, interesting TUPS
mutations could be introduced into an Arabidopsis knockout background. Plants homozy-
gous for a T-DNA-insertion in 7UP5 are not viable (chapter 5.7.1). Therefore, heterozy-
gous TUPS loss-of-function mutants (fup3-2 or tup5-3) would have to be transformed and
the next generations could be screened for plants homozygous for the T-DNA-insertions,
surviving due to the mutated transgene. It might be necessary to grow the primary trans-
formants on medium containing arginine to enable the seedlings to survive. The phenotype
of seedlings expressing the transgene could be assessed and enzymatic activity assays
could be performed with these mutated proteins to determine the changes in catalytic effi-

ciency for the different mutations.

TUPS’s function as an acetylornithine aminotransferase

The function of At1g80600 was predicted as “putative acetylornithine aminotransferase”
(EC 2.6.1.11.) in databases such as TAIR or MIPS. From studies in E. coli and other bacte-
ria and fungi, it is known that ACOAT catalyses the biosynthesis of acetylornithine (chap-
ter 5.2.8). Acetylornithine is a non-proteinogenic precursor amino acid in the pathway of
arginine biosynthesis (Vogel, 1953; Albrecht and Vogel, 1964; Cunin ef al., 1986; Davis,
1986). If ACOAT activity is impaired, a lack of acetylornithine and arginine can be ex-
pected in mutant plants. Indeed, the concentration of free arginine was significantly re-
duced in fup5-1 plants compared to WT (chapter 5.4). Moreover, the root phenotype of
tup5-1 was complemented by supplementation of the mutant seedlings with acetylor-
nithine, ornithine, citrulline and arginine (chapter 5.3.1). These findings were not sufficient

to prove that TUPS is an acetylornithine aminotransferase, but it showed that it has a func-
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tion in arginine biosynthesis. To verify the predicted gene function, a heterologous com-
plementation test was done with a yeast mutant lacking its acetylornithine aminotrans-
ferase (chapter 5.3.2) (Heimberg et al., 1990). The yeast mutant, which is dependent on
arginine supplementation, became autotrophic when transformed with the cDNA of
At1g80600 under the control of a constitutive yeast promoter. This result gives strong evi-
dence for Atlg80600 to encode the predicted Arabidopsis acetylornithine aminotrans-
ferase. The high sequence homology of TUPS5 to ACOATs of several different species (see
Figure 5-18) makes its function as acetylornithine aminotransferase activity most likely.
Though, an enzymatic assay showing a reduced ACOAT activity in tup5-1 compared to
WT could give the final proof.

6.2 TUPS loss-of-function affects gametogenesis and
embryogenesis

After the characterisation of the fup5-1 mutant, eight putative T-DNA insertion alleles of
TUPS5 were analysed to get more information on the gene function (chapter 5.7). A point
mutation as in the case of tup5-1 often only reduces the functionality of a gene. In contrast,
T-DNA insertions frequently cause a complete gene knockout if an exon is affected
(Krysan et al., 1999). In two independent lines, tup5-2 and tup5-3, an insertion within the
third exon of TUPS5 was confirmed by PCR. These lines were used for further studies.

TUPS loss-of-function causes gametophytic or embryo lethality

Segregating populations of both alleles, tup5-2 and tup5-3, were screened for homozygous
plants to analyse them phenotypically, but none were found. The absence of homozygous
plants is a strong indication for lethality of gametes or embryos. Very small, underdevel-
oped ovules or embryos found in the siliques of tup5-2 and fup5-3 plants confirmed this
supposition (chapter 5.7.1). Moreover, the number of heterozygous plants in segregating
populations of fup35-2 and tup5-3 was much lower than expected, suggesting that also the
heterozygous allele combination leads to a reduced embryo survival rate. The reduced
transmission frequency of T- DNA insertion alleles might be due to a dysfunction of
ovules or pollen grains carrying this genotype. Reciprocal crosses of tup5-2 and tup5-3
with WT showed that the T-DNA insertion alleles could be transmitted by both gametes,
but at a lower frequency than expected. This proves that pollen and ovules carrying a dis-
rupted TUPS5 gene can be functional, but produce viable embryos only in a reduced fre-
quency. The reduced transmission and viability might be a combination of a reduced fit-
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ness of gametes carrying a TUP5 null allele and a reduced survival rate of embryos carry-
ing only one functional TUPS allele. The exact origin of the embryo lethality was not
identified. Further studies would be needed to understand the underlying mechanisms more

profoundly.

Transheterozygous plants show retarded growth and reduction of fertility

Transheterozygous plants of tup5-1/tup5-2 and tup5-1/tup5-3 were retarded throughout the
whole life cycle (chapter 5.7.2). The root remained very short and the shoot did not de-
velop normally in plants grown in summer. The growth impairment of the seedlings was in
a range of comparable to tup5-1 to more severe than fup5-1. Transheterozygous plants did
not arrest seedling development and could develop to adult plants without arginine sup-
plementation when grown in winter. Different plant phenotypes were found: plants which
did not produce generative shoots and normal, though slowly growing plants with WT-like
flowers and reduced seed production (Figure 5-41, B and C). This seasonal difference
might be due to changing external conditions, for example light, which is known to inhibit
root growth in fup5-1. The influence of abiotic factors on the development of transhet-
erozygous plants needs further experimental testing. Their development might possibly
improve under low light or short day conditions. As a general observation, transheterozy-
gous plants had more severe developmental defects than fup5-1 which usually developed
normally on soil (though slightly slower) and which was not impaired in seed production.
This aggravation of developmental defect is probably due to the reduced amount of acety-
lornithine aminotransferase needed for arginine biosynthesis. Apparently, a graduation of
phenotypes depending on the dose of TUPS activity can be observed: homozygous fup5-2
or tup5-3 plants are not viable (presumably due to a complete knockout of TUPS5), while
transheterozygous plants still have one mutated tup5-1 allele which might be sufficient to
allow plant development under favourable growth conditions, though growth is slower and
seed production is severely impaired (Figure 5-41, B and C). fup5-1 homozygous plants
have the mildest phenotype compared to the other genotypes, as they are practically not

impaired in development when grown on soil.

Lack of amino acids as a factor of embryo lethality
Meinke (1991) and Bryant et al. (2011) pointed out that embryonic development is often
interrupted in mutants defective in essential housekeeping genes, such as amino acid, vita-

min, or nucleotide biosynthesis. As a classical example, Meinke (1991) cited a biotin
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auxotrophic embryo lethal Arabidopsis mutant. Since then, other examples, such as amino
acid synthesis mutants were found, showing comparable embryo lethal phenotypes: Seeds
were aborted at the preglobular stage of embryo development in many histidine biosynthe-
sis mutants; and in the case of &isn8 (encoding histidinol dehydrogenase) ovules were
aborted (Muralla et al., 2007). A mutation in the gene encoding LL-diaminopimelate
aminotransferase (agd2) acting in a lysine biosynthetic pathway also causes embryo
lethality (Song et al., 2004; Hudson ef al., 2006). A knockout mutation in 4-/-pyrroline-5-
carboxylate synthetase 2 which encodes an enzyme of proline biosynthesis causes embryo
lethality as well (Székely et al., 2008). Similarly, a defect in protein translation can lead
embryo developmental defects, as seen in the case of many mutants in aminoacyl-tRNA
synthetases (Berg et al., 2005). In all cases vital protein production is disturbed, probably
therefore causing an arrest in embryo development. Arginine is the amino acid with the
highest nitrogen to carbon ration (4:6) (Coruzzi and Last, 2000; Llacer et al., 2008). It is a
nitrogen storage form for many plant seeds, such as Vicia faba, Soybean, pumkin, peach
tree and many other dicotyledonous plants (Splittstoesser, 1969; Micallef and Shelp, 1989).
In Arabidopsis seeds arginine can account for 11% of the nitrogen pool (VanEtten ef al.,
1963; Zonia et al., 1995). Its biosynthesis might therefore have an additional importance
during seed development.

The knowledge about how amino acid supply of developing seeds takes place is still in-
complete for Arabidopsis (Baud et al., 2008). All amino acids, but mainly glutamine,
glutamate, aspartate, asparagines, serine and alanine, are transported from source tissues of
the mother plant to the seed via the phloem (Sanders et al., 2009). The arriving amino
acids can be converted to other amino acids in the seed coat (maternal tissue) or in the em-
bryo (Baud et al., 2008; Sanders et al., 2009). So far it was not clear if Arabidopsis em-
bryos need to be arginine autotrophic or whether their demand can be covered by maternal
tissue. The embryo lethal phenotype found in fup5-2 or tup5-3 suggests that the need of
arginine in the developing ovule or embryo might not be covered by import from the
heterozygous mother plant. The heterozygous T-DNA lines do not show obvious growth
phenotypes except for embryo lethality. As they are presumably hemizygous for TUPJ, it
might be interesting to test whether the transcript level and the arginine content are reduced
in these plants. If the single functional TUPS allele can sustain a normal free arginine con-
tent in the maternal plant, this would prove that normally no sufficient maternal feeding of
arginine can be provided and that TUPS enzymatic activity in the embryo is necessary for

embryo development. If the arginine content is also reduced in the heterozygous maternal
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plant, it cannot be excluded that arginine feeding is usually provided by the mother plant,
but that it is reduced due to the maternal deficiency. Spraying or watering of heterozygous
knockout mutants in histidine biosynthesis genes reduced the rate of embryo abortion
(Muralla et al., 2007; Petersen et al., 2010). Siliques of transheterozygous tup5-1/tup5-2
and tup5-1/tup5-3 plants were sprayed and watered with arginine, but this did not restore
seed set (chapter 5.7.2). One possible reason could be that arginine might not be trans-
ported through the siliques into the embryos, another explanation might be that the defi-
ciency was too severe in transheterozygous plants to be complemented by this method. A
preliminary observation that the few seeds produced by transheterozygous plants are often
located at the basis of the siliques (data not shown) needs to be confirmed. This character-
istic is often connected to a reduced transmission of mutant pollen tubes, so that only
pollen tubes carrying the WT allele reach the basis of the silique (Meinke, 1991; Muralla et
al., 2007). A small scale preliminary test was done to test whether impaired pollen
transmission caused decreased fertility in transheterozygous plants: WT pollen was used to
pollinate transheterozygous flowers. Again only a few seeds were produced and they were
located at the basis of the siliques (data not shown). The fitness of the plants used for this
test might not have been optimal, therefore further experiments need to be done. If the re-
sult could be confirmed, it would show that reduced pollen transmission does not cause
this phenotype. In this case one could speculate that only the first seeds at the basis can
develop normally because they can intercept the small quantity of arginine that the mother
plant can provide and which is not sufficient to feed the whole silique. A system to monitor
arginine in vivo by a FRET-sensor might help to understand arginine fluxes in the transhet-

erozygous siliques and the whole plant (Bogner and Ludewig, 2007).

6.3 Effect of overexpression of TUPS on Arabidopsis
development and metabolism

Transgenic plants overexpressing 7UP5 were generated as described in chapter 5.2.7. The
functionality of the construct was confirmed because the T; generation of all tested trans-
genic lines showed an increased TUPS transcript level compared to WT and the short root
phenotype of tup5-1 was complemented with the 35S::TUP5 plasmid. In the T; generation
of transgenic fup5-1 plants expressing 35S::TUPS5 the arginine content was restored to WT
level, while untransformed fup5-1 plants were arginine-deficient (chapter 5.8.3; Figure 9-4
and Table 9-13 in supplemental data). Not only the arginine content was restored to a WT-
like level, also the asparagine level, which was massively increased in 17-d-old tup5-1
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plants (chapter 5.8.3) was reduced to WT level in transgenic tup5-1 plants. If the transgene
had no direct effect on the metabolism of 35S::TUP5 plants with WT background, then the
reduction of asparagine in transgenic plants with fup5-1 background must have been
caused by indirect changes in metabolism, namely the (partial) restoration of amino acid
homeostasis. Glutamine was also dramatically increased in the fup5-/ mutant in 17-d-old
plants, but in this case the transformation with the 35S::TUPS5 construct led to an incom-
plete reduction of the glutamine content. Also, the TUP5 overexpressing plants in WT
background contained an increased glutamine concentration comparable to the transgenic
tup5-1 plants, possibly due to other deregulating side effects. Asparagine and glutamine are
two amino acids used for nitrogen storage and transport (Lea et al., 2007). Accumulation
of surplus amino groups in these storage pools in the fup5-7 mutant might be caused by a
reduced protein biosynthesis capacity due to the lack of arginine as a rate limiting com-
pound (Igarashi et al., 2006). A partial normalisation of metabolism might have taken
place after complementation of fup5-1 with 35S::TUP5 (chapter 5.8.3 and 9.7). The trans-
genic plants overexpressing TUP5 were examined for phenotypical differences to WT
(chapter 5.8). Adult plants overexpressing TUPJ5 exhibited interveinal chlorosis of cauline
leaves and wrinkled siliques (chapter 5.8.2). Interveinal chlorosis has been described as an
effect of nutrient deficiency, especially in the case of manganese, magnesium and iron
(Taiz and Zeiger, 2002, p. 72-75; Waters et al., 2006). Chlorosis appearing on younger
leaves, as it is the case for cauline leaves, indicates the deficiency of a nutrient which is not
easily remobilised, because the nutrient is not transported from older to younger leaves
(Taiz and Zeiger, 2002, p. 72-73). A nutrient level analysis of TUPJ5 overexpressing plants
might be useful to test whether the changes in amino acid levels found in these plants can
cause changes in nutrient levels or nutrient distribution. Asparagine accumulation (and in
one case also arginine accumulation) was found during nutrient deprivation (Lea et al.,
2007). A connection between amino acid and nutrient homeostasis control might exist in
plants. Interestingly, the nox/ mutant which contains higher levels of arginine and citrul-
line and overproduces nitric oxide also has a reticulate leaf pattern (He et al., 2004). In
contrast to this, Molla-Morales et al. (2011) found that citrulline deficiency caused a
reticulate phenotype in carbamoyl phosphate synthase (CPS) mutants. Carbamoyl phos-
phate and ornithine are the substrates of ornithine carbamoyltransferase (OTC) producing
citrulline. The results of Molla-Morales et al. (2011), though, fit well with the observation
that inhibition of OTC by phaseolotoxin results in arginine deficiency and chlorosis (Zhang

and Patil, 1997). The effect could be reversed by addition of citrulline or arginine (Patil et
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al., 1972). However, a reticulate leaf pattern was observed quite often in different mutants,
it might therefore be a too unspecific phenotype for more accurate conclusions concerning
its causes.

The other observed phenotype, bumpy siliques, has previously been described in cases of
misexpression of valve-margin-identity factors in valve tissues or in cases of endorcarp
layer b lignification loss (Dinneny and Yanofsky, 2005). However, it is not known whether
the silique phenotype in TUP5 overexpressing plants is induced by these factors or by
other developmental changes.

Root growth was studied in homozygous overexpression lines in T, generation because the
tup5-1 mutation causes primary root growth arrest. No effect or an increase in root growth
was expected in the case of TUP5 overexpression. Instead, the primary root of two inde-
pendent lines out of four examined lines stopped growing (chapter 5.8.1). The reason for
this effect might be gene silencing, which also affects the endogenous TUPS5 expression
(Depicker and Van Montagu, 1997). This TUP5 downregulation could therefore lead to a
root growth stop resembling the fup5-1 root phenotype. However, the fact that interveinal
chlorosis of cauline leaves and wrinkled siliques were also observed in the T, generation
lines with impaired root growth argues against a silencing effect in the whole plant. To test
whether such a silencing effect took place and whether it mainly affected the root or also
the shoot, RT-PCR could be performed. Additionally, 35S::TUP5-GFP transgenic plants
which also overexpress TUP5 could be screened for root growth arrest. In the case of si-
lencing, the GFP signal should disappear in these lines. Other reasons for these phenotypes
have to be considered as well. It might be possible that other metabolic changes, as for
example a reduction in tryptophan or lysine level (Figure 5-44), or other unknown factors
are the cause.

The free arginine content was not increased above WT level in overexpression lines with
tup5-1 and WT background (Figure 5-44, A, Figure 9-4 and Table 9-13). A higher free
arginine content might not be produced because other enzymatic steps are probably rate
limiting. It would be interesting to measure the level of free acetylornithine and ornithine,
though an increase of these amino acids might not be expected, because NAGS and
NAGK, the two first step in arginine biosynthesis, are feedback-regulated by arginine
(Shargool et al., 1988; Slocum, 2005). If these two steps do not fully control the pathway,
acetylornithine and ornithine might accumulate at higher levels in the overexpression lines.
If this was the case, overexpression lines should be tested for increased germination ability

under salt stress conditions and drought and salt tolerance of adult plants. An increase in
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ornithine and improved salt and drought tolerance were observed by Kalamaki et al. (2009)
in transgenic plants overexpressing tomato NAGS (SINAGSI) (the first step of arginine
synthesis) in Arabidopsis. The exact mechanism causing this effect could not be fully ex-
plained, though the authors suggested different possible explanations (Kalamaki et al.,
2009). Different amino acids, such as ornithine and citrulline, arginine and proline, which
can be derived from ornithine, were found to accumulate under drought stress or salinity
stress, possibly having a protective role as compatible solutes (Gilbert et al., 1998; Kawa-
saki et al., 2000; Mansour, 2000; Lea et al., 2007). Also polyamines, which can be derived
from ornithine and arginine, play a role in osmoprotection in rice (Yang et al., 2007).
tup5-1 is an arginine biosynthesis mutant which can be used to study the effect of arginine
deficiency. Considering the important role of arginine as seed nitrogen storage molecule
(VanEtten et al., 1963; Verma and Zhang, 1999) and as a precursor of important molecules
such as polyamines and NO (Hanfrey et al., 2001; Slocum, 2005; Crawford, 2006; Griin et
al., 2006), it would also be interesting to examine the effect of an increase in arginine level
on plant development. As overexpression of TUPS5 did not lead to an increase in arginine
level, other approaches, as those described below, would be necessary.

The first committing step of amino acid biosynthesic pathways is often feedback-regulated
in plants (Singh and Matthews, 1994; Coruzzi and Last, 2000). In some cases it was possi-
ble to increase the amino acid content by overexpressing this committing enzyme or by
introducing a feedback-insensitive form into the plant (Galili and Larkins, 1999; Ingle et
al., 2005). The two first biosynthetic step enzymes of arginine biosynthesis, NAGS and
NAGK, are inhibited by arginine in plants and therefore play a role as key regulatory steps
(Shargool et al., 1988; Slocum, 2005). In the experiment of Kalamaki et al. (2009) overex-
pression of tomato NAGS in Arabidopsis plants, only ornithine content was increased but
not arginine. It is not mentioned in literature whether the predicted NAGS genes of Arabi-
dopsis have been tested for overexpression. NAGK might play a more important role in
regulation of plant arginine biosynthesis than NAGS (Slocum, 2005). Its overexpression
might therefore lead to an enhancement of arginine production. If this approach is not suc-
cessful either, it would probably be necessary to introduce the whole set of arginine bio-
synthetic pathway enzymes as described by Naqvi et al. (2010) to produce transgenic

plants with increased arginine content.
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6.4 Developmental expression pattern of TUP5 and exogenous
stimuli influencing TUPS5 expression

The temporal and spatial expression pattern of TUP5 was studied with different methods
because the results were expected to give information about the gene’s function in plant
development and metabolism. TUPS5 is expressed in all analysed tissues and organs,
reaching its highest values in cotyledons, rosette leaves and sepals according to microarray
data. Real-time PCR confirmed these results: all analysed tissues (root, rosette leaves,
stem, flowers, siliques of adult plants and 6-days-old seedling) showed TUPS expression.
This is in accordance with its role as a gene of primary metabolism, as TUPJ is necessary
for arginine biosynthesis, arginine being required as protein building block. In tissue-spe-
cific analyses the highest expression level was found in ovaries and the lowest in mature
pollen (Figure 5-33). The effect of TUP5 loss-of-function on the functionality of ovule and
pollen is discussed in chapter 6.2. The expression level of TUPS5 was four times lower in
roots than in rosette leaves according to real-time PCR (Figure 5-34). This is consistent
with the much lower free arginine content in roots compared to shoots of light-grown
seedling (Figure 5-27). It would be interesting to test the enzymatic activity of TUPS in
shoots and roots in light and darkness to find a possible connection to the root phenotype
of tup5-1 when exposed to light. The protein level and the enzymatic activity of a meta-
bolic enzyme might differ from the mRNA expression level, as the protein stability and
enzymatic activity might be influenced at several control levels (Gibon et al., 2004; Gibon
et al., 2006; Tian et al., 2006). In a general way, the amount and activity of TUPS in the
different organs of Arabidopsis should therefore be confirmed on the protein level by im-
munodetection and by enzymatic assays.

A positive regulatory protein might influence TUPS expression: According to Genevesti-
gator the TUPS5 expression is reduced to about half the level of untreated plants after
cycloheximide treatment. This indicates that TUPS5 transcription requires de novo protein
synthesis, because cycloheximide inhibits this process (Brandstatter and Kieber, 1998;
Duval et al., 2005). In the case of TUPS3, a metabolic feedback regulation might also lead
to decreased transcription after cycloheximide treatment. As cycloheximide blocks protein
biosynthesis, free amino acids can accumulate and might inhibit their own biosynthesis by
feedback-regulation or lead to a more complex cross-pathway regulation of amino acid
biosynthesis (Fletcher and Beevers, 1971; Fletcher, 1975; Pratelli and Pilot, 2007). The
latter seems to be more likely, as the expression of TUPS is not directly inhibited by argin-

ine (Figure 5-35, see below).

130



6. DISCUSSION

Light-dependent TUPS expression in Arabidopsis seedlings

The inhibiting effect of light on fup5-1 root development brought the focus onto a possible
influence of light on TUPS5 expression. The changes in TUP5 expression after various light
treatments were weak according to publicly available microarray data (chapter 5.6.1). Only
in two experiments a reduction of TUPS expression to half of the control level was found
after dark treatment. To test the effect of light on 7UP5 in an independent experiment,
real-time PCR experiments were performed (chapter 5.6.3). The TUPS5 expression was
about four times higher in light-grown seedlings compared to seedlings grown in darkness
(Figure 5-36, A). In this case the dark-grown seedlings were etiolated, so that the metabo-
lism was strongly altered. To test whether light has a more direct regulating effect, seed-
lings grown under standard conditions were adapted to light or darkness for 24 h and
shifted to darkness or light, respectively, for eight hours. The light-adapted control plants
had a threefold higher TUP5 expression level than the dark-adapted control plants, con-
firming the light-dependence of TUPS expression found in the first experiments (Figure
5-36, B).

Furthermore, already eight hours of light or dark treatment influenced TUP5 expression:
TUPS expression was significantly reduced in light-adapted seedlings shifted to darkness
and it was significantly increased in dark-adapted seedlings shifted to light (Figure 5-36,
B). Thimm et al. (2004) found that many amino acid biosynthesis genes were repressed
after longer phases in darkness (“end of the night”) while the transcription of amino acid
catabolism genes was activated. They suggested that the carbon becoming scarce after
longer periods without photosynthesis leads to these effects because no carbon should be
invested in new amino acid molecules. Amino acids should rather be catabolised to release
carbon compounds for other purposes (energy supply for example).

These changes in transcript level might still not change the protein level and the enzymatic
activity of TUPS, as different examples of metabolic enzymes displayed a strong diurnal
expression pattern change, while their enzymatic activity was often attenuated, delayed or
did not correlate (Gibon et al., 2004; Gibon et al., 2006; Tian et al., 2006). To get a true
picture of the TUPS function in plant metabolism, it would therefore be necessary to study

TUPS activity on the protein level.

No inhibition of TUP5 expression by arginine
Arginine can inhibit acetylornithine aminotransferase in E. coli and yeast (Albrecht and

Vogel, 1964; Cunin et al., 1986; Davis, 1986). In Arabidopsis the enzymatic activity of
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NAGK (N-acetylglutamate kinase), performing the second step in arginine biosynthesis, is
inhibited by arginine (Chen et al., 2006). To test whether feedback inhibition regulates the
expression of TUPS, seedlings were grown in presence or absence of externally supplied
arginine. No significant difference in transcript level was found for TUP5 when grown
with arginine supplementation compared to control plants (Figure 5-35). Hence, transcrip-
tion of TUPS is not feedback regulated by arginine in Arabidopsis. Even though TUPS
might not be a major target of arginine biosynthesis control, it cannot be excluded that
other feedback regulatory mechanisms, such as amino acid cross-talk regulations, might

influence TUPS expression.

6.5 TUP5 has a chloroplastic localisation

The subcellular localisation of a protein provides valuable hints about the biochemical sur-
rounding and the available substrates and interaction partners. For this reason the cDNA of
TUPS5 was fused to the marker gene GFP and expressed under the constitutive CaMV 35S
promoter to visualise its subcellular localisation (chapter 5.5.2). The root phenotype of
tup5-1 plants transformed with 355::GFP-TUP5 was complemented. This indicates that
TUPS is functional in this GFP-fusion construct. The fluorescent signal detected in trans-
genic protoplasts expressing the gene fusion was colocalised with the autofluorescence of
chloroplasts, indicating a chloroplastic localisation. This is in good agreement with the
database predictions of TargetP and Aramemnon (chapter 5.5.1). Also in previous
biochemical experiments with soybean suspension culture cells (originating from roots, not
containing chlorophyll) acetylornithine aminotransferase activity was found in the plastid
fraction (Jain et al., 1987). The fluorescence signal of TUP5-GFP was also found in globu-
lar structures of root cells, which are probably root plastids (Figure 5-30). As the plastids
in roots usually do not contain chlorophyll, it is not possible to use its autofluorescence for
colocalisation and no marker substances were available for this purpose. TUP5 was ex-
pressed in root tissue according to eFP Browser, Genevestigator and real-time PCR ex-
periments of this work (chapter 5.6). GFP fusion constructs are often expressed with the
35S promoter to increase the signal strength which otherwise would often be too weak for
microscopic analysis when using the natural promoter. The analysis of the TUP5-GFP lo-
calisation under the TUP5 promoter would be interesting to study the protein localisation
within the chloroplast. TUP5 might play an important role in the root, because the mutation

of tup5-1 causes a short root phenotype when grown in light. The TUPS protein might also
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be produced in lower amounts in the root than in the shoot, so that a mutation impairing the
enzyme’s functionality can have a stronger impact in the root. This is supported by the data
on TUP5 expression which is lower in the root than in the shoot (Figure 5-34). A final

proof is necessary on the protein level.

6.6 The tup5-1 mutation has an impact on overall amino acid
metabolism

The mutant tup5-1 carries a mutation in an enzyme of arginine biosynthesis and its root
phenotype could be complemented by supplementation with arginine. The mutant was
therefore expected to be arginine-deficient. Indeed, the arginine content was reduced in all
light-grown tup5-1 samples tested (chapter 5.4). In darkness the arginine content was re-
duced in both, WT and fup3-1, to a comparable level (chapter 5.4.1). It was also observed
that the arginine content increased in tup5-1 while it decreased in WT when grown in low
light, leading to a reduced difference between both. However, these findings need confir-
mation. This tendency to a more comparable arginine content between WT and fup5-1 in
low light or darkness correlates in an interesting way with the increasing root length of
tup5-1 under these light conditions (chapter 3.4) (Frémont, 2004). In WT, arginine had the
most extreme difference in shoot / root distribution of all amino acids analysed, the root
containing 50 times less arginine than the shoot (Figure 5-27, A). This might indicate a
fine-tuned and sensitive metabolic control system of arginine content in the root, which in
case of disturbance leads to an arrest of root development. Also some other Arabidopsis
mutants impaired in amino acid biosynthesis or metabolism showed defects in root growth,
as for example the /ipal histidine biosynthesis mutant (Mo ef al., 2006), the mutant Rm 57
involved in the lysine biosynthetic pathway (Sarrobert er al., 2000); and two mutants
alleles in aspartate aminotransferase AspAT2, aat2-2 and aat2-T (Schultz et al., 1998;
Miesak and Coruzzi, 2002). In tup5-1 it is especially interesting that the short root pheno-
type caused by arginine deficiency is light-dependent. In other amino acid mutants a simi-
lar combination was not explicitly described. The histidine biosynthesis mutant Apal re-
sembles tup5-1 insofar as it has a short root when grown in vitro, but no obvious pheno-
type in the aerial part and fully fertile plants (Mo et al., 2006). The authors did not mention
how the Apal root developed in soil or darkness, but it would be interesting to know
whether the mutant has a similar light-dependent root growth phenotype. Other cases of
amino acid biosynthetic mutants showing a light-dependent growth phenotype have been
described for several tryptophan biosynthetic pathway genes. The mutants are generally
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impaired in development under high light, but not under low light conditions (Last et al.,
1991; Radwanski ef al., 1996). In the case of #rp2-1, carrying a mutation in 7SB/ which
encodes tryptophan synthase 3 subunit 1, Last et al. (1991) suggested that the mutation
might alter the regulation of the gene or that residual activity of the mutated enzyme might
contribute to low tryptophan synthase B enzyme activity. This residual activity might be
able to cover a lower tryptophan demand because of slower growth in low light intensity.
The authors therefore suggested that screening for plant amino acid auxotrophs should take
place under growth conditions where very active protein synthesis is required. Also in the
case of tup5-1 the mutated ACOAT has probably reduced catalytic activity, as tup5-1 is
viable, but contains lower amounts of arginine. Therefore, when grown in high light inten-
sity, where an increased metabolic rate takes place, the illuminated fup5-1 root might get
into a deficiency situation causing stress and developmental impairement. If this is the rea-
son for the fup5-1 root phenotype, a transgenic construct containing a relatively strong
root-specific promoter fused to the mutated rup5-1 allele coding sequence should be able to
complement the phenotype. On the other hand, the roots of soil-grown tup5-1 plants grown
under standard light develop normally (Frémont, 2004), though high metabolic activity can
be expected under these conditions. This argues for specifically light-induced metabolic
changes in the root tissue. Another possibility is a light-dependent change in protein stabil-

ity or catalytic activity of the mutated ACOAT (TUP5%**®

). The molecular environment
of root plastids is presumably different from that of green tissue chloroplasts, therefore
some blue light-regulated proteins might interfere with TUPS in the illuminated root, or
some proteins could also be lacking due to the influence of light. One could also hypothe-
sise that shoot arginine production is sufficient due to higher transcript rates even with the
mutated protein; and that the shoot might transport arginine into the root when the latter is
grown in dark, but not when grown in light. A more detailed analysis of the influence of
light quality and quantity on TUPS5 transcription, ACOAT enzymatic activity and free
arginine content and transport in root and shoot might give further information about the
underlying mechanisms. An enzymatic activity assay was done, but failed. The protocol
would need to be optimised for Arabidopsis ACOAT. In addition to an enzymatic assay, a
fluorescent arginine biosensor stably transformed or crossed into tup5-1 background might
be an interesting tool for monitoring the arginine-dependent changes of fluorescence after
different light treatments of shoot and root in vivo (Bogner and Ludewig, 2007). Still, it is

not clear yet whether arginine long-distance transport normally plays an important role in

Arabidopsis, as mainly glutamate, glutamine, aspartate and asparagine were found in
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phloem sap and xylem exudates and are therefore supposed to be the major nitrogen trans-
port molecules (Lam ef al., 1995; Fischer ef al., 2002). Other amino acids are supposed to
be mainly synthesised from these transport amino acids at the site of requirement (Lea and
Miflin, 1980).

The concentration of other amino acids was also altered in tup5-1. Glycine accumulated at
very high levels in tup5-1 seedlings grown under standard light, in some experiments this
was also the case for serine (chapter 5.4.2). In contrast, the glycine and serine content was
comparable to WT under low light. Both amino acids are produced during photorespiration
(Peterhansel et al., 2010). In photorespiratory mutants in which enzymes metabolising gly-
cine or serine are affected, these two amino acid were also accumulated (Somerville and
Ogren, 1980; Somerville and Ogren, 1982). It might therefore be possible that
photorespiration is impaired in fup5-1. To test this, the concentration of other metabolites
related to photorespiration could be analysed in fup5-1 and the development of the mutant
could be studied under non-photorespiratory conditions. There might be a connection be-
tween arginine biosynthesis and photorespiration, because there is evidence that excess
ammonium produced during photorespiration or supplemented exogenously might be
partly assimilated into arginine (Igarashi et al., 2006; Potel et al., 2009).

Glutamine and asparagine are two of the main nitrogen storage and transport amino acids
(Coruzzi, 2003). Their level was significantly increased in the tup5-1 mutant in all samples
tested (chapter 5.4.3, Table 5-4). This might be due to the slow growth rate of the mutant
and the probably reduced metabolic activity which could eventually lead to accumulation
of surplus amino groups in these storage pools (Igarashi et al., 2006).

The level of many amino acids was altered in the tup5-1 mutant. This sort of general amino
acid metabolic deregulation was also found in other amino acid mutants, as for example in
apgl0 (albino and pale green 10) which carries a mutation in BBMII (N’-[(5'-phosphori-
bosyl)-formimino]-5-aminoimidazole-4-carboxamide ribonucleotide) isomerase, this en-
zyme being involved in histidine biosynthesis (Noutoshi ef al., 2005). The mutant shows
pale green leaves and a global increase in free amino acids. A knockout allele of the gene
is embryo lethal (Noutoshi et al., 2005). Some authors discussed the possibility of a cross-
pathway regulation of the different amino acid biosynthetic pathways in plants as it is
known for yeast (Hinnebusch, 1992). This mechanism might induce a general deregulation
of free amino acid content if one amino acid is not sufficiently produced (Guyer et al.,
1995; Noutoshi et al., 2005). However, other authors argue that a cross-pathway regulation

would not function in plants, as many amino acids are precursors to various secondary
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metabolites and are therefore needed in different amounts (Zhao et al., 1998). Alterna-
tively, the increased free amino acid content in fup35-1 might also be due to protein degra-

dation caused by deleterious effects due to the lack of arginine (Noctor et al., 2002).

6.7 The root phenotype of the tup5-1 mutant

The growth-inhibiting light is perceived in the root

One intriguing aspect of the fup5-1 mutant is its blue light-dependent short root phenotype,
which is not found in soil-grown tup5-1 plants. Therefore, it was concluded that the root is
probably the site of light perception for this growth arrest. And indeed, when tup5-1 seed-
lings were grown on MS medium having the root in darkness and the shoot exposed to
light, the roots developed considerably longer than the control fup5-1 plants fully grown in
light (Figure 5-1). This sort of light-specific root meristem arrest phenotype seems to be
rare: A comparable phenotype was described only for the rus/ and rus2 (root UVB sensi-
tive) mutants reacting specifically to UV-B light (Tong et al., 2008; Leasure et al., 2009).
RUSI and RUS2 encode two DUF (domain of unknown function) proteins (Tong et al.,
2008; Leasure et al., 2009). To the best of my knowledge, for the blue light part of light
spectrum only fup5-1 has been described as yet. And apparently for no other light qualities
a comparable root phenotype was shown up to now. Interestingly, the mutant pdx/.3 might
also have a light-dependent short root phenotype. Mutant seedlings were dwarfed and had
short roots when grown in vitro, but the shoots and roots developed normally when culti-
vated on soil (except for slight chlorosis of the leaves) (Titiz et al., 2006; Havaux et al.,
2009). pdx1.3 encodes a pyridoxal synthase necessary for the biosynthesis of vitamine B6,
an important cofactor in many reactions, especially for amino acid biosynthesis (Percudani
and Peracchi, 2003). Pyridoxal phosphate is also the cofactor of plant ACOAT and the
amino acid sequence of TUPS is predicted to contain a pyridoxal phosphate binding site
(Figure 5-18) (Dougall and Fulton, 1967). Titiz et al. (2006) noted that the pdx mutants
were indistinguishable from WT under low light conditions. It seems not to have been
tested yet whether the root or a specific part of the light spectrum is involved in this growth
inhibiting effect. If this was the case, one could argue that a common mechanism might be
involved in the tup5-1 and pdxI-3 root phenotype. pdxi-1 had increased peroxidation of
membrane lipids after UV light treatment (Chen and Xiong, 2005), possibly showing a link

to the UV-sensitive rus! and rus2 mutants.
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Developmental defects and dwarfism have been described for many primary metabolite
deficiency mutants in Arabidopsis (see chapter 6.6). It seems therefore not so surprising
that the root of tup5-1 grown in light is short, considering the deficiency of an important
building block. Instead, it seems much more astonishing that the root develops normally in
darkness. Thus, one question that should be addressed is: Does a light-grown root need to
produce some compounds that are not necessary in dark-grown roots? Roots which are
usually protected from light, as they grow in the soil, might need some reparation or pro-
tection mechanisms to cope with light stress. Especially the UV-part of light spectrum can
damage DNA, membranes and proteins (Suesslin and Frohnmeyer, 2003). It would there-
fore be necessary to test whether the fup5-1 root phenotype also occurs under UV light.
Blue light and UV light might induce stress and give a signal for the production of protec-
tive reagents which fup5-1 cannot produce due to arginine deficiency. Metabolome analy-
ses of roots from seedlings grown under low light and whole seedlings cultivated under

standard light conditions might show whether protective compounds are lacking in tup5-1.

The light signalling pathway upstream of TUPS is still elusive

The fact that blue light caused the growth arrest in the tup5-1 primary root (Frémont, 2004)
raised the question whether one of the known light signalling pathways might be involved
in this mechanism. To find this out, epistasis analyses were performed between fup5-1 and
the light signalling pathway mutants hy2-1, hy5-1, cryl and phyB-1. Double mutants
showing the short root phenotype of tup5-1 and the long hypocotyls phenotype of the light
signalling mutants were found in the expected ratio in the F, generation. Therefore, the
blue light signal inducing the root phenotype of fup35-1 seems not to be perceived or trans-
mitted by any of the analysed light signalling factors. Some other light receptors were not
tested in this work (see chapter 5.1.2), because the experiment would have needed to create
multiple allele combinations or because of other technical reasons. However, finding a
signalling pathway involved in fup5-1 phenotype induction might show new connections
between amino acid biosynthesis, light perception and root development. Phototropins
might be good candidates, as photl was found to have a role in blue light perception of the
root (Galen et al., 2007b, a). Also cryptochrome 2 might be considered, though crypto-
chrome effect on root elongation was perceived in the shoot according to a study of Ca-
namero et al. (2006). Phytochrome A can absorb blue light and must therefore also be
considered as a potential receptor in the fup5-1 signalling pathway (Lin, 2000). Still, it can

not be excluded that an unknown receptor is involved in the signalling pathway of tup5-1.
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As mentioned above, it would also be interesting to test whether the root phenotype of
tup5-1 is strictly blue light specific or whether it also appears in UV-A and UV-B light. A
phenotype in blue light and possibly UV-A would argue for a blue light receptor mediated
signalling pathway. If also UV-B causes the root phenotype, also UV-B signalling path-
ways (which are not yet well understood) or more unspecific mechanisms might be in-
volved. In case of UV-B sensitivity of tup5-1, an involvement of the RUSI/ and RUS2
proteins, which seem to be localised in the plastid as does TUPS (chapter 5.5.2) (Leasure et
al., 2009), might be tested by double mutant analysis.

The cells of the primary root have decreased metabolic activity but are mostly
viable

The tup5-1 root stops growing when cultivated in light. The root meristem loses its char-
acteristic structure under these culture conditions and the root tissue seems to be in a static
condition. When different marker lines were tested to assess the state of quiescent center
identity, cell cycle activity and response to auxin and cytokinin, it became obvious that all
responses were reduced in the tup5-1 root (chapter 5.1.3). This raised the question, whether
these results were specific or whether the cells of the root tissue might not be viable any-
more and the reporter genes therefore give a weaker response in general. Staining of tup3-1
roots with fluorescein diacetate gave a strongly reduced fluorescence signal, showing that
the root cells lack the esterase activity that is considered as a sign of cell viability (chapter
5.1.4). On the other hand, propidium iodide, which cannot pass intact membranes and is
therefore used for staining dying or dead cells, does not accumulate within most of tup5-17
root meristem cells. Thus, the membranes must still be intact and the root tissue of the
mutant seems to be alive. The root tissue must be in a metabolically inactive state but is
still viable. Nonetheless, the loss of root meristem structure is an irreversible process: Root
growth activity cannot be restored when the differentiated (consumed) meristem is shifted
to arginine-containing medium (Figure 5-8). Interestingly, cells along the vasculature of
the short primary tup5-1 root, probably pericycle cells, show auxin-induced GUS-staining
which normally occurs during formation of lateral root primordia (Figure 5-4) (Benkova et
al., 2003). Besides this, formation of lateral root primordia relatively close to the root tip
was observed in tup5-1 (data not shown). Also the formation of callus-like aggregations of
adventitious root primordia shows that a certain activity level is still found in the root and
the hypocotyl/root junction of the mutant. The activity of additional reporter gene con-

structs of factors involved in root meristem maintenance, as for example SCARECROW
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(SCR), SHORT ROOT (SHR) and PLETHORA (PLT), might be studied in the tup5-1 back-
ground to find possible residual developmental control activity. It is quite probable that
they will all show reduced activity like the reporter constructs previously studied. But if
some of these markers would still show activity, this might help to define more precisely
the level at which root meristem maintenance is disturbed in tup3-1. Furthermore, it might
be interesting to observe the modulation of reporter gene activity under various light con-

ditions.

Adventitious and lateral root formation in tup5-1

The tup5-1 mutant developed callus tissue at the hypocotyl/root junction after 6 weeks of
in vitro culture in light (Riefler, 2001). These calli were then identified as conglomerates of
adventitious root primordia which usually do not elongate when grown in light (data not
shown), similarly to the primary root. Also some lateral root primordia form on the short
primary root. Only a few cell divisions occur in the primary root meristem and the adven-
titious or lateral root meristems after their formation (Figure 5-6 for primary root meristem,
lateral root meristem: data not shown). The cell division and differentiation events occur-
ring during the formation of the lateral root primordia show that fup5-1 root tissue is still
able to perform mitoses and metabolite consuming developmental programmes. According
to the classification by Konishi and Sugiyama (2003), fup5-1 should be classified as a root
growth defective mutant, because not the step of root primordium initiation or formation is
impaired , but the growth of the primordium after its formation. The ability to form multi-
ple adventitious root primordia suggests that the mutant can still provide the necessary
building blocks and also the required amount of arginine despite a presumable arginine
shortage. We can therefore conclude that the mutant is able to invest sufficient arginine for
the primordium formation, but that a signal leads to the stop of root growth in a second
step. This signal might be triggered by light and presumably by the lack of arginine de
novo biosynthesis. It would be interesting to understand at which specific developmental
stage the developing adventitious root primordia are stopped in fup5-1 and whether the
primordia are fully developed when they start to differentiate.

It would be interesting to monitor the arginine content and possible light-dependent argin-
ine fluxes from the shoot into the root. This might be done by applying labelled arginine to
the shoot or by monitoring arginine fluxes, for example with a FRET sensor in vivo

(Bogner and Ludewig, 2007).
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On a hormonal level, the massive adventitious root primordia formation in tup5-1 might be
explained by hormonal deregulation, which might be a consequence of arginine deficiency.
According to Kuroha and Satoh (2007), root-borne cytokinin transported to the hypocotyl
via xylem sap can inhibit adventitious root formation. fup5-1 is presumably cytokinin-defi-
cient as GUS staining under the cytokinin-inducible ARR5 promoter was weak in the
stunted primary root (chapter 5.1.3) and because shoot growth (but not root growth) was
improved on cytokinin-supplemented medium (Frémont, 2004). Apparently, the shoot
growth impairment is, to a certain extend, a secondary effect of poor nutrient and water
supply from the dwarfed root and obviously also due to deficiency of root-borne cytokinin.
This lack of root-borne cytokinin in fup5-1 might also relieve the inhibition of adventitious

root formation as described by Kuroha and Satoh (2007).

Could TUPS be a target for plant pathogens?

In addition to the function of TUPS5 in arginine biosynthesis shown in this work, recent
findings show that it might also have a role in pathogen interaction. TUPS/WINI was
found to interact with the effector protein HopW1.1 of the bacterial plant pathogen Pseu-
domonas syringae and overexpression of TUP5/WINTI confered disease susceptibility to P.
syringae/hopWi-1 (Lee et al., 2008a). Additionally, TUP5 was upregulated 4-fold upon
nematode infection. This was the highest level of upregulation found for TUPS5 after in-
duction with a variety of biotic or abiotic treatments as presented in the database Geneves-
tigator (Winter et al., 2007). Many plant pathogens have evolved mechanisms to influence
the nutrient production and nutrient fluxes of their host for their own advantage (Replogle
et al., 2011). As an example, plant-pathogenic nematodes can withdraw amino acids from
their host by inducing the formation of feeding structures which act as amino acid sinks
(Hammes et al., 2006). Interestingly, plant-parasitic nematodes need to secrete CLE-like
effector proteins for successful infection and establishment of a feeding site, thereby mim-
icking plant CLE peptides which are involved in stem cell niche maintenance (Replogle et
al., 2011). Peptide signalling was shown to be important for stem cell niche maintenance in
the SAM; recent findings suggest that it might also play a role in roots (Wang and Fiers,
2010). Overexpression of various CLE genes causes root meristem consumption. The natu-
ral function of these peptides is still not clear, as only one CLE mutant showed a root phe-
notype (Wang and Fiers, 2010). As TUP5 was upregulated after nematode infection,
though it is speculative, it cannot be excluded that it acts downstream of the CLE signal-

ling pathway. For this reason, and also because of the aspect of root meristem mainte-
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nance, it might be interesting to examine a possible connection between 7UP5 and CLE
signaling. The endogenous expression level of root-specific CLE proteins in fup5-1 or
TUPS expression in plant CLE peptide overexpression mutants might be studied as well as
the phenotype of a tup5-1 double mutant with c/v2 (clavata?2) or crn (coryne), which seem
to be both involved in CLE signalling in the root and are required for successful nematode

infection (Fiers ef al., 2005; Miiller ef al., 2008; Replogle et al., 2011).

6.8 Conclusions and perspectives

The mutant fup5-1 was initially found in a screen for EMS mutants with hormone-depend-
ent callus formation on hypocotyl and root explants (Riefler, 2001). Interestingly, while
tup5-1 explants formed calli, the WT control explants had produced roots (Riefler, 2001).
It is hypothesised that the calli of the tup5-1 explants might be aggregations of lateral root
primordia similar to those formed at the hypocotyl-root junction of tup5-1 seedlings. The
callus formation of the tup5-1 explant and seedlings could therefore be interpreted as a
repeated attempt to produce a functional root system for nutrient and water supply. This is
supported by the observation that no calli were formed in fup5-1 seedlings grown in dark-
ness or on soil where the root developed normally. It is not surprising that what was ini-
tially interpreted as callus formation and reprogramming to an undifferentiated state in the
tup5-1 explants might in fact be the formation of root primordia, as it was recently shown
that callus formation actually involves a lateral root development program of pericycle
cells forming lateral root meristem-like primordia (Atta et al., 2009; Sugimoto et al.,
2010).

The initial goal of the screen for the tumor prone mutants was to identify genes involved in
cell division and differentiation under the control of auxin and cytokinin (Riefler, 2001).
The mutants of the tup series were found to be involved in many different processes,
showing that plant development is so complex that functional predictions based on pheno-
types are difficult. Nevertheless, this sort of screen can give the opportunity to discover
previously unknown gene functions as in the case of TUPS, encoding ACOAT which ca-
talyses the fourth step of arginine biosynthesis. So far, not many Arabidopsis mutants af-
fecting arginine biosynthesis are known. A T-DNA insertion line and two EMS mutants for
carbamoylphosphate synthetase (CPS) were described (Potel ef al., 2009; Molla-Morales et
al., 2011), though CPS is not exclusively working in the arginine biosynthesis pathway as

it also provides a precursor for pyrimidine biosynthesis. Furthermore, a T-DNA insertion
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line for ornithine transcarbamylase showing an increased sensitivity to ornithine was re-
ported, though the mutation affected a non-coding region (Quesada ef al., 1999). Lee et al.
(2008a) found TUPS5/WINI as a protein interacting with the P. synringae HopW1.1 effec-
tor protein, but they did not study the role of TUPS5/WINI in arginine biosynthesis.

The exceptional link between blue light-dependent root meristem arrest and an impairment
in arginine biosynthesis in the fup5-1 mutant still has to be elucidated. Interestingly, some
mutants seem to have a comparable light-dependent short root phenotype. The rus/ and
rus2 mutants have short roots under UV-B light and the inhibiting light is perceived by the
root (Tong et al., 2008; Leasure et al., 2009). pdx1-3 encoding a pyridoxal synthase neces-
sary for the production of the TUPS cofactor, might have a light-dependent root growth
arrest, though it seems not to have been tested yet whether the root perceives the inhibiting
light or whether a specific wavelength is involved (Titiz et al., 2006; Havaux et al., 2009).
It would be interesting to study a possible link between these mutants and fup5-1, possibly
showing a common light-sensitive developmental mechanism.

To get a deeper insight into the processes inducing the fup5-1 phenotype, various strategies
might be followed. A yeast two-hybrid screen might elucidate possible signalling pathways
connecting the role of ACOAT to the fup5-1 blue light root phenotype. Metabolome analy-
sis of light and dark grown roots and shoots could give an idea about metabolic defects
caused by arginine-deficiency in the mutant root. Furthermore, an enzymatic assay of
TUP5 and the mutated TUP59***® testing a possible light-dependence of protein activity
might be very instructive. Finally the continuation of the double mutant analyses of tup5-1
with the light signaling mutants which have not been tested yet could possibly reveal the
blue light signalling pathway involved in the root growth arrest. Last but not least, the
eventually most promising approach to get access to further factors involved in regulating
the blue light-dependent root growth inhibition would be a screen for second site suppres-
sor mutations that re-establish root growth under blue light. The mutated gene would be

expected to be informative about the pathway involved.
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9 Supplemental data

9.1 Gene search

Table 9-1: Analysed T-DNA insertion lines of genes in the tup5 mapping interval.

Data shown in the columns: Gene number; 5’- and 3’-coordinates on the BAC clone; Name of the
gene product, Clone number of the analysed T-DNA insertion line; Insertion site within the gene:
e. g. exon /intron / 5" or 3’ UTR). 300-5" or 300-3’: The insertion is located within 300 bp of 5’ or 3’

UTR; 1000-Promoter: The insertion is located within 1000 bp of the promoter region.

Gene 5™ 3" Predicted gene product (from
number | 9O | coor http://lwww.tigr.org) i
dinate | dinate Site of
Locus on analys_ed the
BAC SALK line insertion
T21F11:
At1g80550 | 31926 | 33684 | ' entatricopeptide (PPR)repeat- | g « 016702 | 300-3'
containing protein
At1g80560 | 30840 | 28333 3-isopropylmalate dehyd_rogenase, ) )
chloroplast, putative
At1g80570 | 28305 | 26210 F-box protein family (FBL14) - -
Ethylene-responsive element ,
At1g80580 | 25072 | 24302 binding protein family (EREBP) SALK_102940 | 300-5
At1g80590 | 21474 | 22420 WRKY family transcription factor - -
Acetylornithine aminotransferase, 1000-
At1g80600 | 18077 | 20112 mitochondrial, putative SALK_122547 | Promoter
. 300-3’
At1g80610 | 14597 | 17897 Expressed protein SALK_069585 300-3'
At1g80620 | 13266 | 11214 Ribosomal prote!n S15 family ) )
protein
At1g80630 | 7974 9934 Leucine-rich repeat family protein - -
At1g80640 | 6963 4255 Protein kinase family protein - -
At1g80650 | 4052 | 2811 | Double-stranded RNA-binding i ;
domain-containing protein
Locus on
BAC - -
F23A5:
ATPase 9, plasma membrane-type, | SALK_127945 Intron
At1g80660 | 3931 | 210 putative SALK 076800 | lIntron
At1g80670 | 7731 4559 Transducin fam|ly_prote|n _/ WD-40 ) )
repeat family protein
SALK 109957 Exon
SALK 051954 | 300-3'
At1g80680 | 7991 12741 Nucleoporin family protein SALK 051955 | 300-3'
SALK 051963 | 300-3'
SALK 030479 | 300-3'
SALK 016370 | 300-3'
SALK 016376 | 300-3'
At1g80690 | 14786 | 13052 Expressed protein SALK 022740 | 300-3'
SALK 095839 Intron
SALK_ 070697 | 300-5'
. SALK 002149 Intron
At1g80700 | 15910 | 17378 Expressed protein SALK 002147 Intron
At1g80710 | 19854 | 17406 Transducin fam|ly_prote|n_/ WD-40 ) )
repeat family protein
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Table 9-2: Continuation of Table 9-1.

Gene 5" 3" Predicted gene product (from Site of
number | $9°f- | coor http://lwww.tigr.org) analysed the
dinate | dinate SALK line inserti
on
At1g80720 | 20121 | 21541 M't°°h°”d|\r/'li\'l\%y3°?§r;°ilt§'”fam"y/ . .
At1g80730 | 24230 | 23306 | 4N° f'”%?gt(e?f'(*zzlﬁgﬁ‘;) family ] i
SALK 047414 | Exon
SALK 047398 | Exon
At1g80740 | 26377 | 31031 Chromomethylase 1 (CMT1) SALK 013851 | Intron
SALK 138685 | Intron
At1g80750 | 32806 | 34547 60S ribosomal protein L7 300-3'
(RPL7A)
Maijor intrinsic family protein / MIP SALK_097969
At1g80760 | 36191 | 34522 fami . 300-3'
amily protein
SALK 062867 | 300-5'
SALK 099309 | 300-5'
At1g80770 | 39233 | 41947 Expressed protein SALK 099501 | 300-5'
SALK 052666 | 300-5'
SALK_048569 | Exon
SALK 142773 | 300-5'
SALK 059854 | Exon
SALK 051460 | Exon
SALK 145876 | 300-3'
CCR4-NOT transcription complex | SALK_125692 | 300-3'
At1g80780 | 42098 | 43356 protein, putative SALK 033898 | 300-3'
SALK 033977 | 300-3'
SALK 125691 | 300-3'
SALK 145884 | 300-3'
SALK 055434 | 300-3'
SALK 052192 | 300-5'
. . .| SALK 133912 | 300-5'
At1g80790 | 43706 | 46839 XH/fjndc";i‘:%'g;f,gmﬁ;”ggtgirr?te'” SALK_126388 | 300-5'
SALK 081362 | Intron
SALK 026822 | 300-3'
Pseudogene, 40S ribosomal
At1g80800 | 47996 | 48293 prote?n S12 (RPS12B) - -
At1g80810 | 49165 | 52881 Expressed protein SALK 010025 | Intron
At1g80820 | 54556 | 56653 |  CiMnamoyl-CoAreductase, i i
putative
SALK 040356 | Exon
NRAMP metal ion transporter 1 | SALK 053226 | Exon
At1g80830 | 59679 | 56862 (NRAMP1) SALK 125551 | Exon
SALK 079306 | Exon
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Table 9-3: Primers used for sequencing and gene identification during BAC complementation.

Name of primer

Sequence

Name of primer

Sequence

At1g80550_1708r agcaaccacatcgagtttcatc AtZFP1 f ttagtattgtactacatggact
(At1g80730)

At1g80550_806f tttgggcccataaatggtattc AtZFP1r acgaccacatcagttcacatc
(At1g80730)

At1g80550_2425r

cagtgttttctcctcggttttg

NF_At1g80740a

gcaacgcttcatcttttacttgc

At1g80550_1503f

atctgattcttcgtgggtggtc

NF_At1980740b

aggatggtgctacaacatggac

NF_At1g80570a

gcgttttgacatggcaatatc

NF_At1g80740¢c

tatgaaccgtttggtgttttgc

NF_At1g80570b

catctcattcgatgcctaaacg

NF_At1g80740d

cagcaccagtacttgcctcatc

NF_At1g80570c

tcctcagcettgatcaaatcacce

NF_At1g80740e

aacattgtgcaggtgagaaac
g

NF_At1g80570d

Gaagagttcatttccaacaacaaatg

NF_At1g80740f

atgtgttgggaggggataagg

At1g80580fw Tctccaacagacaaaaacaaaag NF_At1g80740g gctccctcagettagaaacagg
At1g80580rv tctcatcgaaattgacagcagtatc NF_At1g80740h acgatttcatcaccccaaagtc
At1g80590fw cagattaacctgaattatcctaaacag | NF_At1g80740i ttcgagcaaagttgaaatctgg
At1g80590rv caaaacatgaacatgaaaagaaatg | NF_At1g80740j gcaactgaattacgcaaaatcg
NF_At1g80630a caagcccagttttgaaattttg At1g80750-F1 ggtctggtggcaaagtigtt
NF_At1g80630b gttaaacgccgaaagaacatcc At1g80750-F2 ccattcgttttactgcctcaa
NF_At1g80630c tcggattcgtttttgtctgatg At1g80750-R gccagaggaagatgaagcac

NF_At1g80630d

gtgattgctatttgccttggtg

NF_At1g807160a

tgtacgaggctaaaaaccaac

(At1g80760) c

At1g80640a ccaaactctactaacttgtctctcg NF_At1g807160b gtttgttgggacattgatcctg
(At1g80760)

At1g80640b tatcttcacgagcattgccatc NF_At1g807160c tcatgtggttctctcagtaacatc
(At1g80760) c

At1g80640c caagaagatcctcagaagccttg NF_At1g807160d cacgacccattctcataaagat
(At1g80760) agc

At1g80640d atggcttattitggtgcttigg At1g80770-f tgatgacgcggaaatcatta

At1g80640e tggttcctttcctcacagaatc At1g80770-r ggttagggtttcagggaagg

At1g80640f aaatctgttagctttacgtataaaagg NF_At1g80780fw cagaaacaagaaaacttgtgg

agaac

NF_At1g80650_fw

gcaagagagaatgcaacaaaacc

NF_At1g80780rev

tggagttataagtgtctgatgatg
c

NF_At1g80650_rev

ttgcttaaatggaaccgagagac

NF_At1g80790a

attgcaatcagcgtttagttg

(NF_At1g80650intfw)

tggttcaagcttccctegttag

NF_At1g80790b

cgcagcccctaatctcatattc

NF_At1g80660a

aagaagaagccacatccactgc

NF_At1g80790¢c

gtctcaggcagttgtggatgac

NF_At1g80660b

ggcgttgttcttggcacttac

NF_At1g80790d

tcctttcagctcctgaatctce

NF_At1g80660c

tcatgcggatttccactgatag

NF_At1g80790e

ttgcgtttaaagattccaacattc

NF_At1g80660d

ttgctgacagaggacttcgttc

NF_At1g80790f

ttgtgtaccaagatcaatgaga
agac

NF_At1g80660e

gcctgattgtctctgcactgtc

At1g80800-f

ttgctgtttgaagcgatgag

NF_At1g80660f

tcaagttgggtgacattgttcc

At1g80800-r

tgttcccgcecttattaatcg

NF_At1g80660g

tcaacaagatgagcagctttgc

Promoterprimer -
At1g80820 S’end

attgtggcacagagagcttcg

NF_At1g80660h

teccttttgttcttctgtticg

At1g80820 a

gccctttcataaccttgtaaacc

NF_At1g80670a

tttgctccgacagtaacaatg

At1g80820_b

tggatactccgggaagaatttg

NF_At1g80670b

tccagatcctatctaaatcaca

At1g80820_c

ctaaatccggttttggttctcg

NF_At1g80670c

cttaccgggtggaaattcagag

At1g80820_d

cggataataaaaccattgcttcc

r

NF_At1g80670d ggtgttgggaaatatcccgtag At1g80840-f gtggaggatcagtccgtgtt
NF_At1g80670e gcatcagattcaaaggcaaaag At1g80840-r cgaaagccgagttgataagce
NF_At1g80670f aaccgaattcctttccaattaaag At1g80870-f tcctccactgctttcgagtt
NF_At1g80690_1234 | gcccaaaatgtaaagaatgagg At1g80870-r tcgctgcacgttcaagttac

f

NF_At1g80690_1440 | ttggtcctttggaagtcagagcc At1g80890-f ggagaagaagcacgttttgg
r

NF_At1g80690_441f | tgattgctactgaccgagaatttg At1g80890-r ttggtgagaacgatgctttg
NF_At1g80690_2230 | ggcatcggaaatctcaaaagac At1g80920-f taccccacaattgcttcctc

NF_At1g80700_2521
r

Cacagctggaggacaagtctatg
(caution: Also binds to direct
strand)

At1980920-r

catgccaagtaccaacaacct

NF_ At1g80700 810f

tgatcgaaccaataaccctagacc
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9. SUPPLEMENTAL DATA

Table 9-4: Sequencing results of predicted genes in the tup5 mapping interval.

1 (NRAMP1)

Nr. Locus 5 3 Gene product name Sequencing result
T21F11 coordinate | coordinate P q 9
1 double-stranded RNA-binding Gene sequence was incomplete.
At1980650 4052 2811 domain-containing protein
2 | At1g80640 6963 4255 protein kinase family protein | O d'ﬁerencfefu“e”ndcg” the coding
3 leucine-rich repeat family No difference found in the coding
At1g80630 7974y 9934 protein sequence
4 At1a80620 13266 11214 ribosomal p;)r:;tg;Sﬁ family Not sequenced
5 At1g80610 14597 17897 expressed protein Not sequenced
6 acetylornithine
At1980600 18077 20112 aminotransferase, See chapter 5.2.6
mitochondrial, putative
7 WRKY family transcription No difference found in the coding
At1g80590 21474 22420 factor sequence
8 ethylene-responsive element No difference found in the coding
At1980580 25072 24302 binding protein family sequence
(EREBP)
| Atigsos7o | 28305 26210 | F-box protein family (FBL14) | 'N° d'ﬁere”C:e;"u“e”ndC;” the coding
10 3-isopropylmalate Not sequenced
At1980560 30840 28333 dehydrogenase, chloroplast,
putative
11 pentatricopeptide (PPR) Gene sequence was incomplete.
At1980550 31926 33684 repeat-containing protein
Locus 5' 3 Sequencing result
F23A5 coordinate | coordinate Gene product name 9 9
12 ATPase 9, plasma membrane- | No difference found in the coding
At1980660 3931 210 type, putative sequence
13 transducin family protein / Gene sequence was incomplete.
At1980670 7731 4559 WD-40 repeat family protein
14 At1g80680 7991 12741 nucleoporin family protein Not sequenced
15 | At1980690 14786 13052 expressed protein No difference found in the coding
sequence
16 A few bases are slightly
. ambiguous, but the gene seems
At1g980700 15910 17378 expressed protein to have no differences in the
coding sequence
17 transducin family protein / Not sequenced
At1g80710 19854 17406 WD-40 repeat family protein
18 mitochondrial glycoprotein Not sequenced
At1980720 20121 21541 family / MAM33 family
19 zinc finger (C2H2 type) family No difference found in the coding
At1980730 24230 23306 protein (ZFP1) sequence
20 | At180740 26377 31031 chromomethylase 1 (CMT1) | NO d'ﬁere”C:e;"u“e”ndc;” the coding
21 60S ribosomal protein L7 No difference found in the coding
At1980750 32806 34547 (RPL7A) sequence
22 major intrinsic family protein / No difference found in the coding
At1g80760 36191 34522 MIP family protein sequence
23 At1g80770 39233 41947 expressed protein Not sequenced
24 A few bases are slightly
CCR4-NOT transcription ambiguous, but the gene seems
At1980780 42098 43356 complex protein, putative to have no differences in the
coding sequence
25 XH/XS domain-containing Gene sequence was incomplete.
At1980790 43706 46839 protein / zinc finger family
protein
26 pseudogene, 40S ribosomal Not sequenced
At1980800 47996 48293 protein S12 (RPS128B)
27 At1980810 49165 52881 expressed protein Not sequenced
28 Difference in sequence found in
cinnamoyl-CoA reductase, the second exon.
At1980820 54556 56653 putative Complementation assay: see
chapter 5.2.4
29 At1080830 59679 56862 NRAMP metal ion transporter Not sequenced
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TUPS5 genomic DNA sequence

attttgtcttaacgactctttattgtcccgacacacgaaaMGCGTCTCTTAGCCAAATCACCCTGCCACG
CGCGCCGTCGTCGGAGATTGGCCTCTTACGCCGTCGATTGGAGCGGCCGATCATCAGAACCCGGATCGGATT
CAACGGCCGGATTGCGAGCGTATTGACTAACGCAGGGGACCAAGCGGTGTCGGTAAAAGCGAGTGTGAGCCA
GAAGGTGATTGAAGAGGAAGCCAAAGTTATTGTGGGTACCTACGCGCGAGCTCCAGTGGTTCTCTCGAGTGG
GAAAGGTTGTAAATTGTTCGACCCTGAAGGAAAAGAGTATCTGGATTGTGCATCTGGAATCGCTGTGAATGC
TCTTGGTCATGGAGATCCTGATTGGCTTCGAGCTGTCACTGAGCAAGCTGGTGTTCTTGCCCATGTCAGCAA
TGTTTATTACACGATCCCTCAGgtatttattcgttactgtatttttgcattactgattctgttgatggctga
cgaaagcttaaaacttttgttgtttttatcctctgtgtgattgagctatggcctatggaaacatgctaggga
atgttggattagtcttctacttataatagcgagattattctatgacaagtacttgcactttgaaatttcatc
aaattggattgtttctacgccttccctatagaaatttttatgagaagtatctgacctcattgtaaactctta
gtgtacatatgctcctcaatgcccaattcctcgaaaaaaggaacctttatgctcatatctacttcatatggg
ttgttaaaatctgaaatgtttgaacttctctgcagATAGAGCTCGCAAAACGCTTGGTGGCGAGTTCTTTTG
CAGACCGTGTATTCTTTTGTAACTCGGGAACGGAAGCCAATGAAGCAGCCATTAAGTTTTCAAGAAAATTCC
AGAGATTCACCCATCCAGAAGACAAAGAAGTCGCGACAGGTTTCATCGCCTTTACAAACAGCTTCCATGGAA
GAACCTTAGGAGCTCTTGCCTTGACAAGCAAAGAACAATACAGAACTCCTTTCGAACCCATCATGCCTGGTG
TAACCTTCTTAGAATATGGTAACATTCAAGCAGCCACAGACCTTATCCGCTCAGGTAAAATAGCTGCAGTTT
TTGTGGAACCAATTCAAGGAGAAGGCGGGATTTACTCTGCTACAAAAGAGTTTCTGCAATCTCTGCGCTCTG
CTTGTGATGCCGCTGGATCTCTTCTCGTCTTCGATGAGgtaatatactctaccgtccatccaaaattttatt
ttctttctttgtttctgttttttgattggtcttgcctcaactgggttcattgtcccagGTTCAATGTGGTTT
GGGTCGAACGGGTCTCATGTGGGCTTATGAAGCCTTCGGTGTGACTCCTGACATAATGACGGTTGCAAAGCC
TTTAGCTGGTGGTTTACCTATTGGAGCGGTGCTGGTGACTGAAAAGGTTGCAGAGACCATAAACTACGGAGA
TCATGGAAGTACATTTGCAGGCAGCCCTCTTGTGTGCAGTGCAGCCATTGCAGTTATGGATAAAGTATCGAA
ACCCTCTTTCTTGTCCAGTGTCTCAAATAAAGGTCGATACTTTAGAGACCTGTTGGTGAAAAAACTTGGAGG
AAACTCGCACGTGAAGGAAGTGAGAGGCGAAGGGCTTATCATAGGAGTGGAGCTCGATGTGCCGGCAAGCTC
ACTGGTTGATGCTTGCCGAGATTCGGGTCTTCTGATCTTGACAGCGGGAAAGGAAATGTCGTCAGGATTGT
TCCTCCGTTGGTTATATCAGAGGAGGAAATCGAACGTGCGGTTGAGATCATGTCTCAAAATTTGACTGCGCT
TGATagttcttggaag agaaatgatgtggtgttgaagaagagctaatgttttatattcgatcttgtctt
aaattagcctcaagtgtaccggtaaagatgctctgcacaattgaaaagaaataaaatttgacacaaaacttg
atgaactaattgttcaatctaaatacttgtataatttcc

Figure 9-1: Genomic DNA sequence of At1g80600.
Red letters: UTRs; yellow capital letters: exon; blue letters: intron; start and stop codons are high-
lighted in blue; the mutated base in tup5-1 is highlighted in red (modified from TAIR).
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9.2 Vectors and gene constructs

Table 9-5: Vectors used for cloning.

Antibiotic resistance and other

Vector .
selection marker

Use of the vector in this work, description and references

pCB302 kanamycin in bacteria, PPT in plants

Subcloning for pooled complementation with BAC subclones (Xiang et al., 1999).

pCB308 kanamycin in bacteria, PPT in plants

pTUPS::GUS fusion construct for expression analysis (Xiang et al., 1999).

Overexpression construct p35S:: Cinnamoyl CoA reductase (At1g80820) for complementation

resistance

pROKII kanamycin in bacteria and plants test with tup5-1 (Baulcombe et al., 1986).
pB2GW7 ;Ipaencitsmomycm inbacteria, PPT in Overexpression construct p35S:: TUP5. pB2GW?7 is Gateway compatible (Karimi et al., 2005).
™ i
PDONR™22 chloramplhemcol beflore. and Donor vector for Gateway® cloning of the GFP construct (Gateway®).
1 kanamycin after recombination.

B7FWG2 Spectinomycin in bacteria, PPT in | p35S::TUP5-GFP fusion construct for subcellular localisation analysis: Vector pB7TFWG2 for

P plants carboxyl-terminal end GFP fusion (Gateway compatible) (Karimi et al., 2005).
Yeast vector which contains the strong constitutive promoter of translation elongation factor 1a

p423TEF histidine auxotrophy and ampicillin | (TEF) for the expression of a gene of interest in yeast (Mumberg et al., 1995). It was used in this

work for heterologous complementation of the arginine-deficient yeast ACOAT mutant strain
Y37711.

Table 9-6 Gene constructs received from other sources used for the analysis of TUPS5.

Name Description and References Source
U15579 Contains cDNA of At1g80600. Made by Stanford — SSP Consortium in the vector pENTR/SD/D-TOPO Arabidopsis Biological
(GenBank Accession: BT002584), approximate size: 4 kb. Kanamycin resistance (Yamada et al., 2003). Resource Center (ABRC)

Arabidopsis Biological

T21F11 | BAC clone containing the genes At1g80410 to At1g80650, chloramphenicol resistance (Choi et al., 1995). Resource Center (ABRC)

Arabidopsis Biological

F23A5 | BAC clone containing the genes At1g80660 to At1g80990, kanamycin resistance (Mozo et al., 1998). Resource Center (ABRC)
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Table 9-7: Gene constructs generated during this work for the analysis of TUPS5.

Working name (on tubes or seed batches)
(English translation or exact construct
name)

Description

Cloning method

cinnam. compl. 1
(pAt1g80820 (~2kb)+ At1g80820)

Cinnamoyl CoA reductase (At1g80820) was cloned into pCB302 with its own promoter (approx. 2 kb)
for complementation test of tup5-1.

Classical cloning. Enzymes used:
BamHI (5’-end) and EcoRI (3'-end).

35S:: cinnam.
(35S::At1g80820)

Cinnamoyl CoA reductase (At1g80820) was cloned into pROKII downstream of 35S promoter for
complementation test of tup5-1.

Classical cloning. Enzymes used:
Xbal (5’-end) and Sacl (3'-end).

cDNA 80600 in pB2GW?7
(35S:: At1980600)

cDNA of TUP5 (in clone U15579) was cloned into pB2GW?7 downstream of the constitutive CaMV 35S
promoter (35S:: TUPS) for analysis of TUP5 overexpression.

LR reaction with Gateway® system

pAt1g80600::GUS (2kb)
(pAt1g80600 2 kb :GUS)

The promoter (about 2 kb: starting 1962 bp upstream with a 2 bp gap to Start codon) of TUP5 was
cloned into pCB308 upstream of GUS gene for expression analysis.

Classical cloning. Enzymes used:
BamHI (5’-end) and Smal / Cfrl
(3’-end).

p80600-GUS 2,5 kb
(pAt1g80600 2,5kb ::GUS)

The promoter of TUP5 (about 2,5 kb: starting 2439 bp upstream with a 2 bp gap to Start codon) was
cloned into pCB308 upstream of GUS gene for expression analysis.

p80600-GUS 3 kb
(pAt1g80600 3kb :GUS)

The promoter of TUP5 (about 3 kb: starting 2973 bp upstream with a 2 bp gap to Start codon) was
cloned into pCB308 upstream of GUS gene for expression analysis.

p80600::GUS 3,2 kb nur Promoter
(pAt1g80600 3,2 kb ::GUS)

The promoter of TUP5 (3269 bp upstream, exactly ending before start ATG) was cloned into pCB308
upstream of GUS gene for expression analysis.

p80600::GUS 3,2 kb + 1. Exon
(pAt1g80600 3,2kb+Ex1 ::GUS)

The promoter of TUP5 (3269 bp upstream) with 360 bp (= 120 amino acids) of the first exon of TUP5
was cloned (in frame) upstream of GUS gene into pCB308 for expression analysis.

p80600::GUS 3,2 kb + Anf. 2. Exon
(pAt1g80600 3,2kb+ beginn. Ex2 ::GUS)

The promoter of TUP5 (3269 bp upstream) with the first exon, the first intron and 72 bp (= 24 amino
acids) of the second exon of TUP5 (insertion ends 859 bp after start codon) were cloned (in frame)
upstream of GUS gene into pCB308 for expression analysis.

p80600::GUS 3,2 kb + ganzes Gen
(pAt1g80600 3,2kb+TUPS::GUS)

The promoter of TUP5 (3269 bp upstream) with whole coding sequence of TUP5 (except stop codon)
was cloned into pCB308 upstream of GUS gene for GUS expression analysis.

Classical cloning. Enzyme used:
Smal / Cfr9l (5’ and 3’-end),
nondirectional cloning: clones were
tested for the correct insertion
direction)

cDNA 80600 ohne Stop in pPDONR™221
(cDNA TUPS5 without stop codon in
pDONR™221)

The cDNA of TUPS5 from start codon but without stop codon was cloned into pPDONR™221 to create
an entry clone (for further use in GFP fusion).

PCR product inserted into donor
vector by BP reaction with
Gateway® system.

cDNA 80600 ohne Stop in pB7FWG2
(cDNA TUPS5 without stop codon in
pB7FWG2)

The cDNA of TUP5 was fused to GFP under the control of the constitutive CaMV 35S promoter
(35S::TUPS5::GFP) in the vector pB7FWG2 for subcellular localisation of TUP5.

The entry clone “cDNA 80600 ohne
Stop in pPDONR™221” was used for
LR reaction with pB7FWG2 with
Gateway® system

cDNA At1g80600 (WT) in p423TEF

At1g80600 genomisch (WT) in p423TEF
(TUP5 genomic (WT) in p423TEF)

At1g80600 genomisch (Mutation tup5-1) in
p423TEF
(TUP5 genomic (with the mutation tup5-1) in

p423TEF

The cDNA of TUPS5, the genomic DNA of TUP5 and the genomic DNA of TUPS5 in the mutated version
of tup5-1 were cloned into p423TEF downstream of the TEF yeast promoter for heterologous
complementation experiments in the arginine-deficient yeast mutant Y37711 (YOL140W mutated).

Classical cloning. Enzyme used:
BamHI (5’-end) and Sall (3'-end).
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9.3 Primers

Table 9-8: Primers used in this work, except for the sequencing of candidate genes (those primers are listed in Table 9-3).

U_se of Name of primer Sequence Description / comments Sequence length in bp Restriction

primers enzyme
F19K16 f ctttatgggtttgcctccaa )
F19K16 T gacgtgcecgtgatacaata SSLP marker Col 181/ Ler 162
F18B13 f gctgcaggagtcagatatcca )
F18B13 T cttcegtttctgteggtcat SSLP marker Col 291/ Ler 361
F516-B (-38) f tcagcccttttcatcgttca )
F516-B (:38) 1 ttigcatggcatgtitgagt SSLP marker Col 149/ Ler 129
F516-72 f ttcgtgataatgaaacatttagtcg )
F516-72r tcaattcgtcaaccacgtct SSLP marker Col 150/ Ler 132

2 F516-100 f ggaaggacgaccaattgaga SSLP marker Col 123/ Ler 107 ;

g F516-100 r ccgagatcgaagaagacgaa

© F516 (-114) f cagaagccgaacggagtaag )

g F516 (-114) r tcacctctggatggctcaat SSLP marker Col 279/ Ler254

has F516-124 f agtcatcgctcaatacacactct SSLP marker Col 111/ Ler 102 )

o F516-124 r Aaacctctccgcaccaaag

> F23A5-9 f agatttggactcgcgaaaga Col 665 + 498

g F23A5-9r aaacctcccgttttcgactt CAPS marker Ler: 1063 Xmn|

E F23A5-22 f cccacatggccaaatatcat Col 636 ,

o F23A5-22 r ttgcccactagattgtcacce CAPS marker Ler 309 + 325 Hinf
F23A5-28 f cacatgggaaccttactctgg )
F23A5-28 r cccatctatcacgtactccttca SSLP marker Col 134 /Ler 157
F23A5-41 f tgcttacttcgctgegtcta Col: 57 + 96 + 268
F23A5-41r agacccaattattcggcaaa CAPS marker Ler. 57 + 364 BseGl
F23A5 (-58) f aagttccggttatcgtcgag Col 435 + 326. .
F23A5 (-58) r tgttatgggtcgttgctgaa CAPS marker Ler435+ 171 + 155 Hinfl
F23A5-95 f tctatgtgaactatttcctcgagat
F23A5-95r caacaatgctgcgatcaaaa SSLP marker Col 164 /Ler 143 )
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Table 9-8: Continued.
Use of . o Sequence Restriction
: Name of primer Sequence Description / comments g
primers length in bp enzyme
T21F11_CDS6_a ggttgcgaccaatgcataca - - -

T21F11_CDS6_b

ctctggtaagatgtattacatcgac

TUP5
sequencing

T21F11_CDS6_c

ttgaagaggaagccaaagtt

T21F11_CDS6_d

acatatgctcctcaatgecc

gccttttcagaaatggataaatagccttgcttc

Used with T21F11_CDS6_d (see above) for the proof of T-DNA

Approx. 1000-

(used with p80600 3,2 kb upstream sma f).

E o % LB1 SAIL c insertions (PCR product is synthesised only in case of insertion). 1200 bp )
% g g Used with T21F11_CDS6_d (see above) for the proof of alleles
[ p - — -
58 & 80600 gfp entry r atcaagegeagtcaaatitt lacking the T-DNA insertion (amplifies a part of the intact gene). 1131bp
Cinnam compl1 f cggatccaaattcagagggtgagag Clnna[r;oylrg)?ﬁé rkeg)ufc(:)t?zce) n(qA’:; ?nSGOnEzgz’r\?/lglslttzfot\zn;;omoter 4310 bp BamHI and EcoRl
Cinnam compl1 r ggaattc tttaaccagatcttcgtagg pprox. p po-1.
cinnam 35S f gctctagatacaaatcactaacgacacatc Cinnamoyl CotA r]:eductaseI (At1gt8(t)_820t) cltor}lr;g %e;"nd 358 2447 bp Xbal and Sacl
cinnam 35S r cgagctcttcgtaggaaacaaacttct promoter for complementation test of tupo-1.
p80600-GUS bam f cgggatccgacaagtggtggtgtggaga BamH]I (5’-end);
p80600-GUS sma r accecgggtegtgtotegggacaataaa Promoter of TUP5 (about 2 kb) in pCB308 for GUS expression 1960 bp Smal /enCJSQI (3-
Smal /| Cfrol (5’
Promoter of TUPS5 (about 2,5 kb) in pCB308 for GUS expression. and 3’-end)
o p80600-GUS 2,5 kb sma f accccgggacccttgtcaccaggttage (Primer used with “p80600-GUS sma ") 2437 bp (nondirectional
< cloning)
© Smal /| Cfrol (5
§ . Promoter (about 3 kb) of TUP5 in pCB308 for GUS expression. and 3’-end)
3 p80B00-GUS 3 kb sma f acceeggggtigtggtitgggetgatet (Primer used with “p80600-GUS sma r”) 2971 bp (nondirectional
a cloning)
%) p80600 3,2 kb upstream
Q sma f Smal /| Cfrol (5
hg. (renamed, previously: accecgggecacacegetiteetggage Promoter (3,2 kb) of TUP5 with whole coding sequence of TUP5 in 5105 b and 3’-end)
p80600 3,2 kb+Gen sma f) pCB308 for GUS expression. P (nondirectional
p80600 3,2kb+Gen real cloning)
smal r accccgggatcaagegcagtcaaattttg
p80600 3,2 kb upstream Smal | Cfrol (5
smar acceeaaatttcatatatcaqaacaata Promoter (3,2 kb) of TUP5 in pCB308 for GUS expression 3269 b and 3’-end)
(renamed, previously: gggtiicaigigicagg (used with p80600 3,2 kb upstream sma f). P (nondirectional
p80600 3,2 kb+Gen smar) cloning)
. Smal | Cfrol (5°
080600 3,2 kb + 1.Ex smal Promoter (3,2 kb) of TUPS5 with part of the 1rst exon (360 bp) of and 3-end)
r accccgggagtgacagctcgaagccaat TUPS5 in pCB308 for GUS expression 3629 bp

(nondirectional
cloning)
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Table 9-8: Continued.

U§e of Name of primer Sequence Description / comments Sequence length in bp Restriction
primers enzyme
Promoter (3,2 kb) of TUP5 with beginning of Smal | Cfrol (5°
the 2nd exon (72 bp) of TUP5 in pCB308 for and 3’-end)
> p80600 3,2kb + Anf2.Ex accccgggttcegttcccgagttacaaa GUS expression 4128 bp (nondirectional
£ (used with p80600 3,2 kb upstream sma f) cloning)
e AttB1 80600 gfp neu aaaaagcaggctatggcgtctcttagccaaatc Amplification of TUP5 cDNA from start codon 1396 b }
5 AttB2 80600 gfp neu agaaagctgggtcatcaagcgcagtcaaatttt but without stop codon with half of attB sites. P
pa , Addition of the rest of attB to the PCR product
o attB1-GW-5’s Ggggacaagtttgtacaaaaaagcaggct of the primers “AttB1 and 2 80600 gfp neu”
E ) f 4 : 1430 bp -
» . (see above) sites for BP reaction for insertion
5 attB2-GW-3’a Ggggaccactttgtacaagaaagctgggt into pPDONR™221.
E At1g80600 (TUPS) in p423TEF for
o At1g80600 from Start Bam f cgggatccatggcgtctcttagccaaatc

At1g80600 to Stop Sal r

acgcgtcgactcaatcaagcgcagtcaaat

heterologous complementation in the
arginine-deficient yeast mutant Y37711
(YOL140W mutated).

1857 bp genomic, 1393 bp cDNA

BamHI and Sall

tup5-1 : 824+550 bp

Actin2/7 f (At5g09810) tacaacgagcttcgtgttgc Housekeeping gene as control for semi- .

S 851b ; 765 bp cDNA -
2 Actin2/7 r (At5g09810) gattgatcctccgatccaga quantitative RT-PCR P genomic pe
£ ?3 RT-PCR cinnam f ggctaaagccaaggtcaage Semi-quantitative RT-PCR of At1g80820 for W|th9u.t insertion: 520 bp_
Ea T-DNA insertion line control (N809694) genomic; 386 bp cDNA. With -
S g RT-PCR cinnam r agggtgcticgtagaccaga insertion: no PCR product.
o -
= RT-Primer 80600 f aggtctgtggctgcttgaat . o 3 . )
g T.‘} RT-Primer 80600 tgogagegtatigactaacg Semi-quantitative RT-PCR of TUP5 967 bp genomic; 594 bp cDNA
2 _; Oligo dT ttttttttttttttttttttttttt cDNA synthesis - -
“_g S N9 random primer nnnnnnnnn cDNA synthesis - -
D UBC10 gPCR fw (At5g53300) ccatgggctaaatggaaa Housekeeping gene as control for real-time 134 bp )
3 8 UBC10 gPCR rv (At5g53300) ttcatttggtcctgtcticag PCR
D At3g25800 gPCR fw ccattagatcttgtctctctget Housekeeping gene as control for real-time 100 b _
g e At3g25800 qPCR rv gacaaaacccgtaccgag PCR P
o AOAT gRT 3.exon f tcggtgtgactcctgacat o . )

AOAT qRT 3.ex0n r actgcacacaagagggct Real-time PCR on TUP5 expression 149 bp

3 At1g80600 from Start Bam f Genomic:
%5 & | (seeabove) cgggatccatggcgtctcttagccaaate WT: 1197+536+106 bp; tup5-1 :
ns 8 CAPS marker for identification of the tup5-1 1197+642 bp MspAl
E g g At1g80600 to Stop Sal mutation oph g
EL 3 g o Stop Sal r WT: 824+444+106 b
= (see above) acgcgtcgactcaatcaagcgcagtcaaat p
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9.4 TUPS5::GUS reporter gene constructs

B —| pAt1g80600 2,5 kb _

C —| PAt1g80600 3 kb _

D —| pAt1g80600 3,2 kb _

E - g 52 B

E —[ pAt1g80600 3,2 kb - _

6 e

400 bp

Figure 9-3: Reporter gene constructs used for expression analysis of TUPS.

Promoter sequences of TUP5 of various lengths were cloned upstream of the GUS gene (B-
glucuronidase) into the vector pCB308 (Xiang et al., 1999). In the case of the constructs E-G
parts of the ORF of TUP5 (E and F) or the whole gene (G) were fused to GUS to produce
hybrid proteins (GUS in frame with TUP5). For exact sequence coordinates see Table 9-7 and
Table 9-8. White boxes: promoter region of TUP5 (pAt1g80600) with sequence lengths in kb;
blue boxes: GUS gene; green boxes: exons of TUP5 (ex 1-3); yellow boxes: introns of TUPS.

9.5 Free amino acid content of WT and tup5-1

Table 9-9: Free amino acid content of WT and tup5-1 plants (7 d old) grown under standard
conditions (first experiment).

The concentration of each amino acid in WT and tup5-1 is listed as nmol /g FW and in percent
referring to the values measured in WT set as 100% respectively. Mean + SD of three samples.
n.a.: not analysed (usually when values were too low).

Amino [nn‘:"oTl o | W S[Enfil"/‘g SD of [;‘:rﬁ’; }g tup5-1 | SD of tup5-1 535?;
acid FW] [%] FW] WT [%] FW] [%] [nmol /g FW] [%]
asp 112,6 100 +2,0 +1,8 137,6 122,2 +49 +4,3
glu 77,8 100 +0,5 +0,7 97,6 125,4 +8,9 +11,5
asn 364,9 100 +17.6 +4.8 615,1 168,5 + 67,4 +18,5
ser 410,9 100 +77,8 +18,9 1232,0 299,8 + 326,4 +79,4
gln 11431,3 100 +952.0 +8,3 16171,2 141,5 +597,0 +52
gly n.a. n.a. 6376,9 - + 1598,2 -
thr 57,4 100 +53 +9,2 227.,5 396,2 +54.8 +955
his 328,4 100 +251 7,7 337,3 102,7 +17.,8 +54
ala 334,6 100 +18,5 +55 494 4 147,7 +29,3 +8,8
arg 1097,1 100 +61,5 +5,6 163,1 14,9 + 28,3 +26
met 7.3 100 +1,3 +17,5 12,2 167,3 +0,5 +6,7
val 43,4 100 +1,4 +3,3 120,9 279,0 +11,8 +27,2
phe 25,2 100 +0,1 +0,5 44 4 176,0 +1,1 +44
ile 18,6 100 +2,3 +12.4 24 1 129,9 +04 +2,2
leu 28,4 100 +3,9 +13,9 20,0 70,4 +0,8 +26
lys 37,7 100 +1,6 +4.1 16,2 43,1 +1,9 +5,0
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Table 9-10 Free amino acid content of WT and tup5-1 plants (7 d old) grown under standard
conditions (second experiment).
The concentration of each amino acid in WT and tup5-1 is listed as nmol /g FW and in percent
referring to the values measured in WT set as 100% respectively. Mean £ SD of six samples.

Amino WT WT SD of WT SD of tup5-1 tup5-1 SD of tup5- SD of
acid [nmol /g [%] [nmol /g WT [nmol /g [%] 1 [nmol/g tup5-1
FW] FW] [%] FW] FW] [%]
asp 358,0 100 + 83,2 + 23,2 516,1 1441 +100,9 + 28,2
glu 1318,6 100 +273,9 + 20,8 1563,6 118,6 +322,9 + 24,5
asn 1905,1 100 + 259,7 + 13,6 3184,4 167,2 + 5523 +29,0
ser 1597,1 100 + 2921 +18,3 3088,3 193,4 +637,7 + 39,9
gln 20327,8 100 + 4582,0 +225 31263,2 153,8 + 6270,0 + 30,8
gly 945,6 100 +201,7 +21,3 4563,0 482,5 + 1694,9 +179,2
thr 263,6 100 +67,4 + 25,6 423,3 160,6 +117,7 + 44,6
his 170,3 100 + 34,1 + 20,0 165,9 97,4 + 37,9 +222
ala 798,1 100 71,2 +8,9 1113,1 139,5 +235,9 + 29,6
arg 28234 100 3847 + 13,6 883,9 31,3 +171,3 +6,1
tyr 30,1 100 23 76 31,8 105,4 1,7 +5,6
met 22,9 100 79 +34,4 37,8 165,1 + 18,9 +824
val 51,0 100 +12,8 + 25,0 132,6 260,0 + 34,6 + 67,9
trp 176,2 100 +153,5 + 87,1 157,2 89,2 +97,9 + 55,5
phe 100,8 100 +984 +97,6 139,9 138,8 + 96,5 +957
ile 76,1 100 + 36,5 + 48,0 89,9 118,2 +44,7 + 58,8
leu 119,1 100 +17,2 + 14,4 70,4 59,1 9,6 + 8,1
lys 243,2 100 +21,0 *+ 8,6 186,7 76,8 + 39,1 + 16,1

Table 9-11 Free amino acid content of WT shoot, WT root and fup5-71 shoot (11 d old) grown under
standard conditions.
The concentration of each amino acid is listed as nmol /g FW and in percent referring to the values
measured in WT shoot set as 100% respectively. Mean of WT shoot n=4; WT root n=3; fup5-1
shoot n=4 respectively, SD in extra columns respectively.

mine | ore [ 0 |t Dot | WT | wr | | Shef | W st |wps | $501
acid | [nmol s[‘,,?;)t ?:;gtl shoot | [nmol r[c:/o]t [;(:r?;l root [nmol s?,,??t [s':lnc:c;tl shoot

Ig FW] ° Ig FW] [%] | /g FW] ® Ig FW] [%] | /g FW] o Ig FW] [%]
asp 643 100 126 | +196 | 524 | 814 +48 +7,4 | 1039 | 1615 | =21 +33,8
glu | 2831 | 100 +227 80 | 1696 | 59,9 | #140 | %50 | 2907 | 102,7 | 676 | %23,9
asn | 2395 | 100 +208 | 125 | 3759 | 156,9 | 269 | +11,2 | 6741 | 2814 | 372 | 155
ser | 3218 | 100 +510 | 159 | 1936 | 60,2 | 202 | 6,3 | 3977 | 1236 | 583 | 18,1
gln | 9273 | 100 | #1860 | %20,1 | 20891 | 2253 | +2225 | 24,0 | 41866 | 451,5 | £1446 | %156
gly 845 100 +306 | +46,9 | 929 |1099| <76 +8,9 | 6663 | 788,1 | 1896 | +224,3
thr 314 100 +50 +16,1 660 |[210,2] #52 | +165] 668 212,8 | +88 +28,1
his 84 100 +19 230 | 176 | 2097 | 24 | +29.1 101 120,1 +7 +87
ala 489 100 101 | 20,7 | 1108 | 2264 | 84 | #17,2 | 939 192,0 | #210 | #43,0
arg | 3084 [ 100 +673 | 21,8 61 2,0 +1 04 | 1214 39,4 | #252 £8,2
tyr 50 100 5 +9,5 142 | 2865 = 272 | 103 207,7 +8 +15,5
met 21 100 +2 +10,1 21 97,0 +3 +13,1 31 147,4 +1 +4.9
val 62 100 +15 +237 | 150 |243,1| 37 | 605 | 159 258,5 | +17 +27,5
trp 41 100 +15 +37,5 11 26,5 +2 +4,3 115 279,9 | 21 +51,2
phe 61 100 +14 +23,6 85 1379 | 11 +174 | 188 306,8 | 23 +38,0
ile 51 100 +8 16,7 | 127 | 2494 | 18 | +348 92 179,4 +6 +12,4
leu 99 100 +18 +184 | 157 |1585| 36 | 366 | 123 124,5 5 +55
lys 532 100 +43 +8,1 223 | 419 +49 +9,1 791 148,8 | 100 | 18,8
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Table 9-12: Free amino acid content of tup5-1 compared to WT plants (17 d old) grown under
standard conditions.

The concentration of each amino acid in WT and tup5-1 is listed as [nmol /g FW] and in percent
referring to the values measured in WT set as 100% respectively. Mean + SD of five samples for
WT and two samples for tup5-1.

Amino | WT(17d) | WT | \wrsp  |wrsp t(lﬁsé)l wpsS 1 tupS-1SD |y 55 4
acid | [nmol/g | (17 d) [nmol /g FW] |  [%] [nmol /g (17 d) [nmol /g SD [%]
FW] [%] FW] [%] FW]
asp 1359,4 100 477,0 35,1 1301,5 95,7 45,2 3,3
glu 46479 100 829,5 17,8 4036,5 86,8 50,2 1,1
asn 3676,9 100 667,1 18,1 11100,3 301,9 791,5 21,5
ser 3213,9 100 432,5 13,5 3340,4 103,9 33,2 1,0
gin 9418,7 100 703,8 7,5 67475,9 716,4 4740,8 50,3
gly 325,5 100 70,5 21,7 n.a. n.a. n.a. n.a.
thr 730,4 100 83,8 11,5 903,8 123,7 97,1 13,3
his 120,9 100 21,3 17,6 221,7 183,4 58,1 48,1
ala 920,2 100 279,5 30,4 829,8 90,2 55,3 6,0
arg 2098,5 100 655,0 31,2 509,1 24,3 40,5 1,9
tyr 173,3 100 36,8 21,3 175,3 101,2 25,9 15,0
met 27,0 100 3,1 11,4 57,3 212,0 12,2 45,1
val 3421 100 86,5 25,3 3571 104,4 80,6 23,6
trp 152,9 100 34,7 22,7 3171 207,4 102,8 67,2
phe 265,0 100 46,5 17,6 207,9 78,4 18,7 7,0
ile 276,0 100 56,4 20,4 2259 81,9 49,7 18,0
leu 381,9 100 86,7 22,7 296,9 77,7 53,1 13,9
lys 711,8 100 296,2 41,6 1698,3 238,6 598,0 84,0

9.6 T-DNA insertion lines of TUP5S

In line TUPS - IS2 (TIS2) the germination rate was 79%. (46 from 58 seeds germinated).
This might give a hint to a 1:3 segregating lethality, which would need to be verified with a
bigger seed population. It is not clear whether in TIS2 an insertion has taken place in

At1g80600 because the verification of the T-DNA insertion by PCR failed.

173



9. SUPPLEMENTAL DATA

9.7 Amino acid content of overexpression lines
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Figure 9-4: Free arginine content in TUP5 overexpressing lines.

Plants (17 d) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were grown on MS
medium without PPT, transgenic plants: TUP5 overexpressing lines and pCKX1::GUS were grown
on MS medium containing PPT. OE 1 to 10: TUP5 overexpressing lines in WT background. OE | -
VII: TUPS overexpressing lines in tup5-1 background. (WT: n = 5; tup5-1: n = 2; pCKX1::GUS with
PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n = 1, except for OE 1,
OE2andOEIl:n=2))

Table 9-13: Free arginine concentration in TUP5 overexpressing lines.

Plants (17 d) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were grown on MS
medium without PPT, transgenic plants: TUP5 overexpressing lines and pCKX1::GUS were grown
on MS medium containing PPT. OE 1 to 10: TUP5 overexpressing lines in WT background. OE 1 -
VII: TUP5 overexpressing lines in tup5-1 background. (WT: n = 5; tup5-1: n = 2; pCKX1::GUS with
PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n = 1, except for OE 1,

OE 2 and OE Il: n = 2.) Arginine concentrations are given in nmol per g fresh weight (nmol arg /g
FW); SD: standard deviation.

Arginine Arg. SD Arginine Arg. SD
Sample mean conc. [nmol arg / Sample mean conc. [nmol arg
[nmol arg /g FW] [nmol arg /g /g FW]
FW] g FW] g
WT 2099 655 OE 9 1538 -
tup5-1 509 40 OE 10 1939 -
CKX1::GUS
Dt PPT 1908 220 OE | 1618 -
CKX1::GUS
P thout PPT 2142 485 OE Il 1797 60
OE 1 1475 355 OE Il 3054 -
OE 2 1702 622 OE IV 1820 -
OE 3 1654 - OE V 1690 -
OE 5 751 - OE VI 1599 -
OE 7 2506 - OE VI 1907 -
OE 8 1679 -
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Table 9-14: Free asparagine concentration in TUP5 overexpressing lines.

Plants (17 d) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were grown on MS
medium without PPT, transgenic plants: TUP5 overexpressing lines and pCKX1::GUS were grown
on MS medium containing PPT. OE 1 to 10: TUP5 overexpressing lines in WT background. OE 1 -
VII: TUP5 overexpressing lines in tup5-1 background. (WT: n = 5; tup5-1: n = 2; pCKX1::GUS with
PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n = 1, except for OE 1,
OE 2 and OE II: n = 2.) Asparagine concentrations are given in nmol per g fresh weight (nmol asn
/g FW); SD: standard deviation.

Asparagine Asn. SD Asparagine Asn. SD
mean conc.
Sample [nmol asn/ [nmol asn / Sample mean conc. [nmol asn /
W] 9 g FW] [nmol asn /g FW]| g FW]
WT 3677 667 OE 9 4005 -
tup5-1 11100 791 OE 10 3484 -
A 3330 487 OE| 3597 -
P T 4530 409 OE Il 4037 262
OE 1 3873 1489 OE lli 4819 -
OE 2 4107 749 OE IV 3431 -
OE 3 3420 - OEV 3764 -
OE 5 4201 - OE VI 4187 -
OE7 4424 - OE VIl 3754 -
OE 8 4174 - - -

Table 9-15: Free glutamine concentration in TUP5 overexpressing lines.

Plants (17 d) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were grown on MS
medium without PPT, transgenic plants: TUPS overexpressing lines and pCKX1::GUS were grown
on MS medium containing PPT. OE 1 to 10: TUP5 overexpressing lines in WT background. OE | -
VII: TUPS overexpressing lines in tup5-1 background. (WT: n = 5; tup5-1: n = 2; pCKX1::GUS with
PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n = 1, except for OE 1,
OE 2 and OE II: n = 2.) Glutamine concentrations are given in nmol per g fresh weight (nmol gln /g
FW); SD: standard deviation.

Glutamine GIn. SD Glutamine GIn. SD
Sample mean conc. [nmol gin/ Sample mean conc. [nmol gin/

P [nmol gin /g g P g

FW] g FW] [nmol gin /g FW] g FW]
WT 9419 704 OE9 15118 -
tup5-1 67476 4741 OE 10 12912 -
'i’,vclt'ﬁﬁlljtggf’ 10338 1335 OE | 17168 ;

p%ﬁ;g‘fs 19603 1711 OE Il 13163 3353
OE 1 16128 7745 OE Il 17279 -
OE 2 15021 680 OE IV 13393 -
OE 3 11087 - OEV 15178 -
OE 5 19706 - OE VI 18848 -
OE7 16998 - OE VII 13564 -
OE 8 15477 - - -
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Table 9-16: Free tryptophan concentration in TUPS overexpressing lines.

Plants (17 d) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were grown on MS
medium without PPT, transgenic plants: TUP5 overexpressing lines and pCKX1::GUS were grown
on MS medium containing PPT. OE 1 to 10: TUP5 overexpressing lines in WT background. OE | -
VII: TUPS overexpressing lines in tup5-1 background. (WT: n = 5; tup5-1: n = 2; pCKX1::GUS with
PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n = 1, except for OE 1,
OE 2 and OE II: n = 2.) Tryptophan concentrations are given in nmol per g fresh weight (nmol trp /g
FW); SD: standard deviation.

Tryptophan Trp SD Tryptophan Trp SD
Sample mean conc. [nmol trp / Sample mean conc. [nmol trp /
[nmol trp /g FW] g FW] [nmol trp /g FW] g FW]
WT 153 35 OE 9 118 -
tup5-1 317 103 OE 10 31 -
CKX1::GUS
P thout PPT 148 71 OE | 120 -
CKX1::GUS
Dt PPT 155 47 OE II 67 14
OE 1 51 19 OE il 112 -
OE 2 82 29 OE IV 55 -
OE 3 73 - OEV 61 -
OE 5 38 - OE VI 78 -
OE 7 107 - OE VII 120 -
OE 8 69 - - -

Table 9-17: Free lysine concentration in TUP5 overexpressing lines.

Plants (17 d) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were grown on MS
medium without PPT, transgenic plants: TUP5 overexpressing lines and pCKX1::GUS were grown
on MS medium containing PPT. OE 1 to 10: TUP5 overexpressing lines in WT background. OE | -
VII: TUPS overexpressing lines in tup5-1 background. (WT: n = 5; tup5-1: n = 2; pCKX1::GUS with
PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n = 1, except for OE 1,
OE 2 and OE II: n = 2.) Lysine concentrations are given in nmol per g fresh weight (nmol lys /g
FW); SD: standard deviation.

Lysine Lys SD Lysine Lys SD
Sample mean conc. [nmol lys / Sample mean conc. [nmol lys /
[nmol lys /g FW] g FW] [nmol lys /g FW] g FW]
WT 712 296 OE9 238 -
tup5-1 1698 598 OE 10 184 -
CKX1::GUS
F\’Nithout PPT 515 245 OE| 77 -
CKX1::GUS
P with PPT 553 126 OE Il 265 26
OE 1 235 10 OE Il 306 -
OE 2 96 48 OE IV 232 -
OE 3 574 - OEV 476 -
OE S5 155 - OE VI 233 -
OE 7 181 - OE VIl 681 -
OE 8 258 - - -
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Table 9-18: Free glycine concentration in TUP5 overexpressing lines.

Plants (17 d) were grown in vitro: WT, tup5-1 and pCKX1::GUS as controls were grown on MS
medium without PPT, transgenic plants: TUP5 overexpressing lines and pCKX1::GUS were grown
on MS medium containing PPT. OE 1 to 10: TUP5 overexpressing lines in WT background. OE | -
VIl : TUPS overexpressing lines in tup5-1 background. (WT: n = 5; tup5-1: n = 2; pCKX1::GUS with
PPT: n = 4; pCKX1::GUS without PPT: n = 3; TUP5 overexpressing lines: n = 1, except for OE 1,
OE 2 and OE II: n = 2.) Glycine concentrations are given in nmol per g fresh weight (nmol gly /g
FW); SD: standard deviation. n.d.: not determined.

Glycine Gly SD Glycine Gly SD
Sample mean conc. [nmol gly / Sample mean conc. [nmol gly /
[nmol gly /g FW] g FW] [nmol gly /g FW] g FW]
WT 325 71 OE 9 363 -
tup5-1 n.d. - OE 10 463 -
CKX1::GUS
P thout PPT 282 123 OE | 795 -
S n.d. i OE Il 521 141
OE 1 905 681 OE lli 927 -
OE 2 550 57 OE IV 516 -
OE 3 405 - OEV 577 -
OE 5 897 - OE VI 797 -
OE 7 731 - OE VI 440 -
OE 8 422 - - -
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