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IV. SUMMARY 
The spatiotemporal orchestration of proliferation and growth is of paramount importance 

for the maintenance of distinct cell layers and tissue morphogenesis in plants. Single cell layers 

are maintained by proliferative cell divisions with the cell division plane stereotypically oriented 

in a strictly anticlinal fashion. This is referred to as planar growth. Disturbance of this process leads 

to periclinal or oblique divisions, which in turn introduce new cell layers and can result in tumor 

formation. The molecular mechanisms underlying planar growth control are poorly understood. 

Arabidopsis ovule integuments were shown to be excellent model tissues to study planar growth. 

Major advantages are their good accessibility, the relatively simple structure of the four 

integumental layers, and the high numbers of ovules per pistil. The AGCVIII kinase UNICORN (UCN) 

was shown to be of critical importance in the suppression of ectopic growth. The ucn-1 mutant 

exhibits aberrant cell divisions in the ovule integuments eventually resulting in protrusion 

formation (Schneitz et al. 1997, Enugutti et al. 2012). Similar alterations can be observed in petals 

and stamens of ucn-1 mutants (Enugutti et al. 2012). UCN was shown to suppress protrusion 

formation in integuments by directly repressing the KANADI transcription factor ABERRANT TESTA 

SHAPE (ATS) (Enugutti et al. 2012, Enugutti and Schneitz 2013). Other molecular components 

participating in the UCN signaling pathway have not been identified so far.  

In this study, I present evidence that the two Arabidopsis 3-PHOSPHOINOSITIDE DEPENDENT 

KINASEs 1 (PDK1s) are components, which need to be repressed in the UCN-mediated signaling 

pathway. PDK1 is a central regulator of AGC kinases in animals and at least for some plant AGC 

kinases. Genetic analyses of ucn pdk1 double mutants reveal that UCN acts as a negative regulator 

of both PDK1s. Interestingly, overexpression of either PDK1 leads to ucn-1-like phenotypes with 

respect to integuments and petals. Furthermore, I demonstrate that both PDK1 proteins interact 

directly with UCN in vitro and in vivo.  

My further findings indicate that PDK1 is able to phosphorylate UCN and vice versa. PDK1 is 

able to activate UCN through phosphorylation, and subsequent UCN-mediated PDK1 

phosphorylation results in decreased PDK1 activity, which in turn is crucial for the ectopic growth 

suppression in ovule integuments and petals. Direct PDK1 suppression by another AGC kinase is a 

novel and unique feature in AGC kinase regulation. While ATS is only involved in the ovular aspect 

of UCN signaling, PDK1 plays a more global role. UCN mediated repression of ATS and PDK1 leads 

to the question about the relation between ATS and PDK1. I can demonstrate that PDK1 and ATS 
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do not interact directly in vivo most likely due to their spatial separation (ATS in the nucleus, PDK1 

in the cytosol/at the plasma membrane). In addition, I propose a model for integument growth, 

in which ATS induces the expression of a gene whose resulting protein is a downstream target of 

PDK1.   
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V. ZUSAMMENFASSUNG 
Die räumlich-zeitliche Koordination von Proliferation und Wachstum ist von entscheidender 

Bedeutung für die Aufrechterhaltung einzelner Zellschichten und die Gewebemorphogenese in 

Pflanzen. Einzelzellschichten werden durch proliferative Zellteilungen aufrechterhalten, wobei die 

Zellteilungsebene strikt antiklin orientiert ist. Dies wird als planares Wachstum bezeichnet. Eine 

Störung dieses Prozesses führt zu periklinen oder schrägen Zellteilungen, die wiederum neue 

Zellschichten einführen und zur Tumorbildung führen können. Die molekularen Mechanismen, die 

der planaren Wachstumskontrolle zugrunde liegen, sind nur wenig verstanden. Die Integumente 

der Samenanlage von Arabidopsis sind ausgezeichnete Modellgewebe, um planares Wachstum zu 

studieren. Große Vorteile sind die gute Zugänglichkeit und die relativ einfache Struktur der vier 

Integumentschichten, sowie die hohe Anzahl an Samenanlagen pro Fruchtknoten. Es wurde 

gezeigt, dass die AGCVIII-Kinase UNICORN (UCN) von entscheidender Bedeutung für die 

Unterdrückung ektopischen Wachstums ist (Schneitz et al. 1997, Enugutti et al. 2012). Die ucn-1-

Mutante zeigt abweichende Zellteilungen in den Integumenten, was schließlich zu 

tumorähnlichen Auswüchsen führt. Ähnliche Veränderungen können in den Petalen und Stamina 

beobachtet werden (Enugutti et al. 2012). Es wurde gezeigt, dass UCN die Bildung der Auswüchse 

in den Integumenten durch direkte Repression des KANADI-Transkriptionsfaktors ABERRANT 

TESTA SHAPE (ATS) unterdrückt (Enugutti et al. 2012, Enugutti und Schneitz 2013). Andere am 

UCN-Signalweg beteiligte molekulare Komponenten wurden bislang nicht identifiziert.  

In dieser Arbeit zeige ich, dass die beiden 3-Phosphoinosotid-abhängigen Kinasen (PDK1) 

Komponenten sind, die im UCN-vermittelten Signalweg reprimiert werden müssen. Genetische 

Analysen von ucn-pdk1-Doppelmutanten zeigen, dass UCN als negativer Regulator beider PDK1-

Proteine fungiert. Interessanterweise führt die Überexpression beider PDK1-Gene unabhängig 

voneinander zu einem ucn-1-ähnlichen Phänotypen in Bezug auf die Integumente und Petalen. 

PDK1 ist ein zentraler Regulator von AGC-Kinasen in Tieren und zumindest für einige pflanzliche 

AGC-Kinasen. Darüber hinaus zeige ich, dass beide PDK1-Proteine in vitro und in vivo direkt mit 

UCN interagieren.  

Meine Ergebnisse zeigen, dass PDK1 UCN phosphorylieren kann und umgekehrt. PDK1 ist in 

der Lage UCN durch Phosphorylierung zu aktivieren, und die darauffolgende UCN-vermittelte 

PDK1-Phosphorylierung führt zu einer verminderten PDK1-Aktivität, was wiederum entscheidend 

für die Suppression ektopischen Wachstums in den Integumenten und Petalen ist. Die direkte 
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PDK1-Unterdrückung durch eine andere AGC-Kinase ist ein neues und einzigartiges Merkmal der 

AGC-Kinase-Regulation. Während ATS nur in der Samenanlage in den UCN-Signalweg involviert ist, 

spielt PDK1 im Vergleich eine globalere Rolle. Die UCN-vermittelte Repression von ATS und PDK1 

führt zu der der Frage nach der Beziehung zwischen ATS und PDK1. Ich kann zeigen, dass PDK1 

und ATS in vivo nicht miteinander interagieren, höchstwahrscheinlich auf Grund ihrer räumlichen 

Trennung (ATS im Zellkern und PDK1 im Cytosol/an der Plasmamembran). Zusätzlich schlage ich 

ein Modell für das Wachstum von Integumenten vor, bei dem ATS die Expression eines Gens 

induziert, deren resultierendes Protein nachgeordnetes Ziel von PDK1 ist. 
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1 INTRODUCTION 

 Tissue morphogenesis and organogenesis in plants 

Plant organogenesis occurs mostly in a post-embryonical fashion. In contrast to animals, the 

plant embryo develops into a seedling with simple architecture. Aboveground lateral organs 

ultimately originate from the shoot apical meristem (SAM), which gives rise to leaves, shoot 

branches and, once switched to the reproductive phase of the plant’s life cycle, eventually to 

flowers. The spatiotemporal coordination of cell elongation and proliferation is of crucial 

importance for the maintenance of distinct cell layers and tissue morphogenesis. 

 

1.1.1 Pattern formation during floral development 

The outgrowth of primordia and the determination of organ identity is strictly controlled. 

The SAM develops into an inflorescence meristem (IM), producing floral primordia that develop 

into floral meristems (FMs), from which floral organs, such as sepals, petals, stamens and carpels, 

finally arise ((Miksche and John 1965, Coen and Meyerowitz 1991), Figure 1-1, a). Shoot and floral 

meristems are organized into several distinct zones. The central zone (CZ) comprises infrequently 

dividing stem cells that are innately undifferentiated. The organizing center (OC) beneath the stem 

cells supplies a cell niche necessary for stem cell induction and maintenance. At the flanks of the 

CZ, progeny of the stem cells ends up in the peripheral zone (PZ) where cell division occurs at 

higher rates and floral organs arise (Figure 1-1, b). Moreover, the meristems consist of three 

distinct cell layers (Satina et al. 1940) that are maintained by certainly oriented cell division. The 

two outermost layers, i.e. L1 (epidermal) and L2 (sub-epidermal), divide strictly perpendicular to 

the surface of the meristem (anticlinal cell division), the innermost L3 core divides in an apparently 

rather random fashion (Figure 1-1, b). Organ formation is triggered by local auxin maxima in the 

L1 of the PZ (Reinhardt et al. 2000, Reinhardt et al. 2003, Heisler et al. 2005). Auxin is produced 

throughout the meristem (Pinon et al. 2013) and actively redistributed in a PIN-FORMED (PIN)-

dependent polar fashion to the sites of organ initiation (Grunewald and Friml 2010). The PINs are 

activated through phosphorylation by plasma membrane (PM)-associated AGCVIII kinases, such 

as PINOID (PID) and D6 PROTEIN KINASE (D6PK) (Zourelidou et al. 2014). Basipetal reorganization 
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of the PINs leads to the formation of an auxin sink, and auxin accumulation in the interior of the 

initiated floral primordium (Heisler et al. 2005, Bayer et al. 2009).  



I N T R O D U C T I O N  

19 

 

As shown in Figure 1-1c, the auxin response transcription factor (TF) MONOPTEROS (MP) 

activates several genes, including the transcription factors LEAFY (LFY), AINTEGUMENTA (ANT) and 

AINTEGUMENTA-LIKE6/PLETHORA3 (AIL6/PLT3), in an auxin-dependent fashion (Yamaguchi et al. 

2013). In turn, LFY activates a central regulator of flower identity, the MADS-domain transcription 

factor APETALA1 (AP1) (Wagner et al. 1999), and represses the negative effect of 

gibberellic acid (GA) by positively regulating EUI-LIKE P450 A1 (ELA1) (Yamaguchi et al. 2014). 

Moreover, LFY, ANT and AIL6 share overlapping functions in floral fate determination (Weigel et 

al. 1992, Weigel and Nilsson 1995, Krizek 1999, Mizukami and Fischer 2000, Krizek and Eaddy 

2012). The initiated FM is organized through a negative feedback loop (Fletcher et al. 1999, Brand 

et al. 2000). WUSCHEL (WUS), a homeodomain TF gene, is expressed in the OC and the WUS 

protein moves to the CZ, where it specifies stem cell fate in a non-cell autonomous manner (Yadav 

et al. 2011). WUS directly represses expression of the receptor-like kinase (RLK) gene CLAVATA1 

(CLV1), and activates its own negative regulator, the signal peptide CLAVATA3 (CLV3) (Busch et al. 

2010, Yadav et al. 2011). Furthermore, WUS affects cytokinin signaling (Leibfried et al. 2005), and 

represses several differentiation-promoting TFs (Yadav et al. 2013).  

Floral organ identity is conferred through the combinatorial action of a set of transcription 

factors, which except for APETALA2 (AP2) belong to the MIKC-type MADS-domain TFs (Irish 2010). 

The ABCE-model in Figure 1-1d depicts the interplay between those TFs in floral organ 

Figure 1-1 Overview of early flower development, the ABCE, and the quartet model of floral organ patterning. 

(a) Scanning electron micrograph of an Arabidopsis shoot apical meristem with indicated floral primordia of 
different stages (youngest P1 to oldest P7). A sepal (se) primordium is shown in P7. (b) Confocal micrograph of a 
mid-optical vertical section of a stage 3 floral meristem. Sepal (se) primordia at the flanks are indicated. CZ, 
central zone; PZ, peripheral zone; cell layers L1 – L3 are indicated. Scale bars: 10 µm. (c) Cartoon depicting floral 
fate initiation by the interplay of auxin, MP, LFY, and GA. (a – c) from Vaddepalli et al. (2015). (d) The ABCE model 
of floral organ patterning,  adapted from Krizek and Fletcher (2005). Arabidopsis WT flowers consist of four 
whorls. In the first whorl, class A activity confers sepal (se) identity, petal (pe) identity is conferred by class A and 
B activity, class B and C activity confers stamen (st) identity, and carpel (ca) identity is conferred by class C activity. 
Class A and C repress each other as indicated. Loss of class A identity in apetala1 (ap1) or ap2 mutants leads to 
expansion of class C activity, and transforms se into ca and pe into st. Loss of class B activity in ap3 or pistillata 
(pi) mutants transforms pe into se and st into ca. Flowers of the agamous (ag) mutant lacking class C activity 
consist of reiterative patterns of se, pe, pe, se by expansion of class A activity and loss of floral determinacy. The 
sepallata1 – 4 (sep1,2,3,4) quadruple mutant consists of reiterations of leaf-like (le) organ whorls. Loss of class E 
activity results in impaired class A, B, C functions and loss of floral determinacy. SEEDSTICK (STK), 
SHATTERPROOF1 (SHP1) and SHP2 were identified as ovule-specifying factors (D function). (e) Floral quartet 
model, adapted from Theißen et al. (2016). Floral organ identity is specified by the formation of organ-specific 
tetrameric complexes, which bind to two adjacent cis-regulatory elements of the DNA.  
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specification. APETALA1 (AP1) and AP2 provide class A function, B function is mediated by AP3 

and PISTILLATA (PI), and C function by AGAMOUS (AG) (Yanofsky et al. 1990, Mandel et al. 1992, 

Jack et al. 1992, Goto and Meyerowitz 1994, Jofuku et al. 1994). SEEDSTICK (STK), SHATTERPROOF1 

(SHP1) and SHP2 mediate class D function for ovule identity (Angenent and Colombo 1996, Favaro 

et al. 2003, Pinyopich et al. 2003). As shown in Figure 1-1e, The SEPALLATA genes SEP1, SEP2, SEP3 

and SEP4 contribute to the identity of all floral organs (Pelaz et al. 2000, Pelaz et al. 2001, Ditta et 

al. 2004). Class A and E activity results in sepal (se) identity, petals (pe) are determined by the 

activity of classes A, B, E. Stamina are specified by B, C and E activity, C and E specify carpels and 

C, D, and E specify ovules (reviewed in Theißen (2001), Krizek and Fletcher (2005), Ó'Maoiléidigh 

et al. (2014), Theißen et al. (2016). 

 

1.1.2 Ovule development  

The plant’s life cycle is alternating between a haploid (gametophyte) and a diploid 

generation (sporophyte). Meiosis in plants generates haploid spores, which undergo 

differentiation and proliferation to give rise to the gametophytes. In turn, the gametophytes 

produces haploid gametes. The life cycle is completed by the fusion of egg cell and sperm cell 

producing the sporophyte (Raven et al. 1992). The ovule represents the major female reproductive 

organs in spermatophytes, and consists in principle of three functional domains: the nucellus 

containing the female gametophyte, the chalaza that gives rise to the integuments eventually 

surrounding the nucellus, and a stalk, called funiculus, representing the connective tissue to the 

placenta. Since the ovule contains the egg cell, and upon fertilization, it develops into seeds, the 

understanding of the molecular mechanisms controlling ovule development is of pivotal 

importance. Ovule ontogenesis has been well described during the last decades of research 

(Mansfield and Briarty 1991, Robinson-Beers et al. 1992, Modrusan et al. 1994, Schneitz et al. 

1995, Schneitz et al. 1997, Grossniklaus and Schneitz 1998, Drews et al. 1998, Schneitz et al. 1998, 

Gasser et al. 1998, Schneitz 1999, Truernit and Haseloff 2008, Cucinotta et al. 2014), and a staging 

system has been conceived (Schneitz et al. 1995).  
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The ovule originally arises as a finger-like protuberance from the placental tissue (stages 1-

I/II of ovule development, stages according to Schneitz et al. (1995)). At the distal end of the 

primordium (nucellus), a single hypodermal cell develops into the megaspore mother cell (MMC) 

(stage 2-I). Subsequently, the MMC undergoes meiosis in order to form a tetrad of haploid 

megaspores (stage 2-V). The three distal ones degenerate resulting in a single viable megaspore 

that gives rise to a multicellular embryo sac or female gametophyte (including the egg cell). During 

stages 2-II/III an outer and an inner integument initiate, which are of epidermal origin and will 

form two sheets each consisting of two layers (an adaxial and an abaxial cell layer), and eventually 

enclosing the nucellus completely. Embryo sac formation within the nucellus and integument 

maturation take place during stages 3-I to 3-VI. As described before, only the most proximal 

megaspore survives and forms the embryo sac comprising seven cells (three antipodal cells, a 

central cell and an egg cell, and two synergids). The asymmetric growth of the integuments 

determines the typical curvature and therefore the final amphitropous configuration of the ovule 

(Figure 1-2). The vasculature within the funiculus has emerged by the end of stage 3. The last main 

stage 4 (stages 4-I to 4-V) involves fertilization, as well as initial parts of endosperm development 

and embryogenesis.  

 

Figure 1-2
Simplified cartoon 
depicting two
stages of ovule 
development. 

(a) Ovule at stage 
2-V (Schneitz et al. 
1995). Two layers 
of each, inner and 
outer integument, 
initiated from the 
chalazal flanks 
and continue 
growth to even-
tually surrounding 
the nucellus. (b) 

Mature ovule displaying the typical amphitropous shape. Integuments envelop the embryo sac. c chalaza, f 
funiculus, n nucellus, i.i. inner integument, o.i. outer integument, (ab) abaxial, and (ad) adaxial cell layer. Figure 
from Enugutti et al. (2013), adapted from Truernit and Haseloff (2008). 
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1.1.3 Arabidopsis ovules as model systems for organ development 

Due to their good accessibility, their relatively simple structure and the high number of 

developmentally independent organs (~ 50 ovules per WT pistil), Arabidopsis ovules are an 

excellent model system to study organ development, and their integuments represent excellent 

tissues to investigate planar growth. The ovule comprises two integuments each consisting of two 

layers eventually giving rise to the seed coat. An initial asymmetric division at the flanks of the 

chalazal region of the young ovule is followed by subsequent symmetric and strictly anticlinal cell 

division events generating the four single cell layers of integuments. In the last stage (3-VI) of ovule 

development before fertilization cells of the adaxial inner integument undergo periclinal divisions 

to give rise to an additional single cell layer, the inner integument 1’ (ii1’) (Schneitz et al. 1995). 

35% of Col-0 and 70% of Wassilewskija ovules exhibit a sixth integument cell layer (ii1’’), which 

derives from additional periclinal divisions in ii1’ at stage 3-VI/4-I transition (Coen et al. 2017). 

Mutants impaired in correct cell division orientation can help to elucidate the underlying 

molecular mechanisms coordinating planar growth. Initially discovered in an EMS screen for 

identifying ovule mutants (Schneitz et al. 1997), UNICORN (UCN, At1g51170) was found to encode 

for an active AGCVIII protein kinase suppressing aberrant cell divisions in integuments (confer 

Figure 1-3), and other lateral organs by directly repressing the KANADI TF ABERRANT TESTA SHAPE 

(ATS) (Enugutti et al. 2012, Enugutti et al. 2013). 

Figure 1-3 Planar 
growth aberrations 
in ucn-1 ovules. 

(A - D) Ler WT. (A and 
B) Scanning electron 
micrographs of (A) 
stage 2-VI and (B) 
stage 4 WT ovules. (C 
and D) Confocal 
micrographs of (C) 
stage 3-I, and (D) 
stage 4 WT ovules 
expressing the 

plasma membrane marker pUBQ::EGFP:LTI6B; ii, inner integument; oi, outer integument; m, micropyle. (E – H) 
ucn-1 ovules of similar stages as in A – D. Arrowheads indicate protrusions, and arrows indicate aberrant cell 
divisions in the integuments. Scale bars: 20 µm. Figure from Enugutti et al. (2012). 
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1.1.4 Cell division plane and planar growth 

Planar growth crucially depends on cell divisions and molecular mechanisms correctly 

orienting the division plane relative to the surrounding cell layers. In contrast to animal cells, plant 

cells are surrounded by a rigid cell wall and therefore immobile. Novel cell layers needs to be 

initiated by defined orientations of the division planes (parallel or oblique to the surface of the 

tissue). The same holds true for the maintenance of distinct cell layers but, in contrast, the division 

plane needs to be oriented perpendicular to the surface. This strictly anticlinal and symmetric 

division behavior, in which periclinal and oblique divisions are repressed, leads to the propagation 

of a certain cell layer, for which cell division is oriented within the plane of the layer (planar 

growth) (Tilney-Bassett 1986). In the last decade, impressive progress in understanding the control 

of asymmetric cell division has been made (Abrash and Bergmann 2009, Petricka et al. 2009, De 

Smet and Beeckman 2011). The division plane orientation in symmetrically dividing cells can be 

predicted by mathematical models involving cytoskeleton dynamics and cell geometry (Besson 

and Dumais 2011). Cell geometry and the behavior of adjacent cells lead to distinct tensile stress 

patterns, and cortical microtubules align along maximal tensile stress in cell walls (Hamant et al. 

2008, Besson and Dumais 2011, Sampathkumar et al. 2014). The future plane of division correlates 

with the orientation of the preprophase band (PPB), which consists of actin filaments, the ring of 

aligned cortical microtubules, organelles, and various proteins associated with organelles or the 

cytoskeleton appears at the position of the division plane. The PPB emerges in G2 phase of the 

cell cycle as a broad band of microtubules, and narrows during prophase by actin-mediated 

connection of adjacent microtubules (Mineyuki and Palevitz 1990, Takeuchi et al. 2016). It remains 

unknown if the PPB itself actively determines the division plane or if yet unidentified signals locate 

the PPB to the position of the later division plane. It was shown recently, that the PPB controls the 

robustness of division orientation by increasing the accuracy of spindle adjustment (Ambrose and 

Cyr 2008, Schaefer et al. 2017). Furthermore, the PPB positioning is directly dependent on the 

position of the nucleus within the mother cell (Murata and Wada 1991, Mineyuki et al. 1991). In 

late prophase, the nuclear membrane disassembles and acentriolar spindle formation occurs. 

Subsequently, the chromosomes align at the division plane in metaphase, and the central spindle 

emerges in anaphase at the position of the metaphase chromosomes. Detailed information is 

reviewed in, e.g. Lipka et al. (2015), Smertenko et al. (2017). 
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1.1.5 Growth control and polarity determination: A concert of transcription 

factors  

The development of lateral organs is characterized by a distinct abaxial-adaxial polarity. 

Removal of leaf primordia from the meristem leads to the development of radial abaxialized 

structures suggesting that signals from the meristem are required for abaxial-adaxial polarity, and 

that abaxial cell fate might be the default state (Sussex 1954). Antagonistic effects between class 

III HOMEODOMAIN LEUCINE-ZIPPER (HD-ZIP III) and KANADI (KAN) transcription factors, resulting 

in polar YABBY expression, control abaxial-adaxial lateral organ polarity. In Arabidopsis, members 

of KAN and YABBY gene families promote abaxial cell fate (Sawa et al. 1999, Siegfried et al. 1999, 

Eshed et al. 1999, Eshed et al. 2001), whereas members of the HD-ZIP III gene family, such as 

PHABULOSA (PHB), PHAVOLUTA (PHV), CORONA (CNA) and REVOLUTA (REV), promote adaxial cell 

fate (McConnell and Barton 1998, McConnell et al. 2001, Emery et al. 2003, Kelley et al. 2009). 

Loss-of-function alleles of HD-ZIP III (PHB, PHV) result in radial abaxialized cotyledons (Emery et 

al. 2003), and gain-of-function alleles in radial adaxialized leaves (McConnell and Barton 1998, 

McConnell et al. 2001). In contrast, the situation for KAN is the opposite: gain-of-function alleles 

lead to radial abaxialization of organs (Eshed et al. 2001, Kerstetter et al. 2001). Hence, the 

conversion to all adaxial or all abaxial fates leads to a loss of lamina expansion because the 

juxtaposition of these two domains is of crucial importance for lamina development. Disruption 

of the abaxial-adaxial polarity can lead to ectopic outgrowth ((Eshed et al. 2001, Kerstetter et al. 

2001), see section 1.3.2). The restriction of the TFs to their domains is mediated by micro RNA 

(miRNA) activity (such as miRNA 165/166) (Reinhart et al. 2002, Rhoades et al. 2002, Tang et al. 

2003, Juarez et al. 2004, Zhong and Ye 2007).  

In Arabidopsis, the KANADI TF ATS is restricted to ovule integuments. ATS is expressed at 

the boundary of the two integuments during integument initiation (Figure 1-3, F + I), and 

expression restricts to the abaxial layer of the inner integument later during integument growth 

(McAbee et al. 2006). Functional ATS is critical for proper ovule development by maintaining the 

boundary between the two integuments, for promoting laminar growth of the inner integument 

(McAbee et al. 2006), and acts in concert with PHB/PHV/CNA in order to regulate integument 

morphogenesis (Kelley et al. 2009). Loss-of-function leads to inherent fusion of the outer and the 

inner integument, and thus, to aberrant seed coat formation (Leon-Kloosterziel et al. 1994, 

McAbee et al. 2006). In contrast, loss of KAN1 and KAN2 leads to the disruption of the outer 

integument (Eshed et al. 2001, McAbee et al. 2006). These genes act redundantly in the outer 
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integument but, in contrast to ATS, are not only involved in integument development (Leon-

Kloosterziel et al. 1994, Eshed et al. 2001, McAbee et al. 2006). KAN control auxin signaling in 

concert with AUXIN RESPONSE FACTOR (ARF) proteins (Pekker et al. 2005). Especially ETTIN 

(ETT/ARF3) plays a pivotal role in ovule development (Sessions et al. 1997, Kelley et al. 2012). ETT 

forms a functional complex with ATS, which accumulates in the abaxial layer of the inner 

integument and modifies auxin action by negatively regulating PIN1 expression (Kelley et al. 2012). 

Moreover, evidence was provided that ETT forms a similar complex with other KAN transcription 

factors (Kelley et al. 2012). 

Another important player in outer integument development is the YABBY TF INNER NO 

OUTER (INO). ATS and REV together restrict INO expression to the abaxial layer of the outer 

integument and thereby outer integument growth (Kelley et al. 2009). Loss-of-INO-function 

mutants depict outer integument initiation but no growth, and therefore lacking ovule curvature 

(Baker et al. 1997, Villanueva et al. 1999). Loss of the outer integument resulting in loss of 

curvature suggests that the outer integument itself imposes curvature resulting in the final 

amphitropous configuration.  

 

 Protein kinases in plant development and physiology 

Phosphorylation and dephosphorylation of proteins play important roles in all aspects of 

the life cycle of plants. Thereby, protein kinases (PK) accomplish the process of protein 

phosphorylation whereas protein phosphatases catalyze protein dephosphorylation. 

Phosphorylation and dephosphorylation represent quick and reversible posttranslational protein 

modifications leading to conformational changes, translocation and/or changes in substrate 

activity. Protein phosphorylation is highly specific, strictly controlled, and enables regulation, 

amplification and interconnection of molecular signals (Pawson and Scott 2005). If the substrate 

of a protein kinase itself is a protein kinase, the initial phosphorylation signal can lead to the 

activation or inactivation of many effector proteins, and hence, activation of a complete signaling 

cascade can occur (Pawson and Scott 2005). Therefore, PKs are crucial for plant development and 

adaption to changing environmental conditions. In Arabidopsis, more than 1000 genes encode 

protein kinases (kinome), which comprises 4% of all protein-encoding genes (Zulawski et al. 2014), 

whereas the human kinome only represents 2% of the protein-encoding genes (Manning et al. 

2002). Kinases have been subdivided in several major phylogenetic groups. The receptor-like 
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kinases (RLK), including the large family of transmembrane leucine-rich-repeat receptor-like 

kinases (LRR-RLK), and the membrane-associated receptor-like cytoplasmic kinases (RLCK), 

represent about 60% of all kinases (Zulawski et al. 2014, Zulawski and Schulze 2015). This high 

abundance of RLKs is a unique feature for the plant kingdom. In addition, the following plant 

kinase families can be distinguished: CMGC kinases, named after their members cyclin-dependent 

kinases (CDK) and mitogen-activated protein kinases (MAPK); Ca2+/Calmodulin (CaM)-dependent 

kinases (CaMK); STE kinases (homologs of S. cerevisiae sterile kinase); and AGC kinases, named 

after the cAMP-dependent protein kinase A, cGMP-dependent protein kinase G and the 

phospholipid-dependent protein kinase C families (PKA, PKG, PKC) (Champion et al. 2004, 

Dissmeyer and Schnittger 2011, Zulawski and Schulze 2015). Additionally, other kinases are 

present, which do not fall into one of the above-mentioned families. For instance, AURORA kinases 

that are involved in the regulation of asymmetric cell divisions via phosphorylation of histone 3 

during mitosis (Demidov et al. 2009, Kawabe et al. 2005, Kurihara et al. 2006, Van Damme et al. 

2011), and the TARGET OF RAPAMYCIN (TOR) kinase, which represents an essential regulator of 

nutritional, stress-related and developmental pathways (Menand et al. 2002, Ren et al. 2012). 

1.2.1 AGC kinases and plant development 

Plants possess the same basic AGC kinase subfamilies (PDK1, S6K, and NDR) as other 

eukaryotes but they do not encode for the typical AGC kinases, such as PKA and PKC, involved in 

the control of cell expansion, proliferation and polarity in fungi and animals. The Arabidopsis 

genome encodes 39 AGC kinases, 23 of which belong to the plant specific AGCVIII subfamily 

(Figure 1-4). Several of those are involved in hormone signaling. PID, D6PK, WAG1, WAG2, and the 

blue light receptors PHOTOTROPIN1 (PHOT 1) and PHOT2 are involved in auxin signaling (Santner 

and Watson 2006, Cho et al. 2007, Zhang et al. 2009, Dhonukshe et al. 2010, Willige et al. 2013, 

Zourelidou et al. 2014, Weller et al. 2017). WAG2 is also involved in gibberellic acid (GA) signaling 

(Willige et al. 2012), and S6K plays a role in abscisic acid (ABA) and auxin signaling (Mahfouz et al. 

2006, Turck et al. 2004). Furthermore, OXIDATIVE SIGNAL INDUCIBLE 1 (OXI1) and AGC2-2/OXI2 

were shown to have functions in biotic and abiotic stresses downstream of 3-PHOSPHOINOSITIDE-

DEPENDENT KINASE 1 (PDK1) (Anthony et al. 2006, Camehl et al. 2011, Howden et al. 2011). 

Enugutti et al. (2012) showed that the AGCVIII kinase UNICORN (UCN) suppresses ectopic growth 

in Arabidopsis ovule integuments by directly repressing the KANADI transcription factor ATS 

through phosphorylation. In general, AGC kinases become activated by phosphorylation of the T-

loop within the activation segment. In mammalian systems, PDK1 acts as the master regulator of 
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AGC kinase activity by activating various AGC kinases through phosphorylation of their T-loops. 

Other AGC kinases, including PDK1, are capable of auto-activation through auto-phosphorylation 

(Rademacher and Offringa 2012). Two Arabidopsis genes encoding for PDK1 (PDK1.1 and PDK1.2) 

have been identified. Although they were shown to be involved in the in vitro activation of a 

minimum of 16 AGC kinases, biological relevance of PDK1-mediated activation could not be 

demonstrated (Bögre et al. 2003, Anthony et al. 2004, Zegzouti et al. 2006a, Zegzouti et al. 2006b)  

1.2.2 PDK1 – master of the AGCs? 

PDK1 genes are present throughout eukaryotes (Zegzouti et al. 2006a, Zegzouti et al. 2006b, 

Dittrich and Devarenne 2012). Reduced PDK1 activity leads to severe developmental defects in 

animal organisms (Mora et al. 2004), and knockout of PDK1 causes embryo-lethality in mice 

(Lawlor et al. 2002), and double knockdown of both PDK1 genes in Solanum lycopersicum (tomato) 

is lethal as well (Devarenne et al. 2006). Physcomitrella patens PDK1 knockout elicits strongly 

impaired growth and severely decreased resistance to abiotic stress (Dittrich and Devarenne 

2012). Moreover, ospdk1 mutants in rice (Oryza sativa) display a moderate dwarf phenotype (half-

size of WT), and overexpression leads to increased disease resistance (Matsui et al. 2010). 

Figure 1-4 Phylogenetic tree of 
the Arabidopsis AGC kinase 
family.  

The AGCVI subfamily contains 
the two S6 KINASES (S6K1 and 
S6K2), the AGCVII subfamily has 
eight members related to the 
nuclear Dbf2-related kinase 
(NDR1 – NDR8), and the AGC 
other group contains four 
members, which are named 
after one member INCOMPLETE 
ROOT HAIR ELONGATION (IRE, 
IRE-H1, IRE3, and IRE4). The two 
PDK1s are grouped in the 
independent PDK1 subfamily. 
Consisting of 23 kinases, the 
AGCVIII subfamily forms the 
plant specific major subfamily 
within the AGC family. Adapted 
from Bögre et al. (2003). 
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Interestingly, Arabidopsis double knockout plants (pdk1.1 pdk1.2) depict only very mild 

phenotypes regarding plant height and silique length but are strongly impaired in Piriformaspora 

indica-induced growth promotion (Camehl et al. 2011). As mentioned above, PDK1 acts as the 

master kinase of AGC kinase signaling in mammals. The two Arabidopsis PDK1s were shown to 

activate various AGC kinases through the phosphorylation of the T-loop of the substrates (Bögre 

et al. 2003, Anthony et al. 2004, Zegzouti et al. 2006a, Zegzouti et al. 2006b) but for the others the 

upstream regulators remain unknown. Several AGC kinases comprise a short PDK1-interacting 

fragment (PIF motif, FxxF) at their C-terminus, which is thought to be responsible for the 

interaction between PDK1 and its target kinases. In addition, another highly conserved motif (Ade) 

was identified (Kannan et al. 2007), and shown to mediate interaction between PDK1 and AGC 

kinases (Romano et al. 2009), which is highly conserved among animal AGC kinases but not present 

in AGCVIII kinases of plants (Zhang and McCormick 2009). In vitro studies suggest that plant PDK1s 

interact in a quite promiscuous fashion with AGCVIII kinases, which leads to a significant increase 

of auto- and transphosphorylation of several AGCVIII kinases (Anthony et al. 2006, Devarenne et 

al. 2006, Zegzouti et al. 2006a, Zegzouti et al. 2006b). PDK1 phosphorylates a conserved threonine 

residue within the T-loop of animal AGC kinases (Romanelli et al. 2002). AGCVIII kinases possess a 

conserved serine residue at the same position, which represents a phosphorylation target of PDK1 

(Anthony et al. 2004, Devarenne et al. 2006, Zegzouti et al. 2006a). These observations suggest an 

evolutionary conserved PDK1-mediated mechanism of AGC kinase regulation. Despite the in vitro 

phosphorylation characteristics, it remains unknown if PDK1 is the master regulator of AGCVIII 

kinase for various reasons. First, the activity of many AGCVIII kinases is increased by PDK1 in vitro 

but does not depend on the presence of PDK1 (Anthony et al. 2004, Devarenne et al. 2006, 

Zegzouti et al. 2006a). The second point is that neither spatiotemporal expression patterns by in 

situ hybridization or promoter-reporter constructs nor localization studies of PDK1 have been 

carried out so far. Additionally, the absence of a severe pdk1.1 pdk1.2 developmental phenotype 

in Arabidopsis makes it difficult to debate about PDK1’s role as a master regulator of AGCVIII 

kinases. It was speculated that there might be a third kinase with overlapping PDK1 functions, 

which shares only little sequence similarity with PDK1, and has therefore not been identified yet 

(Zhang and McCormick 2009, Zulawski et al. 2014). Other upstream regulators of AGCVIII kinases 

have become subjects of the discussion, such as the secondary messengers Ca2+, cAMP, cGMP, 

and phospholipids (Zhang and McCormick 2009). Benjamins et al. (2001) showed that PID BINDING 

PROTEIN 1 (PBP1) and TOUCH3 contain EF-hands and interact with PID in a Ca2+-dependent 

manner. Ca2+ and a calmodulin inhibitor repress PID activity (Benjamins et al. 2003, Zegzouti et al. 
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2006a). Although AGCVIII kinases do not contain recognizable lipid binding domains (van Leeuwen 

et al. 2004), PID was shown to bind several phospholipids in vitro (Zegzouti et al. 2006b). 

Furthermore, OXI1 activity increases upon phosphatidic acid treatment in a PDK1-dependent 

manner (Anthony et al. 2006). Besides others, these findings open a new sight on PDK1-dependent 

and -independent AGCVIII kinase regulation. 

 

1.2.3 UNICORN – a suppressor of ectopic growth 

 Originally described by Schneitz et al. (1997), ucn mutants show aberrant cell divisions and 

ectopic growth in ovule integuments (Figure 1 3), stamens, petals and cotyledons but never on 

sepals or carpels (Enugutti et al. 2012). The earliest ectopic outgrowths were observed in stages 

2-IV/V but usually the protrusions become obvious in later developmental stages (from early 

stage 3). Cells of the abaxial inner or the adaxial outer integument dividing periclinally and/or 

obliquely instead of strictly anticlinally cause the initiation of the outgrowth. These aberrant 

divisions lead to the introduction of additional cell layers, which will be surrounded by the outer 

layers, i.e. the two layers of the outer integument or only the outermost abaxial layer (Enugutti et 

al. 2012). In ino-2 ucn-1 double mutants, it was shown that the presence of an outer integument 

is not necessary for the formation of aberrant divisions in the inner integument. The authors 

showed that the cells contributing to the outgrowth exhibit at least partial integument identity 

rather than callus (Enugutti et al. 2012). The UCN gene encodes an active AGCVIII kinase that 

facilitates ectopic growth suppression in integuments by directly repressing the KANADI TF ATS 

Figure 1-5 Confocal micrographs 
of mPS-PI stained ovules 
depicting protrusion formation. 

(A) Ler WT, and (B – F) several 
ovule mutants are shown. Please 
note protrusion formation in 
dominant sk21-D line (C and D); 
and enhanced phenotype in ucn-
1 sk21-D double mutants (E) 
strongly enlarged and (F) multiple 
protrusions (compare with B and 
D). Arrows indicate protrusions. 
Scale bars: 20 µm. Figure from 
Enugutti and Schneitz (2013). 
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(Enugutti et al. 2012). Overexpression of ATS within its own expression domain in the dominant 

activation tagging line sk21-D (Gao et al. 2010) causes ucn-related protrusion arising from the 

integuments, and in ucn-1 sk21-D lines the protrusion are strongly enlarged (Figure 1-5). This 

suggests a model, in which the levels of active UCN and ATS relative to each other are of critical 

relevance in the process of ectopic growth suppression in integuments (Enugutti and Schneitz 

2013). 

 Several double mutants between ucn-1 and floral homeotic mutants (Figure 1-6) such as 

ucn-1 agamous-1 (ag-1), ucn-1 apetala2-8 (ap2-8) and ucn-1 apetala3-3 (ap-3-3) displayed that 

UCN acts in an organ- and not in a whorl-specific fashion (Enugutti and Schneitz 2013). 

Furthermore, the authors showed that ucn-1 protrusions arise in an auxin- and cytokinin-

independent manner, and that UCN acts autonomously with respect to ETT and ARF4 (Enugutti 

and Schneitz 2013) suggesting that UCN is independent of the ATS/ETT protein complex important 

for integument initiation. Upstream regulators and downstream targets of UCN, besides ATS, 

remain unknown. UCN’s nature as an AGCVIII kinase raises the question whether PDK1 is involved 

in the regulation of UCN signaling during floral organ and ovule development. 

Figure 1-6 Floral 
phenotypes of ap3 ucn, 
ag ucn and ap2 ucn 
double mutants. 

Light micrographs of (A) 
Ler WT, (B) ucn-1, (C) ap3-
3, (D) ap3-3 ucn-1 (please 
note absence of 
protrusions on sepals), 
(E) ag-1, (F) ag-1 ucn-1 
(please note presence of 
petal protrusions in 
second- and third-whorl 

(arrows)), (G) ap2-8, and (H) ap2-8 ucn-1 (please note protrusions on first-whorl ovules (arrow)). Scale bars: 0.5 
mm. Figure from Enugutti and Schneitz (2013). 
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 Tumorigenesis in animals and plants 

Commonly, a tumor is defined as a neoplastic outgrowth, in which the tumorous cells are 

not in coordination with the surrounding ‘normal’ cells anymore caused by ectopic cell 

proliferation. This definition pertains for animals (Weinberg 2014) as well as for plants (Doonan 

and Sablowski 2010). Animal tumors can be subdivided into benign and malignant tumors. Benign 

tumors, such as lipomas or adenomas for instance, are neoplasms spatially restricted in growth 

that usually grow slowly, display distinct boundaries, and contain differentiated cells. They are 

non-invasive and do not develop metastases. By contrast, malignant tumors (cancers), for 

example testicular or mammary carcinoma, consist of diversely or poorly differentiated cells 

combined with high levels of genomic instability, grow invasively and uncontrollably, and develop 

metastases at a certain point of time (Weinberg 2014). Based on this definition, all observed plant 

tumors so far are of benign origin (Ahuja 1965, Braun 1972, Braun 1975, Dodueva et al. 2007, 

Doonan and Sablowski 2010). The absence of metastatic spread like in animal cancers is explained 

by the presence of rigid cell walls that surround and fix plant cells (Doonan and Sablowski 2010). 

In animals, many tumor suppressor genes have been identified in the last decades of cancer 

research. Amongst many others, AGC kinase family members playing pivotal roles in the regulation 

of proliferation and expansion were shown to be involved in tumorigenesis and cancerogenesis 

(Pearce et al. 2010). For instance, the AGC kinase Warts/LATS that represents a core component 

of Hippo signaling necessary for tumor suppression and organ size regulation (Halder and Johnson 

Figure 1-7 ucn ett and 
ucn ett arf4 ovules 
depict additive 
phenotypes.  

Scanning electron 
micrographs of (A, B, 
D, E, G, H) stage 4 
ovules, and of (C, F) 
flower stage 14 
gynoecia. (A) Ler WT, 
(B) ucn-1, (C) ett-1 
gynoecium, (D) ett-1 
ovule, (E) ucn-1 ett-1 

ovule, (F) ett-1 arf4-1 gynoecium, (G) ett-1 arf4-1 ovule, and (H) ucn-1 ett-1 arf4-1 ovule. Please note the 
additive phenotypes in E and H (compare with B, D and B, G. Arrows indicate protrusions. Scale bars: 20 µm. 
Figure from Enugutti and Schneitz (2013). 
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2011). Mutations in Warts/LATS lead to tumorigenesis in mouse and Drosophila (Justice et al. 

1995, Xu et al. 1995, St John et al. 1999). As well as loss-of-function, increased activity of AGC 

kinases such as Akt/PKB have been demonstrated to be involved in cancer in humans (Vivanco and 

Sawyers 2002, Carpten et al. 2007). Beyond that, the central regulator of animal AGC kinases, 

PDK1, is associated with a variety of human cancers such as melanomas, breast, prostate, and 

gastric cancer (Gagliardi et al. 2017). For detailed information on the role of PDK1 in human cancer, 

see section 1.3.4. 

 

1.3.1 Pathogen-induced tumors 

Most tumor formation in plants is caused by a variety of pathogens, i.e. bacteria, fungi or 

viruses. Several bacteria were shown to cause ectopic outgrowth on their respective host plants 

including the genus Agrobacterium (Lippincott and Lippincott 1975, Gelvin 2003), Pantoea 

agglomerata pv. gypsophilae (Chalupowicz et al. 2006), Pseudomonas savastanoi (Wilson and 

Magie 1964, Wilson 1965, Glickmann et al. 1998, Temsah et al. 2010), and Rhodococcus fascians 

(Vandeputte et al. 2005). These bacteria lead to the formation of gall tumors with variable sizes. 

In order to implement the tumor-inducing molecular mechanisms, all tumor-inducing bacteria 

have achieved the ability, which is determinate on either their plasmids (e.g, Ti-plasmids of 

Agrobacterium tumefaciens) or their chromosomal genes (Morris 1986), to control cytokinin and 

auxin synthesis in the host plant. The best-studied tumor-inducing bacterium is A. tumefaciens 

due to its utilization in the generation of genetically modified plants (Bechtold et al. 1993, Clough 

and Bent 1998).  

Few plant viruses are also capable of tumor induction. The Geminiviridae family (Nagar et 

al. 1995), and Phytoreoviruses of the Reoviridae family (Streissle and Maramorosch 1963, Kudo et 

al. 1991) represent two examples of tumor-inducing plant viruses. Geminiviruses interfere directly 

with the central cell cycle control machinery (Hanley-Bowdoin et al. 2004, Desvoyes et al. 2006, 

Ascencio-Ibáñez et al. 2008, Doonan and Sablowski 2010), which is interesting regarding the fact 

that aberrant activity of central cell cycle control genes does not cause tumor formation in plants 

(Beemster et al. 2003, Doonan and Sablowski 2010, Harashima and Schnittger 2010). 

In addition, some fungi have the ability to cause tumor formation on their host plants. For 

example Ustilago maydis induces tumors on maize plants by fungal protein transfer to (Brefort et 

al. 2009, Skibbe et al. 2010), and induction of auxin synthesis and expression of auxin-responsive 
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genes in the host cells (Doehlemann et al. 2008). Other examples for tumor-inducing fungi are 

Taphrina deformans that leads to tumor formation on peach leaves by increasing cytokinin and 

auxin levels (Sziraki et al. 1975, Tavares et al. 2004), an Dibotryon morbosum (Apiosporina 

morbosa), which causes black knot galls on plants of the Rosaceae family (Fernando et al. 2005). 

Furthermore, plant tumors can be induced by root-knot nematodes, cyst nematodes (Bird 

and Koltai 2000, De Meutter et al. 2003), protists such as Plasmodiophora brassicae (Devos et al. 

2005), and several insects such as gall wasps, aphids and flies (Armstrong 1995). 

1.3.2 Genetic tumors 

Genetic alterations can cause spontaneous tumor development without presence of 

exogenous agents or pathogens. Knowledge gained in animal tumor formation, suggests that 

genetic lesions in genes of core cell cycle regulation result in overproliferation and tumorigenesis 

in plants as well. Various plant tumors caused by several agents exhibit aberrant behavior of genes 

involved in different steps of cell cycle control (Frank et al. 2002, Harrar et al. 2003, Lee et al. 

2004). Interestingly, alterations in many core cell cycle genes does not lead to neoplasm 

development (Beemster et al. 2003, Doonan and Sablowski 2010, Harashima and Schnittger 2010). 

For instance, null-alleles of RETINOBLASTOMA-RELATED (RBR), the single Arabidopsis ortholog of 

the outstanding human tumor suppressor Rb, do not cause tumor formation (Ebel et al. 2004, 

Wachsman et al. 2011). In contrast to animals, plants seem to be quite resistive to tumor 

formation but some genetic examples for tumorigenesis in plants are known, which involve 

complex genetics. Spontaneous genetic tumors appear in interspecies hybrids in particular (Ahuja 

1998). Although some examples including tumor formation in tobacco flowers (Kostoff 1939, 

Sharp and Gunckel 1969), Datura ovules (Blakeslee and Satina 1947), and tomato leaves (Martin 

1966) have been demonstrated quite long time ago, the underlying genetic mechanisms remain 

mostly unknown.  

Single-locus lesions can cause the formation of tumorous structures in plants (Nuttall and 

Lyall 1964). In the last decades, progress on the identification of single-loci has been made, and a 

few examples are presented here. Dominant neomorphic alleles of the maize homeobox gene 

Knotted-1 (Kn-1) lead to ectopic Kn-1 expression resulting in leaf ‘knots’ (Freeling and Hake 1985, 

Smith et al. 1992), and over-dominant allele compilations of the OUTGROWTH-ASSOCIATED 

KINASE (OAK) locus cause ectopic outgrowth on Arabidopsis leaf petioles (Smith et al. 2011). 

Moreover, very-long-chain fatty acids (VLCFAs) were shown to play a critical role in plant growth 
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through the investigation of the pleiotropic gurke (gk)/pepino (pep)/pasticcino (pas) mutants. 

These mutants show ectopic cell proliferation, and the respective genes are involved in VLCFA 

biosynthesis (Torres-Ruiz et al. 1996, Faure et al. 1998, Haberer et al. 2002, Baud et al. 2004, 

Roudier et al. 2010). Furthermore, mutants of the genes TUMOROUS SHOOT 

DEVELOPMENT1/KORRIGAN (TSD1/KOR) and TSD2/QUASIMODO2 (QUA2), which are involved in 

pectin and cellulose biosynthesis, show callus formation at the apex (Frank et al. 2002). These 

findings suggest a crucial role of the cell wall in the control of cellular growth (Mouille et al. 2007, 

Krupková et al. 2007, Krupková and Schmülling 2009). The maintenance of abaxial-adaxial polarity 

in lateral organs is of crucial importance to restrict growth (Eshed et al. 2001, Eshed et al. 2004, 

Pekker et al. 2005, Nakata and Okada 2013). The above-described ett arf4 double mutant as well 

as the kan1 kan2 double mutant show aberrant abaxial outgrowth on leaves (Eshed et al. 2001, 

Pekker et al. 2005), proposing an important role in abaxial fate determination for the auxin 

response factor family members ETT and ARF4 (Ulmasov et al. 1999, Remington et al. 2004).  

Recently, the above-described AGCVIII kinase UCN was shown to act as an Arabidopsis 

tumor suppressor gene in ovules by repressing the KANADI TF ATS (Enugutti et al. 2012, Enugutti 

and Schneitz 2013). Other components of UCN-mediated control of division plane orientation and 

planar growth remain unexposed.  

 

1.3.3 (Phyto-) hormones in tumorigenesis 

Hormones in animals as well as phytohormones in plants play pivotal roles in growth 

regulation, development and tumorigenesis. For example, altered estrogen and progestogen 

levels are related to the development of breast cancer as they act with and through proto-

oncogenes and growth factors to alter normal breast cell proliferation (MacMahon et al. 1973, 

Pike et al. 1993), and hypothalamic hormones are involved in the malignant growth formation in 

many different human organs, e.g. prostatic, ovarian, breast, and pancreatic cancers (Schally et al. 

2001). In plants, altered cytokinin and auxin homeostasis occasionally relate to dedifferentiation 

and tumor formation (Sziraki et al. 1975, Morris 1986, Ahuja 1998, Tavares et al. 2004, Dodueva 

et al. 2007, Doonan and Sablowski 2010). In addition, phytohormones control various cell cycle 

regulators. For example, some cyclins and cyclin-dependent kinases were found to be upregulated 

in response to auxin or cytokinin (Chung and Parish 1995, Riou-Khamlichi et al. 1999, Roudier et 

al. 2003, Sieberer et al. 2003). Taken together, animal and plant hormones have the ability to 
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induce or enhance tumor formation and growth by interfering with the cell cycle control 

machinery.  

 

1.3.4 AGC kinases in tumorigenesis 

As described above, several animal AGC kinases, such as Warts/LATS (Justice et al. 1995, Xu 

et al. 1995, St John et al. 1999, Halder and Johnson 2011) and Akt/PKB (Vivanco and Sawyers 2002, 

Carpten et al. 2007) have been described to be involved in tumorigenesis. Among the human AGC 

kinases, one of them plays the central role in tumor formation and proliferation in various tissues: 

PDK1. This so-called master regulator of AGC kinase signaling is overexpressed in many different 

tumors (Gagliardi et al. 2017). Most forms of mammary carcinoma show PDK1 overexpression 

caused by increased copy number, which is often associated with other genetic alterations in Akt 

signaling (Maurer et al. 2009). In castration-resistant prostate cancer and lymph node metastases, 

the PDK1 containing locus is frequently amplified (Choucair et al. 2012), and in esophageal 

squamous cell carcinoma cells more PDK1 is abundant compared to non-cancerous adjacent cells 

and higher levels of PDK1 are associated with increasaed severity of this cancer type and poor 

prognosis (Yang et al. 2014). Furthermore, PDK1 overexpression is related to melanoma 

(Scortegagna et al. 2014), acute myeloid leukemia (Zabkiewicz et al. 2014), hepatocellular 

carcinoma (Wang et al. 2016), and to gastric cancer, in which the level of PDK1 abundance 

negatively correlates with survival rates (Bai et al. 2016). In plants, PDK1 has not yet been 

associated with tumor formation. In general, only UCN as an AGC kinase within the plant kingdom 

was shown to be involved in tumorous outgrowth suppression in a phytohormone-independent 

manner so far (Enugutti et al. 2012). 
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 Objectives 

3-Phosphoinositide-dependent protein kinases (PDK1s) play pivotal roles in all eukaryotic 

kingdoms of life. In humans, PDK1 is crucial in many developmental and physiological processes 

including tumorigenesis and cancer. In contrast to mammals, the functions of plant PDK1 proteins 

are poorly understood. In this study, I wanted to examine the role of the two Arabidopsis PDK1 

genes in general and their specific roles with respect to the UCN signaling pathway in the control 

of planar growth. 

In addition, I was interested to elucidate the relationship between ATS, which was shown to 

be a component of UCN signaling in integuments, and PDK1. 

My data imply that PDK1 is able to activate UCN and that the activated UCN directly 

represses PDK1 in order to maintain the cell division planes in petals and ovules in an anticlinal 

orientation. Both, PDK1 and ATS need to be present for protrusion formation in ucn-1 ovules.  
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2 MATERIAL AND METHODS  

 Plant work, Plant Genetics and Plant Transformation 

Arabidopsis thaliana (L.) Heynh. var. Columbia (Col-0) and var. Landsberg (erecta mutant) 

(Ler) were used as wild type strains. Plants were grown as described earlier (Fulton et al. 2009). 

The ucn-1 mutant (in Ler) was described previously (Enugutti et al. 2012), and pdk-1 T-DNA lines 

were described before (Camehl et al. 2011). T-DNA insertion lines were received from the NASC 

(pdk1.1-1 SALK_053385, pdk1.1-2 SALK_113251, pdk1.2-2 SAIL_62_G04, pdk1.2-3 SAIL_450_B01). 

Wild type Ler and Col-0 and pdk1.1 pdk1.2 mutant plants were transformed with different 

constructs using Agrobacterium strain GV3101/pMP90 (Deak et al. 1986, Sambrook et al. 1989) 

and the floral dip method (Clough and Bent 1998). Transgenic T1 plants were selected on 

Hygromycin (25 μg/ml) plates, and around 10 dag, viable seedlings were transferred to soil for 

further inspection. 

 Recombinant DNA work 

For DNA and RNA work standard molecular biology techniques were used. PCR-fragments 

used for cloning were obtained using Phusion or Q5 high-fidelity DNA polymerase (both New 

England Biolabs, Frankfurt, Germany). All PCR-based constructs were sequenced (Eurofins 

Genomics, Ebersberg, Germany). The Gateway-based (Invitrogen) pDONR207 was used as entry 

vector, and destination vectors pMDC43 and pMDC83 (Curtis and Grossniklaus 2003) were used 

as binary vectors. Detailed information for all oligonucleotides used in this study is given in table 

7-1 in the supplement. 

 

A PCR standard protocol: 

1. 95 – 98°C   5 min 

2. 95 – 98°C   20 s 

3. 55 – 60°C   20 s 

4. 72°C   (Phusion and Q5 polymerase 30 s/kb; Taq 60 s/kb) 

5. 72°C    5 min 

6. 16°C   pause. Steps 2 – 4 were repeated for 30 – 38 cycles. 
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 Quantitative real-time PCR 

Tissue for quantitative real-time PCR was harvested from 30-day old plants grown under long day 

conditions. Tissue was harvested into Eppendorf tubes, snap frozen in liquid nitrogen, and stored 

at -80°C. With minor changes, RNA extraction, DNase treatment using rDNase (Macherey-Nagel, 

Düren, Germany) and quality control were performed according to the manufacturer’s instruction 

(Macherey-Nagel, Düren, Germany). First-strand cDNA was synthesized from 0.5 - 1.0 μg of total 

RNA via reverse transcription, using the First Strand cDNA Synthesis Kit (ThermoFisher, Schwerte, 

Germany). Quantitative real-time PCR was performed in the 2 step + MeltCurve programme on a 

CFX 96 TouchTM Real-Time PCR detection system (Bio-Rad Laboratories GmbH, Munich, Germany) 

using the GoTaq Real-Time qPCR kit (Promega, Mannheim, Germany), and analysis was done 

essentially as described (Enugutti et al. 2012). Using the ΔΔ-Ct method, PDK1.1 and PDK1.2 gene 

expression levels were normalized against At4g33380, At2g28390, and At5g46630 expression. 

Primer pairs are given in table S1. 

 

 Reporter Constructs 

For plasmid pPDK1.2::gPDK1.2:EGFP pMDC83, 4.253 kb of gPDK1.2 sequence was amplified 

from Col-0 genomic DNA including promoter sequence spanning genomic DNA up to the 3′ end of 

the adjacent gene (1.245 kb) and 3′UTR of PDK1.2 and cloned into pDONR207. pMDC83 (35S 

promoter was removed) was used as destinantion vector. For overexpression constructs, gPDK1.1 

or gPDK1.2 were amplified from Col-0 genomic DNA and cloned into pDONR207. As destination 

vectors, pMDC43 or pMDC83 (35S promoter was replaced by either pUBQ10 or p16) were used, 

respectively. Reporter constructs were cloned by lab technician Regina Hüttl. 

 CRISPR/Cas9 Constructs 

Therefore, I made use of the system developed by Wang et al. (2015), in which an egg cell 

specific promoter (pEC1.2) controls Cas9 expression. I designed a single guide RNA (sgRNA) binding 

to the region +346 to +365 of the UCN coding sequence. The destination vector pHEE401 

containing this sgRNA under control of the U6-26 promoter and the plant optimized Cas9 coding 

sequence under control of pEC1.2 was transformed into Ler and Col-0 WT plants. I thank Qi-Jun 
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Chen (China Agricultural University, Beijing) and Stefanie Sprunck (University of Regensburg, 

Germany) for providing the CRISPR plasmid pHEE401 and pCBC-DT1T2. 

  

 Generation, Expression and Purification of Recombinant 

Proteins 

UCN and PDK1 coding sequences were amplified from floral cDNA (Ler) and cloned into 

pGEX-6P-1 (UCN versions; GE Healthcare, Munich, Germany), pMal-c2x (PDK1 versions; New 

England Biolabs, Frankfurt, Germany), or pET32a (ATS; Novagen, now Merck, Darmstadt, 

Germany). The clones were expressed in the E. coli strain BL21 (DE3) pLysS. Expression from the 

pGEX vector leads to proteins fused to a N-terminal Glutathione Transferase (GST) protein, 

expression from pMal leads to proteins fused to a N-terminal Maltose Binding Protein (MBP). For 

protein expression and purification, bacterial cultures were grown to OD 0.6-0.8 at 37°C. Then, 

the bacteria were induced with 0.8 mM isopropyl-beta-thio galactopyranoside (IPTG) for UCN and 

1.5 mM IPTG for PDK1 and grown at 30°C for 4 h. Subsequently, the recombinant proteins were 

purified from the bacteria by batch purification under native conditions using the Glutathione 

Sepharose 4 Fast Flow (GE Healthcare) for GST fusion proteins and Amylose resin (New England 

Biolabs) for MBP fusion proteins according to the manufacturer’s instructions. As elution buffers 

1xPBS supplemented with 10 mM reduced glutathione or 10 mM maltose was used, respectively. 

For PDK1, four different protein versions were expressed and purified (PDK1.1 WT, PDK1.1KD 

(kinase deficient version containing a K73A mutation), PDK1.2 WT and PDK1.2KD (kinase deficient 

version containing a K74A mutation). For UCN, five different protein versions were expressed and 

purified (UCN WT, UCNG165S (ucn-1 mutation, kinase deficient), UCNKD (kinase deficient version 

containing a K55E mutation), UCNΔPIF (kinase active version lacking the PIF motif at the C-

terminus), and UCNKD/ΔPIF (kinase deficient version lacking the PIF motif at the C-terminus). For 

ATS, WT versions and single, double and triple mutants for S13A, S92A, and S211A were used. For 

MST measurements, the purified proteins were labeled with NT-647 and subsequent MST 

measurements were performed according to the manufacturer’s instructions (NanoTemper 

GmbH, Munich, Germany). 
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 In vitro kinase assay 

For kinase assays, the proteins were purified as described above and concentrations were 

estimated on a 12% SDS PAGE using BSA as standard protein. Assays were performed with 

approximately 500 ng of respective protein(s) and incubated in HMK buffer (10 mM HEPES, 10 

mM MgCl2, 10 µM ATP and 2 µCi of either γ-32P-ATP or γ-33P-ATP (Hartmann Analytik, 

Braunschweig, Germany)) at RT for 1 h. Reactions were stopped by adding 4 µL 6xLaemmli buffer 

and boiling at 95°C for 5 min. In order to separate the proteins, 12% SDS PAGE was performed. 

Subsequently, the gels were stained with Coomassie Brilliant Blue G250, destained in 10% acetic 

acid and dried. Phosphorimager plates were exposed at RT over night and signals were detected 

using a Fuji BAS Phosphorimager (Fujifilm, Düsseldorf, Germany). 

 

 Yeast Two-Hybrid assay 

For yeast two-hybrid assays, the above-mentioned four PDK1 and five UCN versions were 

used. The coding sequences of these versions were cloned into pGBKT7 and pGADT7 vectors, 

respectively (Clontech Laboratories/Takara Bio, Saint-Germain-en-Laye, France). Plasmids were 

transformed into yeast strain AH109 and transformants were selected on SD-LW medium (SD 

medium without Leu and Trp). Three independent colonies of each combination were 

resuspended each in 500 µL ddH2O, diluted 1:100 and 10µL of the dilutions were spotted on SD-

LWHA (SD medium without Leu, Trp, His and Adenine) supplemented with 5 mM 3-AT and grown at 

30°C for 3 days. 

 

 BiFC assay 

For Bimolecular Fluorescence Complementation (BiFC), the above-mentioned four PDK1 

and five UCN versions were cloned into pSPYCE-35S and pSPYNE-35S vectors, respectively (Walter 

et al. 2004). Plasmids were transformed into Col-0 mesophyll protoplasts as published (Yoo et al. 

2007). Protoplasts were incubated gently shaking at 21°C in the dark for 10 – 15 h and 

subsequently imaged using a FV1000 confocal microscope (Olympus, Hamburg, Germany) with 

excitation at 515 nm and detection at 521 – 559 nm for YFP fluorescence. At least 800 viable 

protoplasts per combination were analyzed using a FV1000 confocal microscope.  
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  In Situ Hybridization and Microscopy 

Whole mount in situ hybridization of ovules was performed according to Bleckmann and 

Dresselhaus (2016). Digoxigenin-labeled probe generation has been described earlier (Sieber et 

al. 2004). For microscopic analysis of in situ hybridizations, an Olympus BX61 upright microscope 

with DIC optics was used. Whole mount in situ hybridization was performed by lab technician 

Katrin Wassmer. 

Confocal laser scanning microscopy using modified pseudo-Schiff propidium iodide (mPS-PI) 

staining or detection of EGFP was performed as described earlier (Vaddepalli et al. 2014). mPS-PI 

staining was performed according to Truernit et al. (2008). Whole flowers and silique micrographs 

were obtained using an Olympus SZX12 stereomicroscope equipped with a XC CCD camera and 

Cell Sense Dimension software.  

 

  Growth media, growth conditions and frequently used 

buffers 

Ingredients are dissolved in deionized H2O, and all media need to be autoclaved. 

 

Lysogeny broth (LB) medium (for standard molecular biology/cloning):  

1% tryptone, 0.5% yeast extract, 10% NaCl, (0.9% bacto agar) 

 

Terrific broth (TB) medium (for protein expression in E.coli): 

1.2% tryptone, 2.4% yeast extract, 0.5% glycerol 

Dissolve in deionized water and autoclave. Add 1/10 of the final volume of 10x TB phosphate 

buffer (0.17 M KH2PO4, 0.72 M K2HPO4). 

 

½ Murashige-Skoog medium (for plant tissue culture): 

0.22% MS medium powder, (1% sucrose), 0.9% Agar (plant cell culture tested) 

 

YPD medium (yeast rich medium): 

2% tryptone, 1% yeast extract, (2.4% bacto agar), 2% glucose 
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SD-LW: 

0.67% yeast nitrogen base (double drop-out; SD lacking leucine and tryptophan), 2% glucose, (2% 

bacto agar) 

 

SD-LWH: 

0.67% yeast nitrogen base (triple drop-out; SD lacking leucine, tryptophan and histidine), 2% 

glucose , (2% bacto agar) 

 

SD media might be supplemented with 5 – 10 mM 3-AT. 

 

YEB medium (A. tumefaciens liquid culture for plant transformation): 

0.5% beef extract, 0.1 % yeast extract, 0.5% tryptone, 0.5% sucrose, 0.5 g/L MgCl2 

 

SOC medium (for regeneration of E.coli after transformation): 

0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 20 mM glucose, supplemented with 20 

mM Mg2+ (10 mM MgCl2; 10 mM MgSO4) after autoclaving. 

 

10x PBS: 

30 mM NaH2PO4, 70 mM Na2HPO4, 1.3 M NaCl 

 

5x TBE: 

450 mM Tris Base, 400 mM boric acid, 10 mM EDTA pH 8, pH should be 8.3 

 

Growth conditions were as follows: E.coli for standard molecular biology was grown at 37°C 

over night. E.coli BL21(DE3) for protein expression and purification was grown at 37°C until they 

reached OD600 = 0.5 – 0.6. Subsequently, IPTG was added to a final concentration of 0.8 mM (for 

GST-UCN version), 1.5 mM (for MBP-PDK1 versions) and 1 mM (for Trx-6xHis-ATS) and the cells 

were incubated at 30°C for another 4 h. Yeast AH109 was grown at 30°C for 2 – 3 d. Seedlings were 

grown on ½ MS with or without 1% sucrose at 22°C and continuous light for 8 – 12 d. 
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Antibiotics for bacterial selection were used at final concentrations as follows: 

Kanamycin 50 µg/mL; Ampicillin 100 µg/mL; Spectinomycin 100 µg/mL; Gentamycin 25 µg/mL; 

Tetracyclin 12.5 µg/mL; and Rifampicin 10 µg/mL. 

 

  Bioinformatics 

Bioinformatic analysis was mainly performed using geneious software. Alignments were 

generated with geneious software using a ClustalW algorithm with BLOSUM62 matrix. Sequencing 

results were analyzed in geneious software using the map to reference tool with geneious mapper 

and highest sensitivity. 
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3 RESULTS 

 Characterization of the Arabidopsis AGC kinases PDK1.1 and 

PDK1.2 

3.1.1 Structure-function properties of PDK1 and conservation between the 

two Arabidopsis PDK1 and PDK1 proteins of other plant species 

In order to evaluate the importance of 3-phosphoinositide-dependent protein kinases 

(PDK1), I have performed in silico analyses regarding structural and functional properties and 

conservation within the plant kingdom. PDK1 shows unique structural and functional properties 

within the AGC kinase family. This kinase is the only plant AGC kinase containing a lipid-binding 

domain, the Pleckstrin Homology (PH) domain. This domain facilitates the interaction of PDK1 with 

phospholipids such as phosphatidic acid in order to transduce signals from outside the cell usually 

via other AGC kinases to adapt the expression patterns and/or levels of target genes or modify 

enzymatic activity in order to respond to intrinsic or environmental changes. Besides the presence 

of the PH domain and the PIF binding pocket, which enables PDK1 to interact with downstream 

AGC kinases containing a PDK1 interacting fragment (PIF), the structural properties resemble 

standard kinase structure including an activation segment starting with the Magnesium-binding 

loop DFG and containing a conserved T-residue in the so-called T-loop. 

 

 

 

Since PDK1s are protein kinases of fundamental importance in the life cycle of many 

eukaryotic organisms, I have analyzed the sequences of 29 flowering plant species using ClustalW 

algorithm and BLOSUM62 (BLSM62) matrix (-1; for detailed protein sequences see Figure 7-1 in 

Figure 3-1 Schematic depiction of PDK1 domain structure.  
The Pleckstrin Homology (PH) domain facilitates the interaction with phospholipids such as phosphatidic acid, the 
T-loop of the activation segment needs to be autophosphorylated to activate the kinase, and the PIF binding 
pocket ensures the interaction with the substrates of the AGC kinase family.  
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the supplement). The black bars show highly conserved regions, which are depicted in the identity 

bar in green (identical) or ocher (highly similar). Here, I found that PDK1 protein sequences of very 

distinct angiosperm species such as Brassicaceae family members (No. 1 – 10), trees (No. 15, 19, 

and 23) or important crop plants (No. 26 – 29) show high conservation of more than 75% at the 

protein sequence level. Excluding Ricinus communis and Vitis vinifera, the gap of 23 amino acids 

(AA) at positions 27 to 49 narrows down and results in even higher conservation of the remaining 

27 kinases. Two regions, the first one of eleven AA (363 – 373) and the second one of 19 AA at 

positions 387 – 405 show moderate to little conservation and are therefore variable. Pairwise 

identity between all 29 analyzed kinases is 82.6 % and pairwise positive are 87 % according to the 

used BLSM62 matrix. The in silico analysis shows high overall conservation of the unique lipid 

binding AGC kinase among flowering plants leading to the assumption that PDK1 is a kinase of 

crucial importance as it has been shown for the animal PDK1s (Lawlor et al. 2002, Mora et al. 

2004). 

 
Figure 3-2 Alignment of 
PDK1 protein sequences of 
different plant species.  
Black bars indicate identity 
or high similarity, grey bars 
similarity, and light grey 
bars little similarity. Lines 
show gaps. Alignment was 
performed in Geneious 
software using ClustalW 
algorithm with BLSM62 
matrix. Detailed sequence 
information is shown in
Figure 7-1 in the 
supplement. 
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3.1.2 PDK1 expression analysis 

In order to examine if the Arabidopsis PDK1 genes have specific expression properties during 

plant development or physiological changes in the environment, expression levels of PDK1.1 and 

PDK1.2 were analyzed using AtGenExpress (Kilian et al. 2007). This analysis reveals constant 

expression throughout plant development with an exception during stamen and pollen 

development, in which especially PDK1.2 is strongly upregulated (Figure 3-3). Furthermore, the 

expression levels of both the PDK1 genes are quite constant in all applied treatments (light, 

pathogen, hormone and abiotic stress). Thus, PDK1 seems not to be specifically involved in 

particular processes but throughout plant development indicating a role for PDK1 in many aspects 

of the Arabidopsis life cycle. In addition to the above mentioned in silico analysis, I performed 

quantitative Real-Time PCR (qPCR) experiments of stage 9 – 13 flowers, and in situ hybridizations 

were performed by lab technician Katrin Wassmer (see section 3.2.1.2, Figure 3-9). In these 

experiments, no significant difference between the two PDK1 genes as well as the tested tissues 

could be demonstrated supporting the results from AtGenExpress. 

 

Figure 3-3 Mean-normalized and 
absolute expression levels of 
PDK1.1 (At5g04510) and PDK1.2
(At3g10540). 
The expression levels of PDK1.1
(red) and PDK1.2 (green) according 
to AtGenExpress (Kilian et al. 2007)
are shown. (A) Mean-normalized 
and (B) absolute expression levels. 
Both PDK1s are expressed in all 
developmental stages as well as in 
all other tested conditions (data of 
light, hormonal, pathogen, and 
abiotic stress treatments are not 
shown. Both the PDK1 genes are 
expressed at constant levels except 
for stamen and pollen 
development, in which especially 
PDK1.2 is strongly upregulated. 
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3.1.3  pdk1 double knockout plants show a surprisingly mild phenotype 

In order to examine the phenotypic characteristics of pdk1 knockout lines, I received two 

independent T-DNA lines for each of the PDK1 genes from the Nottingham Arabidopsis Stock 

Centre (NASC). For PDK1.1, I named these lines pdk1.1-1 (SALK_053385) and pdk1.1-2 

(SALK_113251), and for PDK1.2 I called them pdk1.2-2 (SAIL_62_G04) and pdk1.2-3 

(SAIL_450_B01). Insertion sites were analyzed by sequencing. SALK_053385 T-DNA is located 305 

bp upstream of the first ATG within the 5’ untranslated region (5’ UTR), SALK_113251 is integrated 

within the tenth exon 2255 bp downstream of the first ATG of PDK1.1. These lines do not exhibit 

PDK1.1 expression by RT-PCR (supplemental Figure 7-2). SAIL_62_G04 was detected within the 

 

Figure 3-4 Phenotypic characterization of pdk1 T-DNA lines. 
Floral shapes and silique sizes of (A) Col-0 WT, (B) pdk1.1, (C) pdk1.2, and (D) pdk1.1 pdk1.2 T-DNA lines 
are shown. Please note that flowers do not show an obvious phenotype. Siliques of the double insertion 
lines (DILs) are shorter, slightly thicker and contain less ovules compared to WT and single insertion lines. 
(E) 35 days old plants of pdk1.1-1 pdk1.2-2, pdk1.1-2 pdk1.2-3 and Col-0 WT (from left to right). DILs 
exhibit reduced height, single insertion lines (supplemental Figure 7-2) are indistinguishable from WT. (F) 
Gene structure of PDK1.1 and PDK1.2 including T-DNA insertion sites. Grey boxes represent UTRs, black 
boxes exons, lines introns, and light grey arrowheads indicate primer pairs to determine transcripts in 
Col-0 and T-DNA lines. Scale bars (flowers) 1mm; (siliques) 2 mm; (E) 10 cm. 
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fourth exon 858 bp downstream of the first ATG, and SAIL_450_B01 is situated within the sixth 

intron at position +1311 of the genomic DNA. RT-PCR revealed no transcript in both the pdk1.2 T-

DNA lines (supplemental Figure 7-2). These results corroborate the ones obtained by Camehl et 

al. (2011), who analyzed two of them before (SALK_113251 and SAIL_450_B01). I have performed 

subsequent analysis of their phenotypic characteristics in all four above mentioned T-DNA lines 

and in two independent double insertion lines (pdk1.1-1 pdk1.2-2 and pdk1.1-2 pdk1.2-3, ‘DILs’). 

As shown in Figure 3-4, the single pdk1 lines do not exhibit any phenotype (A, B) but both DILs 

differ from the WT slightly in plant height and silique size as well as in number of ovules per silique. 

Interestingly, the DIL phenotype is not very severe compared to other species, in which a PDK1 

knockout leads often to (embryo) lethality. It was speculated that there might be a third kinase in 

Arabidopsis with overlapping PDK1 function. Zulawski and colleagues claimed that they found in 

in silico analyses a third PDK1 gene, which they named PDK1.3 (At2g20050) (Zulawski et al. 2014). 

I have analyzed this gene with respect to the two known PDK1 genes PDK1.1 (At5g04510) and 

PDK1.2 (At3g10540). In fact, At2g20050 encodes a PROTEIN PHOSPHATASE 2C (PP2C) containing 

an additional cyclic nucleotide-binding/kinase domain (Schweighofer et al. 2004, Xue et al. 2008). 

In my analysis (see supplemental Figure 7-4), I could not reveal any indication that At2g20050 

represents a third Arabidopsis 3-phosphoinositide-dependent kinase 1 (PDK1). The protein 

encoded by At2g20050 does neither contain a typical Mg2+-binding site (DFD or DFG) nor a T-loop 

(CTFVGTAAY) both crucial for kinase activity. Furthermore, I performed a pairwise alignment using 

ClustalW algorithm and BLOSUM62 matrix. Whereas the two PDK1 proteins (PDK1.1 and 1.2) 

exhibit 91.1% identical sites, AT2g20050 shares only 10.4% identity with them (supplemental 

Figure 7-4). In addition, At2g20050 comprises a sequence length of 1094 AA whereas PDK1.1 and 

1.2 are 491 and 486 AA in length, respectively. Therefore, I strongly doubt that the gene product 

of the locus At2g20050 represents a protein with PDK1 function. 
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3.1.4 Subcellular distribution of PDK1:EGFP fusion proteins 

 

As shown in section 3.1.2, both PDK1 genes are expressed throughout all developmental 

stages in Arabidopsis. In order to investigate the subcellular localization of PDK1, I first explored 

the SUBA4 database (Hooper et al. 2014, Hooper et al. 2017). Their predictions localize PDK1.1 to 

 

Figure 3-5 Subcellular localization of PDK1.2:EGFP fusion proteins in different tissues.  

Confocal micrographs depicting the subcellular distribution of PDK1.2:EGFP fusion proteins under control of 
the native PDK1.2 promoter. (A) Anther, (B) cauline leaf, (BI) higher magnification of the region in (B), (C) ovule. 
(D) lateral root, (DI) higher magnification of the region in (D), (E) sepal, (EI) higher magnification of the region in 
(E). Arrows indicate the absence of GFP signals at the cell wall, arrowheads indicate plasma membranes, and 
asterisks indicate absence of GFP signals in the nuclei. Scale bars: 20µm.  
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the nucleus and PDK1.2 to the cytosol. Furthermore, I generated pPDK1.2::PDK1.2::EGFP lines and 

analyzed them using a confocal microscope. All lines, native pPDK1.2::gPDK1.2:EGFP and 

overexpressors (under pUBQ10 or p16 promoter), show GFP signal distribution within the cytosol 

(Figure 3-5 and Figure 3-6). I studied all above-mentioned lines in several different tissues and 

found subcellular distribution to be almost uniform in all lines and tissues. To examine the 

localization under more natural conditions, I analyzed four lines expressing 

pPDK1.2::PDK1.2:EGFP. These lines showed rescue of the DIL phenotype making it a functional 

construct. I observed GFP signals in all four lines and all examined tissues. In Figure 3-5 A, the 

localization of PDK1.2:EGFP in an anther is shown and localization does not differ from those in 

cauline leafs (Figure 3-5 B and BI), ovules (Figure 3-5 C), and sepals (Figure 3-5 E and EI). In roots 

(Figure 3-5 D and DI), PDK1.2:EGFP localizes to the cytosol and most likely to the plasma 

membrane. 

Interestingly, PDK1.1:EGFP in overexpressors (driven by pUBQ10) also localizes to the 

cytosol, not in the nucleus as predicted. In roots, I observed that PDK1.1:EGFP is not localizing to 

nuclei but to the cytosol, the plasma membrane and probably in the endoplasmic reticulum (ER) 

(Figure 3-6 C and CI, arrowheads indicate plasma membranes, asterisks indicate nuclei, and 

magenta arrows might indicate ER). By contrast, ER localization was not observed in native 

pPDK1.2::PDK1.2:EGFP lines. Taken together, both PDK1:EGFP fusion proteins localize equally to 

the cytosol in all examined tissues, and the data suggest that PDK1:EGFP localizes as well to the 

plasma membrane. ER localization might be an artifact of overexpression. 
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Figure 3-6 Subcellular 
localization of 
PDK1:EGFP.  

Confocal micrographs 
depicting subcellular 
distribution of 
PDK1:EGFP in 
overexpression lines. (A) 
pUBQ10::PDK1.2:EGFP, 
(B+C) 
pUBQ10::PDK1.1:EGFP.  

(A) Filament, (AI) higher 
magnification of the 
region in (A), (B) ovule, 
(C) transition zone of a 
root, and (CI) higher 
magnification of the 
region in (C). Arrows in 
(AI) indicate the absence 
of GFP signal at the cell 
walls, magenta arrows in 
(CI) indicate most likely 
endoplasmic reticulum 
(ER), arrowheads indicate 
plasma membranes and 
asterisks indicate nuclei. 
Scale bars: 20 µm. 
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 Mechanism of UCN-mediated control of ovule and floral organ 

development via PDK1 

PDK1 is known to be a major regulator for AGC kinase signaling in mammals as well as in 

plants (Pearce et al. 2010). For several AGCVIII kinases of Arabidopsis, PDK1 is the upstream 

modulator including AGC2-1, which represents one of the closest relatives of UCN. Thus, I tested 

involvement of PDK1 in UCN signaling. 

 

3.2.1 The knockout of either PDK1 gene almost completely rescues ucn-1 

The ucn-1 mutant exhibits aberrant cell divisions and growth aberrations in several tissues, 

including petals and ovule integuments. These aberrant cell divisions eventually result in tumor-

like structures, the so-called protrusions, which consist of differentiated cells (Enugutti et al. 

2012). Wild type integument cells divide in a stereotypic anticlinal fashion but ucn-1 mutants are 

impaired in these stereotypic divisions. In order to examine whether or not PDK1 interacts 

genetically with UCN, I analyzed ucn-1 pdk1 double mutants in homozygous F3 generation. To 

eliminate effects deriving from the genetic background, I performed three independent crossings 

of ucn-1 (female) and Col-0 (male) and reciprocal.  

 

3.2.1.1 Flower and ovule phenotypes 

To investigate the role of PDK1 in UCN signaling, I have analyzed a total number of more 

than 30,000 ovules of three independent crossings of each combination. For each crossing, three 

independent F3 plants were analyzed (for raw data see Table 7-2 in the supplement). Surprisingly, 

the knockout of either PDK1.1 or PDK1.2 is sufficient to rescue floral and ovule phenotypes of ucn-

1 (Figure 3-7). The pdk1.1 ucn-1 lines are able to rescue 80 % of the analyzed ovules; pdk1.2 

restores aberrations in 90 % of the ovules of pdk1.2 ucn-1 double mutants whereas in ucn-1 Col-0 

outcrosses the proportion of intact ovules only increases by 10 % to 20 % ovules without 

aberrations. Interestingly, the knockout of both PDK1 genes in ucn-1 background does not lead to 

a higher rescue level compared to pdk1.2 ucn-1 double mutants (Figure 3-7, E).  
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Here, I show that knockout of only one of the two PDK1 genes is sufficient to prevent the 

occurrence of tumor-like outgrowths from the ovule integuments (80 – 90 % rescue), and to 

restore the floral shape to WT. pdk1 does not only inhibit the outgrowth of the typical ucn-1 

protrusions but also restores the stereotypic anticlinal division plane within the integuments 

(Figure 3-7). The result further suggests that UCN represses PDK1 in the control of integument 

growth and floral organ development. 

 

Figure 3-7 Restoration 
of floral and ovule 
phenotypes in pdk1 
ucn-1 double mutants. 

(A – D) Upper panel: 
Floral phenotypes, 
lower panel: confocal 
micrographs of mPS-PI 
stained ovules. (A) Ler, 
(B) ucn-1, (C) pdk1.1-1 
ucn-1 and (D) pdk1.2-2 
ucn-1. (E) Percentage 
of respective ovule 
phenotypes of Ler, 
ucn-1, Col-0, ucn-1 
outcrossed to Ler and 
Col-0 (F3 plants 
homozygous for ucn-1) 
and homozygous 
double mutants 
(pdk1.1 ucn-1 and 
pdk1.2 ucn-1). 
Knockout of pdk1.1 
and pdk1.2 restore 
ucn-1 phenotype to 80 
% and 90 % of the WT 
level, respectively. 
Arrow indicates 
protrusion in ucn-1 
ovule. Scale bars 
(upper panel): 1 mm, 
(lower panel): 20 µm. 
Sample size were as 
given in Table 7-2 (see 
supplement). 
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3.2.1.2 PDK1 expression is not altered in ucn-1 mutants 

The above-mentioned rescue of ucn-1 phenotypes by pdk1 raised the question how PDK1 is 

downregulated in the control of planar growth. A previous study indicated that PDK1.2 transcript 

levels are increased in inflorescences and stems of ucn-1 compared to Ler (Kirchhelle 2012). In 

order to exclude that the increment in inflorescences is due to stem contamination, I performed 

new qPCR experiments together with Annemarie Krauss (internship student) using only flowers 

without pedicel and stem. Thereby I realized that the forward primer for PDK1.2 used in Kirchhelle 

(2012) binds upon a SNP between Ler and Col-0. It seems that she designed the primers according 

to Col-0 sequence, which leads to a mismatch binding in Ler. Hence, I designed a new primer 

according to Ler sequence in order to exclude adulteration of transcript levels due to mismatch 

binding. The results of the new qPCR experiments show that transcript levels are not significantly 

altered, neither for any PDK1 nor for the two tested tissues (Figure 3-8). This indicates that UCN 

does not influence the expression levels of the PDK1 genes. 

 

Figure 3-8 PDK1.1 and PDK1.2 expression levels in flowers and stems of Ler and ucn-1. 

Expression is depicted as relative expression normalized against references gene At5g25760 (UBC21), At2g28390, and 
At4g33380. PDK1.1 expression levels are named ‘1’, and PDK1.2 expression levels are named ‘2’. Expression levels are 
depicted as relative to Ler expression (=1). Please note no significant differences between Ler and ucn-1. p-values (Ler vs. 
ucn-1) are as follows: PDK1.1 flowers p=0.28; PDK1.1 stem p=0.56; PDK1.2 flowers p=0.44; PDK1.2 stem p=0.55. n = 5. 
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Moreover, I investigated expression patterns of both PDK1 genes in ucn-1 mutant ovules 

compared to Ler. Interestingly, the localization of both PDK1 mRNAs did not show any alterations 

in ucn-1 mutants compared to Ler WT. Whole mount in situ hybridizations using antisense probe 

against PDK1.1 and PDK1.2 mRNA, respectively, revealed that there was no obvious change in the 

expression patterns of PDK1 genes during different stages of ovule development of ucn-1 and Ler 

are equal. Sense probe controls do not exhibit any signals. Exclusively the nucellus in early 

developmental stages exhibits no signals (Figure 3-9). Lab technician Katrin Wassmer performed 

in situ hybridization experiments.  

Taken together, the genetic results indicate that UCN represses PDK1. Enhanced PDK1 

activity is responsible for aberrant cell divisions and abnormal development of ovule integuments 

and abnormal floral organ shape in ucn-1 mutants. Thus, the results emphasize the significance of 

correct negative regulation of PDK1.  

Figure 3-9 Whole 
mount in situ 
hybridizations. Stages 
of ovule organogenesis 
(anti-sense, from left 
to right): 2-V, 3-I to 3-
II, and 3-VI; stages 
according to Schneitz 
et al. (1995).  

Distribution of PDK1.1 
mRNA in (A) Ler and (B) 
ucn-1 ovules, and 
distribution of PDK1.2 
mRNA in (C) Ler and (D) 
ucn-1 ovules of three 

different 
developmental stages. 
The right panel shows 
sense probe control 
lacking any signals. 
Please note that mRNA 
distribution of both 
PDK1s is equal between 

Ler and ucn-1, and present throughout ovule development except in nucelli (n) in early developmental stages. 
Arrows indicate typical ucn-1 protrusions, in which PDK1 mRNA is present. Scale bars: 25 µm. 
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3.2.2 PDK1 overexpression leads to a ucn-1-like phenotype 

If UCN represses PDK1 overexpression of PDK1 in WT should result in a ucn phenocopy.  In 

order to test this prediction, I designed several constructs harboring genomic PDK1.1 or PDK1.2 

(gPDK1.1/gPDK1.2) sequence, respectively, under control of either p16, UBQ10 or endogenous 

PDK1.2 promoter and fused to EGFP (N- or C-terminal). For pPDK1.2, I used 1039 bp upstream of 

PDK1.2 including 3’UTR of the adjacent gene (AT3G10530). Regina Hüttl (lab technician) cloned 

 

Figure 3-10 Morphological 
phenotypes of PDK1 over-
expressors.  

(A-C) Overexpression of 
either PDK1 rescues the 
double KO phenotype. (a, 
b) pdk1 double mutants, 
(c) Col-0 WT, (d) p16:: 
gPDK1.1:EGFP, (e) 
p16::gPDK1.2 :EGFP, (f) 
pUBQ10::EGFP: gPDK1.1, 
(g) pUBQ10::EGFP 
:gPDK1.2, and (h) 
pPDK1.2::gPDK1.2:EGFP. 
All constructs restore plant 
height ( and silique length 
(not shown). (D-G) Stereo 
micrographs of flowers, 
and (H-I) confocal 
micrographs of mPS-PI 
stained ovules of (D, H) 
Col-0, (E, I) ucn-1, (F, J) 
PDK1.1OX, and (G, K) 
PDK1.2OX. PDK1 
overexpression lines show 
a milder ucn-1-like 
phenotype in flowers and 
ovules. (L) Percentage of 
respective ovule 
phenotypes in WT, ucn-1, 
and 10 independent 
overexpressors (#2-1 to 
#2-14 overexpressing 
PDK1.2, and #1-3 to #1-11 
overexpressing PDK1.1). 
Sample sizes were as given 
in Table 3-1. Arrows in (I-K) 
indicate protrusions. Scale 
bars: (A-C) 10 cm; (D-G) 1 
mm; (H-K) 20 µm.  
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these constructs and I transformed them into WT and into DILs to investigate functionality of the 

constructs. In comparison to Col-0 WT, plant height and silique length are reduced in pdk1.1 

pdk1.2 double KO lines. Introduction of either PDK1 gene fused to EGFP restores these 

development restraints to WT levels. As shown in Figure 3-10 (A-C), all constructs restore 

developmental defects of DILs to WT situation. Furthermore, overexpression leads to a milder ucn-

1-like floral and ovule phenotypes. I analyzed in total 3056 ovules of five independent lines for 

each PDK1, and compared them with 174 Col-0, 193 Ler and 296 ucn-1 ovules (see Table 3-1). 

Severity of the observed ovule phenotypes ranges from 6.1% (Line #2-14) to 23.6% (Line #2-1) of 

ovules show a single protrusion. Additionally, PDK1 overexpression lines depict polarity defects in 

root hairs (supplementary Figure 7-3). Root hairs show branching and ballooning. This finding 

indicates that PDK1 is involved in cell polarity. 

Unlike ucn-1 mutants, PDK1OX lines do not show more than one protrusion in any case, and 

I did not observe any statistical difference between those lines overexpressing PDK1.1 and those 

overexpressing PDK1.2 (see Figure 3-10 L). 

 

 

In addition, I determined the expression levels of the above-mentioned ten independent 

PDK1:EGFP overexpression lines. The expression levels correspond to severity of the ovule 

phenotypes, i.e. the higher the expression level of either PDK1 the more ovules with neoplastic 

integument growth I observed (with an exception for lines #2-9 and #2-11, in which #2-9 shows 

higher expression levels but less outgrowth; compare Table 3-1, Figure 3-10 and Figure 3-11). It 

Table 3-1 Ovule phenotypes of PDK1 overexpressors compared to Col-0, Ler and ucn-1 mutant. 
Absolute numbers and percentages of respective ovule phenotype are given. #2-1 to #2-14 represent 
five independent transgenic lines overexpressing PDK1.2:EGFP. #1-3 to #1-11 represent five 
independent transgenic lines overexpressing PDK1.1:EGFP. 
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seems that a certain expression level (about 80-fold) causes the strongest phenotype due to 

overexpression of PDK1 because even higher levels of PDK1 transcript do not lead to stronger 

phenotypes, i.e. in all lines (#2-1, 2-5, 2-9, 1-3, 1-4 and 1-7), in which the expression level reaches 

80-fold the proportion of ovules harboring protrusions is around 20%.  

 
  

Figure 3-11 PDK1.1 and PDK1.2 expression in flowers of overexpression lines. 

Expression is depicted as relative expression normalized against reference gene At5g25760 (UBC21).(A) PDK1.1 
expression levels relative to Ler expression (= 1) in five PDK1.1 (#1-3 to #1-11) and five PDK1.2 (#2-1 to #2-14) 
overexpressors. (B) PDK1.2 expression levels relative to Ler expression (= 1) in five PDK1.2 and five PDK1.1 
overexpressors. Note log10 scale on the axis of ordinates (y-axis). N = 3 (biological triplicates). 
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3.2.3 UCN regulates planar growth in ovule integuments and floral organ 

development through a direct negative regulation of PDK1 

The previous results suggest that UCN represses PDK1 in a posttranscriptional manner. To 

gain more insights into UCN-mediated PDK1 regulation, I designed independent approaches to 

examine potential direct PDK1-UCN protein-protein interaction. Therefore, I performed in vitro 

kinase, yeast two-hybrid (Y2H) and bimolecular fluorescence complementation (BiFC) assays, and 

microscale thermophoresis (MST) measurements. These studies show that PDK1 and UCN directly 

interact. Rescue of ucn by pdk1, the unaltered PDK1 expression properties in ucn-1 mutants and 

the direct protein-protein interaction between PDK1 and UCN suggest that UCN directly represses 

protein activity of PDK1. 

 

3.2.3.1 PDK1 and UCN interact in MST assays 

Microscale thermophoresis (MST) measurements are based on thermophoresis, also 

termed Ludwig-Soret effect (Ludwig 1856, Soret 1880). Thermophoresis describes the directed 

movement of molecules along a temperature gradient, in MST along a microscopic temperature 

gradient (usually 2 – 4 Kelvin). Thermophoresis depends on the size, charge and solvation entropy 

of the molecules. The thermophoresis of a fluorescently labeled molecule A differs significantly 

from the thermophoresis of a complex AB. This difference can be used to determine the binding 

affinity. The principle of MST was described in detail before (Duhr and Braun 2006, Jerabek-

Willemsen et al. 2011). 

In order to test whether PDK1 and UCN are able to interact in vitro, I employed a MST 

approach together with Nicole Wenck (Bachelor student). For this purpose, we expressed 

recombinant proteins in E.coli (PDK1 versions N-terminally fused to maltose binding protein (MBP) 

tags, and UCN N-terminally fused to a glutathione transferase (GST) tag). To measure interactions 

using MST method, one of the potential interaction partners needs to be fluorescently labeled. 

Therefore, I labeled MBP, MBP:PDK1.1 and MBP:PDK1.2, respectively, with NT-647-NHS.  

To test if MBP can interact with GST in vitro, we labeled MBP and used GST as the ligand. 

This combination does not show any retardation of movement along the 2 K temperature gradient 

(Figure 3-12C) meaning that MBP and GST do not interact in MST assays. In preliminary MST 

approaches, in vitro interaction between MBP:PDK1.1 or MBP:PDK1.2, respectively, and GST:UCN 
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was shown (Figure 3-12, A and B). Dose response curves of both combinations (PDK1.1labeled + UCN, 

and PDK1.2labeled + UCN) display the retardation of movement of the labeled partner (PDK1) with 

increasing concentrations of the ligand (UCN) along the 2 K temperature gradient.  

Nicole Wenck showed in MST experiments, in which she labeled either GST or GST:UCN and 

used MBP or MBP:PDK1 as the ligand, that these combinations all show retardation of movement 

with increasing ligand concentrations (not shown). These findings indicate that the GST-tag is – 

despite the instructions of the manufacturer (NanoTemper, Munich) – not useful for MST 

measurements, and fluorescently labeling of GST-tagged proteins leads to false positive results. 

 

Figure 3-12 Microscale 
thermophoresis (MST) 
measurements of MBP: 
PDK1labeled and GST:UCN. 

Dose response curves of 
MST measurements are 
depicted. MBP:PDK1.1, 
MBP:PDK1.2 or MBP were 
fluorescently labeled with 
NT-647, respectively. The 
labeled protein is hold 
constant, the unlabeled 
partner (ligand) is applied in 
a 16 times 1:2 dilution 
series. (A) Fluorescently 
labeled MBP:PDK1.1 in 
combination with GST:UCN. 
(B) Fluorescently labeled 
MBP:PDK1.2 in 
combination with GST:UCN. 
(C) Control experiment of 
fluorescently labeled MBP 
with unlabeled GST. Please 
note the increase of the 
normalized fluorescence 
(Fnorm (‰)) in (A) and (B), 
whereas Fnorm is constant 
in the control (C). 
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3.2.3.2 PDK1 phosphorylates UCN and vice versa 

To better characterize PDK1-UCN interaction in vitro, I performed in vitro kinase assays. In 

a previous study, in her Master’s thesis in our lab, Priya Pimprikar showed interaction between 

recombinant GST:PDK1 and GST:UCN proteins in kinase assays (Pimprikar 2012). GST is prone to 

dimerize. To exclude false positive interaction due to GST dimerization, I decided to fuse PDK1 to 

a maltose-binding protein (MBP) tag and repeat the in vitro kinase assays using recombinant 

GST:UCN and MBP:PDK1. In order to test if kinase activity and/or the presence/absence of the 

PDK1-interacting fragment (PIF) influence the in vitro interaction behavior, I heterologously 

expressed five different UCN versions (namely UCN, UCNG165S, UCNKD, UCNΔPIF, and UCNKD/ΔPIF), and 

two different versions of each of the PDK1s (PDK1.1, PDK1.1KD, PDK1.2, and PDK1.2KD) in E.coli 

BL21(DE3)pLysS (see Figure 3-13).  

 

Figure 3-14 shows that purified MBP:PDK1 fusion proteins are able to trans-phosphorylate 

all purified GST:UCNx versions. Autophosphorylation activity of MBP:PDK1.1 and MBP:PDK1.2 is 

shown in the first lanes, and autophosphorylation of GST:UCN is shown in the second lanes of 

 

Figure 3-13 Basic structure of UCN and 
PDK1 proteins. 

UCN WT protein consists of 404 AA. The 
activation segment, which starts with 
the indicated Mg2+-binding loop 
followed by an insertion domain of 65 
AA, the T-loop necessary for kinase 
activation and ends at the P+1 loop, is 
flanked by two kinase subdomains. UCN 
contains a PIF motif (FVDF) at its C-
terminus. ucn-1 mutation results in a 
G165S substituted version that lacks 
kinase activity. The UCNKD (kinase 
deficient) version contains a K55E 
substitution, in which the conserved 
lysine residue is replaced by a 
glutamate. The UCNΔPIF version is lacking 
only the last four AA resulting in a 
protein of 400 AA. In KD/ΔPIF version, 
the latter two versions are combined. 
For detailed two-dimensional PDK1 
structure, see -1. PDK1KD contains a 
K73A (PDK1.1) or K74A (PDK1.2) 
substitution, respectively. Substitution 
of the conserved lysine residue leads to 
loss of kinase function. 
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Figure 3-14, A and B. GST:UCN lacking the PIF motif (GST:UCNΔPIF) still shows autophosphorylation 

activity (Figure 3-14 B, lane 8). No other UCN versions (UCNG165S, UCNKD and UCNKD/ΔPIF) exhibit any 

kinase activity (A, lanes 8 and 9; B, lane 9). In combination with either MBP:PDK1.1 or MBP:PDK1.2, 

all GST:UCNx versions display signals in the autoradiograms (Figure 3-14 A, B; lanes 3 – 7), which 

indicates PDK1-mediated transphosphorylation of UCN. To quantify UCN phosphorylation, I have 

measured the intensities of the autoradiograms and normalized to the intensities on the 

Coomassie brilliant blue (CBB) SDS polyacrylamide gels using ImageJ2/Fiji (Schneider et al. 2012, 

Schindelin et al. 2012, Schindelin et al. 2015). The results are depicted in Figure 3-14 C and D. 

Hence, I can show that PDK1-mediated in vitro phosphorylation is significantly decreased in 

absence of PIF motif but it is not essential in vitro. 

Figure 3-14 In vitro kinase 
assays of active PDK1.1, 
PDK1.2 and five different UCN 
versions.  

Coomassie brilliant blue (CBB)-
stained gels and 
autoradiograms for PDK1.1 
and PDK1.2, respectively, in
combination with different 
UCN versions are 
demonstrated. Uppermost 
band depicts MBP:PKD1 
(arrows) and lowermost band 
depicts GST:UCNx 

(arrowheads). (A) Lane 1 
shows MBP:PDK1.1 and lane 2 
shows GST:UCN 
autophosphorylation. Lanes 3 
– 7 show combinations of 
MBP:PDK1.1 and the five UCN 
versions described in Figure 
3-13. Please note absence of 
any signal in lanes 8 and 9 
(GST:UCNG165S and GST:
UCNKD). (B) Lane 1 shows 
MBP:PDK1.2 and lane 2 shows 
GST:UCN autophospho-
rylation. Lanes 3 – 7 show 
combinations of MBP:PDK1.2 
and the five UCN versions 
described in Please note 
presence of autophospho-
rylation in lane 8 (GST:UCNΔPIF) 

and absence of any signal in lane 9 (GST:UCNKD/ΔPIF). (C, D) UCNx phosphorylation intensity relative to CBB input 
in absence or presence of (C) MBP:PDK1.1 or (D) MBP:PDK1.2 is shown. Please note significant differences of 
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To exclude influence of UCN autophosphorylation, I decided to compare relative UCNx 

phosphorylation of GST:UCNKD and GST:UCNKD/ΔPIF. Both PDK1s phosphorylate GST:UCNKD/ΔPIF 

significantly less strongly compared to GST:UCNKD. Moreover, PDK1-mediated 

transphosphorylation of UCN is stronger than UCN autophosphorylation (Figure 3-14 C, D; 

compare UCN alone with PDK1 + UCNKD).  

 

phosphorylation intensity in a PIF motif dependent manner (asterisks). P-values: (C) p=0.031, (D) p=0.039. 
Intensities were measured using ImageJ2/Fiji (Schneider et al. 2012, Schindelin et al. 2012, Schindelin et al. 2015). 
N = 3 (three independent expression-purification replicates and subsequent in vitro kinase assays). 

Figure 3-15 In vitro kinase 
assays of inactive PDK1 and 
active UCN. 

CBB gels and autoradiograms 
for PDK1.1KD and PDK1.2KD, 
respectively, combined with 
the five versions of UCN.   (A) 
Lanes 1 and 2 show active 
PDK1.1 and active UCN, 
respectively, as controls. 
Lanes 4 – 8 show inactive 
PDK1.1 combined with either 
of the five UCN versions, and 
lane 9 shows PDK1.1KD 
without UCN as a control. 
Please note the UCN-
mediated transphospho-
rylation (asterisk) of PDK1.1KD 
in combination with WT UCN 
and UCNΔPIF. (B) Lanes 1 and 2 
show active PDK1.2 and active 
UCN, respectively, as controls. 
Lanes 4 – 8 show inactive 
PDK1.2 combined with either 
of the five UCN versions, and 
lane 9 shows PDK1.2KD 
without UCN as a control. 
Please note the UCN-

mediated trans-phosphorylation (asterisk) of PDK1.2KD in combination with WT UCN and UCNΔPIF. Arrows 
indicate PDK1 and arrowheads indicate UCN. N = 3. 
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In order to test whether GST:UCN also phosphorylates MBP:PDK1 in vitro, I used the above 

described kinase deficient versions of PDK1s and analyzed their behavior in kinase assays in 

absence or presence of the five GST:UCN versions. Figure 3-15 shows that GST:UCN as well as 

GST:UCNΔPIF phosphorylate both inactive MBP:PDK1KD fusion proteins. To summarize, I 

demonstrate in vitro that the active MBP:PDK1 versions phosphorylate GST:UCN, that active 

GST:UCN versions phosphorylate kinase deficient versions of MBP:PDK1, and that UCN’s PIF motif 

contributes to this interaction but it is not essential in vitro. 

Furthermore, I was interested if the presence of GST:UCN influences MBP:PDK1 activity. 

Thus, I performed kinase assays using active MBP:PDK1.1 or MBP:PDK1.2, respectively, in 

combination with increasing amounts of either GST:UCN, GST:UCNG165S, or GST:UCNKD. As shown 

in Figure 3-16, the amount of MBP:PDK1.1 (A – C) and MBP:PDK1.2 (D – F) was kept constant (CBB 

gels, arrows) and GST:UCN was increased from lane 4 to lane 9 (CBB gels, arrowheads). I measured 

relative MBP:PDK1 phosphorylation intensities as described above. Figure 3-16 reveals that the 

determined MBP:PDK1 phosphorylation intensities relative to CBB input are constant in 

combinations with UCNG165S and UCNKD (Figure 3-16, B and C). In combination with active GST:UCN, 

both MBP:PDK1 phosphorylation intensities show a slight but significant decrease. The higher the 

GST:UCN level the lower were the measured MBP:PDK1 intensities (Figure 3-17A). The detected 

decrease in phosphorylation intensity was stronger for PDK1.2 than for PDK1.1. 

These results suggest that high levels of active GST:UCN are able to repress PDK1 activity in 

vitro, whereas the two inactive versions do not significantly alter PDK1 activity.  
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Figure 3-16 Influence of increasing amounts of UCN on PDK1 activity. 

CBB gels and autoradiograms for PDK1 and increasing amounts of either UCN, UCNG165S or UCNKD. (A) Constant 
levels of PDK1.1 with increasing amounts of UCN. (B) Constant levels of PDK1.1 with increasing amounts of 
UCNG165S. (C) Constant levels of PDK1.1 with increasing amounts of UCNKD. (D) Constant levels of PDK1.2 with 
increasing amounts of UCN. (E) Constant levels of PDK1.2 with increasing amounts of UCNG165S. (D) Constant 
levels of PDK1.2 with increasing amounts of UCNKD. Arrows indicate PDK1 and arrowheads indicate UCNx. The 
first (A, B, D, E) or the second (C, F) lane shows PDK1 without UCN. The second (A, B, D, E) or the third (C, F) lane 
shows UCN auto-activity. Lanes 4 – 9 show PDK1 with increasing amounts of UCNx (with lane 4 containing the 
lowest, and lane 9 the highest UCNx amount; indicated by the grey triangles). N = 3. 
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To gain deeper insights in the regulation of UCN, I was interested in detecting the PDK1-

dependent UCN phosphorylation sites. Consequently, I performed ‘cold’ kinase assays and in 

collaboration with Dr. Fiona Pachl (Chair of Proteomics and Bioanalytics, Prof. Dr. B. Küster, TUM) 

proteins were analyzed in a liquid chromatography-mass spectrometry/mass spectrometry (LC-

MS/MS) approach. Recovery of all peptides of UCN was only 47 – 51% but we were able to identify 

two phosphorylated serine residues (S233 and S242) within the activation segment of UCN. S242 

represents the predicted serine in the T-loop necessarily phosphorylated for activation of the 

kinase (Figure 3-18). The second detected Ser residue (S233) represents probably the secondary 

phosphorylation site within the activation segment, which is known to contribute to the catalytic 

Figure 3-17 Relative PDK1 phosphorylation with respect to UCNx levels. 

PDK1 phosphorylation relative to the CBB input dependent on the level of UCNx is depicted. Triplicates for each 
combination shown in Figure 3-16 were measured using ImageJ/Fiji (Schneider et al. 2012, Schindelin et al. 2012, 
Schindelin et al. 2015). Please note the significant decrease in relative PDK1 phosphorylation dependent on active 
UCN (upper left; p-values for the highest compared to the lowest level of UCN: p(PDK1.1)=0.021, 
p(PDK1.2)=0.024). In presence of UCNKD (upper right) or UCNG165S (lower left) no decrease in relative PDK1 
phosphorylation was observed. N = 3. 
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activity of several AGC kinases (Nolen et al. 2004). The in vitro detected PDK1-dependent 

phosphorylation sites could be a first cue for PDK1-dependent activation of UCN.  

  

Figure 3-18 PDK1-dependent UCN phosphorylation sites in vitro. 

Two phosphorylated serine residues, namely S233 and S242, were detected in a LC-MS/MS approach in 
collaboration with Dr. Fiona Pachl and Dr. Peng Yu (Chair of Proteomic and Bioanalytics at TUM, Prof. Dr. B. 
Küster). Both Ser residues are located in the activation segment. S242 represents the conserved activation site 
in the T-loop. 
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3.2.3.3 Yeast two-hybrid assay 

To substantiate the direct in vitro interactions between the PDK1 proteins and UCN, I performed 

yeast two-hybrid assays (Y2H). Therefore, I used the protein versions described in Figure 3-13 and 

section 3.2.3.2. PDK1 versions were fused to the activation domain (AD) and UCN versions were 

fused to the DNA-binding domain (DB) of the GAL4 transcription factor and co-transformed into 

yeast strain AH109. As shown in Figure 3-19, only yeast cells transformed with the WT versions of 

either PDK1 and WT UCN were able to grow on triple drop-out medium (SD-LWH) whereas on 

double drop-out medium (SD-LW; transformation control) yeast cells co-transformed with any AD 

– DB combination grew. The results showed that PDK1 (WT) and UCN (WT) proteins directly 

interact with each other in a Y2H assay. The controls with only AD or DB, respectively, did not grow 

on SD-LWH.  

  

 

Figure 3-19 Yeast two-hybrid assay of AD:PDK1 versions combined with DB:UCN versions. 

DB:UCN was tested with all four versions of PDK1, the other UCN versions were only tested with the wild type 
versions of PDK1. The left panel depicts yeast growth on transformation control plates (SD-LW), the right 
panel the interaction control plates (SD-LWH). Please note that only those yeast cells are able to grow on SD-
LWH, which were co-transformed with DB:UCN and AD:PDK1.1 or AD:PDK1.2. AD: activation domain of GAL4 
TF; DB: DNA-binding domain of GAL4 TF; SD-LW: SD medium lacking Leu and Trp (transformation control); 
SD-LWH: SD medium lacking Leu, Trp, and His (interaction control). 
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3.2.3.4 Bimolecular fluorescence complementation assay in Arabidopsis protoplasts 

 

As a third different and independent method to show direct protein-protein interaction in 

a plant cell between the studied AGC kinases, I finally employed a bimolecular fluorescence 

complementation (BiFC; Split-YFP) assay in Arabidopsis mesophyll protoplasts. To this end, we 

cloned the protein versions described above (Figure 3-13; 3.2.3.2) into vectors pSPYNE or pSPYCE, 

respectively (Walter et al. 2004). PDK1 versions were fused to the N-terminal part (pSPYNE) and 

Figure 3-20 Bimolecular 
fluorescence comple-
mentation assays in 
Arabidopsis mesophyll 
protoplasts.  

Protoplasts were co-
transformed with 
pSPYNE:PDK1x or 
pSPYNEev, respectively, 
and pSPYCE:UCNx or 
pSPYCEev, respectively. (A – 
G) Confocal micrographs 
depicting GFP/YFP 
channel, chloroplast 
autofluorescence, DIC and 
merge (from left to right). 
(A) Free GFP. (B – G) BiFC 
combinations. The combi-
nations are given on the 
left. Please note that only 
the WT combinations (B, C) 
show YFP fluorescence, 
whereas absence of kinase 
activity of either 
interaction partner does 
not lead to any 
fluorescence (D, E). Empty 
vector controls do not 
show YFP 
complementation (F, G). 
For all negative 
combinations at least 800 
protoplasts were 
inspected. Scale bars: 5 
µm. 
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UCN versions to the C-terminal (pSPYCE) part of YFP. Protoplasts were successfully isolated and 

transfected with either transfection control, pSK35S-GFP (Figure 3-20 A; gift from Chair of Botany 

(Prof. Dr. E. Grill), TUM), or different combinations of pSPYNE and pSPYCE (Figure 3-20, B – G), and 

analyzed using an Olympus FV1000 CLSM. Free GFP of transfection control was detected in the 

cytosol and the nucleus (A), YFP signals were detected in the cytosol (B, C). I detected YFP 

fluorescence only for the combinations PDK1.1:YFPN – UCN:YFPC and PDK1.2:YFPN – UCN:YFPC 

(Figure 3-20, B and C). All combinations with either a kinase deficient PDK1, a kinase deficient UCN 

(UCNG165S, UCNKD, UCNKD/ΔPIF) or a PIF-deleted UCN (UCNΔPIF and UCNKD/ΔPIF) did not exhibit any YFP 

signals (Figure 3-20, D and E; two examples are shown). The used negative controls, in which only 

YFPC in combination with PDK1:YFPN or only YFPN in combination with UCN:YFPC were combined, 

all showed no signal (Figure 3-20, F and G). This study in plant cells substantiates the beforehand 

executed studies in yeast and in vitro. I can clearly show that both PDK1 proteins interact with 

UCN in at least three independent assays (in vitro, in yeast, and in plant cells).  

 

3.2.4 Relationship between PDK1 and ATS 

The negative regulation of PDK1 by UCN mimics the similar inhibition of ATS by UCN 

(Enugutti et al. 2012, Enugutti and Schneitz 2013). This raises the question how UCN, ATS and 

PDK1 relate to each other. In order to address this issue, I started to investigate the relationship 

between PDK1 and ATS. The ATS activation tagging line sk21-D described by Gao et al. (2010) 

overexpresses ATS in its normal expression domain. This leads to mild ucn-1-like protrusions in the 

integuments (Enugutti and Schneitz 2013). The combination sk21-D ucn-1 results in an enhanced 

outgrowth (Enugutti and Schneitz 2013). In a first experiment, I crossed the sk21-D line with the 

pdk1 KO lines described in section 3.1.3, and I analyzed double homozygous F3 offspring. I 

analyzed 346 ovules for pdk1.1 sk21-D, and 367 ovules for pdk1.2 sk21-D. Whereas 21 of 306 

(6.8%) homozygous sk21-D ovules showed protrusion formation, none of the analyzed ovules in 

pdk1 sk21-D exhibited any protrusions (Figure 3-21). This genetic finding relates ATS to PDK1 and 

suggests that PDK1 activity is required for protrusion formation in ATS overexpressors. 
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Figure 3-21 Confocal micrographs of mature ovules of (A) sk21-D, (B) pdk1.1 sk21-D, and (C) pdk1.2 sk21-D. 

Ovules were stained according to the mPS-PI protocol (Truernit et al. 2008). Please note the protrusion in A 
(arrow) and absence of protrusions in B and C. Scale bars: 20 µm. 

 

Since PDK1:EGFP localizes to the cytosol and to the PM, and ATS:YFP was only found to be 

present in the nucleus, direct in planta interaction between PDK1 and ATS is unlikely. In vitro 

kinase assays showed a very weak phosphorylation of ATS by PDK1 (not shown) but I could not 

confirm this interaction in BiFC assays in protoplasts (Figure 3-24, K). How exactly PDK1 and ATS 

relate to each other in planar growth control remains to be determined (see discussion, section 

4.2.1).  
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 UCN phosphorylates serine residues of ATS in vitro 

UCN was shown to directly repress the transcription factor ATS (Enugutti et al. 2012, Enugutti and 

Schneitz 2013). I was interested to shed more light onto this interaction. Therefore, I performed 

‘cold’ kinase assays, in which I incubated either GST:UCN or GST:UCNG165S with a thioredoxin-6xHis 

tagged ATS( Trx:6xHis:ATS). Subsequently, the proteins were digested with trypsin (or pepsin) and 

analyzed in a LC-MS/MS approach for detection of potential phosphosites (performed in 

collaboration with Dr. Fiona Pachl and Dr. Peng Yu from the Chair of Proteomics and Bioanalytics, 

Prof. Dr. B. Küster, TUM). Unfortunately, recovery of ATS peptides was not satisfactory in three 

different approaches (trypsin or pepsin digestion, use of an inclusion list). Three phospho-serine 

residues were detected within the recovered peptides (S13, S92, S211; Figure 3-22). Peptides, 

which could not be recovered in MS analysis, contain another seven serine residues whose 

phospho-status remains unknown.  

 

Figure 3-22 ATS phosphosites determined in a LC-MS/MS approach. 

Three phosphorylated serine residues, namely S13, S92 and S211, were detected in a LC-MS/MS approach in 
collaboration with Dr. Fiona Pachl and Dr. Peng Yu (Chair of Proteomic and Bioanalytics at TUM, Prof. Dr. B. 
Küster). Unfortunately, ATS peptides harboring another seven Ser residues could not be recovered. 
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3.3.1 UCN still phosphorylates ATS-phosphomutants 

Since we were not able to detect the remaining peptides in different approaches, I decided 

to substitute the three detected phospho-serine residues with alanine residues (phospho-

mutants) to test if UCN still interacts with those mutant proteins. Figure 3-23 shows that 

recombinant GST:UCN is able to phosphorylate recombinant Thioredoxin (Trx):6xHis:ATS (lane 1) 

as well as all ATS-phosphomutants (single mutants in lanes 3 – 5; double mutants in lanes 7 – 9; 

and triple phosphomutant in lane 10). I did not detect any obvious differences in phosphorylation 

intensity of those mutants compared to WT ATS. Other serine residues in the peptides not 

recovered seem to be phosphorylation targets for UCN in vitro as well. 

 

3.3.2 UCN interacts with ATS-phosphomutants in plant cells 

In order to test the relevance of the detected phospho-serine residues, I transformed 

Arabidopsis mesophyll protoplasts with BiFC constructs as described in section 3.2.3.4 using WT 

ATS and its phosphomutants fused to YFPN and UCN versions fused to YFPC. As shown in Figure 

3-24 (A and J), neither ATS:YFPN nor UCN:YFPC display any YFP fluorescence complemented with 

only YFPC or YFPN, respectively (negative control). As published by Enugutti et al. (2012), ATS:YFPN 

together with UCN:YFPC gives a YFP signal in the nucleus (B). To elucidate if substitutions of the 

three ATS serine residues have any impact on the interaction with UCN, I tested all ATS single, 

 

Figure 3-23 UCN-mediated 
phosphorylation of ATS-
phosphomutants. 

CBB gel and autoradiogram of 
active UCN combined with 
different phosphomutants of 
ATS. S13, S92 and S211 were 
mutated to alanines. Lane 1 
shows UCN with ATS WT 
version, lanes 3 – 5 UCN with 
the single phosphomutants, 
lanes 7 – 9 the double mutants 
and lane 10 the triple 
phosphomutant. Please note 
that UCN phosphorylates all 
ATS mutants. Arrows indicate 
UCN, arrowheads ATS. 



R E S U L T S  

74 

 

double and triple phosphomutants fused to YFPN in combination with UCN:YFPC (Figure 3-24, C – I). 

All these combinations depict the same behavior as the WT proteins showing YFP fluorescence 

exclusively in the nucleus. These results support the above-shown in vitro data meaning that 

either the detected phosphosites are an in vitro artifact or that UCN phosphorylates other residues 

besides the discovered ones. 

Furthermore, I have tested if PDK1-related UCN mutations/deletions still lead to 

interactions with ATS (Figure 3-24, L – O). Here, I show that UCN ATS interaction in protoplasts is 

not PIF-dependent (L) but on UCN kinase activity (M – O). Without UCN PIF motif the YFP 

fluorescence still localized to the nucleus (L) but three kinase deficient UCN versions fused to YFPC 

in combination with ATS:YFPN did not display any fluorescence complementation (M – O). Since 

the PIF motif is supposed to be only crucial for the interaction between UCN and PDK1, no impact 

of PIF deletion on ATS UCN interaction was assumed. Additionally, I wanted to know whether ATS 

interacts directly with PDK1. In more than 800 protoplasts inspected, I was not able to detect any 

YFP fluorescence, neither in the nucleus nor in the cytosol Figure 3-24, K). 

Taken together, UCN directly represses ATS and PDK1 presumably in a similar 

posttranslational fashion. However, since a pdk1 knockout rescues not only the integuments but 

also the flowers, PDK1 repression appears more global in comparison to ATS. Identification of 

PDK1 as a regulator of planar growth is a major breakthrough regarding the understanding of the 

UCN-mediated molecular mechanism coordinating cell division and growth in ovule integuments 

and other floral organs. 
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Figure 3-24 Bimolecular 
fluorescence complemen-
tation assays between UCNx, 
PDK1 and ATS 
phosphomutants in Arabi-
dopsis mesophyll protoplasts. 

Protoplasts were co-
transformed with 
pSPYNE:PDK1x, pSPYNE:ATS, 
or pSPYNEev, respectively, and 
pSPYCE:UCNx, pSPYCE:ATS, or 
pSPYCEev, respectively. (A – G) 
Confocal micrographs 
depicting YFP channel, 
chloroplast autofluorescence, 
DIC and merge (from left to 
right). (A + J) Negative 
controls. (B – I, K – O) BiFC 
combinations. The 
combinations are given on the 
left. Please note that all ATS 
phosphomutants with UCN 
show YFP signals in the nuclei 
(C - I), whereas absence of UCN 
kinase activity (M – O) does 
not lead to any fluorescence. 
The UCN PIF motif is not 
necessary for the interaction 
with ATS (L). Empty vector 
controls do not show YFP 
complementation (A, J). For all 
negative combinations at least 
800 protoplasts were 
inspected. Scale bars: 5 µm. 
Figure continues on next page. 
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 Generation of novel ucn alleles 

Unfortunately, the second ucn allele (ucn-10) displaying strong ucn-1-like phenotypes has 

been lost. Moreover, the null allele ucn-2 in Col-0 background exhibits morphological ucn-1-like 

phenotypes only under short day conditions. Therefore, I decided to utilize the CRISPR/Cas9 

system to generate novel ucn alleles in order to obtain at least one additional independent ucn 

mutant allele. Therefore, I made use of the system developed by Wang et al. (2015), in which an 

egg cell specific promoter (pEC1.2) controls Cas9 expression. The advantage of an egg cell specific 

over constitutive promoters (e.g., pCaMV35S, pUBQ10) is the occurrence of homozygous or trans-

heterozygous mutations already in T1 generation rather than a genetic mosaic. Here, I present a 

novel ucn mutant, which I named ucn-11. 

 

3.4.1 Approach 

In order to try to mimic the ucn-10 allele (D122N), I designed a single guide RNA (sgRNA) 

binding to the region +346 to +365 of the UCN coding sequence. The destination vector pHEE401 

containing this sgRNA under control of the U6-26 promoter and the plant optimized Cas9 coding 

sequence under control of pEC1.2 was transformed into Ler and Col-0 WT plants. Subsequently, I 

phenotypically analyzed the resulting T1 generation and sequenced the target region of three T1 

plants (Ler background) showing a mild ucn-1-like phenotype.  

 

3.4.2 Characterization of ucn-11 

Phenotypic analysis of the resulting independent T1 plants suggested that three of them 

might contain a mutation in the UCN gene. In order to evaluate whether these three plants harbor 

a desired mutation, I sequenced the region of interest. For one plant, I obtained a mutated 

sequence besides the WT sequence indicating heterozygosity. The other two plants showed WT 

sequence. Subsequently, I cloned the amplicon featuring into pJET1.2/blunt and transformed the 

resulting vector into E.coli. Subsequently, I sequenced four clones. One of them contained a 

sequence distinct from WT sequence. This sequence depicted a single adenine insertion at 

position +386 leading eventually to a STOP codon at position +391 to +393 (Figure 3-25), and 

resulting in a protein of only 130 instead of 404 AA. The predicted mutant protein lacks the whole 

activation segment, the complete second kinase subdomain and 40 AA of kinase subdomain 1 
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making it most likely an inactive kinase. Molecular characterization of ucn-11 needs to be 

performed in more detail. 

The resulting phenotype is displayed in Figure 3-25. Compared to ucn-1 (Figure 3-25, C), the 

novel ucn-11 mutant shows weaker but conspicuous protrusions in ovules and floral distortion 

(Figure 3-25, B). To date, I have obtained more CRISPR-mediated mutants for other target regions 

of UCN and for the PDK1 genes in Ler background, which need to be analyzed pheno- and 

genotypically.  

To conclude, the utilized CRISPR/Cas9 system is functional and sufficient to obtain mutants 

in different target regions and results in expected phenotypes in case of UCN. 

  

Figure 3-25 Stereo- and confocal 
micrographs depicting ucn-11
phenotype, and UCN gene 
structure. 

The upper panel depicts stereo-
micrographs of flowers, the 
lower panel confocal 
micrographs of mPS-PI stained 
mature ovules. (A) Ler WT, (B) 
ucn-11, and (C) ucn-1 
phenotypes. Please note 
distorted flower and ovule 
protrusion (arrow) in ucn-11 and 
ucn-1. Scale bars: (flowers) 
1 mm; (ovules) 20 µm. (D) Gene 
structure of UCN with 
CRISPR/Cas9 induced ucn-11 
single A insertion. 
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4 DISCUSSION 
The spatiotemporal orchestration of proliferation and elongation is of paramount 

importance for the maintenance of distinct cell layers and tissue morphogenesis. Aberrant 

behavior of molecular components of this process can result in tumor formation (Weinberg 2014). 

Among various central cell cycle regulators in animals, several members of the AGC kinase family 

play key roles in tumor formation and cancer (Pearce et al. 2010). The most prominent AGC kinase 

with respect to the formation of tumors and cancerogenesis in animals is PDK1 (Gagliardi et al. 

2017). By contrast, plants have evolved mechanisms that seem to maintain tissue architecture 

more robustly, as they appear relatively resistant to spontaneous or hereditary genetic tumor 

formation. The rigid cell wall that immobilizes plant cells prevents plants from developing cancer 

(Doonan and Sablowski 2010). Thus, the control of tissue architecture maintenance in plants is 

considered to vary from that in animals (Dodueva et al. 2007, Doonan and Sablowski 2010). 

 

 PDK1s – AGC master regulators of development? 

AGC kinases play pivotal roles in animals as well as in plants. Many of them are involved in 

important developmental processes. Animal PDK1 is known as the master regulator of AGC kinase 

signaling by transducing signals from phospholipids as secondary messenger to the downstream 

AGC kinase targets, which subsequently initialize signaling pathways. PDK1 genes are present in 

all eukaryotic kingdoms of life (Zegzouti et al. 2006a, Zegzouti et al. 2006b, Dittrich and Devarenne 

2012), and plant PDK1 proteins are strongly conserved among angiosperms (Figure 3-2). PDK1 

functions in animals, especially in mammals, in a more crucial fashion compared to Arabidopsis. 

Despite a broad expression range throughout development and tissues (Figure 3-3, Figure 3-6; 

sections 3.1.2, 3.1.4), Arabidopsis PDK1 functions seem to be involved in specific developmental 

tasks, such as root hair growth (Anthony et al. 2004, supplemental Figure 7-3). Overexpression of 

PDK1 results in strongly affected root hair growth (supplemental Figure 7-3; Anthony et al. (2004)) 

and aberrant floral organ development including petals and ovules (Figure 3-10). Here, I present 

a functional analysis of PDK1 with respect to different aspects of plant development and to UCN 

signaling. 
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4.1.1 Do other kinases substitute for the PDK1s? 

Since double knockout pdk1.1 pdk1.2 plants show a very mild phenotype (Camehl et al. 

(2011), this study), the question was raised whether other kinases substitute PDK1’s vital role 

(Zhang and McCormick 2009, Zulawski et al. 2014). By contrast, PDK1 downregulation by 90% in 

mice led to 40 – 50% overall size reduction, and the knockout of PDK1 resulted in abortion of the 

embryos at day 9.5 of embryo development (Lawlor et al. 2002), the double knockdown of tomato 

PDK1s is lethal as well (Devarenne et al. 2006), and Physcomitrella patens PDK1 KO mosses exhibit 

strong developmental phenotypes and are severely impaired in abiotic stress resistance (Dittrich 

and Devarenne 2012). This leads to the hypothesis that the functions of PDK1 in different species 

have evolved to distinct extents. In some species, PDK1 is of essential importance for survival of 

the organism (Lawlor et al. 2002, Devarenne et al. 2006); in others the impact is more or less 

limited to distinct aspects of development (Matsui et al. 2010, Camehl et al. 2011, Dittrich and 

Devarenne 2012). The data regarding the nature of PDK1 proteins in plants show that they share 

common features (an activation segment including the Mg2+-binding site and the T-loop) and are 

very similar in size (Figure 3-2). The third predicted PDK1 (Zulawski et al. 2014) does not show any 

of these features (supplemental Figure 7-3). This clearly indicates that there is no evidence for 

At2g20050 representing a PDK1-like protein, and unfortunately, the authors of this study do not 

explain how and why they claim that At2g20050 should represent PDK1.3.  

Accordingly, the question about the presence of other kinases substituting PDK1 function in 

pivotal processes of Arabidopsis development remain unanswered. In this study, I was also not 

able to find a good candidate as PDK1 substituent. BLAST approaches at NCBI and literature 

research were not sufficient to reveal any adequate candidate kinase.  

Taking AGC kinase regulation in animals into account, the mammalian TARGET OF 

RAPAMYCIN (mTOR) kinase homolog could be involved in AGC kinase regulation in Arabidopsis as 

well (Figure 4-1). In mammals, TOR forms at least two functionally and structurally distinct 

complexes, mTORC1 and mTORC2 (Wullschleger et al. 2006, Laplante and Sabatini 2012, Cornu et 

al. 2013). The RAPTOR-mTOR complex (mTORC1) consists of several proteins including RAPTOR 

(regulatory associate protein of target of rapamycin), and is rapamycin sensitive. The second 

complex, mTORC2, which contains, among others, the RICTOR (rapamycin-insensitive companion 

of mTOR) protein, regulates spatial cell growth, by controlling cytoskeleton structure and polarity 

via phosphorylation of the AGC kinase Akt/PKB (Wullschleger et al. 2006, Laplante and Sabatini 

2012, Cornu et al. 2013). Moreover, mTORC2 was shown to act as the elusive “PDK2” in the 
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regulation of Akt/PKB signaling (Sarbassov et al. 2005). In plants, the presence of a conserved and 

functional TORC1 complex was shown (Mahfouz et al. 2006, Moreau et al. 2012, Xiong and Sheen 

2012, Xiong et al. 2013, Xiong and Sheen 2014). Although the presence of a TORC2 complex in 

plants has not been reported so far, it is hypothesized in several studies and reviews (Díaz-Troya 

et al. 2008, Moreau et al. 2010, Dobrenel et al. 2011, Moreau et al. 2012, Robaglia et al. 2012, 

Xiong and Sheen 2014). Arabidopsis tor mutants are embryo lethal, revealing the paramount 

importance of the TOR kinase as well in plants (Menand et al. 2002, Ren et al. 2012). Manipulating 

TOR kinase activity results in alterations in growth and development from embryogenesis to 

senescence (Menand et al. 2002, Deprost et al. 2007, Ren et al. 2011, Ren et al. 2012, Xiong and 

Sheen 2012, Caldana et al. 2013, Xiong et al. 2013). 

Figure 4-1 Simplified models of 
TOR signaling pathways in 
animals and plants.  

The mammalian mTORC1 (left) 

consisting of mTOR, RAPTOR, 

mLST8 and RHEB controls 

various aspects of cellular 

processes. The mTORC2 (top 

right) consisting of mTOR, 

RICTOR and mLST8 controls 

spatial cell growth by regulating 

cytoskeleton structure and 

polarity via Akt/PKB 

phosphorylation. In plants, only 

a TORC1 equivalent (bottom left)

has been described so far. Here, 

TORC1 regulates cell growth by 

activating S6K together with 

PDK1. The presence of a TORC2 

equivalent (bottom right) 

remains unknown. Adapted 

from Bögre et al. (2003), and 

Xiong and Sheen (2014). 
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4.1.2 PDK1 kinases control polarity in plant development 

The AGC kinase PDK1 is involved in different aspects of plant development. In Arabidopsis, 

the most striking phenotypes I observed in overexpression lines rather than in knockout lines 

(Figure 3-4, Figure 3-10). As discussed above, pdk1 double knockouts display very mild phenotypes 

but overexpressors for either PDK1 exhibit interesting phenotypes regarding floral organ 

development and root hair growth (supplemental Figure 7-4; Anthony et al. (2004). Root hairs in 

PDK1OX show one to several branches or ballooning indicating polarity defects, and pdk1 double 

KO lines are slightly impaired in root hair elongation. Anthony et al. (2004) demonstrated that 

OXI1/AGC2-1 is involved in root hair growth in a PA-PDK1-dependent manner. Thus, PDK1 might 

be required for correct polar growth. Polar growth is predominantly regulated via small RAC/ROP 

GTPases (Yalovsky et al. 2008). These small molecular switches control polar growth by cycling 

from an inactive GDP-bound state at the flanks of the tip to an active GTP-bound state at the apex 

of the tip-growing cell such as root hairs, pollen tubes or trichomes. For this regulation, other 

proteins are required, e.g. GAPs (GTPase-activating proteins), which catalyze the GTP-hydrolyzing 

activity of the GTPase; GDIs (GDP dissociation inhibitors), which are responsible to keep the non-

plasma membrane-anchored GTPase in the inactive state. GEFs (Guanine nucleotide exchange 

factors), which are required to activate the inactive form by exchanging GDP for GTP. GDFs (GDI-

displacement factor) are responsible to remove the GDI from the GDP-bound GTPase in order to 

facilitate binding to the membrane and replacing GDP by GTP, and downstream effectors, which 

are the targets of the active GTPase (reviewed, among others, in Kost (2008). In several studies, 

PDK1 was shown to be directly or indirectly involved in Rho GTPase signaling in animals (Flynn et 

al. 2000, Coleman et al. 2004, Pinner and Sahai 2008), and in plant innate immunity (Trusov et al. 

2010). Similar PDK1-dependent mechanisms involving small RAC/ROP GTPases could explain the 

root hair phenotypes. PDK1 might regulate a downstream AGC kinase, which in turn interferes 

directly or indirectly with the tip-growth control machinery. Further experiments are required to 

elucidate the role of PDK1 in the control of tip-growth.  

Furthermore, the PDK1 transcripts and PDK1 proteins are abundant in all tissues during all 

developmental steps suggesting global functions of the PDK1s (Figures 3-3, 3-5, 3-8, 3-9). 

Interestingly, PDK1.2 localizes besides the cytosol as well to the plasma membrane of root cells in 

a polar fashion (apical-basal; Figure 3-9). Zegzouti et al. (2006a) demonstrated that PINOID (PID) 

interacts in vivo with PDK1, and that PDK1 increases PID activity. The polar localization of PDK1 

might be due to the polar localization of the PIN localization modulators PID and D6PK (Zourelidou 
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et al. 2014), but PDK1 cannot play an important role in the recruitment and activation because 

pdk1 double knockout plants do not show any phenotypes related to the disruption of polar auxin 

transport. 

 

 The role of PDK1 in UCN signaling 

I demonstrated that a single pdk1 knockout is capable of restoring the ucn-1 phenotype to 

80 – 90% of the WT control (Figure 3-7). It was important to analyze high numbers of ovules 

because the homozygous offspring resulting from crossings between Col-0 and ucn-1 (and 

reciprocal) rescue the ucn-1 phenotype by about 20%. Initially, I was concerned that the genetic 

Col-0 background is responsible for the reduction of ovules depicting the ucn-1 phenotype rather 

than the pdk1 knockout. Subsequently, I analyzed more than 30,000 ovules in total. I analyzed 

three independent crossings for each combination (and reciprocal combinations), and three 

independent plants of homozygous F3 progeny of each crossing combination (Table 7-2 in 

supplement). In addition, PDK1 overexpression lines exhibit an interesting unicorn-like phenotype 

in petals and ovule integuments (Figure 3-10). These results clearly indicate a role for PDK1 in the 

control of planar growth and floral organ shape. PDK1 functions in animals and plants are similar 

but different. In animals, almost all AGC kinases are PDK1-dependent (Pearce et al. 2010). By 

contrast, the activity of several plant AGCVIII kinases is significantly increased by PDK1 in vitro but 

does not rely on the presence of PDK1 (Anthony et al. 2004, Devarenne et al. 2006, Zegzouti et al. 

2006a, Enugutti et al. 2012). Additionally, at least in the species Arabidopsis thaliana and Oryza 

sativa (rice) the knockout of PDK1 does not cause a dramatic phenotype (Matsui et al. 2010, 

Camehl et al. 2011) whereas in other species such as mouse and tomato loss of PDK1 is lethal 

(Lawlor et al. 2002, Devarenne et al. 2006). One could ask whether PDK1 is of any importance in 

Arabidopsis. The answer is obviously ‘yes’ although PDK1 functions in Arabidopsis seem to be 

more restricted to regulatory pathways of only some AGC kinases compared to other plant species 

and animals.  

In animals, strong evidence is present that PDK1 is a major regulator of proliferation and 

growth. It has been demonstrated that overexpression of the PDK1 gene or hyperactivity of the 

PDK1 protein is frequently involved in tumorigenesis via the AGC kinase Akt/PKB (Vivanco and 

Sawyers 2002, Carpten et al. 2007). Frequent amplification of the PDK1 locus was shown in 

castration-resistant prostate cancer and lymph node metastases (Choucair et al. 2012), and PDK1 
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overexpression is related to acute myeloid leukemia (Zabkiewicz et al. 2014), melanoma 

(Scortegagna et al. 2014), hepatocellular carcinoma (Wang et al. 2016), and gastric cancer, in 

which the level of abundant PDK1 protein negatively correlates with patient prognosis (Bai et al. 

2016). I showed that the expression levels of either PDK1 in Arabidopsis correlate positively with 

the abundance of ovule protrusions up to certain levels (Figure 3-11). Thus, similarities between 

animal and plant PDK1s can be drawn. PDK1 seems to be an important factor in animal and plant 

tumorigenesis. Interestingly, tumor formation in plants is usually related to alterations in cytokinin 

and auxin homeostasis (Morris 1986, Ulmasov et al. 1999, Remington et al. 2004, Doehlemann et 

al. 2008) but the ucn-induced protrusion formation is independent of auxin and cytokinin (Enugutti 

and Schneitz 2013). Accordingly, PDK1, with respect to UCN signaling, acts most likely 

independently of the before-mentioned hormones. In addition, PDK1 function in floral organs is 

certainly not whorl- but organ-specific, since it affects the architecture of second whorl petals, the 

development of which is controlled by class A, B and E homeotic genes, and ovule architecture 

within the fourth whorl regulated by class C, D and E TFs. More evidence is provided by the fact 

that PDK1’s influence on floral organ development is most probably UCN-dependent, for which 

organ- and not whorl-specificity was shown by Enugutti and Schneitz (2013). Additionally, I provide 

evidence for a direct posttranslational PDK1 suppression mediated by UCN (Figures 3-10, 3-15 – 

3-18). The genetics indicate that UCN is a negative regulator of PDK1 (Figure 3-10), and active UCN 

is able to repress PDK1 activity in vitro (Figure 3-18). Since only active UCN is able to repress PDK1 

in vitro, I propose a model in which PDK1 activates UCN, and UCN subsequently represses PDK1 in 

a negative feedback loop (Figure 4-2). Since PDK1 has been suggested to be constitutively active 

(Belham et al. 1999, Peterson and Schreiber 1999) PDK1 repression by another AGC kinase exhibits 

a unique feature. Although I have observed more interactions in vitro, the in vivo interaction data 

show clearly that UCN and PDK1 interact directly with each other in a kinase activity- and PIF-

dependent manner.  

Figure 4-2 Negative feedback loop of UCN 
activation and PDK1 repression. 

In a first step, PDK1 activates UCN through 
phosphorylation, and the activated UCN represses 
PDK1 through phosphorylation in a second step. P 
indicates phosphate.  
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4.2.1 How does PDK1 relate to ATS with respect to UCN signaling? 

UNICORN was shown to suppress ectopic outgrowth in Arabidopsis ovule integuments by 

directly repressing the KANADI TF ATS. PDK1 behaves similar to ATS. Thus, I was interested in 

elucidating whether PDK1 regulates ATS. Therefore, I crossed the activation tagging line sk21-D 

(Gao et al. 2010), which overexpresses ATS in its own expression domain and therefore exhibits 

protrusions on ovule integuments (Enugutti et al. 2012, Enugutti and Schneitz 2013), with pdk1.1 

and pdk1.2 KO lines. Interestingly, the homozygous offspring of these crossings showed no 

protrusion formation.  

Next, I wanted to know whether PDK1 and ATS proteins could interact directly. In vitro 

kinase assays first revealed very weak PDK1-dependent phosphorylation of ATS but BiFC assays in 

protoplast (Figure 3-24 K) could not support direct interaction. With respect to the subcellular 

localization of PDK1 in the cytosol/at the plasma membrane and ATS in the nucleus (Figures 3-5, 

3-6, and 3-24), direct interaction most probably does not occur. Thus, I propose a model, in which 

ATS positively influences the transcription of an unknown gene, the gene product of which is 

positively regulated directly or indirectly by PDK1. Both the PDK1 proteins contribute to the 

activation of UCN but are not necessary in planta. I gained evidence for PDK1-dependent 

activation of UCN by phosphorylation site determination in UCNKD proteins co-incubated with 

PDK1.1 or PDK1.2, respectively (Figure 3-18). In collaboration with Dr. Fiona Pachl and Dr. Peng Yu 

(Chair of Proteomics and Bioanalytics, Prof. Dr. B. Küster, TUM), I determined two serine residues 

(S233 and S242) as in vitro target sites phosphorylated by both PDK1s. Interestingly, Dr. Julia 

Mergner (Chair of Proteomics and Bioanalytics, Prof. Dr. B. Küster, TUM) obtained the same serine 

residues in a large scale phosphoproteome analysis of in vivo samples (personal communication). 

These findings indicate that PDK1 is able to activate UCN, and that the in vitro detected 

phosphorylation sites are not in vitro artifacts. These two serine residues are located in the 

activation segment of UCN. S242 represents the conserved Ser in the T-loop, the phosphorylation 

of which is essential for the activation of the kinase. S233 represents an additional conserved 

phosphorylation site in the activation segment, which is phosphorylated upon T-loop 

phosphorylation in a second step (Bögre et al. 2003, Pearce et al. 2010).  

To gain further insights, these phosphorylation sites should be mutated to either Ala 

(phosphomutants) or Asp/Glu (phosphomimetics). Subsequently, the different combinations of 

the mutated UCN versions should be tested in different assays for interaction with PDK1 and ATS 

(kinase assays, MST measurements, Y2H, BiFC) as well as transformed into different genotypes 
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(WT, ucn-1, ucn-11, ucn-2, ats-3 and pdk1 ucn-1 double mutants). The auto- and trans-activated 

UCN is translocated into the nucleus where it represses ATS that activates the expression of X, 

which I named RHINO (RNO) for the phenotypical relationship between unicorns and 

rhinoceroses. RNO mRNA is translated within the cytosol into protein RNO, the activity of which is 

positively regulated by the PDK1s. The hypothetical protein RNO in turn is a positive regulator of 

periclinal and/or a negative regulator of anticlinal cell division. Besides ATS suppression in the 

nucleus, UCN represses the PDK1 proteins in the cytoplasm and/or at the plasma membrane 

(Figure 4-3). Hence, I suppose a regulatory feedback between the three AGC kinases, UCN on the 

one and the two PDK1 proteins on the other hand. Loss-of-function of one of the PDK1 genes is 

sufficient to restore the ucn phenotype almost to WT. Thus, either both PDK1 activities are needed 

for downstream signaling or we deal with a quantitative effect. Activation of the downstream 

effector(s) by only one PDK1 in both cases is not sufficient to result in the respective phenotype.  

 

4.2.2 PDK1 as a global player in UCN signaling 

Since ATS is restricted to the ovules, PDK1 is involved in the UCN-mediated repression of 

ectopic growth in a more global fashion. Loss of one of the two PDK1 genes in ucn-1 background 

rescues not only the integument phenotype but also the floral phenotype, i.e. aberrant growth in 

petals and stamina, and the overall morphological defects of the flower (Figure 3-7). These results 

indicate, together with the PDK1 overexpression phenotypes (Figure 3-10), that PDK1 is part of 

UCN signaling in those floral organs, in which UCN controls organ architecture. Thus, I extended 

the above-introduced model of UCN-dependent regulation to other floral organs. The second 

model for the hypothetical molecular mechanism coordinating organ architecture in a UCN-

dependent manner represents almost the same as described above for integument development. 

I just replaced the KANADI TF ATS by an unknown transcription factor named W (which might be 

a TF of the KANADI family as well). UCN is auto- and trans-activated by PDK1 in the cytosol/at the 

plasma membrane, and subsequently translocated to the nucleus where it represses W. The TF W 

is a positive regulator of RNO expression. The RNO protein is trans-activated by PDK1 in the 

cytosol/at the PM. UCN in turn negatively regulates PDK1 activity despite the hypothesis that PDK1 

is due to its auto-activating ability constitutively active (Zhang and McCormick 2009). Here I 

present genetic and biochemical data obviously showing that PDK1 can be repressed by at least 

one AGCVIII kinase (Figures 3-9 and 3-16). The in vitro results I gained from the kinase assays in 

Figure 3-16 support a negative regulation of PDK1 by UCN. In a next step, the UCN-dependent 
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PDK1 phosphorylation sites need to be determined in order to gain deeper insights how UCN 

represses PDK1. 

 

  

Figure 4-3 Hypothetical 
model of the molecular 
mechanisms underlying the 
UCN signaling pathway in the 
control of planar growth. 

(A) Cartoon depicting the 
proposed molecular 
mechanism in the control of 
ovule integument 
architecture. UCN is activated 
in the cytosol, is translocated 
into the nucleus, where it 
represses ATS, which controls 
the expression of RHINO 
(RNO). The RNO protein is 
activated by PDK1.1 and 
PDK1.2 in the cytosol and 
induces periclinal divisions. 
(B) The same proposed 
molecular mechanism for the 
repression of ectopic growth 
in other floral organs. ATS is 
replaced by a yet unknown 
transcription factor W. Stars 
indicate phosphorylation. PA 
phosphatidic acid. Dotted 
arrows between PDK1 and 
UCN are not proven. Dash-
dotted arrows indicate 
movement, and dashed 

arrows indicate a proposed PDK1-mediated activation of the unknown factor RNO. 
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 UCN-ATS interaction 

In order to gain more insights into the UCN-dependent ATS regulation, I performed cold 

kinase assays, and the peptides resulting from protease (trypsin and pepsin, respectively) 

digestion were analyzed in LC-MS/MS approaches in collaboration with Dr. Fiona Pachl and Dr. 

Peng Yu (Chair of Proteomics and Bioanalytics, Prof. Dr. B. Küster, TUM). Although the recovery of 

the peptides was not complete, I obtained three phosphorylated Ser residues, namely S13, S92 

and S211, reproducibly. Since changes in the experimental approach (using a different protease, 

application of an inclusion list) did not result in better recovery of the ATS peptides, I decided to 

generate Ser to Ala substitutions to obtain potential phospho-mutants of ATS. Testing all possible 

combinations of single, double and triple S to A substitutions in kinase and BiFC assays revealed 

that the detected phospho-serines are not sufficient. This might have different reasons. On the 

one hand, the in vitro phosphorylation sites might result from in vitro artifacts. On the other hand, 

the peptides that have not been recovered contain seven additional Ser residues, which might be 

of relevance regarding UCN-mediated ATS repression by phosphorylation. Therefore, one could 

try to analyze ATS phosphorylation sites in floral plant tissue of WT and unicorn mutants.  

 

 CRISPR/CAS9 mediated genetic engineering – a powerful tool 

for the generation of novel mutants 

In order to generate a second ucn allele in Ler WT background, I made use of the 

CRISPR/Cas9 system using an egg cell specific promoter (pEC1.2) to drive Cas9 expression (Wang 

et al. 2015). As described in section 3.4, I obtained one mutant so far that was named ucn-11. In 

principle, the used Streptococcus pyogenes Cas9 introduces double strand break (DSB) next to its 

PAM sequence (NGG), which needs to be adjacent to the target region. The repair of the 

introduced DSB by non-homologous end-joining (NHEJ) causes errors, which can be detected as 

deletions, insertions, and substitutions. Using an egg cell specific promoter has the major 

advantage over constitutive active promoter such as pCaMV-35S, pUBQ or p16 that Cas9 is 

exclusively expressed in the egg cell. Therefore, homozygous and trans-heterozygous mutants are 

expected already in T1 generation rather than a mosaic. I targeted a region of the UCN gene close 

to the lost ucn-10 substitution (D122N) in order to try to mimic this mutation. I analyzed around 

100 T1 plants phenotypically, and three of them showed a mild ucn-1-like floral phenotype. 
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Subsequent sequencing revealed that one of them carries an insertion of a single adenine at 

position +386 leading eventually to a STOP codon at position +391 to +393. This leads maximally 

to a protein of 130 instead of 404 AA, which in turn – if present and stable – lacking the whole 

activation segment, 40 AA of kinase subdomain 1, and the complete second kinase subdomain 

making it certainly an inactive kinase fragment. I observed in homozygous T2 offspring unicorn 

phenotypes in ovules, petals and overall floral architecture (see Figure 3-25), leading to the 

assumption that the used CRISPR/Cas9 system provided by Wang et al. (2015) is suitable for 

genome editing in my hands. To date, additional lines are in the pipeline for targeting the UCN 

gene directly downstream of the START codon in order to generate true null mutants in Ler and 

Col-0, as well as in pdk1 single and double insertion lines. Moreover, I decided to knock out the 

PDK1 genes (single and double KO) in ucn mutant backgrounds and Ler WT.   
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5 CONCLUSION 
Organ architecture relies on spatiotemporal orchestration of proliferation, division plane 

determination and growth. Arabidopsis ovule integuments comprise excellent model tissues for 

studying planar growth control. The AGCVIII kinase UCN was demonstrated to be of paramount 

importance in the suppression of ectopic growth in floral organs (Enugutti et al. 2012). 

Furthermore, UCN-mediated direct repression of the KANADI transcription factor ATS was shown 

to be crucial for ectopic growth suppression. Besides ATS, no other components of the UCN 

signaling pathway have been identified so far.  

3-PHOSPHOINOSITIDE-DEPENDENT KINASE 1 (PDK1) represents a major upstream regulator 

of AGC kinase signaling in animals, and for some AGC kinases as well in plants. Surprisingly, pdk1.1 

pdk1.2 double loss-of-function lines in Arabidopsis exhibit a quite mild phenotype but already a 

single pdk1 loss-of-function in ucn-1 rescues the ucn phenotype, which leads to the assumption 

that either both PDK1 activities are needed for activation of the downstream signaling or a simple 

quantitative effect leads to the phenotypical restoration. In fact, (over)expression of one PDK1 in 

pdk1.1 pdk1.2 double loss-of-function background is sufficient to compensate for the phenotype. 

Overexpression of one PDK1 in WT background has the ability to phenocopy the ucn-1 phenotype 

but to a lesser extent. Since PDK1 repression has not been shown so far, UCN-mediated PDK1 

repression represents a novel and unique feature in AGC kinase regulation. 

Since PDK1 and ATS were not supposed to interact directly due to their spatial separation 

(cytosol/plasma membrane vs. nucleus), and indeed, in BiFC assays in Arabidopsis protoplasts I 

could not observe YFP complementation indicating that these two proteins are strictly separated 

within the cell. Therefore, I propose a speculative model of the molecular mechanism underlying 

the UCN signaling pathway coordinating integument and floral organ architecture (Figure 4-3). The 

UCN kinase interacts with both PDK1 proteins in the cytosol and/or at the plasma membrane. 

Upon auto- and PDK1-dependent trans-phosphorylation, UCN is capable of entering the nucleus 

and repressing (i) ATS in ovule integuments; and (ii) an unknown transcription factor (maybe 

another KANADI TF) in petals for instance. In turn, these transcription factors, without being 

phosphorylated by UCN, activate the expression of another unexposed component I named 

RHINO (RNO). The RNO protein in turn is positively regulated by PDK1, which in turn is repressed 

by UCN.  



C O N C L U S I O N  

91 

 

UCN shares similarities with some animal AGC kinases and tumor-suppressors, e.g. Akt/PKB. 

AtPDK1 shares common features with mammalian PDK1s, especially that PDK1 promotes 

protrusion formation in response to overexpression. 

The overall analysis reveals that tumor or protrusion formation exhibits common 

characteristics between mammals and plants. PDK1 and at least one other AGC kinase are involved 

in this process in both kingdoms. Nevertheless, more components, especially RNO, need to be 

unraveled to gain a better understanding of the molecular mechanism underlying this process. 

The mechanism I propose shares some similarities with mechanisms described for AGC kinase-

dependent growth control in animals (Akt/PKB; Warts/LATS). PDK1 seems to act as a master 

regulator that promotes cell proliferation across kingdoms. 

In addition, further experiments are needed to completely understand the role of PDK1 in 

UCN signaling. Subcellular localization of PDK1:EGFP fusion proteins in ucn-1 background are 

necessary to determine if the absence of functional UCN influences PDK1 distribution. Moreover, 

UCN S233/S242 phosphomutants need to be generated and analyzed in planta. 
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7 SUPPLEMENT 
Table 7-1: Oligonucleotides used in this study. Sequence and purpose are indicated. 

Name 5'-sequence-3' Purpose 

PDK1.1_fw EcoRI_new GGCCGAATTCATGTTGGCAATGGAGAAAGAA Cloning PDK1.1 CDS into pMal c2x 
forward 

PDK1.1_rev BamHI_new GGCCGGATCCTCAGCGGTTCTGAAGAGTCTC Cloning PDK1.1 CDS into pMal c2x 
reverse 

PDK1.2 fw_BamHI_new GGCCGGATCCATGTTGACAATGGACAAGGAA Cloning PDK1.2 CDS into pMal c2x 
forward 

PDK1.2_rev_PstI_new GGATCTGCAGTCAACGGTTTTGAAGAGTTTC Cloning PDK1.2 CDS into pMal c2x 
reverse 

PDK1.1_fw_BamHI_BiFC CCCCGGATCCATGTTGGCAATGGAGAAAGAAT
TT 

Cloning PDK1.1 CDS into 
pSPYCE/pSPYNE forward 

PDK1.1_rev_XmaI_BiFC AAAACCCGGGGCGGTTCTGAAGAGTCTCGAT Cloning PDK1.1 CDS into 
pSPYCE/pSPYNE reverse 

PDK1.2_fw_BamHI_BiFC CCCCGGATCCATGTTGACAATGGACAAGGAA Cloning PDK1.2 CDS into 
pSPYCE/pSPYNE forward 

PDK1.2_rev_KpnI_BiFC CCCCGGTACCACGGTTTTGAAGAGTTTCGAT Cloning PDK1.2 CDS into 
pSPYCE/pSPYNE reverse 

UCN_fw_XbaI_BiFC CCCCTCTAGAATGGAGACAAGACCATCATCATC
ATC 

Cloning UCN into pSPYCE/pSPYNE 
forward 

UCN_dPIF_rev_XmaI_BiFC AAAACCCGGGCGGATTGTTTTCAGAACACTCGT
GC 

Cloning UCN_dPIF into pSPYCE/pSPYNE 
reverse 

UCN_rev_XmaI_BiFC  AAAACCCGGGGAAATCAACAAACGGATTGTTT
TCAGA 

Cloning of UCN into pSPYCE/pSPYNE 
reverse 

SALK_LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping SALK lines 

pdk1.1_SALK_053385_LP TGGAAGTTTGGTTGATCGAAG Genotyping pdk1.1-1 SALK_053385 

pdk1.1_SALK_053385_RP ACATTAGCACCGTTGGATGAG Genotyping pdk1.1-1 SALK_053385 

pdk1.1_SALK_113251_LP TGGTAAGATGCATCAAAAGCC Genotyping pdk1.1-2 SALK_113251 

pdk1.1_SALK_113251_RP TTACCACGGTTTTGTGAAAGG Genotyping pdk1.1-2 SALK_113251 

SAIL_LB2 GCTTCCTATTATATCTTCCCAAATTACCAATACA Genotyping SAIL lines  

pdk1.2_SAIL_62_G04_LP CTTACCATGATTTCGAGCTCG Genotyping pdk1.2-2 SAIL_62_G04 

pdk1.2_SAIL_62_G04_RP TTCAGGAGGAACATATGCAGC Genotyping pdk1.2-2 SAIL_62_G04 

pdk1.2_SAIL_450_B01_LP CTTGATCAACTCGAACATCCC Genotyping pdk1.2-3 SAIL_450_B01 

pdk1.2_SAIL_450_B01_RP AACCTTCTGATCCAGCTCCTG Genotyping pdk1.2-3 SAIL_450_B01 

pUBQ10_HindIII_fw AACCAAGCTTAGCTGCGACGAGTCAGTAATAA
ACG 

Replacing p35S in pMDC43/83 forward 

pUBQ10_KpnI_rev TTCCGGTACCAGATCATGTTAATCAGAAAAACT
CAG 

Replacing p35S in pMDC43 reverse 
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pUBQ10_SpeI_rev  CCCCACTAGTTGTTAATCAGAAAAACTCAG Replacing p35S in pMDC83 reverse 

p16_HindIII_fw AACCAAGCTTAGCTGTGGAACCATCTTTTGGGT
TCC 

Replacing p35S in pMDC43/83 forward 

p16_KpnI_rev TTCCGGTACCAGATCGACCACGCCGTCGTAGAT
GAG 

Replacing p35S in pMDC43 reverse 

p16_SpeI_rev  CCCCACTAGTCCACGCCGTCGTAGATGAG Replacing p35S in pMDC83 reverse 

pPDK1.2_fw_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTATG
GGTTTTCCACCTTGAGGC 

Cloning pPDK1.2::gPDK1.2 into 
pMDC43 forward 

PDK1.2_rev_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTAC
GGTTTTGAAGAGTTTCG 

Cloning pPDK1.2::gPDK1.2 into 
pMDC43 reverse 

PDK1.1sense_CDS_F TAATACGACTCACTATAGGGATGTTGGCAATG
GAGAAAG 

PDK1.1 in situ sense probe forward 

PDK1.1sense_CDS_R TCAGCGGTTCTGAAGAGTC PDK1.1 in situ sense probe reverse 

PDK1.1as_CDS_F ATGTTGGCAATGGAGAAAG PDK1.1 in situ antisense probe forward 

PDK1.1as_CDS_R  TAATACGACTCACTATAGGGTCAGCGGTTCTGA
AGAGTC  

PDK1.1 in situ antisense probe reverse 

PDK1.2sense_CDS_F TAATACGACTCACTATAGGGATGTTGACAATGG
ACAAGG 

PDK1.2 in situ sense probe forward 

PDK1.2sense_CDS_R TCAACGGTTTTGAAGAGTT PDK1.2 in situ sense probe reverse 

PDK1.2as_CDS_F ATGTTGACAATGGACAAGG PDK1.2 in situ antisense probe forward 

PDK1.2as_CDS_R  TAATACGACTCACTATAGGGTCAACGGTTTTGA
AGAGTT 

PDK1.2 in situ antisense probe reverse 

At4g33380(qRT)_F TGAAGGAGAGGAAGAGCCTGAGGAA Reference gene 1 forward qRT-PCR 

At4g33380(qRT)_R CCCCATCTCACTGCAGCACCAC Reference gene 1 reverse qRT-PCR 

At2g28390(qRT)_F AGATTGCAGGGTACGCCTTGAGG Reference gene 2 forward qRT-PCR 

At2g28390(qRT)_R ACACGCATTCCACCTTCCGCG Reference gene 2 reverse qRT-PCR 

At5g46630(qRT)_F CCAAATGGAATTTCAGGTGCCAATG Reference gene 3 forward qRT-PCR 

At5g46630(qRT)_R CAATGCGTACCTTGAGAAAACGAAC Reference gene 3 reverse qRT-PCR 

PDK1.2_(qRT)_fw TCGCCTTTAAGGCTCCTCAGG PDK1.2 forward qRT-PCR 

PDK1.2_(qRT)_rev CCATGATCTTCAAGGCATACACAG PDK1.2 reverse qRT-PCR 

PDK1.1(qRT)_fw2 AACGGTGCTAATGTTTCTAGAAGC PDK1.1 forward qRT-PCR 

PDK1.1(qRT)_rev CAGTTTCCTTCTTCTTTGCCCTAAC PDK1.1 reverse qRT-PCR 
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Table 7-2 Absolute and relative values of ucn-1 (Ler), ucn-1 (Col-0), and pdk1 ucn-1 ovule phenotypes. 

Three individuals of three independent crosses for each combination were analyzed. 
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Figure 7-2 PDK1.1, PDK1.2 and ACT8 transcript amounts in pdk1 T-DNA lines and Col-0. 

The pdk1 T-DNA lines do not contain the respective PDK1 transcripts. ACTIN8 was used as a control. 
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Figure 7-3 Root hair phenotypes. 

Light micrographs of root hairs. (A) 
Phase contrast depicting Ler root 
hairs. (B – F) DIC images. (B – D) 
Three independent PDK1 
overexpressors. (E) ucn-1 and (F) 
pdk1.1 pdk1.2 ucn-1 triple mutant. 
Please note aberrant root hair 
polarity in B – E. Arrows indicate 
branching, arrowheads ballooning 
of the root hairs. The pdk1 
knockout rescues branching and 
ballooning of ucn-1. Scale bars: 20 
µm. 
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