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Zusammenfassung

Wachstum und Kérperform multizellularer Organismen wird gréftenteils durch einen
funktionierenden  Langstreckentransport  von Energiemetaboliten  bestimmt, der
Stammzellaktivitat antreibt. In vaskularen Pflanzen werden Zucker photosynthetisch in Quellen
(source) produziert und Uber das Phloem in Senken (sink) geleitet, wo sie entweder in
Speicherorgane gelangen oder flir die Aufrechterhaltung von Stammzellnischen, sogenannten
Meristemen, genutzt werden. Im Wurzelapikalmeristem (root apical meristem, RAM), welches
das Langenwachstum der Wurzeln vorantreibt, wird Zuckerversorgung durch striktes
Zusammenspiel zwischen Proto- und Metaphloem aufrechterhalten. Die Ausbildung von Proto-
und Metaphloem geht von einer einzelnen Stammzelle aus, deren Tochterzellen sich in einer
raumlich- und zeitlich kontrollierten Weise teilen und differenzieren. Protophloem differenziert
zuerst innerhalb des RAMs, um Zuckerentladung nahe der Stammzelinische zu ermdglichen.
Eine beeintrachtigte oder verzdégerte Protophloemausbildung hat schwerwiegende Folgen fir
Pflanzenwachstum und Vitalitdt. Es ist daher von zentraler Bedeutung die regulatorischen
Mechanismen hinter Protophloementwicklung zu verstehen, um die Zuckertransportleistung in
Senken zu erhdhen und somit den Ernteertrag in naher Zukunft zu steigern.

In dieser Studie berichte ich von neuen Schlusselkomponenten der Phloemregulierung,
genannt SUPPRESSOR OF MAX2 1-LIKE3 (SMXL3), SMXL4 und SMXL5. Anders als die
meisten SMXL-Familienmitglieder, agieren SMXL3/4/5 unabhangig von Strigolacton- (SL) oder
Karrikin (KAR)-Signalwegen als positive Regulatoren der Phloementwicklung. Sie sind die
ersten beschriebenen phloemspezifischen Gene, die Promotoraktivitat bereits im provaskularen
Gewebe des Embryos, in der ersten Phloemstammzelle des RAMs und entlang des gesamten
Phloemgewebes in adulten Pflanzen zeigen. SMXL3/4/5 agieren redundant und dosisabhangig
in der zeitlich- und raumlichen Initiierung und Differenzierung von Protophloem. Ein Mangel an
SMXL3/4/5-Aktivitat fuhrt zur kompletten Abwesenheit des Phloemgewebes und Tripelmutanten
sind bereits im Keimlingsstadium letal. Doppelmutanten zeigen reduzierten phloemabhangigen
Transport und Zuckeransammlung in Blattern. AuRerdem spielen SMXL3/5 eine zusatzliche und
SMXL4-unabhéngige Rolle im radialen Wurzelwachstum, indem sie Zellteilungen des
Prokambiums fordern. Interessanterweise ist SMXL5-Aktivitat ausreichend, um sekundare
Phloemausbildung an der Stammbasis zu initiieren, aber unterdriickt gemeinsam mit SMXL4
radiales Dickenwachstum. Diese funktionale Spezialisierung deutet darauf hin, dass SMXL3/4/5
unterschiedliche Rollen in den molekularen Netzwerken der Phloem und/oder
(Pro-)Kambium Entwicklung spielen.

Um SMXL3/4/5 in solch ein molekulares Netzwerk zu integrieren, haben wir nach Protein-
Protein-Interaktionspartnern fur SMXL5 gesucht. Das plant homeodomain (PHD)-finger Protein
OBERON 3 (OBE3) ist der erste bestatigte Interaktionspartner, der gemeinsam mit SMXL3/4/5
Phloemausbildung reguliert. Frihere Studien zeigten, dass OBE Proteine eine wichtige Rolle in

der Aufrechterhaltung von Meristemen und moglicherweise in der Umstrukturierung von

\



Chromatin spielen. SMXL3/4/5 sind kernlokalisierte, chaperonahnliche Proteine mit
konservierter AAA ATPase und ETHYLENE-RESPONSE FACTOR Amphiphilic Repression
(EAR) Domane, was sie zu ausgezeichneten Kandidaten fur eine transkriptionelle Regulierung
von nachgeschalteten Zielgenen macht. Diese Studie und die Charakterisierung von SMXL3/4/5
und OBES3 als neuartige und grundlegende Phloemregulatoren ermdglichte tieferere Einblicke

in die Phloementwicklung und Zuckerverteilung der Pflanzen.
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Abstract

Growth and body shape of complex multicellular organisms is largely determined by a
functional long-distance transport of energy metabolites that fuels stem cell activity. In vascular
plants, sugars are photosynthetically produced in source tissues and delivered via the phloem
to sink tissues for allocation into storage organs or to sustain distinct stem cell niches, called
meristems. In the root apical meristem (RAM), which drives longitudinal root growth, sugar sup-
ply is ensured by a tight interplay between proto- and metaphloem. Formation of proto- and
metaphloem starts with a single stem cell whose daughter cells divide and differentiate in a
controlled spatio-temporal manner. Protophloem differentiates first within the RAM to enable
sugar unloading close to the stem cell niche. Impaired or delayed protophloem formation has
detrimental consequences for plant growth and vitality. Understanding the regulatory mecha-
nisms behind (proto-)phloem formation is an important hub to enhance sink strength and thereby
crop vyield in the near or further future.

In this study | report novel key-components in phloem regulation called SUPPRESSOR
OF MAX2 1-LIKE3 (SMXL3), SMXL4 and SMXL5. Unlike most SMXL family members,
SMXL3/4/5 act independently from strigolactone (SL) or karrikin (KAR) signaling as positive reg-
ulators of phloem formation. They are the first described phloem-specific genes that show pro-
moter activity already in provascular tissues of the embryo, the first phloem stem cell in the RAM
and along the whole phloem tissue in adult plants. SMXL3/4/5 promote protophloem initiation
and differentiation in a dose-dependent manner. Deficiency of all three gene functions results in
complete absence of phloem tissue and seedling lethality. In comparison, double mutants show
reduced phloem-dependent transport and sugar accumulation in leaves. Moreover, SMXL3/5
play an additional and SMXL4-independent role in radial root growth by promoting procambial
cell divisions. Interestingly, SMXL5 activity is sufficient to induce secondary phloem formation
at the stem base, but acts redundantly with SMXL4 in suppressing radial stem thickening. This
functional specialisation suggests that SMXL3/4/5 play distinct roles in molecular networks of
phloem and/or (pro-)cambium formation.

To integrate SMXL3/4/5 into such molecular networks, | characterized protein-protein in-
teraction partners of SMXL5. The plant homeodomain (PHD)-finger protein OBERON 3 (OBE3)
is the first interaction partner that genetically interacts with SMXL3/4/5 in protophloem formation.
Previous studies reported that OBEs are important components in meristem maintenance and,
potentially, chromatin remodelling. SMXL3/4/5 are nuclear localized, chaperon-like proteins with
conserved AAA ATPase and ETHYLENE-RESPONSE FACTOR Amphiphilic Repression (EAR)
domain, which makes them perfect candidates to act in transcriptional regulation of downstream
targets. This study and the characterization of SMXL3/4/5 and OBE3 as novel and fundamental
phloem regulators enabled a deeper understanding of phloem development and sugar allocation

in plants.
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Introduction

1. Introduction

1.1 Plants as systems to study the spatio-temporal regulation of cell fate

Our planet is inhabited by a vast variety of life forms. Their appearance ranges from
rather simple unicellular organisms to large and complex multicellular bodies with an impressive
repertoire of distinct morphologies. The emergence of multicellular organisms was a major step
in evolution that required a completely new set of cellular traits and regulatory mechanisms. One
of the most striking advantages of multicellularity is the ability to divide labour among specialized
sub-sets of cells that assemble in specific body parts to form new tissue layers and organs
exhibiting particular functions (Somorjai et al. 2012). Although the same main principles of cell
specification and compartmentation evolved independently in multicellular organisms of all three
kingdoms of life, mechanisms during ontogeny and in acquiring a certain morphology can differ
(Gaillochet and Lohmann 2015).

To ensure an organized coordination of tissue formation and interaction, a tight spatio-
temporal control of cell fate specification is essential. While ontogeny within the animal kingdom
relies on several events of cell migration and movement, plant cells are immobile (Fowler and
Quatrano 1997; Dupuy et al. 2010). They are contained within a certain cellular context by semi-
rigid primary or rigid secondary cell walls (Alberts 2002). The cell wall gives plant cells shape,
withstands turgor pressure, provides mechanical support and acts as a signalling compartment
(Wolf et al. 2012; Voxeur and Hofte 2016; Alberts 2002). Consequently, position and timing of
cell division, cell expansion and differentiation as well as the orientation of division planes are
key aspects of plant development that determine both morphology and fitness (Wendrich and
Weijers 2013; De Rybel et al. 2014).

Model plants, such as Arabidopsis thaliana (Arabidopsis), can serve as great systems to
study the spatio-temporal regulation of cell fate. Due to the lack of plant cell mobility, cell line-
ages can be traced from the first stem cell to fully differentiated cells in a rather easy manner
(Scheres 2007). This allows a precise investigation of cell identity changes and their underlying

regulatory mechanisms.

1.2 Plant meristems maintain life-long growth

Unlike animals, plants are sessile organisms and constantly exposed to ever changing
environmental cues. Thus, plants developed an amazing set of traits and mechanisms to adapt.
Seeds can outlast many years while waiting for the best environmental conditions to germinate
(Bentsink and Koornneef 2008). In the vegetative state plants maintain continuous growth and

morphological plasticity to overcome and withstand environmental hardship for thousands of



years (Tonn and Greb 2017). The plants infinite capacity to grow post-embryonically is achieved
by distinct stem cell niches (Scheres 2007).

Stem cell niches are specialized, stem cell-protecting microenvironments that contain a
pool of pluripotent stem cells (Scheres 2007; Miyashima et al. 2013). Despite the independent
evolution of animals and plants, the niche concept proved effective and is common in multicel-
lular organisms of both kingdoms (Scheres 2007). Stem cells allow multicellular organisms to
continuously renew tissues and organs and to regenerate cells after e.g. an injury (Aichinger et
al. 2012). They have the capacity to undergo asymmetric divisions to form a differentiating
daughter cell and a self-renewed stem cell (Wendrich and Weijers 2013). Each stem cell niche
displays layers of cells with different degrees of potency and identity. At the core usually resides
an organizing centre that forms a strictly controlled pool of rarely dividing cells. The organizer
maintains the niche by inhibiting differentiation of the adjacent stem cells through cell-to-cell
signalling. Those stem cells are located next to the organizing centre and their asymmetric divi-
sions lead to their self-renewal and the production of daughter cell. This third layer of daughter
cells is highly proliferative (De Rybel et al. 2014; Wendrich and Weijers 2013; Scheres 2007).
Cell lineages produced by daughter cells will eventually differentiate into a certain tissue type.

In plants, those highly organized stem cell areas are called meristems (Miyashima et al. 2013).

1.2.1 Primary meristems drive initial longitudinal growth

The root apical meristem (RAM) and shoot apical meristem (SAM) are primary plant me-
ristems that are located at the apical positions of root and shoot tips, respectively (Aichinger et
al. 2012; Scheres 2007). The origin of RAM and SAM dates back to the first tracheophytes
(vascular plants) that evolved after plants started to colonize the land (Seago and Fernando
2013; Kenrick and Crane 1997; Imaichi and Hiratsuka 2007). The SAM evolved to enable longi-
tudinal growth of stems in vascular plants that were still partially growing in or nearby water
reservoirs (Imaichi and Hiratsuka 2007; Seago and Fernando 2013; Greb and Lohmann 2016).
As plants conquered drier environments, the establishment of an elongated root system for wa-
ter uptake gained importance and so the RAM emerged (Bennett and Scheres 2010; Seago and
Fernando 2013; Matsunaga and Tomescu 2016). It is suggested that seed plants, lycophytes
and ferns developed SAMs and RAMs independently and consequently show differences in
structural organization and development (Imaichi and Hiratsuka 2007; Seago and Fernando
2013). Thus, RAM and SAM development cannot be generalized but will be discussed on the
basis of our herbaceous angiosperm model organism Arabidopsis.

Although RAM activity is first initiated during germination (Masubelele et al. 2005), pri-
mary meristems are already established during embryogenesis (Peris et al. 2010; ten Hove et
al. 2015). In the first step of embryogenesis the zygote elongates and asymmetrically divides

into an apical cell and a bigger basal cell (Lau and Bergmann 2012; Ueda et al. 2011). The
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apical cell undergoes several rounds of highly organized divisions with specific changes in the
division plane to specify the initial plant tissues (Ueda et al. 2011). The basal cell divides sym-
metrically into the suspensor that connects the embryo to the maternal seed coat (Kawashima
and Goldberg 2010). In the globular stage embryo the most important tissue types, such as
vascular precursor cells, are specified and the shoot and root identities are established at the

apical and basal ends, respectively (Wendrich and Weijers 2013; ten Hove et al. 2015).

1.2.2 The root apical meristem (RAM)

The RAM is derived from the most apical suspensor cell which develops at the globular
stage into the hypophysis, which in turn divides asymmetrically and forms the root organizer
(Wendrich and Weijers 2013; ten Hove et al. 2015; Perilli et al. 2012). During transition from
globular to heart stage, the root organizer develops into the quiescent centre (QC) and the col-
umella stem cells (Hamann et al. 1999; Schlereth et al. 2010). The QC is the largely mitotically
arrested organizing centre of the RAM (Dolan et al. 1993). It consists of four cells that are sur-
rounded by different types of stem cells or so-called initials: Columella initials, epidermis initials,
cortex/endodermis initials and stele initials (Figure 1.1) (Sozzani and lyer-Pascuzzi 2014;
Scheres 2007). Cell fate among those cells remains quite plastic and the QC or single initials
can be rapidly restored after laser ablation (van den Berg et al. 1995). One important factor
involved in stem cell maintenance is the homeodomain transcription factor WUSCHEL RE-
LATED HOMEOBOX 5 (WOX5) (Sarkar et al. 2007). WOX5 activity marks the QC but the WOX5
protein can move into adjacent columella initials to suppress their differentiation by repressing
the differentiation promoting transcription factor CYCLING DOF FACTOR 4 (CDF4) (Pi et al.
2015). In turn, WOX5 expression is negatively regulated and positioned to the QC by receptor-
like kinase ARABIDOPSIS CRINKLY4 (ACR4) (De Smet et al. 2008; Stahl et al. 2009). CLAV-
ATAS/ESP-RELATED 40 (CLEA40) is expressed in differentiated vascular cells of the stele and
in columella cells and promotes expression of ACR4 in RAM initials. WOX5 expression thereby
remains restricted to the QC where ACR4 activity is absent (De Smet et al. 2008; Stahl et al.
2009). Thus, the QC maintains stem cell properties of the contacting initials (van den Berg et al.
1997). Each initial divides asymmetrically into a stem cell and a proliferating daughter cell, which
are also known as transit-amplifying cells (Scheres 2007). Daughter cells lose contact with the
QC and thus start to expand and differentiate post-germination after about four rounds of divi-
sions (Sozzani and lyer-Pascuzzi 2014; Scheres 2007). At the same time, the outermost layer
of columella and root cap cells is shed. Consequently, the root grows forward while the RAM

remains at the apical position (Figure 1.1) (Scheres 2007).
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Figure 1.1: Tissues of the root apical meristem (RAM)
A schematic representation of a root apical meristem (RAM) from Arabidopsis is shown. Im-

portant tissues are colour-coded according to the legend. The quiescent centre (QC) is the stem-
cell maintaining organizer at the root tip. Vascular (or stele) initials produce the vascular tissues
phloem and xylem that are surrounded by the pericycle. Together those tissues form the cylin-
drical core of the root, which is called stele. The figure is based on information found in Lee et
al. 2013; Rodriguez-Villalon et al. 2015; Bonke et al. 2003 and Miyashima et al. 2013.

1.2.3 The shoot apical meristem (SAM)

The SAM is established at the apical position in the globular embryo and stem cells are
specified between the premature cotyledons at the heart stage (Wendrich and Weijers 2013;
ten Hove et al. 2015). After germination, the SAM drives the formation of all above-ground tis-
sues (Gaillochet et al. 2015). The dome-like structure of the SAM is organized in three cell layers
that are clonally distinct and exhibit different cell division planes (Reddy et al. 2004). The SAM
can be further categorized into three functional domains: A slowly dividing central zone (CZ) that
harbours the stem cells, a fast dividing peripheral zone (PZ) that gives rise to leaf and flower
primordia and the rib zone (RZ) that establishes the primary stem (Reddy and Meyerowitz 2005;
Aichinger et al. 2012). An organizing centre sits basally of the CZ and is marked by the expres-
sion of the homeodomain transcription factor WUSCHEL (WUS) (Schoof et al. 2000). Similar to
WOXS5 in the root, cell-to-cell movement of WUS to the CZ is required for stem cell maintenance
(Daum et al. 2014). The WUS expression domain is restricted by CLAVATA3 (CLV3) signalling.
CLV3 is expressed in the CZ and encodes a small peptide that signals through binding to the
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leucine-rich repeat receptor like kinases (LRR-RLK) CLAVATA1 (CLV1), CLAVATA2 (CLV2)
and CORYNE (CRN) (Brand et al. 2000; Mdiller et al. 2008; Gaillochet et al. 2015).

By presenting the key players in RAM and SAM formation, | aimed to highlight similarities
and conserved principles of meristem regulation. Importantly, those networks also include other
genes, hormonal pathways and feedback loops not discussed here (Gaillochet et al. 2015;
Aichinger et al. 2012; Scheres 2007). Moreover, new shoot and root meristems are also formed
post-embryonically during shoot branching and lateral root formation, respectively (De Smet et
al. 2006). Lateral shoot primordia are established from axillary meristems that derive from the
SAM, whereas lateral root primordia emerge from de-differentiating pericycle cells within the
differentiation zone of the RAM (Leyser 2009; Dastidar et al. 2012; Steeve and Sussex 1989;

Sussex 1989). This high plasticity in cell fate is one driving force behind plant morphogenesis.

1.2.4 A secondary meristem drives radial plant growth

One of the best examples highlighting morphological and cell fate plasticity of vascular
plants is the post-embryonic establishment of the cambium. The cambium is a secondary meri-
stem that is formed de-novo in stems, hypocotyls and roots (Elo et al. 2009; Sanchez et al.
2012). Cambium formation generates a closed cylinder of cambial stem cells with presumably
different degrees of potency that enables plants to grow radially (Brackmann and Greb 2014;
Sanchez et al. 2012). Although earliest indications for radial growth were found in fossils of
extinct euphyllophytes, cambium formation is nowadays mostly restricted to gymnosperms and
angiosperms, where it was partially lost and re-invented during evolution (Ragni and Greb 2017).
While still present in dicots, monocots lost radial growth and re-established a new radial meri-
stem in arborescent monocots, such as Dracaena or Yucca species (Jura-Morawiec et al. 2015).
In all cases, radial growth is the driving force behind biomass production on our planet. It enables
woody-plants to establish and maintain big body structures that survive and withstand environ-
mental changes for millennia (Tonn and Greb 2017). Although the results of radial growth might
be most obvious in trees, also herbaceous species, such as Arabidopsis, grow radially to a
certain extent and can therefore serve as great models to study the dynamics and regulatory
principles of cambium formation (Elo et al. 2009).

In the primary stem, which derives from the RZ of the SAM, procambial stem cells are
restricted to vascular bundles and located between the vascular tissues of primary xylem and
phloem (Figure 1.2) (Sanchez et al. 2012). In adult Arabidopsis stems, interfascicular cambium
(IC) is initiated de-novo in interfascicular regions at the stem base. Those new cambial stem
cells are supposedly derived from dividing starch sheath cells (Sehr et al. 2010; Altamura et al.
2001). The IC connects the cambium of the vascular bundles to form a closed ring of stem cells

(Figure 1.2). This secondary meristem produces phloem distally (towards the starch sheath) and



xylem proximally (towards the pith), which in turn leads to thickening of the stem and to an
increase in transport capacity and stability (Figure 1.2) (Nieminen et al. 2015). The vasculature
as long distance transport system and the vascular tissues xylem and phloem will be discussed
in chapter 1.3.

Unlike for the SAM and RAM, a dormant organizing centre has not been determined for
the cambium and an in-depth understanding of different cambium domains and cell identities is
still lacking (Ragni and Greb 2017). Although many of these gaps of knowledge are subject of
ongoing studies, cambium research is challenging since the tissue of interest is difficult to ac-
cess and new methods that allow real-life imaging are still pending. Nevertheless, several genes
and hormonal signalling pathways have been identified to shape and regulate cambium activity
(Brackmann and Greb 2014; Brackmann et al. 2018). The transcription factor WUSCHEL-RE-
LATED HOMEOBOX4 (WOX4) and the LRR-RLK PHLOEM INTERCALATED WITH XYLEM
(PXY) are two of the best studied and most specific cambium markers (Etchells and Turner
2010; Hirakawa et al. 2010; Suer et al. 2011). WOX4 maintains cambial stem cell activity (Suer
et al. 2011; Dolzblasz et al. 2016; Etchells et al. 2013). It is transcriptionally activated by PXY-
dependent intracellular signalling (Hirakawa et al. 2010; Etchells et al. 2016). PXY additionally
suppresses xylem differentiation upon binding its ligand CLAVATAS3/ESP-RELATED 41
(CLE41) (lto et al. 2006; Fisher and Turner 2007; Etchells et al. 2016). Although WOX4 and
PXY expression domains overlap in cambium stem cells, especially PXY promoter activity is
clearly located towards the proximal cambium side (Gursanscky et al. 2016; Brackmann et al.
2018). The LRR-RLK MORE LATERAL GROWTH 1 (MOL1) counteracts PXY in regulating cam-
bium homeostasis. Unlike PXY, MOL1 was the first identified gene expressed in cambium stem
cells expressed towards the distal cambium side (Gursanscky et al. 2016). Of note, PXY and
MOL1 activities do not overlap, which could hint towards the presence of two distinct cambium
stem cell types. Moreover, cambium activity is stimulated and/or balanced by many important
hormonal signalling pathways, such as auxin, cytokinin, gibberellin, brassinosteroid, ethylene,
jasmonic acid and strigolactone signalling (reviewed in Brackmann and Greb 2014). Auxin (in-
dole-3-acetic-acid, IAA) is probably the most famous plant hormone and a key regulator of plant
development in numerous stages and aspects (Sauer et al. 2013). Recent studies in our lab
showed that distinct AUXIN RESPONSE FACTORS (ARFs) play an essential role in modulating
cambium activity (Brackmann et al. 2018). ARF genes encode auxin-dependent transcription
factors that are activated when auxin signalling is high (Hagen 2015). While ARF3 and ARF4
generally promote cambium activity, ARF5, which is also known as MONOPTEROS (MP), is
directly attenuating WOX4 activity to maintain a defined stem cell pool, similar to mechanisms
in the SAM and RAM (Brackmann et al. 2018).
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Figure 1.2: The cambium is a stem cell niche that enables radial growth
A schematic Arabidopsis plant with stem cross sections representing primary and secondary

growth configuration is shown. In the primary configuration, which can be found in upper stem
positions, cambium is restricted to vascular bundles. The secondary configuration can be found
close to the stem base. IC is formed de-novo between vascular bundles and connects the vas-
cular cambium to form a closed ring that gives rise to phloem and xylem. Cambium, phloem and
xylem are colour-coded as indicated in the legend. The figure is based on information found in
Sanchez et al. 2012 and Suer et al. 2011.

1.3 The plant vasculature as long distance transport system

Having distinct stem cell niches to direct body growth is just one side of the coin when it
comes to establishing complex multicellular organisms. The second key component is a func-
tioning long-distance transport system that distributes water, nutrients, energy metabolites and
other signalling components, such as peptides, RNA and hormones throughout the body
(Oparka and Turgeon 1999). In early land plants the evolutionary pressure for a long-distance
transport system was high. As photoautotrophs, carbon dioxide uptake and fixation is more ef-
ficient for plants growing outside of the water. Yet, photosynthesis requires water and the pro-
duced sugars have to be allocated from source to sink tissues. Cell-to-cell transport via plasmo-
desmata (PD) alone is not sufficient to provide transport across long distances (Lucas et al.

2013). Thus, plants invented a symplastic transport system that is driven by hydrostatic pressure



only and therefore differs quite fundamentally from the circulatory system found in many animals
(Lucas et al. 2013; Furuta et al. 2014b). The plant vasculature is generally comprised out of

water-conducting xylem and sugar-allocating phloem (Lucas et al. 2013).

1.3.1 Xylem and the cohesion-tension theory

Mature xylem contains tracheary elements (TEs) which passively transport water and min-
eral nutrients from soil via roots to shoots and leaves (Ye et al. 2002). In eudicots, such as
Arabidopsis, differentiated TEs are interconnected and form xylem vessels (Ruzicka et al. 2015).
Primary xylem can be separated into two different vessel-types: Protoxylem and metaxylem
(Figure 1.1). Protoxylem differentiates earlier and is later on functionally replaced by metaxylem
(Kubo et al. 2005). Other xylem cell types include fibres for mechanical support and xylem pa-
renchyma, which function as location of storage and contribute to lignification of vessels (Smith
et al. 2013; Ruzicka et al. 2015). Differentiation of vessels includes programmed cell death and
secondary cell wall thickening, which is also known as impregnation (Fukuda 2000). While pri-
mary cell walls still allow cell expansion, secondary cell walls are stiff and rich in lignin, cellulose
and hemicellulose (Turner et al. 2007; Ruzicka et al. 2015). Lignification provides mechanical
support for vessels as they are subjected to negative hydraulic pressure and the hydrophobic
properties of lignin might even positively affect the water flow (Wang and Dixon 2012). Water
“transport” via xylem vessels happens solely passively via transpiration and forces of cohesion.
Water can enter the apoplast of the root by osmosis. To prevent uncontrolled loading of water
and nutrients into xylem, the vascular cylinder (stele) is protected by a hydrophobic barrier of
lignin that connects endodermis cells. This barrier is known as casparian strip and forces water
and nutrients to enter the stele symplastically by shuttling trough the endodermis cells (Purves
2007; Geldner 2013). After entering xylem vessels, water is sucked shootwards by capillary
forces and constant transpiration of water through stomata, which are located in the epidermis
of leaves to regulate gas exchange and transpiration (Steudle 2001; Purves 2007; Bergmann
and Sack 2007). The constant evaporation at leaves creates a negative pressure (vacuum) that
pulls water shootwards. This physical principle creating tension combined with the cohesion
properties of water are the driving forces described in the cohesion-tension theory. Although
intensively debated and questioned from time to time, this more than 100 year-old theory estab-
lished by Bohm is still the most widely accepted one when it comes to explaining the mecha-

nisms of water uptake and transport within plants (Steudle 2001; Brown 2013).

1.3.2 Phloem and the pressure-flow hypothesis

Phloem holds the crucial function of allocating photosynthates and other organic mole-

cules, such as hormones, proteins and RNAs throughout the plant body (Figure 1.3) (Oparka
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and Turgeon 1999; Blob et al. 2018; Otero and Helariutta 2017). It is basically comprised out of
sieve elements (SEs) and companion cells (CCs) (Dettmer et al. 2014).

Long-distance transport of the phloem sap occurs via differentiated SEs (Dettmer et al.
2014; Lucas et al. 2013). Upon differentiation, SEs enter a highly selective program of autolysis
that degrades most organelles, including the nucleus, vacuole, golgi, and the rough endoplasmic
reticulum (ER) (Lucas et al. 2013; Oparka and Turgeon 1999). The cells thereby enter an inter-
mediate state between life and death, but keep mitochondria, an altered version of the smooth
ER, the plasma membrane and a degenerated cytoplasm, which means that they are limited to
few - but not deprived of all - cellular processes (Evert and Eichhorn 2006; Lucas et al. 2013;
Anne and Hardtke 2017). Transport through SEs is facilitated by sieve plates that connect SEs
to form sieve tubes (Purves 2007). Sieve plates are formed from anticlinal cell walls and exhibit
a vast number of enlarged PD that are known as sieve pores (Dettmer et al. 2014). Those pores
enable passive movement of the phloem sap, including larger molecules, between SEs
(Knoblauch et al. 2015). Their formation and diameter is tightly regulated by CALLOSE SYN-
THASE 7 (CALS7), which is also known as GLUCAN SYNTHASE-LIKE 7 (GLS7) (Froelich et
al. 2011; Barratt et al. 2011; Xie et al. 2011; Vaten et al. 2011). CALS7 and its family member
CALS3/GSL12 have been shown to deposit callose at sieve plates, which is on the one hand
important for pore formation and increase of pore diameter but can on the other hand completely
block the pores if the vasculature is subjected to stress by e.g. wounding (Xie et al. 2011; Vaten
et al. 2011). Thus, callose deposition is an important hub to modulate pore size and conse-
quently phloem conductivity (Dettmer et al. 2014).

Unlike xylem vessels, SEs stay alive and are metabolically sustained by CCs (Oparka and
Turgeon 1999; Otero and Helariutta 2017). CCs have large nuclei, a lot of small vacuoles, a
dense cytoplasm and are tightly connected to SEs by PDs (Evert and Eichhorn 2006; Lucas et
al. 2013; Otero and Helariutta 2017; Oparka and Turgeon 1999). Moreover, CCs play an essen-
tial role in sieve tube loading with sugars from source tissues (Otero and Helariutta 2017;
Slewinski et al. 2013). Source tissues are sugar-producing, photosynthetically active tissues,
such as leaf mesophyll cells (Lemoine et al. 2013). Three different mechanisms of SE-loading
are known: Apoplastic loading, polymer trapping and passive loading. Depending on the plant
species, one or the other loading mechanism is usually preferred. Arabidopsis mostly relies on
apoplastic loading. This means that sucrose, which is the main sugar transport form in plants,
is released by mesophyll cells into the apoplast and special CCs, called transfer cells, actively
import sucrose into the symplast. In polymer trapping, CCs convert sucrose into bigger sugar
polymers that cannot escape, while passive loading works solely by osmosis and via PD be-
tween mesophyll cells and CCs (Otero and Helariutta 2017; Slewinski et al. 2013).

After phloem loading, sucrose is allocated into sink tissues (Knoblauch et al. 2016). Sink

tissues simply describe places where sugars are transported to. Those include mitotically active



regions that require sugars as energy metabolites, flowers and storage organs, such as fruits.
The terms “source” and “sink” are thereby not describing a special tissue type, but the state of
either sugar-producing or sugar-requiring. A growing leaf can be, for instance, first a sink that
later on becomes a source of sugars (Lemoine et al. 2013; Purves 2007). Similar to the water
transport in xylem, the mechanism behind allocation of sugars from source to sink remained
speculative for a long time. In 1930 Ernst Miinch postulated the pressure-flow hypothesis that
is solely based on the principle of osmosis: The high concentration of sugars in SEs surrounded
by source cells draws water from the xylem into the phloem sap. This increases the hydraulic
pressure in the sieve tube and pushes the phloem sap over long distances along the concen-
tration gradient to sink tissues with significantly lower sugar concentration. In sinks sugar is
either consumed by meristems, secreted into flowers or stored in fruits and therefore detracted
from the system. Consequently, the differences in osmotic pressure between sources and sinks
are maintained which keeps the phloem sap moving into sinks (Knoblauch et al. 2016). Although
already postulated almost 90 years ago, the pressure-flow hypothesis was just recently experi-

mentally proven by Knoblauch et al. 2016.
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Figure 1.3: The vascular long-distance transport system
A scheme depicting the vascular transport system of a plant: Xylem vessels transport water from

roots to shoots to hydrate source cells (blue arrows). The phloem allocates photosynthetically
produced sugars (yellow dots and arrows) from source cells via sieve tube elements into sink
cells for storage (e.g. in starch granules shown as white dots) and to fuel stem cell niches. The
figure is based on information found in Oparka and Turgeon 1999; Froelich et al. 2011;
Knoblauch et al. 2016; Purves 2007 and Campbell et al. 2016.
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1.3.2.1  Phloem unloading: An interplay of proto- and metaphloem

As sucrose and other organic compounds of the phloem sap reach sink organs, they finally
have to be unloaded from the SEs. Unlike in phloem loading, apoplastic unloading is relatively
rare (Zhang et al. 2004; Patrick 1997). Phloem unloading is predominantly symplastic and sug-
ars pass through PD of SE-CC-complexes into adjacent sink tissues (Imlau et al. 1999; Haupt
et al. 2001). Successful unloading into mitotically active regions requires an interplay between
two different phloem types, namely protophloem and metaphloem (Ross-Elliott et al. 2017,
Lalonde et al. 2003). Both proto- and metaphloem are comprised out of a SE-CC-complex each,
but exhibit critical differences in their spatio-temporal differentiation. Protophloem is the first cell
type to differentiate. In the RAM, the first mature protophloem sieve elements (PSEs) are estab-
lished within the meristematic zone (Lucas et al. 2013) (Figure 1.4). Since fully differentiated
SEs are enucleated, they are unable to divide together with their still immature surrounding cells.
Thus, PSEs and their accompanying CCs are forced to elongate until torn apart and physically
crushed (Figure 1.4) (Ross-Elliott et al. 2017; Esau 1950). PSEs are therefore short-lived and
eventually replaced by differentiated metaphloem (Lucas et al. 2013; Ross-Elliott et al. 2017).
Consequently, metaphloem facilitates sugar unloading into storage sinks, while the sole purpose
of protophloem is to fuel mitotically active regions, such as the RAM (reviewed in Lalonde et al.
2001). In root tips, proto-and metaphloem can be found adjacent to each other in both phloem
poles (Figure 1.4). Organic cargo is first transferred from meta- into protophloem (Stadler et al.
2005) and translocated by mature, elongating PSEs until it enters the differentiating PSEs
(Ross-Elliott et al. 2017). Differentiating PSEs are cells with newly established sieve plates and
nuclear membranes that just started to degenerate. They are the only cells involved in unloading
of sugars and bigger macromolecules. Small cargo, sugars and amino acids exit the differenti-
ating PSEs through PD into adjacent tissues at a constant rate and diffuse freely within the
symplast of the root tip. Macromolecules and larger cargo that could impede the sugar unloading
process are unloaded through special funnel PD with bigger pore size into the phloem pole
pericycle (PPP) (Figure 1.4). Unloading of large molecules happens in pulses and is called batch
unloading. Small proteins, such as free GFP, can still move within the entire root tip, while larger
proteins are trapped in the PPP. Notably, unloading occurs solely between PSEs and PPP and
does not involve CCs. If PD connecting PSEs and PPP are clogged by callose deposition, un-
loading is effectively inhibited (Ross-Elliott et al. 2017).

Impaired unloading and/or defects in protophloem have immediate and severe effects on
the RAM (Ross-Elliott et al. 2017; Depuydt et al. 2013). The RAM is a meristem of high stem
cell activity and most distant from source tissues. It highly depends on a constant supply of
energy metabolites provided by the protophloem (Depuydt et al. 2013; Anne and Hardtke 2017).
Deficiencies in sugar abundance due to protophloem defects result in meristem death and thus

termination of root growth (Depuydt et al. 2013).
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1.3.3 Phloem: From formation to differentiation

The first provascular cells are already established in the early globular stage of embryo-
genesis, before shoot and root organizers are initiated (Zhang and Laux 2011; De Rybel et al.
2016). Directed, periclinal divisions of four procambium precursor cells lead to the formation of
ground tissue and provascular cells (Scheres et al. 1994; Yoshida et al. 2014; De Rybel et al.
2016). At the final stages of embryo development, those provascular cells have established the
initial - but still undifferentiated - root vasculature that is organized in a specific diarch pattern:
Two phloem poles are flanking one xylem axis (Figure 1.4) (Lucas et al. 2013; Miyashima et al.
2011; Furuta et al. 2014a). This initial organization of the root vasculature is RAM-independent
(De Rybel et al. 2016). After germination, primary root growth still follows this pre-determined
pattern and phloem and xylem start to differentiate (Bauby et al. 2007; De Rybel et al. 2016).

1.3.31 Phloem formation in the RAM

During vegetative growth, roots grow approximately 100-150 um per hour (Ross-Elliott et
al. 2017). That speed requires an accurate spatio-temporal organization of cell division, division
plane orientation, cell elongation and differentiation (Anne and Hardtke 2017). Protophloem is
the first cell type that differentiates already within the RAM to ensure sugar supply of the stem
cell niche (Ross-Elliott et al. 2017; Lucas et al. 2013). Delays and/or disruption of protophloem
has therefore detrimental consequences for root growth (Depuydt et al. 2013; Rodriguez-Villalon
et al. 2014). Despite its fundamental function for root growth and consequently plant fitness, the
molecular processes regulating protophloem formation are still largely obscure. Only in recent
years, a few genes have been described to evidentially and specifically regulate certain aspects
of (proto-)phloem formation (Depuydt et al. 2013; Rodriguez-Villalon et al. 2014; Blob et al. 2018;
Rodriguez-Villalon et al. 2015). Those genes are predominantly expressed during late stages of
protophloem formation and knowledge about their interactions within a molecular network is still
incomplete (reviewed in Blob et al. 2018).

The phloem cell lineage is initiated by the SE-procambium stem cell, or phloem initial, that
divides asymmetrically and anticlinally to produce the SE-procambium precursor (Figure 1.4)
(Rodriguez-Villalon et al. 2014). One of the earliest protophloem regulators already expressed
in this first daughter cell is OCTOPUS (OPS) (Rodriguez-Villalon et al. 2014; Truernit et al.
2012). Five OPS-like proteins can be found in the proteome of higher plants that display, apart
from a domain of unknown function, no specific protein motifs (Truernit et al. 2012). Although
already expressed in provascular cells of heart-stage embryos, OPS expression is later on very
specific for the phloem cell lineage and the protein localizes polarly to the shootward (apical)
PM (Rodriguez-Villalon et al. 2014; Truernit et al. 2012). Of note, recent results showed that
OPS activity rather depends on the presence of a positive charge on phosphosite S318 than on

its polar localization (Breda et al. 2017). OPS plays a role in timing of protophloem differentiation

12



Introduction

and patterning as the ops mutant shows discontinuous PSE differentiation (Truernit et al. 2012).
This means that some, but not all, differentiating PSEs fail to enucleate and differentiate into
mature PSEs. Those so-called “gap cells” disrupt the protophloem continuity and transport ca-
pacity, which results in short rooted ops seedlings (Rodriguez-Villalon et al. 2014; Truernit et al.
2012). The family member OPS-LIKE2 (OPL2) is broadly expressed throughout the root tip, but
acts redundantly with OPS in both proto- and metaphloem differentiation. Double mutants ops
opl2 have shorter roots than ops single mutants and even show gap cells in the differentiated
metaphloem (MSEs) (Ruiz Sola et al. 2017).

In the next step the SE-procambium precursor divides tangentially to initiate the procam-
bium cell lineage and the SE precursor cells (Rodriguez-Villalon et al. 2014). After a few rounds
of anticlinal divisions, the apical SE precursor cell divides a second time tangentially to initiate
undifferentiated proto- and metaphloem cell lineages (Figure 1.4). The SE precursor cells are
the first to express a number of phloem regulators, including the auxin-responsive BREVIS RA-
DIX (BRX) (Scacchi et al. 2009) and the phosphoinositide 5-phosphatases encoding COTYLE-
DON VASCULAR PATTERN 2 (CVP2) gene (Rodriguez-Villalon et al. 2015). Similar to OPS,
the BRX protein localizes polarly to the PM, but on the rootward (basal) side and only if auxin
levels are low (Scacchi et al. 2009; Scacchi et al. 2010). Upon auxin treatment, BRX is translo-
cated into the nucleus and subjected to proteosomal degradation (Scacchi et al. 2009). CVP2
and its redundantly acting partner CVP2-LIKE1 (CVL1) balance phosphatidylinositol-4,5-biphos-
phate levels, which is one important aspect of PSEs differentiation (Rodriguez-Villalon et al.
2015). Phenotypically, ops, brx and cvp2;cvi1 mutants show the exact same protophloem de-
fects (Rodriguez-Villalon et al. 2015; Truernit et al. 2012; Scacchi et al. 2009). However, brx and
cvp2;cvl1 defects can be overcome by additional OPS expression (Rodriguez-Villalon et al.
2014). Likewise, another pair of phloem regulators first expressed in SE procambium precursors
are the peptide CLE45 and its receptor, the LRR-RLK BARELY ANY MERISTEM 3 (BAM3). The
CLE45-BAM3 interaction is effective in repressing protophloem initiation and differentiation
(Rodriguez-Villalon et al. 2014; Depuydt et al. 2013). Upon CLE45 treatments, the second tan-
gential division is either absent or delayed and protophloem fails to differentiate (Depuydt et al.
2013). The same delay or absence of the second tangential division can be observed in ops and
brx mutants (Hernandez-Leon et al. 2014). Contrariwise, bam3 mutants are CLE45 insensitive
(Depuydt et al. 2013). Crossing an ops or brx mutant into a bam3 background was effective in
restoring protophloem continuity and root length to wild type levels (Rodriguez-Villalon et al.
2014). This, on the one hand, indicates a molecular interplay between OPS/BRX and BAM3-
CLEA45 in balancing protophloem formation, but on the other hand also shows that none of those
factors is required to obtain protophloem cell identity and proper differentiation in the first place
(Rodriguez-Villalon et al. 2014; Depuydt et al. 2013; Rodriguez-Villalon 2016).
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Amongst later phloem marker genes are ALTERED PHLOEM DEVELOPMENT (APL)
and NAC45/86 (Bonke et al. 2003; Furuta et al. 2014b). The MYB coiled-coil-type transcription
factor APL is famous for its fundamental role of repressing xylem and promoting both SE and
CC differentiation (Bonke et al. 2003). Unlike mutants of the previously discussed phloem reg-
ulators, apl roots initially display wild type-like stele patterning and continuous PSE differentia-
tion during the first two days after germination. However, already at the third day of vegetative
growth, phloem identity is lost and cells that should differentiate into SEs and CCs, differentiate
into TEs instead (Truernit et al. 2008). Older seedlings also frequently show absence or a delay
of the tangential cell divisions that initiate phloem cell lineages (Figure 1.4) (Bonke et al. 2003).
Those defects indicate that, although a correct tissue template was established during embryo-
genesis, ap/ mutant seedlings eventually fail to uphold the acquisition of phloem cell identity,
which is crucial for plant vitality (Bonke et al. 2003; Truernit et al. 2008). Consequently, root
growth is terminated and apl/ seedlings are lethal (Bonke et al. 2003). The two NO APICAL
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MERISTEM (NAC)-type transcription factors, NAC45 and NAC86 were identified to act down-
stream of APL. They directly promote enucleation and cytoplasmic rearrangement during SE
differentiation and are expressed alongside APL in developing SEs and the PPP. nac45;nac86
double mutants fail to complete the enucleation process during SEs differentiation and are - just
like apl - seedling lethal. Interestingly, certain traits associated with SE differentiation, such as
changes in cell wall composition and sieve plate formation, still occur in nac45;nac86 (Furuta et
al. 2014b). Consequently, NAC45/86 specifically regulate enucleation during SE differentiation
which they do by modulating the expression of the downstream targets NAC45/86-DEPENDENT
EXONUCLESE-DOMAIN PROTEIN1 -4 (NEN1, NEN2, NEN3 and NEN4) (Furuta et al. 2014b;
Blob et al. 2018).

1.3.3.2 Phloem formation in above-ground organs

Although primary phloem formation is preferentially studied in root tips, proto- and met-
aphloem are abundant and important throughout the whole plant body (Evert and Eichhorn
2006). In fact, protophloem precursors established during embryogenesis start to differentiate
within the midvein of cotyledons already 24 hours after germination, while protophloem differen-
tiation in the RAM starts only after 48 hours (Bauby et al. 2007). During vegetative and genera-
tive growth, new leaves, stems and flowers are continuously generated by leaf, axillary and
flower primordia, respectively. All vascular cells in above-ground tissues originate from procam-
bial cells (Scarpella and Helariutta 2010). In leaves, procambial cells are formed de-novo from
ground tissues in leaf primordia (Furuta et al. 2014a; Scarpella et al. 2004; Mattsson et al. 2003).
ARF5/MP and HD-ZIP Ill genes, such as ARABIDOPSIS THALIANA HOMEOBOX GENE 8
(ATHBS), are early vascular markers and important, universal regulators of procambium for-
mation (Kang and Dengler 2002; Furuta et al. 2014a). The first specified procambium is formed
at the midvein of the developing leaf and expands into higher order veins as the leaf expands
(Scarpella et al. 2004). Venation follows certain patterns in an auxin-dependent manner
(Sieburth 1999; Scarpella and Helariutta 2010; Mattsson et al. 2003). The newly formed veins
have to be connected to the vasculature in stems, which itself has to form a continuum with the
vasculature of hypocotyl and roots. This crucial vascular continuity is dependent on auxin-flux
(Sachs 1981; Furuta et al. 2014a).

1.4 Signalling pathways in plant development

The modulation of transcription and/or translation by signalling pathways is the central
regulatory force behind development across species (Basson 2012; McCarty and Chory 2000;
Becraft 2002). The stimuli that trigger such a cascade of molecular events can be either of ex-

ogenous or endogenous nature. Exogenous stimuli include plant interactions with biotic factors
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(other organisms) and abiotic factors, such as temperature, light, mechanical forces, water avail-
ability or chemical properties of soil and air (Atkinson and Urwin 2012; Suzuki et al. 2014). En-
dogenous signals involve peptides (Kucukoglu and Nilsson 2015), proteins (Zhang et al. 2015),
RNA (Muraro et al. 2014; Parent et al. 2012), phytohormones (Davies 2010) or metabolites,
such as sugars (Xiong et al. 2013). In the previous chapters | already briefly touched upon CLE-
peptide mediated signalling and mentioned several famous plant phytohormones, such as auxin.

Two recently discovered mediators of plant development are the exogenous signalling
molecule karrikin (KAR) and the endogenous hormone strigolactone (SL) (Brewer et al. 2013;
Stanga et al. 2013). Although both pathways integrate the same or evolutionary very similar
signalling components, they regulate quite distinct growth processes (Stanga et al. 2013;
Gomez-Roldan et al. 2008).

1.4.1 Karrikins

KARs are compounds present in smoke produced through wildfires. The compounds are
well known for their promoting role of post-fire germination in numerous species (Waters et al.
2014; Flematti et al. 2004; Flematti et al. 2010). Six different KARs are known, with KAR1 being
the most common and active member (Waters et al. 2014). KARs are small and rigid molecules
of a bicyclic structure with a pyran and butenolide ring (Figure 1.5) (Zwanenburg et al. 2016;
Waters et al. 2014). The butenolide ring is generated during the combustion of carbohydrates
found in plant material, like cellulose, and is essential for its function as germination stimulant
(Flematti et al. 2004; Flematti et al. 2010). Studies in Arabidopsis showed that KARs induce light
signal transduction and photomorphogenesis during germination (Nelson et al. 2010). Most in-
terestingly, KARs are not only stimulating light and various phytohormone responses, but them-
selves signal via a KAR-specific signalling cascade to regulate germination, leaf expansion and
hypocotyl elongation (Figure 1.6) (Nelson et al. 2010; Stanga et al. 2016; Stanga et al. 2013;
Meng et al. 2016).

1.4.2 Strigolactones

SLs are ancient phytohormones whose origin probably dates back to the first land plants
that colonized the earth (de Saint Germain et al. 2013). They can be already found in basal,
non-vascular plants, such as the green algae Chara corallina, the liverwort Marchantia spp. and
the moss Physcomitrella patens. There is experimental evidence that SLs promote rhizoid elon-
gation in those species, which hints towards a primitive role of SL as endogenous hormones
promoting land colonization (Delaux et al. 2012). Among those first land plants, SL started to
serve another, indispensable function: Low amounts of the natural SL 5-deoxystrigol (Figure
1.5) are secreted from roots into the rhizosphere and attract symbiosis with arbuscular mycor-
rhizal (AM) fungi (Delaux et al. 2012; Akiyama et al. 2005; Xie and Yoneyama 2010). Upon
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secretion from the root, SLs are unstable and therefore induce hyphal branching of AM fungi
only in close proximity to the host root (Xie and Yoneyama 2010). AM fungi rely on sugar supply
from a host plant and, in return, enable the host to take up more nutrients from the soil through
their extended mycelium (Bouwmeester et al. 2007). Nowadays also vascular plants rely on AM
fungi symbiosis that is efficiently triggered by SLs (Russell and Bulman 2005; Awad et al. 2006;
Yoneyama et al. 2008). Parasitic plants of the Orobanchaceae family take advantage of this
host-symbiont communication and use host-derived SLs as germination stimulus (Xie and
Yoneyama 2010). Angiospermatous root parasites, such as Striga lutea, are a threat to agricul-
ture and the identification of their unwelcome trigger was a long-sought goal. In 1966 the potent
germination stimulus was first isolated from cotton root exudates and identified as SL (Cook et
al. 1966).

1.4.2.1 Strigolactone structure and biosynthesis

Up to date more than 20 natural SLs have been identified (Xie 2016). They all share a
tricyclic lactone, also known as ABC scaffold, which is linked to a butenolide ring D via an enol
ether bridge (Figure 1.5) (Zwanenburg and Pospisil 2013; Alder et al. 2012). Of note, the CD
ring structure is the most important part to ensure bioactivity (Zwanenburg et al. 2016). The
stereochemistry at the B and C ring junction determines whether the SL belongs into the strigol
or orobanchol class (Zwanenburg et al. 2015; Scaffidi et al. 2014). Both naturally occurring clas-
ses are biochemically active (reviewed in Wallner et al. 2016). The synthetically produced and
widely used SL analogue rac-GR24 is - if not specially purified - a racemic mixture. The isoform
GR245 - deoxystrigol (50S) gets as an analogue to the natural SL 5-deoxystrigol, whereas its enantio-
mer GR24°"%PS has been shown to trigger KAR responses (Scaffidi et al. 2014; Conn et al.
2015; Umehara et al. 2015; Waters et al. 2014).

B Figure 1.5: Molecular structures of
strigolactone (SL) and karrikin (KAR)
o N0 A SLs share an ABC scaffold that is
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The figure was created using Marvin ver-
sion 15.11.23, 2015, ChemAxon (http://www.chemaxon.com) and is based on information found
in Zwanenburg et al. 2016 and Waters et al. 2014.
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The biosynthetic pathway of SLs involves the enzymatic activities of at least four enzymes
and starts from a Caso carotenoid precursor that is itself derived from the methylerythritol phos-
phate (MEP) pathway (Alder et al. 2012). In the first reaction the DWARF 27 (D27) isomerase
converts all-trans-B-carotene to 9-cis-B-carotene (Alder et al. 2012; de Saint Germain et al.
2013). The CAROTENOID CLEAVAGE DEOXIGENASE 7 (CCD7), which is also known as
MORE AXILLARY GROWTH 3 (MAX3) cleaves 9-cis-f3-carotene into 9-cis-B-apo-19’-carotenal,
which is converted by CCD8/MAX4 into the SL precursor carlactone (Alder et al. 2012; Waters
et al. 2017). Those enzymatic reactions are much conserved across SL-producing species
(Beveridge and Kyozuka 2010). The final conversion to SL is catalysed by the cryptochrome
P450 monooxygenase MAX1 (Booker et al. 2005; Yoneyama et al. 2018). Depending on the
plant species, MAX1 catalyses one to three different reactions: In Arabidopsis and Nicotiana
benthamiana MAX1 only converts carlactone into carlactonic acid, which can be methylated by
a so far unknown methyltransferase into methyl carlactononate (Abe et al. 2014; Zhang et al.
2014b). In Arabidopsis the oxidoreductase-like enzyme LATERAL BRANCHING OXIDORE-
DUCTASE (LBO) acts downstream of MAX1 and converts methyl carlactononate into an SL-like
compound of yet unidentified chemistry (Brewer et al. 2016). In rice, different MAX1 homologues
convert carlactonic acid into 4-Deoxyorobranchol and further into orobranchol (Zhang et al.
2014b; Yoneyama et al. 2018). The enzymes which catalyse the last steps into the broad variety
of different SLs are still unknown and whether species, such as Arabidopsis truly generate ca-

nonical SLs, such as 5-deoxystrigol, is still a controversial topic (Waters et al. 2017).

1.4.2.2 Strigolactones in plant development

Only in the last years SLs gained considerable attention as plant hormones that orches-
trate many developmental processes (Brewer et al. 2013; Rasmussen et al. 2013; Gomez-
Roldan et al. 2008; Agusti et al. 2011a). In the root, SL biosynthesis is increased upon phos-
phate starvation to optimize root architecture (Kumar et al. 2015). SLs for instance promote
primary and adventitious root growth, increase the meristematic cell number in the RAM and
restrict lateral root formation (Sun et al. 2016; Rasmussen et al. 2013; Kumar et al. 2015). In the
stem, SLs induce cambium formation in an auxin-dependent manner (Agusti et al. 2011a). SLs
were additionally found to play a role in leaf expansion and senescence (Ueda and Kusaba
2015), are potentially involved in light signalling pathways and stress responses to draught and
salinity (Ha et al. 2014; Waldie et al. 2014). However, their most famous role is the regulation of
branching (Gomez-Roldan et al. 2008). SLs are transported against the auxin flux from roots to
shoots to mediate apical dominance by increasing the competition between branches (Gomez-
Roldan et al. 2008; Umehara et al. 2008; Crawford et al. 2010). Several hypotheses have been

brought forward on how an interplay of SL, auxin and cytokinin regulates branching and the
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research in this direction is still ongoing (Bennett et al. 2006; Dun et al. 2012; Brewer et al. 2009;
Waldie et al. 2014; Hayward et al. 2009; Brewer et al. 2015).

1.4.3 Strigolactone and karrikin signalling pathways

The evolution of SL- and KAR-signalling is closely related and both pathways utilize similar
signalling components and conserved mechanisms (Waters et al. 2017; Waters and Smith
2013).

1.4.3.1 SL and KAR are perceived by enzymatically active receptors

SL and KAR are perceived by two specific homologous receptors called DWARF14 (D14)
and KARRIKIN INSENSITIVE 2 (KAI2), respectively (Guo et al. 2013; Kagiyama et al. 2013;
Bennett and Leyser 2014; Scaffidi et al. 2014). The KAI2-like family is structurally highly con-
served and already present in non-vascular plants, whereas D14 is unique to angiosperms and
potentially derived from early KAI2 receptors that sensed SL in parasitic plants (Toh et al. 2015;
Conn et al. 2015; Bythell-Douglas et al. 2017). Both KAI2 and D14 are a/B-hydrolases that pos-
sess a binding pocket with a catalytic triade consisting of a serine (Ser/S) at position 147, histi-
dine (His/H) at position 297 and aspartic acid (Asp/D) at position 268 (Fig 1.6) (Kagiyama et al.
2013; Zhao et al. 2015). Upon SL binding to the catalytic binding pocket of D14, the enol ether
bridge connecting the ABC scaffold to ring D is hydrolysed by a nucleophilic attack of Ser147
(Fig 1.5 and 1.6) (Zhao et al. 2015; Wallner et al. 2016). The hydrolysis of SL induces a confor-
mational change in the lid domain of D14 (Zhao et al. 2015; Nakamura et al. 2013). This confor-
mational switch stabilizes the interaction between D14 and the SL-signalling component
DWARF3 (D3), also known as MAX2 in Arabidopsis (Zhao et al. 2015; Waters et al. 2017; Yao
et al. 2018). Of note, the binding pocket of KAI2 is smaller and densely packed, which prevents
its ability to hydrolyse SL (Kagiyama et al. 2013). Interestingly, exogenous KAR induces a
change of KAI2 conformation by binding the pocket distally to the catalytic triade (Guo et al.
2013; Conn and Nelson 2015; Zhao et al. 2015). Just like for D14, the conformational change
of KAI2 enables a stable interaction with the F-box protein MAX2/D3 (Guo et al. 2013; Waters
et al. 2017). At the same time, D14 and KAI2 are themselves destabilized upon ligand binding.
D14 is subsequently degraded in a MAX2-dependent manner, whereas KAI2 levels drop due to
a yet unknown, but MAX2-independent degradation mechanism (Chevalier et al. 2014; Waters
et al. 2014). Of note, kai2 mutants are insensitive to KARs and display several MAX2-like phe-
notypes that are not found in d74, including reduced light-responsiveness and germination
(Waters et al. 2012). A point mutation leading to an amino acid substitution of alanine (Ala) to
valine (Val) at position 219 within the KAI2 ligand binding pocket compromises both binding

capacity and flexibility of the receptor. Interestingly, this point mutation is sufficient to induce
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typical kai2 phenotypes (Lee et al. 2018). Thus, the existence of an endogenous KAI2 ligand
has been proposed (Waters et al. 2013).

1.4.3.2 Signal transduction by SCFMAX2.mediated ubiquitination

MAX2/D3 encodes an F-box protein that builds a key component of the SCF (SUPPRES-
SOR OF KINETOCHORE PROTEIN1 (SKP1), Cullin (CUL1), RING BOX1 (RBX1), F-box) E3
ubiquitin ligase (Nelson et al. 2011; Stirnberg et al. 2002; Hamiaux et al. 2012; Somers and
Fujiwara 2009). SCF complexes are important machineries of post-translational regulation
across eukaryotes (Sun et al. 2009). They enable target-specific protein modification by
polyubiquitination, which results in degradation by the 26S proteasome (Somers and Fujiwara
2009). The ubiquitination process involves three different enzymes: The ubiquitin activating en-
zyme (E1) utilizes adenosine triphosphate (ATP) to transfer activated ubiquitin to the ubiquitin
conjugating enzyme (E2). E2 covalently attaches ubiquitin to a target protein, which is specified
by the F-box protein of the E3 ligase/SCF complex (Figure 1.6) (Hershko and Ciechanover
1998). Of note, SCF-mediated proteolysis of downstream targets is a common form of signal
transduction among plants. Besides SL/KAR, many other hormones, such as auxin, gibberellin
and jasmonate signal via SCF complexes (Waters et al. 2017; Morffy et al. 2016). While the
auxin and jasmonate receptors are themselves F-box proteins that determine target specificity
upon hormone binding (Tan et al. 2007; Sheard et al. 2010), the targets of gibberellin, SL and
KAR are determined by the F-box-receptor complex (Wallner et al. 2016; Morffy et al. 2016).

1.4.3.3 SUPPRESSOR of MORE AXILLARY GROWTH 2 1-LIKE (SMXL) proteins

are targets of proteolysis

Recent studies identified distinct members of the SUPPRESSOR OF MAX2 1-LIKE
(SMXL) protein family as targets of either SL or KAR signalling (Wang et al. 2015; Soundappan
et al. 2015; Stanga et al. 2013). The Arabidopsis SMXL family consists of eight members that
can be divided into four sub-clades according to their phylogeny and function (Moturu et al.
2018). Their name reflects their role as genetic suppressors of several SL- and KAR-dependent
max2 mutant phenotypes (Soundappan et al. 2015; Stanga et al. 2013). Genetically, the max2
phenotype is a beautiful combination of both kai2 and d74 defects, which therefore can be easily
separated (Waters et al. 2012; Waters and Smith 2013).

The founding member and eponym of the family, SUPPRESSOR OF MAX2 1 (SMAX1)
and its most closely related family member SMXL2 have convincingly been shown to be prote-
olytic targets of KAR signalling. The double mutant smax7;max2 and the triple mutant smax?
smxl2;max2 efficiently suppress KAR-dependent max2 mutant defects, such as impaired ger-

mination, enhanced hypocotyl elongation and reduced leaf expansion (Figure 1.6) (Soundappan
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et al. 2015; Stanga et al. 2016). The other well-studied members are SMXL6/7/8, which belong
to sub-clade 4 (Liang et al. 2016; Moturu et al. 2018). The SMXL6/7/8 proteins have been shown
to be protein targets of the SL-dependent MAX2-D14 complex. They physically interact with both
MAX2 and D14 and are ubiquitinated and degraded upon rac-GR24 treatments (Soundappan
et al. 2015; Wang et al. 2015). In genetic terms, smx/6/7/8;max2 quadruple mutants are able to
suppress the max2 branching phenotype and are therefore important regulators of branching
within the SL-signalling pathway (Figure 1.6) (Liang et al. 2016; Soundappan et al. 2015; Wang
et al. 2015). Their function is conserved across species and the SL-dependent SMXL orthologue
in rice, DWARF 53 (D53), has been subject of in-depth studies that helped to elucidate the
molecular mechanisms in SL signalling (Jiang et al. 2013; Zhou et al. 2013). The breakthrough
came with the investigation of the rice mutant d53 that grows an extensive number of short
tillers. This mutant carries a base pair change and a 15 base pair deletion within the coding
sequence of D53, which results in a deletion of eight amino acids (RGKTGI) (Figure 1.7). It was
shown that D53 acts as a repressor of SL-signalling that is rapidly degraded upon rac-GR24
treatments in a MAX2/D3-D14 dependent manner (Zhou et al. 2013). The mutated d53 version
still interacts with both MAX2 and D14, but is no longer ubiquitinated and therefore remains

constitutively active (Jiang et al. 2013; Zhou et al. 2013).

Figure 1.6: SUPPRESSOR OF MAX2 1-
LIKE (SMXL) proteins are repressors of
KAR- and SL-signalling

A Schematic representation of KAR-signal-
ling (left) and SL-signalling (right) that leads
to ubiquitination and subsequent degradation
of SMAX1/ SMXL2 and SMXL6/7/8, respec-
tively.

proteasome B The maximum likelihood phylogenetic tree
represents an amino acid sequence align-

T T ment of all eight SMXL family members and

: ﬁ ” ‘ was performed using CLC Main Workbench
’ A Version 7.6.1 (CLC Bio Qiagen, Aarhus,
B - Denmark). SMXLs are grouped into four sub-
- S%f:'i::?;ilogbngaﬁon clades: The KAR-dependent sub-clade 1

%fm-)a sub-clade 1/ regulates germination and hypocotyl elonga-
SMXL3 sub-clade 2 5 tion, whereas the SL-dependent sub-clade 4

: regulates branching. The function of sub-

Sé"r‘\“nf}f? cub-clade 4 Branching  clades 2 and 3 were unknown. The scale bar

SMXL8 _ represents a branch length of 0.5 amino acid

0.5

substitutions per site.

The figure is based on information found in Waters et al. 2017; Soundappan et al. 2015; Stanga
et al. 2016; Stanga et al. 2013; Liang et al. 2016 and Wallner et al. 2016.

21



1.4.3.4 The regulation of SMXL3/4/5

Interestingly, the eight amino acids that are essential for MAX2-receptor-dependent ubig-
uitination of SMXL/D53 are also conserved in SMXL sub clade 1 and 4. Strikingly, the so far
unexplored SMXL family members SMXL3/4/5 show quite dramatic changes in this particular
amino acid sequence (Figure 1.7) (Wallner et al. 2016; Soundappan et al. 2015). Their function
as mediators of either KAR- or SL- signalling is therefore highly questionable. So far, our lab
identified SMXL5 of sub-clade 3 as early and highly specific cambium marker during IC initiation
in Arabidopsis stems (Agusti et al. 2011b).

Of note, the expression patterns of all SMXL family members and SL- and KAR- signal-
ling components, such as MAX2, D14 and KAI2 are to a certain extent associated with vascular
tissues (Chevalier et al. 2014; Shen et al. 2007; Liang et al. 2016). Although still underexplored,
the role of SL-signalling in cambium regulation supports this notion (Agusti et al. 2011a). How-

ever, the function of SMXL3/4/5 and their molecular network remained unknown.

RGKTGI o
s BBGB. . .. TANBEEAR Figure 1.7: The motif important for MAX2-dependent
i Mag..... _raama  ubiquitination is changed in SMXL3/4/5
sux.3 BENKRERDEC sESNNERESE Shown is an amino acid sequence alignment of all SMXL
sux.6 HECE------ -- THNDBRNTG
swx7 EEGH------ -- THuBRE:c  family members and the rice orthologue D53. Eight amino
smx,e BRGH------ -- TMEBHNEE . .
0s053 I!(}!:::::: IIT?’!I%I“ acids (RGKTGI) are conserved in all SMXLs and D53 ex-
Consensus FRGK------ -- TAVDX | AE cept for SMXL3/4/5 and the d53 mutant. The alignment
Consenation ofinf] o o] was done in CLC Main Workbench Version 7.6.1 (CLC Bio
seuencelogo Bxf  w=.f_e-z  Qiagen, Aarhus, Denmark) (Wallner et al. 2016).

1.4.4 SMXL protein function and downstream action

To truly understand the signalling mechanics that lead to a certain morphology, the mo-
lecular role of all signalling components has to be uncovered. So far, there is a clear genetic link
between certain SMXL family members and SL/KAR-dependent phenotypic traits and yet,
whether SMXLs regulate transcription or translation of certain downstream targets is still un-
known (Liang et al. 2016; Soundappan et al. 2015). For SL-dependent branching regulation it
was shown that signalling via SMXL7 happens in the nucleus (Liang et al. 2016). MAX2, D14
and all so far investigated SMXL proteins, including the rice orthologue D53 localize to the nu-
cleus (Liang et al. 2016; Soundappan et al. 2015; Jiang et al. 2013; Zhou et al. 2013). SMXLs
are chaperon-like proteins and most closely related to HEAT SHOCK PROTEIN 101 (HSP101)
(Soundappan et al. 2015; Stanga et al. 2013). They are AAA ATPases with a conserved Clp-N
motive, one to three conserved ETHYLENE RESPONSE FACTOR ASSOCIATED-AMPHIPFA-
TIC REPRESSION (EAR) domains and a coiled-coil domain (Ma et al. 2017).
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1.4.41 SMXL interaction with TOPLESS (TPL)

The EAR3 domain of SMXL6/7/8 and D53 interacts with the transcriptional regulator
TOPLESS (TPL) (Liang et al. 2016; Smith and Li 2014; Ma et al. 2017). TPL and TPL-RELATED
(TPR) proteins act as transcriptional co-repressors that interact with EAR domains of transcrip-
tional repressors via a C-Terminal to Lissencephaly Homology (CTLH) domain (Szemenyei et
al. 2008). Moreover, they are known scaffolds to recruit chromatin-modifying complexes and
histone deacetylases (HDAC) (Ma et al. 2017; Krogan and Long 2009). Consequently, TPL/TPR
proteins are involved in chromatin remodelling and transcriptional regulation of downstream tar-
gets (Szemenyei et al. 2008; Krogan and Long 2009). Recent findings indicated that D53 stabi-
lizes a tetramer of TPL proteins and their interaction with nucleosomes as well as histones H3
and H4 (Ma et al. 2017). Despite this apparent interaction, the regulation of branching via SMXL7
was found to be mostly TPL-independent (Liang et al. 2016). The actual relevance of the

SMXL/D53-TPL interaction thus remains largely obscure.

1.4.4.2 The diverse roles of OBERONs (OBEs)

In 2011, two years before the role of the first SMXL family member (SMAX1) was pub-
lished, our lab started a Yeast Two-Hybrid screen with SMXL5 that was performed by Hybrigen-
ics SA (Paris, France). Our aim was to understand the molecular network and role of this back
then “unknown protein” AT5G57130 in the cambium (Agusti et al. 2011b). Based on our screen,
we identified several potential protein-protein interaction partners of SMXL5 (data unpublished).
Among those we also identified the OBERONs (OBEs).

A B Embryo C SAM
— OBE1
Oeke OBE1 We OBE3
- —= | =
OBE2 l OBE4
TMO7

0.5

Figure 1.8: OBEs regulate RAM and SAM maintenance

A The maximum likelihood phylogenetic tree shows an amino acid sequence alignment of
the four OBE family members and was performed using the CLC Main Workbench Version 7.6.1
(CLC Bio Qiagen, Aarhus, Denmark). The scale bar represents a branch length of 0.5 amino
acid substitutions per site.
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B OBE1/2 and OBE3/4 act redundantly in embryonic root initiation, supposedly by enabling
binding of the transcription factor ARF5/MP to TMO5 and TMO7 promoters (Saiga et al. 2012).
C OBE3 interacts with WUS in stem cell maintenance of the SAM, potentially by enhancing
WUS expression in a positive feedback loop (Lin et al. 2016).

OBEs build a family of four proteins (Figure 1.8 A) that hold a highly conserved plant
homeodomain (PHD)-finger and a coiled coil domain (Saiga et al. 2008; Saiga et al. 2012). PHD-
finger domains are known to specifically bind di- and trimethylated histone H3 to recruit nucleo-
some-associated protein complexes and transcription factors to chromatin (Wysocka et al. 2006;
Li et al. 2006; Saiga et al. 2012). OBEs are ubiquitously expressed, nuclear localized proteins
that also have predicted DNA binding and proposed chromatin remodelling properties (Saiga et
al. 2008; Saiga et al. 2012). They form homo- and heterodimers and pair into two groups of
OBE1/2 and OBE3/4 to act redundantly in ARF5/MP-dependent embryonic RAM initiation during
early stages of embryogenesis (Saiga et al. 2008; Saiga et al. 2012; Thomas et al. 2009). Double
mutants obe1;0be2 and obe3;0be4 are rootless and lethal due to embryonic defects in the es-
tablishment of the hypophysis (Figure 1.8 B) (Saiga et al. 2008; Saiga et al. 2012). OBE1/2 have
been additionally shown to act in auxin-mediated development and vascular patterning (Thomas
et al. 2009). New data also showed that OBE3 interacts with the transcription factor WUSCHEL
(WUS) in SAM regulation (Figure 1.8 C), which indicates that certain OBE family members ex-
hibit unique roles in stem cell regulation and meristem maintenance (Lin et al. 2016; Saiga et al.
2008).
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1.5 Aim

My PhD project was centred around three main goals:

1) Characterizing the role of SMXL3/4/5 in plant development

Since SMXL3/4/5 were so-far underexplored SMXL family members whose function was
obscure, | aimed for determining their role and significance in plant development. Initial experi-
ments during my Master’s thesis indicated that smx/4;smx/5 double mutants are short rooted
and show altered stem morphologies and increased cambium-derived tissue (CDT) production,
which hints towards a fundamental role in development (Wallner 2014). Thus, | aimed to conduct
an in-depth study to investigate the functional redundancies and differences of SMXL3/4/5 dur-

ing RAM and IC formation on a cellular and molecular level.

2) Investigating a potential contribution of SMXL3/4/5 to SL- or KAR-signalling

Unlike all other SMXL family members that are either involved in SL- or KAR-signalling,
SMXL3/4/5 show differences in an amino acid motif that proved essential for MAX2-dependent
ubiquitination and subsequent proteosomal degradation (Liang et al. 2016; Zhou et al. 2013;
Wallner et al. 2016). It was therefore questionable whether SMXL3/4/5 are proteolytic targets of
SL/KAR-signalling. To investigate their contribution to SL/KAR-signalling, | therefore aimed to
test their genetic interaction with MAX2 and to determine their protein stability in the presence
of the SL/KAR-analogue rac-GR24.

3) Elucidating the functional relevance of the SMXL5-OBE interaction

To integrate SMXL3/4/5 into a broader molecular network, we performed a Yeast Two-
Hybrid screen with SMXL5 as a bait and obtained a list of potential protein-protein interaction
partners, including OBE2/3/4 (by Hybrigenics SA (Paris, France), data unpublished). OBEs are
especially interesting candidates because they hold diverse roles in meristem maintenance and
encode nuclear localized proteins with proposed chromatin remodelling abilities (Saiga et al.
2012). To determine the biological relevance of the SMXL5-OBE interaction and to understand
the molecular action of SMXL proteins in general, | aimed for testing the protein-protein interac-
tion between SMXL5 and OBE in planta and to investigate a potential genetic interaction be-
tween OBE1/2/3/4 and SMXL3/4/5 in plant development.
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2. Material

2.1 Organisms

2.1.1 Plants

21141

Arabidopsis thaliana

The plant species Arabidopsis thaliana (L.) Heynh. of the ecotype Columbia (Col) was

primarily used in this study. In Table 1 the plant lines used and their origins are listed. Double

and triple mutants were obtained by crossing these lines.

SMXL5:SMXL5-YFP (pKG52)

Genotype | Gene locus | Construct Origin Reference
smxi5-1 | AT5G57130 SALK 018522 NASC Stanga, et al., 2013
- (N518522) ’ ”
smxld-1 | AT4G29920 SALK 037136 NASC Stanga, et al., 2013
- (N537136) ’ ”
smxi3-1 | AT3G52490 SALK_024706 NASC Stanga, et al., 2013
- (N524706) ’ ”

. tilling (point mutation), Ottoline Stirnberg, et al.,
max2-1 | AT2G42620 DR5::GUS Leyser 2002
obe1-1 AT3G07780 SALK 075710 Dolf Weijers Saiga, et al., 2008
obe2-1 AT5G48160 KG16805 Dolf Weijers Saiga, et al., 2008
obe3-2 n :

AT1G14740 SALK 042597 Dolf Weijers Saiga, et al., 2012
(tta1-2)
obe4-1 - :
AT3G63500 SALK_ 082338 Dolf Weijers Saiga, et al., 2012
(tta2-1)
Gudrun
wr - - Bshmdorfer
WT - OBE1:0BE1-GFP Dolf Weijers Saiga, et al., 2008
WT - OBE2:0BE2-GFP Dolf Weijers Saiga, et al., 2008
WT - OBE3:0BE3-GFP Dolf Weijers Saiga, et al., 2012
WT - OBE4:0BE4-GFP Dolf Weijers Saiga, et al., 2012
WT - SMXL5:YFP-ER (pJA24) Javir Agusti Wallner, et al., 2017
WT - SMXL4:YFP-ER (plL46) Ivan Lebovka | Wallner, et al., 2017
WT - SMXL3:YFP-ER (pEW18) this study Wallner, et al., 2017
smxl4-1 | AT4G29920, SMAX1:YFP-ER Karin Wallner. et al.. 2017
smxI5-1 | AT5G57130 (PKG64) Grinwald ’ v
SALK 037136 .
smxl4-1 AT4G29920, — ’ Karin
smx|5-1 AT5G57130 SALK 018522, Griinwald Wallner, et al., 2017
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SALK_037136,
smxl4-1 | AT4G29920, SALK_ 018522, Karin Wallner. ot al. 2017
smxl5-1 | AT5G57130 SMXL5:SMAX1-YFP Griinwald  etal.,
(PKG62)
SALK_037136,
smxl4-1 | AT4G29920, SALK_018522, .
smxl5-1 | AT5G57130 SMXL4:SMXL4-YFP this study | Wallner, et al., 2017
(PEW23)
SALK_024706,
smxI3-1 | AT3G52490, SALK_ 018522, .
smxl5-1 | AT5G57130 SMXL3:SMXL3-YFP this study | Wallner, et al., 2017
(PEW20)
SALK_018522,
smxI5-1 | AT5G57130, SALK_042597, his stud roublished
obe3-2 | AT1G14740 SMXL5:0BE3-turquoise y P
(PEW72)
smxI5-1 | AT5G57130 SALK 018522, this study unpublished
SMXL5:0be3-miRNA 1
(PEW65)
smxl5-1 | AT5G57130 SALK_018522, this study unpublished
SMXL5-0be3-miRNA2
(PEW66)

Table 2.1: Arabidopsis lines used in this study.

2.1.1.2 Nicotiana benthamiana

Nicotiana benthamiana (Nicotiana) plants were provided by the laboratory of Prof. Dr.
Karin Schumacher and grown in the greenhouse at the Centre for Organismal Studies (COS,

Heidelberg, Germany).

2.1.2 Nematodes

Sciaridae infestation of soil was counteracted by regular treatment (each second week)
with nematodes of the species Steinernema feltiae. This beneficial organism was purchased

as nemaplus® (e-nema, Schwentinental, Germany).

2.1.3 Bacterial strains

2.1.3.1 Escherichia coli

The Escherichia coli (E. coli) genotype DH5a (Hanahan, 1983) was used for molecular

cloning and plasmid amplification.

DH5a F-, end A1, hsdR17 (rk-, mk*), gyrA96, relA1, supE44, L°, recA1, 80dlacZM15,
A(lacZYA-argF)U196
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21.3.2 Agrobacterium tumefaciens

The Agrobacterium tumefaciens (Agrobacteria) genotypes C58C1: RifR with pSoup plas-
mid (TetR) or ASE: KanR, CamR with pSoup+ plasmid (TetR) were used (Ashby 1988, Fraley
1985, Hellens 2000).

2.2 Plasmids

2.2.1 Vectors

Resistance

Resistance

Name Description for bacteria for plants Origin Reference
. . . Klaus Hellens, et al.,

pGreen0179 Binary vector Kanamycin Hygromycin Theres 2000

Binary vector Thomas Based on
pGreen0229:35S | with 35S Kanamycin BASTA G Hellens, et al.,

reb
promoter 2000
. . Klaus Hellens, et al.,

pGreen0229 Binary vector Kanamycin BASTA Theres 2000

GreenGate des- | Spectinomy- o Jan Lampropoulos,
pGGZ003 tination vector cin Sulfadiazine Lohmann etal., 2013

GreenGate en- - Jan Lampropoulos,
pGGA000 try Module A Ampicillin ) Lohmann etal., 2013

GreenGate en- - Jan Lampropoulos,
pGGBO00 try Module B Ampicillin ) Lohmann etal., 2013

GreenGate en- - Jan Lampropoulos,
pGGCO00 try Module C Ampicillin ) Lohmann etal., 2013

GreenGate en- - Jan Lampropoulos,
pGGDOOO try Module D Ampicillin ) Lohmann etal., 2013

GreenGate en- - Jan Lampropoulos,
pGGEOOO try Module E Ampicillin ) Lohmann etal., 2013

GreenGate en- - Jan Lampropoulos,
pGGFO00 try Module F Ampicillin ) Lohmann etal., 2013

GreenGate en- - Jan Lampropoulos,
pGGI000 try Module | Ampicillin ) Lohmann etal., 2013

Table 2.2: Vectors used in this study.

2.2.2 Constructs

All constructs generated in this study were either cloned by standard methods using the
vectors pGreen0179 or pGreen0229 (Hellens, et al., 2000) or by Green Gate cloning using the
Green Gate modules pGGA000-pGGI000 and the destination vector pGGZ003 (Lampropoulos
et al. 2013). Some constructs were based on plasmids from Karin Grinwald (pKG), lvan
Lebovka (pl/L) or Vadir Lopez-Salmerdn (pVL), which are described in the Thomas Greb lab
plasmid database (COS, Heidelberg, Germany).
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Name Vector Description Used for Reference
SMXL3 3' promoter (amplified .
pEW16 | pGreen0179 | from gDNA, digest with Hindil | ©/0ning of Wallner, et al,
PEW17 2017
and Xhol)
SMXL3 5' promoter (amplified .
pEW17 | pEW16 from gDNA, digest with Sacll and C,'__?Q/';‘g of g\(’)ﬁ"?”er’ etal,
Cfrol) p
SMXL3:ER-YFP (ER-YFP ampli- | Transformation Wallner. et al
pEW18 | pEW17 fied from pKG64, digest with into WT 2017 ' "
Cfral) (Arabidopsis)
SMXL3:SMXL3 (SMXL3 exon Cloning of Wallner. et al
pEW19 | pEW17 amplified from pEW15, digestion PEW20 2017 ' v
with Cfr9l and EcoRlI)
SMXL3:SMXL3-YFP (YFP-linker | ot ormation | Wallner, et al
PEW20 | pEW19 amplified from pEW15, digestion into smxi3:smx/5 | 2017 ’ ”
with EcoRI and EcoRV) ’
SMXL4 5 promoter (amplified .
pEW21 | pGreen0229 | from piL46, digestion with BamHI | S1oning of Wallner, et al,
pPEW22 2017
and Xbal)
SMXL4:SMXL4-YFP (exon + Cloning of Wallner, et al.,
pEW22 | pEW21 YFP amplified from pEW13) pEW23 2017
SMXL4:SMXL4-YFP (+ 3' Transformation Wallner, et al.,
pEW23 | pEW22 SMXL4 terminator) into smx/4,smxI5 | 2017
pGreen0229- . Cloning of .
pPEW31 355 358:3xHA (without stop codon) pPEW32 and unpublished
PEW33
Transient
PEW32 | pEW31 35S:3xHA-MAX2 expression in unpublished
Nicotiana
Transient
pEW33 | pKG33 35S:SMXL5-3xHA expression in unpublished
Nicotiana
OBE3 miRNA 3 (see primer list) | Cloning of .
pEW45 | pGGI000 in GreenGate entry Module | PEW65 unplublished
OBE3 miRNA 4 (see primer list) | Cloning of .
pEW46 | pGGI000 in GreenGate entry Module | pPEWG66 unpublished
SMXL5:0BE3-miRNA3 (Green- Transformation
pEWE65 | PGGZ003 Gate reaction with pVL28, . s unpublished
pEWA45, pVL66, pVL53) n smx
SMXL5:0BE3-miRNA4 (Green- Transformation
PEW66 | pGGZ003 Gate reaction with pVL28, in smx/5 unpublished
PEW46, pVL66, pVL53)
SMXL5:0BE3-turquoise (Green- Transformation
pEW72 | pGGZ003 Gate with pVL28, pVL50, pVL85, of smx/5 obe3 unpublished
pVL101, pVL20, pVL53)
6x-Myc taq (no stop) in Module B | Cloning of .
pEW?75 | pGGBO00 (amplified from pTGM61) pEW7g unpublished
358:6xc-Myc-OBE3 (GreenGate | Transient
pPEW78 | pGGZ003 with pDS34, pEW75, pVL85, expression in unpublished
pVL51, pVL66, pVL53) Nicotiana

Table 2.3: Self-generated constructs used in this study.
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Some constructs were received as Agrobacteria glycerol stocks:

Name Vector Description Agr9bactena Used for Received by
strain
C58C1: RifR, Transient . ]
pVvL127 | pGGZ003 35S:0BE3-mGFP pSoup+ (TetR) expression in \S/:IC:rl:eLrggez
Nicotiana
: . C58C1: RIifR, Transient . ]
pVvL122 | pGGZ003 375gh‘2%XL5 pSoup+ (TetR) expression in \s/:ﬁ:el_rgﬁez
Nicotiana
ASE: KanR, Transient Michael
pMG103 | pGGZ003 35S:mCherry-NLS | CamR, pSoup+ expression in Gebert
(TetR) Nicotiana
ASE: KanR Transient -
UBI10:mGFP- ’ S Christian
pCW194 | pGGZ003 ) CamR, pSoup+ | expression in
mCherry-NLS (TetR) Nicotiana Wenzl
35S:p19 Transient Rainer
p19 pBin61 (Voinnet et al. C58C1: RifR expression in Waadt
2003) Nicotiana

Table 2.4: Received glycerol stocks used in this study.

2.3 Primers

The primers used for the described experiments were designed using CLC Main Work-

bench 7 (CLC Bio Qiagen, Aarhus, Denmark) and purchased from Sigma-Aldrich (St. Louis,

USA). For Open Reading Frame (ORF) amplification from cDNA, “ACTA” sequences were

added to the 5’ prime end to allow restriction of PCR products by DNA restriction enzymes at

added recognition sites.

Used for Primer name Primer sequence (5' — 3')
1.2 SALK_128579-LP GTGGCAACTGTTTAGGCTGAG
SALK_128579-RP AAGCTAGCTTTTCAAGTCCCG
smaxo1 SAIL_596 E08-LP GCTCCCAAGCCTAATCAAAAC
SAIL_596_E08-RP CCACTTCAGTGTCGAGCTCTC
31 SALK 024706 LP CCCTACACAGCTCTTCACGAG
SALK_024706_RP TGCCTCTCTCACAAGAAAAGC
St SALK_037136-LP TTGAAGCCATGGAAGAATCTG
SALK_037136-RP ACAAAGAACAATGCGGTCAAG
SALK_018522-LP TGTCTCATTGAAGCCAAAACC
2 | smxi5-1 SALK_018522-RP AATGGTGCAAGAATTCTGACG
S SALK_050363-LP AGCCAGAGAAAGACTCGAACC
§ | smxi6-4 SALK_050363-RP TCCGAAATTAAGCTCGATGTG
R — WiscDsLox339C04 LP | GATCAAGAAACGAACGCTGAG
WiscDsLox339C04 RP | CGTATTAGCCTCTCGGATTCC
6t SALK 025338 LP GAATCACAAATTCTGCATGGC
SALK_025338 RP CTGACGAAGCTCCACTTTCAC
et SALK_075710_LP ATTCGACTCAAACGTTGAACG
SALK_075710_RP CTCGTCTGGACAAACTTCTGC
obe2-1 RP CTTCAAGATCAAGGTATTGACCTAAATTACC
obe2-1 obe2-1 LP CATTTGGTGAGGATGATTCGAACC
obe2-1_Insertion GATCAGATTGTCGTTTCCCGCC
obe3-1 SALK_ 042597 LP TTCCAACAACAAAGGCTTTTG
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SALK 042597 RP

TTTCCCACAAAACGAAACAAG

SALK 082338 LP

TGCTTATTGACACCTGACTGC

obe4-1 SALK 082338 RP AAGAAAAGCGAGGAGGAAGTG
MISCDSLOX | WiscDsLox-LB-p745 | AACGTCCGCAATGTGTTATTAAGTTGTC
SAIL_insert | SAIL_LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC
SALK insert | SALK LBaT TGGTTCACGTAGTGGGCCATCG
e max2-1 dCAPS F TGTCCGAATTTGGAAGAGATTAGG
max2-1 dCAPS R CAAGAAGAATCTTTCCCATAAACTCGAAT
.y SMXL3_p2 CACCTTCCATATAGACGCCG
smxI3_GDNA AAGCTACGTTGAAGCAGAGC
 —— SMXL4_p3 TGTTGGGTAGAGAAGTTCCC
S SMXL4_p1 GAAACCGGAATATGATGCTG
i — SMXL5_p3 GCTGATTCGGCTTCAAACGT
> CEB1for20 TGTGGGCAGTTCATCCTGTC
GACT2f GCCATGCAAGCTGTTGTCTC
ACT2 (Rel)  |"gacTer ACCCTCGTAGATTGGCACAG
EWT p3SMXL3rev ACTAAAGCTTCACTAACAGCATGCACGTATG
p3SMXL3for ACTAGTCGAGACCGTTGGTTCAATCCAATG
W17 p5SMXL3rev ACTACCCGGGAGTGAGAAAACACCCTAAAATAACAC
p5SMXL3for2 ACTACCGCGGGCAAGTGGGCTTGAGAGATGGGTTG
WS ERYFPfor ACTACCCGGGATGAATAAGACTAATGTTTTTCTC
ERYFPrev2 ACTACCCGGGTTAGAGTTCGTCGTGCTTGTACAGC
W19 SMXL3for ACTAGAATTCTGTTGATGAACACTTGAAATGAAAC
SMXL3rev2 ACTACCCGGGATGAGAGCTGGAGGCTGCACGGTG
SEW?20 YFPreva ACTAGATATCTCACTTGTACAGCTCGTGCATGCC
YFPrevs ACTAGAATTCGGAGGAAGTGGAGTGAGCAAGGGC
W21 p5SMXLdrev ACTAGGATCCCACAAAACCACCCACCTTAAATCC
p5SMXLfor ACTATCTAGAACCATGTCGAACCCTCCAATTG
SEW22 EYFPfor ACTAGAATTCTCACTTGTACAGCTCGTCCATGCC
SMXLdrev ACTAGGATCCATGCGTACAGGGGCTTATACCGTG
SEW23 p3SMXLfor ACTAGGGCCCCTTCGGCTTTTATITCTGTTC
p3SMXLdrev ACTAGGTACCCATTCACTCAAAATAATCAGTTG
SHA for ACTAGGATCCTCCGCTTCCTCCTGCGTAGTCCGG-
o | Ewar - GACATCATAC
£ P s ACTAAAGCTTATGTATCCTTATGATGTACCTGAT-
S XHA_rev TATG
S MAX2_for ACTAGGATCCGCTTCCACTACTCTCTCCGAC
3 MAX2rev4 ACTACCCGGGTCAGTCAATGATGTTGCGGCTGTTC
8 A SVXLS for ACTAGGATCCAGGAGGAAGTGGAG-
S | pEwss SMXLS_ GAAGTTATCCTTATGATGTACCTG
3xHA_SMXL5_rev ACTACCCGGGTCATGCGTAGTCCGGGACATC
MIRNA P-0950 Oligo A AACAGGTGTCAAACACTGCAGCCCCAAACACACGC
bewabas | P-09510ligo B AACAGGTCTCTGCAGCCCCATGGCGATGCC
| mRNASOBES. 3 GATAATTTCTGGTATTGACTCAGTCTCTCTTTT-
| miRNAROBES. 3 GACTGAGTCAATACCAGARATTATCARAGA-
pPEW45
T eNA<OBES 3 | GACTAAGTCAATACCTGAAATTTTCACAGGTCGTGA-
- - TATG
V_miRNA'aOBES 3 | CAAAATTTCAGGTATTGACTTAGTCTACAT-
| mRNASOBES. 4 GATAATTTCTGGTATTGACTCATTCTCTCTTTT-
DEW4S | miRNAGOBES 4 GAATGAGTCAATACCAGAAATTATCAAAGA-

GAATCAATGA

III_miRNA*sOBE3_4

GAATAAGTCAATACCTGAAATTTTCACAGGTCGTGA-
TATG
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IV_miRNA*aOBE3_4

GAAAATTTCAGGTATTGACTTATTCTACAT-
ATATATTCCT

cMyc ModulB_for

AACAGGTCTCAAACAATGGAGCAAAAGCTC

pEW?7S cMyc_ModulB_rev AACAGGTCTCAAGCCCAAGTCCTCTTCAGA
SMXL7 SMXL7_rev4 GTCAAAGAATCCATCAAACTC
ex0n SMXL7_rev5 GAAACAACCACGTAGCAACC
SMXL7_rev6 GAGGAAAGAGTTCTCAATGCC
SMXL7 pSMXL7 _seq_1 GAAGGCTCTTCTACTGTGCATC
5'promoter pSMXL7 seq 2 GCAAATCAATTCATTTTAAC
pSMXL7 seq 3 GAATAAAGCTAACAGAAGTTG
5'SMXL4_for CCACAGACTTTTGATCATTC
5'SMXL4_for2 TATCGGAAATATGGGACTTG
SMXL4 5'SMXL4_for3 ATTGAGGTGGTGTCACTGTC
5 promoter 5'SMXL4_for4 GTAGAGATATTTAGGTGTAC
5'SMXL4_for5 GTTTGATCATGTGTAGTGATC
5'SMXL4_for6 TGAATAGTAAGGCAGCTTTC
5'SMXL4_rev1 CTAAGTTTACTTCCACCATTAC
smxl4 rev1 GTGAACCCGAATCTCTCTTC
SMXL4 smxl4_rev2 CGAGGATGTTCATGAACTGAG
exon smxl4_for1 GCAGCTTGTTGTGTCGATTC
smxl4 rev3 GTCCAGCTTCTCTCATCAC
> smxI3_for1 GAGTAGAGTGATGAGAGAAGC
I SMXL3 smxlI3_for2 GTGGAGCATATGATAATG
o | exon smxI3_for3 CTTCAATCAGTACTCTTCATC
g smxI3 for4 CTCGTGTTTGGATCGCAAGAC
2 smxI3 prom_for AGTGAATGATGATTTGCATC
smxI3 prom_for2 CAAAGACCAAGCTAGTGATCC
SMXL3 smxI3 prom_for3 GATTTAAGTGGCATCTGCATC
5 promoter smxI3 prom_for4 CTGTTGCAGAGAATAGTGGC
smxI3 prom_for5 TAGACAGCGAGGACGAAACAG
smxI3 prom_for6 CACTTCTGAGTATTAGTAC
MAX2 MAX2_for2 CTTAACCCAAACTCTGGCTC
exon MAX2_for3 CAGCCTCACTAGTTTCCACT
OBE3 Obe3 _F2 TTTCCCCTCTTGATGCTT
exon Obe3_R2 GCTCTTCTTCTTTTGATCCT
OBE3dM4 For TTCGTTCATAGGGATTCTG
YEP YFP/CFPrevi1 GCTGAACTTGTGGCCGTTT
YFP/CFPrev10 GCTTCTCGTTGGGGTCTT
GreenGate | D-dummy_seq_1 GGGAATGAAGGTAAAGGT
mgggle b D-dummy_seq_2 TAACCTTTACCTTCATTCCC
SulfR SulfR_GGF CCTACACGCCGAAATAAAC
p35S 35S CCTTCGCAAGACCCTTCCTC

Table 2.5: Primers used in this study.

2.4

Chemicals

Standard chemicals were shared between the research groups of Prof. Dr. Jan Lohmann

and Prof. Dr. Thomas Greb and are listed in our common and officially accessible Dangerous

Materials Registry Information System (DaMaRIS) that is provided by the University of Heidel-

berg, Germany.
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2.4.1 Antibiotics

1000x stocks:

100 mg/ml Ampicillin (Sigma-Aldrich; St. Louis, USA)

25 mg/ml Chloramphenicol in ethanol (Roth; Karlsruhe, Germany)
50 mg/ml Kanamycin (Roth; Karlsruhe, Germany)

100 mg/ml Spectinomycin (Sigma-Aldrich; St. Louis, USA)

100 mg/ml Sulfadiazine (Sigma-Aldrich; St. Louis, USA)

2000x stocks:

10 mg/ml Tetracyclin in ethanol (Sigma-Aldrich; St. Louis, USA)
100 mg/ml Rifampicin (Sigma-Aldrich; St. Louis, USA)

50 mg/ml Hygromycine B (Roche; Basel, Switzerland)

2.4.2 Dyes

DirectRed 23 #212490 (Sigma-Aldrich; St. Louis, USA)

FM® 4-64 #T3166 (Thermo-Scientific; Waltham, USA)

Propidium iodide #81845 (Sigma-Aldrich; St. Louis, USA)

Methyl blue #95290 (Sigma-Aldrich; St. Louis, USA)

Toluidine blue #52040 (AppliChem, Darmstadt, Germany)

Ethidium bromide solution 0,025 % in dropper bottle (Roth; Karlsruhe, Germany)

2.4.3 Herbicides

10 yg/ml Glufosinate: Basta ® (Bayer; Leverkusen, Germany)

2.4.4 Hormones

The synthetic strigolactone-analogue rac-GR24 was ordered from Chiralix B. V.,

Nijmegen, Netherlands and a stock solution of 10 mM in acetone was stored at -20 °C.

2.5 Antibodies
Anti-HA-Peroxidase High Affinity (3F10), rat monoclonal (Roche; Basel, Switzerland)

c-Myc Antibody (9E10) sc-40 HRP, mouse monoclonal (Santa Cruz Biotechnology,
Santa Cruz, USA)
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2.6 Media, buffers and solutions

2.6.1 Growth media

E. coli

Agrobacteria

Arabidopsis

Lysogeny broth (LB) medium

1 % NaCl

1 % Peptone

0.5 % Yeast extract

1.5 % Bacto agar (for LB-agar plates)

pH 7, autoclaved

YEB medium

5 % Meat extract

5 % Peptone

1 % Yeast Extract

5 % NaCl

5 % Sucrose

2 mM MgSOq4

1 % Bacto agar (for YEB-agar plates)

autoclaved

Murashige and Skoog (MS)-medium (100 ml)
0.43 g Murashinge-Skoog salt

1 g Sucrose

0.05 g MES hydrat

0.8 g Phyto Agar (for MS-plates)

pH 5.8, autoclaved

Autoclaved growth media were cooled down to approximately 55 °C before antibiotics or

herbicides were added.

2.6.2 Standard buffers and solutions

2.6.2.1 Seed sterilization

Sterilization solution

70 % Ethanol with 0.2 % Tween
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2.6.2.2 Rough extraction of gDNA from Arabidopsis for genotyping

Extraction buffer
200 mM Tris (pH 7.5)
250 mM NacCl
0.5 % SDS
25 mM EDTA

10xTE buffer
100 mM Tris (pH 8)
10 mM EDTA (pH 8)

2.6.2.3 RNA extraction for cDNA synthesis and sequencing

Extraction buffer
0.1 M NaCl
2 % SDS
50 mM Tris/HCI (pH 9)
10 mM EDTA
20 mM B-mercaptoethanol (added freshly)

2.6.2.4 Gel electrophoresis

50x TAE (11L)
242 g TRIS
100 ml EDTA (0.5 M)
57.1 ml Acetic acid
pH 7.6

Loading dye
0.25 % Xylene cyanole

0.25 % Bromophenol blue
50 % Glycerol

10 mM Tris (pH 8)

1 mM EDTA (pH 8)
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DNA Ladder
(Thermo-Scientific; Waltham, USA) GeneRuler 1 kb DNA Ladder #SM0311
MassRuler Low Range DNA Ladder #M0383

2.6.2.5 Transformation of Arabidopsis

Infiltration medium
5 % Sucrose
0.015 % Silwet L-77

2.6.2.6 Infiltration of Nicotiana leaves

Induction buffer
10 mM MES pH 5.5
10 mM MgSOs4
150 uM Acetosyringone

2.6.2.7 Embryo extraction of Arabidopsis

Embryo extraction buffer
(Raissig et al. 2013) Y2 liquid MS (see Arabidopsis growth media)
1 M Glycine

2.6.2.8 Protein extraction, IP and Western blotting

Protein extraction buffer
50 nM NasPO4
150 mM NaCl
10 % Glycerol
5 mM EDTA
10 uM B-mercaptoethanol
0.1 % Triton X-100
2 mM NaVOq4
2 mM NaF
cOmplete tablet (1/2 tablet per 20ml)
20 yM MG132
1 mM PMSF
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Wash buffer |

Wash buffer Il

4x Resolving buffer

4x Stacking gel buffer

Laemmli

Protein ladder

10x Running buffer

38

50 nM NazPO4

150 mM NaCl

10 % Glycerol

5 mM EDTA

0.1 % triton X-100

2 mM NaVOq

2 mM NaF

cOmplete tablet (1/2 tablet per 20ml)
20 yM MG132

1 mM PMSF

50 nM NaszPO4
150 mM NacCl
10 % Glycerol
5 mM EDTA

1.5 M Tris-HCI pH 8.8

0.5 M Tris-HCI pH 6.8

Sample Buffer, Laemmli 2x Concentrate #S3401
(Sigma-Aldrich; St. Louis, USA)

PageRuler™ Plus Prestained Protein Ladder, 10 to
250 kDa # 26619 (Thermo-Scientific; Waltham, USA)

250 mM Tris
1.92 M Glycine



Material

10x Transfer buffer

1x Transfer buffer + methanol

5x TBS

1x TBS-T working solution

Blocking solution

2.7 Kits

2.7.1 DNA extraction

0.48 M Tris
0.39 M Glycin
0.375 % SDS (20% stock)

10 ml 10x Transfer buffer
20 ml Methanol (freshly added)
filled to 100 ml with H.O

125 mM Tris
625 mM NacCl
pH 8

5x TBS (1:10)
0.1 % Tween added

1x TBS-T
5 % powdered milk (Roth; Karlsruhe, Germany)

QlAprep Spin Miniprep Kit (QIAGEN, Venlo, Netherlands)
QIAquick PCR Purification Kit (QIAGEN, Venlo, Netherlands)
Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, USA)

2.7.2 Enzymes

Polymerases

JumpStart™REDTaq ® ReadyMix™ (Sigma-Aldrich; St. Louis, USA)
Taq DNA Polymerase, recombinant (5 U/uL) (Thermo-Scientific; Waltham, USA)
Phusion High-Fidelity DNA Polymerase (2 U/uL) (Thermo-Scientific; Waltham, USA)
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Phosphatase
Antarctic Phosphatase (NEB, Frankfurt am Main, Germany)

Restriction enzymes

For molecular cloning restriction enzymes and their reaction buffers were ordered from
Thermo Fisher Scientific (Thermo-Scientific; Waltham, USA) or New England Biolabs (NEB,
Frankfurt am Main, Germany) and used as recommended by the manufacturers. Green Gate
cloning (Lampropoulos et al. 2013) required the FastDigest Eco31I restriction enzyme (Thermo-
Scientific; Waltham, USA).

Ligase
T4 DNA Ligase (5 U/uL) #ELO014 (Thermo-Scientific; Waltham, USA)

DNase and reverse transcriptase
DNase |, RNase-free (supplied with MnCI2) (1 U/uL)
RevertAid First Strand cDNA Synthesis Kit (Thermo-Scientific; Waltham, USA)

2.8 Immunoprecipitation and Western blotting

Anti-HA MicroBeads #130-094-255 (Miltenyi Biotec, Bergisch Gladbach, Germany)

M Columns #130-042-701  (Miltenyi Biotec, Bergisch Gladbach, Germany)

MACS MultiStand (Miltenyi Biotec, Bergisch Gladbach, Germany)

cOmplete™ Protease Inhibitor Cocktail (Roche; Basel, Switzerland)

Immun-Blot® PVDF Membrane #1620177 (Bio-Rad Laboratories; Hercules, USA)

Whatman Paper (Thick Blot Paper) 7.5 x 10 cm (Bio-Rad Laboratories; Hercules, USA)
Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories; Hercules, USA)
Protein Standard Il #5000007 (Bio-Rad Laboratories; Hercules, USA)

SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo-Scientific; Waltham, USA)

SuperSignal™ West Pico Chemiluminescent Substrate (Thermo-Scientific; Waltham, USA)

2.9 Software and technical equipment

2.9.1 Websites as resources and for processing data

National Center for Biotechnology Information (NCBI, Bethesda, USA)
Arabidopsis Information Resource (TAIR) (Huala, et al., 2001)
InterPro (EMBL-EBI, Cambridgeshire, UK)

VirtualPlant 1.3 (Katari et al. 2010)

VENNY (Oliveros 2007)
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WMD3 - Web MicroRNA Designer Version 3 (Max Planck Institute for Developmental Biology,
Tlbingen. http://www.weigelworld.org)
cNLS Mapper (Kosugi et al. 2009)

2.9.2 Software

CLC Main Workbench 7.6.1 (CLC Bio Qiagen, Aarhus, Denmark)

CaseViewer 2.2 (3DHistech, Budapest, Hungary)

ImagedJ 1.51h (National Institute of Health, Bethesda, USA)

Microsoft Office 2016 (Excel, Word and PowerPoint) (Microsoft, Redmond, USA)
Adobe Creative Suite CS6 (Photoshop, lllustrator) (Adobe, San Jose, USA)
SPSS V. 25 (IBM, Armonk, USA)

GraphPad Prism version 6.01 (GraphPad Software, La Jolla, USA)

Marvin 15.11.23, 2015, ChemAxon (http://www.chemaxon.com)

R (https://cran.r-project.org/)

R Studio (https://www.rstudio.com/)

Fast QC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc)
TopHat2 v2.0.14 (Kim et al. 2013)
DESeq2 package from the R/Bioconductor software (Love et al. 2014)

2.9.3 Technical equipment

2.9.3.1 Microscopes

Confocal microscope TCS SP5 (Leica Microsystems; Mannheim, Germany)
provided by Prof. Dr. Joachim Wittbrodt

Confocal microscope TCS SP8 (Leica Microsystems; Mannheim, Germany)
provided by Prof. Dr. Annika Guse

Microscope Axio Imager.M1 (Carl Zeiss; Oberkochen, Germany)

provided by Prof. Dr. Ingrid Lohmann

Stereomicroscope (Nikon Corporation; Tokyo, Japan)

provided by Prof. Dr. Jan Lohmann

2.9.3.2 Laboratory equipment

The following equipment was shared between laboratories of Prof. Dr. Thomas Greb and Prof.
Dr. Jan Lohmann:

Microtome RM2235 (Leica Microsystems; Mannheim, Germany)
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Paraffin embedding center EG1160 (Leica Microsystems; Mannheim, Germany)

Leica ASP 200S (Leica Microsystems; Mannheim, Germany)

Leica EG1160 Embedding Centre (Leica Microsystems; Mannheim, Germany)

Leica HI1220 Flattening table for clinical histopathology (Leica Microsystems; Mannheim, Ger-
many)

Stereo microscope Stemi 2000-C (Carl Zeiss; Oberkochen, Germany)

ActivFlo Routine | Lids Cassettes (Leica Microsystems; Mannheim, Germany)

Tissue-Tek® Mega-Cassette Base Mold #4166 (Sakura Finetek Europe B.V., Alphen aan den
Rijn, Netherlands)

Superfrost™ Microscope Slides (Thermo-Scientific; Waltham, USA)

Micromount Mounting Media (Leica Microsystems; Mannheim, Germany)

Pannoramic SCAN Il (3DHistech, Budapest, Hungary)

Refrigerated centrifuge Eppendorf 5430R (Eppendorf; Hamburg, Germany)

Precision balance (Kern & Sohn; Balingen, Germany)

Heating block neoBlock Duo (neoLab Migge Laborbedarf; Heidelberg, Germany)

Power Pac HC (Bio-Rad Laboratories; Hercules, USA)

Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad Laboratories; Hercules, USA)
Mini-PROTEAN® Tetra Cell #1658001EDU (Bio-Rad Laboratories; Hercules, USA)

Nanodrop ND-1000 (Nanodrop, Wilmington, USA)

Thermocycler Biometra TRIO (Analytik Jena, Jena, Germany)

Microwave (Sharp, Osaka, Japan)

Basic pH meter PB-11 (Sartorius, Goéttingen, Germany)

Advanced Fluorescence and ECL Imager (Intas Science Imaging Instruments, Géttingen, Ger-
many)*

Spark Multimode reader (TECAN, Mannedorf, Switzerland)*

TissueLyser Il (Retsch®, Haan, Germany)*

Ice machine (Ziegra Eismaschinen, Isernhagen, Germany)*

Sorvall RC-5C Plus Superspeed Centrifuge (Sorvall®, Newtown, USA)*

*provided by Prof. Dr. Karin Schumacher

2.9.3.3 Other equipment

Wacom Intuos3 graphic tablet (Wacom®, Kazo, Japan)
HP EliteDesk 800 G1 DM Business PC (Hewlett Packard Inc., Palo Alto, USA)
HP Z24i monitor (Hewlett Packard Inc., Palo Alto, USA)
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3 Methods

Every method not precisely described, can be found in Arabidopsis: A Laboratory manual
by Weigel & Glazebrook, 2002.

3.1 Seed sterilization and stratification

Arabidopsis seeds were sterilized by sterilization solution for 15 min, washed twice with
100 % ethanol and air dried under sterile conditions. To break seed dormancy, seeds were

stratified in microcentrifuge tubes containing dH>O at 4 °C in the dark for 3 days.

3.2 Plant growth conditions and maintenance

Arabidopsis plants were grown in plastic pots on standard soil (Einheitserde Klassik,
Einheitserdewerke Patzer Gebr. Patzer GmbH & Co. KG, Sinntal-Altengronau, Germany) mixed
1:4 with perlite (Perligran extra, Knauf, Iphofen, Germany) and soaked in nematode solution for
pest control.

Plants dedicated for histology sectioning were first grown in short day (SD) conditions (8 h
light and 16 h dark) with 65 % humidity and 23 °C for 3 weeks and then transferred to long day
(LD) conditions (16 h light and 8 h dark) at 23 °C and 65 % humidity. The plants were watered
by soaking the pots with water for 20 min twice a week. For seed collection and crossings, plants
were solely grown in LD conditions.

Seedlings grown on MS-plates were either kept in LD or SD conditions (depending on the

experiment) for 2, 5, 7 or 10 days.

3.3 E. coli growth conditions

E. coli of the strain DH5a were grown at 37 °C over night in liquid LB medium on a shaker
(180 rpm to an ODsqo > 1) or plated on LB-plates in an incubator. Depending on the transformed

plasmid, antibiotics were added to the medium to select transformed colonies.

3.4 Agrobacteria growth conditions

Agrobacteria strains were grown at 28 °C over night in liquid YEB medium on a shaker
(180 rpm to an ODego > 1) or plated on YEB-plates in an incubator. Depending on the trans-
formed plasmid and the used strain, antibiotics were added to the medium to select transformed

colonies.
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3.5 Tissue staining

3.5.1 Direct Red staining

To preserve fluorescent signals in roots, seedlings were fixed in a vacuum chamber for
1 h by 4 % (w/v) PFA dissolved in PBS. The tissue was washed twice by PBS and cleared with
ClearSee solution for 7 days according to (Kurihara et al. 2015). Cleared seedlings were stained
by 0.01 % (w/v) Direct Red 23 in ClearSee solution for 2 h. Excess staining was removed by
clearing once again in pure ClearSee solution for 1 h. Stained seedlings were analysed by con-
focal microscopy with an excitement of 561 nm (DPSS laser) and detecting wavelengths
>660 nm.

3.5.2 FM4-64 staining of roots

The cell membrane dye FM® 4-64 Dye was used for visualizing cell membranes in seedling
roots. The dye was diluted 1:2000 in sterile tap water and seedlings incubated for 30 sec. After-
wards seedlings were transferred to H>O without dye and incubated for 10-15 min before ana-
lysed by confocal microscopy with an excitement of 561 nm (DPSS laser) and detecting wave-
lengths >660 nm.

3.5.3 Propidium iodide (Pl) staining of stem sections

The cell wall dye propidium iodide (PIl) was applied to fresh stem cross sections to visual-
ize lignified secondary cell walls by confocal microscopy. Prior to imaging, fresh stem sections
were counterstained by for 5 min by 5 ug/ml Pl dissolved in sterile tap water. Pl-stained tissues
were excited at 561 nm (DPSS laser) and detected at 590-690 nm.

3.5.4 mPS-PI staining of roots

The mPS-PI staining of roots was carried out as described before (Truernit et al. 2008).

Pl-stained tissues were excited at 561 nm (DPSS laser) and detected at 590-690 nm.

3.5.5 Aniline staining of callose

Aniline staining was performed as described in (Schenk and Schikora 2015). Stained stem
sections were analysed at the epifluorescent microscope Zeiss Axio Imager.M1 by exciting Flu-
orescence of aniline was excited by the UV lamp and emission was collected using the DAPI

filter.
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3.6 Grafting of Arabidopsis seedlings

Grafting was performed on 5 day-old seedlings grown in SD as previously described
(Melnyk and Meyerowitz 2015).

3.7  Sugar measurements

Grafted seedlings were grown on soil for 3 weeks to the rosette stage. Three fully devel-
oped leaves from individual plant were pooled into one sample. Five samples (biological repli-
cates) were collected per grafted combination. Tissue samples were immediately frozen in liquid
nitrogen and ground using a porcelain mortar prior to analysis. Soluble sugars were extracted
and determined by the Metabolomics Core facility (EMBL Heidelberg, Germany) as described
before (Poschet et al. 2011).

3.8 Histology

1-cm stem fragments just above the uppermost rosette leaf were harvested from 15 —
20 cm tall plants, transferred into embedding cassettes and infiltrated by 70 % ethanol for at
least 3 days at 4 °C. Samples were processed by the Leica ASP 200S tissue processing ma-
chine. Fixed samples were embedded into paraffin using metal molds and the paraffin embed-
ding centre EG1160 (Leica Microsystems; Mannheim, Germany). Using the microtome RM2235
(Leica Microsystems; Mannheim, Germany) 10 um sections were produced and placed onto
Superfrost™ Microscope Slides (Thermo-Scientific; Waltham, USA) covered with hot water to
stretch the tissue. Samples were dried over night at 42 °C on a heating plate. Dry samples were

deparaffinised and stained as follows:

Dewaxing Toluidin blue staining (see chapter 2.5.1.2)
Histo-Clear™ 10 min 0.05 % Toluidin blue 4 min
Histo-Clear™ 10 min H.O washing

100 % ethanol 1 min H.O 1 min

100 % ethanol 1 min 85 % ethanol 30 sec

95 % ethanol 1 min 95 % ethanol 30 sec

85 % ethanol 1 min 100 % ethanol 30 sec

50 % ethanol 1 min 100 % ethanol 30 sec

30 % ethanol 1 min

H.O 5 min

Stained samples were air-dried and embedded in Micromount Mounting Media (Leica Mi-
crosystems; Mannheim, Germany). Slides were scanned using the slide scanner Pannoramic
SCAN Il (3DHistech, Budapest, Hungary) and analysed using the software CaseViewer 2.2
(3DHistech, Budapest, Hungary) by measuring the CDT production. Data processing was done
in Microsoft Excel (Microsoft, Redmond, USA) and SPSS (IBM, Armonk, USA).
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3.9 Extraction of torpedo-stage embryos

Embryos of mid-torpedo stage were extracted by sticking the first full-length silique of a
mature Arabidopsis plant onto a double-sided tape fixed on an objective slide. The silique was
opened with a micro-scalpel using a stereomicroscope. Ovules were removed and transferred
into microcentrifuge tubes with approximately 50 ul embryo isolation buffer (Raissig et al. 2013).
The ovules were opened by slightly squeezing them with a small plastic mortar without destroy-
ing the embryo. The liquid was transferred onto an objective slide and embryos were collected
and separated from the debris by a 10 pl pipet tip attached to a plastic pasteur pipette. Images

were taken by confocal microscopy.

3.10 Rough DNA extraction and genotyping of Arabidopsis

3.10.1 DNA extraction

This quick DNA extraction method was adapted from Dr. Nial Gursanscky and used for
genotyping 3 - 4 week old mutant plants. A middle-sized leaf was supplied with 200 pl extraction
buffer and ground manually with a drill. After adding additional 200 ul extraction buffer, the so-
lution was centrifuged at 14,000 g at RT for 5 min. The supernatant was transferred into a new
microcentrifuge tube and incubated with 350 ul isopropanol for 10 min. The sample was centri-
fuged again (14000 g, 5 min), the supernatant discarded and the pellet washed with 70 % eth-

anol. The pellet was dried and dissolved in 50 pl 1xTE buffer prior to use.

3.10.2 Genotyping

Genotyping of Arabidopsis was performed using 1 yl of DNA solution (obtained as de-
scribed in 3.8.1) and the Taqg DNA Polymerase, recombinant (5 U/uL) kit (Thermo-Scientific;
Waltham, USA). Genotyping PCRs and thermocycler settings were set up as recommended by

the manufacturer.

3.11 RNA extraction from Arabidopsis

The RNA extraction procedure was adapted from (Mallory and Vaucheret 2010). Plant
material was frozen in liquid nitrogen and pulverized in a 2 ml microcentrifuge tube with 2 glass
beads using the mixer mill MM 400 (Retsch, Haan, Germany). The pulverized tissue was mixed
with 500 yl RNA extraction buffer. 500 ul phenol and 500 pl chloroform were added and the
mixture centrifuged at 13,000 g, 4 °C for 10 min. The aqueous phase was recovered and the
phenol/chloroform extraction step repeated. 1 ml chloroform was added to the aqueous phase

to remove residual phenols and again centrifuged at 13,000 g, 4 °C or 10 min. The aqueous
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phase was recovered and RNA precipitated for 1 h at -80°C with 1/10 V 3 M NaAc pH 5.2 and
3V cold 100 % ethanol. Samples were centrifuged at 13,000 g, 4°C for 30 min and the RNA
pellets were washed 3x with cold 70 % ethanol before air dried and resuspended in 30 pl ddH>O
(RNAse free). The RNA concentration was measured using a NanoDrop ND-1000 (ThermoSci-
entific; Waltham, USA).

3.11.1 cDNA synthesis

Extracted RNA was treated with DNAse to remove residual genomic DNA according to
the protocol of DNAse |, RNAse free (ThermoScientific; Waltham, USA). cDNA synthesis was
performed following the instructions of the Thermo Revert Aid Kit (ThermoScientific; Waltham,
USA).

3.11.2 RNA sequencing

RNA was extracted from 1-cm stem segments including the stem base. Three stem seg-
ments were pooled into one biological replicate. Tree biological replicates were collected per
genotype. Extracted RNA was treated with DNAse to remove residual genomic DNA according
to the protocol of DNAse |, RNAse free (ThermoScientific; Waltham, USA). Library preparation
and next-generation-sequencing was performed at the Deep Sequencing Core Facility provided

by the Exzellenzkluster CellNetworks at the University of Heidelberg (http://www.cellnet-

works.uni-hd.de/483065/Deep _Sequencing Core Facility). Single reads of 50 nucleotides in

length were sequenced using HiSeqV4 SR50. Reads were aligned to the Arabidopsis genome
(TAIR10) using TopHat2 v2.0.14 (Kim et al. 2013) and the statistical analysis was done by Dr.
Virginie Jouannet using the DESeq2 package from the R/Bioconductor software (Love et al.
2014). Mutant genotypes were compared to wild type by applying a stringency of adjusted p-
value < 0.01. Data processing included the use of VENNY (Oliveros 2007) and alignment to The
Arabidopsis Information Resource (TAIR)-databases Huala et al. 2001) by VirtualPlant 1.3
(Katari et al. 2010). RNA sequencing data can be accessed in “Supplementary file 1” that is
published online together with an electronic version of this thesis (heiDOK,
Universitatsbibliothek Heidelberg, http://archiv.ub.uni-heidelberg.de/volliextserver/view/divi-
sions/140001/).

3.12 Agarose gel electrophoresis

Agarose was melted in 1XTAE using a microwave and cooled down to approximately
40 °C. To visualize DNA bands, 1 drop ethidium bromide solution 0.025 % in dropper bottle

(Roth; Karlsruhe, Germany) per 20 ml agarose solution was added and the gel was solidified in
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a gel tray with an appropriate comb. The percentage of agarose ranged between 1 - 4 % de-
pending on the experiment and expected DNA fragment size. The electrophoresis was run in
1XTAE at 100 V for 30 min-90 min and DNA bands were visualized using UV light of a transillu-

minator.

3.13 Molecular cloning

3.13.1 Standard cloning procedure

3.13.1.1 Amplifying DNA sequences

For exon amplification out of cDNA or for promoter amplification out of genomic DNA ded-
icated for molecular cloning, Phusion High-Fidelity DNA Polymerase (2 U/uL) (Thermo-Scien-
tific; Waltham, USA) was used following the user manual specifications. The Phusion HF PCR
product was purified using the QIAquick PCR Purification Kit (QIAGEN, Venlo, Netherlands) and
DNA was eluted in dH20.

3.13.1.2 Designing miRNAs

miRNA-constructs were designed by following the instructions of WMD3 - Web MicroRNA

Designer Version 3 (Max Planck Institute for Developmental Biology, Tubingen. http://www.wei-

gelworld.org; Ossowski Stephan, Fitz Joffrey, Schwab Rebecca, Riester Markus and Weigel

Detlef, personal communication).

3.13.1.3 Restriction enzyme treatment

The purified PCR product (DNA insert) and 500-1000 ng vector DNA were digested using
the same restriction enzymes and buffer at 37 °C for >2 h according to the user manuals New
England Biolabs (NEB, Frankfurt am Main, Germany), respectively. After digestion, the vector
and the DNA insert were purified using the QIAquick PCR Purification Kit (QIAGEN, Venlo,
Netherlands) and the vector was dephosphorylated by the Antarctic Phosphatase (NEB, United
Kingdom) for 1 h at 37 °C and purified again.

3.13.1.4 Ligation

10-20 ng of the digested, dephosphorylated and purified vector were mixed with 50-100 ng
digested and purified insert and ligations were performed at 16 °C over night using the T4 DNA
Ligase (5 U/uL) (Thermo-Scientific; Waltham, USA) according to the user manual.
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3.13.1.5 E. coli heat-shock transformation

500 ul of competent DH5a cells were incubated for 20 min on ice supplemented with 10 pl
of the ligation reaction. Afterwards a heat shock was performed for 90 sec at 42 °C to introduce
plasmid DNA into the cells, before putting them back on ice for 1 min. 500 yl LB medium was
added to the bacterial solution and incubated at 37 °C, 180 rpm for 45 min. 100 pl of transformed
bacteria were plated on LB-plates supplied with appropriate antibiotics for selection of trans-

formed cells. The plates were incubated over night at 37 °C until colonies appeared.

3.13.1.6 Colony PCR

The growing bacteria colonies were tested for the presence of the correctly ligated plasmid
by colony PCR. Several colonies were picked from the plate and each colony was dissolved in
10 ul H2O. Afterwards a standard PCR was performed with primers targeting the cloned gene
by using the JumpStart™REDTaq ® ReadyMix™ (Sigma-Aldrich; St. Louis, USA) according to

the user manual.

3.13.1.7 DNA extraction and sequencing

Positive clones were grown in 2 ml LB supplied with the appropriate antibiotic. Plasmid
DNA was isolated using the QlAprep Spin Miniprep Kit (QIAGEN, Venlo, Netherlands) and se-
quenced with appropriate sequencing primers at Eurofins Genomics (Eurofins Scientific, Lux-
emburg, Luxemburg). The obtained sequences were aligned to the designed vector sequence

using the program CLC Main Workbench 7 (CLC Bio Qiagen, Aarhus, Denmark).

3.13.2 Green Gate cloning

Green Gate cloning was performed as described in (Lampropoulos et al. 2013)

3.14 Transformation using Agrobacteria

3.14.1 Transformation and glycerol stocks of Agrobacteria

To transform the Agrobacteria strain C58C1: RifR with pSoup+ plasmid (TetR) 500 ng
plasmid were added to 500 ul frozen bacteria. The mixture was incubated for 5 min on ice, for
5 min in liquid nitrogen and heat shocked for 5 min at 37 °C. 800 ul LB-medium were added and
the sample was incubated for 1 h at 28 °C moderately shaking. 200 pl of the bacterial solution

were spread on a YEB-agar plate supplemented with rifampicine and tetracycline (1:2000 each)
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and the respective antibiotic for plasmid selection (1:1000). Bacterial clones were grown at 28 °C
for 2-3 days until colonies appeared.

To generate glycerol stocks, one clonal Argobacteria colony was picked and grown in
liquid culture (see chapter 3.4). 250 ul densely grown culture was mixed 1:3 with sterile glycerol,
frozen in liquid nitrogen and stored at -80 °C.

The Agrobacteria strain ASE: KanR, CamR with pSoup+ plasmid (TetR) was solely re-
ceived as glycerol stock from the research group of Prof. Dr. Jan Lohmann at the Centre for
Organismal Studies (COS).

3.14.2 Stable transformation of Arabidopsis

To generate transgenic lines of Arabidopsis, T-DNA constructs were introduced using Ag-
robacteria and the floral dip method (Steven 1998, plant journal). Agrobacteria of the strain
C58C1: RifR, pSoup+ (TetR) harbouring the construct of interest were cultured in 200 ml YEB
supplemented with the respective antibiotics. The densely grown culture was centrifuged at
4000 rpm for 15 min and the pellet was washed by 10 ml infiltration medium (without SILWET)
and resuspended in 150 ml infiltration medium with SILWET. Flowering Arabidopsis plants were
dipped into the bacterial solution for 5 min and subsequently incubated in the dark over night
before transferred back into a LD chamber. The seeds were harvested two weeks post-trans-
formation and T1 transformants were selected on MS-plates containing the respective antibiotic

or herbicide.

3.14.3 Transient gene expression in Nicotiana leaves

Agrobacteria containing T-DNA constructs with coding sequences expressed under the
control of a Cauliflower Mosaic Virus (CaMV) 35S promoter were used to infiltrate Nicotiana
leaves.

Transformed Agrobacteria were stored as glycerol stocks and grown in a 10 ml YEB liquid
culture prior to use. The densely grown culture was centrifuged at 4000 rpm for 5 min at RT.
The SN was removed and the pellet was washed with 5 ml induction buffer and re-suspended
in 10 ml induction buffer. Culture densities were adjusted to an ODego of 1. Prior to infiltration,
these bacterial solutions were mixed with Agrobacteria expressing 35S:P19 in a ratio 1:2 and
incubated in the dark for 2-3 h. P19 codes for a protein of the Tomato bushy stunt virus (TBSV)
that efficiently suppresses gene-silencing (Scholthof 2006; Voinnet et al. 2003).

Healthy and approximately 4 week-old Nicotiana leaves were infiltrated with the mixtures
using a 1 ml syringe (Becton Dickinson S.A., Madrid, Span). To detect transient gene expres-

sion, leaves were harvested 3 days after infiltration.
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3.15 Protein extraction, IP and Western blot

3.15.1 Protein extraction from Nicotiana leaves

Infiltrated Nicotiana leaves dedicated for protein extraction, were frozen in liquid nitrogen
three days after infiltration and ground into a fine powder using a pre-cooled porcelain mortar.
500 pl leaf powder were mixed with 500 ul extraction buffer and vigorously mixed using a pre-
cooled metal drill. Each sample was vortexed for 10 sec and centrifuged at 13000 rpm for 10 min

at 4 °C. The protein extract was retrieved by sieving it through a nylon mesh.

3.15.2 Immunoprecipitation

Five protein extracts (5x 500 ul) were pooled per sample and 100 ul were transferred to a
new microcentrifuge tube as “Input” sample and stored at 4 °C. To immunoprecipitate fusion
proteins with HA-tag, the remaining protein extract was mixed with 50 ul Anti-HA MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated for 2.5 h at 4 °C while slowly ro-
tating. y Columns (Miltenyi Biotec, Bergisch Gladbach, Germany) were equilibrated with 200 pl
extraction buffer and placed on a magnetic stand (MACS MultiStand, Miltenyi Biotec, Bergisch
Gladbach, Germany). The processed protein extract was loaded to the column and the flow-
through was collected as fraction “Unbound”. The beads remained bound to the column by mag-
netic forces and were washed 3x by 200 pl Wash buffer | and 2x by 200 pyl Wash buffer Il. Im-
munoprecipitated proteins were eluted from the beads by incubating with 20 pl hot (95 °C) 2x
Laemmli. After 5 min incubation, 50 ul additional 2xLaemmli were added and the flow-through

was collected as “IP”.

3.15.3 Bradford

Protein concentrations of the processed “Input” samples were measured using a 96-well
plate and protein standards generated out of bovine serum albumin (BSA) (Protein Standard I,
Bio-Rad Laboratories; Hercules, USA). The Bradford assay was performed according to the
manual provided with the Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laborato-
ries; Hercules, USA) and the ODsgs was determined using a microplate reader (Spark Multimode
reader, TECAN, Mannedorf, Switzerland). Calculation of the standard curve and protein quanti-

ties was done in Microsoft Excel (Microsoft, Redmond, USA).
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3.15.4 Western blotting and detection

To denaturate proteins, “Input” and “Unbound” fractions were mixed with 2x Laemmli in a
ratio 1:1 and boiled together with the “IP” fraction for 5 min at 95 °C. Approximately 35 ug protein
(depending on the experiment) of “Input”, an equal volume of “Unbound” and half of the “IP”
fraction were run by a SDS-PAGE at 20 V until the bromophenol blue left the gel. SDS poly-

acrylamid gels were prepared as follows:

Stacking gel (6 %) Running gel (10 %)
AA-Bis (40 %) 1ml AA-Bis 3.3 ml
Stacking buffer 4x 1.24 ml | Resolving buffer 4x 2.5ml
SDS (20 %) 25yl | SDS (20 %) 50 pl
Glycerol (100 %) 99,6 ul
H20 2.68 ml | H20 3.94 mi
TEMED 5l TEMED 10 pl
APS (10 %) 50 pl | APS (10 %) 100 pl

Size-separated proteins were transferred from the gel onto a methanol-activated PVDF
membrane at 20 V for 90 min using a Semi-dry blotting machine. Four thick blotting papers (Bio-
Rad Laboratories; Hercules, USA) soaked in 1x transfer buffer were used at bottom and on top
of membrane and gel. After blotting, the membranes were washed by 1x TBS-T and blocked for
1 h in blocking solution. For specific detection of blotted HA- or Myc-fusion proteins, the mem-
branes were incubated over night at 4 °C in blocking solution supplemented with 1:500 dilutions
of the antibody Anti-HA-Peroxidase High Affinity (3F10), rat monoclonal (Roche; Basel, Switzer-
land) or the c-Myc Antibody (9E10) sc-40 HRP, mouse monoclonal (Santa Cruz Biotechnology,
Santa Cruz, USA), respectively. Prior to detection, the antibody solutions were removed and the
blots were washed four times by 1x TBS-T. Antibody-specific bands were revealed by mixing
the chemiluminescence agents SuperSignal™ West Femto Maximum Sensitivity Substrate
(Thermo-Scientific; Waltham, USA) and SuperSignal™ West Pico Chemiluminescent Substrate
(Thermo-Scientific; Waltham, USA) in a ratio 1:3. The kits were otherwise used as recom-
mended by the manufacturers and bands were revealed using an Advanced Fluorescence and

ECL Imager (Intas Science Imaging Instruments, Géttingen, Germany).

3.16 Confocal microscopy and analysis

Confocal microscopy was carried out on a Leica TCS SP5 Il or Leica TCS SP8 Il (Leica
Microsystems; Mannheim, Germany) equipped with a 10x air objective, 20x multi-immersion
objective, 40x or 63x water objective or 63x glycerol immersion objective. To visualize fluores-

cence an argon laser or a DPSS diode was used with either PMT or HyD detectors. YFP (yellow
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fluorescent protein) was excited by an argon laser at 514 nm and the emission detected in a
range of 520-540 nm. GFP (green fluorescent protein) was excited by an argon laser at 488 nm,
collecting the emission between 500-575 nm. Cherry was excited by a DPSS diode laser at
561 nm, collecting the emission between 600-640 nm. Turquoise was excited by an argon laser
at 458 nm, collecting the emission between 470-490 nm. Staining was detected as described in
chapter 3.5. To prevent cross-talk, a sequential scan was used if two or more fluorescent signals
were present in one sample.

GFP-intensities of confocal root pictures were measured using ImagedJ and as described
in (Burgess et al. 2010).

3.17 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 23.0
(IBM Corp, Armonk, USA). Means were calculated from measurements with sample sizes as
indicated in the respective figure legends. Error bars represent + standard deviation. Prior to
analysis, all datasets were tested for homogeneity of variances by the Levene statistic. Statisti-
cally different groups were determined by a One-way ANOVA with a confidence interval (Cl) of
95 %. If variances were homogeneous (equal), a post-hoc Bonferroni test was applied for da-
tasets n < 5 and a post-hoc Tukey HSD test was applied for datasets with n > 4. If variances
were not homogeneous (unequal), a post-hoc Tamhane-T2 test was applied. For comparison of
two datasets a Student’s t-test (for equal variances) or a Welch’s t-test (for unequal variances)
was performed. Graphs were generated in GraphPad Prism version 6.01 (GraphPad Software,
La Jolla, USA) or in Excel (Microsoft, Redmond, USA).

3.18 Figure creation and data assembly

All data presented in this study was assembled into figures using Adobe lllustrator CS6
(Adobe, San Jose, USA). Schemes and drawings depicted in Figures 1.1, 1.2, 1.3, 1.4, 1.6, 1.8,
4.5, 4.6, 4.10 and 5.1 were created using a Wacom Intuos3 graphic tablet (Wacom®, Kazo,
Japan) and Adobe Photoshop CS6 (Adobe®, San Jose, USA).
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4 Results

4.1 The role of SMXL3/4/5 in early seedling stages

The SMXL family members fulfil diverse regulatory roles ranging from early processes,
such as germination and hypocotyl elongation (Stanga et al. 2016; Stanga et al. 2013), to late
developmental processes, such as branching (Soundappan et al. 2015; Liang et al. 2016). To
gain insights into the roles of the so far unexplored SMXL sub-clades 2 and 3 (Fig 1.6), | first

determined tissue specificity and mutant phenotypes at the seedling stage.

4.1.1 Promoter activities of SMXL3/4/5 are specific for the phloem

To establish first hypotheses about a
potential SMXL3/4/5 function, | investigated the

spatial pattern of their promoter activities in

SMXL5:YFP-ER
SMAX1:YFP-ER
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young seedlings (Figure 4.1). | generated trans-
genic lines expressing an endoplasmic reticu-
lum (ER)-localized YELLOW FLUORESCENT
PROTEIN (YFP) reporter under the control of
the SMXL3 (Figure 4.1 A and A’), SMXL4 (Fig-
ure 4.1 B and B’), SMXL5 (Figure 4.1 C and C’)
and the less closely related SMAXT (Figure 4.1

D and D’) promoter. By comparing the promoter

Figure 4.1: SMLXL3/4/5 promoter ac-
tivities are specific for phloem and
procambium

A-D Shown are 7 day-old root tips ex-

activities of SMXL3/4/5to SMAX1 | aimed to in-
vestigate differences in tissue specificities
among the SMXL family. | visualized the re-
spective YFP signals in seven day-old root tips
that | counterstained by the membrane dye
FM4-64 (Figure 4.1). Interestingly, the promoter
activities of SMXL3/4/5 showed a strong speci-
ficity for phloem and/or procambium related tis-
sues: SMXL3 was active in developing proto-
and metaphloem, the procambium and the PPP

pressing ER-localized YFP reporters (yel-
low) under the SMXL3 (A), SMXL4 (B),
SMXL5 (C) and SMAX1 (D) promoter.
Cell membranes are counterstained by
FM4-64. Scale bars represent 50 pym.
A’-D’ Close-ups of the promoter-reporter
lines depicted in A-D show that all tested
SMXL promoters are already active next
to the QC (marked by white asterisks) in
phloem initials. Scale bars represent
20 pm.

(Figure 4.1 A and A’). SMXL4 activity showed the strongest spatial specificity and was restricted
to immature and developing proto- and metaphloem (Figure 4.1 B and B’). The SMXL5 YFP-
reporter activity was localized to developing proto- and metaphloem as well as the procambium
(Figure 4.1 C and C’). Of note, the activity patterns of SMXL4 and SMXL5 were fully overlapping
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throughout the plant vasculature, whereas the SMXL3 promoter activity was mostly restricted to
the root vasculature (Wallner et al. 2017). As can be seen in Figure 4.1 D and D’, the promoter
activity of SMAX1 was less specific. The strongest YFP signal was detected in columella and
root cap cells and a weak signal could be detected in phloem tissues (Figure 4.1 D). Strikingly,
all four promoters were already active in the SE-procambium stem cell, which is also known as
phloem initial (Figure 4.1 A’-D’ compare with Figure 1.4). This was a unique finding which was

not reported for any phloem-specific gene before.

4.1.2 SMXL3/4/5 promote root length

To characterize the function of the SMXL3/4/5 genes | started a reverse genetic approach
and selected loss of function mutants that had a T-DNA inserted into the respective coding re-
gions (Figure 4.2). Sanger sequencing of genomic DNA revealed the localization of all three T-
DNAs: Line SALK 024706 (smxI3-1) had the T-DNA inserted 140 bp after the ATG, line
SALK 037136 (smxl4-1) had the T-DNA inserted 3180 bp after the ATG and line SALK 018522
(smxlI5-1) had the T-DNA inserted 2219 bp after the ATG (Figure 4.2). By reverse transcription
PCRs with primers flanking the T-DNA insertions | could further show that the SALK T-DNA
insertion was successfully disturbing gene transcription in all cases. The ubiquitously expressed
ACTIN 2 (ACT2) gene served as a control (Figure 4.2 A). In the following, the smx/3-1, smxl/4-1

and smx/5-1 alleles are therefore referred to as mutants smx/3, smxl/4 and smxI5, respectively.

SMXL3 SMXL4 SMXL5 SALK_024706
A B -> -
SIHTR:
WT smxi3-1 WT smxi4-1 WT smxi5-1 —] H_H | 4
SMXL3 (AT3G52490) SALK_037136
- "-V“-"
o= | H H | 2

SMXL4 (AT4G29920)
> SALK_ 018522

S e e s D S S—

ACT2 SMXL5 (AT5G57130)

Figure 4.2: Mutant alleles smxI3-1, smxi4-1 and smxI5-1 show impaired gene transcription
A Reverse transcription PCR analysis with primers flanking the T-DNA insertions of SMXL3,

SMXL4 and SMXL5 (from left to right). DNA products were only obtained for wild type (WT) and
not the respective mutant alleles. RT-PCR products obtained with ACT2 primers show that
cDNA quantities were equal.

B A schematic representation of the genomic regions for SMXL3, SMXL4 and SMXL5 (from
top to bottom) shows exon regions (white boxes), introns (black lines), T-DNA insertions (white
triangles) and primers flanking the T-DNAs (black arrows).

Phenotyping of homozygous smxI3, smx/4 and smxI5 single mutants showed no obvious
differences to wild type at the seedling stage (Figure 4.3). However, all smxI3;smx/4,
smxl4;smxl5 and smxI3;smx/5 double mutant combinations were short rooted when compared
to wild type (Figure 4.3 A and B). smxI3;smxl4;smxI5 triple mutants and smx/3;smx/5 double

mutants were equally short rooted (Figure 4.2 A and C), but unlike smx/3;smxI5, growth of the

56



Results

triple mutant was arrested at the seedling stage and smx/3;smxl/4;smxlI5 plants were found to be
lethal (Figure 4.3 D). Moreover, redundant roles in promoting root length were specific for SMXL
sub-clades 2 and 3. The smax1;smx/2 double mutant, defective for SMXL sub-clade 1, only
showed a slight reduction in root length when compared to wild type, whereas root growth of the
smxl6;smxI7;smxI8 triple mutant, defective for SMXL sub-clade 4, was completely unaffected
(Figure 4.3 E).

A smxi3  Figure 4.3: SMXL3/4/5 act specifically

smxI3  smxi4  smxI3 smxl4/+ :
WT smxI3 smxi4 smxl5 smxl4 smxi5 smxIl5 smxI5 on promOtmg root grOWth

A Root lengths of 10 day-old seed-
lings. Wild type, smxI3, smxl4
and smxl5 are long rooted,
whereas smxI3;smxl4, smxl4;smxl5,
smxl3;smxI5 and smxI3;smxl4/+;:smxI5
are short rooted (from left to right). Ho-

B 4 ' mozygous smxI3;smxl4;,smxI5 mutants

%E 5B 4 82 =2 are indicated by orange dots. Scale

= B2 bars represent 1 cm.

E’E 1 I ' ' I L B Root lengths shown in A were quan-
0+ ‘ L ‘ - - tified. The mean values of three inde-

WT  smxI3 smxl4 smxI5 smxl4 smxl4 smxiI3 .
pastse A e pendent experiments are shown (n =47-

cC 4 D e 50 per experiment). Statistically differ-
%E 3 ‘ e — ent groups are indicated by letters de-
2k < termined by a one-way ANOVA with
e ! B e G post-hoc Tukey HSD (95 % ClI).

B — A% ’ C-D  Rootlengths of 10 day-old wild

smxlI5 smxi4 type, smxI3;smxI5 (n = 48-61) and

E 4. s smxI3;smxl4;smxI5 (n = 7) were quanti-
= a smxI3 smxi3
B3 b smxl5  smxl4 fied and compared to each other by
252 . smx15 one-way ANOVA with post-hoc Tam-
S 1 o,
4 ol - hane-T2 (95 % CI). Root lengths of

W SHa Gl S smxl3;smxI5 and smxI3;smxl4;smxI5
smxI2 smxI5 smxI7 are comparable (C), but the latter is le-
SHEE thal (D). Scale bar represents 1 cm.
E The root lengths of 10 day-old smx/4;smxI5 were significantly shorter than of smax1;smxI/2
and smxl6;smxI7;smxI8. Shown are the mean values of 4 independent experiments (n = 31-52
per experiment). Statistical groups determined by one-way ANOVA with post hoc Bonferroni test
(95 % Cl).

4.1.3 smxl4;smxI5 loses RAM activity and phloem transport capacity

Since the SMXL3/4/5 genes acted redundantly in the root, | focused on the viable, but root
growth-impaired smxl/4;smxI5 double mutant to characterize the defect in detail.
To investigate the onset of the root growth defect, | compared wild type and smx/4,;smxI5

roots over a period of 10 days after germination. At each time point analysed, | quantified the
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number of cortical cells within the meristematic zone, which is a measure for RAM size
(Beemster and Baskin 1998) (Figure 4.4). Surprisingly, the meristematic cortex cell number was
initially equal between wild type and smx/4,;smxI5 (Figure 4.4 A-B and G), but rapidly decreased
in smxl4;smxlI5 after 5 days and 10 days post germination (Figure 4.4 C-G). This indicated that

the smxl4;smxI5 mutations primarily affected root growth.
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smxl4 smx!5 2days 5days 10days

2 days 5 days 10 days
Figure 4.4: RAM size diminishes in smx/4;smxI5 over time
A-F mPS-PI stained primary root tips 2 days (A-B), 5 days (C-D) and 10 days (E-F) after ger-
mination. Wild type roots (A, C, E) were compared to smx/4;smxI5 roots (B, D, F) and the meri-
stematic zone was determined by counting the cortex cells from the QC (marked by a yellow
asterisk) to the first cortex cell entering the elongation zone (marked by a yellow arrow). Scale
bars represent 100 um.
G A quantification of the measurements shown in A-F revealed that the meristematic cortex
cell number in smxI4;smxI5 RAMs was equal to wild type after 2 days, but significantly decreased
after 5 and 10 days post germination. Welch’s t-tests were applied for each time point
(n = 30-47). Significant differences are marked by asterisk.

Loss of RAM activity during vegetative growth is a well-known characteristic of phloem-
defective mutants (Depuydt et al. 2013). Without proper phloem formation and/or unloading into
the sink, the meristems are deprived of essential energy metabolites that maintain stem cell
activity (Depuydt et al. 2013; Ross-Elliott et al. 2017). Since SMXL3/4/5 expression was phloem
related (Figure 4.1), | investigated the phloem transport capacity of smx/4,smxl5 roots. Express-
ing the GREEN FLUORESCENT PROTEIN (GFP) under the CC-specific SUCROSE 2 (SUC2)
promoter allows to monitor GFP movement along the phloem and its unloading into the RAM
(Froelich et al. 2011). After grafting a SUC2:GFP reporter line onto smxl4;smxl/5 or wild type
roots (Figure 4.5 A), | qualitatively and quantitatively analysed the GFP signal intensity that
reached the RAM of the longest root (Figure 4.5 A-F). Comparison of the GFP intensities in wild
type and smx/4;smxI5 roots revealed that GFP transport into smx/4;smx/5 RAMs was signifi-
cantly reduced (Figure 4.5 B-F). Of note, the longest root in successfully grafted smx/4,smxI5
plants was not the primary root, but a newly formed adventitious root that is commonly observed
in smxl4;smxl/5 (Figure 4.5 G). Primary root growth of smx/4;smx/5 seedlings was already ar-

rested at this stage and GFP could no longer reach the root tip, nor could it be unloaded into the
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RAM (Figure 4.5 G-H). This indicated that smx/4;smx/5 seedlings gradually lose phloem

transport capacities and protophloem-dependent unloading over time.
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Figure 4.5: Phloem-dependent transport and unloading into the RAM is gradually lost in
smxl4;smxI5
A A schematic representation of the grafting technique shows how 5 day-old seedlings were

cut at the hypocotyl to attach a smx/4;smxI5 root to a SUC2:GFP expressing upper plant body.
After the vasculature connects at the graft junction, free GFP enters the smx/4,smxI5 root and
is allocated towards the root sink.

B-E The confocal pictures show the RAM of the longest root per grafted combination. The type
of grafting is indicated in each image by a line that separates the genotype of the upper body
part (above the line) from the root genotype (below the line). Shown are overlays of bright field
(grey) and GFP signal (green). Scale bars represent 50 uym.

F The GFP intensities detected in B-E were quantified (n = 10). Error bars represent + stand-
ard deviation. A one-way ANOVA with post-hoc Bonferroni (95 % CIl) was applied to identify
statistically different groups which are indicated by letters.

G  Shown are seedlings 12 days after grafting. The longest root (orange square) is the pri-
mary root (blue square) in wild type (left seedling), but not in smx/4,;smxI5 (right seedling). Scale
bar represents 1 cm.

H A representative primary root (n=10) of the smx/4;smxI5 genotype grafted to a
SUC2:GFP plant is depicted in a confocal overlay image of bright field (grey) and GFP signal
(green). The white arrow points to the last detected GFP signal within the primary root of
smxl4,smxl5. Scale bar represents 100 ym.
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4.1.4 SMXL3/4/5 promote phloem formation

To identify the defects that lead to impaired phloem transport and unloading in
smxl4;smxl5, | investigated the positioning of two tangential cell divisions important for the cor-
rect spatio-temporal initiation of SE precursor cells and proto- and metaphloem strands, respec-
tively (blue and orange arrows in Figure 4.6 A and Figure 1.4). In mPS-PI stained wild type roots
both tangential divisions could be located in close proximity to each other (Figure 4.6 A-B),
whereas the second tangential division was significantly delayed in smx/4;smxI5 (Figure 4.6 C-
D). Moreover, protophloem strands that indicate the presence of differentiated PSEs within the
RAM were absent in smx/4;smxI/5 (pink arrow in Figure 4.6 B, C and E, F). Further investigation
by serial block-face scanning electron microscopy (SBEM) in collaboration with the lab of Yka
Helariutta (Cambridge, UK) revealed that PSEs in smx/4;smx/5 indeed remain nucleated
(Wallner et al. 2017). Interestingly, the stele cell number of smx/4;smx/5 was not affected (Figure
4.6 E-G). This indicated that the delay in proto- and metaphloem initiation and the absence of
PSE differentiation in smxl/4;smxI5 reflected the primary function of SMXL4/5 and was not the

consequence of a general cell division defect.
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Figure 4.6: Protophloem formation and differentiation is impaired in smx/4;smxI5
A A schematic representation of a longitudinal root section depicting one developing

phloem pole. Two tangential cell divisions spatio-temporally induce SE precursor and procam-
bium (orange arrow) and incipient proto- and metaphloem strands (blue arrow), respectively.
Differentiated SEs are marked by a pink arrow. See also Figure 1.4 and (Wallner et al. 2017).
B-C 2 day-old mPS-PI stained RAMs of wild type (B) and smx/4,smxI5 (C). In wild type the
tangential divisions (orange and blue arrow) are close to each other and the QC (yellow aster-
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isks). PSEs differentiate by changing their cell wall composition, which is reflected by en-
hanced PI staining (pink arrow). In smx/4;smxI5 the second tangential cell division is delayed
(blue arrow) and PSEs do not differentiate. Scale bars represent 20 pm.

D The distance from the QC to the first and second tangential division shown in B-C was
quantified (n = 18). Welch’s t-test (95 % CI) was performed to compare the first and second
division independently for wild type to smx/4,;smxI5.

E-F Optical cross sections of 2 day-old wild type and smx/4;smxI5 roots in 200 ym distance
from the QC show the presence of shiny PSEs in wild type (pink arrows) and their absence in
smxl4;smx|5. Pericycle cells are marked by yellow asterisk. Scale bars represent 20 um.

G Cell numbers in the stele of optical cross sections shown in E-F were quantified and com-
pared between wild type and smx/4,smxl/5 (n = 6) by a Student’s t-test (95 % CI). No significant
difference (p-value = 0.234) was detected.

Close investigation of smx/4 and smx/5 single mutants revealed that maturing PSEs still
showed enhanced PI staining. In fact, qualitative picture analysis was not sufficient to detect
differences between smx/4, smx/5 and wild type. (Figure 4.7 A-C). Only after quantifying the
distances of phloem-related tangential cell divisions, smx/5 mutants showed a small but signifi-
cant delay in the second tangential division (Figure 4.7 C and E). Of note, this defect was only

mild and significantly less strong than in smx/4;smxI/5 double mutants (Figure 4.7 D-E).
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Figure 4.7: PSEs differentiate in smx/4 and smxI5 single mutants
A-D 2 day-old mPS-PI stained RAMs of wild type (A), smx/4 (B), smxI5 (C) and smx/4,smxI5

(D). Differentiating PSEs were observed in wild type, smx/4 and smxI5 (pink arrows). Tangential
cell divisions are marked by orange and blue arrows. The QC is indicated by a yellow asterisk.
Scale bars represent 20 ym.
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E The distance from the QC to the first and second tangential division shown in A-D was
quantified (n = 10-12). Statistical groups marked by letters were determined by one-way ANOVA
with post-hoc Tamhane-T2 (95 % ClI).

To investigate whether SMXL3 contributes to the role of SMXL4/5 in promoting proto-
phloem formation, | analysed optical cross sections of smx/3, smx/4 and smxI5 single mutants
as well as smxI3;smxl4 and smxI3;smx/5 double mutant combinations 200 ym above the QC
(Figure 4.8). At this position PSEs were detected in wild type and all single mutants (pink arrows
in Figure 4.8 A-D). smxI3;smxl4 and smxI3;smxI5 double mutants lacked any signs of proto-
phloem at this position, which was in line with my previous findings and indicated that SMXL3
acted redundantly with SMXL4/5 in protophloem formation. Strikingly, stele cell numbers were
slightly reduced in smx/3 single mutants and strongly reduced in smx/3;smx/5 double mutants
when compared to wild type (Figure 4.8 B, F and G). The smxI3;smx/4 double mutant and the
smxl4 and smxI5 single mutants did not differ from wild type nor smxI3. | thus hypothesized that
SMXL3 and SMXL5, which, in addition to the phloem, are expressed in the procambium (Figure

4.1), played an additional and phloem-unrelated role in procambium formation.

Figure 4.8: SMXL3/5 have a role
in procambium formation
A-F Optical cross sections of

2 day-old mPS-Pl stained wild
type (A), smxi3 (B), smxl4 (C),
smxl5 (D), smxI3;smxl4 (E) and
smxI3;smxl5 (F) roots were taken
200 pym from the QC. The pericy-
cle cells are marked by yellow as-
terisk and differentiated PSEs are
S +\: 1@9 +\: #®  indicated by pink arrows. Scale
6&% é@ﬁ bars represent 20 um.
G Stele cell numbers were quan-
tified for each genotype (A-F, n = 8-10). Statistical groups marked by letters were determined
by a one way ANOVA with post-hoc Tukey HSD (95 % ClI).

This notion was further supported by the finding that smxI3;smxl4;smxI5 triple mutants
were completely deprived of callose deposition along the vasculature of cotyledons (Figure 4.9).
Callose deposition is essential to regulate SE-mediated transport and therefore is used as direct
indicator to analyse phloem functionality (Barratt et al. 2011; Vaten et al. 2011; Xie et al. 2011).
To visualize callose, | stained 10 day-old cotyledons by aniline. Wild type cotyledons showed
callose deposition along the vasculature, whereas aniline staining was absent in 9 out of 25
smxI3;smxl4/+;smxl5 seedlings and in 18 out of 22 smxI3;smxI4;smxI5 plants. Of note, vascular
patterning of the segregating smxI3;smxI4/+;smxI5 population could still be observed in the
bright field channel (Figure 4.9 E). Based on these results, | concluded that SMXL3/4/5 redun-

dantly promote phloem initiation and differentiation during early vegetative growth.
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Figure 4.9: Callose deposition is largely absent in
smxI3;smxl4;smxI5

A-F Aniline staining (A-C) and bright field images (D-
F) of 10 day-old WT (A, D), heterozygous
smxI3;smxl4/+;smxI5 (B, E) and homozygous
smxI3;smxl4;smxl5 (C, F) cotyledons stained by ani-
line. Callose is deposited along the phloem in wild
S : type (A), but absent in 9/25 cases in
o S3 SRlar smxI3 smxl4 smxI3;smxl4/+;smxl5 and 18/22 cases in

WL = sm — sk ~  smxI3;smxl4;smxI5. Scale bars represent 200 um.

4.2 The role of SMXL3/4/5 in radial growth and secondary phloem formation

To determine whether SMXL3/4/5 specifically regulate protophloem formation or, in-
stead, are fundamental phloem regulators in general, | investigated their role during radial
growth and the de-novo formation of secondary phloem. Unlike protophloem in RAM and coty-
ledons (Bauby et al. 2007), secondary phloem is not pre-determined in the embryo. It derives
from the cambium, which is a post-embryonically induced stem cell niche and established at the
stem base of adult Arabidopsis plants (Altamura et al. 2001). In comparison to SAM and RAM,
the organization of the cambium is still poorly understood. Whether cambium sub-domains exist
and to what degree cambium daughter cells are determined towards a certain tissue type, re-
mains largely elusive (Brackmann and Greb 2014). By investigating the novel phloem regulators
SMXL3/4/5 in this de-novo formed stem cell niche, | also aimed to clarify some of these long-

standing questions about cambium regulation and secondary tissue production.

421 SMXL4 and SMXL5 promoters are active in the stem

Similar to the studies at early seedling stages (Figure 4.1), | first investigated expression
patterns of SMXL3/4/5 by investigating their promoter activities at the stem base (Figure 4.10).
Interestingly, the detected YFP signals in SMXL3:YFP-ER, SMXL4:YFP-ER and SMXL5:YFP-
ER promoter-reporter lines, respectively, showed distinct patterns (Figure 4.10). The YFP re-
porter expressed under the control of the SMXL3 promoter was largely non-detectable and only
occasionally found in primary phloem of vascular bundles (Figure 4.10 A and A’). The SMXL4
promoter was active in differentiated primary and secondary phloem, which was in line with the
phloem-specific activity pattern observed in roots (Figure 4.1 B and B’). SMXL5: YFP-ER activity
marked the cambium and cambium-derived phloem, including differentiated primary and sec-
ondary phloem (Figure 4.10 C and C’). Again, this pattern recapitulated the phloem and pro-
cambium specific SMXL5 promoter activity in the RAM (Figure 4.1) and nicely supported its
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cambium-specific expression pattern in the stem (Agusti et al. 2011b). Since the SMXL3 pro-

moter activity seemed to be root-specific and mostly absent in above-ground organs (Wallner et
al. 2017), | focused my stem analyses on the roles of SMXL4 and SMXL5.

@ Epidermis

Cortex

@» Differentiated phloem
Cambium-derived phloem

@ cambial stem cells

Cambium-derived xylem

A-C Hand sectioned stem bases of 15-20 cm high Arabidopsis plants are shown. YFP signals
(yellow) were detected by confocal microscopy in promoter-reporter lines SMXL3:YFP-ER (A),
SMXL4:YFP-ER (B) and SMXL5:YFP-ER (C). Sections were counterstained by PI (red). Vas-
cular bundles are marked by white asterisks. Scale bars represent 200 ym.

A’-C’ Close-ups of the IC marked by white squared frames in A-C. SMXL3 activity is absent in
de-novo formed IC, SMXL4 activity is localized to mature phloem and SMXL5 activity was spe-
cific for cambium and cambium-derived phloem. Scale bars represent 50 um.

D A schematic cross section at the stem base depicts all important tissues types that are
coloured according to the legend.
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4.2.2 Secondary phloem formation is largely SMXL5-dependent

To investigate whether SMXL4/5 play a role in secondary phloem formation, | produced
hand sections from the stem base of 15-20 cm tall Arabidopsis plants and stained them by ani-
line (Figure 4.11). Callose deposition in primary and secondary phloem was distinguishable by
position: While primary phloem is solely located in phloem poles within vascular bundles, sec-
ondary phloem is found between primary phloem poles and within IC regions. De-novo formation
of secondary phloem within IC regions can be easily distinguished from primary phloem and
was therefore used as read-out to analyse cambium-derived phloem formation in this study.
Almost all (98.6 %) IC regions of wild type plants showed callose deposition along secondary
phloem (Figure 4.11 A, E and |). Similarly, 94.2 % of the IC regions in smx/4 single mutants
developed secondary phloem (Figure 4.11 B, F and I). Strikingly, callose deposition along IC
regions was largely absent (85.2 %) in smx/5 single mutants (Figure 4.11 C, G and I). This was
surprising, since smx/5 showed only mild phloem defects in the root (Figure 4.7) and was indis-
tinguishable from wild type in terms of overall growth and plant morphology (Figure 4.11 J).
Likewise, smxl/4;smx/5 double mutants were largely deprived of secondary phloem formation
(76.1 %) (Figure 4.11D, H and I). It should be emphasized that smx/4;,smx/5 double mutants
exhibit several growth defects, including changes in overall stem morphology and a delay in
shoot growth (Figure 4.11 D, H and J). Those defects could have been caused by the impaired

root system.
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Present 98.6 % 94.2 % 14.8 % 23.9% smxI5

Figure 4.11: Secondary phloem formation is reduced in smxI/5 and smxl4;smxI5
A-D Aniline blue stained cross sections taken at the stem base of wild type (A), smx/4 (B),

smxI5 (C) and smxl4;smxI5 (D). Xylem autofluorescence is depicted in light blue and aniline
stained callose/phloem is shown in blue/green. Scale bars represent 500 pm.

E-H Close-ups of IC regions are depicted for all samples described in A-D. Callose deposition
in secondary phloem is marked by arrows in E and F and is absent in G and H. White asterisks
(*) mark vascular bundles. Scale bars represent 100 um.

I Average percentages of secondary phloem absence (blue) and presence (yellow) are de-
picted in a stacked histogram (n = 19-23).

4.2.3 Cambium activity is increased in smxI4;smxI5

To identify whether the absence of secondary phloem in smx/5 and smx/4;smxI5 coincides
with defects in cambium formation, | analysed histological sections at the stem base of 15-20 cm
tall Arabidopsis plants. Cambium-derived tissue (CDT) production was measured at mid-IC re-
gions by following cambium-derived cell stacks from starch sheath to the first pith cell (indicated
by a red line in Figure 4.12). The CDT production of wild type and the single mutants smx/4 and
smxI/5 was comparable (Figure 4.12 A, B, C and E). Of note, previous experiments performed
under different growth conditions showed slight increases in CDT production for smx/4 and
smxl5 (Wallner 2014). Interestingly, smx/4;smxI5 double mutants showed on average twice as
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much CDT production compared to wild type or the single mutants (Figure 4.12 D-E). This indi-
cated that loss of secondary phloem formation in smx/5 and smx/4;smxI5 is not just a conse-

quence of reduced cambium activity, but an independent defect.

Figure 4.12: CDT production is enhanced in
smxl4;smxI5
A-D Toluidine blue stained microtome sections taken

from the stem base of 15-20 cm tall Arabidopsis plants. IC
regions are depicted for wild type (A), smxl4 (B), smxl5 (C)
and smxl4;smxI5 (D). Vascular bundles are marked by yel-
low asterisk. Red lines indicate the measured cambium-
derived tissue (CDT) production. Scale bars represent
100 um.

E CDT production was quantified for each genotype and
depicted in a scatter plot. Error bars represent + standard
deviation (n = 9-13). Statistical groups are indicated by let-
ters and were determined by a one-way ANOVA with post-
hoc Tukey-HSD (95 % CI).

WT  smxi4 smxl5 smxid
smxl5

4.2.4 SMXL4/5 act locally on cambium activity

smxl4;smxl5 double mutants exhibit several growth defects and secondary stress re-
sponses (Figure 4.3 and 4.11). To decide whether the increase in CDT production is a second-
ary defect or reflects a local regulatory role of SMXL4/5, | grafted smx/4,smxI5 shoots onto wild
type roots (Figure 4.13). Wild type shoots grafted onto smx/4;smxI5 roots served as control to
determine the effects of a smx/4;smx/5 double mutant root on plant growth (Figure 4.13 and
4.14). As expected - due to the local role of SMXL4/5 on protophloem formation in the root
(Figure 4.6) - wild type shoots grafted onto smx/4;smxI5 roots did not restore root growth (Figure
4.13 A and B). If propagated on soil for three weeks, smx/4;smxI5 roots negatively affected the
growth of wild type rosettes. However, if a smxl/4;smxl/5 rosette was sustained by a wild type
root, growth was restored and the rosettes were indistinguishable from wild type self-grafts (Fig-
ure 4.13 C). Likewise, sucrose levels increased in leaves of sickish-looking plants supported by
a smxl4;smxI5 root and were reduced to wild type-levels in smxI4;smxI5 leaves that were sus-
tained by a wild type root (Figure 4.13 D). These data indicated that the smx/4;smxI5 root defect

is the main cause for the impaired overall growth of smx/4,;smxI/5 double mutants.

67



smxl4

smxi4 smxl5 _WT Figure 4.13: Rosette growth of
WT smxI5 smxl4 smxl4 . .
smxl4;smxIl5 mutants is rescued
by wild type roots
A Seedlings 2 weeks after graft-

ing. Wild type self-grafts,
smxl4;smxI5 grafted onto wild type
roots, smxl4;smxl5 self-grafts and
wild type grafted onto smx/4;smxI5
roots are depicted from left to right.
: Root growth of smx/4,smxl5 is not
800 rescued by a wild type shoot. Scale
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post-hoc Bonferroni (95 % CI).

C Depicted are rosettes of grafted plants that were propagated on soil for 3 weeks. Wild type
roots restore rosette growth of smxl4;smxlI5, while smxI4;smxI5 roots induce smaller and darker
leaves in wild type rosettes (n = 20). Scale bar represents 1 cm.

D Sucrose levels were quantified from rosette leaves depicted in C by the Metabolomics
Core facility (EMBL Heidelberg, Germany). If supported by a smx/4;smxI5 root, leaves accumu-
lated more sucrose than leaves supported by a wild type root. Error bars represent + standard
deviation (n = 5). Statistical groups were determined by a one-way ANOVA with post-hoc Bon-
ferroni (95 % CI) and are indicated by letters.

Based on these observations it was important to distinguish a local SMXL4/5 gene function
from secondary defects caused by sick smx/4;smxI5 roots. Thus, | investigated stem morphology
and CDT production in all possible graft-combinations between wild type and smx/4,smxI5 (Fig-
ure 4.14). Histological analysis revealed that stem diameters were strongly reduced in plants
supported by a smxl/4;smxI5 root but comparable to wild type in smx/4;smxI5 stems that were
supported by a wild type root (Figure 4.14 A-D and I). Interestingly, smx/4;smxI5 roots did not
influence CDT production in wild type stems (Figure 4.14 E, G and J). Since those plants showed
an increase in sugar levels in leaves, similar to smx/4;smxl5 self-grafts, it could be ruled out that
over-accumulation of sugars in source organs are the reason for enhanced cambium activity in
smxl4;smxl5 (Figure 4.13 and 4.14). In fact, a significant increase in CDT production was ob-
served in smxl/4;smxlI5 stems sustained by a wild type root. Those plants were morphologically
comparable to wild type self-grafts, had normal sucrose levels in leaves and a healthy root (Fig-
ure 4.13 and 4.14). Consequently, SMXL4/5 fulfils a local function in suppressing CDT produc-
tion in the stem.
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Figure 4.14: CDT production is increased in smxl4;smxI5 independently of the root
genotype

A-D Toluidine blue stained microtome sections taken at the stem base of 15-20 cm tall grafted
Arabidopsis plants. The genotypes of shoot (written above the line) and root (written below the
line) of all grafted combinations are indicated in each picture. The stem diameter of smx/4,;smxI5
plants can be rescued by a wild type root (B) and a wild type stem diameter is affected by a
smxl4;smxl5 root (C). Scale bars represent 500 ym.

E - H Close-ups of IC regions are depicted for all samples described in A-D. CDT production is
indicated by a red line that follows cambium-derived cell files. Yellow asterisks (*) mark vascular
bundles. Scale bars represent 100 ym.

I-J  Stem diameters (I) and CDT production (J) were compared at the stem base between all
grafted samples and depicted as scatter plots. Error bars represent + standard deviation
(n = 13-15). Statistical groups were determined by a one-way ANOVA with post-hoc Tukey-HSD
(95 % Cl) in I and J. Wild type shoots grafted on wild type roots are depicted by green cycles,
wild type shoots grafted on smx/4,smxI5 roots are depicted by blue squares, smx/4;smxI5 shoots
grafted on wild type roots are depicted by violet triangles and smx/4;smxI5 shoots grafted on
smxl4,;smxl5 roots are depicted by red rhombi.

K The pictures depict the growth habitus of 15-20 cm tall grafted Arabidopsis plants.

4.2.5 Secondary phloem formation is independent from CDT production

Since secondary phloem formation was largely, but not completely SMXL5-dependent, |

tested the robustness of my results by analysing aniline stained stem sections taken at the base
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of all grafted smxl/4;smx/5-wild type combinations (Figure 4.15). This experiment aimed to in-
vestigate whether an increase in CDT production in smx/4;smxI5 stems grafted onto wild type
roots could compensate the deficiencies in secondary phloem formation. Compared to smx/5
single mutants, smx/4,smxI/5 stems grafted onto wild type roots were more abundant in CDTs,
while stem diameter and growth habitus were still morphologically comparable to wild type (Fig-
ure 4.11 - 4.14). Interestingly, secondary phloem formation in smx/4;smxI5 stems could not be
restored if grafted onto a wild type root (Figure 4.15 B, F and I). However, almost 100 % of all
IC regions of wild type stems formed secondary phloem independently of the root genotype
(Figure 4.15). This supported the idea that SMXL5 has a dual role in promoting secondary
phloem formation and suppressing CDT production together with SMXL4.

smxl4 sm\x,'E 3 WT smxl4 smxI5
WT smxil4 smxI5 smxl4 smxI5

smxl4 smx|5
smxl4 smx|5

100%
80%
60%
40%
20%

0%

WT WT smxl4 smxl5 smxl4 smxI5

Secondary phloem WT smxl4 smx/5 WT smxl4 smxI5
= Absent 1.2% 74.7 % 21% 62.3 %
Present 98.8 % 253 % 97.9 % 37.7%

Figure 4.15: Secondary phloem formation is impaired in smx/4;smxI5 independently of
the root genotype
A - D Aniline blue stained cross sections taken at the stem base of all grafted combinations as

indicated in the pictures (see also figure 4.14). Xylem autofluorescence is depicted in light blue
and aniline stained callose/phloem is shown in green. Scale bars represent 500 pm.

E - H Close-ups of interfascicular regions are depicted for all samples described in A-D. Xylem
autofluorescence is shown in light blue and aniline stained callose/phloem in green. Callose
deposition in secondary phloem is marked by arrows in E and G and is absent in F and H. White
asterisks (*) mark vascular bundles. Scale bars represent 100 pm.

| The average percentages of secondary phloem absence (blue) and presence (yellow) are
depicted in a stacked histogram (n = 10-15). The results could be reproduced in an independent
repetition (n = 6-12).
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4.2.6 Important phloem regulators are downregulated in smxI/4;smxI5

To back-up my phenotypic observations, | compared the transcriptomes of wild type self-
grafts to smxi/4;smxlI5 shoots grafted onto wild type roots. The RNA was isolated from the stem
base, including the first cm above the base and therefore only contained tissues of either
smxl4;smxl5 or wild type. The grafting technique allowed again to separate unwanted secondary
defects from local SMXL4/5 functions. By applying a threshold of a fold change < 0.5 for upreg-
ulated genes and > 1.5 for downregulated genes and an adjusted p-value of 0.01, | obtained
two gene sets with 273 upregulated genes and 1343 downregulated genes, respectively (Figure
4.16).

To investigate whether vascular-related genes were among those differentially expressed
gene sets, | compared my transcriptional data to the “Vascular genes” dataset published in
Endo et al. 2014 which contains 280 vascular-specific genes. 13 of those 280 genes were
found to be upregulated, whereas 98 out of 280 vascular-specific genes were downregulated
in smxl4;smxl5 (Figure 4.16 A). Those 98 downregulated genes contained important phloem
regulators, such as APL, SEOR1, BRX, JUL1/2 or NAC086 and many phloem-specific genes
and sugar transporters, such as SUC2 and SUCROSE SYMPORTER (SUS) (Baroja-
Fernandez et al. 2012; Depuydt et al. 2013; Blob et al. 2018; Cho et al. 2018; Bonke et al.
2003). The upregulated gene fraction mostly contained stress related genes that have a re-
ported phloem-specific expression pattern (Moseler et al. 2015; Tian et al. 2010). Interestingly
and despite cambium activity was increased in smx/4;smxl5, cambium-related genes were not
found to be significantly up- or downregulated with the applied stringency settings.

To focus on phloem-specific genes, | compared my transcriptional data with the datasets
of Kondo et al. 2016. This publication provides four different phloem-specific gene sets (mod-
ules) that are reportedly expressed at specific stages during phloem development (Kondo et al.
2016). Module | contains the genes induced first during phloem formation and module IV in-
volves genes that are expressed at the last stages of phloem differentiation (Kondo et al. 2016).
All modules showed overlaps with genes that were downregulated in smx/4;smx/5. Only
AT5G04310, which encodes a pectine lyase-like family protein at the latest stage of phloem
formation (module IV) (Kondo et al. 2016), matched the upregulated gene set (Figure 4.16 B).

In summary, the transcriptional data of smx/4;smx/5 stems supported the finding that
SMXL4 and SMXL5 are fundamental and general phloem regulators. In comparison to SMXL3
and SMXL4, which are redundantly acting with SMXL5 during protophloem initiation and differ-

entiation, SMXL5 seems to hold a specific and unique role during secondary phloem formation.
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A B Overlap with phloem genes of different developmental
stages (modules) from Kondo et al. 2016

98 genes
Module | Module 11
APL Vascular genes 15 2
SEOR1 Endo et al. 2014 GRXS family 7
suc2 e AT3G53960 down down
BRX RALF
JULT » T3 1336 1340
JUL2 AT4G16000
NAC086 1245 AT4G16008
CESAS8 BCA3 Module 111 Module IV
CESA4 53 32
SUS5/6 downregulated 46 a5
in smxl4 smxI5 down down
1207 1308

Figure 4.16: Important phloem marker genes are downregulated in smxi4;smxI5 stems
that were grafted onto wild type roots
RNA was extracted at the stem base of smx/4;smx/5 shoots supported by a wild type root

(smxl4;smxI5) and at the stem base of wild type self-grafts (WT). Transcriptomes of 3 independ-
ent smxl4;smxI5 samples were compared to 3 independent wild type samples.

A Venn diagram comparing up- and downregulated genes of smx/4,;smx/5 (with an adjusted
p-value < 0.01 and a fold change > 1.5 for downregulated genes and < 0.5 for upregulated
genes, respectively) to the dataset of vascular genes published by Endo et al. 2014. From those
283 vascular genes, 98 overlapped with genes downregulated in smx/4;smxI5, including im-
portant phloem regulators, while 13 overlapped with genes upregulates in smx/4,;smxl5, includ-
ing metal ion associated and stress response genes.

B Venn diagrams depicting the same up- and downregulated genes of smx/4,smxI5 in com-
parison to genes expressed during different stages of phloem formation as published by Kondo
et al. 2016. Module | contains the early genes and module 1V the late genes upregulated upon
phloem induction (Kondo et al. 2016).

4.3 SMXL3/4/5 act independently from SL/KAR signalling

SMXL sub-clades 1 and 4 mediate MAX2 effects in KAR- or SL-signalling, respectively
(Soundappan et al. 2015; Stanga et al. 2016; Stanga et al. 2013). Several max2-dependent
growth defects are suppressed in smax1,smx/2;max2 and smxl6/7/8;max2 mutants (Liang et al.
2016; Soundappan et al. 2015; Stanga et al. 2016; Wang et al. 2015). Moreover, the SL-de-
pendent SMXL7-YFP fusion protein is rapidly degraded upon short-term treatment by the syn-
thetic SL/KAR analogue and racemic mixture rac-GR24 (Liang et al. 2016). Interestingly,
SMXL3/4/5 proteins lack the amino acid motif that has been proven essential for MAX2-receptor
dependent ubiquitination (Figure 1.7) (Wallner et al. 2016). Whether or not SMXL3/4/5 contrib-
ute to SL/KAR-signalling is therefore questionable and their associated molecular network and
signalling pathway is still unknown.

To test a potential connection between SMXL3/4/5 and MAX2 and/or SL/KAR signalling,
| applied genetic approaches and performed short-term protein-degradation assays with
rac-GR24.
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4.3.1 SMXL4/5 do not mediate SL/KAR signalling

To characterize whether SMXL sub-clade 3 plays a role in a MAX2-dependent signalling
pathway, | analysed root growth and protophloem formation in max2 and smx/4;smxI5;max2
mutants (Figure 4.17). If SMXL4/5 were “Suppressors of MAX2”", as suggested by their name,
max2 should exhibit developmental defects that are suppressed in smxl/4;smxI5;max2. Since
SMXL4/5 play a major role in phloem formation and consequently root growth, I first investigated
root lengths and overall seedling growth of max2 and smx/4;smxI5;max2 and compared them to
wild type and smxl/4,;smxI5 (Figure 4.17 A-B). Except for increased lateral root formation, which
is a known phenotype of max2 mutants (Kapulnik et al. 2011), wild type and max2 primary root
lengths were comparable (Figure 4.17 A-B). The phenotype of the smxI4;smx/5;max2 triple mu-
tant was additive and its roots were as short as roots of smx/4;smxI5 mutants (Figure 4.17 A-B).
Investigating RAM fitness yielded similar results (Figure 4.17 C-G). The RAM size of both
smxl4;smxI5 and smxl4;smxI5;max2 was dramatically decreased in 10 day-old primary roots,
whereas the RAM of max2 mutants looked like wild type (Figure 4.17 C-G). Similarly, the spatio-
temporal organization of protophloem formation was indistinguishable between wild type and
max2 (Figure H-J), and initiation of the second tangential division, which initiates proto- and
metaphloem cell identities, was delayed to the same extent in smxl/4;smxI5 and
smxl4;smxI5;max2 (Figure 4.17 H-L). As expected, PSEs differentiated normally in max2 and
failed to differentiate equally in smx/4;smxI5 and smxl4;smxI5;max2 (Figure 4.17 M-P). Conse-
quently, | concluded that MAX2 is not important during protophloem formation, since root defects
observed in smxl4;smxI5;max2 triple mutants were additive and, in the case of phloem for-
mation, exclusively based on smx/4;smxI5. Of note, it cannot be ruled out that SMXL4/5 and

MAX2 genetically interact in other developmental stages or processes.
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Figure 4.17: The smxl4;smxI5;max2 phenotype is additive and combines both
smxl4;smxI5 and max2 defects
A Root lengths of 10 day-old seedlings. Wild type, max2, smxl/4;smx/5 and

smxl4,smxl5;max2 are depicted (from left to right). Scale bar represents 1 cm.

B The root lengths were quantified for all genotypes shown in A. Mean values of 4 independ-
ent experiments with n = 37-52 per replicate are depicted. Error bars represent + standard de-
viation. Statistical groups are marked by letters and were determined by a one-way ANOVA with
post-hoc Tamhane-T2 (95 % CI).

C - G The RAM size of 10 day-old seedlings was determined by quantifying the number of mer-
istematic cortical cells (n = 17-25). Statistical groups are indicated by letters and were deter-
mined by a one-way ANOVA with post-hoc Tamhane-T2 (95 % CI). Error bars represent + stand-
ard deviation (C). mPS-PI stained RAMs of wild type (D), max2 (E), smxl4;smxI5 (F) and
smxl4;smxl5;max2 (G) are depicted. QCs are marked by yellow asterisks and yellow arrows
point to the first elongating cortical cell and the end of the meristematic zone (D-G). Scale bars
represent 100 ym.

H - L Distances of first and second tangential cell division to the QC were quantified in 2 day-
old root tips (H) for wild type (1), max2 (J), smxl4;smxI5 (K) and smx/4,smxI5;max2 (L). The QC
is marked by yellow asterisks. The first tangential division is marked by orange arrows and the
second tangential division is marked by blue arrows. Scale bars represent 20 um. The Error
bars represent + standard deviation (n = 11-14). Statistical groups are indicated by letters and
were determined for the second tangential divisions by a one-way ANOVA with post-hoc Tam-
hane-T2 (95 % ClI) (H).

M - P Differentiating PSE strands after the second tangential division (blue arrows) are shown
for wild type (M), max2 (N), smxl4,smxl5 (O) and smxl4,smxI5;max2 (P). Differentiation of PSEs
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is indicated by enhanced PI staining in M and N (pink arrows) and absent in O and P. Scale bars
represent 20 ym.

4.3.2 SMXL family members are functionally conserved

To investigate functional similarities between MAX2-dependent and MAX2-independent SMXL
family members, | ectopically expressed a YFP-fusion of the KAR-dependent SMAX7 under the
control of the SMXL5 promoter in a smxl/4;smx/5 double mutant background. smx/4;smxI5 dou-
ble mutants carrying a SMXL5:SMXL5-YFP transgene served as control (Figure 4.18). Surpris-
ingly, both transgenic lines showed restored root growth. SMAX7 could functionally replace
SMXL5 if expressed in the SMXL5 domain and when plant were grown on normal MS-plates
without additives (mock) (Figure 4.18). Thus, | deduced that SMXL family members are struc-
turally and functionally conserved across sub-clades and differences in their regulatory roles are
primarily determined by distinct promoter activities (Figure 4.1). Astonishingly, if grown on MS-
plates supplemented with 2 yM rac-GR24, the root length of smxl/4;smx/5 expressing
SMXL5:SMAX1-YFP was reduced to the root length of smx/4;smxI5 mutants, whereas the
SMXL5:SMXL5-YFP transgene was still able to complement the smxi/4;smxl/5 root phenotype
(Figure 4.18). This promoter-swapping experiment indicated that only SMAX71-YFP, but not
SMXL5-YFP, was sensitive to the SL/KAR analogue rac-GR24.

Figure 4.18: SL/KAR-independent SMXL5 can
be functionally replaced by SL/KAR-dependent
SMAX1

A The root length of 10 day-old seedlings are

shown for wild type, smxl/4, smxl4;smxI5
(SMAX5:SMXL5-YFP), smxl4;smxl5 (SMXL5:
SMAX1-YFP) and smxl4;smxI5 (from left to right).
Seedlings were grown on normal MS plates (mock,
left panel) and MS-plates supplemented with 2 yM
rac-GR24 (right panel). Scale bars represent 1 cm.
B Root lengths of all genotypes depicted in A
were quantified. Error bars represent + standard
deviation. Mean values of 3 independent experi-

B s mack ments (n = 27-55 each) are depicted. Statistical
= “-2 . —= 2 pM rac-GR24 groups are indicated by letters and were deter-
&8s } I I mined for “mock” and “2 uM rac-GR24” separately
£ 2; T T £ by one-way ANOVA with post-hoc Bonferroni
5 2 I (95 % ClI).
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4.3.3 SMXL3/4/5 proteins are no targets of SL/IKAR-dependent degradation

To determine whether the difference in rac-GR24 susceptibility of SMXL5:SMXL5-YFP
and SMXL5:SMAX1-YFP was based on differences in SL/KAR-dependent protein stability, |
compared the YFP-signal intensity of both transgenic lines during short-term rac-GR24 treat-
ment (Figure 4.19). Thus, | treated smx/4,smxI5 root tips carrying either SMXL5:SMAX1-YFP
(Figure 4.19 A-B) or SMXL5:SMXL5-YFP transgenes (Figure 4.19 C-E) with liquid MS-medium
(mock, Figure 4.19 A and C) or medium containing 10 uM GR24 (Figure 4.19 B and D). Initially,
all root tips showed YFP signals within the SMXL5 domain (time point O min, Figure 4.19) and
signals were consistent for at least 12 min if treated with mock solution. Interestingly, SMAX1-
YFP signals faded quickly 8 min after rac-GR24 application (Figure 4.19 B), whereas SMXL5-
YFP signal intensities remained stable and were still observable after incubating for 60 min in
rac-GR24 supplemented medium (Figure 4.19 D-E). Consequently, | concluded that SMAX1-
YFP was a proteolytic target of SL/KAR-signalling, while SMXL5-YFP protein-fusions were re-

sistant to rac-GR24-dependent degradation.

Time after rac-GR24{mock treatment Figure 4.19: SMXL5-YFP remains
stable upon GR24 treatment
A-E Confocal analysis of

5 day-old smx/4;smxI5 root tips
carrying SMXL5:SMAX1-YFP (A-
B) or SMXL5:SMXL5-YFP (C-D)
transgenes. The overlay of bright
field image and YFP signal (yellow)
is depicted. Roots were either incu-
bated without rac-GR24 (mock, A
and C) or with 10 uM rac-GR24 (B
and D) over a time course of
12 min. SMAX1-YFP signals dis-
appeared after 8 min-incubation in
10 uM  rac-GR24  (B), while
SMXL5-YFP intensities remained
stable (D) even after incubating for
60 min in 10 yM rac-GR24 (E).
Scale bars represent 25 yM.

Mock

SMXL5:SMAX1-YFP

10 pM rac-GR24

Mock

SMXL5:SMXL5-YFP

10 UM rac-GR24

SMXL5:SMXL5-YFP
10 uM rac-GR24
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To extend my analysis of SL/KAR-dependent protein stability also towards SMXL3 and
SMXL4, | generated SMXL3:SMXL3-YFP and SMXL4:SMXL4-YFP constructs which | trans-
formed into smxI3;smxI/5 and smxl4;smxI5 mutant backgrounds, respectively. Since SMXL3,
SMXL4 and SMXL5 shared very similar expression domains within the RAM (Figure 4.1), | did
not deem it necessary to swap the endogenous promoters with the SMXL5 promoter. Both
transgenes restored root lengths in the respective double mutant backgrounds, which indicated
that SMXL3-YFP and SMXL4-YFP fusion proteins were functional (Figure 4.20 G). Similar to
my previous experiment (Figure 4.19), | treated root tips with either mock or 10 uM rac-GR24
solution over a period of 12 min. The SMXL5:SMAX1-YFP line served as a control (Figure 4.20
E-F). Just like SMXL5-YFP, SMXL3-YFP and SMXL4-YFP were resistant to rac-GR24 mediated
degradation (Figure 4.20 B and C), while SMAX1-YFP signals were gone 8-12 min after rac-
GR24 application (Figure 4.20 E). Of note, SMAX1-YFP signals were initially weaker than
SMXL3-YFP and SMXL4-YFP signals. This was often observed during repetitions of these ex-
periment (Figure 4.19 and 4.20) and might be due to endogenous SL/KAR levels that affect
SMAX1-YFP stability.

In summary, | concluded that SMXL3/4/5 proteins are, unlike all other SMXL family mem-
bers, resistant to SL/KAR-dependent degradation and mediate phloem formation in a MAX2-

and SL/KAR-independent manner.
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Time after rac-GR24/mock treatment

0 min 4 min 8 min 12 min

mock

SMXL3:SMXL3-YFP

10 UM rac-GR24

SMXL4:SMXL4-YFP
mock

10 UM rac-GR24

SMXL5:SMAX1-YFP
mock

10 UM rac-GR24

Figure 4.20: SMXL3/4 are not degraded upon GR24 treatment
A-F Shown are confocal pictures of 5 day-old smx/4;smxI5 root tips expressing transgenes

SMXL3:SMLX3-YFP (A-B), SMXL4:SMXL4-YFP (C-D) or SMXL5:SMAX1-YFP (E-F). The over-
lay of bright field image and YFP signal (yellow) is depicted. Roots were either incubated without
rac-GR24 (mock shown in A, C and E) or with 10 uM rac-GR24 (B, D and F) over a time course
of 12 min. While the SMAX1-YFP signal disappeared after treating the root for 8 min with 10 yM
rac-GR24 (F), SMXL3-YFP (B) and SMXL4-YFP (D) remained stable. Scale bars represent
25 um.

G 10 day-old wild type, smxI5, smxI3;smxI5, smxI3;smxl5 (SMAX3:SMXL3-YFP),
smxl4;smxl15, smxl4;smxI5 (SMXL4: SMAX4-YFP) are shown (from left to right). Recovery of
root lengths in smxl4;smxI5 (SMXL4: SMAX4-YFP) and smxI3;smxI5 (SMAX3:SMXL3-YFP)
indicated that SMXL4-YFP and SMXL3-YFP fusion proteins are functional. SMXL3:SMXL3-
YFP was also able to restore the root length of smx/4;smxl5 (data not shown). Scale bars rep-
resent 1 cm.
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4.4 OBE3 interacts with SMXL3/4/5 to promote phloem formation

To characterize the role of SMXL3/4/5 in phloem formation from a mechanistic point of
view, | explored their molecular role by investigating potential protein-protein interaction part-
ners. A Yeast 2-Hybrid screen that was previously performed by Hybrigenics SA (Paris, France)
with SMXL5 as a bait served as a starting point to select potential candidates (data unpublished).
Amongst others, three PHD-finger proteins known as OBE2, OBE3 (TTA1) and OBE4 (TTA2)
were identified of which OBE2 and OBE3 showed the highest confidence score. | already con-
firmed a direct protein-protein interaction between SMXL5 and OBE2/3 in yeast during my Mas-
ter thesis (Wallner 2014). In the next step | aimed for investigating the biological relevance of
this interaction in planta. For practical reasons and to simplify the experimental setup, | primarily
focused my in-depth analyses on characterizing the SMXL5-OBE3 interaction. Interestingly, all
identified OBE3 clones identified in the Yeast 2-Hybrid screen shared base pairs 1204-1367.
This region, which is designated as selected interacting domain (SID), encodes the first part of
the OBE3 PHD-finger. Of note, most clones covered the whole PHD-finger, which suggested

that the binding domain is localized in that area (Figure 4.21).
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Figure 4.21: Alignment of the identified SMXL5-interacting Yeast Two-Hybrid clones in
comparison to the OBE3
OBE3-encoding nucleotide sequences identified in SMXL5-interacting yeast clones (light green

lines) were aligned to the full-length OBE3 coding sequence using CLC Main Workbench Ver-
sion 7.6.1 (CLC Bio Qiagen, Aarhus, Denmark). Annotations mark the OBE3 exon (yellow arrow)
that encodes two predicted nuclear localization signals (NLS) identified by the cNLS Mapper
(Kosugi et al. 2009) (NLS_bipartite and NLS_monopartite, light green arrows), a PHD-finger
domain (blue arrow) with histone 3 (H3) binding motif (light blue arrow) and a coiled coil domain
(orange arrow) predicted by InterPro (EMBL-EBI, Cambridgeshire, UK). The OBE3 exon is
flanked by a three prime and five prime untranslated region (3’'UTR and 5’UTR, green arrow),
respectively. Aligned sequences show 100 % coverage within the selected interacting domain
(SID) (marked by a purple arrow and flanked by red lines). This region is thus suspected to
contain the SMXL5 binding domain.
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4.41 SMXL5 and OBE3 co-localize in the nucleus

To investigate whether the SMXL5-OBES3 interaction plays a role in planta, | studied pro-
tein localization of OBE3 fused to monomeric GFP (OBE3-mGFP) in relation to SMXL5 fused to
monomeric Cherry (SMXL5-mCherry) (Figure 4.22). Thus, | transiently co-expressed
35S:0BE3-mGFP with either 36S:mCherry-NLS (Figure 4.22 A-E) or 35S:SMXL5-mCherry (Fig-
ure 4.22 F-J) in Nicotiana leaves. Co-infiltration of 35S:mCherry-NLS and 35S:mGFP-NLS
served as control, since both constructs encode fluorescent proteins coupled to a nuclear local-
ization signal (NLS) and, therefore, localize to the nucleus (Figure 4.22 K-O). mGFP and
mCherry did not compartmentalize into specific patterns in the presence of other proteins as can
be seen in Figure 4.22 A-E. OBE3-mGFP was nuclear localized and accumulated in speckles
(Figure 4.22 A). If co-expressed with 35S:mCherry-NLS, the fluorescent signals showed distinct
localization patterns and did not coincide (Figure 4.22 C and E). However, co-transfected cells
expressing 35S:0BE3-mGFP and 35S:SMXL5-mCherry, showed a perfect overlap of both sig-
nals in nuclei. Of note, SMXL5-YFP is always nuclear localized and usually resides in small
speckles (Wallner 2014). Interestingly, OBE3-mGFP and SMXL5-mCherry almost exclusively
co-localized in fewer big speckles of unique morphology, which was in agreement with a protein-

protein interaction (Figure 4.22 F-J).
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Figure 4.22: Proteins SMXL5-mCherry and OBE3-mGFP co-localize in Nicotiana nuclei
Fluorescent signals and bright field images of epidermal Nicotiana nuclei transiently co-express-

ing 35S:0BE3-mGFP/35S:mCherry (A-E), 356S:0OBE3-mGFP/35S:SMXL5-mCherry (F-J) and
35S:mGFP-NLS/35S:mCherry-NLS (K-O). A dashed yellow line indicates the outlines of nuclei
in bright field images (D, | and N). The sub-nuclear localization of OBE3 fused to monomeric
GFP (OBE3-mGFP) together with monomeric Cherry fused to a nuclear localization signal
(mCherry-NLS) did not coincide (A-E). Fusion proteins OBE3-mGFP and SMXL5-mCherry co-
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localized into special sub-nuclear patterns (F-J). Expression of the controls mGFP-NLS together
with mCherry-NLS showed diffused fluorescence within the whole nucleus (K-O). Scale bars
represent 5 ym.

4.4.2 SMXL5 and OBE3 proteins interact in planta

In a more direct approach, | tested the interaction between SMXL5 and OBE3 by co-im-
munoprecipitation (co-IP) and subsequent Western blotting (Figure 4.23). | thus transiently ex-
pressed 35S:6xMyc-OBES3 either alone or together with 35S:SMXL5-3xHA in Nicotiana leaves
(Figure 4.23 A). SMXL5 fused to a triple human influence hemagglutinin (HA) affinity tag and
OBES3 fused to a sixfold c-Myc epitope tag were both soluble during protein extraction and de-
tected by anti-HA (a HA) or anti-Myc (a Myc) antibodies, respectively (see “Input” fractions in
Figure 4.23). SMXL5-3xHA was immunoprecipitated from the protein extract via HA-affinity
beads and was detected in Westerns as being around 120 kDa in size matching the expected
size of SMXL5 (115.25 kDa) plus 3xHA (5 kDa). A successful pull-down of SMXL5-3xHA was
reflected by a decreased band intensity in the “Unbound” fractions, which contained all residual
proteins that did not bind to the beads (Figure 4.23). Importantly, 6xMyc-OBE3 was co-immuno-
precipitated by SMXL5-3xHA. It ran at a size of approximately 100 kDa and was thus slightly
larger than the expected size of OBE3 (82.4 kDa) plus 6xMyc (10.12 kDa). Interestingly, another
faint 6xcMyc-OBE3 band was detected at the expected size of around 92 kDa, but this protein
did not co-immunoprecipitate with SMXL5. This observation could hint towards a yet unknown
post-translational modification that is required for OBES3 interaction with SMXL5. Of note, 6xMyc-
OBE3 showed no signs of unspecific binding to a-HA beads, since it could not be immunopre-
cipitated without the presence of SMXL5-3xHA (Figure 4.23 A).

To confirm that the detected interaction between SMXL5-3xHA and 6xMyc-OBE3 was
specific, | tested the affinity of 6xMyc-OBE3 to the MAX2 protein (Figure 4.23 B). Unlike for
SMXLS5, the triple HA tag was fused to the N-terminus of MAX2, since this position was reported
to work in interaction studies with SMXL proteins (Wang et al. 2015). In Westerns, 3xHA-MAX2
was detected at a size of approximately 80 kDa in the protein extract and was efficiently im-
munoprecipitated by a-HA beads (Figure 4.23 B). This size matched the expected sizes of MAX2
(76.23 kDa) plus 3xHA (5 kDa). Although 6xMyc-OBE3 again co-immunoprecipitated with
SMXLS5-3xHA, 6xMyc-OBE3 was absent in samples containing 3xHA-MAX2 (Figure 4.23 B).
This indicated that SMXL5 specifically interacts with OBE3 in planta.

81



A Input Unbound IP: o HA Figure 4.23: co-IP of SMXL5-

SMXL5-3xHA  + - + - + - OBE3 after transient ex-
6xMyc-OBE3  + + + + + + pression in Nicotiana
Two independent Western
130 kDo RN _
' — - o HA blots depicting immunoprecip-

itation (IP) of SMXL5-3xHA
with  co-immunoprecipitation
of 6xMyc-OBE3. Protein ex-
i S ¢ A tracts were obtained from Ni-

130 kDa |

95 kDa—|
cotiana leaves after transient
B co-expression of 35S:SMXL5-
Input  Unbound Input Unbound IP: o HA 3xHA together with
SMXLS5-3xHA - - + + + - 35S:6xMyc-OBE3 (1.31 pg/ul
giﬂﬁﬁ&? : : * * * : protein in 2 ml extract) and
35S:6xMyc-OBE3 alone (1.64
130 kDa — - Mg/l protein in 1.5 ml extract)
«Ha  (A) or 35S:3xHA-MAXZ2 to-
95 kKDa — - gether with 35S:§xMyc-OBE3
C— (1.86 pg/ul protein in 2 ml ex-
tract) and 35S:SMXL5-3xHA
130 kDa— with 35S:6xMyc-OBE3 (1.65
T——, T e pg/ul protein in. 2 ml extract)
95 kDa—| o . . «Myc (B). “Input” fractions represent
the protein content of the un-
72 kDa— processed protein extract: In

A, 225ul extract were
loaded, resulting in 29.5 ug for SMXL5-3xHA with 6xMyc-OBE3 and 37 ug protein for 6xMyc-
OBES3 alone. In B, equal amounts of 37.2 ug protein were loaded for both samples. “Unbound”
fractions show proteins that remained in the extract after immunoprecipitation by a-HA-beads
and “IP: a HA” depicts proteins that were immunoprecipitated after binding to a-HA-beads
(SMXL5-3xHA and 3xHA-MAX2) or co-immunoprecipitated via a protein-protein interaction part-
ner (6xMyc-OBE3). Western blots marked by “a HA” show protein bands detected by the a-HA-
antibody, whereas Western blots marked by “a Myc” show protein bands detected by the a-Myc-
antibody. SMXL5-3xHA runs at an expected size of approximately 120 kDa. 6xMyc-OBE3
showed a band at the expected 92 kDa and a slightly bigger one at around 100 kDA. 3xHA-
MAX2 was detected as expected at around 80 kDa. a-HA-blots show IPs for SMXL5-3xHA (A)
and SMXL5-3xHA and 3xHA-MAX2 (B). a-Myc-blots show that the bigger version of 6xMyc-
OBE3 was co-immunoprecipitated with SMXL5-3xHA (A and B), but not with the unrelated
3xHA-MAX2 (B).

4.4.3 SMXL3/4/5 and OBE3 are expressed in the embryo

OBEs are known to be important regulators of embryonic meristem initiation and SAM and
RAM maintenance (Lin et al. 2016; Saiga et al. 2008; Saiga et al. 2012; Thomas et al. 2009).
OBE1/2 and OBE3/4 act redundantly in establishing the hypophysis and in orchestrating its di-
vision by modulating the expression of ARF5/MP downstream targets during early embryo de-
velopment (Saiga et al. 2012). Among a few other functions (Lin et al. 2016), this is the best

characterized role of OBEs so far. Consequently, | investigated the expression pattern of
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OBE3:0OBE3-GFP in early torpedo stage embryos and compared it to promoter activities of
SMXL3, SMXL4 and SMXL5 at the same developmental stage (Figure 4.24). All OBE family
members are ubiquitously expressed from early embryo stages onwards (Saiga et al. 2008;
Saiga et al. 2012). | was able to confirm the ubiquitous expression of OBE3-GFP and additionally
found that SMXL3, SMXL4 and SMXL5 promoters showed already provasculature-specific ac-
tivity in torpedo stage embryos (Figure 4.24). This was particularly interesting since it indicated
that SMXL3/4/5 already play a role during embryogenesis and provascular pattern formation of
the RAM. Interestingly, the SMXL3 promoter was mostly active in provascular cells of the root
(Figure 4.24 D-F), whereas SMXL4 and SMXL5 promoters were active in the whole provascu-
lature of basal and apical organs (Figure 4.24 G-L). The location with the highest potential for
protein-protein interaction was therefore the provasculature, where SMXL3/4/5 activities and

OBE3-GFP expression overlapped.

GFP/ signal Bright field Composite

Figure 4.24: SMXL3/4/5 promoter
activities are provascular-specific
while OBE3 is ubiquitously ex-
pressed in Arabidopsis embryos

Confocal images of freshly extracted

Arabidopsis embryos at the early
torpedo stage. Depicted are fluores-
cent channels for GFP or YFP (A, D,
G and J), bright field images (B, E, H
and K) and composite pictures that
represent an overlay of fluorescent
signal and bright field image (C, F, |
and L). OBE3:0BE3-GFP showed
ubiquitous expression pattern within
the embryo (green signal in A-C).
SMXL3 promoter activity was spe-
cific for provascular tissues of the
developing stele (D-F), whereas pro-
moter activities of SMXL4 (G-1) and
SMXL5 (J-L) were active in the
whole provasculature (yellow sig-
nals). Scale bars represent 50 pym.

SMXL4:YFP-ER SMXL3:YFP-ER OBE3:0BE3-GFP

SMXL5:YFP-ER

4.4.4 OBE3 interacts with SMXL3/4/5 to promote root length

To investigate whether OBE3 and its redundantly acting partner OBE4 genetically interact

with SMXL3/4/5 during early stages of embryogenesis or vegetative growth, | crossed
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obe3/+;0be4 to smxl4;,smxI5 and smxI3 mutants. Interestingly, all double mutants were viable
and RAMs were initiated in all cases (Figure 4.25 A). This indicated that establishing the hy-
pophysis was independent from SMXL3/4/5 function. However, roots of smxl/4;obe3 and
smxI5;0be3 double mutants were significantly shorter than those of the analysed single mutants
or wild type. In contrast to my expectation based on the concerted action of OBE3 and OBE4
during embryogenesis, though, smx/4;0be4 and smxI5;0be4 showed no root growth defect (Fig-
ure 4.25 A and B), which may suggest that OBE3 and OBE4 execute different functions depend-
ing on their protein-binding partners. Compared to smx/4,smxl5, smxl4;0be3 and smxI5;0be3,
double mutants, smx/3;0be3 grew equally short roots (Figure 4.25 C and D). Thus, | concluded
that OBE3 genetically interacts with SMXL3/4/5 genes in root growth.
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Figure 4.25: Double mutants smx/5;0be3, smxl4;0be3 and smxI3;0be3 are short rooted
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A Root of 10 day-old Arabidopsis seedlings. Wild type, smxl4, smxI5, smxl4;smxI5, obe3,
obe4, smxl4;0be3, smxl4;0be4, smxI5;obe3, smxl5;0be4 lines are shown from left to right. Scale
bar represents 1 cm.

B Lengths of roots depicted in A were quantified. Mean values of four independent experi-
ments (n = 15-55 per experiment and genotype) were analysed by a one-way ANOVA with post-
hoc Tukey HSD (95 % CI). Two statistical groups (a and b) were identified and showed that
smxl4;obe3 and smx/5;obe3 were as short rooted as smx/4;smx|5.

C Roots of 10 day-old Arabidopsis seedlings. Wild type, smxI/3, smxI5, smxI3;smxI5, obe3,
smxI3;0be3, smxl/5;0be3 lines are shown from left to right. Scale bar represents 1 cm.

D Lengths of roots depicted in C were quantified. Mean values of three independent experi-
ments (n = 62-74 per experiment and genotype) were analysed by a one-way ANOVA with post-
hoc Tamhane-T2 (95 % CI). Two statistical groups (a and b) were identified and showed that
smxI3;0be3 and was as short rooted as smx/3;smxI5.

Besides OBE3 and OBE4, which redundantly act in embryonic root initiation, the same
redundant function was reported for OBE7 and OBEZ2 (Saiga et al. 2008; Saiga et al. 2012).
Since OBE2 was identified as a prey of SMXL5 in the Yeast Two-Hybrid screen, | investigated
a potential genetic interaction of SMXL4/5 with OBE1/2. | thus generated smx/4;0be1,
smxl4;0be2, smxI5;obe1 and smxI/5;0be2 double mutants and compared their root lengths to
wild type (Figure 4.26). Surprisingly, none of the tested double mutants showed a reduction in
root length. This again indicated that the genetic interaction between SMXL3/4/5 and OBE3 was

specific.

smxI5  smxl4 smxI5 obel obi smxl4 obe1 smxl4 obe2 smxI5 obe1 smxl5 obe2

smxl4 smxl5 smxl4 obel obe2 smxl4 smxI5 smxl4 smxI5
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Figure 4.26: SMXL4/5 do not genetically interact with OBE1/2
A Root of 10 day-old Arabidopsis seedlings. Wild type, smxl4, smxI5, smxl4;smxl5, obe1,

obe2, smxl4;obe1, smxl4;0be2, smxI5;obe1, smxl5;0beZ2 lines are shown from left to right. Scale
bar represents 1 cm.
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B Lengths of roots depicted in A were quantified. Mean values of three independent experi-
ments (n = 34-75 per experiment and genotype) were analysed by a one-way ANOVA with post-
hoc Tukey HSD (95 % CI). Two statistical groups (a and b) were identified and showed that no
genetic interaction between OBE1/2 and SMXL4/5 was detected in controlling root growth.

4.4.5 OBE3 acts together with SMXL3/4/5 in protophloem formation

To determine what causes the short-rooted smx/3;0be3, smx/4;0be3 and smxI5;0be3 phe-
notype, | analysed in which tissue type SMXL3/4/5 and OBE3 proteins potentially interact. As
already shown in Figure 4.24, OBE3 is ubiquitously expressed in the embryo, whereas
SMXL3/4/5 are very specific for (pro)-vascular phloem tissues (Figure 4.1, 4.10 and 4.24). Since
SMXL3/4/5 were identified as essential regulators of protophloem formation in young RAMs, |
compared the expression patterns of SMXL4:SMXL4-YFP to those of OBE1:0BE1-GFP,
OBE2:0BE2-GFP, OBE3:0OBE3-GFP and OBE4:0BE4-GFP within root tips (Figure 4.27). |
thereby aimed for identifying cell types harbouring both SMXL4 and OBE3 and potential differ-
ences to the other, not genetically interacting OBE family members. Among SMXL3/4/5, SMXL4
showed the most specific expression pattern in RAMs, which was almost exclusively restricted
to the developing protophloem strands (Figure 4.27 A and 4.1). To visualize PSEs, | counter-
stained the root tips by DirectRed, which - similarly to PI - stains cellulose and thus increases
the fluorescence of differentiated PSEs (Ursache et al. 2018) (see white arrows in Figure 4.27).
Interestingly, OBE1-GFP, OBE2-GFP, OBE3-GFP and OBE4-GFP indeed resided in the nuclei
of all root cells, including the developing protophloem strands (Figure 4.27 B-E). Consequently,
OBEs harbour the capacity to interact with SMXL3/4/5 proteins in immature protophloem

strands.
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Figure 4.27: OBEs can potentially interact with SMXL3/4/5 in developing protophloem
RAMs of 7 day-old transgenic Arabidopsis seedlings expressing SMXL4:SMXL4-YFP (A),

OBE1:0BE1-GFP (B), OBE2:0BE2-GFP (C), OBE3:0OBE3-GFP (D) and OBE4:0BE4-GFP (E).
Fluorescent signals (green) were detected by confocal microscopy and roots were counter-
stained by DirectRed (magenta). Differentiated PSEs showed enhanced DirectRed staining and
are marked by white arrows. All OBEs are ubiquitously expressed (B-E). OBE-GFP fusion pro-
teins were also found in developing protophloem strands, which coincides with the localization
of SMXL4-YFP (A). Scale bars represent 50 um.
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To determine whether OBE3 activity within the SMXL5 domain was sufficient to promote
root length, | generated a stable line expressing SMXL5:OBE3-turquoise in the smx/5;0be3 dou-
ble mutant background (Figure 4.28 A and B). Expression of SMXL5:0BE3-turquoise restored
root growth in smx/5;0be3 mutants (Figure 4.28 A and D). Confocal microscopy of root tips
counterstained with DirectRed confirmed that OBE3-turquoise resided within the SMXL5 domain
(Figure 4.28 B and C). Additionally, | tested the genetic interaction between SMXL5 and OBE3
by expressing two different miRNAs targeting OBE3 transcripts under the control of the SMXL5
promoter in the smx/5 mutant background (Figure 4.28 B and C). This SMXL5-domain-specific
knock-down of OBES3 significantly reduced the root length of smx/5 (Figure 4.28 A and D). Of
note, none of the two miRNAs supressed root growth in 100 % of the population. Whether this
observed variation in root length was due to differences in copy number and OBES3 transcript
levels is subject of ongoing investigations. Nevertheless, the reduction in root length after tissue-
specific expression of OBE3-miRNAs reinforced my previous results for which | used the only
available and published obe3 mutant allele (Figure 4.25). Taken together, my experiments indi-

cated that the SMXL5-OBE3 interaction was specific for phloem and procambium tissues.
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Figure 4.28: SMXL5-specific OBE3 expression is sufficient to promote root growth
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A Roots of 10 day-old Arabidopsis seedlings. Wild type, smxl5, obe3, smxI5;obe3,
SMXL5:0BE3-turquoise in smxl5;0be3, SMXL5:0be3-miRNA3 in smx5 and SMXL5:0be3-
miRNA4 in smx5 lines are shown from left to right. Scale bar represents 1 cm.

B-C RAMs of 7 day-old Arabidopsis seedlings expressing SMXL5:0BE3-turquoise in
smxI5;0be3 (B) were compared to a non-transformed wild type control (C). Fluorescent signals
(green) were detected by confocal microscopy and roots were counterstained by DirectRed (ma-
genta). Differentiated PSEs showed enhanced DirectRed staining and are marked by white ar-
rows. The OBE3-turquoise fusion protein was exclusively located within the SMXL5 domain,
including the developing protophloem. Scale bars represent 20 um.

D Lengths of roots depicted in A were quantified. One out of three independent experiments
(n = 61-71 per experiment and genotype) is shown. Mean values were analysed by a one-way
ANOVA with post-hoc Tamhane-T2 (95 % CI). Two statistical groups (a and b) were identified
and showed that SMXL5:OBE3-turquoise can fully restore smx/5;0be3 root growth, whereas
SMXL5-specific knock down of OBE3 by expression of SMXL5:0be3-miRNA3 and 4 reduced
root lengths.

Although the initial defect of smx/3;0be3, smxI4;0be3 and smxl;obe3 might have its true
origin in changes during embryonic pattern formation, root growth happens post-embryonically
(ten Hove et al. 2015). Since smxI3;smxl4, smxl4;smxI5 and smxI3;smxI/5 double mutants were
short rooted due to impaired (proto-)phloem formation (Figure 4.3, 4.6, 4.8 and 4.17 as well as
(Wallner et al. 2017)), | investigated whether a similar phloem-related defect exists in
smxl4;0be3 and smxl5;0be3. As before (Figure 4.6), | stained 2 day-old wild type, obe3,
obe3;smxl4 and obe3;smxlI5 root tips by mPS-PI and investigated whether enhanced PI staining
revealed differentiated PSEs. Interestingly, differentiated PSEs were detected in wild type and
obed single mutants, but were absent in smx/4;0be3 and smxl/5;0be3 double mutants (Figure
4.29). Moreover, | took a closer look at the two tangential divisions initiating phloem/procambium
and
proto-/metaphloem cell identities, respectively (see orange and blue arrows in Figure 4.29 and
4.6). By measuring the distances of both tangential divisions to the QC, a significant delay of
the second tangential phloem division was detected in smx/4,0be3 and smxI5;0be3 (Figure 4.29
C and D). Astonishingly, the delay of proto- and metaphloem initiation was equally pronounced
as in smxl4;smx/5 double mutants (Figure 4.29 E). Thus, | concluded that smx/4;smxl5,
smxl4;0be3 and smxI5;0be3 double mutants all share the same developmental defects: Proto-
phloem initiation and differentiation is impaired. Consequently, OBE3 is the first identified pro-
tein-protein interaction partner of SMXL5 that acts together with SMXL3/4/5 as an essential me-

diator of phloem formation.
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Figure 4.29: Protophloem initiation is delayed and
SE differentiation is absent in smx/5 obe3
A-D 2 day-old mPS-PI stained RAMs of wild type (A),

obe3 (B), smxl5;0be3 (C) and smxl4;0be3 (D). In wild
type and obe3 the tangential divisions (orange and
blue arrows) are close to each other and the QC (yel-
low asterisks). PSEs differentiate by changing their
cell wall composition, which is reflected by enhanced
Pl staining (pink arrows). In smxl/4;0be3 and
smxI5;0be3 the second tangential cell division is de-
layed (blue arrows) and PSEs do not differentiate.
Scale bars represent 20 um.

E  Thedistance from the QC to the first and second
tangential division shown in A-D was quantified
(n =9-11). Statistical groups are indicated by letters
and were determined by a one-way ANOVA with post-
hoc Tukey HSD (95 % CI).
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5 Discussion

51 SMXL3/4/5 are early promoters of protophloem formation

Protophloem is an essential conduit that regulates transport and unloading of energy me-
tabolites into sink organs for storage or to fuel stem cell activity (Ross-Elliott et al. 2017; Lucas
et al. 2013). Spatio-temporal regulation of its development is therefore a critical hub to regulate
meristem activity, which in turn affects the overall plant phenotype, growth capacity and vitality
(Anne and Hardtke 2017). To understand and modulate plant morphodynamics and potentially
increase crop yield, it is important to investigate the underlying molecular networks that control
protophloem development.

Although several important phloem regulators have been studied in recent years and ge-
netic interactions and dependencies are beginning to emerge (Blob et al. 2018), none of the
investigated genes is required to obtain protophloem cell identity in the first place (Rodriguez-
Villalon et al. 2014; Depuydt et al. 2013; Rodriguez-Villalon 2016). In this study | identified the
previously underexplored SMXL sub-clades 2 and 3 as novel and crucial regulators of proto-
phloem formation. Unlike other factors, SMXL3/4/5 are already expressed in phloem initials ad-
jacent to the QC and during early stages of embryogenesis. OBE3 is their first identified inter-
action partner that acts in the same pathway: OBE3 and SMXL3/4/5 together promote early

protophloem formation and differentiation.

5.1.1 SMXL3/4/5-OBE3 in the context of other phloem regulators

The SMXL3/4/5-OBE3 module in protophloem formation is a promising and important new
regulator which substantially contributes to the existing network of phloem regulation. To inte-
grate those new factors into the molecular network, it is important to discuss their potential in-
teraction with known phloem regulators in light of their pattern of gene expression.

Since SMXL3/4/5 are the first described phloem regulators that are already evidentially
expressed in SE-procambium stem cells, it can be hypothesized that their initial role in those
cells is largely independent from genes with a later onset of gene expression. OPS is the so far
only investigated phloem regulator whose expression coincides with SMXL3/4/5 in the first
daughter cell, the SE-procambium precursor (Rodriguez-Villalon et al. 2014; Truernit et al.
2012). Other genes, such as BRX, CVP2, CVL1, BAM3 and CLE45 show promoter activity after
the first tangential cell division of the SE-procambium precursor into the SE precursor and pro-
cambium. The mutants brx, ops and cvp2;cvi1 are also not completely deprived of protophloem
formation, but show a seemingly random failure of PSE differentiation, which results in the ap-
pearance of gap cells (Rodriguez-Villalon et al. 2015; Scacchi et al. 2009; Scacchi et al. 2010;

Depuydt et al. 2013). However, in 2 day-old smxl/4;smxI5 double mutant roots none of the PSEs
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differentiate, which indicates that SMXL3/4/5 hold a quite fundamental role in protophloem for-
mation.

In fact, the smxl/4;smx/5 double mutant phenotype can be nicely recapitulated in wild type
roots treated with CLE45 (Depuydt et al. 2013). CLE45 is one of 27 different CLE peptides that
are proteolytically processed into 12-14 amino acid long ligands to bind specific transmembrane
receptors of the LRR-RLK family (Strabala et al. 2006; Anne et al. 2018). CLE-signalling occurs
during many developmental processes and in various organs (Hazak and Hardtke 2016; Hu et
al. 2018; Ogawa et al. 2008; Fletcher et al. 1999; Etchells and Turner 2010). Thus, members of
the CLE family show quite diverse expression patterns and only a few members are present in
vascular tissues of the root (Jun et al. 2010). Interestingly, 19 root-active CLEs can induce a
short-rooted phenotype that mimics the smx/4,smxI/5 root morphology (Kinoshita et al. 2007).
Recent studies especially focused on CLE45 and CLE26, which are specifically expressed in
the phloem and have the strongest effect on root length (Depuydt et al. 2013; Czyzewicz et al.
2015). The LRR-RLK BAM3 has a specific affinity to CLE45 and, as expected for a receptor,
bam3 mutants are fully CLE45 insensitive (Depuydt et al. 2013; Rodriguez-Villalon et al. 2014;
Hazak et al. 2017). The BAM3-CLE45 interaction negatively regulates PSE differentiation and
suppresses the positive protophloem regulators OPS and BRX (Depuydt et al. 2013; Rodriguez-
Villalon et al. 2014). Moreover, BAM3 expression is enhanced by the pseudokinase CRN (Hazak
et al. 2017). CRN dimerizes with the receptor-like protein CLV2 and has already been shown to
act together with CLV1 in CLV3 perception (Mller et al. 2008). Likewise, an interaction of BAM3
with CRN is required for CLE45 sensing (Hazak et al. 2017). Several famous RLK-CLE-medi-
ated signalling pathways rely on an interaction with co-receptors, such as SOMATIC EMBRYO-
GENESIS RECEPTOR KINASEs (SERKSs) (Hu et al. 2018; Zhang et al. 2016; Hohmann et al.
2018). Of note, SERKS do not play a role in BAM3-CLE45 signalling and CRN lacks a kinase
domain, which suggests that it cannot act as a classical co-receptor (Miller et al. 2008; Hazak
et al. 2017). In fact, the CRN-CLV2 dimer seems to mediate sensitivity to several - if not all -
root-active CLE peptides via a yet unidentified mechanism (Hazak et al. 2017). CLE26, whose
sensing also requires an interaction of CRN-CLV2, acts redundantly to the BAM3-CLE45 path-
way, but its receptor is still unknown (Anne et al. 2018). The LRR-RLK CLE-RESISTANT RE-
CEPTOR KINASE (CLERK) was identified in a forward genetic screen of CLE26-insensitive
mutants (Anne et al. 2018). Unlike BAM3 which has 20-30 LRR extracellular domains, CLERK
exhibits only 3-4 extracellular LRR domains and is a SERK homologue (Shiu and Bleecker 2001;
Anne et al. 2018). Surprisingly, CLERK is very specifically expressed in the developing proto-
phloem and its promoter is already active in the phloem initial (Anne et al. 2018). Thus, CLERK
is the only so far reported gene whose expression pattern completely overlaps with those of
SMXL3/4/5. Although clerk mutants show resistance to CLE26 and CLE45 treatments, CLERK
does neither bind CLE26 nor CLE45. Consequently, CLERK is yet another potential co-receptor
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that is involved in CLE-sensing (Anne et al. 2018). Since clerk;brx mutants were still CLE26
sensitive, CLERK-mediated CLE-perception seems to act independently of the BAM3-CLE45
and BRX network. What makes CLERK so interesting with regard to SMXL3/4/5 is the observa-
tion that promoter activity of the phloem-specific CVP2-marker appeared earlier in clerk mutants
than in wild type. Thus, CLERK seems to restrict the transition from meristematic protophloem
to differentiation, similar to BAM3 (Anne et al. 2018; Depuydt et al. 2013). Considering the role
of SMXL3/4/5 as promoters of protophloem initiation and differentiation, protophloem-specific
CLE-signalling seems to counteract their function. Unlike brx, ops or cvi1;cvp2, the smxl4;smxI5
double mutant does not only show gap cells, but perfectly mimics CLE-treated wild type seed-
ling. Consequently, SMXL3/4/5 could be involved in suppressing endogenous CLE levels in the
root or attenuating the expression or activity of RLK-CLE downstream effectors, such as MEM-
BRANE-ASSOCIATED KINASE REGULATOR 5 (MAKRS), which is a positive amplifier of
CLE45-mediated signalling (Kang and Hardtke 2016). Likewise, SMXL3/4/5 gene or protein ac-
tivity could be also affected by CLE-signalling in roots. Further studies are needed to integrate

SMXL3/4/5 into this complex and tightly regulated network of phloem regulators.

5.1.2 Does it all start in the embryo?

Besides promoting PSE differentiation, SMXL3/4/5 play an additional role in spatio-tem-
poral regulation of proto- and metaphloem initiation. The initiation of those cell identities takes
place in form of a tangential cell division within the SE precursor cell lineage. In 2 day-old
smxl4;smxl5 double mutants this tangential division is already significantly delayed compared
to wild type. Similarly, a delay or even absence of the tangential division was reported for apl,
ops, brx and cvp2;cvi2 mutants (Bonke et al. 2003; Rodriguez-Villalon et al. 2014; Rodriguez-
Villalon et al. 2015). Likewise, CLE45 treatment of 4 day-old wild type roots induces loss of PSE
differentiation within 20 hours and loss of the tangential division within 30 hours (Rodriguez-
Villalon et al. 2015). Moreover, the tangential division is negligible when it comes to PSE and
MSE differentiation: After recovering roots from CLE45 treatment, PSEs start to differentiate
before the tangential division is re-established and mutants, such as brx or ops, still specify
MSEs at the correct position. Although the exact mechanism was not specifically investigated,
it was suggested that procambium cells adopt proto- or metaphloem cell identity even if those
cells were not initiated by a tangential division in the first place (Rodriguez-Villalon et al. 2014).
Based on these observations it has been hypothesized that the missing tangential division is an
indirect side effect following an interrupted PSE differentiation (Rodriguez-Villalon et al. 2015).
Although this is a valid assumption, the dynamics and position of the tangential division was not
followed over time and the respective experiments were conducted at least 4 days post germi-
nation. At this time-point smx/4,smxI5 RAMs are already too impaired to dissect primary from
secondary defects. Thus, | conducted the experiments in 2 day-old seedlings, whose RAM mor-

phology is still comparable to wild type. At this stage, smxl4;smxI5 seedlings already showed a
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very definite and reproducible delay of the tangential division. There are two possible explana-
tions: First of all, the delay could be induced with the onset of vegetative growth, meaning that
the distance between QC and tangential division increases over time at a certain rate. Secondly,
the delay of this tangential division could have been pre-determined during embryogenesis. The
pattern formation of the primary root is already completed in late-stage embryos (Scheres et al.
1995). Consequently, incipient proto- and metaphloem are established and the tangential divi-
sion that initiates proto- and metaphloem identity can be already observed (Bauby et al. 2007).
This indicates that embryonic establishment of proto- and metaphloem cell identities does not
depend on the presence of differentiated PSEs or MSEs. Since SMXL3/4/5 promoters show
specific activity within provascular tissues of torpedo-stage embryos, they could contribute to
RAM pattern formation already during embryogenesis. One aspect that makes this hypothesis
interesting, is the observation that grafted smx/4,;smxI5 seedlings show GFP translocation within
the phloem quite efficiently in adventitious roots. Moreover, adventitious roots tend to outgrow
primary roots in smx/4;smxl/5 and possibly contribute to overall plant fitness. Of note, adventi-
tious and lateral roots are not pre-determined in the embryo, but are post-embryonically induced
by de-differentiation of pericycle cells (Laskowski et al. 1995). Consequently, the origin and initial
regulation of primary and secondary roots differs fundamentally. The notion that smx/4;smx/5
primary roots are especially impaired suggests early developmental defects, which could al-

ready be determined in the embryo.

5.2 SMXL3/4/5 regulation by hormones

SMXL family members of sub-clade 1 and sub-clade 4 are the central mediators of KAR
and SL signalling, respectively (Soundappan et al. 2015; Stanga et al. 2016; Stanga et al. 2013;
Wang et al. 2015). To identify whether SMXL3/4/5, which build sub-clade 2 and 3, mediate hor-
monal signalling pathways or are even proteolytic targets of SL/KAR signalling, | conducted

several experiments.

5.2.1 SMXL3/4/5 proteins are SL/KAR independent

Interestingly, SMXL3/4/5 proteins differ in a specific amino acid sequence (RGKTGI) that
was reported essential for MAX2-dependent ubiquitination (Wang et al. 2015; Wallner et al.
2016; Jiang et al. 2013; Zhou et al. 2013). Of note, a deletion of those amino acids only affects
ubiquitination and not binding of the MAX2/D3-D14 complex to the SMXL rice orthologue D53
(Jiang et al. 2013; Zhou et al. 2013). In Arabidopsis, SMXL6/7/8 are specifically targeted for
ubiquitination by MAX2-D14 in a SL-dependent manner (Wang et al. 2015; Jiang et al. 2013;
Soundappan et al. 2015). A mutagenized version of SMXL6, SMXL6D, that shows a deletion of

four amino acids within the RGKTGI-motif is no longer ubiquitinated nor degraded upon rac-
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GR24 treatment (Wang et al. 2015). Moreover, overexpression of SMXL6D induces a branchy
phenotype similar to the high-tillering mutant d53, which indicates that SL-signalling was suc-
cessfully compromised by the constitutively active and non-degradable SMXLG6D version (Jiang
et al. 2013; Wang et al. 2015). Interestingly, the RGKTGI amino acid sequence is conserved
throughout SMXL orthologues of various species and can even be found in non-vascular plants,
such as the liverwort Marchantia spp (Moturu et al. 2018). Only among angiosperms, SMXL3/4/5
have incorporated distinct changes in the RGKTGI degron (Moturu et al. 2018; Wallner et al.
2016). In line with this observation, my findings indicate that SMXL3/4/5 proteins are resistant
to SL/KAR-mediated degradation. Moreover, SMXL3/4/5 are not mediators of MAX2 activity,
since the phenotype of smxl/4;smx/5;max2 is simply additive and max2 does not show any de-
fects during protophloem formation. Although a genetic interaction cannot be ruled out in other
developmental processes and growth stages, previous studies already investigated a potential
contribution of SMXL4/5 to branching regulation and came to the same conclusion: SMXL4/5
play no role in branching regulation and act independently from MAX2 (Soundappan et al. 2015).
Since SMXL3/4/5 are not directly involved in mediating SL- or KAR-signalling, the question
whether there is a signalling pathway that targets SMXL3/4/5 proteins remains. One repeatedly
discussed potential regulator of SMXL3/4/5 is the receptor DWARF14-LIKE2 (DLK2). D14, KAI2
and DLK2 all belong to the same family of a/B-hydrolases (Bythell-Douglas et al. 2017). DLK2
possesses the catalytic triade (Ser-102, Asp-223, His-253) and can weakly hydrolyse the syn-
thetic SL enantiomer GR24°"-%PS (Vegh et al. 2017). While KAI2 and D14 bind KAR and SL,
respectively, the natural ligand for DLK2 is so far unknown (Vegh et al. 2017; Kagiyama et al.
2013; Zhao et al. 2015). Similar to SMXL3/4/5, DLK2 behaves a bit differently from its homo-
logues when it comes to rac-GR24 induced degradation. Unlike D14 and KAI2, degradation of
DLK2 is not induced upon rac-GR24 treatment (Chevalier et al. 2014; Waters et al. 2014; Vegh
et al. 2017). Moreover, dlk2 mutants show normal growth and exhibit no max2-specific pheno-
types, such as branching or abnormal photomorphogenic responses (Vegh et al. 2017; Shen et
al. 2007; Waters et al. 2012). Interestingly, not protein activity, but DLK2 expression is depend-
ent on MAX2 and KAI2 and upregulated during SL/KAR signalling (Waters and Smith 2013;
Stanga et al. 2013; Scaffidi et al. 2014). Consequently, DLK2 is tightly connected to SL/KAR
signalling pathways, but most likely not directly involved (Vegh et al. 2017). This behaviour is
very similar to SMXL3/4/5, which can be functionally replaced by the KAR-signalling target
SMAX1 if expressed under the SMXL5 promoter, but are themselves SL/KAR resistant. Whether
DLK2 is indeed the long-sought receptor that signals via SMXL3/4/5 has yet to be investigated.

94



Discussion

5.2.2 PSE differentiation and SMXL5 expression are regulated by auxin

The plant hormone auxin plays a role in many fundamental growth processes and was
recently described as important regulator of protophloem formation in a BRX-mediated molecu-
lar rheostat. The study showed that BRX interacts with the D6 PROTEIN KINASE (D6PK)-like
protein kinase PROTEIN KINASE ASSOCIATED WITH BRX (PAX) at the rootward end of the
PM to modulate the auxin flux within PSEs (Marhava et al. 2018). Auxin is polarly transported
by PIN-FORMED (PIN) proteins that co-localize with BRX and PAX at the basal PM (Marhava
et al. 2018; Adamowski and Friml 2015). Cellular auxin flux and definite auxin levels determine
organ patterning (Blilou et al. 2005). During root formation, an auxin maximum positions the QC,
comparatively low auxin levels are found in dividing daughter cells and higher levels can be
observed in differentiating cells, such as PSEs (Marhava et al. 2018; Santuari et al. 2011;
Grieneisen et al. 2007; Sabatini et al. 1999). Auxin efflux is modulated by D6PK- and PINOID
(PID)-dependent phosphorylation of PINs (Barbosa et al. 2014; Zourelidou et al. 2014; Weller
et al. 2017). In protophloem formation, it was proposed that BRX blocks auxin efflux by binding
PAX at the PM. Consequently, auxin levels within the cell rise until a certain threshold is reached
at which BRX dispatches and PAX becomes active. If PAX is not bound to BRX, it phosphory-
lates PIN and auxin is transported out of the cell. If the auxin efflux is inhibited, PSEs fail to
differentiate. This important dynamic rheostat is genetically supported, since the pax mutant
phenotype shows gap cells similar to brx (Marhava et al. 2018). Of note, BRX also modulates
ARF activity and is in itself activated by the transcription factor ARF5/MP (Santuari et al. 2011).
Thus, there is a tight interplay between auxin and important protophloem regulators.

Since SMXL3/4/5 are fundamental and novel protophloem regulators, it would be interest-
ing to explore a possible connection to auxin flux or signalling. Interestingly, SMXL5 is a reported
target of ARF3, which is also known as ETTIN (ETT) (Simonini et al. 2017). During canonical
auxin signalling, auxins, such as IAA, bind the F-box protein and receptor TRANSPORT INHIB-
ITOR RESPONSE 1 (TIR1). This induces ubiquitination of Aux/IAA repressor proteins, which
otherwise repress ARF activity by binding to their PB1 (Phox/Bemlp) domain (Guilfoyle 2015;
Dharmasiri et al. 2005). ARF3 lacks the PB1 domain and is therefore not directly involved in
canonical auxin signalling (Simonini et al. 2016). Instead of modulating ARF3 activity via
Aux/IAA suppressors, auxin changes the ARF3 binding capacity to certain promoters, such as
SMXL5. Consequently, SMXL5 transcription is induced by ARF3 binding to its promoter, but
downregulated in the presence of the natural auxin IAA, since IAA leads to detachment of ARF3
from the SMXL5 promoter region. Of note, the ARF3 targets were identified by chromatin im-
munoprecipitation sequencing (ChlPseq) analysis conducted in inflorescence tissues. Although
SMXL3 and SMXL4 also appear in the ChlPseq, their potential modulation by ARF3 is not con-

clusive (Simonini et al. 2017). For SMXL3 this could be for instance explained by the weak
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expression pattern in above-ground organs. Nevertheless, SMXL3/4/5 are promising candidates

for playing an important role in auxin-dependent protophloem formation.

5.3 SMXL4/5 are regulated on the mRNA level

Post-transcriptional regulation is an important and common mechanism to modulate tran-
script abundance and consequently protein synthesis rates. So far, two interesting and com-
pletely independent mechanisms have been described to target SMXL4/5 mRNAs for silencing
or translational inhibition (Cho et al. 2018; Wu et al. 2017).

5.3.1 SMXL4/5 are targets of post-translational gene silencing

Gene silencing utilizes many different regulatory mechanisms which involve small, double-
stranded RNA sequences commonly known as small interfering RNAs (siRNAs) (Borges and
Martienssen 2015). One pathway that targets unwanted transcripts involves trans-acting small
interfering RNAs (ta-siRNAs) that originate from TAS genes. TAS gene transcripts are pro-
cessed by ARGONAUTE (AGO) proteins AGO1 or AGO7 within a RNA-induced silencing com-
plex (RISC) according to a micro RNA (miRNA) template. The processed transcript is converted
into double stranded RNA (dsRNA) by RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) and
SUPPRESSOR OF GENE SILENCING 3 (SGS3) and cleaved by the DICER-LIKE 4 (DCL4)
ribonuclease into 21 nucleotide (nt) long ta-siRNAs and DCL2 in 22 nt long ta-siRNAs (Dunoyer
et al. 2005; Xie et al. 2005; Yoshikawa et al. 2005; Parent et al. 2015). Those ta-siRNAs are
loaded into AGO1 as template to target specific transcripts for degradation (Yoshikawa 2013).
An important target of ta-siRNA-mediated silencing is for instance ARF3 (Williams et al. 2005;
Fahlgren et al. 2006). In dc/4 mutants or when DCL4 function is compromised by viral infections,
DCL2 substitutes for DCL4, which leads to accumulation of 22 nt long ta-siRNAs (Xie et al. 2005;
Wu et al. 2017; Bouche et al. 2006). Cleavage products of 22 nt long ta-siRNAs are not de-
graded, but further processed into secondary siRNAs by the siRNA pathway that is usually trig-
gered after viral infection or after introducing a transgene (Chen et al. 2010; Jouannet 2011;
Baulcombe 2004). Surprisingly, secondary siRNAs are produced in dc/4 mutants that target the
protein-coding transcripts of SMXL4 and SMXL5. Consequently, dc/4 mutants exhibit the same
developmental defects and phenotypes that can be found in smx/4;smxI/5 double mutants, in-
cluding short roots and increased sugar and starch levels in source tissues (Wu et al. 2017).
Unlike viral genes or transgenes, SMXL4 and SMXL5 show only low transcript abundance within
a very restricted tissue type. It is thus unclear why they are targeted by post-transcriptional gene
silencing in the absence of DCL4. However, it is intriguing that besides SMXL4 and SMXL5 also
BAM3 is among the five genes that show the highest production of siRNAs in dc/4 mutants (Wu
et al. 2017). Taken those observations together, | hypothesize that SMXL4 and SMXL5 are not

just coincidental off-targets. Summarizing the so far discussed aspects, an evident pattern
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emerges: ARF3 is a target of DCL4-dependent ta-siRNAs to regulate spatio-temporal organ
patterning and positively regulates SMXL5 transcription if auxin levels are low (Fahlgren et al.
2006; Simonini et al. 2017). Auxin levels spatio-temporally control protophloem formation
(Marhava et al. 2018). SMXL4/5 are fundamental phloem regulators whose mutant phenotype
can be mimicked by CLE45 treatments (Depuydt et al. 2013; Wallner et al. 2017). Transcripts
encoding for the CLE45 receptor BAM3 and both positive phloem regulators SMXL4 and SMXL5
are targeted for gene silencing if DCL4 function is compromised (Wu et al. 2017). Consequently,
| propose that a complex molecular network involving post-transcriptional gene silencing,
SMXL4/5, CLE-mediated signalling and auxin-mediated responses is required for proper spatio-

temporal protophloem formation.

5.3.2 JULGI controls SMXL4/5 translation by RNA G-quadruplex formation

A quite fascinating mechanism that regulates SMXL4 and SMXL5 translation was identi-
fied by a collaborating research group. The mechanism centres around a zinc-finger RNA-bind-
ing protein called JULGI (JUL) that binds the 5 UTR of SMXL4 and SMXL5 to induce and sta-
bilize a G-quadruplex structure that inhibits SMXL4/5 mRNA translation (Cho et al. 2018). G-
quadruplexes are 3D structures of DNA or RNA that represent an alternative interaction and
folding mechanism to the commonly known Watson-Crick model. The formation of G-quadru-
plexes requires guanine (G)-rich sequences that are folded into stacked G-quartets and hold
together by hydrogen-bonds. Each G-quartet consists out of four G bases that are assembled
in a planar fashion (reviewed in Bugaut and Balasubramanian 2012). Those structures are found
in both prokaryotes and eukaryotes and serve important regulatory functions (Song et al. 2016).
DNA G-quadruplexes, for instance, are formed at the 3’ overhang of telomeres to protect chro-
mosomes from telomerase activity (Wang and Patel 1993; Bugaut and Balasubramanian 2012).
RNA G-quadruplexes are found in translational control of many transcripts encoding for human
oncogenes, epigenetic regulators or transcription factors (Song et al. 2016; Wolfe et al. 2014).

In plants, G-quadruplex motifs can be detected in many cambium and phloem-specific
mRNAs, such as SMXL4/5, BAM3, HIGH CAMBIUM ACTIVITY 2 (HCA2), NEN1 or SEOR2
(Cho et al. 2018). Of note, G-quadruplex formation via JUL was so far only investigated and
proven for SMXL4/5 transcripts. The JUL and SMXL3/4/5 expression patterns nicely coincide in
phloem and (pro-)cambium. If sucrose levels are high, JUL1/2 are induced to stabilize G-quad-
ruplex formation at the 5’UTR of SMXL4/5 transcripts. This dampens their translation and con-
sequently suppresses phloem formation. The mechanism builds a unique regulatory hub within
vascular plants to balance phloem formation: Overexpression of JUL1 and its homologue JUL2
leads to smxl4;smxI5-specific phloem defects, whereas suppression of JUL1/2 results in en-
hanced phloem formation and an increase in sink strength due to accumulation of SMXL4/5

proteins. Seeds produced in JUL1/2 knock-down lines were significantly larger, which again
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highlights the importance of SMXL4/5 as promoters of plant fithess and even suggests potential
applications to increase crop yield (Cho et al. 2018). Interestingly, SMXL3 transcripts do not
seem to form a G-quadruplex. Since SMXL3 promoter activity is predominantly found in the root,
it could be speculated that SMXL3 is required to ensure protophloem formation in the RAM.
Even if sucrose levels are high and JUL1/2 targets SMXL4/5 transcripts to restrict additional
sugar transport into sinks, the connection of differentiating PSEs to the RAM has to be main-

tained.

54 SMXL 3/4/5 fulfil distinct functional roles

Although SMXL3/4/5 act redundantly during protophloem formation in the RAM, those
three genes show distinct differences in expression pattern, onset of expression, regulation and
subtle differences in function.

For instance, SMXL3 and SMXL5 expression is induced at different time points during
phloem formation. In the in-vitro system called Vascular Cell Induction Culture System Using
Arabidopsis Leaves (VISUAL) leaf mesophyll cells are reprogrammed into procambium cells
and subsequently into phloem and xylem by exposing leaves to the Glycogen synthase kinase
3 proteins (GSK3) inhibitor bikini (Kondo et al. 2015; Kondo et al. 2014). Even if procambium,
phloem and xylem formation is ectopically induced, the underlying molecular regulators remain
the same and can be investigated under controlled conditions (Kondo et al. 2015; Kondo et al.
2016). Interestingly, Kondo et al. 2016 categorized genes involved in phloem formation accord-
ing to their onset of gene expression into four different modules. While SMXL5 resides together
with BAM3, HCA2, SEOR2 and other important and early phloem regulators in the first module,
SMXL3 was grouped into module Ill. SMXL4 could not be detected by the array (Kondo et al.
2016). Of note, VISUAL is an artificial system and | did not detect different onsets of SMXL3/4/5
activity in promoter-reporter lines. Nonetheless, this data suggests that SMXL3/4/5 might be

differentially regulated and could fulfil slightly diverse roles during phloem formation.

5.41 SMXL3 and SMXL5 act on procambium formation

In comparison to the phloem-specific SMXL4 gene, promoter activities of SMXL3 and
SMXL5 are slightly broader and can not only be found in developing proto- and metaphloem but
also in the procambium. Moreover, SMXL3 promoter activity is even detected in the PPP. It is
therefore likely that SMXL3/5 fulfil additional roles in the procambium that are independent from
SMXL4. Indeed, SMXL3 acts together with SMXL5 in promoting procambial divisions in the
stele. Already in 2 day-old roots, smxI3;smx/5 double mutants show a significant reduction in
stele cell number, whereas procambial divisions are unaffected in smx/4;smxI5 and smxI3;smxI4
mutants. This is a very interesting and defined difference between the functional role of SMXL4

and SMXL3/5. Recent data from one of our collaborating groups proposes a complex, regulatory
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machinery that spatio-temporally determines vascular divisions during radial root growth
(Miyashima et al. personal communication). In this study, the role of PHLOEM EARLY DOF 1
(PEAR1) and PEAR?Z transcription factors, also known as DOF2.4 and DOF 5.1, respectively,
was investigated. PEAR transcription factors are specifically expressed in developing PSEs, but
show protein movement into adjacent procambium cells. The expression of PEAR1/2 and its
homologues OBP2/DOF1.1, DOF6/DOF3.2, TMO6/DOF3.4 and HCA2/DOF5.6 is induced by
cytokinin signalling to promote periclinal cell divisions in the procambium. Consequently, the
data suggests that initial radial growth in form of procambial divisions occurs around PSEs.
Class Il HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP 1ll) genes act in a negative feedback loop
to counteract PEAR activity. Interestingly, SMXL3 is a reported direct downstream-target of
PEAR transcription factors. Ectopic overexpression of either PEAR2 or SMXL3 results in a mas-
sive increase of vascular cells in the stele (Miyashima et al. personal communication). Although
SMXL5 seems to act together with SMXL3 in inducing periclinal procambium divisions, SMXL5
was not reported to be a direct downstream target of PEARs. Consequently, several possible
scenarios exist: SMXL3 and SMXL5 could fulfil the same function within their expression do-
main, although being differentially regulated by PEARs or ARF3, respectively (Miyashima et al.

personal communication) (Simonini et al. 2017).

5.4.2 SMXL5 promotes secondary phloem formation

Differences in the regulatory roles of SMXL3/4/5 become especially apparent when look-
ing at cambium dynamics and phloem formation in the stem. While SMXL3 expression is largely
absent in above ground organs, SMXL4 and SMXL5 show distinct promoter activities in differ-
entiated phloem and proposed phloem-precursors, respectively. Even more surprisingly,
SMXL5 activity alone is sufficient to induce secondary phloem formation within IC regions. In-
terestingly, only smxi4;smxI5 double mutant stems show an additional increase in CDT produc-
tion, which is absent in the respective single mutants. This indicates that the increased CDT
production in smxl4;smxI5 reflects a pleiotropic gene function and not a secondary side effect
induced by the absence of phloem differentiation. Moreover, grafting smx/4;smxI5 plants onto
wild type roots also indicates that the observed cambium phenotype in smx/4;smxI5 stems is
caused by a local absence of SMXL4/5 and not by an impaired root system or by elevated sugar
levels. | thus hypothesize that SMXL5 acts on phloem formation and additionally suppresses
cambium activity in concert with SMXL4. These observations not only indicate that SMXL4 and
SMXL5 hold special functional roles, they could also help to elucidate long-standing questions
about cambium regulation and potential cambium sub-domains.

Unlike in the RAM, above-ground organs establish phloem and xylem de-novo from
(pro-)cambium cells (Scarpella and Helariutta 2010). Although this suggests a tight intercon-

nectedness between cambium activity and vascular tissue production, the relation between
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those two processes has proven to be quite complex. Overexpression of the transcription factor
HCA2/DOF5.6, for instance, induces IC activity and the abundance of secondary phloem, but
downregulates xylem-related genes (Guo et al. 2009). This exemplifies that cambium activity
not necessarily correlates with the amounts of produced xylem and phloem tissues. In fact,
known cambium markers are either expressed towards the distal phloem or the proximal xylem
side. This bipartite organization can be observed for the LRR-RLKs MOL1 and PXY, which
counteract each other to balance cambium homeostasis (Etchells et al. 2016; Gursanscky et al.
2016). Besides MOL1, SMXL5 is the first gene that marks both phloem and distal cambium cells
during radial growth. Its investigation is therefore of great interest to determine cambial sub-
domains and to understand their dynamics. While cell identities and spatio-temporally controlled
division events can be determined for each cell within the RAM (Cederholm et al. 2012;
Rodriguez-Villalon et al. 2014), it is up-to date not clear which cells actually divide within the
cambium nor if a dormant organizing centre exists (Sanchez 2013). SMXL5 fulfils a much con-
served role as a major phloem regulator across different organs and growth stages. Comparing
its function in phloem proliferation and differentiation between the well-studied RAM and the IC
could therefore help to shed some light on cambium regulation. The RAMs of smx/4,;smxI5 show
a delay of the second tangential cell division within the phloem cell lineage. Consequently, one
possibility would be that more SE precursor cells are produced without splitting tangentially to
acquire proto- and metaphloem cell fate (Wallner et al. 2017; De Rybel et al. 2016). Of note, the
actual cell identity of those additional, non-tangentially dividing cells still needs to be determined.
Comparing this phenotype to the cambium, we can observe a similar behaviour: More cambium-
derived vascular cells are produced in smx/4;smxI5. Towards the phloem side those “phloem-
precursors” fail to differentiate. Their cell identity and differentiation stage is still unknown. How-
ever, deducing the situation from the RAM, we can hypothesize that those “precursors” are the
cells dividing excessively in smx/4;,smx/5 and not necessarily the actual cambium stem cells.
This hypothesis assumes the existence of different cambium sub-domains with distinct behav-

jour.

5.4.3 SMXL4 is the most specific phloem gene and linked to salt stress

The astonishing vascular-specificity of SMXL4 was already described in 2014, before its
actual role in plant development became clear (Zhang et al. 2014a). Interestingly, the promoter
region of SMXL4, which is also known as Arabidopsis HEAT SHOCK PROTEIN RELATED
(AtHSPR), contains several proposed cis-regulatory elements that are mostly involved in stress-
and environmental responses, such as cold, heat, salt, pathogen or wounding (Zhang et al.
2014a). It has been shown that SMXL4 expression can be enhanced by treating plants with the
hormone abscisic acid (ABA) or salt (Yang et al. 2015; Finkelstein 2013). Mutants of smx/4 react

hypersensitive to salt and are impaired in ABA-induced closure of stomata (Yang et al. 2015;
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Lim et al. 2015). Since stomata opening and closure is an essential hub for regulating transpi-
ration and gas exchange, smx/4 single mutants are especially prone to drought stress (Yang et
al. 2015). Based on transcriptome analysis and an increase in stress and reactive oxygen spe-
cies (ROS) responsive genes in smxl4, it was thus hypothesized that SMXL4 plays a role in
promoting antioxidative response mechanisms against salt-induced ROS (Yang et al. 2016). Of
note, similar stress-responsive and redox-homeostasis-mediating genes, such as GLU-
TAREDOXINs (GRXSs) (Meyer et al. 2008) are also up-regulated in the transcriptome of our
grafted smxl4;smxI5 stem bases. There are two possible explanations: First of all, those stress
responses are a consequence of impaired phloem formation and the resulting imbalance in me-
tabolite homeostasis and transport. Since SMXL3/4/5 acts dose-dependently in phloem for-
mation, smxl/4 single mutants are - although not phenotypically apparent in our laboratory con-
ditions - slightly compromised in growth and therefore hypersensitive to a variety of stresses
(Yang et al. 2016). The second possibility is that SMXL4 is indeed directly and actively involved
in antioxidative stress responses. SMXL family members are closely related to HSP101, which
is an essential regulator of thermotolerance (Queitsch et al. 2000). Thus, it can be speculated
that SMXLs are involved in modulating growth responses according to environmental conditions.
This is an interesting aspect for future studies, since it could directly link environmental cues to

phloem formation.

5.5 Hypothesizing about a SMXL-OBE3 chromatin remodelling complex

The PHD-finger protein OBES is the first identified interaction partner of SMXL3/4/5. OBEs
act in SAM maintenance as well as embryonic root initiation and vascular patterning during em-
bryogenesis (Lin et al. 2016; Saiga et al. 2008; Saiga et al. 2012; Thomas et al. 2009). OBEs
are proposed members of a chromatin remodelling complex that modulates chromatin states
and thereby regulates transcription. During embryogenesis, OBEs are reported key factors for
transcription of the MP/ARF5 downstream targets TMO5 and TMO7 (Saiga et al. 2008; Saiga
et al. 2012). Since OBE3 is nuclear localized and ubiquitously expressed, its contribution to
several diverse growth processes is not surprising. It is therefore tempting to speculate about a
role of SMXL3/4/5-OBE3 complexes in transcriptional regulation of important phloem regulators.
Deciphering the role of the SMXL5-OBE3 protein complex could thus provide new knowledge
about transcriptional regulation and chromatin remodelling.

Chromatin describes a tightly organized association between genomic DNA that is
wrapped twice (147 bp) around octamers of histone proteins formed by H2A-H2B and H3-H4
dimers (Hauer and Gasser 2017; Luger et al. 1997). Together, histones and DNA form nucleo-
somes, which are the core building blocks of chromatin and stabilized by H1 (Figure 5.1) (Hauer
and Gasser 2017; Hergeth and Schneider 2015). Histone modifications fundamentally deter-

mine the strength of interaction between negatively-charged DNA and positively-charged amino
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acid-residues on histones (Hauer and Gasser 2017). This fine-tuned modulation of chromatin
states and thus accessibility of promoter regions is an essential regulatory hub that controls
gene transcription in eukaryotes. Whereas euchromatin is associated with active gene transcrip-
tion, heterochromatin is densely packed and found in transcriptionally inactive regions, such as
telo- and centromeres (Tamaru 2010). Post-translational histone modifications can be manifold
and include heterochromatin-promoting methylation of lysine or arginine as well as euchromatin-
promoting acetylation of lysine residues at H3 (Lachner and Jenuwein 2002; Shahbazian and
Grunstein 2007). Chromatin remodelling complexes are essential machineries that modulate
and translocate nucleosomes to regulate transcription (Erdel et al. 2011; Voss and Hager 2014).
Their function is ATP-dependent and requires a nucleosome-interacting domain, such as a
bromo-associated homology domain (BAH), a plant homeodomain (PHD) or chromodomain
(CHD) as well as ATPase activity (Erdel et al. 2011).

Interestingly, OBE3 carries a PHD zinc-finger (Figure 5.1) (Saiga et al. 2008). PHD fin-
gers can read the modification state of H3K4, H3K14 and H3R2 and - depending on the
protein - bind preferentially to methylated, unmodified or even acetylated H3 residues (Sanchez
and Zhou 2011).

Quite fittingly, most SMXLs display one or more predicted pore-loop NTPase domains
that - if mapped by InterPro (EMBL-EBI, Cambridgeshire, UK) - are closely related to ATPases
of the SNF2 superfamily and were also identified as AAA ATPase domains in D53 (Ma et al.
2017). The majority of chromatin remodellers with ATPase activity belong to the SNF2 family
(Erdel et al. 2011). Moreover, AAA ATPases, such as SMXLs and D53, are known to allow
hexamer formation, which suggests that SMXLs form homo- or heterohexamers with each other
(Ma et al. 2017; Gardner et al. 2018). Preliminary data from our lab show that SMXL5 has the
capacity to interact with itself after transient expression in Nicotiana (Vadir Lopez-Salmeron,
personal communication). Whether SMXLs truly interact in hexamers and whether their interac-
tion is restricted to homo-hexamers, involves only members of a specific sub-clade or can trans-
cend clades by incorporating all eight SMXL family members into a hetero-hexamer has yet to
be determined. Interestingly, SMXL5 can be functionally replaced by SMAX1 if the latter is ex-
pressed under the SMXL5 promoter. This indicates that SMXL family members are not restricted
to a certain function by their sub-clade, but by their expression domain. Considering this, | spec-
ulate that all SMXL family members have the potential to be incorporated into a hexamer if
residing in the same nucleus. The MAX2-dependent ubiquitination-motif of D53 and SMXL sub-
clade 1 and 4 has recently been predicted to form a pore-loop, although the usually conserved
tyrosine is replaced by a lysine. This additional positive charge could help to thread DNA through
the pore-loop of a D53-hexamer for transcriptional regulation (Ma et al. 2017; Zhou et al. 2013).
The fact that SMXL3/4 lack this amino acid sequence and that SMXL5 has no predicted pore-
loop NTPase domain at all (Figure 5.1), could also significantly alter their role in DNA-interaction

and transcriptional regulation. Consequently, the altered RGKTGI-sequence of SMXL3/4/5
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makes them - once again - special in comparison to all other SMXL family members and their

closer investigation even more compelling.

5.6 Conclusion and outlook

This study revealed novel and fundamental roles of the so far underexplored SMXL family
members SMXL3/4/5 in phloem formation and (pro-)cambium regulation. SMXL3/4/5 act redun-
dantly in spatio-temporal regulation of protophloem initiation and differentiation within the RAM.
They are the first identified phloem regulators that are already active in phloem initials and the
first reported genes whose double mutants are completely deprived of protophloem formation.
Their function is therefore irreplaceable in maintaining the stem cell niche, root growth and plant
vitality in general. Apart from their redundant function in protophloem formation, SMXL3/4/5
show subtle, but important differences in expression pattern and function. SMXL3 and SMXL5
play additional roles in procambium formation of roots. SMXL5 alone is sufficient to promote
secondary phloem formation during radial growth, but acts together with SMXL4 in suppressing
CDT production. Unlike all other SMXL family members, SMXL3/4/5 act independently from
MAX2-mediated SL- and KAR-signalling and their encoded proteins are non-degradable by the
SL/KAR-analogue rac-GR24. Interestingly, work from other groups show that SMXL3/4/5 are
transcriptionally regulated by DOF transcription factors, salt stress or auxin-dependent
ETT/ARF3, respectively. Moreover, SMXL4/5 protein levels are controlled post-transcriptionally
by RNA silencing mechanisms and JUL-mediated G-quadruplex formation. The PHD-finger
OBES3 is the first identified protein-protein interaction partner that mediates SMXL3/4/5-depend-
ent protophloem formation during early vegetative growth. Intriguingly, 6xcMyc-OBE3 showed
two bands in my Western blots: One with the expected size that did not co-immunoprecipitate
with SMXL5-3xHA and another slightly larger version that did co-immunoprecipitate. Conse-
quently, further studies should investigate whether OBE3 is post-translationally modified and
whether this modification is required for a protein-protein-interaction with SMXL5. Moreover, the
lack of genetic interaction with the other OBE family members should be further investigated.
Similar to the study in OBE3-mediated SAM maintenance (Lin et al. 2016), only one mutant
allele was used in this study for each OBE gene. Although they are published as functional
knock-outs that show convincing effects on embryogenesis (Saiga et al. 2008; Saiga et al.
2012), itis not clear whether truncated versions of OBE1/2 and OBE4 proteins are still produced
and sufficient to fulfil their function during phloem formation.

Based on the OBE and SMXL protein domains it can be hypothesized that OBE3-
SMXL3/4/5 form chromatin remodelling complexes to control transcription of downstream tar-
gets, such as important phloem regulators (Figure 5.1). The identification of downstream targets
is therefore an essential next step to gain a better mechanistic understanding of the SMXL3/4/5-

OBES3 interaction. Moreover, it will allow to integrate SMXL3/4/5 into the molecular network of
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phloem regulation by either revealing a link to known phloem regulators or by describing a com-
pletely new pathway. Of note, SMXL and OBE proteins do not carry an obvious DNA-binding
domain. If involved in chromatin remodelling, SMXL3/4/5-OBE3 complexes must contain addi-
tional binding partners with DNA-binding capability mediating target specificity. Identifying those
transcription factors could generate fantastic new insights into phloem development that are of
great interest for gaining a deeper understanding of phloem formation in particular and cell dif-

ferentiation in general.
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Figure 5.1 SMXL3/4/5 and OBE3 protein domains and working hypothesis
Shown are schematic representations of SMXL3, SMXL4, SMXL5 and OBE3 amino acid se-

quences with important protein domains predicted by InterPro (EMBL-EBI, Cambridgeshire,
UK). In my working hypothesis, SMXL3/4/5 interact with OBE3 in a chromatin remodelling com-
plex to modulate transcription of downstream targets.
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