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Summary

Plant tissue morphogenesis requires the cell to cell communication during many processes like
growth, development, and cellular responses to biotic and abiotic stress. The cell wall constitutes the
principal element of the underlying mechanism in plants and it undergoes remodeling to accommodate
tissue morphogenesis and counteract pathogen attack. The cell wall remodeling suggests a
necessity for a mechanism that would sense any physico-chemical alterations occurred in the cell
wall, and elicit a corresponding cellular response. The essential cell wall surveillance mechanisms
remain poorly understood in plants. In Arabidopsis, the cell surface leucine-rich repeat receptor
kinase STRUBBELIG (SUB) is involved in tissue morphogenesis of many organs. In previous work,
SUB and its signaling components QUIRKY (QKY) and ZERZAUST (ZET) have been linked to cell
wall biology. The whole-genome transcriptomic analysis revealed that many genes responsive to
SUB-mediated signal transduction relate to cell wall remodeling (Fulton et al., 2009). Additionally,
the sub, gky, and zet mutants share overlapping defects in cell wall biochemistry (Vaddepalli et al.,
2017). To understand the molecular mechanism underlying SUB regulated cell wall biochemistry, the

role of SUB in cell wall signalling is analysed.

Cellulose is a load-bearing element in the cell wall and synthesized by cellulose synthase (CESA)
complex at the plasma membrane. In recent past years, impairing cellulose biosynthesis has become a
popular method to study cell wall integrity signaling in Arabidopsis. Plant cells respond to alteration
in cellulose content of the cell wall, for example, genetically or pharmacologically inhibition of
cellulose biosynthesis results in ectopic lignification, callose accumulation and transcriptional
upregulation of defense marker genes. The herbicide isoxaben is a well-characterized cellulose
biosynthesis inhibitor and has been frequently used to create cell wall damage (CWD) in the plant cell.
The data presented here indicate that SUB promotes cellular responses like reactive oxygen species
(ROS) production, stress marker gene induction, ectopic lignin, and callose accumulation upon
isoxaben treatment. Additionally, my data also suggest that SUB signaling is required for the recovery
of the root growth after transient exposure to isoxaben. Furthermore, genetic data indicate that SUB
promotes the isoxaben-induced cell wall stress response independently from other known receptor
kinase genes mediating this response, such as THESEUS1 or MIK2. In this study, | also
report that cellulose biosynthesis inhibition (CBI) upon isoxaben treatment results in the sub like root
and floral organ phenotypic defect in wild type plant. Further analysis revealed that CBI induced CWD
eventually attenuate SUB activity by a post-transcriptional mechanism. Ectopic expression of SUB in
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wild type plant ameliorates the detrimental effect of isoxaben on floral organ morphology and root hair
cell patterning. The combined data reveal a novel role for SUB signaling in the response to cell wall
damage induced by CBI. Thus, | propose SUB to function in least two distinct biological processes:

the control of tissue morphogenesis and the cell wall stress response.

Cortical microtubule regulates the architecture of the cell wall by directing the deposition patterns of
cell wall material at the plasma membrane. In light of SUB’* role in regulating cell wall biochemistry, | also
explored microtubule dynamics in sub mutants. My analysis revealed that sub mutants exhibit a defect in
microtubule orientation in root epidermis cell. In my third task to identify additional factors of the SUB
signaling pathway, | have found several interesting candidate genes like KINESIN 7.4
(KIN7.4), TORTIFOLIA 1 (TOR1), Wall associated kinase 2 (WAK2), and Clathrin heavy chain 2 (CHC2).
In this study, KIN7.4 has been characterized. KIN7.4 is a microtubule-binding motor protein. It belongs
to kinesin family 7 in Arabidopsis and member of this family have been shown to involved establishing cell
polarity during plant development. The functional analysis revealed that KIN7.4 is a positive regulator of
root hair cell patterning in Arabidopsis. However, its closest homolog KIN7.2 does not participate in SUB
mediated floral organ morphogenesis or root hair cell patterning. The Gene expression analysis suggests
that KIN7.4 is expressed broadly and has an overlapping expression pattern as SUB. Protein localization
experiments indicate that EGFP:KIN7.4 is associated with cortical microtubule and also colocalize with
SUB:mCherry at the plasma membrane. Genetic and yeast-two-hybrid data indicate that SUB
and KIN7.4 can interact directly. Thus, my data suggest that KIN7.4 is involved in SUB mediates tissue

morphogenesis in a tissue-dependent manner.



Zusammenfassung

Gewebemorphogenese in Pflanzen setzt Zell-Zell-Kommunikation fir viele Prozesse, wie Wachstum,
Entwicklung und zelluldre Reaktionen auf biotischen und abiotischen Stress, voraus. Die Zellwand
stellt in Pflanzen das Grundelement des zu Grunde liegenden Mechanismus dar und durchlduft
Umstrukturierung, um die Gewebemorphogenese zu ermdglichen und Pathogenangriffen entgegenzu
wirken. Die Umstrukturierung der Zellwand legt die Notwendigkeit eines Mechanismus nahe, der
physicochemische Verénderungen der Zellwand bemerkt, und eine entsprechende zellulédre Antwort
auslost. Der zentrale Zellwand-Uberwachungsmechanismus in Pflanzen bleibt wenig verstanden. In
Arabidopsis ist die atypische Retzeptorkinase STRUBBELIG (SUB) an der Gewebemorphogenese
vieler Organe beteiligt. In vorherigen Arbeiten wurden SUB und seine Signalkomponenten QUIRKY
(QKY) und ZERZAUST (ZET) mit der Zellwandbiologie in Verbindung gebracht. Die whole-genome
Transkriptionsanalyse zeigte, dass viele Gene, die auf SUB-vermittelte Signaltransduktion reagieren,
die Zellwandumstrukturierung betreffen (Fulton et al., 2009). Zusatzlich teilen die sub, gky und zet
Mutanten Uberlappende Defekte der Zellwandbiochemie (Vaddepalli et al., 2017). Um die molekularen
Mechanismen hinter der SUB-regulierten Zellwandbiochemie zu verstehen, wird die Rolle von SUB

im Zellwand-signalling analysiert.

Zellulose ist ein Fracht-tragendes Element der Zellwand und wird durch den Zellulose-Synthase
(CESA) Komplex an der Plasmamembran synthetisiert. In den letzten Jahren, wurde die
Beeintrachtigung der Zellulose Biosynthese eine beliebte Methode, um das Zellwandintegritéts-
signalling in Arabidopsis zu untersuchen. Pflanzenzellen reagieren auf Veranderungen im
Celluloseanteil der Zellwand. Beispielsweise bewirkt genetische oder pharmakologische Hemmung
der Zellulose Biosynthese eine ektopische Lignifizierung, Callose Akkumulation und transkriptionelle
Hochregulierung von Abwehr Markergenen. Das Herbizid Isoxaben ist ein gut charakterisierter
Zellulose Biosynthesehemmer und wurde hdufig genutzt um Zellwandbeschédigungen (CWD)
hervorzurufen. Die hier présentierten Daten deuten darauf hin, dass SUB nach Isoxaben-Behandlung
eine zellulare Antwort, wie Reactive oxygen species (ROS) Produktion, Stressmarkergen-Induktion,
ektopisches Lignin und Callose Akkumulation, fordert. Zusatzlich deuten meine Daten auch darauf
hin, dass SUB-signalling fur die Erholung des Wurzelwachstums nach vorlibergehender
Isoxabenbehandlung notwendig ist. Zudem lassen genetische Daten darauf schliel3en, dass SUB die
durch Isoxaben ausgeltste Zellwandstressantwort unabhé@ngig von anderen Rezeptorkinasen, die
gleiche Antwort steuern, fordert. Beispiele hierfir sind THESEUS1 oder MIK2. In dieser Studie

berichte ich auch, dass Zellulose Biosynthesehemmung (CBI) nach Isoxabenbehandlung in einem sub-
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ahnlichen phenotypischen Defekt der Wurzeln und Bluten in Wildtyp-Pflanzen hervorruft. Weitere
Untersuchungen zeigten, dass CBI-induzierte CWD eventuell die Aktivitdt von SUB durch post-
transkriptionelle Mechanismen schwécht. Ektopische Expression von SUB in Wildtyp-Pflanzen
verbesert die schadlichen Effekte von Isoxaben der Blitenorganmorphogenese und Wurzelhaar-
Zellanordnung. Die kombinierten Daten zeigen eine neue Rolle des SUB-signalling in der Antwort auf
CBl-induzierte Zellwandschadigungen. Demnach schlage ich vor, dass SUB in mindestens zwei
unterschiedlichen biologischen Prozessen fungiert: Der Kontrolle der Gewebemorphogenese und der

Zellwand Stressantwort.

Kortikale Mirkotubuli regulieren die Architektur der Zellwand, indem sie die Depositionsmuster
von Zellwandmaterial an der Plasmamembran dirigieren. Im Licht der Rolle von SUB’® in der
Zellwandbiochemieregulierung, habe ich auch die Dynamiken der Mikrotubuli in sub-Mutanten
untersucht. Meine Analysen zeigen, dass sub-Mutanten einen Defekt in der Orientierung der
Mikrotubuli in Zellen der Wurzelepidermis aufweisen. In meiner dritten Aufgabe weitere Fakrtoren
des SUB-Signaltransduktionsweges, habe ich einige interessante Kandidaten wie KINESIN 7.4
(KIN7.4), TORTIFOLIA 1 (TOR1), Wall associated kinase 2 (WAK2), und Clathrin heavy chain 2
(CHC2) gefunden. In dieser Arbeit wurde KIN7.4 charakterisiert. KIN7.4 ist ein Mikrotubuli-
bindendes Motorprotein. Es gehort zur Kinesin-Familie 7 in Arabidopsis, von deren Mitgliedern
gezeigt wurde, dass sie an der Etablierung der Zellpolaritat wahrend der Pflanzenmorphogenese
beteiligt sind. Die funktionelle Analyse zeigte, dass KIN7.4 ein positiver Regulator des Wurzelhaar
Zellmusters in Arabidopsis ist. Dennoch ist sein nahestes Homolog KIN7.2 nicht an der SUB-
vermittelten  Blitenmorphogenese oder des Wurzelhaar  Zellmusters  beteiligt. Die
Genexpressionsanalyse lasst vermuten, dass KIN7.4 weit exprimiert wird und ein mit SUB
uberlappendes Expressionsmuster besitzt. Proteinlokalisationsexperimente deuten darauf hin, dass
EGFP:KIN7.4 mit kortikalen Mikrotubuli assoziiert und auch mit SUB:mCherry an der
Plasmamembran kolokalisiert. Genetische und yeast-two-hybrid Daten deuten darauf hin, dass SUB
und KIN7.4 direkt miteinander interagieren kénnen. Somit deuten meine Daten darauf hin, dass

KIN7.4 gewebeabhdngig an der SUB-vermittelten Gewebemorphogenese beteiligt ist.
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1. Introduction

Plants being sessile organism are continuously challenged to various biotic and abiotic stresses during
the whole life span. To equilibrate for their lack of mobility, plants require a permanent and efficient
adjustment to ever-changing environmental conditions and flexibly adapt their postembryonic
developmental program. In plants, the extracellular cell wall constitutes a central element of the
underlying molecular mechanism. The plant cell wall is mainly composed of carbohydrates, such as
cellulose, hemicellulose, and pectin, and phenolic compounds, including lignin. The growth and
development of plants rely on the ability of the cell wall to regenerate and remodeled without losing
its integrity. In this regard, plants can detect the perturbation of their cell wall and activate respective
modifications in cell wall polymer interaction. These considerations imply a necessity for plant cells
to monitor cell wall integrity (CWI). Such a mechanism would sense any physio-chemical alterations
that occurred in the cell wall, and elicit a corresponding compensatory and protective cellular response
(Voxeur and Hofte, 2016; Wolf, 2017a; Franck et al., 2018)

1.1 The plant cell wall

The plant cell wall is a highly complex and heterogeneous network of cellulose microfibrils, which are
cross-linked to a matrix consisting of hemicellulose and pectin, structural proteins and lignin
(Humphrey et al., 2007). The cell wall between two neighboring cells comprises three layers: the
middle lamella, the primary cell wall and the secondary cell wall (Albersheim et al., 2010). During
cytokinesis, middle lamella is formed and is surrounded by two layers of the primary cell wall of two
adjacent cells. In typical growing cells first, the primary cell wall is made. It is typically a thin, flexible
layer (0.1-1 um) that consists primarily of complex polysaccharides and a small number of structural
proteins (Cosgrove, 2005). Once cells reach their mature size, some cells lay down a thick secondary
cell wall beneath the primary wall that provides plants with the mechanical properties (Cosgrove, 2005;
Keegstra, 2010).

The primary cell wall of most of the land plants mainly consists of three main components: cellulose,
hemicelluloses, and pectins although their relative proportion differs across different plant species
(Reddy and Yang, 2005; Humphrey et al., 2007). Cellulose is the main load-bearing element of the
cell wall and is synthesized by hexameric cellulose synthase (CESA) complexes traveling in the plasma
membrane (Desprez et al., 2007). The cellulose microfibrils are 3-5 nm wide and are organized in
parallel through non-covalent hydrogen bonds (Somerville, 2006; Cosgrove, 2014). Arabidopsis
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contains 10 CESA genes and CESA proteins show more than 60% sequence identity among themselves
(Holland et al., 2000). The cellulose production during primary cell wall formation requires CESA
rosette complex consists of CESAL, CESA3, and CESAG proteins whereas cellulose production during
secondary cell wall synthesis requires CESA 4, 7 & 8 (Somerville, 2006). Although CESA3 and
CESAG6 were thought to have a redundant function and compensate for the loss of one another,
however, both are needed for the formation of a functional rosette complex during primary cell wall
formation (Desprez et al., 2002). CESA complexes are thought to be directionally guided by
interactions with microtubules. They propel themselves through the plasma membrane by the excretion
of glucan chains which coalesce to form cellulose microfibrils (Somerville, 2006; Keegstra, 2010). The
orientation of cellulose microfibril deposition creates mechanical anisotropy in the wall and thus
decides the growth direction of the cell (Somerville, 2006; Cosgrove and J., 2014). They are embedded
in a matrix of complex polysaccharides, which are divided into two classes — hemicelluloses and

pectins.
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Figure 1. Schematic diagram of the plant cell wall. The plant cell consists of
cellulose, pectin polysaccharides (homogalacturonan, rhamnogalacturonan | and
rhamnogalacturonan I1) and two major hemicelluloses, xyloglucan and xylan, together
with minor fractions of mannan and glucomannan. In some plant tissues, cells also
generate a secondary cell wall that is largely composed of cellulose, hemicelluloses
(mostly xylans) and lignin.
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Hemicelluloses are B-(1,3; 1,4)-linked glucans chains and grouped into xyloglucans, xylans,
mannans and glucomannans (Scheller and Ulvskov, 2010). Xyloglucans are most abundant
hemicellulose with a linear B-1,4-linked glucan chain as backbone similar to cellulose but it is
decorated with xylose branches on three out of four glucose residues. It can also contain galactose and
fucose residues. Arabinoxylan consists of a (1,4)-linked B-D-xylan backbone decorated with arabinose
branches (Cosgrove, 2005; Scheller and Ulvskov, 2010; Burton et al., 2010). Other residues, such as
glucuronic acid and ferulic acid esters, also exist in arabinoxylans that are particularly abundant in
cereal grasses. Mannans are also found in primary cell walls and most likely function in the same way

as xyloglucan and arabinoxylan.

Pectin is considered as one of the most complex macromolecules in nature and comprises an
elaborated and heterogeneous group of covalently linked polysaccharides (Ridley et al., 2001). Pectin
is the main component of the gel-like matrix of the cell wall, especially in dicots. It includes
homogalacturonan (HG), rhamnogalacturonan | (RG-1), and to a lesser extent rhamnogalacturonan |1
(RG-I1), xylogalacturonan (XGA), arabinan and arabinogalactan I (Cosgrove, 2005; Mohnen, 2008;
Burton et al., 2010). Most pectin polysaccharides are a linear homopolymer of a-1,4-covalently linked
galacturonic acid (GalA) (Figure 1). It is also known as Homogalacturonan (HG) and it makes up to
65% of pectin (Mohnen, 2008; Sénéchal et al., 2014). HG has been shown to undergo polymerization
in the range of 81-117 GalA residues (Yapo et al., 2007), and they are methylated at the C-6 carboxyl
and O-acetylated at O-2 or O-3 (O’Neill et al., 1990). The mechanical property of the cell wall is
greatly influenced by the degree of methyl esterification (DM) of HG. The DM of HG is regulated by
cell wall-localized pectin methylesterases enzyme (PMEs, E.C. 3.1.1.11). The activity of PMEs is
controlled by endogenous PME inhibitors (PMEIs) (Pelloux et al., 2007; Wolf et al., 2009). PMEs
catalyzes the removal of the methyl groups form the HG leading to release of free carboxyl groups,
methanol, and protons (Wolf et al., 2009). PMElIs regulate PME activity by making a stoichiometric
1:1 complex and thereby inhibiting PME activity in the cell wall in a pH and ion concentration-
dependent ( Matteo et al., 2005). The de-methyl esterified form of HG makes an egg-box structure by
crosslinking with Ca2+. The egg-box structure provides adhesion between two cells (Willats et al.,
2001) and cell wall strength. The modulation of HG methyl esterification has a dramatic influence on
cell growth and has been shown to be the direct consequence of pectin-degrading enzymes such as
polygalacturonases, pectate lyases, and pectate lyases-like (Liners et al., 1992; Bouton et al., 2002;
Wolf et al., 2009; Sénéchal et al., 2014; Higaki et al., 2015). Moreover, methyl esterification state of

HG plays a vital role in various developmental processes such as phyllotaxis, lateral organ initiation in
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shoot apical meristem (SAM), hypocotyl development, pollen maturation and fruit ripening
(Wakabayashi et al., 2003; Francis et al., 2006; Derbyshire et al., 2007; Peaucelle et al., 2008, 2011;
Pelletier et al., 2010; Braybrook and Peaucelle, 2013; Paniagua et al., 2014).

The plant cell wall is also a great source of signaling molecule involved in activating cellular
processes for growth and defense against biotic and abiotic stress. It has been shown that specific
cellular responses can be induced by cell wall fragments thus considered as a signaling molecule (Ayers
et al., 1976; Aziz et al., 2007). These plant cell-based signaling molecules which stimulate innate
immunity responses has been named host-associated molecular patterns or damage-associated
molecular patterns, in analogy to pathogen-associated molecular patterns (PAMPs) (Zipfel et al., 2006;
Galletti et al., 2009). For example, pectin-derived oligogalacturonides (OGs) with a chain length
between 9 and 15 galacturonic acid residues induce transcriptional reprogramming, stomatal closure,
ethylene production, cell wall reinforcement and ROS production (Hahn et al., 1981; Nothnagel et al.,
1983; Simpson et al., 1998; Ridley et al., 2001; Osorio et al., 2007). OGs are capable of inhibiting root
morphogenesis by inhibiting auxin-induced gene expression of ROLB in transgenic leaf explants
(Bellincampi et al., 1996). Pectin is also a target for many microbial cell wall-degrading enzymes
during pathogen attack, the possible roles of OGs in plant defense mechanisms have been well
investigated. The biological activity of OGs seems to depend on their degree of polymerization,
methylation, and conformation (Seifert and Blaukopf, 2010). In parallel, expression of fungal
polygalacturonases, enzymes that hydrolyze the homogalacturonan of the plant cell wall into OGs,
leads to constitutively activated plant defense responses and to a reduction in sensitivity to auxin
(Bellincampi et al., 1996; Denoux et al., 2008). Apart from their structural role, xyloglucan-derived
OGs may also participate in cell wall signaling during developmental processes. Xyloglucan
nonasaccharides (XG9s) have been shown to inhibit auxin-induced stem elongation in pea (York et al.,
1984). This process appears to be highly specific since XG10s or XG8s failed to reproduce the same
result. This observation suggests the existence of a XG9 receptor that is implicated in regulation of
auxin-induced growth. However, these findings could not be confirmed in Arabidopsis, since the
xyloglucan fucosyl transferase mutant mur2, which produces xyloglucan lacking fucose, does not show
a visible phenotype (Vanzin et al., 2002). This result can be explained by a putative species-dependent
process or by the possibility that one of the other 10 fucosyl transferase family members fulfills the
function in Arabidopsis. Another carbohydrate that is thought to play a role in signaling at the cell wall
is xylogen, a highly glycosylated cell wall molecule that acts as an extracellular developmental signal

(Motose et al., 2004). Xylogen was found to promote tracheid differentiation in vitro and, together
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with its paralogs, to be required for normal vascular differentiation in planta. Xylogen is a hybrid GPI-
anchored arabinogalactan protein (AGP) and nonspecific lipid transfer protein. AGPs are proteins
implicated in signaling processes during cell proliferation and survival, pattern formation and growth,
as well as plant microbe interactions (Seifert and Roberts, 2007). Their potential to bind to B-glycan
polymers together with their plasma membrane localization via GPI anchors put them in a strategic
position to mediate interactions between cell wall polymers and cell signaling. In mammalian cells,
GPl-anchored proteins have been implicated in mediating cell-cell interactions by interacting with
other proteins that contain transmembrane domains (Ellis et al., 2010). Although there is no available
evidence, it is conceivable that GPI-anchored AGPs and/or their soluble forms interact with plasma

membrane-bound receptor kinases or with receptors in neighboring cells in plants.
1.2 The role of cell wall signaling in plant morphogenesis

Plant morphogenesis at the cellular level is attributed to fundamental cellular processes like cell
division, cell expansion. Since plant cells are glued together through their sharing cell wall, there is no
cell migration possible to achieve concerted growth and development (Dupuy et al., 2008). Thus,
morphogenesis in higher plants is tightly controlled by the cell wall to facilitating a process of local
cell division, selective cell expansion and differentiation (Wolf, 2018; Cosgrove, 2005; Wolf et al.,
2012a; Wolf and Hofte, 2014). The plant cell wall is deposited between two adjacent cells at the end
of cell division and due to different growth rate, a mechanical force is generated that might have an
impact on morphogenesis. (Mirabet et al., 2011). Moreover, just before dividing, cells need to increase
in volume, which is achieved by controlled cell wall biosynthesis and remodeling (Lipka et al.;
Cosgrove, 2001, 2005; Cosgrove and J., 2014). Plant cells expand by depositing cell wall through the
process of ‘polymer creep’ in which cellulose microfibrils and matrix polysaccharides slide within the
wall to increase its surface area (Cosgrove., 2016; Xiao et al., 2016b). Plant cell expansion includes
wall hydration, turgor-driven wall relaxation, mechanosensing and wall cross-linking, and deposition
of new wall materials (Wolf et al., 2012a,b). To achieve proper growth and homeostasis during
morphogenesis, as well as to assure cell wall fortifications in response to extrinsic challenges, cell wall
monitoring system must exist to detect changes in cell wall state and activate downstream responses
(Bidhendi and Geitmann; Hématy et al., 2007, 2008; Wolf et al., 2012a; Hamann, 2015; Wolf, 2017).
Conventionally, cell wall monitoring pathways have been named cell wall integrity (CWI) signaling.
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The CWI signaling mechanism in yeast involves cell surface receptors acting as CWI sensors which

pass over information about extracellular wall status to intracellular regulatory pathways (Levin, 2005).
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Figure 2. Model of the plant cell wall integrity maintenance system.Extrinsic and intrinsic
stimuli are received at the plasma membrane through cell wall sensors and signal is
transduced to transcriptional and translational machinery for adaptation and activating
responses accordingly. Change in turgor pressure (¥p) is perceived as a signal for cell wall
perturbation. The responses include cell wall fortification, cell wall remodeling mediated
through various enzymatic processes.

The first information about such surveillance system came from research in yeast where weakening
of the cell wall through pharmacologically inhibiting cell wall biosynthesis forced single yeast cells to
reinforce their wall to prevent bursting (Levin, 2005; Fujikura et al., 2014) In yeast three different cell
wall monitoring system has been characterized: mating induced death 1(MID1) calcium channel
protein 1 (CCH1) mechano-perception based pathway, the high osmolarity glycerol (HOG) pathway,
and the CWI maintenance mechanism (Levin, 2005). In MID1 CCH1 mediated mechano-perception
pathway. it is suggested that an osmotic shock-like response is generated because of turgor pressure
causing plasma membrane to stretch upon weakening of cell wall. The Ca+/calmodulin-dependent
protein phosphatase CALCINEURIN and calcineurin-responsive zinc finger 1 (CRZ1) initiate calcium
ion pulse upon a perception of stretch in the plasma membrane, followed by the expression of genes

such as FK506 Sensitivity (FKS2), which encodes a glucan synthase (Garrett-Engele et al., 1995;
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Batiza et al., 1996). In the classical example of a similar response upon cell wall weakening, the mating
factor induces an influx of calcium ions through the calcium channels CCH1 and MID1 (Garrett-
Engele et al., 1995; Locke et al., 2000). MID1 is a glycosylated transmembrane protein that induces
stretch-activated calcium influx in both yeast and heterologous systems (lida et al., 1994; He et al.,
1999). The HOG pathway involves two different hyperosmotic stress sensors, Synthetic high
osmolarity-sensitive protein 1 (SHO1), and Synthetic Lethal of N-end rule 1 (SLN1)/ tYrosine
Phosphatase Dependent 1 (YPD1)/ Suppressor of Sensor Kinase 1 (SSK1) (Posas et al., 1998). Both
SHO1 and SLN1 sensors transduce signals to the MAPKinase HOG1, which results in inactivation of
the transcriptional response via Suppressor of Kre Null 7 (SKN7), which in turn induces FKS2
expression (Alberts et al., 1998; Levin, 2005). The low osmolarity keeps SLN1 inactive while an
increase in osmolarity activates SLN1 and triggers the activation of the HOG response genes, leading
to the biosynthesis and retention of glycerol as a compatible intracellular solute (Luyten et al., 1995;
Tamas et al., 1999; Reiser et al., 2003).

In contrast to yeast, CWI signaling in the plant is not well understood. In recent years, there has been
an increasing number of findings that indicate the existence of CWI maintenance mechanism in plants.
The initial idea about CWI in plant originated with suppressor screen of cellulose biosynthesis
defective mutant prcl-1 in Arabidopsis, which has a mutation in primary cellulose biosynthesis gene
CESAG6. The CESAG is part of cellulose biosynthesis machinery CESA complex and plants lacking
CESAG activity show reduced hypocotyl growth, ectopic lignification and elevated transcript level of
defense-related gene PDF1.2 and VSP1. The suppressor allele of prc1-1 was able to partially rescue
hypocotyl growth defect and suppress ectopic lignification and elevated PDF1.2 and VSP1 transcripts
without affecting cellulose content (Shedletzky et al., 1990; Burton et al., 2000; Cano-Delgado et al.,
2000; Ellis, 2002; Cano-Delgado et al., 2003; Manfield et al., 2004; Hématy et al., 2007; Bischoff et
al., 2009; Largo-Gosens et al., 2014; Xiao et al., 2016). With this observation, it could be safely
inferred that signaling and cell wall surveillance are required to orchestrate these responses. In addition,
presumably signaling-mediated compensatory responses have been observed to genetic impairment of
xyloglucan biosynthesis (Xiao et al., 2016) and in lignin biosynthesis mutants (Voxeur and Hofte,
2016a). Again, the yeast cell wall integrity signaling field offers a useful model demonstrating the
feasibility of this approach. An exciting recent example that builds on earlier studies (Benova-
KékoSova et al., 2006) is provided by the observation that oligosaccharides produced by an endo--
mannanase suppress cell wall thickening in the xylem of Populus, controlling the switch from primary

to secondary cell wall deposition (Zhao et al., 2013). Thus, cell wall-derived signals affect stress
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responses, but can also regulate developmental processes. Irrespective of their function, all cell wall
signaling pathways share the requirement that information has to be transmitted from the outside across
the plasma membrane to the inside of the cell, where a response can be orchestrated. Numerous
possibilities to transduce signals are conceivable (Figure 2), such as gated ion channels,
arabinogalactan proteins (AGPs), proteins that connect the cell wall and the cytoskeleton,
mechanosensory analogous to yeast MID1, and osmosensors (Nakagawa et al., 2007b; Seifert and
Blaukopf, 2010; Denness et al., 2011a; Hamilton et al., 2015). For instance, it has been demonstrated
recently that MECHANOSENSITIVE CHANNEL OF SMALL CONDUCTANCE-LIKE 8, a protein
from Arabidopsis homologous to the mechanosensitive channel of small conductance from Escherichia
coli, senses and response to changes in osmotic potential in the pollen (Hamilton et al., 2015).
However, many of the known cell wall signaling components seem to operate in pathways featuring a
member of the large family of receptor kinases (RKs) to transmit signals from the outside to the inside

of the cell.

Plant RKs form expanded gene families with >600 and 1000 members in Arabidopsis and rice,
respectively (Shiu and Bleecker, 2001a,b; Tor et al., 2009). The majority of which are, to date, orphan
receptors without a known ligand or downstream intracellular targets. Generally, RKs contain an N-
terminal signal peptide, a variable extracellular domain (ECD), a single-pass transmembrane domain
(TM), and a cytosolic protein kinase domain (KD) that is related to animal Pelle/IRAK-4 kinases (Shiu
and Bleecker, 2001a,b; Tor et al., 2009). The largest subgroup among RLKs is formed by proteins
with a leucine-rich repeat extracellular domain (LRR-RLKSs), and individual members of this group
have essential roles in many aspects of plant development and immunity (Li and Chory, 1997; Li et
al., 2002; Wang et al., 2005; Zipfel et al., 2006). The typical event starts with binding of an
extracellular ligand to cell surface receptor that induces a conformational change leading to the
activation of the protein kinase activity, thereby initiating a cascade of subsequent signal transduction
events. In Arabidopsis, several families of RK have been shown to involved in cell wall signaling, but
currently, it is unclear whether cell wall components are actual ligands of these proteins. So far only
wall-associated kinases (WAKS) have been shown to directly bind to a cell wall carbohydrate in vitro
(Kohorn et al., 2006b,a). Moreover, it has also been reported that WAKZ1 is tightly bound to a cell wall
fraction and is specifically localized to the plasma membrane-cell wall interface (He et al., 1999). Plant
RLKSs can be categorized into two classes depending on their role in growth and development or in
plant immune signaling. The first class comprises hormone receptors, such as BRI1, regulating

brassinosteroid related development, or surface receptor determining the developmental fate of cells
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like CLV1 controlling apical meristem proliferation and ER regulating organ initiation and elongation
(Clark etal., 1997; Li and Chory, 1997). The second category includes RLKs involved in plant-microbe
interactions and stress responses. These include FLS2, involved in bacterial elicitor flagellin
perception, and the above mentioned WAKS, that are linked to defense responses and cell expansion
(Brutus et al., 2010; Gomez and Boller, 2000; Anderson et al., 2001; Li et al., 2009). The different

RLK families that are possibly involved in CWI signaling are discussed in figure 3.
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Figure 3. Overview of selected potential cell wall-related signaling receptors and signals. Based
on existing data, RLKSs, such as LRR-RLKs, WAKSs, and CrRLK1Ls, play the most prominent role in
signal transduction upon cell wall-related cues. However, other cell walls and plasma membrane-
localized proteins are well suited to play a role in cell wall perception, e.g. stretch-activated ion
channels, proteins homologous or analogous to animal integrins and formins, putative mechanosensory
(not shown), AGPs (not shown), and LRR-extensins (not shown). Note that among the depicted receptor
families, only WAK1 and FORMIN HOMOLOGY 1 have been shown to physically interact with the
wall. Signaling downstream from the plasma membrane receptors can involve intracellular protein
kinases of the RLCK, calcium-dependent protein kinase (CPK), mitogen-activated protein kinase
(MAPK), or small GTPase protein families.
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1.3 CWI sensor proteins in plant
1.3.1 Catharanthus roseus RLK1-like kinases

Members of Catharanthus roseus receptor-like kinasel-like (CrRLK1L) subfamily constitute the most
studied group of receptor-like kinases in the context of cell wall signaling (Wolf and Hoéfte, 2014; Wolf
et al., 2014; Nissen et al., 2016). This could be because of the existence of putative carbohydrate-
binding domains within their cell wall-facing ECD. There is also resounding genetic evidence relating
CrRLK1L receptors to cell wall homeostasis, mechanoreception, cell wall integrity maintenance, and
growth control (Wolf and Hofte, 2014; Wolf et al., 2014; Nissen et al., 2016) The CrRLK1L gene
family includes 17 members in Arabidopsis, among which seven have been allocated a function
including THE1 and FERONIA (Huck et al., 2003; Hématy et al., 2007). The domain structure analysis
reveals they consist of a signal peptide, a divergent ECD of ~400 amino acids, a juxtamembrane (JT)
region required for binding of the co-receptors LORELEI/LORELEI-LIKE-GPI-ANCHORED
PROTEIN 1, TM, and a highly conserved cytoplasmic serine/threonine KD with a more divergent C-
terminal tail of unknown function. The ECD also shares some homology with malectin (Boisson-
Dernier et al., 2011), a protein originally described to be involved in ER quality control in Xenopus
laevis (Feng et al., 2018). Remarkably, malectin is able to interact with di-glucose motifs of N-linked
oligoglycans and is structurally close to carbohydrate-binding modules of glycosyltransferases (Feng
et al., 2018). It promotes the notion that the homologous CrRLK1L domain might mediate cell wall

binding in plants (Boisson-Dernier et al., 2011).

1.3.1.1 THESEUS1

THEL was identified in a suppressor screen of the CESA6 mutant prcl-1 (Hématy et al., 2007). The
loss-of-function allele thel-1 was able to rescue the dwarf phenotype and ectopic lignification of many
cesa mutants without affecting cellulose deficiency. This observation places THE1 as a possible
component of CWI signaling in Arabidopsis. Furthermore, THE1 is also required for isoxaben-induced
ROS production and to repress JA production upon isoxaben treatment (Denness et al., 2011b) The
transcriptional reprogramming in prcl depends on THEZ1 signaling, hinting at a role of THEL in cell
wall cross-linking. Taken together, these results suggest the participation of THEL in facilitating the
response to cell wall distress. It is conceivable that THE1-mediated ROS production leads to the
inhibition of cell growth, perhaps through cell wall cross-linking. Surprisingly, loss-of-function allele

thel-1 do not show noticeable phenotypes in normal growth conditions (Hématy et al., 2007). Thus,
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it remains to be established in which developmental or stress-related processes the THEL is involved.
Moreover, It will be exciting to see whether THE1 interacts with wall-derived carbohydrates through
its malectin domains and whether it binds additional ligands as demonstrated for the best-characterized
CrRLK1L, FERONIA.

1.3.1.2 FERONIA

FERONIA (FER) was initially described as needed for fertilization since the loss of activity results
into the accumulation of supernumerary pollen tubes that failed to discharge in female gametophyte
(Rotman et al., 2003; Huck et al., 2003). It is localized to the filiform apparatus of the two synergid
cells that form the entry point for the pollen tube (Escobar-Restrepo et al., 2007). Moreover, the fer
mutants show various growth and developmental defects like defective root hair growth, stunted plant
height, hypersensitive root growth during high salinity (Wolf and Hoéfte, 2014). The pleiotropic
phenotype of fer mutant could be explained on the basis of fact that, FER has been shown to involved
in several hormone pathways such as abscisic acid, auxin, ethylene, and BR signaling , as well as
defence and mechanical signaling (Guo et al., 2009; Keinath et al., 2010; Deslauriers and Larsen, 2010;
Duan et al., 2010; Kessler et al., 2010; Yu et al., 2012; Shih et al., 2014). Recently, the FER
ectodomain was shown to bind to the secreted peptide RAPID ALKALINIZATION FACTOR 1
(RALF1) (Haruta et al., 2014). RALFL1 peptide is known to induce several cellular processes, such as
increase in apoplastic pH, a transient increase in cytoplasmic calcium, a concomitant cessation of
growth, and the differential phosphorylation of many proteins, including FER itself. The fer mutant is
insensitive to RALF1 induced cellular responses, suggest FER is the receptor for RALF1(Pearce et al.,
2001; Haruta et al., 2008, 2014, 2018). Interestingly, FER is also known to facilitate the response
towards mechanical stress and root growth of fer mutant is hypersensitive to mechanical impediments.
However presently, it is uncertain if FER-mediated mechano-responses depend on the
availability/release of RALF peptides (Pearce et al., 2001; Haruta et al., 2008, 2014, 2018).
Nevertheless, the available data so far suggests that FER being required to sense both extrinsic and
intrinsic mechanical cues to coordinate growth responses (Haruta et al., 2014, 2018) and thus indicate

that mechanosensing is required for supracellular growth coordination.

1.3.1.3 ANXUR1/2

ANXUR1 (ANX1) and ANXUR2 (ANX2) are the closest homologs of FER and mainly expressed in
the male gametophyte (Boisson-Dernier et al., 2009; Miyazaki et al., 2009). The loss in activity of
ANX1 and 2 results into strongly reduced fertility and premature pollen tube burst, whereas
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overexpression of ANX1 or 2 inhibited pollen tube growth (Miyazaki et al., 2009). It is essential for
pollen tube cell wall integrity (Miyazaki et al., 2009). The ANX1, 2 also promote the generation of
ROS in pollen tube through the pollen-expressed NADPH oxidases respiratory burst oxidase homologs
(RBOH) RBOHH and RBOHJ. NADPH oxidase-mediated ROS, in turn, are required to maintain
functional calcium dynamics during pollen tube growth. Interestingly, a marked increase in
cytoplasmic calcium preceded the premature pollen tube burst in anx1 anx2 (Miyazaki et al., 2009),
similar to the calcium spike induced by exogenous ROS application before rupture (Duan et al., 2010).
Thus, both elevated and reduced levels of ROS lead to pollen tube burst, although the underlying

mechanism in both cases is not understood yet.
1.3.2 Wall-associated kinases (WAKS)

Arabidopsis genome contains five WAK gene arranged in a genes cluster at chromosome 1 and 17
WAK:-like genes (Kohorn, 2001). The WAK proteins are characterized by an intracellular serine-
threonine kinase domain and an extracellular domain with epidermal growth factor repeats (He et al.,
1996, Kohorn, 2001). The extracellular domain of WAKSs has been shown to bind covalently with
pectic homogalacturonan and noncovalently to Ca2+ cross-linked OGs in vitro (Wagner and Kohorn,
2001, Decreux and Messiaen, 2005). However, the mechanisms by which WAKSs interact with the cell
wall are still not clarified. In a recent finding, WAK1 was shown to be the receptor for OGs in
Arabidopsis (Brutus et al., 2010). In addition, the WAK1 extracellular domain can be pelleted in vitro
with Ca2+ cross-linked homogalacturonan, suggesting that interaction of WAKS is not restricted to
short fragments such as OGs (Decreux and Messiaen, 2005). WAK2 has been shown to be required
for sugar-independent growth. The root growth in loss-of-function wak2 mutant is dependent on the
sucrose availability in the growth media and wak2 phenotypic defect is rescued by adding sugar or
sorbitol (Kohorn et al., 2006). WAK2 has also been shown to important for normal expression of
vacuolar invertase, an enzyme that hydrolyzes sucrose into glucose and fructose (Kohorn et al., 2006).
This observation suggests a role of WAK?2 in regulating the balance of cell wall carbohydrates, which
act as an energy source and as osmotically active compounds. WAKs may thus provide a molecular
mechanism linking cell wall sensing (via pectin attachment) to regulation of solute metabolism, which

in turn is known to be involved in turgor maintenance in growing cells.
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1.3.3 Proline-rich Extensin-like Receptor Kinases (PERKS)

The proline-rich extensin-like receptor kinase (PERK) family comprises of 15 members in Arabidopsis
(Shiu and Bleecker, 2003). PERKs poses a proline-rich extracellular domain similar to Extensin,
embedded in the cell wall like that of the WAKSs (Nakhamchik et al., 2004). PERKSs are shown
localized at the plasma membrane (Silva and Goring, 2002; Nakhamchik et al., 2004). The functional
characterization of PERKs suggests the involvement of this gene family in cell elongation and
development (Haffani et al., 2006; Humphrey et al., 2007). The downregulation of PERK expression
using anti-sense approach leads to floral organ defect and in addition, perk13 mutants exhibit cell
elongation defect in the root (Humphrey et al., 2007). BhPERK1 is the first reported PERK from
Brassica napus and its expression is rapidly induced upon wounding (Silva and Goring, 2002). Similar
to the WAKSs, PERK4 is an active protein kinase localized to the plasma membrane, and its extraction
from plant material is increased by pectinase treatment (Bai et al., 2009). More recently, PERK4 has
been shown to specifically required for the abscisic acid (ABA)-dependent influx of Ca2+ in seeds and
roots (Haffani et al., 2006). There has been ample evidence supporting the notion that PERKS have
roles in development and stress responses, however further work is needed in order to demonstrate

their direct involvement in signaling during cell wall perturbations.
1.3.4 Leucine-Rich Repeat Receptor Kinases (LRR-RKSs)

LRR-RKs form the biggest group of RKs in Arabidopsis, with at least 220 members (Shiu and
Bleecker, 2003). They are known to play fundamental roles in cell-cell communication during
development, hormone perception, abiotic and biotic stress responses (Torii, 2004). Several LRR-RKs
have functions in plant growth and development for example, a LRR-RK CLAVATAL (CLV1), and
CLAVATA2 (CLV?2) along with its ligand CLAVATA3 (CLV3), controls the balance between cell
proliferation and cell differentiation in the shoot meristem (Jeong et al., 1999; Trotochaud et al., 2000).
ERECTA plays an important role in organ elongation (Torii et al., 1996). BRASSINOSTEROIDS
INSENSITIVEL (BRI1) is involved in growth-promoting brassinosteroid signaling (Li and Chory,
1997; Nam and Li, 2002; Wang et al., 2005). The LRR-RKs, SOMATIC EMBRYOGENESIS
RECEPTOR KINASES 1 and 2 (SERK1 and SERK?2), are crucial for the anther development
(Colcombet et al., 2005). Plant LRR-RKs also function as pattern recognition receptors in host innate
immunity. FLAGELLIN SENSITIVE 2 (FLS2) and EF-Tu receptor (EFR) play a role in bacterial
elicitor perception (Gomez-Gomez and Boller, 2000; Zipfel et al., 2006). Two other LRR-RKs FEI1
and FEI2 have been shown to involve in maintaining cell wall integrity during high osmolar growth

13



Introduction

condition. The feil and fei2 loss-of-function mutants show sucrose and salt content-sensitive
anisotropic cell expansion defects and also show a deficiency in cellulose (Xu et al., 2008).
Interestingly the kinase domain of is dispensable for FEI function since the inactive kinase domain of

FEI1 was able to fully complement the feilfei2 double mutant phenotype.
1.3.5 Leguminous L-Type Lectin RLKSs (LecRKS)

Leguminous L-type Lectin RLKs are a group of 45 RLKSs proteins which are capable of binding
carbohydrates via their tripeptide lectin motifs (Gouget et al., 2006; Bouwmeester et al., 2011). The
lectin motif also called arginine-glycine-aspartate (RGD) motif, is a tripeptide sequence present in
various animal extracellular matrix proteins (Gouget et al., 2006). In plants it is known to facilitate
plasma membrane detachment from the cell wall during plasmolysis, suggesting a role in cell wall-
plasma membrane adhesion (Canut et al., 1998). The LEKRK79 interacts with the tripeptide motif
RGD in IPI-O, an Arg-X-Leu-Arg (RXLR) effector from Phytophthora infestans (Bouwmeester et al.,
2011). RGD peptides can dissociate PM-cell wall Hechtian strands which are formed during
plasmolysis (Canut et al., 1998). P.infestans can disrupt cell wall-plasma membrane connections
through the RGD domain on IPI-O (Gouget et al., 2006). The LecRLKSs are expressed at very low levels
during plant development but on pathogen attach they are transcriptionally up-regulated (Bouwmeester
etal., 2011). Interestingly, the receptor LecRK-1.9 has been identified as a receptor for RGD peptides.
The knockout mutant of LecRK1.9 shows reduced callose deposition, reduced membrane-wall contacts

and increased pathogen susceptibility (Bouwmeester et al., 2011).
1.3.6 Histidine Kinases (HKSs)

Histidine kinases (HKs) are a very interesting group of protein that acts as sensors of environmental
and intrinsic stimuli in bacteria, amoeba, yeast, and plants. They are known to form a two-component
system: the membrane-bound histidine kinase (HK) acting as an environmental sensor and a phospho-
relay system to translate the signal (Romir et al., 2010). Eight HKs have been identified in Arabidopsis
and have been associated with various development and defense pathways like osmosensing (AHK1),
megagametophyte development (CKI1), ethylene signaling (ETR1 and ERS1), cytokinin receptors
(AHK2, AHK3 and AHK4/CREL), salt sensitivity and resistance against bacterial and fungal infection
(AHKS5) (Kakimoto, 1996; Gamble et al., 2002; Pham et al., 2012). Moreover, several HKs have also
been shown to partake in responses to abiotic stresses such as temperature, salt, changes in osmolarity
and drought (Wohlbach et al., 2008; Tran et al., 2010; Jeon et al., 2010).
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1.3.7 Mechanosensitive Receptors and lon Channels

A living being has to respond to physical forces such as touch, sound, and osmotic stress. These
extrinsic stimuli have to be perceived and interpreted into biochemical signals that can be observed by
the cell. As stated earlier, the plasma membrane is mechanically associated with the cell wall by turgor
pressure, plasma membrane stretch due to variations in turgor pressure may be a general mechanism
to report cell wall integrity and performance to the cell interior. In E.coli the mechanosensitive
channels of small conductance (MscS) are well-characterized mechanosensitive channels for
osmosensitivity (Haswell and Meyerowitz, 2006; Haswell et al., 2008). The stretching of the
membrane opens MscS channels and lets ions pass through, consequently an increase in cytoplasmic
Ca2+ levels and relief of osmotic pressure (Jensen and Haswell, 2012). In Arabidopsis10 MscS-like
(MSL) genes have been identified and 6 in Oryza sativa (rice) (Haswell and Meyerowitz, 2006). The
MSL protein harbors conserved motifs critical for mechano-sensitive function (Jensen and Haswell,
2012). It has been shown that the MSL3 from Arabidopsis can rescue an E.coli mscs mutant from
osmotic shock indicating that the MSL3 protein functions as a mechano-sensor (Haswell and
Meyerowitz, 2006). In another example, MCAL provides the best evidence of possible functional
similarities between the yeast and plant CWI1 systems. Originally MCA1 was identified as a gene which
is up-regulated during the S-phase of the cell cycle (Menges et al., 2002). In a functional
complementation study, it was shown that the yeast mid1/cchl double knock out could be partially
complemented by plant MCA despite the low conservation between the two genes (10% identity and
41% similarity) (Nakagawa et al., 2007a). Interestingly the MCAL can function on its own, unlike the
yeast proteins that require the complete MID1/CCH1 complex to confer stretch activation (Nakagawa
et al., 2007a). Moreover, the loss of function mutant failed to grow through increasing agar
concentrations due to a loss of mechano-sensing ability (Nakagawa et al., 2007). The localization study
showed that MCA1-GFP localized to the plasma membrane in Arabidopsis root cells (Nakagawa et

al., 2007a) and regulates Ca2+ influx during growth.
1.3.8 Other candidate proteins involved in cell wall signaling

Besides RLKSs and MscSs, other candidate proteins also have been identified that could be involved in
cell wall signaling in plants. Formin proteins represent the best-known example. They participate in
the organization of actin microfilaments in Arabidopsis. The extracellular extensin-like domain-
containing ARABIDOPSIS THALIANA FORMIN HOMOLOGY1 (ATFH1) is localized at the
plasma membrane and has been shown to form a bridge between the actin cytoskeleton and the cell
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wall (Martiniére et al., 2011). Similar to the mechanosensory protein integrin in mammalian cells,
ATFH1 might directly connect the cell wall and the cytoskeleton. In Arabidopsis, NDRL1 is a
transmembrane protein that shares structural homology to mammalian integrin proteins, and is known
to provide disease resistance against bacterial and fungal pathogens (Century et al., 1995, Coppinger
et al., 2004, Knepper et al., 2011). It was shown that plasmolysis in ndrl-1 mutants results in the
complete detachment of the plasma membrane from the cell wall. The ndr1-1 mutants yield spherical
protoplasts with no remaining attachments, i.e., convex plasmolysis contrary to concave plasmolysis
in wild-type. Available evidence suggests a dual role for NDR1 in regulating primary cellular functions
in Arabidopsis through maintaining the integrity of the cell wall-plasma membrane connection and as

a critical signaling element of the responses upon pathogen attack.
1.4  Downstream signaling processes involved in the response to CWD
141 Ca2+and ROS

Ca2+ ion and reactive oxygen species (ROS) are two important ion fluxes known to involve in various
developmental and defense-related processes. The existing data advocate similarity between cell wall
signaling in defense response to cell perturbation and cell wall remodeling related to developmental
processes. For example, during root hair growth pattern of ROS burst and increase in extracellular pH
alongside Ca2+ ion flux has been reported that relates to the pattern observed in the cell wall burst
response in Arabidopsis root cells (Monshausen et al., 2007, 2008; Takeda et al., 2008; Shih et al.,
2014). This overlap in between two processes could be explained by assuming that rapid cell wall
expansion is perceived at the plasma membrane, causing an elevation in intracellular Ca2+ followed
by the production of ROS and alkalinization of the apoplast. It has also been shown that suppressing
Ca2+ and ROS results in cell bursting (Foreman and Dolan; Monshausen et al., 2008). Ca2+ fluxes
may be first induced by mechano-sensitive channels that respond to increased membrane tension

during cell wall growth.

The ROS signaling network is evolutionarily preserved among most living organisms. It acts as one
of the first molecules to transduce signal-regulating a diverse set of biological processes such as growth
and response to biotic and abiotic stimuli (Mittler et al., 2011). NADPH oxidases are the key enzyme
for apoplastic ROS production and they are represented by transmembrane RBOHSs in Arabidopsis.
Arabidopsis genome has ten RBOH genes and they all exhibit the same domain structure. The RBOHs

comprises of a core C-terminal region that contains the transmembrane domains and the functional
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oxidase domain responsible for superoxide generation, and an additional N-terminal regulatory region
where Ca2+-binding and phosphorylation domains are present (Mittler et al., 2011; Suzuki et al.,
2011). The RBOH-derived ROS has also been linked to plant defenses in response to pathogen attacks
and regulation of signaling related to abiotic stresses such as heat, drought, cold, high-light intensity,
salinity or wounding (Lu et al., 1996; Torres et al., 2002; Mittler et al., 2011).

1.4.2 CBI induced cell wall damage and response

In recent years, impairing cellulose biosynthesis has become a popular method to study cell wall
integrity signaling in Arabidopsis. Plant cells respond to alteration in cellulose content in the cell wall.
Cellulose is synthesized by cellulose synthase (CESA) complexes at the plasma membrane (Richmond
and Somerville, 2000). The effects of reduced production of cellulose on plant growth and development
have been studied by analyzing mutants with defects in genes encoding CESA subunits involved in
primary cell wall biosynthesis (Fagard et al., 2000; Ellis, 2002; Cano-Delgado et al., 2003).
Alternatively, various pharmacological agents can be applied for specifically inhibiting cellulose
biosynthesis and similar response could be observed.

Isoxaben is a broad-leaf herbicide compound and is known as a very potent inhibitor of cellulose
biosynthesis (Lefebvre et al., 1987). Isoxaben specifically inhibits the incorporation of glucose units
into the acid-insoluble cell wall fraction without affecting cellulase protein (Heim et al., 1990).
Moreover, at the cellular level isoxaben has shown to induce rapid disappearance of YFP:CESAG6 from
PM into an intracellular vesicle and thereby disrupting the CESA complex (Paredez, 2006). Thus, it
has been proposed to be a specific inhibitor of cellulose biosynthesis (Heim et al., 1990b; Coriocostet
et al., 1991; Paredez, 2006)). The isoxaben treatment results in cell swelling and bursting in the
elongation zone of the Arabidopsis root. This phenotypic consequence is due to increased turgor that
could not be held back by the weakened cell wall. Isoxaben induced cell wall perturbation could not
be observed in the isoxaben resistant mutant ixrl and ixr2. The ixr mutations appear to directly affect
the herbicide target since resistant lines show no alterations in uptake or detoxification of the herbicide
(Heim et al., 1991). The IXR genes were found to encode the subunits of the cellulose synthesis
complex CESA3 and CESAG, respectively (Fagard et al., 2000). Taken together, these findings suggest
that isoxaben specifically inhibits cellulose biosynthesis by affecting the CESA complex.

As previously discussed, cellulose biosynthesis inhibition results in several physiological responses

such as epidermal root cell bulgings, ROS production, ectopic lignification, callose deposition in
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cotyledons JA and SA accumulation and transcriptional upregulation of defense-related genes such as
VSP1 and PDF1.2 (Fagard et al., 2000; Ellis, 2002; Cano-Delgado et al., 2003; Hamann et al., 2009).
These physiological responses are osmosensitive and hexose sugar dependent and can be attenuated
with the addition of sorbitol (Hamann et al., 2009; Engelsdorf et al., 2018). These observations led to
the hypothesis that isoxaben-induced CBI mimics the effects of a hypo-osmotic shock. The
transcriptional upregulation of drought-stress response genes such as TCH4, ERD1 and RD26 support
this hypothesis. Moreover, proteins that are involved in water transport such as TIP2;3 and PIP2;4
were down-regulated by CBI in liquid culture grown seedlings (Alexandersson et al., 2005). This
finding suggests that change in turgor pressure may be sensed by specific mechano-sensor proteins
which then activate responses to cell wall damage. Surprisingly, upon isoxaben treatment, the
expression of several genes involved in photosynthesis and starch metabolism appeared to be
downregulated (Denness et al., 2011; Wormit et al., 2012) however, in mutants of MCA1, RBOHDF,
and CREL1 the expression of those genes upon CBI did not change. It suggests a role of the
mechanosensory machinery in mediating the changes in transcript levels of photosynthesis and starch

metabolism genes induced by isoxaben.
1.5 The STRUBBELIG signaling pathway and its role in plant morphogenesis
1.5.1 STRUBBELIG is atypical RK

STRUBBELIG (SUB) is a leucine-rich repeat-receptor kinase of length 768 aa with a predicted
molecular mass of 84.5 kDa. SUB contains N’ terminus signal peptide of 24 aa, a SUB domain shared
between the LRR-V members, six LRRs, a proline-rich region, a transmembrane domain (TM), a juxta-
membrane domain (JM), and a carboxyl-terminal kinase domain (KD) (Kwak et al.,2005; Chevalier et
al., 2005; Vaddepalli et al., 2011) (Figure 4) SUB has been shown as atypical receptor kinase as it does
not show any in-vitro kinase activity. Moreover, mutations in conserved amino acid residues known

to interfere with kinase activity in typical kinases also do not affect SUB-wild-type function in planta

SP SuB LRRs PRRs ™ JM KD

I 1 -

Figure 4. Overview of the domain architecture of SUB.

Abbreviations: JM, juxtamembrane domain; KD, kinase domain; LRR, leucine-rich repeat; PRR,
proline-rich repeat; SP, signal peptide; SUB, SUB-domain; TM, transmembrane domain. Length of
SUB protein: 768 amino acids. Scale bar : 50 aa.
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(Chevalier et al., 2005; Vaddepalli et al., 2011). Interestingly, the kinase domain is indispensable for
its function that suggests it might be involved in scaffolding to other proteins. Thus SUB represents an
atypical receptor kinase as enzymatic activity of its kinase domain is not required for its function in
vivo (Chevalier et al., 2005; Vaddepalli et al., 2011).

1.5.2 SUB regulates tissue morphogenesis in Arabidopsis

SUB regulates various aspects of plant growth and development. A plant lacking functional activity of

SUB shows a pleiotropic phenotype including integument outgrowth, mis-organised sepals and petals,

Figure 5. Phenotype comparison of
(A-E) Wild-type Ler. (F-K) sub-1. (A, F) An open stage 13 flower from a 30-day old plant. Note the
misorientation of petals due to twisting in the basal end of the petal structure (arrows). (F) Petals can
also show small notches. (B, G) Top view of a 30-day inflorescence. (G) Flower phyllotaxis is
irregular. Arrows mark prematurely opened flower buds. (C, H) Top view of a 12-day rosette. (H)
Leaf petioles can be twisted (arrow). (D, I) Morphology of mature siliques. (E, J) A lateral view of a
section of stems from a 30-day plant. (K) Plant height sub-1 (left) in comparison to Ler (right). (L-N)
Scanning electron micrographs of stage 4 ovules. (L) Wild-type Ler. The arrow marks one of the
elongated cells of the distal outer integument. (M) sub-1. A mild phenotype is shown. Note the
irregular size and shape of cells at the distal outer integument (arrowheads, compare to (L)). (N, O)
sub-1. Strong phenotypes are depicted. Note the half-formed outer integument. (O) Shows an example
where the outer integument shows several gaps. Scale bars: (A, D, E, F, 1, J) 0.5 mm, (B, C, G, H) 2
mm, (K) 3 cm, (L, M, N, O) 20 um. Modified from (Fulton et al., 2009).
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twisted carpels and siliques and stunted plant height (Schneitz et al., 1997; Chevalier et al., 2005;
Fulton et al., 2009) (Figure 5). Initially, SUB was identified for its role in ovule development (Schneitz
et al., 1997; Chevalier et al., 2005).

In addition, sub mutants have also been reported to show temperature-sensitive leaf development
defects (Linetal., 2012). Under high ambient temperature (30°C) the sub-2 mutants displayed impaired
blade development, asymmetric leaf shape, and altered venation patterning, but these defects were less
pronounced at normal growth temperature (22°C) (Lin et al., 2012). At the cellular level, occasional
periclinal divisions in the L2 layer of stage-3 floral meristem were observed, and the shape of the L2
layer cells seemed more irregular in sub-1 mutant (Figure 6). The horizontal stem sections of 30-day
old sub-1 stem revealed reduced number of epidermal, cortex, and pith cells. The pith cells, in
particular, appeared smaller. Furthermore, SUB is also known as SCM and it helps unspecified root
epidermal cells to interpret their position in relation to underlying cortical cells and establish root hair
cell identities (Kwak et al., 2005; Kwak and Schiefelbein, 2008) (Figure 6).

Figure 6. Sub-cellular phenotype comparison of the Ler and sub-1.

(A, C) Wild-type Ler. (B, D) sub-1. (A, B) Root hair cell patterning marked with non root hair cell-specific
pGL2:GUS reporter. Notice the mis patterned root cells in sub-1(B). (C, D) Floral meristem stained with
propidium iodide. The arrowhead indicates anticlinal cell division in L2 layer of sub-1(D) Scale bars: 5um
Modified from (Fulton et al., 2009).
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1.5.3 Novel components in the SUB signaling pathway

To elucidate the molecular mechanism of the SUB signaling pathway, additional candidate gene
involved in the SUB pathway were identified. Using a forward genetic approach, EMS- mutagenized
plants were scored for the sub phenotyped and three additional genetic factors were identified, QUIRKY
(QKY), ZERZAUST (ZET), and DETORQUEO (DOQ) (Fulton et al., 2009). DOQ is also known as
ANGUSTIFOLIA (AN) in Arabidopsis (Bai et al., 2013). The gky-8, zet-2, and dog-1 mutants showed
a sub-like phenotype and cellular defects, in outer integument development, floral organ shape, stem
twisting, the floral meristem, and root hair patterning. The gky-8 mutation was identified in gene
encoding for multiple C2 domains and transmembrane region protein (MCTP) QKY which is localized
at plasmodesmata (PD) (Fulton et al., 2009). The other two candidates were identified as cell wall-
localized B-1,3 glucanase ZET and cytoplasm localized AN (Bai et al., 2013; Vaddepalli et al., 2017).
QKY, ZET, and AN were proven to contribute to SUB-dependent organogenesis and shed light on the
mechanisms, which are dependent on signaling through the atypical receptor-like kinase SUB (Fulton
et al., 2009).

1.5.4 SUB:EGFP is enriched at plasmodesmata and interacts with QKY at PD

The translational fusion protein, SUB:EGFP has been shown to localize at PM in root epidermis cell
of Arabidopsis root (Yadav et al., 2008). Interestingly, SUB:EGFP also shows punctate pattern along
PM (Vaddepalli et al., 2014). In the light of PD localization of QKY, it led to the speculative if
SUB:EGFP puncta are PD spots. On further analysis it has been revealed that SUB:EGFP is enriched
at PD (Figure 7) (Vaddepalli et al., 2014). Moreover, the PD localization of SUB:EGFP is further
supported by immunogold electron microscopy. Thus, SUB is not only localized to the PM but also
present at PD (YYadav et al., 2008; VVaddepalli et al., 2014), channels interconnecting most plant cells
(Otero et al., 2016; Sager and Lee, 2018). In co-localisation and interaction study it has been shown
that SUB:EGFP colocalize and interact with mCherry:QKY specifically at PD(Figure 7) (Vaddepalli
etal., 2014). In line with a function in RLK-mediated control of PD-based intercellular communication
SUB and QKY function in a non-cell-autonomous manner (Yadav et al., 2008; VVaddepalli et al., 2014)

indicating that SUB signaling involves a yet unknown factor that moves between cells.

SUB can be found in internal compartments as well (Yadav et al., 2008; Kwak and Schiefelbein,
2008; Vaddepalli et al., 2011; Wang et al., 2016). SUB is glycosylated in the endoplasmic reticulum
(ER) (Huttner et al., 2014), subject to ER-associated protein degradation (Fulton et al., 2009; Huttner
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et al., 2014). It was recently shown that ovules of plants homozygous for a hypomorphic allele of
HAPLESS13 (HAP13) preferentially accumulate signal from a functional SUB:EGFP reporter in the
cytoplasm, rather than the PM (Wang et al., 2016). HAP13/AP1M2 encodes the ul subunit of the
adaptor protein (AP) complex AP1 that is present at the TGN/EE network and is involved in post-
Golgi vesicular trafficking to the PM, vacuole and cell-division plane (Park et al., 2009; Teh et al.,
2013; Wang et al., 2013). Interestingly, the ovules of plants with reduced HAP13/AP1M2 activity show
sub-like integuments (Wang et al., 2016). These results indicate that the AP1 complex is involved in

subcellular distribution of SUB in a functionally relevant manner.

gSUB:EGFP pPQKY::mCherry:QKY

2300 ps -

Figure 7. Interaction between SUB and QKY.

(A-C) Confocal micrographs of 6-day root epidermis cells of plants transgenic for both gSUB:EGFP
and pQKY::mCherry:QKY reporters. (A) gSUB:EGFP signal. (B) pQKY::mCherry:QKY signal. (C)
Overlay of A and B. Punctate signals overlap. (D) Yeast two-hybrid assay involving a QKY variant,
including all four C2 domains but lacking the PRT_C domain (QKYAPRT_C) fused to the GAL4
activating domain (GAD) and the extracellular domain (ECD) or intracellular domain (ICD) of SUB
fused to the GAL4 DNA-binding domain (GBD), respectively. Growth on —LW panel indicates the
successful transformation of both plasmids and on —-LWH panel indicates presence or absence of
interaction. (E,F) FRET-FLIM analysis in root epidermal cells of Arabidopsis plants stably transformed
with SUB:EGFP and mCherry:QKY reporters. (E) Fluorescence lifetime image. Color bar denotes the
false-color code for SUB:EGFP fluorescence lifetimes (). (F) Confocal micrograph depicting
SUB:EGFP signal. Scale bars: 5 um. Adopted from (Vaddepalli et al., 2014)
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1.5.5 SUB signaling affects cell wall biochemistry

In the quest to find additional candidate genes, ZET was isolated as genetic component of SUB
signaling pathway. ZET is atypical cell wall-localized B-1,3 glucanase, which involved in floral organ
morphogenesis similar to SUB (Vaddepalli et al., 2017). The Fourier-transformed infrared
spectroscopy (FTIR) analysis of cell wall material from sub-1 mutant suggest SUB is involved in cell
wall biochemistry. Interestingly, the zet-2, gky-8, and sub-1 mutants showed notable and near-identical
FTIR spectra deviation from wild type. Thus, it indicates that ZET, SUB, and QKY directly or
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Figure 8. SUB signaling affects cell wall chemistry. FTIR analysis. Each of the three top panels
shows an overlay of the spectra of three biological replicates, with ten technical replicates each, for
the indicated genotype (total of 30 spectra each). The bottom panel depicts the difference spectra
obtained by digital subtraction from the wild type of the average spectra of the indicated genotypes.
Adopted from (Vaddepalli et al., 2017).

indirectly influence cell wall composition in an overlapping fashion. Moreover, the whole-
genome transcriptomic analysis revealed that many genes responsive to SUB-mediated signal

transduction relate to cell wall remodeling (Fulton et al., 2009).
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1.6 Objectives

SUB play pivotal roles in plant morphogenesis during several developmental stages of Arabidopsis.
Although, it has been almost two-decade since SUB was identified for its role in floral organ
morphogenesis, however molecular mechanism underlying SUB signaling pathway is not well
understood. In this study, | wanted to examine the role of the SUB in cell wall signaling associated
with growth and defense of plant. The physiological and cellular analysis was performed to gain a
better understanding of various SUB mediated downstream response to CWD due to CBI. Using a
combination of genetic, cell biological and pharmacological approaches, | provide evidence that cell

wall damage-induced cellular responses require SUB.

In addition, | was also interested to find additional candidates in the SUB signaling pathway. The
later part of the thesis deals with the detailed analysis of putative candidates in the SUB signaling
pathway. During the screening process, | found KIN7.4, WAKs, TOR1, and CHC2 genetically and
physically interact with SUB. The molecular and functional characterization of KIN7.4 revealed that

KIN7.4 is positive regulator of root hair patterning.
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2 Materials and Methods

2.1 Plant work, plant genetics, and plant transformation

Arabidopsis thaliana (L.) Heynh. var. Columbia (Col-0) and var. Landsberg (erecta mutant) (Ler) were
used as wild-type strains. Plants were grown as described earlier (Fulton et al., 2009). The sub-1, gky-
8 (all in Ler), and the sub-9 and gky-11 mutants (Col) have been characterized previously (Chevalier
et al., 2005; Fulton et al., 2009; Vaddepalli et al., 2011; Vaddepalli et al., 2014). The prcl1-1 (Fagard
etal., 2000), thel-1 (Hématy et al., 2007), and ixr2-1 (Desprez et al., 2002) alleles were also described
previously. The sub-21 (Col) allele was generated using a CRISPR/Cas9 system in which the egg cell-
specific promoter pEC1.2 controls Cas9 expression (Wang et al., 2015). The single guide RNA
(SgRNA) 5’-TAATAACTTGTATATCAACTT-3’ binds to the region +478 to +499 of the SUB coding
sequence. The sgRNA was designed according to the guidelines outlined in (Xie et al., 2014). The
mutant carries a frameshift mutation at position 495 relative to the SUB start AUG, which was verified
by sequencing. The resulting predicted short SUB protein comprises 67 amino acids. The first 39 amino
acids correspond to SUB and include its predicted signal peptide of 29 residues, while amino acids 40
to 67 represent an aberrant amino acid sequence. The additional mutant alleles of the candidate gene
studied in chapter 3 have been listed in table no.1.The pUBQ::gSUB:mCherry plasmid used to generate
the SUB overexpression lines L1 and O3 was generated previously (Vaddepalli et al., 2014). Wild-
type and mutant plants were transformed with different constructs using Agrobacterium strain
GV3101/pMP90 (Koncz and Schell, 1986; Sambrook et al., 1989) and the floral dip method (Clough
and Bent, 1998). Transgenic T1 plants were selected on Kanamycin (50 pg/ml), Hygromycin (20
pg/ml) or Glufosinate (Basta) (10 pg/ml) plates and around 10 DAG, viable seedlings were transferred
to soil for further inspection. Seedlings were grown on half-strength Murashige and Skook (1/2 MS)
agar plates (Murashige and Skoog, 1962). Before sowing seeds on 1/2 MS, they were surface sterilized
in 3.5% (V/V) sodium hypochlorite (NaOCI) plus 0.1% (V/V) Triton X-100 for 10min on a rotator to
prevent bacterial and fungal growth on plates. Seeds were washed three times with ddH20 and
stratified for 4d at 4°C prior to incubation. Dry seeds were sown on soil (Patzer Einheitserde, extra-
gesiebt, Typ T, Patzer GmbH & Co. KG, Sinntal-Jossa, Germany) situated above a layer of perlite,
stratified for 4 days at 4°C and then placed in a long day cycle (16 hrs light) using Philips SON-T Plus
400 Watt fluorescent bulbs. The light intensity was 120-150 pmol/m2sec. The plants were kept under
a lid for 7-8 days to increase humidity (50-60%) and support equal germination.

Table 2 List of candidate genes screened with tDNA line no.

25



Materials and Methods

No. Gene name/AGI t-DNA line no. t-DNA insertion

1 C2 domain (AT5G37740) SALK_067530, Inside Gene
SALK 080173,
SALK_067530

2 CIPK12 (AT4G18700) SALK 039846, In Promoter
SALK_039840,
SAIL_669 B02

3 Unknown (AT3G11590) SALK 044149 Inside Gene

4 TRM22 (AT1g67040) SALK_042024 Inside Gene

5 LRR 1 (AT5g16590) SAIL_412 D10, In5” UTR
SALK_053366

6 Dof (AT5G66940) SAIL_895_ C05, Inside Gene
SALK_002536

7 BOP2 (AT2G41370) SAIL_767_G02 In3" UTR

8 Kinesin (AT4G39050) SALK_130786, At 3’end of Gene
SALK 130788

9 EDA33 (AT4G00120) SALK 085302, In Promoter
SALK_052009

10 OBE1 (AT3G07780) SALK_142374, Inside Gene
SALK_076140

11 AGL2 (AT5G15800) SALK_067923, Inside Gene
SAIL_162_D09

12 AGO10 (AT5G43810) SALK 047336, Inside Gene
SAIL_162_D09

13 Dicer (AT1G01040) SAIL_442 D10, Inside Gene
SALK 081595

14 FAT (AT2G20830) SALK 095219, In Promoter
SALK 02492

15 60S Ribo (AT3G07110) SALK 106033 Inside Gene
SALK_058172

16 ATPAP (AT3G07130) SAIL_529 D01 103 bp Upstream

to Start codon
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SALK_021767C,
SALK_135329C,
SALK_150318C

17 BIR1 (AT5G48380) SALK_008775C Promoter,
SAIL_1223 C08 5'UTR
18 Clathrin (AT3G08530) SAIL_72_D_10, Inside Gene
SALK_007180,
SALK 042321
19 Glycine rich protein (AT2G05540) | SAIL_255_A01 5" UTR
20 Glycolipid Transfer SALK 000856, Inside Gene
(AT3G21260) SALK_128685
21 Homeobox (AT4G36740) SALK_115125 Inside Gene
22 WAK?2 (AT1G21270) SAIL-12_DO05 Inside Gene
23 ATMYB43 SALK_107965 Inside Gene
24 Porins/ Auxin (AT5G15090) SAIL 238 A01 Inside Gene
25 ATPINS ( AT5G15100) SALK_ 107965 Inside Gene
26 PRK2 (AT2G07040) SALK_110661, Inside Gene
SALK 110653
27 TOR1 (AT4G27060) SALK_094291, Inside Gene
SALK_024539
28 SYT1 (AT2G20990) SAIL_775A_08 At 3’ end of Gene
29 Ribo S-17 SALK 036518 Inside Gene
30 Ribo-L28e SALK 74808 Inside Gene
31 Transposable SALK 049609 Inside Gene
Element
32 NHL3 (AT5G06320) SALK 035427, Inside Gene

2.2 Recombinant DNA work

For DNA and RNA work standard molecular biology techniques were used. DNA and RNA used for

cloning were extracted from Arabidopsis thaliana using the NucleoSpin Plant Il kit (Macherey-Nagel
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GmbH und Co. KG) and the NucleoSpin RNA Plant kit (Macherey-Nagel GmbH und Co. KG). RNA
was used as a template, MRNA was reverse transcribed into cDNA using the RevertAid 1st strand
cDNA synthesis kit (Fermentas) and a poly-T primer according to the manufacturer’s protocol. Cloning
was performed using standard methods described in (Sambrook et al., 1989). PCR-fragments used for
cloning were obtained using Q5 high-fidelity DNA polymerase (New England Biolabs, Frankfurt,
Germany). Restriction enzymes and T4 DNA Ligase used for cloning were also received from NEB
GmbH and used according to the manufacturer’s protocols. PCR products were purified using the
NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel GmbH und Co. KG) according to the
manufacturer’s protocol. Plasmids were isolated with the NucleoSpin Plasmid kit (Macherey-Nagel
GmbH und Co. KG) according to the manufacturer’s protocol. Escherichia coli strain DH10pB was used
for amplification of the plasmids. Bacteria were grown on corresponding selection media (Lysogeny
broth). Antibiotics for bacterial selection were used at final concentrations as follows: Kanamycin 50
pg/mL; Ampicillin 100 pg/mL; Gentamycin 25 pg/mL; Spectinomycin 100 pg/mL; Tetracyclin 12.5
pg/mL; and Rifampicin 10 ug/mL. All PCR-based constructs were sequenced by MWG-Biotech AG
following the company’s standards. Sequencing results were aligned with geneious software to
reference  sequences received from The Arabidopsis Information Resource (TAIR,
www.arabidopsis.org). The plasmids pCAMBIA2300 (www.cambia.org) and pGGZ001
(Lampropoulos et al., 2013) were used as binary vectors. Details of the PCR reaction mix and steps
involved in PCR using both Q5 high-fidelity DNA polymerase and Taq polymerase have been
summarized in Table 1. Vectors used in this work are listed in Table 2. Detailed information for all

oligonucleotides used in this study is listed in supplementary material Table S1.

Table 3 PCR reaction mix and cycler program.

Reaction mix for Q5® High-Fidelity DNA polymerase based PCR amplification

Components/reaction Volume (pul)
5x Q5 Reaction buffer 10

2 mM dNTPs 5

10 uM Forward primer 2.5

10 uM Reverse primer 25

Q5 High-Fidelity DNA 0.5
polymerase (2 U/ul)
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Template DNA (100 ng made 2.5

upto 2.5 ul)

Sterile double distilled water to 50

PCR Cycler program for Q5 polymerase

Temperature Time Cycles

98 °C 30 sec 1 cycle

98 °C 15 sec 25 - 35 cycles
Xe°C 10 sec

72 °C 30 sec/kb

72°C 3 min 1 cycle
Reaction mix for Taq polymerase based PCR amplification
Components/reaction Volume (pul)

10x Standard Taqg Reaction buffer | 2.5

2 mM dNTPs 2.5

10 uM Forward primer 0.5

10 uM Reverse primer 0.5

Taq polymerase (5 U/ul) 0.125

Template DNA (100 ng madeup |1

to 1 ul)

Sterile double distilled water 17.875

PCR Cycler program for Taq polymerase

Temperature Time Cycles

95 °C 2 min 1 cycle

95 °C 20 seconds 30 - 40 cycles

X°C 20 seconds

72°C 1 min/ kb

72 °C 5 min 1 cycle
Table 4 Plasmid vectors used in this work.

Name Purpose Description

29



Materials and Methods

pGADT7-GW Yeast two-hybrid interaction test | Express a protein of interest fused to a
GALA4 activation domain
pGBKT7-GW Yeast two-hybrid interaction test = Express a protein fused to GAL4 DNA

binding domain

pGGAO000 GG entry vector Entry vector for promoter region of
interest

pGGBO003 GG entry with N-decoy Entry vector carrying N-decoy in case
no D-tag is needed

pGGCO000 GG entry vector Entry vector for CDS of interest

pGGDO001 GG entry vector with linker-GFP | Entry vector carrying GFP as C-tag

pGGEO009 GG entry with tUBQ Entry vector carrying terminator of
UBQ10

pGGF005 GG entry with Hygromycin-R Entry vector carrying Hygromycin

resistance for plant selection
pGGZ001 GG destination vector Destination vector, binary vector for
plant transformation

pCambia3300 Binary vector for plant transformation

2.3 Arabidopsis genomic DNA extraction and genotyping PCR

DNA was extracted from a small piece of leaf tissue of diameter ~ less than 1 cm. Leaf disk was freeze
in liquid nitrogen and ground to a fine powder (Qiagen grinder or pestle). The powdered tissue was
suspended in 500 pl gDNA extraction buffer and incubated for 15 min at 65°C using a thermomixer at
1000 rpm after brief vortexing. 300 ul chloroform was added and mixed thoroughly by inverting
Eppendorf tubes. The mixture was centrifuged for 10 min at 13000 rpm. 400 pl of the supernatant was
transferred into a new tube (make sure to avoid any interphase junk). 280 pl of isopropanol was added
to the supernatant (70% vol of supernatant), mixed by inversion, incubated 5 min at room temperature
and centrifuged for 15 min at 12000 rpm. The pellet was washed with 1 ml ice-cold 70% ethanol, dried
completely and resuspended in 50 pul 5 mM Tris-HCI PH 5.8 or ddH2O. The entire preparation was
stored at 4 °C until use. PCR-based genotyping was performed with the genotyping primer

combinations. The genotyping primers have been listed in table no.2
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2.4 RNA extraction from the plant material and cDNA synthesis

Total RNA was isolated from the 7-day old seedlings using the kit according to the instructions given
in the manufacturer’s manual. Purified total RNA in RNase- free water were quantified and analyzed
for purity using the NanoPhotometer P330 (Implen GmbH). Isolated RNA was stored at -80 °C until
use. First-strand cDNA synthesis was performed using the RevertAid 1st strand cDNA synthesis kit (
Thermo Scientific) accordingly. Details of the reaction mix and steps involved in the cDNA synthesis

have been summarized in Table3.

Table 5 Reaction mix and steps involved in cDNA synthesis.

Reaction mix for the cDNA synthesis

Components per reaction Volume (pl)

5x Reaction Buffer 4

RiboLock RNase Inhibitor (20 1

U/ul)

10 mM dNTP Mix 2

RevertAid M-MuLV RT (200 U/ul) | 1

Oligo (dT)18 primer 1

Template RNA 1 ug

Nuclease-free water to 20ul

Steps for cDNA synthesis

Step Temperature (°C) Incubation time
(min)

Step 1 42 60

Step 2 70 5

Step 3 4 forever

2.5 Generation of various reporter constructs
2.5.1 Construction of Y2H vectors

The backbone vectors for the yeast two-hybrid (Y2H) analysis were pPGADT7 AD (AD) and pGBKT7
BD (BD). The Coding sequences of WAK2, KIN7.4, KIN7.2 and TOR1 was amplified from Col-0
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cDNA with respective primer (primer list is in supplimenatry data). Amplicons were purified and
digested for cloning into AD. In order to map KIN7.4 interaction domains by yeast-two-hybrid assay,
various truncated fragments of KIN7.4 were generated by PCR and ligated into pGADT7. SUB
intracellular domain fused to the GAL4 DNA-binding domain (GBD) was described previously
(\VVaddepalli et al., 2014). Coding sequences of SUB juxta, SUB juxta 1st and SUB juxta 2nd and SUB
kinase domain were cloned into pGBDT7 by former lab members. All constructs were verified by

sequencing.

List of yeast two hybrid vectors

Y?2H vector Restriction Primer no.
enzyme
TOR-AD Ndel/Xmal 4140/4139
TOR-BD Ndel/Xmal 4150/4151
KIN7.4-AD Xmal/Sacl 4230/4231
KIN7.4-BD Ncol/Xmal 4232/4233
KIN7.2-AD Xmal/Sacl 4226/4227
KIN7.2-BD Ncol/Xmal 4228/4229
KIN7.4 A -AD Xma/Sacl 4230/4511
KIN7.4 A -BD Ncol/Xmal 4232/4512
KIN7.4 B-AD Xmal/Sacl 4513/4231
KIN7.4 B-BD Ncol/Xmal 4514/4233
KIN7.4-ATP-AD Xmal/Xmal 4574/4575
KIN7.4-Motor-AD Xmal/Xmal 4576/4577
KIN7.4-Stalk-AD Xmal/Xmal 4578/4579
KIN7.4-Zn-AD Xmal/Xmal 4580/4581
WAK?2-ECD-AD Xmal/Ndel 4157/4158
WAK?2-ICD-AD Ndel/Xmal 4155/4156

2.5.2 Generation of root hair patterning construct pGL2::GUS:EGFP pGGZ001

The pGL2::GUS:EGFP construct was assembled using the GreenGate system (Lampropoulos et al.,
2013). The promoter region of GL2 (AT1G79840) was amplified with primer pGL2 _F1and pGL2_R1
from genomic Col-0 DNA. The internal Bsal site was removed during the procedure as described in
(Lampropoulos et al., 2013). The GUS coding sequence was amplified from plasmid pB1121 (Jefferson
et al., 1987) with primer GUS_F and GUS_R, digested with Bsal and used for further cloning. Vectors
were further assembled with pGGA006, pGGB003, pGGD001, pGGE009, and pGGF005 (all kindly
provided by Jan Lohmann) to pGGZ001::pGL2:GUS:EGFP:tUBQ.
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2.5.3 Generation of KIN7.4 promoter reporter construct pKIN7.4::NLS-GUS:EGFP:tKIN7.4

The pKIN7.4::NLS-GUS:EGFP:tKIN7.4 construct was assembled using the GreenGate system. The
promoter of KIN7.4 was amplified using primers 4461, 4462, 4463, and 4464 from Col-0 genomic
DNA. The PCR product was cloned in to green gate promoter module entry vector. In the same manner
terminator was also amplified using primers 4465,4466,4467 and 4468 primers and cloned in to green
gate terminator module. Vector were further assembled with pGGAOK4, pGGB003, pGGDO001,
pPGGEOK4 and pGGF005 to pGGZ001:pKIN7.4::NLS:GUS:EGFP:tKIN7.4.

2.5.4 pKIN7.4::EGFP:gKIN7.4:tKIN7.4 pCambia3300

The promoter was amplified from Col-0 genomic DNA with primer pair 4551 and 4552. The PCR
product was cloned in to pPCAMBIA3300 using Xmal restriction enzyme. In the second step,the
terminator was amplified from Col-0 genomic DNA with primer pair 4549 and 4550. The PCR product
was cloned in to pPCAMBIA3300:pKIN7.4 using Pmel restriction enzyme resulting into plasmid
pCAMBIA3300:pKIN7.4:tKIN7.4. In thrid step complete genomic region of KIN7.4 was amplified
from Col-0 genomic DNA with primer pair 4551 and 4552 and PCR product was cloned in to
pCAMBIA3300:pKIN7.4:tKIN7.4. using Sbfl and Pmel restriction enzyme. In final step EGFP was
amplified from greengate EGFP module plasmid using primer pair 4543 and 4544. The PCR product
was cloned into pCAMBIA3300:pKIN7.4:gKIN7.4:tKIN7.4 plasmid using Xmal and Sbfl restriction
enzyme resulting into final pKIN7.4::EGFP:gKIN7.4:tKIN7.4 pCAMBIA3300.

2.6  Yeast-two-hybrid (Y2H) assay

For Y2H, the above-mentioned GAD- and GBD-fusion constructs were co-transformed into yeast
strain AH109 (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GALIUAS-
GAL1TATA-HIS3,MEL1, GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ)
(Clontech/TaKaRa, USA). Transformants were selected after 3 days growth on synthetic complete
medium lacking leucine and tryptophan (—LW) at 30 °C. To test for interaction, transformants were
streaked on yeast synthetic drop-out (SD) plates lacking leucine, tryptophan, and histidine (—-LWH)
supplemented with 2.5 mM 3-amino-1,2,4-triazole for 2 days at 30 °C.
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2.7 Scanning electron microscopy (SEM)

For scanning electron microscopy analysis, carpel was obtained from freshly open flower buds and
dissected before suspending in fixative (2% glutaraldehyde (SIGMA G5882), 69% acetone, 29% H20)
overnight. Fixed ovules were washed with 70% acetone (4x15 minute, followed by 6x30 minute).
During fixation I, ovules were washed for 15 minutes in 50% acetone in 50mM cacodylate buffer pH
7.0, followed by 10 minutes in 25% acetone in 50mM cacodylate buffer, 10 minutes in 10%
acetone/cacodylate buffer, and finally, washed with 50mM cacodylate for 5 minutes. Washed ovules
were then treated with 2% osmium-tetroxide in 50mM cacodylate buffer for 2 hours. Osmium tetroxide
was removed by washing 2 times with 50mM cacodylate buffer, and then followed with a 10-minute
wash with 10% acetone/cacodylate buffer. In the end, the ovules were passed through an acetone series
(10%, 20%, 40%, 60%, and 70%) for 30 minutes each and stored at 4°C. Fixed ovules were passed
through a minimum of three 100% acetone washes before critical point drying. Specimens were
mounted on stubs and dissected using fine tip needle. The tissues were coated with gold particles and
examined with the TM3000 tabletop scanning electron microscope (HITACHI). Scanning electron
microscopy was performed essentially as reported previously (Schneitz et al., 1997; Sieburth and
Meyerowitz, 1997).

2.8 Confocal laser scanning microscopy (CLSM)

To assess the cellular structure of floral meristems samples were stained with modified pseudo-Schiff
propidium iodide (mPS-PI) (Truernit et al., 2008). Confocal laser scanning microscopy was performed
with an Olympus FV1000 setup using an inverted 1X81 stand and FluoView software (FV10-ASW
version 01.04.00.09) (Olympus Europa GmbH, Hamburg, Germany) equipped with a water-corrected
40x objective (NA 0.9) at 3x digital zoom. For SUB:EGFP subcellular localization upon drug
treatments or colocalization with endosomal markers confocal laser scanning microscopy was
performed on epidermal cells of root meristems located about 8 to 12 cells above the quiescent center
using a Leica TCS SP8 X microscope equipped with GaAsP (HyD) detectors. The following objectives
were used: a water-corrected 63x objective (NA 1.2), a 40x objective (NA 1.1), and a 20x immersion
objective (NA 0.75). Scan speed was set at 400 Hz, line average at between 2 and 4, and the digital
zoom at 4.5 (colocalization with FM4-64), 3 (drug treatments) or 1 (root hair patterning). EGFP
fluorescence excitation was done at 488 nm using a multi-line argon laser (3 percent intensity) and
detected at 502 to 536 nm. FM4-64 fluorescence was excited using a 561 nm laser (1 percent intensity)

and detected at 610 to 672 nm. For the direct comparisons of fluorescence intensities, laser, pinhole,
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and gain settings of the confocal microscope were kept identical when capturing the images from the
seedlings of different treatments. The intensities of fluorescence signals at the PM were quantified
using Leica LAS X software (version 3.3.0.16799). For the measurement of the fluorescence levels at
the PM optimal optical sections of root cells were used for measurements. On the captured images the
fluorescent circumference of an individual cell (ROI, region of interest) was selected with the polygon
tool. The mean pixel intensity readings for the selected ROIs were recorded and the average values
were calculated. For determination of colocalization, the distance from the center of each EGFP spot
to the center of the nearest FM4-64, mCherry or mRFP signal was measured by hand on single optical
sections using ImageJ/Fiji software (Schindelin et al., 2012). If the distance between two puncta was
below the resolution limit of the objective lens (0.24 um) the signals were considered to colocalize (Ito
et al., 2012). Arabidopsis seedlings were covered with a 22x22 mm glass coverslip of 0.17 mm
thickness (No. 1.5H, Paul Marienfeld GmbH & Co. KG, Lauda-Konigshofen, Germany). Images were
adjusted for color and contrast using ImageJ/Fiji software.

2.9 Three-dimensional ovule imaging using CLSM and MorphoGraphX

Carpel was obtained from appropriate flower buds and dissected before suspending in fixative 4%
paraformaldehyde (PFA) in 1xPBS pH7.3 for one to two hours at room temperature with gentle
agitation or overnight at 40C. The fixed tissues were washed twice for 1 min in 1 x PBS. Then the
tissues were transferred to ClearSee solution at room temperature with gentle agitation for overnight
or more. Cleared ovules were stained with (0.1 %) SCRI Renaissance 2200 (SR2200) stain (Musielak
et al., 2015) in 1x PBS for 30 min. Subsequently, the ovules were transferred to ClearSee solution for
another 30 min before imaging (Ursache et al., 2018). Ovules were mounted on slides and dissected
from the carpel wall. For imaging, a Leica TCS SP8 X microscope with 63 x glycerol objective was
used. SR2200 was excited with a 405-nm laser line and emission recorded between 415 and 476 nm
(405/415-476). The confocal images of the ovules were used to construct a 3D image with
MorphoGraphX 2.0 (Barbier de Reuille et al., 2015).

2.10 Phenotyping flower organ

Whole flowers and silique micrographs were obtained using an Olympus SZX12 stereomicroscope
equipped with an XC CCD camera and Cell Sense Dimension software. Whole plant pictures were
taken with a Nikon COOLPIX B500 digital camera (NIKON CORP.). Images were manipulations such
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as brightness and contrast, were carried out using ImageJ/Fiji and Adobe Photoshop CS6 software
(Adobe System Inc.).

2.11 Drug treatments

The transgenic sub-1/pSUB:SUB:EGFP seeds were used. Isoxaben (1SX), DCB, Thoxtomin A (Thx),
Latriculin-B (Lat-B), oryzalin were obtained from Sigma-Aldrich and used from stock solutions in
DMSO (1 mM ISX, DCB, Thx, Lat-B, oryzalin) FM4-64 was purchased from Molecular Probes (2
mM stock solution in water). For FM4-64 staining seedlings were incubated in 4 uM FM4-64 in liquid

1/2 MS medium for 5 minutes prior to imaging.
2.12 Immunoprecipitation and western blot analysis

500 mg of 7-day wild-type or transgenic seedlings were lysed using a TissueLyser Il (Qiagen) and
homogenized in 1 ml lysis buffer A (50mM Tris-HCI pH7.5, 100 mM NaCl, 0.1 mM PMSF, 0.5%
Triton X-100, protease inhibitor mixture (Roche)). The cell lysate was mildly agitated for 15 min on
ice and centrifuged for 15 minutes at 13000 g. For lines carrying GFP-tagged proteins, the supernatant
was incubated with GFP-TRAP_MA magnetic agarose beads (ChromoTek) for 2 hours at 4°C. Beads
were concentrated using a magnetic separation rack. Samples were washed four times in buffer B
(50mM Tris-HCI pH7.5, 100 mM NaCl, 0.1 mM PMSF, 0.2% Triton X-100, protease inhibitor mixture
(Roche)). Bound proteins were eluted from beads by heating the samples in 30 pul 2x Laemmli buffer
for 5 minutes. Samples were separated by SDS-PAGE and analyzed by immunoblotting according to
standard protocols. Primary antibodies included mouse monoclonal anti-GFP antibody GST
(Invitrogen/Thermo Fisher Scientific), mouse monoclonal anti-MBP antibody (Agrisera). Secondary
antibodies were obtained from Pierce/ThermoFisher Scientific: goat anti-rabbit 1gG antibody
(1858415) and goat anti-mouse 1gG antibody (1858413).

2.13 Growth media, growth conditions and frequently used buffers

Ingredients are dissolved in deionized H20, and all growth media need to be autoclaved.
For DNA gel electrophoresis

5x TBE running buffer (pH should be 8.3)

450 mM Tris Base

400 mM boric acid

10 mM EDTA pH 8
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For DNA extraction
100 mM Tris/HCI pH 8
250 mM NaCl

25 mM EDTA pH 8
0.5% (v/v) SDS

For Glycine-SDS polyacrylamide gel electrophoresis according to Laemmli
Protein lysis buffer

50 mM Tris/HCI pH 7.5

150 mM Nacl

0.1 mM PMSF

protein inhibitor cocktail

0.5% (v/v) Triton-X 100

Coomassie R-250 staining solution

0.25% (w/v) Commassie Brilliant Blue R-250
0.50% (v/v) Ethanol

10% (v/v) Glacial acetic acid

Coomassie R-250 destaining solution
0.50% (v/v) Ethanol
10% (v/v) Glacial acetic acid

10x SDS running buffer

0.25 M Tris

2 M Glycine

1% (w/v) SDS

For transfer and immunodetection of proteins
10x Transfer buffer

40 mM Tris base

40 mM Glycine

TBST buffer

0.1% (w/v) Tween 20 in TBS buffer
TBS buffer

10 mM Tris/HCI (pH 7.4)

150 mM Sodium chloride

Blocking buffer 5% (w/v) Skim milk powder in TBST buffer

For standard molecular biology/cloning
Lysogeny broth (LB) medium 1% tryptone, 0.5% yeast extract, 10% NaCl, (0.9% bacto agar)

For plant tissue culture ¥ Murashige-Skoog medium

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

YPD medium 2% tryptone, 1% yeast extract, (2.4% bacto agar), 2% glucose

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

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

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

2.14 Bioinformatics

Protein domain searches were conducted using the PFAM database. Bioinformatic analysis was mainly
performed using geneious software. Alignments were generated with geneious software using a
ClustalW algorithm with BLOSUM®62 matrix. Sequencing results were analyzed in geneious software

using the map to reference tool with geneious mapper and highest sensitivity
2.15 Cellulose quantification

Seedlings were grown on square plates with half-strength MS medium and 0.3% sucrose supplemented
with 0.9% agar for seven days. Cellulose content was measured following the Updegraff method
essentially as described (Kumar and Turner, 2015; Updegraff, 1969) with minor modifications as
outlined here. Following the acetic nitric treatment described in (Kumar and Turner, 2015) samples
were allowed to cool at room temperature and transferred into 2 ml Eppendorf safe lock tubes. Samples
were then centrifuged at 14000 rpm at 15°C for 15 min. The acetic nitric reagent was removed carefully
without disturbing the pelleted material at the bottom of the tube. 1 ml of double-distilled H.O was
added, and the sample was left on the bench for 10 min at room temperature followed by centrifugation
at 14000 rpm at 15°C for 15 min. After aspirating off the H20O 1 ml acetone was added and the samples
were incubated for another 15 min, followed by centrifugation at 14000 rpm at 15°C for 15 min.
Afterward, acetone was removed, and samples were air-dried overnight. Then the protocol was

continued as described in (Kumar and Turner, 2015).
2.16 ROS, lignin, and callose staining

Intracellular ROS accumulation in root meristems was estimated using the H.DCFDA fluorescent stain
essentially as described (Juarez et al., 2015). Seeds were grown on square plates with half-strength MS
medium and 1% sucrose supplemented with 0.9% agar. The seeds were stratified for two days at 4°C
and incubated for seven days at 22°C under long-day conditions, at a 10 degree inclined position. Seven
days-old seedlings were first transferred into multi-well plates containing half-strength liquid MS

medium supplemented with 1% sucrose for two hours. Then medium was exchanged with liquid
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medium containing either DMSO (mock) or 600nM isoxaben without disturbing seedlings. 10 min
prior to each time point seedlings were put in the dark and the liquid medium was supplemented with
100 pM H:DCFDA staining solution. Images were acquired with a confocal microscope. For
quantification a defined region of interest (ROI) located 500 um above the root tip (excluding the root
cap) was used in all samples. Staining for lignin (phloroglucinol) and callose (aniline blue) was
performed as described in (Van der Does et al., 2017) and (Schenk and Schikora, 2015) respectively.
ROS, phloroglucinol and aniline blue staining were quantified on micrographs using ImageJ software
(Rueden et al., 2017).

2.17 Hypocotyl and root measurements

For measuring etiolated hypocotyl length, seedlings were grown for five days on half-strength MS agar
supplemented with 0.3 % sucrose. Seedlings were photographed and hypocotyl length was measured
using ImagelJ. For root growth assays, seedlings were grown for seven days in long-day conditions at
21°C on half-strength MS agar supplemented with 0.3 % sucrose. Plates were inclined at 10 degrees.
Root length was measured using ImageJ. For root growth recovery assays seedlings were grown on
half-strength MS agar supplemented with 0.3 % sucrose. Seeds were stratified for two days followed
by incubation at 21°C in long-day conditions for seven days. Plates were inclined at 10 degrees.
Individual seedlings were transferred to plates containing either 0.01 percent DMSO (mock) or 600
nM isoxaben for 24 hours. After treatment, seedlings were transferred onto half-strength MS agar
plates supplemented with 0.3 % sucrose. The position of the root tip was marked under a dissection
microscope. Root length was measured every 24 hours for up to three days. For root cell bulging assays
seedlings were grown for seven days in long-day conditions at 21°C on half-strength MS agar
supplemented with 0.3 % sucrose. Plates were inclined at 10 degrees. Individual seedlings were first
transferred into liquid medium for two hours habituation followed by treatment with 600 nM isoxaben
for up to seven hours. To take images, seedlings were stained with 4 uM FM4-64 for 10 minutes and
imaged using confocal microscopy. Confocal micrographs were acquired at each time point. All

hypocotyl length or root measurements were performed in double-blind fashion.
2.18 Statistics

Statistical analysis was performed with PRISM8 software (GraphPad Software, San Diego, USA).
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2.19 Microscopy and artwork

Images of seedlings exhibiting phloroglucinol staining were taken on a Leica MZ16 stereomicroscope
equipped with a Leica DFC320 digital camera. Images of hypocotyl and root length were taken on a
Leica SAPO stereomicroscope equipped with a Nikon Coolpix B500 camera. Aniline blue-stained
cotyledons and root cell bulging were imaged with an Olympus FVV1000 setup using an inverted 1X81
stand and FluoView software (FV10-ASW version 01.04.00.09) (Olympus Europa GmbH, Hamburg,
Germany) equipped with a 10x objective (NA 0.3). For assessing cell bulging a projection of a 5 um
z-stack encompassing seven individual optical sections was used. Aniline blue fluorescence was
excited at 405 nm using a diode laser and detected at 425 to 525 nm. H.DCFDA and EGFP fluorescence
excitation was done at 488 nm using a multi-line argon laser and detected at 502 to 536 nm. For the
direct comparisons of fluorescence intensities, laser, pinhole and gain settings of the confocal
microscope were kept identical when capturing the images from the seedlings of different treatments.
Scan speeds were set at 400 Hz and line averages at between 2 and 4. Measurements on digital
micrographs were done using ImageJ software (Rueden et al., 2017). Images were adjusted for color
and contrast using Adobe Photoshop CC software (Adobe, San Jose, USA).
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3 Results

3.1 The receptor kinase STRUBBELIG promotes the response to cellulose deficiency in

Arabidopsis thaliana
3.1.1 SUB does not affect cellulose production

In previous work, the FTIR analysis of cell wall fraction reveals SUB mutants are defective in cell wall
biochemistry (Vaddepalli et al., 2017). To explain the molecular mechanism responsible for altered
cell wall biochemistry of SUB mutants, | first analyzed if SUB is affecting cellulose biosynthesis. To
this end, I checked transcript levels of CESAL, CESA3, and CESA6 and its homologous CESA2 and
CESAS5 in wild-type and sub mutants with the help of quantitative real-time polymerase chain reaction
(QRT-PCR). The gRT-PCR result showed no significant difference in the transcript level of CESAL,
CESAS3, and CESA6 and its homolog CESA2, and CESA5 between sub and wild-type (Figure 9 A).
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Figure 9. Effects of SUB on cellulose content in seven-day-old seedlings.

(A) Gene expression levels of primary cell wall CESA genes in wild type and sub as assessed by
gRT PCR. Individual CESA genes and genotypes are indicated. Mean = SD is shown. Data points
designate results of individual biological replicates. The experiment was performed two times with
similar results. (B) Estimation of cellulose content. Genotypes are indicated. Data points indicate
the results of individual biological replicates. Mean = SD is shown. Asterisks represent statistical
significance (P < 0.0001, unpaired t test, two-tailed P values).

In the next step, to corroborate transcript analysis results | also quantified total cellulose content in
wild type and sub. Cellulose content from seven-day-old seedlings was quantified using the Updegraff
method (Updegraff, 1969; Kumar and Turner, 2015). | could not observe any differences in the amount
of cellulose between sub and wild-type (Figure 9 B) however similar to previous finding cellulose

biosynthesis deficient mutant prcl-1 shows a significant difference of cellulose content with Col
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(Fagard et al., 2000). Taken together the results indicate that SUB does not affect cellulose biosynthesis
in young seedlings.

3.1.2 SUB promotes the isoxaben-induced CWD response

Next, | hypothesized that SUB is involved in cell wall integrity signaling and thereby facilitating cell
wall remodeling. To test this hypothesis, | first analyzed SUB on various parameter characterized for
cell wall integrity, for example, ROS accumulation, induction of marker genes ectopic lignin, and

callose deposition upon cell wall damage (CWD).

3.1.2.1 SUB promotes early ROS accumulation upon CBI

To detect if SUB is involved in early ROS production upon treatment with cellulose biosynthesis
inhibitor drug isoxaben. Seven-day-old seedlings of wild-type and sub-9 were exposed to 600nM
isoxaben or DMSO in a time-course experiment for up to 120 min in 30 minutes’ intervals. Upon
treatment, 1 measured the fluorescence intensity of the intracellular ROS probe H2DCFDA in roots
(Henry et al., 2015, Juarez et al., 2015). | noticed an increase in H2.DCFDA signal in wild-type Col
seedlings treated for 30 minutes with isoxaben compared to untreated seedlings (Figure 10 A, B). The
signal intensity of the probe continues to increased further in seedlings exposed for 60 minutes. This
signal intensity remained for up to 120 minutes of continuous exposure to isoxaben. However, in sub-
9 seedlings, we noticed a slight increase in H.DCFDA signal only after 60 minutes (Figurel0 A, C).
Moreover, signal intensity was noticeably reduced in comparison to the wild type. In comparison to
the mock-treated sub-9 seedlings, isoxaben-treated sub-9 seedlings continued to show an enhanced
signal intensity for up to 120 minutes of exposure, while the relative difference to signal levels of
mock-treated seedlings was never as prominent as in wild type. Thus, it is safe to infer sub-9 mutants
showed a delayed onset of H.CDFDA signal appearance and overall reduced signal intensity for the

time frame analyzed. The results show that cellulose biosynthesis inhibition upon isoxaben leads to
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accumulation of intracellular ROS in roots cells within 30 minutes of application. This isoxaben

induced early intracellular ROS accumulation is dependent on SUB.

°~S‘
sub-9
B C
150
g "7 col o éﬁ sub-9 HHRE % kK
[ i
S x 100- g x 100~
i) e
3« ? I 22
TR g L a,
S N TET PRy
: .
¥ g@; : I iéﬁfii
N~ o
T = T 0
i PP o o <~ o <~ <~ o <~ <~ <~ <~
\“g“ g“@“ @‘\ @*‘3‘*@“@“ S8 & s“ﬁ‘ﬁs SRR
*\ O ,\‘3 \\ .,, @\@ @\ ,0, '39 001__\" ‘-\'\*'\'\ \"b+\"3 \b+b \Qﬂ+%\u'b \I\'If
gl g gk gk SRR AR e
@a \&oo gé %@00 e@o ‘15:" \é§~ f \@' \“o" PO \@ )
Treatment Treatment

Figure 10. SUB affect on isoxaben-induced ROS production.

(A) Confocal micrographs depicting H,CFDA signal in root tips of six-day-old seedlings
treated with 600 nM isoxaben for the specified time. Genotypes are indicated. Note reduced
signal in sub-9. (B, C) Quantification of results depicted in (A). Genotypes are indicated.
Box and whisker plots are shown. 10 < n < 14. Asterisks represent statistical significance
(%+=+, P <0.0001; = P <0.002, « P < 0.05, unpaired t test, two-tailed P values). Experiments

were performed three times with similar results.
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3.1.2.2 SUB promotes upregulation of defense marker gene transcription upon CBI

After establishing the role of SUB in isoxaben induced early ROS production, | decided to test if SUB
activity is required for transcriptional regulation of several marker genes, known to respond to
isoxaben-induced CBI within eight hours (Hamann et al., 2009). To this end, with the help of my
colleague Jin Gao and Xia Chen | performed qRT-PCR experiments for defense marker genes. Total
RNA from seven days-old liquid-grown seedlings treated with 600 nM isoxaben for eight hours was
subject for gRT-PCR experiment. | noticed that isoxaben-induced upregulation of CCR1, PDF1.2, and
TCH4 was attenuated in sub-9 mutants compared to wild type (Figure 11). However, | did not detect a
significant change in the upregulation of other tested marker genes, including VSP1, FRK1, CYP81F2,
TIP2:3, and RBOHD, in sub-9 seedlings. The results indicate that SUB is required in a quantitative

fashion for the isoxaben-induced transcriptional upregulation of several marker genes.
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Figure 11. SUB effects on isoxaben-induced marker gene expression accumulation.

(A) Gene expression levels of several CBI marker genes by gPCR upon exposure of seven-
day-old seedlings to 600 nM isoxaben for eight hours. The results from five biological
replicates are shown. Marker genes and genotypes are indicated. Mean £ SD is presented.
Asterisks represent statistical significance ( P < 0.05, unpaired t test, two-tailed P values). The
experiment was repeated twice with similar results.

3.1.2.3 SUB promotes ectopic lignin accumulation upon CBI

Isoxaben-induced CBI eventually results in the alteration of cell wall biochemistry as evidenced for
example by the ectopic accumulation of lignin and callose (Hamann et al., 2009). So in the next step,

I analyzed if SUB affects ectopic lignification upon application of isoxaben. Using the phloroglucinol
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staining method (Mitra and Loqué, 2014) | then estimated lignin accumulation in six-day-old liquid-
grown seedlings treated with 600 nM isoxaben for 12 hours. | noticed reduced phloroglucinol signal
in the root elongation zone of sub-1 seedlings in comparison to Ler wild type (Figure 12A, B). I also
analyzed sub-9 mutant allele in Col background and noticed reduced phloroglucinol signal in sub-9
seedlings although the effect was less prominent. However, in our hands, Col wild-type plants
exhibited an overall weaker phloroglucinol staining indicating that isoxaben-induced lignin
accumulation does not occur to the same level as in Ler (Figure 12A, B). The reduced lignin
accumulation in SUB loss of function mutant background regardless of ecotype suggests SUB could be
directly involved in the genetic pathway required for isoxaben induced lignification. Furthermore, to
test our notion we analyzed three independent SUB overexpression line for ectopic lignin accumulation
upon isoxaben treatment. | could detect significantly increased phloroglucinol staining in two out of
three SUB over-expressing lines (pUBQ::SUB:mCherry, lines L1, O3) (Figure 12A, B). From obtained
results, it could be inferred that SUB is part of a genetic pathway involved in ectopic lignification upon
cell wall perturbation due to isoxaben.
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Figure 12. SUB affects isoxaben-induced ectopic lignification. (A) Phloroglucinol signal
strength indicating lignin accumulation in roots of six-day-old seedlings exposed to 600 nM
isoxaben for 12 hours. Genotypes: Col, sub-9 (Col), pUBQ::gSUB:mCherry (line L1), Ler, and
sub-1 (Ler). (B) Quantification of the results depicted in (A). Left panel shows results obtained
from different sub mutants in the Col or Ler background. Right panel depicts results from three
independent pUBQ::gSUB:mCherry transgenic lines overexpressing SUB (Col, lines L1, O3,
D1). Box and whisker plots are shown. 16 <n < 21. Asterisks represent statistical significance
(» P <0.02, =+, P <0.0001; unpaired t test, two-tailed P values).
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3.1.2.4 SUB promotes callose accumulation upon CBI

In previous research, it has been reported that CBI for 24 hours leads to accumulation of callose in
cotyledons of wild-type seedlings (Hamann et al., 2009,). Thus, | analyzed if SUB is also required for
this response. To this end, | transferred seven days-old plate-grown seedlings to liquid medium without
isoxaben for 12 hours for habituation to accommodate seedlings in new environment. Subsequently,
the medium was exchanged, and seedlings were kept in 600 nM isoxaben containing liquid medium
for another 24 hours. Afterward, seedlings were fixed and stained with aniline blue following standard
protocol mentioned (Schenk and Schikora, 2015). As expected, | observed prominent aniline blue
staining in cotyledons of Ler and Col wild-type seedlings upon isoxaben treatment (Figure 13 A, B).
However, | noticed strongly reduced aniline blue staining in cotyledons of isoxaben-treated sub-1 and
sub-4 (both in Ler) as well as sub-9 and sub-21 (both in Col). In contrast, we detected stronger aniline
blue staining in SUB overexpressors (lines L1, O3) (Figure 13 A, B). Taken together, our results
suggest that SUB is required for the isoxaben-induced formation of callose in cotyledon and it could

be rather direct participation of SUB for isoxaben induced callose accumulation.

A sub-9 OE SUB-L1

Figure 13. SUB affects isoxaben-induced callose accumulation.

(A) Confocal micrographs show cotyledons of seven-day-old sub-9, Col, and pUBQ::gSUB:mCherry
(line L1) seedlings treated with mock or 600 nM isoxaben for 24 hours. Aniline blue fluorescence
signal strength indicates callose accumulation. (B) Quantification of the results depicted in (A). Left
panel shows results obtained from sub mutants in Ler background. Center panels indicate results
obtained from sub mutants in Col background. Right panel depicts results from two independent
pUBQ::gSUB:mCherry transgenic lines overexpressing SUB (Col, lines L1, O3). Box and whisker
plots are shown. 7 <n < 18. Asterisks represent statistical significance (s, P <0.0001; < P < 0.004,
unpaired t test, two-tailed P values). The experiment was performed three times with similar results.
Scale bars: (A) 0.1 mm; (C) 0.2 mm.
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3.1.3 The SUB-mediated CBI response is sensitive to sorbitol

In previous research it has been reported that isoxaben-induced CWD response is sensitive to turgor
pressure, as indicated by the suppression of lignin or callose accumulation in the presence of osmotica,
such as sorbitol (Engelsdorf et al., 2018, Wormit et al., 2012, Hamann et al., 2009). So in next step, |
decided to test if SUB mediated responses to CBI is osmosensitive. To this end, | analyzed if SUB
affects a turgor-sensitive CBI response. | compared isoxaben-induced accumulation of lignin and
callose in six-day-old Col, sub-9, and pUBQ::SUB:mCherry seedlings in the presence of 300 mM
sorbitol (Figure 14). | observed that sorbitol suppressed lignin and callose accumulation in all tested
genotypes, including SUB overexpressing lines that result in hyperaccumulation of lignin or callose in
the absence of sorbitol. | noticed that providing 300mM sorbitol along with isoxaben suppresses lignin
and callose accumulation in all genotype analyzed. For lignin accumulation | did not notice any
phloroglucinol stain in any observed samples (Figure 14 A) although our control samples showed
staining signal (image not is shown) suggesting that the experiment worked per se. Similarly, for
callose accumulation isoxaben treated seedlings do not differ than mock-treated seedlings in aniline
blue signal intensity (Figure 14B, C). Taking together these results indicate that SUB contributes to a

turgor-sensitive CBI response.
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Figure 14. The effects of sorbitol on lignin and callose accumulation upon isoxaben
exposure. (A) Phloroglucinol signal strength indicating lignin accumulation in roots of six-day-
old seedlings exposed to mock/300 mM sorbitol or to 600 nM isoxaben/300 mM sorbitol for 12
hours. Genotypes: Col, sub-9 (Col), pUBQ::gSUB:mCherry (line L1), gky-11 (Col). Note
absence of detectable signal. Minimum 10 roots per genotype were analyzed and experiment was
performed three times with similar results (B) Confocal micrographs show cotyledons of seven-
day-old sub-9, Col, and pUBQ::gSUB:mCherry (Col, line L1) seedlings treated with mock/300
mM sorbitol or 600 nM isoxaben/300 mM sorbitol for 24 hours. Aniline blue fluorescence signal
strength indicates callose accumulation. No increase in signal intensity can be observed in
isoxaben-treated seedlings. (C) Quantification of the results depicted in (B). Left panel depicts
results obtained from sub-1 mutants in Ler background. Right panel shows results obtained from
sub mutants in Col background and also depicts results from two independent
pUBQ::gSUB:mCherry transgenic lines overexpressing SUB (Col, lines L1, O3). Box and
whisker plots are shown. 5 < n < 10. No statistically significant differences were observed
(unpaired t tests, two-tailed P values). The experiment was performed three times with similar
results. Scale bars: (A) 0.1 mm; (C) 0.2 mm.
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3.1.4 SUB attenuates isoxaben-induced cell swelling and promotes root growth recovery

After confirming the role of SUB in cell wall integrity signaling, I next asked if the participation of
SUB in cell wall signaling has any biological relevance to isoxaben-induced cell wall perturbation. It
has been known that exposure of seedlings to isoxaben result into reduced microfibril formation in the
cell wall and eventually results in the shortening and swelling of cells of the root epidermis (Engelsdorf
et al., 2018). So | hypothesized if SUB is involved in monitoring cell wall perturbation and thereby
facilitating remodeling and fortification process, sub seedlings should be hypersensitive to isoxaben
treatment. To test the hypothesis | analyzed the effect of 600nM isoxaben on contour of epidermal cell
in elongation zone of root meristem in time course fashion. | transferred six days-old plate grown
seedlings into a mock-solution or a solution containing 600 nM isoxaben for up to seven hours. | then
analyze the timing of the initial appearance of altered cellular morphology of root epidermal cells. In
addition, | also examined the severity of the phenotype. Notably, I did not observe any obvious
morphological alterations in mock-treated wild-type or mutant seedlings (Figure 15). In Col wild-type
seedlings cell shortening and swelling appeared first during a five to six-hour interval after the start of
the treatment (Figure 15) (44/96 seedlings total, n = 4), as reported previously (Engelsdorf et al., 2018).
Upon isoxaben application to sub-9 or sub-21 seedlings, however, | detected similar alterations already
during a three to four-hour interval after initiating isoxaben treatment (sub-9: 23/57, n = 2; sub-21:
20/46, n = 2). In addition, I noticed that sub mutants exhibited more prominent cellular alterations after
seven hours of isoxaben treatment in comparison to wild type (Figure 15).
sub-9 sub-21

--
ISX (7h) i
2

Figure 15. Root epidermal cell shape changes upon isoxaben treatment.

Six-day-old seedlings counter-stained with the membrane stain FM4-64 are shown. Confocal
micrographs depict the region where the elongation zone flanks the root meristem. Time of
exposure in hours to 600 nM isoxaben (1SX) or mock are indicated as are the genotypes. Arrows
denote aberrant cell shapes. Scale bar: 0.1 mm.

49



Results

In the second experiment, | took advantage of previously establish root growth recovery assay. In wild-type
seedlings, a 24-hour exposure to isoxaben results in a temporary stop of root growth followed by rapid recovery
(Engelsdorf et al., 2018). Thus, | also analyzed the role of SUB in root growth recovery upon a 24 hour-treatment
with isoxaben. First | grew wild-type and various mutant seedlings on plates for six days, transferred the seedlings
onto plates containing 600 nM isoxaben for 24 hours, then transferred back the seedlings to recovery plates lacking
isoxaben, and subsequently monitored the percentage of seedlings that continued root growth every 24 hours for
up to 72 hours (Table 5). I used ixr2-1 mutants as control. | noticed that 98 percent of ixr2-1 seedlings recovered
root growth already within 24 hours indicating that the treatment did not generally interfere with the seedling
ability to recover root growth. | then tested wild-type seedlings. I noticed that 46 percent of Ler or 39 percent of
Col seedlings had resumed root growth after 24 hours. By 72 hours, 86 percent of Ler and 90 percent of Col
seedlings had recovered root growth. By contrast, a significantly reduced fraction of sub-1 and sub-4 mutants had
resumed root growth when compared to wild-type Ler (Table 5). The sub-9 and sub-21 mutants also showed
reduced root growth recovery in comparison to Col although sub-21 appeared less affected than sub-9. Importantly,
ixr2-1 sub-9 mutants behaved identically to ixr2-1 single mutants at all-time points scored. The finding indicates
that ixr2-1 is epistatic to sub-9 and that the observed isoxaben-induced decrease in root growth recovery in sub-9
mutants relates to the herbicide. Taken together, the result suggests that sub mutants are hypersensitive to isoxaben
treatment and that SUB promotes root growth recovery and represses cell size and shape changes in root epidermal

cells during the isoxaben-induced CWD response.
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Table 6 Root growth recovery after isoxaben treatment

Results

Genotype N total® 24 hP 48 hP 72 hP
Ler 110 45.5 69.1 85.5
sub-1 82 244" 50.0 64.6™
sub-4 76 17.17 39.57" 5267
qky-8 87 37.9° 64.47 88.5™
Col-0 142 38.7 65.5 90.1
sub-9 88 23.9 455™ 705"
sub-21 72 26.4"™ 51.4™ 68.1"
qky-11 81 37.0® 64.2" 92.6™
ixr2-1 83 97.6™" 97.6™" 97.6™
sub-9 ixr2-1 77 100.0"" 100.0""" 100.0™
thel-1 78 41.0™ 69.2" 88.5™

Percentages of root growth recovery of plate-grown, seven-day-old seedlings after transient exposure
to 600 nM isoxaben for 24 hours. The top four sample rows list genotypes that are in Ler background.
The bottom seven sample rows list genotypes that are in Col background.

®Total number of samples. Cases per class and time point were pooled from three independent
experiments. For each biological replicate, 22 <n < 32 seedlings were analyzed per genotype and time
point.PStatistical significance (mutant vs respective wild type): na, not applicable; ns, not significant;
* P<0.05; ** P < 0.005; **** P < 0.0001; (Fisher’s exact test; two-sided).

3.1.5 SUB attenuates root growth in prcl-1

As in previous experiments, there has been sufficient evidence to support role of SUB in isoxaben
induced cellular response. Moreover, SUB is also required to sustain the morphological defects arising
due to cellulose biosynthesis inhibition. Since pharmacological agents may have uncertain secondary
effects it becomes necessary to corroborate the results with genetic experiments. PRC1 encodes the
CESAG subunit of cellulose synthase (Fagard et al., 2000) and prc1-1 loss-of-function mutants show
reduced cellulose levels (Fagard et al., 2000). To test if SUB also affects a biological process in a
scenario where cellulose reduction is induced genetically 1 compared root length in sub-9, sub-21, and
prcl-1 single and sub-9 prcl-1 double mutants (Figure 16 A, B). | found that root length of sub-9 or
sub-21 did not deviate from wild type while root length of prc1-1 was markedly smaller in comparison
to wild type, confirming previous results (Fagard et al., 2000). Interestingly, | observed that sub-9
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prcl-1 exhibited a significantly longer root than prcl-1 though sub-9 prcl-1 roots were still notably
smaller than wild type roots. The results indicate that SUB contributes to root growth inhibition in
prcl-1.
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Figure 16. SUB effect on root growth inhibition in prcl-1.

(A) Root length in seven-day-old seedlings grown on plates under long-day conditions (16 hours
light). Genotypes are indicated. Note the partial rescue of root length in sub-9 prc1-1 but not in thel-
1 prcl-1. (B) Quantification of the data shown in (A). Box and whisker plots are shown. 21 <n <40.
Asterisks represent statistical significance (-, P < 0.0001; unpaired t test, two-tailed P values). The
experiment was performed three times with similar results. Scale bars: 0.5 mm.

3.1.6 SUB and THEZ1 share partially overlapping functions

THEL is a central regulator of the isoxaben-induced CBI response (Engelsdorf et al., 2018, Gonneau
et al., 2018, Van der Does et al., 2017). My data indicate that SUB and THE1 have overlapping but
also distinct functions in this process. For example, SUB and THE1 control isoxaben-induced lignin
accumulation in the root (Engelsdorf et al., 2018, Van der Does et al., 2017). However, in contrast to
THEL, SUB did not affect FRK1 induction by isoxaben (Van der Does et al., 2017). I also found that
root growth recovery of thel-1 seedlings upon transient exposure to isoxaben did not deviate from wild
type (Table 5). Moreover, | failed to detect an effect of THEL on root growth inhibition in prcl-1,
while SUB contributes to this process (Figure 16). We, therefore, explored further the relationship
between THE1 and SUB.

THEL contributes to the reduction of hypocotyl length of cellulose-diminished prcl-1 seedlings
grown in the dark as evidenced by the partial recovery of hypocotyl elongation in thel prcl double
mutants (Hématy et al., 2007). | compared sub-9 prcl-1 to thel-1 prcl-1 with respect to hypocotyl
elongation in six-day-old etiolated seedlings and root length in seven-day-old light-grown seedlings
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(Figure 17). | observed strongly reduced hypocotyl elongation in prcl-1 in comparison to wild type
and significant suppression of this reduction in thel-1 prcl-1 double mutants (Figure 17 A, B) as
described earlier (Hématy et al., 2007). In contrast, hypocotyl length in sub-9 mutants was not
decreased, nor was there a partial reversal of reduced hypocotyl elongation in sub-9 prcl-1 double
mutants (Figure 17 A, B). The results indicate that SUB does not affect hypocotyl elongation in
etiolated wild-type or prcl-1 seedlings. Finally, I assessed the role of THEL in isoxaben-induced early
ROS accumulation in root tips. I noticed no difference in H.CDFDA signal intensity when comparing

thel-1 seedlings that had been treated with either mock or isoxaben for 30 minutes (Figure 17 C). By

A . &

3. Fkkk
%, © i
& A <, Y i 'g r I
<, ® i3 “& “&
c\0/ 6‘.9 “> “> “> > _§, 20 é
-c %
=) e
% 15— sk ok
- I 1
> 10—
ES.TEEE s 8 !
AN o -
it g s * @
— =
I n
C i 1 1 1 1 I )
Heskeske [ T S T N
100 — (_,0\ ,’\P‘ ‘\e\ ‘o" ‘o" ‘o"

N
P ®

L
i}@géqﬁ

H2CDFDA Fluorescence
Intensity (AU x 102)

Treatment

Figure 17. Influence of THE1 on etiolated hypocotyl length of prcl-1 and isoxaben-induced
ROS accumulation in root tips.

(A) Hypocotyl elongation in six-day-old seedlings grown on plates in the dark. Genotypes are
indicated. Note the partial rescue of hypocotyl elongation in thel-1 prcl-1 but not in sub-9 prcl-1.
(B) Quantification of the data shown in (A). Box and whisker plots are shown. 14 <n <25. Asterisks
represent statistical significance (s, P < 0.0001; unpaired t test, two-tailed P values). The
experiment was performed three times with similar results. (C) Quantification of H,CDFDA signal
indicating ROS accumulation in root tips of six-day-old thel-1 seedlings exposed to mock or 600
nM isoxaben for the indicated time. Note the unaltered signal at 30 minutes exposure. Box and
whisker plots are shown. n = 10. Asterisks represent statistical significance (=, P = 0.0003, unpaired
t test, two-tailed P values). Experiments were performed three times with similar results. Scale bars:
0.5 mm.

contrast, isoxaben-induced reporter signal in the root tip became stronger than the mock-mediated

signal at the 60 minute time point (Figure 17 C). Overall the results resemble the findings obtained
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with sub-9 mutants (Figure 10 C) although the response may be slightly less affected in thel-1 in
comparison to sub-9. In summary, SUB and THEL are required for ROS and lignin accumulation in
roots and show partial overlap with respect to stress marker gene induction. SUB and THEL show

opposite effects on growth inhibition of roots and hypocotyls in prcl mutants and their functions differ

with respect to root growth recovery.
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3.2 Morphogenesis in Arabidopsis during cellulose deficient condition is regulated by the
activity of SUB

3.2.1 Isoxaben treatment reduces SUB transcriptionally and post-translationally

In the previous chapter, | demonstrated the participation of SUB signaling pathway in cell wall integrity
signaling. Furthermore, | decided to look into the mechanistic detail of SUB mediated cell wall
signaling. To this end, first | together with my colleague Jin Gao analyzed the effect of isoxaben on
translational fusion SUB protein in a time-course experiment. Upon treatment with 600nM isoxaben
in liquid grown seedlings I noticed considerably weaker pSUB::SUB:EGFP (SSE) reporter signal in
comparison to reporter signal in DMSO mock-treated seedlings (Figure 18 A, B). The decrease of
EGFP signal intensity could be observed at around five hours after the start of the treatment and it was
significantly decreased after around eight hours. Although EGFP signal did not completely disappear
but remained at about 50 percent of the intensity detected prior to the start of the isoxaben treatment.
Next question | asked if isoxaben treatment also results in reduced endogenous SUB expression. My
lab colleague Xia Chen analyzed SUB transcript expression by gRT-PCR in seedlings treated for eight
hours with isoxaben. In line with the observed reduction in reporter expression, she also detected
reduced SUB mRNA levels (Figure 18 C).

In the next step, | decided to test if prolonged exposure with sublethal dose of isoxaben treatment
has a similar effect on SUB activity. In previous dose-response experiments testing the effect of
isoxaben on growth inhibition of Arabidopsis seedlings, Heim et al. have revealed a tight response
ranging from near normal growth to no growth in the narrow range of 1 to 10 nM isoxaben, with an Iso
at 4.5 nM (Heim et al., 1989). Thus, | decided to analyze seven-days-old pSUB::SUB:EGFP sub-1
seedlings that were continuously grown on agar plates containing 3 to 5 nM isoxaben. In comparison
to mock-treated samples, | observed a decreased reporter signal in the isoxaben dose-dependent manner
(Figure 18 D, E). In a similar experiment, Xia Chen observed reduction of SUB transcript levels by
about 50 percent in comparison to untreated seedlings (Figure 18 F). In summary, the results suggest
that isoxaben induces a reduction in SSE siganl as well as in SUB transcript.
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Figure 18. Effect of isoxaben treatment on SUB.

(A) And (D) show confocal micrographs depicting optical sections through roots of seven-day-
old, seedlings. (A) Signal intensity of a functional pSUB::SUB:EGFP reporter upon exposure of
liquid-grown seedlings to mock or 600 nM isoxaben. Duration of treatment and treatment are
indicated. Imaging parameters between the mock and isoxaben treatments were identical. Note
the reduction of signal in isoxaben-treated seedlings that starts at about five hours of treatment.
(B) Quantification of the data shown in (A). Box and whiskers blots are shown. 8 <n < 12.
Asterisks represent statistical significance (x, P < 0.04; -, P < 0.0006; unpaired t test, two-tailed
P values). The experiment was performed three times with similar results. (C) Relative mRNA
levels of SUB and QKY in seven days-old seedlings exposed to mock or 600 nM isoxaben for
eight hours. Expression was detected by gPCR. Mean + SD is shown, n = 3. Asterisks represent
statistical significance (x, P < 0.02; ==, P < 0.0001; unpaired t test, two-tailed P values). The
experiment was performed three times with similar results. (D) Signal intensity of a functional
pSUB::SUB:EGFP reporter upon exposure of plate-grown seedlings continuously exposed to
mock or three, four, or five nM isoxaben. Duration of treatment and treatment are indicated.
Imaging parameters between the mock and isoxaben treatments were identical. Note the reduced
signal in isoxaben-treated seedlings. (E) Quantification of the data shown in (D). Box and
whiskers blots are shown. 14 <n < 15. Asterisks represent statistical significance («+, P < 0.004;
«xex, P < 0.0001; unpaired t test, two-tailed P values). The experiment was performed three times
with similar results. (F) Relative expression of SUB and QKY in seven days-old seedlings grown
on plates containing mock or 3 nM isoxaben. Expression was detected by gPCR. Mean + SD is
shown, 2 <n < 3. Asterisks represent statistical significance (», P < 0.03; =, P < 0.009; unpaired
t test, two-tailed P values). The experiment was performed three times with similar results. Scale
bars: (A) 60 pm; (D) 50 pm.
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3.2.2 Exposing plants to sub-lethal doses of isoxaben induces sub-like root hair patterning

defects

The observation that cellulose biosynthesis inhibition results in the downregulation of SUB raised the question if
isoxaben treatment also results in a similar sub like phenotype. To address this issue, | first analyze the effect of
isoxaben treatment on root hair cell patterning in six-day-old seedlings. To this end, 1 made use of Col plants
carrying the pGL2::GUS:EGFP (GL2::EGFP) reporter. The GLABRA2 (GL2) promoter drives expression in
nonhair (N) cells but not in hair (H) cells of the root epidermis (Dolan et al., 1994) and the expression pattern of a
pGLS2::GUS or GL2::EGFP reporter thus serves as a convenient and faithful proxy for root hair patterning (Kwak
et al., 2005, Masucci et al., 1996, Gao et al., 2019). | analyzed six days-old wild-type seedlings first grown on
regular plates for four days followed by growth in 3 nM isoxaben-containing plates for two days with the help of a
confocal microscope. | noticed that 3nM isoxaben treated seedlings show prominent misexpression of reporter
signal that resembled the expression pattern of the reporter in sub-9 mutants (Figure 19 A-D) (Table 6) however
mock-treated seedlings showed regular expression pattern. To corroborate my finding, | repeated the experiment
with two different drugs 2,6-dichlorobenzonitrile (DCB) and Thaxtomin A, both drug cause CBI in Arabidopsis
(Heim et al., 1990, Scheible et al., 2003, Tateno et al., 2016). | treated wild-type seedlings with 200 nM DCB or
15 nM Thaxtomin A, both drugs induced sub-like expression pattern defects of the GL2::EGFP reporter (Figure
19 E, F). To complement our finding, | analyzed genetically defected in cellulose biosynthesis prc1-1 mutants that
carried the GL2::EGFP reporter but were not exposed to isoxaben. | noticed that prc1-1 mutants exhibited a mild
but consistent defect in the expression pattern of the reporter (Figure 19 G). These observations lead to question, if
altered patterning of GL2::EGFP reporter is just consequence of over-active cell wall integrity signaling due to non-
specific cell wall perturbation. It has been previously reported that changing in osmolarity of cell or disrupting the
microtubule dynamics could also activate the cell wall integrity signaling machinery due to changes in turgor
(Hamann et al., 2009; Hamant and Haswell, 2017; Engelsdorf et al., 2018). So to address the issue of specificity of
cell wall perturbation | analyze the pattern of GL2::EGFP reporter in presence of high osmoticum or microtubule
disrupting drugs. | did not notice any irregular reporter expression pattern in seedlings exposed to 150 mM NaCl,
175 nM oryzalin, or 200 nM latrunculin B (Figure 19 H-L). Furthermore proving osmotic support to sub-9 did not
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rescue its root hair patterning defect as treatment of sub-9 GL2::EGFP seedlings with 100 nM sorbitol did not
rescue the altered expression pattern of the reporter (Figure 19 I).

ColiMock =

-

E

OE Slﬁ L1 OE SUB L1
Mock = | 2 "M ISX

Figure 19. The consequence of reduced cellulose biosynthesis on the GL2::EGFP expression pattern.
Confocal micrographs show optical sections through roots of seven-day-old seedlings showing the
GL2::EGFP expression pattern. Genotypes and/or treatments are indicated. For quantification of some of
the effects see Table X. (A) 10/10 roots analyzed showed this pattern. (B) 13/16. (C) 22/22. (D) 31/35. (E)
21/28. (F) 12/12. (G) 11/11. (H) 17/21. The remaining four roots showed the occasional single cell
displacement in the reporter expression as also sometimes seen in wild type (Table 2). (1) 12/13. (J) 17/19.
(K) 11/11. (L) 13/13. (M) 15/17. (N) 16/19. The experiment was performed three times with similar
results. Scale bars: 20 um.

Table 7 Position-dependent pattern of GL2::EGFP reporter expression in root epidermal cells
upon a 48 hour exposure to isoxaben.

Genotype ISX [nM]? | H cells total® | H Position® N cells total® | N Position®
Col 0 633 2.7 741 96.6
sub-9 0 548 33.6¢ 615 74.8
Col 1 441 14.1° 589 86.1

2 375 26.7 459 78.7

3 395 30.6 579 77.0
SUBOEL1 |0 423 6.9 558 77.3

1 616 4.7 663 95.9
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2 327 1.29 396 92.2
3 401 16.7 445 86.7
SUBOEO3 |0 508 4.7 701 82.2
1 638 3.3" 706 94.5
2 320 3.4 396 92.4
3 359 10.9 475 86.1

For each genotype and treatment at least 10 different roots of seven-days-old seedlings were analyzed.
#Isoxaben (ISX) concentration in plate

*Total number of cells at H or N position scored

“Percentage of cells at H or N position expressing the GL2::EGFP reporter

dStatistical significance: sub-9 vs Col (untreated), P < 0.0001.

“Statistical significance: Col (1 nM ISX) vs Col (untreated), P < 0.0001.

fStatistical significance: L1 (1 nM ISX) vs Col (untreated), P = 0.0708; L1 (1 nM ISX) vs Col (1 nM
ISX), P <0.0001. L1 (1 nM ISX) vs L1 (untreated), P = 0.1686.

YStatistical significance: L1 (2 nM I1SX) vs Col (untreated), P = 0.1676; L1 (2 nM I1SX) vs Col (2 nM
ISX), P <0.0001, L1 (2 nM ISX) vs L1 (untreated), P = 0.0001.

hStatistical significance: O3 (1 nM ISX) vs Col (untreated), P = 0.6219; O3 (1 nM ISX) vs Col (1 nM
ISX), P <0.0001; O3 (1 nM ISX) vs O3 (untreated), P = 0.2241.

Statistical significance: 03 (2 nM 1SX) vs Col (untreated), P = 0.5448; O3 (2 nM I1SX) vs Col (2 nM
ISX), P <0.0001; O3 (2 nM ISX) vs O3 (untreated), P = 0.4785.

Significance was estimated by a two-sided Fisher’s exact test. The experiment was performed twice with
similar results.

To confirm that the altered GL2::EGFP expression pattern in roots of isoxaben-treated wild-type
seedlings indeed reflects root hair patterning defects. To this end, | compared the number of hair and
nonhair cells in the N and H positions of the root epidermis, respectively, in untreated and treated wild
type seedlings to the respective numbers in untreated sub-9 roots. In untreated plate-grown wild-type
plants, we found that 97.4 percent of cells at the H position were hair cells while only 1.9 percent of
cells at the N position were hair cells (Table 7). In contrast, roots of wild-type seedlings grown on 3
nM isoxaben plates for seven days exhibited 67.7 percent hair cells in the H position and 24.4 percent
hair cells in the N position. A similar value was observed for sub-9 mutants, confirming previous
results (Kwak et al., 2005) (Table 7). Taken together, the results indicate that reduced cellulose
biosynthesis leads to an altered expression of the GL2::EGFP reporter and a sub-like defect in root hair

patterning.
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Table 8 Distribution of root hair and nonhair cells in the root epidermis.

H position® N position®
Genotype roots? Hair (%) Nonhair (%) Hair (%) Nonhair (%)
Col-0 17 97.4+33 |26%3.3 19+28 98.1+2.38
Col-0/3nM ISX | 17 67.7+49 |323+48 24.4+6.0 75.6 £6.0
sub-9 17 709+41 |298+4.1 234+£4.1 76.6 £4.1

®Total number of different roots analyzed.
bMean + standard deviation. Total number of cells counted at H position: 321 <n < 442. Total number of
cells counted at N position: 472 <n < 561. The experiment was repeated twice with similar results.

3.2.3 Exposing plants to sub-lethal doses of isoxaben induces sub-like floral defects

SUB is known to regulated morphogenesis of above ground floral organ as well as root (Chevalier et
al., 2005, Fulton et al., 2009). So in the next step, | decided to explore further the effect of isoxaben
on SUB-dependent floral organ morphogenesis. For that, | tested if isoxaben treatment also induces
sub-like defects in flowers and ovules. To this end, | compared wild-type (Ler) and sub-1 plants that
were grown on soil in the presence of isoxaben. Plants were initially germinated and grown without
any treatment. Just before the start of bolting | began watering wild-type plants with 100 to 500 nM
isoxaben and continued watering with isoxaben in three-day intervals for two weeks. As it has
previously been reported that stage 3 floral meristems of sub mutants show aberrant cell division planes
in the L2 layer (Chevalier et al., 2005, Fulton et al., 2009) (floral stages according to (Smyth et al.,
1990), I collected floral primordia and stained them with propidium iodide. Isoxaben-treated wild-type
Col plants revealed sub like L2 layer division plane defect (Figure 20 A-C) of floral meristems with
propensity corresponding to increasing concentrations of isoxaben (Table 8). Additionally, | compared
stage 13 flower morphology of isoxaben-treated Ler plants to flowers from untreated sub-1 plants
(Figure 20 D-F). I noticed similar sub-like flowers with altered arrangement of petals from isoxaben-
treated plants. At last, | analyzed the ovule phenotype of isoxaben-treated wild-type plants. | observed
sub-like defects in integument outgrowth in late stage 3 or early stage 4 ovules (ovule stages according
to Schneitz et al., 1995) (Fig. 20 G-I) (Table 9). Ovule defect was less pronounced with 100 nM
isoxaben compared to treatment with 500 nM isoxaben (Table 9). The obtained results show that

isoxaben also induces sub-like defects in floral and ovule development.
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Figure 20. Influence of isoxaben treatment on floral and ovule morphogenesis.
Genotypes and treatments are indicated. For a quantification of the effects see Table 8, 9.
(A-C) Confocal micrographs depicting mid-optical sections through stage 3 floral
meristems. Arrows indicate irregular periclinal cell divisions in L2. (D-F) Morphology
of mature stage 13 or 14 flowers. (E, F) Compare to (D). Note the aberrant arrangement
of petals. (G-I) Electron scanning micrographs depicting mature stage 3 or 4 ovules. (H,
I) Compare to (G). Note aberrant integuments. (J, K) Confocal micrographs depicting
mid-optical sections through stage 3 floral meristems. Note the regular cell division
pattern in the L2 layer. (L, M) Note regular appearance of flowers. The experiment was
performed three times with similar results. Abbreviations: ii, inner integument; oi, outer
integument. Scale bars: (A) to (C) and (J), (K), 20 um; (D) to (F), and (L), (M), 0.5 mm,;
(G) to (I) 50 um.
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3.2.4 Ectopic expression of SUB attenuates several detrimental effects of isoxaben

Taking all the above results into account | hypothesized that cellulose biosynthesis inhibition results
in downregulation of SUB, and subsequently in a sub-like phenocopy, ectopic expression of SUB
should counteract this outcome. To test this hypothesis | made use of two wild-type lines carrying a
pUBQ::SUB:mCherry transgene (lines L1, O3) and crossed them into a wild-type line carrying the
GL2::EGFP reporter. | first then analyzed the reporter signal in seven-days-old plate-grown seedlings
that had been grown on normal plates for five days before being transferred to plates containing no
isoxaben or 1 nM, 2 nM, or 3 nM isoxaben, respectively, for another 48 hours prior to analysis (Figure
19 M, N) (Table 6). Kwak et al, 2007 has previously reported that ectopic expression of SUB results
in aberrant pGL2::GUS expression and a mild defect in root hair patterning (Kwak and Schiefelbein,
2007). 1 noticed that lines L1 and O3 both showed an altered expression pattern of the GL2::EGFP
reporter in untreated root confirming the previous finding, with more cells in the H position and fewer
cells in the N position exhibiting reporter signal compared to wild type (Fig. 19 M) (Table 6). In Col
wild type seedlings upon 1 to 3 nM isoxaben treatment | observed noticeable and concentration-
dependent increase in defects in the expression pattern of the reporter (Table 6). Interestingly,
isoxaben-treated L1 and O3 lines show significant differences to wild type expression pattern of
reporter signal. Exposing seedlings of both lines to 1 or 2 nM isoxaben resulted in GL2::EGFP patterns
that resembled the pattern observed in untreated wild-type seedlings and that were less aberrant than
the GL2::EGFP patterns observed in corresponding isoxaben-treated wild-type seedlings (Figure 19
M,N) (Table 6). Moreover, the defects were weaker when compared to the aberrations exhibited by
untreated L1 or O3 lines. However, exposing both lines to 3 nM isoxaben resulted in defected
expression pattern of the reporter but that was still less severe in comparison to wild-type plants treated
with 3 nM isoxaben (Table 6). Taken together, these data indicate that ectopic SUB activity attenuates

the effects of isoxaben on the expression pattern of the GL2::EGFP reporter in the root epidermis.

Next, | also tested if ectopic expression of SUB also alleviates the effects of isoxaben on floral
development by cultivating lines L1 and O3 in the presence of different concentrations of isoxaben as
described above. I noticed that floral meristem and ovule defects were reduced in both lines compared
to wild type (Fig. 20 J-M) (Tables 8, 9). In summary, the results indicate that the effects of isoxaben
on root hair patterning as well as floral and ovule development relate to the isoxaben-induced reduction
of SUB activity.

62



Results

Table 9 Number of periclinal cell divisions in L2 layer of stage 3 floral meristems of plants
exposed to different concentrations of isoxaben.

Genotype ISX [nM]? N FM? N PCDP Percentage
Col 0 29 5 17.2
sub-9 0 31 14 45.2
Col 200 14 4 28.6
300 21 8 38.1
400 25 15 60.0
SUB OE L1 0 8 2 25.0
400 27 6 22.2

®Number of floral meristems analyzed.

®Number of periclinal cell divisions observed.

The experiment was performed twice with similar results

Table 10 Comparison of integument defects between Col, sub-9, sub-21, and Col plants exposed

to different concentrations of isoxaben.

Genotype ISX [nM]? | N Ovules® Defective Ovules®
Col 0 502 0.0
sub-9 0 629 44.2°
sub-21 0 578 49 51
Col 200 547 13.5°
300 576 25.4
400 563 34.3
500 551 50.5
SUBOEL1 |0 511 0.0
200 593 2.4"9
300 527 4,09
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400 573 8.7"
500 581 14.1"
SUBOE O3 |0 570 0.0
200 587 1.9
300 508 3.3
400 571 8.4
500 541 16.1

Results

For each genotype and treatment at least 15 different carpels from four different plants were analyzed.

#lsoxaben (ISX) concentration in water.

"Total number of ovules scored.

“Percentage of ovules with sub-like integument defects.

IStatistical significance: sub vs Col (untreated), P < 0.0001.

®Statistical significance: Col (untreated) vs Col (200 nM 1SX), P < 0.0001.
fStatistical significance: Col (untreated) vs SUB OE L1 (200 nM ISX), P = 0.0002.
YStatistical significance: Col (untreated) vs SUB OE L1 (300 nM ISX), P < 0.0001.
"Statistical significance: Col (treated) vs SUB OE L1 (treated), P < 0.0001.

Significance was estimated by a two-sided Fisher’s exact test. The experiment was performed three times
with similar results.
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3.3 Additional candidate genes involved in the SUB signaling pathway

After establishing the role of SUB in CBI induced cellular response and cellular architecture
maintenance, | set out to find additional candidates involved in the SUB signaling pathway. | took into
consideration two criteria for a candidate to be likely involved in the SUB signaling cascade. The first
consideration was a potential physical interaction. In the canonical signaling pathway, two proteins
have to physically interact or at least reside in close vicinity for propagating signaling cues. Due to the
sophisticated nature of plant cell and limited available resources, it is difficult to isolate intact protein
complexes from plant. With the advent of yeast two-hybrid (Y2H) system, it has become very
convenient to find putative interactor of signaling component. The Y2H system also provides the
opportunity to find domain-specific interactor of a protein. However, Y2H is a heterologous system
and there have been several reports of false-positive result so independent validation of interaction is
always recommended. The genetic interaction analysis is another method to find possible participants
of the signaling component. The comparison of the single and double mutant phenotype of candidate
gene reveals genetic interaction among them, for example, the positive regulators of signaling pathway
show similar phenotype whereas phenotype of double mutant could reveal more complex nature

individual signaling components.

The second factor | considered if the putative candidate is also localized or enriched at
plasmodesmata by mining PD proteome data. SUB is known to localized at plasmodesmata along with
plasma membrane. To form the SUB signaling protein complex, the putative candidate has to be in

close vicinity to SUB.

By taking advantage of already available SUB yeast two-hybrid interactome data in the lab and
various data search yield into list of 32 putative candidate genes (Table 1). The candidate gene was
first screened for sub like floral organ phenotype in the single mutant background. In the next step,
by crossing with sub-9 and gky-11, double mutant plants were generated for each candidate gene.
The double mutant plants were screened for suppression or enhancement of sub-9 floral organ
phenotype. In the compiled list of candidate genes, | found two microtubule-binding proteins
TORTIFOLIA (TOR1) and KINESIN7.4 (KIN7.4) (Table 10). TOR1 is involved in stabilizing
microtubule (Buschmann et al., 2004) and mutant plant lacking functional TOR protein show
anticlockwise stem and petiole twisting (Buschmann et al., 2004; Wightman et al., 2013). Kinesin
is a motor protein known for cargo transport (Asada and Collings, 1997). KIN7.4 is not well studied
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although KIN7.3 an ortholog of KIN7.4 is reported to assist in microtubule polymerization
(Moschou et al., 2016). | also found several receptor-like kinases including BAK1-interacting
receptor like kinase (BIR1), Pollen receptor like kinase 2 (PRK2), Leucine-rich repeat 1(LRR1)
and Wall associated kinase 2 (WAK2) (Table 10). WAKSs are known for transducing signal from
cell membrane upon various biotic and abiotic stress (He et al., 1999; Kohorn and Kohorn, 2012).
The LRR1 is plasma membrane-localized kinase which is recently been reported for relocalization
from the plasma membrane to plasmodesmata upon osmotic stress (Grison et al., 2019). | also
found CLATHRIN HEAVY CHAIN 2 (CHC2) an endocytosis machinery protein. CHC2 is
involved in embryonic and postembryonic development (Kitakura et al., 2011) and ligand-
mediated internalization of membrane receptors (Andres Ortiz-Morea et al.; Fendrych et al., 2013;
Mbengue et al., 2016; Zarsky, 2016).

Table 11 List of putative SUB signaling candidate genes
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No. | Gene name AGI code Y2H bait/source Single Double mutant
database mutant with sub-9 or
phenotype gky-11
observed phenotype
observed
1 BAKZ1-interacting AT5G48380 SUB split ubiquitin No sub-9 like | No change in sub-
receptor like kinase (Lalonde S et al; floral organ 9 floral organ
(BIR1) 2010) phenotype phenotype
2 Pollen receptor like AT2G07040 SUB split ubiquitin No sub-9 like | No change in sub-
kinase 2(PRK2) (Lalonde S et al; floral organ 9 floral organ
2010) phenotype phenotype
3 Clathrin heavy chain 2 AT3G08530 SUB-ICD/ (Mukhtar No sub-9 like | Rescue of sub-9
(CHC2) MS et al; 2011) floral organ floral organ
phenotype phenotype
4 Tortifolia 1(TOR1) AT4G27060 SUB-ICD/ (Mukhtar Anticlockwis | Rescue of tor
MS et al; 2011) e stem and phenotype
petiole
twisitng
5 Synaptotagmin1(SYT1) AT2G20990 QKYATM No sub-9 like | No change in sub-
(Lab database) floral organ 9 floral organ
phenotype phenotype
6 Wall associated Kinase 2 | AT1G21270 SUB-ICD No sub-9 like | No change in sub-
(WAK2) (Lab database) floral organ 9 floral organ
phenotype phenotype
7 TONL recruiting motif AT1G67040 SUB-ICD No sub-9 like | No change in sub-
22 (TRM22) (Lab database) floral organ 9 floral organ
phenotype phenotype
8 KINESIN 7.4 (KIN7.4) AT4G39050 SUB-ICD/ (Mukhtar No sub-9 like | Rescue of sub-9
MS et al; 2011) floral organ floral organ
phenotype phenotype
9 Leucine-rich repeat AT5G16590 SUB-ICD No sub-9 like | No change in sub-
protein 1(LRR1) (Lab database) floral organ 9 floral organ
phenotype phenotype
10 Blade on petiole 2 AT2G41370 SUB-ICD No sub-9 like | No change in sub-
(BOP2) (Lab database) floral organ 9 floral organ
phenotype phenotype
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11 | Embryo sac development | AT4G00120 SUB-ICD No sub-9 like | No change in sub-
arrest 33 (EDA 33) (Lab database) floral organ 9 floral organ
phenotype phenotype
12 OBERON 1(OBE1) AT3G07780 SUB-ICD No sub-9 like | No change in sub-
(Lab database) floral organ 9 floral organ
phenotype phenotype
13 | CBL-interacting protein | AT4G18700 QKYATM No sub-9 like | No change in sub-
kinase 12 (CIPK12) (Lab database) floral organ 9 floral organ
phenotype phenotype
14 | Calcium dependent lipid | AT5G37370 QKYATM No sub-9 like | No change in sub-
bining protein (Lab database) floral organ 9 floral organ
phenotype phenotype
15 Unkown protein AT3G15590 SUB-ICD No sub-9 like | No change in sub-
(Lab database) floral organ 9 floral organ
phenotype phenotype

To analyze the possible role of candidate genes, we obtained at least two independent t-DNA insertion
mutant lines from the stock center for each gene (Table 10). All the t-DNA lines were genotyped for
homozygous plant and t-DNA insertion site was further confirmed by sequencing. For some t-DNA
line, insertion was found either very downstream of 3’terminator or very upstream of 5’Promoter than
predicted site of insertion (Table 1). After careful sequencing analysis, homozygous t-DNA lines were
grown in long-day condition and were analyzed for sub like floral organ phenotype. None of the t-
DNA showed any sub like floral organ phenotype. That could be either because of redundant gene
function or complex genetic interactions are difficult to score. Nevertheless, in the second step, all
single mutants plant was crossed into sub-9 to find more direct genetic interaction if any existed among
them. In F1 population of all crossings showed wild type morphology suggesting recessive nature of
mutation in either individual candidate gene. In the next step, F2 generation plants were screened for
homozygous double mutant for each combination of the crossing. At least 300 plants per combination
were grown in long-day condition. F2 population was first analyzed phenotypically for any observable
change sub like floral organ morphology. Except chc2-1sub-9 and kin7.4-1 sub-9 none of F2
population showed any enhanced or suppressed sub-9 phenotypes. For chc2-1 sub-9, % population of
F2 plants showed wild type floral organ phenotype and ¥ plants showed sub-9 like. That suggests SUB
negatively regulates CHC2 for floral organ development. This genetic interaction is further
characterized and published by lab colleague Jin (Gao et al., 2019). The second genetic interaction |

could observe was for kin7.4-1 sub-9, as again % population of F2 plants showed wild type floral organ
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phenotype and ¥ plants showed sub-9 like. This observation hints at KIN7.4 being also negatively
regulated by SUB during floral organ development. The more detail about role of KIN7.4 in floral

organ morphogenesis will be discussed in next chapter.

C T2

Figure 21. Twisted petiole organization of tor is attenuated in tor sub double mutant. Morphology of
3-weeks old seedlings showing straight petioles in wild type seedling Col (A) Ler (B), sub-9 (B) sub-1 (H)
sub-4 (1), anticlockwise twisted petiole in tor-91(C), tor-39 (D), tor1-1 (J). Notice the alleviated petiole
twisting in tor sub (E, F, K, and L).

TOR1 was the third interesting candidate from list of putative candidates. | decided to analyze three
independent mutant alleles, one EMS mutagenized line tor1-2 in Ler ecotype and two t-DNA insertion
lines tor-39 and tor-91 in Col background. None of these lines shows any sub like floral organ defect
but I could confirm anticlockwise twisting phenotype in the petiole of tor1-2, tor-39 and tor-91 (Figure
21) (Buschmann et al., 2004; Wightman et al., 2013) however sub mutant did not show twisted petiole
defect. Interestingly the tor1-2 subl and tor1-2 sub-4 double mutant showed reduced petiole twisting
in Ler ecotype background (Figure 21) as well as in tor-39 sub-9 and tor-91 sub-9. The twisting
phenotype was more prominent in tor-39 and tor1-2 alleles while in double mutant with tor-91 sub-9
showed nearly wild type petiole arrangement and tor-39 sub-9 still shows some reminiscence of tor
phenotype. These phenotypic observations suggest SUB is epistatic to TOR with respect to petiole
twisting.

The fourth interesting candidate was WAK2, WAKSs have been already been reported for their role in
cell elongation, cell expansion and plant defense upon pathogen attack (Verica et al., 2003; Kohorn et
al., 2006a, 2012, 2014; Li et al., 2009). Upon analysis of wak2 mutant alleles, | found that none of
wak?2 single or wak2-12 sub-9 double mutants showed any change in floral organ morphology. But in
light of recently proven SUB’s role in CBI mediated defense pathway, | decided to further explore

WAKS for their role SUB mediated tissue morphogenesis and in cell wall-associated signaling pathway.
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This work was carried by Master’s thesis student Barbara Lesniewska under my supervision. In her
detailed phenotypic analysis, she could confirm that WAK2 did not participate in SUB mediated floral
organ morphogenesis using two independent loss of function wak?2 alleles. Interestingly for WAK3, she
could show that the wak3-1sub-9 double mutant shows rescue of the sub-9 floral organ defect, ovule
integument defect and periclinal division defect in floral meristem while wak3-1 did not show any
defect in floral organ. This observation suggests SUB to act as a negative regulator of WAK3 for floral
organ development. In case of WAK1, she could not generate any homozygous t-DNA insertion mutant
and there is no mutant allele available in the database. Upon performing fecundity assay, she concluded
that the wak1-1 is embryo lethal. For further analysis of WAKZ1, | might have to device inducible system
for suppressing WAK1 activity in temporal and spatial fashion. Taken together her results suggest there
is complex genetic interaction between SUB and WAKSs and for further characterization Barbara has
taken up the project for her Ph.D. thesis in the lab.
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3.3.1 Validation of interaction of promising candidate gene in Y2H

After analyzing the phenotype of all putative candidate genes, in the next step, | decided to validate
the yeast two-hybrid interaction of promising candidate gene. WAK2, TOR1, CHC2, and KIN7.4 were
identified as an interesting candidate for their role in SUB mediated tissue morphogenesis. CHC2 has
already been shown to interact with SUB intracellular domain by our colleague Jin (Gao et al., 2019),
I will not discuss it further. To this end, | decided to perform a yeast two-hybrid experiment on these
selected candidate genes. The coding sequences of WAK2, TOR1, and KIN7.4 were cloned into yeast
two-hybrid vectors. After successful cloning and transformation into yeast, one to one interaction
studies between SUB and candidate genes were performed. Growth of yeast on double drop out
medium containing plate confirmed the successful transformation of both GAL-AD and GAL-DB
plasmids into single yeast. For WAK2, in case when WAK?2 intracellular domain (WAK2 ICD) was

concomitantly transformed with SUB intracellular domain (SUB ICD), yeast were failed to grow on

triple drop out plate (image not is shown) however they successfully formed colony when they harbor
plasmid WAK ECD-AD along with SUB ECD-BD. None of yeast cell grew when empty GAD or

GAD WAK2 GAD WAK2

A
GBD

SUB-ECD

B GAD TOR1 GAD TOR1

GBD

SUB-ICD

GAD KIN7.4 GAD KIN7.4

GBD

SUB-CD

SD-LW SD-LWH+3AT

Figure 22. Yeast two-hybrid interaction of SUB with WAK2, TOR1, and KIN7.4

For Yeast two-hybrid assay SUB-ECD/ICD was cloned into pGBKT7, and WAK2-ECD, TOR1,
and KIN7.4 were cloned into pGADT?7. Yeast AH109 cells were cotransformed with a combination
of the indicated plasmids. To test protein-protein interactions, yeast cells were plated onto synthetic
drop out /~His (H)/~Trp(W)/~Leu(L) medium including 10 mM 3-amino-1,2,4, -triazole and
allowed to grow for 4 d at 30°C. Growth of yeast cells on SD-LWH plate suggests an interaction
between subjected protein. Red color yeast colony mark the deficiency of adenine hemisulfate. AD-
activation domain, BD-binding domain, SUB ECD- SUB extracellular domain, SUB ICD- SUB
intracellular domain.
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GDB vector was used in combination with other ORFs containing plasmids suggest there is no
autoactivation or nonspecific growth of yeast cells. Our result indicates WAK2 extracellular domain
interacts with SUB extracellular growth (Figure 22) while there is no interaction observed between
intracellular domain of WAK2 and SUB. Additionally, TOR1 and KIN7.4 show interaction with
intracellular domain SUB (Figure 22).
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3.4 SUB signaling regulates microtubule organization

SUB signaling pathway mutant sub-1, gky-8, and zet-1 have been shown to exhibit altered cell wall
biochemistry (VVaddepalli et al., 2017). Cortical microtubules (CMT) have been shown to respond to a
defect in the cell wall (Hamant et al., 2008). Moreover in gky mutant background misoriented
microtubules were shown in the carpel (Trehin et al., 2013). Since SUB mutants also show
morphological defect with twisted siliques, carpels, and stem that could also be related to altered CMT.
This notion encouraged me to explore if CMT in sub mutant is also affected. To this end | generated
microtubule marker line mCherry-TUA5S (Gutierrez et al., 2009) previously reported for visualizing
CMT in Arabidopsis seedlings. Interestingly, the recovered transformants displayed severe growth
defect and sterility. The similar observation has also been made in some earlier studies for the TUAS
based CMT marker lines (Xiao et al., 2016). So in step, | generated MT marker transgenic lines
expressing the RFP-TUB6 (Ambrose et al., 2011) in the Ler and Col background. This time the
obtained transformants did not show any twisting phenotype. The homozygous RFP-TUBG6 expressing
line was crossed into sub mutant background. After having all genetic material, seedlings were grown
in long-day condition on MS half medium supplemented with 1% sucrose. Five-day old seedlings were
analyzed with CLSM using 561 laser with 40X water objective. Maximum Z-projection images of
CMT were acquired from the elongation zone of root epidermis. Microtubule orientation in different
zones of 5 days old Col WT root (Figure 23, A-C) was different from each other. The root cap of Col
(Figure 23, A) shows mostly transverse orientation to the longitudinal wall of the cell. While epidermal
cell of meristematic zone shows radial patterning with occasional preprophase band and mitotic
spindle. However, MTs in the transition zone was aligned transversally to the longitudinal axis of root.
CMTs in root cap (Figure 23 D) and meristematic zone of the sub-9 (Figure 23 E) did not show any
major alignment difference compare to Col WT. But in transition zone sub-9 epidermal cells (Figure
23, F) showed more radon organized CMTs in contrast to more transversely organized CMTs in Col
WT.
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Figure 23. Cortical microtubule patterning in different zones of the Arabidopsis root.
Maximum projections of Z-series images from root epidermal cells of 5-d-old Arabidopsis
seedlings expressing RFP-TUBG in Col-WT (A, B, C) and sub-9 (D, E, F) backgrounds. The
distribution of MTorientation relative to the longitudinal cell axis in epidermal cells is shown
for root cap (A, D), Meristematic zone (B, E), and transition zone (C, F) cells in Col WT and
sub-9 seedlings (n > 10 roots per genotype analyzed) Schematic drawings in white inset of
images A, B, and C represent MTs orientation relative to the primary root or root hair axis.
Scale bar: 5 um.

A similar observation was also made in Ler background (Figure 24 A). Ler WT controls (Figure 24 A
left panel) showed mostly transverse RFP-TUBG-labeled MTs. Whereas in sub-1 MTs (Figure 24, A)
appeared to be more disorganized. Further on, the orientation angle of MTs of 100 cells from ten
different roots was measured in both background and plotted on the frequency graph after binning for
10 degrees orientation angle. In Ler background the highest frequency of MT were clustered at 90
degrees (Figure 24 B upper panel ). sub-1 as expected MTs were more dispersed (Figure 24 B lower

panel). In conclusion sub mutant show CMT orientation defect in root epidermis cells.
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Figure 24. Organization of cortical microtubule in the elongation zone epidermal
cell. A, RFP-TUBG6 labeled CMT in Ler (A, left panel) sub-1 (A, right panel). B,
Quantification of cortical microtubule of Ler (B, Upper panel) and sub-1 (B, Lower
panel).

In light of the observed CMT orientation defects in of sub mutant, it was interesting to study
microtubule-binding protein. Moreover, AtKin13a another kinesin from Arabidopsis has been shown
to modulate cell wall synthesis and cell expansion (Fujikura et al., 2014). So in next step | decided to
characterize KIN7.4

75



Results

3.5 Characterization of KINESIN 7.4 (KIN7.4) in Arabidopsis
3.5.1 Insilico structure-function analysis of KIN7.4

To develop an understanding about the role of KIN7.4 in plant development | first analyze domain
structure. In silico structure analysis based on homology modeling reveals very conserve nature of
KIN7.4. It contains 1055 amino acid (aa) that spans through four necessary domains viz Motor, neck,
coiled-coil stalk, and tail domain required for a functional plant mortar protein (Figure 25)
(Vinogradova et al., 2009). The N-terminus motor domain contains 415 aa including 97 aa ATP
binding motif that attaches kinesin to microtubules. The C-terminus tail domain is also known as cargo
binding domain contains 50 aa and binds with cargo. (Vale, 2003). The middle region of 592 aa long
between Motor domain and cargo binding domain is known as stalk. It harbors four coiled-coil domains
of various length which connects the motor and tail domains. In previous studies, the coiled-coil
domain has been reported for helping KIN to make a functional dimeric form (Ganguly and Dixit,
2019). The neck or neck linker is a few amino acids long connecting region between motor and stalk.
The neck is important for transmitting the conformational change in the catalytic site during movement
of KIN (Sablin et al., 1998; Rice et al., 1999). During the nucleotide hydrolysis cycle, the neck linker
adopts distinct positions with respect to the motor domain, being either attached to the motor core or

released.
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Figure 23. Schematic depiction of KIN7.4 domain structure.

KIN7.4 is consisting of N’Terminus ATP binding domain followed by a motor domain. It has
cargo binding domain at C’terminus end and the central region is consisting of four coiled-
coil domains. Modified from (Woehlke and Schliwa, 2000).
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3.5.2 Phylogenetic analysis of KIN7.4

In Arabidopsis 61 kinesins are know to exist. They are classified into 14 families on the basis of their
amino acid sequences in motor domain (Nebenfuhr and Dixit, 2018). To perform phylogenetic
analysis, | took amino acid sequences of the motor domain that resulted in the KIN7.4 into group 7 of
the KINESIN superfamily (Supplementary figure 1). Group 7 has five Arabidopsis kinesin-KIN7.1
(AT1G21730), KIN7.2 (AT2G21380), KIN7.3 (AT3G12020) KIN7.4 (AT4G39050), and KIN7.5
(AT5G06670). The KIN7.1, KIN7.3 and KIN7.5 genes are involved in the establishment of cell polarity
in Arabidopsis (Moschou et al., 2016). The functions of KIN7.4 and KIN7.2 is yet to be explored. As
in previous work, Moschou et al. 2016, has also found KIN7.4 to be in group 7. They named a member
of this group according to their position on chromosome number. KIN7.4 is located on chromosome
number 4, thus it is KIN7.4. CENP-E is a founding member of group 7 and it is known to regulate
microtubule dynamics during various stages of the cell cycle in animal (Sardar et al., 2010). Since in
phylogenetic tree KIN7.4 and KIN7.2 shares the same branching point with rest of group members. So
in next step, | analyzed sequence identity at amino acid level using ClustalW algorithm and
BLOSUMG62 (BLSM62) matrix (Supplementary figure 2). | found that KIN7.4 is more than 75%
identical to KIN7.2. As it was expected, the motor domain of both proteins showed more than 90%
similarity. But surprisingly C’ terminus cargo binding domain of both proteins also showed very
similar sequence identity. It suggests they could be involved in very similar cargo transport. However,
in N’Terminus ATP binding domain, KIN7.2 has some additional amino acid and sequence identity is
less than 50 percent. Similarly the stalk domain also has some sporadic region with dissimilar amino

acids and also some additional amino acid sequences in both KIN.
3.5.3 Expression analysis of KIN7.4

To examine if the Arabidopsis KIN7.4 gene has a specific expression pattern during plant development
and if co-expressed with SUB, the expression levels of KIN7.4 and SUB were analyzed using the
Klepikova atlas (Kilian et al., 2007; Klepikova et al., 2016). The mean normalized expression values
revealed constant expression of KIN7.4 during most of the developmental stages except for floral organ
formation (Supplementary Data 3 A ). The KIN7.4 expression was strongly upregulated in petals of
stage 11-13 flower whereas interestingly SUB expression was down-regulated in petal and upregulated
in the carpel. KIN7.2 showed stronger expression level throughout all developmental stages except in

shoot apical meristem (Supplementary Data 3 C).
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In addition to the above-mentioned Klepikova atlas for global transcript analysis, | extracted tissue-
specific absolute expression values normalized to the median of ratio method as described in Anders
and Huber (Anders and Huber, 2010) from TraVA database(Weblet Importer, Klepikova et al., 2016).
As previously reported by in-situ hybridization, | also found absolute expression values for SUB is
higher in carpel and inflorescence meristem (Chevalier et al., 2005). (Supplementary Data 3). KIN7.4
and KIN7.2 exhibited almost half absolute expression value in carpels and double in petals, in line to
previous observation with the klepikova atlas (Supplementary data 3 A and C). Between flower stage
9to 11, SUB and both KIN shows almost equal level of the transcript but with the progression of flower
development stage, SUB transcript tends to decrease while both Kinesin showed increment in
expression level. In inflorescence, meristem SUB showed a higher level of expression than both KIN.
But in stage 2i-3iv ovule has an almost equal level of all three gene transcripts. Mature leaf and
internode accumulated almost thrice amount of KIN transcript than SUB which is at its minimum level.
In young silique KIN strongly expressed than SUB. In 7-day old seedling root meristem shows more
expression of SUB than both KIN but in the later part of root KIN is strongly expressed and SUB is at
its minimal level of expression. In seedling cotyledons and hypocotyl again KIN7.4 is highly expressed
than KIN7.2 and SUB. In overall SUB is mostly expressed in very young developing tissues, but some
reminiscent of SUB transcript is also been detected in mature tissue. While KIN is weakly expressed

in young tissue and strongly present in mature tissues.

The next question | asked if SUB regulates KIN7.4 expression. To address that | performed qRT-
PCR. Since KIN7.4 is best expressed in 7-day-old seedlings (Supplementary data 3) I choose seedling
tissue for gRT-PCR analysis. Genomic DNA of KIN7.4 comprises of several intermittent intron
elements. To capture any alternatively spliced variant of transcript and avoid nonspecific amplification
two different primer pairs were used. The primer pair P1 span through first exon and intron interval
and Primer pair P2 covers second last exon-intron span at 3’end before stop codon. Mean normalized
expression of both primer pairs showed same level in Col WT background suggested specific primer
binding. There was no significant change observed in KIN7.4 transcript in sub-9 background indicating
that SUB does not affect the transcription of KIN7.4 ( Figure 26).
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Figure 26. gqRT-PCR analysis of KIN7.4 expressions.

The transcript expression of KIN7.4 in Col and sub-9, 7-days-old seedlings.
KIN7.4 is not altered in sub-9 mutant seedling. P1 and P2 designate to primer
pair 1 and 2.

3.5.4 Analysis of KIN 7.4 promoter activity

To analyze promoter activity of KIN7.4, 2.9 kb nucleotide from upstream of the start codon to
terminator of next gene was used as promoter sequences. For terminator 2.4 kb nucleotide downstream
of stop codon to next gene was cloned. The reporter construct pKIN7.4:NLS GUS-EGFP:tKIN7.4 was
transformed and transgenic plants were screen. For analysis of KIN7.4 promoter activity,7-day old
plate grown whole seedlings and whole inflorescence from 4-week old plants were used. Tissues were
harvested and fixed for Gus staining according to the protocol (Li, 2011). The experiment was

performed using six independent homozygous T3 lines.

For spatial resolution roots from 7-day old seedlings were analyzed in the confocal microscope. The
EGFP reporter signal was strongly observed in root cap cells of the meristematic region (Figure 27 ),
in epidermis cell, there was a very weak signal observed, however, vascular cells show relatively
stronger signal in meristematic zone (Figure 27). An overall signal was most prominently observed in

maturation and differentiation zone of the root.
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Figure 27. Promoter activity of KIN7.4 in 7-day-old root. The expression of
pKIN7.4:NLS GUS-EGFP:tKIN7.4 in Col background. The reporter signal is observed in
root cap cells (A), epidermal cells (B) vascular cells (C) and in the elongation zone (D).

3.5.5 Phenotypic characterization of kin7.4 and kin7.2 mutant alleles

3.5.5.1 Analysis of kin7.4 and kin7.2 mutant alleles

To determine the biological function of the candidate KIN7.4, | obtained several knockout or knock
down mutant for both KIN7.4 and KIN7.2. | received two independent t-DNA lines for each of the KIN
genes from the Nottingham Arabidopsis Stock Centre (NASC). For KIN7.4, we named these lines
kin7.4-1 (SALK_130788) and kin7.4-2 (SALK_026411), and for KIN7.2, kin7.2-1 (SALK_1407078)
and kin7.2-2 (SALK _101917). The t-DNA insertion site was determined by genotyping PCR followed
by sequencing according to SIGnAL guideline (‘SIGnAL iSect Toolbox’). The SALK_130788 t-DNA
is located at the beginning of third last exon (from ATG to downstream position no. 5623) and
SALK 026411 t-DNA is integrated just before very last exon (From ATG to downstream position no.
6286) of KIN7.4 (Figure 28). The qRT PCR analysis using primer pair spanning through first exon
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these lines shows only % ™ of transcript compare to Wild type plant. (Supplemental Figure 4). To
obtain complete null allele | generated several crispr-cas lines. In this study, only two CRISPR-Cas
lines kin7.4-3 and kin7.4-4 were used. kin7.4-3 was created in sub-9 mutant background and it has
deletion of 40 nucleotides in just after first ATG and that also lead to an immediate stop codon (Figure
28). The kin7.4-4 has an insertion of an ‘A’ nucleotide that leads to stop codon after the first 15 amino
acid (Figure 28) (Supplemental Figure 5). For kin7.2-1, SALK_1407078 was detected within the ninth
intron (from ATG to downstream position no. 2225), and SALK_101917 has insertion within the
twentieth one intron (from ATG to downstream position no. 5557) (Figure 28). The gRT-PCR
experiment revealed only 1/5th to wild type level transcript in kin7.2-1 and no transcript in kin7.2-2
when primer pair binding after t- DNA insertion site was used (Supplemental Figure 5). But there was
no significant change observed in transcript when primer pair binding before t-DNA insertion was
used. Since t-DNA inserted in motor domain for kin7.2-1 and stalk domain in case of kin7.2-2 so in

principle both alleles are completely devoid of functional protein.
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Figure 28. Gene structure of KIN7.4 and KIN7.2 including t-DNA insertion sites.

Green boxes represent UTRs, blue boxes exons, grey boxes introns, and black arrowheads indicate
crispr cas generated mutation for kin7.4-3 and kin7.4-4 and for rest of alleles its T-DNA insertion
site.

3.5.5.2 Analysis of floral organ morphology of kin7.4 mutant alleles

In order to elucidate the role of KIN7.4 in floral organ development, | first analyzed the floral organ
morphology of homozygous knockdown mutants kin7.4-1 and kin7.4-2. The four-week plant of both
kin7.4 mutant alleles showed no floral organ phenotype. The plant height, stem and silique twisting,
floral organ were indistinguishable from Col WT plant (Figure 29, Table 11 and 12). Flowers were
properly developed, without any obvious alterations. Long and straight siliques resembled WT

morphology. In scanning electron microscopy of stage 4 ovule from both kin7.4 alleles, 1 did not
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observe any sub-9 like outer integument defected ovules. Subsequently, kin7.4-1 and kin7.4-2 mutants
were tested for cellular patterning in L1/L2 cells of stage 2 to 4 floral meristems (Figure 29, Tablel11).
Homozygous kin7.4 mutant plants preserved typical cell shape and anticlinal cell division in the L1
and L2 cells of floral meristems (Table 11). Interestingly, floral meristems of kin7.4-1and Kin7.4-2
showed a slightly higher percentage of periclinal cell division planes. However, double mutant analysis
of sub-9 kin7.4-1 revealed rescue of sub-9 floral organ phenotype (Figure 29 E, J, O, T and Table 11
and 12). Flowers maintained their natural shape and size. Twisting of carpels and later siliques were
not observed (Figure 29 J). The appearance together with the number of mature and fertilized ovules
in siliques did not significantly differ from wild-type plants (Figure 29, Table 12). Furthermore, at the
cellular level, sub-9 kin7.4-1 preserved unchanged morphology and an anticlinal, rather than periclinal
cell division in L1 and L2 layers of floral meristems (Figure 29 O). Interestingly double mutant analysis
with other alleles of kin7.4 (kin7.4-2, kin7.4-3, and kin7.4-4) showed no change in sub-9 floral organ
phenotype. It suggests kin7.4-1 acts as a dominant-negative form of KIN7.4.

; - g A ‘ - R

Figure 29. Phenotype comparison between Col-0, sub-9, kin7.4-1, kin7.4-2 and sub-9 kin7.4-1.
(A) to (E) Morphology of mature stage 13 or 14 flowers stages according to (Smyth et al., 1990)) (F)
to (J) Morphology of siliques. (K) to (O) Central region of stage 3 floral meristems stained with
pseudo-Schiff propidium iodide (mPS-PI). (L) square white box indicates aberrant cell division
planes. (P) to (T) Scanning electron micrographs of stage 4 ovules (stages according to (Schneitz et
al., 1995)) (Q) Note the aberrant outer integument (arrow). (D, I, N, S) Note the defects of the sub-9
phenotypes were partially rescued in sub-9 kin7.4-1 double mutants. Scale bars: (A) to (E) 0.5 mm,
(F) to (J) L mm, (K) to (O) 10 um. (P) to (T) 50 pum.
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Table 12 Number of periclinal cell divisions in the L2 layer of stage 3 floral meristems

Genotype NPCDA Percentage | NEMP
Col 9 16.36 55
sub-9 22 37.28 59
kin7.4-1 12 19.35 62
kin7.4-2 7 17.07 41
sub-9 kin7.4-1 14 21.53 65
kin7.2-1 8 19.35 49
kin7.2-2 7 17.07 37
sub-9 kin7.2-1 14 21.53 43

ANumber of periclinal cell divisions observed
bNumber of floral meristems observed

Table 13 Comparison of integument defects between Col, sub-9, kin7.4-1,kin7.4-2 and sub-9
kin7.4-1 mutants.

Genotype N total | N with defects| Percentage
Col 300 0 0

sub-9 250 60 24
kin7.4-1 200 0 0

kin7.4-2 230 0 0

sub-9 kin7.4-1 250 13 5.2
kin7.2-1 160 0 0

kin7.2-2 184 0 0

sub-9 kin7.2-1 215 48 22.32

3.5.5.3 Analysis of floral organ morphology of kin7.2 mutant alleles

In previous section homology modeling of KIN7.4 and KIN7.2 suggests very identical nature of the
protein. So in the next step, | decided to analyze the floral organ morphology of kin7.2 mutants. The
kin7.2-1 and kin7.2-2 mutants also did not show any sub-9 like floral organ phenotype ( Figure 30).
The above-ground part of the plants showed no detectable abnormality, making them indistinguishable
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from wild-type plants. Flowers were developed in wild type fashion, without any alterations. Siliques
were devoid of any twisting and appeared to be wild type morphology. Furthermore ovule of kin7.2
mutants showed no morphological difference to wild type ovule neither any resemblance to sub-9 outer
integument defect (Figure 30 Table 12). At cellular level of stage 2 to 4 floral meristem cell division
plane in L2 layer was also preserved to anticlinal division (Figure 30 Table 11). Unlike kin7.4-1 double
mutant of sub-9 kin7.2-1 did not show rescue of floral organ phenotype. None of floral organ analyzed

showed any alteration to sub-9 morphological defect (Figure 30 Table 11 and 12).

kin7.2-1 infs E sub-9 kin7.2-1

Q.

Figure 30. Phenotype comparison between Col-0, sub-9, kin7.2-1, kin7.2-2 and sub-9 kin7.2-1.
(A) to (E) Morphology of mature stage 13 or 14 flowers (stages according to (Smyth et al., 1990)) (F)
to (J) Morphology of siligues. (K) to (O) Central region of stage 3 floral meristems stained with
pseudo-Schiff propidium iodide (mPS-PI). (L) square white box indicates aberrant cell division
planes. (P) to (T) Scanning electron micrographs of stage 4 ovules (stages according to (Schneitz et
al., 1995)) (Q) Note the aberrant outer integument (arrow). (D, I, N, S) Note the non rescued defects
of the sub-9 phenotypes in sub-9 kin7.2-1 double mutants. Scale bars: (A) to (E) 0.5 mm, (F) to (J) 1
mm, (K) to (O) 10 um. (P) to (T) 50 um.

3.5.,5.4 Analysis of floral organ morphology of kin7.4 kin7.2 double mutant

Since a single mutant of KIN7.4 and KIN7.2 do not show any floral organ phenotype (figure 29, 30).
So in the next step, | decided to generate double mutant of kin7.4 kin7.2 in all possible allelic
combinations. All the combinatorial double mutants showed very similar morphology, so here data is
presented only for kin7.4-1 kin7.2-1. The homozygous double were observed for the above-ground
morphological defect. These double mutant did not deviate from wild type growth appearance

including plant height (data not shown). The floral organ sepals, petals did not show any twisting
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(Figure 31). Silique grew straight and to the length of the wild-type plant (figure 31). I also did not
observe any deformed ovule (Figure 31 M, N, O, and P).

kin7.4-1 kin7.2-1 D kin7.4-1 kin7.2-1

(A) to (D) Morphology of mature stage 13 or 14 flowers (stages according to (Smyth et al.,
1990)) (E) to (H) Morphology of siliques. (I) to (L) Central region of stage 3 floral meristems
stained with pseudo-Schiff propidium iodide (mPS-PI). (M) to (P) Scanning electron
micrographs of stage 4 ovules (stages according to (Schneitz et al., 1995)) Scale bars: (A) to
(D) 0.5 mm, (E) to (H) 1 mm, (I) to (L) 10 um. (M) to (P) 50 um.

3.5.5.,5 Analysis of root hair patterning (RHP) in kin7

SUB also regulates root hair cell patterning in Arabidopsis root (Kwak et al., 2005). So in the next
step, we set to explore root hair cell arrangement in kin mutant background. The nonhair cell-specific
marker pGL2:GUS:EGFP (Lin and Schiefelbein, 2001; Gao et al., 2019) were introduced into all single
and double kin mutants by genetic crossing. Homozygous mutant plants harboring root hair cell
patterning (RHP) marker were screen by genotyping PCR using primer spanning through GUS-EGFP
and then further propagated. For RHP analysis seeds were grown on square plate with half-strength
MS medium supplemented with 1% sucrose in continuous light for 5 days. Seedlings were stained with
plasma membrane marker dye FM4-64 (4um) for 10 min. Image of the meristematic zone of root was
acquired with CLSM using 20x objective lens. For each line minimum, 15 roots were analyzed, the
representative image is shown here (Figure 32). As expected, Col WT roots showed very distinct and
defined expression pattern of EGFP in the non root hair cells. Although occasionally few hair cells
also showed EGFP expression. On contrary sub-9 roots were completely devoid of patterning as

previously reported by several researchers (Gao et al., 2019; Kwak et al., 2005; Kwak and Schiefelbein,
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2008; Jones et al., 2014; Song et al., 2019). kin7.4 mutants showed similar sub-9 like mis-patterned
expression of EGFP except for kin7.4-2 (Figure 32 D) probably because in this allele t-DNA insertion
is at the very end of C’terminus tail domain. The kin7.4-1 showed expression pattern defect of EGFP.
Several non EGFP expressing cells could be observed in between two continuous line EGFP expressing
non root hair cells wherever neighboring root hair cells also showed EGFP signal. Since kin7.4-1 is
also a knockdown mutant and probably able to make truncated protein that could be partially active.
There has been previous report where motor domain alone is sufficient for its wildtype function (Rice
etal., 1999; Moschou et al., 2016; Ganguly et al., 2017; Popchock et al., 2017; De Keijzer et al., 2017).
To analyze RHP in kin7.4 null mutant pGL2:GUS-EGFP marker was introduced into kin7.4-3 sub-9
CRISPR Cas generated double mutant by crossing into kin7.4-1 pGL2:GUS-EGFP line. In
heterozygous situation neither sub-9 nor kin7.4-1 showed RHP defect (figure not shown). However F1
population (17 roots) kin7.4-1*" kin7.4-3"" sub-9*" showed strong root hair cell patterning defect
(Figure 32 E). All the 17 roots observed show very similar mis patterning of EGFP expression in
epidermal cell profile of root meristematic zone. To find genetic interaction between SUB and KIN 7.4
double mutants for root hair patterning sub-9 kin7.4-1 and sub-9 kin7.4-2 double mutants were also
analyzed. | did not observe any visual difference in comparison to the sub-9 RHP defect in (Figure 32
F) although EGFP expression pattern in sub-9 kin7.4-1 appears to be less affected and similar to kin7.4-
1 single mutant. But in the case of sub-9 kin7.4-2 expression pattern of EGFP stayed as sub-9 (Figure
32 G). It suggests sub-9 is epistatic for root hair patterning in kin7.4-2 sub-9 double mutant. For precise
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inference of genetic interaction more detailed microscopic analysis of root hair patterning in all genetic

backgrounds needs to be analyzed.
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Figure 32. Expression pattern of pGL2::GUS:EGFP in Col wild-type, sub-9, kin7.4-1, kin7.4-
2, kin7.4-1+/- kin7.4-3+/- sub-9+/-, sub-9 kin7.4-1 and sub-9 kin7.4-2 mutants. Note the straight
line expression pattern of reporter in Col (A) and kin7.4-2 (D). The irregular expression pattern of
reporter in sub-9 (B), kin7.4-1 and in double mutants (E,F, and G). Minimum 15 roots were

analyzed per genotype. Scale bar: (A) to (G) 20 um.

—Ssub-9 kin7.4- —— sub-9 kin7.4-2

Interestingly Kin7.2 mutants do not show any defect in the expression pattern of RHP maker (Figure
33 B, C). Both mutant allele kin7.2-1 and kin7.2-2 show very similar wild type like an expression of

EGFP in epidermal cell profile of root.
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Col WT kin7.2-1 kin7.2-2

Figure 33. Expression pattern of pGL2::GUS:EGFP in wild-type, kin7.1-1, and
kin7.2-2 mutants. Confocal micrograph depicting rescue of root hair patterning in
kin7.1-1 (B) and kin7.2-2 (C) Minimum 15 roots were analyzed per genotype. Scale
bar: (A) to (C) 20 pum.

3.5.6 Complementation of kin7.4 mutant phenotype

To determine the root hair patterning defect seen in the kin7.4-1 mutant is a consequence of the loss of
KIN7.4 function, I transformed a wild-type copy of the KIN7.4 into the homozygous mutants and tested
for complementation of the phenotype. The root hair patterning defect was fully rescued in 11/18
transformants in the kin7.4-1 background (Figure 34) while 5/18 transformants show partial rescue
with the occasional mis expression pattern of EGFP. Two transformants lines failed to rescue RHP
defect in kin7.4-1. In these lines, it is possible either transgene got silenced by the host RNAi machinery
or t-DNA was integrated partially into the plant genome. The complementation assay was performed
only in kin7.4-1 background for root hair patterning defect and in sub-9 kin7.4-1 double mutant
background for complementation of floral organ phenotype. But transformants in sub-9 kin7.4-1 have
not been carefully analyzed yet. Although cursory observation of T1 transformants showed twisted
siligue that otherwise appears straight in sub-9 kin7.4-1 background. It suggests KIN7.4 also
complement floral organ defects. The kin7.4-2 was omitted from the complementation experiment

because it does not show any observable morphological defect.
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Figure 34. Complementation of kin7.4pGL2::GUS:EGFP with pKIN7.4::EGFP:gKIN7.4
Confocal micrograph depicting rescue of root hair patterning defect in kin7.4-1 (B) in three

independent complemented lines (C, D, E). Minimum 15 roots were analyzed per genotype. Scale
bar: (A) to (E) 20 um.

3.5.7 Subcellular distribution of EGFP:gKIN7.4 fusion protein.

After successful complementation of kin7.4 mutant phenotype, | explored the subcellular localization
of the functional EGFP:KIN7.4 fusion protein. As shown in the previous section KIN7.4 is expressed
in root and its promoter activity has also been observed throughout the root. Moreover, seedlings
lacking functional KIN7.4 showed root hair cell patterning defect in meristematic region of the 5-day
old root. In order to investigate the subcellular localization of KIN7.4, I used the complemented line
for RHP in kin7.4-1 background harboring pKIN7.4::EGFP:gKIN7.4:tKIN7.4 construct. The root cells
were first stained with the membrane marker FM4-64 for 10 mins. FM4-64 shows clear plasma
membrane signal with some noticeable vesicle-like foci in cytoplasm (Figure 35 B, F). However EGFP
shows more cytoplasmic vesicle-like structure and also distinct punctate pattern percolating or
coalescing to the plasma membrane (Kin bodies) that some times colocalize with FM4-64. Interesting
cytoplasmic EGFP foci appear to be bigger in size than FM4-64 leveled foci and they abundantly
accumulate at the cell periphery (Figure 35 C, D). The cytoplasmic EGFP foci also occasionally
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colocalizing with FM4-64 leveled vesicles (Figure 35 C, D, G). Three independent complementing

homozygous lines were analyzed with similar observations.

EGFP:gKIN7.4 FM4-64 Overlay

Figure 35. Sub-cellular distribution of EGFP:gKIN7.4 fusion protein in root.
Confocal micrographs depicting the subcellular distribution of EGFP:gKIN7.4
fusion proteins under control of the native KIN7.4 promoter. (A) meristematic zone
epidermal cell, (E) differentiation zone epidermal cell. (B) FM4-64 co-stained
meristematic zone epidermal cell, (F) differentiation zone epidermal cell. (C)
overlay of (A and B), (G) overlay of (E and F). (D) higher magnification of the
region in (C). Scale bars: 5 um.

In the next step, to address possible microtubule localization of EGFP:gKIN7.4, RFP:TUB6 marker
line was crossed. The resulting F1 plants were analyzed. The image was acquired using confocal
microscope from transition zone root epidermis of the 5-days-old continuous light-grown seedling.
The EGFP:gKIN7.4 showed similar cytoplasmic foci as discussed in the previous section (Figure 35
A). The RFP:TUBG6 clearly marked transversely oriented microtubule (Figure 36 B). In the merged
image panel (Figure 36 C) some EGFP:KIN7.4 foci appeared to colocalize with RFP:TUB6 marked
microtubules. This observation is in line with the notion KIN7.4 is microtubule-binding protein but
more corroborative data are required for confirmation. Moreover, time-lapse imaging is also required

to assess if KIN7.4 is mobile kinesin.
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EGFP:gKIN7.4 RFP:TUB6 Overlay

Figure 36. Co-localization of EGFP:gKIN7.4 with RFP-TUBG in root epidermis
cell. Confocal micrographs depicting the CMT decoration of EGFP:gKIN7.4 fusion
proteins in root epidermis cell of the elongation zone. Scale bars: 5 um.

3.5.8 EGFP:gKIN7.4 is colocalizing with gSUB:mCherry in the root epidermis

KIN7.4 is a genetic component of the SUB signaling pathway for root hair patterning in Arabidopsis.
Moreover, KIN7.4 is also localized to the plasma membrane as discussed in the previous section raised
the question if KIN7.4 is also co-localizing with SUB at the root epidermis. To this end | crossed
transgenic plants expressing pUBQ::SUB:mCherry and pKIN7.4::EGFP:KIN7.4. The resulting
Flpopulation were analyzed using a confocal microscope. The image was acquired from the root
epidermis cells in transition and early elongation zone of 5-day old seedlings. The mCherry signal
showed the plasma membrane localization of SUB (Figure37 B) as it has been reported in several
different independent studies (Chevalier et al., 2005; Vaddepalli et al., 2014, 2017; Gao et al., 2019;
Song et al., 2019), although in elongating root epidermis cell plasmodesmata puncta could not be
observed very distinctively. However, EGFP:KIN7.4 consistently shows weak plasma membrane
signal with the occasional bright spot along membrane and in cytoplasm collectively called “kin
bodies” (Figure 37 A). The plasma membrane EGFP:KIN7.4 along with some population of
membrane attached kin bodies are colocalizing with SUB:mCherry (Figure 37 C).
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EGFP:gKIN7.4 SUB:mCheery Overlay

Figure 37. Co-localization of EGFP:gKIN7.4 with mCherry:gSUB in root
epidermis cells. Confocal micrographs depicting the colocalization of EGFP:gKIN7.4
with SUB:mCherry (A-C) elongation zone epidermal cell, (D-E) differentiation zone
epidermal cell. (C) overlay of (A and B), (F) overlay of (D and E) Scale bars: 5 um.

3.5.9 KIN7.4 interacts with SUB in yeast two-hybrid and in vitro

Genetic and molecular analysis so far support that KIN7.4 could be involved in SUB mediated
intercellular signaling. To further investigate the direct physical interaction between SUB and KIN7.4
I performed yeast two-hybrid assays. The bait construct expressing the GAL4 DNA-binding domain
(GDB) fused to either SUB intracellular domain (DB-SUB-ICD) or full-length KIN7.4 (DB-KIN7.4)
or KIN7.2 (DB-KIN7.2). In the next step, the bait construct was tested for interaction with a prey
construct expressing the GAL4 AD (GAD) fused to full-length either KIN 7.4 (AD-KIN7.4) or KIN
7.2 (AD-KIN 7.2). Growth of yeast on double drop out selective media was observed for all
combination. But on triple drop out selective media yeast did not grow in combination when empty
GAD or GDB vector was used. Any yeast growth also could not be observed when SUB-ICD-DB was
used with AD-KIN 7.2 (Figure 38) otherwise rest combination grew well. These results indicated that
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KIN 7.4 directly interacts with SUB-ICD in yeast. KIN 7.4 and KIN 7.2 also interact with each other
and with themselves. So they can form homo and heterodimer in yeast.
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Figure 38. Yeast two-hybrid and in vitro pull-down assay.

(A) yeast two-hybrid assay, The full-length KIN7.4, KIN7.2, and SUB-ICD were used for yeast-two-hybrid.
Growth on -LW panel indicates successful transformation of both plasmids and on -LWH panel indicates
presence or absence of interaction. Empty vectors, GAD and GBD, were used as negative controls. (B) in
vitro pull-down assay.

In next step, to confirm the interaction between KIN 7.4 and SUB-ICD 1 also performed in vitro
pull-down assay together with Andrea Bayer (Bachelor student). For pull-down assay GST, GST-KIN
7.4, and MBP-SUB-ICD recombinant proteins were expressed and purified from E.Coli and an
estimated 100ug of each protein was used for the assay. After pull-down assay, the resulting proteins
were subject to western blot (WB). The blot was first probed anti-MBP antibody and developed in
phospho-imager using ECL solution. In second step, after treating with mild alkaline stripping buffer
same blot was again probed with anti-GST antibody. On western blot, all proteins were detected though
MBP- SUB, and GST-KIN7.4 show some additional bands of degraded protein with lower molecular
weight (Figure 38). Moreover input panel also confirms specificity of both antibodies as they do not
cross-react. However in the pull-down MBP-SUB-ICD was only detected when used together with
GST-KIN7.4. | did not observe a corresponding band to MBP-SUB-ICD in GST control. Consistent
with the yeast two-hybrid results, | could show MBP-SUB-ICD was pulled down by GST-KIN7.4
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(Figure 38). However an important input control to show there is no nonspecific binding of MBP-SUB-

ICD with GST is lacking. So more confirmation is required.
3.5.10 Mapping of protein domains involved in the SUB-ICD and KIN7.4 interaction

To examine which protein domains of KIN7.4 and SUB- ICD are critical for the interaction, |
performed yeast two-hybrid assays. | fused the full-length or different truncations of SUB-ICD (Figure
39) to the Gal4-DNA binding domain to generate bait vectors and full-length KIN7.4 or truncated
version to the GAL4 activation domain to generate the prey vector. Y2H assays indicated that full-
length SUB-ICD interacts with full-length KIN7.4 as it was discussed in the previous section.
Interestingly, deletion of the Kinase domain (SUB-ICD-KD) does not affect this interaction (Figure
39), whereas a point mutation in the kinase domain (R599C) eliminated the interaction between SUB-
ICD and KIN7.4 (Figure 39). These results support the notion that the juxta membrane domain (SUB-
ICD-JTM) is involved in its interaction with KIN7.4. Similarly, to determine which protein domain of
KIN7.4 is responsible for its interaction with SUB-ICD, I divided the KIN7.4 into its individual domain
and into two equal halves Kin7.4-A and Kin7.4-B with 50 amino acid overlapping in middle region
(Figure 39). The result indicates that 59 amino acid region of stalk domain close to motor domain is

necessary for interaction in yeast cells (Figure 39).
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Figure 39. Mapping of interaction domain involved in SUB-ICD and KIN7.4
interaction (A) Schematic presentation of full-length KIN7.4 and truncated constructs
KIN7.4 used for yeast-two-hybrid (right pane) and growth of yeast cells on synthetic drop
out medium (left panel). Note the inset red box in the stalk domain of KIN7.4 responsible
for the interaction. (B) Y2H assay involving the full intracellular domain (ICD) and various
truncation of SUB fused to the GAL4 DNA-binding domain (GBD) and KIN7.4 fused to
the GAL4 activating domain (GAD), respectively. Note the inset red box in the juxta
domain of SUB-ICD responsible for the interaction. Growth on -LW panel indicates
successful transformation of both plasmids and on -LWH panel indicates presence or
absence of interaction. Empty vectors, GAD and GBD, were used as negative controls.
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4 Discussion

In previous work, SUB was shown to be important for tissue morphogenesis in Arabidopsis. It regulates
several developmental processes, including floral morphogenesis, integument outgrowth, leaf
development, and root hair patterning (Chevalier et al., 2005; Kwak et al., 2005; Lin et al., 2012). SUB
signaling genetic component ZERZAUST (ZET), encoding a predicted cell wall-localized B-1,3
glucanase, to be involved in SUB signal transduction (Fulton et al., 2009; Vaddepalli et al., 2017).
Moreover, the whole-genome transcriptomic analysis revealed that many genes responsive to SUB-
mediated signal transduction relate to cell wall remodeling (Fulton et al., 2009) and sub, gky and zet
mutants share overlapping defects in cell wall biochemistry (Vaddepalli et al., 2017). Thus, apart from
functionally connecting RK-mediated signal transduction and PD-dependent cell-cell communication
SUB-signaling also relates to cell wall biology. In the present study, | explored the connection between
the cell wall and the SUB signaling.

4.1 SUB participates in the response to changes cell wall

The data provided in this work establishes a novel role for SUB in cell wall stress signaling. The cell
wall stress in this study is induced by a reduction in cellulose biosynthesis, a major carbohydrate
component of the cell wall. Cell wall biosynthesis inhibition is achieved by the application of several
known pharmacological agents for example isoxaben, DCB and thaxtomin A. The cell wall
modification including remodeling and fortification during plant development and stress responses
which relies on complex and largely unknown signaling pathways (Hamann, 2015; Sampathkumar et
al., 2014; Voxeur and Hofte, 2016; Wolf, 2017). To present date only a few cell surface receptor
kinases, including THE1, MIK2, and FEI2, have shown to play an important role in CBI-induced cell
wall damage response like ectopic lignification, callose, and phytohormone JA, SA accumulation
(Engelsdorf et al., 2018; Gonneau et al., 2018; Hématy et al., 2007; Van der Does et al., 2017). Thus,
data provided here establishes SUB signal transduction as a new component in the molecular

framework mediating the CWD response due to CBI.

Role of ROS in cell wall signaling has been long implicated, upon the perception of cell wall
perturbation by cell surface receptors, simultaneously activates NADPH/RESPIRATORY BURST
OXIDASES and thereby the production of ROS. Previous work on cellular response to isoxaben-
induced CWD response revealed ROS production and the detected ROS response depended on
NADPH/ RBOHD, RBOHF, and THE1 (Hamann et al., 2009; Denness et al., 2011). Denness et al have
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detected ROS production in luminol-based time-course assays involving entire seedlings. ROS
production could be detected after around three to four hours following the application of isoxaben
(Denness et al., 2011). Using a confocal microscope-based method enabling tissue-level resolution, |
could show that fluorescence of the ROS probe H2CDFDA in the root meristem becomes detectable
within 30 minutes of treatment. The obtained data indicate that SUB affects the early ROS production
response to isoxaben-induced CWD. In this experiment, | have shown for the first time the isoxaben-
dependent change in H2CDFDA fluorescence signal in root meristem cell. It represents the earliest
available marker of the isoxaben-induced CWD response so far and indicates that the response occurs
much earlier than has previously been appreciated. The transcript analysis of defense marker gene in
presence of isoxaben suggest that SUB is required for full induction of CCR1, PDF1.2, or TCH4.
Additionally, the data also indicate that SUB plays a central role in the promotion of CBI-induced

accumulation of lignin and callose. Thus SUB specifically promotes cell wall remodeling upon CBI.

Interestingly, SUB basically becomes irrelevant for these canonical CBI stress responses upon
application of sorbitol in addition to isoxaben. This observation suggests that SUB mediates an
osmosensitive cell wall stress response. The notion had been culminating among plant stress biologist
that a mechanical stimulus initiates the CBI induced CWD response, associated with a weakening of
the cellulose framework. It could result in a stretching of the plasma membrane relative to the cell wall
(Kohorn et al., 2006; Engelsdorf and Hamann, 2014; Haswell and Verslues, 2015; Nissen et al., 2016;
Engelsdorf et al., 2018). Taken together | speculate that SUB signaling might involve as yet unknown
mechano-sensitive factors. The obtained results together meet the criteria that have been established
for a CBI-induced CWD response (Engelsdorf et al., 2018; Hamann et al., 2009).

Interestingly, for lignin and callose accumulation upon isoxaben treatment sub-loss-of-function
mutants (sub-1, sub-9, and sub-21) and gain-of-function (pUBQ::SUB:mCherry) mutants showed
reciprocal effects. The sub mutants showed less lignin and callose accumulation whereas the several
independent pUBQ::SUB:mCherry lines showed higher levels of lignin or callose accumulation,
respectively upon application of isoxaben. So on the basis of genetic evidence presented here, | put
forward the model that SUB represents an important regulator of isoxaben-induced lignin and callose

accumulation and thus cell wall composition.
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4.1.1 SUB is required for tissue morphogenesis in cellulose deficient condition

Data shown here clearly demonstrate that SUB plays a biologically relevant role in CWD signaling
activated in cellulose deficiency. In the first line of support, |1 showed that SUB attenuates isoxaben-
induced cell bulging in the epidermal cells of the meristem-transition zone boundary of the root. In
second evidence, SUB promotes root growth recovery upon transient exposure of seedlings to
isoxaben. The third data where SUB has been shown involved in root growth inhibition that is a
consequence of a genetic reduction of cellulose content. In precise, root length of sub-9 prc1-1 double
mutant seedlings is less reduced in comparison to the root length of prcl-1 single mutant seedlings.
Collectively, the data shown here support the idea that SUB plays a central role in CBI-induced CWD
signaling.

4,1.2 The relation of SUB to THE1 and MIK2

Next question is the relative of SUB mediated cell wall signaling to other known RK genes contributing
to the response of CBI-induced cell wall stress, such as THE1 and MIK2. Comparing our result of SUB
mediated cell response upon isoxaben treatment with published reports on other cell wall sensors, 1
found overlapping but also distinct function. SUB, THE1, and MIK2 all promote isoxaben-induced
ectopic lignin production. The three genes are also required for full induction of certain stress marker
genes. However, my data indicate that SUB is not required for the induction of FRK1 and CYP81F2
genes, while THE1 and MIK2 control FRK1 expression, and MIK2 also affect the expression of
CYP81F2 (Van der Does et al., 2017). | did not observe any effect of THEL1 on root growth recovery.
In addition, | also did not observe altered hypocotyl length of sub-9 prcl-1 in contrast to thel-1
suggesting that SUB does not affect hypocotyl growth inhibition in etiolated prcl-1 seedlings, whereas
THEL is reported on several occasions to inhibit hypocotyl growth in prcl-1 (Hématy et al., 2007).
Interestingly, our data on root growth suggest that SUB contributes to root growth inhibition in prcl-
1. But our evidence does not support a function for THEL in this process. The root length of thel-1
prcl-1 double mutants did not deviate from the root length observed for prc1-1 single mutants. Finally,
I also did not observe the left-ward root skewing in sub seedlings that is characteristic of mik2 mutants
(Van der Does et al., 2017). Hence data provided here suggest that SUB has both overlapping but also
distinct functions with THE1 and MIK2. As the most parsimonious explanation, | propose that SUB
contributes to CBI-induced cell wall stress signaling in a pathway that is separate from THE1 and

MIK2 signaling.
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4.2 lsoxaben treatment results in SUB downregulation

Surprisingly, the data presented here also reveals a negative effect of inhibition of cellulose
biosynthesis on SUB mediated tissue morphogenesis pathways, such as floral morphogenesis, ovule
development, and root hair patterning. During the experiment, | observed that the application of sub-
lethal concentrations of isoxaben to wild-type plants results in a sub-like phenocopy in a dose-
dependent manner. Upon 600 nM isoxaben treatment in seedlings | noticed reduced SUB:EGFP
reporter signal and decrease in reporter signal intensity starts at 5Shour after treatment. We also observed
a reduction in endogenous SUB mRNA and QKY levels indicating that isoxaben-induced CWD
eventually results in the transcriptional downregulation of SUB and QKY. This observation raises
speculation if the sub-like defects upon isoxaben treatment are indeed the result of downregulated SUB
activity in that case ectopic expression of SUB should counteract the effect. | observed that ectopic
expression of SUB attenuates the detrimental effects of isoxaben on root hair patterning and floral
morphogenesis as revealed by the much-reduced phenotypes of two independent
pUBQ::SUB:mCherry lines exposed to similar concentrations of isoxaben than wild-type plants. The
obtained result suggests that the noticed developmental sub-like defects are caused by the
downregulation of SUB activity. However, it also raises the question of why the ectopic expression of
the only SUB counteracts the developmental effects of isoxaben when SUB and QKY both are subjected
to downregulation. By considering two findings into account this conundrum can be explained. First,
it has been shown that QKY function can be bypassed by increasing gene dosage of SUB as gky mutants
carrying a pSUB::SUB:EGFP reporter show much weaker floral phenotypes (Vaddepalli et al., 2014).
Second, the applied isoxaben dose did not lead to a complete depletion of QKY transcripts. | propose
that ectopic expression of SUB also bypasses the requirement for developmental QKY activity during

isoxaben-induced CWD stress.
4.3 Novel Candidate factors of the SUB signaling pathway

In our quest to elucidate up and downstream candidate members of the SUB signaling pathway, | found
some interesting candidate. In the list of putative candidates we had several cell surface receptor-like
kinases, for example, WAK2, BIR1, LRR1, and PRK1 that have been reported to involve in tissue
morphogenesis. In the phenotypic analysis, | could not observe any floral organ defect in wak2, birl,
Irrl, and prkl t-DNA insertion lines. Moreover, they also do not affect sub-9 phenotype in double
mutant combination. In part, it could be because the t-DNA insertions are not in the coding region for

birl, Irrl, and prkl. Another explanation is that homolog of these candidate genes might be acting
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redundantly. Although in light of the newfound role of SUB signaling pathway these genes might be
working in CWD response. It will be interesting in the future to explore the function of these genes in
CBI induced CWD response.

For WAKs however, | could not observe any phenotypic alterations in floral organs for wak2-12,
wak3-1. In double mutants interestingly wak3-1 sub-9 but not wak2-12 sub-9 showed wild type
flowers, ovules and floral meristems contrary to sub-9 defective flowers and ovules. WAKS have been
shown to be involved in cellular responses to various biotic and abiotic stress (He et al., 1999; Kohorn
and Kohorn, 2012). My data first time revealed that the involvement of WAKS3 in floral organ
morphogenesis and it also suggests that although WAKs are highly similar, there is functional
distinction among them. However, to make any concrete conclusion more functional analysis is
required. It is tantalizing to hypothesize the scenario where SUB is acting as the central regulator of

WAKS function in a context-dependent process.

In the compiled list of candidate genes, we had two microtubule-binding proteins TOR1 and KIN7.4.
TOR1 is involved in stabilizing microtubule (Buschmann et al., 2004) and mutant plant, lacking
functional TOR1 protein show anticlockwise stem and petiole twisting (Buschmann et al., 2004;
Wightman et al., 2013). All tor mutant show anticlockwise twisting in petiole organization and did not
show any sub like floral organ phenotype. In double mutants, sub floral organ phenotype was not
altered but the plant was showing ameliorated anticlockwise twisting. It suggests sub is epistatic to
torl for petiole twisting. The yeast two-hybrid interaction data suggest SUB interacts with TOR1. With
limited data available here it is difficult to speculate further about possible mechanism of SUB and

TORL interaction in plants.
4.4 SUB signaling regulates microtubule organization

In previous research SUB signaling pathway mutants sub-1, gky-8, and zet-1 have been shown with
altered cell wall biochemistry (Vaddepalli et al., 2017). It is a canonical belief that the cytoskeleton
and cell wall correspond to each other. Cortical microtubules have been shown to respond to changes
in cell wall defects (Hamant et al., 2008). It has also been shown that treatment of isoxaben ultimately
leads to a change in microtubule orientation (Panteris et al., 2013, 2014). In gky mutant background
mis oriented microtubule has already been shown in carpel wall (Trehin et al., 2013). Taking all
previous studies into consideration, sub mutants were expected to exhibit microtubule defect. In my

analysis, the first observation was that root epidermis cells of different zone had different CMT
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orientation. The root cap cells of WT shows mostly transverse orientation to the longitudinal wall of
cell. While epidermal cell of early meristematic zone shows radial patterning with occasional
preprophase band and mitotic spindle. However, MTs in transition zone were aligned transversally to
the longitudinal axis of root. These observations were in line with previous studies (Panteris et al.,
2014). In sub mutants, I did not observe any major change CMT orientation of the root cap in
comparison to wild type and it was expected because SUB does not express in root cap cells.
Interestingly, sub mutants showed CMT orientation defect in epidermal cells of transition zone. CMTs
were randomly organized in the sub mutants in contrast to transversely organized CMTs in WT. Since
SUB is strongly expressed in meristematic zone, so it is plausible to propose that SUB is involved in
maintaining CMT orientation in tissue specific manner. There are few possibilities to correlate SUB
with microtubule, first SUB could directly interact with microtubule to provide tethering with PM. The
second possibility is that some of the unknown SUB singling factors may be bridging SUB with
microtubule, for example, TOR1, and KIN7.4. The third possibility is CMT defect in sub mutants could
be an indirect consequence of altered cell wall biochemistry. In conclusion, the data presented shows
that sub mutant has altered microtubule orientation in root epidermis cell. This result may correlate

with hypersensitivity of sub mutant to isoxaben induced root bulging.
4.5 Characterization of KINESIN 7.4
45.1 Insilico analysis of KIN7.4 and KIN7.2

In silico analysis based on homology modeling revealed that KIN7.4 contains all conserved domain
structure known for a functional kinesin in Arabidopsis. KIN 7.4 contains all four necessary Motor,
neck, coiled-coil stalk, and tail domain required for a functional plant motor protein suggesting a vital
role in plant morphogenesis. The presence of motor domain at N’terminus along with additional ATP
binding domain raises speculation if it is conventionally involved in anterograde transport. The C-
terminus tail domain contains globular cargo binding domain which is known to binds with cargo
(Vale, 2003) in animal system. The middle stalk domain is most likely to be involved in the regulation
of its function by dimer formation. The coiled-coil domains which connect the motor and tail domains
are known to involve in autoinhibition activity. In earlier reports, the coiled-coil domain also has been
reported for helping kinesin to make a functional dimeric form (Ganguly and Dixit, 2015). The neck
is important for transmitting the conformational change in the catalytic site during movement of kinesin
(Sablin et al., 1998; Rice et al., 1999).
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The phylogenetic analysis of KIN7.4 using motor domain sequences placed KIN7.4 into group 7 of
the Kinesin superfamily. CENP-E is a founding member of group 7 and involved maintaining
microtubule dynamics during various stages of the cell cycle in animal (Sardar et al., 2010). Group 7
has four more members KIN7.1, KIN7.2, KIN7.3, and KIN7.5 in Arabidopsis. The KIN7.1, KIN7.3 and
KIN7.5 genes are involved in the establishment of cell polarity in arabidopsis (Moschou et al., 2016).
Data provided in the thesis suggests functions of KIN7.4 is positive regulator of root hair patterning,
however we could not address the functional role of KIN7.2. Since in phylogenetic tree KIN7.4 and
KIN7.2 shares the same branching point with rest of group members. In ClustalW analysis | found that
KIN7.4 is more than 75% identical to KIN7.2 at amino acid level. As expected motor domain of both
proteins shows more than 90% similarity. But surprisingly C’ terminus cargo binding domain of both
proteins also show very similar sequence identity. It suggests they could be involved in very similar
cargo transport. However in N’Terminus ATP binding domain, KIN7.2 has some addition amino acid
and sequence identity is less than 50%. Similarly the stalk also has some sporadic region on with

dissimilar or some additional amino acid sequences in both kinesin.
45.2 Expression analysis of KIN7.4 and KIN7.2

The expression analysis of KIN7.4 and SUB using klepikova atlas (Kilian et al., 2007; Klepikova et
al., 2016) revealed that KIN7.4 gene has specific expression pattern during plant development and co-
expressed with SUB. Moreover, the expression data also indicate the antagonist relationship between
SUB and KIN7.4 transcripts during floral organ development. Additionally, the KIN7.2 shows stronger
transcript expression level throughout all floral developmental stages except in shoot apical meristem
where it is absent. My study of transcript expression analysis was also complemented with another
method. In the second approach, the quantitative analysis of absolute expression normalized to median
of ratio suggests relatively higher abundance of SUB transcript in carpel and inflorescence meristem
tissue. The similar observation has been reported for SUB using in situ hybridization method (Chevalier
et al., 2005) and thus provides strong support to expression database TreVA. The gRT-PCR analysis

data revealed that there is no significant change in transcript level in the sub-9 background.

The KIN7.4 promoter activity analysis indicates the spatial pattern of KIN7.4 expression. The
promoter-reporter transgenic line showed a relatively strong signal in root cap, but surprisingly
epidermis cell of early meristematic region shows very weak but noticeable reporter signal. However
vascular cells show prominent signal in meristematic zone. The most prominent signal was observed

in maturation and differentiation zone of root. The data reveals that KIN7.4 promoter is active in root,
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stronger activity is observed in later part of root. In wholesome the expression analysis suggest that
SUB may not be involved in transcriptional regulation of KIN7.4. However, there is overlap in

expression pattern at various developmental stages.
4.5.3 Analysis of floral organ morphology of kin7.4 and kin7.2 mutant alleles

To analyze the role of KIN7.4 in floral organ development two independent t-DNA insertion lines were
examined. In my analysis | could not observe any sub-9 like floral organ defect in kin7.4-1 and kin7.4-
2 single mutant. Both kin7.4 alleles showed no above-ground phenotypic defect and were almost
indistinguishable from Col WT plant. Interestingly, sub-9 kin7.4-1 double mutant showed rescue of
sub-9 floral organ defect. However, CRISPR Cas generated null mutants kin7.4-3 and kin7.4-4 did not
show rescue of sub floral organ defect in double mutant combination. This observation led us to
speculate that kin7.4-1 might be acting as a dominant-negative form of KIN7.4. If it is the case then
ectopic expression of truncated form of KIN7.4 mimicking kin7.4-1 should result in sub like floral
organ defect. But in the absence of further data we have to limit our speculation. In conclusion, our
data suggest KIN7.4 either does not participate in floral organ morphogenesis or its homolog KIN7.2

participate in floral organ redundantly in absence of KIN7.4.

The phenotypic analysis of floral organ from kin7.2 revealed that the kin7.2-1 and kin7.2-2 mutants
also did not exhibit any sub-9 like floral organ phenotype. Moreover, in contrast to kin7.4-1 double
mutant of kin7.2-1 sub-9 did not show rescue of sub-9 floral organ phenotype. So far it is obvious from
our data that knocking out activity of any KIN7.4 or KIN7.2 alone does not interfere with floral organ
morphogenesis. Analysis of kin7.4-1 kin7.2-1double mutant again did not yield into any sub-9 floral
organ defect. All the allelic combinatorial double mutants showed very similar phenotype. These
double mutant did not deviate from wild type growth appearance including plant. Data presented here
suggest that KIN7.4 and KIN7.2 do not participate in floral organ morphogenesis in natural growth
condition. Albeit it can not be completely eliminated if they participate in yet to discover context-

dependent pathway or if they exhibit microscopic phenotype that we failed to score.
45.4 Role of KIN7.4 and KIN7.2 for root hair cell patterning (RHP)

In order to find if KIN7.4 and KIN7.2 are involved in regulating RHP, expression pattern of nonhair
cell-specific reporter pGL2:GUS:EGFP signal were analyzed in single and double kin7.4 and kin7.2

mutants. The kin7.4-1 shows expression pattern defect of reporter signal similar to sub-9 root however
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in kin7.4-2 reporter signal appear to be more wild type like. It is probably because in this allele t-DNA
insertion is at the very end of C’terminus tail domain and it is able to make function KIN7.4 protein.
In addition trans heterozygous kin7.4-1*"kin7.4-3*" sub-9*" all roots(n=17) analysed were showing
strong RHP defect where as, in heterozygous situation neither sub-9 nor kin7.4-1 showed any RHP
defect. With this observation it appears KIN7.4 does take part in regulating patterning of root hair cells.
In double mutant sub-9 kin7.4-1 and sub-9 kin7.4-2 reporter signal is equally mis patterned similar to
either of sub-9 or kin7.4-1 single mutant. | did not observe any enhancement of RHP that suggests both
SUB and KIN 7.4 is in similar genetic pathway for root hair cell patterning. At this time point it is
difficult to say what is upstream or downstream in genetic order for RHP pathway. Interestingly Kin7.2
mutants do not show any defection in the expression pattern of RHP marker. Both mutant allele kin7.2-
1 and kin7.2-2 show very similar wild type like expression of reporter signal epidermal cell profile of

root suggest KIN7.2 does not control root hair patterning.
455 Genetic complementation of kin7.4 mutant phenotype

In transgene complementation assay using genomic DNA with its cis-regulatory elements confirms
our finding KIN7.4 is indeed regulating root hair patterning. | notice more than 60 percent kin7.4-1
mutant plant carrying transgene copy of KIN7.4 were able to maintain regular expression pattern of
non root hair cell reporter signal while 27 percent shows partial rescue. Two transformants lines failed
to rescue RHP defect in kin7.4-1. In these lines, it is possible either transgene got silenced with host
RNAI machinery or t-DNA was integrated into more complex region of genomic DNA of the plant.
Complementation assay in sub-9 kin7.4-1 double mutant background for floral organ phenotype
indicate KIN7.4 is also active in floral organ and providing wild type copy of KIN7.4 protein would
overcome the negative effect of truncated version of the protein. The second T-DNA insertion allele
kin7.4-2 was omitted from complementation assay because it does not show any observable

morphological defects.
4.5.6 Subcellular distribution of EGFP: KIN7.4 fusion protein.

The localization study of KIN7.4 using functional reporter showed the more cytoplasmic vesicle-like
structure and also distinct punctate pattern percolating or coalescing to the plasma membrane (Kin
bodies) occasionally colocalizing with FM4-64. This observation suggests EGFP:KIN7.4 is localized
at the cell cortex and could be tether to membrane. It also shows cytoplasmic vesicle-like structures.

The similar observation has been made for microtubule-associated protein CLASP. The CLASP
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protein is enriched at sites of endoplasmic microtubule-cortex attachment and is required for stable
EMT tethering and growth into the cell cortex (Le and Ambrose, 2018). Interestingly cytoplasmic
EGFP foci appear to be bigger in size than FM4-64 leveled foci and they are abundantly accumulated
at the cell periphery. The cytoplasmic EGFP foci also occiosanlly colocalizing with FM4-64 leveled

vesicles.

In colocalization study using RFP:TUBG6 microtubule reporter line, EGFP:gKIN7.4 shows similar
cytoplasmic foci as discussed in the previous section. The RFP:TUBG clearly marked transversely
oriented microtubule. In the merged image panel some EGFP:KIN7.4 foci appeared to be colocalized
with RFP:TUB6 marked microtubules. This observation is in line with the notion KIN7.4 is
microtubule-binding protein but the more corroborative date is required to put the point firmly.
Moreover, time-lapse imaging is also required to assess if KIN7.4 is mobile kinesin.

45.7 EGFP:gKIN7.4 is colocalizing with gSUB:mCherry in the root epidermis

Our data in previous data establishes KIN7.4 is a genetic component of the SUB signaling pathway for
root hair patterning in Arabidopsis. Moreover, Kin7.4 is also localized to the plasma membrane as
discussed in the previous section. This compelled the idea if KIN7.4 is also co-localizing to SUB in
the root epidermis. To explore the idea, then | analyzed transgenic plant co-expressing
pUBQ::SUB:mCherry and pKIN7.4::EGFP:KIN7.4 generated through genetic crossing. The mCherry
signal shows the plasma membrane localization of SUB as it has been reported in several different
independent studies (Chevalier et al., 2005; VVaddepalli et al., 2014, 2017; Gao et al., 2019; Song et
al., 2019), although in elongating root epidermis cell plasmodesmata puncta could not be observed
very distinctively. Additionally EGFP:KIN7.4 consistently shows weak plasma membrane signal with
the occasional bright spot along the membrane and in cytoplasm collectively called as kin bodies. An
overlay image the plasma membrane EGFP:KIN7.4 along with some population of membrane attached

kin bodies were colocalizing with SUB:mCherry.
45.8 KIN7.4 interacts with SUB in yeast two-hybrid and in vitro

Genetic and molecular analysis so far support that KIN7.4 could be involved in SUB mediated signaling
for tissue morphogenesis in arabidopsis. To further investigate the direct physical interaction between
SUB and KIN7.4 targeted yeast-two-hybrid (Y2H) assay was performed. The obtained Y2H results
suggest SUB intracellular domain interact with KIN7.4 but not with KIN7.2. Moreover, KIN7.4 and
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KIN7.2 interact among themselves making dimer and also with each other. Interaction of KIN7.4 with
itself in yeast two-hybrid confirms the idea that KIN works in dimeric form and propels the notion that
KIN7.4 would also be working in the dimeric form in plants. The Y2H result could not be confirmed
with in-vitro pull-down assay. However, in pull-down assay we could successfully pull out free-
floating MBP tagged SUB-ICD from assay buffer using GST tagged KIN7.4 on sepharose bead but
not with GST alone bound to sepharose bead. But an important input control to show there is no
nonspecific binding of MBP-SUB-ICD with GST is missing. So from our result, it can not be firmly
concluded.

4.5.9 Mapping of protein domain involved in SUB-KIN7.4 interaction

Y2H assays indicated that full-length SUB-ICD interacts with full-length KIN7.4 as it was discussed
in the previous section. Interestingly for SUB deletion of the Kinase domain (SU-ICD-KD) does not
affect this interaction whereas point mutation in the kinase domain (R599C) eliminated the interaction
between SUB-ICD and KIN7.4. This observation supports the concept that the interaction with
KIN7.4. occur via Juxta membrane domain (SUB-ICD-JTM) and R599C probably interfere with
proper protein folding. Similarly, in KIN7.4, 59 amino acid of stalk domain next to motor domain is
important for its interaction with SUB-ICD. In light of the previous finding of mechanism of Kin7.4
regulation, our Y2H data suggests that SUB is positively regulating KIN7.4 by interacting with the
stalk domain. Stalk domain has been reported to contribute to dimer formation and thus making
function KINESIN protein. So one hypothesis could be SUB might regulate dimer formation of KIN

by interacting with the stalk domain.
4.6 Working model of SUB signaling pathway

The presented data indicate that SUB is mediating multiple pathways involved in development as well
as in CWD signaling induced by sub-lethal doses of isoxaben. They also indicate that the CWD
response eventually attenuates SUB signaling via the transcriptional downregulation of SUB and QKY.
At least two possible scenarios can explain the findings. In the first scenario, SUB is downregulated in
a quantitative manner by isoxaben-induced CWD signaling. The partial downregulation leaves some
remaining SUB activity in place. This residual SUB activity would be sufficient for further SUB-
dependent CWD signaling. The scenario assumes that less SUB activity is required for CWD signaling
in comparison to the function of SUB during development. In another plausible scenario, SUB activity
is required during a restricted time period following the initiation of CWD signaling, for example, to
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fully set in motion the stress response. Eventually, however, SUB function may become less important
or even entirely irrelevant. It will be very interesting to address these issues in future work. Whatever
the outcome, the collective data strongly suggest that SUB-mediated signal transduction is an important
component of the isoxaben-induced CWD response mediating plant survival. At the same time SUB

activity is subject to control the growth and development versus stress responses.

Furthermore, in developmental pathway my data also support the notion that SUB is involved in two
distinct tissue-specific processes: control of floral organ morphogenesis and root hair cell patterning.
For floral organ development SUB is negatively regulating WAK3 and CHC 2 while in root cells it
promotes activity of KIN7.4 and CHC2.

Differential requirement for SUB

Development Cell wall stress
RX /SUB RY stress gene txn
+X -X E : lignin
growth & survival
required SUB
levels
SUB txn

floral organ root hair
architecture patterning

Figure 40. A schematic representation of SUB signaling pathway in development and cell wall stress.
SUB is involved in plant morphogenesis (green) and cell wall stress response (Red). In-plant
morphogenesis pathway higher activity of SUB is required. Upon cell wall stress, the developmental
pathway of SUB signaling is closed off by downregulating SUB activity. For CWD response a lesser
amount of SUB is required. For development pathway, In floral organ WAK3 and CHC is negatively
regulated whereas in root SUB promotes KIN7.4 and CHC for root hair cell patterning.
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5 Conclusion

Plant cell wall remodeling is the central aspect of multiple processes required for cell growth and stress
responses. For a plant tissue morphogenesis and to cope-up with various biotic and abiotic stresses, the
plant cell wall has to be continuously remodeled. To monitor the change in the cell wall architecture a
surveillance mechanism exists in the plant. The cell wall monitoring mechanism in return coordinates
across cells in growing tissue, for an organ to attain its regular size and shape. Plant pathogens must
break through the cell wall thereby generating wall-derived factors that can induce defense responses.
There is only limited knowledge regarding the system that monitors the composition and status of the

cell wall. In this thesis work, | have provided further insight into cell wall monitoring mechanism.

The data presented here indicate that SUB signaling in mediating multiple pathways involved in
development as well as in CBI induced CWD responses. The SUB is required for ROS, ectopic lignin,
and callose accumulation upon isoxaben treatment. The data also indicate that SUB promotes
transcriptional reprogramming in cellulose deficient condition as optimal induction of several defense
marker genes does not occur in sub mutant. Further analysis indicates that the CWD response
eventually attenuates SUB signaling via the transcriptional downregulation of SUB. The collective data
strongly suggest that SUB-mediated signal transduction is an important component of the isoxaben-
induced CWD response mediating plant survival. At the same time, SUB activity is subject to control

that balances growth and development versus stress responses.

In SUB mediated plant morphogenesis | have found several additional candidates. The genetic and
yeast two-hybrid interaction with KIN7.4 and TORL1indicates possible role of SUB in microtubule
dynamics. The functional characterization of KIN7.4 suggests that it is a positive regulator of root hair
cell patterning. Interestingly, In floral organ, WAK3 and CHC are negatively regulated whereas in root

SUB promotes KIN7.4 and CHC for root hair cell patterning.
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Supplementary figure 1. Phylogenetic analysis of KINESIN in arabidopsis. Adapted from
(Dagenbach and Endow, 2004; Moschou et al., 2016)
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Supplementary figure 2. Alignment of KIN7.4 and KIN7.2 protein sequences of arabidopsis. Black

highlighted indicate identity or high similarity. Lines show gaps. The alignment was performed in

Geneious software using ClustalW algorithm with BLSM62 matrix.
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Supplementary Data

Supplementary figure 3. Mean-normalized expression levels of KIN7.4, KIN7.2, and SUB. The
expression levels of KIN7.4 (A), SUB (B), and KIN7.2 (C) according to AtGenExpress (Kilian et al. 2007)
are shown. Both KINs are expressed in all developmental stages as well as in all other tested conditions.
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Supplementary figure 4. qRT-PCR analysis of KIN7.4 and KIN7.2 expression in t-DNA insertion
lines. Gene expression levels of KIN7.4 (A) and KIN7.2 (B) by qPCR in t-DNA insertion line. The results
from three biological replicates are shown.

Supplementary Table 1 TRAVA - transcriptome variation analysis.

Absolute read counts
Tissue SUB | KIN7.4 | KIN7.2
Carpels of the young flower 2334 | 1284 1136
Sepals of the young flower 697 | 1509 2601
Whole Inflorescence 2093 | 1390 1283
Inflorescence stage 9 1284 | 1113 1426
Inflorescence stage 9 1296 | 1030 1364
Inflorescence stagel0 951 | 692 736
Inflorescence stage 11 1136 | 1366 1910
Inflorescence stagel2 748 | 1583 1740
Inflorescence stage 12 951 | 1470 1722
Inflorescence stagel3 759 | 1713 1749
Inflorescence stage 14 778 | 1459 1486
Inflorescence stage 15 851 | 849 1110
Internode 670 | 2100 1700
Whole mature leaf 216 | 873 1754
Inflorescence meristem at 16 days after 2016 | 1439 954
germination
SAM at 7 days after germination 1639 | 925 664
Ovules stage 2i to 3iv 1825 | 1821 1199
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Old Silique 322 | 1221 1548

Young silique 577 | 1925 2215

Seedling cotyledons 715 | 1679 1874

Seedling hypocotyl 398 | 1692 1095

Seedling meristem 980 | 451 280

Seedling root 392 | 2722 1231
Table 13 List of Primers

Genotyping primers

No. Primer name Sequence

3727 RP_PRK53 TCCTCTTCAACACTCGCTCTC

3728 LP_PRKS53 CTTTTTAGCAGCACGGTTTTG

3729 RP_BIR23 TCAACCAAGCTCGAGAGTAGC

3730 LP_BIR23 TCGTCAATCACGTTAATTGCTC

3731 RP_LRR10 ACTGTTGTTGAACTTGCCGTC

3732 LP_LLR10 TTTGATTTTCGTGGTCCTCAC

3733 RP_BIR75 AACGAAAATTGGATTATCGCC

3734 LP_BIR75 TCGTCAATCACGTTAATTGCTC

3770 WAK2-LP_DO05 CAAGCATGATAACCGAGAAGC

3771 WAK?2-RP_D05 CCCTTTTGGTACTTCTCCAGG

3772 TOR1-LP _39 CTCCATCTGTTTGTGAGCCTC

3773 TOR1-RP_39 AACGCACAAGCAAGTAGCTTG

3774 TOR1-RP_91 TAAGGCTGGTGTTGTAAACGG

3775 TOR1-LP_91 ATCCATAGTCGAACATGCGTC

3776 SYT1-LP_08 AGGTCTCGCGATTTATTAGGG

3777 SYT1-RP_08 GCCTCCTGACAAGTATAGGGG

3778 S17-LP_18 TTTCGACCTGTGGAATGTTTC

3779 S17-RP _18 TCAGCAAAAGTGTGTCGTGAG

3780 L28e-LP_808 GAGTGAACGTTGGTGAGGTTG

3781 L28e-RP_808 CATTGGGACCATGTTGTAACC

3782 ATPINS-LP_65 TGAAAGACATTTTGATGGCAT

3783 ATPINS-RP _65 CCAAATCAAGCTTTGCAAGAC

3784 Porin-LP_01 TCGTTTCCGTCAGATTTATGC

3785 Porin-RP_01 TGCCAGATTCGGTGTTATAGG

3786 CLT-LP_21 TGTTCTGCAAGTTCATGTTCG

3787 CLT-RP_21 AGGTGGATGACCTGGAAGAAG

3788 CLT-LP_80 TGAGGTCAACCAAATTCTCATG

3789 CLT-RP_80 TGAAAAGAATTGGTCCAGACG

3790 CLT-LP_D10 TCCAGCCTGTTGATGTAATCC
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CLT-RP_D10

TCTGTGCGATAGTGAGGATCC

Supplementary Data

3792

PAP15-LP_DO01

GACTCAGTGAGTGCCTCAAGG

3793

PAP15-RP_DO1

TGCTTGATATCCACTGGGTAATC

3794 60S-LP_33 TTGAGAAAATGTGCCAAATCC

3795 60S-RP_33 CAGACTTGAAATCTGTTGGGC

3796 L28e-L 337 CCTTTCCTTTCTCCATTTTGC

3797 L28e-RP_337 GTGGTTTCAGGTCTTGCAAAC

3798 Glyco-LP_685 CAGCTGAAATTTCTTTTCCCC

3799 Glyco-LP _856 TGTGACATGTCTTTCACCAGC

3800 Glyco-RP_685 GTTACGCAAGAGCTTACGAGC

3801 Glyco-RP_856 GTTACCACCGAAAAAGAAGCC

3802 HD-LP_125 ATTTCTTCGAGCCTTGAGCTC

3803 HD-RP_125 CGACAAAACCCAAAATTCATG

3804 TP-LP_609 TCTTCAGTTGTTGGTTTTGGC

3805 TP-RP_609 TCTGCTGTTTATGATTTGGGG

3806 Gly-LP_255 CTCCTCGGTTTCCATATCCTC

3807 Gly-RP_255 CGATCTTCCACAAGAACCATG

3808 Bir-XmaF TATCCCGGGATGATGATGGGTAGGTTAG
3809 Bir-XmaR TATCCCGGGTCAACGAGCAACTATGAG

3810 LRR1-XmaF TATCCCGGGATGAAGAACAAGACCAATTTAG
3811 LRR1-XmaR ATACCCGGGTCAATCGGACAAAGGAC

3812 PRK2-XmaF TATCCCGGGATGGAATCCAAATGTCTCATG
3813 PRK2-XmaR ATACCCGGGTCATGACAAGTTAATTCCC
3814 Bir-ECD-XmaF ATACCCGGGATGGATCAGGCCAACATAGATTGC
3815 BirECD-XmaR TATCCCGGGAACAACTTTACCACGAGAG
3816 Bir-ICD-XmaF TATCCCGGGATGTTCCGTAAATTGGGTGCTG
3817 LRR1-ECD-XmaF | TATCCCGGGATGGATCTAGAAGCTGATCGACG
3818 LRR1-ECD-XmaR | ATACCCGGGCAGATAACTTGTCGCTTTTC
3819 LRR1-ICD-XmaF TATCCCGGGATGTGTCTCTGTAGAAAGAAG
3820 PRK2-ECD-XmaF | ATACCCGGGATGGTATCAGAGACCGAAACTCTC
3821 PRK2-ECD-XmaR | ATACCCGGGCTTTGATGATGTTTTCTTG

3822 PRK2-1CD-XmaF TATCCCGGGATGTTCCTTATCCGAAGACGAAAG
3823 FAB-XmaF TATCCCGGGATGAGTTCTGGTCTGAACGAAG
3824 FAB-XmaR ATACCCGGGTTATGAATTGTTGAGCAAGTC
3874 AGL_LP09 TCAAGTGTCTTGAGCATGCTG

3875 AGL_RPO09 TCCAAATACCATCAATTCTCCAG

3876 AGL_LP23 ATAACCTTTGTGCCTCGTGTG

3877 AGL_RP23 TCATAGAGCTTTCCACGGTTG

3878 AGO_LP36 AGAGAACGGGGAAGAGTCAAG

3879 AGO_RP36 TTTCGTCATATTTGCGGGTAC

3880 AGO_LP57 AGGTGGCAATCAAGTTTGTTG

3881 AGO_RP57 AATTTTGCATGCCTACATTGG

3882 BoP2_LP67 GTTGTGAAGGCTTTGCTTGAG

3883 BoP2_RP67 ACACCCGATAAGACATTGCTG

3884 C2_LP30 ATCACACCCACTCCAACAAAC

3885 C2_RP30 TCCCATTAGGAAGTCCTGGTC

3886 C2_LP68 TGGTGGAACCAGAAGAGATTG

3887 C2_RP68 TCTTCGGTTTCTCAACGTTTG

3888 C2_LP73 ATCTGATGGACTCATGATCGG

3889 C2_RP73 AACTTGTGTTGTCGCCTTTTG

3890 CIPK_LPO02 AATGTCGATCGTATGGTCCAC

3891 CIPK_RP02 TGTGCGATTAAACCTCCTTTG

3892 CIPK_LP40 TCACCTCCACGAACATACTCC
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3893 CIPK_RP40 AATGTCGATCGTATGGTCCAC
3894 CIPK_LP46 TCACCTCCACGAACATACTCC
3895 CIPK_RP46 AATGTCGATCGTATGGTCCAC
3896 Dicer_LP10 TGGCGTTTCTGATACCAATTC
3897 Dicer_RP10 TAACAGGCGAAGCAGTCATTC
3898 Dicer_LP95 CTTTCAAGAACATTGGCAAGC
3899 Dicer_RP95 CGTACTCGTAATTGGGACGAG
3900 Dof_LP05 TTTTTGGTGTGAAAGGGAGTG
3901 Dof_RP05 TCACACGTTTTGATGGCATAG
3902 Dof_LP536 ACGTGGACTGTTCTGTTTTCC
3903 Dof_RP536 TCTTGAAAGAAGAGCCACCAG
3904 EDA_LP9 TCCTCCCAATTAGACAGTCAATC
3905 EDA_RP9 CTCTTCGTCTTCGTCCAAGTG
3906 EDA_LP302 TTTTTGGTGGTCAGCTTTCTC
3907 EDA_RP302 TGCGTGTTCTTGTGTGAGAAG
3908 FAT_LPO1 GCTACTTGCCATTGTATGTC
3909 FAT_RPO1 GATCTGATATACAGACAAGGAC
3910 FAT_LP219 ACGGTTAGATAACGCCCAAAC
3911 FAT_RP219 TGCTTATGGAGCTGAGGAGAG
3912 FAT_LP923 GATCCCGTCTTTAGCTTCGTC
3913 FAT_RP923 AGTTGTTGCCGACATGAGAAC
3914 Kin_LP86 TGCTCCAACAATGCAGTGTAC
3915 Kin_RP86 CAACGAGTGGTTCCTCTTTTG
3916 Kin_LP88 TTGGTTCTACCCCTGTCACAG
3917 Kin_RP88 TCAACTTGGCAACAAGTACCC
3918 LRR_LP66 AGTTTGGGCCGAAATAAAAAC
3919 LRR_RP66 GTCACGAAGTGCGATTAGAGC
3920 LRR_LP412 CCATGAAATAAAAGGGGCTTC
3921 LRR_RP412 GACTCGGAGATTGGTTTTTCC
3922 OBE_LP40 CCTGCAGGCTGCTTACAATAG
3923 OBE_RP40 TTGTCACCGAATTTTCAGGAC
3924 OBE_LP74 ATCTAGGAGCCGCTTTTTGAG
3925 OBE_RP74 TTGTCACCGAATTTTCAGGAC
3926 TRM_LP24 TCATCCTTAAATTGAGCACGG
3927 TRM_RP24 CTCGCAAATCACTTCTTCCTG
3928 UN_LP149 CTAGCATGTCCCTCGTCTCTG
3929 UN_RP149 ACCCGAGAGGATATGGTGATC
3930 UN_LP845 TCTCCTCGAGCTGGTGTTTAG
3931 UN_RP845 CAACTGTGCAAAAGCTTAGGC
3932 SUB_LP158 TTTGTTTGAGTGGACAGGGAC
3933 SUB_RP158 GATGTTGTTGTGGTTGCAGTG
3934 gky_LP123 GGAAGAAATGGGTCAGGACTC
3935 gky_RP123 TAGCCGTAGGCATTGTGTCTC
3944 FAT_FRT CCTTGAAGTACCCCAGCTTTC
3945 FAT_RRT TATCGGCTCCATTCTTCGAG
4268 CHC1_LP13 TGGTGAAAGGAAATATGCAGC
4269 CHC1_LP52 TAATAAGGCGCAAGTGACCAG
4270 CHC1_RP13 TATATTGAAACGGAGGAAGCG
4271 CHC1_RP52 TTTATCCGAGCTGATGACACC
4272 CHC2_LP26 AAAAGTCATGACACTTCTTCCATTC
4273 CHC2_RP26 AATTCGAGGAAACCGTTATGG
4274 Gene Trap_GT ACCCGACCGGATCGTATCGGT
4385 Kin2_LP78 ACCGGAAGAGAGTTTCTGCTC
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4386 Kin2_RP78 TGATGTATGCACCCTCTTTCC
4387 Kin2_LP17 TTGCTAATGCATCATCGATTG
4388 Kin2_RP17 TTGGTTGAGGTTCCATGAGTC
4389 Sub-4_For GGAGGGGCATTTACCTTCTTCC
4390 Sub-4_Rev CCTCGGTGGTTGTTGCAGCGG
4391 Torl-2_Rev CAAGCACGGTAATGGTGGAATC
4392 Torl-2_For CGTCGTTAGCGGTGGGTTTG
4393 Sub-4_Forl GTCCAATGATACTGCTTCAAAG
4394 Sub-4_Revl GAAGCCGAGGAATCGCCCAC
4395 Torl-Taql F GCATCCATGATTGCCTTGGAAGTACAGATTGGGTAACTC
4396 Torl-Tagl R CTTTAGATTACTAGAAAAATGTAGCTACCTTG
4681 CesA6_gRT-RP GAACCCCAGAGACTCGTATCA
4682 CesA6_gRT-LP ACCCGGATTTGATCACCATA
4683 CesA3_gRT-RP GCTTAGGCATGCAGTAAATGG
4684 CesA3_gRT-LP GTCAGATTGGGGAATGGAGA
4685 CesAl_gRT-RP CACATTCATTACACGCGACA
4686 CesAl _gRT-LP GATCCGACATGAATCTGATGG
4687 ERECTA_RP55 TGTGTGTGAGAAATGGCTCTG
4688 ERECTA_LP55 TTCGAAATCGAAAACGGTATG
4689 ERECTA_RP10 GCAACGTTGCTGGAGATTAAG
4690 ERECTA_LP10 CCGGGTAATGAAGAGACATTG
4691 Wak4_RP-FO8 TTAACCAATTGTTCCCTGCAG
4692 Wak4_LP-F08 ACTATCTCTTTGAGCGGCTCC
4693 Wak3 RP13 GCACAAGATGCAACCAAAAAC
4694 Wak3 LP13 TTGGAGTTTCCTGGAAAAATC
4695 Wak5_RP65 TTATCGACGCAAGGTGATACC
4696 Wak5_LP65 AACCACAACAATCTTATGCAGC
4697 Wak5_ RP81 TTATCGACGCAAGGTGATACC
4698 Wak5_LP81 AACCACAACAATCTTATGCAGC
4699 Wakl1_LP75 GCTTCTTGGTCATTCTGCTTG
4700 Wak1l_RP75 TTGTGCTGACAAGATGTGACC

gRT-PCR primers

No. Primer name Sequence

1 R1(at4g33380) LP 5’- TGAAGGAGAGGAAGAGCCTGAGGAA -3’
2 R1(at4g33380) RP 5’-CCCCATCTCACTGCAGCACCAC -3’

3 R2 At2g28390 LP 5’-AGATTGCAGGGTACGCCTTGAGG-3’

4 R2 At2g28390 RP 5’- ACACGCATTCCACCTTCCGCG -3’

5 R3 At5g46630 LP 5’- CCAAATGGAATTTCAGGTGCCAATG -3’
6 R3 At5g46630 RP 5’- CAATGCGTACCTTGAGAAAACGAAC-‘3
7 CCR1(At1G15950) LP 5-GTTCTCTTTGCTGCTTTCGAC-3’

8 CCR1(At1G15950) RP 5’-GCAAACCCCTGACCATGT-3’

9 CCR2(At1G80820) LP 5-GTTCTCTTTGCTGCTTTCGAC-3’

10 CCR2(At1G80820) RP 5’-GCAAACCCCTGACCATGT-3’

11 PDF1.2(AT5G44420) LP 5- TCTTTGCTGCTTTCGACGC-3’

[N
N

PDFL.2(AT5G44420) RP

5- TCTTGCATGCATTACTGTTTCCG-3’
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14
15

16
17

18
19
20
21
22

VSP1 (AT5G24780) LP

5’- GATATGGGACCGAGAACACAGC-3’

Supplementary Data

VSP1(AT5G24780) RP

5’ TTCGTATAGATGCAAGGTCTCCG-3’

FRK1 (At2919190) LP

5’-ATCTTCGCTTGGAGCTTCTC-3’

FRK1 (At2g19190) RP

5’-TGCAGCGCAAGGACTAGAG-3’

CYP81F2 (At5g57220) LP

5’-AATGGAGAGAGCAACACAATG-3’

CYP8LF2 (At5g57220) RP

5’-ATACTGAGCATGAGCCCTTTG-3’

RBOHD (AT5G47910) LP

5'-CTGCTCCGTGCTTTCAGAT-3'

RBOHD (AT5G47910) RP

5'-AATCCTTGTGGCTTCGTCAT-3'

TCH4 (AT5G57560) LP

5’-GATCACTTGGGGTGATGGTC-3’

TCH4 (AT5G57560) RP

5’-GGGACAAGCTTCATTTGCAT-3’

23 TIP2;3 (AT5G47450) LP 5’-GAAGTTGGAAGTGTGGGAGACT-3’
24 TIP2;3 (AT5G47450) RP 5’-GCTCCATCAGAGGTTAGTTTGG-3’
25 CesA1(At4932410) LP 5’-GATCCGACATGAATCTGATGG-3’

26 CesAl1(At4932410) RP 5’-CACATTCATTACACGCGACA-3’

27 CesA3(At5g05170) LP 5’-GTCAGATTGGGGAATGGAGA-3’

28 CesA3(At5g05170) RP 5’-GCTTAGGCATGCAGTAAATGG-3’

29 CesAB(At5g64740) LP 5’-ACCCGGATTTGATCACCATA-3’

30 CesA6(At5g64740) RP 5’-GAACCCCAGAGACTCGTATCA-3’

31 CesA2(At4G39350) LP 5’-CGCTAGAGAATGTCGACGAA-3’

32 CesA2(At4G39350) RP 5’-TAGGAATGCGAGTCCAGCTT-3’

33 CesA5(AT5G09870) LP 5’-CCGTAGATCCACCCAATCTC-3

34 CesA5(AT5G09870) RP 5’-GAAAATTCATCGTCCCTGAGA-3’

35 CesA9(AT2G21770) LP 5’-CGTTACCGCAATGGACATAA-3’

36 CesA9(A12G21770) RP 5’-GTTCTCTTTGCTGCTTTCGAC-3’

37 SUB(AT1G11130) LP 5’- GTTTGGATCTTTGACCTAGACGA-3’
38 SUB(AT1G11130) RP 5’- CAAGTTATTAATCGCCGAAACAT-3’
39 SUBgRNA 5’ TAATAACTTGTATATCAACTT-3’
4610 | gRT2_Kin2-Rev CAACTCGTGAATGGACATGAA

4611 | gRT2_Kin2-For CTTTCATCTCTTGCATTCTTGC

4612 | gRT1_Kin2-For TCATATTGGTCTCCATGAGCA

4613 | gRT1_Kin2-Rev AGCTGGGGAAGAACATCGT

4614 | gRT2_Kin4-Rev GACGGAAACGCAAAGAGCCG

4615 | gRT2_Kin4-For CGCAAGCGAATGGAGACGC

4616 | gRT1_Kin4-For CCAAGAACAACTACAGGAAAAGTGT
4617 | gRT1_Kin4-Rev CCAGATACCGCTTTATTGGAA

4620 | gRT3_Kin4-Rev CAGTTCTTAGAGACCTTTTCAACTGGTT
4621 | gRT3_Kin4-For GTCATTTCTGCTTATGTAAATCCTGTTCC

Yeast two hybrid cloning primers

No. Primer name Sequence
4139 TOR1-R_Xmal TAGCCCGGGTTACTTGTCGAACTGTTGG
4140 TOR1-F_Ndel TACCATATGATGAGCACACCTACAACTTC
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4152 TOR1-For2 CTTTCCAAAAGCTTTGCCC

4153 TORI1-For3 GAGTTTTTCCAAAGACTAG

4154 TOR1-Revl GCTCATTCTCATATTGTTC

4155 WAK-TM_NdelF TATCATATGAAAATCTTCACTGAGAAAGG
4156 WAK-TM_XmalR CAGCCCGGGTCAACGGCCAGCTTCAATGT
4157 WAK_ECD-XmalR ATTCCCGGGGTCCATCTAAAGTATTCAGGC
4158 WAK_ECD-NdelF TAGCATATGCAACCTCGCAAGGAGTGCCAAAC
4226 Kin2_AD-SacR CTTGAGCTCTCAAGACGGGAAGGCGAA
4227 Kin2_AD-Xmaf ACTCCCGGGATGGCTTCATCGTCGTCT
4228 Kin2_BD-NcoF TGGCCATGGATGGCTTCATCGTCGTC

4229 Kin2_BD-XmaR ATCCCCGGGTCAAGACGGGAAGGCG

4230 Kin4_AD-SacR CTCGAGCTCTTAAGACGGAAACGCAAA
4231 Kin4_AD-XmaF CCACCCGGGATGGCTTCATCCTCATCG
4232 Kin4_BD-NcoF TGGCCATGGATGGCTTCATCCTCATC

4233 Kin4_BD-XmaR ATCCCCGGGTTAAGACGGAAACGC

4264 Kin2_AD-Xmaf ACTCCCGGGAATGGCTTCATCGTCGTCTAG
4265 Kin2_BD-NcoF TGGCCATGGAAATGGCTTCATCGTCGTC
4266 Kin4_AD-XmaF CCACCCGGGAATGGCTTCATCCTCATCG
4267 Kin4_BD-NcoF TGGCCATGGAAATGGCTTCATCCTCATC
4429 WAK1_BD_ECD-NocF TGGCCATGGAGCAACATCAACCTGGTG
4430 WAK1_BD_ECD-XamR ATCCCCGGGAACTCTTTACGCTTGCAG
4431 WAK1_BD_ICD-NocF TGGCCATGGAGGTTGCCTGTATACAACAG
4432 WAK1_BD_ICD-XamR ATCCCCGGGTCAGCGGCCAGTTTCAATG
4433 WAK3_BD_ECD-NocF TGGCCATGGAGCAACATCAACCTCGCG
4434 WAKS_BD_ECD-XmaF ATCCCCGGGTTGCATGTTGTATACAG

4435 WAKS_BD_ICD-NocF TGGCCATGGATTCAGGAGCAGGGTTG

4436 WAK3_BD_ICD-XmaR TCCCCGGGTCAGCGGCCAGTTTCAATG
4437 WAK4_BD_ECD-NocF TGGCCATGGCAACCTTGCCTCGTTGCCCCG
4438 WAK4_BD_ECD-XmaR ATCCCCGGGTCCATTCAACGTATTCAGG
4439 WAK4_BD_ICD-NocF TGGCCATGGTAGAACATAAAATGAAG

4440 WAK4_BD_ICD-XmaR ATCCCCGGGTCAGCGGCCTGCTTCAATG
4441 WAKS_BD_ECD-NocF TGGCCATGGCGCAACCTCGCGATGATTG
4442 WAKS_BD_ECD-XmaR ATCCCCGGGAGTACTTAGGCTCTTCTTTAG
4443 WAKS_BD_ICD-NocF TGGCCATGGACCAAAAAATGAGGCAC
4444 WAKS_BD_ICD-XmaR ATCCCCGGGTCAGCGGCCAGTTTCAATG
4445 WK1_AD_ECD-XhoR CAGCTCGAGAACTCTTTACGCTTGCAGC
4446 WK1_AD_ECD-XmaF CCACCCGGGGCAACATCAACCTGGTGAG
4447 WK1_AD_ICD-XamF CCACCCGGGAGTTGCCTGTATACAACAG
4448 WK1_AD_ICD-XhoR CAGCTCGAGTCAGCGGCCAGTTTCAATGTC
4449 WK3_AD_ECD-XhoR CAGCTCGAGTTGCATGTTGTATACAGATC
4450 WKS3_AD_ECD-XmaF CCACCCGGGACAACATCAACCTCGCG

4451 WK3_AD_ICD-XhoR CAGCTCGAGTCAGCGGCCAGTTTCAATGTC
4452 WKS3_AD_ICD-XmaF CCACCCGGGTTCAGGAGCAGGGTTG
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4453 WK4_AD_ECD-XhoR CAGCTCGAGTCCATTCAACGTATTCAG

4454 WK4_AD_ECD-XmaF CCACCCGGGAACCTTGCCTCGTTGCCCCG
4455 WK4_AD_ICD-XmaF CCACCCGGGACTAGAACATAAAATGAAG
4456 WK4_AD_ICD-XhoR CAGCTCGAGTCAGCGGCCTGCTTCAATG
4457 WK5_AD_ECD-XhoR CAGCTCGAGAGTACTTAGGCTCTTCTTTAG
4458 WK5_AD_ECD-XmaF CCACCCGGGACCGCAACCTCGCGATG

4459 WK5_AD_ICD-XhoR CAGCTCGAGTCAGCGGCCAGTTTCAATG
4460 WK5_AD_ICD-XmaF CCACCCGGGACAAAAAATGAGGCACCG
4507 Kin4-For_Cla GATCGATCGATGGCTTCATCCTCATCGAG
4508 Kin4-Rev_Nco TTCCATGGTTAAGACGGAAACGCAAAGAG
4509 Torl-For_Kpnl CTGGTACCTGATGAGCACACCTACAACTTC
4510 Torl-Rev_Kpnl ATGGTACCTTACTTGTCGAACTGTTGGAG
4511 Kin4A-AD-SacR CTCGAGCTCGTTTTCGTCATTCAAC

4512 Kin4A-BD-XmaR TCCCCGGGGATGTTTTCGTCATTC

4513 Kin4B-AD-XmaF CACCCGGGCATGCAATCAAGATTGG

4514 Kin4B-BD-NcoF TGGCCATGGAAATGCAATCAAGATTG

4515 Kin4-For_Nco GTACCATGGTATGGCTTCATCCTCATCG
4516 Kin4-Rev_Nco ATTCCATGGTTAAGACGGAAACGCAAAGAG
4574 KATP_AD-XMAF TTCCACCCGGGCATGGCTTCATCCTCATCG
4575 KATP_AD-XMAR CCCACCCGGGATCCCGCTCAGAGCTAATAG
4576 KMotar_AD-XMAF TCCACCCGGGCATGAGTATCTCCGTCACCG
4577 KMotar_AD-XMAR CCCACCCGGGTATACTCTTTGCCCTGCTGG
4578 KSTALK_AD-XMAF TCCACCCGGGCAATGTAGAAATATATGCTTC
4579 KSTALK_AD-XMAR CCACCCGGGATGTGAGAGTTTGCGTCTC

4580

KZn_AD-XMAF

TCCACCCGGGAATGTGTAAAGTATGTTTCG

4581

KZn_AD-XMAR

CCCACCCGGGTTAAGACGGAAACGCAAAG

Binary vector cloning

primers

No. Primer name Sequence

4461 | Kin4Pro_GGAF1 AACAGGTCTCAACCTTGCACCAAACACTCTCTAACTTTG
4462 | Kin4Pro_GGAF2 AACAGGTCTCAGTCGCACCATCTCTGTCTACC

4463 | Kin4Pro_GGAR1 AACAGGTCTCTTGTTCCACTAACCTCGAAACTCGAGGGTC
4464 | Kin4Pro_GGAR2 AACAGGTCTCGCGACCATTGAAGAGAGAAAG

4465

KindTer_GGF1

AACAGGTCTCACTGCCCAGTTGAAAAGGTAACCTTTCTAG

4466

Kin4Ter_GGF2

AACAGGTCTCGGACTCTAAGAACTGTGGGTG

4467

Kin4Ter GGR1

AACAGGTCTCTTAGTCTTTGATCTTCTTCTTCTTCTTC

4468

Kin4Ter GGR2

AACAGGTCTCGAGTCCTGCATAATCATGCAAG

4537

gKIN4_For-Sbfl

ATCGCCTGCAGGATGGCTTCATCCTC

4538

gKIN4_Rev-Pmel

AGATGTTTAAACTTAAGACGGAAACG

4543

N-EGFP_For-Xmal

TAACACCCGGGATGGTGAGCAAGGGC

4544

N-EGFP_Rev-Sbfl

GCCATCCTGCAGGCGATCCAGAGCCG
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4545 | gKIN4_CRev-Sbfl GCGGCCCTGCAGGTTAAGACGGAAAC
4546 | gKIN4_CFor-Xmal TAACACCCGGGATGGCTTCATCCTC

4547 | C-EGFP_For-Sbfl CTTAACCTGCAGGGCCGCTAGTGCG

4548 | C-EGFP_Rev-Pmel GAGATGTTTAAACCTTGTACAGCTCG

4549 | gKIN4_For-Shfl ATCGCCTGCAGGATGGCTTCATCCTCATC
4550 | gKIN4_Rev-Pmel AGATGTTTAAACTTAAGACGGAAACGCAAAGAGCC
4551 | pKIN-XmaF GTACCCGGGTGCACCAAACACTCTCTAAC
4552 | pKIN-XmaR CATCCCGGGCCACTAACCTCGAAACTCG
4553 | tKIN-PmeF TAAGTTTAAACCCAGTTGAAAAGGTAACC
4554 | tKIN-PmeR GATAGTTTAAACCTTTGATCTTCTTCTTC
4555 | pCAMBIA3300_For CGCCCTTCCCAACAGTTGC

4556 | pCAMBIA3300_Rev CACGCCCTTTTAAATATCC
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