Identification and characterization of cell edge proteins in Arabidopsis thaliana

A Thesis Submitted to the College of
Graduate and Postdoctoral Studies
In Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy
In the Department of Biology
University of Saskatchewan

Saskatoon

By

Zhihai Chi

© Copyright Zhihai Chi, May, 2019. All rights reserved.



Permission to Use

In presenting this thesis/dissertation in partial fulfillment of the requirements for a Postgraduate
degree from the University of Saskatchewan, I agree that the Libraries of this University may make
it freely available for inspection. I further agree that permission for copying of this
thesis/dissertation in any manner, in whole or in part, for scholarly purposes may be granted by
the professor or professors who supervised my thesis work or, in their absence, by the Head of the
Department or the Dean of the College in which my thesis work was done. It is understood that
any copying or publication or use of this thesis or parts thereof for financial gain shall not be
allowed without my written permission. It is also understood that due recognition shall be given
to me and to the University of Saskatchewan in any scholarly use which may be made of any

material in my thesis.

Requests for permission to copy or to make other uses of materials in this thesis in whole or part

should be addressed to:

Head

Department of Biology

Collaborative Science Research Building, 112 Science Place
University of Saskatchewan

Saskatoon, Saskatchewan S7N 5E2

Canada

OR

Dean

College of Graduate and Postdoctoral Studies
University of Saskatchewan

116 Thorvaldson Building, 110 Science Place
Saskatoon, Saskatchewan S7N 5C9

Canada



Acknowledgements

This work would not have been possible without the great supervision of my advisor, Dr. Chris
Ambrose. As a biologist, his commitment and enthusiasm for scientific inquiry are unparalleled,
and keep inspiring me all the time. As a mentor, his invaluable patience and support helped me
succeed as a graduate student. I own all I achieved to Chris and cannot adequately express my

gratitude to him.

I have benefited a lot from interactions with the members of my Ph.D committee, Dr. Daniel
MacPhee, Dr. Yangdou Wei and Dr. Ken Wilson. I have received considerable support and

valuable suggestions from them.

I have been fortunate to learn and work with a wonderful group of colleagues in the Ambrose Lab.
I am particularly indebted to Yen Le, Liyong Zhang and Devon Ireland for numerous life

suggestions and experiment ideas.

I wish to thank Dr. Eiko Kawamura from WCVM Imaging Centre and Dr. Guosheng Liu from
Biology Department for their help with microscopy.

I am grateful to the Biology Dept for providing administrative and technical support.

Lastly, I wish to thank my parents and my wife for their endless love and support for helping me
maintain a balanced existence. I certainly could not have completed this work without the support

from my wife.

i



Abstract

Plant cells exhibit a variety of shapes and sizes that underlie their functions. These distinctive
geometries are dictated by cell walls. The region adjoining two adjacent faces of a cell is termed a
cell edge. Having varying degrees of curvature, cell edges play a fundamental role in defining the
shape and geometry of the cell. Edge curvature is thus an important point of regulation in cell
morphogenesis, and increasing evidence suggests a large compliment of proteins—edge

proteins— resides at cell edges to control cell edge stiffness and curvature.

To understand cell edge properties, I identified additional edge proteins— Microtubule-Associated
Protein 65-3 (MAP65-3), Phragmoplast Orienting Kinesinl (POK1), BRICK1 (BRK1), Actin-
related protein-2 (Arp2) and MUSTACHES. The project then focused on BRICK1 (BRK1), an

actin nucleation-promoting factor.

Here, by examining BRK1 localization pattern and its regulation on the cell edges, I identified
feedbacks between BRK1 and cell edges. On the one hand, cell edge curvature influences the
accumulation of BRK1 to the edge. BRK1 exhibits a preferential enrichment at high-curvature cell
edges. The localization pattern is gradually changed from uniform to specific enrichment as edge
curvature change. On the other hand, BRK1 protein itself regulate cell edge through microtubule.
In the absence of BRK1, fewer anticlinal microtubule bundles (AMBs) form, CMT tend to strongly
align in parallel and change orientation more frequently. Collectively, these defects may explain
cell lobe reduction in the brk-I mutant. Moreover, the brk-1 mutants also exhibit cell plate

orientation defects, which could result from failed asymmetric division.

Besides, additional functions were observed too. A series of preliminary results suggest an
association between BRK1 and Plasmodesmata (PD). BRK1 signal localizes in the pit field at the

anticlinal wall, where PD accumulate.

In summary, cell edges affect BRK1 localization through curvature changes, while BRKI

modulates cell edge curvature through MTs at both the cell division and cell expansion levels.
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Chapter 1 General Introduction
Originating from small box-like precursors, plant cells acquire distinctive shapes, spanning from
long cylindrical root hairs, jigsaw-shaped pavement cells, to branched trichomes. Those cell
shapes, even subtle features of them, are appropriate for their bio-functions. For example, the hair-
like shape of a root hair is thought to increase the surface area of the root for water and nutrient
uptake. The establishment of plant cell shape is based on the coordinated interaction between cell
wall tensile stress and turgor pressure (Kroeger et al., 2011; Guerriero et al., 2014). While isotropic
turgor pressure would drive plant cells into spherical shapes, plant cells exhibit a wide variety of
forms because of the anisotropic nature of the cell wall, which is mainly determined by the cell
wall components. The pattern of cell wall deposition is in turn controlled in large part by the

cytoskeleton, in particular, MTs.

1.1 Plant cell walls.

In contrast to animals, plant cells are encased by a relatively rigid but dynamic cell wall. To fulfill
a wide range of functions, plant cells have evolved cell walls with incredibly complex structure
and highly dynamic composition (Somerville et al., 2004; Cosgrove, 2005; Braybrook and
Jonsson, 2016). Composed of a diversity of polysaccharides, structural proteins, and polyphenols,
cell wall architecture can be regarded as a framework of cellulose microfibrils, cross-linked by
hemicelluloses, nested in a pectin matrix. In this model, the rigid cellulose confers strength and
directs the cell growth orientation, while hemicelluloses and pectin glue every constituent together
and provides flexibility and growth permission (Braybrook and Jonsson, 2016). As a result, the
cell wall determines cell growth through dynamic deposition and remodeling of wall components.
Two types of cell walls exist, referred to as primary and secondary cell walls. Primary cell walls
are relatively thin and flexible, and provide both basic structural support and flexibility for cell
growth. The thicker and more durable secondary cell walls are deposited primarily following the
cessation of cell expansion and provide mechanical support and protection to the plant cells

(McNeil et al., 1984; Kumar et al., 2016).

Cellulose microfibrils are composed of B-1,4-linked glucan chains, which are synthesized by
cellulose synthase complexes in the plasma membrane (Cosgrove, 2005). As the loading-bearing
elements, cellulose microfibrils are long, stiff fibers with high tensile strength that create

mechanical prohibition to cell elongation. In an elongating cell, cellulose microfibrils deposit in a



roughly transverse direction that is perpendicular to the elongation axis (Green, 1962). This
orientation confers a mechanical bias to a single direction expansion (in this case, longitudinal)
while constraining cell expansion in the lateral direction. Different from other wall
polysaccharides and proteins, which are synthesized in the Golgi apparatus and transported to the
plasma membrane for secretion into the apoplast, cellulose is synthesized and assembled directly
at the plasma membrane by a rosette-shaped complex—cellulose synthase complexes (CSCs)
(Lerouxel et al., 2006; Geisler et al., 2008). The CSC proteins are assembled and modified in the
Golgi apparatus and then are delivered to the plasma membrane. CSC delivery relies on the
cytoskeleton: actin microfilaments (F-actin) modulates the distribution of CSC—containing Golgi
bodies, while MTs are responsible for marking the insertion site of CSCs proteins at the plasma
membrane (Gardiner et al., 2003; Wightman and Turner, 2008; Crowell et al., 2009; Gutierrez et
al., 2009).

After assembles on the plasma membrane, the CSC complex moves following linear tracks,
extruding newly polymerized microfibrils into the cell wall (Morgan et al., 2013). While CSC
mobility results from its own displacement during microfibril deposition, the trajectory of the CSC
movement is dictated to a large degree by MTs. Specifically, the linear movement of CSCs co-
aligns with the MT pattern inside the plasma membrane, and the change of MT arrangement leads
to coordinated re-orientation of rosette complex tracking (Paredez et al., 2006; Gutierrez et al.,
2009; Chan et al., 2011; Oda et al., 2015); Moreover, simultaneous observation of co-localization
further confirms a direct link between CSC complexes and cortical MTs, which was reported to
be bridged by CESA interactive protein 1 (CSI1) (Ledbetter and Porter, 1963; Paredez et al., 2006;
Crowell et al., 2009; Gutierrez et al., 2009; Li et al., 2012). However, in the absence of MTs, CSCs
continue their linear tracks for some time, probably due to the pre-existing cellulose in the cell
wall (Himmelspach et al., 2003; Sugimoto et al., 2003; Wasteneys, 2004). Thus, MT arrangement
controls cell expansion by guiding the direction of CSC movement and the corresponding
orientation of cellulose microfibrils, although additional factors are also involved (Baskin, 2001;

Wasteneys, 2004).

1.2 MT arrays in plants.

Since a plant cell’s position is fixed and demarcated by a cell wall, the cell morphology is mainly

determined by the orientation of cell division and directional cell expansion (Chakrabortty et al.,
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2018). During interphase, MTs line on the plasma membrane and form the cortical MT array,
which is responsible for guiding CSCs to direct cellulose microfibril orientation and cell expansion
patterns (Figure 1.1 A). During mitosis, the division plane position and its orientation are already
forecasted by a distinguished MT array structure — the pre-prophase band (PPB) (Figure 1.1B)
(Wasteneys, 2004). At late G2 stage, with the assistance of F-actin, parallel cortical MTs gradually
narrow down to form a dense ring-like PPB encircling the nucleus (Takeuchi et al., 2016). By
modulating the biochemical composition locally, the PPB creates a “memory” for the future cell
plate insertion site, which is termed the cortical division zone (CDZ) (Karahara et al., 2009;
Spinner et al., 2013; Zhang et al., 2016; Schaefer et al., 2017). The CDZ is established and
maintained by selectively depleting negative markers such as F-actin and KACI(kinesin-like
protein for actin-based chloroplast movement 1) and recruiting positive markers such as AIR9
(auxin-induced in root cultures 9), PHRAGMOPLAST ORIENTING KINESIN 1 and 2 (POK1
and POK2), Ran GTPase activating protein 1 (RanGAP1) and TANGLED (Cleary et al., 1992;
Buschmann et al., 2006; Muller et al., 2006; Vanstraelen et al., 2006; Walker et al., 2007; Xu et
al., 2008). Interestingly, the establishment and maintenance of CDZ requires different protein

complexes, indicating a progressive maturation of the CDZ.

Even before PPB formation, the nucleus migrates from the periphery to the center of the future
PPB location, and the failure of nucleus movement leads to cell division plane defects (Panteris et
al., 2006; Masoud et al., 2013). The PPB disassembles coincident with nuclear envelope
breakdown and spindle formation. Following nuclear division, the cytokinetic MT array — the
phragmoplast— forms between daughter nuclei and deposits wall material in the cell center to
build a cell plate (Figure 1.1). The cell plate keeps expanding until it connects with the parental
wall to form a new wall. The final position and orientation of the new wall is based on the
interaction between the expanding phragmoplast and former PPB site at the cortex (Rasmussen et

al., 2013).
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Figure 1.1 Schematic image of MT arrays in different cell cycle stages.
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Navy blue lines represent MTs. Modification is done by Z.C based on SVG file on plant cell cycle from Kelvinsong
[CCO], from Wikimedia Commons.

1.2.1 MTs and cell expansion.

Cell expansion is based on a delicate balance between turgor pressure and cell wall extensibility.
As turgor pressure is isotropic, the plant cell wall locally yields to the stress by selectively
loosening or stiffening the cell wall. This process results from either changing of cell wall
composition or remodeling of the cellulose microfibril orientation (Sapala et al., 2018). By
directing the cellulose synthase complex, MT determines the deposition pattern of the cellulose
microfibrils. Since the cellulose microfibrils have anisotropic tensile strength, their pattern can
resist parallel force and promote orthogonal stress, contributing to the formation of cell shape
(Baskin, 2005). MTs, in turn, are highly responsive to the numerous mechanical stresses inherent
to multicellular organisms with complex cell and tissue geometries (Hejnowicz et al., 2000;
Hamant et al., 2008). Specifically, when a cell experiences tension (i.e., it is pulled), MTs become
aligned parallel to the principal direction of this tensile stress (Hamant et al., 2008; Uyttewaal et
al., 2012; Sampathkumar et al., 2014a). This alignment of MTs then generate cellulose microfibrils

parallel to the tension to dampen cell elongation and tissue weakening.

1.2.2 MTs and cell division plane orientation.

The cell plane orientation is determined by both intrinsic and extrinsic factors. The extrinsic factors
include mechanical stress directions, cell geometry, and polarity cues. The information from those
factors is translated by MTs to allow the appropriate orientation of cell division (Uyttewaal et al.,

2012; Facette et al., 2018; Martinez et al., 2018). Several theories were put forward as early as the



19 century to explain cell division plane selection. Generally, without internal or external cues,
cell plane was found to bisects the long axis of the cell to inserts an anticlinal wall with the less
possible interface area (Hofmeister, 1863; Sachs, 1878; Errera, 1886). Moreover, newborn cell
plane was further found to be prohibited to connect at the same point as a neighboring cell, that is,
four-way junction avoidance (Flanders et al., 1990). The molecular mechanism behind those
geometrical rules is proposed to be through the organization of MTs (Lloyd, 1991; Besson and
Dumais, 2011). Cytoplasmic strands enriched with MTs helps to relocate the nucleus during cell

division and then determine the division plane.

1.3 Terminologies for cell geometry.

From a geometrical standpoint, the wall-encased plant cell can be simplified as a polyhedron
consisting of faces, vertices, and edges. Periclinal walls are the faces that are parallel to the surface
of the organ, while the anticlinal walls are perpendicular to the surface of the organ. The region
that adjoins two cell faces is defined as the cell edge, while the vertices correspond to the areas
that three or more faces intersect (i.e., the cell corners) (Figure 1.2). In this chapter, I will classify
cell edges according to the same parameters as for cell faces. Therefore, like periclinal walls,
periclinal edges are oriented parallel to the organ face, and anticlinal edges are perpendicular to
the organ surface. Moreover, considering there are two types of periclinal edges in both root and
hypocotyl cells, I define the one crossing a periclinal wall as the transverse periclinal edge and the

one parallel to the periclinal wall as the longitudinal periclinal edge.

Among the geometrical features, curvature is one of the most important properties of the cell edge
(Ambrose and Wasteneys, 2008; Ambrose et al., 2011; Chakrabortty et al., 2018). Cell edge
curvature often changes over time. I define the curvature level in a geometrical way: the curvature
is equal to the reciprocal of the radius of a circle at a given region of wall. Theoretically, the
curvature level is high if radius is small, and low if radius is big. After cytokinesis, the cell plate
fuses with the parental wall at a 90-degree angle, creating new cell edges (Ambrose et al., 2011).
These newly formed cell edges are sharp and thus they have high curvature (Figure 1.2C top).
During subsequence cell expansion, cell edges often become gradually more rounded (i.e., low
curvature) as the cell wall stretches and deforms to coordinate cell growth (Figure 1.2C bottom).

Importantly, the diversity of plant cell shape requires that many cell edges must remain sharp at



maturity. This suggests that there must be some cellular factors to monitor and control cell edge

curvature during cell expansion and differentiation.

A

Figure 1.2 Cell edge and edge types in leaf cells.

A illustrates the cell edge and cell edge proteins (the pink ball at the edge) in the root. The image is adapted from
(Rahni and Birnbaum, 2016). B shows cell edge types from leaf cell: orange lines mark periclinal edge while green
ones mark anticlinal edges. The blue region indicates the periclinal wall while blank regions indicate the anticlinal
wall. C is a cross-section view of periclinal cell edges in different cell stages: upper panel shows new-born edges with

higher curvature while the bottom one shows mature edges with lower curvature.

So far, the geometrical modulation of cell edge on cell growth is mainly through the influence of

MT organization (Ambrose et al., 2011).

1.4 Cell edge, MTs and cell edge proteins.

Just as cytoskeletal organization dictates the geometry of a cell, this geometry, in turn, has a major
impact on the cytoskeletal organization. This phenomenon has been studied with respect to the
establishment and functioning of cell edges (Ambrose et al., 2011). The study revealed that for
newly formed cell edges, their high curvature acts as a physical barrier to block MTs from growing

across into the adjacent cell face, which leads to MTs catastrophe when MTs approach it. This



barrier effect ensures MTs align parallel to the sharp edge, which then promotes cell elongation
(Ambrose et al., 2011). When cells step into differentiation and expansion, the barrier effect is
gradually lost as cell edge become rounded, which allows MTs to grow across onto the neighboring

cell face.

To grow around the sharp cell edge, MTs form bundles and particular MT-associated proteins
provide extra stabilization to it at the edge (Ambrose and Wasteneys, 2011; Ambrose et al., 2011).
The MT bundles spanning between cell walls are termed as Trans-facial MT bundles (TBs)
(Ambrose et al., 2011). The stabilization of TBs assures the cell maintains its edge curvature in
the undifferentiated state (Ambrose et al., 2011). Therefore, cell edges impart the geometrical

information to regulate cell growth through modulating MT.

As its advantage was gradually recognized, mathematical and computational modeling was widely
applied to plant morphogenesis research (Eren et al., 2012; Deinum and Mulder, 2013). Started
with the CMT alignment model, modeling simulation confirmed the interaction between cell
geometry and MTs (Ambrose et al., 2011; Chakrabortty et al., 2018). Therefore, the feedback loop
between cell shape and MTs creates a system capable of responding to signals from both inside

and outside the cell.

Cell edge proteins are the proteins that specifically enriched at the cell edge. So far, three cell edge
proteins have been reported and their function to edge mechanism investigated (Ambrose and

Wasteneys, 2011; Ambrose et al., 2011; Kirchhelle et al., 2016).

1.4.1 Clip-associated protein (CLASP).

The first identified cell edge protein, CLASP, belongs to an evolutionarily conserved family of
MAPs that promote MT stabilization (Ambrose and Wasteneys, 2008; Inoue et al., 2000; Lemos
et al., 2000; Maiato et al., 2003). By preferentially binding to the plus end of MTs, CLASP displays
a broad range of functions in cell division and cell morphogenesis by stabilizing MT (Mimori-
Kiyosue et al., 2005; Hannak and Heald, 2006; Lansbergen et al., 2006; Sousa et al., 2007,
Ambrose and Wasteneys, 2008). Among those functions, an intriguing role of CLASP emerged as
a cell edge protein with preferential targeting to newly-formed cell edges. Generally, after cell
division, CMTs arrange longitudinally (perpendicular to future cell expansion orientation) to

facilitate the exit of cell division. However, in meristematic cells, TBs tend to orient longitudinally



and thus count against cell expansion orientation (Ambrose et al., 2011). In meristematic cells,
CLASP is enriched at the newly formed cell edges (with high edge curvature), promoting TB
formation by stabilizing in-coming MTs to allow them to pass the cell edge (Figure 1.3A).
Therefore, through the selective distribution of CLASP (and other components), the cell can re-

organize the MT array pattern to facilitate cell morphogenesis (Figure 1.3) (Ambrose et al., 2011).

1.4.2 Gamma complex protein 2 and 3 (GCP2/3).

Among the different type of tubulins, y-tubulin plays a critical role in MT nucleation and
organization (Job et al., 2003; Wiese and Zheng, 2006; Raynaud-Messina and Merdes, 2007). MT
nucleation is initiated by y-tubulin at the microtubule-organizing center (MTOC), such as
centrosome in mammals or spindle pole body in yeast (Pereira and Schiebel, 1997). In plants,
instead of binding specifically to the minus end of MTs, y-tubulin distributes on all MT arrays (Liu
et al., 1993). To initiate MT nucleation, a ring-like structure (y-tubulin ring complex, or yTuRC)
is formed and consist of y-tubulin, y-tubulin complex proteins 2 and 3 (GCP2/3) and other GCPs
(Liu et al., 1994; Binarova et al., 2006; Pastuglia et al., 2006). In interphase cells, GCP2 and GCP3
are localized in the cell cortex along CMTs, where they nucleate MTs off of pre-existing ones to
facilitate normal CMT orientation (Erhardt et al., 2002; Seltzer et al., 2007; Nakamura and
Hashimoto, 2009). In root meristems and recently-divided leaf cells, GCP2/3 accumulates at the
nuclear envelope and along the newly formed cell edge, where it nucleates MTs (Ambrose and
Wasteneys, 2011). The newly nucleated MTs then grow away from the cell edge, thereby forming
polarized CMT arrays that are perpendicular to the cell edge (Figure 1.3B). The pattern of GCP2/3
at cell edge is identical to that of CLASP, although their temporal dynamics differ: GCP2/3 appear
at cell edges prior to CLASP and disappear earlier. This change in edge protein composition
corresponds to a change in MT growth direction with respect to the cell edge: early on, MTs grow
away from the new edge, while later, they grow predominately toward the new edge. All of these
indicate a time-dependent interplay between CLASP, GCP 2/3 and CMT organization, presumably

to help control cell edge maturation, composition, and curvature (Ambrose and Wasteneys, 2011).

1.4.3 RAB-ASc.
RAB-AS5c is a plant Rab guanosine triphosphatase (Rab GTPase), which regulates membrane
trafficking (Woollard and Moore, 2008). Through GTP/GDP-bound state switching, individual

Rab protein bind with a certain membrane. RAB-AS5c exhibits localization in both the trans-Golgi



network (TGN) and cell edges, which makes it distinguished from other members. The edge
localization is GTP binding-dependent, and inhibition of RAB-A5c leads to deformation of cell
geometry, such as radial swelling and wall softening (Kirchhelle et al., 2016). It’s remained
unknown for RAB-AS5c¢’s specificity to edge mechanism. However, based on current results, it’s
been suggested that RAB-A5c could mediate specialized membrane trafficking to locally regulate
cell edge stiffness, which would favor anisotropic growth at the global cellular level (Kirchhelle

et al., 2016).

As a geometric domain, cell edge is shown to have unique property to deal with the stress,
presumably through edge curvature change (Ambrose and Wasteneys, 2011; Kirchhelle et al.,
2016). Since the edge curvature determines the passability of the MT, one path to regulate edge
curvature is carried on by MT nucleator GCP2/3 and stabilizer CLASP. Through stabilizing MTs
at the edge, both GCP2/3 and CLASP help to constrain the boxy cell in the meristematic state by
creating mixed CMT arrays (Ambrose and Wasteneys, 2011; Ambrose et al., 2011).

77

Figure 1.3 CLASP and GCP2/3 localization at the newly-formed cell edges.

The image is adapted from (Ruan and Wasteneys., 2014). A, CLASPs (blue dots) at cell edge stabilize edge-crossing
MTs to form TBs (purple lines); B, GCP2/3 (orange dots) at cell edge nucleates CMTs to form TBs (purple lines). In
both A and B, the formation of TBs prohibits cell growing longitudinally. C, without assistant from certain edge
proteins, MTs cannot form TBs due to the sharp cell edge induced encounter-based catastrophe. Cells will grow

longitudinally. Brown lines are CMTs.



Considering that the CLASP/GCP and RAB-AS5c pathway are independent of each other
(Kirchhelle et al., 2016), it’s conceivable that multiple mechanisms containing other edge
components participate in the regulation of cell edge mechanical properties, especially the edge
curvature. Based on current knowledge, the regulation of cell edges on morphogenesis is through
modulating cytoskeleton and other system and this modulation is assisted by edge proteins such
as GCP2/3 and CLASP. After cell division, the incipient cell edge is sharp, thereby exhibiting a
higher edge curvature. Since its relative rigid character, CMT crossing the edge increase the MT
catastrophe frequency because it needs extra energy for bending. In that case, cell expansion will
be perpendicular with new edge (Figure 1.3C). While in the mature cells, cell edge becomes
rounded and thus CMTs can pass. Considering this complexity, cell edges may act as a dynamic

spatial domain with many more protein components involved.

1.5 Themes and research objects.

This project is a part of Dr. Ambrose’s NSERC project—Subcellular Dynamics, Cell
Morphogenesis, and Organ Formation in Plants. The theme of the project is to determine the role
of cell edges in plant morphogenesis and understand the regulation mechanism of cell edge

components on cell edge formation and development.

To start the main project, I first obtained published Arabidopsis marker lines for edge candidate
proteins and run a large-scale screen. After screening the subcellular localization of those
candidate lines, I identified five candidates. Given that no research has been conducted on actin-
related cell edge protein yet, I then focused on functional characterization of Brkl. 1 first
investigate the subcellular localization pattern and dynamics of BRK1 and its relationship with
cell edge curvature. To illustrate BRK1’s influence on cytoskeleton and the cytoskeleton-
associated cell morphogenesis, I investigated the distribution and dynamics of both F-actin and
MT. Finally, I investigated the biological function of BRK1 on cell wall and the mechanisms

underpinning. The goals of this thesis are as follows:

e To assess the relationship between CMT arrangement and catastrophe;
e To identify and characterize more cell edge proteins;

e To determine the spatial-temporal localization of BRK1;
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To investigate the change of cytoskeleton in the brk-Imutant and the mechanisms
underpinning;
To investigate the biological function of BRK1 on cell wall, to be specific, its association

with PD.
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Chapter 2 BRKI1 localization is associated with cell wall curvature

2.1 Introduction

2.1.1 Actin cytoskeleton and actin nucleating proteins.

The actin cytoskeleton is essential for numerous fundamental eukaryotic cell activities such as cell
morphogenesis, cytokinesis and cell motility (Pollard and Cooper, 2009). In terms of plant-specific
functions, actin mediates long distance transport, organelle positioning, plasmodesmata regulation,
and fungus resistance (White et al., 1994; Ketelaar et al., 2002; Romagnoli et al., 2007). Actin
regulates cellular morphogenesis mainly through actin-dependent vesicle trafficking (Hepler et al.,
2001; Smith and Oppenheimer, 2005; Zerzour et al., 2009; Yanagisawa et al., 2015). Unlike animal
cells using MTs, plant cells employ F-actin as the tracks for long-distance transport of organelles,

such as secretory vesicles containing cell wall material.

Actin primarily exists as monomeric globular subunits (G-actin), which polymerize into
filamentous actin (F-actin), also known as actin microfilaments. To assemble thermodynamically
unfavorable F-actin, cells recruit actin nucleating proteins such as Formins and the Arp2/3 (actin-
related protein 2/3) complex (Deeks et al., 2002; Pollard and Beltzner, 2002). While Formins form
unbranched F-actin, Arp2/3 nucleates on the existing F-actin to form branched F-actin (Pollard

and Beltzner, 2002).

2.1.2 BRICK1/HSPC300 and function.

Polymerized by the Arp 2/3 complex, actin is under tight spatial and temporal regulation (Bompard
and Caron, 2004). The Arp2/3 complex activity, in turn, is regulated by the suppressor of cAMP
receptor (SCAR)/ WASP (Wiskott-Aldrich syndrome protein)-family verprolin homology protein
(WAVE)proteins (Pollard and Borisy, 2003). By binding and triggering a conformational change,
SCAR/WAVE can lock the Arp2/3 complex into its activated state (Escobar et al., 2010). Acting
as a hub, SCAR/WAVE orchestrate various signaling pathways, such as linking signals from Rac
GTPase family and then converting it to activate Arp2/3 (Ismail et al., 2009; Chen et al., 2010). In
animals, the SCAR/WAVE complex is composed of five subunits: Sral, Napl, Abil,
SCAR/WAVE, and Brick1/ haematopoietic stem/progenitor cell protein 300 (HSPC300) (Ismail
et al., 2009; Chen et al., 2010; Linkner et al., 2011).

Encoding a small protein, BRK1/HSPC300 is highly conserved in eukaryotes. So far, no

recognizable functional motif (including any predicted signal peptides for secreted proteins) has
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been identified in BRK1 in any organisms (Frank and Smith, 2002). In the non-plant field, the
explorations of BRK1/HSPC300 focus on its precursor role in Scar/WAVE-complex assembly
whereas the research in plants is mainly related to its functions in the F-actin-remodeling-
dependent process such as cytokinesis and cell morphogenesis (Linkner et al., 2011). In
vertebrates, the majority of HSPC300 exists in the cytosol as trimers, which is in contrast to the
other four components, which remain in the SCAR/WAVE complex at the plasma membrane
(Gautreau et al., 2004). Moreover, an in vitro experiment confirmed that the Arp2/3 complex still
can be stimulated by SCAR/WAVE complex without HSPC300 (Innocenti et al., 2004). All of
these suggest other functions of HSPC300, which might be independent of the SCAR/WAVE

complex.

In higher plants, especially in Arabidopsis, the homologous genes of SCAR/WAVE complex have
been identified (Basu et al., 2004; Deeks et al., 2004; Zimmermann et al., 2004; Dyachok et al.,
2008). Despite extensive research on SCAR/WAVE complex in both plants and animals, the

function of Brk! is the least understood.

The Brkl gene was characterized in both Maize and Arabidopsis (Frank and Smith, 2002; Le et
al., 2006). In both species, Brkl is globally expressed with the highest gene expression levels in
expanding leaves and lower levels in mature tissues such as mature leaves in maize, flower buds
and root tip in Arabidopsis (Frank and Smith, 2002; Djakovic et al., 2006; Dyachok et al., 2008).
Subcellular analysis localized BRK1 on the plasma membrane, and the localization is SCAR-
dependent: mutations in SCAR lead to a reduction of BRK1 at its localization (Dyachok et al.,
2008; Yanagisawa et al., 2018). In Arabidopsis, BRK1 specifically enriches to sites of heavy cell
wall material deposition, such as the tips of growing trichomes, pavement cell lobes and three-way
cell junctions (Dyachok et al., 2008). In maize, the localization patterns are similar, but with BRK1
also exhibiting localization at the contact site between subsidiary cells and guard mother cells

(Facette et al., 2015).

2.1.3 BRICK1 and plant cell morphogenesis.

In general, F-actin modulates cell wall composition and patterning by targeted vesicle trafficking
(Szymanski and Staiger, 2018). As an activator of the actin nucleation system, BRK1 was found
to promote asymmetric division and polar growth and then participate in cell morphogenesis

(Frank and Smith, 2002; Le et al., 2006; Dyachok et al., 2008). So far, current research focuses on
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BRK1’s role in asymmetric cell division, promoting of cell-cell adhesion and lobe formation in
pavement cells, and the initiation and maintenance of trichome. These three are discussed in turn

below.

2.1.3.1 BRK1 and asymmetric division in maize.

Brickl (Brkl) gene was isolated because of its role in maintaining the proper asymmetric division
of stomatal subsidiary cells. For monocot plants, stomatal development proceeds in an invariant
division sequence: two asymmetric divisions generate the guard mother cell (GMC) and subsidiary
mother cell (SMC) and a following symmetric division produces the guard cells (Figure 2.1 A-C)
(Hepworth et al., 2018). After the “entry division”, the new GMC emanates inductive cues toward
the epidermal cells flanking its both sides (Figure 2.1 A). The flanking cells then become SMCs,
and their nucleus migrate to the region in contact with the GMC. The position of the nucleus next
to the GMC defines the region of asymmetric division, which results in a small subsidiary cell

(SC) next to the GMC, and a large pavement cell (PC) (Figure 2.1B and C).

During this process, a recessive mutant of Brickl was isolated due to its abnormal cell pattern of
subsidiary cells. The abnormal subsidiary cells in the brkl mutant are due to the failure of
polarization of SMC, which show less F-actin enrichment in actin patch and few nuclei associating
with actin patch (Frank and Smith, 2002). As actin depolymerizes or actin patch disappears, the
percentage of properly oriented PPB decrease too, indicating a close relationship between two
cytoskeletons. Further research on subsidiary cells in the brk-1 mutant showed that MTs surround
the nucleus globally and fill in the cytoplasmic area that used to be occupied by actin patch in wild
type (Panteris et al., 2006). Interestingly, the BRK1 localizes at the contact site of GMC and SMCs
and forms a patch-like pattern (Facette et al., 2015). The BRK1 patch appears even before the
nuclear migration and the maintenance of BRK1 patch even do not require actin patch (Facette et
al., 2015). The mechanism of BRKI1 function in SMC polarity remained unknown until recent
further functional characterization of BRK1 and the SCAR complex: after the SMC receives a cue
from the GMC, the SCAR/WAVE complex (with associated BRK1) in the SMC accumulates at
the GMC-SMC contact site and sequentially targets several additional factors to this site. These
factors are PANGLOSS2 (PAN2), PANGLOSS1 (PAN1) and Rho of Plants (ROP) GTPases
(Facette et al., 2015). The PAN1-dependent activation of ROP physically interacts with the SCAR
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complex, which leads to an actin patch at the GMC-SMC contact site to cue nuclear migration

there.

A B C
O O O
SMC SMC PC
® o o . o
SMC | 4 P
SYCHEC Ve ." ‘gﬂc O ises ©
‘ 4 PC
® ' ® o
SMC PC

Hypothetical cue

) BRKI
S = S

' PANs
> . ROPs

Arp2/3
. ‘ . = Actin patch
@ Nucleus
Figure 2.1 Hypothesized role of BRK1 in SMC polarization in maize.

A to C schematic depicting cellular events during SMC polarization in maize: (A) GMC emit cues to flanking SMC.
(B) Guided by a hypothetical cue from GMC, the SMC is polarized, accompanied with nucleus migration (migration
direction marked by brown arrow). (C) The asymmetric division completed. (D) The proposed molecular model for
SMC polarization: the BRK1 containing SCAR system polarizes at the contact site between SMC and GMC. PANs
recruit and activate ROPs, which further activate the BRK1 containing SCAR system. Activated BRK1 activates

Arp2/3 to polymerize F-actin, which promotes nuclear migration towards the GMC.

In contrast with this well-characterized system in maize, the function of BRK1 on Arabidopsis

guard cell differentiation remain unknown.
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2.1.3.2 BRK1 and cell adhesion.

In animals, HSPC300 promotes cell adhesion by enforcing cell-cell contact (Yamazaki et al.,
2007). With regard to plants, previous analysis of leaf cell wall junction in the brk-1 mutant showed
defects in both maize and Arabidopsis: in maize, the thickening of periclinal wall junction lacks
in another SCAR/WAVE mutant—a Sra mutant with similar phenotype as brk-1 while the
Arabidopsis brk-1 mutant has failed adhesion between cotyledon epidermal cells, leading to the
appearance of holes at the lateral junctions between three cells (a.k.a three-way junction) (Djakovic
et al., 2006) and in roots these same regions are swollen and have altered wall composition,
although no holes form (Dyachok et al., 2008). All these junction defects indicate a weak cell wall
junction between neighbor cells, which could result from the change of wall materials gluing the
junction. Consistent with this, BRK1-YFP in plants is enriched at the three-way junctions
(Yamazaki et al., 2007; Dyachok et al., 2008). Similar to the thinner junctions in the outer
periclinal wall in maize, all these morphology defects correspond to weak cell adhesion (Frank

and Smith, 2002; Dyachok et al., 2008).

Considering its function on actin nucleation in Arabidopsis, BRK1 was proposed to polymerize
actin for the delivery of vesicle containing wall materials to the three-way junctions for further

fortify these naturally weaker regions (Dyachok et al., 2008).

2.1.3.3 BRK1 and trichome formation.

Through governing cell polarity, BRK1 exerts a critical influence on the development of trichome
in Arabidopsis (Dyachok et al., 2008; Yanagisawa et al., 2015). With strict spatial-temporal
regulation, Arabidopsis trichome development undergoes three stages—initiation, spacing, and
morphogenesis (Szymanski et al., 1998). F-actin plays a critical role in the morphogenesis stage
by establishing and maintaining the complex cell polarities required for proper trichome elongation
(Szymanski, 2000). In these cells, F-actin aligns to thick bundles along the long axis of the
trichome branch from base to the apical dome (Szymanski, 2000; Le et al., 2006). By blocking the
genes encoding actin-related proteins, such as components of Arp 2/3 and its regulators, plants
show impaired trichome shape (Frank and Smith, 2002; Le et al., 2006). As an activator of Arp
2/3, BRKI1 participates in actin regulation, thus the morphogenesis of trichome. Distinctive
phenotype was observed in the brk-1 mutants: the prickle hairs and macrohairs of maize leaves

become shorter and blunter, and the trichome in Arabidopsis either fail to initiate or often distorted
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and swollen (Frank and Smith, 2002; Le et al., 2006). The research about BRK1 function on
trichome development mainly focus on Arabidopsis: it is reported that BRK1 localized at the tip
of the newborn trichome branches and either blocking or enhancing the BRK 1 expression leads to
aberrant trichome (Djakovic et al., 2006; Dyachok et al., 2008). Consistent with BRK1’s function
to accumulate F-actin, brk/ mutant show aberrant F-actin bundle arrangement, and the change

becomes more obvious as the trichome continues to expand (Djakovic et al., 2006).

2.1.3.4 BRK1 and cell lobe formation.

In numerous plants, the epidermis produces pavement cells with wavy anticlinal walls. Since
adjacent cells interlock with each other, one pavement cell has multiple wall undulations (i.e.,
lobes), and each lobe has a concave side and convex side. The establishment of the interdigitation

has been proposed to occur due to varied wall growth rates and directions (Wasteneys and Galway,

2003; Fu et al., 2005).

This wall growth heterogeneity, in turn, is proposed to be directed by the dynamic change of
cytoskeleton pattern: F-actin accumulates at lobe emerging site to form actin patch, presumably
facilitating the delivery of cell wall materials needed for wall expansion while MT array converge
transversely in the convex side of lobe to restrict the wall expansion via guiding stiff cellulose
microfibrils deposition (Wasteneys and Galway, 2003; Fu et al., 2005; Sampathkumar et al., 2013).
Mutation or pharmacological inhibition of both cytoskeletal systems results in defective or absent

cell lobing (Panteris and Galatis, 2005).

According to current knowledge, the molecular mechanism behind this cytoskeletal patterning is
governed by two antagonistic ROP signaling pathways, where ROP4 recruits F-actin to promote
the lobe formation while ROP2 recruits MT to restrict lateral cell expansion to form the indentation

(Wasteneys and Galway, 2003; Fu et al., 2005).

The critical role of F-actin in lobe formation is supported by the presence of lobing defects during
drug-induced actin depolymerization, and in a number of actin-related mutants with deficient lobe
formation, including brkl mutants in both maize and Arabidopsis (Frank and Smith, 2002; Panteris
and Galatis, 2005; Djakovic et al., 2006; Dyachok et al., 2008). In the maize mutant, the actin
patch found in the concave side of the lobe is not present (Frank and Smith, 2002). Consistently,

the formation of the lobe is completely blocked in the pavement cells, whereas the cells in the
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internal tissue layers (for example, mesophyll) are not affected (Frank and Smith, 2002).
Interestingly, Brkl gene was shown to act non-cell-autonomously (Frank et al., 2003). Specifically,
by creating plants having a mosaic of epidermal cells with wild type or brkl identities, this paper
showed that a wild-type cell could rescue nearby brkl cells. Relevant to my thesis, this suggests a
possible pathway of BRK1 traveling between neighboring cells through plasmodesmata (Frank et
al., 2003). The research on Arabidopsis shows similar results: the lobe formation is reduced in
pavement cell in the brk/ mutant; F-actin distribution in cells is less dense, and the F-actin intensity
in lobe tip reduces (Djakovic et al., 2006; Le et al., 2006). Subcellular analysis of BRK found that
BRK mainly enriched at the three-way-adjunction in both root and pavement cells, where space
could be filled with cell wall materials through actin-dependent trafficking (Dyachok et al., 2008).
Moreover, considering that F-actin is depleted in the cell corner in the brk/ mutant, the localization

of BRK may suggest an important role of three-way-adjunction in pavement lobe formation.

The establishment of morphology is based on both orientated cell division and directional
expansion, which are under the regulation of cytoskeleton (Smith and Oppenheimer, 2005).
Therefore, serving to activate actin nucleator system, BRK1 protein in the plant cell is directly

involved in morphogenesis but detailed information about the exact mechanism remains unknown.

Given that cell edges function as structure domain, I hypothesized that in addition to the identified
cell edge proteins, new edge proteins can be identified by examining the localization patterns of
fluorescent protein-tagged candidate proteins. Moreover, the localization of edge proteins may be

affected by cell edge geometry.

2.2 Result

2.2.1 Identification of five new cell edge proteins.

In previous work, Dr. Ambrose identified and characterized the first two cell edge proteins,
CLASP, and GCP2/3, which exhibit cell edge localization. Furthermore, during analysis, both edge
proteins were hypothesized to represent functional cellular domains, containing other edge
components. In order to identify additional proteins at the cell edge, I screened fluorescent reporter
lines of Arabidopsis from four functional categories known to determine plant cell shape:

microtubule-associated proteins, F-actin organization proteins, endomembrane trafficking
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proteins, and cell wall formation related proteins. Twenty reporter lines were obtained from other

research groups (Table 2.1), and their localization was examined in root meristematic cells.

Table 2.1: Genes used for screening.

Role: phragmoplast guidance

Genes Category Biological role Reference
AtAIR9 microtubule Localization: PPB and cell division | (Buschmann et
associated protein | site al., 2006)
(AT2G34680)
Role: cell plate maturation
AtARP?2 actin organization | Localization: plasma membrane (Zhang et al.,
protein ) ] 2013a)
(AT3G27000) Role: branch actin nucleation
AtAURORAI microtubule Localization: PPB (Demidov et
associated protein ] al., 2005)
(AT4G32830) Role: PPB dynamics
AtBRK1 actin organization | Localization: plasma membrane (Dyachok et al.,
protein ) ) 2008)
(AT2G22640) Role: branch actin nucleation
AtCESa6 cell wall formation | Localization: cell wall (Panteris et al.,
related protein ) 2015)
(AT5G64740) Role: cell wall formation
AtFRAI microtubule Localization: MTs associated (Zhu et al.,
associated protein ) 2015)
(AT5G47820) Role:  MT-dependent  vesicle
trafficking
AtKACI microtubule Localization: plasma membrane | (Vanstraelen et
associated protein | and cell plate al., 2006)
(AT5G10470)
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AtKINUa microtubule Localization: PPB (Quan et al.,
associated protein ) 2008)
(AT1G12430) Role: PPB and cell cycle regulation
AtKTN1 microtubule Localization: MT associated (Burk et al.,
associated protein ) 2001)
(AT1G80350) Role: MT severing
AtMAP65-3 microtubule Localization:  membrane  and | (Steiner et al.,
associated protein hragmoplast 2016
(AT5G51600) P PHTasmop )
Role: phragmoplast integrity and
cell plate formation
AtMUS cell wall formation | Localization: cell plate (Keerthissinghe
related protein ) et al., 2015)
(AT1G75640) Role: stomatal bilateral symmetry
AtPLP3a cell wall formation | Localization: MT binding (Castellano and
related protein o Sablowski,
(AT3G50960) Role: cell division
2008)
AtPLDo cell wall formation | Localization: plasma membrane (Angelini et al.,
related protein ) ) 2018)
(AT4G35790) Role: signal transduction
AtPOK1 microtubule Localization: plasma membrane | (Muller et al.,
associated protein | and CDZ 2006)
(AT3G17360)
Role: phragmoplast guidance
AtROPI11 actin organization | Localization: plasma membrane (Oda and
protein ) ) Fukuda, 2013)
(AT5G62880) Role: secondary wall pit formation
AtSEC3A4 endomembrane Localization: plasma membrane (Bloch et al,
trafficking protein ) ) 2016)
(AT1G47550) Role: exocytosis regulation
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AtSPR1 microtubule Localization: MT binding (Nakajima et

associated protein ] al., 2004)
(AT2G03680) Role: cell expansion
AtTANGLED microtubule Localization: plasma membrane | (Walker et al.,
associated protein | and CDZ 2007)
(AT3G05330)

Role: division plane establishment

and/or phragmoplast guidance

AtTORI microtubule Localization: MT binding (Buschmann et
associated protein ) ] ) al., 2004)

(AT4G27060) Role: CMT orientation regulation

AtTPLATE endomembrane Localization: cell plate and cell | (Van Damme et
trafficking protein | division site al., 2006)

(AT3G01780)

Role: cell plate anchoring

Of the 20 fluorescent reporter lines, I identified five new cell edge proteins, and they are
Microtubule-Associated Protein 65-3 (MAP65-3), Phragmoplast Orienting Kinesinl (POK1),
BRICKI1 (BRK1), Actin-related protein-2 (Arp2) and MUSTACHES (Figure 2.2). In roots, these
edge proteins mainly enriched at the outer periclinal edge, with varied levels of accumulation
extending down the anticlinal edges. Interestingly, those edge proteins barely accumulated at the
inner periclinal wall, which led to a U-shaped-distribution pattern. Besides, this pattern was not
due to signal attenuation caused by light scattering, as I observed the pattern in true optical slices

taken from the median plane of the organs.

Those edge proteins are from different categories, such as MAP65-3 and POK1 are MAPs while
BRK1 and Arp2 are actin organization related proteins. And their temporal expression and
functional patterns are different too. Judging from their categories, the temporal order for
functioning from early to late is POK1, MAP65-3, MUSTACHES, BRK1, Arp2 (Figure 2.12). In
addition to their localization in roots, edge components also exhibited similar enrichment pattern

at the edge in young leaves (data not shown).
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Figure 2.2 New edge components localization pattern in root.

(A-E) Confocal images of the localization pattern of newly identified edge proteins in roots. Reference schematic at
lower right shows the edge proteins (red dots) localization pattern. A: MAP65-3-eGFP; B: YFP-POK1; C: MUS-
3GFP; D: BRK1-YFP; E: Arp2-YFP. Scale bars are 5 pm.

2.2.2 MUSTACHES exhibits a vesicle-like particle movement.

Different from other edge proteins which are directly cytoskeleton-related, MUS is a leucine-rich
repeat receptor-like kinase (LRR-RLK) and participates in guard cell symmetric division by
positioning the MT organization center (Keerthissinghe et al., 2015). MUS signals were found in
cell plates in both root and pavement cells. Consistent with the report, epidermal cells exhibited
similar GFP-MUS signal pattern with preferential localizing at the outer periclinal edge (Figure
2.3A). Interestingly, I also found that MUS in the forming guard cell presented as a particle (Figure
2.3B). Time course analysis results showed that these MUS signal particles kept moving in a
highly dynamic way, which resembles vesicle movement. Moreover, the movement of MUS was
around the plasma membrane, which is consistent with the former report about MUS localization

near the cell membrane (Keerthissinghe et al., 2015). Considering another edge protein—Rab AS5c
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mediates membrane trafficking to regulate cell edge, it’s tempting to speculate that MUS may

function in a similar scenario or even overlap with Rab A5c pathway.

» >y »
4 sec 6 sec 8 sec
» »
»
10 sec 12 sec 14 sec 16 sec -

Figure 2.3 MUS-3GFP dynamic exhibits vesicle-like character in leaf.

Confocal images of MUS-3GFP with the FM4-64 stained plasma membrane (Red). (A) GFP-MUS localization in
leaf. The white arrowheads mark GFP-MUS signal in meristemoid cells (solid asterisk) while hollow arrowhead marks
signal in non-stomatal cells. Hollow asterisk indicates the guard mother cell. Scale bar is 5 um. (B) GFP-MUS

dynamic in a guard mother cell. The white arrowhead marks the MUS signal. Scale bar is 5 pm.

2.2.3 BRK1-YFP accumulate at cell edges.
Given that BRK1 is the first actin-related edge protein I found, I decided to focus on it. To gain

insight into the function of BRK1 in Arabidopsis, I examined its localization pattern using lines
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stably expressing BRK:: BRKI-YFP in the brk-1 null mutant background (Dyachok et al., 2008).
In previous reports, the localization pattern of BRK1-YFP was described as being in “cell corners”
(Dyachok et al., 2008), while I found that this pattern actually represented anticlinal cell edges
(Figure 2.1; Figure 2.4A and F). Whether the cell corner description from Dyachok et al. was a
nomenclatural mistake or an interpretation mistake is not clear. A similar pattern was observed in
other tissues, such as cotyledon, true leaf, and hypocotyl (Figure 2.4 B, C, and D). In expanding
leaf pavement cells that have begun lobe formation, punctuate BRK1-YFP enrichment was also
found on the periclinal edges around the tips of lobes (Figure 2.4B and C). Intriguingly, BRK1-
YFP signal also was found in palisade mesophyll cells, which is the first time this has been
described in mesophyll cells (Figure 2.4 E). In these column-shaped mesophyll cells, BRK1-YFP
signal mainly localized to the region of the anticlinal wall just internal to the outer periclinal edge.
Given the localization pattern of BRK1 in all those cell types, it’s conceivable that the BRK1-YFP

localization is associated with high curvature edges.
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Y BRKI-YFP
— Periclinal edge
-- Anticlinal edge

Figure 2.4 BRK1-YFP localization in different cell types.

A to E shows BRK1 localization in root, cotyledon, leaf, hypocotyl and palisade mesophyll cells, respectively. Solid
arrowheads point out the signal enrichment in anticlinal edge and hollow arrowheads point out the lobe tip with local

enrichment of the signal. Scale bar is 5 pm. (F) schematic image of BRK1-YFP localization pattern.

2.2.4 Time course analysis of BRK1-YFP dynamics reveals a gradual accumulation at newly-
formed cell edges following cytokinesis.

While the preferential localization of BRK1-YFP implies an association between BRK1 and cell
edge curvature, I next investigated the formation of this pattern from the earliest stage of cell wall
formation, which is after cytokinesis has just completed. Because the epidermal cells of very young
leaves have many cells in the various stage of division, the observed cell walls at any given time
will be of the various stage of maturity. This is shown in Figure 2.5A, where the level of wall
maturity is indicated by the heat map color of the arrows and arrowheads. BRK1-YFP signals were
weakly, yet uniformly distributed along the newborn edges and the anticlinal edge exhibits brighter

signal than the periclinal edge (Figure 2.5A). This cell wall maturity-dependent BRK1-YFP
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enrichment suggests a continuous and gradual accumulation of BRK1-YFP at cell edges following

cytokinesis.

To test this, time-course experiments were performed to follow the patterns of BRK1-YFP
appearance following cytokinesis. As we see in Figure 2.5B and C, after cell division, BRK1-YFP
localization in both root and leaf cells underwent gradually accumulation along the newly formed
periclinal and anticlinal edges. It seems that the BRK1-YFP gradually accumulated at the new-
born edges, which possess high curvature. Moreover, as the periclinal edge curvature changes
during cell maturity, BRKI1-YFP localization at the periclinal edge shifts from a uniform
distribution to enrichment around the lobe (Figure 2.5B). The whole process was relatively slow,

indicating a stable character of BRK1.
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Figure 2.5 BRK1-YFP gradually accumulates at newly-formed anticlinal edges.

(A) BRK1 enrichment level at the cell edge in pavement cells at varied ages. Arrowheads and arrows point out the
BRKI signal on anticlinal and periclinal edges respectively and color range from light yellow to red indicates the
signal accumulation. (B) and (C) time-lapses of BRK1 accumulation on cell edges in root and leaf pavement cells

respectively. Arrowheads point out the anticlinal edge and arrows mark the periclinal wall. Scale bar is 5 pm.

2.2.5 BRK1 is relatively stable at both anticlinal and periclinal edges.
Our results about BRK1 accumulation at edges implied that the BRK1 is relatively stable. In an

attempt to investigate the BRK1 dynamic on the periclinal edge and anticlinal edge, time course
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experiments were performed. By examining the dynamic of BRK1-YFP, I found that BRK1 was
relatively stable on both periclinal and anticlinal edge: even after 150 minutes, most BRK1 signal
at both edges remained at its original place (Figure 2.6B). Moreover, BRK1-YFP localization on
the anticlinal wall remained the same pattern over 24 hours (Figure 2.6C). All these results indicate
a stable localization of BRK 1, which could be due to either stable association of BRK1 at edges

or BRK1 protein turnover.

0 min

150 min

Figure 2.6 BRK1 is relatively stable at periclinal edges.

(A) shows the periclinal edge and the anticlinal edge it connected. (B) shows the kymograph of localization of BRK1-
YFP over 2.5 hours. The stars indicate anticlinal edges and arrowheads denote the stable BRK1-YFP signal at the
periclinal edge. The time interval is 30 mins. Scale bar: Sum. (C) Long term of BRK1 localization pattern over 24
hours in pavement cells. Arrowheads and arrows mark the stable BRK1-YFP signal at the periclinal and anticlinal

wall over time respectively. Scale bar: 10um.
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Figure 2.7 FRAP analysis reveals slow motility of BRK1-YFP on the edges.

(A) shows an example of BRK1-YFP during FRAP experiment. The initial bleaching region was marked as the red
box. Scale bar is 10 um. (B) Fluorescence recovery curve for a dataset of eight independent FRAP experiments on
BRK1-YFP.

To clarify if the stable BRK1 pattern at edges is caused by association or turnover, fluorescence
recovery after photobleaching (FRAP) was used to test whether the BRK1 is mobile on the edges
and then characterize the mobility of the BRK1 (Figure 2.7A). The FRAP results showed nearly
complete recovery of the BRK1-YFP signal at the edges. The fluorescence recovery time varied
as the initial signal intensity changed: the stronger the initial signal, the short the recovery time

(data not shown). In this case, I focused on the signal at the three-way junction and the average
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recovery time is around 7 mins (Figure 2.7B). Comparted to the plasma membrane marker line
LTI6b (fully recovery time is around 75s), the BRK1-YFP recovery was slow. This slow recovery
of BRK1-YFP signal on the edges suggested a low turnover of BRK 1 and slow motility mechanism

that was different from the lateral diffusion of the proteins on the plasma membrane.

So far, I have no clue about the mechanism of how BRK1 (and even the Wave/Scar system)
transportation to the edge and how BRK1 is relocated during cell maturation. To explore if F-actin
or MT are involved in this process, drug treatments were applied in both short and long-term. It
turns out that neither Latrunculin B (Lat B) or Oryzalin treatment affected BRK1 pattern in both

leaf (Figure 2.8) and root (data not shown) in both short and long-term treatments.

Lat B Oryzalin

90 min 90 min

Control

Figure 2.8 Cytoskeleton depolymerization drugs do not affect BRK1-YFP localization.

Leaf was treated with either Lat B and Oryzalin for short-term (90 mins) and long-term (4 days). Scale bar is 10 pm.
For short-term treatment, seedlings of BRK1-YFP line were mounted in mock (ddH»O), 25uM Lat B or 50uM
Oryzalin just before imaging. For long-term treatment, BRK1-YFP line grew on medium containing either 0.1 pM

Lat B or 0.1uM Oryzalin and 4-day-old seedlings were imaged.
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2.2.6 BRK1-YFP localizes at the concave side of the lobe.

Considering the enrichment of BRK1 around lobe tip (Figure 2.4B), and its role in promoting actin
polymerization, it is reasonable that BRK1-YFP localization at lobe tips corresponds to the
concave side of the lobe. To test this, BRK1-YFP localization at cell lobes was examined with
super-resolution microscopy. In the mature pavement cells, I found that the majority of BRK1-
YFP lobe signal was at the concave side of the lobe (Figure 2.9A). The signal accumulation started
from the internal region of the anticlinal wall to the outer periclinal edge and continued along the
anticlinal wall. Some bright foci accumulated at the lobe tip and others distributed on the flanking
wings around the tip. Quantification of BRK1-YFP signal intensity across the plasma membranes
confirmed that the fluorescent peak of BRK1-YFP was located at the concave side (Figure 2.9B
and D). The localization pattern of BRKI1 was consistent with its function as an actin
polymerization activator (Dyachok et al., 2008). According to Figure 2.9A, some BRKI1-YFP
signal particles seemed to cross the neighboring plasma membrane. To further corroborate which
side —concave or convex— of BRKI localizes, plasmolysis experiments were performed:
consistent with above observation, after plasma membrane detached from the cell wall, the BRK1
signal was found to stay on the concave side of the lobe (Figure 2.9C). Therefore, based on both
results, BRK1 was confirmed to localize at the concave side of the lobe, which is consistent with
its function during lobe formation. Besides, other than localized at the plasma membrane on the
concave side, after partial plasmolysis, BRK1-YFP signals also were found between the plasma
membrane, where cell wall localizes. That localization indicates a new localization pattern that has

not been described yet, and will be discussed in chapter four.
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Figure 2.9 BRK1-YFP accumulates at the concave side of lobes.

(A) The plasma membrane was stained with FM4-64 and broken lines outline the cell wall. Green arrowheads point
out the BRK1-YFP signal and purple dash marks the quantification spot for (B). (C) shows BRK1-YFP localization
after mild plasmolysis. The hollow arrowhead marks the BRK1-YFP signal across the cell wall. Scale bar is 2.5 pm.
(D) Schematic image of BRK1-YFP localization pattern at the lobe.

2.2.7 Periclinal wall curvature changes as lobe forms.

The observation of BRK1-YFP revealed a preferential accumulation at the anticlinal edge. Above
analysis confirmed the enrichment of BRKI1-YFP at the concave side of the lobe. Those
localization patterns imply the possibility of a common mechanism that may related to cell
geometry. Since anticlinal edge exhibits a high curvature, a subsequent experiment was conducted
to verify if the concave-side-accumulation of BRK1-YFP also correlated with curvature (mainly

the periclinal edge curvature) through examining curvature level at the lobe. For the periclinal
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edge, the curvature forms due to the contacting of the periclinal and anticlinal wall, thus the
periclinal edge curvature is along the Z-axis while the anticlinal edge curvature is along the lateral
dimension because it forms by two anticlinal walls contacting. To examined the periclinal edge
curvature at the lobe, pavements cells expressing UBQI:: LTI6b-GFP, a plasma membrane marker
line, were observed: during lobe formation, the two periclinal walls on the lobe exhibited different
geometry. On the concave side, the periclinal wall was steeper, indicating a higher curvature
(Figure 2.10A and B) while on the other side, the wall was relatively mild with a lower curvature
(Figure 2.10A and C). This geometry pattern was associated with lobe formation because before
lobe formation, both sides show a steeper periclinal edge. During the cell maturation, the outer
periclinal wall gradually curves outward and thus certain periclinal edges selectively become
rounded and decrease their curvature. In this case, periclinal edge curvature decreases at the convex

side of lobe while remains sharp at the concave side.

My former results showed BRK1-YFP preferentially accumulated at the anticlinal edge, which
exhibited a sharp curvature. Combining with the enrichment of BRK1-YFP at the concave side of
the lobe, which also showed a higher curvature, these results indicate a tight correlation between

BRKI localization and cell edge curvature level.
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Figure 2.10 During lobe formation, the periclinal wall curvature changes.

(A) top view of pavement cells expressing UBQ!:: LTI6b-GFP (plasma membrane), which shows the different cell
geometry of two adjacent periclinal walls. B and C are stack reslices (orthogonal views) corresponding to the colored
lines in panel A. B shows a smaller, less developed lobe, where the edges are still sharp in each cell. C shows a larger,
more developed lobe, where the concave side remains sharp, while the convex side has bulged outward. Scale bars

are 5 um.

2.2.8 BRK1-YFP accumulates at high curvature periclinal edges.

The results presented so far confirmed a relationship between BRK1 localization and cell edge
curvature. As we know, during cell maturation, certain cell edge curvature changes as the related
wall geometry changes. To further elucidate the relationship between BRK1-YFP and cell edge
curvature, | examined the relationship between edge curvature and BRK1-YFP signal localization
in pavement cells. To display the periclinal edge curvature, Propidium iodide (PI) was applied to
label the cell wall. Consistently, I found that the BRK1-YFP signal intensity on the periclinal edge
at the concave side of the lobe was higher than the one on the convex side (Figure 2.11A). To
verify that, periclinal edge curvature in mature pavement cells was quantified with the Image J
plugin called Kappa, and the relative fluorescence intensity of BRK1-YFP was measured by Image
J. Kappa is a plugin for curvature analysis. By tracing the curve of edges, I drew a segmentation

line that fit the curve and the plugin output a curvature value in form of reciprocal of the osculating
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circle radius. Since BRK1-YFP began accumulation at the periclinal edge and the signal continued
down the anticlinal wall, I only measured the signal fluorescence intensity at the edge and right
below the edge. In total, 30 BRK1-YFP spots and 30 edges each spot belonged to were quantified.
According to Figure 2.11B, it was obvious that the BRK-YFP signal intensity increased as the
edge curvature increased. For example, the edge with higher curvature (such as the concave side
of the lobe tip) exhibited higher BRK1-YFP signal intensity. This trend was also observed in
hypocotyl cells (data not shown). These results show a positive correlation between BRK1-YFP

fluorescence intensity and cell edge curvature.

o)

!

Relative Fluorescence Intens

Figure 2.11 BRK1-YFP signal intensity changes as cell edge curvature change.

(A) pavement cells with PI staining. Arrows mark the BRK1-YFP at the concave side of lobe while arrowheads mark
the convex side. Scale bar is 10 pm. (B) Quantification of BRK1-YFP signal on periclinal edges with different edge

curvature. Dash line is a trend line.

2.3 Discussion

The ability to control cell edge stiffness and curvature are important for proper cell shape
establishment and differentiation, and evidence thus far implicates the cytoskeleton and membrane
trafficking systems in this control (Ambrose and Wasteneys, 2011; Kirchhelle et al., 2016).
Through screening, I identified five new cell edge proteins. Interestingly, those edge proteins

exhibited different spatiotemporal expression and localization patterns, suggesting there are
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different mechanisms involved in cell edge regulation. For example, BRK1, Arp2/3, and MUS
show a similar localization pattern in roots even though obvious different functions were reported.
Those similar patterns may indicate a potential interaction and coordinated mechanism to modulate
cell edge properties. Thus, it’s essential to observe the whole process of cell edge formation and
maturation by specifically visualizing the spatiotemporal dynamics of each edge protein during
cell growth. Since I chose BRK1 for further analysis, this has not been done for the other identified

edge proteins.

According to reports, POK1 and MAP65-3 are associated with cell division plane establishment.
POKI is a kinesin-12 motor protein, recruited to the cortical division zone (CDZ) during PPB
formation (Muller et al., 2006). The POK1 at the CDZ remains present throughout mitosis and
gradually narrows to a tight ring by late cytokinesis as the expanding cell plate begins contact with
the parental wall (Figure 2.11A) (Muller et al., 2006; Lipka et al., 2014). MAP65-3 selectively
bind with MT plus end in the phragmoplast midline to facilitate Golgi-derived vesicle trafficking
to the developing cell plate (Figure 2.11B) (Muller et al., 2004; Caillaud et al., 2008; Ho et al.,
2011). The activity of MAP65-3 is regulated by a series of proteins, which includes POK2,
paralogy of POK1 (Herrmann et al., 2018). Combining with other proteins, POK1 and MAP65-3
may facilitate the local modification of the plasma membrane at the CDZ by control of vesicle

trafficking and microtubule organization (Van Damme and Geelen, 2008).

What I found was that after cytokinesis, both POK1 and MAP65-3 remain at the anticlinal edge
even after the cell plate merges with the parental wall, which might indicate a new function other
than reported for guiding cell plane orientation or maintaining phragmoplast integrity. Intriguingly,
the mutant of both pokl/pok2 and map65-3 exhibits bulgy outer periclinal wall in root meristematic
cells, indicating a decreased curvature of both the transverse and radial edge (Caillaud et al., 2008;
Lipka et al., 2014). This bulgy phenotype is similar to the c/asp-1 mutant, which shows a defect in
transfacial bundle formation. Considering the function of MAP65-3 in crosslinking antiparallel
MTs at the phragmoplast midline, and the potential interaction between POK1 and MAP65-3, it’s
possible that like CLASP at edges, MAP65-3 and POK1 may participate in the transfacial bundle

regulation to maintain the edge curvature.

By localizing at the newly formed cell edges, MUS helps to enforce the cytoskeletal polarity
(Keerthissinghe et al., 2015). In the guard cells, MTs form and maintain polarized arrays with
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minus ends localizing at the stomatal pore and plus ends radiating outward (Liu et al., 1993; Marc,
1997). In stomatal pore, y-tubulin accumulates, representing an MTOC (Marc, 1997).
Interestingly, the MT polarity pattern is disrupted in the mus mutant with the plus end projecting
inward to the pore (Keerthissinghe et al., 2015). Considering GCP2/3 containing y-tubulin
complex nucleates MTs and both MUS-3GFP and GCP2/3-3GFP exhibit cell edge localization in
root cells, it’s tempting that MUS may regulate GCP2/3-3GFP localization or even, MUS may
regulate cell edge maturation through GCP2/3 pathway. Still, a couple of questions need to be
clarified on this idea. For example, does MUS influence GCP2/3 through directly phosphorylation
or indirectly phosphorylating other subunits of the y-tubulin complex? Besides, MUS-3GFP
exhibits enrichment around the three-way junction in meristemoid cells, indicating a possible
association with edge curvature (Keerthissinghe et al., 2015). And our result shows some MUS

dynamic is similar to vesicle, which could be part of a recruitment mechanism to the cell edge.

The other two proteins— BRK1 and Arp2/3—appear after cytokinesis only and remain for some
time and are presumably involved in cell edge maturation. As both BRK 1 and Arp2/3 are involved
in branched actin formation, they might affect cell geometry through actin-dependent vesicle
trafficking or other mechanisms. Similar to RAB-AS5c’s mediation of cell wall stiffness, both
BRKI1 and Arp2/3 may also modulate cell wall elasticity through influencing the delivery of the
cell wall material to the cell junctions (Figure 2.12C) (Frank and Smith, 2002; Frank et al., 2003;
Djakovic et al., 2006; Dyachok et al., 2008; Facette et al., 2015).

Besides, I also found that those edge proteins exhibit preferential accumulation at the outer
periclinal edges, which in the case of epidermal cells are unique in that they face the environment
and are free to expand outward because there is no counter-expansion from neighboring cells,
which is the case for all other edges. Considering that the outer periclinal wall bears much of the
mechanical stress generated by tissue tension and bulges outward during cell maturation, the
enrichment of the above edge proteins may suggest a key role in modulating periclinal edge

curvature, and then the periclinal wall bulginess.
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Figure 2.12 Schematic illustration of edge protein localization patterns.

(A) During Preprophase, POK1 is positioned at the plasma membrane to forecast the PPB forming site, and CLASP
stabilizes the PPB. (B) During cytokinesis, RAB5Ac and MAP65-3 regulate the Golgi-derived-vesicle trafficking to
facilitate the cell plate formation. (C) Left panel, CLASP, and GCP2/3 at the cell edge maintain the transfacial bundles
through either stabilizing or nucleating MTs. Right panel, BRK1, and Arp2/3 at the cell edge might modulate cell
edge through cell wall material delivery. Modification is done by Z.C based on SVG file on plant cell cycle from

Kelvinsong [CCO0], from Wikimedia Commons.

During cell growth, local wall stiffness alters through either cell wall composition changes or
microfibril pattern remodeling. The change of wall stiffness leads to redistribution of stress
generated due to cell growth. It is therefore conceivable that the cell edge components I found so

far are associated with the regulation of cell wall stiffness specifically at cell edges.
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To better understand the mechanism of BRK1 localization, BRK1-YFP distribution patterns and

dynamics were analyzed by a series of experiments.

Prior functional analysis described BRK1-YFP localization to cell corners (Dyachok et al., 2008)
while my results showed that instead of a periphery spot, BRK1 specific enriches at the anticlinal
edge. The edge localization pattern matches with its function to produce F-actin and then facilitate
the delivery of wall material containing vesicles to the anticlinal edge to glue the neighboring
anticlinal walls together. Corresponding to the BRK1 edge localization, the brk-/ mutant exhibits
reduced cell adhesion among anticlinal walls of neighbor cells (Le et al., 2006) and thus bulgy

outer periclinal wall (Figure 4.1).

My results suggest that cell edge curvature might influence the accumulation of BRK1 to the edge.
BRK1 signal exhibits a gradual accumulation at cell edges with higher curvature after cytokinesis,
and edge curvature is associated with cell wall maturity. During cell growth, the anticlinal edges
generally have brighter BRK1-YFP signal than the periclinal edges. The BRK1-YFP signal at the
periclinal edges gradually changes from a uniform distribution to enrichment around the
developing lobes. Interestingly, the BRK1-YFP signal pattern change corresponds to cell wall
maturity, which generally begins sharp and gradually round off (Figure 2.12). After cytokinesis,
the newly formed cell wall joins the parental walls at roughly 90° angles, forming four highly
curved cell edges. During this time, BRK1-YFP uniformly distributes along the edges; as
subsequent cell differentiation, the individual cell walls develop and then undergo edge curvature
changing, includes the outer periclinal edge in pavement cells and transverse edge in root and
hypocotyl cells. As these edges change curvature, BRK1-YFP signal localization pattern changes
from uniform to specific enrichment (Figure 2.13). Based on these results, I suggest that the BRK1
localization pattern is affected by cell edge curvature, which is in turn determined by cell wall

maturity.

Besides, the edge-curvature-associated BRK1 localization pattern might correspond to certain
functions. During cell growth, the cell edges at both three-way junction (anticlinal edge) and outer
periclinal wall (periclinal edge) are under intense mechanical force and thus their corresponding
cell wall get thickened and stiff (Kutschera, 2008). The stiffen cell edge happen to match with the
localization pattern of BRK 1. This correspondence may help maintain cell geometry through cell

wall remodeling, which is actin-associated.
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Figure 2.13 BRK1 localization pattern model.

A to C schematic depicting BRK1-YFP localization pattern in different cell types with varied cell wall maturity: (A)
newborn root or pavement cell showing BRK1 signal accumulation at both anticlinal and periclinal edges; (B) mature
root or hypocotyl cell showing preferential accumulation of BRK1 at both anticlinal and transverse periclinal edge;

(C) mature pavement cell showing dominant BRK 1 localization at the anticlinal edge.

2.4 Materials and methods
2.4.1 Plant materials and growth conditions.

Arabidopsis thaliana ecotype Columbia 0 (Col-0) was used as wild type in this study. The
transgenic line BRK.:: BRKI-YFP (Dyachok et al., 2008) was obtained from the E. Blancaflor lab
(The Samuel Roberts Noble Foundation), Arp2:: Arp2-YFP from Y. Wei lab (University of
Saskatchewan), MAP65-3:: MAP65-3-eGFP from B. Favery lab (INRA-CNRS-Université Nice
Sophia Antipolis), MUS::MUS-3GFP from F. Sack lab (University of British Columbia),
POK1::YFP-POK]I from S. Muller lab (University of Tuebingen).

Seeds were sterilized with 70% ethanol, rinsed five times with sterilized water and plated onto
Petri dishes containing 2 MS media, 1.0 % agar, 1 % sucrose and pH is 5.7. Plates were wrapped
with parafilm (Bemis Inc.) and transferred to a 21 °C growth cabinet (with continuous light) and
placed in the rack vertically. Young root, hypocotyl and cotyledon were imaged at 3—4 days after

germination, and true leaf cells were imaged at 4-5 days after germination.
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2.4.2 Tissue preparation and microscopy.

All observations were performed on living cells. For true leaf imaging, cotyledons were cut off at
the base with fine scissors and the rest of seedlings were mounted. All the tissue samples were
mounted in Nunc chambers (Lab-Tek) with 10 ul Perfluoroperhydrophenanthrene (PP11) and
covered by 2~3-mm-thick 0.7% Phytagel. All CLSM images were obtained via point-scan
confocal microscopy: Zeiss Meta 510 with Zeiss Axiovert 200M microscope, 63X water
immersion and Zeiss 880 with Airyscan, both 40X and 63X water immersion. GFP fluorescence
was detected with an excitation wavelength of 488nm from an argon laser and captured with
emission wavelength of 495 — 550nm. YFP was detected with an excitation wavelength of 514nm
from an argon laser and captured with emission wavelength of 495 — 550nm. FM4-64 was detected
with an excitation wavelength of 514nm from an argon laser and captured with emission
wavelength of 570 — 645nm. PI was detected with an excitation wavelength of 514nm from an
argon laser and captured with emission wavelength of 570 — 640nm. The Z-stack interval varies
from 0.2 um to 0.4 um. For sampling, more than 5 cotyledons or first pair of true leaves were

picked and more than 10 cells for each sample were imaged.

2.4.3 Image analysis.

Images were processed with Image J software (http://rsb.info.nih.gov/ij/). The ClearVolume
plugin (https://imagej.net/ClearVolume) (Royer et al., 2015) from Image J and Fluorender
(http://www .sci.utah.edu/software/fluorender.html) (Wan et al., 2009) were used for 3D

renderings and Kappa (https://imagej.net/Kappa) from Image J was used for cell edge curvature

analysis. For the curvature quantification, segmented lines were drawn to fit the edge curvature
and the curvature value of every pixels on the line was exported as a CSV file. The maximal value
was chosen as cell edge curvature value and abnormal value was ignored if it’s not fit the overall
data trend. Figures were assembled using Corel Draw software (www.Corel.com; Corel System.
Ottawa, ON, Canada), and Inkscape vector graphics software (www.inkscape.org). Statistical

analysis was performed with Microsoft Excel (Microsoft, Edmond, WA).

2.4.4 Drug treatment.
4-day-old seedlings of BRKI:: BRKI-YFP were grown on %2 MS media with 1.0 % agar and 1 %
sucrose. For short-term treatments, seedlings were incubated with either 25uM Lat B or 50uM

Oryzalin (Fisher Scientific). For long-term treatment, seedlings were grown directly on 2 MS
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media containing either 0.1 uM Lat B or 0.1uM Oryzalin. Both true leaf and root were imaged

using the above treatments.

2.4.5 Fluorescence recovery after photobleaching (FRAP) analysis

FRAP experiments were performed on Zeiss 880 with Airyscan. YFP was detected with an
excitation wavelength of 514nm from an argon laser and captured with emission wavelength of
495 — 550nm. A rectangular region of interest was photobleached by 514-nm laser line operating
at 15% laser power with 30 iterations. The fluorescence recovery was monitored at 30- or 45-
seconds interval. The fluorescence recovery data were analyzed in Image J, and were normalized
for bleaching during imaging as described (Konopka et al., 2008). Since the observed recovery
time range varies as the original signal intensity changes, I picked up eight samples with similar

signal intensity and position for analysis.

2.4.6 FM4-64 and PI staining.

To label the plasma membrane, FM4-64 (Sigma-Aldrich) was used. Five-day-old seedlings were
incubated with 10uM FM4-64 in 1.5ml Eppendorf tube and then centrifuged at 3381g for 1min.
After centrifugation, keep incubating for 20mins at room temperature. Stained samples were rinsed

gently with distilled water, mounted with PP11, and imaged in chambers as above.

To label the cell wall, Propidium lodide (PI) (Invitrogen) was used. Four or five-day-old seedlings
were incubated with 100pg/ml PI in 1.5ml Eppendorf tube and then centrifuged at 3381g for Imin.
After centrifugation, keep incubating for 20 mins at room temperature. Stained samples were rinse

gently with distilled water, mounted with PP11, and imaged in chambers as above.
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Chapter 3 BRK1 and microtubules

3.1 Introduction

3.1.1 Pavement cell morphology and cytoskeleton

As an attractive system for cell expansion study, pavement cells form a jigsaw-puzzle shape, which
is based on subcellular anisotropic growth (Fu et al., 2002, 2005). Specifically, the growth is
associated with the heterogeneity of cell wall composition, which is regulated by the cytoskeleton.
Correspondingly, anticlinal wall property is heterogenous with plastic lobe and stiffer indentation
(Majda et al., 2017). Interestingly, the pavement cell shape is affected by even minor change of
wall composition, and de-methyl esterified pectin is found in the lobe. All these observations
implied a correlation between cell wall property and lobe formation, which associates with the

cytoskeleton (Majda et al., 2017; Sotiriou et al., 2017).

A series of studies were performed to explore the mechanism underlying pavement cell shape
establishment. According to studies, cortical MTs accumulate in the indentation side and restrain
the cell wall growth through guiding the cellulose microfibrils deposition while F-actin converges
at the opposite for lobe formation, presumably facilitating the delivery of vesicles that contain cell
wall materials for cell wall expansion (Fu et al., 2002; Sampathkumar et al., 2014a; Armour et al.,
2015). The important role of both cytoskeletons is confirmed by cytoskeleton-related mutants
showing lobe formation defects. A series of actin-related mutants exhibit either a lower level of
lobeyness or no recognizable lobes. The corresponding proteins include Rho of plants (ROP) —
signal factors that upstream of F-actin (Fu et al., 2002, 2005), Arp 2/3 complex—branch actin
nucleator (Le et al., 2003; Mathur et al., 2003a, 2003b), Forminl—actin nucleator (Rosero et al.,
2016), SCAR complex—activator of branch actin nucleator (Basu et al., 2004, 2005, 2005; Le et
al., 2006). Moreover, pharmacological experiments further confirmed those findings by the
application of actin depolymerization reagent such as Lat B (Panteris and Galatis, 2005). Mutants
that affect the MT cytoskeleton also support MT’s role in lobe formation by exhibiting either non-
lobed or lightly lobed pavement cells. These correlated proteins include ANGUSTIFOLIA—MT-
associated protein (Tsuge et al., 1996), KTN1—MT severing protein (Burk et al., 2001), GCP2—
MT nucleator (Nakamura and Hashimoto, 2009). These results also were confirmed by
pharmacological experiments using either oryzalin or colchicine (Wernicke and Jung, 1992;
Panteris et al., 1993). So far, this cytoskeleton pattern during lobe formation was proposed to be

governed by ROP family (Fu et al., 2005; Lin et al., 2013).
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3.1.2 F-actin and cell plane orientation

In addition to its function in cell expansion, actin is also involved in division plane prediction to
regulate cell geometry. During the cell cycle, F-actin forms different arrays in each stage to
facilitate the cell plane orientation. In interphase, some F-actin arrays wrap up the nucleus while
others link the nucleus to the cortical F-actin. Those F-actin arrays were proposed to position the
nucleus for preparation of future mitosis (Traas et al., 1987). After the onset of mitosis, F-actin
arrays rearrange to parallel to the newly formed PPB. The F-actin arrays at this position may
correlate with PPB narrowing and disappear as PPB breaks down (Pickett-Heaps and Northcote,
1966). The disappear of MF arrays leaves a zone of F-actin depletion at the former PPB site
(termed as ADZ for actin-depletion zone) (Cleary et al., 1992; Liu and Palevitz, 1992), and this
zone is further surrounded by enrichment of F-actin at the edge of ADZ (Cleary, 1995; Valster and
Hepler, 1997). The ADZ persists until telophase and acts as a negative marker for positioning the
new cell wall inserting (Wright and Smith, 2007). Thus, both the ADZ zone and PPB precisely
predict the cell plane orientation. At the metaphase, F-actin surrounds the spindle and presumably
maintain the spindle position (Lloyd and Traas, 1988). In late anaphase, phragmoplast arises as
both MTs and F-actin align up with plus end pointing at the cell center. The F-actin transport
vesicles containing cell wall materials to the expanding phragmoplast center to form the cell plate.
In addition to F-actin, researches on myosins—an F-actin motor— also suggest a role of myosin

in cell division (Molchan et al., 2002; Li et al., 2010).

3.1.3 Interaction between MTs and F-actin

MTs and F-actin form distinct networks to regulate various cellular processes. Even though
performing separate functions, MTs and F-actin still coordinate in processes such as intracellular
transport and cell division. During those processes, the integration of F-actin and MTs could
involve in direct physical interaction, which was mediated by MAPs or actin-binding proteins

(ABD) (Collings and Wasteneys, 2005; Collings, 2008; Sampathkumar et al., 2011).

Observations from both pharmacological approaches and microscopy find that F-actin dynamics
is associated with MTs: the stabilized short F-actin aligns and move along MTs and the
perturbation of actin dynamic leads to less ordered MT arrays in hypocotyl cells (Sampathkumar
et al., 2011). The similar scenario was observed during PPB formation: single short actins align

and attach to MTs at the initiation of PPB and elongate along MTs as the PPB matures (Takeuchi
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et al., 2016). During the PPB formation, those short actins were proposed to serve as bridge linker

to connect MTs together (Takeuchi et al., 2016).

Considering that F-actin and MTs cooperate tightly during either cell expansion or cell division, I
hypothesized that the mutation of Brk-/ gene might leads to abnormal MTs pattern during lobe

formation and cell division defects in the pavement cells.

3.2 Results

3.2.1 No obvious F-actin defects were observed in the brk-1 mutant.

Considering BRK 1’s functioning to promote ARP2/3-dependent branch actin nucleation, and that
the brk-1 mutant shows lobe formation defects, subsequent analysis was conducted to determine
if the actin organization in the pavement cells in the brk-1 mutant was affected. To examine actin
organization in pavement cells, two actin reporter lines were used: 35S::GFP-ABD2-GFP, which
labels cortical and cytoplasmic F-actin (Dyachok et al., 2014); and 35S::Lifeact-Venus, which
decorates thick cytoplasmic F-actin bundles (Dyachok et al., 2014). I crossed these two lines into
the brk-1 mutant and then examined F-actin in pavement cells. Surprisingly, there were no obvious
F-actin organization defects in the pavement cells in the brk-1 mutant expressing either of reporter
lines (Figure 3.1A&B). In particular, given that BRK1-YFP is enriched in the concave side of the
lobe, where actin has also been reported to accumulate, I anticipated that the brk-1 mutant might
lack this enrichment. However, I observed no accumulation of actin in the concave side of the lobe
in any of the lines examined, which is in contrast to Fu et al., (2002, 2005), but in agreement with

several later reports (Armour et al., 2015; Belteton et al., 2018).
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Figure 3.1 No obvious F-actin defect was observed in the brk-/ mutant.

(A) F-actin in the pavement cells of wild type and the brk-1 mutant expressing 35S.:GFP-ABD2-GFP. (B) F-actin in
the pavement cells of wild type and the brk-/ mutant expressing 35S:: Lifeact-Venus. Blue lines mark the cell outline.

Scale bar is 10 um.

3.2.2 BRK1 and MT distribution do not overlap.

Given the lack of obvious defects in actin organization in the brk-1 mutant, but the accumulation
of BRK1-YFP at the concave side of the lobe (Figure 2.8), I hypothesized that BRK1 and MTs
might distribute alternatively with each other in a cell. To investigate the localization of BRK1
and MTs, the MT marker line UBQ1.:: RFP-TUBG6 was crossed into BRK1:: BRKI-YFP. With the
double marker line, I investigated the localization of both MTs and BRK1 at the lobes. It turns out
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that the localizations of BRK1-YFP and RFP-TUB6 did not overlap with each other in a cell
(Figure 3.2). This was consistent with the known depletion of MTs from the concave side and their

enrichment at the convex side of lobes.

Figure 3.2 BRK1 localization at periclinal edges does not overlap with MTs.

BRK1 and MT localization were examined through plants co-expressing UBQ!:: RFP-TUBG (red) and BRK:: BRK1-
YFP (green). The green arrowhead marks BRK1 signal, and red arrowhead denotes MT. Scale bar is 5 um.

3.2.3 The brk-1 mutant exhibits anticlinal microtubule bundle (AMB) formation defect.

In plant cells, AMBs line the anticlinal walls at incipient lobing sites and wrap around to the outer
periclinal face, where they splay out to populate the CMT array (Ambrose et al., 2011; Zhang et
al., 2011). AMBs lead to localized wall thickening at the future convex side of the lobe, which
coupled with the fan-like arrangement of cellulose microfibrils extending out the periclinal wall,
will drive the lobe initiation (Panteris and Galatis, 2005; Szymanski, 2014). Since the brk-1 mutant
exhibits lobe formation defect phenotype, it is possible that the AMB structure is influenced in the
brk-1 mutant.

I checked the AMB formation in pavement cells in both wild type and the brk-1 mutant. To this
end, UBQI:: GFP-TUBG6 was crossed into the brk-1 mutant and a series of analysis on both CMT
pattern, and dynamic were performed. It turns out, compared to wild type, fewer AMBs were
observed in the brk-1 mutant (Figure 3.3A). To quantify this, fluorescence intensity plots were
generated corresponding to the cell perimeter (Figure 3.3B). Compared to wild type, the brk-1

mutant exhibited fewer fluorescence peaks, which correspond to AMBs. Moreover, the AMB
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fluorescence peaks in the brk-I mutant were broader and not as pointy as those in wild type,

indicating relatively loose AMBs.

The AMB frequency in pavement cells was also measured through dividing AMB number in a cell
by its cell perimeter. I only picked up the cells with lobe formed and measured 30 cells from wild
type and the brk-1 mutant respectively. Consistently, the AMB frequency in the brk-1 mutant was
lower than wild type (Figure 3.3C).

Combining with lobe initiation theory above mentioned, it is possible that the lobe defect in the
brk-1 mutant was attributed to the partial failure of AMB formation rather than a direct defect in

F-actin organization.
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Figure 3.3 The brk-1 mutant exhibits AMB defects.

(A) examples of AMB bundles in both wild type and the brk-/ mutant. Purple arrowheads label the AMB, and red
stars mark the beginning of quantification of (B). Scale bar is 10 um. (B) quantification of MT relative fluorescence
intensity at the periclinal edge. To adjust the fluorescence intensity, MT fluorescence value was uniformed by minimal
value and the ratio value reflects fluorescence relative intensity. (C) quantification of AMB frequency along the
periclinal edge. Pavement cells with lobe were measured. For wild type, n=30 cells, 219 AMBs; for the brk-1 mutant,

n=30 cells, 143 AMBs.
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3.2.4 CMTs exhibit strong alignment in the brk-1 mutant.

Given that the brk-1 mutant exhibits AMBs formation defects, and AMBs converge CMTs at the
periclinal wall, I checked CMT organization in brk-/ mutant leaves. Intriguingly, the CMT array
in pavement cells in the brk-1 mutant was highly aligned into parallel arrays while MT arrays in
the wild type were organized more heterogeneously (Figure 3.4A). To quantify this, I measured
CMT angles in both wild type and brk-1 mutant leaf pavement cells and used the standard deviation
of CMT angles as a measure of array order ((Chi and Ambrose, 2016);20 cells for each were
sampled, see Methods section for CMT angle measurement). Consistent with the observation,
periclinal CMTs in brk-1 mutant showed a narrower range in standard deviations of MT angle,
indicating a higher level of alignment compared to wild type, where the distribution of standard

deviations was relatively broader (Figure 4.4B and C).

Given the results of the brk-1 mutant exhibiting fewer AMBs, it is possible that the reduction of
cell lobing in the brk-1 mutant cells is due to MT defects, not actin defects. AMBs connect CMT
and anticlinal MTs and converge them together. Due to the loss of AMBs, I think that CMTs in

the brk-1 mutant failed to form mixed orientations, which are necessary for multipolar growth.
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Figure 3.4 CMTs in the brk-1 mutant exhibit strong alignment.

(A): examples of MT array order in both wild type and the brk-1 mutant. (B) and (C) quantification of MT array order
in both wild type and the brk-1 mutant. Scale bar is 10 pm.

3.2.5 CMTs array orientation in leaf pavement cells are more dynamic in the brk-1 mutant.
MTs overall orientation in a cell changes even in lobed pavement cells, which might indicate a
relationship between the orientations of both mechanical forces generated during cell expansion
and CMT alignment (Sampathkumar et al., 2014b). For example, according to Figure 3.5A, the
main CMT orientation changed from horizontal to vertical within one hour. Since the AMBs
connect CMTs and anticlinal MTs and are stable over time, the loss of AMBs in the brk-1 mutant

would facilitate the MTs orientation change. In that case, CMTs would exhibit higher level of
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dynamics. To verify that notion, CMTs orientation change was quantified in 30 wild type and the
brk-1 mutant cells, respectively. With the Fibril Tool plugin in Image J, the overall cell-wide
orientation of CMT array was measured. Compared to MT arrays in wild type, which generally
showed a small angle change, the MT arrays in the brk-1 mutant exhibited a bigger angle change
within the same period (Figure 3.5C). Therefore, compared to wild type, MT orientation changed

more frequently in the brk-/ mutant pavement cell.
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Figure 3.5 MT orientation in the brk-1 mutant change more frequently.

(A) and (B) MTs orientation change within one hour in wild type and the brk-/ mutant respectively. Yellow broken
line label the main orientation of MT array. Scale bar is 5 pm. (B) quantification of angle change in one hour in both

wild type and brk-1 mutant.

3.2.6 Pavement cells fail to avoid four-way junction in the brk-1 mutant.

Previous analysis of asymmetric cell division (ACD) patterns during stomatal development in the
maize brk-1 mutant demonstrated that the mutation of BRK1 leads to actin patch defects, failed
nuclear migration, and hence the failure of asymmetric cell division (Panteris et al., 2006).
Considering the same function and similar phenotypes of brk-1 in Arabidopsis, and the role of
actin in cell division plane orientation (Vaskebova et al., 2018), it is conceivable that the
Arabidopsis brk-1 mutant might show cell division defects too. Intriguingly, during the analysis
of cell shape in epidermal cells in the brk-/ mutant, I noticed that there were lots of four-way

junctions (Figure 3.6A). Avoidance of four-way junction is a recognized feature of plant cells, and
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is thought to increase structural stability (Lloyd, 1991). To avoid four-way junction, during
cytokinesis, cells with neighboring cell walls will shift the PPB and phragmoplast and then cell
plate a bit, which will avoid the formation of the four-way junction (Figure 3.6A), while in
Arabidopsis brk-1 mutant the tilt of cell plate did not occur. To quantify the frequency of four-way
junction in the brk-I mutant, junctions in cotyledon from both wild type (3680 junctions in 8
samples) and the brk-1 mutant (2650 junctions in 6 samples) were examined. According to Figure
4.6B, the four-way junction frequency in wild type was obviously higher than the brk-1 mutant.
So far, the avoidance mechanism for four-way junction remains unclear yet (Flanders et al., 1990;
Martinez et al., 2018), the aberrant increase of four-way junction in the brk-/ mutant suggest an

important role of BRK1 in the avoidance mechanism.
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Figure 3.6 The failure of four-way junction avoidance in the brk-1 mutant.

(A) cell profiles in cotyledon in both wild type and the brk-/ mutant. Sold red arrowheads point out the four-way
junction and hollow red arrowheads point out the avoidance of four-way junction. Scale bar is 25 pm. (B)

Quantification of four-way junction percentage in both wild type and the brk-/ mutant.

3.2.7 Pavement cells exhibit asymmetric division defect in brk-1 mutant.

Because the bulk of cell divisions in the leaf epidermis function in guard cell formation, it is
plausible that the observed cytokinetic defects may be due to failed asymmetric cell divisions in
the guard cell pathway. By monitoring MT structure during asymmetric division over the course
of hours, I found that near 30% of asymmetric division events in epidermal cells of the brk-1

mutant failed and ended as symmetric divisions.
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More intriguingly, for the failed asymmetric division events, all of them exhibited nucleus
migration defects (Figure 3.7B). As a series of former reports proved, during asymmetric division,
the nucleus will migrate toward the future meristemoid cell and stay either around or pass the PPB
(Figure 3.7A). The nucleus migration in maize was thought to result from the actin patch defect.
However, in Arabidopsis brk-I mutant, some nuclei failed to migrate toward the future
meristemoid cell, which might lead to the failure of asymmetric division (Figure 3.7B). Therefore,
the observed cytokinesis defects in the brk-I mutant suggest an important role of BRK1 in
orienting cell plate and guiding the nucleus. To quantify the observation, 15 complete asymmetric
division events were observed in the first true leaf in the brk-/ mutant and 5 of them exhibited

nucleus migration defects whereas in wild type none of them showed similar defects.
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Figure 3.7 Pavement cell lineage in the brk-1 mutant exhibits ACD related defect.

(A) an asymmetric division in wild type, (B) a failed asymmetric division in the brk-/ mutant. White broken lines

outline the nucleus, solid arrowheads mark phragmoplast and arrowheads mark PPB. Scale bar is 5 pm.

3.2.8 The brk-1 mutant exhibits cytoplasmic defect.
In addition to plant cell shape regulation, F-actin is also involved in vacuole morphogenesis.

Acting as a framework, F-actin associates with cytoplasmic strand and support its formation,
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rearrangement and movement (Higaki et al., 2006). Moreover, actin nucleation system, especially

the Arp2/3 is reported to regulate vacuole fusion in stomata (Li et al., 2013).

During my observation of MT dynamics in the brk-I mutant, I noticed striking abnormalities in
the cytoplasmic organization and dynamics. In a typical plant cell with a large central vacuole, the
cytoplasm is mostly appressed against the cell cortex, with occasional cytoplasmic strands running
through the vacuole (i.e., transvacuolar strands). This was the case for wild-type leaf epidermal
pavement cells. In the brk-1 mutant, the cytoplasmic strands were enlarged greatly (often losing
their “strand-like” morphology) and there was more internal cytoplasm in general, suggesting
possible defects in vacuole function and/or loss of cytoplasmic integrity (Figure 3.8A). To verify
the phenotype, vacuoles were quantified by measuring the vacuolar morphology index of the
largest vacuole in a pavement cell (Figure 3.8B). The vacuolar morphology index was a value
calculated by multiplying its longest and widest distance value (Lofke et al., 2015). According to
Figure 3.8B, the brk-Ipavement cells exhibited smaller vacuole morphology index than the wild

type.

Time course analysis revealed that the internal cytoplasm was also much more mobile, and had
more dynamic shape changes than those in wild type. For this experiment, I conducted a time
course in 18 mins with 6 mins as time interval. Using ImageJ, maximum Z-projections were made
for each timepoint, and then all three timepoints of these Z-projection were defined as different
color and flattened into a single image using the Temporal Color Code function in ImageJ (Figure
3.8C). Generally, if the cytoplasm is stable, fewer strand mixture will be observed, but if they are
highly dynamic, more strand mixture with different colors will be observed. Consistent with my
notion, compared with wild type, the cytoplasmic strands in the brk-/ mutant exhibited higher
dynamics by showing a big size of mixed color strands, corresponding to a rapid movement and
shape changes in cytoplasmic morphology strands. Therefore, the mutation of Brk-1 affects
cytoplasmic/vacuolar formation and movement, which would be consistent with a role of BRK1

in actin organization, as the actomyosin system is the primary controller of these processes.
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Figure 3.8 The brk-1 mutant exhibits a cytoplasmic defect.

(A) Cytoplasm in both wild type and the brk-1 mutant expressing UBQI.:GFP-TUBG6. Scale bar is 10 pm. (B)
Quantification of vacuolar morphology index. The index is defined as the largest luminal structure size by measuring
the largest length and width and multiplying the values. n=30 cells for each. (C) Time course of cytoplasmic dynamics
in both wild type and the brk-I mutant. Three timepoints are shown, each timepoint given a different color, and
overlaid as a sum projection. The color pallet is on the right. Arrowheads point cytoplasmic strand mixture. Scale bar

is 10 um. Color bar correlates with cytoplasmic strand in different timepoint.

3.3 Discussion

In this chapter, I presented several cellular abnormalities in the brk-1 mutant. In brk-1 pavement
cells, fewer AMBs form, CMT tend to strongly align in parallel and CMTs change orientation
more frequently. Collectively, these defects may explain the reduction of cell lobing in the brk-1

mutant.

The question is, does BRK1 act directly on MTs, or indirectly through its role in actin nucleation?
While no obvious abnormalities in actin organization in the brk-I mutant were observed, this is

based on static images and will require fine-scale analysis of F-actin dynamics in the brk-/ mutant.
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The abnormalities about AMBs and CMTs in the brk-1 mutant were similar to the previous report
of Lat B treatment on wheat mesophyll cells (Wernicke and Jung, 1992). In my experiment, the
same influence of Lat B on AMBs was also observed in Arabidopsis pavement cells (Data not
shown). Considering that F-actin forms a board cortical band encompassing the PPB as it narrows,
and is required for PPB narrowing (Liu and Palevitz, 1992), it’s conceivable that like PPB
formation, AMBs formation is controlled by F-actin, which explains the AMB formation defect in

the brk-1 mutant. However, I have not found any PPB narrowing defect in the brk-/ mutant.

Spanning the anticlinal wall, AMBs connects and converges CMT and drive the lobe initiation.
Given the superparallel CMT and increased CMT orientation change, it is possible that CMT,
especially CMT arrays are stabilized due to the formation of AMBs. By converging CMTs, AMBs
mixes CMT on the outer periclinal wall and the stable AMBs partially prohibits CMT orientation
change. Given that AMBs are stable over time in pavement cells, the formation of AMBs stabilizes
CMT it connected. On the other hand, the local AMBs orchestrate global MT patterns (both CMTs
and anticlinal MTs), which mimic the function of MTOC:s.
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Figure 3.9 Schematic model of AMB formation.

A to B schematic depicting AMB formation during lobe formation: (A) newborn pavement cell; (B) pavement cell

with initiated lobe formation.

Through re-assessing the cell lineage in cotyledon in the brk-1 mutant, | realized that there is the
cell plane orientation defect, which exhibits as a failure of four-way junction avoidance. This
phenotype renders cell adhesion weaker and the cell structure less stable (Goodbody et al., 1991).
Based on our results, I hypothesized that this defect is associated with the abnormal MT dictated
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cell plane orientation. Moreover, the notion was further confirmed by the results that the brk-1
mutant showed failed cell plane re-orientation and appropriate nucleus migration during
asymmetric division. Considering actin patch in maize migrates nucleus to trigger the asymmetric
division while similar mechanism has not been reported in Arabidopsis, it would be interesting to
further investigate the possible mechanism for actin-involved cell plane orientating and nucleus

migration (Panteris et al., 2006).

In addition to plant cell shape regulation, F-actin is also involved in vacuole morphogenesis.
Acting as a framework, F-actin associates with cytoplasmic strand and support its formation,
rearrangement and movement (Higaki et al., 2006). Moreover, actin nucleation system, especially

the Arp2/3 is reported to regulate vacuole fusion in stomata (Li et al., 2013).

3.4 Materials and methods
3.4.1 Plant materials and growth conditions.

Arabidopsis thaliana ecotype Columbia 0 (Col-0) was used as wild type in this study. The
transgenic line UBQI:: mRFP-TUBG6 was described previously (Ambrose et al., 2011). UBQI::
mRFP-TUBG6 was introduced into transgenic brkl expressing BRKI:: BRKI-YFP through
crossing. The F-actin marker line 35S::GFP-ABD2-GFP and 35S::Lifeact-Venus were obtained
from the Y. Wei lab (University of Saskatchewan). Both lines were introduced into the brk/ mutant

through crossing.

Seeds were sterilized with 70% ethanol, rinsed five times with sterilized water and plated onto
Petri dishes containing 2 MS media, 1.0 % agar, 1 % sucrose and pH is 5.7. Plates were wrapped
with parafilm (Bemis Inc.) and transferred to a 21 °C growth cabinet (with continuous light) and
placed in the rack vertically. Young root, hypocotyl and cotyledon were imaged at 3—4 days after

germination, and true leaf cells were imaged at 4-5 days after germination.

3.4.2 Tissue preparation and microscopy.

All observations were performed on living cells. For true leaf imaging, cotyledons were cut off at
the base with fine scissors and the rest of seedlings were mounted. All the tissue samples were
mounted in Nunc chambers (Lab-Tek) with Perfluoroperhydrophenanthrene (PP11) and covered
by 2~3-mm-thick 0.7% Phytagel. All CLSM images were obtained via point-scan confocal

microscopy: Zeiss Meta 510 with Zeiss Axiovert 200M microscope, 63X water immersion and
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Zeiss 880 with Airyscan, both 40X and 63X water immersion. GFP fluorescence was detected
with an excitation wavelength of 488nm from an argon laser and captured with emission
wavelength of 495 — 550nm. LifeAct-Venus fluorescence was detected with an excitation
wavelength of 488nm from an argon laser and captured with emission wavelength of 495 — 550nm.
YFP was detected with an excitation wavelength of 514nm from an argon laser and captured with
emission wavelength of 495 — 550nm. RFP was detected with an excitation wavelength of 543nm
from an argon laser and captured with emission wavelength of 575 — 620nm. PI was detected with
an excitation wavelength of 514nm from an argon laser and captured with emission wavelength of
570 — 640nm. The Z-stack interval varies from 0.2 um to 0.4 pum. For sampling, more than 5
cotyledons or first pair of true leaves were picked and more than 10 cells for each sample were

imaged.

3.4.3 Image analysis.

Images were processed with Image J software (http://rsb.info.nih.gov/ij/). The ClearVolume
plugin (https://imagej.net/ClearVolume) (Royer et al., 2015) from Image J and Fluorender
(http://www.sci.utah.edu/software/fluorender.html) (Wan et al., 2009) were used for 3D
renderings and Fibril Tool plugin was used for CMT orientation analysis (Boudaoud and Burian,
2014). Figures were assembled using Corel Draw software (www.Corel.com; Corel System.
Ottawa, ON, Canada), and Inkscape vector graphics software (www.inkscape.org). Statistical

analysis was performed using Microsoft Excel (Microsoft, Edmond, WA).

3.4.4 CMT angle and array order measurements

For quantification of CMT array order, images were sampled by using five evenly-spaced
horizontal rectangular boxes that were 2 um high and as wide as the image. The narrow height was
used to remove any ambiguity of MT angle that may arise due to MTs that are bent to varying
degrees. MT angles were defined relative to the horizontal axis of the image. For this, a central

area of the cell (away from edges) was sampled for up to 30 MTs.

3.4.5 PI staining.

To label the cell wall, Propidium Iodide (PI) (Invitrogen) was used. Four or five-day-old seedlings
were incubated with 100pug/ml PI in 1.5ml Eppendorf tube and then centrifuged at 3381g for Imin.
After centrifugation, keep incubating for 20 mins at room temperature. Stained samples were rinse

gently with distilled water, mounted with PP11, and imaged in chambers as above.
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Chapter 4 BRK1 is associated with plasmodesmata

4.1 Introduction

4.1.1 PD and pit field

To communicate with each other, neighboring cells form connecting channels such as gap
junctions in animals and plasmodesmata (PD) in plants. According to their biogenesis mechanism,
PDs can be classified into two types: during cytokinesis, endoplasmic reticulum left in the forming
cell plate forms primary PDs while the secondary PDs are formed later in existing cell walls
through cell wall thinning and plasma membrane insertion during cell expansion (Faulkner et al.,
2008; Knox and Benitez-Alfonso, 2014). During cell growth, PDs tend to aggregate together in

the certain region of cell wall termed as pit field.

Morphologically, the PD structure varies from a simple pore to branched structures (Faulkner et
al., 2008; Fitzgibbon et al., 2013). PDs undergo dynamic changes to accommodate developmental
and environmental signals. This includes changes in diameter and closing completely. To modulate
the PD structure change, both cell wall mechanics and composition are modified: the cell wall
surrounding PD is enriched with callose and specific pectins and reduced in cellulose (Faulkner et
al., 2008). Series of analysis reported a preferential localization of both low-esterified pectin and
related enzyme around PD region (Morvan et al., 1998; Orfila and Knox, 2000; Faulkner et al.,
2008). Consistent with its function to glue cell wall components, low-esterified pectin insertion
facilitates movement of things through PD by regulating PD aperture. Those observations were
further confirmed by PD proteome analysis results, which identified a number of candidates
involved in pectin biosynthesis and remodeling (Fernandez-Calvino et al., 2011; Knox and
Benitez-Alfonso, 2014). Even though, the mechanism of specific pectin distribution around PD

and its function is still an open question.

F-actin is associated with PD and implicated in trafficking through PD. To support the notion,
actin was reported to localized to PD (Radford and White, 1998; Wang et al., 2002; Faulkner et
al., 2009; Dong et al., 2011). Moreover, due to the technical barriers, the function of F-actin in the
regulation of PD remain largely unknown. It’s been suggested that F-actin was implicated in the
PD-mediated trafficking regulation, which may be through regulation of permeability of PD (Su
et al., 2010; Fernandez-Calvino et al., 2011). It’s until recently, an actin nucleator —Formin 2

(FH2)—was found to localize with PD and mutation of FH2 leads to increased PD permeability
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(Diao et al., 2018). Instead of nucleating actin, FH2 caps and stabilizes F-actin, which may
facilitate F-actin anchoring and stabilization at PD (Diao et al., 2018).

4.1.2 Pectin and cell growth
Composed of a diverse class of galacturonic acid-rich polysaccharides, pectins are one of the most
complicated cell wall components in nature and fulfill various functions such as morphogenesis,

cell-cell adhesion, pit field formation and signaling (Ridley et al., 2001; Willats et al., 2001a).

Based on structure and function, five classes of pectins were reported: homogalacturonan (HG),
xylogalacturonan (XGA), apiogalacturonan (AP), and rhamnogalacturonan I and II. Among them,
HG is the prevalent pectin component and undergoes considerable chemical modification once it’s
deposited in the cell wall (Caffall and Mohnen, 2009). After polymerized in cis Golgi, HG is
methyl-esterified in medial Golgi, substituted in frans Golgi and secreted in a highly methyl-
esterified form (Zhang and Staehelin, 1992; Sterling et al., 2006). Methyl-esterified HG is

transported to the wall and modified depending on the cell context.

The degree of methyl-esterification is critical to cell wall structure because generally highly
methyl-esterificated HG often leads to decreased stiffness of cell wall structure while a low level
of methyl-esterification associates with stiffer cell wall (Braybrook and Peaucelle, 2013).
Exception also was reported as the highly methyl-esterified pectin linked with soft cell wall (Palin
and Geitmann, 2012). Moreover, de-methyl-esterified HG can cross-link with calcium and further
rigidify the cell wall structure (Liners et al., 1989). Thus, a low level of methyl esterification is
often associated with reduced wall elasticity (Braybrook and Peaucelle, 2013). Interestingly, recent
studies on pectin found that selective de-methyl esterification occurs before MT re-orientation,

which indicated a predominant role of pectin on cell expansion (Peaucelle et al., 2015).

Various of immunostaining results confirm the enrichment of pectin (HG) at the pit field (Casero
and Knox, 1995; Orfila and Knox, 2000). Interestingly, the biochemical status of HG accumulated
in the pit field was identified as low methyl-esterified (Orfila and Knox, 2000). The HG-rich
property of pit field is consistent with PD insertion and enlargement without causing major change

to the cell wall structure.

Given that the brk-1 mutant root exhibiting abnormal intercellular junction (Dyachok et al., 2008)

and the role of F-actin in vesicle delivery of cell materials (including pectin), I hypothesized that
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the cell adjunction in pavement cells could exhibit cell adhesion defect, which is vesicle
trafficking-related. Since an actin nucleator —Formin2 was reported to co-localize with PD (Diao

et al., 2018), I hypothesized that BRK1 could also associated with PD too.

4.2 Results

4.2.1 The brk-1 mutant exhibits cell wall junction defects in leaf cells.

Given the three-way-junction localization pattern of BRK1-YFP and the junction defects in the
brk-1 mutant, it is conceivable that the mutation of BRK1 could lead to cell junction change. To
verify that idea, a reporter line — YFP-Glycosylphosphatidylinositol-Anchored Lipid Transfer
Protein (YFP-LTPG)—was crossed into brk-/ mutant to examine the cell geometry. As an
apoplastic protein, LTPG is secreted into the cell wall. In wild type, LTPG signal distributed along
the anticlinal wall, showing enrichment in lobed regions and exclusion from the three-way junction
(Figure 4.1A) (Ambrose et al., 2013). In contrast, YFP-LTPG accumulated strongly at the three-
way junctions in the brk-1 mutant (Figure 4.1A). To further confirm that, the intensity of signal
fluorescence was quantified and compared (Figure 4.1B). Compared to wild type with a uniform
distribution of LTPG signal along cell outline, brk-1 mutant exhibited steep fluorescence peak at
the three-way junction, indicating a prominent accumulation of YFP-LTPG. These results suggest
a weakening or thinning of the three-way junction, and are consistent with my localization data

showing BRK1-YFP enriched at the anticlinal cell edges that comprise a three-way junction.
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Figure 4.1 LTPG-YFP enriches in the three-way junction in the brk-1 mutant.

(A) examples showing an aberrant accumulation of LTPG in the three-way junction in the brk-/ mutant. Green
arrowheads denote the three-way junction with LTPG accumulation. Blue broken lines correspond to the
quantification result in B. Scale bar is 5 um. (B) Fluorescence intensity plots along broken blue lines in A. Intensity

values are pixel grayscale level from 16-bit images.

4.2.2 BRK1 associates with actin-dependent vesicle trafficking.

In plant cells, the pectin-rich middle lamella protects cell integrity and mediate cell adhesion. The
construction of middle lamella is mainly through the vesicle delivery of pectin and related proteins,
which is actin-dependent (Micheli, 2001; Willats et al., 2001b; Daher and Braybrook, 2015).
Combining with the above results of YFP-LTPG-labeled cell junction defect, it was conceivable
that the vesicle trafficking in the brk-1 mutant might be disturbed. To verify that notion, I treated
both wild type and brk-1 mutants with Brefeldin A (BFA), which blocks exocytosis, resulting in
large intracellular aggregations of endoplasmic reticulum and Golgi, called BFA bodies. These are

typically visualized using the endocytic fluorescent tracer dye FM4-64, which also labels plasma
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membranes (Jelinkova et al., 2010). As shown in Figure 4.2A, brk-1 mutant cells exhibited smaller
BFA bodies compared to wild type. Further quantification of BFA body size in 20 cells confirmed
that result, showing a roughly 40% reduction in BFA body size in the brk-1 mutant (Figure 4.2B).
Therefore, our results suggest that the mutation of Brkl leads to disturbed vesicle trafficking,

which might affect the structure of the cell wall polymer framework, and then the cell adhesion.
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Figure 4.2 BFA body size decreases in the brk-/ mutant.
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(A) examples showing BFA body in both wild type and brk-/ mutant after BFA treatment. (B) quantification result
of BFA body size in both wild type and brk-1 mutant after BFA treatment. Arrowheads denote BFA bodies. Scale bar

is 10 um.
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4.2.3 BRK1-YFP associates with PD.

Prior characterization of BRKI1 localization proved that BRK1 is localized to the plasma
membrane in a SCAR-dependent way (Dyachok et al., 2008). To further investigate BRKI
dynamics on the plasma membrane, I conducted a series of plasmolysis experiment on BRKI1-
YFP. Consistently, after partial plasmolysis, plasma membrane detached from the cell wall and
the majority of BRKI signal particles associated with the plasma membrane (Figure 4.3A).
However, a few BRK1 particles were found remaining outside of the plasma membrane, near the
cell wall, and often at the three-way junction (Figure 4.3A). To verify whether the BRK1-YFP
unattached from the plasma membrane, full plasmolysis experiments were performed with FM4-
64 staining plasma membrane. It turns out that after full plasmolysis, some BRKI1-YFP signal
exhibited cell wall-associated localization at regions where FM4-64-labeled Hechtian strands
attached to the cell wall (Figure 4.3C). Since the complex plasmodesmata (PD) was reported to
initially insert at the three-way junction and some Hechtian strand traverse the cell wall through

PD (Fitzgibbon et al., 2013; Cheng et al., 2017), it is conceivable that BRK1 associates with PD.

Figure 4.3 BRK1 signal pattern after plasmolysis.

(A) leaf cell with partial plasmolysis. Solid arrowheads mark the BRK1 at the plasma membrane, and hollow
arrowheads point out the BRK1 at a three-way junction. (B) and (C) are same regions of leaf cells before and 9 mins
after full plasmolysis respectively. Red signals are FM4-64 stained membrane and green are BRK1-YFP. Solid
arrowheads mark the BRK1 associated with cell wall, and hollow arrowheads mark the FM4-64-stained Hechtian

strands. White dashed lines indicate the cell wall location. Scale bar is 5 pm.
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4.2.4 BRK1 signal localizes in the pit field at the anticlinal wall.

The punctate localization of BRK1-YFP to cell wall regions where Hechtian strands attach during
plasmolysis suggested a possible association of BKR with PD. To determine if BRKI-YFP
localized to PD, I visualized cell walls using PI staining. By examining the BRK1 signal along the
anticlinal wall, I found that BRK1-YFP localized at regions where the PI staining was weaker.
This was also found in mature cells of the hypocotyl epidermis (Figure 4.4) and cotyledon
pavement cells (Data not shown). These regions were typically circular to roughly lenticular along
the radial axis of the anticlinal walls, and are consistent with the morphology of primary pit fields
(Buchanan et al., 2005). As a positive control, I used the PD marker plasmodesmata-located
protein 1(PDLP1-GFP) (Thomas et al., 2008), which showed a similar pattern to BRKI1-YFP
(Figure 4.5). Unfortunately, I did not have time to generate lines for colocalization of BRK1 and
PDLP1, but the similarity in localization pattern strongly suggests a PD localization for BRK1-
YFP.
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Pl

Figure 4.4 BRK1 localization at the anticlinal wall.

The left panel is hypocotyl cells with PI staining and the white box marked in the left column are enlarged in the right

column. Solid arrowheads mark BRK1-YFP particles, and hollow arrowheads denote pit fields. Scale bars are 20 pm.
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Figure 4.5 PDLP1-GFP localization at pit fields the anticlinal wall.

(A) cotyledon anticlinal walls stained with PI. Scale bar is 20 pm. The white box marked in A is enlarged at B and C.
(B) anticlinal wall with PI staining. (C) PDLP1 localization at the anticlinal wall. Hollow arrowheads mark pit fields

and solid arrowheads denote PDLP1-GFP. Scale bar is 10 um.

4.2.5 Actin localizes in pit field at the anticlinal wall.

Previous studies showed F-actin at PD and crossing adjacent cell walls through PD (Dong et al.,
2011; Wang et al., 2002; White et al., 1994). Since BRK1 functions in branch actin nucleation, I
also checked the organization of F-actin at the pits in PI-labeled cells. Plants stably expressing the
F-actin reporter 35S::ABD2-GFP were stained with PI and imaged (Dyachok et al., 2014).
Consistently, F-actin was detected in the pit regions but did not appear to be any more common
than non-pit regions (Figure 4.6). This observation further supports our results of BRK1 localizing

in the pit region.
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Figure 4.6 F-actin localizes in the pit region.

Hypocotyl cells stained with PI. (A) PL, (B) actin, (C) merge. Hollow arrowheads mark the pit at the anticlinal wall,
and solid arrowheads label the F-actin in the pit region. Scale bar is 10 um. (D) Quantification of fluorescence value

along the white dot lines in (C). Arrowheads correspond to the one in (C).

4.2.6 MTs surround the pits area at the anticlinal wall.

In plant cell wall, anticlinal wall exhibits PD-containing pit field with microfibril surrounded in a
circular way (Fujita and Wasteneys, 2014; Mueller and Brown, 1982). Since the pit field in xylem
was reported to be surrounded by re-arranged MTs (Sasaki et al., 2017), it is plausible that MT
could form a similar pattern around the pit area I found on the anticlinal wall. To verify that notion,
MT was analyzed for their arrangement pattern on the anticlinal wall in both cotyledon and
hypocotyl cells with PI staining. It turns out that in the wild type, most MTs arranged vertically
along the wall, thus parallelly surrounded the pit and do not cross the pit (Figure 4.7). In the brk-
1 mutant, however, a few MT bundles came directly across the pit (Figure 4.7 A). This result was

further confirmed by quantification (Figure 4.7 B).
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Figure 4.7 Pits were surrounded by MTs.

(A) The left panel shows the MT arrangement on the anticlinal wall in wild type and right panel in the brk-/ mutant.
Hollow arrowheads label pits with MT surrounding it and solid arrowhead points pits with MT crossing it. The white
boxes marked in both columns are enlarged in the bottom. Scale bar is 20 pm. (B) Quantification of fluorescence

value along the white dot lines in (A). Arrowheads correspond to the one in (A).
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4.3 Discussion

During cell expansion, pectin undergoes dramatic modification to remold cell wall texture and
mechanic property, and the modification is mainly through methyl-esterification (Pelloux et al.,
2007). After transported to the cell wall, pectin is non-uniformly de-methyl-esterified to soften
local cell wall (Braybrook and Peaucelle, 2013). Moreover, de-methyl-esterified pectin can cross-
link with calcium and further rigidify the cell wall structure (Liners et al., 1989). Interestingly,
recent studies on PI found that PI could compete with calcium to bind with pectin (Rounds et al.,
2011). In my experiments, after the PI staining, pit-like regions across the anticlinal wall were

observed and both BRK1-YFP and PDLP1-GFP were detected in the pits.

Since it has been confirmed that the cell wall around PD is enriched with methyl-esterified pectins,
combined with our results, it’s conceivable that BRK1, just like FH2, may colocalize with
plasmodesmata in the pit field (Diao et al., 2018). Different from FH2, which caps and attaches F-
actin at PDs, BRK1 activates Arp2/3 to produce branched actin, it’s tempting that both BRK1 and
FH2 are among the same pathway—BRK1 in pit field activates Arp2/3 to generate F-actin, which
are stabilized and attached on the PDs by FH2. The mechanism of BRK1 localizing at PD is still
an open question, however, [ may get some clues from previous reports about the SCAR system
localizing at the ER surface (Zhang et al., 2013b). As we know, during cytokinesis, remnants of
ER get traversing it, thus it is possible that the distribution of BKR1 at PD associates with the
SCAR localization at ER.

The presence of F-actin at PD has been reported for decades, and the related mechanism remain
controversial due to the difficulty of F-actin observation inside the cell wall and manipulating F-
actin dynamics at PD. Now I found that BRK1 also localized at PDs, and I assume that the related

mutant will open a window for F-actin dynamic manipulation.

4.4 Materials and methods
4.4.1 Plant materials and growth conditions.

Arabidopsis thaliana ecotype Columbia 0 (Col-0) was used as wild type in this study. The
transgenic line PDLPI:: PDLPI-GFP (Thomas et al., 2008) was obtained from the Y. Wei lab
(University of Saskatchewan). The transgenic line LTPG:: YFP—LTPG was described previously

71



(DeBono et al., 2009; Ambrose et al., 2013) and was introduced into the brk/ mutant through the

crossing.

Seeds were sterilized with 70% ethanol, rinsed five times with sterilized water and plated onto
Petri dishes containing 2 MS media, 1.0 % agar, 1 % sucrose and pH is 5.7. Plates were wrapped
with parafilm (Bemis Inc.) and transferred to a 21 °C growth cabinet (with continuous light) and
placed in the rack vertically. Young root, hypocotyl and cotyledon were imaged at 3—4 days after

germination, and true leaf cells were imaged at 4-5 days after germination.

4.4.2 Tissue preparation and microscopy.

All observations were performed on living cells. For true leaf imaging, cotyledons were cut off at
the base with fine scissors and the rest of seedlings were mounted. All the tissue samples were
mounted in Nunc chambers (Lab-Tek) with 10 ul Perfluoroperhydrophenanthrene (PP11) and
covered by 2~3-mm-thick 0.7% Phytagel. All CLSM images were obtained via point-scan
confocal microscopy: Zeiss Meta 510 with Zeiss Axiovert 200M microscope, 63X water
immersion and Zeiss 880 with Airyscan, both 40X and 63X water immersion. GFP fluorescence
was detected with an excitation wavelength of 488nm from an argon laser and captured with
emission wavelength of 495 — 550nm. YFP was detected with an excitation wavelength of 514nm
from an argon laser and captured with emission wavelength of 495 — 550nm. FM4-64 was detected
with an excitation wavelength of 514nm from an argon laser and captured with emission
wavelength of 570 — 645nm. PI was detected with an excitation wavelength of 514nm from an
argon laser and captured with emission wavelength of 570 — 640nm. The Z-stack interval varies
from 0.2 um to 0.4 um. For sampling, more than 5 cotyledons or first pair of true leaves were

picked and more than 10 cells for each sample were imaged.

4.4.3 Image analysis.

Images were processed with Image J software (http://rsb.info.nih.gov/ij/). The ClearVolume
plugin (https://imagej.net/ClearVolume) (Royer et al., 2015) from Image J and Fluorender
(http://www.sci.utah.edu/software/fluorender.html) (Wan et al., 2009) were used for 3D
renderings. Figures were assembled using Corel Draw software (www.Corel.com; Corel System.
Ottawa, ON, Canada), and Inkscape vector graphics software (www.inkscape.org). Statistical

analysis was performed using Microsoft Excel (Microsoft, Edmond, WA).
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4.4.4 BFA treatment.

8-day-old seedlings of both wild type and the brk-1 mutant grew on 2 MS media, media with 1 %
sucrose, 1.0 % agar and pH is 5.7. Seedlings were incubated with either 50 pM BFA (Sigma-
Aldrich) in 50 uM FM4-64 (Sigma-Aldrich) or with 50 uM FM4-64 only as a control (Dettmer
etal., 2006). After 5 minutes, the seedlings were mounted into Nunc chambers and the BFA bodies

in the true leaves were imaged via confocal microscopy.

4.4.5 PI and FM4-64 staining.

To label the plasma membrane, FM4-64 (Sigma-Aldrich) was used. Five-day-old seedlings were
incubated with 10uM FM4-64 in 1.5ml Eppendorf tube and then centrifuged at 3381g for 1min.
After centrifugation, keep incubating for 20mins at room temperature. Stained samples were rinsed

gently with distilled water, mounted with PP11, and imaged in chambers as above.

To label the cell wall, Propidium Iodide (PI) (Invitrogen) was used. Four or five-day-old seedlings
were incubated with 100pg/ml PI in 1.5ml Eppendorf tube and then centrifuged at 3381g for Imin.
After centrifugation, keep incubating for 20 mins at room temperature. Stained samples were rinse

gently with distilled water, mounted with PP11, and imaged in chambers as above.
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Chapter 5 Conclusions and Future Perspectives
Cell wall geometry includes features such as cell wall faces, corners and edges, and can be sensed
and partially modulated by intracellular modules. Among the geometry features, cell edges have
been shown to be enriched in CLASP, GCP2/3 and RAB-GTPase (Ambrose and Wasteneys,
2011a; Ambrose et al., 2011a; Kirchhelle et al., 2016). To further our understanding of the
mechanisms of cell edge regulation, I conducted a screen of additional cell edge proteins, identified

five, and performed a detailed characterization of one of them —BRKI.

In this project, I examined the function of BRK1 by focusing on its localization pattern formation
and its regulation on cell geometry. The analysis revealed a relationship between BRK1 and cell

edge geometry.

The characterization of BRK1 started from the investigation of BRK1 protein localization and the
mechanism behind it. Preferentially, BRK1 localized to the anticlinal and periclinal edges
exhibiting high curvatures in different cell types such as pavement, mesophyll and hypocotyl cells.
BRKI at both edges exhibited slow dynamics and low turnover and motility. This particular pattern
gradually formed after cytokinesis and is correlates with cell wall maturity. The pattern formation
suggests that BRK1 may be able to sense the cell edge curvature, which then orchestrates its

localization.

The localization mechanism of BRKI1 and the whole SCAR system it belongs has been
investigated extensively. During trichome development, SCAR system (including BRK1) is
recruited by a guanine nucleotide exchange factor— SPIKE]1 to the trichome apex. Here, BRK1
stabilizes SCAR at the plasma membrane, and BRK1’s localization, in turn, is SCAR-dependent
(Dyachok et al., 2008; Le et al., 2006). SCAR localizing at the trichome apex is further dependent
on MTs (Yanagisawa et al., 2018). Our results did not support such a pattern because
depolymerization of either actin or MTs did not affect BRK1 localization pattern at edges, at least
on the time scale of hours. This inconsistency may also be due to trichomes operating by a different
mechanism than pavement cells, or that the treatment used here were insufficient to cause obvious
changes in BRK1-YFP localization. An experiment tested with different concentration of MTs

depolymerization drug would clarify that.
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Still, given my result that MTs and BRK1 are alternatively localized, it would be interesting to see
if MTs are involved in BRK1 localization in pavement cells and how BRK1 localization links to

cell edge geometrical change.

The brk-1 mutant has weakened three-way junction and bulgier outer periclinal walls (Dyachok et
al., 2008; Frank et al., 2003). In the context of my data, bulging cells have rounded periclinal cell
edges (i.e. having reduced curvature). The reduced periclinal curvature may be due to partial loss
of cell adhesion at the cell edges, as with the case with three-way junction, or it may result from
loss of local strengthening of cell edge wall. Considering the function of BRK1 in actin
organization along with my observation of aberrant vesicle trafficking in the brk-1 mutant, it is
conceivable that the defects in secretion of cell wall compounds may be the cause of the weaker

cell adhesion and loss of edge sharpness.

In addition to the cell junction region, MTs on both periclinal and anticlinal wall in the brk-1
mutant also exhibited global changes, including both abnormal periclinal MTs pattern and AMB
number. The mechanism behind those CMTs structure changes haven’t been elucidated yet.
However, considering the similarities between AMBs and PPB, it’s possible that actin could also
bridge and narrow down the anticlinal MTs into AMBs, which is similar to its function during PPB
formation. And due to fewer AMBs formed, the periclinal MTs, especially the one connected with
AMBs, might tend to align, instead of mixing with each other. Therefore, those CMT structure
changes resulted in the reduced lobing phenotype in the brk-/ mutant. Moreover, the geometry
changes in brk-1 mutant, the lobe formation defect, for example, also exert certain influence on
AMBs structure. As the lobe formed, both side of lobe undergoes curvature change: the edge
curvature at the convex side reduces and therefore the anticlinal MTs get permission to bypass the
edges and from AMBs while at the concave side the AMBs formation is rare because the edge still
remains sharp. In the brk-1 mutant, the failure of lobe formation further prevents the AMBs
formation because both sides keep their sharp edge due to the loss of lobe formation. Since lobe
formation is long process and numerous factors get involved, the mechanism of symmetry growth
breaking and the exact role of cytoskeleton during lobe formation remain unclear. Still, the
abnormal CMT structure is, at least partly, responsible for the lobe defect in the brk-I mutant

pavement cells. Also, given that BRK1 promotes actin nucleation and actin facilitates vesicle
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trafficking containing cell wall materials, it’s also possible that the cell wall ingredient pattern

around the lobe in the brk-1 mutant pavement cells also changes.

Interestingly, such an interaction scenario between edge curvature and BRK1 also works for
characterized edge protein CLASP1, GCP2/3, and Rab AS5c. Like BRK1, all these edge proteins
accumulate at the incipient cell edge exhibiting higher edge curvature after cytokinesis and the
mutation of edge proteins cause reduction of cell edge curvature (Ambrose and Wasteneys, 2011;
Ambrose et al., 2011; Kirchhelle et al., 2016). Since these edge proteins obviously work in
different pathways and the little overlap was found among those pathways, it would be interesting

to further figure out the mechanisms of how edge proteins sense and are delivered to the edge.

Besides, the localization of BRK1 at the anticlinal wall partially overlap with PD, indicating a
novel relationship between BRK1 (the Arp2/3 nucleation system) and PD, which have not been
described yet. Given a previous report showed that FH2 regulate the size exclusion limit (SEL)
through F-actin stabilization (Diao et al., 2018), it’s highly possible that BRK1 localizes at the
membrane of PD and recruit the Arp2/3 system to nucleate F-actin, which is critical for SEL

regulation.
I have still left questions from different aspects:

1) the mechanism of BRKI1 association with high curvature edge: how may BRK1 sense the
edge curvature, and how it is recruited to the edge. Since the inconsistency between
Yanagisawa et al., 2018 and my results could be due to either different mechanism or
different dosage response, it would be interesting to see whether and how MTs are involved
in BRK1 localizing in pavement cells. Moreover, according to pervious report, SPIKEI is
a peripheral membrane protein and exhibits slightly enrichment at the concave side of lobe
(Zhang et al., 2010). Given SPIKE’s role in BRK1 localization in trichomes, it will be
worth determining if the SPIKEI pathway works for BRKI1 cell edge localization in
pavement cells. To test that, a double line expressing both SPIKE1 and BRK1 will be
necessary and further 4-D observation will clarify if similar scenario occurs during BRK1
localizing at the edges.

Experimental manipulation of cell edge curvature could be used to assess the interaction

between BRK 1 localization and cell edge curvature. For example, cell edge curvature could
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2)

3)

4)

be artificially increased during imaging by pressing the cover slip down onto rounded cell
to create flattening and associated sharp boundaries of the flattened areas. By measuring
the fluorescence intensity change of BRK1-YFP at these new high-curvature regions, we
could figure out if the BRK1 pattern changes as the edge curvature changes. Based on my
timelapse and FRAP data, this flattening experiment may require hours to induce any
changes in BRK1-YFP localization.

the mechanism of F-actin influencing MT for lobe initiation. How to periclinal and
anticlinal MTs orchestrate to trigger and carry on the lobe initiation and formation and what
is the role of F-actin during those process. Previous reports have already shown that
blocking F-actin could stop the PPB narrowing (Mineyuki and Palevitz, 1990; Li et al.,
2006). Given the AMBs and PPBs share lots of similarities, and given that actin could
bridge CMTs to form the PPB (Takeuchi et al., 2016), it is possible that F-actin functions
during lobe formation in a similar way as PPB formation. To test that, a double line labeling
both MT and F-actin is necessary and 4-D observation with super resolution will clarify if
F-actin could bridge CMTs to form the AMBs.

Connection between BRK1, actin and PD: based on our results, it is possible that both
BRK1 (and the Arp2/3 system) and formins nucleate and stabilize F-actin at the PD. It
would be intriguing to see first if the brk-1 mutants have any PD abnormalities. I have
crossed a PD marker line into the brk-/ mutant to check this. Further test of PD size
exclusion limit (SEL) in the brk-1 mutant will confirm the function of BRK1 on PD
regulation. Besides, ultrastructure analysis of PD through TEM also could provide valuable
information and clarify the function of BRK1 on PD regulation.

the function of BRK1 on cytoplasmic organization and streaming. Due to the limited time,
I did not check the cytoplasmic strand phenotype in the brk-1 mutant with other organelle
markers, such as those which label ER, Golgi or tonoplst. By crossing those marker lines
into the brk-1 mutant and checking dynamics of those markers, I could get a big picture of

cytoplasm in brk-1 mutant.
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APPENDIX: MT encounter-based catastrophe in Arabidopsis cortical MT arrays

This chapter is based on data from the following paper:
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cortical microtubule arrays. BMC Plant Biol /6, 18.
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Abstract

Background: The cortical MTs (CMTs) that line the plasma membrane of interphase plant cells
are extensively studied owing to their importance in forming cell walls, and their usefulness as a
model system for the study of MT dynamic instability and acentrosomal MT organization. CMTs
influence the orientation and structure of cellulose microfibrils in the cell wall by cooperatively
forming arrays of varied patterns from parallel to netted. These CMT patterns are controlled by
the combined activities of MT dynamic instability and MT-MT interactions. However, it is an

open question as to how CMT patterns may feedback to influence CMT dynamics and interactions.

Results: To address this question, we investigated the effects of CMT array patterning on
encounter-based CMT catastrophe, which occurs when one CMT grows into another and is unable
to cross over. We hypothesized that the varied CMT angles present in disordered (mixed CMTs)
arrays will create more opportunities for MT-MT interactions, and thus increase encounter-based
catastrophe rates and distribution. Using live-cell imaging of Arabidopsis cotyledon and leaf
epidermal cells, we found that roughly 87% of catastrophes occur via the encounter-based
mechanism, with the remainder occurring without encounter (free). When comparing ordered
(parallel) and disordered (mixed orientation) CMT arrays, we found that disordered configurations
show higher proportions of encounter-based catastrophe relative to free. Similarly, disordered
CMT arrays have more catastrophes in general than ordered arrays. Encounter-based catastrophes
were associated with frequent and sustained periods of pause prior to depolymerization, and CMTs
with tight anchoring to the plasma membrane were more prone to undergo encounter-based
catastrophe than weakly-attached ones. This suggests that encounter-based catastrophe has a
mechanical basis, wherein MTs form physical barriers to one another. Lastly, we show that the
commonly used measure of catastrophe frequencies (Fcat) can also be influenced by CMT ordering

and plasma membrane anchoring.

Introduction

MTs (MTs) are polymers of a/B-tubulin heterodimers that self-assemble into polar filaments with
a fast-growing end, the plus end, and a relatively stable end, the minus end (Desai and Mitchison,
1997). MTs play diverse roles at all stages of the eukaryotic cell cycle; guiding cell division,

expansion, and morphogenesis. To accomplish their varied tasks, MTs group together to form
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specialized arrays that are continuously remodeled by a process termed dynamic instability,
wherein individual MT ends switch stochastically between growth and shrinkage through GTP
hydrolysis (Desai and Mitchison, 1997; Shaw et al., 2003). Transitions from growth to shrinkage
are termed catastrophe, and the transitions from shrinkage to growth are called rescue (Mitchison
and Kirschner, 1984). These parameters are biochemically modulated by MT-associated proteins
(MAPs), which perform a variety of functions including stabilizing MTs through promoting
polymerization of tubulin (Kawamura and Wasteneys, 2008; Yao et al., 2008) , facilitating MT-
MT interactions (e.g. crosslinking)(Hussey et al., 2002; Muller et al., 2004 ), and destabilizing MTs
through increasing depolymerization rate or severing MTs (Burk and Ye, 2002; Kawamura and

Wasteneys, 2008).

To orchestrate MT organization on a cellular scale, MT-organizing centers (MTOCs) are important
structures that provide biochemical, mechanical, and positional information. By nucleating and
tethering MTs, MTOCs create polarized groups of MTs such as spindles and interphase
cytoplasmic arrays. MTOCs are varied and ubiquitous throughout eukaryotes and include
centrosomes in animal cells, spindle pole bodies in fungi (Gundersen et al., 2004), basal bodies in
flagellated cells (Gundersen et al., 2004), the nuclear envelope in plants (Clayton et al., 1985;
Wick, 1985; Liu et al., 1993; Erhardt et al., 2002; Kumagai et al., 2003; Brown and Lemmon,
2007; Seltzer et al., 2007; Ambrose and Wasteneys, 2014), and plastid in some algae (Brown and
Lemmon, 2007). However, in many cells, MTOCs are absent but MTs still obtain global ordering
through self-organization, a process wherein global order emerges in a system from interactions
between individual elements (Ehrhardt and Shaw, 2006; Hashimoto and Kato, 2006). This
“acentrosomal” MT organization is intensely studied in the interphase cortical array of plants,
which consists of MTs that are laterally attached to the plasma membrane and undergo continuous
dynamic behaviors. These Cortical MTs (CMTs) arrange in various orientations ranging from
random/netted, parallel, and highly bundled. By guiding cellulose synthase complexes, CMT
organization influences cell wall microfibril patterning, which in turn guides cell expansion
patterns (Dixit and Cyr, 2004a). Since CMTs are restricted to the plane of the plasma membrane
and highly dynamic, the probability of interactions between individual CMTs is much higher than
MTs that are free to roam in three dimensions. Indeed numerous types of MT-MT interactions
have been documented and shown to influence CMT arrangement (Dixit and Cyr, 2004b; Ehrhardt
and Shaw, 2006; Wasteneys and Ambrose, 2009). These MT-MT interactions include bundle
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formation, collision-induced catastrophe (Dixit and Cyr, 2004b), severing (Wightman and Turner,
2007; Lindeboom et al., 2013), and nucleation of MTs from pre-existing MTs (Wasteneys et al.,
1989; Murata et al., 2005; Chan et al., 2009).

With respect to bundle formation and collision-induced catastrophe, when a growing CMT
encounters another CMT, the relative angle between the two MTs determines whether the
incoming MT will form a bundle with the barrier CMT or undergo catastrophe (Dixit and Cyr,
2004b). Specifically, when the contact angle between a growing plus end and the barrier MT is a
small angle (for example, less than 40 degrees), the plus ends reorients and continues growth
alongside the barrier MT, forming a bundle. But when the incoming MT contacts the barrier MT
more directly (i.e. at a large angle), the MT either depolymerizes (encounter-based catastrophe) or
crosses over. From this, Dixit and Cyr developed a model for self-organization of CMTs into
parallel arrays, wherein bundling speeds up parallel CMT formation, and encounter-based
catastrophe favors elimination of CMTs with orientations not parallel to the predominant CMT
orientation (Dixit and Cyr, 2004b). Using quantitative experimental data from CMT dynamics,
numerous computer simulations and mathematical models have supported this model, but the
relative contributions of bundling and encounter-based catastrophe are less clear (Dixit and Cyr,
2004b; Baulin et al., 2007; Allard et al., 2010; Eren et al., 2010, 2012; Hawkins et al., 2010; Shi
and Ma, 2010; Tindemans et al., 2010; Ambrose and Wasteneys, 2011; Deinum et al., 2011).

Whether CMT encounter-based catastrophe results from biochemical and/or mechanical
mechanisms (or both) is not known. Several catastrophe-inducing MAPs have been found in
plants, including kinesin-13A, MAP18, and ARKlkinesin (Wang et al., 2007; Oda and Fukuda,
2013; Eng and Wasteneys, 2014). However, since CMT catastrophe also occurs without an MT-
MT encounter, it is unclear as to whether these MAPs have any specificity/preference for collision-
induced catastrophe. In terms of mechanical forces, it is known that catastrophe can occur when a
growing MT encounters a physical barrier. Specifically, the continued addition of tubulin subunits
to the stalled MT plus end generates a compressive force along the MT axis, which can induce MT
bending and catastrophe (Dogterom and Yurke, 1997; Janson et al., 2003; Janson and Dogterom,
2004; Tischer et al., 2009). In addition to MT-MT encounters, polymerization against cell edges
can also induce CMT catastrophe (Mimori-Kiyosue et al., 2005; Ambrose et al., 2011).
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Given that MT-MT encounter outcomes are angle-dependent, it is possible that the highly variable
arrangements of CMTs can influence rates of catastrophes, which may then feedback to CMT
arrangements. In this study, we sought to investigate: (1) if CMT arrangement can influence
catastrophe rates and spatial distribution; and (2) what the mechanistic underpinnings of
encounter-based catastrophe are. To address these questions, we performed detailed
quantifications of CMT arrangements, catastrophe types (encounter-based or free-based), spatial
distributions, crossovers, and CMT-cortex attachment levels. We provide evidence for a strong
contribution of force-induced catastrophe and show that indeed CMT arrangement can influence

catastrophe types and frequencies.

Results

Encounter-based catastrophes constitute the dominant source of CMT catastrophe

To visualize CMT dynamics, we performed confocal imaging using cotyledons and leaves of
Arabidopsis seedlings constitutively expressing GFP fused to Arabidopsis TUBULIN BETAG6
(GFP-TUBG6) (Nakamura et al., 2004). All data shown represent the combined data from leaves
and cotyledons. The sharp cell edges present in meristematic and unexpanded cells are known to
induce catastrophe when MTs grow into them(Ambrose et al., 2011), so in the current study, we
used mature epidermal cells in order to remove any potential cell edge effects on catastrophe
behavior. The large size and rounded cell edges of these cells allowed sampling of large and
relatively flat central areas of the outer cell face that were typically tens of microns away from
nearby edges. For characterization of catastrophe types, we classified MT catastrophe into an
encounter-based catastrophe (Figure A.1A, C) or free catastrophe (Figure A.1B, D). Notably, we
found that 87.6% of catastrophes in leaves and cotyledons were encounter-based, with the
remaining 12.4% being not associated with the encounter (Figure A.1E). The quantification of
another line expressing 35S: GFP-EB1b showed a similar trend, with 85.3% of catastrophes being
encounter-based (Figure A.1E).
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Figure A.1 Two types of catastrophe and their frequencies of occurrence.

(A) Encounter-based catastrophe and (B) free catastrophe. White arrowheads mark CMT plus ends. Numbers indicate

time in seconds. (C, D) MT length-changes over time, corresponding to the tracked MTs in A and B, respectively.
The stars mark the start and end of a pause. (E) Encounter-based catastrophe is the dominant type of CMT catastrophe.
Data were obtained using GFP-TUB6 and EB1-GFP as MT reporters. For GFP-TUBG6, n=48 cells, 376 catastrophe
events; for GFP-EB1b, n=20 cells, 245 catastrophe events. Bars: A, B=1 pm.

CMT organization influences the type and spatial distribution of catastrophes

Based on these data, we hypothesized that compared to ordered (parallel) arrays, a highly
disordered CMT array will provide more opportunities for CMT collision, and will thus have a
larger proportion of encounter-based catastrophes compared to free catastrophes (i.e. a higher ratio

of encounter-based to free). To test this, we measured CMT angles within parallel and disordered
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arrays (see methods section for CMT angle measurements) and assessed the relative frequency of
encounter-based catastrophes (i.e. % encounter-based to total catastrophes). As a measure of array
order, we used the standard deviation of CMTs angles. With this method, parallel arrays show
smaller standard deviations in CMT angle than net-like arrays. This is illustrated in Figure A.2,
which shows an example of a disordered array (SD = 52) (Figure A.2A) and an example of an
ordered array (SD = 19) (Figure A2B). To ensure the specificity of our data, SD and catastrophe
ratios were measured on a cell-by-cell basis. We sampled 48 cells with varying degrees of order
and found a correlation between CMT array disorder and encounter-based catastrophes (Figure
A.2C and D). Specifically, the more disordered a CMT array is, the higher the proportion of
encounter-based catastrophes is. We observed a similar trend using 35S:: GFP-EBIb lines (data
not shown). These results indicate that CMT arrangement is an important determinant of

catastrophe type.
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Figure A.2 The ratio of encounter-based to free catastrophe varies with CMT arrangement.

Examples of disordered (A) and highly ordered CMTs (B). Histograms show CMT angle distributions corresponding
to the images. (C, D) Disordered CMT arrays have a higher proportion of encounter-based catastrophes relative to
free catastrophes. CMT order is expressed as the SD of CMT angles. (C) Un-binned data from individual cells (i.e.
each point represents one cell); (D) data from C binned in five SD units. Bars: A, B=2.5 um.
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Given this organizational influence on catastrophe type, we hypothesized that disordered CMT
arrays will also have a higher number of catastrophe events in general (i.e. per unit area and time).
We term this property as Density of Catastrophe (Dca) in order to clearly distinguish it from the
dynamic instability parameter Catastrophe Frequency (Fcat). Proper quantification of Dca presents
a number of challenges. For example, simply measuring catastrophes per cellular area is
problematic because the MT density itself within a given area would be a major determinant of the
density of catastrophe. Similarly, even normalizing for the area occupied by MTs is biased due to
the fact that many MTs are very long, bundled, and stable, such that they span the entire region of
observation and do not show observable MT end dynamics during the duration of the observation
period. Based on these caveats, we chose to normalize density of catastrophe by expressing it as a
function of the number of growing plus ends present within the observational region. To obtain
simple and accurate counts of growing plus ends, we employed a subtractive technique similar to
that used by Burnette et al 2011 (Burnette et al., 2011). By subtracting pixel values between
sequential time frames, only areas occupied by new MT growth are shown in the output image
(Figure A.3A). Using this method, we indeed found a positive correlation between CMT
disordering and density of catastrophe (Figure A.3B). We found a similar trend using GFP-EB1b
lines as an indicator of plus end density (MT sidewall labeling was enough to detect the presence
or absence of a barrier MT for each catastrophe) (Figure A.3C, D). These data indicate that CMT

organization can influence the type and density of catastrophes.
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Figure A.3 The density of catastrophe (Dcat) varies with CMT arrangement.

(A) Example of the subtracted image used for measurements to count growing plus ends with GFP-TUBG6. (B) The
density of catastrophe (Dcat) increases with increasing CMT array disorder (expressed as SD of CMT angles).
Measurements derived from GFP-TUB6 subtraction method. (C) Example of the GFP-EB1b image used to count
growing plus ends. (D) GFP-EB1b data shows a similar trend to GFP-TUBG in (B). Bars: A, C=2 pum.

Strong MT-cortex attachment favors encounter-based catastrophe

We next sought to investigate the mechanism governing encounter-based catastrophe. Given that
MT polymerization against a physical barrier is known to induce MT bending and
depolymerization (Laan et al., 2008; Ambrose et al., 2011), and that the degree of CMT-cortex
attachment influences the outcome of MT-MT interactions by imposing constraints on lateral
motions of the MT polymer(Ambrose and Wasteneys, 2008; Baulin et al., 2007), we hypothesized
that when a weakly-attached CMT encounters a barrier MT, it will be more prone to lateral motions

such as bending and detachment, which act to relieve the axial compression on the incoming MT,
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and hence reduce the probability of depolymerization. To test this, we quantified CMT behavior
in clasp-1 mutants, which show decreased CMT-cortex attachment (Ambrose and Wasteneys,
2008). To quantify the frequencies of encounter-based catastrophe, we classified encounter events
as either cross-over or catastrophe (MT-MT bundling events were excluded). In general, cross-
overs were far more numerous than catastrophes in both genotypes, in agreement with previous
findings in Arabidopsis (Wightman and Turner, 2007). Figure A.4A shows two examples of MT
crossovers, one of which grows in a straight line and eventually undergoes pause and encounter-
based catastrophe (red), and another which shows partial detachment and swinging of the growing
end as it grows across other MTs (green). This MT appears to be less anchored to the cortex
because after it re-attaches, it encounters another MT and stalls, during which time it bends
(presumably due to the force of continued polymerization at the stalled plus end). Figure A.4B
shows a kymograph of an individual MT growing across several other MTs (which appear as

vertical lines in the kymograph).

For quantification of crossover and catastrophes, measurements were normalized using the ratio
of encounter-based catastrophe to total encounter events (i.e. catastrophe + cross-over). We found
that CMTs in clasp-1 are more prone to cross over barrier MTs than wild type, and are less likely
to undergo catastrophe (Figure A.4C). These data support the idea that strongly-attached MTs are
prone to catastrophe because they are restricted to any lateral movement (which would dissipate

axial compression), and are unable to detach and cross over the barrier MT.
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Figure A.4 Encounter-based catastrophe is related to CMT-cortex attachment.

(A). Example of cross-over and encounter-based catastrophe in WT. Redline marks several cross-over events before
pause and encounter-based catastrophe. Green line marks a detachment event as described in results. Numbers indicate
time in seconds. Both asterisks indicate pause events. Bars: A =2 um. (B) Kymographs showing CMT with several
cross-over events. (C) Quantification of crossover and encounter-based catastrophe. Asterisk indicates a statistically
significant difference of catastrophe frequency between WT and clasp-1 when P < 0.05. n=10 cells, 3675 encounter

events.
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Encounter-based catastrophes exhibit a pause in growth before the catastrophe

During our analysis of catastrophe events, we noticed that the growth of an incoming CMT often
pauses upon encounter with a barrier MT and is followed by catastrophe and depolymerization.
Figure A.5A shows kymographs of free catastrophes without pause (left panel) and encounter-
based catastrophe with pause (right panel). As shown in the histogram in Figure A.5B, the time
spent in a pause state for encounter-based catastrophe event varies considerably, with a mean of
19£11 seconds, and a maximum of 80 seconds. For subsequent analysis, we defined pause as a
state during which no observable MT growth is detectable for more than 5 seconds. Quantification
of pause events revealed that 91.7% of encounter-based catastrophe events were preceded by pause
(Figure A.5C). In contrast, only 37.8% of free catastrophes were preceded by pause, and the mean
time for pause is 12+ 6 seconds (~34% less than for encounter-based pauses) (Figure A.5C). Taken
together, these data show that encounter of a growing CMT plus-end with a barrier MT greatly

enhances the likelihood and duration of pause prior to depolymerization.
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Figure A.5 CMTs with encounter-based catastrophe pause upon encounter with the barrier MT.

(A) Kymographs showing free catastrophe without pause (left panel) and encounter-based catastrophe with pause
(right panel). The arrowheads mark the start and the end of the contact. Bars: The kymographs display a period of 76s,
scale bar=1 um. (B) Histogram showing the distribution of pausing times for MTs that undergo encounter-based
catastrophe. The pausing time ranges from 10 to 80 seconds, and the average time is 19.23 seconds. (C) Encounter-

based catastrophes are preceded by pause more frequently than are free catastrophes. n=107 cells, 119 free catastrophe,

and 1196 encounter-based catastrophe events.

CMT instability dynamics for catastrophe frequency vary with array organization

Having found that CMT-cortex attachment and CMT organization both have effects on CMT
catastrophes, we hypothesized that these factors may lead to inconsistencies in standard
measurements of catastrophe frequencies (Fca). To test this, we measured and compared Fca values
between disordered and parallel arrays; as well as between weakly-attached and strongly-attached
CMT arrays (i.e. clasp-1 vs WT) (Results summarized in Table A.1). Fca was calculated using the
total number of catastrophe events divided by the total time spent in growth and pause, and only
CMTs that show catastrophe at any point during its observation was used for measurements

(Dhonukshe and Gadella, 2003; Dixit and Cyr, 2004b; Vos et al., 2004). Notably, we found that
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CMTs showing free-type catastrophes have a significantly higher Fca: (0.030+0.009 events/s)
compared to those having encounter-based catastrophes (0.021+£0.002 events/s) (Table A.1).
However, this difference is heavily biased from the longer durations of pause associated with
encounter-based catastrophes (i.e. longer pauses increase total measured MT growth times, and
thus decreased Fca). Despite these differences, when comparing Fcar between disordered CMT
arrays (defined as arrays with SDs between 50 and 60) and well-ordered (defined as arrays with
SDs between 20 and 30), we found no significant difference in Fca values (disordered =
0.022+0.002 events/s; Ordered = 0.0214+0.002 events/s) (Table A.1). This suggests that although
free catastrophes do have higher average Fca: values than an encounter-based catastrophe, they are
not numerous enough to significantly influence overall cellular Fc.e measurements. However, when
assessing the influence of CMT-cortex attachment on Fca, we found that wild-type cells have a
significantly higher Fca (0.021£0.001 events/s) than clasp-1 (0.014+£0.001 events/s) (Table A.1).
This is consistent with the above observations of WT CMTs being less likely to cross over the

barrier MT (Figure A.4C).
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Table A.1

Catastrophe frequency varies between different catastrophe types and cell types. Values are means
+ s.d. For catastrophe frequencies, n= 12 cells and 191 catastrophe events; for Fcat in both WT

and clasp, n=10 cells and 234 catastrophe events.

CMT catastrophe frequencies (events/s)
General catastrophe Fcat 0.022+0.002
Free catastrophe Fcat 0.030+0.009

Encounter-based catastrophe Fcat  0.021+0.002

Less organized CMT catastrophe Fcat 0.021+0.003

Well organized CMT catastrophe Fcat 0.022+0.002

General catastrophe in WT Fcat 0.021+0.001

General catastrophe in clasp Fcat 0.014+0.001
Discussion

Since the first characterization of plant CMT dynamic instability (Shaw et al., 2003), several
studies have made dynamic measurements using a variety of cell types, mutants, and drug
treatments to investigate the mechanisms of CMT organization (Dhonukshe and Gadella, 2003;
Mathur et al., 2003c; Dixit and Cyr, 2004a; Nakamura et al., 2004; Van Damme et al., 2004; Vos
et al., 2004; DeBolt et al., 2007; Kawamura and Wasteneys, 2008; Yao et al., 2008; Nakamura and
Hashimoto, 2009; Wang et al., 2012; Galva et al., 2014; Komis et al., 2014; Nakaoka et al., 2015).
From these studies, several types of MT-MT interactions were discovered and have emerged to be
major players in defining CMT organization and behavior. Our findings build on this, showing
that CMT organization can itself feedback to influence CMT interactions. The observation that
~87% of CMT catastrophes are associated with MT-MT encounter indicates that MT catastrophe,

in particular, is heavily influenced by MT-MT interactions and CMT array organization.
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Observations by Zhang et al (2013) and Wightman et al (2007) that MTs frequently depolymerize
following their katanin-dependent severing at MT-MT crossover points suggests that severing

rates may also be influenced by overall CMT organization (since disorganized arrays have more

MT-MT crossover points)(Wightman and Turner, 2007; Zhang et al., 2013c).

Based on our findings that MT organization can influence the catastrophe properties of individual
MT is important to consider when assessing the in vivo functions of plant MAPs because it may
confound assumed measurements of biochemical activities. This is illustrated in the current study
by our clasp-1 mutant data. Without taking into account MT-MT influences on dynamic instability,
our observations of reduced Fca in clasp-1 mutants could be interpreted to indicate that CLASP
functions biochemically to induce MT catastrophe, thereby acting as a MT de-stabilizer. However,
numerous studies have shown that CLASP stabilizes MTs via promotion of pause and rescue in
animals and fungi (Mimori-Kiyosue et al., 2005; Sousa et al., 2007; Al-Bassam et al., 2010). This
apparent contradiction can be reconciled by our data, which suggest that the clasp-1 reduction in
Fcat results at least in part from the enhanced MT cross-overs associated with weakly cortex-bound
CMTs. CLASPs generally stabilize MTs specifically in localized regions of the cell such as cell
edges (Ambrose and Wasteneys, 2011; Ambrose et al., 2011), chromosomal kinetochores (Maiato
et al., 2003), and between overlapping regions of interpolar spindle MTs in fission yeast (Bratman
and Chang, 2007). Therefore, measurements from different parts of a given cell can also yield

seemingly contradictory data.

With respect to the mechanism of encounter-based catastrophe, our data suggest that in plants,
mechanical forces on MTs play a major role in catastrophe induction. This applies not only to
CMT encounter-based catastrophe, but also to cell edge-induced catastrophe (Ambrose et al.,
2011). Thus, when considering the cell as a whole, the bulk of CMT catastrophes occur either at
cell edges (Ambrose et al., 2011) or via encounter-based catastrophe (current study). In both cases,
catastrophe is preceded by behaviors characteristic of MT polymerization against a physical barrier
such as prolonged pause and bending (Ambrose et al., 2011; Janson et al., 2003; Komarova et al.,

2002; Small and Kaverina, 2003; Wightman and Turner, 2007).

Conclusions
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Studies on CMT dynamics and organization in plants generally have focused on the mechanisms
by which CMT behavior influences cellular CMT organization. The data presented in the current
study show that the organization of CMTs within a cell also has strong influences on CMT dynamic
behavior. Thus, a dynamic interplay exists between cellular CMT organization and individual

CMT dynamics, indicating feedback between the two elements.

Methods
Plant materials and growth conditions

Transgenic Arabidopsis thaliana (Columbia-0) and clasp-1 lines expressing 35S:TUB6-GFP
(Ueda et al., 1999), (Ambrose and Wasteneys, 2008), as well as WT plants expressing 35S:GFP-
EB1b (Komaki et al., 2010) were used for measurements. Prior to plating, all seeds were stored in
the dark at 4°C for 2 d. Seeds were sterilized in 70% ethanol, rinsed twice with sterile water, and
plated onto Petri dishes containing 2 MS media, 1.0% agar, and 1% sucrose. Plates were wrapped
with nescofilm (Azwell Inc.) and transferred to a 21 °C growth cabinet (with continuous light) and

placed vertically. Young pavement cells of leaf and cotyledon cells were imaged at 3—4 days.

Microscopy and image analysis

All observations were performed on living cells. Cotyledons/leaves were cut at their base, mounted
on to slides in Perfluoroperhydrophenanthrene (PP11) (Littlejohn et al., 2014) under a coverslip
and sealed with wax. Images were obtained via point-scan confocal microscopy (Zeiss Meta 510
with Zeiss Axiovert 200M microscope, 63X water immersion), TIRF (Olympus IX83 with
ANDOR iXon Ultra EMCCD camera, 100X oil immersion), and structured light illumination
(Zeiss Apotome mounted on Zeiss Axio Imager Z1 with AxioCam MRm, 63x oil immersion).
Time-lapse intervals ranged from 2-5s. Images were processed with Image J software

(http://rsb.info.nih.gov/ij/), and figures were assembled using Corel Draw software.

CMT angle and density measurements

For quantification of CMT array order, images were sampled by using five evenly-spaced
horizontal rectangular boxes that were 2pum high and as wide as the image. The narrow height was
used to remove any ambiguity of MT angle that may arise due to MTs that are bent to varying
degrees. Only regions of cells that were covered by a sampling box were measured, which helped

remove selection bias when using large cells. MT angles were defined relative to the horizontal
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axis of the image. Using the second method to measure CMT angles produced similar results. For

this, a central area of the cell (away from edges) was sampled for up to 30 MTs.

For quantification of SFcx, subtractive analysis of sequential time frames was performed by
duplicating the time-lapse image twice, and removing one to two frames from the start of the first
duplicate, and removing the same number of frames from the end of the second duplicate. Using
the image calculator function of Imagel, the duplicates were then subtracted, and the resulting
image was used to count growing plus ends. Since catastrophes were measured for the entire time
series, we sampled plus end numbers at four evenly spaced time-points throughout the series and

averaged the counts. 21 cells were sampled in total.

117



