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Abstract
Maintaining balance between division and differentiation in the root apical meristem
(RAM) is key to proper root formation. This can be achieved by promoting the proliferation of
dividing cells and ensuring their timely transition to differentiation upon entering the transition
zone. This thesis aimed to investigate the role that CLASP plays in both of these cellular events.
CLASP allows for the proliferation of dividing cells by promoting the formation of
transfacial bundles (TFBs). Given that CLASP is not a known microtubule (MT) bundling
protein, it likely relies on an additional factor(s) to carry out this role. In yeast and animal
models, CLASP orthologues interact with MAP65-1 and MAP65-2 orthologues to facilitate the
formation of MT bundles. This, and phenotypic similarities between the clasp-1 null mutant and
the map65-1 map65-2 mutant in Arabidopsis support a model whereby CLASP, MAP65-1 and
MAP65-2 are functionally interdependent in TFB formation. To investigate this, I attempted to
create a map65-1 map65-2 claspCRISPR mutant and characterize its phenotype. I was unable to
isolate a homozygous triple mutant and my analysis suggests that CLASP, MAP65-1 and
MAP65-2 may all be required for plant viability.
A decreased level of auxin (termed the auxin minimum) coincides with the transition
zone and instructs cells to stop dividing and begin elongating. The auxin minimum-establishing
genes ARR1, SHY2 and GH3.17 were found to be upregulated in clasp-1 which suggests a role
for CLASP in downregulating this pathway. Given that CLASP is downregulated by
brassinosteroid (BR), we hypothesized that BR downregulation of CLASP is responsible for the
upregulation of the auxin-minimum establishing genes. To investigate this, I compared the
expression of ARR1, SHY2 and GH3.17 in WT and BR insensitive CLASP mutants (brinCLASP)
upon epibrassinolide (eBL) treatment. I found a mild upregulation of ARR1 in WT seedlings that
was not observed in brinCLASP, suggesting that BR downregulation of CLASP is required for
the upregulation of ARR1 upon eBL treatment.
Ultimately, this thesis furthers our understanding of how CLASP plays an important role
in both the maintenance of meristematic divisions and suggests a role for BR downregulation of
CLASP in establishing the auxin minimum.
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Lay Summary
Plants cannot avoid substandard environmental conditions; thus, they have become
masters at adaptation. To access resources that are deeper in the soil, for example, plants can
create longer roots. One of the ways they do this is by adjusting the relative location of a
hormone minimum in their root meristem. I have shown that the downregulation of CLASP by
brassinosteroid hormone may be involved in the signaling required to set the location of this
hormone minimum. CLASP also functions to maintain a particular microtubule array in
meristem cells which allows them to continue dividing. This continual cell division is key to
plant survival. I have shown that this process may also depend on the presence of MAP65-1 and
MAP65-2. Overall, these findings add to our understanding of the molecular basis of root growth
and can help us understand how plants will survive in a world with changing environmental
conditions.
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Chapter 1: Introduction
Plants represent a unique group of organisms because they develop most of their organs
post-embryonically, including their leaves, sepals, petioles, and roots. This requires plants to
execute specific growth programs to produce tissues, while also managing surrounding
environmental conditions. Balancing these two factors defines how plants will exist in their
environment; adjusting their patterns of growth and adapting as needed. Hydrotropic root growth
exemplifies these types of growth changes, where roots will preferentially grow towards water
sources in soil. This can also be seen in more complex and multifaceted circumstances such as
the continuous growth of roots, which is needed for plants to survive. At its most basic level, the
continuous growth of roots is dependent on a group of stem cells found within a specialized
region near the base of the root known as the root apical meristem (RAM) (Petricka et al., 2012).
These stem cells will give rise to cells that undergo some of the most fundamental cellular
changes occurring in the root, ultimately producing all the root tissues. Understanding the
complex processes that drive these cells to both replicate and change their cell fate is key to
uncovering the complexity of plant development.
1.1

Root Apical Meristem
Generally, plant cells do not migrate from one region of the body to another. This allows

cell lineages and the precise pattern of cell divisions to be tracked and examined. As a result,
meristems can serve as powerful tools for understanding the mechanisms that regulate cell
division and differentiation in eukaryotic organisms.
Meristems are regions of actively dividing cells found throughout the plant body that
form new tissues. The primary meristems, the shoot apical meristem (SAM) and the RAM, are of
particular importance as they give rise to most of the plant tissue. The SAM will produce the
aerial organs, including leaves, stems and eventually the floral organs, while the RAM will give
rise to the primary root tissues. The RAM is organized in a relatively simple manner, which
lends itself to being one of the easiest systems to study plant development (Benfey and Scheres,
2000) and is the focus of this thesis.
The RAM consists of three developmental zones named according to the overarching
cellular processes taking place in each: the division zone, transition zone, and elongation zone
1

(Verbelen et al., 2006). Within the division zone, stem cells from the quiescent center (QC)
release signals to surrounding cells and drive continual mitotic divisions that will produce large
numbers of cells in the root (Perilli, et al., 2011). As these cells are pushed away from the QC by
the production of more cells, they enter the transition zone where they receive various signals
that reduce the frequency of division and instruct cells to transition from division into
differentiation (DiMambro et al., 2017). Eventually, cells enter the elongation zone where they
undergo rapid axial elongation before they gain tissue-specific characteristics.
Maintenance of the meristem is key to promoting persistent root growth. Specifically,
maintaining a balance between division and differentiation is required to ensure that the
meristem is the correct size and will function appropriately (Sozzani & Iyer-Pascuzzi, 2014;
Pacifici et al., 2015). Given the importance of a proliferative meristem to overall plant growth,
this balance is tightly controlled through numerous mechanisms, including hormone signaling
and microtubule- (MT) mediated cues.
1.2

Hormones in the RAM
Phytohormones are signaling molecules that play important roles throughout the plant.

They serve various functions throughout development and are key players in the responses to
stress and the environment. Initially, there were thought to be five major classes of
phytohormones: abscisic acid, auxins, cytokinins, ethylene and gibberellins. This list has since
expanded to include four more hormones: brassinosteroid, jasmonates, salicylic acid and
stringolactones. Within the context of RAM maintenance in Arabidopsis thaliana, auxin,
brassinosteroid, and cytokinin have been shown to be indispensable (Benkova & Hejatko, 2009;
Pacifici et al., 2015; DiMambro et al., 2017).
1.2.1

Auxin
Auxin was the first plant hormone to be discovered and has since been shown to be one

of the most important and ubiquitous plant hormones. Within the root, auxin plays a role in
lateral root development, the induction of root initiation, and the promotion of RAM size
(Weijers et al., 2006; Fukaki et al., 2002; Hirota et al., 2007). Auxin-dependent processes,
including cell division and cell expansion, rely on auxin gradients throughout the cells and
2

tissues of plants (Rahman et al., 2007; Perrot-Rechenmann, 2010; Wang & Ruan., 2013).
Regions of low or high auxin, relative to other locations, can communicate crucial
developmental signals to cells. In places where these levels act as signaling cues, auxin can be
modulated through production, transport, and degradation. Although biosynthesis can produce
large amounts of auxin where it is needed, the gradient found in the root system suggests a larger
role for transport and degradation (Kolomeisky, 2011; DiMambro et al., 2017).
Auxin influx is mediated by the Auxin1/like Auxin (AUX1/LAX) family of transporters
and auxin efflux is mediated mainly by the PIN-FORMED (PIN) family of transporters. PIN
transporters are involved in a specific transport process known as polar auxin transport (PAT).
PAT refers to the directional transport of auxin from one organ to another (such as shoot to root),
within one tissue (rootward through the stele), or at the cell-to-cell level (Goldsmith, 1977). This
directional transport is controlled by the polarized distribution of PIN transporters in the cell,
whereby some transporters localize to specific cell faces and shuttle auxin unidirectionally.
When auxin is synthesized in the shoot, it may be transported to the root, which acts as a “sink”
tissue (Marchant et al., 2002). This process begins with SAM-derived auxin which is transported
through the stele via PIN1 towards the root tip, where auxin accumulates (Blilou et al., 2005).
PIN3 and PIN7 will transport auxin locally around the root tip and out towards the epidermis and
root cap where PIN2 is able to transport it upwards through these tissues (Blilou et al., 2005).
Once there, auxin is transported back to the root tip through the cortex and epidermal tissues by
PIN2 transporters. By controlling where these PIN transporters are located, as well as their
relative concentrations at these locations, the root can fine tune the amount of auxin within each
cell.
Inactivation and degradation of auxin can also limit the amount of active auxin available
in a certain region of the plant. For example, GRETCHEN-HAGEN 3.17 (GH3.17), will
irreversibly conjugate auxin with aspartic or glutamic acid, which triggers auxin inactivation,
oxidation, and further degradation (Pierdonati et al., 2019; DiMambro et al., 2017; Staswick et
al., 2005).

3

1.2.2

Brassinosteroid
Brassinosteroids (BRs) are a class of plant steroid hormones that play a variety of roles in

cell expansion and elongation, promotion of vascular differentiation, and cold or drought stress
protection (Clouse & Sasse, 1998). Studies have demonstrated that unlike auxin, local BR levels
in the root rely on the regulation of BR biosynthesis and catabolism rather than long distance
transport between organs (Vukasinovik et al., 2021). BRs exert their effects by binding to their
receptor, Brassinosteroid insensitive 1 (BRI1), which will then associate with the BRI1associated receptor kinase 1 (BAK1) to allow for the transphosphorylation and activation of
BRI1’s cytoplasmic kinase domain (Wang et al., 2001) (Fig. 1.1). This will phosphorylate
membrane-bound receptor-like cytoplasmic kinases (RLCKs) such as Brassinosteroid signaling
kinase (BSK1) and constitutive differential growth (CDG1) (Tang et al., 2008; Kim et al., 2011).
These, in turn, will phosphorylate and activate the phosphatase BRI1-suppressor 1 (BSU1),
which will lead to the dephosphorylation and inactivation of brassinosteroid-insensitive 2 (BIN2)
(Fig. 1.1). BIN2 is a kinase that, through the phosphorylation of transcription factors BZR1 and
BES1, acts as one of the main negative regulators of the BR signaling pathway (Kim et al.,
2009). Ultimately, the BR-dependent inactivation of BIN2 leads to the accumulation of
dephosphorylated BZR1 and BES1 in the nucleus, which act as transcription factors for the
brassinosteroid-responsive genes (Kim et al., 2009) (Fig. 1.1).

Figure 1.1: BR signal transduction pathway in the absence and presence of exogenous BR.
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1.2.3

Cytokinin
Cytokinins are a class of plant hormones that promote cell division and are therefore vital

for cell growth and differentiation in the RAM (Dello Ioio, 2008). They also play roles in apical
dominance, leaf senescence, and axillary bud growth. Cytokinins behave slightly differently than
auxins and brassinosteroids, as their effects on plant development often result from antagonistic
or synergistic relationships with other hormones (Kieber & Schaller, 2014).
1.2.4

Hormone Crosstalk
As detailed above, BRs promoting elongation and cytokinins promoting cell division are

just two examples of how hormones can play many different, and often opposing roles. This
antagonistic model, however, does not consider the complex interplay between hormones that is
crucial for plant development. This interplay, known as hormone crosstalk, occurs throughout
the plant and between each of the hormones previously detailed.
1.2.4.1

Auxin/Brassinosteroid Crosstalk
Growing Arabidopsis at high temperatures has been shown to induce hypocotyl

elongation in an auxin dependent manner (Gray et al., 1998). In det2, a BR biosynthetic mutant,
this temperature-dependent hypocotyl elongation does not occur. Furthermore, weak bri1
mutants do not respond to high temperature growth (Nemhauser, Mockler & Chory, 2004).
Together, these findings suggest that high temperature-triggered auxin-dependent hypocotyl
elongation relies on a fully functional BR signaling pathway (Nemhauser, Mockler & Chory,
2004).
During root development, BR biosynthesis and auxin signaling are also connected
through a feedback loop involving BREVIS RADIX (BRX). BRX has been shown to maintain
optimal levels of BR in the root by maintaining the expression of CONSTITUTIVE
PHOTOMORPHOGENESIS AND DWARF (CPD), which encodes a BR-biosynthetic enzyme
(Mouchel et al., 2006). Interestingly, in the brx mutant, auxin-responsive gene expression is
impaired, and it has been shown that BRX itself is promoted by auxin (Mouchel et al., 2006).
This places BRX in the middle of a signaling pathway where auxin and BR impinge on each
other.
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In addition to these two examples, BR appears to be implicated in auxin signaling
regulation due to its ability to target many auxin-signaling genes such as ARF2, and auxin
transporters such as PIN2, PIN4, PIN7 (Li et al., 2005; Nakamura et al., 2004; Vert et al., 2008).
1.2.4.2

Auxin/Cytokinin Crosstalk
One of the simplest examples of auxin and cytokinin interplay is the formation of calli

from parenchyma cells. When parenchyma cells are treated with auxin or cytokinin alone, they
either grow very large and never divide, or do nothing. If they are treated with an intermediate or
equivalent ratio of auxin and cytokinin, they create an undifferentiated clump of cells known as a
callus (Skoog & Miller, 1957). By further modulating the levels of auxin and cytokinin,
differentiated structures can be induced. Higher auxin levels result in lateral root formation while
higher cytokinin levels result in shoot bud formation.
More complex examples of the relationship between cytokinin and auxin involve regulation at
the gene level. Auxin treatment has been shown to reduce the expression of cytokininbiosynthesis genes (Takei et al., 2004), whereas cytokinin treatment downregulates the
expression of PIN transporters PIN1, PIN3 and PIN7 through Arabidopsis response regulator 1
(ARR1). This produces plants that have shorter meristems, as the aforementioned transporters
control auxin transport through the vascular tissue (Dello Ioio, 2008).
1.2.4.3

Brassinosteroid/Cytokinin Crosstalk
BR and cytokinin show both an indirect and direct crosstalk relationship in Arabidopsis.

The indirect relationship between these two hormones is through regulation of PIN transporters
to adjust relative auxin levels throughout roots. BR has been shown to downregulate the
expression of PINs 4&7 while cytokinin has been shown to downregulate PIN2 and upregulate
PIN6 (Nakamura et al., 2004; Pernisova et al., 2009). In addition to this, a direct crosstalk has
been shown through studies of cytokinin oxidase (CKX3) mutants. The overexpression of CKX3
was found to enhance the growth of roots in Arabidopsis (Werner et al., 2003). Root growth was
further enhanced upon application of BR to these mutants which suggests that BR and cytokinin
could be participating in crosstalk to modulate root growth (Vercruyssen et al., 2011).
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Additionally, it has been shown that BR can enhance the biosynthesis of cytokinin- induced
anthocyanins (Yuan et al., 2015).
1.2.5

Hormone Mediated Transition Zone Development
Auxin and cytokinin further converge on a crucial signaling pathway that is responsible

for creating the transition zone in the RAM. The transition zone is the region where dividing
cells receive signals to stop dividing and to begin elongating before they eventually undergo
differentiation. One of the signals that dividing cells entering the transition zone receive is a
dramatic local reduction in auxin levels through the action of two main proteins: GH3.17 and
SHORT HYPOCOTYL 2 (SHY2) (Di Mambro et al., 2017) (Fig. 1.2). The production of these
two proteins is controlled by ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1) which,
itself is induced by cytokinin (Fig. 1.2). GH3.17 acts to conjugate free auxin with amino acids,
which promotes auxin’s inactivation and degradation (Pierdonati et al., 2019). Concurrently,
SHY2 represses the transcript levels of PIN1, PIN2, PIN3 and PIN7, thereby preventing further
shootward (PIN2) and rootward (PIN1, PIN3, PIN7) efflux of auxin (Dello Ioio et al., 2008; Di
Mambro et al., 2017). Collectively, GH3.17 and SHY2 reduce the amount of auxin in this group
of cells, which then make the developmental switch to differentiation. Where this pathway is
activated within the RAM will dictate the location of the transition zone and consequently, the
size of the RAM. If cytokinin activity activates this pathway closer to the quiescent center, it will
produce a smaller RAM because cells have less time to divide prior to reaching the
differentiation signal, therefore producing fewer cells.

Figure 1.2: Cytokinin-mediated auxin minimum pathway.
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1.3

Microtubules
MTs are hollow, cylindrical, and filamentous cytoskeletal elements that are roughly

25nm in diameter. They are formed by the polar association of alpha and beta tubulin subunits
that are joined together as obligate heterodimers. MTs can be found throughout the cell and also
form an important array known as the cortical MT (CMT) array. Within the division zone, the
CMTs are organized in a complex array that covers all faces of the cells. As cells reach the
transition zone, the CMT array also undergoes a transition to a predominantly transverse array
that primarily occupies the longitudinal faces. MTs can undergo changes such as these due to
their ability to rapidly grow or disassemble as triggered by many signals such as cell curvature,
impacts with other cytoskeletal filaments, cell division and environmental changes (Allard,
Wasteneys & Cytrynbaum, 2010). The ability to quickly disassemble allows the MT system to
undergo massive restructuring events that ultimately permit MTs to act as a key nexus between a
rapid intracellular response and various extra- and intracellular signals. This is exemplified when
examining the role of MTs in cell division in plants, and more specifically, in the division zone
of the RAM.
1.3.1

Division Zone Cortical Microtubule Array
The cell divisions that characterize the RAM’s division zone are dependent on global MT

array reorganization, which facilitate the formation of various functional structures. These
structures include the preprophase band (PPB), the mitotic spindle, the phragmoplast, and the
interphase CMT array (Fig. 1.3). The PPB is a ring-like, equatorial band of MTs that is
established in G2. Its location predicts the plane where future cell division will take place,
known as the division plane (Staehelin & Hepler, 1996). The PPB undergoes continuous
narrowing until it finally disappears at the beginning of metaphase (Wick & Duniec, 1983). As
the cell progresses into metaphase, the tubulin dimers that once formed the PPB MTs are reused
to form the mitotic spindle, which pulls condensed chromosomes to the cell poles (Wasteneys,
2002). During the transition to telophase, the phragmoplast will form at the location
predetermined by the PPB. The phragmoplast directs the deposition of cell-wall materials from
Golgi-derived vesicles to form the new cell plate (Smertenko et al., 2017). As the cell plate is
formed, the MTs at the center of the phragmoplast disassemble and reassemble at the outer edge
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of the phragmoplast until the plate fully separates the two cells. At this point, MTs will emanate
from the nuclear envelope towards the edges of the cells to populate the cell cortex, creating the
interphase CMT array.

Figure 1.3: Various MT arrays throughout the cell cycle.
Microtubules are shown in pink, nuclei or chromosomes are shown in light blue.

1.3.2

Interphase CMT Array
The interphase CMTs are organized in a complex, ‘mixed’ pattern under ideal conditions

in WT root epidermal cells (Fig. 1.4). This pattern has been suggested to promote continual
proliferation of meristematic cells, but it interestingly violates the geometry-based selforganizing nature of the cortical array (Ambrose et al., 2011a). This geometry-based
organization dictates that MTs are more likely to undergo depolymerization when encountering
sharp edges, such as those at the transverse cell edge in the case of proliferative divisions of
longitudinally oriented cells. An edge’s “sharpness” refers to how close to 90° the angle between
the two faces is and the sharper the edge, the less likely a MT will be able to surpass it. If MTs
were unable to surpass this barrier, they would undergo continual disassembly upon interaction
with the cell edge, eventually adopting an orientation parallel to the sharp edges known as a
transverse array (Fig. 1.4). The preference of mixed arrays suggests the presence of a factor, or
factors, that promote MT growth around these edges. One such factor is a microtubule-associated
protein known as CLASP.
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Figure 1.4: Mixed and transverse CMT arrays.
MTs are shown in pink, clusters of MTs in mixed array cell represent TFBs.

1.3.3

Microtubule Associated Proteins
The restructuring events detailed above could not be executed by MTs alone, instead,

these events rely on factors such as MT-associated proteins (MAPs). MAPs can stabilize or
destabilize, crosslink, promote the association of various factors to, or even cause MTs to grow
in specific directions or orientations. Within the context of the RAM and promoting meristematic
proliferation, a few MAPs are particularly important.
1.3.3.1

CLASP
The complex CMT array in meristematic cells and the rescue of sharp cell edge-induced

catastrophe arises from the activity of a MT-associated protein known as Cytoplasmic Linker
Associated Protein (CLASP) (Ambrose et al., 2011a). In humans, CLASP has been shown to be
essential for controlling MT polymerization during mitosis as well as regulating the stability and
density of interphase microtubules in animal cell models (Patel et al., 2012; Mimori-Kyosue et
al., 2005). In plants, CLASP has been implicated in hormone signaling as well as the promotion
of MT stability, which work together to maintain meristematic cell divisions.
Some of the most well-established connections between CLASP and hormones exist in
CLASP’s BR-mediated regulation, and the promotion of BRI1 and PIN2 receptor recycling via
an interaction between CLASP and Sorting Nexin 1 (SNX1). The CLASP gene promoter
contains a BRRE element that BZR1 and BES1 can bind to, effectively downregulating CLASP
expression (Ruan et al., 2018). CLASP, however, also promotes the recycling of BRI1 receptors
to the PM by stabilizing SNX1 endosomes along CMTs (Ruan et al., 2018). Thus, when CLASP
10

expression is downregulated, there is a reduction in the number of BRI1 receptors on the PM.
This negative feedback loop maintains the appropriate concentration of BR throughout the root
which is thought to promote proper RAM growth and development (Ruan et al., 2018). In
addition to promoting the recycling of BRI1 via SNX1, CLASP also promotes the recycling of
PIN2 in the same manner (Ambrose et al., 2013). In the division zone, PIN2 is apically polarized
in the cortex which promotes shootward efflux of auxin in the epidermis and rootward efflux of
auxin in the cortex. This polarity flips within the transition zone and PIN2 becomes basally
polarized in the cortex cells which causes auxin to flow shootward in both the cortex and
epidermis (Feraru & Friml, 2008)
In addition to the role CLASP plays in hormone signaling, it has been shown to be
involved in MT stability. In plants that are overexpressing CLASP, the MTs are more resistant to
microtubule depolymerization from oryzalin treatment (Ambrose et al., 2007). Additionally,
CLASP facilitates the rescue and stabilization of interphase CMTs that encounter sharp cell
edges by promoting the formation of structures known as transfacial bundles (TFBs) (Ambrose
et al., 2011a).
At sharp cell edges and along MTs, CLASP localizes in punctate structures with some
enhancement at the plus ends of the MTs (Kirik, 2007; Ambrose et al., 2011a). TFBs are
structures that exhibit punctate CLASP localization and consist of bundles of MTs that can grow
around sharp cell edges without undergoing catastrophe or rapid disassembly (Ambrose et al.,
2011a). These structures promote a mixed (both transverse and longitudinally oriented) MT array
in meristematic cells, which is strongly associated with their ability to sustain cell division
(Ambrose et al., 2011a). In addition to this, CLASP is thought to further promote the mixed array
by keeping MTs attached to the cortex of cells (Ambrose et al., 2011b). T-DNA insertion
CLASP-null mutants, clasp-1, are dwarfed plants that have shorter roots and cells, fewer
meristematic cells, and altered MT arrays compared to the wild type (Ambrose et al., 2007).
clasp-1 plants do not form TFBs, which forces the CMT array to adopt a primarily transverse
orientation, which is associated with cells exiting the cell cycle prematurely (Ambrose et al.,
2011a). It has also been demonstrated that detachment of MTs from the cortex in clasp-1 cells
correlates with greater MT coalignment, and thus a more transverse array (Ambrose et al.,
2011b). The mitotic and cytokinetic MT arrays are also affected; often clasp-1 mutants produce
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poorly developed PPBs and shorter phragmoplasts (Ambrose et al., 2007). These defects are
accompanied by an impairment in cell cycle progression and often, nuclear division precedes
microtubule reorganization events (Ambrose et al., 2007).
1.3.3.2

MAP65
The members of the MAP65/Ase1/PRC1 family are microtubule associated proteins

which are cell cycle regulated and bind to antiparallel MTs. In yeast, ANAPHASE SPINDLE
ELONGATION1 (Ase1) functions to hold the two spindles together throughout spindle
elongation and defines a region where other midzone components will recognize and bind to
exert their intended effects (Khmelinskii et al., 2009). In humans, protein required for
cytokinesis (PRC1) binds to and stabilizes the spindles allowing cells to complete cytokinesis
(Mollinari et al., 2002). Ultimately, at the end of mitosis, PRC1/Ase1 must undergo degradation
to allow spindles to disassemble. In Arabidopsis, there are nine members of the MAP65 family
(MAP65-1 to -9). Unlike their yeast and mammalian counterparts, the MAP65s are not
individually required for plant survival. Significant defects, such as those seen when knocking
out PRC1/Ase1, are only observed when multiple MAP65 members are knocked out or defective
at the same time (Sasabe et al., 2011).
1.3.3.2.1

MAP65-1 and MAP65-2

MAP65-1 and MAP65-2 are functionally redundant, microtubule-bundling proteins that
have been shown to associate with the CMT array and numerous mitotic MT structures
(Smertenko et al., 2004). Specifically, these proteins bundle MTs that have their plus ends in
opposing directions, known as antiparallel MTs. MAP65-1 and MAP65-2 localize to the PPB
during prometaphase. Upon the transition to metaphase, these proteins undergo
hyperphosphorylation and subsequent inactivation by alpha aurora kinases, cyclin-dependent
kinases (CDKs) and mitogen-activated protein kinases (MAPKs) (Smertenko et al., 2006; Boruc
et al., 2017). MAP65-1 and MAP65-2 are then dephosphorylated prior to the formation of the
phragmoplast, where they can be found at the midline. Here, they bundle antiparallel
phragmoplast microtubules from opposing sides of the phragmoplast to hold it together while the
cell plate is deposited (Smertenko et al., 2004). Once this happens, two kinesins, TETRASPORE
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and HINKEL, will interact with NPK1, a MAPKKK, and deliver it to the phragmoplast midzone
where it will inactivate MAP65-1 and MAP65-2 (Smertenko et al., 2017). Upon inactivation,
MAP65-1 and MAP65-2 will dissociate from the microtubules, allowing them to depolymerize
into tubulin dimers. These tubulin dimers can be repolymerized at the outer edges of the
phragmoplast, facilitating its growth to either edge of the cell.
In addition to the mitotic arrays, MAP65-1 and MAP65-2 also label cortical microtubules
(Lucas & Shaw, 2012). Of particular interest, although not noted by the authors, MAP65-1 and
MAP65-2 tagged with fluorescent reporter proteins form intensely fluorescent puncta found at
the transverse cell edges that appear to be TFBs. The presence of MAP65-1 and MAP65-2
labelled TFBs suggests a potential role for these proteins in the formation or maintenance of
TFBs alongside CLASP. Concordant with this, map65-1 map65-2 double mutants share a few
phenotypic similarities with clasp-1 mutants including dwarfed structure, shorter roots, and
fewer meristematic cells (Lucas et al., 2011). Given these similarities, and the ability of MAP651 and MAP65-2 to bundle microtubules, I hypothesize that these proteins have functional
interdependence in the formation or maintenance of TFBs, which in turn promotes proper cell
cycle entry and root growth.
1.4

Research Objectives

The aim of this thesis is to understand how CLASP is influencing the balance between cell
division and differentiation in the root apical meristem, with a specific focus on the proliferation
of meristematic cells and the establishment of the transition zone.
To complete this, I focused on two objectives:
1) Investigating the connection between BR signaling and cytokinin-mediated establishment
of the transition zone.
2) Investigating a potential functional interdependence between CLASP, MAP65-1 and
MAP65-2 and determining if this plays a role in TFB formation.
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Chapter 2: Upregulation of the cytokinin response factor ARR1 is associated
with brassinosteroid-dependent downregulation of the microtubule-associated
protein CLASP.

2.1

Introduction
The RAM in clasp-1 mutants is significantly smaller than that of WT plants, which

suggests that clasp-1 cells are undergoing precocious cell cycle exit and transitioning into the
elongation zone at an earlier point (Ambrose et al., 2007). A potential explanation for this is that
the transition zone could be established closer to the quiescent center in these plants than it is in
the WT. Recent supporting evidence demonstrates the transition zone establishing genes, ARR1,
SHY2 and GH3.17 are upregulated in the absence of CLASP (Ruan et al., 2018). This suggests
that CLASP, in WT plants, may function to downregulate these genes. It is unclear why CLASP
may play this regulatory role; however, the answer may lie in the negative regulation of CLASP
expression by BR (Ruan et al., 2018). This idea, alongside numerous examples of hormone
crosstalk and their crucial impact on plant development, supports a model whereby CLASP
serves as an intermediary between BR and cytokinin in transition zone establishment. Based on
these previous studies, I hypothesized that BR downregulates CLASP near the transition zone to
increase the expression of cytokinin-mediated genes, promoting cell cycle exit.
To understand the role that BR regulation of CLASP plays in this process, we aimed to uncouple
CLASP from the BR signaling pathway. Alterations in the cytokinin-mediated genes that result
directly from BR regulation of CLASP expression would then be identified using epi-brassinolide
(eBL) treatments. To do so, I utilized a BR-insensitive CLASP (brinCLASP) plant line. To
generate this line, the CLASP gene promoter’s BZR1/BES1 binding site was changed from
CGTGTG to AAAAAA rendering it unable to be bound to by BZR1/BES1 and thus, making it
non-responsive to BR (Ruan et al., 2018). Dr. Laryssa Halat created the brinCLASP plant line by
combining the mutant promoter with a DNA sequence encoding GFP-CLASP and introducing it
into the clasp-1 null mutant background using Agrobacterium-mediated transfection. brinCLASP
has been shown to have constitutively higher levels of CLASP gene expression and GFP-CLASP
protein levels, and these levels remain high in the presence of eBL (L. Halat, unpublished).
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2.1.1

Objectives

For this chapter, I had the following research objectives:
1. To examine expression of ARR1, GH3.17 and SHY2 in brinCLASP plants to see if the
basal levels of gene expression were different than those in the WT.
2. To examine expression of ARR1, GH3.17 and SHY2 in eBL-treated WT and brinCLASP
plants to see if the absence of brassinosteroid-responsive CLASP impacted their
expression.
2.2
2.2.1

Results
brinCLASP show no change in basal levels of ARR1, GH3.17 and SHY2 when

compared to WT.
Ruan et al. (2018) obtained RNA-seq data that showed ARR1, GH3.17 and SHY2
expression were upregulated in clasp-1 mutants, leading us to predict that these genes should be
downregulated in brinCLASP. Expression of these genes was examined using reverse
transcriptase quantitative polymerase chain reaction (RT-qPCR). I found no significant
difference in the expression of ARR1, GH3.17 and SHY2 between WT and brinCLASP plants
(Fig 2.1).

Figure 2.1: ARR1, GH3.17 and SHY2 gene expression unchanged in brinCLASP when compared to WT.
RT-qPCR of ARR1, GH3.17 and SHY2 transcript levels in brinCLASP plants relative to WT. MUSE3 (At5g15400)
was used as a reference gene. Data are means from 2 independent biological replicates and error bars represent the
SEM.
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2.2.2

The BRI1-mediated BR signaling pathway is enhanced in the brinCLASP line
Although CLASP gene expression is unaffected by eBL treatments in the brinCLASP

line, it is known that CLASP levels are higher as compared to WT and that CLASP sustains the
presence and activity of BRI1 at the plasma membrane (L. Halat, unpublished; Ruan et al.,
2018). As a result, I predicted that BRI1-mediated BR signaling would be enhanced in
brinCLASP. To test this, I compared the expression of DWF4, a BR-biosynthetic gene that has
been shown to be downregulated by BR signaling, in WT and brinCLASP plants after treatment
with 10nm eBL. I found that eBL treatment reduced DWF4 expression by 46% in WT plants and
by 57% in brinCLASP plants (Fig. 2.2).

Figure 2.2: brinCLASP are more sensitive to eBL treatment.
RT-qPCR of DWF4 transcript levels in eBL treated WT and brinCLASP plants relative to the mock treatment for
each genotype. MUSE3 (At5g15400) was used as a reference gene. Data are means from 2 independent biological
replicates and error bars represent the SEM. *(Students t-test, p<0.05).

2.2.3

ARR1 is induced upon eBL treatment in WT plants, and this depends on CLASP

downregulation
To identify if BR regulation of CLASP functions to regulate the cytokinin-mediated
establishment of the transition zone, I examined the expression of ARR1, SHY2 and GH3.17 in
WT and brinCLASP plants treated with eBL. I found that ARR1 expression was slightly
upregulated (20%) in WT plants but was not changed in brinCLASP plants (Fig 2.3)
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Figure 2.3: ARR1 expression is increased in eBL treated WT seedlings but not eBL treated brinCLASP
seedlings.
RT-qPCR of DWF4, ARR1, GH3.17 and SHY2 transcript levels in eBL treated WT and brinCLASP plants relative to
the mock treatment for each genotype. MUSE3 (At5g15400) was used as a reference gene. Data are means from 2
independent biological replicates and error bars represent the SEM.

2.3

Discussion
The finding that ARR1, GH3.17 and SHY2 expression is unchanged in brinCLASP

compared to WT conflicts with both the expected results based on the Ruan et al. (2018) RNA
seq data set, as well as phenotypic findings by other members of my lab (L. Halat, unpublished).
The RNA seq data set shows that without CLASP present, ARR1, GH3.17 and SHY2 expression
is increased (Ruan et al., 2018). Additionally, in the absence of CLASP, the BR signaling
pathway is dampened. Together, this suggests that the BR signaling pathway normally functions
to downregulate the expression of these genes. In the context of brinCLASP, there is more
CLASP present due to a lack of BR downregulation, which, if consistent with the clasp-1 RNAseq data, should result in significant downregulation of ARR1, GH3.17 and SHY2.
Phenotypically, we also predicted this should cause a longer root than WT as a result of
cytokinin-mediated genes not being expressed highly enough to trigger the auxin minimum, thus
establishing it further from the QC. Not only are ARR1, GH3.17 and SHY2 expression levels
unchanged, but brinCLASP roots are shorter than WT, indicating the transition zone is occurring
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closer to the QC (L. Halat, unpublished). While these findings could indicate that perhaps ARR1,
GH3.17 and SHY2 are triggering the transition zone earlier, it is more likely that higher levels of
BRI1-mediated BR signaling in brinCLASP result in an early transition zone. In brinCLASP, the
stronger decrease in DWF4 expression upon application of eBL when compared to WT suggests
that there are indeed higher levels of BRI1-mediated BR signaling. Application of BR to WT
plants, and thus increased activation of BRI1-mediated signaling, has been shown to result in
smaller roots as well (Clouse, Langford & McMorris., 1996; Ruan et al., 2018). This, in
combination with the data I have presented suggests that the smaller root phenotype is
independent of ARR1, GH3.17 and SHY2 activity and is instead directly BR related. It should be
noted, however, that gene expression does not necessarily correlate with protein levels or activity
and thus may be an incomplete picture of what is occurring in brinCLASP roots with respect to
the proteins produced by auxin minimum-establishing genes.
An additional consideration is that the tissue and technique selection in this study could
be skewing the results slightly. ARR1 and GH3.17 are only expressed in the columella and lateral
root cap but can exert their effects on auxin levels throughout the root due to PIN based reflux of
auxin (DiMambro et al., 2017). It is likely that there is tight spatiotemporal control over the
activation of these genes, so the auxin minimum is established in the correct place. As a result,
my sampling of the whole root tip below the first root hair may not provide the most accurate
findings. Additionally, the finding that there is a 20% increase in ARR1 expression in brinCLASP
plants treated with eBL points to a need for a more sensitive gene expression modality than
traditional RT-qPCR. This is because significant findings in RT-qPCR are generally thought to
be 2-fold changes due to the accuracy and sensitivity of the system. A different modality, such as
digital qPCR, is more sensitive to smaller fold changes and could add certainty to these findings.
The results for GH3.17 and SHY2 show significant variation between the two biological
replicates, as indicated by the relatively large SEM bars in Fig 2.3. This could be due to the lack
of spatiotemporal precision in the technique used, which did not isolate just the specific regions
of GH3.17 and SHY2 expression, nor the specific time in which those might be the most crucial
to developing the auxin minimum. In addition to this, DiMambro et al. (2017) showed that the
location of the auxin minimum was adjusted upon 12 hr treatment with cytokinin, but the
transition zone didn’t shift until 20 hrs of cytokinin treatment. In this study, I utilized a 6 hr
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treatment of eBL based on evidence from Ruan et al. (2018), which showed that this was
sufficient to impact CLASP levels. This time could have been insufficient to cause and observe
measurable changes in gene expression for GH3.17 and SHY2 but could have been sufficient for
measurable changes in ARR1 (Fig 2.3).
When considering GH3.17 expression, it is important to note that optimal primers were
unable to be designed. For the polymerase used in this study, I was unable to design primers that
covered both splice variants and crossed exon-exon junctions. Instead, I used primers that
individually covered both splice variants, or crossed exon-exon junctions, and obtained results
with equivalent variability. This indicates that these results are not primer specific and likely
result from the issues discussed above.
Considering SHY2 independently, it has recently been shown that SHY2 expression is
regulated by BES1, a BR transcription factor activated by BR application (Li et al., 2020). This
makes it difficult to discern the effects of ARR1 regulating SHY2 (potentially downstream of
CLASP) versus BES1 regulating SHY2 and suggests that it should be removed from future
analyses.
Upon eBL treatment, brinCLASP showed a larger decrease in DWF4 gene expression
than WT, which is consistent with our predictions. Based on the model suggested by Ruan et al.,
(2018) higher levels of CLASP, such as those seen in brinCLASP, should lead to a greater
amount of BRI1 being recycled to the PM rather than undergoing degradation. This suggests that
brinCLASP should have higher levels of BR signaling due to higher levels of BRI1 at the PM.
Ultimately, higher levels of BR signaling should lead to a greater decrease in DWF4 expression
and thus a greater decrease in BR biosynthesis.
Overall, the measured increase in ARR1 expression in WT that is not observed in
brinCLASP suggests that BR regulation of CLASP may play a role in regulating the auxin
minimum pathway. It is currently unclear how CLASP may be involved in this pathway, but it is
likely connected to CLASPs role in PIN2 and BRI1 recycling at the plasma membrane. This
finding would be strengthened by observations of a more significant impact on gene expression
which could happen upon longer eBL treatment as discussed above.
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2.4

Methods

2.4.1

Plant material, growth conditions and eBL treatments
brinCLASPpro::GFP-CLASP (brinCLASP) seeds were obtained from Dr. Laryssa Halat.

Roughly 300 WT and 600 brinCLASP seeds were surface sterilized using a 50% (v/v) ethanol,
3% (v/v) hydrogen peroxide solution for 80s prior to being washed 5 times with autoclaved
distilled water. Seeds were then placed on ½ MS (pH 5.8) +1% (w/v) bacto-agar plates that were
sealed with surgical tape and vernalized upright for 2 days at 4°C prior to being transferred into a
growth chamber and grown for 6 days with continuous light at 21°C.
For drug treatments, strips of filter paper were soaked in liquid ½ MS media with either 10nM
eBL dissolved in DMSO (Sigma) or an equivalent amount of DMSO and placed over the roots of
6-day old seedlings as previously described (Gonzalez-Garcia et al., 2011). The plates were then
taped with surgical tape and placed back into the growth chamber upright for 6 hours.
2.4.2

RNA extraction, cDNA synthesis and RT-qPCR
After 6 hr treatment with eBL or DMSO, root tips were excised below the differentiation

zone as marked by the formation of root hairs. The tissue was then ground in TriZol (Invitrogen),
and RNA was extracted using the phenol-chloroform method. DNase treatment was carried out
using amplification-grade DNase I (Invitrogen) on 500ng of RNA as per the manufacturers
protocol. cDNA was then synthesized using SuperScript III Reverse Transcriptase (Invitrogen)
as per the manufacturers protocol with oligo (dT)18. qPCR reactions were run using the SensiFast
SYBR & Fluorescein Kit (BIOLINE) as per manufacturer’s protocol in a BioRad IQ5
thermocycler. Gene expression was quantified using the Pfaffl method (2001).
Gene

Forward (5’-3’)

Reverse (5’-3’)

ARR1

AAGGACGAAGATGCGTCGAA

TTTAGGACCGCCTTCTCAAC

GH3.17 GACAAGAATCAACAAAGCTTCAAAA AGAAGTCCCCGAACTAGTGA
SHY2

GGTTTAGGCTGTGGTGTATGAG

CCCAAGCACAGACAGAGATTT

MUSE3 GTGGGAGCAGAGACCAACTC

TGGCAACCCTCTCAACCATC

DWF4

CCTAAGCTCTTCAACGGCTTTAG

CACGAGCAACGATATTGAAGTTC

Table 2.1: Primers used for qPCR
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Chapter 3: MAP65
3.1

Introduction
The formation of TFBs at sharp cell edges in Arabidopsis is promoted by the MT rescue

factor CLASP (Ambrose et al., 2011a). CLASP is not a known microtubule-bundling protein,
which suggests that it is potentially working with another protein, likely a MT-bundling protein,
to facilitate the formation of TFBs.
MAP65-1 and MAP65-2 are MT-bundling proteins that display characteristics consistent
with bundling of MTs at newly formed cell edges in the root division zone. In micrographs of
Arabidopsis roots expressing translational reporters of MAP65-1 and MAP65-2, they appear to
colocalize with TFBs (Lucas & Shaw, 2011). This was not acknowledged by the authors and
could simply result from a higher density of MTs at the cell edges or be an artifact from the
confocal stacking, but it could also indicate a functional significance at these sites. In addition to
this, it has been shown that MAP65-1 and MAP65-2 preferentially colocalize with coaligned
MTs as would be found at TFBs (VanDamme et al., 2004). A key characteristic of TFBs is that
MTs bend around edges that are too sharp to facilitate the bending of non-bundled MTs.
Interestingly, it has been shown that MAP65-1 and MAP65-2 increase the flexibility of both
independent and bundled MTs in vitro (Portran et al., 2013). With this finding, it was suggested
that MAP65-1 and MAP65-2 play a role in steep contact angle bundling (Portran et al., 2013),
which occurs with TFBs.
The mammalian and yeast orthologues of MAP65 have been shown to directly interact
with CLASP orthologs to facilitate functional changes throughout the cell. In both cases, the
MAP65 orthologs have been shown to physically interact with CLASP orthologues and target
them to regions of MT overlap such as the spindle (Bratman & Chang, 2007; Liu et al., 2009).
Once directed to the spindle, the CLASP orthologues stabilize the spindle, which in the case of
mammalian CLASP1 has been shown to allow for proper chromosomal segregation (Liu et al.,
2009).
Due to the large number of Arabidopsis MAP65 paralogues, they do not individually play
such significant roles as their mammalian and yeast single-gene counterparts. However, it has
been suggested that similarities in the map65-1 map65-2 and clasp-1 mutant hypocotyl
phenotypes point to a potential role for MAP65-1 and MAP65-2 in localizing CLASP to cortical
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bundle sites (Lucas et al., 2011). For example, the length of map65-1 map65-2 etiolated
hypocotyls was found to be 80% of WT length at 10 dpg (Lucas et al., 2011). Similarly, clasp-1
etiolated hypocotyls at 5 days were 53% that of WT (Ambrose et al., 2007). It was found that
both clasp-1 and map65-1 map65-2 mitotic indices in root apical meristems were similar to WT
indicating that these length defects resulted from arrested cell growth (Ambrose et al., 2007;
Lucas et al., 2011). clasp-1 and map65-1 map65-2 plants also had fewer meristematic cells with
14.6 (Ambrose et al., 2007) and 20.7 (Lucas & Shaw, 2012) cells in each division zone cortex
cell file respectively compared to an average of approximately 40 cells in WT (Lucas & Shaw,
2012). Additionally, clasp-1 mutants show poorly formed PPBs in 61% of prophase cells (18%
in WT) with 38% forming at an angle relative to the cell axis (7% in WT) (Ambrose et al., 2007).
Furthermore, the phragmoplast in clasp-1 was found to be shorter than in WT (Ambrose et al.,
2007). The known localization of MAP65-1 and MAP65-2 to these two mitotic arrays, provides
an additional potential connection between these proteins and CLASP.
Taken together, these findings point to a potential functional interdependence between
MAP65-1 and MAP65-2, and CLASP in the formation of TFBs. Specifically, CLASP could be
rescuing MTs at sharp cell edges and keeping them within close proximity for long enough that
MAP65-1 and MAP65-2 can recognize, bind to, and cross-link MTs to form fully functional
TFBs.
3.1.1

Objectives

I had the following research objectives:
1. Develop a map65-1 map65-2 clasp triple mutant and examine the phenotypic
characteristics of the roots.
2. Develop reporter lines that contain various combinations of fluorescent MAP65-1,
CLASP and MTs for future use in analysis.
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3.2

Results

3.2.1
3.2.1.1

map65-1 map65-2 claspCRISPR triple mutant
The T3 generation of putative triple mutants show significant variability in

phenotype.
To knockout CLASP in the map65-1 map65-2 line, a CRISPR Cas9 construct was used,
which included an egg-cell-specific promoter (Wang et al., 2015), a coding region for two guide
RNAs (gRNAs) targeted to the 6th and 14th exons of CLASP, and the Cas9 endonucleaseencoding gene. Given that plants lacking expression of CLASP should have a short-root
phenotype, the T1 and T2 generations were selected on the basis of both antibiotic resistance
(linked to the CRISPR Cas 9 construct) and reduced root lengths. However, the T3 generation,
which was expected to segregate triple homozygous map65-1 map65-2 claspCRISPR plants,
resulted in significant variation in root phenotype (Fig. 3.1; Table 3.1). Four distinct phenotypes
were observed: long root, short root, seedling-lethal and seed-lethal (Fig. 3.1). The long-root
plants were visually similar to the map65-1 map65-2 mutant while the short-root plants were
visually similar to clasp-1 plants. Seedling-lethal plants had small and underdeveloped roots,
even after two weeks of growth (Fig. 3.1). None of these plants developed further, even after
three or more weeks of growth on ½ MS, and some exhibited agravitropic growth (Fig. 3.1). The
seed-lethal plants never germinated in that same time span. These 4 phenotypes segregated in an
approximate 1:1:1:1 ratio, but this could not be tested statistically due to the small sample size
(72 total) (Table 2). These results suggest that the T3 generation could be segregating for the
clasp-1 knockout.
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Figure 3.1: Root phenotype variability in 5-day old putative map65-1 map65-2 claspCRISPR T3 seedlings
suggests lines are segregating for the claspCRISPR knockout.
A) Representative image showing phenotypic variation in the T3 putative map65-1 map65-2 claspCRISPR mutants.
From left to right: two seedling-lethal, a long root, a seed-lethal, a long-root and a short-root plant. Length/width of
etching on the plate represents 13mm. B) Stereoscope images of 2-week-old putative map65-1 map65-2 claspCRISPR
seedling-lethal plants demonstrating lack of proper root development. Image on right showing seedling displaying
agravitropic growth (image orientation is same as plate).

Stage of Growth

Number of Seeds/Seedlings (N=72)

Percentage

Seed

22

30.6%

Seedling

13

18%

Short root

17

23.6%

Long root

20

27.8%

Table 3.1: Number of seeds/seedlings at various growth stages as observed at 5dpg.
Short-root plants are <7mm at 5 days and long-root plants are >7mm at 5 days.

3.2.1.2

Short-root and long-root putative map65-1 map65-2 claspCRISPR plants seem to

represent distinct groups based on root length.
Homozygous knockouts of CLASP result in a short-root phenotype. In heterozygous
knockouts, the plants will display a phenotype matching the genetic background of the plant.
Due to this, and the visual difference in the roots of long root and short root putative map65-1
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map65-2 claspCRISPR plants, I hypothesized that these phenotypes represented distinct genotypes.
I first compared root lengths between putative genotypes using a histogram to see if there was a
bimodal or spread distribution in the putative map65-1 map65-2 claspCRISPR mutants. This
revealed a spread of root lengths with a peak hovering around 4mm and a smaller set of peaks
between 10-15mm (Fig. 3.2). The 4mm peak seems to align with the clasp-1 phenotype while the
10-15mm peaks seem to align with the map65-1 map65-2 or WT lines. This suggests that the
two different root lengths observed could represent different genotypes and using these data, I
decided to define short roots as those less than 7mm and long roots as greater than 7mm.

Figure 3.2: Histogram showing the spread of root lengths at 5dpg.

3.2.1.3

Short-root putative triple mutants have a clasp-1 root phenotype while long-root

putative triple mutants have a map65-1 map65-2 root phenotype.
The overarching goal of this project was to identify if MAP65-1, MAP65-2 and CLASP
are functionally interdependent. As such, I characterized the phenotype of the putative triple
mutant and compared this to both map65-1 map65-2 and clasp-1 plants with the aim of
identifying if the triple mutant shows additive phenotypic defects or phenotypically matches one
of the other mutants. Throughout these analyses the long and short root putative map65-1
map65-2 claspCRISPR plants were evaluated as separate groups due to the phenotypic findings
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detailed above. I utilized the length boundary of 7mm to define short roots (<7mm) and long
roots (>7mm).
The average length of WT roots at 5 days was 8.91mm, which is significantly shorter
than the average length of both the map65-1 map65-2 double mutant (11.8mm) and the putative
map65-1 map65-2 claspCRISPR long-root mutant (11.6mm) (Fig. 3.3). The mean length of clasp-1
roots at 5 days was 3.07mm, which is not statistically different from the average length of the
putative map65-1 map65-2 claspCRISPR short-root mutant (2.91mm) (Fig. 3.3). Overall, the shortroot putative triple mutants display the clasp-1 phenotype while the long root putative triple
mutants display the double map65-1 map65-2 mutant phenotype.

Figure 3.3: Root length analysis reveals that the long root putative map65-1 map65-2 claspCRISPR mutants were
similar to map65-1 map65-2 but the short root putative triple mutants are similar to clasp-1.
A) Representative images of 5-day old WT (n=67), map65-1 map65-2 (n=70), clasp-1 (n=56), and putative map65-1
map65-2 claspCRISPR (long root n=21, short root n=19) seedlings. Length/width of one etched square is 13mm. B)
Average root length of 5-day old Arabidopsis seedlings. Error bars represent SEM. Letters indicate statistical
significance with Kruskal-Wallis non-parametric one-way ANOVA and DSCF pairwise comparisons (p<0.001).

3.2.1.4

Meristematic cell number and length of short root putative map65-1 map65-2

claspCRISPR mutant is statistically similar to the clasp-1 mutant.
The short roots observed in clasp-1 are accompanied by meristematic defects including
shorter meristems with fewer meristematic cells. As such, I examined the meristems of the
putative map65-1 map65-2 claspCRISPR triple mutant using confocal microscopy of 6-day old
roots stained with propidium iodide. I compared the number of meristematic cells and the length
of the meristem in WT, map65-1 map65-2, clasp-1, putative map65-1 map65-2 claspCRISPR short
and putative map65-1 map65-2 claspCRISPR long seedlings.
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I found that the number of cells in the meristem and the length of the meristem in short
root putative map65-1 map65-2 claspCRISPR seedlings (18 cells, 139.3mm) was statistically
similar to the clasp-1 mutant (19 cells, 139.35mm) (Fig. 3.4B&C). I found an average of 37 cells
in the long root putative map65-1 map65-2 claspCRISPR meristems, which averaged 247.65mm in
length at 6 days (Fig. 3.4B&C). This is not statistically different from both WT (33 cells,
243.08mm) and map65-1 map65-2 (40 cells, 280.86mm) even though WT and map65-1 map652 are statistically different (Fig. 3.4B&C). Overall, these findings provide further evidence that
the short root triple mutant is likely homozygous for the claspCRISPR knockout. In addition to this,
the findings also show that the triple mutant phenocopies the claspCRISPR knockout, which
supports a functional interdependence between MAP65-1, MAP65-2 and CLASP.
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Figure 3.4: Comparison of meristematic cell number and length reveals that short root putative map65-1
map65-2 claspCRISPR mutants are similar to clasp-1 while long root putative map65-1 map65-2 claspCRISPR
mutants are similar to WT and map65-1 map65-2.
A) Representative confocal images of PI-stained roots. White arrowheads indicate the first cell in the transition
zone, yellow arrowheads indicate the QC. Images have been contrast enhanced for better visualization.
B&C) Quantification of meristematic cell number and meristem length respectively. The meristem division zone
was defined as the cortical cells occurring between the quiescent center (yellow arrowhead) and the point at which
cells increase in length (white arrowhead). Sample sizes (n): WT=29, map65-1 map65-2 = 29, clasp-1=27, putative
map65-1 map65-2 claspCRISPR short root=10, putative map65-1 map65-2 claspCRISPR long root=6. Error bars indicate
SEM. Letters above bars indicate statistical significance (p<0.001) assessed with one-way ANOVA and Tukey’s
post-hoc test.
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3.2.1.5

Short-root putative map65-1 map65-2 claspCRISPR meristems show defects in

meristem organization.
While performing the PI-stained microscopy detailed above, I noticed distinct defects in
the cellular morphology of the short root putative map65-1 map65-2 claspCRISPR mutant roots. I
noticed misoriented cell walls, a lack of the correct cell files and cells which had undergone
elongation in regions closer to the quiescent center (Fig. 3.5). These meristematic defects seemed
more severe in the short root putative triple mutant plants than any other genotype observed
suggesting that the combination of map65-1 map65-2 and claspCRISPR knockouts is particularly
impactful to meristem development and organization.

Figure 3.5: PI-stained images of 5-day old roots reveals cell morphology defects in short root putative map651 map65-2 claspCRISPR triple mutants that are more severe than other mutants.
Some defects can be observed in map65-1 map65-2 and clasp-1 mutants (white arrow heads). Compared to the other
genotypes, the short root putative map65-1 map65-2 claspCRISPR mutants show significant morphological defects
including abnormally swollen cells, lack of proper cell file organization and misoriented cell walls.

29

3.2.1.6

PCR check and sequencing of first CRISPR target site reveals no mutation in any

T3 lines.
The CRISPR construct could have created the claspCRISPR mutation in many ways
including deletion of nucleotides between the first and second target sites or mutations within the
first or second target sites. To check for a significant (large) deletion, PCR was performed on
gDNA extracted from 7 long root samples (L1-L7), 4 short root samples (S1-S4) and two Col-0
samples (C1, C2). The distance between the two target sites is 2434bp and primers were
designed to amplify a 3674bp region encompassing them both. Amplicons smaller than 3674bp
could therefore indicate deletions caused by the CRISPR clasp construct, with a total deletion
resulting in a 1244bp band. The amplicons produced by this PCR resulted in fragments larger
than 3000bp for all samples including long root and Col-0 samples (Fig. 3.6). This demonstrates
that deletions did not take place in any of the isolated plant lines, and specifically did not cause
the clasp-1-like phenotype in the short root putative map65-1 map65-2 claspCRISPR mutant lines.

Figure 3.6: Amplicons spanning two CRISPR target sites are ~3600bp in all genotypes indicating no significant
deletions were caused by the CRISPR construct.
Furthest left lane is the 1KB plus ladder (Invitrogen). Lanes L1-L7 represent samples amplified from long-root
putative map65-1 map65-2 claspCRISPR plants 1-7. S1-S4 represent samples amplified from short-root putative map651 map65-2 claspCRISPR plants 1-4. C1&C2 represent samples amplified from Col-0 plants 1&2.
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The next line of investigation was to determine if the first or second target site had been
mutated to result in the short root phenotype. To do this, a 500bp fragment surrounding the first
gRNA target site was amplified and sent for sequence analysis. This revealed no changes to the
genetic sequence in either the long-root putative map65-1 map65-2 claspCRISPR, or the short-root
putative map65-1 map65-2 claspCRISPR samples compared to Col-0. A 650bp fragment was then
amplified around the second target site. This fragment was successfully amplified from the longroot putative map65-1 map65-2 claspCRISPR samples but was unable to be obtained in the shortroot putative map65-1 map65-2 claspCRISPR samples. This could indicate some sort of deletion
that took place near this target site that resulted in the sequence no longer being complementary
to the designed primers or that the gDNA quality was too low to obtain a sample. Low gDNA
quality seems to be the most likely explanation as the amplified long root samples were
subsequently found to be of low quality and were unable to be sequenced.
3.2.1.7

Fully grown short root plants do not display the dwarf clasp-1 phenotype.
If the short root phenotype is indicative of a claspCRISPR knockout, then the fully grown

plants should have an overall dwarf stature matching the clasp-1 phenotype. Concordantly, I
predicted that the long-root putative map65-1 map65-2 claspCRISPR plants should be significantly
larger when fully grown, similar to WT. Fully grown long and short root putative map65-1
map65-2 claspCRISPR mutant T3 plants, however, had similar aerial organ stature and the short
root plants are not dwarfed like clasp-1 (Fig. 3.7). This indicates that the short root plants are
unlikely to have homozygous claspCRISPR knockouts.

31

Figure 3.7: Fully grown long root and short root putative triple mutant plants are similar in aerial organ
stature.
Images of long root plant (left) & short root plant (right) are representative.

3.2.1.8

T4 progeny from short root T3s do not have short roots
Given the finding that the short root seedlings do not result in plants with a clasp-1 dwarf

stature, we aimed to see if they would produce progeny which are short root, indicating some
sort of heritable phenotype. The progeny from short root putative map65-1 map65-2 claspCRISPR
T3’s had roots that were significantly longer (21.6mm) than clasp-1 mutant roots (5.05mm) at 10
dpg (ANOVA, p<0.001). The T4 progeny were statistically similar to the average length of WT
roots (23.9mm) indicating that the T3 short root putative map65-1 map65-2 claspCRISPR mutant
plants likely had no germline claspCRISPR mutation.
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3.2.2
3.2.2.1

Fluorescent MAP65, CLASP and TUB6 reporter lines
Fluorescent screening of F2 generation reveals mutants containing fluorophores

of interest
To better understand potential connections between CLASP, MAP65-1 and MAP65-2, it
is important to be able to observe the cellular localization of these proteins in the absence of each
other, with respect to each other, and with respect to MTs. To make this possible, I crossed
plants containing fluorescent markers for MAP65-1, MAP65-2, MTs and CLASP both with each
other and with map65-1 map65-2 or clasp-1 mutants (Table 3.2). Crosses that resulted in viable
seeds were grown to the F2 generation, at which point I screened these plants for the presence of
the fluorophores of interest using stereofluorescence and confocal microscopy. This revealed the
presence of all fluorophores of interest in the GFP-CLASP X map65-1 map65-2 line as well as
the GFP-CLASP X mCh-MAP65-1 line (Fig. 3.8). Lines positive for GFP-CLASP showed clear
CLASP puncta at transverse cell edges. mCh-MAP65-1 fluorescence displayed a filamentous
organization resembling a MT-based organization as shown in previous literature (Lucas &
Shaw., 2012). Plants that were successfully identified were planted to result in usable F3 lines. I
was unable to observe the presence of GFP-MAP65-1 in any of the crossed lines screened
(~100).

Figure 3.8: Micrographs of GFP-CLASP X mCh-MAP65-1 F2 seedling root tips show presence of both
fluorophores.
From left to right: Merge of GFP-CLASP and mCh-MAP65-1 channels shown to the right, GFP-CLASP channel
(used in merge), mch-MAP65-1 channel (used in merge), zoomed image of mCh-MAP65-1 channel showing
filamentous MT-like organization of MAP65-1.
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Cross

Positive for fluorophores?

GFP-CLASP X map65-1 map65-2

Yes

GFP-CLASP X mCh-MAP65-1

Yes

GFP-MAP65-1 X RFP-TUB6/clasp-1

GFP: No, RFP: Yes

GFP-MAP65-1 X RFP-TUB6

GFP: No, RFP: Yes

RFP-TUB6 X map65-1 map65-2

unable to produce progeny from crosses

Table 3.2: Crosses performed and results from F2 screening for fluorophore presence.

3.3
3.3.1

Discussion
map65-1 map65-2 claspCRISPR triple mutant lines
There are many potential explanations for the observed phenotypic variability in the

putative map65-1 map65-2 claspCRISPR mutant T3 lines. The first, is that the clasp CRISPR
construct is segregating out. Under this assumption, the short root plants represent homozygous
claspCRISPR knockouts, and the long root plants represent the map65-1 map65-2 plants. This was
my initial prediction based on the phenotypic differences in root length, meristem length and
meristematic cell number between the long and short root putative triple mutants. However, the
short root plants showed no mutation in the first CRISPR target site, had no significant gene
deletions between the two CRISPR target sites, did not result in dwarf aerial organs and their
progeny displayed WT root lengths. Additionally, this conclusion does not provide a reasonable
explanation for the seedling- and seed-lethal phenotypes observed in close to 50% of the T3
seedlings.
A second explanation that accounts for the short-root plants producing WT root progeny
is that the CRISPR construct caused somatic mutations in the root progenitor cells resulting in
short root plants. The egg cell-specific CRISPR method utilizes the promoter from an egg cellspecific gene known as egg cell 1.2 (EC1.2). This promoter should tightly control the temporal
expression of the CRISPR construct and ensure it is expressed only in the egg-cell stage. It has
been shown, however, that EC1.2 is expressed 1-2 days after fertilization, during the globular
embryo stage (Steffan et al., 2007). This stage coincides with the formation of the hypophysis
which will eventually give rise to the entirety of the root. If the EC1.2 promoter became active in
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the hypophysis, it could have led to somatic clasp mutations which would affect the root, but not
the aerial organs. Ultimately, this could result in clasp-1-like roots with map65-1 map65-2 aerial
tissues, which is consistent with my observation that the aerial tissues of short root putative
map65-1 map65-2 claspCRISPR mutant plants are non-dwarfed (Fig. 3.7). This conclusion also
explains the lack of short-root progeny resulting from short-root plants because the CRISPR
construct would not be present in tissues that produce the reproductive cells and thus, would not
be heritable by the next generation. This further fits the findings that 50% of seeds plated in the
T3 generation did not develop fully, pointing to the conclusion that these were true map65-1
map65-2 claspCRISPR mutants. I attempted to isolate gDNA from the seedling-lethal plants with
the hopes of sequencing and confirming this conclusion, but this was unsuccessful.
The evidence presented above suggests that it may be impossible to produce a non-lethal
map65-1 map65-2 claspCRISPR triple knockout plant. This would provide evidence of a more
involved relationship between CLASP and MAP65-1 and MAP65-2 than previously
hypothesized. It is known that MAP65-1 and MAP65-2 are localized to many cytokinetic MT
arrays, including the PPB and phragmoplast, where they bundle anti-parallel MTs. Given the
importance of CLASP in proper PPB and phragmoplast formation, perhaps the loss of both
CLASP and MAP65-1 and MAP65-2 at these sites is insurmountable for the plant. If so, this
points to a relationship similar to the mammalian and yeast orthologs of CLASP and MAP65
where MAP65 targets CLASP to regions of MT overlap where it is able to stabilize MTs. This is
consistent with CLASP’s role as a stabilizing factor and rescue factor in Arabidopsis (Ambrose
et al., 2007; Ambrose & Wasteneys, 2008). To my knowledge, there is no evidence to suggest
CLASP, MAP65-1 and MAP65-2 physically interact in Arabidopsis, but this is an interesting
future topic for study.
Another potential explanation to account for the seed- and seedling-lethal phenotypes is
that the CRISPR construct has off targets that are producing lethal mutations in these plants. This
seems highly unlikely in this circumstance as this construct has resulted in successful, non-lethal
clasp mutations in other lines and there are no potential off-targets reported by the tool used to
design this CRISPR construct (chopchop).
The observation that the map65-1 map65-2 roots are longer than WT contradicts findings
published by Lucas & Shaw in 2012. This is due to the fact that their findings were from
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seedlings grown in the dark on sucrose supplemented plates which has altered the growth
characteristics of the map65-1 map65-2 roots. When map65-1 map65-2 plants are grown in the
light, it has been shown that they are morphologically indistinguishable from WT plants (Sasabe
et al., 2011). My data more closely represents that presented by Sasabe et al and any difference
(increase in length) is likely due to the small sample size skewing the data.
3.3.2
3.3.2.1

MAP65 fluorescent reporter lines
GFP-CLASP lines
The filamentous organization of MAP65-1 observed in the GFP-CLASP X mCh-MAP65-

1 lines resembles a MT based localization which is consistent with the literature (Lucas & Shaw,
2011). This line, as well as the GFP-CLASP X map65-1 map65-2 line, showed GFP-CLASP
expression concentrated in the root tip and along cell edges which is also consistent with the
literature (Ambrose et al., 2007). The screened F2 lines both showed bright expression of the
fluorophores and will be good candidates for future studies detailed in chapter 4.
3.3.2.2

GFP-MAP65-1 lines
The fact that I was unable to isolate any mutants positive for GFP-MAP65-1 is

concerning as the plants were screened for fluorescence upon receipt and only seeds resulting
from these GFP-positive plants were used in the crosses. As a result, there should have been at
least a few GFP-positive plants in the F2 generation, but I was unable to observe any. A potential
explanation is that the initial plants were segregating out the fluorescent protein and some or all
of the selected plants could have been heterozygous for it. This would have resulted in a mix of
fluorescent protein genotypes in the plants used for crossing thus reducing the chances of a
homozygous fluorophore line being obtained. In addition to this, I did not screen for fluorescence
in the F1 generation which would again reduce the likelihood of obtaining fluorescent progeny.
As a result of these findings, I recommend the GFP-MAP65-1 crosses be repeated with lines that
are confirmed to be homozygous GFP-MAP65-1 by both fluorescence and PCR. These lines
should be fluorescence screened in each generation to ensure that the GFP-MAP65-1 is retained.
An additional complicating factor in the GFP-MAP65-1 X RFP-TUB6 cross is that the
RFP-TUB6 line is known to be homozygous lethal. It has been shown to be bright enough in the
36

heterozygous form for visualization of MT’s but would drastically reduce this line’s ability to
produce progeny. This is likely to play a role in the lack of positive transformants but given the
presence of RFP fluorescence in some of these lines (Table 3.2) this seems minimal. Given this, I
believe the same approach should be taken as noted above by confirming the GFP-MAP65-1
line’s homozygosity.
3.3.2.3

RFP-TUB6 X map65-1 map65-2
I was unable to obtain any viable seeds from the 11 RFP-TUB6 X map65-1 map65-2

crosses completed, regardless of which plant was female/male. The fact that the RFP-TUB6 line
is homozygous lethal could play a role in this. This would reduce the number of RFP-containing
lines which would hinder my ability to obtain the double mutants. In addition to this, the
insertion site of the RFP-TUB6 sequence could be in a gene that causes a detrimental/lethal
defect when combined with the map65 double KO. With this line, the crosses should be repeated
using a newly created RFP-TUB6 reporter which is not homozygous lethal or a different MT
marker line.
3.4
3.4.1

Methods
Plant material and growth conditions
Seeds were sterilized using a 50% ethanol, 10% hydrogen peroxide solution for 80

seconds prior to being washed 5 times with autoclaved distilled water. Seeds were placed on
1/2MS +1% agar plates that were sealed with surgical tape and stratified for 2 days at 4ºC prior
to being placed vertically in a growth chamber under continuous light at 21ºC.
3.4.2

Creating the map65-1 map65-2 claspCRISPR mutant line
I obtained Agrobacterium tumefaciens transformed with a CRISPR clasp construct which

was designed and cloned by Dr. Laryssa Halat (as described in Halat 2021, PhD thesis). I
transformed this into a map65-1 map65-2 line obtained by Dr. Chris Ambrose from the Sack lab
using the floral dip method (Bent & Clough, 1998). Selection of plants was carried out using
antibiotics and phenotypic characteristics.
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3.4.3

Root length analysis of putative triple mutant line
Plates of WT, clasp-1, map65-1 map65-2 and T3 putative map65-1 map65-2 claspCRISPR

mutant seedlings were scanned at 5 dpg. Root lengths were measured using the segmented line
function on FIJI (Version 1.0). Kruskal-Wallis non-parametric one-way ANOVA and DSCF
pairwise comparisons were used to assess statistical significance due to failing the Levene’s
homogeneity of variances and normality tests with a standard one-way ANOVA.
3.4.4

Meristem length and meristematic cell number analysis of putative triple mutant

line.
7-day old WT, clasp-1, map65-1 map65-2 and the T3 generation of putative map65-1
map65-2 claspCRISPR seedlings were treated with propidium iodide as per the protocol found in
Halat, Gyte & Wasteneys (2021) and imaged on a Perkin Elmer UltraView Spinning Disk
Confocal Microscope with a Hamamatsu 9100-02 Camera and a 20X/NA 1.25 oil lens. A 561nm
laser and 595/50 emission filter were used, and images were captured using the Volocity 6.3
software package (Perkin Elmer).
Meristem length was defined as the distance from the quiescent center to the first cortical
cell with double the longitudinal length of the previous cell. This was measured using the
segmented line function in FIJI (Version 1.0). The number of meristematic cells between these
regions was then counted. One-way ANOVA and Tukey’s post-hoc test were used to assess
statistical significance.
3.4.5

Confirming the putative triple mutant line
Young leaf tissue was harvested from the short-root and long-root putative map65-1

map65-2 claspCRISPR mutant lines and gDNA was isolated using Edward’s buffer. To check for
deletions between the first and second target sites, a region encompassing both target sites was
amplified using the clasp deletion primer pair. These amplicons were then run on a 1% agarose
gel to assess size. To sequence the first and second target site, regions encompassing each target
site were amplified separately using either the clasp genotyping target 1 or clasp genotyping
target 2 primers. Amplicons were column purified and sequenced using Sanger sequencing.
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Primer

Sequence (5’-3’)

clasp deletion FWD

GAACTTGAGTTCAGTCCGTGC

clasp deletion REV

TTTGACCCTGTCATTCAAAGG

clasp genotyping target 1 FWD

GAGCCACAACTGCGTTCTAC

clasp genotyping target 1 REV

GCGCATGCCTCAAAATCTCC

clasp genotyping target 2 FWD

CTTACCGTGGCAATCTGTTG

clasp genotyping target 2 REV

TCTTTAGGGTCAATTAGCCG

Table 3.3: Primers used to genotype putative map65-1 map65-2 claspCRISPR plants.

3.4.6

Creating the fluorescent MAP65, MT and CLASP reporter lines.
proMAP65-1::GFP-MAP65-1 (GFP-MAP65-1) and proMAP65-1::mCherry-MAP65-1

(mCh-MAP65-1) lines were obtained from Dr. Sidney Shaw (Indiana University). UBQ::RFPTUB6 and proCLASP::GFP-CLASP (GFP-CLASP) lines were created by Dr. Chris Ambrose
(Wasteneys Lab, UBC). UBQ::RFP-TUB6/clasp-1 lines were created by and obtained from Dr.
Laryssa Halat (Wasteneys Lab, UBC).
I crossed plants expressing GFP-MAP65-1 into RFP-TUB6 plants and RFP-TUB6/clasp-1
plants. I also crossed plants expressing mCh-MAP65-1 into GFP-CLASP lines. Finally, I
completed GFP-CLASP crosses into map65-1 map65-2 mutants. All lines were grown up to the
F2 generation. Confirmation of GFP-CLASP fluorescence in the GFP-CLASP X map65-1
map65-2 line was completed using the Nikon SMZ18 stereoscope with a Nikon P2-SHR Plan
Apo 1X objective and an LED light source with 480/40 excitation filter. To check and confirm
the presence of fluorophores in all other lines a Perkin Elmer UltraView Spinning Disk Confocal
Microscope and a Hamamatsu 9100-02 Camera with a 20X/NA 1.25 oil lens. For imaging of
GFP tagged proteins a 488nm laser was used with a 525/36 emission filter. Imaging of mCherry
was carried out using a 561nm laser and a 595/50 emission filter. All images were captured using
the Volocity 6.3 software package (Perkin Elmer).
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Chapter 4: Conclusion
4.1

Major Findings of this thesis

4.1.1

Upregulation of ARR1 is dependent on BR downregulation of CLASP
This project has identified a potential connection between the brassinosteroid regulation

of CLASP and the auxin-minimum establishing pathway. I found a slight upregulation of ARR1
expression upon eBL treatment in WT plants that was not observed in eBL-treated brinCLASP
plants. This suggests that the upregulation of ARR1 is dependent on the BR downregulation of
CLASP and provides evidence of a connection between CLASP and the auxin minimumestablishing pathway as suggested by Ruan et al., 2018.
4.1.2

map65-1 map65-2 clasp triple mutant may be impossible to create.
My work aiming to develop a map65-1 map65-2 claspCRISPR homozygous triple mutant

suggests that it might be impossible to achieve this triple knockout. This is largely based on the
inability to isolate homozygous lines in the T3 generation, but this could be skewed by a number
of factors that are discussed later in this chapter.
This project has also resulted in the development of fluorescent reporter lines which are
ready to be used in future research to identify if there is a functional interdependence between
CLASP, MAP65-1 and MAP65-2 in the formation of TFBs.
4.2

Future Directions

4.2.1

Investigating connections between the cytokinin-mediated auxin minimum and

CLASP
The next steps for this project have two overarching aims, to determine if the slight
alteration in ARR1 expression that I observed is accurately depicting what is happening under
eBL-treatment in these plants, and then to connect the auxin minimum-establishing pathway to
CLASP.
4.2.1.1

Is the slight alteration in ARR1 expression accurate?
Given that the observed alteration in ARR1 expression is below the threshold for

traditional RT-qPCR I see a few ways forward to confirm the accuracy of these findings. The
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first is to confirm that the housekeeping gene I chose, MUSE3, did not influence the findings.
MUSE3 was chosen due to its use in published literature with the same treatment conditions.
When examining my expression data, however, there were slight changes in expression between
the treated and mock-treated conditions. These changes were often less than 0.5 standard
deviations which falls into an acceptable range, but a few samples showed larger deviations.
Based on this, I would recommend testing a few other housekeeping genes such as Elongation
Initiation Factor 4A (EIF4A) to see if less variable expression could be obtained. This may or
may not alter the ARR1 findings but remains an important avenue for testing and could
potentially reduce the variability in the SHY2 and GH3.17 findings.
The next step would be to use more specific and sensitive methods of detecting gene
expression to evaluate whether the 20% upregulation reported here is accurate and significant.
One of these modalities is digital qPCR, which has been shown to be more accurate for changes
as low as 10%, compared to traditional qPCR, which is only accurate for changes 2-fold or
greater. Using this modality in future investigations could increase certainty in the conclusion
that there is an increase in ARR1 expression upon eBL treatment in plants which have BRregulated CLASP.
4.2.1.2

Impact of BR treatment time
As touched on in chapter 2, it is currently unclear whether the 6 hr eBL treatments were

sufficiently long to impact the expression of the auxin minimum-establishing genes. 6 hr eBL
treatment was used because it has been shown to be sufficient in downregulating the expression
of CLASP, resulting in the reorganization of CMTs (Ruan et al., 2018). However, it is possible
the effects of CLASP downregulation on the auxin minimum-establishing pathway take longer
than the reorganization of CMTs. This could explain why the level of ARR1 upregulation was
small (20%) upon 6 hr eBL treatment in WT and why there was no change in the downstream
GH3.17 and SHY2 genes. Perhaps, after a longer treatment, the effects of eBL could be more
apparent in both ARR1 and its downstream genes. As such, I believe an important line of future
investigation is to examine the impact of longer eBL treatments on the expression of ARR1,
GH3.17 and SHY2, especially up to and potentially past the 20 hr point.
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4.2.1.3

How are these pathways connected?
While the RNA seq data from Ruan et al., (2018) and the ARR1 expression data I have

presented here suggest a connection between the auxin minimum-establishing pathway and
CLASP, it is currently unclear what that connection is. Understanding or discovering the ways
these could be connected, would be the next step in developing this project further.
The most obvious connection between the auxin minimum-establishing pathway and
CLASP is control over PIN levels. SHY2 downregulates the expression of PINs 1,3&7 which are
responsible for the rootward flow of auxin through the stele (1,3&7) as well as flow through the
columella (3&7) (Friml & Feraru, 2008). Clearly downregulation of PINs is an important aspect
to establishing the auxin minimum by preventing auxin flow into this region. CLASP promotes
recycling of the PIN2 receptor at the PM which promotes shootward auxin efflux in the
epidermis and shoot and rootward efflux in the cortex. The change between shootward and
rootward cortical auxin efflux is dictated by the differential polar localization of PIN2 and
coincides with the transition zone. When CLASP levels are high, there is a lot of PIN2 on the
plasma membrane which allows for a lot of auxin flow through the root. In eBL-treated seedlings
CLASP levels are low, which leads to reduced PIN2 levels on the plasma membrane and thus
reduced basipetal flow of auxin from the quiescent center towards and through the elongation
zone. Ultimately, this leads to an accumulation of auxin in the meristem. Perhaps the observed
increase in ARR1 is dose-dependent to the amount of auxin in the cells needing to transition to
differentiation, which would be higher due to a lack of PIN2-specific auxin efflux. This suggests
that the establishment of the auxin minimum relies on BR downregulation of CLASP to reduce
the levels of PIN2 in the transition zone.
In brinCLASP, because there is a lack of BR downregulation of CLASP there would be
lower auxin levels due to high amounts of PIN2 at the PM allowing for auxin efflux out of the
meristem. Perhaps in this circumstance, the auxin minimum can be triggered earlier due to an
already low level of auxin which would explain the small root observed in brinCLASP (L. Halat,
thesis).
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4.2.2
4.2.2.1

MAP65
map65-1 map65-2 claspCRISPR triple mutants
The evidence presented in chapter 3 suggests that it may be impossible to isolate a

homozygous triple mutant line. To be certain of this conclusion I recommend reattempting the
CRISPR knockout with a few modifications. In future CRISPR knockouts I recommend
introducing a fluorescent protein into the CRISPR construct so the plants can be screened via
fluorescence, antibiotic resistance, and phenotype. This would allow not only for quick and
accurate identification of plants that contain the CRISPR construct in the T1 generation but
would also allow for easy visualization of future generations where the CRISPR construct has
segregated out (Gao et al., 2016). By eliminating the need for repeated sequencing and by
providing an easily screenable marker for the presence of the CRISPR construct, this design
would save time and money. In addition to this, it also minimizes the risk of off-target mutations
that can occur when CRISPR constructs are present in plants for many generations (Montecillo et
al., 2020). In addition to the fluorescent construct, I would design a few new CRISPR targets to
be used in future knockouts. It is known that some CRISPR targets can be much harder to
efficiently mutate than others which can lead to issues achieving successful mutants (Wang et al.,
2015). While the construct I used has been shown to generate a clasp knockout, it did not delete
a large chunk of the gene as anticipated, instead it caused only a point mutation (L. Halat, thesis).
This suggests that perhaps the targets used have low mutation efficiencies and points to the need
for numerous targets to be tested in future knockouts.
If these refinements do not result in a homozygous triple mutant line, then I believe there
is sufficient evidence that it cannot be obtained. In that case, I think the relationship between
CLASP, MAP65-1 and MAP65-2 is more interconnected than initially hypothesized and should
be investigated in a slightly different manner. As CLASP is downregulated by BR, future studies
could investigate the functional relationship between CLASP, MAP65-1 and MAP65-2 in eBL
treated map65-1 map65-2 plants. These treatments would allow us to deplete CLASP and
observe the effects after the plants have already undergone most of their seedling development.
Ultimately, this provides a simple way to observe what might be taking place to render the triple
mutants unviable. My inability to obtain a triple mutant could serve as the first piece of evidence
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that these proteins are working together in Arabidopsis to promote survival, potentially through
maintenance of proliferative divisions in the RAM.
4.2.2.2

MAP65 fluorescent reporter lines
The development of MAP65 fluorescent reporter lines detailed in chapter 3 provides

some of the tools needed for a thorough investigation into a potential functional interdependence
between MAP65-1, MAP65-2 and CLASP. There are many future avenues for exploration that
will push us closer to understanding if CLASP, MAP65-1 and MAP65-2 are required for the
formation of TFBs as I have hypothesized.
I hypothesized that CLASP would be insufficient for bundling without MAP65-1 and
MAP65-2 present at TFBs. This was based on information gathered from Arabidopsis, animal,
and yeast models. In Arabidopsis, CLASP has been shown to be a rescue factor and not a
bundling factor which suggests it is working with a bundling protein to promote the formation of
TFBs. In animal and yeast models, CLASP functions as a stabilizing factor at MT overlaps
which are bundled by MAP65 orthologs (Bratman & Chang, 2007; Liu et al., 2009). Together,
these pieces of evidence suggest a potential functional relationship between CLASP and MAP65
at TFBs. To understand this connection, I would use the GFP-CLASP X map65-1 map65-2
plants that I have developed and compare the distribution of GFP-CLASP to its distribution in
the GFP-CLASP mutant. If my hypothesis is correct, there will be no GFP-CLASP puncta found
at the transverse cell edges in the GFP-CLASP X map65-1 map65-2 mutant while there is GFPCLASP puncta at those cell edges in the GFP-CLASP/clasp-1 mutant. This would indicate that
TFBs cannot be formed without both CLASP and MAP65-1 and MAP65-2. This could be further
confirmed by looking at fluorescently tagged MTs in clasp-1 and map65-1 map65-2 plants
compared to triple mutant plants. It is known that TFBs are not formed in clasp-1, causing a
primarily transverse CMT array. If map65-1 and map65-2 are also required for the formation of
TFBs, then they would also display a primarily transverse CMT array. This is also expected to be
reflected in the triple mutant. If instead only CLASP is required for the formation of TFBs, they
would be present in the map65-1 map65-2 mutant but absent in both clasp-1 and the map65-1
map65-2 claspCRISPR mutant. Either way, these investigations would allow for us to better
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understand the key players at the sites of TFBs which would allow us to further understand how
plants are able to maintain proliferative divisions in the RAM.
If MAP65-1 and MAP65-2 are functionally interdependent with CLASP in the formation
of TFBs, they are likely to be found closely associated near TFBs. Using the GFP-CLASP X
mCh-MAP65-1 plants I developed, I would examine the localization of these proteins within the
root and outside of the root. Specifically, an enrichment of mCh-MAP65-1 at TFBs, as marked
by GFP-CLASP puncta, would provide evidence that these proteins are functionally
interdependent in TFB formation. There is already evidence to suggest that MAP65-1 and
MAP65-2 localize to TFBs from micrographs published by Lucas & Shaw (2012), but as noted
previously in this thesis, there are some distinct developmental differences in light- and darkgrown map65-1 map65-2 mutants, so it is important to confirm this in light-grown roots. In
addition to this investigation, seeing if these proteins are closely associated in the hypocotyl or
cotyledons would provide further evidence that they are functionally interdependent. To
accomplish this, I would examine etiolated hypocotyls in GFP-CLASP X mCh-MAP65-1 plants
that I have created under high magnification using spinning disk confocal microscopy. I would
expect to see the fluorescent signals for these proteins closely associated with one-another in
these regions if they are functionally interdependent in other regions.
In addition to the research detailed above, it is important that the crosses involving GFPMAP65-1 are repeated to ensure that the relationship between MAP65-1 and CLASP can be
fully examined. This would allow us to address many questions, the first being whether GFPMAP65-1 localization changes without the presence of CLASP. Based on my hypothesized
model for the spatiotemporal steps leading to TFB formation, without CLASP, there is nothing to
hold MTs in close proximity for long enough to allow MAP65-1 to bundle them. As a result, in
the GFP-MAP65-1 X clasp-1 mutants I expect GFP-MAP65-1 to not be localized to the
transverse cell edges as it would be in the GFP-MAP65-1 mutant. This could be further
examined in GFP-MAP65-1 plants by downregulating CLASP through eBL treatments to
provide additional supporting evidence for the localization of GFP-MAP65-1 in a low CLASP
scenario.
One of the key questions that remains is the order of events in TFB formation.
Understanding the spatiotemporal requirements of CLASP, MAP65-1 and MAP65-2 in this
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process would provide the most direct evidence for their roles at these sites. As I see it, MTs
contact sharp cell edges and begin to depolymerize at which point CLASP functions as a rescue
factor and prevents further depolymerization. By maintaining numerous MTs at these sharp
edges, CLASP produces a bundle-like grouping of MTs. MAP65-1 and MAP65-2’s affinity for
bundled MTs may cause them to become localized to this site where they can increase the
flexibility of these MT’s thus promoting their growth around the sharp edges. Understanding if
this is really the order of operations would require microscopy with high spatiotemporal
resolution and the ability to image multiple fluorophores quickly.
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